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ABSTRACT

This study examines cloud radiative forcing (CRF) in the Asian monsoon region (0°-50°N, 60°-150"E)
simulated by Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) AMIP
models. During boreal winter, no model realistically reproduces the larger long-wave cloud radiative forcing
(LWCF) over the Tibet Plateau ('T'P) and only a couple of models reasonably capture the larger short-wave
CRF (SWCF) to the east of the TP. During boreal summer, there are larger biases for central location and
intensity of simulated CRF in active convective regions. The CRF biases are closely related to the rainfall
bhiases in the models. Quantitative analysis further indicates that the correlation between simulated CRF
and observations are not high, and that the biases and diversity in SWCF are larger than that in LWCF.
The annual cycle of simulated CRF over East Asia (0°-50°N, 100°-145° L) is also examined. Though many
models capture the basic annual cycle in tropics, strong LWCF and SWCF to the east of the TP beginning
in early spring are underestimated by most models. As a whole, GFDL-CM2.1, MPI-ECHAM?5, UKMO-
HadGAMI, and MIROC3.2 (medres) perform well for CRF simulation in the Asian monsoon region, and
the multi-model ensemble (MME) has improved results over the individual simulations. 1t is suggested
that strengthening the physical parameterizations involved over the TP, and improving cumulus convection
processes and model experiment design are crucial to CRF simulation in the Asian monsoon region.
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Introduction

senerally, the concept of cloud radiative forcing

Clouds are important modulators of the earth en-
ergy budget. Macrophysical and microphysical cloud
properties and their distribution have profound im-
pacts on radiative process, precipitation, and the gen-
eral circulation (Ramanathan et al., 1989; Hartmann
et al., 1992). On the global scale, there often exists
about 50 percent cloud cover in the sky. Clouds reflect
solar radiation back to space and then reduce the ra-
diative flux absorbed by the earth. Meanwhile, clouds
trap infrared radiation emitted by the surface and the
lower troposphere, which decreases output long-wave
radiation (Liou, 2004; Meehl, 2007).
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(CRF) has been used to quantitatively study the im-
pact of clouds on solar and infrared radiation. CRF
at the top of atmosphere (TOA) is defined as the dif-
ference between the radiative fluxes with and without
clouds (Ramanathan et al., 1989), and includes long-
wave CRF (LWCF) and short-wave CRF (SWCF).
The relative magnitude between LWCEF and SWCF
determines the net CRFEF. Based on the Karth Radi-
ation Budget Experiment (ERBE) data (Barkstrom
et al., 1989), many studies have estimated that the
global average SWCF and LWCF are approximately
—48 Wm~2 and 31 W m™2, respectively, which leads

to a net cloud cooling effect (about —17 W m ?) on
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climate. So, the global annual average SWCF is larger
than LWCE'. In addition, clouds have significant re-
gional features. In a region, even though the net CRF
is close to zero, the cloud eflect should not be ne-
glected. Hence, LWCIEF and SWCE should been in-
vestigated separately for a specific study.

Monsoons, which include distinet seasonal varia-
tion of the general circulation, temperature, and pre-
cipitation, are the dominant climate phenomena over
much of Asia (Ding, 1992; Chen et al., 1994; Web-
ster et al., 1998). Cloud physical processes also have
distinct features in the Asian monsoon region. Many
studies (Kiehl, 1994) have concluded that there is a
near cancellation between LWCF and SWCF at the
TOA in tropical deep convective regions. Neverthe-
less, Rajeevan and Srinivasan (2000) argued this con-
clusion is invalid for the Asian monsoon region, es-
pecially for many convective regions, in boreal sum-
mer (June, July and August, JJA herealter), because
the net CRE at the TOA is negative and its magni-
tude exceeds 30 W m~2. Their study also showed that
this CRI® characteristic is on account of the presence
of large amounts of high clouds and the large optical
depth of these clouds in these regions. So far, much
attention has been paid to CRF in the equatorial Pa-
cific regions. There is lack of extensive research on
CRI" and its seasonal variation in Asian monsoon re-
gion, particularly in the East Asian monsoon region.
Meanwhile, due to the complexity of the Asian mon-
soon system, which has different regional climate char-
acteristics in South Asia, East Asia, and the tropical
northwestern Pacific region (Chen et al., 1994; Wang
and Lin, 2002). Some studies (Ma and Ji, 2000; Yu
et al., 2001) indicated that although both the Indian
monsoon region and eastern China belong to the Asian
monsoon region and the maximum of precipitation ap-
pears in JJA, the properties of clouds and CRF are
significantly different. Yu et al. (2004) further showed
that the maximum annual mean cloud optical depth
hetween 60°S and 60°N is located on the lee side of
the Tibet Plateau (T'P), and is produced by persistent
deep stratus clouds. These deep stratus clouds are
generated and maintained by dynamical effects over
the TP and cause extremely strong CRIF at the TOA,
which fundamentally influences the energy budget in
Fast Asia.

Since the IPCC Third Assessment Report (TAR),
the coupled climate models now being used in appli-
cations by major climate modeling groups have better
performance in simulating seasonally varying patterns
of precipitation, mean sea level pressure, and surface
air temperature than the models relied on by these
same groups at the time of the TAR. However, most
current Atmosphere-Ocean General Circulation mod-
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els (AOGCMs) and Atmospheric General Circulation
models (AGCMs) could not simulate the spatial or
intra-seasonal variation of monsoon precipitation ac-
curately (Meehl, 2007). Meantime, cloud physics pa-
rameterization and its feedback to the climate system
remain the largest source ol uncertainty in climate sim-
ulations, and it is not yet determined which of the
model estimates of cloud feedback is the most reliable
(Stephens, 2005).

The main motivation of this paper is to examine
the performance of current. AGCMs for the major fea-
tures of CRI® and its seasonal variation in the Asian
monsoon region. Based on 1PCC AR4 AMIP mod-
els, we evaluate their basic performance in the above
aspects, investigate the basic CRIE biases of AGCMs,
and enhance the understanding of cloud physical pro-
cess in Asian monsoon region. We also expect this
study can supply an important reference for develop-
ment of AGCMs.

This paper is structured as follows. Section 2 in-
troduces the data and methods used in this analysis.
Section 3 qualitatively examines the geographic dis-
tribution of CRF simulated by AMIP models in the
Asian monsoon region. Section 4 quantitatively eval-
uates the performance of simulated CRE in the same
region. Section 5 analyses the annual cycle of CRF
gimulated by AMIP models over East Asia. Section 6
provides a discussion and conclusions.

2. Data and methodology

2.1 Data

The satellite observational TOA radiative fluxes
are taken from ERBE (Barkstrom et al., 1989). The
ERBE data consists of monthly mean all-sky and clear-
sky radiative fluxes (long-wave and short-wave) at
the TOA of 2.5°%x2.5° resolution. Uncertainties in
the monthly averaged data are estimated to within
+5 W m 2.

The CRF is calculated as follows.
defined as

The LWCT is

LWCF = Fy, — F (1)
where F'is the outgoing long-wave radiative flux at
the TOA. The subscript “clr” indicates the value in

clear-sky conditions. LWCF is usually positive.
The SWCF is defined as

SWCF = S{a, — a) (2)

where S is the incoming TOA solar flux and « is the to-
tal sky albedo of the earth-atmosphere system. Here,
ol 18 the clear-sky albedo of the earth-atmosphere
system. SWCEF is usually negative.

CRF depends on not only macrophysical cloud
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Table 1. Information about TPCC AR4 AMIP models.
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Model Institute

Resolution(lat xlon) Reference

CCSM3-CAM3 National Center for Atmospheric Re-
search, USA

Centre  National de
Météorologiques, France
NOAA/Geophysical Fluid Dynamics
Laboratory (GFDL), USA
NASA/Goddard Institute for Space
Studies (GISS), USA

CNRM-CM3 Recherches
GFDL-CM2.1

GISS-ER

INM-CM3.0 Institute for Numerical Mathematics,
Russia

TPSI-CM4 Institut Pierre Simon Laplace, Paris,
France

MIROC3.2 (medres)
MPI-ECHAMS

CCSR/NIES/FRCGC, Japan

Max Planck Institute for Meteorology,
Germany
Meteorological
Japan

Met Office, Hadley Centre, UK

MRI-CGCM2.3.2 Research  Institute,

UKMO-HadGAM1

T85 (1.4° x1.4°)L26 Collins et al., 2004

T63 (~1.9°%x1.9%)L45  Déqué et al., 1994
2.0°x2.5°T.24 GFDIL GAMDT, 2004
4% x 57120 Schmidt et al., 2006
4° x5°L21 Alekseev et al., 1998; Galin et al., 2003
2.5%x3.75°1.19 Hourdin et al., 2006

T42 (~2.8°%2.8°)L20
T63 (~1.9°x1.97)L31

K-1 Moadel Developers, 2004
Roeckner et al., 2003
T42L30 Shibata, 1999

~1.25% x 1.875° .38 Martin et al., 2004

properties including cloud amount and height of the
cloud top, but also microphysical cloud properties,
such as cloud water path and cloud effective radius.
SWCF is also related to incident TOA solar flux (Liou,
2004; Shi, 2007). Using monthly ERBE data spanning
5 years, the climatology and annual cycle of CRF are
constructed.

From models participating in IPCC AR4 AMIP, we
choose ten models with radiative fluxes in clear-sky
conditions and only use their “runl” results. Table
1 lists the names of these models, their development
groups, and the resolution, which are supplied by U.S.
Department of Energy’s Program for Climate Model
Diagnosis and Intercomparison (PCMDI). Because of
the different simulation periods and horizontal reso-
lution in each model, data from January 1979 to De-
cember 1993 was chosen for averaging to construct the
climatological CRF for each model. Then the data
are interpolated to 2.5°x2.5° boxes just the same as
ERBE data. Then, the MME is obtained by arith-
metic average of the ten models.

In the present analysis, we also use precipitation
and total cloud amount from the ten AMIP models.
Additionally, some other observational data used in-
cludes the ISCCP (International Satellite Cloud Cli-
matology Project) D1 and D2 datasets (Rossow and
Schiffer, 1999) and Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) data (Xie
and Arkin, 1997). All of these data are interpolated
onto the same grids as ERBE data.

2.2 Methodology

In this study, the Asian monscon region is de-
fined as the domain (0°-50°N, 60°-150°E) (Giorgi and
Mearns, 2002; Wang and Lin, 2002; Lau et al., 2006).

The spatial patterns of CRFE simulated by 1PCC ARA4
models are validated in the above domain. After that,
we examine the annual cycle of CRE around East Asia
within the subdomain (0°-50°N, 100°-145°F).

In the following analysis, after the average bias and
the root mean squared error (RMSE) are first used to
quantitatively assess model biases, a Taylor diagram
analysis is applied to evaluate the spatial similarity be-
tween models and ohservations. The Taylor diagram
displays three statistics on a 2-D plot citepTaylor01:
the variance ratio, correlation coefficient, and the cen-
tered RMSE between two fields. The Taylor diagram
provides simple and easily interpretable results of a
model evaluation or inter-comparison, and can be used
to a number of applications (Taylor, 2001). The statis-
tics mentioned above are defined as follows:

E=f-7F (3)
1 N 1/2
E= W;(fn ) (4)

I ' —_—
o N il = Dln —7)

Tay

1 & N
S =P =G

n=1

B =

where E, I/, R, and I’ are average bias, RMSE, spatial
correlation coefficient and centered RMSE, respec-
tively; f, (rp) donates the simulation (observation)
value at the n-th spatial gridpoint of the climatology,
and f and 7 are the corresponding area means; Tl
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are standard deviations and N is sample number. All
of these statistics are calculated as the area-weighted
average for each box.

3. Geographic distribution of CRF in Asian
monsoon region

3.1  CGeographic distribution of CRF in D.JF

(December, January, February)

Figure 1 shows observational cloud radiative prop-
erties (CRI, cloud optical depth, TOA albedo, and
total cloud) and precipitation in DJF. Strong positive
LWCI and negative SWCI are located over the Mar-
itime Continent and tropical western Pacific, where
the magnitude of LWCF and SWCF are very close;
the maximum LWCT is greater than 70 Wi~ ? and the
strongest SWCF is less than —75 W m 2. Meanwhile,
the total cloud amount exceeds 75%, corresponding to
the large cloud optical depth, TOA albedo, and pre-
cipitation in the same region. The LWCF over the
TP is 50-60 W m 2, due to higher altitude and tem-
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perature al cloud top over the TP (Sun, 1995). More-
over, LWCF is 4050 W m 2 between South Korea and
Japan. As shown in Fig. 1, we note that there is very
weak LWCF and SWCTF between the Indian Peninsula
and the Bay of Bengal, where there is weak precipita-
tion, low cloud amount, small cloud optical depth, and
low TOA albedo. However, in contrast to weak CRF
over South Asia region, strong SWCF appears to the
east of the TP, with a magnitude of less than —60
W m~2, which is close to that of the SWCI at the
equator. Previous studies (Yu et al., 2001, 2004) indi-
cated that the strong CRF downstream of the TP is
mainly correlated with persistent deep stratus clouds
with large cloud optical depth and high TOA albedo.
These features are also evident in Fig. 1, which shows
large cloud albedo and large optical depth.

Figures 2 and 3 show LWCE and SWCI, re-
spectively, from observations and model simulations
in DJF. In Fig. 2, four models [GFDL-CMZ2.1,
MIROC3.2 (medres), MRI-CGCM2.3.2 and UKMO-
HadGAM1] reproduce the weak LWCE between the
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Fig. 1. Geographic distribution of cloud radiative properties for (a) LWCFE from ERBE (W m™2), (b)
SWCF from ERBE (W m™2), (¢) cloud optical depth from ISCCP, (d) TOA albedo from ERBE, (e) total
cloud amount (%), and ([) precipitation rate from CMAP (mmd ') in DJF.
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Indian Peninsula and the Bay ol Bengal, but no model
captures the strong LWCE over the TP in DJIY, which
is very likely to be related to complicated land surface
and regional cloud physical processes over the TP. Pos-
itive LWCI simulated by most of the models is lower
than the observation between East China and Japan,
which is also shown in the LWCF by the MME result.
In tropical regions, most of models capture the strong
LWCEF.

In Fig. 3, four models (GISS-ER, MPI-ECHAMS,
MRI-CGCM2.3.2 and UKMO-HadGAMI) capture the
strong SWCI® to the east of the TP in DJI*. Among
the four models, the SWCFE from UKMO-HadGAM1
is the closest to the observation. In addition, GFDL-
CM2.1 also partly reproduces the SWCI to the east of
the TP but the magnitude of SWCF is lower than that
of ERBE data. Though the MME underestimates the
magnitude of SWCFE to the east of the T, which is
caused by the biases of most of models in this region,

the MMLE could basically reproduce the SWCE over
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most regions in DJF.
3.2  Geographic distribution of CRF in JJA

Figure 4 displays the ohservational cloud radiative
features and precipitation in JJA. The CRF is corre-
lated well with strong precipitation in active convec-
tive regions. Strong CRI® regions are located over the
South Indian Peninsula, the Bay of Bengal, and tropi-
cal western Pacific, where convection is also strong. As
with the strongest rainfall, the strongest CRIE also lies
in the Bay of Bengal, where LWCF exceeds 85 W m ™2
and SWCF is less than —120 W m~?. There is also
stronger CRF in the Southwest of China. The largest
cloud optical depth and TOA albedo are present he-
tween the Bay of Bengal and Southwest of China, espe-
cially over the Sichuan Basin. In Fig. 4, there are also
areas of strong SWCT less than —100 W m 2, corre-
sponding to larger cloud amount, cloud optical depth,
and TOA albedo, between the Korean Peninsula and
Japan (Raschke et al., 2003).
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Fig. 5. Geographical distribution of LWCTF from (a) ERBE, (b)- (k) TPCC AR4 AMIP
models, and (1) MM in JJA (units: W m ?).

Figure 5 and 6 show LWCE and SWCI' simulated
hy AMIP models in JJA, respectively. Most models
can reproduce the basic spatial pattern of CRF in the
Asian monsoon region, but the simulated location and
intensity of LWCT and SWCIE have certain biases.
In active convective regions, the CRF simulated by
AMIP models is correlated well with simulated rain-
fall (Fig. 7) and are their biases. Most models cannot
capture well the strongest LWCF and SWCE over the
Bay of Bengal. A similar difficulty for CRI simulation
also exists in Southwest China, downstream of the TP,
where most, models underestimate LWCFE and SWCF.
In addition, most models have better performance for
LWCE and SWCF between the Korean Peninsula and
Japan. Similar analysis features are also shown in the
MME result.

Referring to Wang and Lin (2002), we choose 3
representative regions as follow: India region (ISM)
(5°—20°N, 70°-100°E), western Pacific (WNPSM) (5°-
20°N, 110°~140°E) and Rast Asia (EASM) (20°-35°N,
100°-130°E). Figure 8 shows scatter diagrams between
CRF and rainfall in the three regions. FExcept [or
several gridpoints, the relationship between observa-
tional CRF and rainfall exhibits linear correlation in
the tropical ISM and WNPSM regions, where strong
CRF just corresponds to strong rainfall. The correla-

tion coefficient between SWCI® and rainfall is —0.673
over [SM in JJA, but there is no linear correlation be-
tween observational CRE and rainfall to the east of
the TP in JJA.

Over ISM and WNPSM, the SWCT simulated by
individual AMIP model (figures not shown) and the
MME are linearly correlated with rainfall, but the sim-
ulations’ correlations are much higher than for the ob-
served data. For example, the simulation correlation
coefficients between SWCT and rainfall are —0.742 and
—0.826 over ISM and WNPSM, respectively, based on
the MME. This further indicates that the biases of
summer CREF simulated by AMIP models are closely
related to the biases of simulated rainfall in active con-
vective regions. It is noted that there are certain lin-
car correlations between CRE, particularly for LWCEF,
simulated by most models and the rainfall to the east
of the TP, a feature which does not agree with the
observations.

4. Quantitative validation of CRF in Asian
monsoon region

4.1 Average bias and RMSE
Table 2 lists average bias and RMSE from AMIP

models and observations in DJF and JJA, respectively.
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Table 2. The average bias and RMSE between ERBE and the simulated (and MME) CRF (LWCF and SWCF) over
the Asian monsoon region (0°-50°N, 60°-150°E) in DJF and JJA, respectively. In DJF, average of LWCF and SWCF
from ERBE are 30.602 and —35.822, respectively. In JJA, average of LWCTF and SWCT from ERBE are 51.847 and

—71.563, respectively. {units: W m )

Average bias RMSE
DJF JJA DJF JJA

Model LWCF SWCF LWCF SWCF LWCF SWCF LWCF SWCF
CCSM3-CAM3 0.732 —10.764 5.036 —16.269 14.207 25.125 18.805 34.563
CNRM-CM3 3.127 —13.18 2.251 —14.037 16.93 27.608 13.84 30.699
GFDL-CM2.1 —7.132 —5.256 —8.781 —3.069 10.97 14.991 13.85 19.068
GISS-ER —4.823 —5.822 —7.045 —4.258 13.659 23.581 16.787 29.55

INM-CM3.0 —0.347 3.011 0.875 —3.803 13.964 18.204 18.388 30.572
1PSL-CM4 1.451 —1.164 1.253 —0.445 14.689 17.907 17.54 25.75H5H
MIROC3.2(medres) —7.17 0.376 —2.923 8.072 12.217 19.85 11.073 22.804
MPI-ECHAMS5 —5.337 2.957 2.747 —13.708 11.245 11.449 12.911 27.676
MRI-CGCM2.3.2 —13.033 7.451 —13.665 —6.682 17.655 16.401 19.382 38.465
UKMO-HadGAM1 —8.733 1.063 —6.301 4.871 14.484 15.947 14.309 20.565
MM —3.793 —1.786 —1.975 -h.14 10.709 13.159 9.78 18.193

In DJF, LWCF in most models is weaker than obser-
vations, and INM-CM3.0 has the smallest average bias
and the largest is from MRI-CGCM2.3.2. The SWCIF
in different models has large diversity, and the small-
est average bias of SWCI" is from MIROC3.2 (medres)
and the largest from CNRM-CM3. In JJA, the small-
est. average hias of LWCF is from INM-CM3.0 and
the largest is still from MRI-CGCM2.3.2. In Table 2,
SWCF in most models is stronger in JJA, and the
largest average biases of SWCF are from CCSM3-
CAM3, CNRM-CM3, and MPI-ECHAMS5, and the
smallest is from IPSL-CM4.

In fact, domain averages cannot represent well
the regional biases of the simulated CRI'. For ex-
ample, MRI-CGCM2.3.2 which has a large average
bias of SWCF successlully reproduces the strong neg-
ative SWCT feature to the east of the TP and the
weak SWCEF in South Asia. Nevertheless, MIROC3.2
(medres), with the smallest average bias of SWCF still
cannot capture the SWCE feature to the east of the
TP.

To further validate the performance of the models,
area-weighed RMSE are used to analyze the CRF. In
Table 2, the smallest LWCF RMSE are from GFDL-
CM2.1 and MIROC3.2 (medres) in DJF and JJA,
respectively, and the largest LWCF RMSE is from
MRI-CGCM2.3.2 in both seasons. In DJIY, in addi-
tion to MPLI-ECHAMS which has the smallest SWCE
RMSE, GFDL-CM2.1 also has small SWCF RMSE;
the largest SWCT RMSE values are from CNRM-CM3
and CCSM3-CAM3. In JJA, GFDL-CM2.1 has the
smallest SWCEF RMSE and UKMO-HadGAM1 also
has small RMSE; the largest SWCEF RMSE is from
MRI-CGCM2.3.2. Table 2 also shows that MME has

the smallest CRF RMSE in DJF and JJA except that
the SWCF RMSE is larger than that of MPT-ECHAMS5
in DJF. This suggests that by taking the MMIE mean,
we can reduce the biases between simulations and ob-
gservations to a substantial degree. Moreover, it is
shown in Table 2 that the RMSE of SWCF is larger
than that of LWCF, and the RMSE in JJA is larger
than that in DJI', which indicates that there exist
larger biases of SWCF simulated by TPCC AR4 AMIP,
especially in JJA.

4.2  Taylor diagram analysis

Figures 9a and 9b are Taylor diagrams for CRF
simulated by AMIP models in DJIY and JJA, respec-
tively. In a Taylor diagram, the radial distance from
the origin represents the standard deviation ratio of
simulated CRI to that of observations, and the pat-
tern correlation between two fields is given by the az-
imuthal position. The nearer to the REF point in a
Taylor diagram, the closer the observations to the sim-
ulation. In addition, the denseness of points in the di-
agram donates the magnitude of diversity among dif-
ferent models. A denser distribution of points shows
smaller diversity among models and vice versa.

A Taylor diagram analysis is applied to the CRF
pattern between observations and AMIP models in or-
der to determine which models are more skillful. Fig-
ure 9 represents the result of Taylor diagram analysis
for CRF in the Asian monsoon region. As shown in
Tigs. 9a and 9b, the diversity of SWCI' from mod-
els is larger than that for LWCF. On the other hand,
the diversity of simulated LWCE from different mod-
els is also large in DJF, and the LWCFE of models are
relatively close in JJA. The spatial correlation coelfi-
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Fig. 9. (a) and (b) are Taylor diagrams for CRF simulated by AMIP models in DJF and JJA, respectively. In a
Taylor diagram, the radial distance from the origin represents the standard deviation ratio of simulated CRF to that
of observations, and the pattern correlation between two fields is given by the azimuthal position. The nearer to the
REF point in a Taylor diagram, the closer the observations to the simulation. In addition, the denseness of points in

the diagram donates the magnitude of diversity among different models. A denser distribution of points shows smaller

diversity among models and vice versa.

cient between CRE and ohservations is not high and
is less than 0.9. Apart from MPI-ECHAMS5, with a
correlation coefficient of 0.869 and GI'DL-CM2.1 with
r = 0.832, the spatial correlation coefficient of SWCF
in most models is less than 0.8 in DJI, is overall lower
than that for LWCFE.

In DJF, the Taylor diagram shows that the best
performance for LWCF is from GFDL-CM2.1, followed
by MIROC2.2 (medres) and MPI-ECHAMS. SWCF
from MPI-ECITAMS5 has the best performance, and
the worst LWCFE and SWCEF results are from CNRM-
CM3.

In JJA, LWCF from GFDL-CM2.1 and MIROC2.2
(medres) have better correlation with observations,
and the worst LWCE result is from GISS-ER. SWCEF
from GFDL-CM2.1 is the closest to observations. At
the same time, UKMO-HadGAM1 and MPI-ECHAM?S5
also have better performance for SWCF, and the worst
SWCF result is from CCSM3-CAMS3.

Taylor diagrams (Figs. 9a and 9b) further show
that CRFEF in some models, such as LWCF from
CNRM-CM3 and SWCF from MRI-CGCM2.3.2, have
distinct differences in DJF and JJA. Additionally,
some models do not have consistent performance for
LWCE and SWCF, such as MIROC2.2 (medres).

In addition to Taylor diagrams, Table 3 shows
that GFDIL-CM2.1, MPI-ECHAMS5, and UKMO-
HadGAMI1 have better performance for centered
RMSE.

Putting together the results of average bias,
RMSE, and the Taylor diagram analysis, GFDIL-
CM2.1, MIROC2.2 (medres), MPI-ECHAMS5, and
UKMO-HadGAM]1 are skillful for CRF simulation out
of IPCC AR4 AMIP models. This quantitative conclu-
sion is consistent with geographical distribution anal-
ysis. Furthermore, the MME can distinetly reduce the
diversity among models and their simulation biases,

Table 3. The normalized centered RMSE for individual
TPCC AMIP models and their MME mean over the Asian
monsoon region (0°-50°N, 60°-150°L) in DJF and JJA,
respectively. The normalized centered RMSLE is equal to
the standard deviation ratio between the simulated CRF
and ERBE.

DJF JIA

Model LWCF SWCF LWCF  SWCF
CCSM3-CAM3 0.817  1.024 1022 1.14
ONRM-CM3 0.958  1.094 0771  1.021
GFDL-CM2.1 048 0633 0602 0704
GISS-ER 0.735  1.03 086  1.093
INM-CM3.0 0.803  0.809  1.036  1.134
IPSL-CMA4 0.841  0.806  0.987  0.963
MIROCS.2(medres) 0569  0.895  0.603  0.797
MPL-ECHAMS 0.57 0499 0712 0.899
MRI-CGCM2.3.2 0685 0659 0776 1416
UKMO-HadGAM1 ~ 0.665  0.717 0725  0.747
MME 0.576  0.588 054  0.652
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Fig. 10. The annual cycle of LWCF from (a) ERBE, (b)—(k) IPCC AR4 AMIP models,
and (1) MME, averaged over 100°-145°E (units: W m™?),

and produce better spatial patterns than most indi-
vidual models.

5. The annual cycle of CRF over East Asia
The climate features over East Asian are much dif-

ferent from the areas south of that region (Wang and
Lin, 2002), and there is strong CRF to the cast of the

TP in both DJF and JJA. So Figs. 10 and 11 show
the observed and simulated annual cycles of LWCT
and SWCF near East Asia (0°-50°N and 100°-145°E,
including Fast Asia, the South China Sea, and the
tropical western Pacific).

In Figs. 10a and 1la, there are two belts with
different features of CRI in these regions. One belt
is loeated to the south of 20°N including the South
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Fig. 11. Same as Fig. 10 except for SWCEF.

China Sea and the tropical western Pacific. Between
10°N and 25°N, CRF is not strong until May, but CRF
becomes stronger with the onset of the rainy season.
In early May, the LWCF exceeds 65 W m~2 and the
strongest SWCF is less than —70 W m™—2. As the
rainfall progresses, the strong center of CREF evolves
northward, then weakens and withdraws southward,
following the evolution of the rainy season. Another
belt lies to the east of the TP north of 25°N, partic-

ularly between 25°-40°N. After February, there per-
sists strong LWCF and SWCF until May, when there
carly spring rain begins in South China. The ecarly
spring is closely related to dynamic and thermal con-
ditions affected by the TP (Wu et al., 2007). After the
rainy season breaks, CRE begins to strengthen and mi-
grate northward. Over East Asia, it is noted that the
strongest LWCE appears in the tropical region before
the rainy season, but the strongest SWCF lies to the
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east of the TP in spring and during the early rainy
Seasoln.

As shown in Figs. and 11, most models can capture
the CRF features in the annual cycle in the tropical re-
gions, and the simulated CRI is also closely related to
the simulated rain processes (figure not shown). Nev-
ertheless, compared with the ERBE data, the biases
of CRF are very large and the simulated SWCF is
too strong after the rainy season. Over the region
to the east of the TP, though models simulate well
the northward migration of CRF with rainfall, only a
couple of models well reproduce the strong SWCE be-
tween February and March. Comparatively, GISS-ER
captures well the variations of CRF, especially LWCF,
from early spring to the onset of the rainy season, but
its simulation of CRF in tropical regions has larger bi-
ases. MPI-ILCHAMS5, UKMO-TadGAM1, and GI'DL-
CM2.1 reproduce well the CRF features in both the
ahove regions. The MME can reduce the model biases
partially, and produce a better CRI' in tropical re-
gions than most individual models. Meanwhile, the
MME can reproduce SWCI' and its northward mi-
gration. However, the MME still underestimated the
strong CRF, and particularly SWCF to the east of the
TP between February and March.

6. Discussion and summary

6.1 Discussion

There is very complicated topography and air-land-
sea interaction in the Asian Monsoon region. Mean-
while, monsoon flow and precipitation are affected by
tropical climate systems such as ENSO. Eurasian snow
cover and vegetation also have impacts on the mon-
soon system. Increasing aerosol, particularly absorb-
ing acrosol, and greenhouse gases further modify the
monsoon climate (Webster et al., 1998; Meehl, 2007).
In addition, topography and the regional climate sys-
tem have significant differences between South Asia,
Fast Asia, the Maritime Continent, and the western
Pacific. All of these factors bring great difficulty and
uncertainty for climate simulation in the Asian mon-
soon region. The same simulation difficulties also ap-
pear in the aspect of cloud physics processes.

In our study, qualitative and quantitative analy-
sis shows that the major features of CRF, particu-
larly SWCF, cannot be well reproduced by most TPCC
AR4 AMIP models over regions to the east of the TP.
Firstly, the simulation biases are tightly associated
with the complicated cloud physical processes over the
East Asian region. Asshownin Figs. 1 and 2, there are
a lot of middle-level stratus clouds with large albedo
and optical depth that contribute to the strong CRIF
downstream of the TP (Yu et al., 2004). In fact, the
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cloud amount (not shown here) also cannot he suc-
cessfully captured by most IPCC AR4 AMIP mod-
els. Apart from cloud amount, CRF is also affected
by many other cloud macrophysical and microphysical
properties, the simulations of which also have large
uncertainties. On the other hand, there exists strong
feedback among cloud, radiation, and surface temper-
ature to the east of the TP, where cloud physics pro-
cesses are affected by large-scale dynamic and thermal
conditions (Yu et al., 2004; Li et al., 2005). For such
complicated physical processes and their interactions,
there are still great challenges for current climate mod-
els to realistically reproduce the cloud properties over
the Fast Asian region.

Min et al. (2004) and Jiang et al. (2005) evalu-
ated the surface temperature, sea-level pressure, and
precipitation from the IPCC TAR SRES and showed
that GFDL_R30_c, ECHAM4/OPYC3, and HadCM3
have better performance. Zhou and Yu (2006) indi-
cated that GI'DL-CM2.1 and UKMO-ITadGEM1 sim-
ulate well the variation of the twentieth-century sur-
face air temperature over East China among the 19
coupled models included in IPCC AR4. Our study
also indicates that GFDL-CM2.1, UKMO-HadGAM]1,
and MPI-ECHAMS5 have better performance in CRI
simulation over relevant regions. These studies fur-
ther suggest that improved performance on climatol-
ogy, including the wind field, temperature, and precip-
itation, will help CRF simulation downstream of the
TP. Hence, it is crucial to ameliorate issues with cloud
physical processes of models by better simulation of
basic climatology to the east of the TP.

Second, the spatial patterns of the observational
and simulated CRF have good correlation with that
of the corresponding precipitation, and so do their bi-
ases in active convective regions of the Asian monsoon.
Meanwhile, the annual cycle of CRI® from AMIP mod-
els is very close to that ol their precipitation over the
western Pacific, the South China Sea, and the Mar-
itime Continent, and their biases track closely as well.
In the above regions, there exist strong air-sea inter-
actions and cumulus convective processes. In general,
the simulated precipitation in active conveclive regions
is directly associated with the cumulus parameteriza-
tion in models. Cumulus processes change the vertical
distribution of temperature and moisture, and also af-
fect the cloud amount, cloud water content, and tem-
perature at cloud top. In this way, cumulus processes
influence CRIF (Zhang and Mu, 2005). So the larger
biases of AMIP models in active convective regions are
very likely related to the poor cumulus parameteriza-
tions in models.

Current AMIP models are forced by observed
SST, which neglects the atmospheric feedback on SST
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and leads to improper cumulus convective processes
in active convective regions. The coupled ocean-
atmosphere processes are extremely important in the
heavy precipitation monsoon regions. Many studies
(Wang et al., 2004, 2005) have suggested that AGCMs
are unable to simulate properly Asian-Pacific summer
monsoon rainfall, but AOGCMs have better perfor-
mance in simulation of rainfall, SS'T, and their vari-
ahilities in summer monsoon regions. Our results [ur-
ther indeed show that the coupled models from IPCC
AR4 20CM3 ean more reasonably capture the features
of rainfall and CRE over the western Pacific, South
China Sea, Maritime Continent, and Bay of Bengal
(not shown here). However, the coupled models still
cannot accurately reproduce the CRI features to the
east of the TP, where complicated cloud physics pro-
cesses bring great difficulty to current climate models.
Hence, it is suggested that the proper cloud physical
parameterization and a well simulated dynamic struc-
ture related to the TP are crucial elements to CRI?
simulation in the Asian monsoon region.

6.2 Conclusion

We have analyzed CRF features in the Asian mon-
soon region from IPCC AR4 AMIP models. The major
results are summarized as follows. In DJF, many mod-
els can reproduce the weak CRI" between the Indian
Peninsula and the Bay of Bengal; only 4 models (M PI-
ECHAMS5, UKMO-HadGAM1, MRI-CGCM2.3.2, and
GISS-ER) of the 10 AMIP models capture the strong
SWCF to the east of the TP and no model realis-
tically reproduce the strong LWCE over the TP. In
JJA, most models perform well in simulating the ma-
jor spatial patterns of CRF. Iowever, compared with
observations, there appear larger biases for the central
location and intensity of simulated CRF in active con-
vective regions, particularly over the Bay of Bengal,
where the CRF biases are well correlated with precip-
itation biases in the models.

Quantitative analysis shows that the CRF terms
in AMIP models have large biases and their corre-
lations with observations are not high; the biases of
SWCF are larger than that for LWCF and the corre-
lation of SWCF with ERBE is less than 0.8 in JJA. In
addition, there also exists large diversity in simulated
CRF among models, and the diversity in SWCF is also
larger than that for LWCI. As a whole, GFDL-CM2.1,
MPI- ECHAMS, UKMO-HadGAM1, and MIROC3.2
(medres) perform well for CRIF simulation. Moreover,
some models show large differences between DJE and
JJA, such as LWCF from CNRM-CM3 and SWCF
from MRI-CGCM2.3.2. Additionally, the MMI has
substantially better CRF values than individual mod-
els.
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The annual cycle of CRF around East Asia sim-
ulated by [PCC AR4 models (0°-50°N, 100°-145°L)
is also examined. Though there are biases in the in-
tensity ol CRF, most models could capture the ba-
gic trends of the annual cycle in the tropical areas
(south of 20°N). However, the stronger LWCF and
the strongest SWCIE from the early spring over the re-
gions to the east of the TP are underestimated by most
models.  Only GISS-ER, UKMO-HadGAMI1, MPI-
OM/ECHAMS5, and GFDL-CM2.1 perform better in
simulating the CRF [eatures over regions to the east
of the TP. It is shown in our study that the major re-
gions of bias are located on the lee slide of the TP in
DJF and JJA, and in active convective regions in JJA.
There are still difficulties faced in simulating CREF in
the Asian Monsoon region.
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