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ABSTRACT

Using observation and reanalysis data throughout 1961–1990, the East Asian surface air temperature,
precipitation and sea level pressure climatology as simulated by seven fully coupled atmosphere-ocean mod-
els, namely CCSR/NIES, CGCM2, CSIRO-Mk2, ECHAM4/OPYC3, GFDL-R30, HadCM3, and NCAR-
PCM, are systematically evaluated in this study. It is indicated that the above models can successfully
reproduce the annual and seasonal surface air temperature and precipitation climatology in East Asia, with
relatively good performance for boreal autumn and annual mean. The models’ ability to simulate surface
air temperature is more reliable than precipitation. In addition, the models can dependably capture the
geographical distribution pattern of annual, boreal winter, spring and autumn sea level pressure in East
Asia. In contrast, relatively large simulation errors are displayed when simulated boreal summer sea level
pressure is compared with reanalysis data in East Asia. It is revealed that the simulation errors for sur-
face air temperature, precipitation and sea level pressure are generally large over and around the Tibetan
Plateau. No individual model is best in every aspect. As a whole, the ECHAM4/OPYC3 and HadCM3
performances are much better, whereas the CGCM2 is relatively poorer in East Asia. Additionally, the
seven-model ensemble mean usually shows a relatively high reliability.
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1. Introduction

The fully coupled global atmosphere-ocean general
circulation model (CGCM) has been one of the most
important tools to explore climate and climate changes
in the past, present and future Earth system, espe-
cially in the studies on the present day human-induced
climate change and near-future climate scenario due
to continually increased atmospheric greenhouse gases
and aerosols (e.g., Hu et al., 2003). As is well known,
any numerical model is only ideally similar to a real
climate system (Zeng et al., 1989). Therefore, it is
important to grasp such a model’s climate simulation
ability through effective examination in a given region.
After that, we will very likely find problems and conse-
quently improve climate models step by step. On the
other hand, model evaluation can give us knowledge
of what kind of scientific work is suitably performed

by CGCMs, and of what kind of results derived from
climate models can be further taken into account.

Studies on anthropogenic climate changes and
near-future climate prediction have been carried out
for over a decade in China. As for East Asian cli-
mate change under different atmospheric greenhouse
gas and aerosol emission scenarios over the 21st cen-
tury, many results have been derived from climate
model integrations (e.g., Hulme et al., 1994; Hu et
al., 2000; Bueh et al., 2003; Xu et al., 2003a; Xu et
al., 2003b; Zhao et al., 2003; Jiang et al., 2004a, b).
It is usually recognized that the horizontal resolution
of global climate models is generally coarse, and they
consequently cannot reliably describe regional topog-
raphy and surface cover conditions or capture meso-
scale and small-scale climate evolution processes, and
this finally leads to relatively large simulation errors
when global models are utilized on a regional scale
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(e.g., Fu et al., 1998; Zhao and Luo, 1998). There-
fore, it is quite necessary to investigate regional reli-
ability of global CGCMs when one wants to use such
model integrations to analyze climatic issues in East
Asia dominated by a well-known monsoon climate sys-
tem.

Previously, Zhao et al. (1995) found that large
simulation uncertainties existed when they assessed
several global CGCMs’ performances in East Asia.
They further revealed that the CGCMs’ simulation
abilities for surface air temperature were better rel-
ative to precipitation, and the CGCMs’ reliabilities
were much higher in boreal winter compared with bo-
real summer. CGCMs can qualitatively capture the
geographical distribution pattern of East Asian sur-
face air temperature and precipitation, and quanti-
tative differences are, however, also noticeable. As
for surface air temperature and precipitation, multi-
model ensemble products are usually better than in-
dividual models. Later, Xu et al. (2002) indicated
that CGCMs’ performances for East Asian climatol-
ogy have been improved compared to previous climate
models earlier than 2002 when they briefly examined
the signal of human-induced climate changes in East
Asia on the basis of ECHAM4, HadCM2, GFDL-R15,
CGCM1 and CSIRO-Mk2 integration outputs.

In the Third Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC, 2001),
based upon the full range of 35 emission scenarios
(Nakićenović et al., 2000), a number of climate models
have been used to make projections of climate change
over the 21st century, and surface air temperature
change trends were given out on global and regional
scales. Therefore, it is of interest to examine such
CGCMs’ climatology performances under the present
day conditions on a regional scale, such as the East
Asian monsoon region, in consideration of its close re-
lationship to regional prediction confidence. In this
study, seven CGCMs, having been used to predict an-
thropogenic climate change over the 21st century, are
systematically evaluated in East Asia, with empha-
sis on the performance of individual and multi-model
ensemble mean climatology throughout 1961 to 1990
because it bears partly on whether such climate mod-
els can provide useful prediction products for the near
future.

2. CGCM output and observation-based data

Annual and seasonal surface air temperature, pre-
cipitation and sea level pressure climatology are eval-
uated in the following because they are the most suit-
able climatic indicators for climate change, at the same
time taking into account the fact that they are the only

climatic variables provided by every CGCM through
public websites (see next paragraph). Additionally, we
follow the seasons according to the Northern Hemi-
sphere throughout this study, such as summer corre-
sponding to June, July and August.

The seven climate models involved in this study
have previously made predictions of climate change
over the 21st century under several atmospheric green-
house gas and aerosol emission scenarios, such as
SRES A2 and B2 scenarios. All model outputs
are provided by the IPCC Data Distribution Cen-
tre (http://pluto.dkrz.de/IPCC DDC) and the Hadley
Centre for Climate Prediction and Research. For
model information in more detail, see Table 1. Dur-
ing 1961 to 1990, the focus period in this analy-
sis, each model is forced by the present day bound-
ary conditions and observational annual atmospheric
CO2 levels (including effects of other greenhouse
gases) and sulphate aerosol concentrations. The cli-
matic data used to assess model performance include
observation-based sea level pressure reanalysis data
from the U.S. National Centers for Environmental
Prediction and National Center for Atmospheric Re-
search (NCEP/NCAR) (Kalnay et al., 1996) and ob-
servational monthly terrestrial surface air temperature
and precipitation climatology throughout 1961 to 1990
from the Climatic Research Unit of the University of
East Anglia in the United Kingdom (New et al., 1999).
In consideration of the differences of horizontal resolu-
tion among the models, linear interpolation or extrap-
olation methods are applied to different model clima-
tologies in order to generate a uniform dataset with a
consistent horizontal grid resolution of 3.75◦ by 3.75◦.

3. Evaluation method

Climate models are generally evaluated by inves-
tigating the validity of the physical processes and
parameterizations, climate reproducibility under the
present conditions, and sensitivities of perturbation
experiments (Zhao et al., 1995). In the present study,
the models’ ability to reproduce climatology during
1961–1990 is examined by the following two assess-
ments. Firstly, the simulated climatologies are directly
compared with observation in order to get an overview
of the models’ capability in East Asia. Then, the fol-
lowing six statistical variables are used to quantita-
tively assess the simulated East Asian climatologies
within the region of 15◦–60◦N and 70◦–140◦E, namely
regional average (RA, VRA), regional average error
(RAE, VRAE), spatial correlation coefficient (SCC,
VSCC), ratio of standard deviation (RSD, VRSD), root
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Table 1. Information on the seven climate models used in this study.

Model name Country, Affiliation acronym Atmospheric model resolution Oceanic model resolution Reference

(longitude by latitude) (longitude by latitude)

CCSR/NIES Japan, CCSR/NIES T21(5.625◦ × 5.6◦)/L20 2.8◦ × 2.8◦/L17 Emori et al.

(1999)

CGCM2 Canada, CCCma T32(3.75◦ × 3.7◦)/L10 1.8◦ × 1.8◦/L29 Flato and

Boer (2001)

CSIRO-Mk2 Australia, CSIRO R21(5.625◦ × 3.2◦)/L9 3.2◦ × 5.6◦/L21 Gordon and

O′Farrell (1997)

ECHAM4/OPYC3 German, DKRZ T42(2.8125◦ × 2.8◦)/L19 2.8◦ × 2.8◦/L11 Roeckner et al.

(1996)

GFDL-R30 America, GFDL R30(3.75◦ × 2.25◦)/L14 1.875◦ × 2.25◦/L18 Knutson et al.

(1999)

HadCM3 England, UKMO 3.75◦ × 2.5◦/L19 1.25◦ × 1.25◦/L20 Gordon et al.

(2000)

NCAR-PCM America, NCAR T42(2.8125◦ × 2.8◦)/L18 0.67◦ × 0.67◦/L32 Washington

et al. (2000)

mean square error (RMSE, VRMSE), and RMSE ex-
cluding systematic model errors (RMSE2, VRMSE2).
Each statistical variable is listed in the following.

VRA = x̄ =
1
n

n∑
i=1

xi ,

VRAE = x̄ − ȳ =
1
n

n∑
i=1

xi − 1
n

n∑
i=1

yi ,

VSCC =

1
n

n∑
i=1

(xi − x̄)(yi − ȳ)

√√√√ 1
n

n∑
i=1

(xi − x̄)2

√√√√ 1
n

n∑
i=1

(yi − ȳ)2

,

VRSD =

√√√√ 1
n

n∑
i=1

(xi − x̄)2

√√√√ 1
n

n∑
i=1

(yi − ȳ)2

,

VRMSE =

√√√√ 1
n

n∑
i=1

(xi − yi)2 ,

VRMSE2 =

√√√√ 1
n

n∑
i=1

[xi − yi − (x̄ − ȳ)]2 .

Here, xi (yi) denotes the simulation (observation)
value at the i-th spatial gridpoint of the climatol-
ogy, and n is the total number of gridpoints within
the domain. According to statistical theory, RAE
can measure regional differences of CGCM simula-
tion against observation, SCC denotes the similarity of

geographical distribution pattern between simulation
and observation, RSD describes the contrast of spa-
tial variational spread of simulated climatology rela-
tive to observation, RMSE quantifies absolute model-
observation differences, and RMSE2 compared with
RMSE indicates the magnitude of systematic model
errors.

4. Evaluation results

4.1 Surface air temperature

It is interesting to examine whether the climate
models can successfully capture the annual and sea-
sonal surface air temperature climatology in East Asia
because it is directly connected with our confidence
to use such models to forecast anthropogenic climate
changes in the near future. As shown in Fig. 1, obser-
vational annual surface air temperature is distributed
in a band parallel with latitude which gradually en-
larges northward. A large extent of cooling is present
over the Tibetan Plateau, which can be ascribed to
in situ high topography. In contrast to the cooling,
surface air temperature warms over most parts of Xin-
jiang Province situated northwest of the plateau, with
a maximum of about 9◦C, where the topography is
much lower than the plateau. It can be found that
the seven-model ensemble mean coincides well with
the above spatial pattern in East Asia. However, dis-
crepancies are also exhibited. In particular, the seven-
model ensemble mean is cooled by 0◦ to 4.5◦C com-
pared with the observation in East Asia, with two
maximum cooling bias centers occurring over south-
eastern Xinjiang Province and the middle reaches of
the Yangtze River Valley, respectively. In addition,
the simulated surface air temperature contours are ob-
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(a)

(b)

(c)

Fig. 1. Annual terrestrial surface air temperature clima-
tology throughout 1961 to 1990 (units: ◦C). (a) CRU data,
(b) the seven-model ensemble mean, and (c) the nine-point
running average differences of the ensemble mean against
the CRU data. The regional minimum and/or maximum
centers, with variational value level, are shaded.

viously smoother than the observation and therefore
cannot capture observational regional climate signals,

and especially lacking is the regional warming center
in Xinjiang Province. It is plausible that the CGCMs’
ability to simulate surface air temperature is poor
nearby steep topography, such as around the Tibetan
Plateau.

In general, the observational spatial distribution
pattern of surface air temperature in East Asia is
reliably reproduced by the models on the seasonal
timescale (Figs. 2–5). However, the difference field of
seasonal surface air temperature between the seven-
model ensemble mean and observation is also pro-
nounced. It is noted that seasonal surface air tem-
perature is simulated as uniformly lower relative to
the observation over mainland China, with a relatively
larger cooling bias in winter (Fig. 2) and spring (Fig.
3).

To quantitatively assess the models’ performance,
the values of the six statistical variables described in
section 3 are given for each of the models and the
seven-model ensemble mean in Table 2. As for an-
nual surface air temperature, the RAE of the seven-
model ensemble mean reaches −2.07◦C, denoting the
models’ cool simulation bias. The RMSE and RMSE2
are 3.40◦C and 2.70◦C, respectively, suggesting both
absolute and systematic simulation errors are embed-
ded in the models, and simulation errors are mainly
derived from the models’ intrinsic physical processes
and parameterizations. However, the SCC and RSD
are as high as 0.97 and 0.98, respectively, indicating
that the spatial distribution pattern of annual surface
air temperature is quite well depicted by the seven-
model ensemble mean in East Asia. In addition, the
HadCM3 is found to be the best model to describe
East Asian annual surface air temperature, and the
ECHAM4/OPYC3 is the second best model. More-
over, both of the above two models show a better per-
formance than the seven-model ensemble mean. It is
also noted that the CGCM2 and CCSR/NIES exhibit
a relatively poor simulation, with the RMSE reach-
ing 7.10◦C and 5.17◦C, respectively, which is obviously
greater than the ensemble mean.

For the seasonal climatology, cold simulation errors
are generally present in each of the four seasons. In
winter, the RAE and RMSE of the seven-model ensem-
ble mean are respectively −2.64◦C and 4.46◦C. How-
ever, the SCC and RSD still keep their high level as
that of annual mean, which means that the ensemble
mean can capture the geographical distribution fea-
tures of the East Asian winter surface air temperature.
As a whole, both the ECHAM4/OPYC3 and HadCM3
performances are better than the ensemble mean, and
the simulation ability of the CGCM2, CCSR/NIES,
and CSIRO-Mk2 is relatively poor, especially for the
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Table 2. The values of six statistical variables for surface air temperature in East Asia.

RA (◦C) RAE (◦C) SCC RSD RMSE (◦C) RMSE2 (◦C)

Annual mean (observational RA equals 6.49◦C)

CCSR/NIES 3.94 −2.55 0.92 1.06 5.17 4.50

CGCM2 1.34 −5.15 0.90 0.97 7.10 4.88

CSIRO-Mk2 3.84 −2.65 0.95 0.97 4.46 3.59

ECHAM4/OPYC3 6.67 0.18 0.97 1.04 2.86 2.85

GFDL-R30 6.04 −0.45 0.96 1.00 3.24 3.21

HadCM3 5.03 −1.46 0.98 1.03 2.61 2.16

NCAR-PCM 4.05 −2.44 0.97 0.94 3.76 2.87

Ensemble mean 4.42 −2.07 0.97 0.98 3.40 2.70

Winter (observational RA equals −7.45◦C)

CCSR/NIES −9.61 −2.16 0.95 1.03 5.68 5.26

CGCM2 −15.07 −7.62 0.89 0.95 10.56 7.31

CSIRO-Mk2 −10.22 −2.77 0.94 0.87 6.08 5.41

ECHAM4/OPYC3 −6.83 0.62 0.98 1.01 3.34 3.28

GFDL-R30 −10.83 −3.38 0.97 1.02 5.37 4.17

HadCM3 −9.20 −1.75 0.98 0.99 3.84 3.42

NCAR-PCM −8.90 −1.45 0.96 0.88 4.67 4.44

Ensemble mean −10.09 −2.64 0.98 0.95 4.46 3.59

Spring (observational RA equals 7.49◦C)

CCSR/NIES 2.66 −4.83 0.90 1.32 8.31 6.76

CGCM2 −2.03 −9.52 0.87 1.12 11.43 6.33

CSIRO-Mk2 0.82 −6.67 0.95 1.20 8.09 4.59

ECHAM4/OPYC3 6.88 −0.61 0.97 1.12 3.41 3.35

GFDL-R30 6.16 −1.33 0.95 1.16 4.54 4.34

HadCM3 6.31 −1.18 0.98 1.07 2.66 2.38

NCAR-PCM 3.77 −3.72 0.96 0.99 4.93 3.24

Ensemble mean 3.51 −3.98 0.96 1.11 5.28 3.47

Summer (observational RA equals 18.86◦C)

CCSR/NIES 17.38 −1.48 0.77 0.81 4.64 4.40

CGCM2 16.45 −2.41 0.86 1.05 4.48 3.78

CSIRO-Mk2 18.93 0.07 0.85 0.96 3.62 3.62

ECHAM4/OPYC3 19.29 0.43 0.91 1.07 3.15 3.12

GFDL-R30 22.69 3.83 0.81 0.88 5.55 4.01

HadCM3 18.18 −0.68 0.96 1.09 2.22 2.11

NCAR-PCM 15.79 −3.07 0.91 0.97 4.22 2.90

Ensemble mean 18.39 −0.47 0.92 0.92 2.65 2.60

Autumn (observational RA equals 7.07◦C)

CCSR/NIES 5.33 −1.74 0.92 0.94 4.54 4.20

CGCM2 6.03 −1.04 0.90 0.80 4.89 4.77

CSIRO-Mk2 5.83 −1.24 0.94 0.94 3.90 3.69

ECHAM4/OPYC3 7.42 0.35 0.96 0.99 3.03 3.01

GFDL-R30 6.17 −0.90 0.96 0.98 3.22 3.09

HadCM3 4.88 −2.19 0.98 1.03 3.09 2.17

NCAR-PCM 5.64 −1.43 0.97 0.91 3.25 2.92

Ensemble mean 5.90 −1.17 0.97 0.92 2.98 2.74

former whose RAE and RMSE reach −7.62◦C and
10.56◦C, respectively. The models’ simulation capac-
ity in spring is similar to that in winter, except for
larger cold simulation errors (−3.98◦C) and systematic

model errors. In summer, the RAE of the seven-model
ensemble mean is down to −0.47◦C, meaning relatively
small systematic model errors. However, the model
performance in this season declines obviously because
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(a)

(b)

(c)

Fig. 2. Same as Fig. 1, but for winter.

both the SCC and RSD are only 0.92, being much
smaller than the other seasons. In addition, it is found
that the HadCM3 still exhibits a better score than
the ensemble mean, and the CGCM2, CCSR/NIES,
CSIRO-Mk2 and GFDL-R30 are relatively poor. In

(a)

(b)

(c)

Fig. 3. Same as Fig. 1, but for spring.

general, the models’ simulation capacity is best in au-
tumn, with relatively smaller regional average simu-
lation errors (−1.17◦C) than winter and spring and a
larger spatial correlation coefficient (0.97) than sum-
mer for the seven-model ensemble mean.
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(a)

(b)

(c)

Fig. 4. Same as Fig. 1, but for summer.

Based on the above, it can be said that the mod-
els addressed in the present research can reliably re-
produce the annual and seasonal surface air temper-
ature climatology in East Asia. Comparatively, the
spatial distribution pattern of surface air temperature
is poorly simulated in summer relative to the other

(a)

(b)

(c)

Fig. 5. Same as Fig. 1, but for autumn.

three seasons and annual mean, the regional average
of simulation errors is larger for winter, spring and an-
nual mean, and the intrinsic and systematic model er-
rors are pronounced in winter and spring. As a whole,
the model performance in autumn is best, and annual
mean is second best. In addition, it is revealed that
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(a)

(b)

(c)

Fig. 6. Annual terrestrial precipitation climatology
throughout 1961 to 1990 (units: mm d−1). (a) CRU data,
(b) the seven-model ensemble mean, and (c) the nine-point
running average differences of the ensemble mean against
the CRU data. The regional minmum and/or maximum
centers, with variational value level, are shaded.

the HadCM3 and ECHAM4/OPYC3 simulation abili-
ties to reproduce annual and seasonal surface air tem-

(a)

(b)

(c)

Fig. 7. Same as Fig. 6, but for winter.

perature in East Asia are best among the models and
generally better than the seven-model ensemble mean.
In contrast, the CGCM2 gives relatively larger simu-
lation errors.

4.2 Precipitation

Precipitation is one of the climatic variables to
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(a)

(b)

(c)

Fig. 8. Same as Fig. 6, but for spring.

have notably important influences on the Earth envi-
ronment and on socio-economic development. There-
fore, it is necessary to examine to what extent the
models can reproduce the East Asian annual and sea-
sonal precipitation. As displayed in Fig. 6, the annual
precipitation as described by the seven-model ensem-

(a)

(b)

(c)

Fig. 9. Same as Fig. 6, but for summer.

ble mean is in general agreement with the observa-
tion, for example much more precipitation in southern
China, larger longitudinal precipitation gradient south
of 35◦N, gradual decrease toward high latitudes, and so
on. However, the ensemble mean is generally greater
than the observation, especially in the regions south
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(a)

(b)

(c)

Fig. 10. Same as Fig. 6, but for autumn.

of 40◦N where annual precipitation is generally overes-
timated by greater than 0.5 mm d−1. It is noted that
the simulated annual precipitation is 1.0–2.0 mm d−1

greater than the observation over the Tibetan Plateau
and about 2.0 mm d−1 above the observation east of
the plateau.

Although seasonal precipitation is usually overesti-
mated by the models over mainland China, its spatial
distribution pattern is, to a certain extent, reliably
reproduced in East Asia (Figs. 7–10). Overall, the
seven-model ensemble mean precipitation agrees with
the observation in summer (Fig. 9), which is consistent
with the ten atmospheric general circulation models’
ensemble results as examined by Kang et al. (2002).
However, it is found that the simulated summer pre-
cipitation is 0–1 mm d−1 weaker than the observation
in mid-eastern Northeast China, southern China, and
eastern China along the coastline. It is very likely that
the simulated East Asian summer monsoon in the cen-
tral part of eastern China (along the middle and lower
reaches of the Yangtze River Valley) is weaker than
the observation. It is unfortunate that we have no ac-
cess to low-tropospheric wind data and consequently
cannot perform a further examination. On the other
hand, summer precipitation is overestimated in the
rest of China. The simulated precipitation is 1–4
mm d−1 higher relative to the observation over the
western, mid- to eastern, and east of the Tibetan
Plateau. In the other three seasons (Figs. 7–8, 10),
the models can reproduce the geographical distribu-
tion pattern of East Asian precipitation, such as much
more precipitation in southern China. However, the
simulated magnitude is generally greater than the ob-
servation over mainland China, especially in the re-
gions south of 40◦N.

As listed in Table 3, the RAE of ensemble mean an-
nual precipitation is only 0.36 mm d−1, the SCC and
RSD are 0.86 and 0.78, and the RMSE and RMSE2
respectively reach 0.89 mm d−1 and 0.82 mm d−1, all
of which denote that the models reliably reproduce
the spatial distribution pattern of East Asian annual
precipitation. In addition, it is found that the en-
semble mean generally exhibits much better perfor-
mance than any individual model. Comparatively,
the ECHAM4/OPYC3 and HadCM3 performances are
slightly worse than the ensemble mean, yet the above
two models are, however, still most reliable for an-
nual precipitation among the models. Except for the
GFDL-R30, all of the six other models underestimate
the spatial variational magnitude of annual precipita-
tion in East Asia.

The models’ ability to simulate East Asian seasonal
precipitation climatology varies with season. Inter-
comparison indicates that the models’ scores are high-
est in autumn, when the SCC of the seven-model en-
semble mean reaches 0.88, and the RAE, RMSE and
RMSE2 are relatively smaller than the other three sea-
sons. It is found that the spread of inter-model SCC is
larger in winter relative to the other seasons, with
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Table 3. The values of six statistical variables for precipitation in East Asia.

RA (mm d−1) RAE (mm d−1) SCC RSD RMSE (mm d−1) RMSE2 (mm d−1)

Annual mean (observational RA equals 1.89 mm d−1)

CCSR/NIES 2.67 0.78 0.77 0.69 1.29 1.02

CGCM2 2.62 0.73 0.65 0.91 1.46 1.26

CSIRO-Mk2 2.01 0.12 0.78 0.77 1.00 1.00

ECHAM4/OPYC3 1.93 0.04 0.83 0.71 0.91 0.91

GFDL-R30 2.81 0.92 0.79 1.44 1.68 1.41

HadCM3 2.12 0.23 0.81 0.95 0.98 0.95

NCAR-PCM 1.57 −0.32 0.66 0.70 1.23 1.19

Ensemble mean 2.25 0.36 0.86 0.78 0.89 0.82

Winter (observational RA equals 0.52 mm d−1)

CCSR/NIES 1.20 0.68 0.52 1.17 0.96 0.67

CGCM2 1.46 0.94 0.41 1.46 1.29 0.88

CSIRO-Mk2 0.91 0.39 0.76 1.62 0.78 0.68

ECHAM4/OPYC3 0.79 0.27 0.83 1.28 0.54 0.46

GFDL-R30 1.21 0.69 0.64 2.25 1.32 1.21

HadCM3 0.77 0.25 0.84 1.35 0.54 0.47

NCAR-PCM 0.48 −0.04 0.76 0.89 0.42 0.42

Ensemble mean 0.98 0.46 0.86 1.12 0.58 0.36

Spring (observational RA equals 1.40 mm d−1)

CCSR/NIES 2.28 0.88 0.69 0.88 1.41 1.10

CGCM2 2.03 0.63 0.57 1.02 1.53 1.39

CSIRO-Mk2 1.73 0.33 0.78 0.98 1.04 0.99

ECHAM4/OPYC3 1.89 0.49 0.76 0.89 1.10 0.99

GFDL-R30 2.54 1.14 0.72 1.53 1.94 1.59

HadCM3 2.05 0.65 0.80 1.19 1.25 1.07

NCAR-PCM 1.51 0.11 0.61 0.72 1.19 1.19

Ensemble mean 2.01 0.61 0.82 0.90 1.06 0.87

Summer (observational RA equals 3.95 mm d−1)

CCSR/NIES 4.76 0.81 0.70 0.78 2.65 2.52

CGCM2 4.54 0.59 0.61 0.91 3.02 2.96

CSIRO-Mk2 3.42 −0.53 0.65 0.57 2.74 2.68

ECHAM4/OPYC3 3.24 −0.71 0.82 0.64 2.22 2.10

GFDL-R30 5.12 1.17 0.75 1.47 3.62 3.43

HadCM3 3.94 −0.01 0.79 0.80 2.13 2.13

NCAR-PCM 3.03 −0.92 0.59 0.76 3.04 2.89

Ensemble mean 4.01 0.06 0.82 0.73 2.04 2.03

Autumn (observational RA equals 1.68 mm d−1)

CCSR/NIES 2.43 0.75 0.80 0.90 1.23 0.98

CGCM2 2.41 0.73 0.65 0.98 1.51 1.32

CSIRO-Mk2 1.96 0.28 0.68 0.84 1.22 1.18

ECHAM4/OPYC3 1.79 0.11 0.80 0.71 0.97 0.96

GFDL-R30 2.38 0.70 0.82 1.36 1.43 1.25

HadCM3 1.73 0.05 0.81 0.92 0.95 0.95

NCAR-PCM 1.25 −0.43 0.64 0.78 1.32 1.24

Ensemble mean 1.99 0.31 0.88 0.79 0.82 0.76

the maximum of 0.86 for the ensemble mean. That
means the multi-model ensemble mean is preferable
compared with any individual model in the season if
one aims for much more reliable information. Larger

RMSE and RMSE2 in summer reflect that the intrinsic
model errors are robust in this season. Additionally, it
is revealed that the annual and seasonal precipitation
are reproduced best by the seven-model ensemble
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(a)

(b)

(c)

Fig. 11. Annual sea level pressure climatology through-
out 1961 to 1990 (units: hPa). (a) NCEP/NCAR reanal-
ysis data, (b) the six-model ensemble mean except for the
GFDL-R30, and (c) the differences of the ensemble mean
against the NCEP/NCAR reanalysis data. The regional
minimum and/or maximum centers, with variational value
level, are shaded.

mean than any one individual model. No single model

(a)

(b)

(c)

Fig. 12. Same as Fig. 11, but for winter.

is best in every aspect. Comparatively, the
ECHAM4/OPYC3 and HadCM3 are most excellent,
and the CGCM2 and NCAR-PCM are poorest among
the models. Overall, all of the models overestimate
the annual and seasonal precipitation amount in East
Asia. The models’ ability to reproduce precipitation
climatology is obviously weaker relative to surface air
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(a)

(b)

(c)

Fig. 13. Same as Fig. 11, but for spring.

temperature.

4.3 Sea level pressure

Sea level pressure is a key climate element to de-
scribe the geographical distribution of atmospheric
mass and to partly reflect the atmospheric general cir-
culation behavior. As displayed in Fig. 11, the sim-
ulated spatial distribution of annual mean sea level

pressure is in accord with the reanalysis data on the
whole, although sea level pressure is usually under-
estimated by 1–5 hPa over the Tibetan Plateau, and
overestimated by 1–4 hPa in the rest of the East Asian
continent. Furthermore, it is noted that the geograph-
ical distribution of spring and autumn sea level pres-
sure is generally reproduced by the six-model ensemble
mean (Figs. 13 and 15), with a similar spatial differ-
ence pattern to the annual mean being present.

As a widely recognized monsoon region, the dif-
ference of thermal capacity between the ocean and
continent leads to a huge longitudinal and latitudinal
heat forcing contrast in East Asia both in winter and
summer (Tao and Chen, 1987), which can be clearly
reflected by the seasonal sea level pressure pattern.
Therefore, reliable simulation of winter and summer
sea level pressure bears directly on whether climate
models can accurately reproduce East Asian monsoon
general circulation. As illustrated in Figs. 12 and 14,
the six-model ensemble mean is in good accordance
with the reanalysis data both in winter and summer
on a large scale. For instance, both the systematic
continental cold high pressure centered over Mongolia
in winter and warm low pressure situated over the Ti-
betan Plateau in summer are successfully reproduced
by the ensemble mean. However, simulation biases are
also pronounced. In winter (Fig. 12), the simulated
center of cold high pressure over Mongolia is displayed
southward by about 4◦ relative to the reanalysis data.
In addition, Fig. 12c shows that there exists a bound-
ary of 46◦N, south (north) of which the simulated sea
level pressure is 1–6 (0–2) hPa above (below) the re-
analysis data in East Asia. Except for northern Xin-
jiang Province, the winter sea level pressure is usually
overestimated by all six of the models in East Asia. In
summer (Fig. 14), the ensemble mean fails to capture
the observational low pressure system over Mongolia,
with the minimum at 1002 hPa. At the same time, the
observational intensity of the low pressure system over
the Tibetan Plateau is overestimated by 1–14 hPa, and
its position is simulated to shift northward by an av-
erage of 4◦ or so. In addition, the subtropical western
Pacific High is simulated to be weaker than the reanal-
ysis data, at least implying a slightly decreased East
Asian summer monsoon.

The values included in Table 4 indicate that the
models can successfully capture the geographical dis-
tributionpattern of the East Asianannual and seasonal
sea level pressure climatology, except for summer. In
winter, the RAE of the six-model ensemble mean is
only 1.62 hPa, and the SCC and RSD are respectively
as high as 0.95 and 1.01, at the same time showing
a small value for RMSE and RMSE2.All of the above
denotes that theensemble mean can reliably reproduce
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(a)

(b)

(c)

Fig. 14. Same as Fig. 11, but for summer.

the geographical distribution pattern and spatial vari-
ational magnitude of East Asian winter sea level pres-
sure. The ECHAM4/OPYC3 presents a much bet-
ter performance than the ensemble mean, and the
CCSR/NIES and CGCM2 are relatively worst among
the models.

(a)

(b)

(c)

Fig. 15. Same as Fig. 11, but for autumn.

In summer, the model reproducibility of sea level
pressure is significantly weaker than in winter. Al-
though the RAE is relatively smaller compared with
winter, the decrease of SCC is quite notable. The
models’ SCC varies from 0.15 (NCAR-PCM) to 0.45
(ECHAM4/OPYC3 and CSIRO-Mk2), being only 0.39
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Table 4. The values of six statistical variables for sea level pressure in East Asia.

RA (hPa) RAE (hPa) SCC RSD RMSE (hPa) RMSE2 (hPa)

Annual mean (observational RA equals 1014.81 hPa)

CCSR/NIES 1015.65 0.84 0.87 1.10 2.12 1.94

CGCM2 1016.33 1.52 0.80 1.40 3.40 3.04

CSIRO-Mk2 1017.42 2.61 0.89 1.28 3.38 2.15

ECHAM4/OPYC3 1016.03 1.22 0.92 1.26 2.21 1.84

HadCM3 1012.30 −2.51 0.80 1.35 3.82 2.88

NCAR-PCM 1015.78 0.97 0.78 1.33 3.11 2.96

Ensemble mean 1015.58 0.77 0.91 1.19 1.98 1.82

Winter (observational RA equals 1022.75 hPa)

CCSR/NIES 1026.20 3.45 0.68 1.15 6.38 5.36

CGCM2 1025.85 3.10 0.77 1.24 5.73 4.82

CSIRO-Mk2 1025.73 2.98 0.93 1.19 4.09 2.80

ECHAM4/OPYC3 1023.50 0.75 0.97 1.18 2.13 1.99

HadCM3 1020.31 −2.44 0.90 0.93 3.64 2.71

NCAR-PCM 1024.64 1.89 0.89 1.01 3.50 2.94

Ensemble mean 1024.37 1.62 0.95 1.01 2.60 2.03

Spring (observational RA equals 1013.72 hPa)

CCSR/NIES 1015.08 1.36 0.75 1.34 3.44 3.16

CGCM2 1018.30 4.58 0.74 1.58 5.98 3.85

CSIRO-Mk2 1017.70 3.98 0.80 1.40 4.99 3.02

ECHAM4/OPYC3 1015.29 1.57 0.88 1.34 2.82 2.34

HadCM3 1011.57 −2.15 0.84 1.53 3.80 3.13

NCAR-PCM 1014.06 0.34 0.74 1.37 3.32 3.30

Ensemble mean 1015.33 1.61 0.87 1.29 2.80 2.29

Summer (observational RA equals 1006.11 hPa)

CCSR/NIES 1004.19 −1.92 0.40 1.48 4.18 3.72

CGCM2 1004.48 −1.63 0.35 1.46 4.14 3.81

CSIRO-Mk2 1007.26 1.15 0.45 1.24 3.34 3.13

ECHAM4/OPYC3 1007.63 1.52 0.45 1.12 3.31 2.94

HadCM3 1002.80 −3.31 0.44 1.83 5.47 4.36

NCAR-PCM 1005.86 −0.25 0.15 1.87 5.23 5.22

Ensemble mean 1005.37 −0.74 0.39 1.38 3.63 3.55

Autumn (observational RA equals 1016.67 hPa)

CCSR/NIES 1017.13 0.46 0.91 1.15 2.10 2.05

CGCM2 1016.68 0.01 0.79 1.36 3.52 3.52

CSIRO-Mk2 1019.03 2.36 0.91 1.21 3.17 2.11

ECHAM4/OPYC3 1017.65 0.98 0.96 1.07 1.64 1.31

HadCM3 1014.52 −2.15 0.83 1.25 3.64 2.94

NCAR-PCM 1018.55 1.88 0.81 1.33 3.78 3.28

Ensemble mean 1017.26 0.59 0.91 1.17 2.13 2.04

for the ensemble mean. Therefore, large disagreements
exist between the simulation and reanalysis data. The
RSD varies from 1.12 (ECHAM4/OPYC3) to 1.87
(NCAR-PCM), denoting that the spatial variational
magnitude of sea level pressure is uniformly overes-
timated by all six of the models. In general, the
ECHAM4/OPYC3 and CSIRO-Mk2 exhibit good per-
formance, better than the ensemble mean, whereas the
NCAR-PCM is highly unreliable. Based on the above

analysis with respect to sea level pressure, one must
be careful when trying to use the above model outputs
to address and even forecast the East Asian summer
atmospheric circulation change related to human ac-
tivities in the domain addressed in the present study.

5. Conclusion

East Asian annual and seasonal surface air temper-
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ature, precipitation and sea level pressure climatology
as simulated by seven fully coupled atmosphere-ocean
models are systematically evaluated on the basis of
observation and reanalysis data. The primary conclu-
sions are as follows.

(1) The models can reliably reproduce the annual
and seasonal surface air temperature climatology in
East Asia. In general, relatively better (poorer) per-
formance is exhibited for autumn and annual mean
(summer and spring). Comparatively, the HadCM3
and ECHAM4/OPYC3 abilities to simulate surface air
temperature are best among the models and gener-
ally much more reliable than the seven-model ensemble
mean, whereas the CGCM2 produces relatively larger
simulation errors.

(2) The models can reliably reproduce the geo-
graphical distribution pattern of the East Asian annual
and seasonal precipitation climatology, although all of
the models overestimate the annual and seasonal pre-
cipitation amount in East Asia. The models’ ability to
simulate the East Asian seasonal precipitation clima-
tology varies with season, with the best performance
in autumn. Additionally, it is revealed that the an-
nual and seasonal precipitation is reproduced best by
the seven-model ensemble mean than any single model.
Comparatively, the ECHAM4/OPYC3 and HadCM3
are most excellent, whereas the CGCM2 and NCAR-
PCM are poorest among the models. The models’ abil-
ity to reproduce precipitation is obviously weaker than
surface air temperature.

(3) The models can capture the main spatial distri-
bution pattern of annual, winter, spring and autumn
sea level pressure. In contrast, large simulation errors
are present for the summer sea level pressure.

(4) No single model is best in every aspect. The
multi-model ensemble mean always exhibits a high re-
liability.

In Xu et al. (2002), it is found that SCC is 0.68 for
annual precipitation based on five CGCMs’ outputs,
in response to 0.86 in this study. In addition, compar-
ing the results presented here with those of Zhao et
al. (1995, 1998) also shows that the CGCMs’ simula-
tion abilities to reproduce East Asian climatology has
been improved largely in the past several years, and its
reproducibility has been generally reliable up to now,
although there still exist uncertainties to a certain de-
gree, such as the relatively large simulation errors for
summer sea level pressure.

The complex physically-based climate model is an
important tool to explore the climate and climatic
changes. Simulation errors are inevitable when models
are used to simulate the complex real climate system.
It is important to learn that we need to have a basic
grasp on their ability and the errors in a given region,

such as East Asia in this study. Taking into account
the results mentioned above, the East Asian climate
changes as simulated by the above seven models un-
der different atmospheric greenhouse gas and aerosol
emission scenarios are worth considering in more de-
tail.
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