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Abstract

An advanced particle microphysics model with a number of computationally efficient
schemes has been incorporated into a global chemistry transport model (GEOS-Chem)
to simulate particle number size distributions and cloud condensation nuclei (CCN)
concentrations in the atmosphere. Size-resolved microphysics for secondary particles5

(i.e., those formed from gaseous species) and sea salt has been treated in the present
study. The growth of nucleated particles through the condensation of sulfuric acid vapor
and equilibrium uptake of nitrate, ammonium, and secondary organic aerosol is explic-
itly simulated, along with the scavenging of secondary particles by primary particles
(dust, black carbon, organic carbon, and sea salt). We calculate secondary particle10

formation rate based on ion-mediated nucleation (IMN) mechanism and constrain the
parameterizations of primary particle emissions with various observations. Our simula-
tions indicate that secondary particles formed via IMN appear to be able to account for
the particle number concentrations observed in many parts of troposphere. A compar-
ison of the simulated annual mean concentrations of condensation nuclei larger than15

10 nm (CN10) with those measured values show very good agreement (within a factor
of two) in near all 22 sites around the globe that have at least one full year of CN10
measurements. Secondary particles appear to dominate the number abundance in
most parts of the troposphere. Calculated CCN concentration at supersaturation of
0.4% (CCN0.4) and the fraction of CCN0.4 that is secondary (f sec

CCN) have large spa-20

tial variations. Over the middle latitude in the Northern Hemisphere, zonally averaged
CCN0.4 decreases from ∼400–700 cm−3 in the boundary layer (BL) to below 100 cm−3

above altitude of ∼4 km, the corresponding f sec
CCN values change from 50–60% to above

∼70%. In the Southern Hemisphere, the zonally averaged CCN0.4 is below 200 cm−3

and f sec
CCN is generally above 60% except in the BL over the Southern Ocean.25
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1 Introduction

Atmospheric particles perturb the Earth’s energy budget indirectly by acting as cloud
condensation nuclei (CCN) and thus changing cloud properties and influencing pre-
cipitation. The magnitude of the aerosol indirect radiative forcing (IRF) represents
the dominate uncertainty in assessing climate change (NRC, 2005; IPCC, 2007; Chin5

et al., 2009). The aerosol indirect radiative forcing is largely determined by the num-
ber abundance of particles that can act as CCN (e.g., Twomey, 1977; Albrecht, 1989;
Charlson et al., 1992). An increase in the number and a decrease in the size of cloud
droplets (for fixed liquid water content) resulted from the increase of aerosol number
concentrations will increase cloud optical depth and cloud albedo (first indirect aerosol10

effect). The change of cloud drop number concentration that results from the increase
in aerosol concentration can also affect the cloud liquid water content, cloud amount,
cloud lifetime, and precipitation efficiency (second indirect aerosol effect). At a given
supersaturation ratio, CCN number concentrations depend on the number size distri-
bution and composition of atmospheric particles. Pan et al. (1998) showed that aerosol15

size parameters are the leading contributors to the uncertainty of calculated IRF by an-
thropogenic sulfate aerosols and suggested that a size-resolved global aerosol model
should be an important step toward reducing the uncertainty.

The particles in the troposphere either come from in-situ nucleation (i.e, secondary
particles) or direct emission (i.e., primary particles). Nucleation frequently observed20

throughout the troposphere is believed to be an important source of atmospheric par-
ticles (e.g., Yu et al., 2008). While freshly nucleated particles have a size of only a few
nanometers, a substantial fraction of these particles are known to be able to grow
to CCN size under favorable conditions. A number of recent studies have employed
global, size-resolved aerosol microphysics models to study the contribution of primary25

and secondary particles to CCN concentrations.
Different parameterizations of primary particle emissions have been reported to have

substantial impact on predicted CCN abundance (Adams and Seinfeld, 2002, 2003;
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Spracklen et al., 2005a; Pierce and Adams, 2006; Pierce et al., 2007). For example,
Adams and Seinfeld (2003) showed that a few percent of anthropogenic sulfur emit-
ted as particulate sulfate (to represent the sub-grid nucleation process) increases CCN
concentrations in polluted areas by up to ∼200–500%. Spracklen et al. (2005b) showed
that global mean sulfate and sea salt derived CCN concentrations change by up to 27%5

in marine boundary layer and by more than 100% over some continental regions when
the fraction of anthropogenic SO2 emitted as particulates is increased from 0 to 5%.
Pierce et al. (2007) showed that the inclusion of carbonaceous aerosol particles (as-
sumed to have number median diameter of ∼25 nm) can increase CCN concentrations
(0.2%) by 65–90% in the globally averaged surface layer. While these results high-10

light the potential important contribution of primary particles to CCN in some regions,
they can’t be used to infer that the contribution of secondary particles is not impor-
tant because of the large uncertainties in the sizes and amount of primary particles
(note that primary sulfate particles are actually secondary particles nucleated in sub-
grid plumes). More importantly, the above mentioned studies are likely to significantly15

under-estimate the contribution of secondary particles to CCN because the nucleation
rates in these studies are calculated with H2SO4−H2O binary homogeneous nucle-
ation (BHN) theory which is known to predict negligible secondary particle formation in
the lower troposphere and can’t explain nucleation events frequently observed around
the globe (Yu and Turco, 2008). Pierce and Adam (2009) showed that uncertainties20

in nucleation, primary emissions and secondary organic aerosol (SOA) condensation
may all influence predictions of CCN and emphasized the necessity to reduce the un-
certainties in these processes in order to better understand the aerosol indirect effect.

The global aerosol simulations reported in Spracklen et al. (2008) and Makkonen
et al. (2009), based on an empirically parameterized activation-type nucleation mech-25

anism (linear dependence of nucleation rate J on sulfuric acid gas concentration:
J=A[H2SO4] with A as pre-factor), showed that boundary layer (BL) nucleation is nec-
essary to improve the agreement between modeled and observed particle number
concentrations. Spracklen et al. (2008) concluded that BL nucleation is an important
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global source of CCN and increases global BL CCN concentrations at 0.2% supersatu-
ration by 3–20% and CCN at 1% supersaturation by 5–50%. Based on their sensitivity
study, Makkonen et al. (2009) pointed out that the predicted CCN concentrations are
sensitive to the choice of the nucleation mechanism.

Wang and Penner (2009) assessed how nucleation affects the CCN concentration5

and aerosol indirect forcing, using a global aerosol model that calculates the nucleation
in and above the boundary layer with an empirical activation-type nucleation scheme
and binary homogeneous nucleation theory, respectively. Wang and Penner (2009)
showed that the inclusion of an empirical BL activation-type nucleation mechanism in-
creases the global average CCN concentrations in the BL by 31.4% without primary10

sulfate particle emission and by 5.3% with primary sulfate particle emission. Wang
and Penner (2009) also found that the aerosol indirect radiative forcing from various
treatments of aerosol nucleation ranges from −1.22 to −2.03 w/m2 and emphasized
the importance of better quantifying aerosol nucleation mechanisms in reducing uncer-
tainty in the assessment of aerosol indirect radiative forcing.15

It is clear from these recent studies (e.g., Spracklen et al., 2008; Makkonen et al.,
2009; Wang and Penner, 2009) that nucleation is an important source of global CCN
and that aerosol indirect effect is sensitive to the nucleation process. It should be noted
that the activation-type nucleation mechanism employed in these studies is a regres-
sion parameterization of nucleation events observed in Hyytiälä, Finland. The values of20

pre-factor (A) derived from different sets of nucleation measurements vary significantly
(up to three orders of magnitude) (Riipinen et al., 2007; Kuang et al., 2008), indicating
that parameters other than [H2SO4] also affect atmospheric nucleation rates. Due to
the over-prediction of the activation nucleation scheme (derived empirically from sur-
face observation) at high altitudes, the application of this scheme is generally limited to25

the boundary layer (Spracklen et al., 2008; Makkonen et al., 2009; Wang and Penner,
2009). A more robust nucleation mechanism with clear physics and state-of-the-art
thermodynamics is apparently needed to improve the representation of the nucleation
process in the global atmosphere.
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Based on an up-to-date kinetically consistent ion-mediated nucleation (IMN) model
incorporating recently available thermodynamic data and schemes, Yu (2006) con-
cluded that ions can lead to significant particle formation not only in the upper tropo-
sphere but also in the lower troposphere (including the boundary layer). The involve-
ment of ions in atmospheric particle formation has been unequivocally confirmed by5

the 3-year ion mobility measurements (Hirsikko et al., 2007) and 1-year measurements
of the excess charge on freshly nucleated particles taken in boreal forests (Laakso et
al., 2007; Gagné et al., 2008). Detailed and well-constrained case studies (Yu and
Turco, 2008) indicate that, for most of well-defined nucleation events observed dur-
ing an intensive field campaign in Hyytiälä, Finland, the predictions based on the IMN10

model are in good agreement with field data for a range of variables, including criti-
cal nucleation sizes, size-dependent overcharging ratios, concentrations of 1.8–3 nm
stable clusters and 3–6 nm particles, as well as their diurnal variations. Yu and Turco
(2008) concluded that, beyond a reasonable level of uncertainty, IMN appears to be
the dominant nucleation mechanism in at least a large fraction of nucleation events15

observed in boreal forests.
The main objective of the present paper is to study the contribution of IMN mecha-

nism, which has been constrained by a variety of up-to-date thermodynamic data and
supported by recent field measurements in boreal forests, to global particle number
abundance. To achieve the objective, an advanced particle microphysics (APM) model20

has been coupled with a global chemistry transport model using assimilated meteorol-
ogy (GEOS-Chem) to simulate the spatial and temporal variations of particle number
size distribution in the global atmosphere. The details of the coupled model and key
features are described in Sect. 2. Section 3 presents modeling results and compar-
isons with measurements. Summary and discussion are given in Sect. 4.25
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2 Description of models, approaches, and key features

2.1 Advanced Particle Microphysics (APM) model

The APM model is an advanced multi-type, multi-component, size-resolved micro-
physics code developed for a wide range of applications. The current APM model
is the result of past development and validation effort aimed at explaining atmospheric5

particle observations (e.g., Turco et al., 1979; Hamill et al., 1982; Toon et al., 1988;
Jacobson et al., 1994; Jacobson and Turco, 1995; Yu and Turco, 1997, 2008; Yu,
1998). The basic microphysical processes that are treated in the model include nu-
cleation, condensation/evaporation, coagulation, thermodynamic equilibrium with local
humidity, and dry deposition. In coupling with GEOS-Chem, size-dependent schemes10

for wet-deposition (washout and rainout) have been implemented. The APM model is
very flexible in specifying the number of bins (sections), number of compositions, and
number of types of aerosols to be simulated.

The current version of the APM model is highly modularized and formatted as
a stand-alone box model. For applications when computing cost is not a limitation, the15

APM model can be customized to treat complex and detailed aerosol systems with high
size resolution. For example, in the cases of studying particle formation and evolution
in aircraft plumes and in ambient atmosphere, the model can distinguish particles with
different charging states and compositions (Yu, 1998; Yu and Turco, 1997, 2008) and
can resolve liquid and frozen contrail particles formed from particles of different com-20

positions (Yu, 1998; Kärcher and Yu, 2009). In these applications, particles ranging in
size from molecular (diameter ∼0.6 nm) to larger than 10 µm are represented by hun-
dreds of sectional bins using a discrete-sectional bin structure, and the size-dependent
electrostatic effect on particle microphysics can be considered (Yu, 2006).

To treat size-resolved aerosol microphysics in a 3-dimensional model, computing25

cost becomes a significant limitation. Based on our experience with past applications
of the APM model as a box model and our understanding of key processes/parameters
controlling aerosol microphysical properties, we have designed and implemented
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a number of schemes/algorithms that improve the computing efficiency for 3-D ap-
plication. Pre-calculated look-up tables are extensively used for nucleation rate and
coagulation kernel calculations which substantially reduce the computing time. The
bin resolution can be variable which means that we can choose high size resolution
for a certain size range (of interest) while using low resolution for other size ranges.5

This enables us to use a reasonable number of bins to cover a wide size range while
optimizing size resolution. The model allows the different microphysical processes to
be calculated at different time steps and automatically decides the optimum time steps
for computing efficiency without sacrificing accuracy.

2.2 GEOS-Chem model10

The GEOS–Chem model is a global 3-D model of atmospheric composition driven by
assimilated meteorological observations from the Goddard Earth Observing System
(GEOS) of the NASA Global Modeling Assimilation Office (GMAO). The GEOS-Chem
model includes a detailed simulation of tropospheric ozone-NOx-hydrocarbon chem-
istry as well as of aerosols and their precursors (Park et al., 2004). A detailed de-15

scription of the model (including the treatment of various emission sources, chemistry
and aerosol schemes) can be found in the model webpage (http://www.as.harvard.edu/
chemistry/trop/geos/index.html).

Meteorological factors used in GEOS–Chem include surface properties, humidity,
temperature, winds, cloud properties, heat flux and precipitation. The present version20

of GEOS-Chem (v8-01-03) is fully compatible with the GMAO GEOS–5 operational
data product. The GEOS-5 data, including cloud fields, have 6-h temporal resolution
(3-h resolution for surface fields and mixing depths), 0.5◦×0.667◦ horizontal resolution,
and 72 vertical sigma levels extending from the surface to approximately 0.01 hPa. The
horizontal resolution can be degraded and vertical layers merged for computational25

efficiency. It is noteworthy that GEOS-5 has a higher vertical resolution in the lower
troposphere (14 vertical levels below 2 km) than that of GOES-3 (9 levels below 2 km)
and GOES-4 (5 levels below 2 km).
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In addition to sulfate, nitrate, and ammonium aerosols (Park et al., 2004), the GEOS-
Chem model also considers black carbon (BC) and primary organic carbon (POC)
(Park et al., 2003), SOA (Park et al., 2003; Liao et al., 2007), dust (Fairlie et al., 2007),
and sea salt (Alexander et al., 2005). The mass of dust is separated into four sizes
(Fairlie et al., 2007) while that of sea salt is divided into two sizes (Alexander et al.,5

2005). Aerosol and gas-phase simulations are coupled through secondary inorganic
and organic particle formation, heterogeneous chemistry (Evans and Jacob, 2005),
and aerosol effects on photolysis rates (Martin et al., 2003). The ISORROPIA thermo-
dynamic equilibrium model (Nenes et al., 1998) is used to calculate partitioning of total
ammonia and nitric acid between the gas and aerosol phases, while SOA is produced10

from the oxidation of biogenic hydrocarbons following the scheme of Chung and Se-
infeld (2002) with updates detailed in Liao et al. (2007). The publicly released version
of GEOS-Chem (v8-01-03) simulates the mass concentrations of particles of different
types or compositions but does not treat size-resolved aerosol microphysics.

2.3 GEOS-Chem coupled with APM model: key features15

In order to study the spatial and temporal variations of global CCN abundance, the
size-resolved aerosol microphysics has to be handled properly within the global model.
We have coupled the APM Model with a recently released version of GEOS-Chem
(v8-01-03). In the present study, size-resolved microphysics for sulfate and sea salt
aerosols is considered. The formation of new particles is calculated with the state-of-20

the-art ion-mediated nucleation mechanism. The contributions of nitrate, ammonium,
and SOAs to sulfate particle growth are considered through equilibrium uptake. The
scavenging of sulfate particles by other types of particles (sea salt, BC, POC, and dust)
is considered. The emission inventories and parameterizations, as well as key features
of the coupled model related to size-resolved aerosol microphysics are described be-25

low. The emission discussion focuses on our additions/updates to what have been
included in the original GEOS-Chem model.
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2.3.1 Emissions

2.3.1.1 Sulfur emission inventories and parameterization of primary sulfate
particle emission

In this study, the global sulfur emission is based on the Emissions Database for Global
Atmospheric Research (EDGAR) inventory (Olivier et al., 2001), while the emissions5

over United States, Mexico and East Asia are replaced by the Environmental Protec-
tion Agency (EPA/NEI99) inventory, the Big Bend Regional Aerosol and Visibility Ob-
servational (BRAVO) Study emissions inventory (Mark et al., 2003), and the Transport
and Chemical Evolution over the Pacific (TRACE-P) inventory (Streets et al., 2003),
respectively. We have scaled the EDGAR sulfur emission over Europe based on the10

information presented in Vestreng et al. (2007). Due to the uncertainty of the emissions
from sporadically erupting volcanoes, we only consider the continuously active volcano
emission.

Most recent global aerosol simulations assume that 0–5% of anthropogenic sulfur
specie is emitted as sulfuric acid or sulfate while the rest as SO2 (Adams and Seinfeld,15

2002, 2003; Spracklen et al., 2005a; Pierce and Adams, 2006; Pierce et al., 2007;
Spracklen et al., 2008; Makkonen et al., 2009; Wang and Penner, 2009). While this
fraction of sulfate mass has been called primary sulfate, it is actually secondary in
nature because it is used to account for the sub-grid plume scale SO2 oxidation and
new particle formation and growth (e.g., Spracklen et al., 2005a). The primary sul-20

fate is generally distributed into two lognormal modes with geometric mean diameters
(dg) of 10 nm (nucleation mode) and 70 nm (accumulation or condensation mode) with
standard deviations (σ) of 1.6 and 2.0, respectively (Whitby, 1978). All the above men-
tioned studies cited either Binkowski and Shankar (1995) or Whitby (1978) to assume
that 15% of primary sulfate mass is emitted in the nucleation mode while the rest in the25

accumulation mode. Actually, it appears that Binkowski and Shankar (1995) also cited
the work of Whitby (1978) for the number. However, Whitby (1978), based on the ob-
servations presented in Whitby et al. (1978), showed that the fraction of primary sulfate
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in the nucleation mode is 5% (instead of widely used 15%) while the remaining (95%)
of sulfate (formed in sub-grid SO2 plumes) condenses directly onto existing particles.

In the present study, to account for the sub-grid secondary particle formation, we
assume that 2.5% of anthropogenic sulfur is emitted as sulfate (the number suggested
in Dentener et al., 2006) and the fractions of the primary sulfate distributed to the nu-5

cleation and accumulation modes are 5% and 95%, respectively (Whitby et al., 1978).
It should be pointed out that 95% of primary sulfate mass condenses on the existing
particles (or accumulation mode particles) and thus doesn’t form new particles. In our
simulation, this 95% of primary sulfate mass is added to the sulfate mass associated
with BC and POC particles. To look into the effect of sub-grid nucleation, we carry out10

a sensitive study assuming all anthropogenic sulfur is emitted as SO2.

2.3.1.2 Sea salt emission

In the original version of GEOS-Chem (v8-01-03), sea salt emissions, both of accumu-
lation mode particles (0.1–0.5 µm) and coarse mode particles (0.5–10 µm), are calcu-
lated with the parameterization of Gong et al. (1997). In the present study, the recent15

parameterization of Clark et al. (2006) is employed to calculate the size-resolved sea
salt emission.

2.3.1.3 Emissions of carbonaceous aerosol

Carbonaceous aerosol emissions mainly result from fossil fuel and bio-fuel combustion,
and biomass burning. The default carbonaceous emissions inventory in GEOS-Chem20

includes anthropogenic emission based on the work of Bond et al. (2004), biofuels
based on Yevich and Logan (2003), and biomass emission from GEOS-Chem inven-
tory (Park et al., 2003). The base year of the Bond et al. (2004) emissions is 1996
for fossil fuel and the fire counts during 1999–2000 for biomass burning. The biomass
burning carbonaceous aerosol can also use annually averaged inventory (Bond et al.,25

2004) or monthly averaged emissions from the Global Fire Emissions Database Ver-
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sion 2 (GFED2) biomass burning emissions. In this study, anthropogenic carbona-
ceous emission used Bond et al. (2004)’s fossil and bio-fuel inventories, while biomass
burning emission is based on GFED2’s monthly open fire inventory. Carbonaceous
aerosols in GEOS-Chem are divided into hydrophilic and hydrophobic categories. The
model assumes that 20% of black carbon and 50% of organic carbon from anthro-5

pogenic emissions are hydrophilic and the rest are hydrophobic. Conversion of hy-
drophobic to hydrophilic carbonaceous aerosols takes place with an e-folding time of
1.2 days based on Cooke et al. (1999). The scheme provides a good simulation of
soluble species concentrations in the United States (Park et al., 2003; 2004) and in
North American and Asian outflow (Li et al., 2005; Park et al., 2005).10

In the original version of GEOS-Chem, the emission heights of carbonaceous
aerosols, both anthropogenic and biomass burning emissions, are evenly divided into
the model boxes within the boundary layer. Observations indicate that biomass burn-
ing injects carbonaceous aerosols to high latitudes due to the buoyancy and shallow
convection (Dentener et al., 2006). In this study, we parameterize the injection heights15

according to the fractional distribution of emission heights for wild-land fires described
by Dentener et al. (2006).

2.3.1.4 Emission of other species

The size-dependent emission of dust particles is calculated with the dust emission
module described in Fairlie et al. (2007). Global ammonia and NOx sources are as20

described by Park et al. (2006). The emissions of volatile organic compounds are as
described in Liao et al. (2007).
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2.3.2 Representation of major particles in the coupled model

2.3.2.1 Sulfate (or secondary) particles

We use 40 sectional bins to represent sulfate (or secondary) particles covering dry di-
ameters ranging from 0.0012 µm to 12 µm. The first bin of sulfate particles corresponds
to the sizes of freshly nucleated particles in the atmosphere which generally have a dry5

diameter of ∼1.2 nm (Yu and Turco, 2008), therefore no parameterization is needed to
scale the nucleated particles to the first bin particles.

Figure 1 shows the bin structure for sulfate particles and the normalized number of
particles emitted into each bin (∆Ni/∆logDpi) per µg of primary sulfate emitted based
on the parameterizations described in Sect. 2.3.1.1. The bin structure or width of each10

bin can be clearly seen from Fig. 1. As mentioned earlier, the bin resolution in the APM
model can be variable so we can use a higher resolution for the size range of our inter-
est. For the GEOS-Chem-APM coupled model, we have 30 bins for 0.0012–0.12 µm
(dry diameter) range and another 10 bins for 0.12–12 µm, leaving a high resolution
for the size range important to the growth of nucleated particles to CCN. The variable15

bin structure enables us to cover full particle size range and have good resolution in
the size range important for the study (in the current case nucleation mode and CCN
particles) while maintaining a reasonable total number of bins (and hence computing
cost).

Based on the two log-normal distributions shown in Fig. 1, per µg of primary sulfate20

emission adds 2.08×1010 of particles to the nucleation mode (5% mass) and 3.55×108

of particles to the accumulation mode (95% mass). Our model has the option to treat
the accumulation mode sulfate mass as new particles (increase in number concentra-
tion) or as mass condensed to the existing particles (no increase in number concen-
tration). As noted in Sect. 2.3.1.1, the sulfate mass in the accumulation mode is the25

mass condensing on the existing particles and thus doesn’t form new particles (i.e., no
increase in number concentration). In the present study, this 95% of primary sulfate
mass is added to the sulfate mass associated with primary BC and OC particles. It
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should also be noted that even those nucleation mode particles, while called primary
sulfates, are actually secondary particles associated with sub-grid new particle forma-
tion in SO2 plumes.

2.3.2.2 Sea salt

Primary emission is the only source of sea salt particles which generally have dry5

diameters larger than ∼10 nm. Based on our assessment of size-resolved sea salt
emission observations and parameterizations (O’Dowd et al., 1997; Clark et al., 2006),
sea salt particles with dry diameters smaller than ∼10 nm are negligible both in term
of number and mass concentration, and there is no need to represent small size sea
salt particles in the model. In the present study, the size-resolved sea salt emission10

is based on the parameterization of Clarke et al. (2006). We use 20 sectional bins to
represent sea salt, covering dry diameters from 0.012 to 12 µm. Figure 2 shows bin
structure for sea salt and normalized number flux of sea salt particles (dF/dlogdr in
#/m2s) based on the parameterization of Clarke et al. (2006). The peak in number-
based flux is around ∼0.045 µm. Bin resolution is variable and 10 bins are used for15

0.012–0.12 µm (dry diameter) range and another 10 bins for 0.12–12 µm. The bin
structure is chosen to have relatively high resolution for the size range important to the
contribution of sea salt to CCN number abundance.

2.3.2.3 Primary BC and OC (BCOC) particles

In GEOS-Chem, the total mass of hydrophobic BC, hydrophilic BC, hydrophobic OC,20

and hydrophilic OC are tracked during the emission, transport, deposition, and scav-
enging processes. In the present study, we do not implement the size-resolved mi-
crophysics for primary BCOC. Primary BCOC particles generally have a log-normal
distribution, and we derive the BCOC number concentrations from the simulated mass
and assumed size distributions. Existing measurements indicate that the size of25

BCOC from fossil fuel (BCOCFF) consumption is quite different from those from bio-
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fuel and biomass burning (BCOCBB) (Dentener et al., 2006). Dentener et al. (2006)
recommended a mode diameter of 30 nm and standard deviation of 1.8 for BCOCFF,
and mode diameter of 80 nm and standard deviation of 1.8 for BCOCBB. Based on
our review of the relevant literature, the mode diameters recommended by Dentener
et al. (2006) appear to be much smaller than what have been observed (including the5

data presented in Fig. C1 of Dentener et al., 2006). The log-normal mode diameter of
BCOCFF is generally ∼60 nm (Kittelson et al., 2000, 2006; Eastwood, 2007; Weimer
et al., 2009) while that of BCOCBB is ∼150 nm (e.g., Anderson et al., 1996; also see
Fig. C1 in Dentener et al., 2006).

To properly calculate the contribution of BCOC to the number concentration of total10

particles as well as CCN, we separate BCOC into two categories (i.e., BCOCFF and
BCOCBB) and each category has four tracers (i.e., hydrophobic BC, hydrophilic BC,
hydrophobic OC, and hydrophilic OC). In the present study, BCOCFF is assumed to
have a log-normal distribution with number median diameter of 60 nm and standard
deviation of 1.8, and BCOCBB is assumed to have a log-normal distribution with num-15

ber median diameter of 150 nm and standard deviation of 1.8. We assume that only
hydrophilic BC and OC can serve as CCN.

2.3.2.4 Secondary organic aerosol (SOA)

The schemes used to represent and simulate SOA formation in GEOS-Chem have
been described in Chung and Seinfeld (2002) and Liao et al. (2007). Monoterpenes20

and other reactive volatile organic compounds (ORVOCs) are divided into five hydro-
carbon classes according to the values of their experimentally measured aerosol yield
parameters. The semi-volatile gas phase products from the oxidation of various hydro-
carbons (including isoprene) by OH, O3, and NO3 are lumped into four tracers (SOG1,
SOG2, SOG3, and SOG4), and all aerosol phase products are aggregated into four25

corresponding tracers (SOA1, SOA2, SOA3, SOA4). The partition of SOGs onto seed
aerosols, which include primary organic carbon, sulfate, ammonium, nitrate, and sea
salt, is considered in GEOS-Chem.
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2.3.2.5 Dust

Dust particles in GEOS-Chem are represented by 4 size sections (diameters: 0.2–2.0,
2.0–3.6, 3.6–6.0, and 6.0–12.0 µm) (Ginoux et al., 2004).

2.3.2.6 Sulfate mass scavenged by other types of particles

While secondary sulfate particles (containing nitrate, ammonium, and SOAs through5

equilibrium uptake or partition) are ubiquitous in the atmosphere and appear to domi-
nate the number concentrations in many regions, the primary particles (BC, POC, dust,
and sea salt) could be important and even dominant in some regions. The scavenging
of secondary particles by primary particles is an important process in governing the
total particle number concentrations. In order to assess the relative contribution of sec-10

ondary versus primary particles to CCN budget, the scavenging of secondary particles
by primary particles has to be properly considered. In the present study, the coag-
ulation scavenging of secondary sulfate particles by primary particles are simulated
using four separate tracers (BC sulfate, OC sulfate, sea salt sulfate, and dust sulfate)
to keep track of the bulk sulfate mass associated with BC, OC, sea salt, and dust, re-15

spectively. In addition to coagulation, condensation (of sulfuric acid) and in-cloud SO2
oxidation also contribute to BC sulfate, OC sulfate, sea salt sulfate, and dust sulfate.
When some of BC, OC, sea salt, and dust are removed from the atmosphere via dry
and wet deposition, the corresponding portion of sulfate associated with these parti-
cles are also removed. The equilibrium uptake of nitrate, ammonium, and SOAs by the20

sulfate mass associated with primary particles and the resulting change in the sizes of
primary particles are considered in our simulation and CCN calculation.
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2.3.3 Key microphysical processes controlling particle size distributions

2.3.3.1 Nucleation

Nucleation is one of the key process controlling particle number distribution and CCN
number abundance. In this study, we focus on the ion-mediated nucleation (IMN) be-
cause it is physically-based and constrained by recently available laboratory data (Yu,5

2006), can explain most of the nucleation events observed in boreal forests (Yu and
Turco, 2008), and predicts global nucleation distributions in reasonable consistency (in
terms of both spatial patterns and absolute magnitude) with land-, ship-, and aircraft-
based observations (Yu et al., 2008).

As pointed out in the Introduction, several recent studies used the empirical formula10

to represent boundary layer nucleation while employed binary homogeneous nucle-
ation theory for nucleation calculation above boundary layer (e.g., Spracklen et al.,
2008; Makkonen et al., 2009; Wang and Penner, 2009). A major difference of present
study is that we apply the same physics-based IMN mechanism to the whole atmo-
sphere. The IMN model takes into account the variations of [H2SO4], temperature,15

relative humidity, ionization, and surface area of pre-existing particles on global new
particle formation. The deterministic physics underlying the IMN mechanism allows
the spatial and temporal variations of secondary particle formation (via IMN) and its
contribution to total particle number concentration and CCN abundance in the whole
atmosphere to be quantified in a consistent way.20

For IMN rate calculation, we employ look-up tables pre-generated from detailed ki-
netic IMN model (same as the one described and used in Yu et al., 2008), With a simple
multiple-variable interpolation subroutine, IMN in each grid box can be calculated ac-
curately (the error between interpolated and full model values within a few percentage)
and efficiently.25
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2.3.3.2 Condensation and equilibrium partition

Exiting particles (especially nucleated particles) experience size changes through up-
take or desorption of precursor gases. In the present study, the condensation of H2SO4
on particles is explicitly resolved while the uptake of nitrate, ammonium, and condens-
able secondary organic compounds are considered through equilibrium partition. The5

inorganic equilibrium is calculated based on ISOROPIA (Nenes et al., 1998) and or-
ganic partition is calculated based on the Chung and Seinfeld (2002)’s scheme. The
amounts of nitrate, ammonium, and SOA partitioned to sulfate particles in each bin
and sulfate mass associated with primary particles are assumed to be proportional to
the corresponding sulfate mass. Therefore, our model takes into account the effect of10

nitrate, ammonium, and SOA uptake on sulfate particle growth, which is important to
assess the contribution of nucleated particles to CCN.

In the current model, secondary particles have three different sizes: the first one
is the sulfate core size (i.e., the size of sulfate only, defined in bin structure shown
in Fig. 1), the second one is the dry size (sulfate+uptaken equilibrium nitrate, ammo-15

nium, and SOA), and the third is the wet size accounting for hygroscopic growth (see
Sect. 2.3.3.4). Wet size is used to calculate rates (surface area, condensation sink,
coagulation coefficient, deposition rate, and scavenging rate) for microphysical simula-
tions. The particles are moving across bins only when their core sizes change (through
H2SO4 condensation and in-cloud oxidation).20

Nucleation and condensation processes compete for sulfuric acid vapor, and a time
step of 15 min is used for nucleation/growth calculations. Number concentration of
particles is conserved during growth.

2.3.3.3 Coagulation

Coagulation is a process in which particles of various sizes and compositions collide25

with each other and coalesce to form larger particles. In the atmosphere, coagulation is
an important process scavenging small particles and turning externally mixed particles
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into internally mixed particles. In the present model, the mass conserving semi-implicit
numerical scheme of Jacobson et al. (1994) is employed to solve the self coagulation
of size-resolved sulfate and sea salt particles, as well as the scavenging of sulfate
particles by sea salt, dust, BC, and POC particles.

Coagulation is the most time-consuming process among various size-resolved mi-5

crophysical processes (nucleation, growth, coagulation, and deposition). The reason is
that coagulation involves particles of different sizes and thus adds two additional dimen-
sions (size of particle A and size of particle B) into 3-dimensional spatial grid system.
For example, for 40 bins of sulfate, coagulation among sulfate particles is equivalent to
solving 40×40=1600 reaction equations. In contrast, growth and deposition processes10

are one-dimensional in particle size space thus only need to solve 40 equations for
size-resolved sulfate particles. The interactions among particles of different types or
compositions also add to the number of equations to be solved. For example, the
interaction of 40-bin sulfate with 20-bin sea salt will add 40×20=800 equations. To
reduce the computing cost of 3-D sectional aerosol microphysics model, it is important15

to optimize the coagulation calculation. In the APM model, we have implemented two
schemes which substantially reduce the coagulation computing expenses. The first
scheme is to use pre-generated lookup tables for coagulation kernel calculations and
the second one is to use a variable time-step for coagulation calculations (Yu, 1998).

2.3.3.4 Hygroscopic growth, gravitational settling, and dry deposition20

Hygroscopic growth of particles are calculated based on growth factor parameteriza-
tions of Li et al. (2001) for inorganic components, of Varutbangkul et al. (2006) for
SOA, and of Gerber (1985) for sea salt. With these parameterizations, we can obtain
the wet size of different particles for the simulations of various microphysical processes.
The size-dependent gravitational settling velocities are based on the scheme given in25

Zhang et al. (2001). Dry deposition of aerosols in GEOS-CHEM is calculated using the
updated resistance-in-series approach of Wesely (1989).
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2.3.3.5 Wet deposition and cloud processing

Wet deposition in GEOS-Chem, as described in Liu et al. (2001), includes scaveng-
ing in convective updrafts, rainout and washout from convective anvils and large-scale
precipitation, and returning to the atmosphere following evaporation. Below we dis-
cuss our modifications to the wet deposition scheme, aimed to take advantage of the5

additional tracers treated in the coupled model.
For size-resolved sulfate and sea salt particles, we assume that particles larger than

the activation diameter are subjected to removal via in-cloud scavenging (rainout). The
activation diameters for large-scale (0.19% supersaturation) and convective precipita-
tion (0.75% supersaturation) are assumed to be 0.082 µm and 0.032 µm (dry diam-10

eter), respectively (Trivitayanurak et al., 2008). Scavenging in convective updrafts is
also limited to those activated particles (dry diameter larger than 0.032 µm). We cal-
culate the removal rate of sulfate and sea salt particles by falling rain droplets using
the size-resolved washout rate parameterization developed by Henzing et al. (2006),
which calculates precipitation scavenging coefficients as a function of aerosol particle15

size and precipitation intensity.
The production of sulfate via in-cloud chemistry includes reactions with both hydro-

gen peroxide and ozone (Park et al., 2004). We distribute sulfate mass produced by
in-cloud aqueous oxidation to particles of different types (including sea salt, BC, POC,
and dust particles) or bins (for sulfate particles) according to the corresponding number20

concentrations of activated particles. Aqueous chemistry in stratiform and convective
clouds is not distinguished in GEOS-Chem. Following the approach of Trivitayanurak
et al. (2008), we distribute sulfate produced by in-cloud aqueous oxidation to those
particles with dry diameter larger than 0.057 µm (an average of aerosol activation di-
ameters in stratiform and convective clouds).25
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2.3.4 Computing cost of the GEOS-Chem-APM model

In our study, all simulations are running on 8-CPU Linux workstations with the 2.2 Ghz
Dual Quad-Core AMD Opteron Processor 2354. The model system is compiled using
OpenMP (http://www.openmp.org) for running in parallel. The original GEOS-Chem
v8-01-03 code has 54 tracers, and it takes 24.23 h for one year full-chemistry sim-5

ulations at 4◦×5◦ horizontal resolutions and 47 layers (GEOS-5 data). The coupled
GEOS-Chem-APM model has 127 tracers (73 additional tracers: 40 for sulfate, 20
for sea salt, one for H2SO4 gas, 4 tracers for BC/OC from fossil fuel, 4 tracers for
BC/OC from biomass/bio-fuel, and 4 for sulfate attached to dust, BC, primary OC,
and sea salt particles). With full size-resolved microphysics (nucleation, condensation,10

coagulation, deposition, and scavenging) and chemistry, it takes the coupled model
(127 tracers) 52.35 h for the same year simulations on the same machine. In other
words, our efficient microphysics schemes allow the increase in the computing cost
per 100% increase in number of tracers (associated with particle size information) to
(52.35/24.23-1)/(127/54-1)=86%. Such a relatively small increase in the computing15

cost associated with full size-resolved microphysics is desirable and makes the future
coupling of APM model with global climate model feasible.

3 Results

The results presented in this section are based on one year (2006) simulation of
GEOS-Chem (version 8-01-03 with a horizontal resolution of 4◦×5◦ and 47 layers up to20

0.01 hpa, GEOS-5 meteorological fields) coupled with the APM module.

3.1 Spatial distributions of aerosol number concentrations: simulation and
comparison with measurements

Number concentrations of atmospheric particles have been measured in many parts of
globe, and a number of stations have continuous and long-term (multiple-year) mea-25
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surements. To compare simulated results with observations, we compiled a list of
surface observations that have at least one full year of particle number concentra-
tion measurements. We limit the measurements to those taken outside urban areas
because the present simulation is not designed to resolve the urban scale pollution.
Table 1 summarizes mean concentrations of condensation nuclei larger than 10 nm5

(CN10) from various sources we have found to date and the corresponding station in-
formation. While GEOS-Chem uses sigma coordinates, it can’t resolve some sub-grid
topographies because of its horizontal resolution. Among the 22 stations used, three
of them are considered to sample middle tropospheric air based on their elevation and
location.10

Figure 3 presents the simulated horizontal spatial distributions of annual mean num-
ber concentrations of CN10 averaged within two altitude ranges: (a) Lower boundary
layer (0–0.4 km), (b) Middle troposphere (2–4 km). The fraction of anthropogenic sul-
fur emitted as sulfate is assumed to be 2.5%. The observed annual or multiple-year
averaged CN10 values given in Table 1 are also overlaid on the plots for comparison.15

It is clear from Fig. 3a that high concentration of CN10 in the boundary layer is gen-
erally confined to regions with large anthropogenic emissions. Annual mean CN10 can
reach above 10 000 cm−3 in certain areas of United States and China. Over large
area of Europe, annual mean CN10 is over 3000 cm−3 with largest value reaches
∼8000 cm−3. In the marine boundary layer (MBL) far from anthropogenic sources,20

CN10 is generally below 700 cm−3 and can be as low as ∼200 cm−3. Antarctic and
Arctic boundary layer has the lowest CN10 with values around a few hundreds per
cm3.

Figure 3b indicates that CN10 concentrations in the middle troposphere (2–4 km) are
much lower and the high concentration regions no longer have a clear association with25

anthropogenic source regions except in a few locations. CN10 values in the 2–4 km
altitude ranges are relatively high in the tropic and sub-tropic regions (30◦ S–45◦ N)
with the annual mean values in the range of ∼400–700 cm−3. Similar to the boundary
layer, CN10 values in the middle troposphere over Arctic regions are lowest (below
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∼200 cm−3).
A comparison of our simulated spatial distribution of annual mean CN10 in the lower

boundary layer (0–0.4 km) and middle troposphere (2–4 km) with those measured val-
ues show very good agreement in nearly all 22 sites. The simulations capture the
absolute values of observed CN10 as well as the spatial gradient quite well. For exam-5

ple, the simulations show a significant CN10 gradient from north to south in Western
Europe, with annual mean CN10 values increase from ∼700 cm−3 at latitude of ∼70◦ N
to ∼7000 cm−3 at latitude of ∼50◦ N. Such a dramatic spatial gradient agrees well with
observations made in Pallas, Värriö, Hyytiälä, Uto, Aspvreten, and Melpitz. The nice
agreement between simulated values of CN10 in the middle troposphere with those10

obtained at three high altitude stations gives us additional confidence on the ability of
the model simulating the vertical distributions of particle number abundance.

For the simulations shown in Fig. 3, we assume that 2.5% of anthropogenic sulfur
emits as primary sulfate (fsulfate=2.5%) and 5% of these mass is distributed to the
nucleation mode while the remaining 95% is added to the condensation mode. As we15

pointed out in Sect. 2.3.1.1, such a parameterization of primary sulfate may have large
uncertainty. To assess the effect of primary sulfate emission, we carry out a sensitivity
study with fsulfate=0. Figure 4 shows the simulated horizontal spatial distributions of
annual mean number concentrations of CN10 averaged in the lower boundary layer
(0–0.4 km) for fsulfate=0 case, similar to Fig. 3a with observed data points included.20

The corresponding figure for the middle troposphere is not shown because of minor
differences with Fig. 3b.

A comparison of Fig. 4 with Fig. 3a indicates that primary sulfate emission has sub-
stantial impact on the CN10 values in the anthropogenic SO2 source regions (espe-
cially in East Asia, Western Europe, and Eastern United States), increasing the CN1025

by ∼10–40%. Primary sulfate emission, aimed to take into account sub-grid nucle-
ation process in anthropogenic SO2 plumes, has minor effect on the CN10 budget in
areas away from the source regions (including oceans, remote continental area, and
air above boundary layer).
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A more specific comparison of simulated CN10 with observed values is presented in
Fig. 5 where the simulated values are plotted against corresponding observed values at
22 sites listed in Table 1. As shown in Fig. 3, the simulated annual mean CN10 values
agree quite well with observed ones, within a factor of two for all the sites except one.
The simulated CN10 at South Great Plains (station # 13 in Table 1) is ∼40% of the5

observed annual mean value, indicating that the current model under-predicts the new
particle formation (or primary particle emission) in the region. The exact reason of such
a substantial under-prediction remains to be investigated.

Figure 5 further shows that the emission of 2.5% of anthropogenic sulfur as primary
sulfate has minor effects for sites far away from source regions but can increase the10

annual mean CN10 by around 10–40% in or near source regions. Inclusion of a few
percentage of primary sulfate emission, aimed to take into account the sub-grid scale
nucleation, appears to improve the agreements of simulated CN10 with observed val-
ues in high anthropogenic sulfur source regions such as in Western Europe and East-
ern United States. The remaining paper will focus on the case with fsulfate=2.5%.15

3.2 Relative contribution of secondary versus primary particles to total aerosol
number abundance

We showed in Sect. 3.1 that our model simulations agree well with observed number
concentrations of particles larger than 10 nm. Both formation of secondary particles
(i.e., nucleation) and direct emission of primary particles contribute to atmospheric20

particle number abundance. It will be interesting to understand the role of new particle
formation in particle number budget in different parts of the globe.

Figure 6 presents the simulated horizontal (averaged in three lowest model layers
representing the lower boundary layer) and vertical (zonal-averaged) spatial distribu-
tions of annual mean ion-mediated nucleation rate (JIMN), total number concentration of25

condensation nuclei larger than 3 nm (CN3), and the fraction of CN3 that is secondary
(f sec

CN3). The spatial distribution of JIMN in the boundary layer (Fig. 6a) is generally con-
sistent with our previous study (Yu et al., 2008), showing that ion-mediated nucleation in
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the boundary layer (in consistent with a number of land and ship based nucleation mea-
surements, Yu et al., 2008) is largely confined to two broad latitude belts (∼20◦ N–70◦ N,
∼30◦ S–90◦ S) and nucleation rates over continentals are generally much higher than
those in MBL. Vertically we’ve seen significant JIMN differences between the present
and previous studies in the upper troposphere. Figure 3b shows that the high JIMN val-5

ues located in the tropical upper troposphere between 400–200 mb, with peak annual
mean values of ∼0.1–0.2 cm−3 s−1. In the previous study that didn’t consider size-
resolved microphysics (Yu et al., 2008), the peak JIMN exceeds 1 cm−3 s−1 in the tropic
regions above 200 mb, which is most likely associated with the under-prediction of con-
densation sink and over-prediction of H2SO4 vapor concentrations in the tropical upper10

troposphere.
The spatial distribution of CN3 (Fig. 6c–d) depends not only on new particle for-

mation rates (Fig. 6a–b) but also on primary particle emissions, particle transport and
scavenging processes. Figure 6c and 6d indicate that the regions with high CN3 values
are generally associated with high nucleation zones but it is also clear that transport,15

scavenging, and primary emission have substantial impact on CN3 values in some re-
gions. For example, in tropical MBL, while nucleation is negligible, transport results
in an annual mean CN3 values of 200–1000 cm−3. The vertical gradient in CN3 over
tropic regions (Fig. 6d) confirms the downward transport of particles formed in the
upper troposphere. Primary particle emissions also add substantial amounts of parti-20

cle numbers in East Asia and Western Europe. The low CN3 zone (around 60◦ S) in
Southern Ocean BL is due to the scavenging of nucleated particles by sea salt par-
ticles. Vertically, there are two regions of high zonally-averaged annual mean CN3
(Fig. 6d): one in the tropical upper troposphere and the other in the middle latitude
lower troposphere in the Northern Hemisphere. Such a feature is generally consistent25

with the latitudinal and vertical distributions of total condensation nuclei concentrations
measured during a number of air-borne field campaigns covering a wide range of areas
and seasons (see Fig. 3b in Yu et al., 2008). It should be noted that data in Fig. 3b of
Yu et al. (2008) have been normalized to standard conditions (1 atm, 298 K) while the
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simulated values in Fig. 6d have not been normalized.
The present model explicitly resolves secondary particles and primary particles as

well as their interactions (Sect. 2.3), enabling us to study the relative contribution of
secondary particles versus primary particles to total particle number concentrations.
The secondary fractions of CN3 (f sec

CN3) as shown in Fig. 6e–f indicate that secondary5

particles dominate the number abundance in most part of the troposphere. Vertically,
f sec
CN3 is generally above 80%, with a large part of the troposphere (especially the South-

ern Hemisphere) has f sec
CN3 above 90%. In the lower boundary layer (0–0.4 km), f sec

CN3 is
generally above 80% over most part of oceans, North America, Australia, Arctic, and
Antarctica, but has relatively lower values of ∼50–80% over South and East Asian,10

West Europe, West Africa, central South America, and the Southern Ocean. These
regions with low f sec

CN3 are associated with areas of large primary particle emissions and
the enhanced scavenging of secondary particles by primary particles.

3.3 Simulated particle size distributions

The present GEOS-Chem-APM model has size-resolved microphysics for secondary15

particles (sulfate particles with uptaken nitrate, ammonium, and SOAs) and primary
sea salt particles. Figure 7 presents simulated annual mean vertical profiles of sec-
ondary particle number size distributions at three sites in the Northern Hemisphere
and another three sites in the Southern Hemisphere (corresponding to stations 4, 8, 12,
14, 15, and 19 listed in Table 1). The dry diameters include the contribution of uptaken20

nitrate, ammonium, and SOAs. The vertical profiles of secondary particle number dis-
tributions over Hyytiälä, Melpitz, Bondville, and Batsalano clearly show a much higher
concentration of Aitken particles (dry diameter 0.01–0.1 µm) in the lower troposphere
(altitude <∼2 km, or sigma >∼0.8). This is likely due to relatively high nucleation rates
in the areas coupled with large concentrations of precursors and growth rate of nucle-25

ated particles. Nucleation mode particles (dry diameter <10 nm) appear in nearly all
altitudes at all the selected sites except for Samoa where no nucleation mode parti-
cles appear in the BL. For the six vertical profiles shown in Fig. 7, the highest particle
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number concentration appears in the upper troposphere over Samoa located in the
tropical Pacific. The decrease in number concentration and the increase in the mean
size of nucleated particles strongly suggest the downward transport of particles formed
aloft and growth of these particles during descent in the tropical regions. While most
secondary particles are smaller than 0.1 µm, we do see that a substantial fraction of5

nucleated particles can grow to the size range that can act as CCN (∼0.03–0.08 µm,
depending on the water supersaturation).

Figure 8 shows secondary particle and primary sea salt particle number size distri-
butions in the Atlantic MBL at different latitudes along the line of longitude=30◦ W. Sul-
fate particles generally dominate the number concentration except around 60◦ S over10

the Southern Ocean. The ultrafine mode of sea salt can be clearly seen. Secondary
particles appear to have bi-modal structure, one Aitken mode smaller than 0.1 µm and
another accumulation mode larger than 0.1 µm. There exist two zones of high sec-
ondary particle concentration over the Pacific ∼30◦ S and 45◦ N which are associated
with transport of pollutants from the continents (also see Fig. 6c).15

3.4 Global spatial distribution of CCN concentration and the contribution of
secondary particles

In the real atmosphere, the number of aerosols activated to become cloud droplets
depends on particle size distribution, composition, and water vapor supersaturation
(S) and thus is expected to have significant spatial and temporal variations. Based on20

the simulated size distributions of secondary particles and sea salt particles in addition
to assumed sizes of other primary particles (BC, OC, and dust), we can calculate the
spatial distribution of CCN concentration at a given supersaturation. Figure 9 show
the predicted CCN concentration at S=0.4% (CCN0.4) and the fraction of secondary
particle CCN (f sec

CCN) in the boundary layer (0–1 km). Corresponding zonal average25

vertical profiles are shown in Fig. 10.
Similar to the spatial distribution of total aerosol number concentrations (Figs. 3 and

6c), high CCN regions in the lower troposphere generally confined to main continents.
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The highest value of CCN0.4 in the BL locates in East Asia, with peak concentration
exceeding 2000 cm−3. CCN0.4 in the BL over Eastern United States and a large part
of Europe has values above 700 cm−3. In the MBL, CCN0.4 is much lower with lowest
CCN0.4 values of below 40 cm−3 located in South Pacific (∼30◦ S). Over the tropical
MBL away from continental influence, CCN0.4 is generally below 70 cm−3. The band of5

relatively high CCN0.4 over Southern Ocean MBL (around 60◦ S) is a result of high sea
salt emission associated with strong wind. CCN0.4 in the BL of North Atlantic is above
100 cm−3 which is a factor ∼2 higher than those in remote MBL, indicating a substantial
impact of anthropogenic emission on CCN in the region (also see Fig. 8). Our present
simulations indicate that annual mean CCN0.4 values in the Antarctic BL are below10

40 cm−3 while those in Arctic BL are in the range of 70–100 cm−3.
The fraction of CCN0.4 in the BL that is secondary (f sec

CCN) has large spatial variations.
As expected, f sec

CCN has similar horizontal spatial pattern as that of f sec
CN3 (Fig. 6c) but is

a factor of ∼1.5 smaller than f sec
CN3. Generally more than 60% of CCN0.4 in the BL over

the tropical oceans, Antarctica, Eastern United States, Europe, and North Atlantic are15

secondary. f sec
CCN is between 20–60% in the BL of South America, West Africa, East and

South Asia, and the associated continental outflow regions. f sec
CCN has lowest values of

below 20% in Southern Ocean BL due to large predicted sea salt emissions in the
region.

Vertically, CCN0.4 generally decreases with increasing altitudes while f sec
CCN increases20

with increasing altitudes (Fig. 10). Over the middle latitude in the Northern Hemisphere,
zonally averaged CCN0.4 decreases from ∼400–700 cm−3 in the BL to below 100 cm−3

above altitude of ∼4 km (sigma ∼0.6), the corresponding f sec
CCN values change from 50-

60% to above ∼70%. It is interesting to note that CCN0.4 has relatively lower values
(20–40 cm−3) in the middle and upper troposphere over the tropical regions although25

the region contains the highest concentration of ultrafine particles (Fig. 6d). In the
Southern Hemisphere, the zonally averaged CCN0.4 is below 200 cm−3 and f sec

CCN is
generally above 60% except in the Southern Ocean BL.
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4 Summary and discussion

The magnitude of the aerosol indirect radiative forcing (IRF) represents the dominant
uncertainty in assessing climate change. A number of previous studies emphasize the
importance of representing size-resolved particle microphysics in global models and re-
ducing uncertainties in the sources (nucleation and emission) of atmospheric particles.5

In this study, an advanced particle microphysics (APM) model has been incorporated
into a global chemistry transport model (GEOS-Chem) to simulate the number size dis-
tribution of tropospheric particles, focusing on the contribution of secondary particles
to total aerosol number and CCN abundance.

We use 40 sectional bins to represent sulfate particles and 20 bins to represent sea10

salt, with higher bin resolution in the size range important for CCN calculation. The
growth of nucleated sulfate particles through the condensation of sulfuric acid vapor
and equilibrium uptake of nitrate, ammonium, and SOAs is explicitly simulated in the
coupled model. The present model does not treat the size-resolved microphysics for
BC, primary OC (POC), and dust. Nevertheless, the scavenging of secondary sulfate15

particles by primary particles (dust, BC, POC, and sea salt) is considered. BC and
POC particles from fossil fuel are separated from those associated with open fire and
bio-fuel because of the large differences in the emission height and the sizes of BC
and POC particles from these two different sources.

We calculate new particles formation based on the state-of-the-art ion-mediated nu-20

cleation (IMN) model and constrain the primary particle emissions with various mea-
surements. Based on our simulations, the annual mean number concentrations of
tropospheric particles have clear spatial patterns and vary from a few hundreds per
cm3 to more than 10 000 per cm3. Zones of high particle number concentration are
generally confined to regions with large anthropogenic emissions in the boundary layer25

but shift to tropical regions in the upper troposphere, which is consistent with many
in-situ observations. A comparison of our simulated annual mean concentrations of
condensation nuclei larger than 10 nm (CN10) with those measured values show very
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good agreement in near all 22 sites around the globe that have at least one full year of
CN10 measurements. The simulations capture the absolute values of observed CN10
(within a factor of two) as well as the spatial gradient quite well.

Our simulations indicate that secondary particles formed via IMN appear to be able
to account for the particle number concentrations observed in many parts of the tro-5

posphere. The emission of 2.5% of anthropogenic sulfur as primary sulfate (aimed
to take into account the sub-grid scale nucleation) has minor effect on total particle
number concentration in the regions remote from source regions but can increase the
annual mean CN10 by around 10–40% in or near source regions. Secondary particles
appear to dominate the number abundance in most parts of the troposphere (>∼80%),10

especially over oceans and above the boundary layer over land (>∼90%). Primary
particles can contribute up to ∼20–50% of total particle numbers in and near strong
source regions.

The simulated particle number distributions indicate that, while most of secondary
particle are smaller than 0.1 µm, a substantial fraction of nucleated particles can grow15

to the size range that can act as CCN. Calculated CCN concentration at supersat-
uration of 0.4% (CCN0.4) and the fraction of CCN0.4 that is secondary (f sec

CCN) have
large spatial variations. Generally more than 60% of CCN0.4 in the BL over the tropi-
cal oceans, Antarctica, the Eastern United States, Europe, and the North Atlantic are
secondary. f sec

CCN is between 20–60% in the BL of South America, West Africa, East20

and South Asia, and the associated continental outflow regions. In the Southern Hemi-
sphere, the zonally averaged CCN0.4 is <200 cm−3 and f sec

CCN is generally above 60%
except in the Southern Ocean BL. Over the middle latitudes in the Northern Hemi-
sphere, zonally averaged CCN0.4 decreases from ∼400–700 cm−3 in the BL to below
100 cm−3 above altitudes of ∼4 km, the corresponding f sec

CCN values change from 50–25

60% to above ∼70%.
The present study shows the importance of secondary particles in the global total

aerosol and CCN budget. While we attempt to use state-of-art nucleation mechanisms
and constrain the primary particle emissions with as many observations as possible,
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the present study is subject to uncertainties and further research are clearly needed to
assess the model performance and reduce uncertainty. Additionally, the size-resolved
microphysics for BC, POC, and dust are not treated in the present model. In our fu-
ture study, we will further improve the GEOS-Chem-APM model and carry out a more
comprehensive evaluation of the model performance by comparing simulated results5

with various relevant measures (including size distribution and composition data and
their seasonal variations, CCN measurements, etc.). We will also assess how the un-
certainties in the parameterizations of primary particle emissions and nucleation rate
calculations may affect conclusions about the relative contribution of secondary and
primary particles to global CCN abundance in different parts of the troposphere.10
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Li, J., Wong, J. G. D., Dobbie, J. S., and Chýlek, P.: Parameterization of the optical properties
and growth of sulfate aerosols, J. Atmos. Sci., 58, 193–209, 2001.

Li, Q., Jiang, J. H., Wu, D. L., et al.: Convective outflow of South Asian pollution: a global
CTM simulation compared with EOS MLS observations, Geophys. Res. Lett., 32, L14826,
doi:10.1029/2005GL022762, 2005.15

Liao H., Henze, D. K., Seinfeld, J. H., Wu, S., and Mickley, L. J.: Biogenic secondary organic
aerosol over the United States: Comparison of climatological simulations with observations,
J. Geophys. Res., 112, D06201, doi:10.1029/2006JD007813, 2007.

Liu, H., Jacob, D. J., Bey, I., and Yantosca, R. M.: Constraints from 210Pb and 7Be on wet
deposition and transport in a global three-dimensional chemical tracer model driven by as-20

similated meteorological fields, J. Geophys. Res.-Atmos., 106, 12109–12128, 2001.
Makkonen, R., Asmi, A., Korhonen, H., Kokkola, H., Järvenoja, S., Räisänen, P., Lehtinen, K.
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Table 1. Mean concentrations of condensation nuclei with diameter larger than 10 nm (CN10)
measured in 22 surface stations around the globe. Based on the elevation and location of
stations, the data are organized as measurements in the boundary layer and in the middle
troposphere. The stations are ordered according to the descending latitude.

Station Location or Station Name Period of data Latitude Longitude Elev. CN10 Source
number used for average (degree) (degree) (m) (cm−3) of data

Boundary Layer
1 Point Barrow, AK, USA 2000–2006 71.32 −156.6 11 231 A
2 Pallas-Sammaltunturi, Finland 1997–2004 67.97 24.12 560 802 A
3 Värriö, Finland 1998–2006 67.77 29.58 400 823 B
4 Hyytiälä, Finland 1996–2006 61.85 24.28 180 2016 B
5 Uto, Baltic Sea 3/2003–12/2006 59.78 21.38 8 2921 B
6 Aspvreten, Sweden 6/2000–12/2006 58.77 17.4 25 2567 B
7 Mace Head, Ireland 1991–1994 53.33 −9.9 5 1907 A
8 Melpitz, Germany 1/2006–12/2006 51.5 12.9 86 4664 C
9 Sable Island, NS, Canada 1993–1996 43.9 −60 5 869 D
10 Thompson Farm, NH, USA 2001–2005 43.11 −70.95 75 7039 F
11 Trinidad Head, California 2003–2006 41.05 −124.2 107 918 A
12 Bondville, IL, USA 2000–2006 40.1 −88.3 230 5038 A
13 Southern Great Plains, OK, USA 2000–2006 36.8 −97.5 314 5064 A
14 American Samoa, USA 1994–1996 −14.24 −170.6 42 270 A
15 Botsalano game reserve, S. Africa 7/2006–6/2007 −25.54 25.75 1424 2340 G
16 Bago State forest, Australia 7/2005–10/2006 −35.66 148.15 1200 1800 H
17 Cape Grim, Australia 2000–2006 −40.68 144.69 94 1203 A
18 Neumayer, Antarctica 2000–2006 −70.65 −8.25 42 324 A
19 South Pole, Antarctica 1991–1998 −89.98 −24.8 2810 156 A

Middle troposphere
20 Jungfraujoch, Switzerland 1996–2006 47.6 8 3580 803 A
21 Pyramid, Nepal 3/2006–8/2007 27.96 86.82 5079 900 I
22 Mauna Loa, HI, USA 2000–2006 19.54 −155.6 3397 360 A

Source of CN10 data: A (World Data Centre for Aerosols, http://wdca.jrc.ec.europa.eu); B (Dal
Maso et al., 2008); C (CREATE Aerosol Database at NILU, http://tarantula.nilu.no/projects/ccc/
create/index.htm); D (NOAA ESRL/GMD Aerosol Database, http://www.cmdl.noaa.gov/aero);
F (Ziemba et al., 2006); G (Laakso et al., 2008); H (Suni et al., 2008); I (Venzac et al., 2008).
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Fig. 1. Bin structure for sulfate particles and normalized number of primary sulfate particles
emitted into each bin (∆Ni/∆logDpi ) per µg of sulfate emitted. The bin indices are marked
with red numbers in the bottom of the figure. Bin resolution is variable, with 30 bins allocated
for 0.0012–0.12 µm range (dry diameter) and another 10 bins for 0.12–12 µm range. The bin
middle sizes are marked with dots and the edges are shown in rectangle columns. The bin
structure is chosen to have relatively high resolution for the size range important to the growth
of nucleated particles (a few nanometers) to CCN (dry diameters: ∼30–80 nm). See text for
discussion about the parameterization of primary sulfate emissions.
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Fig. 2. Bin structure for sea salt particles and the normalized number flux of sea salt particles
(dF/dlogdr in # m−2 s−1) based on the parameterization of Clarke et al. (2006) with wind speed
at a height of 10 m (U10)=9 m/s. Bin resolution is variable and 10 bins are used for 0.012–
0.12 µm (dry diameter) range and another 10 bins for 0.12–12 µm. The middle sizes are marked
with dots and the edges are shown in rectangle columns. The bin structure is chosen to have
relatively high resolution for the size range important to the contribution of sea salt to CCN
number abundance.
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Figure 3.  
 

 
Fig. 3. Simulated horizontal spatial distributions of annual mean number concentrations of
particles larger than 10 nm (CN10) averaged within two altitude ranges: (a) Lower boundary
layer (0–0.4 km), (b) Middle troposphere (2–4 km). The observed annual or multiple year aver-
aged CN10 values given in Table 1 are also overlapped on the plots for comparison. 2.5% of
anthropogenic sulfur is assumed to be emitted as sulfate.
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Figure 4. 
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Fig. 4. Same as Fig. 3a except with no primary sulfate emission.
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Fig. 5. Comparison of simulated and observed annually averaged number concentrations of
condensation nuclei larger than 10 nm (CN10) at 22 sites listed in Table 1. The solid line shows
a 1:1 ratio and the dashed lines show ratios of 2:1 and 1:2. Filled circles are for the case with
no primary sulfate emission (i.e., fsulfate=0) and unfilled triangles are for the case with 2.5%
of anthropogenic sulfur emitted as sulfate (i.e., fsulfate=2.5%). The symbols in black and blue
denote the sites in lower boundary layer (0–0.4 km) while those in red and green denote values
in middle troposphere (2–4 km).
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Figure 6.  
 Fig. 6. Horizontal (a, c, e: average over first three model layers above Earth’s surface) and

vertical (b, d, f: sigma=pressure/surface pressure) distributions of annual mean values of ion-
mediated nucleation rate (JIMN), total concentration of particle larger than 3 nm (CN3), and
fraction of CN3 that is secondary.
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Figure 7. 

 

 

 

 
Figure 8. 

 

Fig. 7. Simulated annual mean vertical profiles of secondary particle number size distributions
at six of the surface measurement sites listed in Table 1.
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Figure 7. 

 

 

 

 
Figure 8. 

 
Fig. 8. Meridional distributions of (a) sea salt and (b) secondary particle number size distribu-
tions in the Atlantic MBL (0–0.4 km) at longitude of 30◦ W.
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Figure 9. 

 Fig. 9. Predicted annual mean CCN concentration at supersaturation of 0.4% (CCN0.4) and
the fraction of CCN0.4 that is secondary (f sec

CCN) in the boundary layer (0–1 km).
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Figure 10. 

 Fig. 10. Zonally-averaged latitudinal and vertical distributions of annual mean values of CCN0.4
and f sec

CCN.
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