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ABSTRACT

A two-moment bulk stratiform microphysics scheme, including recently developed physically-based droplet
activation/ice nucleation parameterizations has been implemented into the Grid-point Atmospheric Model
of IAP LASG (GAMIL) as an effort to enhance the model’s capability to simulate aerosol indirect effects.
Unlike the previous one-moment cloud microphysics scheme, the new scheme produces a reasonable rep-
resentation of cloud particle size and number concentration. This scheme captures the observed spatial
variations in cloud droplet number concentrations. Simulated ice crystal number concentrations in cirrus
clouds qualitatively agree with in situ observations. The longwave and shortwave cloud forcings are in better
agreement with observations. Sensitivity tests show that the column cloud droplet number concentrations
calculated from two different droplet activation parameterizations are similar. However, ice crystal number
concentration in mixed-phased clouds is sensitive to different heterogeneous ice nucleation formulations. The
simulation with high ice crystal number concentration in mixed-phase clouds has less liquid water path and
weaker cloud forcing. Furthermore, ice crystal number concentration in cirrus clouds is sensitive to different
ice nucleation parameterizations. Sensitivity tests also suggest that the impact of pre-existing ice crystals
on homogeneous freezing in old clouds should be taken into account.
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1. Introduction

Although the importance of clouds in climate sys-
tem is well known (Arakawa, 2004), cloud representa-
tion in general circulation models (GCMs) remains a
challenge due to the vast range of temporal and spatial
scales in cloud processes (Iacono et al., 2008; Morrison
and Gettelman, 2008). Thus, clouds are considered
a major source of uncertainty in climate simulations
(IPCC, 2007).

With increasing computing power, cloud parame-
terizations are becoming more sophisticated, and cloud

processes have been treated in more realistic man-
ners. Whereas substantial simplifications still need
to be made in simulating cloud formation and evo-
lution in higher-resolution cloud-resolving models, the
large grid spacing of GCMs introduces additional chal-
lenges, such as treatment of cloud condensation and
cloud fraction. According to the size of GCM grid
scales, cloud processes are generally divided into two
categories: convective cloud and stratiform cloud pro-
cesses. Convective cloud processes are treated with
a highly simplified microphysics parameterization be-
cause their spatial scales are significantly smaller than
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the size of a grid cell in GCMs. On the other hand,
large-scale, stratiform cloud processes can be treated
with fairly detailed cloud microphysics parameteriza-
tions. A recent improvement in the representation of
cloud processes in large-scale models has been the im-
plementation of two-moment bulk stratiform micro-
physics schemes that predict two moments of cloud
water/precipitation species and represent the parti-
cle size with a distribution function (Morrison and
Pinto, 2005). Prediction of both cloud particle num-
ber concentration and mass mixing ratio enables the
cloud particle size to evolve in a more consistent man-
ner and thus improves the calculation of microphysical
processes and radiative transfer (Meyers et al., 1997).

Furthermore, the development of two-moment
cloud microphysics schemes allows us to analyze the
complicated interactions between aerosols and clouds,
and to further quantify the influence of aerosols on the
microphysical and radiative properties of clouds, so-
called aerosol indirect effects (Lohmann and Feichter,
2005; Ghan and Schwartz, 2007). Although climate
models have been used to examine aerosol indirect ef-
fects for the last two decades, aerosol indirect effects
remain one of the largest uncertainties in simulations
of climate change (IPCC, 2007).

The root of aerosol indirect effects on warm clouds
is the link between aerosol particles and droplets num-
bers. At the beginning of the last century, the theory
of droplet nucleation (aerosol activation) was founded
(Kohler, 1921). However, this theory cannot be ap-
plied in global models directly because the maximum
supersaturation needed in the parameterization is not
resolved in GCMs due to the coarse resolution. Histor-
ically, this issue has been addressed with empirical for-
mulas that relate cloud droplet number concentrations
with aerosol mass concentrations (Storelvmo et al.,
2009). In recent years, physically-based droplet nucle-
ation parameterizations that link cloud droplet num-
ber concentration to primary controlling parameters
have been designed (e.g., Abdul-Razzak and Ghan,
2000; Nenes and Seinfeld, 2003). These physically-
based parameterizations perform well under a wider
variety of nucleation conditions (Ghan et al., 2011),
and they have been widely used in global models,
such as Community Atmospheric Model version 5
(CAM5) in the National Center for Atmospheric Re-
search (NCAR), European Centre Hamburg model
version 5 (ECHAM5) in Max-Planck-Institute (MPI),
and Atmospheric Model version 3 (AM3) at Geophys-
ical Fluid Dynamics Laboratory (GFDL) (Lohmann
et al., 2007; Gettelman et al., 2008; Salzmann et al.,
2010).

Compared to the aerosol effects on cloud droplet
formation, the aerosol effects on ice crystal formation

are even more uncertain and less well understood (Liu
et al., 2007; Barahona, 2008; Storelvmo et al., 2009;
Jensen et al., 2010). Ice crystals can form by homoge-
neous freezing of aerosol solution particles or hetero-
geneous nucleation of ice on insoluble aerosol particles
(Pruppacher and Klett, 1997). Homogeneous freez-
ing occurs through ice germ formation within super-
cooled soluble aerosol particles at low temperature and
high relative humidity. Heterogeneous ice nucleation
include several modes (i.e., deposition, contact, im-
mersion, and condensation) in which ice crystals form
with the aid of so-called ice nuclei (IN). In general, the
number concentration of soluble aerosol particles in
the upper troposphere is significantly larger than IN.
Homogeneous freezing usually generates a high num-
ber concentration of ice crystals, but heterogeneous
nucleation does not. However, with the aid of IN,
heterogeneous freezing tends to occur at lower super-
saturation, depleting water vapor and hindering ho-
mogeneous freezing. In other words, heterogeneous
nucleation would significantly reduce ice crystal num-
ber concentration compared to homogeneous freezing
(Demott et al., 1994). Thus, the competition between
homogeneous and heterogeneous nucleation could sig-
nificantly change ice crystal number concentrations in
cirrus clouds and yield potential IN effects on climate
(Demott et al., 1997; Phillips et al., 2008; Barahona
and Nenes, 2009a). The competition between homoge-
neous and heterogeneous nucleation also makes it chal-
lenging to design ice nucleation parameterizations. Re-
cently, some physically-based parameterizations were
presented (e.g., Liu and Penner, 2005; Barahona and
Nenes, 2009a, b), and have been implemented into a
few global models (e.g., Liu et al., 2007; Gettelman et
al., 2010; Salzmann et al., 2010).

The goals of this study are to improve the repre-
sentation of cloud microphysics processes in the Grid-
point Atmospheric Model of IAP LASG (GAMIL) and
to enhance the model’s capability to simulate aerosol
indirect effects. We incorporated a two-moment bulk
cloud microphysics scheme into GAMIL. This new
stratiform cloud scheme has been further improved
by incorporating some recently developed physically-
based droplet activation/ice nucleation parameteriza-
tions. Thus, we can investigate sensitivity of simulated
radiative fluxes and cloud fields to different physically-
based droplet activation/ice nucleation parameteriza-
tions. This paper is organized as follows: section 2
describes the new stratiform microphysics scheme; re-
sults from the new developed model are presented and
evaluated in section 3; our investigation of the sensi-
tivity of this two-moment stratiform cloud scheme to
different droplet activation/ice nucleation parameter-
izations is presented in section 4; and conclusions are
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given in section 5.

2. Model description

2.1 An overview of the standard version of
GAMIL

The dynamical core of GAMIL is a grid-point
framework developed by Wang et al. (2004). This
dynamical core can maintain mass conservation and
effective energy conservation. The resolution of this
dynamical core is adjustable. A mass and shape-
preserving advection scheme developed by Lin and
Rood (1996) has been implemented into GAMIL by
Zhang (2008). The physical package of GAMIL is
similar to the Community Atmospheric Model version
3(CAM3) of NCAR (Collins et al., 2006). There are
three convective cloud schemes in GAMIL: Zhang and
McFarlane (1995), Zhang and Mu (2005) and Tiedtke
(1989). The standard GAMIL model has been evalu-
ated (Li et al., 2007; Yang et al., 2007) and applied
(Li et al., 2008; Wu and Li, 2008) in climate change
studies. Note that the GAMIL model focuses on East
Asian climate. To improve its performance of East
Asian climate simulation, GAMIL has been improved
by upgrading the deep convection parameterization
and the cumulus cloud fraction and by tuning some
of the large uncertainty parameters. Compared with
the CAM model, GAMIL demonstrates some improve-
ments: the geographic distribution of the precipitation
over East Asia, the response of atmosphere circulation
to the tropical ocean, the eastward propagation, and
spatial/temporal structures of the Madden Julian Os-
cillation (Li et al., 2013).

Here, we give a brief description of the one-moment
stratiform cloud scheme in the standard GAMIL.
Cloud fraction, C, is diagnosed as a function of rel-
ative humidity, following Slingo (1987):

C =
(

RH− RHmin

1− RHmin

)2

, (1)

where RH is relative humidity, and threshold relative
humidity RHmin is an adjustable parameter. The con-
densation/evaporation of cloud water/ice is described
in Rasch and Kristjánsson (1998). In this scheme
(hereafter RK scheme), changes in water vapor and
heat in a grid box are treated consistently with changes
in cloud fraction and in-cloud condensation. The to-
tal condensate is partitioned into liquid and ice phases
according to a linear function of temperature. Five
processes convert condensate to precipitate: conver-
sion of liquid water to rain, collection of cloud water
by rain, auto-conversion of ice to snow, collection of
ice by snow, and collection of liquid by snow. Each
is treated with an individual parameterization. In the

one-moment stratiform cloud scheme, the number con-
centration of cloud droplets is prescribed: 400 cm−3

over land, 150 cm−3 over ocean, and 75 cm−3 over sea
ice. The fall speed for droplets is 1.5 cm s−1 over land
and 2.8 cm s−1 over ocean and sea ice. Over ocean
and sea ice, the effective radius of cloud droplets, rel,
is specified to be 20 µm. Over land, rel is determined
using

rel =





10 T > −10

10− 10
(

T + 10
20

)
−30 < T < −10

rei T < −30

(2)

where T is temperature in the unit of degree centi-
grade, rei is cloud ice effective radius, which is a func-
tion of pressure, and rei ranges from 10 µm to 30 µm.

A detailed description of cloud scheme can be
found in Collins et al. (2006). In the following section,
we introduce the new improvement in the stratiform
cloud scheme.

2.2 Description of the new cloud micro-
physics scheme

2.2.1 Two-moment bulk cloud microphysics scheme
The Morrison and Gettelman (2008) two-moment

bulk cloud microphysics scheme (hereafter MG
scheme) has been implemented in GAMIL. Compared
to the previous one-moment microphysics scheme (RK
scheme), this two-moment scheme provides a more ro-
bust framework for studying aerosol-cloud interaction.
The MG scheme is described in detail in Morrison and
Gettelman (2008) and is only briefly described here.

The cloud droplet and ice crystal size distributions
are represented by gamma functions:

φ(D) = N0D
µe−λD , (3)

where D is diameter, N0 is the “intercept” parameter,
λ is the slope parameter, and µ is the spectra shape
parameter.

The spectral parameters N0 and λ are derived from
local in-cloud droplet number N ′′ and mass mixing ra-
tio q′′:

λ =
[
πρN ′′Γ(µ + 4)
6q′′Γ(µ + 4)

](1/3)

, (4)

N0 =
N ′′λ

Γ(µ + 1)
, (5)

where Γ is the Euler gamma function and ρ is the
density of cloud droplet and ice crystals: 1000 kg m−3

and 500 kg m−3 for cloud droplet and cloud ice, re-
spectively.

Cloud droplet and ice crystal effective radius re

used in the radiation parameterization scheme are ob-
tained directly from the size distribution function of
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Fig. 1. Block schematic diagram for all cloud processes in the MG scheme.

Eq. (3):

re =
Γ(µ + 4)
2λ(µ + 3)

, (6)

The mass- and number-weighted terminal fall
speed for cloud droplets and ice crystals can also be
obtained from size distribution function:

VN =

(
ρa

ρa0

)0.54

aΓ(µ + 1 + b)

λbΓ(µ + 1 + b)
, (7)

Vq =

(
ρa

ρa0

)0.54

aΓ(µ + 4 + b)

λbΓ(µ + 4 + b)
, (8)

where Vq and VN are mass- and number-weighted fall
speed, ρa is air density, ρa0 is the reference air density
at the standard temperature and pressure, and a and
b are empirical coefficients in the diameter–fall speed
relationship.

The time evolution of mass mixing ratio and num-
ber concentration is determined by grid scale advec-
tion, convective detrainment, turbulent diffusion, and
several microphysical processes (Fig. 1). A detailed de-
scription of this scheme can be found in Morrison and
Gettelman (2008).

2.2.2 Several modifications
Besides the implementation of the MG scheme in

GAMIL, several modifications have been made on the
model physics of GAMIL. First, the mass mixing ratio
and number concentration of cloud particles are added
to the constituent transport by deep convection. Sec-
ond, to reduce the high biases of total cloud cover over
the polar region in a low water vapor mixing ratio en-
vironment, an empirical fit to observations of Arctic

clouds, which is described in more detail by (Vavrus
and Waliser, 2008), is adopted to the Slingo scheme.
Finally, the detrained cloud water from convection is
no longer assumed to evaporate but is added to strati-
form cloud water and ice. The fraction of ice water in
the detrained condensate is a linear function of tem-
perature between −40◦C and −10◦C. Number concen-
trations are calculated by assuming a mean volume ra-
dius of 16 and 32 µm for detrained cloud droplets and
cloud ice, respectively.

2.2.3 Droplet nucleation
In the MG scheme, activation of cloud droplets is

treated with the physically-based parameterization de-
veloped by Abdul-Razzak and Ghan (2000, hereafter
AG). The number of activated cloud droplets is con-
sidered a function of aerosol chemical and physical
properties, ambient temperature, and vertical veloc-
ity. Activation of cloud droplets occurs if the in-cloud
droplet number decreases below the diagnosed active
cloud condensation nucleus (CCN) number. A sub-
grid vertical velocity, W ′, for calculating droplet nu-
cleation can be derived from the turbulent diffusion
coefficient following Morrison and Pinto (2005):

W ′ =
kd

lc
, (9)

where kd is the turbulent diffusion coefficient and
lc = 30 m is the mixing length. A minimum sub-grid
vertical velocity of 0.1 m s−1 is assumed for weak tur-
bulent diffusion.

To examine the sensitivity of aerosol indirect ef-
fects to droplet nucleation parameterizations, we im-
plemented another droplet activation parameteriza-
tion by Nenes and Seinfeld (2003, hereafter NS) in
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GAMIL. Compared to the AG parameterization, the
concept of “population splitting” is introduced to this
parameterization. CCN are divided into two separate
populations: those that have a size close to their crit-
ical diameter and those that do not. The water vapor
consumption by the growth of the former population
can be neglected. The NS parameterization also ex-
plicitly introduces mass transfer (kinetic) limitations
on droplet growth. Unlike the AG parameterization,
the maximum supersaturation, below which aerosol
particles with critical supersaturation would be acti-
vated, is solved by iteration rather than approximate
functions. Therefore, it is more computationally costly
than the AG parameterization, which slows down the
GAMIL model by 5% compared to the AG parameter-
ization.

2.2.4 Ice nucleation
In the MG scheme, ice crystals nucleated in both

ice clouds and mixed-phase clouds are calculated by
the heterogeneous ice nucleation mechanism. IN is
diagnosed from an empirical function of temperature
following Cooper (1986). An upper limit of IN num-
ber is applied at −35◦C (0.209 cm−3). Homogeneous
freezing of supercooled aerosol solution is not explic-
itly considered.

Two physically-based ice nucleation parameteriza-
tions, Liu and Penner (2005, hereafter LP) and Bara-
hona and Nenes (2009a and b, hereafter BN), have
been incorporated into the cloud scheme. These two
parameterizations include homogeneous nucleation on
sulfate and heterogeneous nucleation on mineral dust.
The LP parameterization is derived by fitting the re-
sults from cloud parcel model experiments. The nucle-
ated ice crystal number is computed based on aerosol
number concentrations, temperature, humidity, and
updraft velocity. Grid mean humidity for this pa-
rameterization is multiplied by a factor 1.2 to take
sub-grid variability into account. A threshold rela-
tive humidity for homogeneous ice formation is as-
sumed in this parameterization, which is considered
a function of temperature and updraft velocity. Un-
like the LP parameterization, the BN parameteriza-
tion provides an analytical solution of governing equa-
tions and explicitly accounts for the competition ef-
fects between homogeneous and heterogeneous nucle-
ation. In the BN parameterization, the “nucleation
spectrum”, which describes IN number concentration
from an aerosol population as a function of tempera-
ture and supersaturation, is allowed to follow any form
(i.e., derived from classical nucleation theory or from
observations). Because the parameterization is derived
in the Lagrangian framework of an ascending parcel,
it is necessary to apply the threshold relative humidity

for homogeneous ice formation used in the LP param-
eterization, to account for the probability of finding
a cloud-forming parcel within the grid cell. Some re-
cent studies have shown that aerosols rich with organic
matter may become glassy below the glassy-transition
temperature (∼205 K), preventing homogeneous nu-
cleation (Jensen et al., 2010). In addition, homoge-
neous freezing driven by gravity wave motion would
produce a high ice crystal number concentration (1–
10 cm−3), and such high concentrations have not been
observed (Krämer et al., 2009). Box model simula-
tions and 1-D model simulations have suggested that
only heterogeneous nucleation scenarios result in ice
number concentration close to observations (Froyd et
al., 2009; Gensch et al., 2008). Therefore, homoge-
neous freezing of liquid aerosols is prohibited at low
temperature (<205 K). The main purpose of this arti-
ficial setting is to examine whether only heterogeneous
nucleation scenarios can result in ice number concen-
tration close to observations in a global model.

In mixed-phase clouds with temperatures greater
than −37◦C, ice crystal formation is represented by
heterogeneous ice nucleation. In addition to the
Cooper formulation, the four heterogeneous nucleation
spectra used in the BN parameterization are added to
mixed-phase clouds: Meyers, PDG, PDA, and CNT
(Table 1). Meyers and PDG formulations are de-
rived from in situ measurements (Meyers et al., 1992;
Phillips et al., 2007). The PDA, presented by Phillips
et al. (2008), is a more comprehensive formulation
that takes the aerosol surface area contribution into
account. The CNT formulation is derived from the
classical nucleation theory.

3. Results and model evaluation

3.1 Simulation setup

The results from the GAMIL with the new cloud
microphysics have been extensively evaluated and
compared with the standard version. We have per-
formed two model simulations: one from the stan-
dard GAMIL with Rasch and Kristjánsson (1998) one-
moment cloud scheme (hereafter GAMIL-RK simula-
tion), and the other from the newly developed GAMIL
with the Morrison and Gettelman (2008) two-moment
cloud scheme (hereafter GAMIL-MG simulation). In
the GAMIL-MG simulation, droplet activation is de-
rived from the AG parameterization; ice nucleation
in cirrus clouds uses the BN parameterization; and
ice nucleation in mixed-phase clouds is represented by
the Cooper formulation. IN spectrum in the BN pa-
rameterization is represented by the PDA formulation.
All simulations in this study are run at ∼ 2.8◦×2.8◦
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Table 1. Heterogeneous nucleation formulations. Nhet is the ice crystals number concentration from heterogeneous
freezing. The functions Hdust (Si, T ) for PDA is defined in Phillips et al. (2008), and the functions khom(0.2−Si) for
CNT is defined in Barahona and Nenes (2009a, b). Si is the water vapor supersaturation ratio with respect to ice, and
Ndust is the dust number concentration.

parameterization Nhet(m
−3)

Cooper (1986), Cooper 5e0.304(273.15−T )

Meyers et al. (1997), Meyers 103e−0.639+12.96Si

Phillips et al. (2007), PDG 60e−0.639+12.96Si

Phillips et al. (2008), PDA Ndust

»
1− exp

“
− 2

3
Hdust(Si , T )

Nhet,PDG

3.3× 105

”–

Classical Nucleation Theory, CNT 0.05

»
min

„
Si

0.2
Nduste

−0.0011khom(0.2−Si), Ndust

«–

horizontal resolution with 26 vertical levels and a 20-
minute time step, using climatological sea surface tem-
peratures. The Zhang and Mu (2005) convective cloud
scheme is used for all simulations. Each simulation is
run for five years after a model spin up of four months.

A prescribed aerosol climatology is used in droplet
activation and ice nucleation. The aerosol data is
derived from a three-dimensional aerosol simulation
(Collins et al., 2001) that include sulfate, hydrophobic
black carbon, hydrophilic black carbon, hydrophobic
organic carbon, hydrophilic organic carbon, dust (four

Table 2. Global annual mean results and observations.
Shown in the table are liquid water path over ocean (LWP,
g m−2) compared to SSM/I data (Greenwald et al., 1993;
Weng and Grody, 1994), ice water path from stratiform
cloud (IWP, g m−2) compared to ISCCP data (Storelvmo
et al., 2008), grid-mean column-integrated cloud droplet
number concentration (CDNUMC, 1×106 cm−2) compared
to AVHRR data (Han et al., 1998), shortwave cloud forcing
(SWCF, W m−2) and longwave cloud forcing (LWCF, W
m−2) compared to various satellite products (Scott et al.,
1999; Loeb et al., 2009), total cloud cover (CLDTOT, %)
compared to surface observations (Hahn et al., 1994), IS-
CCP (Rossow and Schiffer, 1999) and MODIS data (King
et al., 2003), stratiform precipitation rate (PRECL, mm
d−1) and total precipitation rate (PRECT, mm d−1) com-
pared to Global Precipitation Climatology Project (Adler
et al., 2003).

Simulations GAMIL-RK GAMIL-MG OBS

LWP 59.7 67.1 63–81
IWP 8.77 4.61 26.7
CDNUMC 2.74 4
SWCF −34.2 −51.5 −46–−53
LWCF 21.7 22.5 22–31
CLDTOT 63.5 54.7 62–67
PRECL 0.74 0.57
PRECT 3.05 3.03 2.61

bins, from 0.01 to 10 µm), and sea salt. Aerosol num-
ber concentrations are diagnosed from mass mixing
ratio using prescribed lognormal size distributions, fol-
lowing Gettelman et al. (2008). Notably, many global
climate models have coupled cloud microphysics with
aerosol models that can simulate the full spatial and
temporal evolution of aerosol mass and size distribu-
tions. Fortunately, an aerosol model developed by
Zhang (2008) has been implemented in the GAMIL.
This limitation in the current GAMIL model is being
solved.

3.2 Annual global mean values

Various global annual mean diagnostics are listed
in Table 2. Liquid water path (LWP) and ice water
path (IWP) are considered only for stratiform clouds,
which includes the contribution from the convective
detrainment. Satellite retrieved LWP on the global
annual mean over the oceans ranges between 63 g m−2

and 81 g m−2. The GAMIL-MG simulation with the
two-moment scheme has a value (67.1 g m−2) within
this range, while the LWP is slightly underestimated in
the GAMIL-RK simulation (59.7 g m−2). The global
mean IWP, derived from the International Satellite
Cloud Climatology Project (ISCCP) including data
from land and ocean, amounts to 26.7 g m−2. IWP in
both GAMIL-RK (8.7 g m−2) and GAMIL-MG (4.6
g m−2) simulations are significantly less than the IS-
CCP retrievals, which is problematic for most GCMs
(?). Notably, it is not clear how much ISCCP IWP
includes precipitating ice particles (snow) as no global
observation has yet been able to distinguish different
ice hydrometeors, and the simulated IWP does not
take snow and convective cloud condensate into ac-
count. In addition, IWP in the MG scheme strongly
depends on the threshold crystal size used to distin-
guish ice crystal from snow particles, which is still very
uncertain. Besides, a recent study by Liu et al. (2007)
showed that IWP would be enhanced when a water va-
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por deposition scheme was added to replace the frac-
tional cloud closure scheme.

The global mean vertically integrated column-
integrated cloud droplet number concentration (CD-
NUMC) as derived from the Advanced Very High Res-
olution Radiometer (AVHRR) data is 4.0×106 cm−2

(Han et al., 1998). The CDNUMC in GAMIL-MG
simulation is 2.74×106 cm−2. Notably, the simu-
lated CDNUMC is sampled over clear and cloudy pe-
riods, and the satellite-retrieved CDNUMC is sam-
pled only over cloudy periods and over the cloudy
part (Lohmann, 2008). Thus, it is reasonable that the
simulated CDNUMC (2.7×106 cm−2) is significantly
smaller than the retrieved CDNUMC (4.0×106 cm−2).

The most striking difference between global an-
nual mean results from RK and MG cloud micro-
physics scheme is a significant enhancement in short-
wave cloud forcing (SWCF) in GAMIL-MG simula-
tion. This increased SWCF (−51.5 W m−2) lies within
the uncertainty range (−46–−53 W m−2) from obser-
vations, while the SWCF from GAMIL-RK simulation
(−34.2 W m−2) is underestimated. Although IWP
from GAMIL-MG simulation is smaller than GAMIL-
RK simulation, LWP is larger in GAMIL-MG sim-
ulation than GAMIL-RK simulation. Even though
IWP can be important to SWCF, SWCF is primarily
determined by LWP, which may partly explain why
the magnitude of SWCF is larger in the GAMIL-MG
simulation. Another factor in determining SWCF is
droplet effective radius. The cloud droplet effective ra-
dius calculated by the two-moment MG cloud scheme
(<10 µm at middle and low latitudes) is less than the
specified values in the one-moment RK cloud scheme
(range: 10–20 µm). This is the main reason that
SWCF is significantly increased in GAMIL-MG simu-
lation. There is a slight difference in longwave cloud
forcing (LWCF). LWCF from GAMIL-MG simulation
(22.5 W m−2) was enhanced by 0.73 W m−2, which
results in slightly better agreement with the satellite
observations (22–31 W m−2).

The total cloud cover decreases from 63.5% in
GAMIL-RK to 54.7% in the GAMIL-MG run. The
reduction in cloud fraction is mainly related to the
modification of cloud fraction scheme. This modifica-
tion is designed to reduce a bias of nearly 100% cloud
cover in the polar region. As a result, the global mean
cloud cover is decreased.

Although the total precipitation rate (PRECT)
is similar in both simulations, the contribution from
stratiform cloud (PRECL) decreases in GAMIL-MG
simulation. One probable reason is that the smaller
cloud droplets radius in GAMIL-MG simulation leads
to less efficient precipitation production in stratiform
clouds by slowing down the autoconversion of cloud

water to rain.

3.3 Annual zonal mean

Zonal mean LWCF and SWCF in both simulations
qualitatively agree with observations from the Clouds
and the Earth’s Radiant Energy System (CERES) re-
trievals (Figs. 2a and b). LWCF is similar in both sim-
ulations, except for polar region due to the modifica-
tion of cloud fraction scheme. The increased SWCF in
GAMIL-MG simulation shows a much better agree-
ment with observations at mid- and high-latitudes.
The difference in SWCF between GAMIL-MG and
GAMIL-RK simulations is related to the change in
cloud droplet effective radius as discussed previously.

The zonal mean cloud cover from GAMIL-MG sim-
ulation agrees better with observation as the bias of
near 100% cloud cover over polar region is reduced.
However, cloud cover is underestimated in the high
latitudes. One possible reason is that grid scale ad-
vection does not perform well over polar region as a
result of larger meridional grid interval in the high lati-
tudes than in the topics. The precipitation is very sim-
ilar in the two simulations with maxima in the tropics
and in the mid-latitudes. It is interesting to note that
the zonal distributions of precipitation rate in these
two simulations are almost identical, while the strati-
form precipitation rate in GAMIL-MG is substantially
smaller than GAMIL-RK.

3.4 Annual latitude-pressure cross sections

The vertical structures of GAMIL-MG simulated
particle size and in-cloud number concentration for
cloud liquid and cloud ice are shown in Fig. 3. Low
clouds have higher droplet number concentrations at
∼900 hPa than at higher altitudes (Fig. 3a). Further-
more, cloud droplet number concentrations are higher
with high aerosol loading in the NH. In particular,
cloud droplet number concentrations peak at 40◦N,
with a maximum of >140 cm−3. This value is close
to observations over East Asia, as the droplet number
concentrations derived from in situ measurements over
East Asia is 120.9 cm−3 (Yin et al., 2011). Clouds with
high aerosol loading result in a smaller cloud droplet
effective radius. The smallest values are in the NH
mid-latitudes, with values <8 µm. For ice clouds, ice
crystal number concentration peaks in the upper tro-
posphere at ∼200 hPa. Cloud ice effective radius in-
creases toward Earth’s surface, with higher altitude
cirrus clouds having smaller sizes (20 µm radius) and
mixed-phase clouds having larger sizes (60–80 µm ra-
dius) at lower altitudes.

The vertical structure of homogeneous nucleation
occurrence frequency (i.e., count 1 if homogeneous
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Fig. 2. Annual zonal mean of (a) longwave cloud forcing (LWCF, W m−2), (b) short-
wave cloud forcing (SWCF, W m−2), (c) total cloud cover (CLDTOT, %) and (d)
total precipitation (PRECT, mm d−1). Dotted black line refers to CERES data for
cloud forcing, to ISCCP data for cloud cover and to XIE-ARKIN data (Xie and Arkin,
1997) for precipitation. Red line refers to GAMIL-MG simulation, and blue line refers
to GAMIL-RK simulation.

(a) (b)

(c)
(d)

Fig. 3. Annual zonal mean of (a) in-cloud droplet number concentration (AWNC,
cm−3), (b) cloud drop effective radius (AREL, µm), (c) in-cloud ice crystal number
concentration (AWNI, cm−3) and (d) cloud ice effective radius (AREI, µm).

nucleation occurs, otherwise count 0 at each three-
dimensional grid) is shown in Fig. 4a. The frequency
distribution of ice nucleation occurrence events (i.e.,
in-cloud ice number concentration decreases below the
ice number concentration diagnosed from parameter-
ization) is shown in Fig. 4b. Homogeneous freezing
tends to occur at low temperature and high relative
humidity, so that the occurrence frequency of homo-
geneous nucleation peaks in the upper troposphere

(Fig. 4a). The occurrence frequency of ice nucleation
also peaks in the upper troposphere (Fig. 4b). We can
see that most ice nucleation events in the upper tro-
posphere at ∼300 hPa include homogeneous freezing,
while few ice nucleation events in the middle tropo-
sphere above 400 hPa include homogeneous freezing.
Figures 4c and d shows the diagnosed ice crystal num-
ber concentration from homogeneous nucleation and
heterogeneous nucleation. The ice number concen-
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(a)
(b)

(c) (d)

Fig. 4. Occurrence frequency of (a) homogeneous nucleation and (b) ice nucleation
events. Diagnosed ice crystal number concentration formed by (c) homogeneous nu-
cleation (cm−3) and (d) heterogeneous nucleation (cm−3).
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Nc

CDNUMC

Fig. 5. Annual mean 60◦S to 60◦N column cloud droplet number con-
centrations (CDNUMC, 1×106 cm−2) from AVHRR data (upper panel)
and GAMIL-MG simulation (lower panel).

tration formed by homogeneous nucleation is signifi-
cantly larger than heterogeneous nucleation in the up-
per troposphere. Thus, homogeneous nucleation is the
dominant contributor to ice number concentration in
the upper troposphere. Figure 4d shows that the ice
number concentrations formed by heterogeneous nu-
cleation are higher with high aerosol loading in the
NH.

3.5 Column-integrated cloud droplet number
concentration

Figure 5 shows CDNUMC from the GAMIL-MG
simulation and the AVHRR retrievals (Han et al.,
1998). The CDNUMC from GAMIL-MG simulation
are higher in Europe, East Asia, and North America
(lower panel). The higher CDNUMC in these regions
reflects the higheraerosol loading. The CDNUMCfrom
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Fig. 6. In-cloud ice crystal number concentration (cm−3)
versus temperature. Model results are sampled every
three hours over tropical, mid-latitude and Arctic regions
including the observation locations reported in Krämer et
al. (2009). The 50% percentile (solid line), 25% and 75%
percentiles (error bar) are shown for each 1-K tempera-
ture bin. The gray color indicates observations between
25% and 75% percentiles.

GAMIL-MG simulation is significantly lower in the SH
than the NH. The CDNUMC is low over Sahara desert
in the model, although the AVHRR data has anoma-
lously high CDNUMC over deserts, which Han et al.
(1998) attributed to incorrectly retrieving dust parti-
cles as cloud droplets. In addition to desert regions,
CDNUMC retrieved from AVHRR data are also higher
over East Asia and North America. Overall, the CD-
NUMC from model results has a pattern similar to
that of AVHRR retrievals.

3.6 Ice crystal number concentration versus
temperature

Figure 6 shows the cloud ice number concentration
versus temperature from the GAMIL-MG model re-
sults and in situ measurements. Krämer et al. (2009)
presented an extensive dataset of in situ aircraft ob-
servations of ice number concentrations. The most
obvious feature of observations is that ice crystal num-
ber concentration is sharply decreased when the tem-
perature fell below 205 K because homogeneous freez-
ing was shut down artificially. Therefore, the simu-
lated ice number concentration shows good agreement
with observations. This result indicates that, in the
global model, only heterogeneous nucleation scenar-
ios would result in ice number concentration close to
observations. Furthermore, the observed ice number
concentration decreases with increasing temperature
in the temperature range 205–220 K, with a median
value ∼0.5 cm−3 at 205 K and ∼0.05 cm−3 at 220
K. The simulated ice number concentration also de-
creases with increasing temperature in this tempera-
ture range. This feature can be explained by that the

homogeneous freezing rate decrease with increasing
temperature due to the lower frequency of reaching the
ice supersaturation threshold (Fig. 4a). However, the
GAMIL-MG simulation overestimates ice number con-
centration by approximately one order of magnitude
at this temperature range. As shown in section 4.3,
this bias can be removed by considering pre-existing
ice crystals. Finally, the observed ice crystal number
concentration increases with increasing temperature in
the temperature range 220–235 K, the probable reason
for which could be due to the shattering of ice crys-
tals on the instrument inlets at these warmer temper-
atures (Jensen et al., 2010). Except for this temper-
ature range, the simulated ice number concentrations
are in reasonable agreement with observations.

4. Sensitivity test

Here we examine the sensitivity of simulated radia-
tive fluxes and cloud fields to a variety of assumptions
used in this new two-moment stratiform cloud micro-
physics scheme: different formulation for ice crystals
formation in mixed-phase cloud, different droplet nu-
cleation parameterization and ice nucleation parame-
terization. Each simulation is run for two years after
a model spin-up of four months.

4.1 Different heterogeneous ice nucleation
formulations in mixed-phase clouds

In mixed-phase clouds, ice formation is represented
by heterogeneous ice nucleation of cloud droplets. Sev-
eral heterogeneous nucleation formulations have been
added to the GAMIL model to examine the uncer-
tainties with heterogeneous ice nucleation parameter-
izations. In this study, we perform four sensitivity
experiments using different heterogeneous nucleation
formulations: Cooper, PDA, CNT, and Meyers.

Figure 7 shows the ice crystal number concentra-
tions in mixed-phase clouds from sensitivity experi-
ments. Both Cooper and Meyers formulations are a
function of temperature or ice supersaturation, which
are not related to aerosols. The ice number concentra-
tions calculated from the Meyers formulation is sim-
ilar to Cooper formulation in low temperature range
(−40◦C–25◦C). However, ice number concentrations
calculated using the Meyers formulation are ∼10 times
higher than those calculated using Cooper formula-
tion between −20◦C and 0◦C. Thus, the ice number
concentrations in the middle and lower mixed-phase
clouds from Meyers simulation are higher than those
from Cooper simulation. Unlike Cooper and Mey-
ers formulations, CNT, and PDA formulations link IN
number to dust aerosol. As a result, ice number con-
centrations from both CNT and PDA simulations
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Fig. 7. Ice crystal number concentration in mixed-phased cloud (cm−3) calculated
by different heterogeneous freezing formulations: (a) Cooper, (b) Meyers, (c) CNT,
and (d) PDA.

are higher over NH. In addition, ice number concen-
trations calculated from Meyers or CNT formulation
are ∼10 times larger than those from PDA. Thus, the
ice number concentrations from PDA simulation are
smaller than those of CNT and Meyer.

An overview of various global annual mean analy-
ses is provided in Table 3. The global average PRECT
and PRECL are similar in these four simulations.
However, the LWP differences reach 12 g m−2 between
these four simulations. PDA simulation has the largest
LWP (74.7 g m−2), and Meyers simulation has the
smallest LWP (62.1 g m−2). This phenomenon can
be explained by that the precipitation formation via
the ice phase is more efficient than in warm clouds,
mixed-phase clouds with higher ice number concen-
tration have a shorter lifetime than these clouds with
lower ice number concentration (Lohmann and Hoose,
2009). Furthermore, PDA simulation has the strongest
cloud forcing (both SWCF and LWCF), followed by
the slightly weaker cloud forcing from the Cooper sim-

Table 3. As Table 2 for sensitivity experiments in mixed-
phase clouds using different heterogeneous freezing formu-
lation.

Simulations Cooper Meyers PDA CNT

LWP 68.6 62.1 74.7 64.1
IWP 4.96 5.01 4.32 4.79
CDNUMC 2.77 2.63 2.94 2.57
SWCF −52.4 −50.8 −54.5 −51.2
LWCF 23.9 23.1 24.9 23.4
CLDTOT 55.2 55.4 54.9 55.5
PRECL 0.58 0.56 0.58 0.57
PRECT 3.01 3.01 3.00 3.02

ulation and then much weaker cloud forcing from CNT
and Meyers simulations. These results are consistent
with the difference in LWP between these simulations.
The SWCF difference (63.7 W m−2) between these
simulations highlights the importance of quantifying
the heterogeneous IN number concentrations in mixed-
phase clouds. Notably, the increase in ice crystal num-
ber concentrations in mixed-phase clouds can cause a
decrease in SWCF. This result indicates that aerosol
indirect effects on mixed-phase clouds can partly offset
the aerosol indirect effects on warm clouds.

4.2 Sensitivity to cloud droplet activation pa-
rameterizations

The two-moment MG cloud microphysics scheme
in GAMIL includes two physically-based droplet nu-
cleation parameterizations: AG and NS. Thus, the
GAMIL model can be used to compare the aerosol
indirect effects predicted using each parameterization
while keeping other model parameters the same. Fig-
ure 8 illustrates the annual mean CDNUMC calcu-
lated using AG and NS parameterizations. The CD-
NUMC predicted by both AG and NS parameteriza-
tions are higher in the NH downwind of aerosol sources
over Europe, East Asia, and North America. The
CDNUMC calculated by the AG parameterization is
slightly larger than that from NS in the regions men-
tioned here. This difference occurs because that the
AG parameterization activates more aerosol particles
than NS under high aerosol conditions (Ghan et al.,
2011). However, the AG parameterization activates
less aerosol particles than NS parameterization under
low aerosol conditions (Ghan et al., 2011). Therefore,
the CDNUMC calculated by the AG parameterization
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Fig. 8. Column cloud droplet number concentration (106 cm−2) using AG parameterization
(left) and NS parameterization (right).

is less than that using NS parameterization in the SH
oceanic regions. In summary, the CDNUMC calcu-
lated using NS parameterization has the same pat-
tern as AG parameterization. Furthermore, the global
mean SWCF estimated from these two parameteriza-
tions are similar: −51.85 W m−2 with AG and −51.82
W m−2 with NS.

The anthropogenic aerosol indirect effect on warm
clouds in GAMIL model has also been investigated.
The annual global mean changes in SECF from prein-
dustrial times to present day estimated from these two
parameterizations are remarkably similar (Shi et al.,
2010).

4.3 Sensitivity of ice crystal number concen-
trations in cirrus clouds to ice nucleation
parameterizations

The newly developed GAMIL model includes two
physically-based ice nucleation parameterizations: LP
and BN. We first compare the ice crystal number con-
centration calculated using the LP parameterization
(simulation LP) with that calculated using the BN pa-
rameterization with the CNT formulation (simulation

Fig. 9. The same as Fig. 6 but for sensitivity tests: using
LP parameterization (LP: black), using BN parameteri-
zation (BN: red) and considering pre-existing ice crystals
(Existing: blue).

BN) in the default model configuration. To estimate
the effects of glassy aerosols, these two simulations do
not take sulfate aerosols as glassy solids at low tem-
perature (<205 K). Furthermore, ice nucleation pa-
rameterization (either LP or BN) are applied to both
new and old clouds in the default configuration. How-
ever, in old clouds, if the pre-existing ice crystal num-
ber concentration is high enough, it would deplete the
water vapor and hinder homogeneous freezing. In or-
der to take into account the effects of pre-existing ice
crystals on ice nucleation, in the sensitivity test of the
Existing run, which is based on BN simulation, homo-
geneous freezing is not allowed to occur if the grid-box
ice number concentration is >10−2 cm−3 (Spichtinger
and Gierens, 2009).

Ice crystal number concentration versus tempera-
ture from all sensitivity tests is shown in Fig. 9. Ice
crystal number concentration in LP simulation is sig-
nificantly less than that in BN simulation in the tem-
perature range 200–230 K. The reason for this differ-
ence is that the occurrence frequency of homogeneous
freezing in LP simulation is less than BN simulation,
which can be partly explained by the large difference
in computing IN number concentration (Fig. 10). At
low temperatures (<205 K), ice crystal number con-
centrations in both LP and BN simulations are over-
estimated by approximately one order of magnitude.
Compared with the reference simulation (GAMIL-MG
simulation, Fig. 6), ice crystal number concentration
would have compared well with in situ observations if
homogeneous freezing is prevented from glassy solids.
Compared with the BN simulation, ice crystal num-
ber concentration from the Existing simulation is in
better agreement with observations in the tempera-
ture range 205–220 K. This suggests that impact of
pre-existing ice crystals on homogeneous freezing in
old clouds should be considered in global models. Be-
cause the lower ice crystal number concentration re-
sults in the larger ice crystal size and higher sedimen-
tation rate, and thus a smaller IWP, IWP from Exist-
ing simulation is 30% smaller than that from BN
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Fig. 10. Occurrence frequency of homogeneous nucleation using (a) BN parameter-
ization and (b) LP parameterization. Diagnosed ice crystal number concentration
formed by heterogeneous nucleation using (c) BN parameterization and (d) LP pa-
rameterization.

simulation. As a result of the lower IWP and the
larger ice crystal size, cloud forcings (both LWCD
and SWCF) from Existing simulation are weaker than
those from the BN simulation.

5. Conclusions and discussions

To enhance the model’s capability for studying
aerosol indirect effects, a two-moment bulk strati-
form cloud microphysics scheme and some recent de-
veloped droplet nucleation parameterizations and ice
nucleation parameterizations have been implemented
in GAMIL. Various aspects of the new GAMIL-MG
model are evaluated with satellite and in situ ob-
servations. The global mean LWP in the GAMIL-
MG model is increased to 67.1 g m−2, within the
range of uncertainty from SSM/I data (63–81 g m−2).
The global mean LWCF is 22.5 W m−2, which is at
the lower end of the range of estimates from vari-
ous satellite observations (22–31 W m−2). The global
mean SWCF, which is underestimated in the standard
GAMIL, is increased by 30%. The increased SWCF
(−51.5 W m−2) is in better agreement with observa-
tions (−46–−53 W m−2). The number concentration
of liquid droplets and ice crystals, which is not linked
to aerosols in the standard GAMIL, is then calculated
from physically-based droplet nucleation parameteri-
zation and ice nucleation parameterization. The CD-
NUMC from the GAMIL-MG are higher in the NH
downwind of aerosol sources over Europe, East Asia,
and North America. The simulated CDNUMC has a
pattern similar to that of the AVHRR retrievals. Ad-
ditionally, simulated ice crystal number concentration

qualitatively agrees with in situ observations in the
temperature range 190–220 K. Furthermore, the new
GAMIL-MG represents a reasonable vertical structure
of particle size and in-cloud number concentration.

There are several heterogeneous ice nucleation for-
mulations in mixed-phase clouds. Sensitivity tests
show that the global average PRECT and PRECT do
not appear to be sensitive to different heterogeneous
nucleation formulations. However, LWP is sensitive to
different heterogeneous nucleation formulations. The
simulation (Meyers) with high ice crystal number con-
centrations in mixed-phase clouds gives less LWP and
weaker cloud forcing (both SWCF and LWCF). This
suggests that aerosol indirect effects on mixed-phase
clouds can partly offset the aerosol indirect effects on
warm clouds.

The newly developed GAMIL-MG model includes
two physically-based droplets nucleation parameteri-
zations: AG and NS. Sensitivity tests show that the
CDNUMC calculated using the NS parameterization
has the same pattern as the AG parameterization. The
global mean SWCF estimated from these two param-
eterizations are also similar: −51.85 W m−2 with AG
and −51.82 W m−2 with NS. Therefore, we conclude
that physically-based droplet nucleation parameteri-
zations can provide a robust representation of aerosol
activation process in climate models.

The new GAMIL-MG includes two physically-
based ice nucleation parameterizations: LP and BN.
Unlike droplet nucleation, there is a large difference in
ice crystal number concentrations between LP and BN
simulations, due to the large difference in diagnosed
heterogeneous IN number concentrations. Compared
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with the control simulation (GAMIL-MG), ice crys-
tal number concentrations compare well with in situ
observations when homogeneous freezing is prevented
from glassy solids blow 205 K. Sensitivity tests also
suggest that the impact of pre-existing ice crystals on
homogeneous freezing in old clouds should be taken
into account.

An important disadvantage of the present model
setup is that the growth of ice particles in cirrus clouds
is diagnosed by the fractional cloud closure scheme
rather than water vapor deposition scheme. We plan
to remove this disadvantage by adding a statistical cir-
rus cloud scheme in the future, following the approach
of Wang and Penner (2010).
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