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Abstract

A modal aerosol module (MAM) has been developed 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 numerous5

complicated aerosol processes and aerosol physical, chemical and optical properties in
a physically based manner. Two MAM versions were developed: a more complete ver-
sion with seven lognormal modes (MAM7), and a version with three lognormal modes
(MAM3) for the purpose of long-term (decades to centuries) simulations. Major ap-
proximations in MAM3 include assuming immediate mixing of primary organic matter10

(POM) and black carbon (BC) with other aerosol components, merging of the MAM7
fine dust and fine sea salt modes into the accumulation mode, merging of the MAM7
coarse dust and coarse sea salt modes into the single coarse mode, and neglecting
the explicit treatment of ammonia and ammonium cycles.

Simulated sulfate and secondary organic aerosol (SOA) mass concentrations are re-15

markably similar between MAM3 and MAM7 as most (∼90 %) of these aerosol species
are in the accumulation mode. Differences of POM and BC concentrations between
MAM3 and MAM7 are also small (mostly within 10 %) because of the assumed hygro-
scopic nature of POM, so that much of the freshly emitted POM and BC is wet-removed
before mixing internally with soluble aerosol species. Sensitivity tests with the POM20

assumed to be hydrophobic and with slower aging increase the POM and BC concen-
trations, especially at high latitudes (by several times). 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 devia-
tions of the log-normal size distribution for sea salt modes between MAM3 and MAM7.25

The model is able to qualitatively capture the observed geographical and temporal
variations of aerosol mass and number concentrations, size distributions, and aerosol
optical properties. However, there are noticeable biases, e.g., simulated sulfate and
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mineral dust concentrations at surface over the oceans are too low. Simulated BC con-
centrations are significantly lower than measurements in the Arctic. There is a low bias
in modeled aerosol optical depth on the global scale, especially in the developing coun-
tries. There biases in aerosol simulations clearly indicate the need for improvements
of aerosol processes (e.g., emission fluxes of anthropogenic aerosols and precursor5

gases in developing countries, boundary layer nucleation) and properties (e.g., primary
aerosol emission size, POM hygroscopicity). In addition the critical role of cloud prop-
erties (e.g., liquid water content, cloud fraction) responsible for the wet scavenging of
aerosol is highlighted.

1 Introduction10

Atmospheric aerosol is recognized as one of the most important forcing agents in the
climate system (Forster et al., 2007). Aerosol influences the Earth’s radiative bal-
ance by directly scattering and absorbing solar and terrestrial radiation (direct effect).
Aerosol affects the climate system indirectly by acting as cloud condensational nuclei
(CCN) and ice nuclei (IN) and changing cloud microphysical and radiative properties15

(indirect effect). Aerosol can reduce cloud cover by heating the atmosphere in which
clouds reside (semi-direct effect), and reduce the snow and land and sea ice albedo
by deposition and melting of snow and ice (cryosphere radiative effect) (Flanner et al.,
2007). However, after decades of intensive studies, aerosol forcings are still one of the
largest uncertainties in projecting future climate change (Forster et al., 2007; Stevens20

and Feingold, 2009).
Recognizing the importance of aerosol in the climate system, almost all global cli-

mate models (GCMs) have implemented treatments of aerosol and its influence on
climate. Unlike most greenhouse gases, which due to their long lifetimes (∼5–102 yr)
have a relatively uniform spatial distribution, aerosol particles have short lifetimes25

(∼days) and hence large spatial variations. In addition, aerosol particles span a spec-
trum of size ranges (10−3 to 101 µm), multiple chemical species (e.g., sulfate, black
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carbon (BC), organic carbon (OC), mineral dust and sea salt), and change through
complicated physical and chemical aging in the atmosphere. This diversity and com-
plexity imposes a great challenge to representing aerosol processes and properties in
GCMs.

There are several methods of aerosol treatments in GCMs. The bulk method only5

predicts mass mixing ratio of various aerosol species and prescribes fixed aerosol size
distributions 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 chemical species), and a time scale of 1–2 days is prescribed for the aging of car-
bonaceous aerosols from hydrophobic to hydrophilic state. The bulk method neglects10

the fact that aerosol size distributions are significantly different between continents
and oceans and at the surface and in the upper troposphere, and therefore the bulk
method may introduce biases in estimates of the aerosol direct and indirect forcing.
This method also neglects the fact that different aerosol species are often internally
mixed (Clarke et al., 2004; Moffet and Prather, 2009), which for BC and sulfate can en-15

hance 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)20

when using a sufficient number of size bins. However, it is still prohibitive for GCMs to
implement this method for long simulations (decades to centuries) due to limited com-
putational resources. An intermediate treatment is the modal method (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 mass25

mixing ratios of different aerosol species and number mixing ratio within each mode
and prescribing standard deviations of log-normal size distributions based on obser-
vations, aerosol size distributions can be derived. The modal method generally as-
sumes that different aerosol species are internally mixed within modes and externally
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mixed between modes, and thus represents aerosol mixing states more realistically
than the bulk method. The modal method has been implemented in the ECHAM5
(Stier et al., 2005), Community Atmosphere 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 some5

similarities to the modal method, but is more powerful in that it does not require as-
sumptions about the shape of the aerosol size distribution (e.g., log-normal). Another
important consideration is the number of aerosol types that are used to represent the
aerosol mixing state. Typically just a few types are used (e.g., fresh/hydrophobic and
aged/mixed/hygroscopic in the sub-micron range, and dust and sea salt in the super-10

micron), but a few studies have used many more (Jacobson, 2001; Bauer et al., 2008).
Numerous processes in the atmosphere affect aerosol physical, chemical and opti-

cal properties (e.g., number/mass concentration, size, density, shape, refractive index,
chemical composition): aerosol nucleation, coagulation, condensational growth, gas-
and aqueous-phase chemistry, emission, dry deposition and gravitational settling, wa-15

ter uptake, in-cloud and below-cloud scavenging, and release from evaporated cloud
and rain droplets. Uncertainties in the treatment of these processes in GCMs will influ-
ence 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 respon-
sible for the large differences (by more than a factor of 10) in aerosol concentrations20

in the free troposphere and in the polar regions among models participating in the
Aerosol Model Intercomparison Initiative (AeroCom) project (Kinne et al., 2006; Koch
et al., 2009). There are still large uncertainties in secondary organic 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 emis-25

sions, 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 indirect radiative forcing.
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The modal method is a favorable approach for conserving computational resources
and for representing aerosol size distributions and mixing states with sufficient accu-
racy to estimate aerosol radiative forcing. However, even for models adopting this
method, there can be large differences between models in selecting the number of
modes and the number of aerosol species in each mode. The treatment of aerosol5

aging, water uptake and optics of aerosol internal/external mixtures can be different.
There can be different complexities for the treatment of SOA formation and gas/particle
partitioning including the comprehensive one based on the volatility basis set (VBS)
(Farina et al., 2010). However, for GCMs with many detailed and time-consuming com-
ponents (atmosphere, land, ocean, sea ice, biosphere with carbon/nitrogen cycles)10

running for decades to centuries, a minimal representation of aerosol that can capture
the essentials of aerosol forcing on climate is highly desirable.

The minimum level of complexity needed to represent both anthropogenic and
natural aerosol effects on climate cannot be determined and described in a single
manuscript. Drawing on previous work, in this study we have implemented a plausi-15

ble set of aerosol lifecycle processes in a global atmosphere model, and focus on the
sensitivity of the aerosol lifecycle to simplifications in the representation of the aerosol
in the model. The impact of simplifications in the representation of aerosol on aerosol
forcing and the decomposition of the total anthropogenic aerosol forcing by mecha-
nism and species are presented in a companion paper (Ghan et al., 2011). Section 220

describes the model used, including one relatively complete and one simplified rep-
resentation of the aerosol. Section 3 compares global distributions and budgets of
aerosol simulated with both representations. Section 4 evaluates simulations with both
representations of the aerosol. Section 5 considers additional sensitivity experiments
to improve understanding of the differences found for the two representations. Conclu-25

sions and future work are summarized in Sect. 6.
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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. Here we summarize the treatment of aerosols, clouds, radiation, and5

turbulence in this model.

2.1 Aerosol

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 simpli-
fication. It includes Aitken, accumulation, primary carbon, fine dust and sea salt and10

coarse dust and sea salt modes (Fig. 1). Within a single mode, for example, the ac-
cumulation mode, we predict the mass mixing ratios of internally-mixed sulfate (SO4),
ammonium (NH4), SOA, organic matter (OM) aged from the primary carbon mode,
black carbon (BC) aged from the primary carbon mode, sea salt, and the number mix-
ing ratio of accumulation mode particles. Primary carbon (OM and BC) particles are15

emitted to the primary carbon mode and aged to the accumulation mode due to con-
densation of H2SO4, NH3 and semi-volatile organics and coagulation with Aitken and
accumulation modes (see section below).

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 interstitial20

AP. AP can also be attached to (or contained within) different hydrometeors, such as
cloud droplets. In CAM5, the interstitial AP and the AP in stratiform cloud droplets (re-
ferred to as cloud-borne AP) are both explicitly predicted, as in Easter et al. (2004). The
interstitial AP species are transported in 3 dimensions. The cloud-borne AP species
are not transported (except for vertical turbulent mixing) but saved every time step,25

which saves computer time but has little impact on their predicted values (Ghan and
Easter, 2006).
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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, and standard
deviation is prescribed as given in Fig. 1. The total number of transported aerosol
tracers is 31 for MAM7. The transported gas species are sulfur dioxide (SO2), hydrogen
peroxide (H2O2), dimethylsulfide (DMS), sulfuric acid gas (H2SO4), ammonia (NH3),5

and a lumped semi-volatile organics 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 in-
ternally mixed with secondary aerosol by merging the primary carbon mode with the10

accumulation mode; (2) the coarse dust and sea salt modes are merged into a single
coarse mode based on the recognition that sources of dust and sea salt are geograph-
ically separated. Although dust is much less soluble than sea salt, it readily absorbs
water (Koretsky et al., 1997) and activates similarly as CCN (Kumar et al., 2009), partic-
ularly when coated by solutes like sulfate and organic, and so it is likely to be removed15

by wet deposition almost as easily as sea salts, so this is unlikely to introduce substan-
tial 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 ammonium is effectively prescribed and NH3 is not simulated.
The total number of transported aerosol tracers in MAM3 is 15. The transported gas20

species are SO2, H2O2, DMS, H2SO4, and a lumped semi-volatile organics species.
The prescribed standard deviations are given in Fig. 2.

2.1.1 Emissions

Anthropogenic (defined here as originating from industrial, energy, transportation, do-
mestic and agriculture activity sectors) emissions are from the Lamarque et al. (2010)25

IPCC AR5 emission dataset. Emissions of BC and OC represent an update of Bond
et al. (2007) and Junker and Liousse (2008). Emissions of SO2 are an update of Smith
et al. (2001, 2004).
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The IPCC AR5 emission data set includes emissions for anthropogenic aerosols and
precursor gases: SO2, primary OM (POM), and BC. However, it does not provide injec-
tion heights and size distributions of primary emitted particles and precursor gases for
which we have followed the AeroCom protocols (Dentener et al., 2006). We assumed
that 2.5 % (molar) of sulfur emissions are emitted directly as primary sulfate aerosols5

and the rest as SO2 (Dentener et al., 2006). Sulfur from agriculture, domestic, trans-
portation, waste, and shipping sectors is emitted at the surface while sulfur from energy
and industry sectors is emitted at 100–300 m above the surface, and sulfur from forest
fire and grass fire is emitted at higher elevations (0–6 km). Sulfate particles from agri-
culture, waste, and shipping (surface sources), and from energy, industry, forest fire10

and grass fire (elevated sources) are put in the accumulation mode, and those from
domestic and transportation are put in the Aitken mode. POM and BC from forest fire
and grass fire are emitted at 0–6 km, while those from other sources (domestic, en-
ergy, industry, transportation, waste, and shipping) are emitted at the surface. Injection
height profiles for fire emissions are derived from the corresponding AeroCom profiles15

(Dentener et al., 2006), which vary spatially and temporally. Mass emission fluxes for
sulfate, POM and BC are converted to number emission fluxes for Aitken and accu-
mulation mode at the surface or at higher elevations based on AeroCom prescribed
lognormal size distributions as summarized in Table 1.

The IPCC AR5 data set also does not provide emissions of natural aerosols and20

precursor gases: volcanic sulfur, DMS, NH3, and biogenic volatile organic compounds
(VOCs). Thus AeroCom emission fluxes, injection heights and size distributions for vol-
canic SO2 and sulfate and the surface DMS flux are used. The emission flux for NH3
is prescribed from the MOZART-4 data set (Emmons et al., 2010). Emission fluxes for
isoprene, monoterprenes, toluene, big alkenes, and big alkanes, which are used to de-25

rive emissions of the semi-volatile organic species, are prescribed from the MOZART-2
data set (Horowitz et al., 2003). These emissions represent late 1990’s conditions. For
years prior to 2000, we use anthropogenic non-methane VOC (NMVOC) emissions
from IPCC AR5 and scale the MOZART toluene, big alkene, and big alkane emissions
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by the ratio of year-of-interest NMVOC emissions to year 2000 NMVOC emissions.
The emission of sea salt aerosols from the ocean follows the parameterization by

Märtensson et al. (2003) for aerosols with geometric diameter <2.8 µm. The total
number particle flux F0 (m−2 s−1) is described by

dF0

d logDp
=ΦW = (AkTw+Bk) ·W , (1)5

where Dp is the particle diameter, Tw is the water temperature and Ak and Bk are
coefficients dependent on the size interval. W is the white cap area:

W =3.84×10−4 ·U3.41
10 , (2)

where U10 is the wind speed at 10 m. For aerosols with a geometric diameter ≥2.8 µm,
sea salt emissions follow the parameterization by Monahan et al. (1986):10

dF0

d logr
=1.373 ·U3.41

10 r
−3

(1+0.0057r1.05)×101.19e−B2

, (3)

where r is the radius of the aerosol at a relative humidity of 80 % and B = (0.380−
logr)/0.650. All sea salt emission fluxes in the model are calculated for a size inter-
val of d logDp = 0.1 and then summed up for each modal size range. The cut-off size
ranges for sea salt emissions in MAM7 are 0.02–0.08 (Aitken), 0.08–0.3 (accumula-15

tion), 0.3–1.0 (fine sea salt), and 1.0–10 µm (coarse sea salt); for MAM3 the ranges
are 0.02–0.08 (Aitken), 0.08–1.0 (accumulation), and 1.0–10 µm (coarse).

In regions of strong winds, dry, un-vegetated soils generate soil particles small
enough to be entrained into the atmosphere, and these are referred to here as min-
eral dust particles. The generation of mineral dust particles is calculated based on the20

Dust Entrainment and Deposition Model (Zender et al., 2003), and the implementation
in the Community Climate System Model has been described and compared to obser-
vations (Mahowald et al., 2006a, 2006b; Yoshioka et al., 2007). Here the only change
in the source scheme from the previous studies is the increase in the threshold for leaf
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area index for the generation of dust from 0.1 to 0.3 m2 m−2, to be more consistent with
observations of dust generation in more productive regions (Okin, 2008). The cut-off
size range for dust emissions is 0.1–2.0 µm (fine dust) and 2.0–10 µm (coarse dust) for
MAM7; and 0.1–1.0 µm (accumulation), and 1.0–10 µm (coarse) for MAM3. A lower
cut-off size at 1.0 µm is used between accumulation and coarse mode dust in MAM35

to limit the accumulation mode to submicron sizes.

2.1.2 Chemistry

Simple gas-phase chemistry is included for sulfate aerosol. This includes (1) DMS
oxidation with radicals (OH and NO3) to form SO2; (2) SO2 oxidation with OH to form
H2SO4 (gas); (3) H2O2 production (HO2 +HO2); and (4) H2O2 loss (H2O2 photoly-10

sis and H2O2 +OH). The rate coefficients for these reactions are provided from the
MOZART model (Emmons et al., 2010). Oxidant concentrations (O3, OH, HO2, and
NO3) are temporally interpolated from monthly averages taken from simulations by
a chemistry-climate model (CAM-Chem) (Lamarque et al., 2010).

SO2 oxidation in bulk cloud water by H2O2 and O3 is based on the MOZART treat-15

ment (Tie et al., 2001). The pH value in the bulk cloud water is calculated from the
electroneutrality equation between the bulk cloud-borne SO4 and NH4 ion concentra-
tions (summation over modes), and ion concentrations from the dissolution and dis-
sociation of trace gases based on the Henry’s law equilibrium. Irreversible uptake of
H2SO4 (gas) to cloud droplets is also calculated (Seinfeld and Pandis, 1998). Sulfate20

produced from SO2 aqueous oxidation and H2SO4 (gas) uptake is partitioned to in-
crease the cloud-borne sulfate mixing ratio in each mode according to the ratio of the
cloud-borne aerosol number among modes (i.e., the cloud droplet number associated
with each aerosol mode) by assuming droplets associated with each mode have the
same size. For MAM7, changes to aqueous NH4 ion from dissolution of NH3 are sim-25

ilarly partitioned among modes. SO2 and H2O2 mixing ratios are at the same time
reduced due to aqueous phase consumption.
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2.1.3 SOA

The simplest treatment of SOA, which is used in many global models, is to assume
fixed mass yields for anthropogenic and biogenic precursor VOC’s, then directly emit
this mass as primary aerosol particles. MAM adds one additional step of complexity by
simulating a single lumped semi-volatile organics gas-phase species, which is referred5

to as SOAG in the model. Fixed mass yields for five VOC categories of the MOZART-
4 gas-phase chemical mechanism (Emmons et al., 2010) are assumed, as shown in
Table 2. These yields have been increased by a factor of 1.5 during the CAM5 de-
velopment, considering the large uncertainty with SOA formation. The resulting mass
is emitted as the SOAG species. MAM then calculates condensation/evaporation of10

the SOAG to/from several aerosol modes. The condensation/evaporation is treated dy-
namically, as described below. The equilibrium partial pressure of the SOAG gas, P ∗

m
over each aerosol mode m is expressed in terms of Raoult’s Law as:

P ∗
m =

(
ASOA

m

ASOA
m +0.1APOA

m

)
P o , (4)

where ASOA
m is SOA mass concentration in mode m, APOA

m is the primary organic aerosol15

(POA) mass concentration in mode m (10 % of which is assumed to be oxygenated),
and P o is the mean saturation vapor pressure of the SOAG whose temperature depen-
dence is expressed as:

P o(T )= P o (298 K)×exp

[
−∆Hvap

R

(
1
T
− 1

298

)]
, (5)

where P o (298 K) is assumed at 1×10−10 atm and the mean enthalpy of vaporization20

∆Hvap is assumed at 156 kJ mol−1. R is the universal gas constant.
Treatment of this semi-volatile organics gas-phase species and explicit condensa-

tion/evaporation provides (1) a realistic method for calculating the distribution of SOA
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among different modes and (2) a minimal treatment of the temperature dependence of
the gas/aerosol partitioning.

2.1.4 Nucleation

New particle formation is calculated using parameterizations of binary H2SO4-H2O
homogeneous nucleation, ternary H2SO4-NH3-H2O homogeneous nucleation, and5

boundary layer nucleation. A binary parameterization (Vehkamaki et al., 2002) is used
in the 3-mode version, which does not predict NH3, while a ternary parameterization
(Merikanto et al., 2007) is used in the 7-mode version. The boundary layer parameteri-
zation, which is applied in the planetary boundary layer (PBL) in both versions, uses the
empirical first order (in H2SO4) nucleation rate from Sihto et al. (2006), with a first order10

rate coefficient of 1.0×10−6 s−1 as in Wang et al. (2009). The new particles are added
to the Aitken mode, and we use the parameterization of Kerminen and Kulmala (2002)
to account for loss of the new particles by coagulation as they grow from critical cluster
size to Aitken mode size.

2.1.5 Condensation15

Condensation of H2SO4 vapor, NH3 (7 mode only), and the semi-volatile organics to
various modes is treated dynamically, using standard mass transfer expressions (Se-
infeld and Pandis, 1998) that are integrated over the size distribution of each mode
(Binkowski and Shankar, 1995). An accommodation coefficient of 0.65 is used for
H2SO4 (Poschl et al., 1998) and, currently, for the other species too. H2SO4 and NH320

condensation are treated as irreversible. NH3 uptake stops when the NH4/SO4 molar
ratio of a mode reaches 2. SOA condensation is reversible, with the equilibrium vapor
pressure over particles given by Eq. (4).

In MAM7, condensation onto the primary carbon mode produces aging of the par-
ticles in this mode. Various treatments of the aging process have been used in other25

models (Cooke and Wilson, 1996; Wilson et al., 2001; Riemer et al., 2003; Liu et al.,
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2005). In MAM7, a criterion of 3 monolayers of sulfate is used to convert fresh POM/BC
particles to the aged accumulation mode. Using this criterion, the mass of sulfate re-
quired to age all the particles in the primary carbon mode, MSO4,age-all, is computed.
If MSO4,cond condenses on the mode during a timestep, we assume that a fraction
fage =MSO4,cond/MSO4,age-all has been aged. This fraction of the POM, BC, and number5

in the mode is transferred to the accumulation mode, along with the condensed soluble
species. SOA is included in the aging process. The SOA that condenses in a time step
is scaled by its lower hygroscopicity to give a condensed sulfate equivalent.

The two continuous growth processes (condensation and aqueous chemistry) can
result in Aitken mode particles growing to a size that is nominally within the accumu-10

lation mode size range. We thus transfer part of the Aitken mode number and mass
(those particles on the upper tail of the distribution) to the accumulation mode after
calculating continuous growth, following the approach of Easter et al. (2004).

2.1.6 Coagulation

Coagulation of the Aitken, accumulation, and primary carbon modes is treated. Coag-15

ulation with the larger size modes is much slower and is neglected. Coagulation within
each of these modes reduces number but leaves mass unchanged. For coagulation of
Aitken with accumulation mode and of primary-carbon with accumulation mode, mass
is transferred from Aitken or primary-carbon mode to the accumulation mode. For co-
agulation of Aitken with primary-carbon mode in MAM7, Aitken mass is first transferred20

to the primary-carbon mode. This ages some of the primary-carbon particles. An ag-
ing fraction is calculated as with condensation, then the Aitken mass and the aged
fraction of the primary-carbon mass and number are transferred to the accumulation
mode. Coagulation rates are calculated using the fast/approximate algorithms of the
Community Multiscale Air Quality (CMAQ) model, version 4.6.25
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2.1.7 Water uptake

Water uptake is based on the equilibrium Köhler theory (Ghan and Zaveri, 2007) using
the relative humidity and the volume-mean hygroscopicity for each mode to diagnose
the wet volume-mean radius of the mode from the dry volume-mean radius. The hygro-
scopity of each component is listed in Table 3. The hygroscopicities here are equivalent5

to the κ parameters of Petters and Kreidenweis (2007). Note that the measured hy-
groscopicity of dust varies widely, from 0.03 to 0.26 (Koehler et al., 2009), and the
measured hygroscopity of POM can vary from 0.0 for fossil fuel source to 0.06–0.30 for
biomass burning source (Liu and Wang, 2010).

2.1.8 Subgrid vertical transport and activation/re-suspension10

The vertical transport of interstitial aerosols and trace gases by deep convective clouds,
using updraft and downdraft mass fluxes from the Zhang-McFarlane parameterization
(Zhang and McFarlane, 1995), is described in Collins et al. (2004). Currently this ver-
tical transport is calculated separately from wet removal, but a more integrated treat-
ment is planned. Cloud-borne aerosols associated with large-scale stratiform cloud15

are assumed to not interact with the convective clouds. Vertical transport by shallow
convective clouds is treated similarly, using mass fluxes from the UW parameterization.

Turbulent transport of the aerosol is given a special treatment with respect to other
tracers. To strengthen the coupling between turbulent transport and aerosol activation
in stratiform clouds, the implicit time integration scheme used for turbulent transport20

of heat, energy, and momentum is replaced by an explicit scheme for cloud droplets
and aerosol. A sub-timestep calculation is performed for each column based on the
minimum turbulent transport time in the column. Turbulent transport is integrated over
the sub-time steps using a forward time integration scheme.

Aerosol activation converts particles from the interstitial attachment state to the25

cloud-borne state. In stratiform cloud, activation is treated consistently with droplet
nucleation, so that the total number of particles activated and transferred to the
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cloud-borne state equals the number of droplets nucleated. Activation is parameter-
ized in terms of updraft velocity and the properties of all of the aerosol modes (Abdul-
Razzak and Ghan, 2000), with both mass and number transferred to the cloud-borne
state. The updraft velocity is approximated by the square root of the turbulence ki-
netic energy, with a minimum value of 0.2 m s−1. Activation is assumed to occur as5

updrafts carry air into the base of the cloud (Ghan et al., 1997) and as cloud fraction
increases (Ovtchinnikov and Ghan, 2005). In addition, activation is assumed to occur
as air is continuously cycled through clouds, assuming a cloud regeneration time scale
of one hour. For example, consider a model time step of 20 min, so that 1/3 of the
cloud is regenerated in a time step. We essentially dissipate and then reform 1/3 of10

the cloud in each time step. During dissipation, grid-cell mean cloud droplet number is
reduced by 1/3, and 1/3 of the cloud-borne aerosols are re-suspended and converted
to the interstitial state. During regeneration, interstitial aerosols are activated in the
“new” cloud, and cloud droplet number is increased accordingly. This regeneration has
a small impact on shallow boundary layer clouds, but it noticeably increases droplet15

number in deeper free-tropospheric clouds where vertical mixing is slow. Particles are
re-suspended as aerosol when droplets evaporate. This process is assumed to occur
as droplets are transferred below or above cloud and as clouds dissipate.

2.1.9 Wet deposition

Aerosol wet removal is calculated using the CAM3.5 wet removal routine (Barth et al.,20

2000; Rasch et al., 2000) with modifications noted below. The routine treats in-cloud
scavenging (the removal of cloud-borne AP) and below-cloud scavenging (the removal
of interstitial AP by precipitation particles through impaction and Brownian diffusion).

For stratiform in-cloud scavenging, the stratiform cloud water and precipitation pro-
duction are used to calculate first-order loss rates for cloud-water at each level. These25

cloud-water loss rates are multiplied by “solubility factors” to obtain first-order loss rates
for cloud-borne AP, from which the removal over a time step are obtained. In previous
versions of CAM, the solubility factors could be interpreted as: (the fraction of aerosols
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that are in cloud drops)× (an additional tuning factor); in CAM5, they are simply tuning
factors. The stratiform in-cloud scavenging only affects the stratiform-cloud-borne AP
(which are treated explicitly), and these currently have solubility factors of 1.0. The
stratiform in-cloud scavenging does not affect the interstitial AP, and these have solu-
bility factors of 0.0.5

For convective in-cloud scavenging of MAM aerosols, the first-order loss rates for
cloud-water and convective-cloud-borne AP are calculated similarly as above. Cloud-
borne AP within convective clouds are not treated explicitly, so they are diagnosed from
the grid-average interstitial AP using prescribed within-convective-cloud activation frac-
tions. The activation fractions currently are 0.0 for the primary carbon mode, 0.4 for10

the fine and coarse dust modes, and 0.8 for other modes, with lower values reflect-
ing lower hygroscopicity. These factors are applied to both number and mass species
within each mode, with one exception. In MAM3, different activation fractions are ap-
plied to the coarse mode dust and sea salt (0.4 and 0.8, respectively), and a weighted
average is applied to the coarse mode sulfate and number. The solubility (tuning) fac-15

tors are currently 0.5 for all modes and species. The stratiform-cloud-borne AP reside
in the stratiform clouds, and are assumed to not interact with or be affected by convec-
tive clouds.

For below-cloud scavenging, the first-order removal rate is equal to: (solubility fac-
tor)× (scavenging coefficient) × (precipitation rate). Again, the solubility factor can be20

viewed as a tuning factor. The scavenging coefficient for interstitial aerosol is calculated
as in Easter et al. (2004). This varies strongly with particle size, with lowest values for
the accumulation mode. The solubility factor is 0.1. For stratiform-cloud-borne aerosol,
there is no below-cloud scavenging, and the solubility factor is 0.0.

Aerosol that is scavenged at one altitude can be re-suspended at a lower altitude if25

precipitation evaporates. A fraction of the in-cloud scavenged aerosol is re-suspended,
and the re-suspended fraction is equal to the fraction of precipitation that evaporates
below cloud.
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2.1.10 Dry deposition

Aerosol dry deposition velocities are calculated using the Zhang et al. (2001) pa-
rameterization with the CAM5 land-use and surface layer information. Gravitational
settling velocities are calculated at layers above the surface following Seinfeld and
Pandis (1998). Both velocities depend on particle wet size, so average values for5

aerosol mass and number are calculated for each mode. The velocities for cloud-
borne aerosols are calculated based on droplet sizes. Aerosol mixing ratio changes
and fluxes from dry deposition and sedimentation throughout a vertical column are
then calculated using the CAM3 dust deposition/sedimentation routine (Zender et al.,
2003).10

2.2 Clouds

In CAM5 two types of clouds exist in each layer: “stratus” and “cumulus”. They are
horizontally non-overlapped and have their own cloud fraction and condensate. Total
cloud fraction is a sum of stratus and cumulus fractions because stratus is assumed to
occupy non-cumulus area only. Both the stratus and cumulus are radiatively active.15

Liquid and ice stratus fraction are treated separately. Liquid stratus fraction is ob-
tained from the triangular probability density function (PDF) of total specific humidity
using an externally specified half width of the distribution (Smith, 1990; Park et al.,
2011). Ice stratus fraction is a quadratic function of relative humidity (RH) (Slingo,
1980; Rasch and Kristjansson, 1998), but with consideration of super-saturation over20

ice and grid-mean ice water content (IWC) (Gettelman et al., 2010). Total stratus frac-
tion is the maximum of liquid and ice stratus fractions by assuming maximum overlap
between liquid and ice.

Conversion of water vapor into stratus liquid water content (LWC) is computed using
a prognostic saturation adjustment (Park et al., 2011) based on the assumptions that25

RH within liquid stratus is one and clear sky cannot hold cloud condensate. Thus, any
water vapor exceeding saturation specific humidity over water within liquid stratus is
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condensed into cloud liquid, while any cloud liquid in the clear sky is evaporated until
the clear sky is saturated. The sum of these two processes determines grid-mean net
condensation rate. It is assumed that external advective forcing of conservative scalars
(total specific humidity including water vapor and cloud condensate, qt, and liquid po-
tential temperature, θl) is uniform across the grid. In order to reduce inconsistency be-5

tween in-stratus LWC and liquid stratus fraction, a pseudo condensation-evaporation
is additionally applied until the in-cloud LWC is within a reasonable range (Park et al.,
2011). In case of in-stratus IWC, we adjust the ice stratus fraction such that the re-
sulting in-stratus IWC is within the specified lower and upper limits. These adjustment
processes effectively remove both “empty stratus” (i.e., non-zero cloud fraction but zero10

condensate) and “dense-stratus” (i.e., zero cloud fraction but non-zero condensate). If
net evaporation occurs, cloud droplet number concentration decreases. This macro-
physical treatment of liquid stratus is detailed in Park et al. (2011). The conversion
of water vapor into stratus IWC is expressed in terms of ice particle surface area and
supersaturation with respect to ice, as described by Liu et al. (2007) and Gettelman15

et al. (2010).
Stratus cloud microphysical processes are treated using the double-moment formu-

lation of Morrison and Gettelman (2008) and Gettelman et al. (2008), which predicts
number and mass mixing ratios of cloud droplets and ice crystals and diagnoses num-
ber and mass mixing ratios of rain and snow. The treatments of droplet and crystal20

nucleation have been modified. Droplet nucleation is treated consistently with aerosol
activation as described above. Ice crystal nucleation is based on Liu et al. (2007),
which includes homogeneous nucleation on sulfate competing with heterogeneous
immersion on mineral dust in ice clouds (with temperature less than −37 ◦C) (Liu
and Penner, 2005). In the mixed-phase cloud regime (−37 ◦C< T < 0 ◦C), deposi-25

tion/condensation/immersion nucleation is considered based on Meyers et al. (1992),
and contact freezing of cloud droplets through Brownian coagulation with mineral dust
is included (Young, 1974). Secondary ice production between −3 ◦C and −8 ◦C (the
Hallet-Mossop process) in mixed-phase clouds is included.
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Cumulus consists of “shallow cumulus” and “deep cumulus”, which are horizontally
non-overlapped and have their own cloud fraction and condensate. Deep cumulus
fraction is parameterized as an empirical logarithmic function of deep convective mass
flux, while shallow cumulus fraction is computed using shallow convective updraft mass
flux and vertical velocity. In-cumulus condensate is internally generated within each5

shallow and deep convective scheme. The fraction of LWC among total convective
condensate is a simple ramping function of temperature.

The shallow convection scheme is described in Park and Bretherton (2009). A single
convective updraft plume with certain source air properties (qt, θl and aerosol number
and mass densities) is launched at the PBL top. The cloud base mass flux is deter-10

mined from the mean turbulence kinetic energy (TKE) within the PBL and the inversion
strength just above the PBL top (i.e., convective Inhibition). Above the PBL, a portion
of convective updraft mass is mixed with the same mass of environmental air. The
amount of mass involved in the mixing is proportional to the updraft mass flux and
the inverse of geometric height. The mixtures with positive buoyancy or with negative15

buoyancy with a vertical velocity strong enough to reach a certain level are entrained
but the others are detrained. The entrainment and detrainment determine vertical pro-
files of convective updraft properties, which allow us to compute convective flux and
the tendency of any conservative scalars.

At the cumulus top where an inversion layer exists, free air is entrained into the20

cumulus layer in proportion to the convective updraft mass flux. Within the PBL, the
convective updraft flux is a simple linear function with zero value at the surface. The
shallow convection scheme also computes the vertical velocity of the cumulus updraft.
Core updraft fractional area is the updraft mass flux divided by the updraft vertical
velocity and density. The saturated convective fractional area is set to be twice the25

core updraft fractional area. No convective downdrafts exist in the shallow convection
scheme.

Shallow cumulus microphysics is very simple: if in-cumulus condensate is larger than
a certain threshold, the excess is precipitated out. This means that no microphysical
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interaction exists between aerosol and convective condensate. Thus, aerosol indirect
effect associated with cumulus is not simulated even though convective precipitation
scavenges aerosols as mentioned above.

Deep convection is represented following a modified version of the Zhang-McFarlane
parameterization (Zhang and McFarlane, 1995). The scheme represents an ensem-5

ble of buoyant plumes in bulk form and is closed on undilute Convectively Available
Potential Energy (CAPE). Modifications to the scheme follow those used in Commu-
nity Climate System Model version 3.5 (CCSM3.5) coupled climate simulations (Neale
et al., 2008; Gent et al., 2009) with the inclusion of sub-grid convective momentum
transports (Richter and Rasch, 2008) and the use of an entraining plume model to10

calculate a dilute CAPE used in the closure (Neale et al., 2008).

2.3 Radiation

Longwave and shortwave radiative transfer are parameterized in CAM5 with the Rapid
Radiative Transfer Model for GCMs (RRTMG), a broadband k-distribution radiation
model developed for application to GCMs (Mlawer et al., 1997; Iacono et al., 2003,15

2008). Both RRTMG and the related single-column radiation model RRTM were de-
veloped in the context of continual comparison to the Line By Line Radiative Transfer
Model (LBLRTM), which is an accurate, efficient and highly flexible line-by-line radiative
transfer model that continues to be extensively validated with measured atmospheric
radiance spectra from the sub-millimeter to the ultraviolet (Turner et al., 2004; Clough20

et al., 2005). This realizes the objective of providing improved radiative transfer ca-
pability to GCMs that is directly traceable to measurements. Molecular absorbers
in RRTMG include water vapor, carbon dioxide, ozone, methane, nitrous oxide, oxy-
gen, nitrogen and the halocarbons in the longwave and water vapor, carbon dioxide,
ozone, methane and oxygen in the shortwave. The water vapor continuum is based on25

CKD v2.4, and molecular line parameters are based on HITRAN 2000 for water vapor
and HITRAN 1996 for all other molecules. RRTMG uses sixteen spectral intervals to
represent the longwave region, while the shortwave band is represented by fourteen
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spectral intervals. Absorption from aerosols and clouds are included in the longwave,
and extinction from aerosols, clouds and Rayleigh scattering are treated in the short-
wave.

While RRTMG shares the same basic physics and absorption coefficients as RRTM,
it incorporates several modifications to improve computational efficiency, to update the5

code formatting for easier application to GCMs, and to represent sub-grid scale cloud
variations. The complexity of representing fractional cloudiness and cloud overlap in
the presence of multiple scattering is addressed in RRTMG with the use of McICA,
the Monte-Carlo Independent Column Approximation (Pincus et al., 2003), which is
a statistical technique for representing sub-grid scale cloud variability including cloud10

overlap. Although this method introduces random noise to the cloudy calculation of
radiance, the result has been shown to be unbiased. This approach provides the flexi-
bility to represent the vertical correlation of the clouds (i.e. cloud overlap) in some detail
by imposing an assumed relation (such as random or maximum-random) among the
stochastic cloud arrays across the vertical dimension. The maximum-random cloud15

overlap assumption, in which adjacent cloud layers in the vertical are presumed to
overlap maximally and non-adjacent cloudy layers are assumed to overlap randomly,
is used for this work.

Aerosol radiative effects are treated in RRTMG through the specification of their
optical properties within each spectral interval. Aerosol optical properties are parame-20

terized in terms of wet refractive index and wet surface mode radius according to Ghan
and Zaveri (2007), except that volume mixing rule is used to calculate the volume-
mean wet refractive index for mixtures of insoluble and soluble particles. We found
little difference between the volume mixing treatment and the Maxwell-Garnett mixing
rule. Refractive indices for most aerosol components are taken from OPAC (Hess et al.,25

1998), but for black carbon the value (1.95, 0.79i) from Bond and Bergstrom (2006) is
used. Densities for each component are listed in Table 4.

Liquid cloud optics are implemented as a lookup table in terms of the lambda and
gamma parameters of the gamma size description provided by the methods of Morrison
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and Gettelman (2008). The table elements are the wavelength and size-distribution av-
erages of the extinction, single-scattering albedo, and asymmetry parameter resulting
from Mie computations (Wiscombe, 1979) using the index of refraction of pure water.
These elements are a function of selected lambda and gamma values that cover the
range of values generated by the stratiform microphysical code. The effect of in-cloud5

liquid water variability is not included in the generation of the lookup tables. The values
of lambda and gamma for shallow and deep cumulus clouds are assumed to be the
same as those for stratiform clouds if they exist in the same grid cell; otherwise they are
set to constant values corresponding to a shape parameter µ of 5.3 and an effective
diameter of 25 µm.10

CAM5 also uses a look-up table approach for the ice cloud optics. The mass-
weighted extinction (volume extinction coefficient/ice water content) and the single
scattering albedo, ωo, in the ice optics look-up table were produced by the modified
anomalous diffraction approximation (MADA), described by Mitchell (2000; 2002) and
Mitchell et al. (2006). MADA calculates the extinction and absorption coefficients, βext15

and βabs, and thus cloud optical depth and ωo. The asymmetry parameter g is de-
termined as a function of wavelength and ice particle size and shape as described by
Gettelman et al. (2010). A shape recipe for ice crystals was assumed when calculating
these optical properties, as well as for snow since the radiative effect of snow is also
included (Gettelman et al., 2010).20

Snow darkening from aerosol deposition is treated uniquely within the land and sea-
ice components of CCSM. Deposited aerosols are apportioned into species conforming
to the “bulk” aerosol scheme (Rasch et al., 2001) to which the Snow, Ice, and Aerosol
Radiative (SNICAR) model was originally coupled (Flanner et al., 2007). Mapping of
species from the modal aerosol scheme to bulk aerosols is listed in Table 5. In this25

mapping scheme, interstitial and in-cloud species are grouped together. Wet- and
dry deposited-species are also treated together, once they have been received by the
surface model components.
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For each snowpack constituent, we assign mass-extinction coefficients (m2 kg−1),
single-scatter albedos, and scattering asymmetry parameters according to the spec-
tral grid applied in each host model. SNICAR, embedded in the land model, applies
five spectral bands (0.3–0.7, 0.7–1.0, 1.0–1.2, 1.2–1.5, and 1.5–5.0 µm), whereas the
sea-ice model utilizes a delta-Eddington scheme (Briegleb and Light, 2007) with three5

bands (0.3–0.7, 0.7–1.19, 1.19–5.0 µm). Hyper-spectral (470 band) optical properties
are computed offline with Mie Theory, and weighted into these broad bands accord-
ing to a surface-incident spectral flux distribution typical of mid-latitude winter (Flanner
et al., 2007). Descriptions on the snow and sea-ice radiative transfer schemes, includ-
ing tables with optical properties of all impurities and details of the weighting schemes10

applied to merge impurity and ice optical properties, are found, respectively, in Oleson
et al. (2010) and Briegleb and Light (2007). We plan to implement future versions of
the snow model that represent aerosols more consistently with the MAM3 and MAM7
schemes discussed here.

2.4 Turbulence15

The treatment of turbulence in CAM5 is described by Bretherton and Park (2009) and
its performance is evaluated by Park and Bretherton (2009). The scheme expresses
down-gradient diffusion of moist-conserved scalars and horizontal momentum within
turbulent layers in terms of a TKE diagnosed from the local TKE production-transport-
dissipation balance. The strong longwave radiative cooling at the cloud top is explicitly20

included in the TKE balance equation, which allows more realistic simulation of marine
stratocumulus clouds. An explicit entrainment closure is used to diagnose an effective
“entrainment diffusivity” at the edge of turbulent layers. All the scalars except aerosols
and cloud liquid droplet number are diffused in an implicit way to reduce numerical
instability due to the long model integration time step (1800 s) in CAM5.25
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2.5 Resolved Transport

Transport of water and other trace species is calculated with the Lin-Rood finite volume
dynamical core (Lin and Rood 1996; Lin 2004). Gent et al. (2009) describe the perfor-
mance of this dynamical core at 0.5◦ resolution with CAM3.5 physics. Here we use the
1.9◦ latitude×2.5◦ longitude resolution with 30 vertical layers in CAM5. There are five5

vertical layers below 900 hPa.

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
emissions for the year 2000. The model is integrated for 6 yr, and results from the10

last 5 yr are used in this study. In this section model simulated global distributions and
budgets for different aerosol species are analyzed and comparisons are made between
MAM3 and MAM7.

3.1 Simulated global aerosol distributions

Figure 3a,b shows annual mean vertically integrated (column burden) mass concentra-15

tions of sulfate, BC, POM, SOA, dust and sea salt from MAM3, and the relative differ-
ence of these concentrations between MAM7 and MAM3, respectively. These aerosol
species concentrations are summations over all available modes (e.g., the POM con-
centration in MAM7 includes contributions from the primary carbon and accumulation
modes). Sulfate has maximum concentrations in the industrial regions (e.g., East Asia,20

Europe, and North America). The distribution patterns and absolute values of sulfate
concentration are very similar (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 concen-
trations over the industrial regions and in the biomass burning regions (e.g., Central25

3510

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Africa and South America). The differences between MAM3 and MAM7 are generally
small (within 10 %). POM column concentrations have spatial distributions and mag-
nitudes similar to SOA, but are lower in Europe, Northeast US and South America,
and higher in Central Africa. The distribution patterns of BC burden concentrations
are similar to those of POM, but have relatively larger contributions from the industrial5

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,
Northwest Asia, and Australia), and over the outflow regions (e.g., in the Atlantic and
in the Western Pacific). Sea salt burden concentrations are high over the storm track
regions (e.g., the Southern Ocean) where wind speeds and emissions are higher, and10

in the subtropics of both hemispheres where precipitation scavenging is weaker.
One major difference between MAM3 and MAM7 is the treatment of primary car-

bonaceous aerosols (POM and BC). These aerosols are instantly mixed with sulfate
and other components in the accumulation mode in MAM3 once they are emitted, and
thus subject to wet removal by precipitation due to the high hygroscopicity of sulfate.15

In MAM7, carbonaceous aerosols are emitted in the primary carbon mode and aged
to the accumulation mode due to condensation of H2SO4 (gas), NH3 (gas) and semi-
volatile organics and coagulation with Aitken and accumulation mode. Therefore we
expect lower wet removal rates and higher concentrations for POM and BC in MAM7
than in MAM3. However, since we use a hygroscopicity (κ) of 0.10 for POM (to account20

for the soluble nature of biomass burning aerosols), POM and BC in the primary car-
bon mode in MAM7 are subject to wet scavenging before aging into the accumulation
mode. As shown in Fig. 3b, differences in column burden concentrations of POM and
BC are within 10 % on the global scale between MAM3 and MAM7. However, con-
centrations from MAM7 can be higher by up to 40 % in some source regions, e.g., in25

Siberia and Indonesia. The sensitivities of model results to a different hygroscopicity
of POM (κ = 0.0) and to a different criterion of 8 monolayers for the aging of primary
carbonaceous aerosols to the accumulation mode will be described in Sect. 5.
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Other major differences between MAM3 and MAM7 are cut-off size (diameter)
ranges and mixing states assumed for dust and sea salt, as discussed in Sect. 2.1. 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 to the accumulation mode in MAM3. Coarse dust and sea salt mode in MAM75

are merged to 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. Besides10

differences in mixing states and cut-off size ranges of sea salt, the standard deviations
σg of log-normal distributions 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 larger σg in MAM7 increases the mass-weighted sedimentation ve-
locity of coarse-mode sea salt by about 65 %, which causes the lower sea salt mass15

concentrations in MAM7.
Figure 4 shows the annual and zonal mean distributions of sulfate, BC, POM, SOA,

dust and sea salt mass concentrations in MAM3. Anthropogenic sulfate in the Northern
Hemisphere (NH) mid-latitudes is lifted upward and transported towards the North Pole
in the upper troposphere. Other peak concentrations of BC, POM and SOA near the20

tropics in the biomass burning regions are transported upwards and towards the upper
troposphere in the Southern Hemisphere (SH). Dust particles are uplifted into the free
troposphere, since dust emission is often produced by frontal systems. In comparison,
sea salt is mostly confined below 700 hPa. This is because sea salt particles have
larger wet sizes due to the water uptake over the oceans, which produces stronger wet25

removal and gravitational settling of sea salt particles towards the surface. Consistent
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 distributions for
fine and coarse sea salt modes in MAM7, while differences are much smaller for other
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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 regions.

Figure 5 shows the annual mean number concentration of aerosol in Aitken, ac-
cumulation and coarse mode in the surface layer from MAM3 and MAM7 at standard5

temperature and pressure (STP) (1013.25 hPa, 273.15 K). For a direct comparison with
MAM3, we add the aerosol number in the MAM7 primary carbon, fine sea salt, and fine
dust mode with sizes between 0.1–1.0 µm (by splitting the fine dust mode into 0.1–1.0
and 1.0–2.0 µm using model calculated dry mode radius) into the accumulation mode
in MAM7. In the same way we add the aerosol number in the coarse sea salt, fine10

dust mode with sizes between 1.0–2.0 µm and coarse dust mode into a single coarse
mode in MAM7. 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 the15

biomass burning regions (e.g., maritime continents, Central Africa and South Amer-
ica) the number concentration can exceed 1000 cm−3. Accumulation mode number
concentrations over oceans can be high in the continental outflow 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 number20

concentrations between MAM3 and MAM7.
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 the25

biomass burning source are emitted in the accumulation mode in MAM3 and in the pri-
mary carbon mode in MAM7, in both cases with a 0.08 µm number mode diameter (see
Table 1). Over remote oceanic and Antarctic regions, aerosol number concentrations
in Aitken mode can reach 500 cm−3. This is primarily due to strong aerosol nucleation
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in these regions where accumulation mode number concentrations are extremely low
(<40 cm−3), and sea salt emissions also contribute in the SH storm track region near
60◦ S where surface winds are strong. We see higher Aitken mode number concentra-
tions in MAM7 than those in MAM3 over these remote regions. H2SO4 concentrations
are somewhat higher in MAM7, resulting in more aerosol nucleation. Aerosol num-5

ber concentrations in the coarse mode are higher over the sea salt and dust source
regions and in the dust outflow regions and are in the range of less than 10 cm−3. In-
terestingly, 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 there are similar between MAM3 and MAM7. This is because10

the number-weighted settling velocity for coarse mode sea salt number is rather insen-
sitive to small σg changes. As a result, the coarse mode median diameters are larger in
MAM3 due to higher mass concentrations (figure not shown). A breakdown of total ac-
cumulation mode number concentration in MAM7 shown in Fig. 5 is as follows: fine sea
salt contributes about 5–20 cm−3 over oceans; fine dust contributes 50–100 cm−3 over15

major source regions (e.g., North Africa and North China) and 10–20 cm−3 in the dust
outflow regions. Primary carbon aerosol contributes 10–30 % over the industrial region
(e.g., East Asia and Europe) and 30–70 % in the biomass burning regions (e.g., Central
Africa, South America, Indonesia, and Russia), and the rest is from the accumulation
mode aerosol.20

Figure 6 is the same as Fig. 5 except for annual and zonal mean aerosol number
concentrations in Aitken, accumulation and coarse modes. Aitken mode aerosol num-
ber concentrations show a prominent peak in the tropical upper troposphere and over
the South Pole, where temperature is low and relative humidity (RH) is high along with
low preexisting aerosol surface areas. Note that we consider the number loss of the25

new particles by coagulation as they grow from the critical cluster size (a few nanome-
ters) to Aitken mode size (0.02–0.08 µm). Consistent with surface number concentra-
tions shown in Fig. 5, Aitken mode aerosol number concentrations are generally higher
in MAM7 than in MAM3. Accumulation mode aerosol particles are transported into
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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 spatial distribution of coarse mode aerosol number concentration is as-
sociated with the spatial distribution of dust and sea salt (Fig. 4), and slightly higher
number concentrations simulated with MAM3 than with MAM7.5

Figure 7 shows the annual averaged global distribution of CCN number concentra-
tion at 0.1 % supersaturation (S) in the surface layer in MAM3 and MAM7. Distribu-
tion patterns of CCN concentration closely follow 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 a high hygroscopicity. CCN concentration at10

S =0.1 % has similar ranges in the biomass burning regions as in the industrial re-
gions because biomass burning aerosol is assumed to be water-soluble. CCN con-
centration at S =0.1 % is lower than 100 cm−3 over oceans, except in the continental
outflow regions. CCN concentration at S =0.1 % is 20–40 % of the total accumulation
mode number over the continents and outflow regions. Over the remote oceans CCN15

concentration at S =0.1 % is 70–90 % of accumulation mode aerosol number concen-
tration. CCN concentration in MAM3 is higher than that in MAM7 over the oceanic
regions. This is due to merging 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 S =0.1 %,20

although coarse mode aerosol number concentrations are similar there (Fig. 5).

3.2 Annual global budgets of aerosols and precursor gases

Tables 6–12 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 from literature by Liu et al. (2005). For aerosol species, the averages and25

standard deviations of available models participated in the AeroCom project (Textor
et al., 2006) are listed for comparison as the “AeroCom”.
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The DMS emission from ocean is 18.2 Tg S yr−1, which is balanced by the gas oxida-
tion 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 (Table 6), 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)5

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 treatment
(Emmons et al., 2010), which assumes that the wet removal rate coefficient of SO2 is10

the same as that of H2O2 (g) and assumes full gas retention during droplet freezing.
66–68 % of chemical loss of SO2 is through the aqueous phase oxidation. One no-
ticeable difference between MAM3 and MAM7 is that there is a larger aqueous phase
chemical loss in MAM7. This is because NH3 (g) and ammonium are explicitly treated
in MAM7, and NH3 (g) dissolves in cloud water to increase pH values to be larger than15

those with the assumed form of NH4HSO4 in MAM3 (figure not shown). Thus this en-
hances the contribution from 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 (g) is produced by gas phase SO2 production and is lost by condensation20

on pre-existing aerosol (by 96 %) and aqueous phase uptake by cloud water (by 4 %)
(Table 6). The losses by dry deposition (0.01 %) and nucleation (0.2 %) are negligibly
small. H2SO4 (g) has a global burden of ∼0.00040 Tg S, and a lifetime of 15 min, in
agreement with limited reports from the literature.

Sulfate aerosol is produced from aqueous phase SO2 oxidation, and to a lesser ex-25

tent from H2SO4 (g) condensation on pre-existing aerosol, and is lost mainly by wet
scavenging (Table 7). MAM7 has a smaller percentage of aqueous phase sulfate pro-
duction from H2O2 compared to MAM3 for the reason mentioned above. The global
burden is ∼0.46 Tg S which is lower than that of the AeroCom multi-model mean. The
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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 the smaller production from SO2 in the
model (44–46 Tg S yr−1) compared to AeroCom multi-model mean (59.67 Tg S yr−1).
This smaller production in CAM5 may be due to smaller SO2 sources and higher SO2
wet removal rate coefficient, so that less SO2 is available for gas/aqueous phase oxi-5

dation to form sulfate. Most sulfate (89–96 %) is in the accumulation mode, which has
a larger total surface area for H2SO4 (g) condensation and a higher contribution to CCN
(at S =0.1 %) for aqueous phase oxidation.

The NH3 and NH4 cycles are explicitly treated in MAM7. Their budgets are given in
Table 8. The source of NH3 from emission is balanced by losses due to the condensa-10

tion onto the preexisting aerosol to form NH4 and to a lesser extent due to the dry and
wet deposition. The global NH3 burden is 0.064 Tg N with a lifetime of 0.48 day. The for-
mation of NH4 from condensation is balanced by the loss mostly due to wet deposition.
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 related to the partitioning between NH3 and NH4 in cloud water15

based on the effective Henry’s law. NH3 and NH4 budgets are compared to a few avail-
able studies in the literature (Table 8). 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,20

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 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 over25

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 9 gives the budgets of POM and SOA. The POM burden is 0.63–0.68 Tg, which
is less than half of the AeroCom mean (1.7 Tg). This is mainly because the IPCC AR5
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POM emissions used here 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, which is lower than that of the AeroCom multi-model mean
(6.54 days), due to the 20 % higher wet removal rate in this study related to the precip-
itation formation in CAM5.1 (Table 9). We note that wet removal rate for sulfate in this5

study is close to that of the AeroCom multi-model mean, and thus the sulfate lifetimes
are similar between this study and the AeroCom multi-model mean (Table 7). This
reflects different geographic distributions of sulfate versus POM concentration (Fig. 3).
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 the10

accumulation mode in MAM3, which produces faster wet removal due to the higher
hygroscopicity of sulfate than that of POM (Table 3). 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 removal15

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 experiences wet removal by precipitation in the boundary layer, while biomass
burning emissions are elevated and occur in different seasons and different geograph-
ical regions. Another reason for the shorter SOA lifetime is the larger hygroscopicity20

(0.14) of SOA than that (0.10) of POM. The SOA burden is higher and lifetime shorter
than the means from other studies 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 (Table 10), which is only 40 % of
AeroCom multi-model mean (0.24 Tg). One reason for the difference is that the IPCC25

BC emission is 65 % of the AeroCom multi-model mean. Another reason is that the
wet removal rate is 60 % higher in this model than the AeroCom multi-model mean.
The simulated BC lifetime is 4.2–4.4 days, much lower than the AeroCom multi-model
mean (7.1 days). BC burden is slightly higher and lifetime slightly longer in MAM7 than
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in MAM3. About 10 % of BC is in the primary carbon mode with a lifetime of 0.50 day in
MAM7, which is shorter than that of POM (0.72 day). BC has relatively more fossil fuel
and less biomass burning emissions compared to POM, indicating more rapid aging
for industrial versus biomass burning source regions.

Table 11 gives the budgets for dust. The simulated dust emission (2900–5

3100 Tg yr−1) is ∼60 % higher than the AeroCom multi-model mean (1840 Tg yr−1),
and dust has a burden 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 reason for the shorter lifetime is due to the larger wet removal rate (by
∼60 %) than the AeroCom mean. Gravitational settling plays a dominant role (∼90 %)10

in the total dry deposition, 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 (Table 11) in MAM3 with a different 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 of15

simulated dust to different cut-off sizes will be investigated in a future study.
The simulated sea salt emission is ∼5000 Tg yr−1, slightly lower than the Ae-

roCom median (6280 Tg yr−1), and substantially lower than the AeroCom mean
(16 600 Tg yr−1) with a standard deviation of ∼200 % (Table 12). Note that some of
the AeroCom models treated sea salt larger than 10 µm diameter. The burden is 7.5820

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 sedi-
mentation to dry deposition (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 deviation σg of the coarse mode in MAM3 (1.8), compared25

with that for coarse sea salt mode in MAM7 (2.0). Therefore, the sea salt burden in
MAM3 is 10.4 Tg and lifetime 0.76 day, which is ∼37 % higher than that in MAM7, re-
spectively. Most (∼90 %) of sea salt is in the coarse mode in both MAM3 and MAM7.
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4 Model evaluation

4.1 Aerosol mass concentration

Figures 8 and 9 compare simulated annual mean SO2 and sulfate concentrations at
the surface from MAM3 and MAM7 with observations from the Interagency Moni-
toring of Protected Visual Environment (IMPROVE) sites in the United States (http:5

//vista.cira.colostate.edu/improve), and the European Monitoring and Evaluation Pro-
gramme (EMEP) sites (http://www.emep.int). Clearly the model overestimates SO2
in both Eastern and Western United States, while it performs 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 and10

Europe. Sulfate in the Western United States is overestimated by the model. The per-
formance of MAM3 and MAM7 in simulating SO2 and sulfate is similar 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 concentrations
are higher in MAM7, especially in the European sites (by 10–20 %), indicating faster15

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 (g) and ammonium in MAM7. In Europe with higher
NH3 concentrations than those in United States (not shown), the increase in sulfate
concentrations in MAM7 is larger.20

Figure 10 compares annual mean sulfate concentrations simulated at the surface
from MAM3 and MAM7 with observations from an ocean network operated by the
University of Miami (Prospero et al., 1989; Savoie et al., 1989, 1993; Arimoto et al.,
1996). Simulated sulfate concentrations systematically underestimate the observations
at these ocean sites for both MAM3 and MAM7 probably due to too high wet removal25

rates, although the correlation coefficients between modeled and observed concentra-
tions are ∼0.98.
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Figures 11–14 compare simulated annual mean BC and OC/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 significantly overestimates observed5

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. 2.1.3) is re-
moved. 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 those compiled by Liousse et al. (1996), Cooke et al. (1999) and Zhang et al. (2007).10

However, BC concentrations are significantly underestimated in remote regions and at
some Pacific and Atlantic locations, suggesting the too strong wet removal of BC dur-
ing its transport from the source regions. These results for MAM3 and MAM7 are very
similar due to the hygroscopicity (κ = 0.1) used for POM. Modeled OM concentrations
are within a factor of 2 of observations at most sites compiled by Zhang et al. (2007).15

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 measurements were made by a Single
Particle Soot absorption Photometer (SP2) (Schwarz et al., 2006). Koch et al. (2009)
gave a detailed description of aircraft flights and data processing. The mean as well as20

median and standard deviation are shown in the figures when available. Modeled BC
profiles are based on monthly results interpolated to the average latitude and longitude
of flight tracks. Measured BC concentrations 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 concentrations from MAM3 and25

MAM7 show a smaller decrease with altitude in the free troposphere, thus overesti-
mating observations above 600–500 hPa by a factor of 10, although the agreement is
better (within the data standard deviation) in the boundary layer. This overestimation
of BC concentration in the free troposphere is also shown in almost all the models
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participating in the AeroCom project (Koch et al., 2009). The campaign in the mid-
latitudes of North America (CARB) encountered strong biomass burning plumes, and
BC concentrations show less reduction below ∼700 hPa. The modeled BC concentra-
tions agree with the data median (more representing the background condition) better
than with the data mean.5

Unlike those in the lower latitudes, observed BC concentrations at polar latitudes are
relatively uniform up to 400 hPa, especially in spring (Fig. 16). This is due to the trans-
port of pollutants to the Arctic from mid-latitudes by meridional lofting along isentropic
surfaces. Modeled BC concentrations from MAM3 and MAM7 are significantly lower
than those observed below 200 hPa, resulting from the too efficient scavenging of BC10

by convective and stratiform clouds during its transport and/or the model with the clima-
tological emissions missing some local fire events. This underestimation of BC below
200 hPa is also simulated by most of the AeroCom models (Koch et al., 2009). The
too efficient removal of BC is related to excessive liquid clouds in the NH in CAM5.1
(H.-L. Wang, personal communication) and/or too fast wet removal of fossil fuel BC15

(see Sect. 5 for sensitivity tests). Therefore, although there is too much BC uplifted in
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 precipitation. 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 due20

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 modeled
BC profiles.

Figure 17 compares modeled profiles of BC with SP2 measured BC concentra-
tions during the HIAPER Pole-to-Pole Observations campaign (HIPPO1) conducted25

above the remote Pacific from 80◦ N to 67◦ S during a two-week period in January 2009
(Schwarz et al., 2010). We note that this kind of comparison is for reference purposes
due to the short duration of observations. The observed BC profiles show significant
differences between different latitude zones. Upper tropospheric BC concentration is
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much lower (by two orders of magnitude) than that in the lower troposphere in the trop-
ics (20◦ S to 20◦ N), which is consistent with observations included in Koch et al. (2010)
as discussed in Fig. 15. The observed BC profiles show much less variation up to
200 hPa in both NH and SH mid-latitudes. Observed BC concentration increases with
altitude in the SH high latitudes, reflecting the upper level transport of BC from biomass5

burning sources regions in South America and Southern Africa. In contrast, observed
BC concentration decreases with altitude in the NH high latitudes (60–80◦ N) with very
high BC concentrations 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 ver-
tical variations of BC concentration reasonably well in the SH high latitudes and NH and10

SH mid-latitudes. However, modeled BC shows less vertical reduction in the tropics,
thus significantly overestimating measurements in the upper troposphere. This over-
estimation 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 convective clouds
(Schwarz et al., 2010). Similar to the results in Fig. 16 for the NH high latitudes in April,15

modeled BC significantly underestimates the observations below 300 hPa. There is
little difference between model BC in MAM3 and MAM7, although BC concentrations
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 dust20

deposition fluxes at the surface from MAM3 and MAM7 with observations collected
by Mahowald et al. (2009). As for sulfate, dust concentrations are underestimated
at many sites especially in MAM3. 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.25

Figure 20 compares the simulated annual mean sea salt concentrations at the sur-
face from MAM3 and MAM7 with observations obtained at the ocean sites operated
by the University of Miami. Most of the simulated sea salt concentrations are within
a factor of 2 of the observations although there is large scatter between the model and
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observations, and correlation coefficients are low (0.23–0.25) in part due to the narrow
range of the model and observed sea salt concentrations. MAM7 simulates lower sea
salt concentrations with lower model mean and correlation coefficient than those of
MAM3.

4.2 Aerosol number concentration and size distribution5

Figure 21 compares simulated aerosol size distributions in the marine boundary layer
with observations from Heintzenberg et al. (2000). The observational data were com-
piled 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 distri-
butions for all the latitudinal bands with a mode median diameter of 0.03 to 0.06 µm10

for the Aitken mode, and 0.1–0.2 µm for the accumulation mode. There are higher
Aitken mode number concentrations in the SH extratropics due to the boundary layer
aerosol nucleation and entrainment of aerosol from the free troposphere. 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),15

which suggests that the boundary layer nucleation in these remote regions is too weak,
the ultrafine sea salt emission flux is too small, or the model misses an organic 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 underesti-20

mates 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 the continents, and/or missing organic source from oceans. There
are higher Aitken mode aerosol number concentrations in MAM7 than those in MAM325

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.
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Figure 22 compares simulated vertical profiles of aerosol number concentration in
the Aitken mode (diameter larger than 14 nm) and in the accumulation mode (diameter
larger than 100 nm) with observations at Punta Arena, Chile (53◦ S) and Prestwick,
Scotland (54◦ N) during the Interhemispheric Differences in Cirrus Properties From
Anthropogenic Emissions (INCA) campaign (Minikin et al., 2003). Observed aerosol5

number concentrations in the Aitken mode in both locations show little variation up
to 8–10 km. The Aitken mode number concentrations in Scotland are a factor of 2–3
higher than those in Chile. Aitken mode number concentrations from the model 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 measurements, es-10

pecially at the NH site (Scotland). This underestimation may be partly due to the exces-
sively large size of carbonaceous aerosols emitted from fossil fuel combustion and/or
that the aerosol nucleation is too weak due to the too efficient scavenging of precur-
sor gases (e.g., SO2). Observed aerosol number concentrations in the accumulation
mode decrease significantly with height in the boundary layer, and then vary little in the15

middle troposphere and increase slightly around 10 km for both locations. The model
captures these vertical variations well and also the much higher concentrations at the
NH (Scotland) than those at the SH (Chile). The model underestimates the observed
accumulation mode number concentrations especially at the NH site (Scotland). There
are slightly higher number concentrations from MAM7 than those from MAM3 for both20

Aitken and accumulation modes at both sites.
Figure 23 compares vertical profiles of modeled CCN number concentrations at su-

persaturation 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 concen-
trations. CCN number concentrations increase over Tasmania in the austral winter and25

over the Arctic in spring, and vary little over Tasmania during ACE-1 in the austral sum-
mer. These vertical profiles suggest the influence of continual outflows from Australia
or from mid-latitudes. At other sites observed CCN number concentrations decrease
with altitude. The model results show the reduction for all sites. The model severely
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underestimates the observed CCN number concentration in the Arctic in spring, which
is consistent with the underestimation of BC concentration due to the too efficient wet
scavenging in the model. The ARM site in Oklahoma is located in a strong concentra-
tion gradient region. With the large horizontal grid size, the model is not able to capture
the small-scale spatial variability and thus underestimates the observed CCN number5

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 properties10

Figure 24 compares the monthly aerosol optical depth (AOD) and single scatter-
ing 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 America, Eu-
rope, 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 AOD15

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 the photochemical
production of sulfate and SOA in the summer (figure not shown). At several sites the
modeled AOD values are lower than observations in the summer probably due to the20

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 13). The underestimation of monthly
AOD is much more severe in South and East Asia (by more than a factor of 2), proba-
bly due to the underestimation of anthropogenic emissions there. The model captures25

well the seasonal variations of AOD in North Africa (figure not shown), and MAM7
has a much better simulation (with NMB of −0.12) compared to the NMB of −0.37 of
MAM3, due to its higher dust burdens and concentrations (Sect. 3). In South Africa, the
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model is able to capture the AOD seasonal trends resulting from the biomass burning
emission (figure not shown). However, both MAM3 and MAM7 underestimate 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 simu-5

lations and observations (Table 14). The model captures well the seasonal variations
and magnitudes of SSA in Northern and Southern Africa. The modeled SSA is lower
than observations in East Asia, probably because of the underestimation of anthro-
pogenic sulfate there, while it is higher than observations in South America, probably
because of the underestimation of local biomass burning sources in the model. Be-10

cause of the combination of the AOD and SSA, modeled absorption AOD (AAOD) is
mostly within a factor of 2 of observations in North America, Europe, East Asia (due to
the compensation of lower AOD and lower SSA), and Northern Africa for MAM7 (figure
not shown). The model underestimates observed AAOD in Northern Africa for MAM3
due to the underestimation of dust AOD, in Southern Africa (due to the underestimation15

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 by20

Kinne et al. (2006). As noted in Kinne et al. (2006), this satellite composite com-
bines 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 burning region in25

Southern Africa and in the industrial region in East Asia in January, in agreement with
satellite data. The model underestimates satellite observed AOD over North Amer-
ica, Europe and East Asia. However, this underestimation is not evident for North
America compared to the AERONET data, which suggests the possible overestimation
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of satellite AOD over North America in January (satellite observed AOD is over 0.1 for
most of US). The model captures the observed AOD peaks over the Saharan and Asian
deserts, biomass burning regions over Southern Africa and South America, and indus-
trial 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 the5

comparison of modeled AOD with the AERONET data. The model overestimates the
outflow of Saharan dust and Southern African biomass aerosols over the Central At-
lantic and Central Pacific, respectively. Modeled AOD from MAM3 and MAM7 is similar
over the continents with higher AOD over Northern Africa in MAM7. Modeled AOD in
MAM3 over oceans agrees reasonably well with satellite data, while modeled AOD in10

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.

4.4 Cloud properties

In this subsection we compare model simulated cloud properties from MAM3 and
MAM7 with available observations, which is important for the aerosol wet removal and15

aerosol indirect forcing. Figure 26 shows annual and zonal mean shortwave cloud forc-
ing (SWCF), longwave cloud forcing (LWCF), liquid water path (LWP), and total cloud
cover (CLDTOT) from MAM3 and MAM7 in comparison with available observations.
The global annual mean values for these and other variables are given in Table 15. We
can see that modeled SWCF is too strong in the tropics, but it is too weak in NH and20

SH high latitudes, in comparison with CERES data. Modeled LWCF is too low on the
global scale compared with CERES data, as well as LWP with SSM/I data. Modeled
total cloud cover is too low in the subtropics and mid-latitudes, but it is too high in the
two polar regions, as compared to the ISCCP data. This too low LWP indicates too fast
conversion of cloud water to precipitation and thus a too short lifetime of cloud water.25

This may partly explain the too large wet scavenging rates of aerosols (once they are
inside the cloud water via droplet activation) and thus the too low burdens and short
lifetimes of aerosols (e.g., POM, SOA and BC). The too large cloud cover in the high
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latitudes of NH also contributes to the low concentrations of aerosol (e.g., BC) in the
Arctic. Simulated cloud properties are very similar between MAM3 and MAM7 with
a slightly higher column cloud droplet number concentration in MAM3 (Table 15), due
to its larger sea salt concentrations. We note that the relative differences in CDNUMC
are smaller than the differences in CCN at S =0.1 % (Table 15).5

4.5 Timing

It takes about 4.8 h of wall-clock time for a one-year simulation 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. The10

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 increase in computational time is due to the additional aerosol microphysics pro-
cesses (e.g., nucleation, condensation, coagulation) considered in MAM3.

5 Sensitivity studies15

In the standard MAM7 the hygroscopicity (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 differences in model simulated carbonaceous aerosols between MAM7 and
MAM3. In one sensitivity experiment the κ value of POM is changed from 0.1 to 0.020

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 carbonaceous
aerosols (experiment MAM7-k). In another sensitivity experiment, in addition to κ = 0
for POM we change the coating criterion for conversion of carbonaceous aerosols in
the primary carbon mode to accumulation mode. The coating thickness is changed25
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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 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 supersaturations of 0.49 and 0.32 %, respectively.5

Tables 16 and 17 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 run. Global POM and BC burdens in the primary carbon mode
increase by ∼40 % in MAM7-k when scavenging through in-cloud droplet activation is
suppressed by the lower value of κ. Their lifetimes are thus longer. With less wet10

removal in the primary 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. Thus burdens of POM and BC in the accumulation
mode are higher but with similar lifetimes as MAM7. The global burdens of total POM
and BC (i.e., primary carbon mode plus accumulation mode) in MAM7-k are 10 % and15

8 % higher than those in MAM7, respectively.
With slower aging and less wet removal in the primary carbon 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. Similar amounts of POM and BC are
transferred to the accumulation mode as in MAM7 as a result of less wet removal but20

more dry deposition (due to the slower aging) in the primary carbon mode. POM and
BC burdens and lifetimes in accumulation mode are similar to those in MAM7. The
global burdens of total POM and BC in MAM7-aging are 43 % and 34 % higher than
those in MAM7, respectively.

A reduced κ value for POM and slower aging of primary carbon mode produce small25

changes for POM and BC surface concentrations near the continental source regions
(e.g., at the IMPROVE and EMEP sites) in comparison with MAM7 (figures not shown).
However, model underestimation of POM and BC surface concentration at ocean and
remote continental sites are improved, especially for BC (Fig. 27). The impact on
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vertical profiles of BC concentration from the two sensitivity experiments is shown in
Figs. 15–17. With a reduced κ value for POM (MAM7-k run), BC concentrations are
increased in comparison with MAM7 due to less efficient wet scavenging of BC in the
primary carbon mode. However, the increase are small in the tropics and subtropics
in North America (Fig. 15). There are significant increases in the BC concentrations in5

the upper troposphere in the mid-latitudes (during the CARB campaign in June). BC
concentrations are enhanced by several times during the Arctic spring when the base-
run concentrations are very low, but less so in the summer when base-run concentra-
tions are higher (Fig. 16). These changes are consistent with the HIPPO comparison
(Fig. 17), where strong increases occur in the mid- and high latitudes of NH, and in the10

high latitudes of SH. These increases in BC concentrations improve model comparison
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 and κ =0 for POM (MAM7-aging run), in-
creases in BC concentrations are evident in all the profiles of Figs. 15–17. This makes15

the overestimations of BC concentrations in the free troposphere in the tropics and
subtropics even more severe. The model still underestimates observed BC median
concentrations 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 impacts of the changes from these two sensitivity exper-20

iments are small for aerosol number and size distributions over the oceans and CCN
number concentrations in Figs. 20–22.

Figure 28 shows the fraction of the total BC column burden that is in the primary
carbon mode from the three experiments MAM7, MAM7-k and MAM7-aging. In the
MAM7 control run, BC from primary emissions (e.g., fossil fuel, bio-fuel, and biomass25

burning) is aged to the accumulation mode quickly, e.g., in the industrial regions where
sulfate concentrations are high. Primary BC fractions are 30–50 % in the tropical and
boreal biomass burning source regions (e.g., Central Africa, the maritime continent,
and Siberia). Other than these regions aged BC dominates the total BC burden (larger
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than 90 %). With reduced κ value for POM (MAM7-k), primary BC fractions increase
because of less wet removal. Primary BC fractions are 30–40 % over the Arctic regions
because of more transport of primary BC from the source regions (e.g., Siberia). These
results are in general agreement with observations that carbonaceous aerosol particles
are internally mixed with sulfate and other components except near the source regions5

(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 aging, primary BC fraction increases
significantly with values of 50–70 % over the Arctic and biomass burning regions in the
maritime continent and Central Africa. There are high fractions (30–40 %) of primary
BC in the SH midlatitudes due to the transport of primary BC from biomass burning10

regions in SH. However, BC concentrations there are small.

6 Conclusions and future work

In this study a modal aerosol module (MAM) was developed in CAM5 with two versions.
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 the15

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 BC by assuming
the immediate mixing of POM and BC with other aerosol species. Other approxima-
tions in MAM3 include merging of the MAM7 fine dust and fine sea salt modes into20

the accumulation mode in MAM3, and merging of the MAM7 coarse dust and coarse
sea salt modes into the single 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 remarkably similar between MAM3
and MAM7 because most (∼90 %) of these aerosol species are in the accumulation25

mode. Although POM and BC are treated differently in MAM3 and MAM7, POM and
BC concentrations are also similar. This is because a value of κ = 0.1 is assumed
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for POM, 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 lower κ value (0.0) for POM and additionally with a higher coating criteria
for aging produce significantly larger POM and BC concentrations, especially at high
latitudes.5

Sea salt concentrations simulated by MAM7 are significantly lower (by 30–40 %)
along with a lower AOD over the Southern Oceans than those from MAM3. 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 sea10

salt in MAM7 has larger sedimentation velocities than that in MAM3. Also, the fine sea
salt mode in MAM7 with a σg of 2.0 is merged to the accumulation mode in MAM3 with
a σg of 1.8. 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 different15

size ranges for fine and coarse dust, and to a lesser extent to the different assumptions
of mixing states of dust with other components. Results from additional sensitivity tests
are needed to more precisely explain how differing 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 cycles20

are explicitly treated in MAM7, but not in MAM3. NH3 (g) dissolves to the cloud water
and increases aqueous phase sulfate production by enhancing pH values of cloud
water. The NH4/SO4 molar ratio in aerosol predicted in MAM7 averages 1.2 globally. It
is near 2 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 ratio is generally less25

than 1.0 in the free troposphere, except in the tropics where the ratio can be 1.5–2.0.
These results differ from the ratio of 1.0 assumed in MAM3.

Overall the model with MAM3 and MAM7 performs reasonably well in capturing the
spatial and temporal variations of observed mass concentrations of aerosol species,
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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 related to the model treatment of cloud and other physical pro-
cesses. The simulated aerosol distributions and life cycles are tightly coupled with and5

affected 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 submi-
cron aerosol particles, and most sulfate is formed by cloud chemistry. CAM5 has a too
rapid life cycle of cloud water, because of its low bias in cloud liquid water path as in-
dicated in Sect. 4.4, in order to keep the same amount of surface precipitation through10

the conversion of cloud liquid water to rain water. This results in too fast wet-removal
rates of aerosols. As a result, simulated sulfate and mineral dust concentrations at the
surface are lower than those observed from 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).15

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 communication). This is indicated from the signifi-
cantly low BC concentrations in the Arctic compared to observations from the ARCTAS20

and ARCPAC campaigns in April and from the HIPPO campaign in January. BC con-
centrations in the free troposphere in the tropics and in the mid-latitudes are, however,
overestimated in the model, which suggests the need for improvement of transport and
wet scavenging in convective clouds in the model. Currently CAM5 has very simple
cloud microphysics for convective clouds, and no explicit treatment of aerosol activa-25

tion in convective clouds, as well as separate (although weakly coupled) treatments of
convective transport and scavenging. A more integrated treatment of the aerosol trans-
port and scavenging by convective clouds is being developed, and the implementation
of a double-moment cloud microphysics parameterization for deep convective clouds
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in CAM5 (Song and Zhang, 2011) will allow further improvement of aerosol processes
in convective clouds.

Another uncertain process is aerosol emissions: our results indicate the underesti-
mation of anthropogenic emissions in the developing counties (e.g., in East and South
Asia), and emissions of large forest fires (e.g., in Southern Africa and South America)5

and local fires (e.g., in the Arctic), which results in the low bias of AOD from com-
parison with the AERONET and satellite data. Currently MAM does not differentiate
the properties of carbonaceous aerosol (POM and BC) between biomass burning and
fossil fuel combustion sources, and it uses the same emitted size (0.134 µm diame-
ter) for these two, although sizes of fossil fuel emitted particles can be much smaller10

(Dentener et al., 2006). This may partially explain the too low Aitken mode number con-
centrations over Scotland compared with the INCA observations. Future improvement
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 underestimation of Aitken mode15

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 OM is overestimated in the model compared to the data obtained at the
North America IMPROVE network sites (especially in the Eastern US), while model20

simulated OM 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 re-
flect a different mixture of SOA precursors (from anthropogenic and biogenic sources).
The agreement is better when lower SOA yields are used. Future improvement of SOA
formation, partitioning and aging is needed.25

Nitrate, which is not treated in MAM because of its computational expense, can be
important on regional scales (e.g., in East Asia) (Gao et al., 2011) and is expected to
be more important in simulations of the future with the expected increase of nitrogen-
related and reduction of sulfur-related emissions. This can be realized through the
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MOSAIC (Model for Simulating Aerosol Interactions and Chemistry) (Zaveri et al.,
2008) aerosol thermodynamics model, which is being implemented in CAM5. MO-
SAIC 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).5

Along with the above planned improvements for MAM, future work will quantify model
sensitivity to approximations on aerosol modal parameters (size range and geometric
standard deviation), aerosol mixing state, internal structure and shape, aerosol pro-
duction, transformation, and loss processes, and climate forcing mechanisms.
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Horowitz, L., Isaksen, I., Iversen, T., Kirkevå, A., Kloster, S., Koch, D., Kristjansson, J. E.,
Krol, M., Lauer, A., Lamarque, J. F., Lesins, G., Liu, X., Lohmann, U., Montanaro, V.,25

Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland, O., Stier, P., Takemura, T., and Tie, X.:
An AeroCom initial assessment – optical properties in aerosol component modules of global
models, Atmos. Chem. Phys., 6, 1815–1834, doi:10.5194/acp-6-1815-2006, 2006.

Kirkevag, A., Iversen, T., Seland, O., Debernard, J. B., Storelvmo, T., and Kristjansson, J. E.:
Aerosol-cloud-climate interactions in the climate model CAM-Oslo, Tellus A, 60(3), 492–512,30

doi:10.1111/J.1600-0870.2008.00313, 2008.
Koch, D., Schulz, M., Kinne, S., McNaughton, C., Spackman, J. R., Balkanski, Y., Bauer, S.,

Berntsen, T., Bond, T. C., Boucher, O., Chin, M., Clarke, A., De Luca, N., Dentener, F.,

3542

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-5-3033-2005
http://dx.doi.org/10.5194/acp-5-3033-2005
http://dx.doi.org/10.5194/acp-5-3033-2005
http://dx.doi.org/10.5194/acp-8-1195-2008
http://dx.doi.org/10.5194/acp-5-1053-2005
http://dx.doi.org/10.5194/acp-6-1815-2006
http://dx.doi.org/10.1111/J.1600-0870.2008.00313


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Diehl, T., Dubovik, O., Easter, R., Fahey, D. W., Feichter, J., Fillmore, D., Freitag, S., Ghan, S.,
Ginoux, P., Gong, S., Horowitz, L., Iversen, T., Kirkevåg, A., Klimont, Z., Kondo, Y., Krol, M.,
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Märtensson, E. M., Nilsson, E. D., de Leeuw, G., Cohen, L. H., and Hansson, H. C.: Laboratory
simulations and parameterization of the primary marine aerosol production, J. Geophys.5

Res.-Atmos., 108(D9), 4297, doi:10.1029/2002jd002263, 2003.
McFarquhar, G. M., Um, J., Freer, M., Baumgardner, D., Kok, G. L., and Mace, G.: Im-

portance of small ice crystals to cirrus properties: observations from the Tropical Warm
Pool International Cloud Experiment (TWP-ICE), Geophys. Res. Lett., 34(13), L13803,
doi:10.1029/2007gl029865, 2007.10

McGraw, R.: Description of aerosol dynamics by the quadrature method of moments, Aerosol
Sci. Technol., 27(2), 255–265, 1997.

McNaughton, C. S., Clarke, A. D., Kapustin, V., Shinozuka, Y., Howell, S. G., Anderson, B. E.,
Winstead, E., Dibb, J., Scheuer, E., Cohen, R. C., Wooldridge, P., Perring, A., Huey, L. G.,
Kim, S., Jimenez, J. L., Dunlea, E. J., DeCarlo, P. F., Wennberg, P. O., Crounse, J. D., Wein-15

heimer, A. J., and Flocke, F.: Observations of heterogeneous reactions between Asian pollu-
tion and mineral dust over the Eastern North Pacific during INTEX-B, Atmos. Chem. Phys.,
9, 8283–8308, doi:10.5194/acp-9-8283-2009, 2009.

Menon, S., Del, A. D., Genio, Koch, D., and Tselioudis, G.: GCM simulations of the aerosol
indirect effect: sensitivity to cloud parameterization and aerosol burden, J. Atmos. Sci., 59(3),20

692–713, 2002.
Merikanto, J., Napari, I., Vehkamaki, H., Anttila, T., and Kulmala, M.: New parameterization of

sulfuric acid-ammonia-water ternary nucleation rates at tropospheric conditions, J. Geophys.
Res.-Atmos., 112(D15), D15207, doi:10.1029/2006jd007977, 2007.

Meyers, M. P., Demott, P. J., and Cotton, W. R.: New primary ice-nucleation parameterizations25

in an explicit cloud model, J. Appl. Meteorol., 31(7), 708–721, 1992.
Minikin, A., Petzold, A., Strom, J., Krejci, R., Seifert, M., van Velthoven, P., Schlager, H.,

and Schumann, U.: Aircraft observations of the upper tropospheric fine particle aerosol in
the Northern and Southern Hemispheres at midlatitudes, Geophys. Res. Lett., 30, 1503,
doi:10.1029/2002gl016458, 2003.30

Mitchell, D. L.: Parameterization of the Mie extinction and absorption coefficients for water
clouds, J. Atmos. Sci., 57(9), 1311–1326, 2000.

Mitchell, D. L.: Effective diameter in radiation transfer: general definition, applications, and

3545

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1146/annurev/marine.010908.163727
http://dx.doi.org/10.1029/2002jd002263
http://dx.doi.org/10.1029/2007gl029865
http://dx.doi.org/10.5194/acp-9-8283-2009
http://dx.doi.org/10.1029/2006jd007977
http://dx.doi.org/10.1029/2002gl016458


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

limitations, J. Atmos. Sci., 59(15), 2330–2346, 2002.
Mitchell, D. L., Baran, A. J., Arnott, W. P., and Schmitt, C.: Testing and comparing the modified

anomalous diffraction approximation, J. Atmos. Sci., 63(11), 2948–2962, 2006.
Mlawer, E. J., Taubman, S. J., Brown, P. D., Iacono, M. J., and Clough, S. A.: Radiative transfer

for inhomogeneous atmospheres: RRTM, a validated correlated-k model for the longwave,5

J. Geophys. Res.-Atmos., 102(D14), 16663–16682, 1997.
Moffet, R. C. and Prather, K. A.: In-situ measurements of the mixing state and optical properties

of soot with implications for radiative forcing estimates, P. Natl. Acad. Sci. USA, 106(29),
11872–11877, doi:10.1073/Pnas.0900040106, 2009.

Monahan, E., Spiel, D. E., and Davidson, K. L.: A model of marine aerosol generation via10

whitecaps and wave disruption, in: Oceanic Whitecaps, edited by: Monahan, E. C. and
MacNiochaill, G., D. Reidel, Norwell, Mass., 167–193, 1986.

Morrison, H. and Gettelman, A.: A new two-moment bulk stratiform cloud microphysics scheme
in the community atmosphere model, version 3 (CAM3). Part I: Description and numerical
tests, J. Climate, 21(15), 3642–3659, doi:10.1175/2008jcli2105.1, 2008.15

Moteki, N. and Kondo, Y.: Effects of mixing state on black carbon measure-
ments by laser-induced incandescence, Aerosol Sci. Tech., 41, 398–417,
doi:10.1080/02786820701199728, 2007.

Moteki, N., Kondo, Y., Miyazaki, Y., Takegawa, N., Komazaki, Y., Kurata, G., Shirai, T.,
Blake, D. R., Miyakawa, T., and Koike, M.: Evolution of mixing state of black carbon par-20

ticles: aircraft measurements over the Western Pacific in March 2004, Geophys. Res. Lett.,
34, L11803, doi:10.1029/2006gl028943, 2007.

Neale, R. B., Richter, J. H., and Jochum, M.: The Impact of convection on ENSO:
from a delayed oscillator to a series of events, J. Climate, 21(22), 5904–5924,
doi:10.1175/2008jcli2244.1, 2008.25

Ng, N. L., Chhabra, P. S., Chan, A. W. H., Surratt, J. D., Kroll, J. H., Kwan, A. J., McCabe, D. C.,
Wennberg, P. O., Sorooshian, A., Murphy, S. M., Dalleska, N. F., Flagan, R. C., and Sein-
feld, J. H.: Effect of NOx level on secondary organic aerosol (SOA) formation from the pho-
tooxidation of terpenes, Atmos. Chem. Phys., 7, 5159–5174, doi:10.5194/acp-7-5159-2007,
2007.30

Odum, J. R., Jungkamp, T. P. W., Griffin, R. J., Forstner, H. J. L., Flagan, R. C., and Sein-
feld, J. H.: Aromatics, reformulated gasoline, and atmospheric organic aerosol formation,
Environ. Sci. Technol., 31(7), 1890–1897, 1997.

3546

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1073/Pnas.0900040106
http://dx.doi.org/10.1175/2008jcli2105.1
http://dx.doi.org/10.1080/02786820701199728
http://dx.doi.org/10.1029/2006gl028943
http://dx.doi.org/10.1175/2008jcli2244.1
http://dx.doi.org/10.5194/acp-7-5159-2007


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Okin, G.: A new model of wind erosion in the presence of vegetation, J. Geophys. Res.-Earth,
113, F02S10, doi:10.1029/2007JF000758, 2008.

Oleson, K. W., Lawrence, D. M., Bonan, G. B., Flanner, M. G., Kluzek, E., Lawrence, P. J.,
Levis, S., Swenson, S. C., Thornton, P. E., Dai, A., Decker, M., Dickinson, R., Feddema, J.,
Heald, C. L., Hoffman, F., Lamarque, J.-F., Mahowald, N., Niu, G.-Y., Qian, T., Randerson, J.,5

Running, S., Sakaguchi, K., Slater, A., Stockli, R., Wang, A., Yang, Z.-L., Zeng, Xi., and
Zeng, Xu.: Technical Description of version 4.0 of the Community Land Model (CLM), NCAR
Technical Note NCAR/TN-478+STR, National Center for Atmospheric Research, Boulder,
CO, 257 pp., 2010.

Ovtchinnikov, M. and Ghan, S. J.: Parallel simulations of aerosol influence on clouds10

using cloud-resolving and single-column models, J. Geophys. Res.-Atmos., 110(D15),
doi:10.1029/2004jd005088, 2005.

Park, S. and Bretherton, C. S.: The University of Washington shallow convection and moist
turbulence schemes and their impact on climate simulations with the Community Atmosphere
Model, J. Climate, 22(12), 3449–3469, doi:10.1175/2008jcli2557.1, 2009.15

Park, S., Bretherton, C., and Rasch, P. J.: The global cloud simulations in the community
atmosphere model CAM5, in preparation, 2011.

Petters, M. D. and Kreidenweis, S. M.: A single parameter representation of hygroscopic
growth and cloud condensation nucleus activity, Atmos. Chem. Phys., 7, 1961–1971,
doi:10.5194/acp-7-1961-2007, 2007.20

Pierce, J. R. and Adams, P. J.: Global evaluation of CCN formation by direct emission of sea salt
and growth of ultrafine sea salt, J. Geophys. Res., 111, D06203, doi:10.1029/2005JD006186,
2006.

Pincus, R., Barker, H. W., and Morcrette, J. J.: A fast, flexible, approximate technique for com-
puting radiative transfer in inhomogeneous cloud fields, J. Geophys. Res.-Atmos., 108(D13),25

4376, doi:10.1029/2002jd003322, 2003.
Platnick, S., King, M. D., Ackerman, S. A., Menzel, W. P., Baum, B. A., Riedi, J. C., and

Frey, R. A.: The MODIS cloud products: algorithms and examples from Terra, IEEE T.
Geosci. Remote, 41, 459–473, 2003.

Poschl, U., Canagaratna, M., Jayne, J. T., Molina, L. T., Worsnop, D. R., Kolb, C. E., and30

Molina, M. J.: Mass accommodation coefficient of H2SO4 vapor on aqueous sulfuric acid
surfaces and gaseous diffusion coefficient of H2SO4 in N2/H2O, J. Phys. Chem. A, 102(49),
10082–10089, 1998.

3547

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007JF000758
http://dx.doi.org/10.1029/2004jd005088
http://dx.doi.org/10.1175/2008jcli2557.1
http://dx.doi.org/10.5194/acp-7-1961-2007
http://dx.doi.org/10.1029/2005JD006186
http://dx.doi.org/10.1029/2002jd003322


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Posfai, M., Simonics, R., Li, J., Hobbs, P. V., and Buseck, P. R.: Individual aerosol particles from
biomass burning in Southern Africa: 1. Compositions and size distributions of carbonaceous
particles, J. Geophys. Res., 108, 8483–8496, 2003.

Prospero, J. M., Uematsu, M., and Savoie, D. L.: Mineral aerosol transport to the Pacific Ocean,
in: Chemical Oceanography, edited by: Ridley, J. P., Chester, R., and Duce, R. A., Elsevier,5

New York, 188–218, 1989.
Rasch, P. J. and Kristjansson, J. E.: A comparison of the CCM3 model climate using diagnosed

and predicted condensate parameterizations, J. Climate, 11(7), 1587–1614, 1998.
Rasch, P. J., Barth, M. C., Kiehl, J. T., Schwartz, S. E., and Benkovitz, C. M.: A description of

the global sulfur cycle and its controlling processes in the National Center for Atmospheric10

Research Community Climate Model, Version 3, J. Geophys. Res.-Atmos., 105(D1), 1367–
1385, 2000.

Rasch, P. J., Collins, W. D., and Eaton, B. E.: Understanding the Indian Ocean Experiment (IN-
DOEX) aerosol distributions with an aerosol assimilation, J. Geophys. Res.-Atmos., 106(D7),
7337–7355, 2001.15

Richter, J. H. and Rasch, P. J.: Effects of convective momentum transport on the atmospheric
circulation in the community atmosphere model, version 3, J. Climate, 21(7), 1487–1499,
doi:10.1175/2007jcli1789.1, 2008.

Riemer, N., Vogel, H., Vogel, B., and Fiedler, F.: Modeling aerosols on the mesoscale-gamma:
Treatment of soot aerosol and its radiative effects, J. Geophys. Res.-Atmos., 108(D19), 4601,20

doi:10.1029/2003jd003448, 2003.
Riemer, N., West, M., Zaveri, R. A., and Easter, R. C.: Simulating the evolution of soot mix-

ing state with a particle-resolved aerosol model, J. Geophys. Res.-Atmos., 114, D09202,
doi:10.1029/2008jd011073, 2009.

Rossow, W. B. and Schiffer, R. A.: Advances in understanding clouds from ISCCP, B. Am.25

Meteorol. Soc., 80, 2261–2287, 1999.
Savoie, D. I., Prospero, J. M., Larsen, R. J., Huang, F., Izaguirre, M. A., Huang, T., Snow-

don, T. H., Custals, L., and Sanderson, C. G.: Nitrogen and sulfur species in Antarctic
aerosols at Mawson, Palmer Station, and Marsh (King George Island), J. Atmos. Chem.,
17, 95–122, 1993.30

Savoie, D. L., Prospero, J. M., and Saltzman, E. S.: Nitrate, nonseasalt sulfate and methane-
sulfonate over the Pacific Ocean, in: Chemical Oceanography, edited by: Ridley, J. P.,
Chester, R., and Duce, R. A., Elsevier, New York, 219–250, 1989.

3548

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/2007jcli1789.1
http://dx.doi.org/10.1029/2003jd003448
http://dx.doi.org/10.1029/2008jd011073


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Schwarz, J. P., Gao, R. S., Fahey, D. W., Thomson, D. S., Watts, L. A., Wilson, J. C., Reeves, J.
M., Darbeheshti, M., Baumgardner, D. G., Kok, G. L., Chung, S. H., Schulz, M., Hendricks,
J., Lauer, A., Kaercher, B., Slowik, J. G., Rosenlof, K. H., Thompson, T. L., Langford, A. O.,
Loewenstein, M., and Aikin, K. C.: Single-particle measurements of midlatitude black carbon
and light-scattering aerosols from the boundary layer to the lower stratosphere, J. Geophys.5

Res., 111, D16207, doi:10.1029/2006jd007076, 2006.
Schwarz, J. P., Spackman, J. R., Gao, R. S., Watts, L. A., Stier, P., Schulz, M., Davis, S. M.,

Wofsy, S. C., and Fahey, D. W.: Global scale black carbon profiles observed in
the remote atmosphere and compared to models, Geophys. Res. Lett., 37, L18812,
doi:10.1029/2010GL044372, 2010.10

Shinozuka, Y., Clarke, A. D., Howell, S. G., Kapustin, V. N., McNaughton, C. S., Zhou, J. C., and
Anderson, B. E.: Aircraft profiles of aerosol microphysics and optical properties over North
America: aerosol optical depth and its association with PM2.5 and water uptake, J. Geophys.
Res., 112, D12S20, doi:10.1029/2006jd007918, 2007.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and Physics: from Air Pollution to15

Climate Change, John Wiley, Hoboken, NJ, 1998.
Sihto, S.-L., Kulmala, M., Kerminen, V.-M., Dal Maso, M., Petäjä, T., Riipinen, I., Korhonen, H.,
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Table 1. Size distributions of primary aerosol emissions.

Emission source Geometric Number mode Demit
standard diameter, Dgn (µm)a

deviation, σg (µm)

BC/OM
– Forest fire/grass fire 1.8 0.080 0.134
– Domestic/energy/industry/ 1.8b 0.080b 0.134b

transportation/waste/shipping

SO4
– Forest fire/grass fire/waste/agriculture 1.8 0.080 0.134
– Energy/industry/shipping –c –c 0.261c

– Domestic/transportation 1.8 0.030 0.0504
– Continuous volcano, 50 % in Aitken mode 1.8 0.030 0.0504
– Continuous volcano, 50 % in accum. mode 1.8 0.080 0.134

a Demit is volume-mean diameter=Dgn × exp(1.5× (ln(σg))2) used in number emissions as Enumber = Emass/(π/6×
ρD3

emit), and ρ is the aerosol particle density.
b This Demit value is intermediate between the Demit =0.0504 µm in Dentener et al. (2006) and Demit =0.206 µm in Liu
et al. (2005).
c Adapted from Stier et al. (2005) where 50 % of mass goes to accumulation mode with Demit =0.207 µm, and 50 %
goes to coarse mode with Demit =3.08 µm. We put all mass in accumulation mode, and Demit =0.261 µm gives same
number emissions as Stier et al. We note that Dentener et al. (2006) put all in coarse mode with Demit =2.06 µm.

3553

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Assumed SOA yields.

Precursor species Mass yield Reference

Big alkanes 5 % Lim and Ziemann (2005)
Big alkenes 5 % assumed
Toluene 15 % Odum et al. (1997)
Isoprene 4 % Kroll et al. (2006)
Monoterpenes 25 % Ng et al. (2007)
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Table 3. Hygroscopicity of aerosol components.

Sea salt Sulfate Ammonium SOA POM BC Dust

1.16 0.507 0.507 0.14 0.10 10−10 0.068
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Table 4. Density (kg m−3) of aerosol material.

Sea salt Sulfate Ammonium SOA POM BC Dust

1900 1770 1770 1000 1000 1700 2600
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Table 5. Mapping of absorbing species from the MAM3 and MAM7 to the bulk aerosol scheme.

Bulk Aerosol MAM3 MAM7

Hydrophilic BC Accumulation mode BC Same as MAM3
Hydrophobic BC – Primary-carbon mode BC
Hydrophilic OC Accumulation mode POM+SOA Same as MAM3
Hydrophobic OC – Primary-carbon mode OC
Dust, bin 1 (finest) Accumulation mode dust Fine-dust mode dust
Dust, bin 2 – –
Dust, bin 3 Coarse mode dust Coarse-dust mode dust
Dust, bin 4 (coarsest) – –
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Table 6. Global budgets for DMS, SO2, and H2SO4 (g) in MAM3 and MAM7.

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 (g)
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 (Tg S) 0.00040 0.00042 9.0×10−6–1.0×10−3

Lifetime (min) 14.5 15.3 4.3–10.1

Units are sources and sinks, Tg S yr−1; burden, Tg S; lifetime, days except for H2SO4 (min).
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Table 7. 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 1 d−1) and normalized standard deviations (in %) as
budget terms are not given in Textor et al. (2006). For comparison removal rates (in 1 d−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), 2.9 (Aitken),

95.5 (accum.), 88.9 (accum.),
1.7 (coarse) 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.
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Table 8. Global budgets for NH3 (g) and NH4 in MAM7. The results from other studies are from
Feng and Penner (2007) and references therein.

MAM7 Previous studies
(Feng and Penner, 2007)

NH3 (g)
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.
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Table 9. Global budgets for organic aerosol. For POM, 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 1 d−1) and normalized standard devia-
tions (in %) as budget terms are not given in Textor et al. (2006). For comparison removal rates
(in 1 d−1) from MAM3 and MAM7 are listed in parentheses. For SOA, the mean and normal-
ized 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) 1.0 (Aitken)

99.2 (accum.) 99.0 (accum.)
Lifetime 4.08 4.08 6.70, 115

Units are sources and sinks, Tg yr−1; burden, Tg; lifetime, days.
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Table 10. 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 paren-
theses are mean removal rates (in 1 d−1) and normalized standard deviations (in %) as budget
terms are not given in Textor et al. (2006). For comparison removal rates (in 1 d−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.
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Table 11. 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 1 d−1) and normalized standard
deviations (in %) as budget terms are not given in Textor et al. (2006). For comparison removal
rates (in 1 d−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.) 29.5 (fine)

92.0 (coarse) 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.
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Table 12. Global budgets for sea salt. The means, medians and normalized standard devia-
tions (in %) from available models participating in AeroCom (Textor et al., 2006) are listed. The
values in parentheses are mean and median removal rates (in 1 d−1) and normalized standard
deviations (in %) as budget terms are not given in Textor et al. (2006). For comparison removal
rates (in 1 d−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) ∼0.0 (Aitken)

7.5 (accum.) 1.1 (accum.)
92.5 (coarse) 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.
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Table 13. Mean of observations, and normalized mean bias (NMB) and correlation coefficients
(R) between model simulations and observations for AOD over the seven regions in Fig. 23.
The NMB is calculated from the difference between model and observation divided by obser-
vation.

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
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Table 14. Mean of observations and model simulations, and correlation coefficients (R) be-
tween model simulations and observations for SSA over the seven regions in Fig. 23.

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
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Table 15. Global annual mean statistics from CAM5 with MAM3 and MAM7: shortwave (SWCF)
and longwave (LWCF) cloud forcing, liquid water path (LWP), ice water path (IWP), total (CLD-
TOT), low (CLDLOW) and high (CLDHGH) cloud cover, column droplet number concentration
(CDNUMC), column ice number concentration (CINUMC), and column CCN concentration at
supersaturation of 0.1%.

Simulations MAM3 MAM7 Observations

SWCF (W m−2) −48.8 −48.9 −46 to −53a

LWCF (W m−2) 23.7 23.8 27–31a

LWP (g m−2) 41.0 40.7 50–87b

IWP (g m−2) 17.7 17.7
CLDTOT (%) 62.9 63.0 65–75c

CLDLOW (%) 41.9 41.7
CLDHGH (%) 38.0 38.4 21–33d

CDNUMC (1010 m−2) 1.27 1.19
CINUMC (1010 m−2) 0.0092 0.0094
Column CCN at S =0.1 % (1010 m−2) 24.4 21.5

a SWCF, LWCF are from ERBE for the years 1985–1989 (Kiehl and Trenberth, 1997) and CERES for the years 2000–
2005 (Loeb et al., 2009).
b Liquid water path is derived from SSM/I (for the years 1987–1994, Ferraro et al., 1996; for August 1993 and January
1994, Weng and Grody, 1994; and for August 1987 and February 1988, Greenwald et al., 1993) and ISCCP for the
year 1987 (Han et al., 1994). SSM/I data are restricted to oceans.
c Total cloud fraction observations are obtained from ISCCP for the years 1983–2001 (Rossow and Schiffer, 1999),
MODIS data for the years 2001–2004 (Platnick et al., 2003) and HIRS data for the years 1979–2001 (Wylie et al.,
2005).
d High cloud fraction observations are obtained from ISCCP data for the years 1983–2001 and HIRS for the years
1979–2001.
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Table 16. Global budgets for primary organic aerosol from MAM7, MAM-k and MAM-aging
runs.

MAM7 MAM7-k MAM7-aging

POA (primary mode)
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

POA (accumulation mode)
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.
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Table 17. Global budgets for black carbon from MAM7, MAM7-k and MAM7-aging runs.

MAM7 MAM7-k MAM7-aging

BC (primary mode)
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

BC (accumulation mode)
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.
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Figure 1. Predicted species for interstitial and cloud-borne component of each aerosol 
mode in MAM7. Standard deviation for each mode is 1.6 (Aitken), 1.8 (accumulation), 
1.6 (primary carbon), 1.8 (fine and coarse soil dust), and 2.0 (fine and coarse sea salt). 

Fig. 1. Predicted species for interstitial and cloud-borne component of each aerosol mode
in MAM7. Standard deviation for each mode is 1.6 (Aitken), 1.8 (accumulation), 1.6 (primary
carbon), 1.8 (fine and coarse soil dust), and 2.0 (fine and coarse sea salt).
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Figure 2. Predicted species for interstitial and cloud-borne component of each aerosol 
mode in MAM3. Standard deviation for each mode is 1.6 (Aitken), 1.8 (accumulation) 
and 1.8 (coarse mode). 

 

Fig. 2. Predicted species for interstitial and cloud-borne component of each aerosol mode in
MAM3. Standard deviation for each mode is 1.6 (Aitken), 1.8 (accumulation) and 1.8 (coarse
mode).
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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.

3572

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 95 

 

 

 

 

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.
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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.
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Figure 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 (STP) (1013.25 hPa, 273.15 K).  

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
(STP) (1013.25 hPa, 273.15 K).
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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.
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Figure 7. Annual averaged global distribution of CCN number concentration at 0.1% 
supersaturation (S) at surface in MAM3 (upper) and MAM7 (lower). 

Fig. 7. Annual averaged global distribution of CCN number concentration at 0.1 % supersatu-
ration (S) at surface in MAM3 (upper) and MAM7 (lower).
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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 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 US sites are east of 97◦ W longitude.
Bottom: EMEP network.
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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.   

 

Fig. 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 US 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.
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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) concentra-
tions (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).

3580

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/3485/2011/gmdd-4-3485-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 3485–3598, 2011

Toward a minimal
representation of
aerosol direct and

indirect effects

X. Liu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 103 

 

 

 

 

 

 

 

 

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 network sites. Observations are for site-available years be-
tween 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.
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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. Sim-
ulated 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
longitude. Bottom: EMEP network.
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Figure 13.  Observed and simulated organic carbon (top) and black carbon (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 (top) and black carbon (bottom) concentra-
tions (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 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).
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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
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 collaboration with California Air Resources Board).
Observations are averages for the respective campaigns and were measured by three differ-
ent 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 additional details. Simulated profiles for MAM3 and MAM7 are averaged over the points
on the map and the indicated month. Two sensitivity experiments are included: MAM7-k and
MAM7-aging, as discussed in Sect. 5.
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Figure 16.  Same as Figure 15 but for BC vertical profiles at high latitudes from over two 
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 latitudes from over two cam-
paigns: ARCTAS (NASA Arctic Research of the Composition of the Troposphere from Aircraft
and Satellite), and ARCPAC (NOAA Aerosol, Radiation, and Cloud Processes affecting Arc-
tic Climate). Observations are from the NOAA group for ARCPAC, and from the University of
Tokyo and University of Hawaii groups for ARCTAS.
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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 was 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 lat-
itude zone. Two sensitivity experiments are included: MAM7-k and MAM7-aging, as discussed
in Sect. 5.
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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 section 5.   
 

 
 

 

 

 

 

 

 

 

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), and dust concentrations were calculated from the 
iron concentrations assuming 3.5% iron in dust, as in Mahowald et al. (2009). The 
symbols distinguish the original data types: actual dust measurement (×), or dust 
concentrations converted from iron measurement (+).  

 

Fig. 18. Observed and simulated annual-average mineral dust concentrations (µg m−3). Ob-
servations are from Table S2 of Mahowald et al. (2009). Only station measurements are shown
(no cruise measurements), and dust concentrations were calculated from the iron concentra-
tions assuming 3.5 % iron in dust, as in Mahowald et al. (2009). The symbols distinguish the
original data types: actual dust measurement (×), or dust concentrations converted from iron
measurement (+).
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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.
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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).
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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 marine boundary layer. Observa-
tions (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 densities are scaled by 0.5 so the same vertical axis can be
used for all latitudal bands.
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Figure 22. Vertical profiles of aerosol number concentration of Aitken mode particles 
with diameter > 14 nm (left) and accumulation mode 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 Aitken mode particles with diame-
ter >14 nm (left) and accumulation mode 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.
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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 concentrations at 0.1 % supersatura-
tion 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 exper-
iment. Simulated values (colored lines) for MAM3 and MAM7 are averages over the months
shown and experiment location.
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Figure 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).  

 

 

 

Fig. 24. Comparison of modeled monthly aerosol optical depth (AOD) (upper) and single scat-
tering 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).
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Figure 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). 

 

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).
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Figure 26. Annual and zonal mean shortwave cloud forcing (SWCF), longwave cloud 
forcing (LWCF), liquid water path (LWP), and total cloud cover (CLDTOT) from 
MAM3 and MAM7 in comparison with observations. Observed SWCF and LWCF are 
from CERES; observed LWP is from SSM/I with two data sources: Weng and Grody 
(1994) (lower dashed line) and Greenwald et al. (1993) (upper dashed line); and observed 
CLDTOT is from ISCCP. LWP comparison is restricted to oceans.

Fig. 26. Annual and zonal mean shortwave cloud forcing (SWCF), longwave cloud forcing
(LWCF), liquid water path (LWP), and total cloud cover (CLDTOT) from MAM3 and MAM7 in
comparison with observations. Observed SWCF and LWCF are from CERES; observed LWP is
from SSM/I with two data sources: Weng and Grody (1994) (lower dashed line) and Greenwald
et al. (1993) (upper dashed line); and observed CLDTOT is from ISCCP. LWP comparison is
restricted to oceans.
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Figure 27.  Same as Fig. 13 but with model results from MAM7-k and MAM7-aging 
sensitivity simulations. 

 

Fig. 27. Same as Fig. 13 but with model results from MAM7-k and MAM7-aging sensitivity
simulations.
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Figure 28. 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. 

 

Fig. 28. 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.
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