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Abstract Previous studies have revealed some common
biases in coupled general circulation model’s simulations
of the East Asian (EA) winter monsoon (EAWM),
including colder surface air temperature and more winter
precipitation over the EA region. In this study, we exam-
ined 41 fully coupled atmosphere—ocean models from fifth
phase of the Coupled Model Intercomparison Project
(CMIP5), which will be widely used in the fifth assessment
report of the Intergovernmental Panel on Climate Change
(IPCC), and address whether the current state-of-the-art
CMIPS5 models can characterise the climatology of the East
Asian winter monsoon. We also compared the results with
the models from third phase of CMIP, which was exten-
sively used in the fourth assessment report of the IPCC.
The results show that the cold surface air temperature
(SAT) bias is lessened and the precipitation amount
decreased with the current CMIP5 models. Moreover, the
CMIPS5 models performbetter at predicting surface winds
and high-level jet streams than the CMIP3 models. More-
over, CMIP5 models show more model consistency in most
EAWM parameters, and the interannual variability of the
SAT is closer to the observations. We also examined the
change in the radiation energy budget in the CMIP5 models
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and compared with CMIP3 models. Although the
improvements are significant, deficiencies still exist in the
simulation of the EAWM, e.g., the stronger EA major
trough and the stronger zonal sea level pressure gradient.
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1 Introduction

Climate models have become a primary tool in climate
research as issues of climate change and the impacts of cli-
mate variability become increasingly important, receiving
enormous attention and concern. They help improve pre-
diction and adaption to climate change. The reliability of
climate models, especially in depicting regional character-
istics, is diminished because of the complexity of the feed-
backs and processes involved in the different models. While
the models agree reasonably well on many globally averaged
and continental-scale aspects of climate change, there are
still considerable uncertainties or errors with regional details
of the projected changes. Thus, it’s worthwhile to evaluate
the spatial reproduction quality of the climate models. For
East Asia (EA), associated with the thermal contrast between
the largest ocean and largest continents, i.e., the Pacific
Ocean and the Eurasian continent, the East Asian monsoon is
one of the most energetic circulation components of the
global climate system. There have been many studies that
focus on model reproduction of the East Asian summer
monsoon (e.g., Kang et al. 2002; Kim et al. 2008; Boo et al.
2011; Zhang and Chen 2011; Kusunoki and Arakawa 2012;
Paul and Hsu 2012; Tian et al. 2012). Several studies on the
projection of the East Asian winter monsoon (EAWM) are
also available (e.g., Hu et al. 2000; Kimoto 2005; Hori and
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Ueda 2006; Jiang et al. 2010; Wei and Bao 2012). However,
compared to its summer counterpart, much less research has
been devoted to understanding the EAWM.

The East Asian winter monsoon has global influences. It
exerts influences not only in East Asia, but also on con-
vection and sea surface temperatures near the maritime
continent (Chang et al. 1979; Bueh and Ji 1999), Australian
summer monsoon (Zhang and Zhang 2010), climate in
North America (Yang et al. 2002), ENSO evolution,
intensity and periodicity (Lau and Peng 1987; Huang et al.
2004; Li et al. 2007), and the subsequent Asian summer
monsoon (EASM) (e.g., Sun and Sun 1994; Chen et al.
2000; Yan et al. 2011). In its extreme state, it can bring
excessive damage and large economic loss to the densely
populated East Asian countries. For example, in February
2008 the unusual EAWM caused extremely low tempera-
tures, blizzards, and freezing rain over a large region of
southern China. The economic losses were estimated at
~ $25 billion and 129 casualties occurred (Gu et al. 2008;
Tao and Wei 2008; Zhou et al. 2009; Bao et al. 2010).
Moreover, it was shown that the EAWM has been more
active than normal starting from the mid-2000s (Chang
et al. 2011; Wei et al. 2011). Therefore, it’s very mean-
ingful and even imperative to understand EAWM anoma-
lies and to characterise its variations. Additionally, the
EAWM is highly associated with various external and
internal forcings, such as ENSO (Li 1990; Zhang et al.
1996; Chen et al. 2000; Wu et al. 2003), thermal effects of
the Tibetan Plateau (Ye and Gao 1979; Wu and Zhang
1998), Eurasian snow cover (Watanabe and Nitta 1999;
Wang et al. 2010), Arctic Oscillation (Gong et al. 2001;
Wu and Wang 2002), North Atlantic Oscillation (Watanabe
2004), Planetary wave activities (Chen et al. 2005b).
Therefore, the ability to reproduce the basic characteristics
of EAWM can be used as an important benchmark to
evaluate climate model’s regional performance.

Previous studies on the reproduction of the EAWM have
shown some common model biases. For example, Jiang et al.
(2005) have used 7 coupled global general circulation models
(CGCMs) to evaluate the performance of individual and
multi-model ensemble mean climatology. They showed that
cold simulation errors are generally present in each of the four
seasons. The regional (15°—60°N and 70°-140°E) average
error of the winter surface air temperature was —2.64 °C. The
cold bias is confirmed by other studies (Bueh 2003; Min et al.
2004; He and Wang 2012). In addition, Jiang et al. (2005)
showed that winter sea level pressure is overestimated in East
Asia and the simulated center of cold high pressure over
Mongolia is displayed southward by approximately 4 degrees
relative to reanalysis data. Hori and Ueda (2006) showed that
the standard deviation for the 850-hPa zonal wind is larger
than the observed value. Furthermore, Min et al. (2004) found
positive biases in winter precipitation over East Asia. In East
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Asia region, the subtropical region has too much winter
rainfall in the simulation of FGOALS-s2 [figure 14 of (Bao
etal. 2013)]. The winter upper-level jet streams over East Asia
simulated by the LASG/IAP coupled climate system model
FGOALS-s2 was weaker than in the National Centers for
Environment Prediction (NCEP)-Department of Energy
(DOE) Atmospheric Model Inter-comparison Project II
reanalysis data (NCEP2) (Song and Zhou 2013).

Modeling scientists are making great efforts to improve
climate models. This includes the large number of coordinated
experiments for the previous four IPCC (Intergovernmental
Panel on Climate Change) assessment reports. In preparation
for the future IPCC fifth assessment report (ARS), the
worldwide modelling groups have updated and developed the
coupled climate models to earth system models, which usually
include atmosphere, ocean, ice, and land surface processes
with dynamical vegetation. Furthermore, most models are
using finer resolution and updated physical processes,
including those for cloud parameterisation, and solar pene-
tration schemes. Therefore, it’s anticipated that the next
generation of climate models will have increased performance
with smaller error biases and improved consistency between
models. Hence, it is of interest to examine the CGCMs’ cli-
matology performances under present day conditions in East
Asia, and analyse their potential improvements compared to
the models used in the fourth IPCC assessment report (AR4).

In this study, 41 CGCMs from the fifth phase of the
Coupled Model Intercomparison Project (CMIP5), which
will be used for evaluation in the ARS, are used to evaluate
their ability to reproduce the EAWM. Meanwhile, 24
CGCMs from the third phase of CMIP (CMIP3), which were
used for the AR4 evaluation, are utilised for comparison to
examine the possible improvements in the simulations of
EAWM climatology. The consideration of the CGCMs’
simulation of EAWM climatology can assist in determining
whether these climate models have the ability to predict
climate on regional spatial scale and on decadal timescales,
and provide reliable prediction products for the near future.

The layout of this paper is as follows. Section 2 of this
paper provides the models and observation-based data
used, followed in Sect. 3 by a presentation of the CMIP5
EAWM climatology. We analyzed the modelled EAWM
interannual variability in Sect. 4, and the model seasonal
cycle of the winter monsoon in Sect. 5. A brief discussion
and summaries are given in the last section.

2 Models and data
2.1 CGCMs output availability

CMIP organized modelling groups from around the world
and provided large multi-model dataset created by the
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state-of-the-art model simulation, which is freely available
(Taylor et al. 2012). CMIP5 succeeds the previously suc-
cessful third phase of CMIP (see Meehl et al. 2005), which
for the first time released the climate model output almost
immediately and freely upon completion of the runs to
scientists outside the modelling groups. This unprece-
dented openness of the multi-model dataset provided the
basis for the IPCC’s AR4 assessment of climate variability
and climate change. CMIP5 provides a framework for
coordinated climate change experimentation and is
expected to yield new insights regarding the climate system
and the processes responsible for climate change and var-
iability. More than 20 modelling groups performed CMIP5
simulations using more than 50 models, providing the best
dataset to evaluate the CGCMs’ ability to characterise
regional phenomena, e.g., EAWM.

The 41 couple climate model outputs involved in this
study are provided by the US Department of Energy’s
Program for Climate Model Diagnosis and Intercomparison
(PCMDI, http://cmip-pcmdi.llnl.gov/). The names of the
analysed models are listed together with the model reso-
lution of the atmosphere and ocean components in Table 1.
Table 1 is compiled using information that the participat-
ing modelling centres provided to the PCMDI (see http://
cmip-pcmdi.llnl.gov/ for additional model information).
For comparison with the observation-based data, simula-
tion results from 1961 to 1990, the focus period in this
analysis, is adopted from the historical run, which is forced
by the atmospheric composition change of both anthropo-
genic and natural sources, and for the first time including
time-evolving land cover change.

The 24 CGCM outputs, which were released by CMIP3
and used for the AR4 evaluation, are provided by the IPCC
Data Distribution Center (ftp://ftp-esg.ucllnl.org) and the
Hadley Centre for Climate Prediction and Research. The
names and model resolution of the atmosphere and ocean
components of the analysed CMIP3 models are listed in
Table 2. The simulation results from 1961 to 1990 are
adopted from the 20C3M run (twentieth Century Climate
in Coupled Models), which is forced by the observed
atmospheric composition changes, including sulphate aer-
osol concentration changes and the effects of greenhouse
gases from both anthropogenic and natural sources.
Therefore, the historical run of CMIP5 and 20C3M run of
CMIP3 closely resemble observations. To be consistent
with the reanalysis datasets, all of the simulation results
were converted to a horizontal grid resolution of
2.5° x 2.5°

2.2 Observation-based data

The datasets used to evaluate the models included the
reanalysis circulation fields, monthly mean temperature,

geopotential height, and horizontal velocity from the
European Centre for Medium-Range Weather Forecasts’
(ECMWF) 45-year (1957-2002) ERA40 reanalysis dataset
(Uppala et al. 2005). These data have a grid resolution of
2.5° x 2.5° and extend from 1,000 to 1 hPa with 23 ver-
tical pressure levels. The ERA40 reanalysis surface air
temperature (SAT), surface zonal and meridional wind, and
sea-level pressure (SLP) were also examined. Additionally,
monthly surface temperature data from 160 meteorological
stations across China, collected and compiled by the China
Meteorological Administration (CMA) from January 1951
to the present were used.

We also used precipitation reconstruction data from
NOAA (National Oceanic and Atmospheric Administra-
tion), which is an analysis of constructed monthly precip-
itation gridded data over the globe for the period from 1948
to the present (http://www.esrl.noaa.gov/psd/data/gridded/
data.prec.html). The land portion of this global analysis is
defined by optimum interpolation of gauge observations at
over 17,000 stations collected from NOAA’s National
Climatic Data Center GHCN (Global Historical Climatol-
ogy Network) Version 2 and the NOAA’s Climate Pre-
diction Center CAMS (Climate Anomaly Monitoring
System) datasets. The oceanic precipitation analysis is
produced by EOF reconstruction of historical gauge
observations over island and land areas (Chen et al. 2002).

Our analyses focused on the boreal winter. Therefore,
the wintertime mean was computed by averaging 3-month
periods [December—February (DJF)] in each year. The
climatological wintertime means were calculated by aver-
aging each DJF over the period of model experiments.

3 The model climatology of the EAWM
3.1 The main EAWM features

The EAWM is highly associated with the stationary plan-
etary-scale asymmetric topographic and diabatic heating
forcings that arise from the distribution of land and oceans
(Lau and Chang 1987; Chan and Li 2004). Therefore, it is
characterised by a strong zonal (west—east) pressure gra-
dient between the Siberian high and the Aleutian low,
prevailing northerlies blowing over East Asia coastal
regions, a southward extension of surface cold air and the
Siberian high downstream of the Tibetan Plateau over
eastern China, a deep long-wave trough in the middle
levels and a strong jet stream at the higher levels.
Accordingly, the model evaluation of the EAWM can be
based on the states of near surface northerlies, surface air
temperature (SAT), the 500-hPa trough and the 200-hPa jet
stream.
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Table 1 Description of the CMIP5 (IPCC-ARS5) coupled models used in this paper

Model no. CGCM model name Institution and country Resolution*
(Lon x Lat x Lev)
AGCM/OGCM
1. ACCESSI1-0 CSIRO (Commonwealth Scientific 192 x 144L38/360 x 300L50
2. ACCESS1-3 and Industrial Research
Organisation, Australia), and BOM
(Bureau of Meteorology, Australia),
Australia
3. bce-csml-1 Beijing Climate Center, China 128 x 64L.26/360 x 232L40
Meteorological Administration,
China
4. BNU-ESM College of Global Change and Earth 128 x 641.26/360 x 200L50
System Science, Beijing Normal
University, China
5. *CanCM4 Canadian Centre for Climate 128 x 64L.35/256 x 192140
6. CanESM2 Modelling and Analysis, Canada 128 x 641.35/256 x 192L40
7. *CCSM4 National Center for Atmospheric 192 x 288L.26/320 x 384L60
8. *CESM1-BGC Research, USA 192 x 2881.26/320 x 384L60
9. *CESMI1-CAMS 192 x 288L26/320 x 384L60
10. *CESMI1-FASTCHEM 192 x 288L.26/320 x 384L60
11. *CESMI1-WACCM 144 x 961.23/192 x 288L.26/320 x 384L60
12. CMCC-CM Centro Euro-Mediterraneo per I 480 x 240L31/182 x 149L31
Cambiamenti Climatici, Italy
13. CNRM-CM5 Centre National de 255 x 128L31/362 x 292142
RecherchesMeteorologiques/Centre
Europeen de Recherche et
Formation Avancees en
CalculScientifique, France
14. CSIRO-Mk-3-6-0 Commonwealth Scientific and 192 x 96L.18/192 x 189L31
Industrial Research Organisation in
collaboration with the Queensland
Climate Change Centre of
Excellence, Australia
15. EC-EARTH European Earth System Model 320 x 160L62/362 x 292142
Consortium, Europe
16. *FGOALS-g2 LASG, Institute of Atmospheric 360 x 180L26/360 x 196L30
Physics, Chinese Academy of
Sciences; and CESS, Tsinghua
University, China
17. FGOALS-s2 LASG, Institute of Atmospheric 128 x 108L26/360 x 196L.30
Physics, Chinese Academy of
Sciences, China
18. *FIO-ESM The First Institution of Oceanography, 128 x 641.26/320 x 384L40
SOA, Qingdao, China
19. GFDL-CM3 Geophysical Fluid Dynamics 144 x 90L48/360 x 200L50
20. GFDL-ESM2G Laboratory, USA 144 x 90L24/360 x 210L50
21. GFDL-ESM2M 144 x 90L24/360 x 200L50
22. GISS-E2-H NASA Goddard Institute for Space 144 x 89L40/144 x 90L33
23. GISS-E2-R Studies, USA 144 x 89L.40/288 x 180132
24. HadCM3 Met Office Hadley Centre, United 96 x 73L.19/288 x 1441.20
Kingdom
25. HadGEM2-AO National Institute of Meteorological 192 x 144L38/360 x 216L40
Research/Korea Meteorological
Administration, Korea
26. HadGEM2-CC Met Office Hadley Centre, United 192 x 144L60/360 x 216L40
27. HadGEM2-ES Kingdom 192 x 144L38/360 x 216L40
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Table 1 continued

Model no. CGCM model name Institution and country Resolution®(Lon x Lat x Lev)
AGCM/OGCM
28. inmcm4 Institute for Numerical Mathematics, 180 x 120L21/360 x 340L40
Russia
29. IPSL-CM5A-LR Institut Pierre-Simon Laplace, France 96 x 961.39/182 x 149131
30. IPSL-CM5A-MR 144 x 143L39/182 x 149L31
31. IPSL-CM5B-LR 96 x 961.39/182 x 149L31
32. MIROC4 h Atmosphere and Ocean Research 640 x 320L56/1280 x 912148
33. MIROCS Institute (The University of Tokyo), 256 x 128L40/256 x 224L50
National Institute for Environmental
Studies, and Japan Agency for
Marine-Earth Science and
Technology, Japan
34. MIROC-ESM Japan Agency for Marine-Earth 128 x 64L.80/256 x 192144
35. MIROC-ESM-CHEM Science and Technology, 128 x 64L80/256 x 192144
Atmosphere and Ocean Research
Institute (The University of Tokyo),
and National Institute for
Environmental Studies, Japan
36. MPI-ESM-LR Max Planck Institute for Meteorology 192 x 96L.47/256 x 220L40
37. MPI-ESM-MR (MPL-M), Germany 192 x 96L47/802 x 404140
38. MPI-ESM-P 192 x 96L.47/256 x 220L40
39. MRI-CGCM3 Meteorological Research Institute, 320 x 160L48/360 x 368L51
Japan
40. NorESM1-M Norwegian Climate Centre, Norway 144 x 961.26/320 x 384L70
41. NorESM1-ME 144 x 961.26/320 x 384L70

The model information was attained from http://esgf.org/wiki/Cmip5Status and http://pcmdi-cmip.lInl.gov/cmip5/availability.html

* The surface zonal and meridional wind data (uas and vas, respectively) are not available in these models

# Horizontal resolution is expressed as number of zonal and meridional grid points. Vertical resolution (L) is the number of vertical levels

As shown in Fig. 1, the comparison of the CMIP5 his-
torical run, CMIP3 20C3M run, ERA40 reanalysis and
station observational data is made for the mean state of
winter (DJF) SAT (represented by 0 and 10 °C isotherms,
Fig. 1a), surface wind speed (represented by 5 and 8 m/s
isotachs, Fig. 1b), 200-hPa jet streak (represented by 60
and 70 m/s isotach, Fig. 1c), and the 500-hPa trough
(represented by the trough axis, Fig. 1d). The lines are for
multi-model ensemble (MME). The solid contours are
10 °C isotherms in Fig. la, 8 m/s isotachs in Fig. 1b and
70 m/s isotachs in Fig. lc, and the dashed contours are
0 °C isotherms in Fig. la, 5 m/s isotachs in Fig. 1b and
60 m/s isotachs in Fig. lc, respectively. Red contours are
for the CMIP5 model simulations and green contours are
for CMIP3 models. Compared with station observational
and reanalysis data, the EAWM is well simulated by the
current models. The magnitude of the surface winds and
200-hPa jet stream are very close to the reanalysis for both
CMIP5 and CMIP3 simulations. The position of the
500-hPa trough axis and the SAT isotherms are reasonably
well positioned in the models. Further examination of the
details also shows improvement in the CMIP5 models in

characterising the EAWM features, adding confidence to
the modelling studies of the EAWM. Compared with the
previous CMIP3 models, the two SAT isotherms for the
CMIPS models are more northward and closer to both the
ERA40 reanalysis (black lines) and station observations
(purple lines) in Fig. la. More importantly, the isotherms
of the CMIP5 models are closer to the MME, while iso-
therms of the CMIP3 models have large spatial distribu-
tions (figure not shown). This indicates that improvements
have been made both in the model average and model
consistence in the CMIP5 models, which will help to define
the appropriate southern boundary of the snowfield in EA.
It is worth noting that very small SAT isotherm changes
can be observed over North America between CMIP5 and
CMIP3 simulations, except over western North America
where distinct improvements were found (figure not
shown).

Similar results are presented for the surface wind speed
simulation (Fig. 1b). The strongest surface winds are usu-
ally observed along the coastal region of East Asia and
over the South China Sea (SCS). Both CMIP5 and CMIP3
simulations have smaller wind speed over the SCS and East
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Table 2 Description of the CMIP3 (IPCC-AR4) coupled models used in this paper (Randall et al. 2007)

Model no. CGCM model name Institution and country Atmospheric/Oceanic model
resolution® (longitude by
latitude)

1. BCCR_BCM2.0 Bjerknes Centre for Climate Research, T63L31/(0.5°-1.5° x 1.5°)L35

Norway
CGCM3.1(T47) Canadian Centre for Climate Modelling T47L31/(1.9° x 1.9°)L29
CGCM3.1(T63) and Analysis, Canada T63 L31/(0.9° x 1.4°)L.29
CNRM_CM3 Meétéo-France/Centre National de T63L.45/(0.5°-2.0° x 2.0°)L31
Recherches Météorologiques, France
5. CSIRO_MK3.0 Commonwealth Scientific and Industrial T63L18/(0.8° x 1.9°)L31
Research Organisation (CSIRO)
Atmospheric Research, Australia
6. csiro_mk3_5 CSIRO Atmospheric Research, T63L18/(1.875 x 0.925)L31
Melbourne, Australia (CSIRO),
Australia
7. GFDL_CM2.0 US Department of Commerce/National (2.0° x 2.5°) L24/(0.3°-
Oceanic and Atmospheric 1.0° x 1.0°)
8. GFDL CM2.1 Administration (NOAA)/Geophysical (2.0° x 2.5°) L24/(0.3°-
h Fluid Dynamics Laboratory 1.0° x 1.0°
(GFDL),USA
9. GISS_AOM National Aeronautics and Space (3.0° x 4.0°) L12/
Administration(NASA)/Goddard (3.0° x 4.0°L16
10. GISS MODEL EH Institute for Space Studies(GISS), (4.0° x 5.0°) L20/
USA (2.0° x 2.0°L16
11. GISS_MODEI_ER (4.0° x 5.0°) L20/
(4.0° x 5.0°) L13

12. IAP_FGOALS1.0_G LASG/IAP, China T42 L26/(1.0° x 1.0°) L16

13. *ingv_echam4 INGV (National Institute of Geophysics T106L19/(1.0° x 1.0°)L33

and Volcanology, Bologna, Italy)

14. INMCM3.0 Institute of Numerical Mathematics, (4.0° x 5.0°) L21/

Russia (2.0° x 2.5°) L33

15. IPSL_CM4 Institute Pierre Simon Laplace (IPSL), (2.5° x 3.75°) L19/

France (2.0° x 2.0°) L31
16. MIROC3.2_HIRES CCSR of Tokyo University, Frontier of T106L56/(0.2° x 0.3°) L47
17. MIROC3.2_MEDRES JAMSTEC, Japan T421.20/(0.5°-1.4° x 1.4°)L43
18. MIUB_ECHO_G Meteorological Institute of the University T30L19/(0.5°-2.8° x 2.8°)L20
of Bonn, Meteorological Research
Institute of the Korea Meteorological
Administration (KMA), and Model and
Data Group, Germany/Korea

19. MPI_ECHAM5 Max Planck Institute for Meteorology T63L31/(1.5° x 1.5°) L40
(MPI), Germany

20. MRI_CGCM2.3.2 Meteorological Research Institute (MRI), T421.30/(0.5°-2.0° x 2.5°)L23
Japan

21. *NCAR_CCSM3.0 National Center for Atmospheric T85L.26/(0.3°-1.0° x 1.0°)L40

22. *NCAR_PCMI Research (NCAR), USA T42L.26/(0.5°-0.7° x 1.1°)L40

23. UKMO_HADCM3 Hadley Center for Climate Prediction and (2.5° x 3.75°) L19/

Research/Met Office, United Kingdom (1.25° x 1.25°)L20
24, UKMO_HADGEMI1 (~1.3° x 1.9°) L38/(0.3°-

1.0° x 1.0°)L40

* The surface zonal and meridional wind data (uas and vas, respectively) are not available in these models

? Horizontal resolution is expressed either as degrees latitude by longitude or as a triangular (T) spectral truncation. Vertical resolution (L) is the
number of vertical levels
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Fig. 1 A comparison of the
CMIP5 historical run (red), 50N

(a) SAT 0°C &10°C

(b) VSP 5ms™ & 8ms™

CMIP3 20C3M run (green),
ERAA40 reanalysis (black) and
station observational data
(purple) for the EAWM fields:
a the mean position of the
surface 0 °C (dash) and 10 °C
(solid) isotherms; b surface
wind speed represented by 5 m/
s (dash) and 8 m/s (solid)
isotachs; ¢ 200-hPa jet streak
represented by 60 m/s (dash)
and 70 m/s (solid) isotachs; and ]
d 500-hPa trough lines. The
thick lines are for multi-model

RN
N

ensembles (MME) IN+—————————T——
100E 110E 120E 130E 140E
(c) Jet streak 200hPa (d) trough 500hPa
60N — i
60N —
— SON
30N - — 1
| 40N —
0 , , , —_——— 30N -
120E 150E 180 1
BT Siation —————
120E 130E 140E 150E
CMIP3 ERA40

China Sea (ECS). While the surface wind speeds over the
Indo-China Peninsula and coastal region of South China in
the CMIP3 models are larger than observations. The
improvements are significant in the CMIP5 simulations;
the region enclosed by strong wind speed isotachs expands
and is very close to the ERA40 reanalysis over the SCS.
The wind speeds also increase and the wind speed isotachs
of 5 m/s extend westward over the ocean to the southeast of
Japan, much closer to the ERA40 reanalysis in the CMIP5
than the CMIP3. The CMIP5 wind speed decreases over
the Indo-China Peninsula and coastal region of South
China, consequently, terminating the overestimate of sur-
face wind speed in these regions.

The 200-hPa jet streak MME isotachs of 70 and 60 m/s
in the two model groups are very close to the ERA40
reanalysis. As previous studies (Chen et al. 2005a) have
shown, the East Asian jet stream (EAJS) plays an important
role in connecting the climate signals over Asia and North
America, and is associated with the propagation of sta-
tionary wave activity. The reasonable and stable simulation

of the EAJS can help to guarantee the general model per-
formance in regard to the EAWM. A careful examination
shows zonal wind overestimation and underestimation to
the north and south of the jet streak in CMIP3, respectively.
While the wind speed decreases to the north and increases
to the south of the jet streak, leading the isotachs much
closer to the ERA40 reanalysis in the CMIP5 models.
The exact location of the 500-hPa East Asian trough
(EAT) axis is not well positioned in both the CMIP3 and
CMIP5 models. While the axis tilt of the MME EAT
southward of 45°N is smaller in the CMIP5 than in CMIP3
models, which is closer to the EAR40 climatology, indi-
cating an improvement in the CMIPS MME compared with
the CMIP3 MME. It is believed that the tilt of the 500-hPa
East Asian trough (EAT) axis can have a significant
modulation effect on regional climate anomalies. When the
EAT tilt is small, the EAWM prefers to take the southern
pathway and less cold air moves to the central North
Pacific. Contrarily, the EAWM tends to take the eastern
pathway and bring cold air to the North Pacific when the
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Fig. 2 The total precipitation rate from a NOAA’s Precipitation
Reconstruction data (30-year climatology from 1961 to 1990),
b CMIP5-MME, ¢ CMIP3-MME, d the differences between
CMIP5-MME and CMIP3-MME, e the differences of convective
precipitation between CMIP5-MME and CMIP3-MME, and f the
differences in large-scale precipitation between CMIP5-MME and
CMIP3-MME. The units are mm/day in all panels

EAT axis is more tilted (Wang et al. 2009). Therefore, the
decrease of the EAT axis tilting in the CMIP5 simulation is
closer to the observations and most likely associated with
more synoptic cold air activities in East Asia than in the
CMIP3 models.

3.2 Precipitation

Figure 2 compares the CMIP5 and CMIP3 precipitation
climatology with observations for the winter season in the
present-day climate simulations. The precipitation
observed in the EAWM season is distributed mainly along
the southeast coastal region, decreasing toward the north-
west and north (Fig. 2a). The largest precipitation band
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stretches from southeast China to Japan, with its eastern
margin extending into the North Pacific storm track.
Compared with its summer counterpart, a strong rain band
stagnated over the Yangtze River valley, the EAWM has
less precipitation and the rain band is more southward. The
main features of the rain band and its northwestward
decreasing pattern are well simulated by both the CMIP5
and CMIP3 MME. However, the two model groups gen-
erally overestimate the winter precipitation over the East
China Sea, South Korea, Japan and eastern China coastline
(Fig. 2b, c). A comparison between CMIP5 and CMIP3
(Fig. 2d) indicates that the CMIP5 models shows large
improvements in the simulation of rainfall over the East
Asia oceanic region (South China Sea, East China Sea, Sea
of Japan, South Korea and southern Japan), indicating a
partial compensation to the overestimation in the CMIP5
models. Further analysis reveals that this compensation is
mainly due to the decrease in convective precipitation in
the CMIP5 models (Fig. 2e). However, the stratiform
rainfall (Fig. 2f) exhibits hardly any difference over these
regions. As stratiform rainfall dominates over East Asia,
with a percentage of approximately 50-85 % in winter (Du
et al. 2011), the overestimation of precipitation in the
CMIP3 and CMIP5 models is most likely due to the
overestimation of convective clouds in East Asia. The
overall improvement of the CMIP5 models in simulating of
precipitation indicates an improvement in the representa-
tion of the convective clouds and associated processes in
East Asia. However, more model optimisation is still
needed considering the excessive precipitation in the
CMIP5 MME.

3.3 The EAWM strength

To assess the performance of the CMIP5 models at charac-
terising the EAWM, we examined several key parameters
that are commonly used to measure the strength or state of the
EAWM (Fig. 3). These parameters include the following:

1. Isatec, the SAT averaged for East Asia (20°-60°N,
100°-140°E)

2. Isipgc, the SLP averaged over eastern China (25°-
40°N, 110°-120°E) (Wei and Bao 2012).

3. Isrpaifs, the east—west pressure contrast, represented by
the SLP difference between 110°E and 160°E and
averaged from 10°N to 60°N (Guo 1994).

4. I, the low-level northerlies index along the EA coastal
region as in Chen and Sun (1999), from the northerly
average at 1,000 hPa for the domain defined by 15°-
30°N and 115°-130°E.

5. Iyougn, the 500-hPa trough index as in Cui and Sun
(1999) using the 500 hPa geopotential height averaged
for the region defined by 35°—40°N and 110°-130°E.



CMIP5 models characterise the climatology

1249

(@) TAS East Asia, unit: K _(b) SLP east China, unit: hPa

240 1030 £
[ r T
mof - 1028
2700 E E| 1026 & E
268.0 |- 1024 & |
[ | [
- r [
266.0 - 1 1022 = 1
2640 |- -
E 1 1 | ] 1020 3 1 | | ]
ERA40 CMIPS CMIP3 ERA40 CMIPS CMIP3

(c) SLP difference (110-160), unit: hPa

(d) surface v wind, unit: m st
24k |

2k 200 -
L T |
18| | I
» “or E
15 - I
r |
r 1
wlh 600
1
9 = 1 1 1 ] 1 1 1 ]
ERA4 CMIPS CMIP3 ERA4) CMIPS CMIP3

(e) trough strength 500hPa, unit: gpm (f) Jet strength 200hPa, unit: m s™

L 80.0 F
- i H H : T
5460 - 750 F
s430 [ 700 |- H
5400 |- 65.0 -
I | s I
s370 | : 600 |- I
r F |
[ | F 1
5340 1 , SOF | | |

1 | Il
ERA40 CMIP5 CMIP3 ERA40 CMIP5 CMIP3

Fig. 3 Comparison of the EAWM climate parameters for a ISATEC,
b ISLPEC, ¢ ISLPdiff, d Iv, e Itrough, and f Ijet. The left blue boxes
are for EAR-40 data with middle value for climatology and upper and
lower values for one standard deviation. The middle red boxes are for
the CMIP5 climatology with middle values for MME, upper and
lower values for intra-model standard deviation, and upper and lower
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for the CMIP3 climatology with middle values for MME, upper and
lower value for intra-model standard deviation, and upper and lower
bars for maximum and minimum value

6. I, the 200-hPa East Asian jet strength index as in
Yang et al. (2002) determined by the 200-hPa zonal
wind averaged over 30°-35°N and 130°-160°E.

Figure 3 shows indices for the ERA40 dataset (left blue
box with the middle value for climatological mean and
upper and lower value for one standard deviation), CMIP5
climatology (middle red box with the middle value for the
MME, upper and lower values for the intra-model standard
deviation, and uppermost and lowermost bars for maxi-
mum and minimum values) and CMIP3 climatology (right
green box with the middle value for the MME, upper and
lower values for the intra-model standard deviation, and
uppermost and lowermost bars for maximum and minimum
values). The MME SAT over East Asia shows large

improvements in CMIP5 with both a temperature increase
and intra-model standard deviation decrease. In addition,
the maximum and minimum values of SAT in the CMIP5
models are closer to the MME than in the CMIP3 models.
Model development and improvement is demonstrated by
the fact that the intra-model standard deviations for most
indices have decreased, especially for the east—-west SLP
contrast (Fig. 3c), SLP over eastern China (Fig. 3b), and
the 200-hPa jet stream (Fig. 3f), reflecting improved con-
sistency between models. Improvements can also be
observed in the climatology of the 200-hPa jet stream index
(Fig. 3f), with slightly stronger westerlies predicted by the
CMIP5 models than CMIP3 models. Because stronger
westerlies help to suppress baroclinic wave activity (Na-
kamura 1992), this might suggest weak synoptic-scale
wave activities and rapid movements of the short waves in
the CMIP5 models.

The mean value differences are small for SLP over
eastern China (Fig. 3b) between CMIP5 and CMIP3,
indicating that consistency is maintained between genera-
tions of CGCMs in simulating large-scale circulations. The
near surface northerly wind (Fig. 3d) is weaker than in
observations and CMIP3 models, and the zonal SLP dif-
ference between the Siberian high and the Aleutian low
(Fig. 3c) is weaker than in observations and the CMIP3
models. Meanwhile, the major trough along the EA coastal
region is both stronger in the CMIP3 and CMIP5 models,
with the CMIP5 models predicting much stronger trough
intensity. This imperfection in the CMIP3 and CMIP5
models is associated with global-scale geopotential height
biases, with most models showing a stronger polar vortex
and lower geopotential heights in the mid and high
latitudes.

3.4 Radiation energy budget

The CMIP5 model improvements in simulating the SAT
are most likely related to the local radiation budget change.
Figure 4 shows the MME difference of surface downward
shortwave radiation (Fig. 4a), surface downward longwave
radiation (Fig. 4b), surface upward shortwave radiation
(Fig. 4c), surface upward longwave radiation (Fig. 4d), and
the net radiation (the combination of the previous 4 com-
ponents, Fig. 4e) between the CMIP5 and CMIP3 models.
As for the net radiation (Fig. 4e), increased radiative
energy fluxes are observed over East Asia, especially in
southern and eastern China where the maximum fluxes
along the central China Yangtze River basin are contained.
This change can explain the increase in SAT predicted by
the CMIP5 models over East Asia and characterise the
northward shift of the 0 °C isotherm shown in Fig. 1a. The
net radiation in Fig. 4e is composed of radiation compo-
nents from Fig. 4a-d. Over the East Asia oceanic region,
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Fig. 4 The differences of the MME a surface downward shortwave
radiation (rsds), b surface downward longwave radiation (rlds),
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the previous 4 components) between the CMIP5 and CMIP3 models

the net radiation change is mainly dominated by downward
shortwave radiation changes (Fig. 4a), which can be
associated with the convective precipitation change
(Fig. 2e) in this region, where less convective precipitation
is related to less convective cumulus clouds and thus more
downward shortwave radiation. The simulated convective
precipitation decrease and the associated downward
shortwave radiation increase are possible because of
improvements to the convective parameterisations in the
current CMIP5 models.

The net radiation over the mainland is mainly caused by
less surface upward shortwave radiation (Fig. 4c) and more
surface downward longwave radiation (Fig. 4b). Because
the upward shortwave radiation is mainly influenced by
surface albedo, the inclusion of time-evolving land cover
changes in the CMIP5 historical simulation is thought
to lead to the upward shortwave radiation decrease.
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Accordingly, the use of constant land cover in previous
CMIP3 simulations overestimate the surface albedo in East
Asia. However, we can attribute the increased downward
longwave radiation in CMIP5 to higher SAT and poten-
tially an increased proportion of low-level stratus clouds in
the CMIPS5 simulations because both the atmospheric
temperature and the amount of low-level stratus cloud can
influence the downward longwave radiation.

Most CMIP5 models have updated their radiation scheme
to accommodate the direct and/or indirect effects of aerosols.
Several models have also updated cumulus parameterisation
schemes. For example, the models that participated in
CMIP3 from the National Center for Atmospheric Research
(NCAR) were the NCAR_CCSM3.0 and NCAR_PCM1
models, which used the Community Atmosphere Model 3
(CAM3) as the atmospheric component. In CMIP5, NCAR
used CAM4 in CCSM4, CESM1-BGC, CESM-FAST-
CHEM, and CESM1-WACCM, which updated the previous
CAM3 deep convection scheme and resulted in an improved
and less frequent occurrence of deep convection (Gent et al.
2011). NCAR also submitted the CESM-CAMS5 model,
which used CAMS and took into account aerosol indirect
effects and newly developed parameterisations for cloud
fraction, cloud particle formation, convection and turbu-
lence. Meanwhile, new moist turbulence and shallow con-
vection parameterization schemes were adopted, which lead
to substantial improvements in the simulation of shallow
clouds in the boundary layer (Hurrell et al. 2013). These
model improvements all help to provide a more reliable
radiation energy budget and lead to a more realistic SAT
distribution.

4 The interannual variability

The intensity of the interannual variability of the EAWM
can be described by the standard deviation (STD) of the
winter monsoon parameters. Figure 5 shows the STD of
the surface temperature (shading) and the SLP (contour).
The STD of surface temperature is largest at high latitudes.
Substantial variability also occurred over eastern China,
which is seen as a significant southward extension in this
region. The CMIP3 and CMIP5 MME reproduced the large
variability at high latitudes and the southward extension
over eastern China. However, both the CMIP3 and CMIP5
simulations overestimate the southward extension of large
surface temperature STD over eastern China, while
underestimating the STD in the higher latitudes of EA,
especially northward of 50°N. On the interannual time-
scale, the East Asia winter climate is modulated by ENSO
at the lower latitudes and by atmospheric internal processes
at the higher latitudes (Chen et al. 2000; Huang et al. 2003;
Jhun and Lee 2004). Therefore, an overestimation of SAT
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Fig. 5 The standard deviation
(STD) of the surface air
temperature (shading, units: °C)
and the sea level pressure
(contours, units: hPa) for

a observation, ERA40
reanalysis data (30-year
climatology from 1971 to 2000),
b CMIP5-MME, ¢ CMIP3-
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STD over eastern China may suggest excessive influences
by ENSO, while the overestimation of the interannual
variability may suggest insufficient modulation by the
atmospheric internal processes at the higher latitudes.

The comparison of the CMIPS and CMIP3 for SAT STD
shows significant improvements in the CMIP5 models: (1)
a negative SAT STD difference is evident between the
CMIP5 and CMIP3 MME over southern and eastern China,
indicating that the overestimation of interannual variability
over this region is suppressed; and (2) a positive SAT STD
difference is evident over the higher latitude northward of
40°N, suggesting that the underestimation of the interan-
nual variability at the higher latitudes is diminishing.

5 The seasonal evolution of EAWM

The seasonal evolution of the winter monsoon climate in
East Asia can be divided into three phases, i.e., the setup
phase in early winter, the mature phase in midwinter, and
the withdrawal phase in late winter. During the setup
phase, the zonal pressure gradient between the Siberian
high and Aleutian low, and surface northerlies are formed.
The mature phase of the EAWM has the lowest tempera-
ture and strongest surface northerlies over EA. However,
the pressure gradient and surface northerlies decrease
during the EAWM withdrawal. The main EAWM seasonal
evolution features are shown in Fig. 6, namely, the
monthly SLP difference between 110°E and 160°E

(averaged from 20°N to 60°N) and the northward near-
surface wind averaged over 15°-30°N, 115°-130°E for
EAR40, CMIP5 and CMIP3 simulations. The seasonal
cycle of the EAWM is most evident in the SLP differences:
(1) negative values in August and May, indicating the
summer monsoon period; (2) small values in September
and April, indicating a transition between the winter
monsoon and summer monsoon; (3) positive values
throughout the winter months from October to March,
which is directly associated with the setup of the Siberian
high and Aleutian Low; and (4) the SLP differences reach
their maximums in January, quasigeostrophically corre-
sponding to northerlies along coastal East Asia. All of these
features are evident in both the CMIP5 and CMIP3 simu-
lations, indicating a perfect reproduction of the EAWM
seasonal evolution. However, in both the CMIP5 and
CMIP3 simulation, the SLP difference is systematically
larger in the early winter months of October and Novem-
ber, while it is smaller in January, February and March.
Therefore, current models tend to predict a rapid EAWM
build-up in early winter, while have a weak SLP contrast
between the Siberian High and Aleutian Low in mid and
late winter. As the stationary planetary-scale asymmetric
forcing between the land and ocean acts as the major
forcing factors for the EAWM, the weak SLP contrast may
suggest weak stationary forcing in the current models.
The annual cycle of temperature over the EA (averaged
from 110°E to 120°E) is displayed in Fig. 7. The
decreasing temperatures in late autumn and early winter
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Fig. 6 a The monthly SLP difference between 110°E and 160°E
averaged between 10°N and 60°N and b the monthly near-surface
northward wind index along the East Asian coastal region (averaged
for the region: 15-30°N, 115-130°E). Blue ERA40, red CMIP5 and
green CMIP3

followed by rising temperatures in late winter and spring
are indicative of the winter season evolution. This seasonal
variation is synchronous with the seasonal advance and
retreat of the EAWM. Compared with the seasonal tem-
perature evolution derived from ERA40 reanalysis, the
CMIP3 and CMIP5 MME reasonably captured the cold
period and its southward extension in historical simulations
(Fig. 7b, c). At 40°N, the CMIP3 average temperature
dropped below 0 °C in late October, decreasing to a min-
imum in January, and rising above 0 °C in early March.
The 0 °C line extended to ~31°N in January. These fea-
tures are consistent with the observed data, while the exact
duration of winter was slightly lengthened and the 0 °C
line extended approximately 3° southward compared to the
reanalysis.

Figure 7d and e show that both the CMIPS5 and CMIP3
simulations estimate lower temperatures over EA during
the winter season, except for the lower latitudes (20°-
30°N) in February, March and April. In the CMIP3 MME,
the maximum cold bias is about —3 °C around 30°N in
November and December, and about —2 °C around 30°N
in November and December in CMIP5 MME. Therefore, to
a certain degree, the cold bias is suppressed in the CMIP5
MME. The difference between the CMIP5 and CMIP3
MME manifests itself as a warming in EA (Fig. 7f). The
maximum warming is approximately 1 °C in late winter
and above 0.5 °C in other months southward of 40°N.
Therefore, the 0 °C margins withdrew to ~33°N in
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Fig. 7 Climatological annual cycle of 110°E-120°E zonal-mean
temperature from a ERA40 reanalysis (averaged from 1971 to 2000),
b CMIP5-historical (averaged from 1971 to 2000), ¢ CMIP3, d the
difference between CMIP5 and ERA40, e the differences between
CMIP3 and ERA40, and f the differences between the CMIP5 and
CMIP3 model simulations

January in the CMIP5 MME (Fig. 7b) and the wintertime is
slightly shortened compared with the CMIP3 MME.

6 Summaries and discussions

We compared the climatology of the EAWM with two
groups of CGCMs, i.e., the CMIP5 and CMIP3 model. These
two phases of CMIP models, representing the best under-
standing of the climate system at that time, are widely used in
the AR4 and ARS of the IPCC, respectively. Studies have
shown that the CMIP3 models have some common biases in
the simulation of the EAWM climatology. For example,
most models have negative temperature biases and positive
precipitation biases over EA. These deficiencies of the
CGCMs will limit and influence the accurate evaluation of
climate change and climate projection over EA. Many
improvements have been made in the current CMIP5 models.
As for the EAWM, the biases have been greatly reduced,
with an average SAT increase of 0.5 degrees over EA com-
pared with the CMIP3 simulations. Accordingly, the SAT
margin of 0 °C moves northward by approximately 1°,
indicating a northward retreat of snow cover in the CMIP5
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model simulation. Meanwhile, the CMIP5 models predict a
rainfall decrease over the EA region, especially over the
coastal and oceanic region. Improvements can also be
observed in the near surface wind speed; the region with
strong winds along the coastal flank of EA in the CMIP5
simulation is closer to the reanalysis. It is important that the
inter-model variance decreases in the above-mentioned
EAWM parameters, especially in the averaged EA SAT,
averaged EA SLP, and EA jet stream, signifying that the
CMIPS models show more consistency in the simulation of
EAWM. The reduction of cold biases in CMIP5 models
helps to better characterise the winter seasonal evolution
over EA. In theCMIP3 MME, the winter was slightly
lengthened and the 0 °C line extended farther southward
than suggested by the observations. However, in the CMIP5
MME, winter was shortened and the O °C line withdrew
approximately 2 degrees northward in January.

The decreasing cold biases in EA are probably associ-
ated with the radiative energy budget changes. The net
radiative energy flux increases over East Asia, especially in
southern and eastern China. Further analysis reveals that
the net radiation change is mainly caused by less surface
upward shortwave radiation and more surface downward
longwave radiation. Because the land cover change is
crucial to the value of surface albedo, it’s an important
improvement to replace the CMIP3 constant land cover
with time-evolving land cover in the CMIP5 historical
simulation. On the other hand, the SAT increase leads to
northward withdraw of the SAT field in the CMIP5 simu-
lations. As the 0 °C line can be used as the southern
boundary of the snowfield, the northward withdraw of the
winter snowfield can also lead to surface albedo decrease.
Both can help to result in the decrease of the upward
shortwave radiation. Because the surface downward long-
wave radiation is mainly determined by both the atmo-
spheric temperature and the amount of low-level stratus
cloud, the increased downward longwave radiation in the
CMIPS simulation is attributed to higher SAT and poten-
tially an increased proportion of low-level stratus clouds
over East Asia in the CMIP5 models.

Both the CMIP3 and CMIP5 overestimate the precipi-
tation over the East Asia oceanic region. In CMIP5, the
overestimation is decreased, which can be mainly attrib-
uted to the decrease in convective precipitation. As strati-
form rainfall reigns over East Asia, with a percentage of
approximately 50-85 % in winter (Du et al. 2011), the
overestimation of precipitation by the CMIP3 and CMIP5
is most likely due to the overestimation of convective
clouds in East Asia. The decrease of convective rainfall in
the CMIP5 models produce an increased proportion of
stratiform clouds over East Asia, possibly due to
improvement of the convection scheme. However, more
advancements are still needed.

Both the CMIP3 and CMIP5 models can characterise the
main features of the SAT variability on interannual time-
scale, with larger SAT standard deviations at high latitudes
and a significant southward extension east of Tibetan Pla-
teau. The CMIP3 and CMIP5 models have some common
bias, i.e., overestimation of the southward extension of
large SAT STD over eastern China and underestimation of
the SAT STD values at EA higher latitudes. However, the
overestimation of the SAT STD over eastern China and the
underestimation of SAT STD at EA higher latitudes are
both suppressed in the CMIP5 simulation. Because the
EAWM is modulated by various external and internal
factors, the improvement in the simulation of the SAT STD
might suggest an improvement in the predictability on
interannual timescales.

Although the CMIP5 models perform well in reproducing
the EAWM climatology, there are still some deficiencies.
For example, the near surface northerlies are weaker than
suggested by observations and the CMIP3 models. The zonal
SLP difference between the Siberian high and Aleutian low
is weaker than in observations and the CMIP3 models. The
500-hPa major trough strength is too strong in EA. Lastly, the
cold bias still exists in the current CMIPS5 models. Therefore,
additional model improvements are still required to better
simulate the EAWM.
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