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[1] A multimode, two-moment aerosol model has been incorporated in the NCAR CAM3
to develop an interactive aerosol–climate model and to study the impact of anthropogenic
aerosols on the global climate system. Currently, seven aerosol modes, namely three for
external sulfate and one each for external black carbon (BC), external organic carbon
(OC), sulfate/BC mixture (MBS; with BC core coated by sulfate shell), and sulfate/OC
mixture (MOS; a uniform mixture of OC and sulfate) are included in the model. Both mass
and number concentrations of each aerosol mode, as well as the mass of carbonaceous
species in the mixed modes, are predicted by the model so that the chemical, physical, and
radiative processes of various aerosols can be formulated depending on aerosol’s size,
chemical composition, and mixing state. Comparisons of modeled surface and vertical
aerosol concentrations, as well as the optical depth of aerosols with available observations
and previous model estimates, are in general agreement. However, some discrepancies
do exist, likely caused by the coarse model resolution or the constant rates of
anthropogenic emissions used to test the model. Comparing to the widely used mass-only
method with prescribed geometric size of particles (one-moment scheme), the use of
prognostic size distributions of aerosols based on a two-moment scheme in our model
leads to a significant reduction in optical depth and thus the radiative forcing at the top of
the atmosphere (TOA) of particularly external sulfate aerosols. The inclusion of two types
of mixed aerosols alters the mass partitioning of carbonaceous and sulfate aerosol
constituents: about 35.5%, 48.5%, and 32.2% of BC, OC, and sulfate mass, respectively,
are found in the mixed aerosols. This also brings in competing effects in aerosol radiative
forcing including a reduction in atmospheric abundance of BC and OC due to the
shorter lifetime of internal mixtures (cooling), a mass loss of external sulfate to mixtures
(warming), and an enhancement in atmospheric heating per BC mass due to the stronger
absorption extinction of the MBS than external BC (warming). The combined result of
including a prognostic size distribution and the mixed aerosols in the model is a much
smaller total negative TOA forcing (�0.12 W m�2) of all carbonaceous and sulfate aerosol
compounds compared to the cases using one-moment scheme either excluding or
including internal mixtures (�0.42 and �0.71 W m�2, respectively). In addition, the
global mean all-sky TOA direct forcing of aerosols is significantly more positive than the
clear-sky value due to the existence of low clouds beneath the absorbing (external BC
and MBS) aerosol layer, particularly over a dark surface. An emission reduction of about
44% for BC and 38% of primary OC is found to effectively change the TOA radiative
forcing of the entire aerosol family by �0.14 W m�2 for clear-sky and �0.29 W m�2 for
all-sky.
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1. Introduction

[2] Anthropogenic aerosol, primarily emitted or second-
arily formed as the result of human activities, is a critical
factor in both current and future climate [Schwartz, 1996,
2004; Ramaswamy et al., 2001; Forster et al., 2007].
However, despite substantial advances in understanding
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aerosol physical and chemical processes, the uncertainty in
estimating the global atmospheric abundance and radiative
forcing of these aerosols remains high due to various
difficulties in simulating their properties including for
instance absorption and emissions in climate models [e.g.,
Forster et al., 2007]. This is demonstrated by the significant
discrepancy among previous modeling studies, and between
modeled results and estimations made based on satellite
data as well as ground-based measurements [Yu et al., 2006;
Forster et al., 2007]. The mean global radiative forcing of
anthropogenic aerosols at the top of the atmosphere (TOA)
derived from various modeling studies as reported in the
Fourth Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC AR4 [Forster et al., 2007]) is
�0.68 ± 0.24 for clear-sky and �0.22 ± 0.16 W m�2 for all
sky. A recent model study showed an even weaker net
forcing of �0.11 W m�2 [Koch et al., 2007]. On the other
hand, recent studies using satellite data estimate the annual
mean direct clear-sky and all-sky radiative forcing by
anthropogenic aerosols at the TOA to be �1.9 ± 0.3 and
�0.8 ± 0.1 W m�2 as a global average [Bellouin et al.,
2005], or �1.4 ± 0.4 and �0.5 ± 0.33 W m�2 over the
oceans [Kaufman et al., 2005; Yu et al., 2006], about a
doubling of the modeled results.
[3] The uncertainties in estimating important aerosol

properties can arise due to our insufficient understanding
in physical and chemical properties of anthropogenic aero-
sols or due to simplified treatments of these processes in
numerical models and data analyses. The aerosol size
distribution and aerosol mixing state are two key parameters
in calculating the aerosol lifecycle and its radiative effect;
however, they have yet to be explicitly predicted in the
majority of previous models. Traditionally, only the aerosol
mass mixing ratio is predicted in global models so that
number concentration and other parameters would have to
be prescribed [e.g., Kiehl and Briegleb, 1993; Myhre et al.,
1998; Koch et al., 1999; Penner et al., 2001; Takemura et
al., 2005]. This so-called single moment scheme can be
categorized as the simplest modal model that requires much
lower computational need than a higher order modal model
(i.e., the multi-moment scheme). The size-dependent nature
of aerosol processes and properties is difficult to represent
in a single-moment model and this could substantially affect
the modeled results [e.g. Ekman et al., 2004, 2006]. As an
improvement to the single moment model, new methods
that better represent the size-dependent nature of aerosols
have been gradually adopted in the global models [Ghan
and Schwartz, 2007]. Among them are sectional models that
explicitly predict aerosol properties of given size bins and
modal models that include several aerosol ‘‘modes’’ defined
by their chemical compositions. Specifically for modal
models, the general mathematical formulation of the size
distribution for each aerosol mode is prescribed such that
when the mass and number concentration (and in certain
cases surface area or sixth moment) of a given mode are
predicted, the distribution is fully defined [e.g., Binkowski
and Shankar, 1995; Harrington and Kreidenweis, 1998;
Wilson et al., 2001; Liu et al., 2005; Stier et al., 2005]. It is
consistent with field measurement results that aerosols
generally have multiple modes in their size distribution,
which can be approximated using a lognormal size distri-
bution [e.g., Cantrell and Whitby, 1978; John et al., 1990;

Berner et al., 1996; Bond et al., 2004; Clarke et al., 2004;
Dusek et al., 2004].
[4] Aerosols in the atmosphere often consist of several

chemical compounds and are thus considered to be in a
‘‘mixed’’ state [e.g., Ramanathan et al., 2001a]. The mixing
state of aerosols has been evaluated by several field studies
and it varies strongly with location and season [e.g.,
Ramanathan et al., 2001b; Hasegawa and Ohta, 2002;
Pósfai et al., 2003; Zhang et al., 2003; Mallet et al.,
2004]. Interestingly, as a special case of such mixing, a
number of studies suggest that even though pure black
carbon aerosols are hydrophobic they can be processed to
become hydrophilic or even hygroscopic if they are coated
with other chemical compounds such as sulfate or water
[Chylek and Hallett, 1992; Lammel and Novakov, 1995;
Kaufman and Fraser, 1997; Lohmann and Leck, 2005;
Ramanathan et al., 2005; Andreae and Gelencsér, 2006;
Mikhailov et al., 2006]. The radiative forcing of mixed
aerosols can be significantly different than that of externally
mixed ones depending on the internal structure of the
mixing [e.g., Toon and Ackerman, 1981; Ackerman and
Toon, 1981; Fuller et al., 1999; Jacobson, 2000; Andreae
and Gelencsér, 2006; Bond et al., 2006]. In addition, the
scavenging and thus residence time of mixed aerosols
should be different than that of externally mixed aerosols.
In recent years, several studies have included mixed aero-
sols in models [Wilson et al., 2001; Jacobson, 2001b; Stier
et al., 2005; Liu et al., 2005]. However, despite the
importance of internal mixing in aerosol’s life cycle and
radiative effect, most global models still approximate aero-
sols as external mixtures [e.g., Forster et al., 2007].
[5] We present in this paper the result of an effort to

couple a multimode two-moment aerosol model of sulfate
and carbonaceous species with the NCAR Community
Atmospheric Model version 3 (hereafter, CAM3 [Collins
et al., 2006]) to investigate in particular the influences of the
mixing structure as well as size distribution (2-moment vs.
1-moment or the mass-only scheme) on the distribution and
the radiative impact of carbonaceous and sulfate aerosols.
Note that dust and sea salt aerosols, at present are excluded
from our study. These aerosols can affect directly or
indirectly the anthropogenic climate effects of aerosols.
For example, there is considerable impact of human activ-
ities on dust emissions [e.g., Mahowald and Luo, 2003] and
the radiative forcing of sulfate aerosols may possibly be
reduced by dust or sea salt through competing for sulfuric
acid condensation [e.g., Randles et al., 2004; Bauer and
Koch, 2005]. These issues exceed the scope of this study but
need to be addressed in future research. The aerosol model
and its implementation to the CAM3 are described in
section 2. Evaluation of the model versus various measure-
ment data is presented in section 3, the radiative impact of
aerosols is discussed in section 4. Summary and conclusions
are found in section 5.

2. Model Description

2.1. Aerosol Microphysics and Chemistry Model

[6] The aerosol model was originally developed by
Wilson et al. [2001] for simulating the global aerosol
distribution. The Wilson et al. model has later been extend-
ed to include 7 aerosol modes defined by particle size
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(nucleation, Aitken, accumulation, and coarse) and hygro-
scopicity (4 soluble and 3 insoluble modes) and incorpo-
rated in the ECHAM5-HAM General Circulation Model
[Vignati et al., 2004; Stier et al., 2005] and has shown to
give reasonable results regarding the simulation of aerosol
microphysics on a global scale. The Wilson et al. aerosol
microphysics model has also been revised for cloud-
resolving model applications to study aerosol-convective
cloud interaction [Ekman et al., 2004, 2006]. Using this
aerosol model, the simulated aerosol distribution within a
deep convective cloud shows good agreement with obser-
vations [A. Engström et al., personal communication,
2008].
[7] In the present study, we have further revised the

model based on the version of Ekman et al. [2004] to
incorporate it in the CAM3. The current version of the
aerosol model predicts mass and number concentrations of
seven aerosol modes (Figure 1 and Table 1), namely three
external sulfate modes including nucleation (NUC), Aitken
(AIT) and accumulation (ACC) modes; one organic carbon
mode (OC); one black carbon mode (BC); one BC/sulfate
mixed mode (MBS; a BC core with sulfate shell mixture, cf.
section 2.1.1); and one OC/sulfate mixed mode (MOS; an
internal mixture). As in Ekman et al. [2004], the basic
coagulation and sulfuric acid condensation schemes of
Wilson et al. [2001] are adopted in the model. Note that
as in previous modeling works, BC in our model is an
operational term and referred to soot aerosols containing
strong sunlight-absorbing matter [e.g., Jacobson, 2001b;
Bond et al., 2004]. Certain types of aerosols with natural
origin such as sea-salt and mineral dust are not included in
the current experiments. More detailed descriptions of the
aerosol microphysical and chemical processes that are not
presented in this paper can be found in Wilson et al. [2001],
Ekman et al. [2004], and Wang [2004].
[8] The external aerosol modes (types) in our model

represent the results of commonly proposed gas-particle
productions and primary emissions of aerosols. The two
mixed aerosol modes are designed to reflect the potentially
significant impact to aerosol radiative effects by coated BC
(through altering the particle’s optical properties, e.g.,
Ackerman and Toon [1981], Bond et al. [2006]) and mixed
OC with sulfate (through reducing mass of external sulfate
similar to Bauer and Koch [2005]), both have been ob-

served in single particle measurements [e.g., Martins et al.,
1998; Pósfai et al., 2003; Naoe and Okada, 2001; Okada et
al., 2001; Russell et al., 2002; Okada et al., 2005; Chylek et
al., 1995]. Another consideration of including such mix-
tures is that both are dominated by condensation rather than
the coagulation process and the former is believed to be a
much faster process than the latter in mixed aerosol growth
[e.g., Riemer et al., 2004]. Mixtures other than the two
included in our model likely exist in the real atmosphere,
but these other mixtures could be approximated by external
mixtures in radiation calculation via mixing rules if they
mainly grow through coagulation between various aerosols
and thus would not qualitatively affect our results. Note that
aerosol mass partitioning results from field observations do
not necessarily represent the single particle mixing state
unless they were obtained by using the single particle
measurement. In fact, observations have revealed that the
internal mixture is not always dominant [e.g., Pósfai et al.,
2003; Hara et al., 2003; Schwarz et al., 2008] so that
putting all the modeled aerosol chemical compositions into
the same mixed aerosol mode might not reflect the real
mixing state of aerosols in the atmosphere. Our design of
the modeled aerosol structure is to include both external and
internal mixtures based on commonly proposed and ob-
served mechanisms. Our focus in this study is to explore the
influence of aerosol mixing state and size distribution on
radiative forcing.
[9] There are a few multi modal models that consider

particle size and mixing [Wilson et al., 2001; Stier et al.,
2005; Liu et al., 2005]. However a number of differences
exist between our aerosol model and these models besides
their couplings to different GCMs. A key difference regard-

Figure 1. Schematic diagram of the physical and chemical processes included in the aerosol model.
Names of aerosol mode and their chemical composition are listed in each aerosol mode. Note that wet
deposition is composed of both impaction and nucleation scavenging for all modes but ‘‘NUC(SO4)’’ and
‘‘BC’’ which includes only impaction scavenging. See the text for the detailed description.

Table 1. Parameters for Aerosol Modela

Aerosol
Mode

Geometric Diameter
Size Interval, mm

Geometric
Standard Deviation, s

Density,
g cm�3

BC – 2.0 1.0
OC – 2.0 2.0
NUC 0–0.00584 1.59 1.8
AIT 0.00584–0.031 1.59 1.8
ACC >0.031 1.59 1.8
MBS – 2.0 –
MOS – 2.0 –
aDensity of MBS and MOS are volume ratio dependent.
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ing aerosol microphysics and chemistry is that the previous
aerosol models mix all modeled chemical compounds
including the hydrophobic black carbon and dust in one
internal mixture while our model preserves both external
and internal mixtures. Specifically, our model adopts dif-
ferent mixing structures for different mixtures, i.e., the core-
shell model for the BC-sulfate mixture and the internal
mixing model for the OC-sulfate mixture, both supported by
single particle measurements as indicated above. Further-
more, the representation of the aerosol microphysics pre-
sented here is based on the detailed cloud resolving
modeling [Ekman et al., 2004, 2006, 2007] which has been
evaluated for specific case studies. The aerosol size distri-
bution for each aerosol mode is obtained using predicted
aerosol mass and number concentration and a predefined
standard deviation of the lognormal distribution (s, see
Table 1). In addition, we have further modified the version
of Ekman et al. [2004] to allow the model to predict the
black carbon mass in the BC-sulfate mixture MBS (BIM)
and the organic carbon mass in the MOS mode (OIM).
These additional variables are used to determine the mixing
states of these mixed modes and to calculate the ratio of
carbonaceous species to the total mass as well as the
radiative effects of these aerosols. A two-moment scheme
is thus adopted utilizing the predicted mass and number
concentration of aerosols in each mode at every time step
for calculating the size distribution and size-dependent
physical and chemical processes.
2.1.1. External Sulfate Aerosols
[10] In the model, the smallest sulfate aerosols (NUC) are

produced by H2SO4–H2O binary nucleation [Vehkamäki et
al., 2002]. The primary source of gaseous H2SO4 is gas
phase oxidation of SO2, calculated using predicted SO2 and
DMS gaseous concentrations and a prescribed hydroxyl
radical distribution adopted from Barth et al. [2000]. In
addition, evaporation of cloud and precipitation drops also
produce sulfate aerosols in the model accumulation sulfate
mode by releasing aqueous sulfate to the air (see section 2.2).
The aqueous production of sulfate is calculated using the
CAM3 aqueous sulfate model with predicted H2O2 and
prescribed O3 concentrations [Barth et al., 2000]. Intramode
coagulations within NUC, AIT, and ACC along with
intermode coagulation are included in the model to describe
the evolution of each mode, providing one of the major
pathways for these aerosols to grow. In addition to the
coagulation process, condensation of gaseous sulfuric acid
on all three sulfate modes is also included. At every time
step of the aerosol model, the distribution of each sulfate
mode is checked for consistency with its predefined upper
bound of size and a 5% of the largest particles along with
corresponding mass are moved to the adjacent mode if a
violation is found [Ekman et al., 2004].
2.1.2. External Carbonaceous Aerosols
[11] BC is assumed to be emitted from the surface (see

section 2.3). For simplicity, no segregation of biomass
burning and fossil fuel BC emissions is applied. For the
organic aerosols, we include primary organic aerosols
(POA) directly emitted from the surface and secondary
organic aerosols (SOA) converted from biogenic VOCs
(isoprene and monoterpene) using the yield coefficient
suggested by Griffin et al. [1999]. In the current model,
intramode coagulation is included for both external BC and

external OC. However, intermode coagulation with sulfate
is included for external OC but not for external BC under an
assumption that the dominant mechanism converting the
hydrophobic external BC to hygroscopic MBS is conden-
sation of sulfuric acid on the surface of external BC.
2.1.3. Mixed Aerosols
[12] Two mixed modes are included in the current model,

i.e., a BC-sulfate mixture (MBS) and OC-sulfate mixture
(MOS). The former mode has a structure of BC as a core and
sulfate as a shell. The latter mode has a uniformly mixed
structure. The initial source of the two mixed aerosol modes
is correspondingly external BC and OC. Pure BC aerosols do
not absorb water (hydrophobic) but can be coated by hydro-
philic substances in the atmosphere. This condensation is
considered as an ‘‘aging’’ process in the model where the
aged black carbon aerosols are introduced to the MBS as
seeds. The same aging process is applied to external OC and
MOS. The key transition of these particles from external to
internal mixtures with sulfate in our model is the change of
their hygroscopicity described by the k value [Petters and
Kreidenweis, 2007] used in the nucleation scavenging cal-
culations (see section 2.3). External BC is assumed to be
hydrophobic and external OC has a very low k value. When
converted to MBS or MOS, the corresponding k value
becomes either the same as (MBS) or very close to (weighted
by OC and sulfate ratio in MOS) that of sulfate.
[13] In the initial aging of carbonaceous aerosols we

assume that the condensation of sulfuric acid plays a
dominant role [e.g., Riemer et al., 2004]. The aging process
of carbonaceous aerosols in the real atmosphere is not well
known [e.g., Cooke and Wilson, 1996]. Estimated aging
times (where some are based on observations) range from
0.7 to 4 days [Wilson et al., 2001; Chin et al., 2002; Cooke
et al., 2002; Riemer et al., 2004; Kanakidou et al., 2005]. In
this study, we adopt a constant BC and OC aging time of
40 and 20 hours, respectively, based on previous studies
[Wilson et al., 2001; Kanakidou et al., 2005]. These
numbers agree well with the values derived for polluted
environment by Riemer et al. [2004]. In reality, the aging of
aerosols needs sufficient supply of sulfuric acid gas to
process. Therefore in addition to the aging timescale, we
also adopt an assumed shell to core radius ratio of 1.25
(which translates to a sulfate to BC mass ratio of 1.63) of
aged BC in the model. Recent aircraft measurements
suggest a mean core-shell mass ratio of 1.5 in the layer
between surface and 15 km, and likely less than 1.5 in the
lower troposphere (<5 km) [Schwarz et al., 2008]. For
simplicity, the same sulfuric acid mass consumed by BC
aging is provided for the OC aging calculation whenever
external OC exists. The total requested sulfate mass for
external BC and OC aging calculated based on the aging
times is then to compare with the available gaseous sulfuric
acid quantity. When the total requested sulfate mass exceeds
the available amount of sulfuric acid gas, the actual con-
sumed sulfate mass along with the actual number of aged
particles will be accordingly reduced. Therefore our aging
scheme is confined by both aging time and availability of
gaseous sulfuric acid and this is different than other
schemes that only use aging time [e.g., Wilson et al.,
2001]. Sensitivity tests with different aging times of
20 hours and 80 hours result in differences in atmospheric
burdens of BC and MBS less than 5% and 9%, respectively,
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