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ABSTRACT

This paper reviews recent progress in the development of the Beijing Climate Center Climate System
Model (BCC_CSM) and its four component models (atmosphere, land surface, ocean, and sea ice). Two
recent versions are described: BCC_CSM1.1 with coarse resolution (approximately 2.8125°x2.8125°) and
BCC_CSM1.1(m) with moderate resolution (approximately 1.125°x1.125°). Both versions are fully cou-
pled climate-carbon cycle models that simulate the global terrestrial and oceanic carbon cycles and include
dynamic vegetation. Both models well simulate the concentration and temporal evolution of atmospheric
CO2 during the 20th century with anthropogenic CO2 emissions prescribed. Simulations using these two
versions of the BCC_CSM model have been contributed to the Coupled Model Intercomparison Project
phase five (CMIP5) in support of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment
Report (AR5). These simulations are available for use by both national and international communities for
investigating global climate change and for future climate projections.

Simulations of the 20th century climate using BCC_CSM1.1 and BCC_CSM1.1(m) are presented and
validated, with particular focus on the spatial pattern and seasonal evolution of precipitation and surface
air temperature on global and continental scales. Simulations of climate during the last millennium and
projections of climate change during the next century are also presented and discussed. Both BCC_CSM1.1
and BCC_CSM1.1(m) perform well when compared with other CMIP5 models. Preliminary analyses in-
dicate that the higher resolution in BCC_CSM1.1(m) improves the simulation of mean climate relative to
BCC_CSML1.1, particularly on regional scales.
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1. Introduction

Global climate and environmental changes under
global warming are one of the great challenges facing
human societies. These changes reflect the complex
interactions among atmosphere, hydrosphere, litho-
sphere, cryosphere, and biosphere within the climate
system. The development of theories and methodolo-
gies for investigating interactions and feedback mecha-
nisms among the individual components of the climate
system is a prerequisite to advanced understanding of
the behavior of the climate system and to improved
prediction of its future evolution. Climate system
models are effective tools for objectively describing in-
teractions in the climate system and exploring how
these interactions impact climate change.

The National Climate Center (NCC) was es-
tablished in 1995 under a national priority research
project entitled “Research on Short-term Climate Pre-
diction System in China”. Under the auspices of
the NCC, scientists from the China Meteorological
Administration, Chinese Academy of Sciences, Min-
istry of Education, Ministry of Agriculture, and Min-
istry of Water Resources have together undertaken
the research and development of a short-term cli-
mate prediction system. This collaborative work
quickly yielded a first-generation atmospheric general
circulation model (AGCM) (BCC_AGCM1.0; Dong,
2001), which was later followed by a coupled ocean-
atmosphere model (BCC_CM1.0). This model sys-
tem has played an important role in operational short-
term climate prediction and studies of climate change
in China (Ding et al., 2002, 2004, 2006; Zhang et al.,
2004; Li et al., 2005; Luo et al., 2005; Zhao et al.,
2005).

NCC initiated the research and development
of a mnew-generation climate model
2005. This initiative has produced three second-
generation versions of the AGCM (BCC_AGCM2.0,
BCC_AGCM2.1, and BCC_AGCM2.2). NCC has
also developed a first-generation land surface process
model (BCC_AVIM1.0) that combines the vegetation
dynamics and soil carbon cycle model AVIM devel-
oped by Ji (1995) with the Community Land Model
version 3 (CLM3) developed at the National Center

system in
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for Atmospheric Research (NCAR). The ocean model
(MOM4_L40) has been modified from the Modular
Ocean Model (MOM4) developed at the Geophysi-
cal Fluid Dynamics Laboratory (GFDL) to include
the ocean carbon cycle. These component models
serve as the basis for NCC’s climate system model
at coarse resolution (T42, or approximately 280 km;
BCC_CSM1.1) and moderate resolution (T106, or ap-
proximately 110 km; BCC_CSM1.1(m)), in which the
ocean, land surface, atmosphere, and sea ice compo-
nents are fully coupled. This paper briefly reviews the
development of these models and recent progress in

their application to climate change studies.

2. Development of the BCC Climate System
Model

2.1 Atmospheric General Circulation Model
(AGCM)

2.1.1 BCC_AGCM2.0

BCC_AGCM2.0 is a spectral AGCM (Wu et al.,
2008, 2010) with an adjustable horizontal resolution
and 26 vertical layers. The default horizontal reso-
lution is T42, which corresponds to approximately
2.8125°x2.8125°. This model is largely based on the
NCAR CAM3 (Collins et al., 2004), but the refer-
ence atmosphere and surface pressure have been modi-
fied. The reference atmosphere represents the thermal
structure of the mid/upper troposphere and strato-
sphere better than the default reference atmosphere
used in CAM3 does.

effects of inhomogeneous vertical stratification and bi-

This modification reduces the

ases in topographic truncations, among other factors.
Deviations in temperature and surface pressure from
the reference atmosphere are treated as prognostic
variables. Prognostic equations for water vapor, cloud
water, cloud ice, and other hydrometeors are solved
using a semi-Lagrangian approach. By contrast, the
equations for vorticity, divergence, and deviations in
temperature and surface pressure are solved using ex-
plicit or semi-implicit Eulerian methods. A detailed
description of the dynamical framework has been pro-
vided by Wu et al. (2008).
mostly based on CAM3, with the following improve-

The model physics is

ments. First, the parameterization scheme for mass-
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flux type cumulus convection developed by Zhang and
McFarlane (1995) has been adapted as proposed by
Wu et al. (2010).
ment scheme has been introduced to conserve poten-

Second, a dry adiabatic adjust-

tial temperature throughout the whole layer. Third,
the parameterization of snow cover proposed by Wu
and Wu (2004) has been adopted. Improved parame-
terizations of sensible and latent heat fluxes from the
ocean surface that consider the effects of surface waves
have been proposed (Wu et al., 2010). Land surface
processes are simulated using the CLM3 (Oleson et al.,
2004). The BCC_AGCM2.0 model has been shown to
accurately simulate the current climate and annual cy-
cle (Wu et al., 2010), decadal changes in precipitation
in the East Asian and Asian/Australian monsoon re-
gions (Wang et al., 2009; Chen et al., 2012), changes
in the occurrence of extreme temperature and precip-
itation events (Chen et al., 2011; Dong et al., 2012),
cloud radiative forcing (Guo et al., 2011), the Madden-
Julian oscillation (Dong et al., 2009), the Meiyu season
in the Yangtze-Huai River basin (Shen et al., 2011),
and heavy precipitation processes in China (Jie et al.,
2010).

Recently, Zhang Hua et al. (2012) coupled the
BCC_AGCM2.0 with the CUACE Aerosol Model
(BCC_AGCM2.0.1_CAM). CUACE is based on the
Canadian Aerosol Module (CAM) (Gong et al., 2002,
2003) developed in collaboration with the Chinese
CUACE is a
It includes multi-

Academy of Meteorological Sciences.
particle size distribution model.
cycle physical and chemical processes, such as the
emission, transport, transformation, cloud interac-
tions, and deposition of five common aerosol types
(sulfate, black carbon, organic carbon, dust, and
sea salt). Aerosol emission data were taken from a
model intercomparison with aerosol observations (Ae-
roCom; http://aerocom.met.no/aerocomhome.html),
which includes gas-phase chemistry and provides an
exploratory tool for simulating changes in aerosol dis-
tributions and assessing their implications for climate.
Zhao et al. (2013) provided a preliminary evalua-
tion of BCC_AGCM2.0.1_CAM simulations of the
distributions and climatic impacts of these common
aerosols. The model simulations of these aerosols gen-

erally agree well with observations. Zhang Hua et al.
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(2012) used BCC_AGCM2.0.1_CAM to simulate the
global radiative forcing of three anthropogenic aerosols
(black carbon, organic carbon, and sulfate) and two
natural aerosols (dust and sea salt). Output from
these simulations was included in the AeroCOM Phase
IT model intercomparison of aerosol radiative forcings
(Myhre et al., 2012).

Several studies have used BCC_AGCMZ2.0 to
examine parameterizations of cloud and radiation
physics.  Jing and Zhang (2012) applied a new
Monte Carlo Independent Column Approximation-
based (McICA) cloud-radiation framework within
BCC_AGCM2.0. This framework provides a more
flexible description of the sub-grid cloud structure.
Their results show that perturbations to the model
variables caused by McICA stochastic errors are small,
Differ-

ences between global mean values and reference val-

with little impact on the model climate.

ues calculated with the Independent Column Ap-
proximation (ICA) approach are within +0.01%, so
the climate characteristics (including zonal, verti-
cal, and sub-regional distributions) are largely con-
sistent with ICA. The McICA cloud-radiation scheme
used in BCC_AGCM2.0 has a higher confidence than
Under McICA, radiation pro-
cesses in the model have been updated to include the

the original scheme.

independently-developed BCC-RAD parameterization
scheme. Greenhouse gas (GHG) concentrations are de-
rived by using a K-distribution module (Zhang Hua
et al., 2003, 2006a, 2006b; Shi and Zhang, 2007),
while aerosol optical properties are calculated based
on results reported by Wei and Zhang (2011) and
(2012). BCC-RAD has partici-

pated in the AeroCom radiation model intercompar-

Zhang Hua et al.

ison. Cloud and radiation processes are independent
under McICA. It is therefore relatively easy to ad-
just cloud structure and further improve the radiation
model, with good prospects for the future development
and application of BCC_AGCM.
2.1.2 BCC_AGCM2.1 and BCC_AGCM2.2

The most recent versions of BCC_AGCM2 are
BCC_AGCM2.1 (with a T42 global resolution) and
BCC_AGCM_2.2 (with a T106 global resolution,
roughly corresponding to 110 km). These new versions

include the following improvements. First, a new pa-
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rameterization scheme for deep cumulus convections
developed by Wu (2012) has been introduced. This
scheme has been tested in a single column model
configuration using data from Atmospheric Radia-
tion Measurement (ARM) stations during the sum-
mers of 1995 and 1997.
tion with the Hack shallow convection scheme (Hack,

When used in combina-

1994) and parameterizations of stratiform precipita-
tion (Rasch and Kristjansson, 1998; Zhang Minghua
et al., 2003), the Wu (2012) convection scheme suc-
cessfully reproduces the intensity and evolution of
major precipitation events. Second, parameters de-
rived from cloud amount have been further optimized
and improved. Third, an option for predicting global
mean COs concentrations has been added. Finally,
the BCC_AVIM1.0 land surface model is now used
to simulate land-atmosphere fluxes. BCC_AGCM2.1
and BCC_AGCM2.2 are the atmospheric compo-
nents of the climate system models BCC_CSM1.1 and
BCC_CSM1.1(m), respectively.

A set of standard atmospheric model intercom-
parison (AMIP) tests driven by observed forcing data
(including sea surface temperature and the distribu-
tion of sea ice, solar activity, aerosols, and GHGs)
have demonstrated the capabilities of BCC_AGCM2.1

0.6

WU Tongwen, SONG Lianchun, LI Weiping, et al. 37

and BCC_AGCM2.2 for simulating climate. Figure
1 shows interannual and decadal changes in global
mean temperature anomalies over land during the
period 1978-2006. Both models largely capture ob-
served variations in temperature.
version 4 of the Climatic Research Unit (CRU) recon-
structed temperature (Brohan et al., 2006) are 0.90 for
BCC_AGCM2.1 and 0.87 for BCC_AGCM2.2. Both

models also capture the observed spatial distributions

Correlations with

of winter and summer precipitation during 1979-2008
(Fig. 2), although biases in summer precipitation are
substantial in both models. These biases are par-
ticularly pronounced over eastern China, where the
belt of strong precipitation is located further west
than observed. Underestimates of summer precipi-
tation are common to many internationally available
climate models, and arise from multiple factors. Al-
though these factors require more in-depth investiga-
tions, they may include errors in simulating land sur-
face processes over the Tibetan Plateau or the location
of the western Pacific subtropical high. The higher-
resolution BCC_AGCM2.2 provides a better simula-
tion of regional precipitation than BCC_AGCM2.1,
along with better simulations of the centers of heavy
precipitation over Southwest China, South China,

_ BCC_AGCM2.1 (0.9)

BCC_AGCM2.2 (0.87)

CRUTEM4v

Surface air temperature anomaly (‘C)

—0.6 LI LI T

Fig. 1.

Surface air temperature anomaly (°C) over global land areas from BCC_AGCM2.1, BCC_AGCM2.2, and

CRUTEM version 4. Anomalies are calculated relative to the 1978-2006 mean. The correlations of the model time series

relative to the observations are shown in brackets.
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Fig. 2. Climatological mean precipitation (mm day™") for (a, ¢, ¢) DJF and (b, d, f) JJA from (a, b) BCC_AGCM2.1,
(c, d) BCC_AGCM2.2, and (e, f) the reconstructed observation by Xie and Arkin (1997).

South Asia, and the Southeast Asian monsoon region.

Lu et al. (2014) analyzed an AMIP run of BCC_
AGCM2.1 that covers the period 1979-2008. They re-
ported that the model simulations of the zonal mean
wind fields, temperature distributions, and seasonal
variations in the stratosphere were consistent with
those in the NCEP/NCAR reanalysis. The model was
also able to simulate seasonal changes in the strato-
spheric polar vortex, although it generally underesti-
mated temperatures both near the tropopause and in
the upper stratosphere. Major biases in the simulated
temperature profiles and upper-air jet streams relative
to the reanalysis were mainly confined to wintertime
mid and high latitudes. Lu et al. (2014) pointed out
that these biases might be linked to perturbation pro-

cesses in the model. Analysis of the Eliassen-Palm (E-

P) flux (Figs. 3a—c) indicates that both equatorward
and poleward propagations of planetary waves tend to
be weaker when the model is weakly perturbed. When
the equatorward propagation of planetary waves in the
model is strong, most of the energy generated by the
perturbation will be transported to lower latitudes. By
contrast, the poleward propagation of planetary waves
is relatively weak (short arrows in Figs. 3a—c). Per-
turbations reaching the middle and upper stratosphere
are dominated by upward motion, which may lead to
weaker poleward propagation in the vortex. These is-
sues likely play a major role in the model overestimat-
ing of the strength of the polar vortex and underes-
timating of wintertime temperature in the Northern
Hemisphere stratosphere. Analysis of the E-P flux di-

vergence (Figs. 3d—{) shows a zone of strong E-P flux
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Fig. 3. Climatological mean (a, b, c) Eliassen-Palm (E-P) flux (m® s72) and (d, e, f) E-P flux divergence (m? s72)
during January from the (a, d) ERA-Interim reanalysis, (b, ¢€) NCEP/NCAR reanalysis, and (¢, f) BCC_AGCM2.1.

(Lu et al., 2014).

divergence in the planetary wave source region in the
midlatitude troposphere (30°~60°N). The energy from
perturbations largely resides in this region, propagat-
ing upward after convergence. Another area of strong
E-P flux divergence is apparent over the subtropical re-
gion from the upper troposphere into the lower strato-
sphere. This region may be related to adjustments in
the subtropical jet stream. The jet stream is located

slightly higher in the model results than in the reanal-

ysis, but its intensity and range are similar. Overall,
BCC_AGCM2.1 simulates a dominant equatorward
propagation of planetary waves, which is consistent
with the reanalysis. Nevertheless, large errors remain
between 100 and 20 hPa in the stratosphere over mid
and high latitudes (particularly near 60°N). The ERA-
Interim reanalysis indicates strong E-P flux divergence
in this region. The E-P flux divergence simulated in
this region by BCC_AGCM2.1 is relatively weak, lead-
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ing to stronger circumpolar westerlies that prevent
perturbations from entering the polar region and in-
teracting with the stratospheric polar vortex.

Both BCC_AGCM2.1 and BCC_AGCM2.2 have
been used to calculate 6-15-day extended forecasts of
precipitation and other weather processes. Jie et al.
(2013) reported improvements in 6-15-day forecasts
of summer precipitation using a time-lagged ensem-
ble approach with daily rainfall thresholds set to 1

and 5 mm day~!

, respectively. These improvements
were particularly pronounced over the relatively wet
areas in central and southern China, northeastern
China, and the southeastern boundary of the Tibetan

Plateau.
2.2 Land surface model

Land surface models describe exchanges of mass
and energy in soils and at the land-atmosphere in-
terface. These models are important components of
climate system models. Chinese scientists have made
substantial contributions to the development of land
surface models. Ji (1995) developed the Atmosphere-
Vegetation Interaction Model (AVIM), which accounts
for biochemical processes like photosynthesis and veg-
etation respiration while also considering biophysical
processes such as the exchange of heat and moisture
among vegetation, soil, and atmosphere. The updated
version AVIM2 (Ji et al., 2008) includes three modules.
A land-surface physical process module describes ra-
diation transfer through the vegetation canopy to the
soil surface, as well as the exchange of moisture and
heat among vegetation, air, and soil. The second mod-
ule simulates eco-physiological processes during vege-
tation growth (e.g., photosynthesis, respiration, allo-
cation of photosynthetic assimilated carbon, phenol-
ogy, etc.). The third module provides a treatment of
soil carbon decomposition.

The land surface model BCC_AVIM1.0 was de-
veloped as a component of BCC_CSM1.1 using the
NCAR CLM3 and AVIM2 as a basis. BCC_AVIM1.0
includes a soil moisture and heat transfer module
similar to that in CLM3, with underlying surfaces
separated into four categories: soil, wetland, lake,

and glacier. Soil is vertically discretized into 10
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layers. Vegetation consists of one layer, with snow
cover partitioned into as many as five layers depend-
ing on snow depth. Land vegetation is divided into
15 plant functional types (PFTs), with each model
grid box containing up to 4 PFTs (Oleson et al.,
2004). BCC_AVIM1.0 also includes a module that
incorporates the parameterizations of vegetation dy-
namics and soil carbon decomposition from AVIM2
(Ji, 1995; Ji et al., 2008).

the terrestrial carbon cycle, including CO; sequestra-

This module describes

tion through photosynthesis, vegetation growth, and
withering, and CO; release back into the atmosphere
through soil respiration. The snow cover scheme takes
into account multiple factors (e.g., snow depth, surface
roughness, and sub-grid topography) for snow cover
fraction (SCF). SCF is generally underestimated in
CLM3 (Li et al., 2009), so this scheme has been mod-
ified to improve the simulation of SCF in regions with
complex topography (such as the Tibetan Plateau and
the Mongolian Plateau). BCC_AVIMI.0 serves as
the land surface component in both BCC_CSM1.1
and BCC_CSM1.1(m), and is used for CMIP5 experi-
ments. Wu et al. (2013) demonstrated the capacity of
BCC_AVIM1.0 for simulating the land carbon cycle
and terrestrial eco-systems during the 20th century.
The second generation of this model (BCC_
AVIM2.0) is currently under development. Revisions
will include changing the empirical plantleaf unfolding
and withering dates prescribed in BCC_AVIM1.0 to a
dynamic determination of leaf unfolding, growth, and
withering dates according to the budget of photosyn-
thetic assimilated carbon. This change will be similar
to the phenology scheme used in CTEM (Arora, 2005).
The method for identifying the threshold soil temper-
atures for freezing and thawing will also be modified
(Xia et al., 2011), and a four-stream radiative trans-
fer parameterization for the vegetation canopy will be
incorporated (Zhou et al., 2010). These changes are
expected to improve several aspects of the simulation,

most notably the surface energy balance.
2.3 Global ocean general circulation model

The MOM4_140 is a global Ocean General Cir-
culation Model (OGCM) and a very important com-
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ponent of the climate system model BCC_CSM. This
model has been developed by modifying the MOM4
model developed by the Geophysical Fluid Dynamics
Laboratory (GFDL). The model is run on a global
three-pole grid, in which the North Pole is imposed on
both North America and the Eurasian continent. Its
horizontal resolution is 1°x1° poleward of 30°N and
30°S, incrementally descending to 1/3° latitude within
30°N and 30°S. The model has 40 vertical layers. The
top 200 meters are divided into 20 layers of equal thick-
ness (10 m). The physical process parameterization
schemes (Griffies et al., 2005) include Swedy’s tracer-
based third order advection, isopycnic surface mixed
tracer diffusion, Laplace horizontal friction, KPP ver-
tical mixing, complete convective adjustment, and sea
floor boundary /steep topography overflow processing
that allows unstable gravity-driven fluid elements to
flow down slope in the upstream advection scheme.
The effects of spatial heterogeneities in chlorophyll
are taken into account when calculating the penetra-
tion of short-wave solar irradiance. The ocean carbon
cycle module from MOM4 FMS has been incorporated
into MOM4_1L40 to simulate the ocean carbon cycle.
This module is based on the Ocean Carbon Model
Intercomparison Project phase 2 (OCMIP2), and has
a relatively well-integrated ocean carbon cycle.
MOM4_L40 is currently available in two ver-
sions (MOM4_L40vl and MOM4_L40v2), which
different land and topogra-
phies. MOM4_L40v1 is the ocean component of
BCC_CSM1.1, while MOM4_L40v2 is the ocean com-
ponent of BCC_CSM1.1(m). The treatment of inland

seas in MOM4_L40vl may cause unreasonable mass

have submarine

accumulation in those regions of the ocean. The land-
sea masks in MOM_L40v2 have been adjusted to
isolate inland seas. The results of the IPCC AR5 his-
torical experiment indicate that both MOM4_L40v1
and MOM4_1L40v2 can simulate the basic character-
istics of the global oceans and ocean carbon budget
reasonably well. Both models are also capable of re-
producing major large-scale variability in the oceans.
The next version (under development) will incorpo-
rate the wave-induced mixing scheme developed by

the Institute of Oceanography, Chinese Academy of
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Sciences in Qingdao to better account for the roles of
ocean waves (Qiao et al., 2004; Song et al., 2007).

2.4 Dynamic and thermodynamic sea ice

model

The sea ice model is an important component of
the climate system model. This model component has
a major impact on global climate change through non-
linear interactions with the atmosphere and ocean.
The sea ice model used in both BCC_CSM1.1 and
BCC_CSM1.1(m) is the Sea Ice Simulator (SIS), a
dynamic/thermodynamic sea ice model developed at
GFDL (Winton, 2000).
and sea-land distribution of the model are identical
to those used in the ocean model (MOM_L40vl or
MOM4_L40v2, respectively).
sea ice thermodynamic processes according to the
model developed by Semtner (1976). The model has

three layers in the vertical direction (i.e., a snow cover

The horizontal resolution

This model describes

layer and two sea ice layers of equal thickness), and
divides sea ice into five categories based on thickness.
It is assumed that snow cover has no heat capacity,
but all sea ice layers have sensible heat capacity. The
effects of high-salinity bubbles on heat capacity are
considered in the upper layer. The model uses vis-
coelastic plasticity to calculate the internal stress of
the sea ice, and adopts an upwind scheme for calcula-
tions of conserved quantities (e.g., sea ice density, total
ice, and the heat capacity of sea ice) and other advec-
tive processes. The results of the CMIP5 multi-model
intercomparison indicate that BCC_CSM1.1 gives a
relatively good simulation of sea ice in the Southern
Hemisphere, but slightly overestimates sea ice during
the winter half year in the Northern Hemisphere and
underestimates sea ice during the summer half year.
Overall, the model is capable of simulating decadal

changes in sea ice over the 20th century.
2.5 Climate system models

2.5.1 BCC_CSM1.0

BCC_CSM1.0 was developed using the NCAR
Community Climate System Model
(CCSM3) as a basis.  This model has coupled
BCC_AGCM2.0 with the land surface process model

version 3
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CLM3, the global ocean circulation model POP, and
the global dynamic/thermodynamic sea ice model
CISM. This model version was fully developed by the
end of 2008. BCC_CSM1.0 has been shown to have a
stable performance in a number of experiments simi-
lar to the multi-model intercomparions performed dur-
ing the 20th century (such as CMIP3 for IPCC AR4).
The simulated increase of global surface air tempera-
ture from the late 19th century to the late 20th cen-
tury is consistent with HadCRUT3 observations (Bro-
han et al., 2006) when the model is forced by ob-
served changes in GHGs, solar activity, and aerosols.
This consistency indicates that BCC_CSM1.0 is in
the same class as the coupled models that partici-
pated in the intercomparisons for IPCC AR4 (Edi-
torial Committee of National Assessment Report of
Climate Change, 2011).
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BCC_CSM1.0 can simulate the basic climate
state, seasonal changes, interseasonal oscillations, and
interannual variations of global precipitation reason-
ably well (Zhang Li et al., 2012; Dong et al., 2013).
It can also reproduce the climatology of summer pr-
ecipitation over East Asia (Fig. 4). Simulations
of interannual changes in mean summer precipita-
tion over East Asia or China during 1979-2000 by
BCC_CSM1.0 have relatively high correlations with
the Xie-Arkin precipitation dataset. The root-mean-
square errors are also relatively small. Zhang et al.
(2011) demonstrated that the model is able to capture
precipitation and temperature extremes in East Asia.
2.5.2 BCC_CSM1.1 and BCC_CSM1.1(m)

BCC_CSM1.1 is also based on the CCSM3 de-
veloped at NCAR. This model fully couples the
atmospheric-model BCC_AGCM2.1, the land surface

3'9i (b) ) \

3.34
2.74

2.11

Root-mean-square error
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Fig. 4. (a, ¢) Spatial correlation coefficients and (b, d) root-mean-square errors for mean monthly precipitation over

1979-1999 from models participating in the IPCC AR4 intercomparison, relative to the Xie-Arkin precipitation data for

the same period. (a, b) China and (c, d) all of East Asia.
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model BCC_AVIM1.0, the global ocean circula-
tion model MOM4_140vl, and the global dy-
namic/thermodynamic sea ice model SIS using a flux
coupler. Detailed descriptions of these models are pro-
vided by Wu et al. (2013). This model can simulate
changes in atmospheric COs concentration from an-
thropogenic emissions as well as the impacts of these
changes on global climate. BCC_CSM1.1 is one of the
several earth system models participating in the multi-
model intercomparisons for IPCC AR5, and performs
well in simulating the global carbon cycle (Wu et al.,
2013) and its feedback to climate (Arora et al., 2013).

BCC_CSM1.1(m) is an upgraded version of
BCC_CSM1.1. BCC_CSMI1.1(m) uses a horizontal
resolution of T106 in the atmosphere and land com-
ponent models and the same ocean-sea ice resolutions
as BCC_CSM1.1. The atmospheric component model
is BCC_AGCM2.2, and the ocean component model
is MOM4_L40v2.

Both BCC_CSM1.1 and BCC_CSM1.1(m) have
participated in most of the CMIP5 experiments (Xin
et al., 2012) and have provided a large amount of sim-
ulation output for use in climate studies. More than
140 peer reviewed journal papers (as of Nov. 8, 2013)
have analyzed output from the BCC_CSM1.1 mo-
del (http://cmip.llnl.gov/cmip5/publications/model).
The performance of both models is comparable to that
of other CMIP5 models with similar resolutions with
respect to cloud microphysics and carbon-climate feed-
backs (Jiang et al., 2012; Arora et al., 2013; Su et al.,
2013). BCC_CSM1.1 provides a reasonable simula-
tion of the upper tropospheric jet streams and related
transient vortex activity over East Asia (Xiao and
Zhang, 2012). The decadal prediction experiments
performed under CMIP5 show that the model is ca-
pable of accurately predicting global mean surface air
temperatures on decadal scales. Decadal climate pre-
dictions using BCC_CSM1.1 have the highest skill in
mid and higher latitudes over the Indian Ocean in the
Southern Hemisphere, the tropical West Pacific, and
the tropical Atlantic (Gao et al., 2012). The following
section evaluates simulations of the 20th century cli-
mate, the climate of the last millennium, and climate
change over the next century using BCC_CSM1.1 and
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BCC_CSM1.1(m).

3. Climate simulations and projections using
the BCC_CSM

3.1 Simulations of the 20th century climate
3.1.1

Evaluation of the mean state of present-day cli-

Surface air temperature

mate in coupled models is important evidence of their
simulation capabilities. Given external forcing by ob-
served GHGs, natural and anthropogenic aerosols, vol-
canic eruptions, total column ozone, and solar activity,
both BCC_CSM1.1 and BCC_CSM1.1(m) effectively
capture the global distribution of annual mean sur-
face air temperature averaged over 1971-2000 (Fig.
5). Significant biases relative to the ERA40 reanaly-
sis (Uppala et al., 2005) are concentrated in the po-
lar areas and regions of complex topography (such as
Antarctica, Greenland, the Tibetan Plateau, the east-
ern coast of Africa, and the Andes along the west coast
of South America).

the model near Greenland is over 10°C colder than the

The temperature simulated by

reanalysis estimate, while temperatures over parts of
Antarctica and the Tibetan Plateau are more than 6°C
warmer than the corresponding reanalysis estimates.
Model biases over Greenland and in the Antarctic re-
gion may be associated with problems in the simula-
tion of sea ice, while the large temperature bias over
the Tibetan Plateau may be due to differences between
the topography in the model and that of the actual ter-
rain. Outside of these regions, absolute temperature
biases are within +2°C over most other regions. These
biases are similar to those of models participating in
the CMIP3 multi-model intercomparison summarized
in AR4 (Trenberth et al., 2007). The simulation of sur-
face air temperature by BCC_CSM1.1(m) represents
a slight improvement over that by BCC_CSM1.1. The
RMSE has reduced from 2.37 K in BCC_CSM1.1 to
2.07 K in BCC_CSM1.1(m). Biases in surface air tem-
perature also decrease over some regions, most notably
Greenland and East Asia.
3.1.2  Precipitation

Precipitation is also a very important variable for

evaluating model performance. Most of the 20 climate
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Fig. 5. Annual-mean surface air temperature (K) averaged over 1971-2000 from (b) ERA40 reanalysis, biases relative
to ERA40 for (a) BCC_CSM1.1 and (¢c) BCC_CSM1.1(m), and (d) difference (°C) between the two versions of the

BCC_CSM

system models evaluated and analyzed for the IPCC
AR4 are able to capture the large-scale zonal mean
distribution of precipitation. Both BCC_CSM1.1 and
BCC_CSM1.1(m) can simulate the basic geographic
distribution of precipitation during the solstice seasons
(Fig. 6). The correlation coefficient between simula-
tions and observations is greater than 0.8 (Zhang et
al., 2013), suggesting that these two models capture
the basic characteristics of the atmospheric circula-
tion reasonably well. Both BCC_CSM1.1 and BCC_
CSM1.1(m) reproduce rainy zones in the ITCZ region
over the equatorial Pacific, the South Pacific Conver-
gence Zone (SPCZ), the Northwest Pacific region, the
equatorial South Indian Ocean, and tropical Africa.
Some significant asymmetries and biases still ex-
ist in these simulations of precipitation. For exam-
ple, a double ITCZ appears in the tropical Pacific
region during boreal winter (DJF; see Fig. 6) and
spring (MAM; figure omitted). This feature is par-
ticularly pronounced in BCC_CSM1.1(m). Biases in

annual mean precipitation (figure omitted) manifest
mainly in the high precipitation area of the equato-
rial Pacific ITCZ, which is slightly weak and shifted
northward relative to observations. Rainfall over the
central-eastern South Pacific is overestimated (lead-
ing to a positive-negative-positive chain of biases from
north to south over this region), while precipitation
over the Indian Ocean is underestimated. The high
precipitation area over North Pacific is located too
far to the north, and the intensity of precipitation in
this region is slightly exaggerated. Precipitation over
the equatorial region in northwestern South America is
overestimated, while rainfall over the equatorial area
along the northeastern Atlantic Ocean is underesti-
mated. Rainfall amounts over equatorial Africa and
the Eurasian continent are slightly too high, especially
on and around the Tibetan Plateau.

The distribution of precipitation in BCC_
CSM1.1(m) is improved relative to that in BCC_
CSM1.1 in many regions, but not all. The negative
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Fig. 6. Mean precipitation for (a, b, ¢) DJF and (d, e, f) JJA from (a, d) BCC_CSM1.1, (b, e) BCC_CSM1.1(m), and

(c, f) the Xie-Arkin observational data.

precipitation bias over the South Indian Ocean is re-
duced, the positive precipitation biases over north-
western South America and the Tibetan Plateau are
reduced, and the negative precipitation bias over the
equatorial Pacific changes to positive. However, the
negative precipitation bias over East Asia is increased,
the double ITCZ is even more prevalent, precipita-
tion in the SPCZ extends too far toward the east
and not far enough toward the south, and the posi-
tive precipitation bias over the central South Pacific
is increased. The overall spatial distribution of cli-
matological mean precipitation is more realistic in
BCC_CSM1.1(m) than in BCC_CSM1.1 (Su et al.,
2013).

Both BCC_CSM1.1 and BCC_CSM1.1(m) can

reconstruct the basic distributions of the annual trop-

ical precipitation mode, including the equatorial anti-
symmetric structure of precipitation and the atmo-
spheric circulation in the monsoon mode and the
north-south anti-phase distribution of the equinoctial
asymmetric mode over the tropical Pacific and At-
lantic. These aspects of the simulations have been
described in detail by Zhang et al. (2013).

Figure 7 shows the annual cycle of mean precipi-
tation by latitude over East Asia. These annual cycles
have been averaged over the longitudinal belts 110°—
120°E and 130°-140°E to represent the seasonal cy-
cles of rainfall over land and sea, respectively. Both
BCC_CSM1.1 and BCC_CSM1.1(m) capture the sea-
sonal movement of the precipitation band over East
Asia reasonably well, although they have difficulties

reproducing the exact timing and amount of precipi-
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Fig. 7. Seasonal precipitation evolution over East Asia from (a, d) the CMAP observational data, (b, e) BCC_CSM1.1,
and (c, f) BCC_CSM1.1(m) averaged over the longitude belts (a, b, ¢) 110°-120°E and (d, e, f) 130°-140°E.

tation. The northward movement and southward re-
treat of mean precipitation averaged from 110°-120°E
(Figs. Ta—c) indicate that the simulated precipitation
center from 5° to 10°S in winter is located slightly
too far to the north, and that the intensity and du-
ration of this precipitation center are overestimated.

L contour line

The timing at which the 4 mm day~
first enters the area south of the Yangtze River is de-
layed by 1 month in the simulations (early March)
relative to the observations (early February). The po-

sition of this contour also seems to be shifted too far

to the north. These biases are even more pronounced
in BCC_CSM1.1(m). BCC_CSM1.1 underestimates
precipitation during the rainy season over the area
south of 30°N (especially in South China), but it over-
estimates the precipitation over the region north of
30°N. Precipitation in the 30°—40°N latitude band is

I relative to the

too large by approximately 2 mm day ™
observations, and the simulated rainband is shifted too
far to the north. The biases in precipitation intensity
in this region are reduced in BCC_CSM1.1(m) relative

to BCC_CSM1.1, although BCC_CSM1.1(m) still un-



NO.1

derestimates rainfall in the region south of 35°N and
slightly overestimates precipitation in the area north
of 35°N.

The observed seasonal movement of precipitation
averaged over the 130°-140°E longitudinal band indi-
cates that the rainband is quasi-stationary near 10°S
from December to February, while precipitation is
weak from 30°-40°N (Fig. 7d). Both models simulate
this basic feature, although the precipitation center
in the Southern Hemisphere is shifted slightly too far
north in BCC_CSM1.1, with a longer duration and
higher intensity (by 4 mm day~!) than observed. The
precipitation intensity in the area of weak precipita-
tion in the north is also overestimated, and the loca-
tion of this area is again shifted slightly too far to the
north. The BCC_CSM1.1(m) simulation of precipi-
tation intensity in the region south of the equator is
closer to the observed precipitation intensity than the
BCC_CSM1.1 simulation. The observations indicate
that the center of maximum precipitation reaches 5°N
in early May. This transition is delayed until late May
or early June in the BCC_CSM1.1 simulation, and
both the duration and intensity of this precipitation
center are underestimated. The simulated transition
in BCC_CSM1.1(m) also lags slightly behind the ob-
servations, but the rainband is pushed slightly too far
to the north with an intensity very close to the ob-
served intensity. The BCC_CSM1.1(m) simulation is
closer to the observations with respect to the timing,
location, and intensity of the rainband. Both models
underestimate the observed intensity of the precipita-
tion center near 30°N, and the simulated 2 mm day—!

rainbands do not move far enough north.

3.2 Simulations of climate during the last mal-

lennium

Although human influences on the climate sys-
tem have increased substantially since the industrial
revolution, it is instructive to view the warming of the
20th century (20CW) from the perspective of a longer
timescale. In particular, this perspective enhances un-
derstanding of the mechanisms and evolution of cli-
mate change. The Medieval Climate Anomaly (MCA)
and the Little Ice Age (LIA) are two typical periods of
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global-scale warming and cooling, respectively, within
the last millennium. The warming during the MCA
may have approached or even exceeded the warming
in the 20th century in some areas (Moberg et al., 2005;
Guiot et al., 2010). Comparisons of climatic charac-
teristics during the MCA, LTA, and 20CW periods can
reveal the roles and contributions of natural variability
and human activity to climate change. This technique
is especially useful for exploring the mechanisms be-
hind climate evolution during different periods, such
as the natural medieval warming and the recent cen-
tennial warming.

“Climate modeling for the past millennium
(past1000)” is one of the core experiments in CMIP5.
This experiment is helpful for evaluating model sta-
bility and transient response under different external
forcings. These external forcings include annual varia-
tions in the solar constant, volcanic activity, and GHG
concentrations from 850 to 2000 AD. Figure 8 shows
the evolution of the Northern Hemisphere mean sur-
face temperature from BCC_CSM1.1 and 11 proxy re-
constructions of surface temperature over the same do-
main. The uncertainties and deviations in the recon-
structed time series of surface temperature are large
due to the limited quantity and quality of the underly-
ing proxy data. The model simulations of surface tem-
perature during the MCA are underestimated relative
to the reconstructions. Aside from the uncertainties in
the surface temperature reconstructions, this bias may
reflect uncertainties in the external forcings and the
model initial state. The agreement between the recon-
structed data and the simulations is greater during the
LIA period. The model reproduces three cold periods
during the LIA: Spérer (1450-1540), Maunder (1645—
1715), and Dalton (1790-1820). The climate evolution
and sensitivity simulated by BCC_CSM1.1 are reason-
able relative to the simulations submitted from four
other participating models (CCSM_4, CSTRO-Mk3L,
GISS-E2-R, and MPI-ESM-P). Simulated surface tem-
peratures are warmer during the MCA period than
during the LIA period by 0.05-0.21°C. The value sim-
ulated by BCC_CSM1.1 is approximately 0.11°C, well
within this range. Further analyses of these simula-

tions are under way.
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Fig. 8. Anomalies in surface temperature (relative to the 1500-1899 mean) over the Northern Hemisphere as simulated
by BCC_CSM1.1 (black line). The colored lines represent 11 reconstructions of mean surface temperature (cf. Fig. 6.
10b from Jansen et al., 2007). All curves are smoothed using a 30-yr low-pass filter.

3.3 Simulations of the last 100 years and pro-

jections of future climate change

The ability of a climate system model to repro-
duce the 20th century climate is an important indica-
tor of its performance and a useful criterion for judg-
ing the reliability of its future climate change projec-
tions. Xin et al. (2013b) have evaluated changes in the
global mean air temperature from 1861 to 2005 simu-
lated by the two climate system models developed at
the NCC, China and 18 other CMIP5 models. All of
these models reproduce the global warming trend over
the 20th century, including the especially significant
warming over the last 50 years of the century (Fig. 9a).
The simulations by the two NCC models are largely
consistent with the multi-model ensemble mean; how-
ever, they slightly overestimate the observed warm-
ing trend in the 20th century. The mean temperature
simulated for the early 21st century (2000-2005) has
increased by 0.45°C in BCC_CSM1.1 and 0.62°C in
BCC_CSM1.1(m) relative to the mean value for 1971
2000. Both of these simulated increases are larger
than the observed increase (0.33°C). The magnitude
of the warming simulated by BCC_CSM1.1 is closer
to the multi-model mean (0.48°C) than the magnitude
of the warming simulated by BCC_CSM1.1(m). This

result stems from the relative proximity of the climate

sensitivity in BCC_CSM1.1 to the multi-model mean
climate sensitivity. The climate sensitivity is higher
in BCC_CSM1.1 (Zhang Li et al., 2012).

tions between simulated and observed values can re-

Correla-

flect a model’s ability to capture interannual varia-
tions in temperature. Over the period 1861-2005, the
correlation coefficient between the BCC_CSM1.1 sim-
ulation and observations is 0.88, while that between
the BCC_CSM1.1(m) simulation and observations is
0.83. The correlation coefficient between the multi-
model ensemble mean and observations is 0.88. The
relatively large value of this correlation coefficient sug-
gests that the multi-model ensemble mean value can
better represent the level of model simulations than
can a single model (Zhou and Yu, 2006; Sun and Ding,
2008; Annan and Hargreaves, 2011). BCC_CSMI1.1 is
therefore regarded as being able to capture interan-
nual variations in global mean temperature. Almost
all of the coupled models have difficulties reproducing
the relative warmth of the early 20th century (approx-
imately 1920-1940). These difficulties may be related
to errors in assumed solar radiation, volcanic activ-
ity or other natural external forcing factors, or in the
representation of the synergistic internal variability of
the climate system. The relative coolness of the 1960—
1970 period may be linked to the strong eruption of

the Agung volcano in 1963. There have been several
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strong volcanic eruptions over the past 150 years, such
as Krakatoa in 1883, Pelee in 1902, and Pinatubo
in 1991.

jected into the atmosphere by these eruptions may

The cooling effect of volcanic aerosols in-

have caused brief periods of relatively low tempera-
tures in the time series of global mean temperature.

Figure 9b shows surface air temperature anoma-
lies averaged over China as simulated by 20 CMIP5
models. Each value is the sum of averages in three ar-
eas within the China domain (28°-50°N, 80°-97.5°E;
22.5°-43°N, 97.5°-122.5°E; and 43°-54°N, 117.5°-
130°E). The range of mean surface air temperature
anomalies over China is even larger than the range
of global mean temperature anomalies. The simu-
lations by BCC_CSM1.1 and BCC_CSM1.1(m) are
similar to the multi-model ensemble mean, suggesting
that both models can simulate warming over China
during the 20th century. Both models simulate tem-
perature increases of 0.48°C in the early 21st century
(2000-2005) relative to the 1971-2000 climatological
mean. These increases are lower than both the multi-
model ensemble mean increase (0.63°C) and the ob-
served increase (0.69°C). The correlation coefficient be-
tween BCC_CSM1.1 and observations during 1906—
2005 is 0.50, while that between BCC_CSM1.1(m)
and observations is 0.55. This result indicates that
these two models are able to simulate interannual
changes in surface air temperature over China dur-
ing the past century reasonably well. The higher-
resolution BCC_CSM1.1(m) performs slightly better
than BCC_CSM1.1. The best simulation of interan-
nual temperature changes over China is by the high-
resolution Japanese MIROC4h, with a correlation co-
efficient of 0.6. Many studies have explored the spatial
distribution of recent climate change in China. For
example, the BCC_CSM1.1 model is able to capture
changes in springtime rainfall over eastern China (Xin
et al., 2013a).

New Representative Concentration Pathway
(RCP) emission scenarios are used in CMIP5 projec-
tions of climate change in the 21st century. Those
scenarios are named according to the intensity of the
radiative forcing in 2100: RCP8.5, RCP6, RCP4.5,

and RCP2.6. Figure 10 shows projections of mean sur-
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face air temperature over China from 13 CMIP5 mod-
els (including BCC_CSM1.1 and BCC_CSM1.1(m))
under the RCP2.6, RCP4.5, and RCP8.5 scenarios.
Almost all the models project continued increases in
temperature over China under all three scenarios. Un-
der RCP2.6, the models project that mean tempera-
ture over China would peak around 2050, remain vir-
tually stable from 2050 to 2070, and then decrease
from 2070 to the end of the 21st century. Pro-
jected changes in global mean temperatures are sim-
ilar (Xin et al., 2012). Under RCP4.5, the tempera-
ture over China would increase through 2100, although
the rate of this increase would slow toward the end of
the 21st century. Under RCP8.5, all models project
continued increases in mean temperature over China
through the end of the 21st century. BCC_CSM1.1
and BCC_CSM1.1(m) are largely consistent with the
multi-model ensemble mean under each of the three
scenarios. This multi-model mean projects that mean
temperature over China would increase by 1.4°C un-
der RCP2.6, 2.5°C under RCP4.5, and 5.7°C under
RCP8.5. Xin et al. (2013c) also analyzed the changes
in precipitation over East Asia projected to occur by
the end of the 21st century according to BCC_CSM1.1
under all four RCP scenarios. They found that the
simulated East Asian monsoon strengthens under the
medium and high emissions scenarios, while the sum-
mer mean precipitation over the Yangtze River basin
decreases and the precipitation over North China in-

creases (figure omitted).
4. Summary

This paper provides an overview of progress in
the development of the global atmospheric general cir-
culation, land surface, ocean general circulation, and
sea ice component models of the fully coupled climate
system models constructed by the National Climate
Center (NCC). The main features of the two climate
system models and their component models are de-
scribed. Their performance is then evaluated by ap-
plying several basic metrics to the large amount of
data generated for CMIP5.

paid to simulations of precipitation and temperature

Particular attention is
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Fig. 9. Anomalies in annual mean surface air temperature (°C) between 1861 and 2005 relative to the 1971-2000 mean
over (a) the whole globe and (b) China. The results are shown for BCC_CSM1.1, BCC_CSM1.1(m), and 18 other
CMIP5 models. The solid black curve indicates the observed time series, the solid red curve indicates the ensemble
average from 20 members, and the thin curves indicate simulations by individual models. The numbers listed in the
legend indicate correlation coefficients between the listed model simulation and observations (global observations from
HadCRUTS3, Brohan et al., 2006; China observations from Tang and Ren, 2005; redrawn by Xin et al., 2013c).
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Fig. 10. Anomalies of annual-mean surface air temperature (°C) relative to the 1971-2000 mean under three RCP
emission scenarios for BCC_CSM1.1, BCC_CSM1.1(m), and other CMIP5 models. The solid black line represents the
multi-model ensemble mean. The thin curves indicate simulations from individual models.
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in present-day climate and simulations of temperature
changes over the past millennium. Differences in sim-
ulations of climate change over the past 100 years and
projections of climate change over the next 100 years
between BCC_CSM1.1, BCC_CSM1.1(m), and other
CMIP5 models have also been assessed. The major
conclusions can be summarized as follows.

(1) The second-generation AGCMs developed at
NCC (i.e., BCC_AGCM2.0, BCC_AGCM2.1, and
BCC_AGCM2.2) include substantial improvements
to the dynamic framework and physical processes.
These models have demonstrated relatively good per-
formance in simulations of current climate, including
surface air temperature, precipitation, stratospheric
temperature, and the atmospheric circulation. Model
representations of seasonal changes, extreme temper-
atures, heavy precipitation, and tropical intraseasonal
oscillations are also relatively realistic. Increasing the
horizontal resolution of BCC_AGCM has improved
simulations of the regional distribution of precipita-
tion to some extent.

(2) The land surface model BCC_AVIM is capa-
ble of simulating vegetation dynamics and the land
surface carbon cycle. BCC_AVIM is a component of
both BCC_CSM1.1 and BCC_CSM1.1(m).

(3) BCC_CSM_1.0, BCC_CSM1.1, and BCC_
CSM1.1(m) have shown a good ability to simulate the
mean climate state, long-term trends, and interan-
nual climate changes when forced by observed GHGs,
aerosols, volcanic eruptions, total column ozone, and
solar variability. Simulated values of global mean
temperature changes are close to the ensemble means
of models participating in the CMIP3 and CMIP5
intercomparisons. The largest biases are found in
polar areas, the Tibetan Plateau region, and other ar-
eas with complex topography. The simulation of the
surface air temperature climatology by the higher-
resolution BCC_CSM1.1(m) is more realistic than
that by BCC_CSM1.1.

(4) Both BCC_CSM1.1 and BCC_CSM1.1(m)
provide reasonable simulations of the spatial distri-
butions of annual and seasonal mean precipitation.
BCC_CSM1.1(m) is better in simulating regional pre-

cipitation, but both models still contain obvious defi-
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ciencies (such as a double ITCZ in the tropical Pacific,
which is especially pronounced in BCC_CSM1.1(m)).
Precipitation over East Asia is generally less intense
than observed in both models.

(5) BCC_CSM1.1 can simulate global warming
and cooling episodes during the past millennium, in-
cluding the Medieval Climate Anomaly (MCA) and
Little Ice Age (LIA).

(6) BCC_CSM1.1 and BCC_CSM1.1(m) can
simulate global climate change on centennial scales.
The overall performance of each model is compa-
rable to that of other CMIP5 models with similar
resolutions. Output from the two models is gener-
ally consistent with the CMIP5 multi-model ensemble
mean, although both models slightly overestimate
the observed warming trend during the 20th century.
BCC_CSM1.1 projects that mean temperature over
China would increase by 1.4°C under RCP2.6, 2.5°C
under RCP4.5, and 5.7°C under RCP8.5 by the end
of the 21st century. These projections are consistent
with the CMIP5 multi-model ensemble mean.

(7) BCC_CSM1.1 and BCC_CSM1.1(m) are
earth system models that can be used to simulate
interannual changes in the global concentration of at-
mospheric CO5 under anthropogenic carbon emission
scenarios. These models have a preliminary capacity
for simulating the global carbon cycle.
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