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Abstract. A modal aerosol module (MAM) has been de-
veloped for the Community Atmosphere Model version 5
(CAM5), the atmospheric component of the Community
Earth System Model version 1 (CESM1). MAM is capable
of simulating the aerosol size distribution and both internal
and external mixing between aerosol components, treating
numerous complicated aerosol processes and aerosol phys-
ical, chemical and optical properties in a physically-based
manner. Two MAM versions were developed: a more com-
plete version with seven lognormal modes (MAM7), and a
version with three lognormal modes (MAM3) for the purpose
of long-term (decades to centuries) simulations. In this paper
a description and evaluation of the aerosol module and its
two representations are provided. Sensitivity of the aerosol
lifecycle to simplifications in the representation of aerosol is
discussed.

Simulated sulfate and secondary organic aerosol (SOA)
mass concentrations are remarkably similar between MAM3
and MAM7. Differences in primary organic matter (POM)
and black carbon (BC) concentrations between MAM3 and
MAM7 are also small (mostly within 10 %). The mineral dust

global burden differs by 10 % and sea salt burden by 30–40 %
between MAM3 and MAM7, mainly due to the different size
ranges for dust and sea salt modes and different standard de-
viations of the log-normal size distribution for sea salt modes
between MAM3 and MAM7. The model is able to qualita-
tively capture the observed geographical and temporal vari-
ations of aerosol mass and number concentrations, size dis-
tributions, and aerosol optical properties. However, there are
noticeable biases; e.g., simulated BC concentrations are sig-
nificantly lower than measurements in the Arctic. There is
a low bias in modeled aerosol optical depth on the global
scale, especially in the developing countries. These biases
in aerosol simulations clearly indicate the need for improve-
ments of aerosol processes (e.g., emission fluxes of anthro-
pogenic aerosols and precursor gases in developing coun-
tries, boundary layer nucleation) and properties (e.g., pri-
mary aerosol emission size, POM hygroscopicity). In addi-
tion, the critical role of cloud properties (e.g., liquid water
content, cloud fraction) responsible for the wet scavenging
of aerosol is highlighted.
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1 Introduction

Atmospheric aerosol is recognized as one of the most im-
portant forcing agents in the climate system (Forster et al.,
2007). Aerosol influences the Earth’s radiative balance by
directly scattering and absorbing solar and terrestrial radia-
tion (direct effect). Aerosol affects the climate system indi-
rectly by acting as cloud condensation nuclei (CCN) and ice
nuclei (IN) and changing cloud microphysical and radiative
properties (indirect effect). Aerosol can change cloud cover
by heating the atmosphere in which clouds reside (semi-
direct effect), and reduce the snow and land and sea ice albe-
dos by deposition and melting of snow and ice (cryosphere
radiative effect) (Flanner et al., 2007). After decades of in-
tensive studies, aerosol forcings are still one of the largest
uncertainties in projecting future climate change (Forster et
al., 2007; Stevens and Feingold, 2009).

Recognizing the importance of aerosol in the climate sys-
tem, almost all global climate models (GCMs) have imple-
mented treatments of aerosol and its influence on climate.
Unlike most greenhouse gases, which due to their long life-
times (∼5–102 yr) have a relatively uniform spatial distribu-
tion, aerosol particles have short lifetimes (∼days) and hence
large spatial variations. In addition, aerosol particles span a
spectrum of size ranges (10−3 to 101 µm), multiple chem-
ical species (e.g., sulfate, black carbon (BC), organic mat-
ter (OM), mineral dust and sea salt), and change through
complicated physical and chemical aging in the atmosphere.
This diversity and complexity imposes a great challenge to
representing aerosol processes and properties in GCMs.

There are several methods of aerosol treatments in GCMs.
The bulk method only predicts mass mixing ratio of vari-
ous aerosol species and prescribes fixed aerosol size distri-
butions in order to convert aerosol mass to number mixing
ratio. External mixing is often assumed between different
aerosol species (each particle is composed of only one chem-
ical species), and a time scale of 1–2 days is prescribed for
the aging of carbonaceous aerosols from hydrophobic to hy-
drophilic state. The bulk method neglects the temporal and
spatial variations of the aerosol size distribution. It also ne-
glects the fact that different aerosol species are usually inter-
nally mixed (Clarke et al., 2004; Moffet and Prather, 2009),
which for BC and sulfate can enhance absorption of sunlight
by up to a factor of two (Jacobson, 2003). Neglecting this
internal mixture can significantly affect estimates of aerosol
direct forcing (Jacobson, 2001).

The most sophisticated and accurate method for aerosol
treatment in GCMs is the sectional method (Jacobson, 2001;
Adams and Seinfeld, 2002; Spracklen et al., 2005) when
using a sufficient number of size bins. However, it is still
prohibitive for GCMs to use this method for long simula-
tions (decades to centuries) due to limited computational re-
sources. An intermediate treatment is the modal method (e.g.,
Whitby and McMurry, 1997; Wilson et al., 2001; Herzog et
al., 2004; Vignati et al., 2004; Easter et al., 2004), in which

aerosol size distributions are represented by multiple log-
normal functions. By predicting mass mixing ratios of dif-
ferent aerosol species and number mixing ratio within each
mode and prescribing standard deviations of log-normal size
distributions based on observations, aerosol size distributions
can be derived. The modal method generally assumes that
different aerosol species are internally mixed within modes
and externally mixed among modes, and thus represents
aerosol mixing states more realistically than the bulk method.
The modal method has been implemented in many climate
models, e.g., ECHAM5 (Stier et al., 2005), Community At-
mosphere Model version 2 (CAM2) (Ghan and Easter, 2006)
and version 3 (CAM3) (Wang et al., 2009). The quadrature
method of moments (QMOM) (McGraw, 1997; Wright et al.,
2001; Yoon and McGraw, 2004) has some similarities to the
modal method, but is more powerful in that it does not re-
quire assumptions about the shape of the aerosol size distri-
bution (e.g., log-normal). Another important consideration is
the number of mixing state categories (or “types”) that are
used to represent the aerosol mixing state. In most of the
models that do treat mixing state, just a few mixing state cat-
egories are used in each size range (e.g., fresh/hydrophobic
and aged/mixed/hygroscopic in the sub-micron range, and
dust and sea salt in the super-micron) (Aquila et al., 2011;
Seland et al., 2008; Wang et al., 2009), but a few studies
have used many more categories (Jacobson, 2001; Bauer et
al., 2008).

Numerous processes in the atmosphere affect aerosol
physical, chemical and optical properties (e.g., number/mass
concentration, size, density, shape, refractive index, chemi-
cal composition): aerosol nucleation, coagulation, condensa-
tional growth, gas- and aqueous-phase chemistry, emission,
dry deposition and gravitational settling, water uptake, in-
cloud and below-cloud scavenging, and release from evapo-
rated cloud and rain droplets. Uncertainties in the treatment
of these processes in GCMs will influence our confidence in
estimates of aerosol radiative forcing and climate impacts.
For example, wet removal of aerosol was identified as one
of the major processes responsible for the large differences
(by more than a factor of 10) in aerosol concentrations in
the free troposphere and in the polar regions among mod-
els participating in the Aerosol Model Intercomparison Ini-
tiative (AeroCom) project (Textor et al., 2006; Koch et al.,
2009). There are still large uncertainties in secondary or-
ganic aerosol (SOA) formation and aging and its physical
and chemical properties (Kanakidou et al., 2005; Farina et
al., 2010; Jimenez et al., 2009). Large uncertainties exist for
aerosol emissions, including emission sizes, injection heights
of biomass burning aerosol, and flux rates of sea salt and
mineral dust. The uncertainty in aerosol mixing states will
impact its hygroscopicity, water uptake, droplet activation,
and optical properties important for aerosol direct and indi-
rect radiative forcing.

The modal method is a favorable approach for conserv-
ing computational resources and for representing aerosol size
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distributions and mixing states with sufficient accuracy to es-
timate aerosol radiative forcing. However, even for models
adopting this method, there can be large differences among
models in selecting the number of modes and the number of
aerosol species in each mode. The treatment of aerosol ag-
ing, water uptake, SOA formation and optics of aerosol inter-
nal/external mixtures can be different. However, for GCMs
with many detailed and time-consuming components (atmo-
sphere, land, ocean, sea ice, biosphere with carbon/nitrogen
cycles) for long simulations (decades to centuries), a mini-
mal representation of aerosol that can capture the essentials
of aerosol forcing on climate is highly desirable.

In this study we have implemented a plausible set of
aerosol lifecycle processes in the Community Atmospheric
Model version 5 (CAM5). Two versions of the aerosol mod-
ule are developed, including one relatively complete and
one simplified representation of the aerosol. The goal of
this paper is to provide a description and evaluation of the
aerosol module with its two representations. Sensitivity of
the aerosol lifecycle to simplifications in the representation
of aerosol is discussed. The impact of simplifications on
aerosol forcing and the decomposition of the total anthro-
pogenic aerosol forcing by mechanism and species is pre-
sented in a companion paper (Ghan et al., 2012). Section 2
introduces the model used, including both representations
of the aerosol. Section 3 compares global distributions and
budgets of aerosol simulated with both representations. Sec-
tion 4 evaluates simulations with both representations of the
aerosol. Section 5 considers some sensitivity experiments to
improve understanding of the differences found for the two
representations. Conclusions and future work are summa-
rized in Sect. 6.

2 Model description

The model used in this study is version 5.1 of the Community
Atmosphere Model (CAM5.1), which is a major update of
CAM3.5 described by Gent et al. (2009). With the exception
of deep cumulus convection, almost all processes in CAM5.1
differ markedly from CAM3.5. In this section, we introduce
the treatment of aerosols in CAM5. The details of aerosol and
other physical processes (clouds, radiation, and turbulence)
are given in Sects. S1.1–1.5 of the Supplement of this paper.

We have implemented two different modal representations
of the aerosol. A 7-mode version of the modal aerosol model
(MAM7) serves as a benchmark for further simplification.
It includes Aitken, accumulation, primary carbon, fine dust
and sea salt, and coarse dust and sea salt modes (Fig. 1).
Within a single mode (for example, the accumulation mode)
we predict the mass mixing ratios of internally-mixed sul-
fate (SO4), ammonium (NH4), SOA, primary organic matter
(POM) and BC aged from the primary carbon mode, sea salt,
and the number mixing ratio of accumulation mode parti-
cles. POM and BC are emitted to the primary carbon mode,
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Figure 1. Predicted species for interstitial and cloud-borne component of each aerosol 
mode in MAM7. 

Fig. 1.Predicted species for interstitial and cloud-borne component
of each aerosol mode in MAM7.

then are aged and transferred to the accumulation mode by
condensation of H2SO4, NH3 and semi-volatile organics and
by coagulation with Aitken and accumulation modes (see
Sects. S1.1.5 and S1.1.6 in the Supplement).

Aerosol particles (AP) exist in different attachment states.
We mostly think of AP that are suspended in air (either
clear or cloudy air), and these are referred to as interstitial
AP. AP can also be attached to (or contained within) differ-
ent hydrometeors, such as cloud droplets. In CAM5, the AP
in stratiform cloud droplets (referred to as stratiform cloud-
borne AP) are explicitly predicted, as in Easter et al. (2004).
The AP in convective cloud droplets are not treated explicitly.
Rather, they are lumped with the interstitial AP in the model,
and they are diagnosed from the “lumped interstitial + con-
vective cloud-borne” amount when needed. The lumped in-
terstitial AP species are transported in three dimensions. The
stratiform cloud-borne AP species are not transported (ex-
cept by vertical turbulent mixing) but are saved every time
step, which saves computer time but has little impact on their
predicted values (Ghan and Easter, 2006).

The size distributions of each mode are assumed to be log-
normal, with the mode dry or wet radius varying as number
and total dry or wet volume change. The geometric standard
deviation (σg) of each mode is prescribed (Easter et al., 2004
and references therein) and given in Table 1, along with the
typical size range of each mode. The total number of trans-
ported aerosol tracers is 31 for MAM7. The transported gas
species are sulfur dioxide (SO2), hydrogen peroxide (H2O2),
dimethyl sulfide (DMS), sulfuric acid gas vapor (H2SO4),
ammonia (NH3), and a lumped semi-volatile organic species.

For long-term (decades to centuries) climate simulations,
a 3-mode version of MAM (MAM3) is also developed that
has only Aitken, accumulation and coarse modes (Fig. 2).
For MAM3 the following assumptions are made: (1) primary
carbon is internally mixed with secondary aerosol by merg-
ing the primary carbon mode with the accumulation mode;
(2) the coarse dust and sea salt modes are merged into a
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Table 1. Geometric standard deviations (σg) and dry diameter size
ranges for MAM3 and MAM7 modes. The size range values are
the 10th and 90th percentiles of the global annual average number
distribution for the modes (from simulations presented in Sect. 3).

Mode σg Size range (µm)

MAM3

Aitken 1.6 0.015–0.053
Accumulation 1.8 0.058–0.27
Coarse 1.8 0.80–3.65

MAM7

Aitken 1.6 0.015–0.052
Accumulation 1.8 0.056–0.26
Primary Carbon 1.6 0.039–0.13
Fine Sea Salt 2.0 0.095–0.56
Fine Dust 1.8 0.14–0.62
Coarse Sea Salt 2.0 0.63–3.70
Coarse Dust 1.8 0.59–2.75

single coarse mode based on the recognition that sources of
dust and sea salt are geographically separated. Although dust
is much less soluble than sea salt, it readily absorbs water
(Koretsky et al., 1997) and activates similarly as CCN (Ku-
mar et al., 2009), particularly when coated by species like
sulfate and organic. So dust is likely to be removed by wet
deposition almost as easily as sea salt, and the merging of
dust and sea salt in a single mode is unlikely to introduce
substantial error into our simulations; (3) the fine dust and
sea salt modes are similarly merged with the accumulation
mode; (4) sulfate is partially neutralized by ammonium in
the form of NH4HSO4, so that ammonium is effectively pre-
scribed and NH3 is not simulated. The total number of trans-
ported aerosol tracers in MAM3 is 15. The transported gas
species are SO2, H2O2, DMS, H2SO4, and a lumped semi-
volatile organic species. The prescribed standard deviation
and the typical size range for each mode are given in Table 1.

3 Aerosol distributions and budgets

All simulations are performed with the stand-alone version
CAM5.1, using climatological sea surface temperature and
sea ice and anthropogenic aerosol and precursor gas emis-
sions for the year 2000. The model is integrated for 6 yr, and
results from the last 5 yr are used in this study. In this section
model-simulated global distributions and budgets for differ-
ent aerosol species are analyzed and comparisons are made
between MAM3 and MAM7.

 65 

 

 

 

 

 

Figure 2. Predicted species for interstitial and cloud-borne component of each aerosol 
mode in MAM3.  

Fig. 2.Predicted species for interstitial and cloud-borne component
of each aerosol mode in MAM3.

3.1 Simulated global aerosol distributions

Figures 3a and b show annual mean vertically integrated (col-
umn burden) mass concentrations of sulfate, BC, POM, SOA,
dust and sea salt from MAM3, and the relative difference of
these concentrations between MAM7 and MAM3, respec-
tively. These aerosol species concentrations are summations
over all available modes (e.g., the POM concentration in
MAM7 includes contributions from the primary carbon and
accumulation modes). Sulfate has maximum concentrations
in the industrial regions (e.g., East Asia, Europe, and North
America). The distribution patterns and absolute values of
sulfate concentration are very similar (mostly within 10 %)
between MAM3 and MAM7 (Fig. 3b). This is expected since
most of sulfate burden (∼90 %) is in the accumulation mode
(see sulfate budget in Sect. 3.2). This is also the case for
SOA, which has high concentrations over the industrial re-
gions and tropical regions with strong biogenic emissions
(e.g., Central Africa and South America). The differences
between MAM3 and MAM7 are generally small (mostly
within 10 %). POM column concentrations have spatial dis-
tributions and magnitudes similar to SOA, but are lower in
Europe, Northeastern US and South America, and higher in
Central Africa. The distribution patterns of BC burden con-
centrations are similar to those of POM, but have relatively
larger contributions from the industrial regions because of
different emission factors of BC/POM from different sectors.
Dust burden concentrations have maxima over strong source
regions (e.g., Northern Africa, Southwest and Central Asia,
and Australia) and over the outflow regions (e.g., in the At-
lantic and in the western Pacific). Sea salt burden concentra-
tions are high over the storm track regions (e.g., the Southern
Ocean) where wind speeds and emissions are higher, and in
the subtropics of both hemispheres where precipitation scav-
enging is weaker.

One major difference between MAM3 and MAM7 is the
treatment of primary carbonaceous aerosols (POM and BC).
These aerosols are instantaneously mixed with sulfate and
other components in the accumulation mode in MAM3 once
they are emitted, and thus are subject to wet removal by
precipitation due to the high hygroscopicity of sulfate. In
MAM7, carbonaceous aerosols are emitted in the primary
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Figure 3a. Annual mean vertically integrated concentrations (mg m-2) of sulfate, BC, 
POM, SOA, dust, and sea salt from MAM3.  

 

Fig. 3a.Annual mean vertically integrated concentrations (mg m−2) of sulfate, BC, POM, SOA, dust, and sea salt from MAM3.

carbon mode and aged to the accumulation mode by conden-
sation of H2SO4 vapor, NH3 and the semi-volatile organics
and by coagulation with Aitken and accumulation mode. The
accumulation mode has a higher volume mean hygroscopic-
ity than that of the primary carbon mode and is subject to
stronger wet removal by precipitation. Therefore, we expect
higher concentrations for POM and BC in MAM7 than in
MAM3. However, since we use a hygroscopicity (κ) of 0.10
for POM (to account for the soluble nature of biomass burn-
ing aerosols), POM and BC in the primary carbon mode in
MAM7 are subject to wet scavenging before aging into the
accumulation mode. As shown in Fig. 3b, differences in col-
umn burden concentrations of POM and BC are within 10 %
on the global scale between MAM3 and MAM7. However,
concentrations from MAM7 can be higher by up to 40 % in
some source regions, e.g., in Siberia and Indonesia, where
H2SO4 concentrations are lower, and thus the aging of POM
and BC in the primary carbon mode is slower. The sensitiv-
ities of model results to a different hygroscopicity of POM

(κ = 0.0) and to a different criterion (8 monolayers) for the
aging of primary carbon mode aerosols will be described in
Sect. 5.

Other major differences between MAM3 and MAM7 are
cut-off size ranges of emissions and the mixing states as-
sumed for dust and sea salt, as discussed in Sect. S1.1 of
the Supplement. The fine dust mode is separated from the
accumulation mode in MAM7, while in MAM3 it is merged
into the accumulation mode. There is a fine sea salt mode
in MAM7, which is merged into the accumulation mode in
MAM3. Coarse dust and sea salt mode in MAM7 are merged
into a single coarse mode in MAM3. Dust column burden
concentrations are generally higher in MAM7 (Fig. 3b) with
global dust burden increased by∼10 %. In some regions
away from dust sources, the difference can reach 60 %. This
will be further discussed in the budget analysis in Sect. 3.2.
Significant changes occur for sea salt with sea salt column
burden concentrations reduced by∼30 % in MAM7. Be-
sides differences in mixing states and cut-off size ranges of
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Figure 3b. Relative differences (in %) of annual mean vertically integrated concentrations 
of sulfate, BC, POM, SOA, dust, and sea salt between MAM7 and MAM3.  

 

 

 

 

 

 

Fig. 3b.Relative differences (in %) of annual mean vertically integrated concentrations of sulfate, BC, POM, SOA, dust, and sea salt between
MAM7 and MAM3.

sea salt, the standard deviationsσg of log-normal distribu-
tions are reduced from 2.0 for fine and coarse sea salt modes
in MAM7 to 1.8 for the accumulation and coarse mode in
MAM3 for the merging with other species. The largerσg
in MAM7 increases the mass-weighted sedimentation veloc-
ity of coarse-mode sea salt by about 65 %, which causes the
lower sea salt mass concentrations in MAM7.

Figure 4 shows the annual and zonal mean distributions
of sulfate, BC, POM, SOA, dust and sea salt mass concen-
trations in MAM3. Anthropogenic sulfate in the Northern
Hemisphere (NH) mid-latitudes is lifted upward and trans-
ported towards the North Pole in the upper troposphere.
Other peak concentrations of BC, POM and SOA near the
tropics in the biomass burning regions are transported up-
wards and towards the upper troposphere in the Southern
Hemisphere (SH). Dust particles are uplifted into the free tro-
posphere, since dust emission is often produced by frontal
systems (Merrill et al., 1989). In comparison, sea salt is

mostly confined below 700 hPa. This is because sea salt par-
ticles have larger wet sizes due to the water uptake over the
oceans, which produces stronger wet removal and gravita-
tional settling of sea salt particles towards the surface. Con-
sistent with Fig. 3b, sea salt concentration in the zonal mean
distribution is lower in MAM7 than that in MAM3 mainly
due to the larger standard deviations of log-normal distribu-
tions for fine and coarse sea salt modes in MAM7, while dif-
ferences are much smaller for other aerosol species (figures
not shown). Concentrations of BC, POM, SOA, and dust are
all very low in the lower troposphere at NH high latitudes,
due to efficient wet removal during transport from source re-
gions.

Figure 5 shows the annual mean number concentration of
aerosol in Aitken, accumulation and coarse mode in the sur-
face layer from MAM3 and MAM7 at standard temperature
and pressure (1013.25 hPa, 273.15 K). For a direct compar-
ison with MAM3, we show an “equivalent” accumulation
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Figure 4. Annual and zonal mean distributions of sulfate, BC, POM, SOA, dust and sea 
salt concentrations in MAM3. Fig. 4. Annual and zonal mean distributions of sulfate, BC, POM,

SOA, dust and sea salt concentrations in MAM3.

mode number concentration for MAM7, which is the sum
of the aerosol number concentrations in the MAM7 accumu-
lation, primary carbon, and fine sea salt modes, and the sub-
micron (diameter< 1.0 µm) portion of the fine dust mode. In
the same way, the equivalent coarse mode number concen-
tration is the sum of the aerosol number concentrations in
the MAM7 coarse sea-salt and dust modes and the super-
micron portion of the fine dust mode. As indicated in Fig. 5,
accumulation mode number concentrations in both MAM3
and MAM7 are higher over the continents due to the primary
emissions of sulfate, POM and BC, and growth of aerosol
particles from Aitken to accumulation mode. In the industrial
regions (e.g., East and South Asia and Europe) and in the
biomass burning regions (e.g., maritime continent, Central
Africa, South America, Siberia), the number concentration
can exceed 1000 cm−3. Accumulation mode number con-
centrations over oceans can be high in the continental out-
flow regions (e.g., west Pacific, tropical Atlantic), while in
the remote areas, the concentrations are less than 100 cm−3.
We do not find significant differences in accumulation mode
aerosol number concentrations between MAM3 and MAM7.
A breakdown of contributions from individual modes to the
MAM7 equivalent (total) accumulation mode number con-
centration (shown in Fig. 5) is as follows: the fine sea-salt
mode contributes about 5–20 cm−3 over oceans; the fine dust

mode contributes 50–100 cm−3 over major source regions
(e.g., Northern Africa and North China) and 10–20 cm−3

in the dust outflow regions; the primary carbon mode con-
tributes 200–2000 cm−3 over the industrial region (e.g., East
Asia and Europe) and 500–3000 cm−3 in the biomass burn-
ing regions (e.g., Central Africa, South America, Indonesia,
and Russia), and the rest is from the accumulation mode.

Aerosol number concentrations in the Aitken mode in
MAM3 and MAM7 are high over the continents with strong
sulfur emissions (e.g., in East Asia, Europe, and in North
America). Aitken mode aerosol number concentrations are
very low (less than 40 cm−3) in the biomass burning regions,
because primary aerosol particles from the biomass burn-
ing source are emitted in the accumulation mode in MAM3
and in the primary carbon mode in MAM7, in both cases
with a 0.08 µm number mode diameter (see Table S1 in the
Supplement). Over remote oceanic regions, aerosol number
concentrations in Aitken mode can reach 500 cm−3. This is
primarily due to strong aerosol nucleation in these regions
where there are extremely few (<40 cm−3) accumulation
mode aerosol particles available for condensation to com-
pete with the nucleation, but there are modest sources of SO2
(from DMS oxidation) and thus H2SO4. These make condi-
tions favorable for nucleation. Sea salt emissions also con-
tribute to the Aitken mode number in the SH storm track
region near 60◦ S where surface winds are strong. We see
higher Aitken mode number concentrations in MAM7 than
those in MAM3 over these remote regions. H2SO4 concen-
trations are somewhat higher in MAM7, due to the lower sea
salt mass concentration in MAM7 and thus slower H2SO4
condensational loss in the marine boundary layer compared
to MAM3. This results in more aerosol nucleation in MAM7.
Aerosol number concentrations in the coarse mode are higher
over the sea salt and dust source regions and in the dust out-
flow regions and are in the range of 2–10 cm−3. Interestingly,
even though sea salt mass concentrations in the coarse mode
in MAM3 are significantly higher than in MAM7 over the
oceanic regions, coarse mode aerosol number concentrations
are similar between MAM3 and MAM7. This is because the
number-weighted settling velocity for coarse mode sea salt
number is rather insensitive to smallσg changes. As a result,
the coarse mode median diameters are larger in MAM3 due
to higher mass concentrations (figure not shown).

Figure 6 is the same as Fig. 5 except for annual and
zonal mean aerosol number concentrations in Aitken, ac-
cumulation and coarse modes. Aitken mode aerosol num-
ber concentrations show a prominent peak caused by nucle-
ation in the tropical upper troposphere and over the South
Pole, where temperature is low and relative humidity (RH)
is high along with low pre-existing aerosol surface areas.
Note that MAM accounts for the number loss of the new
particles by coagulation as they grow from the critical clus-
ter size (a few nanometers) to Aitken mode size (0.015–
0.06 µm). Consistent with surface number concentrations
shown in Fig. 5, Aitken mode aerosol number concentrations
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Fig. 5. Annual mean number concentration of aerosol in Aitken, accumulation and coarse mode in the surface layer from MAM3 (left) and
MAM7 (right) at standard temperature and pressure (1013.25 hPa, 273.15 K).

are generally higher in MAM7 than in MAM3. Accumula-
tion mode aerosol particles are transported into the middle
and upper troposphere with number concentrations of 20–
100 cm−3 above 600 hPa. This is contributed from biomass
burning emission injected at 0–6 km in the tropics. The spa-
tial distribution of coarse mode aerosol number concentra-
tion is associated with the spatial distribution of dust and sea
salt (Fig. 4), and slightly higher number concentrations are
simulated with MAM3 than with MAM7.

Figure 7 shows the annual averaged global distribu-
tion of CCN number concentration at 0.1 % supersatura-
tion (CCN0.1) in the surface layer in MAM3 and MAM7.
Distribution patterns of CCN0.1 concentration closely fol-
low those of accumulation mode number concentration and
have high concentrations (400–1000 cm−3) in the industrial
regions due to the dominance of sulfate with its high hy-
groscopicity. CCN0.1 concentration has similar ranges in the
biomass burning regions as in the industrial regions, because
POM is assumed to be moderately hygroscopic (κ = 0.1).

CCN0.1 concentration is lower than 100 cm−3 over oceans,
except in the continental outflow regions. CCN0.1 concen-
tration is 20–40 % of the total accumulation mode number
over the continents and outflow regions. Over the remote
oceans, CCN0.1 concentration is 70–90 % of accumulation
mode aerosol number concentration. CCN0.1 concentration
in MAM3 is higher than that in MAM7 over the oceanic re-
gions. This is due to merging of the 0.3–1.0 µm size range of
MAM7 fine sea salt into the accumulation mode in MAM3,
increasing MAM3 accumulation mode median size, and thus
allowing more of the accumulation mode particles to be CCN
at 0.1 % supersaturation, although coarse mode aerosol num-
ber concentrations are similar there (Fig. 5).

3.2 Annual global budgets of aerosols and precursor
gases

Tables 2–8 give the global budgets of aerosol species and
their precursor gases in MAM3 and MAM7. Budgets of gas
species are compared to a range of model results collected
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Figure 6. Same as Figure 5 except for annual and zonal mean aerosol number 
concentrations in Aitken, accumulation and coarse mode.  

Fig. 6. Same as Fig. 5, except for annual and zonal mean aerosol
number concentrations in Aitken, accumulation and coarse mode.

from literature by Liu et al. (2005). For aerosol species, the
averages and standard deviations of available models that
participated in the AeroCom project (Textor et al., 2006) are
listed for comparison as “AeroCom”.

The DMS emission from ocean is 18.2 Tg S yr−1, which
is balanced by the gas-phase oxidation of DMS to form SO2
and other products (e.g., MSA). DMS burden is 0.067 Tg S
with a lifetime of 1.3 days for both MAM3 and MAM7 (Ta-
ble 2), which is within the range of model results reported
in the literature. SO2 emission (64.8 Tg S yr−1) is at the low
end of the range of model results. Production of SO2 from
DMS oxidation (15.2 Tg S yr−1) together with SO2 emission
is balanced by SO2 losses by dry and wet deposition, and by
gas- and aqueous-phase oxidation. The wet deposition loss of
SO2 is at the high end of the range from the literature and is
comparable to that of dry deposition loss. This is because wet
deposition of gas species in CAM5 uses the MOZART treat-
ment (Emmons et al., 2010), which assumes that the wet re-
moval rate coefficient of SO2 is the same as that of H2O2 and
assumes full gas retention during droplet freezing. 66–68 %
of chemical loss of SO2 is through the aqueous-phase oxida-
tion. One noticeable difference between MAM3 and MAM7
is the larger aqueous-phase oxidation in MAM7. This is be-
cause NH3 and ammonium are explicitly treated in MAM7,

Fig. 7. Annual averaged global distribution of CCN number con-
centration at 0.1 % supersaturation at surface in MAM3 (upper) and
MAM7 (lower).

and NH3 dissolves in cloud water to increase pH values to
be larger than those with the assumed form of NH4HSO4 in
MAM3 (figure not shown). Thus, this enhances the aqueous-
phase SO2 oxidation by O3 (Seinfeld and Pandis, 1998).
The global burden of SO2 is 0.35 (MAM3) and 0.34 Tg S
(MAM7) with a lifetime of 1.60 (MAM3) and 1.55 days
(MAM7), which are within the range of the literature.

H2SO4 vapor is produced by gas-phase SO2 oxidation and
is lost primarily by condensation onto pre-existing aerosol
(96 %) and also by aqueous-phase uptake by cloud water
(4 %) (Table 2). The losses by dry deposition (0.01 %) and
nucleation (0.2 %) are negligibly small. H2SO4 vapor has a
global burden of∼0.00040 Tg S, and a lifetime of 15 min,
longer than limited reports from the literature.

Sulfate aerosol is produced from aqueous-phase SO2 ox-
idation and to a lesser extent from H2SO4 condensation on
pre-existing aerosol, and is lost mainly by wet scavenging
(Table 3). MAM7 has a smaller percentage of aqueous-phase
sulfate production from H2O2 compared to MAM3 for the
reason mentioned above. The global burden is∼0.46 Tg S,
which is lower than the AeroCom multi-model mean. The
lifetime is 3.7–3.8 days, which is close to the AeroCom
multi-model mean (4.12 days). The lower sulfate burden
is primarily due to its smaller sources (44–46 Tg S yr−1)

compared to AeroCom multi-model mean (59.67 Tg S yr−1).
Most sulfate (89–96 %) is in the accumulation mode, which
has a larger total surface area for H2SO4 condensation and
a higher contribution of cloud droplet number concentration
for aqueous-phase oxidation.
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Table 2.Global budgets for DMS, SO2, and H2SO4 in MAM3 and MAM7. The range of results from other studies is from Liu et al. (2005)
and references therein.

MAM3 MAM7 Previous studies
Liu et al. (2005)

DMS

Sources 18.2 18.2
Emission 18.2 18.2 10.7–23.7

Sinks 18.2 18.3
Gas-phase oxidation 18.2 18.3 10.7–23.7

Burden 0.067 0.067 0.02–0.15
Lifetime 1.34 1.32 0.5-3.0

SO2

Sources 80.0 80.0
Emission 64.8 64.8 63.7–92.0
DMS oxidation 15.2 15.2 10.0–24.7

Sinks 79.9 79.8
Dry deposition 19.7 19.0 16.0–55.0
Wet deposition 17.6 16.8 0.0–19.9
Gas-phase oxidation 14.5 14.3 6.1–16.8
Aqueous-phase oxidation 28.0 29.7 24.5–57.8

Burden 0.35 0.34 0.20–0.61
Lifetime 1.60 1.55 0.6–2.6

H2SO4

Sources 14.5 14.3
Gas-phase production 14.5 14.3 6.1–22.0

Sinks 14.5 14.3
Dry deposition 0.002 0.003
Aqueous-phase uptake 0.59 0.51
Nucleation 0.030 0.030
Condensation 13.9 13.7

Burden 0.00040 0.00042 9.0× 10−6–1.0× 10−3

Lifetime (min) 14.5 15.3 7.3–10.1

Units are sources and sinks, Tg S yr−1; burden, Tg S; lifetime, days except for H2SO4 (min).

The NH3 and NH4 cycles are explicitly treated in MAM7.
Their budgets are given in Table 4. The source of NH3 from
emission is balanced by losses due to the condensation onto
pre-existing aerosol to form NH4 and to a lesser extent due to
dry and wet deposition. The global NH3 burden is 0.064 Tg N
with a lifetime of 0.48 days. The formation of NH4 from con-
densation is balanced by the loss, mostly due to wet deposi-
tion. The global NH4 burden is 0.24 Tg N with a lifetime of
3.4 days. There is a small budget term for NH3 and NH4 re-
lated to the partitioning between NH3 and NH4 in cloud wa-
ter, based on the effective Henry’s law. NH3 and NH4 bud-
gets are compared to a few available studies in the literature
(Table 4). The NH3 and NH4 budgets are close to those from
a modeling study by Feng and Penner (2007), although our
burdens are slightly lower and lifetimes slightly shorter. The
molar ratio of ammonium to sulfate (NH4/SO4) in aerosol
has a global annual average value of 1.2. In the continental
boundary layer, it is near 2 for many regions but is lower over

desert, boreal, and polar regions, with lowest values (annual
average< 0.1) over Antarctica. In the marine boundary layer,
the ratio is near 2 in the tropics, is generally less than 1.0
in the NH mid-latitudes, and is in the 0.5–1.5 range in the
SH mid-latitudes. The ratio is less than 1.0 in much of the
free troposphere, except in the tropics where ratios of 1.5–
2.0 appear, especially over continents. These results indicate
different neutralization of SO4 by NH4 in aerosol in MAM7,
compared to a molar ratio of 1.0 with NH4HSO4 assumed in
MAM3.

Table 5 gives the budgets of POM and SOA. The POM bur-
den is 0.63–0.68 Tg, which is less than half of the AeroCom
mean (1.7 Tg). This is mainly because the Intergovernmental
Panel on Climate Change (IPCC) Fifth Assessment Report
(AR5) POM emissions used here (Sect. S1.1.1 in the Supple-
ment) are only about half of the AeroCom multi-model mean.
Also, for many of the AeroCom models, biogenic SOA is
included in the POM. The POM lifetime is 4.5–4.9 days,
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Table 3. Global annual budget for sulfate. The means and normalized standard deviations (in %) from available models participating in
AeroCom (Textor et al., 2006) are listed. The values in parentheses are mean removal rates (in day−1), and normalized standard deviations
(in %) as budget terms are not given in Textor et al. (2006). For comparison, removal rates (in day−1) from MAM3 and MAM7 are listed in
parentheses.

MAM3 MAM7 AeroCom

Sources 44.30 45.71 59.67, 22
Emission 1.66 1.66
SO2 aqueous-phase oxidation 28.03 29.74

from H2O2 chemistry (%) 53.9 48.1
H2SO4 aqueous-phase uptake 0.59 0.51
H2SO4 nucleation 0.030 0.030
H2SO4 condensation 13.98 13.74

Sinks 44.30 45.71
Dry deposition 4.96 (0.03) 5.51 (0.03) (0.03, 55)
Wet deposition 39.34 (0.23) 40.20 (0.23) (0.22, 22)

Burden 0.46 0.47 0.66, 25
In modes ( %) 2.8 (Aitken),

95.5 (accum.),
1.7 (coarse)

2.9 (Aitken),
88.9 (accum.),
1.1 (fine sea salt),
5.9 (fine dust),
0.32 (coarse sea salt),
0.88 (coarse dust)

Lifetime 3.77 3.72 4.12, 18

Units are sources and sinks, Tg S yr−1; burden, Tg S; lifetime, days.

which is lower than that of the AeroCom multi-model mean
(6.54 days), due to the higher wet removal rates in this study
(0.19 d−1 in MAM3 and 0.17 d−1 in MAM7 in Table 5) com-
pared to the AeroCom mean (0.14 d−1 in Table 5). We note
that the wet removal rate for sulfate in this study (0.23 d−1) is
close to that (0.22 d−1) of the AeroCom multi-model mean,
and thus the sulfate lifetimes are similar between this study
and the AeroCom multi-model mean (Table 3). This reflects
the fact that a lower scavenging efficiency was often used
for POM than for sulfate in AeroCom models (Textor et al.,
2006), while in MAM the wet removal rates for POM and
sulfate are similar due to the rapid (MAM7) or instantaneous
(MAM3) aging of POM. The POM burden is slightly lower
and lifetime slightly shorter in MAM3 than in MAM7 due to
the instant aging of POM and mixing with sulfate and other
components in the accumulation mode in MAM3, which pro-
duces faster wet removal due to the higher hygroscopicity of
sulfate than that of POM (Table S3 in the Supplement). In
MAM7, about 15 % of POM is in the primary carbon mode
and has a lifetime of 0.72 days due to the fast aging to the
accumulation mode. The burden of SOA is 1.15 Tg and has a
lifetime of 4.1 days. The SOA lifetime is shorter than that of
POM. This is confirmed by the larger wet removal rate (by
20–30 %) of SOA than that of POM. The reason is that SOA
is formed from the partitioning of semi-volatile organic gas
species emitted at the surface in the model and thus expe-
riences wet removal by precipitation in the boundary layer,
while biomass burning emissions are elevated and occur in

different seasons and different geographical regions. Another
reason for the shorter SOA lifetime is the larger hygroscopic-
ity (0.14) of SOA than that (0.10) of POM. The SOA burden
is higher and lifetime shorter than the means from other stud-
ies collected in Farina et al. (2010), which, however, have
very large standard deviations (>100 %).

The simulated global BC burden is 0.088–0.093 Tg (Ta-
ble 6), which is only 40 % of AeroCom multi-model mean
(0.24 Tg). One reason for the difference is that the IPCC AR5
BC emission is 65 % of the AeroCom multi-model mean. An-
other reason is that the wet removal rate is 60 % higher in this
model than the AeroCom multi-model mean. The higher wet
removal rate in this study can be due to the rapid (MAM7)
or instantaneous (MAM3) aging of BC in this study (thus a
similar wet removal rate of 0.19–0.20 d−1 for BC in Table 6
compared to 0.23 d−1 for sulfate in Table 3). In comparison,
the wet removal rate of BC (0.12 d−1) of the AeroCom multi-
model mean is much lower than that of sulfate (0.22 d−1) due
to a lower scavenging efficiency often used for BC than for
sulfate in AeroCom models (Textor et al., 2006). The simu-
lated BC lifetime is 4.2–4.4 days, much lower than the Ae-
roCom multi-model mean (7.1 days). BC burden is slightly
higher and lifetime slightly longer in MAM7 than in MAM3.
About 10 % of BC is in the primary carbon mode with a life-
time of 0.47 days in MAM7, which is shorter than that of
POM (0.73 days). BC has relatively more fossil fuel and less
biomass burning emissions compared to POM. As there are
higher SO2 emissions and more H2SO4 for condensation in
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Table 4. Global budgets for NH3 gas and NH4 aerosol in MAM7. The range of results from other studies is from Feng and Penner (2007)
and references therein.

MAM7 Previous studies
Feng and Penner (2007)

NH3

Sources 48.8
Emission 46.0 52.1–54.1
Gas/aqueous-phase partitioning 2.8

Sinks 48.9
Dry deposition 12.5 15.4–29.4
Wet deposition 10.4 7.4–16.7
Nucleation 0.014
Condensation 26.0

Burden 0.064 0.084–0.19
Lifetime 0.48 0.57–1.4

NH4

Sources 26.0 4.5–26.1
NH3 condensation 26.0
NH3 nucleation 0.014

Sinks 26.1
Dry deposition 3.4 0.2–6.6
Wet deposition 19.9 4.3–23.0
Gas/aqueous-phase partitioning 2.8

Burden 0.24 0.045–0.30
In modes (%) 1.8 (Aitken),

89.9 (accum.),
1.5 (fine sea salt),
5.7 (fine dust),
0.42 (coarse sea salt),
0.74 (coarse dust)

Lifetime 3.4 3.6–4.2

Units are sources and sinks, Tg N yr−1; burden, Tg N; lifetime, days.

the industrial regions than in the biomass burning regions,
overall BC ages faster than POM.

Table 7 gives the budgets for dust. The simulated dust
emission (2900–3100 Tg yr−1) is ∼60 % higher than the Ae-
roCom multi-model mean (1840 Tg yr−1), and dust has a bur-
den of 22–25 Tg, close to the AeroCom multi-model mean
(19 Tg) because of the shorter lifetime (2.6–3.1 days) in the
simulation than the AeroCom mean (4.14 days). The rea-
son for the shorter lifetime is due to the larger wet removal
rate (by∼60 %) than the AeroCom mean. Gravitational set-
tling plays a dominant role (∼90 %) in the total dry deposi-
tion, larger than the AeroCom mean (46.2 %). The burden is
slightly lower and lifetime shorter in MAM3 than in MAM7,
respectively. This is due to the larger dry deposition rate in
MAM3, with a different emission cut-off size from that in
MAM7. The internal mixing of dust with other components
in MAM3 also increases the wet removal rate of dust in
MAM3 compared to that in MAM7. The sensitivity of sim-
ulated dust to different emission cut-off sizes will be investi-
gated in a future study.

The simulated sea salt emission is∼5000 Tg yr−1, slightly
lower than the AeroCom median (6280 Tg yr−1), and sub-
stantially lower than the AeroCom mean (16 600 Tg yr−1)

with a standard deviation of∼200 % (Table 8). Note that
some of the AeroCom models treated sea salt larger than
10 µm diameter. The burden is 7.58 Tg and lifetime 0.55 day
in MAM7, similar to the AeroCom means. The dry and
wet deposition rates are close to the AeroCom medians,
and so is the contribution of sedimentation to dry deposi-
tion (60.8 %) in MAM7. In MAM3, the wet deposition rate
does not change much from that in MAM7. However, the
dry deposition rate is∼40 % less, due to the smaller standard
deviationσg of the coarse mode in MAM3 (1.8), compared
with that for coarse sea salt mode in MAM7 (2.0). There-
fore, the sea salt burden in MAM3 is 10.4 Tg and lifetime
0.76 day, which is∼37 % higher than that in MAM7, respec-
tively. Most (∼90 %) of sea salt is in the coarse mode in both
MAM3 and MAM7.
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Table 5.Global budgets for POM and SOA. For POM, the means and normalized standard deviations (in %) from available models partic-
ipating in AeroCom (Textor et al., 2006) are listed. The values in parentheses are mean removal rates (in day−1), and normalized standard
deviations (in %) as budget terms are not given in Textor et al. (2006). For comparison, removal rates (in day−1) from MAM3 and MAM7
are listed in parentheses. For SOA, the mean and normalized standard deviations (in %) from other studies are from Farina et al. (2010) and
references therein.

MAM3 MAM7 AeroCom/Other studies

POM

Sources 50.2 50.2 96.6, 26
Fossil and bio-fuel emission 16.8 16.8
Biomass burning emission 33.4 33.4

Sinks 50.1 50.1
Dry deposition 7.4 (0.03) 8.4 (0.03) (0.03, 49)
Wet deposition 42.7 (0.19) 41.7 (0.17) (0.14, 32)

Burden 0.63 0.68 1.70, 27
In modes (%) 100 (accum.) 14.7 (primary carbon) 85.3 (accum.)

Lifetime 4.56 4.90 6.54, 27

SOA

Sources 103.3 103.3 34.0, 123
Condensation of SOA (g) 103.3 103.3

Sinks 103.2 103.2
Dry deposition 11.2 (0.03) 11.3 (0.03)
Wet deposition 92.0 (0.22) 91.9 (0.22)

Burden 1.15 1.15 0.57, 117
In modes (%) 0.8 (Aitken) 99.2 (accum.) 1.0 (Aitken) 99.0 (accum.)

Lifetime 4.08 4.08 6.70, 115

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.

Table 6. Global budgets for BC. The means and normalized standard deviations (in %) from available models participating in AeroCom
(Textor et al., 2006) are listed. The values in parentheses are mean removal rates (in day−1), and normalized standard deviations (in %)
as budget terms are not given in Textor et al. (2006). For comparison, removal rates (in day−1) from MAM3 and MAM7 are listed in
parentheses.

MAM3 MAM7 AeroCom

Sources 7.76 7.76 11.9, 23
Fossil and bio-fuel emission 5.00 5.00
Biomass burning emission 2.76 2.76

Sinks 7.75 7.75
Dry deposition 1.27 (0.04) 1.41 (0.04) (0.03, 55)
Wet deposition 6.48 (0.20) 6.34 (0.19) (0.12, 31)

Burden 0.088 0.093 0.24, 42
In modes (%) 100 (accum.) 10.8 (primary carbon) 89.2 (accum.)

Lifetime 4.17 4.37 7.12, 33

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.

4 Model evaluation

4.1 Aerosol mass concentration

Figures 8 and 9 compare simulated annual mean SO2 and sul-
fate concentrations at the surface from MAM3 and MAM7
with observations from the Interagency Monitoring of Pro-
tected Visual Environment (IMPROVE) sites in the United

States (http://vista.cira.colostate.edu/improve) and the Euro-
pean Monitoring and Evaluation Programme (EMEP) sites
(http://www.emep.int). Clearly, the model overestimates SO2
in both Eastern and Western United States, while it per-
forms better at the European EMEP sites, although there are
still overestimations there. Overall, modeled sulfate agrees
with observations within a factor of 2 for most sites in the
United States and Europe. Sulfate in the Western United
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Table 7. Global budgets for dust. The means, medians and normalized standard deviations (in %) from available models participating in
AeroCom (Textor et al., 2006) are listed. The values in parentheses are mean and median removal rates (in day−1), and normalized standard
deviations (in %) as budget terms are not given in Textor et al. (2006). For comparison, removal rates (in day−1) from MAM3 and MAM7
are listed in parentheses.

MAM3 MAM7 AeroCom

Sources 3121.9 2943.5 1840.0, 1640.0, 49
Sinks 3122.4 2945.6

Dry deposition 1948.4 (0.24) 1732.7 (0.19) (0.23, 0.16, 84)
from gravitational settling (%) 89.7 89.1 46.2, 40.9, 66

Wet deposition 1174.0 (0.14) 1212.9 (0.13) (0.08, 0.09, 42)
Burden 22.4 24.7 19.2, 20.5, 40

In modes (%) 8.0 (accum.) 92.0 (coarse) 29.5 (fine) 70.5 (coarse)
Lifetime 2.61 3.07 4.14, 4.04, 43

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.

Table 8.Global budgets for sea salt. The means, medians and normalized standard deviations (in %) from available models participating in
AeroCom (Textor et al., 2006) are listed. The values in parentheses are mean and median removal rates (in day−1), and normalized standard
deviations (in %) as budget terms are not given in Textor et al. (2006). For comparison, removal rates (in day−1) from MAM3 and MAM7
are listed in parentheses.

MAM3 MAM7 AeroCom

Sources 4965.5 5004.1 16600.0, 6280.0, 199
Sinks 4962.9 5001.3

Dry deposition 2410.3 (0.64) 3073.8 (1.11) (4.28, 1.40, 219)
from gravitational settling (%) 56.6 60.8 58.9, 59.5, 65

Wet deposition 2552.6 (0.67) 1927.4 (0.70) (0.79, 0.68, 77)
Burden 10.37 7.58 7.52, 6.37, 54

In modes ( %) ∼0.0 (Aitken) 7.5 (accum.) 92.5 (coarse)∼0.0 (Aitken)
1.1 (accum.)
8.0 (fine sea salt)
90.9 (coarse sea salt)

Lifetime 0.76 0.55 0.48, 0.41, 58

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.

States is overestimated by the model. The performance of
MAM3 and MAM7 in simulating SO2 and sulfate is simi-
lar for these sites in both regions. However, modeled SO2
concentrations are slightly lower in MAM7 than in MAM3
(see model mean for these sites), while modeled sulfate con-
centrations are higher in MAM7, especially at the European
sites (by 10–20 %), indicating faster conversion of SO2 to
sulfate in MAM7. This is consistent with the larger aqueous-
phase chemical conversion of SO2 to sulfate in MAM7 (as
discussed in Sect. 3.2) due to the explicit treatment of NH3
and ammonium in MAM7. In Europe with higher NH3 con-
centrations than those in United States (not shown), the in-
crease in sulfate concentrations in MAM7 is larger.

Figure 10 compares annual mean sulfate concentrations
simulated at the surface from MAM3 and MAM7 with obser-
vations from an ocean network operated by the University of
Miami (Prospero et al., 1989; Savoie et al., 1989, 1993; Ari-
moto et al., 1996). Simulated sulfate concentrations system-
atically underestimate the observations at these ocean sites

for both MAM3 and MAM7, probably due to too high wet
removal rates, although the correlation coefficients between
modeled and observed concentrations are∼0.98.

Figures 11–14 compare simulated annual mean BC, or-
ganic carbon (OC), and OM from MAM3 and MAM7 with
those observed at the IMPROVE sites, EMEP sites, and those
compiled by Liousse et al. (1996), Cooke et al. (1999) and
Zhang et al. (2007). Modeled BC concentrations agree with
observations reasonably well (mostly within a factor of 2)
at the IMPROVE sites (Fig. 11a), while the model signif-
icantly overestimates observed OC concentrations by more
than a factor of 2, especially in the Eastern US (Fig. 12a).
The OC high bias is improved when the 50 % SOA yield
increase (Sect. S1.1.3 in the Supplement) is removed. The
model underestimates observed BC and OC concentrations
at the EMEP sites (Figs. 11b and 12b). Modeled OC and
BC generally capture the spatial variations of the observa-
tions compiled by Liousse et al. (1996), Cooke et al. (1999)
and Zhang et al. (2007). However, BC concentrations are
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Figure 8.  Observed and simulated annual-average SO2 mixing ratios at IMPROVE and 
EMEP network sites.  Observations are for site-available years between 1990-2005 for 
IMPROVE sites and 1995-2005 for EMEP sites.  Simulated values for MAM3 (left) and 
MAM7 (right) are from model lowest layer.  Top: IMPROVE network, Eastern U.S. sites 
are east of 97 W longitude.  Bottom:  EMEP network.   

Fig. 8. Observed and simulated annual-average SO2 mixing ra-
tios at IMPROVE and EMEP network sites. Observations are for
site-available years between 1990–2005 for IMPROVE sites and
1995–2005 for EMEP sites. Simulated values for MAM3 (left) and
MAM7 (right) are from model lowest layer. Top: IMPROVE net-
work; Eastern US sites are east of 97◦ W longitude. Bottom: EMEP
network.

significantly underestimated in remote regions and at some
Pacific and Atlantic locations, suggesting too strong wet re-
moval of BC during its transport from source regions. These
results for MAM3 and MAM7 are very similar due to the
hygroscopicity (κ = 0.1) used for POM. Modeled OM con-
centrations are within a factor of 2 of observations at most
sites compiled by Zhang et al. (2007).

We compare model-simulated vertical profiles of BC with
aircraft measurements from several field campaigns in the
tropics and subtropics, over mid-latitude North America
(Fig. 15) and at high latitudes (Fig. 16). These measure-
ments were made by a single particle soot absorption pho-
tometer (SP2) (Schwarz et al., 2006). Koch et al. (2009) gave
a detailed description of aircraft flights and data processing.
The observed mean as well as median and standard deviation
are shown in the figures when available. Modeled BC pro-
files are based on monthly results interpolated to the average
latitude and longitude of flight tracks. Measured BC mixing
ratios show a strong gradient (by 1–2 orders of magnitude)
from the boundary layer to the free troposphere in the tropics
(CR-AVE and TC4) and subtropics (AVE Houston). Modeled
BC mixing ratios from MAM3 and MAM7 show a smaller
decrease with altitude in the free troposphere, thus overes-
timating observations above 600–500 hPa by a factor of 10,
although the agreement is better (within the data standard
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Figure 9.  Observed and simulated annual-average sulfate (SO4) concentrations at 
IMPROVE and EMEP network sites.  Observations are for site-available years between 
1995-2005. Simulated values for MAM3 (left) and MAM7 (right) are from model lowest 
layer.  Top:  IMPROVE network, Eastern U.S. sites are east of 97 W longitude.  Bottom:  
EMEP network.  EMEP plots show total and non-sea salt (nss) SO4, and IMPROVE plots 
show total SO4.  The CAM5 SO4 species are nss-SO4, and simulated total SO4 includes a 
sea-salt component equal to 7.7% of the simulated sea salt concentration. The means and 
correlation coefficients (R) are for total SO4. 

 

Fig. 9. Observed and simulated annual-average sulfate (SO4) con-
centrations at IMPROVE and EMEP network sites. Observations
are for site-available years between 1995–2005. Simulated values
for MAM3 (left) and MAM7 (right) are from model lowest layer.
Top: IMPROVE network; Eastern US sites are east of 97◦ W longi-
tude. Bottom: EMEP network. EMEP plots show total and non-sea
salt (nss) SO4, and IMPROVE plots show total SO4. The CAM5
SO4 species are nss-SO4, and simulated total SO4 includes a sea-
salt component equal to 7.7 % of the simulated sea salt concentra-
tion. The means and correlation coefficients (R) are for total SO4.

deviation) in the boundary layer. This overestimation of BC
mixing ratio in the free troposphere is also shown in almost
all the models participating in the AeroCom project (Koch et
al., 2009). We note that this high bias in the EMAC/MADE-
in model was significantly reduced when the scavenging of
BC by ice clouds was included (Aquila et al., 2011). The
campaign in the mid-latitudes of North America (CARB) en-
countered strong biomass burning plumes, and BC mixing
ratios show less reduction below∼700 hPa. The modeled BC
mixing ratios agree with the observed median (more repre-
sentative of the background condition) better than with the
observed mean.

Unlike those in the lower latitudes, observed BC mixing
ratios at polar latitudes are relatively uniform up to 400 hPa,
especially in spring (Fig. 16). This is due to the transport
of pollutants to the Arctic from mid-latitudes by meridional
lofting along isentropic surfaces. Modeled BC mixing ratios
from MAM3 and MAM7 are significantly lower than those
observed below 200 hPa, resulting from the too efficient wet
removal of BC during its transport and/or the model’s BC
emissions (IPCC AR5 year 2000) missing some local fire
events. This underestimation of BC below 200 hPa is also
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Figure 10.  Observed and simulated annual-average non-sea salt sulfate (nss-SO4) 
concentrations (µg m-3) at marine sites operated by the Rosenstiel School of Marine and 
Atmospheric Science (RSMAS) at the University of Miami. Observations are for site-
available years between 1981-1998. Simulated values for MAM3 (left) and MAM7 
(right) are from model lowest layer, and the Tenerife mountain site is not included. The 
global locations of sites denoted by different numbers in the figure can be found in Wang 
et al. (2011).  

Fig. 10.Observed and simulated annual-average non-sea salt sulfate
(nss-SO4) concentrations (µg m−3) at marine sites operated by the
Rosenstiel School of Marine and Atmospheric Science (RSMAS)
at the University of Miami. Observations are for site-available years
between 1981–1998. Simulated values for MAM3 (left) and MAM7
(right) are from model lowest layer, and the Tenerife mountain site
is not included. The global locations of sites denoted by different
numbers in the figure can be found in Wang et al. (2011).

simulated by most of the AeroCom models (Koch et al.,
2009). The too efficient removal of BC is related to exces-
sive liquid clouds in the NH in CAM5.1 (H.-L. Wang, per-
sonal communication, 2011) and/or too fast wet removal of
fossil fuel BC (see Sect. 5 for sensitivity tests). Therefore, al-
though too much BC is transported to the free troposphere by
convection in the lower latitudes (Fig. 15), there is much less
BC arriving in the higher latitudes due to fast removal by pre-
cipitation. The comparison of modeled BC with observations
is better in the summer, probably due to the better simulation
of clouds then. Model results between MAM3 and MAM7
are similar due to the hygroscopic nature of POM used in the
model. Sensitivity tests (MAM7-k and MAM7-aging) will be
discussed in Sect. 5 to further examine the impact on mod-
eled BC profiles.

Figure 17 compares modeled profiles of BC with SP2 mea-
sured BC mixing ratios during the HIAPER Pole-to-Pole Ob-
servations campaign (HIPPO1) conducted above the Arctic
and remote Pacific from 80◦ N to 67◦ S during a two-week
period in January 2009 (Schwarz et al., 2010). The observed
BC profiles show significant differences between different
latitude zones. Upper tropospheric BC mixing ratio is much
lower (by two orders of magnitude) than that in the lower
troposphere in the tropics (20◦ S to 20◦ N), which is consis-
tent with observations included in Koch et al. (2010), as dis-
cussed in Fig. 15. The observed BC profiles show much less
variation up to 200 hPa in both NH and SH mid-latitudes.
Observed BC mixing ratio increases with altitude in the SH
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Figure 11.  Observed and simulated annual-average black carbon (BC) concentrations (ng 
C m-3) at IMPROVE and EMEP BC/OC network sites.  Observations are for site-
available years between 1995-2005 for IMPROVE sites and July 2002 – June 2003 for 
EMEP sites.  Simulated values for MAM3 (left) and MAM7 (right) are from model 
lowest layer.  Top:  IMPROVE network, Eastern U.S. sites are east of 97 W longitude.  
Bottom:  EMEP network.   

Fig. 11.Observed and simulated annual-average black carbon (BC)
concentrations (ng C m−3) at IMPROVE and EMEP BC/OC net-
work sites. Observations are for site-available years between 1995–
2005 for IMPROVE sites and July 2002–June 2003 for EMEP sites.
Simulated values for MAM3 (left) and MAM7 (right) are from
model lowest layer. Top: IMPROVE network; Eastern US sites are
east of 97◦ W longitude. Bottom: EMEP network.

high latitudes, reflecting the upper level transport of BC
from biomass burning sources regions in South America and
Southern Africa. In contrast, observed BC mixing ratio de-
creases with altitude in the NH high latitudes (60–80◦ N)
with very high BC mixing ratios (above 50 ng kg−1) near the
surface. This is different from the more uniform BC profiles
observed in April (Fig. 16). MAM3 and MAM7 capture the
vertical variations of BC mixing ratio reasonably well in the
SH high latitudes and NH and SH mid-latitudes. However,
modeled BC shows less vertical reduction in the tropics, thus
significantly overestimating measurements in the upper tro-
posphere. This overestimation is also shown in the model
median and mean of AeroCom models, which is attributed
to the insufficient wet removal of BC in the models by con-
vective clouds (Schwarz et al., 2010). Similar to the results
in Fig. 16 for the NH high latitudes in April, modeled BC
significantly underestimates the observations below 300 hPa.
There is little difference between model BC in MAM3 and
MAM7, although BC mixing ratios from MAM7 are slightly
higher. We will further discuss the impact of BC aging on
modeled BC profiles in Sect. 5.

Figures 18 and 19 compare the simulated annual mean
dust concentrations and dust deposition fluxes at the sur-
face from MAM3 and MAM7 with observations collected by
Mahowald et al. (2009). As for sulfate, dust concentrations

Geosci. Model Dev., 5, 709–739, 2012 www.geosci-model-dev.net/5/709/2012/



X. Liu et al.: Toward a minimal representation of aerosols in climate models 725

 76 

 

 

 

 

 

 

Figure 12.  Observed and simulated annual-average organic carbon (OC) concentrations 
(ng C m-3) at IMPROVE and EMEP BC/OC network sites. Observations are for site-
available years between 1995-2005 for IMPROVE sites and July 2002 – June 2003 for 
EMEP sites.  Simulated values for MAM3 (left) and MAM7 (right) are from model 
lowest layer and are equal to the modeled (POM + SOA)/1.4.  Top:  IMPROVE network, 
Eastern U.S. sites are east of 97 W longitude.  Bottom:  EMEP network.   

Fig. 12. Observed and simulated annual-average organic carbon
(OC) concentrations (ng C m−3) at IMPROVE and EMEP BC/OC
network sites. Observations are for site-available years between
1995–2005 for IMPROVE sites and July 2002–June 2003 for EMEP
sites. Simulated values for MAM3 (left) and MAM7 (right) are from
model lowest layer and are equal to the modeled (POM + SOA)/1.4.
Top: IMPROVE network; Eastern US sites are east of 97◦ W longi-
tude. Bottom: EMEP network.

are underestimated at many sites, especially in MAM3, al-
though the simulated multi-sites means are slightly greater
than observed ones. The underestimation is reduced in
MAM7, which is consistent with the higher dust burden and
concentration in MAM7. Modeled dust deposition fluxes are
also lower than limited observational data.

Figure 20 compares the simulated annual mean sea salt
concentrations at the surface from MAM3 and MAM7, with
observations obtained at the ocean sites operated by the Uni-
versity of Miami. Most of the simulated sea salt concentra-
tions are within a factor of 2 of the observations, although
there is large scatter between the model and observations,
and correlation coefficients are low (0.23–0.25) in part due
to the narrow range of the model and observed sea salt con-
centrations. As discussed in Sect. 3, MAM7 simulates lower
sea salt concentrations compared to MAM3.

4.2 Aerosol number concentration and size distribution

Figure 21 compares simulated aerosol size distributions in
the marine boundary layer with observations from Heintzen-
berg et al. (2000). The observational data were compiled
and aggregated onto a 15× 15◦ grid. We sampled the model
results over the same regions as those of the observations.
Observations show bi-modal size distributions for all the
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Figure 13.  Observed and simulated organic carbon (OC) (top) and black carbon (BC) 
(bottom) concentrations (ng C m-3) at various locations and time periods.  Observations 
are from the compilations of Liousse et al. (1996) and Cooke et al. (1999).  Simulated 
values for MAM3 (left) and MAM7 (right) are from model lowest layer, and OC is the 
modeled (POM + SOA)/1.4. 

Fig. 13. Observed and simulated organic carbon (OC) (top) and
black carbon (BC) (bottom) concentrations (ng C m−3) at various
locations and time periods. Observations are from the compilations
of Liousse et al. (1996) and Cooke et al. (1999). Simulated values
for MAM3 (left) and MAM7 (right) are from model lowest layer,
and OC is the modeled (POM + SOA)/1.4.
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Figure 14.  Observed and simulated organic aerosol concentrations at various locations 
and times as reported compiled by Zhang et al. (2007).  Simulated values for MAM3 
(left) and MAM7 (right) are from model lowest layer except for Jungfraujoch site 
(symbol W).   

Fig. 14.Observed and simulated organic aerosol concentrations at
various locations and times as reported and compiled by Zhang et
al. (2007). Simulated values for MAM3 (left) and MAM7 (right) are
from model lowest layer except for Jungfraujoch site (symbol W).

latitudinal bands, with mode median diameters of 0.03–
0.06 µm for the Aitken mode and 0.1–0.2 µm for the accu-
mulation mode. There are higher Aitken mode number con-
centrations in the SH extratropics than other latitudinal bands
in the observations, probably due to stronger aerosol nucle-
ation there. The model is able to reproduce the bi-modal size
distributions. However, the model underestimates the Aitken
mode number concentrations in the SH (15◦ S–60◦ S) and
NH (15◦ N–30◦ N), which suggests that the boundary layer
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Figure 15.  Observed and simulated BC vertical profiles in the tropics and middle 
latitudes from 4 aircraft campaigns:  AVE Houston (NASA Houston Aura Validation 
Experiment), CR-AVE (NASA Costa Rica Aura Validation Experiment), TC4 (Tropical 
Composition, Cloud and Climate Coupling), and CARB (NASA initiative in 

Fig. 15.Observed and simulated BC vertical profiles in the tropics
and middle latitudes from four aircraft campaigns: AVE Houston
(NASA Houston Aura Validation Experiment), CR-AVE (NASA
Costa Rica Aura Validation Experiment), TC4 (Tropical Composi-
tion, Cloud and Climate Coupling), and CARB (NASA initiative in
collaboration with California Air Resources Board). Observations
are averages for the respective campaigns and were measured by
three different investigator groups: NOAA (Schwarz et al., 2006)
for AVE-Houston, CR-AVE, and TC4; University of Tokyo (Moteki
and Kondo, 2007; Moteki et al., 2007) and University of Hawaii
(Clarke et al., 2007; Howell et al., 2006; McNaughton et al., 2009;
Shinozuka et al., 2007) for CARB. The Houston campaign has two
profiles from two different days. See Koch et al. (2009) for addi-
tional details. Simulated profiles for MAM3 and MAM7 are aver-
aged over the points on the map and the indicated month. Two sen-
sitivity experiments are included: MAM7-k and MAM7-aging, as
discussed in Sect. 5.

nucleation in these remote regions is too weak, the ultrafine
sea salt emission flux is too small, or the model misses an or-
ganic ocean source. The results for the SH are consistent with
Pierce and Adams (2006). In the NH mid-latitudes, the model
underestimation of Aitken mode number concentration may
also suggest that the anthropogenic influence is too weak.
The model underestimates the accumulation mode number
concentrations in almost all latitude bands. This suggests
that the model may have too low fine sea salt emission flux,
too strong wet removal of sea salt in the marine boundary
layer and anthropogenic aerosols during the transport from
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Figure 16.  Same as Figure 15 but for BC vertical profiles at high latitudes from two other 
campaigns:  ARCTAS (NASA Arctic Research of the Composition of the Troposphere 
from Aircraft and Satellite), and ARCPAC (NOAA Aerosol, Radiation, and Cloud 
Processes affecting Arctic Climate). Observations are from the NOAA group for 
ARCPAC, and from the University of Tokyo and University of Hawaii groups for 
ARCTAS. 

Fig. 16. Same as Fig. 15, but for BC vertical profiles at high lati-
tudes from two other campaigns: ARCTAS (NASA Arctic Research
of the Composition of the Troposphere from Aircraft and Satellite)
and ARCPAC (NOAA Aerosol, Radiation, and Cloud Processes af-
fecting Arctic Climate). Observations are from the NOAA group
for ARCPAC and from the University of Tokyo and University of
Hawaii groups for ARCTAS.

the continents, and/or missing organic source from oceans.
There are higher Aitken mode aerosol number concentrations
in MAM7 than those in MAM3 in all these marine zonal
bands, consistent with the higher nucleation rates of aerosol
in MAM7, as indicated in Sect. 3.1. The difference in the
accumulation mode aerosol number concentration is small
between MAM3 and MAM7.

Figure 22 compares simulated vertical profiles of aerosol
number concentration for particles with diameter larger than
14 nm (N14, for which the model values include particles
from all modes) and particles with diameter larger than
100 nm (N100, for which the model values include parti-
cles from accumulation, primary carbon, and larger modes)
with observations near Punta Arena, Chile (53◦ S) and Prest-
wick, Scotland (54◦ N) during the Interhemispheric Differ-
ences in Cirrus Properties From Anthropogenic Emissions
(INCA) campaign (Minikin et al., 2003). Observed N14 num-
ber concentrations in both locations show little variation up
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Figure 17.  Same as Figure 16, but for BC vertical profiles above W. Canada, Alaska, the 
Arctic Ocean, and the remote Pacific Ocean during the HIAPER Pole-to-Pole 
Observations (HIPPO) campaign in January 2009 (Schwarz et al., 2010).  The 
observational data was grouped into five latitude zones (67-60 S, 60-20 S, 20 S-20 N, 20-

Fig. 17. Same as Fig. 16, but for BC vertical profiles above
W. Canada, Alaska, the Arctic Ocean, and the remote Pacific Ocean
during the HIAPER Pole-to-Pole Observations (HIPPO) campaign
in January 2009 (Schwarz et al., 2010). The observational data
were grouped into five latitude zones (67–60◦ S, 60–20◦ S, 20◦ S–
20◦ N, 20–60◦ N, and 60–80◦ N). Simulated profiles for MAM3 and
MAM7 are averaged over January and the flight track segments
within each latitude zone. Two sensitivity experiments are included:
MAM7-k and MAM7-aging, as discussed in Sect. 5.

to 8–10 km. The N14 number concentrations in Scotland are
a factor of 2–3 higher than those in Chile. Modeled N14 num-
ber concentrations also show small vertical variations up to
10 km; however, they are similar between the two locations.
The modeled concentrations are lower than those from mea-
surements, especially at the NH location (Scotland). This un-
derestimation may be partly due to the large assumed size
of carbonaceous aerosols emitted from fossil fuel combus-
tion and/or that the aerosol nucleation is too weak due to
the too efficient removal of precursor gases (e.g., SO2). Ob-
served N100 number concentrations decrease significantly
with height in the boundary layer, and then vary little in
the middle troposphere and increase slightly around 10 km
for both locations. The model captures these vertical varia-
tions well and also the much higher concentrations in the NH
(Scotland) than those in the SH (Chile). The model underes-
timates the observed N100 number concentrations, especially
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60 N, and 60-80 N). Simulated profiles for MAM3 and MAM7 are averaged over January 
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Figure 18. Observed and simulated annual-average mineral dust concentrations (µg m-3). 
Observations are from Table S2 of Mahowald et al. (2009). Only station measurements 
are shown (no cruise measurements). The symbols distinguish the original data types: 
actual dust measurement (×), or dust concentration calculated from iron measurement (+) 
assuming 3.5% iron in dust, as in Mahowald et al. (2009). 

 

Fig. 18.Observed and simulated annual-average mineral dust con-
centrations (µg m−3). Observations are from Table S2 of Mahowald
et al. (2009). Only station measurements are shown (no cruise mea-
surements). The symbols distinguish the original data types: actual
dust measurement (×) or dust concentration calculated from iron
measurement (+), assuming 3.5 % iron in dust, as in Mahowald et
al. (2009).
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Figure 19. Observed and simulated annual-average mineral dust total (dry plus wet) 
deposition fluxes (mg m-2 d-1).  Observations are from Table S1 of Mahowald et al. 
(2009).  Dust deposition fluxes were calculated from the iron deposition fluxes assuming 
3.5% iron in dust.

Fig. 19.Observed and simulated annual-average mineral dust total
(dry plus wet) deposition fluxes (mg m−2 d−1). Observations are
from Table S1 of Mahowald et al. (2009). Dust deposition fluxes
were calculated from the iron deposition fluxes, assuming 3.5 %
iron in dust.

at the NH location (Scotland). There are slightly higher num-
ber concentrations from MAM7 than those from MAM3 for
both N14 and N100 at both locations.

Figure 23 compares vertical profiles of modeled CCN
number concentrations at supersaturation of 0.1 % with
data from the eight field experiments reported in Ghan et
al. (2001). Observations show a variety of vertical profiles
of CCN number concentrations. CCN number concentrations
increase with altitude over Tasmania in the austral winter and
over the Arctic in spring, and vary little over Tasmania during
ACE-1 in the austral summer. These vertical profiles suggest
the influence of continual outflows from Australia or from
mid-latitudes. At other sites observed CCN number concen-
trations decrease with altitude. The model results show a de-
crease with altitude for all sites. The model severely underes-
timates the observed CCN number concentration in the Arc-
tic in spring, which is consistent with the underestimation
of BC concentration due to the too efficient wet scaveng-
ing in the model. The ARM site in Oklahoma is located in
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Figure 20. Same as Fig. 10, but for sea salt concentrations (µg m-3). The global locations 
of sites denoted by different numbers in the figure can be found in Wang et al. (2011).   
Fig. 20.Same as Fig. 10, but for sea salt concentrations (µg m−3).
The global locations of sites denoted by different numbers in the
figure can be found in Wang et al. (2011).

a strong concentration gradient region, and the model may
not be able to accurately resolve and simulate these spatial
variations. The assumed size for fossil fuel BC and POM
emissions could also contribute to the underestimation of ob-
served CCN number concentration. The model performance
is qualitatively similar to that found by Wang et al. (2011)
and Ghan et al. (2001). CCN number concentrations near the
surface over ocean from MAM7 are significantly lower than
those of MAM3, as discussed in Sect. 3.1.

4.3 Aerosol optical properties

Figure 24 compares the monthly aerosol optical depth (AOD)
and single scattering albedo (SSA) at 550 nm from the model
with observations from the AERONET (http://aeronet.gsfc.
nasa.gov) at sites in seven regions (North and South Amer-
ica, Europe, East and South Asia, and Northern and Southern
Africa) over the globe. The AERONET data are averaged for
the years of 1998–2005. Modeled monthly AOD agrees with
observations within a factor of 2 for sites in North America.
The model also captures the seasonal variations of observed
AOD in North America reasonably well: AOD is lower in
the winter and higher in the summer due to stronger photo-
chemical production of sulfate and stronger biogenic SOA
sources in the summer (figure not shown). At several sites,
the modeled AOD values are lower than observations in the
summer, probably due to the too strong wet scavenging in
the model. Differences in simulated AOD between MAM3
and MAM7 are small in North America. The normalized
mean bias (NMB) of simulated AOD in MAM3 and MAM7
is −0.28 there (Table 9). The underestimation of monthly
AOD is much more severe in South and East Asia (by more
than a factor of 2), probably due to the underestimation of
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Figure 21. Submicron aerosol number size distributions in the marine boundary layer. 
Observations (Obs.) from Heintzenberg et al. (2000) were compiled and aggregated onto 
a 15°×15° grid then averaged zonally. The model data are spatially averaged over the 
15°×15° grid cells having observations. Model data for MAM3 and MAM7 are 
temporally averaged over Dec.-Feb. for 75-45 S, over Nov.-Mar. for 45-30 S, annually 

Fig. 21. Submicron aerosol number size distributions in the ma-
rine boundary layer. Observations (Obs.) from Heintzenberg et
al. (2000) were compiled and aggregated onto a 15×15◦ grid then
averaged zonally. The model data are spatially averaged over the
15×15◦ grid cells having observations. Model data for MAM3 and
MAM7 are temporally averaged over December–February for 75–
45◦ S, over November–March for 45–30◦ S, annually for 30◦ S–
30◦ N, over May–September for 30–45◦ N, over June–August for
45–90◦ N. For the 45–30◦ S latitude band, aerosol number densi-
ties are scaled by 0.5, so the same vertical axis can be used for all
latitudinal bands.

anthropogenic emissions there. The model captures well the
seasonal variations of AOD in Northern Africa (figure not
shown), and MAM7 has a much better simulation (NMB of
−0.12) compared to MAM3 (NMB of−0.37), due to its
higher dust burdens and concentrations (Sect. 3). In South-
ern Africa, the model is able to capture the AOD seasonal
trends resulting from the biomass burning emission (figure
not shown). However, both MAM3 and MAM7 underesti-
mate the AOD peaks in autumn there.

The modeled SSA ranges mostly between 0.88–0.94 and
has less variation than observations. This is indicated in
the low correlation coefficients between model simulations
and observations (Table 10). The model captures well the
seasonal variations (not shown) and magnitudes of SSA in
Northern and Southern Africa. The modeled SSA is lower
than observations in East Asia, probably because of the un-
derestimation of sulfate and organic aerosol there, while it is
higher than observations in South America, probably because
of the underestimation of local biomass burning sources
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Table 9. Mean of observations (obs), and normalized mean bias (NMB) and correlation coefficients (R) between model simulations and
observations, for AOD over the seven regions in Fig. 24. The NMB is the difference between model and observed means divided by the
observed mean.

North Europe East Northern Southern South South Global
America Asia Africa Africa America Asia

Mean (obs) 0.13 0.18 0.34 0.51 0.18 0.21 0.39 0.21
NMB (MAM3) −0.28 −0.38 −0.53 −0.37 −0.39 −0.24 −0.71 −0.33
NMB (MAM7) −0.28 −0.38 −0.50 −0.12 −0.33 −0.29 −0.72 −0.24
R (MAM3) 0.87 0.29 0.36 0.55 0.66 0.44 0.78 0.69
R (MAM7) 0.87 0.28 0.31 0.51 0.49 0.50 0.80 0.71

Table 10.Mean of observations (obs) and model simulations, and correlation coefficients (R) between model simulations and observations,
for SSA over the seven regions in Fig. 24.

North Europe East Northern Southern South South Global
America Asia Africa Africa America Asia

Mean (obs) 0.93 0.91 0.92 0.91 0.89 0.88 0.90 0.92
Mean (MAM3) 0.92 0.91 0.88 0.90 0.91 0.94 0.92 0.91
Mean (MAM7) 0.92 0.91 0.88 0.91 0.90 0.94 0.92 0.91
R (MAM3) 0.28 −0.17 0.58 0.55 0.61 0.35 0.48 0.24
R (MAM7) 0.31 −0.16 0.61 0.51 0.61 0.28 0.47 0.27

there. Because of the combination of the AOD and SSA,
modeled absorption AOD (AAOD) is mostly within a fac-
tor of 2 of observations in North America, Europe, East Asia
(due to the compensation of low AOD by low SSA), and
Northern Africa for MAM7 (figure not shown). MAM3 un-
derestimates observed AAOD in Northern Africa due to the
underestimation of dust AOD. Both MAM3 and MAM7 un-
derestimate AAOD in Southern Africa (due to the underesti-
mation of biomass burning AOD), in South Asia (due to the
underestimation of anthropogenic AOD and overestimation
of SSA), and in South America (due to the overestimation of
SSA).

Figure 25 shows the simulated AOD at 550 nm from
MAM3 and MAM7 in January and July, in comparison with
that from a satellite AOD retrieval composite derived by
Kinne et al. (2006). As noted in Kinne et al. (2006), this satel-
lite composite combines the strength of individual satellite
retrievals (MODIS, MISR, AVHRR, TOMS, and POLDER),
giving regional preferences for different satellite products
separately over land and over ocean. The simulated AOD
captures the general patterns of AOD on the global scale.
The model simulates higher AOD over the biomass burn-
ing region in Southern Africa in January, in agreement with
satellite data. The model underestimates satellite-observed
AOD over North America, Europe and East Asia in Jan-
uary. The model captures the observed AOD peaks over the
Saharan and Asian deserts, biomass burning regions over
Southern Africa and South America, and industrial regions
over East and South Asia in July. The model underestimates
observed AOD in East Asia, North America and Southern

Africa in July, which agrees with the comparison of modeled
AOD with the AERONET data. The model overestimates
the outflow of Saharan dust and South American biomass
aerosols over the central Atlantic and eastern equatorial Pa-
cific, respectively. Modeled AOD from MAM3 and MAM7
is similar over the continents with higher AOD over North-
ern Africa in MAM7. Modeled AOD in MAM3 over oceans
agrees reasonably well with satellite data, while modeled
AOD in MAM7 is significantly lower over oceans (e.g., in
the storm track regions), consistent with the lower sea salt
concentrations in MAM7, as discussed in Sect. 3.

We note here that the evaluation of modeled cloud prop-
erties from MAM3 and MAM7 with available observations,
which is important for the aerosol wet removal, is given in
Sect. S2.1 of the Supplement.

4.4 Timing

It takes about 4.8 h of wall-clock time for a one-year sim-
ulation with the stand-alone CAM5 with MAM3 (with
15 aerosol and 5 precursor gas species) using 128 CPUs on
NCAR Bluefire, an IBM Power 6. It takes 6.3 h for MAM7
(with 31 aerosol and 6 trace gas species); thus, CAM5 with
MAM7 is ∼30 % slower than CAM5 with MAM3. The wall-
clock time for running MAM3 is∼35 % higher than that
using the CAM5 with the prognostic bulk aerosol module
(BAM, with 13 aerosol and 3 precursor gas species). This in-
crease in computational time is due to the additional aerosol
microphysics processes (e.g., nucleation, condensation, co-
agulation) considered in MAM3.
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Figure 22. Vertical profiles of aerosol number concentration of particles with diameter > 
14 nm (left) and particles with diameter > 100 nm (right), near Punta Arenas, Chile 
during March/April (top) and near Prestwick, Scotland in September/October (bottom). 
Observations are from Minikin et al. (2003): median (star), 25 and 75 percentiles (left and 
right end of error bars). Model results for MAM3 and MAM7 are averaged over latitude-
longitude ranges of 60-50 S, 70-85 W for Chile, and over 50-60 N, 10 W-5 E for 
Scotland. 

Fig. 22. Vertical profiles of aerosol number concentration of
particles with diameter> 14 nm (left) and particles with diame-
ter> 100 nm (right), near Punta Arenas, Chile during March/April
(top) and near Prestwick, Scotland in September/October (bottom).
Observations are from Minikin et al. (2003): median (star), 25 and
75 percentiles (left and right end of error bars). Model results for
MAM3 and MAM7 are averaged over latitude-longitude ranges of
60–50◦ S, 70–85◦ W for Chile, and over 50–60◦ N, 10◦ W–5◦ E for
Scotland.

5 Sensitivity studies

In the standard MAM7 (MAM7-control) the hygroscopic-
ity (κ) value for POM is 0.1. As a result POM and BC in
the primary carbon mode experience wet scavenging before
aerosol particles in the primary carbon mode are aged into the
accumulation mode. Therefore, we do not find large differ-
ences in model- simulated POM and BC between MAM7 and
MAM3. In one sensitivity experiment theκ value of POM is
changed from 0.1 to 0.0 to reflect the non-hygroscopic nature
(κ = 0) of POM from fossil fuel combustion. We run MAM7
to examine the impact of this change on model-simulated
POM and BC (experiment MAM7-k). In another sensitiv-
ity experiment, in addition toκ = 0 for POM we change
the coating criterion for conversion of POM and BC in the
primary carbon mode to accumulation mode. The coating
thickness is changed from 3 to 8 monolayers. Thus, more
coating material (sulfate, ammonium and SOA) is required
to age primary carbon mode particles and transfer them to
the accumulation mode (experiment MAM7-aging). For a
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Figure 23.  Observed and simulated vertical profiles of CCN concentrations at 0.1% 
supersaturation for eight field experiments.  Field experiment acronym, location, and date 
are shown above each plot, and more details are given in Table 1 of Ghan et al. (2001).  
Observed values are means (solid black lines) and 10th and 90th percentiles (dashed black 
lines) for each experiment.  Simulated values (colored lines) for MAM3 and MAM7 are 
averages over the months shown and experiment location.   

 

 

 

 

 

Fig. 23. Observed and simulated vertical profiles of CCN concen-
trations at 0.1 % supersaturation for eight field experiments. Field
experiment acronym, location, and date are shown above each plot,
and more details are given in Table 1 of Ghan et al. (2001). Ob-
served values are means (solid black lines) and 10th and 90th per-
centiles (dashed black lines) for each experiment. Simulated values
(colored lines) for MAM3 and MAM7 are averages over the months
shown and experiment location.

Fig. 24. Comparison of modeled monthly aerosol optical depth
(AOD) (upper) and single scattering albedo (SSA) (lower) at
550 nm from MAM3 (left) and MAM7 (right) with observations
from the AERONET (http://aeronet.gsfc.nasa.gov) at 75 sites in
seven regions (North and South America, Europe, East and South
Asia, and Northern and Southern Africa) over the globe. Dashed
lines are 1:2 or 2:1 for AOD (upper) and 1:1 for SSA (lower).

0.134 µm diameter non-hygroscopic particle, which is the
volume-mean size for BC and POM emissions, the 3 and
8 monolayers of sulfate produce CCN with critical supersat-
urations of 0.49 % and 0.32 %, respectively.
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Fig. 25.Comparison of simulated AOD at 550 nm from MAM3 (upper) and MAM7 (middle) in January (left) and July (right) with that from
a satellite AOD retrieval composite (lower), derived by Kinne et al. (2006).

Tables 11 and 12 give the global budgets of POM and BC,
respectively from the two sensitivity experiments (MAM7-
k and MAM7-aging) in comparison with those from the
MAM7-control experiment. In the MAM7-k experiment,
when droplet activation and in-cloud scavenging are sup-
pressed by the lower value ofκ, the global POM and BC
burdens in the primary carbon mode increase by∼40 %, and
their lifetimes are thus longer. With less wet removal in the
primary carbon mode, more POM and BC are transferred
to the accumulation mode. Once in the accumulation mode,
they experience the same dry and wet removal efficiencies
as those in MAM7-control. Thus, burdens of POM and BC
in the accumulation mode are higher but with similar life-
times as MAM7-control. The global burdens of total POM
and BC (i.e., primary carbon mode plus accumulation mode)

in MAM7-k are 10 % and 8 % higher than those in MAM7-
control, respectively.

With slower aging and less wet removal in the primary car-
bon mode (MAM7-aging), global burdens of POM and BC
in the primary carbon mode increase by a factor of∼4, with
much longer lifetimes than those in MAM7-control. Similar
amounts of POM and BC are transferred to the accumulation
mode as in MAM7-control as a result of less wet removal
but more dry deposition (due to the slower aging) in the pri-
mary carbon mode. POM and BC burdens and lifetimes in
accumulation mode are similar to those in MAM7-control.
The global burdens of total POM and BC in MAM7-aging
are 43 % and 34 % higher than those in MAM7-control, re-
spectively.

A reducedκ value for POM and slower aging of pri-
mary carbon mode produce small changes for POM and
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Table 11. Global budgets for primary carbon mode and accumulation mode POM from the standard MAM7 simulation (MAM7-control)
and the MAM-k and MAM-aging sensitivity experiments.

MAM7-control MAM7-k MAM7-aging

Primary carbon mode POM

Sources 50.2 50.2 50.2
Fossil and bio-fuel emission 16.8 16.8 16.8
Biomass burning emission 33.4 33.4 33.4

Sinks 50.2 50.2 50.2
Dry deposition 2.5 2.8 4.5
Wet deposition 2.6 0.004 0.009
Aged to accumulation mode 45.1 47.4 45.7

Burden 0.10 0.14 0.37
Lifetime 0.73 1.0 2.7

Accumulation mode POM

Sources
Aged from primary mode 45.1 47.4 45.7

Sinks 44.9 47.3 45.6
Dry deposition 5.8 6.1 5.5
Wet deposition 39.1 41.2 40.1

Burden 0.58 0.61 0.60
Lifetime 4.7 4.7 4.8

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.

Table 12.Global budgets for primary carbon mode and accumulation mode BC from the standard MAM7 simulation (MAM7-control) and
the MAM7-k and MAM7-aging sensitivity experiments.

MAM7-control MAM7-k MAM7-aging

Primary carbon mode BC

Sources 7.76 7.76 7.76
Fossil and bio-fuel emission 5.00 5.00 5.00
Biomass burning emission 2.76 2.76 2.76

Sinks 7.76 7.76 7.76
Dry deposition 0.39 0.42 0.70
Wet deposition 0.33 0.00 0.00
Aged to accumulation mode 7.04 7.34 7.06

Burden 0.010 0.014 0.040
Lifetime 0.47 0.66 1.88

Accumulation mode BC

Sources
Aged from primary mode 7.04 7.34 7.06

Sinks 7.03 7.32 7.05
Dry deposition 1.02 1.04 0.93
Wet deposition 6.01 6.28 6.12

Burden 0.083 0.086 0.085
Lifetime 4.3 4.3 4.4

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.

BC surface concentrations near the continental source re-
gions (e.g., at the IMPROVE and EMEP sites) in compari-
son with MAM7-control (figures not shown), indicating the
lower sensitivity of aerosol concentrations to the difference

in wet removal near the sources (Liu et al., 2007). However,
the underestimations of POM and BC surface concentrations
at ocean and remote continental sites in MAM7-control are
improved, especially for BC (figure not shown). The impact

Geosci. Model Dev., 5, 709–739, 2012 www.geosci-model-dev.net/5/709/2012/



X. Liu et al.: Toward a minimal representation of aerosols in climate models 733

on vertical profiles of BC mixing ratio from the two sensi-
tivity experiments is shown in Figs. 15–17. With a reduced
κ value for POM (MAM7-k experiment), BC mixing ratios
are increased in comparison with MAM7-control due to less
efficient wet scavenging of BC in the primary carbon mode.
However, the increases are small in the tropics and subtropics
in North America (Fig. 15). There are significant increases
in the BC mixing ratios in the upper troposphere in the mid-
latitudes (during the CARB campaign in June). BC mixing
ratios are enhanced several fold in the Arctic during spring,
when the control-run mixing ratios are very low, but less so
in the summer, when control-run mixing ratios are higher
(Fig. 16). These changes are consistent with the HIPPO com-
parison (Fig. 17), where strong increases occur in the mid-
and high latitudes of NH and in the high latitudes of SH.
These increases in BC mixing ratios improve model compar-
ison with observations, except in the tropics and subtropics
where the model high biases in the upper troposphere are
larger.

With slower aging of primary carbon mode andκ = 0 for
POM (MAM7-aging run), increases in BC mixing ratios are
evident in all the profiles of Figs. 15–17. This makes the over-
estimations of BC mixing ratios in the free troposphere in the
tropics and subtropics even more severe. The model still un-
derestimates observed BC median mixing ratios in the Arctic
in spring, which suggests a model bias of wet scavenging for
the accumulation mode aerosol and/or underestimated local
emissions in the model during the spring season. The im-
pacts of the changes from these two sensitivity experiments
are small for aerosol number and size distributions over the
oceans and CCN number concentrations in Figs. 21–23 (re-
sults shown only for control runs).

Figure 26 shows the fraction of the total BC column bur-
den that is in the primary carbon mode from the three ex-
periments: MAM7-control, MAM7-k and MAM7-aging. In
the MAM7-control run, fresh BC (from fossil fuel, bio-fuel,
and biomass burning emissions) is aged to the accumula-
tion mode quickly, e.g., in the industrial regions where sul-
fate concentrations are high. Primary carbon mode BC frac-
tions are 30–50 % in the tropical and boreal biomass burn-
ing source regions (e.g., Central Africa, the maritime conti-
nent, and Siberia). Other than these regions aged BC domi-
nates the total BC burden (aged fractions larger than 90 %).
With reducedκ value for POM (MAM7-k), primary carbon
mode BC fractions increase because of less wet removal. Pri-
mary carbon mode BC fractions are 30–40 % over the Arc-
tic regions because of more transport of un-aged BC from
the source regions (e.g., Siberia). These results are in gen-
eral agreement with observations that carbonaceous aerosol
particles are internally mixed with sulfate and other com-
ponents except near the source regions (e.g., Posfai et al.,
2003; Clarke et al., 2004; Moffet and Prather, 2009; Wang
et al., 2010). When the high coating criterion is used for ag-
ing (MAM7-aging), primary carbon mode BC fraction in-
creases significantly with values of 50–70 % over the Arctic

Fig. 26.Mass fraction of the total BC column burden that is in the
primary carbon mode from the three experiments: MAM7, MAM7-
k and MAM7-aging.

and biomass burning regions in the maritime continent and
Central Africa. There are high fractions (30–40 %) of pri-
mary carbon mode BC in the SH mid-latitudes due to the
transport from SH biomass burning regions. However, BC
concentrations there are small. Evaluation of the modeled
mixing state of BC and POM with observations (e.g., Pratt
and Prather, 2010) will be conducted in a future study.

6 Conclusions and future work

In this study, the two versions of a modal aerosol module
(MAM) developed for CAM5 are described and evaluated.
The more comprehensive one (MAM7) has 7 log-normal
modes and explicitly treats the aging of POM and BC from
the primary carbon mode into which they are emitted to the
accumulation mode where they are mixed with other aerosol
species. For long-term (decades to centuries) simulations, a
simplified version (MAM3) was developed that has 3 log-
normal modes and neglects the aging process of POM and
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BC by assuming the immediate mixing of POM and BC with
other aerosol species. Other approximations in MAM3 in-
clude merging of the MAM7 fine dust and fine sea salt modes
into the accumulation mode in MAM3, and merging of the
MAM7 coarse dust and coarse sea salt modes into the sin-
gle coarse mode in MAM3, which is made feasible by the
separate geographical sources of sea salt and mineral dust.

Sulfate and SOA burdens and concentrations are remark-
ably similar between MAM3 and MAM7, because most
(∼90 %) of these aerosol species are in the accumulation
mode. Although POM and BC are treated differently in
MAM3 and MAM7, POM and BC concentrations are also
similar. This is because a hygroscopicity (κ) of 0.1 is as-
sumed for POM, and therefore much of the POM and BC
in the primary carbon mode is wet-scavenged before aging
into the accumulation mode in MAM7. Sensitivity tests with
MAM7 with a lowerκ value (0.0) for POM and additionally
with a higher coating criteria for aging produce significantly
larger POM and BC concentrations, especially at NH high
latitudes.

Sea salt concentrations simulated by MAM7 are signif-
icantly lower (by 30–40 %) over the Southern Ocean than
those from MAM3, along with a lower AOD. This is pri-
marily due to differences in the treatment of coarse-mode
sea salt. MAM7 has different standard deviations (σg) for the
coarse sea salt (2.0) and dust modes (1.8), while in MAM3
the value of 1.8 is used for the single coarse mode. Thus, the
coarse-mode sea salt in MAM7 has larger sedimentation ve-
locities than those in MAM3. Also, merging MAM7 fine sea-
salt and accumulation modes into the MAM3 accumulation
mode changes the size distribution of these submicron par-
ticles. As a result, simulated CCN number concentration (at
S = 0.1 %) and AOD from MAM7 over the oceans are lower
than those from MAM3. Dust concentrations from MAM3
are slightly lower (by∼10 %) than those from MAM7 due
to the different size ranges for fine and coarse dust, and to a
lesser extent due to the different assumptions of mixing states
of dust with other components. Results from additional sen-
sitivity tests are needed to more precisely explain how differ-
ing assumptions in MAM3 and MAM7 affect fine and coarse
sea salt and dust concentrations, CCN, and AOD.

Another difference between MAM3 and MAM7 is that
ammonia/ammonium cycles are explicitly treated in MAM7,
but not in MAM3. NH3 dissolved in cloud water raises
pH and increases aqueous-phase sulfate production. The
NH4/SO4 molar ratio in aerosol predicted in MAM7 aver-
ages 1.2 globally. It is near 2.0 in much of the continental
and tropical marine boundary layer, while it is less than 1.0
in many mid-latitude marine boundary layer regions. The ra-
tio is generally less than 1.0 in the free troposphere, except
in the tropics where the ratio can be 1.5–2.0. In comparison,
MAM3 assumes a fixed NH4/SO4 molar ratio of 1.0.

Overall, the CAM5 model with MAM3 and MAM7 per-
forms reasonably well in capturing observed spatial and tem-
poral variations of mass concentrations of aerosol species,

aerosol number and size distribution, AOD, SSA, and CCN
number concentration. There are biases in modeled aerosol
fields that need to be improved in future work. Some of these
biases are related to the model treatment of aerosol processes
and properties, and some are related to the model treatment
of cloud and other physical processes. The simulated aerosol
distributions and life cycles are tightly coupled with and af-
fected by modeled cloud fields (e.g., cloud water content,
cloud cover, precipitation) in GCMs. This is expected since
wet removal is the primary removal process for submicron
aerosol particles, and most sulfate is formed by cloud chem-
istry. The cloud liquid water path simulated by CAM5 has a
low bias, as indicated in Sect. S2.1 of the Supplement, but
surface precipitation rates are in better agreement with ob-
servations. As a result, cycling of cloud water (i.e., conver-
sion to precipitation) is too rapid in the model, and in-cloud
wet-removal rates of aerosols are high. Simulated sulfate and
mineral dust concentrations at the surface are lower than
those observed at the oceanic sites operated by the RSMAS
at the University of Miami. Simulated accumulation mode
number concentrations are lower than those observed in the
marine boundary layer by Heintzenberg et al. (2000). There
is a low bias in AOD on the global scale. In addition to cloud
liquid water content, the high bias in low-level cloud amount
at high latitudes in cold seasons increases the occurrence of
wet removal of aerosol during its transport from the mid-
latitudes to the polar regions (H. Wang, personal communi-
cation, 2011). This contributes to the significantly low BC
concentrations in the Arctic compared to observations from
the ARCTAS and ARCPAC campaigns in April and from the
HIPPO campaign in January. BC concentrations in the free
troposphere in the tropics and in the mid-latitudes are, how-
ever, overestimated in the model, which suggests the need
for improvement of transport and wet scavenging by convec-
tive clouds in the model. Currently, CAM5 has very simple
cloud microphysics and no explicit treatment of aerosol ac-
tivation in convective clouds, as well as separate (although
weakly coupled) treatments of convective transport and scav-
enging. A more integrated treatment of the aerosol transport
and scavenging by convective clouds is being developed, and
the implementation of a double-moment cloud microphysics
parameterization for deep convective clouds in CAM5 (Song
and Zhang, 2011) will allow further improvement of aerosol
processes in convective clouds.

Another source of uncertainty is aerosol emissions. Our
results suggest underestimation of anthropogenic emissions
in the developing counties (e.g., in East and South Asia), and
biomass burning emissions in some tropical regions (e.g., in
Southern Africa and South America) and boreal forest re-
gions, which results in the low bias of simulated AOD in
comparison with the AERONET and satellite data. Currently,
MAM does not differentiate the properties of POM and BC
between biomass burning and fossil fuel combustion sources,
and it uses the same emitted size (0.134 µm diameter) for
these two, although sizes of fossil fuel-emitted particles can
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be much smaller (Dentener et al., 2006). This may partially
explain the too low Aitken mode number concentrations over
Scotland compared with the INCA observations. Future im-
provement of MAM will separate POM and BC by sources
with different physical and chemical properties. In addition
to emissions, aerosol nucleation and growth play key roles in
the aerosol number and size distribution. The model underes-
timation of Aitken mode number concentration in the marine
boundary layer suggests needed improvement of boundary
layer aerosol nucleation and the role of organics and amines
from biological sources in the nucleation and growth.

Surface-level organic aerosol concentrations are overes-
timated in the model compared to the data obtained at the
North America IMPROVE network sites (especially in the
Eastern US), while model-simulated organic aerosol agrees
with observations from Zhang et al. (2007) in most global
sites within a factor of 2 and also with EMEP observations.
The Eastern US high bias may reflect a different mixture of
SOA precursors (from anthropogenic and biogenic sources),
and there is better agreement when lower SOA yields are
used. Future improvement of SOA formation, partitioning
and aging is needed.

Nitrate, which is not treated in MAM because of its com-
putational expense, can be important on regional scales (e.g.,
in East Asia) (Gao et al., 2011), and nitrate is expected to
be more important in the future with the expected increase
of nitrogen-oxides emissions and reduction of sulfur diox-
ide emissions. This can be realized through the MOSAIC
(Model for Simulating Aerosol Interactions and Chemistry)
(Zaveri et al., 2008) aerosol thermodynamics model, which
is being implemented in CAM5. MOSAIC can also treat the
water uptake of aerosol particles more accurately and include
aerosol-phase chemistry during the aging process (e.g., the
heterogeneous chemistry on the surface of dust particles).

Along with the above planned improvements for MAM,
future work will quantify model sensitivity to approxima-
tions on aerosol modal parameters (size range and geometric
standard deviation), aerosol mixing state, internal structure
and shape, aerosol production, transformation, and loss pro-
cesses, and climate forcing mechanisms.

Supplementary material related to this article is
available online at:http://www.geosci-model-dev.net/5/
709/2012/gmd-5-709-2012-supplement.pdf.
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