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ABSTRACT

Cloud dominates influence factors of atmospheric radiation, while aerosol–cloud interactions are of vital importance in its
spatiotemporal distribution. In this study, a two-moment (mass and number) cloud microphysics scheme, which significantly
improved the treatment of the coupled processes of aerosols and clouds, was incorporated into version 1.1 of the IAP/
LASG global Finite-volume Atmospheric Model (FAMIL1.1). For illustrative purposes, the characteristics of the energy
balance and cloud radiative forcing (CRF) in an AMIP-type simulation with prescribed aerosols were compared with those
in observational/reanalysis data. Even within the constraints of the prescribed aerosol mass, the model simulated global mean
energy balance at the top of the atmosphere (TOA) and at the Earth’s surface, as well as their seasonal variation, are in good
agreement with the observational data. The maximum deviation terms lie in the surface downwelling longwave radiation and
surface latent heat flux, which are 3.5 W m−2 (1%) and 3 W m−2 (3.5%), individually. The spatial correlations of the annual
TOA net radiation flux and the net CRF between simulation and observation were around 0.97 and 0.90, respectively. A
major weakness is that FAMIL1.1 predicts more liquid water content and less ice water content over most oceans. Detailed
comparisons are presented for a number of regions, with a focus on the Asian monsoon region (AMR). The results indicate
that FAMIL1.1 well reproduces the summer–winter contrast for both the geographical distribution of the longwave CRF and
shortwave CRF over the AMR. Finally, the model bias and possible solutions, as well as further works to develop FAMIL1.1
are discussed.
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Article Highlights:

• A physical-based two-moment microphysical scheme is introduced to AGCM FAMIL1.1.
• The model simulates reasonably both the global and regional energy budgets and cloud radiative forcing.
• The model bias as well as the possible solution are also discussed in FAMIL1.1.

1. Introduction

The formation and evolution of the Earth’s climate sys-
tem is regulated by spatiotemporal variations in the global
energy balance. Clouds play a significant role in the Earth’s
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weather and climate change owing to their influences on the
transfer of radiative energy, as well as on the spatial distri-
bution of latent heating in the atmosphere. Indeed, a lack of
observational data on clouds and related processes has long
been among the major sources of uncertainties in understand-
ing climate change (Bony et al., 2006; Zelinka et al., 2017).
Atmospheric aerosols further complicate estimations and in-
terpretations of the changing energy balance in the Earth
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system, both through their direct effects (transfer of radia-
tive energy) and indirect effects (aerosol–cloud interactions).
Aerosol–cloud–climate interactions are of vital importance
in climate system models because of the role they play in
global and regional energy balances and cloud radiative forc-
ing (CRF). Climate models is the most commonly used tools
for studies on aerosol–climate and aerosol–cloud–radiation
interactions (Rosenfeld et al., 2014; Fan et al., 2016). And a
comprehensive physically–based cloud microphysics scheme
is essential to characterize the part played by aerosols in the
nature of clouds and the Earth’s climate when investigating
aerosol–climate and aerosol–cloud–radiation interactions.

Currently, two types of cloud microphysics schemes are
used in climate models: bin microphysics schemes (Fein-
gold et al., 1994; Jiang et al., 2001) and bulk water micro-
physics schemes (Lin et al., 1983; Reisner et al., 1998; Hong
et al., 2002). Bin microphysics schemes divide the particle
size spectrum into different bins and can directly simulate
the evolution of individual hydrometeors and aerosol parti-
cles. In contrast, bulk water microphysics schemes mainly
consider the overall spectral distribution of particle sizes, and
are therefore suitable for describing the general characteris-
tics of natural cloud precipitation particles (Duan and Mao,
2008). Bin schemes are not suitable for long-term experi-
ments (Roh et al., 2017) because they require large amounts
of computation time and memory, especially in global-scale
high-resolution experiments. Therefore, bulk water micro-
physics schemes are commonly adopted in climate models
with large domains. Bulk water microphysics schemes can
be further subdivided into single-moment and multi-moment
schemes on the basis of the number of prognostic variables.
The most widely used multi-moment microphysics schemes
in climate models are two-moment schemes (Morrison et al.,
2005; Seifert and Beheng, 2006; Lim and Hong, 2010). Two-
moment microphysics schemes allow greater flexibility in the
particle size distribution than single-moment schemes and
have been implemented in many state-of-the-art regional and
global climate models, such as the WRF model, the CAM5
(Morrison et al., 2005) and the NOAA/GFDL’s Atmospheric
General Circulation Model (Salzmann et al., 2010). Previous
work has also shown that two-moment microphysics schemes
provide a better representation of the cloud radiative proper-
ties than single-moment schemes, leading to a more accurate
simulation of the effects of radiative cooling and heating on
circulation patterns (Lee and Donner, 2011).

The IAP/LASG has a long history of working on climate
model development (Wu et al., 1996; Bao et al., 2010; Li et
al., 2013, 2014b; Zhou et al., 2015), and the latest version of
its climate system model is called the FGOALS3. The atmo-
spheric component of FGOALS3 is version 1 of the Finite-
volume Atmospheric Model of the IAP/LASG (FAMIL1),
which began its development in 2011. With a flexible hor-
izontal resolution of up to 6.25 km, FAMIL1 has been com-
prehensively evaluated on China’s Tianhe-1 and Tianhe-2 su-
percomputer, and exhibited an excellent performance in term
of the computing speed and efficiency (Zhou et al., 2012; Li
et al., 2017b). Zhou et al. (2015) evaluated the energy bal-

ance in FAMIL1 and showed that the model performs well
in simulations of the annual mean geographical distributions
and seasonal cycle of radiative fluxes at the TOA, as well as
the latent and sensible heat fluxes at the Earth’s surface. How-
ever, regional deviations still exist in the model. One of the
significant simulation bias in the energy balance modeled by
FAMIL1 can be seen in the eastern oceanic regions. Also,
in East Asia—a very important climatic region with large
anthropogenic–aerosol loading because of its high levels of
industrial and domestic emissions, the aerosol–cloud–climate
interactions require further verification. However, FAMIL1
uses a bulk water microphysics scheme with a single moment
(Lin et al., 1983; Harris and Lin, 2014) and therefore cannot
physically describe the aerosol–cloud interactions at the pro-
cess level at that time. Therefore, in this study, FAMIL1 was
coupled with a physically based two-moment, six-class bulk
water cloud microphysics scheme (CLR2) (Chen and Liu,
2004; Cheng et al., 2007, 2010) with the aim to better de-
scribe the aerosol–cloud interactions and relevant microphys-
ical processes in a new iteration of the model, FAMIL1.1.

Using a standardized Atmospheric Model Inter-
comparison Project (AMIP) experiment with a horizontal
resolution of 2◦, the global and regional [focusing on the
Asian monsoon region (AMR)] characteristics of the simu-
lated energy balance and CRF in FAMIL1.1 were evaluated.
Specific aims of the study included: (1) to assess the model’s
performance in reproducing the global energy balance with
CLR2; (2) to identify the main biases in the simulated energy
balance and the possible reasons for them; and (3) to evaluate
the model’s performance in reproducing the CRF and cloud
macro-physical features over the AMR.

The remainder of this paper is organized as follows. Sec-
tion 2 describes FAMIL1.1, CLR2, and the experimental de-
sign. Section 3 describes the observational and reanalysis
data used in the evaluation. Section 4 reports the energy
balance and relevant cloud–radiation properties modeled by
FAMIL1.1. Finally, a summary of the key findings and some
further discussion comprises section 5.

2. Model description and experimental design

2.1. Model description

The horizontal resolution of FAMIL1.1 is Cube-sphere 48
(C48, about 200 km) and the vertical resolution is a 32-layer
hybrid vertical grid with a model top of 2.16 hPa (the vertical
height is about 40 km). Most of the physical parameterization
schemes in FAMIL1.1 are the same as those used in FAMIL1
(Zhou et al., 2015), the major update in FAMIL 1.1 is the in-
corporation of the CLR2, which considers the coupling pro-
cesses in aerosol–cloud–radiation–climate interactions. In
addition, the planetary boundary layer (PBL) scheme was up-
dated, from a non-local scheme (Holtslag and Boville, 1993)
to a higher order turbulence closure scheme from the Univer-
sity of Washington (Bretherton and Park, 2009) to obtain a
realistic value for the turbulence kinetic energy (TKE), which
is required to couple the CLR2.
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The CLR2 simulates cloud–aerosol interactions through
the activation of cloud droplets from cloud condensation nu-
clei (CCN) and the restoration of aerosols from the evap-
oration of cloud droplets. Details of all the microphysi-
cal processes in the CLR2 were reported by Cheng et al.
(2010). Collaborative research and further development on
this scheme were reported by Wang et al. (2017). This
scheme has previously been coupled to regional climate mod-
els to investigate the impacts of aerosols on the cloud mi-
crophysics, radiative properties of clouds, precipitation, and
tropical cyclones, et al. (Cheng et al., 2010; Hazra et al.,
2013; Chen et al., 2015, 2018; Yang et al., 2018). How-
ever, the microphysics scheme used in regional climate mod-
els cannot be applied directly in global climate models be-
cause of “grid-resolution problems” (Wood et al., 2002). For
instance, the number of cloud droplets activated at the cloud
base shows a strong sensitivity to the saturation excess; and
saturation excess is highly dependent upon updraft velocity.
However, the grid-box mean updraft velocity is often too low
and can be easily averaged out in a GCM with coarse resolu-
tion. A sub-grid treatment should be therefore used in GCM
to mitigate this problem. In FAMIL1.1, the sub-grid-scale
updraft velocity [(Eq. 1)] is used to calculate the activation
of aerosol particles based on the general theory of isotropy
(Pinto, 1998):

w′ =
√

2
3

TKE , (1)

where w′ is the vertical motion and TKE is the turbulence
kinetic energy.

The CFMIP Observation Simulator Package (COSP) has
also been coupled online with FAMIL1.1 to provide simu-
lated clouds against the satellite products. COSP is an inte-
grated satellite simulator and enables the conversion of sim-
ulation information from model data into several satellite-
borne active and passive sensor products, which facilitates
the use of satellite data to evaluate a model’s simulation per-
formance in a consistent way. This simulator established a
bridge between both model–satellite and model–model inter-
comparisons (Bodas-Salcedo et al., 2011).

2.2. Experimental design
A standardized AMIP experiment (prescribed SST) was

used to evaluate the energy balance and CRF. The easy-
designed AMIP-type experiments are regarded as standard
testbeds for the evaluation of the physics schemes and enables
to focus on the atmospheric model without the added com-
plexity of ocean-atmosphere feedbacks in the climate sys-
tem. The advantage of an AMIP experiment is that it does
not require a long spin-up to achieve model stability. Also,
the so-called climate-drift problem in air–sea coupled mod-
els can be avoided. However, the absence of air–sea cou-
pling process will affect the simulation for atmospheric cir-
culation over monsoon regions, thus impact the large-scale
background for cloud production. Although another air–sea
coupled experiment integrated for a long time was available,
AMIP experiment was still used to test the performance of the

microphysics scheme in this study. The model (FAMIL1.1),
with a monthly output, was integrated from 1979 to 2009 and
the last nine years (2001–09) simulations were extracted for
comparison with the observational and reanalysis data. The
average background in the CLR2 (Whitby, 1978) is chosen to
describe the aerosol number density distribution. The mass
loading of the prescribed aerosol in FAMIL1.1 was taken
from NCAR Community Atmosphere Model with Chem-
istry (CAM-Chem) (Lamarque et al., 2012), which were the
aerosol data recommended for CMIP5. Based on previous re-
ports (Abdul-Razzak and Ghan, 2000), external mixing pro-
cesses were considered in the activation processes of the CCN
activity of sulfate aerosols and sea-salt aerosols.

3. Datasets

The following data were used to evaluate the simulated
energy balance: (1) monthly radiative flux data from the
Clouds and Earth’s Radiant Energy System–Energy Balanced
and Filled (CERES-EBAF) edition 2.8 dataset; (2) monthly
surface sensible and latent heat flux data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) Re-
analysis Interim (ERA-Interim) dataset; and (3) monthly
cloud water data from the CloudSat 2B-CWC-RO version
R04 data product. The horizontal resolutions of the CERES-
EBAF and ERA-Interim datasets are 2◦ × 2◦ and 1◦ × 1◦, re-
spectively; both cover the period 2001–09. The CloudSat
dataset is remapped from the satellite pixels to the 2.5◦ ×
2.5◦ longitude–latitude box, which is the resolution com-
monly used in previous studies (Sassen and Wang, 2008; El-
lis et al., 2009). The CloudSat datasets covered the period
2007–11.

4. Results

4.1. Annual global mean energy balance of the Earth
The Earth’s annual global mean energy balance at the

TOA and on the surface obtained from FAMIL1.1 are firstly
compared to that from several different datasets, including
satellite products, reanalysis data, and the outputs from the
CMIP5 models (Fig. 1). Those datasets parallel that of Zhou
et al. (2015). The simulated global annual mean radiation
fluxes at the TOA and at the Earth’s surface, as well as the
heat fluxes at the Earth’s surface, are in good agreement with
the observations. For example, the maximum deviation terms
lie in the surface downwelling longwave radiation (SDLR)
and surface latent heat flux (SLHF), which are 3.5 W m−2

(1%) and 3 W m−2 (3.5%), respectively. All the energy fluxes
from FAMIL1.1 are within the uncertainty ranges of either
Stephens et al. (2012) or Wild et al. (2013), or both, and
within the maximum/minimum range of the 22 CMIP5 mod-
els. The other radiation flux terms, under all-sky (Table 1 and
Fig. A1 in the Appendix) and clear-sky conditions (Table 2
and Fig. A1), also show that FAMIL1.1 is in good agreement
with CERES-EBAF, albeit with some biases. This means that
the model reproduces the global annual mean of the energy
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Fig. 1. Annual global mean energy balance at the top of the atmosphere (TOA) and at the Earth’s
surface in different datasets, including satellite products, reanalysis data, and the outputs from the 22
CMIP5 models. Units: W m−2. Those datasets parallel that of Zhou et al. (2015). The results have
been subtracted from the values estimated in Wild et al. (2013). Green, blue and red error bars show
the uncertainty ranges of two observational datasets, and the maximum and minimum values of the
22 CMIP5 models, respectively. The relative deviations [compared with Wild et al. (2013)] are listed
at the top of echo subplot. The meaning of the abbreviations are as follows. TUSR—TOA upwelling
shortwave radiation; TULR—TOA upwelling longwave radiation; SDSR—surface downwelling short-
wave radiation; SUSR—surface upwelling shortwave radiation; SNSR—surface net shortwave radia-
tion; SDLR—surface downwelling longwave radiation; SULR—surface upwelling longwave radiation;
SLHF—surface latent heat flux; SSHF—surface sensible heat flux.

balance reasonably well.

4.2. Seasonal cycle of the global mean energy balance
To evaluate in more depth the performance of FAMIL1.1

in simulating the energy balance, the seasonal cycle of the
global mean energy balance was compared with CERES-
EBAF and ERA-Interim data (Fig. 2). The CERES-EBAF
satellite products were used to compare the radiative fluxes
at the TOA and at the Earth’s surface, whereas the ERA-
Interim reanalysis data was used to compare the surface la-
tent heat fluxes and surface sensible heat fluxes (SSHF) at the

Earth’s surface. The results show that the simulated seasonal
cycle and amplitude of the radiation fluxes, as well as the
surface heat fluxes, agree well with those from the observa-
tional/reanalysis data. For example, the TOA upwelling long-
wave radiation (TULR), the surface downwelling shortwave
radiation (SDSR), and the surface upwelling longwave radia-
tion (SULR), show strong seasonal cycles. They are generally
stronger during the summer and weaker during the winter and
have amplitudes of about 10, 10, and 5 W m−2, respectively.
FAMIL1.1 shows an equivalent change to these fluxes. The
seasonal variations in the SLHF and the SSHF have weaker
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Fig. 2. Seasonal cycle of global mean (a) TOA radiation fluxes, (b) surface ra-
diation fluxes from CERESF-EBA (circles), and (c) surface sensible heat and
latent heat fluxes calculated from ERA-Interim (circles) and FAMIL1.1 (lines).
The results have been subtracted from their global annual mean values. Units:
W m−2. Abbreviations as in Fig. 1.

Table 1. Comparisons for all-sky conditions. Hereafter, the * means
positive downward.

FAMIL1.1
Terms Obs. FAMIL1.1 minus Obs.

TOA Upwelling Shortwave
Radiation

99.58 102.05 2.47 (2.48%)

TOA Upwelling Longwave
Radiation

239.7 238.24 −1.46 (−0.61%)

Surface Downwelling Short-
wave Radiation*

186.56 183.9 −2.66 (−1.43%)

Surface Upwelling Short-
wave Radiation

24.06 24.19 0.13 (0.54%)

Surface Upwelling Long-
wave Radiation

398.32 399.02 0.7 (0.18%)

Surface Downwelling Long-
wave Radiation*

345.37 345.42 0.05 (0.01%)

Surface Net Shortwave Ra-
diation*

162.5 159.7 −2.8 (−1.72%)

Surface Net Longwave Ra-
diation*

−52.95 −53.6 −0.65 (1.23%)

Surface Net Total Flux* 109.55 106.1 −3.45 (−3.15%)

amplitudes (< 3 W m−2) than the other variables in both the
reanalysis datasets and the FAMIL1.1’s simulation. Thus,
FAMIL1.1 simulates both the seasonal cycle and amplitude
of the energy balance reasonably well.

4.3. Geographical distribution of the annual mean global
energy balance

Global mean energy fluxes are of vital importance in
characterizing the total energy balance in the atmosphere.

Table 2. Comparisons for clear-sky conditions.

FAMIL1.1
Terms Obs. FAMIL1.1 minus Obs.

TOA Upwelling Shortwave
Radiation

52.48 52.36 −0.12 (−0.23%)

TOA Upwelling Longwave
Radiation

265.84 260.25 −5.59 (−2.10%)

TOA Net Shortwave Radia-
tion*

287.64 287.92 0.28 (0.10%)

Surface Downwelling Short-
wave Radiation*

244.06 243.67 −0.39 (−0.16%)

Surface Upwelling Short-
wave Radiation

29.66 29.91 0.25 (0.84%)

Surface Upwelling Long-
wave Radiation

398.31 399.02 0.71 (0.18%)

Surface Downwelling Long-
wave Radiation*

316.43 323.07 6.64 (2.10%)

Surface Net Shortwave Ra-
diation*

214.4 213.77 −0.63 (−0.29%)

Surface Net Longwave Ra-
diation*

−81.88 −75.95 5.93 (−7.24%)

Surface Net Total Flux* 132.51 137.82 5.31 (4.01%)

However, global means may mask underlying regional differ-
ences in energy balance. Thus, the geophysical distributions
of various radiation fluxes are shown to further investigate
the performance of FAMIL1.1 in simulating the global en-
ergy balance and regional biases. The most important term
in the energy balance is the TOA net radiative flux, which
represents the total effect of all the terms connected to the en-
ergy balance. The net radiative flux at the TOA is affected by
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the TOA downwelling shortwave radiation (TDSR), the TOA
upwelling shortwave radiation (TUSR), and the TULR. The
TUSR synthetically characterizes the total solar shortwave
radiation reflected by the earth system, including the com-
prehensive reflection effects of clouds, surface/ocean albedo,
and aerosols; et al. In contrast, the TULR represents the to-
tal outgoing longwave radiation emitted by the earth system,
which is determined by the structure of atmospheric tempera-
ture, the concentration of greenhouse gases, the temperature/
height of clouds, and the land/water emissivity, et al.

Figure 3 shows the annual mean geographical distribu-
tion of the TOA net radiation fluxes, the TUSR, and the
TULR from the FAMIL1.1 and CERES-EBAF. Compared
with CERES-EBAF, FAMIL1.1 reasonably reproduces the
spatial distribution of the net radiative fluxes, as well as the
TUSR and the TULR, with high spatial correlations of around
0.97, 0.98, and 0.99, respectively. However, the RMSE is
relatively large, at around 16.78, 16.83, and 9.75 W m−2

for the net radiative flux, the TUSR and the TULR, respec-
tively. Figure 3c shows that the main regional bias arises
because the net radiative flux over the most mainland areas
in FAMIL1.1 is less than that observed (positive downward),
with large negative deviations in northern Africa and northern
South America. The maximum negative deviation is about

60 W m−2. The net radiative flux over the Southern Ocean in
FAMIL1.1 is also less than that observed (deviation of about
−20 W m−2). By contrast, the tropical eastern Pacific Ocean
is an area of positive deviations (maximum deviation of about
50 W m−2). These biases are mainly aroused from the sim-
ulated biases in the geographical distribution of the TULR
and TUSR. In northern Africa and northern South America,
both the reflected shortwave radiative flux (maximum devi-
ation of about 50 W m−2 or 16%) and the upwelling long-
wave radiative flux (maximum deviation of nearly 10 W m−2

or 5%) are stronger than observed, which means that more
of the radiative flux is reflected upward into space and con-
tributes to the negative deviation in the net radiative flux. The
deviations in the Southern Ocean are mainly due to a stronger
reflected shortwave radiative flux (deviation of about 20 W
m−2 or 18%). Over the tropical eastern Pacific Ocean, where
persistent marine stratocumulus clouds are present, the re-
flected shortwave cloud radiation is weaker than observed
(maximum negative deviation of about 40 W m−2 or 50%),
whereas the outgoing longwave radiative flux agrees well
with the observations, contributing to the overall positive de-
viation. Comparing Fig. 3f and 3i also shows that deviation in
the net radiation flux derives mainly from the simulated bias
of the reflected shortwave radiation over most of the regions,

Fig. 3. Geographic distribution of the TOA radiation flux from FAMIL1.1 and observation (CERES-EBAF): (a–c) net radiation
fluxes; (d–f) reflected shortwave radiation fluxes; (g–i) outgoing longwave radiation fluxes. Units: W m−2.
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such as the Southern Ocean, northern Africa, northern South
America, and the tropical eastern Pacific Ocean, in addition to
the Atlantic Ocean. The reflected shortwave radiation biases
here should both result from the simulation bias for clouds
and the ocean/land albedo, in addition to the aerosol’s direct
effect.

Because the CLR2 mainly affects the progress of cloud
microphysics and therefore contributes to the CRF and en-
ergy balance of the Earth system, the ability of the model to
simulate the CRF was further explored. Figure 4 shows the
annual mean geographical distribution of the CRF in the at-
mosphere from the FAMIL1.1 and observations. FAMIL1.1
reproduces the spatial distribution of both the shortwave and
longwave CRF reasonably well (spatial correlations of 0.96
and 0.93, respectively). However, the RMSEs for the short-
wave and longwave CRF are 16.53 and 10.76 W m−2, re-
spectively. Figure 4f shows that the model produces a weaker
longwave CRF almost everywhere, meaning there is a greater
outgoing longwave radiative flux, as shown in Fig. 3i. The
shortwave radiative forcing is stronger in the model than ob-
served in northern Africa, northern South America, and the
Southern Ocean, but weaker in the tropical eastern Pacific
Ocean, the tropical eastern Indian Ocean, and the tropic east-
ern Atlantic Ocean. And the maximum deviation in these
areas is almost 50 W m−2. These deviations are important
contributors to the biases in the TOA reflected shortwave ra-
diative fluxes.

Theoretically, the simulated bias in the cloud water con-
tent may have a good relationship with the deviation in the
simulated shortwave cloud radiation, whereas the simulated
bias in the amount of high clouds contributes to the simu-
lated bias in the simulated longwave radiation forcing (Get-
telman and Sherwood, 2016). Figure 5 shows the cloud water

path (CWP) and amount of high clouds from the COSP sim-
ulator and from observation (satellite retrievals). FAMIL1.1
reproduces the basic spatial distribution of the CWP in the
CloudSat retrievals (Fig. 5a and 5b), but with some regional
biases. FAMIL1.1 tends to simulate a higher CWP over the
oceans (including the tropical eastern Pacific Ocean, the In-
dian Ocean, and the Atlantic Ocean, except for the eastern
oceans), and there is almost twice the amount of cloud wa-
ter over the land (e.g., South America and northern Africa) in
the FAMIL1.1 than that in the satellite retrieval data. Fig-
ures 4 and 5 show that there is a good agreement for the
simulation biases between the shortwave CRF and CWP.
The shortwave CRF is stronger than the observed over the
Southern Ocean, the northern Pacific Ocean, South Amer-
ica, and northern Africa, where the CWP is overestimated.
By contrast, the CWP is underestimated over the eastern
oceans, with a weaker shortwave CRF in FAMIL1.1. The
model also reproduces a similar spatial distribution of the
high clouds amount to the observational data, with a spa-
tial correlation of around 0.94 (Fig. 5d and 5e). However, the
high clouds amount is underestimated over South America,
northern Africa, the Southern Ocean, and the northern Pa-
cific Ocean, relative to the observations, with a maximum
negative bias of 20%. The simulated bias for high clouds
amount shows a good relationship with the simulated bias for
the longwave CRF. For example, the amount of high cloud
is underestimated over South America and northern Africa,
with a weaker longwave CRF over these regions.

4.4. East Asian energy balance and effects of aerosols
The AMR is an important climatic region with high ob-

served concentrations of aerosols loading (Wang et al., 2012;
Zhang et al., 2012). The distribution of the aerosol opti-

Fig. 4. Geographic distribution of cloud radiation forcing from FAMIL1.1 and observation (CERES-EBAF): (a–c) shortwave
cloud radiation forcing; (d–f) longwave cloud radiation forcing. Units: W m−2.
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Fig. 5. Geographic distribution of the cloud water path and amount of high level clouds from observation (CloudSat/CALIPSO)
and FAMIL1.1 (with the COSP simulator): (a–c) cloud water path (units: mg m−2); (d–f) high level clouds fraction (CF) (units:
%).

Observation Mod. miuns Obs.Model

Fig. 6. Geographical distribution of total aerosol optical depth (AOD) at 0.55 μm from (a) observation (MODIS) and (b) FAMIL1.1.

cal depth (AOD) at 0.55 μm is a good representation of
the distribution of the total aerosol loading. Figure 6 shows
the geographical distribution of the total AOD at 0.55 μm
from the observation (MODIS) and FAMIL1.1. The model
reproduces the distribution of AOD well, although it under-
estimates the AOD over East Asia (about 0.5 in FAMIL1.1,
but > 0.7 in the observational dataset). The underestimated
AOD over East Asian mainly may result from that the aerosol
mass concentrations over East Asian are underestimated to
some extent (Li et al., 2014a), which is also one of the im-
portant causes for the TOA radiation fluxes bias. Figure 7
shows the seasonal cycle of the shortwave and longwave
CRF and the seasonal evolution of the CWP over the AMR
(20◦–50◦N, 70◦–130◦E). The model captures the seasonal
evolution of the shortwave CRF and longwave CRF and the
CWP reasonably well. For example, the anomalies in the
shortwave CRF gradually increase from −13 W m−2 in win-
ter (December–January–February) to 40 W m−2 in summer

(June–July–August). FAMIL1.1 shows similar characteris-
tics, with the anomalies varying from −16 W m−2 to 45 W
m−2. This means that the model gives an equivalent mag-
nitude of shortwave CRF to the observations. However, the
anomalies in the CWP vary from nearly −45 W m−2 in win-
ter to 100 W m−2 in summer in the observational dataset, but
from −90 W m−2 to 135 W m−2 in the FAMIL1.1, which
means that the model shows a much stronger variability for
the CWP.

Except for the seasonal cycle, previous studies have also
shown that there are seasonal differences between summer
and winter for the CRF over the AMR (Chen and Liu, 2005;
Li et al., 2017a). To further evaluate the model’s performance
in reproducing this feature, the geographic distribution of the
CRF from FAMIL1.1 was compared with observations over
the AMR during summer and winter time (Fig. 8 and Fig. 9).
Observationally, the main feature of the CRF in summer is
that there are larger shortwave CRF over the AMR, especially
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Fig. 7. Seasonal cycle of cloud radiation forcing (units: W m−2) and cloud
water path (units: mg m−2) from FAMIL1.1 and observation (CERES-
EBAF/CloudSat) in the AMR (20◦–50◦N, 70◦–130◦E): (a) shortwave cloud ra-
diation forcing (SWCRF); (b) longwave cloud radiation forcing (LWCRF); (c)
cloud water path (CWP). Axes intervals have been subtracted from their annual
mean values.

Fig. 8. Geographic distribution of cloud radiation forcing from FAMIL1.1 and observation (CERES-EBAF) over the AMR
(20◦–50◦N, 70◦–130◦E) in summer (June–July–August): (a–c) shortwave cloud radiation forcing; (d–f) longwave cloud radia-
tion forcing. Units: W m−2.

over the southeastern Tibetan Plateau, eastern China, and the
East China Sea (Fig. 8a). The average shortwave CRF over
the AMR is −69 W m−2. The longwave CRF is larger over
the Bay of Bengal and eastern China (Fig. 8d), with a regional
mean about 40 W m−2 over the whole AMR. FAMIL1.1 re-

produces the geographical distribution of the shortwave CRF
and longwave CRF in summer well, with an averaged short-
wave CRF about −71 W m−2 and an averaged longwave
CRF about 28 W m−2. However, FAMIL1.1 shows a stronger
shortwave CRF over the Tibetan Plateau, but weaker over
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Fig. 9. Geographic distribution of cloud radiation forcing from FAMIL1.1 and observation (CERES-EBAF) over the AMR
(20◦–50◦N, 70◦–130◦E) in winter (December–January–February): (a–c) shortwave cloud radiation forcing; (d–f) longwave
cloud radiation forcing. Units: W m−2.

eastern China and the East China Sea. FAMIL1.1 also under-
estimates the longwave CRF over the whole AMR. The aver-
age negative deviation is about 12 W m−2 (or 30%). Figure
9a and 9d also show that the shortwave CRF and longwave
CRF decreased greatly over the whole AMR from summer
to winter. The averaged shortwave CRF and longwave CRF
over the AMR are about −24 and 16 W m−2, respectively.
In observation, there is a larger shortwave CRF over eastern
China and the East China Sea (> 60 W m−2), but a weaker
shortwave CRF over the Tibetan Plateau and its surround-
ing areas (< 30 W m−2). FAMIL1.1 reproduces the summer–
winter contrast for both the shortwave CRF and longwave
CRF, but their magnitudes are biased. The averaged short-
wave CRF and the longwave CRF over the AMR are about
−14 and 5 W m−2, respectively, which means that the aver-
age biases are 10 W m−2 (40%) and 11 W m−2 (66%) over
the AMR, respectively. By contrast, FAMIL1.1 seems to un-
derestimate the shortwave CRF over eastern China and the
Tibetan Plateau and shows a weaker longwave CRF over the
whole AMR.

In theory, the cloud water mass concentration and the
cloud droplet radius will both change the shortwave CRF.
Smaller cloud droplets usually lead to clouds with a higher
albedo (Peng et al., 2002) and thus the reflection of more so-
lar radiation. Figure 10 shows the scatter plots of the sea-
sonal mean shortwave CRF versus the CWP over continen-
tal East Asia (20◦–40◦N, 100◦–120◦E) and the northern Pa-
cific Ocean (20◦–40◦N, 170◦E–170◦W). Comparison of these
two areas (land and ocean) highlights the importance of the
droplet radius in shortwave CRF. And aerosol conditions dif-
ference may be one of the reasons for the land-sea difference

because of its vital importance on the cloud activation pro-
cess, which can be physically described by CLR2 scheme.
Observationally, the slope of these plots over land is larger
than over the ocean (slope of 0.29 versus 0.1). One of the
possible reasons for the slope difference may be attributed to
the difference of the aerosol background over land and ocean
area. The land is often much polluted than the ocean, which
provides a high concentration of CCNs. As the amount of
cloud water increases, more abundant and smaller droplets
are produced over the land than over the ocean, resulting in
a stronger CRF (greater slope). This relationship can also
be reproduced in FAMIL1.1, but the differences between the
ocean and land are less significant (slope of 0.21 versus 0.08)
than observed. The reason may be that aerosol mass concen-
tration over East Asian used in this study is largely underesti-
mated than observed (Li et al., 2014a), while comparable over
oceans to some degree in FAMIL1.1. This is also seen in the
distribution of the AOD. In general, the model can simulate
the contrast between the land and oceans in terms of the asso-
ciation between the cloud water content and shortwave CRF,
but this association is weaker over East Asia in FAMIL1.1
than observed.

5. Discussions and conclusions

This study describes the incorporation of a two-
moment (mass and number) cloud microphysics scheme into
FAMIL1.1 with the aim to simulate cloud microphysical pro-
cesses more realistically, including the subgrid-scale updraft
velocity for cloud droplet activation. The global and regional
characteristics of the energy balance and CRF simulated by
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Fig. 10. Scatterplots of the (a, b) observed and (c, d) modeled (FAMIL1.1) seasonal mean shortwave cloud
radiation forcing (SWCRF) versus cloud water path (CWP) over (a, c) continental East Asia (20◦–40◦N, 100◦–
120◦E) and (b, d) the northern Pacific Ocean (20◦–40◦N, 170◦E–170◦W).

FAMIL1.1 was evaluated using a comprehensive suite of ob-
servational and reanalysis data.

The global annual means of the simulated radiative/heat
fluxes in FAMIL1.1, both at the TOA and at the Earth’s sur-
face, generally agree well with the observational/reanalysis
data. FAMIL1.1 also simulates well in the seasonal cycle and
amplitude of the radiation and surface heat fluxes, suggesting
that the CLR2 scheme has been successfully introduced into
FAMIL1.1.

Also studied was the geographic distribution of the TOA
radiative flux and CRF, revealing that FAMIL1.1 reproduces
the geographic distribution of the radiation fluxes with a high
spatial correlation to observations. The main regional bias is
that the net radiative flux over the mainland in FAMIL1.1 is
less than that in the observational data, with large negative
deviations in northern Africa and northern South America.
By contrast, the eastern oceans (marine stratocumulus region)
show positive deviations, in good correspondence with the
CRF. Further analysis shows that the deviations of the CRF
can be partly ascribed to the simulated deviations of the CWP
and the amount of high cloud. The model is also able to re-
produce the seasonal evolution of the CRF and CWP over
East Asia. Furthermore, it reproduces the summer–winter

contrast for the geographic distribution of both the longwave
CRF and shortwave CRF over the AMR, and simulates the
contrast between the land and oceans in terms of the associa-
tion between the cloud water content and shortwave CRF.

In conclusion, FAMIL1.1 performs well in the simulating
of the global energy balance as well as the regional features
over the AMR, as verified by investigating its spatial and tem-
poral features. However, there is a large simulation bias in
terms of CWP and the amount of high cloud over both the
land and ocean, concentrating the simulated deviations in the
radiative flux. The reasons for these simulation biases will
be investigated in future work based on the large-scale atmo-
spheric circulation, precipitation, and other detailed outputs
from the COSP simulator. The present study uses a uniform
assumption to derive the vertical velocity in the PBL scheme
to determine the change of saturation. The uncertainty in
PBL scheme as well as the sub-grid-scale velocity should also
be tested in future work. Currently, the aerosol concentration
in FAMIL1.1 is prescribed, but work is now taking place on
an aerosol module that determines the aerosol concentration
dynamically. The impact of the horizontal resolution and air–
sea coupling processes on the performance of the model also
needs to be studied further.
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APPENDIX

Fig. A1. Annual global mean energy balance bias (FAMIL1.1 minus CERES-EBAF) at
the top of the atmosphere (TOA) and at the Earth’s surface under (a) all-sky conditions
and (b) clear-sky conditions. Units: W m−2. The relative deviations are listed at the top
of each bar. The meaning of the abbreviations is the same as that in Fig. 1., in addition
to: SNLR—surface net longwave radiation; SNTF—Surface Net Total Flux; TNSR—
TOA Net Shortwave Radiation. This figure is an illustration in parentheses with Table
1 and Table 2.
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