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Abstract. A model of carbonaceous aerosols has been im-
plemented in the TwO-Moment Aerosol Sectional (TOMAS)
microphysics module in the GEOS-Chem chemical transport
model (CTM), a model driven by assimilated meteorology.
Inclusion of carbonaceous emissions alongside pre-existing
treatments of sulfate and sea-salt aerosols increases the num-
ber of emitted primary aerosol particles by a factor of 2.5
and raises annual-average global cloud condensation nuclei
at 0.2 % supersaturation (CCN(0.2 %)) concentrations by a
factor of two. Compared to the prior model without car-
bonaceous aerosols, this development improves the model
prediction of condensation nuclei with dry diameter larger
than 10 nm (CN10) number concentrations significantly from
−45 % to−7 % bias when compared to long-term observa-
tions. Inclusion of carbonaceous particles also largely elimi-
nates a tendency for the model to underpredict higher cloud
condensation nuclei (CCN) concentrations. Similar to other
carbonaceous models, the model underpredicts organic car-
bon (OC) and elemental carbon (EC) mass concentrations by
a factor of 2 when compared to EMEP and IMPROVE ob-
servations. Because primary organic aerosol (POA) and sec-
ondary organic aerosol (SOA) affect aerosol number size dis-
tributions via different microphysical processes, we assess
the sensitivity of CCN production, for a fixed source of or-
ganic aerosol (OA) mass, to the assumed POA–SOA split in
the model. For a fixed OA budget, we found that CCN(0.2 %)
decreases nearly everywhere as the model changes from a
world dominated by POA emissions to one dominated by
SOA condensation. POA is about twice as effective per unit
mass at CCN production compared to SOA. Changing from a
100 % POA scenario to a 100 % SOA scenario, CCN(0.2 %)
concentrations in the lowest model layer decrease by about
20 %. In any scenario, carbonaceous aerosols contribute sig-

nificantly to global CCN. The SOA–POA split has a sig-
nificant effect on global CCN, and the microphysical im-
plications of POA emissions versus SOA condensation ap-
pear to be at least as important as differences in chemi-
cal composition as expressed by the hygroscopicity of OA.
These findings stress the need to better understand carbona-
ceous aerosols loadings, the global SOA budget, microphys-
ical pathways of OA formation (emissions versus conden-
sation) as well as chemical composition to improve climate
modeling.

1 Introduction

Cloud condensation nuclei (CCN) are the fraction of aerosol
particles that activate to become cloud droplets. CCN con-
centrations and cloud processes play a critical role in de-
termining the aerosol indirect radiative forcings, including
increased cloud reflectivity and changes in cloud cover (Al-
brecht, 1989; Twomey, 1974), which are caused by anthro-
pogenic increases in CCN levels. The Intergovernmental
Panel on Climate Change (IPCC) has estimated the glob-
ally and annually averaged indirect aerosol radiative forcing
(only the cloud brightness effect) to be between−1.8 and
−0.3 W m−2, compared to+2.6 W m−2 by changes in long-
lived greenhouse gases, and has pointed out that the aerosol
indirect forcing remains the dominant uncertainty in the net
anthropogenic forcing estimate (IPCC, 2007). Improving the
representation of CCN in global models, including mecha-
nisms leading to their formation, enhances our understand-
ing of CCN with the long-term goal of reducing uncertainty
in aerosol indirect radiative forcing estimates.
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Organic aerosol (OA) is found to be a significant frac-
tion of aerosol mass in the accumulation mode that accounts
for most CCN (Hitzenberger et al., 1999). Many organ-
ics in aerosols have been shown to be CCN-active as OA
contains a significant fraction of water-soluble organic car-
bon (WSOC) (Raymond and Pandis, 2002, 2003; Kerminen,
1997). Global modeling has also demonstrated the important
role that OA plays in the global CCN budget (Pierce et al.,
2007a; Merikanto et al., 2009).

Organic aerosol is composed of many compounds and has
traditionally been categorized by the way it enters the atmo-
sphere: primary emission or secondary production. OA that
is emitted directly from fossil fuel and biomass combustion
is termed “primary organic aerosol” (POA). In contrast, sec-
ondary organic aerosol (SOA) is formed in the atmosphere
by condensation of low-volatility products from oxidation
of volatile organic compounds. The relative contributions of
POA and SOA to the total OA remains an open issue as dif-
ferent studies report wide ranges of estimates (Kanakidou
et al., 2005; Hallquist et al., 2009). Traditionally, models
have tended to predict a predominance of POA over SOA
(Chung and Seinfeld, 2002; Kanakidou et al., 2005; Pun et
al., 2003; Vutukuru et al., 2006), but measurement studies
show striking evidence of SOA dominance observed at vari-
ous locations, even in heavily urbanized locations (Zhang et
al., 2005, 2007; de Gouw et al., 2005; Volkamer et al., 2006).
Recent work has suggested that many global models are un-
derestimating OA sources (Heald et al., 2010; Spracklen et
al., 2011b) that appear to be SOA, and recent improvements
in SOA modeling efforts have addressed this discrepancy
(Jathar et al., 2011; Pye and Seinfeld, 2010). To complicate
the matter even further, different measurement techniques re-
sult in different SOA/OA fractions, as was the case for the
Pittsburgh Air Quality Study, for which SOA/OA values were
estimated to be 35–73 % (Subramanian et al., 2007; Cabada
et al., 2004; Shrivastava et al., 2007; Zhang et al., 2005).
Therefore, there exists great uncertainty regarding the POA–
SOA split.

Apart from obvious differences in the chemical composi-
tion of POA and SOA, they form via different microphysi-
cal pathways. POA emissions add to both aerosol mass and
number concentrations, in both the ultrafine and CCN size
ranges. Primary ultrafine particles compete for condensable
gas, if available, and often grow to CCN (Pierce and Adams,
2007; Pierce et al., 2007b). Alternatively, these ultrafines un-
dergo high coagulational scavenging loss, resulting in short
atmospheric lifetimes. In contrast, condensation of SOA adds
mass to existing particles without changing aerosol number
concentrations. Condensation of SOA grows particles and
can lead to CCN formation, but this depends on what size
particle the SOA condenses onto (and, therefore, the pre-
existing aerosol size distribution) and whether the additional
SOA results in a particle activating that would not otherwise
activate. Previous work has demonstrated that uncertainty in

the total SOA source has a significant impact on global CCN
concentrations (Pierce and Adams, 2009).

Despite great uncertainty in the POA–SOA split, total or-
ganic aerosol sources, on the other hand, may be better quan-
tified than those of POA or SOA individually. This leads
to the question of how much, for a fixed total OA source,
this POA–SOA split uncertainty translates into uncertainty
in CCN predictions. This work will explore the sensitivity
of CCN concentrations to different POA–SOA split assump-
tions and ask whether POA or SOA, per unit mass, is better
at forming CCN.

Additionally, this paper documents the implementation
of carbonaceous aerosols in the highly size-resolved TwO-
Moment Aerosol Sectional (TOMAS) microphysics model
(Adams and Seinfeld, 2002), which was integrated in the
GEOS-Chem chemical transport model (CTM) (Bey et al.,
2001) by Trivitayanurak et al. (2008). Previous work had
developed a treatment of carbonaceous aerosols in TOMAS
hosted by the GISS GCM II-prime (Pierce et al., 2007a). Us-
ing TOMAS hosted by GEOS-Chem, we present CCN pre-
dictions with and without carbonaceous aerosols to demon-
strate the contribution of carbonaceous aerosols to CCN at
the global scale. Comparison of model results to aerosol ob-
servations is performed to evaluate the model performance.
Finally, we perform sensitivity simulations to test different
POA–SOA split assumptions. Results from these simulations
are used to answer the question whether POA or SOA is more
effective at CCN formation.

Section 2 provides a model overview and describes the de-
velopment of the model for carbonaceous aerosol, namely or-
ganic matter (OM) and black carbon (BC), in GEOS-CHEM
with TOMAS. Section 3 contains model results, discusses the
contribution of carbonaceous aerosols and presents a com-
parison with observations. Section 4 discusses the effects of
the POA–SOA split on the CCN results. Finally, Sect. 5 con-
cludes this study.

2 Model description

2.1 Overview

We represent carbonaceous aerosols in the GEOS-Chem
global CTM with the Two-Moment Aerosol Sectional
(TOMAS) microphysics model (Adams and Seinfeld, 2002).
TOMAS tracks two independent moments, number and
mass, of the aerosol size distribution for each size bin. Pre-
vious work implemented TOMAS in the GEOS-Chem host
model as described in Trivitayanurak et al. (2008) and simu-
lated sulfate and sea-salt aerosols.

The GEOS-Chem model is a 3-D tropospheric chemistry
model driven by assimilated meteorological observations
from the Goddard Earth Observing System (GEOS) of the
NASA Global Modeling and Assimilation Office (GMAO)
(Bey et al., 2001). We implemented our aerosol capabilities
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in GEOS-Chem version 7.04.11 (http://acmg.seas.harvard.
edu/geos/geos_versions.html). The GEOS-3 GMAO mete-
orological fields are used to run the model with a hori-
zontal resolution of 4◦ latitude by 5◦ longitude and a 30-
level sigma-coordinate vertical grid between the surface and
0.01 hPa.

TOMAS is configured to track 30 size bins defined by dry
particle mass, which span a size range of roughly 10 nm to
10 µm. In each bin, TOMAS tracks 8 quantities: sulfate mass,
sea salt mass, mass of externally mixed BC, mass of inter-
nally mixed BC, hydrophobic OM mass, hydrophilic OM
mass, mass of water and the number of aerosol particles in
the bin. Besides the aerosol microphysics, GEOS-Chem sim-
ulates photochemistry with online oxidant, i.e., OH, H2O2,
O3, concentrations and also calculates sulfur chemistry, in-
cluding DMS, MSA, SO2, and H2SO4. We use the binary
nucleation scheme described in Adams and Seinfeld (2002),
which calculates new particle formation based on a critical
threshold value for rapid nucleation and available sulfuric
acid concentrations (Wexler et al., 1994).

Advection is calculated every 30 min using the TPCORE
algorithm (Lin and Rood, 1996). Size-dependent dry depo-
sition of aerosols is modeled using the scheme of Zhang
et al. (2001). Wet deposition includes in-cloud scavenging,
below-cloud scavenging, and scavenging in convective up-
drafts. The large-scale clouds and convective clouds are as-
sumed to experience maximum supersaturations of 0.19 %
and 0.75 %, respectively, for purposes of nucleation scaveng-
ing. The supersaturation at which particles in each size bin
activate is determined from modified Köhler theory based
on the current composition of that size bin and model grid
cell (Seinfeld and Pandis, 1998; Hanel, 1976; Laaksonen et
al., 1998; Raymond and Pandis, 2003). We neglect inter-
stitial scavenging in clouds. First-order removal by below-
cloud scavenging is calculated using size-dependent washout
rate constants as in Adams and Seinfeld (2002). Convec-
tive updrafts remove aerosol by a first-order loss that affects
only activated particles. A more comprehensive description
of TOMAS implementation in the GEOS-Chem model can
be found in Trivitayanurak et al. (2008).

2.2 Improvements in particulate emissions

Primary particulate emissions contribute significantly to
aerosol number. “Primary” sulfate emissions, representing
plume processing of power plant emissions, consist of an as-
sumed fraction of total sulfur emission with a bimodal log-
normal size distribution with number geometric mean diam-
eters of 10 and 70 nm and standard deviations of 1.6 and 2.0,
respectively (Adams and Seinfeld, 2002). In Trivitayanurak
et al. (2008), particulate sulfate was prescribed to be 5 % by
mass of sulfur emission in Europe and 3 % elsewhere. In this
work, we reduce the fraction of “primary” particulate sulfate
to be 1 % everywhere following the development of Pierce
and Adams (2009), who found that 3 % of total sulfur consis-

tently overpredicted the measured aerosol number in polluted
regions even when carbonaceous aerosols were omitted.

Another improvement related to particulate emission is
the development of a sub-grid coagulation parameteriza-
tion based on Pierce et al. (2009). In this parameterization,
primary particles undergo coagulation with the pre-existing
aerosol size distribution in the source grid cell for 10 h to de-
termine their “effective” regional emission and number size
distributions; this helps the model to simulate appropriate re-
gional background aerosol number concentrations.

2.3 Carbonaceous aerosols implementation

Size-resolved carbonaceous aerosols, namely organic matter
(OM) and black carbon (BC), are the new aerosol species
implemented in this work. The model, therefore, tracks the
OM mass concentration rather than the OC mass concentra-
tion, including the contributions of oxygen, hydrogen, and
other elements to the aerosol mass. This implementation for
TOMAS in the GEOS-Chem CTM largely follows the de-
velopment of carbonaceous aerosols for TOMAS in GISS
GCM-II’ by Pierce et al. (2007a).

2.3.1 Emissions

Combustion sources of carbonaceous aerosols are catego-
rized into fossil fuel, biofuel, and biomass burning. Note
that oceanic emissions of organic aerosol are not consid-
ered here. Fossil fuel and biofuel emissions are taken from
the Bond et al. (2004) global inventory. Seasonality of these
emissions over North America follows Cooke et al. (1999)
and Park et al. (2003) for fossil fuel and biofuel, respectively.
Biomass burning emission is from the Global Fire Emissions
Database version 2 (GFED2: on the web athttp://www.falw.
vu/~gwerf/GFED/GFED2/), which provides monthly vari-
ability as well as interannual variability from 1997 to 2004
(Giglio et al., 2006; van der Werf et al., 2006). Annual emis-
sion rates of OM and BC are summarized in Table 1. To
convert from organic carbon (OC) mass normally reported in
emission inventories to OM mass presented in our model, we
assume a globally uniform and constant OM : OC ratio of 1.8
(El-Zanan et al., 2005; Yu et al., 2005; Zhang et al., 2005).
Primary emissions of OM and BC in Table 1 total 55 Tg yr−1

and 7.7 Tg yr−1, respectively. After this work began, the Rep-
resentative Concentration Pathways scenarios (Lamarque et
al., 2011) were finalized but present very similar emissions
for the year 2000: 35.9 Tg OC yr−1 (or 64.6 Tg yr−1 when
converted to OM) and 7.8 Tg yr−1 of BC.

In general, size-resolved emissions inventories of primary
particles are not available for global modeling, so assump-
tions about the size distributions are required. However, re-
cent studies have emphasized the sensitivity of aerosol num-
ber and CCN predictions to either the number or size of pri-
mary particles (Pierce and Adams, 2009; Spracklen et al.,
2011a; Reddington et al., 2011). For both OM and BC, fossil

www.atmos-chem-phys.net/14/995/2014/ Atmos. Chem. Phys., 14, 995–1010, 2014

http://acmg.seas.harvard.edu/geos/geos_versions.html
http://acmg.seas.harvard.edu/geos/geos_versions.html
http://www.falw.vu/~gwerf/GFED/GFED2/
http://www.falw.vu/~gwerf/GFED/GFED2/


998 W. Trivitayanurak and P. J. Adams: Does the POA–SOA split matter for global CCN formation?

Table 1.Emission and production rates of OM and BC in the BASE scenario.

Sources OM sources BC sources Reference
(Tg yr−1) (Tg yr−1)

Primary emissions:

Fossil fuel 5 3.5 Bond et al. (2004)
Biofuel 13 1.6 Bond et al. (2004)
Biomass burning 37 2.6 GFED2, Giglio et al. (2006)

Secondary production:

Biogenic SOA 18 – 10 % of monoterpenes from
MEGAN, Guenther et al. (2006)

fuel combustion is assumed to emit particles with a lognor-
mal size distribution with number median diameter of 30 nm
with a geometric standard deviation of 2; biofuel and biomass
burning emissions are assumed to follow a lognormal distri-
bution with a number median diameter of 100 nm and a ge-
ometric standard deviation of 2. Although subject to signifi-
cant uncertainties, these values are similar to those assumed
in other global modeling studies: median diameters of 30–
60 nm for fossil fuel combustion and 80–150 nm for biofuel
combustion and biomass burning (Reddington et al., 2011).
Numerous studies have shown that the number distributions
from fresh vehicle exhaust have median mode diameters of
30 nm or even smaller (Putaud et al., 2004; Van Dingenen et
al., 2004; Ban-Weiss et al., 2010). Although other choices of
primary size distributions are plausible, these are consistent
with emissions measurements, other global models and, as
will be shown later, result in predicted condensation nuclei
with dry diameter larger than 10 nm (defined here as CN10)
and CCN number concentrations that show little or no bias
with respect to ambient observations.

2.3.2 Secondary organic aerosol

This work incorporates a simple treatment of SOA because,
given rapidly changing knowledge of SOA and TOMAS’s fo-
cus on aerosol microphysics, a simple treatment is more flex-
ible and allows for easier sensitivity studies. In GEOS-Chem,
SOA is produced by condensation of low-volatility products
of the photooxidation of biogenic VOCs. Traditional global
models that have included SOA produced from “traditional”
anthropogenic organic precursors (i.e., single compounds
with well-characterized smog chamber yields such as aro-
matics) have predicted that these make a small contribution
(about 10 %) to global OA sources (Tsigaridis and Kanaki-
dou, 2003; Farina et al., 2010), so they are not considered
here. Potentially much larger sources of anthropogenic SOA
from IVOC oxidation (Jathar et al., 2011; Pye and Seinfeld,
2010) are considered in the sensitivity studies (see Sect. 2.4).
Following the assumption used by Park et al. (2003), we as-
sume a 10 % yield from monoterpenes emissions to produce

SOA in our model BASE case. Biogenic emissions in GEOS-
Chem are calculated from the MEGAN model (Guenther et
al., 2006). Annual-average SOA production from this calcu-
lation is 18.4 Tg yr−1, in agreement with previous estimates
(Griffin et al., 1999).

In the model, SOA products are assumed to be produced
immediately after emission of monoterpenes and are there-
after treated as non-volatile. Neglecting the time lag between
emission of an SOA precursor and formation of SOA is a
simplification used in much previous work, but it is worth
considering some of its implications. Perhaps the most im-
portant is that the model SOA will be formed immediately in
the boundary layer, where it is more subject to dry and wet
deposition processes while, in reality, some SOA may form
in the free troposphere and be longer-lived. For example,
when transitioning from a simple SOA scheme similar to this
one to a more physically based one, Zhang et al. (2012) found
a 49 % increase in OA burden, largely due to the long lifetime
of SOA aloft. It is still unclear, however, whether missing
sources of OA, probably SOA, occur mostly in the bound-
ary layer or free troposphere. Measurements and box model-
ing suggest that substantial underprediction is already appar-
ent in the polluted boundary layer (Volkamer et al., 2006).
Model underestimates of OA in the free troposphere are se-
vere in some instances but not observed in others (Heald et
al., 2011, 2005). The simple approach used here and in other
global models may underestimate the contribution of SOA to
CCN to the extent that long-lived SOA is indeed formed in
the free troposphere.

Previous SOA global modeling studies have adopted dif-
ferent choices regarding what constitutes the absorbing me-
dia for SOA partitioning into the aerosol phase. These
choices include SOA itself (Kanakidou et al., 2000), entire
condensed-phase organic (POA+ SOA) (Pun et al., 2003;
Chung and Seinfeld, 2002; Tsigaridis and Kanakidou, 2003;
Kanakidou et al., 2000; Johnson et al., 2006), organic+ inor-
ganic aerosols (Tsigaridis and Kanakidou, 2003), and aque-
ous portion of the aerosol for the case of water soluble or-
ganic compounds (Seinfeld et al., 2001). Absorbing media
still remains an uncertain factor. Regardless of what media
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constitutes the absorbing phase, which governs the thermo-
dynamic equilibrium of SOA, there is still a question of ki-
netics and mass transfer that governs the size distribution of
the condensed SOA. For simplicity here, we assume that the
produced SOA irreversibly condenses onto the size distribu-
tion in proportion to the pre-existing aerosol surface area un-
der ambient (hydrated) conditions, an assumption that has
produced results in reasonable agreement with observations
(Riipinen et al., 2011). We use total aerosol surface area from
all species, both hydrophobic and hydrophilic, inorganic and
organic, which is consistent with smog chamber studies in
which SOA is observed to condense onto inorganic seed par-
ticles. This assumption also guarantees that SOA will reside
primarily in the accumulation mode that contributes most
aerosol surface area, consistent with ambient observations.

2.3.3 Hygroscopicity, mixing state, CCN activation, and
aging

Carbonaceous aerosols are presented in the model as four
categories: externally mixed BC, internally mixed BC, hy-
drophobic OM, and hydrophilic OM. Aerosols are divided
into two populations for the purpose of CCN activation cal-
culations. The first population is solely the externally mixed
BC or “pure BC”, and the other population is an internal mix-
ture of all other aerosols, including mixed BC, hydrophilic
OM, hydrophobic OM, sulfate and sea salt. The externally
mixed BC population does not activate and, therefore, is
not subject to nucleation scavenging. CCN activation for the
mixed aerosol population is calculated using modified Köh-
ler theory (Pierce et al., 2007a), which allows for calculation
of the activation diameter of particles containing various sol-
uble and insoluble species. We ignore changes in surface ten-
sion by surfactant effects of the organic aerosols. BC mass is
insoluble in both populations, but the mixed BC may occur
in activated particles and, therefore, be subject to nucleation
scavenging. Hydrophobic and hydrophilic OM are assumed
to be insoluble and completely soluble, respectively. Pure
hydrophilic OM is assumed to have a critical dry diameter
for activation of 140 nm at 0.2 % supersaturation, but activa-
tion calculations are performed with the composition of the
“internally mixed” population as discussed above. This criti-
cal diameter is similar to pinonic acid and adipic acid (Ray-
mond and Pandis, 2002). In terms of theκ parameter (Pet-
ters and Kreidenweis, 2007), hydrophilic OM hasκ = 0.18
and hydrophobic OM hasκ = 0 at 273 K. The assumed den-
sity of hydrophilic OM is 1.4 g cm−3 and hydrophobic OM is
1.8 g cm−3. Kappa values inferred for ambient organics, lab-
oratory SOA, and many single organic compounds found in
OA are quite consistent with these values, mostly falling in
the range of 0.1–0.3 (Suda et al., 2012; Petters and Kreiden-
weis, 2007; Gunthe et al., 2009).

Our emissions of OM and BC use hygroscopicity and
mixing state assumptions following those originally made
by Cooke et al. (1999) for fossil fuel sources and subse-

Table 2.Overview of simulations.

Name BC Emission POA Emission SOA Production
Rate (Tg yr−1) Rate (Tg yr−1) Rate (Tg yr−1)

NOCARB None None None
BASE 8 55 18
0SOA 8 55 0
10SOA 8 50 6
50SOA 8 28 28
90SOA 8 6 50
100SOA 8 0 55

quently applied to all source categories by most subsequent
global aerosol modeling. Very few measurements have been
made to test these assumptions. Fifty percent of OM emis-
sions are assumed to be hydrophobic and the other 50 %
are hydrophilic. As for BC, 80 % is assumed to be emit-
ted as pure BC and 20 % as mixed BC. Secondary organic
aerosol formed in the model is assumed to be completely hy-
drophilic. SOA water solubility and its relation to WSOC
have been discussed in a number of studies (Saxena and
Hildemann, 1996; Kumagai et al., 2009; Kondo et al., 2007).

Aging of carbonaceous particles includes the conversion
of hydrophobic OM to hydrophilic OM and the conversion
of pure BC to mixed BC via mixing processes. Both pro-
cesses are modeled in our work using an e-folding time of
1.15 days. This conversion timescale affects the wet deposi-
tion lifetime of carbonaceous aerosol but remains uncertain
(Cooke et al., 1999; Koch et al., 1999; Park et al., 2005).
Park et al. (2005) explored a range of aging timescales in
the GEOS-CHEM model and found that timescales of 0–
2 days were consistent with TRACE-P observations of BC
scavenging. The corresponding range for the global BC bur-
den was 0.11± 0.03 Tg C. Because the aging timescale is rel-
atively short, hydrophilic OM tends to dominate the organic
aerosol composition. For the same reason, internally mixed
EC constitutes 85 % of the elemental carbon (EC) burden.
Although the treatment of aging is crude, this result may
be seen as broadly consistent with ambient data that show
a predominance of oxygenated organic aerosol (OOA) over
hydrocarbon-like organic aerosol (HOA) (Zhang et al., 2007)
as well as data that show that typically 60 % of OA is water
soluble (Kerminen, 1997).

2.4 Overview of simulations

Table 2 summarizes the base case and different sensitivity
simulations used in this work. All simulations are carried out
for 14 months starting from 1 November 2000, with the first
two months discarded from the analysis to allow for model
initialization. Each simulation differs in the aerosol species
included or the treatment of organic aerosol sources.

The NOCARB simulation has only sulfate and sea salt
aerosols. It should be noted that the NOCARB simula-
tion is different from the results presented in Trivitayanurak
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et al. (2008) due to the recent developments discussed in
Sect. 2.3.1 that lower the predicted number concentrations.
The BASE simulation includes sulfate, sea salt, BC and OM,
with SOA production calculated as 10 % of monoterpene
emissions.

In the POA–SOA split experiments, which include the
0SOA, 10SOA, 50SOA, 90SOA, and 100SOA simulations,
the only change from the BASE simulation is that we omit
the SOA production from monoterpenes. Instead, we take the
current POA emission rates to be the total OM source and ar-
tificially vary the contribution of SOA production to the total
OM by deductingf percent of mass from the POA source
and condensing it as SOA. The 5 experimental simulations
have SOA/OA source ratios of 0 %, 10 %, 50 %, 90 %, and
100 %. The reason for the wide range of scenarios is to in-
clude the full range from traditional OA models that are dom-
inated by POA to AMS measurements that suggest a world
dominated by OOA and SOA. Given the status of scientific
knowledge and current representation of OA processes in the
model, these scenarios capture some, but not all, of the dif-
ferences between POA and SOA. For example, the fact that
POA emissions contribute a large number of particles to the
atmosphere (Spracklen et al., 2011a) whereas SOA formation
simply grows existing particles is represented; however, the
assumption of instantaneous SOA formation (see Sect. 2.3.2)
does not capture the potentially different SOA lifetime if it is
largely formed in the free troposphere. Moreover, the like-
lihood that POA emissions shrink by evaporation and then
regrow by SOA formation (Hallquist et al., 2009; Robinson
et al., 2007) is not yet represented in the microphysics used
here. Therefore, the sensitivity experiments should be viewed
as partly idealized representations of the differences caused
by different POA and SOA formation pathways.

As we increase the SOA contribution in these experiments,
the hydrophobic–hydrophilic split is shifted since SOA is as-
sumed to form as soluble species, unlike POA emission that
also has the insoluble fraction. However, due to relatively fast
aging assumed in the model, hydrophilic OM dominates rel-
atively quickly and thus the composition of the 0SOA and
100SOA cases are not dramatically different. Therefore, the
major differences between the simulations result from dif-
ferent aerosol size distributions stemming from the different
microphysical pathways that form POA and SOA. Influence
of composition on global CCN will be discussed again in
Sect. 4.

3 Results

3.1 Global aerosol distributions

Figure 1a and b show the annual-average predicted aerosol
number (CN10) and CCN(0.2 %) concentrations for the
model surface layer from the BASE simulation. CN10 is de-
fined as condensation nuclei with dry diameter larger than

Fig. 1. Annual-average number concentrations in the surface layer
(cm−3 at 298 K, 1 atm) for(a) CN10 from the BASE simula-
tion; (b) CCN(0.2 %) from the BASE simulation;(c) CCN(0.2 %)
from the NOCARB simulation, and(d) ratios of predicted annual-
average CCN(0.2 %) concentrations in the surface layer as (CCN
BASE)/(CCN NOCARB).

10 nm and CCN(0.2 %) is cloud condensation nuclei at 0.2 %
supersaturation; all concentrations are cm−3 at 298 K and
1 atm. The predictions follow expected features with higher
number concentrations over land than ocean. Predicted CN10
concentrations reach 10 000 cm−3 in the most polluted ar-
eas. Continental CN10 concentrations outside the most pol-
luted regions range from 300 to 3000 cm−3. Marine bound-
ary layer CN10 concentrations are 60–300 cm−3 (Andreae et
al., 1995; Clarke et al., 1987; Covert et al., 1996; Fitzgerald,
1991; Pandis et al., 1995; Raes et al., 2000).

CCN(0.2 %) predictions at the lowest model layer fol-
low similar trends as CN10 predictions. CCN(0.2 %) concen-
trations over the most polluted regions exceed 1000 cm−3.
CCN(0.2 %) concentrations typically range from 100 to
1000 cm−3 over the continents, while they range from 25 to
100 cm−3 over oceans, in agreement with observations (An-
dreae et al., 1995).

3.2 Contribution of carbonaceous aerosols to CN and
CCN

Figure 1c and d show the annual-average model surface
layer CCN(0.2 %) concentrations of the NOCARB simu-
lation and the CCN(0.2 %) enhancement ratios due to the
additional carbonaceous aerosols in the BASE simulation.
CCN(0.2 %) concentrations increase over all continental
and near-continental regions by∼ 20 % over polluted ma-
rine areas up to a tenfold increase in the biomass burning
source regions. The increased CCN(0.2 %) concentrations
are found throughout the troposphere but are strongest within
the Northern Hemisphere where the majority of combustion
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Fig. 2. Comparison of predicted concentrations with observed con-
centrations (µg C m−3 at 298 K and 1 atm) for(a) organic carbon
(OC) and(b) elemental carbon (EC). Solid lines show a 1: 1 ratio
and dashed lines show ratios of 10: 1 and 1: 10. Blue circles refer
to observations from the EMEP network. Red triangles refer to ob-
servations from the IMPROVE network. Log-mean normalized bias
(LMNB) and log-mean normalized error (LMNE) are listed in each
panel.

sources are located. At the 300 hPa level, the CCN(0.2 %)
increase is spatially homogenous within hemispheres and
around 20 % over the Southern Hemisphere and a∼ 60 %
increase over the Northern Hemisphere (not shown).

Table 3 presents globally and annually averaged aerosol
number budget calculations for the NOCARB and BASE
simulations. For these budget calculations, the burden in-
cludes only aerosols below the annual mean tropopause level.
For ease of interpretation, source, growth, and sink terms are
normalized by a fixed tropospheric volume assuming a 12 km
tropopause. The budgets are categorized by size modes as
ultrafine (UF), defined as particles with dry diameter be-
low 80 nm, and CCN mode, defined as those with dry di-
ameter above 80 nm. Note that we categorize budget com-
ponents as source, microphysical growth, and sink. Micro-
physical growth process terms in Table 3, including con-
densation of sulfuric acid, condensation of SOA, and aque-
ous production of sulfate by cloud processing, denote the
rates at which particles cross the 80 nm size threshold cho-
sen here. Coagulation can be either a sink for small parti-
cles or a microphysical growth term for larger particles. Car-
bonaceous aerosol increases annual-average primary emis-
sions from 14 cm−3 day−1 to 35 cm−3 day−1, almost all in
the ultrafine mode. This increase in emissions raises the con-
tribution of primary emissions to UF sources from 14 % to
26 %, the rest being nucleation. Among processes responsi-
ble for CCN production, increased emissions in CCN mode
enlarge the contribution of primary emission relative to mi-
crophysical growth from 16 % to 31 %. SOA condensation
accounts for only 5 % of CCN sources in the BASE case, but
it should be remembered that SOA production in the BASE
case is only 18 Tg yr−1. The global UF number burden in-
creases by 15 % while CCN numbers double. Primary car-
bonaceous aerosol plays important roles in global CCN in-
crease, both by direct emission at CCN sizes as well as by

UF emissions that subsequently grow to CCN sizes by con-
densation. These latter processes can be seen in Table 3 in
which the BASE simulation has higher CCN formation rates
from SO4 condensation and aqueous oxidation of sulfate de-
spite the fact that sulfur emissions are the same in both simu-
lations; emissions of UF carbonaceous aerosols increase the
amount of sulfate condensing onto smaller particles and the
number of UF particles that grow to CCN sizes. Lifetimes
of UF- and CCN-mode aerosols change slightly from NO-
CARB to BASE simulations with similar contributions of
each sink, e.g., coagulation being the largest sink for UF-
mode particles, wet deposition as the major sink of CCN
mode.

3.3 Carbonaceous model evaluation

3.3.1 Carbonaceous aerosol mass

We compare the predicted carbonaceous aerosol mass con-
centrations with measurements from the European Monitor-
ing and Evaluation Program (EMEP) (http://www.emep.int/
index.html) and with measurements from the Interagency
Monitoring of Protected Visual Environments (IMPROVE)
network (IMPROVE, 1995). For EMEP, all measurements
were made as part of the OC/EC campaign during 2002
and 2003. The IMPROVE data set represents measurements
taken during 2000 and 2001. For both networks, we com-
pare our model predictions to measurements of EC as op-
posed to BC, which are not precisely equivalent (Bond and
Bergstrom, 2006), but the relationship between BC and EC
is still problematic. Noting this issue and potential uncertain-
ties it entails, we assume that our model predictions of BC
are equivalent to EC and can be compared to EC measure-
ments on a 1: 1 basis. In fact, BC emissions inventories have
sometimes used EC measurements as equivalent to BC, al-
beit with higher assigned uncertainties (Bond et al., 2004).
We compare our model-predicted OM concentrations to OC
measurements by dividing by a uniform OM : OC ratio of 1.8.

Figure 2 summarizes the annual-average comparison of
OC and EC concentrations predicted at the surface level in
the BASE simulation with the measurements from both net-
works. The model underpredicts OC and EC mass somewhat
with log-mean normalized bias (LMNB) values of−0.33 and
−0.34 for OC and EC, respectively. These LMNB values
correspond to underpredictions of a factor of∼ 2 on aver-
age. This degree of underprediction is not surprising for a
model with a “traditional” (e.g., SOA from biogenic precur-
sors only) treatment of organic aerosol. For example, similar
global models have exhibited underpredictions of a factor of
2 to 10 (Chung and Seinfeld, 2002; Park et al., 2003; Liousse
et al., 1996; Tsigaridis and Kanakidou, 2003; de Gouw et al.,
2005; Volkamer et al., 2006; Heald et al., 2005, 2006) al-
though some models have had only minor biases of∼ 20 %
(Park et al., 2006). Our model agreement is better with the
IMPROVE sites than with the EMEP sites. Moreover, our
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Table 3. Global annual-average aerosol number budgets comparing NOCARB and BASE simulations. Size mode for ultrafine (UF) covers
0.01–0.08 µm and CCN mode covers 0.08–10 µm.

NOCARB BASE

Size mode UF CCN UF CCN

Sources (cm−3 day−1)

Primary emissions 13 1.2 31 4
Nucleation (J10) 78 0 89 0

Total 91 1.2 120 4

Microphysical growth (cm−3 day−1)

SO4 condensation −2.1 2.1 −2.5 2.5
Aqueous oxidation −4.2 4.2 −5.8 5.8
SOA condensation – – −0.6 0.6

Total −6.3 6.3 −8.9 8.9

Sinks (cm−3 day−1)

Dry deposition 8.8 1.2 15 2.6
Wet deposition 6.7 6.2 8.5 10
Coagulation 69 0 87 0.6

Total 85 7.4 111 13

Burden (cm−3) 750 29 871 61
Lifetime (days) 9 4 8 5

model tends to predict OC mass concentrations with little
bias against the more polluted sites, but with a pronounced
tendency to underpredict at cleaner sites.

3.3.2 Aerosol number and CCN concentrations

We compare the annual-average predicted CN10 concentra-
tions from the BASE model in the surface layer with long-
term CN10 observations shown in Table 4. The data is lim-
ited to sites outside of urban areas with a minimum sample
of about one year. The sites included are part of a European
network of sites presented in Van Dingenen et al. (2004),
the Global Monitoring Division (GMD) of the Earth Sys-
tems Research Laboratory (Schnell, 2003) (http://www.esrl.
noaa.gov/gmd/), and the Thompson Farm site of AIRMAP
(http://airmap.unh.edu/). Locations of the CN observation
sites are shown in Fig. 3a.

Figure 4a and b presents the comparison of simulated
CN10 against the observed CN10 at various sites for the
NOCARB and BASE simulations. Types of observational
sites are color-coded in the data points as blue for Euro-
pean sites, red for North American sites, green for remote
sites, and cyan for free tropospheric sites. Before the im-
plementation of carbonaceous aerosols, the model underpre-
dicted aerosol number concentrations at most locations in
the NOCARB simulation and most especially in more pol-
luted locations. Without primary emissions of carbonaceous

aerosols, model predictions had an LMNB of -0.26, mean-
ing that the model underpredicted on average by∼ 45 %
(10−0.26

= 0.55). The log-mean normalized error (LMNE)
was 0.37, which translates to an overall absolute error of a
factor of 100.37

= 2.3. With carbonaceous aerosols, model
predictions compare much better with observations, result-
ing in an LMNB of −0.032 (−7 % bias). The LMNE is cal-
culated to be 0.19, which equals an overall absolute error of a
factor of about 50 %. The model, therefore, is able to capture
nearly two orders of magnitude variability in aerosol number
concentrations with little bias and modest errors. Introduc-
tion of carbonaceous aerosol markedly improved model pre-
dictions for European and North American sites while having
minor impacts on the remote and free troposphere locations.

We have also compared our predicted CCN concentra-
tions (NOCARB and BASE scenarios) against the compi-
lation of measurements made by Spracklen et al. (2011a),
which cover a range of supersaturations. The locations of
those CCN measurements are shown in Figure 3b. The re-
sults of the comparison are presented in Fig. 4c and d and are
consistent with the CN10 comparisons just discussed. With-
out carbonaceous emissions, the model tends to underpredict
CCN concentrations, having a LMNB of−0.42, which cor-
responds to an underprediction of a factor of 2.6 on average.
Figure 4c shows that, without carbonaceous aerosols, the dis-
crepancies are most severe (nearly an order of magnitude)
at higher CCN concentrations, corresponding to polluted
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Fig. 3. Locations of aerosol number concentration measurements used for model evaluation of(a) CN10 and(b) CCN. For CN10, letters
correspond to those listed in Table 4. Dark blue letters denote European boundary layer, red letters denote polluted North American boundary
layer, green is for remote boundary layer, and cyan denotes free troposphere. For CCN, colors denote locations; blue symbols refer to marine
boundary layer sites, green symbols are North American sites, red symbols are Central and South American sites, purple symbols are
European sites, orange symbols are African sites, pink symbols are Asian sites, and pale green symbols are New Zealand sites.

Table 4.Locations of number concentration measurements used for comparison.

Location Region Reference Time Long. Lat. Elevation CN10
(m) (cm−3)

A Aspvereten, Sweden Europe Van Dingenen et al. (2004) Jan 2001–Dec 2001 17.4◦ E 58.8◦ N 20 2000
B Harwell, United Kingdom Europe Van Dingenen et al. (2004) May 1998–Nov 2000 1.3◦ W 51.6◦ N 125 3000
C Hohenpeissenberg, Germany Europe Van Dingenen et al. (2004) Apr 1998–Aug 2000 11◦ E 47.8◦ N 988 2500
D Melpitz, Germany Europe Van Dingenen et al. (2004) Dec 1996–Nov 1997 12.9◦ E 51.5◦ N 86 5600
E Ispra, Italy Europe Van Dingenen et al. (2004) Feb 2000–Dec 2000 8.6◦ E 45.8◦ N 209 9000
F Thompson Farm, New Hamshire, US North America http://airmap.unh.edu 2001–2005 71◦ W 43.1◦ N 75 7250
G Lamont, Oklahoma, US North America http://www.cmdl.noaa.gov/aero/data/1996–2004 97.5◦ W 36.5◦ N 318 5200
H Bondville, Illinois, US North America http://www.cmdl.noaa.gov/aero/data/1994–2005 88.3◦ W 40.1◦ N 230 3700
I Sable Island, Nova Scotia, Canada North America http://www.cmdl.noaa.gov/aero/data/1992–1999 60◦ W 43.9◦ N 5 850
J Trinidad Head, California, US North America http://www.cmdl.noaa.gov/aero/data/2002–2005 124.2◦ W 41.1◦ N 107 590
K American Samoa Remote http://www.cmdl.noaa.gov/aero/data/1995–2005 170.5◦ W 14.2◦ S 42 220
L South Pole Remote http://www.cmdl.noaa.gov/aero/data/1995–2005 102◦ E 90◦ S 2810 100
M Point Barrow, Alaska, US Remote http://www.cmdl.noaa.gov/aero/data/1995–2005 156.6◦ W 71.3◦ N 11 110
N Mauna Loa, Hawaii, US Free Tropospherehttp://www.cmdl.noaa.gov/aero/data/1995–2005 155.6◦ W 19.5◦ N 3397 330
O Jungfraujoch, Switzerland Free Troposphere Van Dingenen et al. (2004) Jun 1997–May 1998 8◦ E 47.6◦ N 3580 525

environments and/or higher supersaturations in the CCN in-
strument. Both of these trends are consistent with missing
carbonaceous aerosol. In contrast, the introduction of car-
bonaceous aerosol to the model (Fig. 4d) greatly improves
predictions. A small bias towards underpredictions of about
∼ 20 % (LMNB of −0.10) persists, but the model demon-
strates much better predictions at the higher CCN concen-
trations that are problematic without carbonaceous aerosols.
Model errors are significant, however, and the LMNE of
0.37 corresponds to errors greater than a factor of two.
The fact that the model has larger errors when compared
to CCN measurements than CN10 measurements may be
partly attributable to the fact that CCN measurements, es-
pecially the control of small supersaturations, are more diffi-
cult. Spracklen et al. (2011a) also found that the introduction
of carbonaceous emissions corrected a similar bias in their
model’s CCN predictions, suggesting that primary carbona-
ceous particles are an important source of CCN in polluted
regions.

Overall, these comparisons suggest that our model has
approximately the correct number of primary carbonaceous

particles of both ultrafine and CCN sizes but insufficient car-
bonaceous mass at the polluted boundary layer sites mea-
sured by the EMEP and IMPROVE networks. Because the
ultimate contribution of carbonaceous aerosol to CCN de-
pends on both number and (soluble) mass, the model’s good
CCN predictions may result from some compensating errors.
Nevertheless, the comparison demonstrates skill similar to
other global models.

4 Effects of POA–SOA split on CCN

To explore the effect of varying the POA–SOA split on global
CCN(0.2 %) predictions, we conducted 5 POA–SOA split
sensitivity runs as described in Sect. 2.4, ranging from treat-
ing OA as pure POA (0SOA simulation) to all OA as SOA
(100SOA simulation). These runs suggest what the tropo-
spheric aerosol would look like in a POA-dominant world
versus a SOA-dominant world. As the model has a relatively
fast aging (hydrophobic–hydrophilic conversion), the com-
position of the OM in all scenarios is similar and mostly
dominated by hydrophilic OM. Therefore, these sensitivity
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Fig. 4. Comparison of predicted and observed number concentra-
tions with and without carbonaceous aerosols: predicted CN10 con-
centrations (cm−3 at 298 K and 1 atm) compared to observations
for (a) NOCARB and(b) BASE simulations; predicted CCN con-
centrations (cm−3 at 298 K and 1 atm) compared to observations
for (c) NOCARB and(d) BASE simulations. Solid lines show a
1 : 1 ratio, and dashed lines show ratios of 10: 1 and 1: 10. For
the top panels, the letters refer to the locations presented in Ta-
ble 4. Blue letters refer to European sites. Red letters refer to North
Americans sites. Green letters refer to remote sites. Cyan letters
refer to free tropospheric sites. Lower panels show CCN binned
by supersaturations (s): circles fors < 0.1 %, upward triangles for
0.1 %≤ s < 0.4 %, downward triangles for 0.4 %≤ s ≤ 0.8 %, and
diamonds fors > 0.8 %. Colors denote locations: blue symbols refer
to marine boundary layer sites, green symbols are North Ameri-
can sites, red symbols are Central and South American sites, purple
symbols are European sites, orange symbols are African sites, pink
symbols are Asian sites, and pale green symbols are New Zealand
sites. Log-mean normalized bias (LMNB) and log-mean normalized
error (LMNE) are listed in each panel.

results highlight the microphysical effects of POA versus
SOA on CCN formation as reflected in the aerosol number
distributions. CCN(0.2 %) concentrations in the model sur-
face layer are the focus here because boundary layer CCN
are thought to be most important to altering stratiform clouds,
which contribute most to global albedo.

4.1 Effect on global CCN distribution

Figure 5 presents annual-average CCN(0.2 %) concentra-
tions in the surface layer predicted from the 10SOA sim-
ulation and their changes in the 90SOA simulation, which
are presented as ratios of CCN(0.2 %) concentrations in
the 90SOA to 10SOA simulations. In general, the result of
increasing SOA in the POA–SOA split is a reduction in
CCN(0.2 %) by 10–30 % away from biomass burning source

regions and up to 80 % decreases over the biomass burn-
ing source regions. Over the oceans, where carbonaceous
aerosols make a small contribution as shown in Fig. 1d, the
changes in CCN(0.2 %) are less than 10 %, mostly decreases,
due to differences in background aerosol concentrations in
the two simulations.

There are three direct impacts on the CCN(0.2 %) popula-
tion when we increase SOA in the split: (1) direct decrease
of CCN(0.2 %) by reducing CCN-mode primary emissions
and (2) reduction of UF-mode primary emission that might
grow to CCN, and (3) additional condensation of SOA that
may or may not contribute to CCN production, depending
on what size of pre-existing particles SOA condenses onto.
These direct impacts may induce other feedbacks including
changes in nucleation and deposition rates. To contribute to
CCN(0.2 %) formation, SOA must condense onto UF-mode
particles. The overall tendency to decrease CCN when shift-
ing POA to SOA indicates that the first two effects combined
are stronger than the third and highlights the importance of
primary particles to the global CCN budget (Adams and Se-
infeld, 2003).

Comparing the 90SOA with 10SOA simulations, major
CCN(0.2 %) reductions are localized in biomass burning
source regions, and more modest decreases occur in the fos-
sil fuel combustion source regions such as North America or
East Asia. This is largely because ultrafine sulfate aerosols
(resulting either from assumed in-plume nucleation events
or regional-scale nucleation events) are available in polluted
source regions to compensate for the reduced UF-mode POA
emission, whereas primary carbonaceous particles are the
dominant source of aerosol numbers in biomass burning re-
gions. This will be discussed more in the next section.

4.2 Effect on size distributions

Figure 6a and b show number size distributions from the
10SOA and 90SOA simulations for Congo (12.5–32.5◦ E
and 0–8◦ S) biomass burning region and a North American
(107.5–112.5◦ W and 48–52◦ N) location away from urban
areas; these two locations are displayed on the map in Fig. 5b
as inset numbers 1 and 2, respectively. We show aerosol sur-
face area distributions for these two locations in Fig. 6c and
d to demonstrate the distribution of SOA condensation. Gen-
erally, as the fraction of SOA increases, the number of parti-
cles decreases and the size distribution shifts to larger sizes.
This is to be expected since the number of particles decreases
while the mass remains relatively constant. In the Congo re-
gion, as OM dominates aerosol mass in the submicron mode
(83 %) and ultrafine mode (62 %) in the 10SOA case, reduc-
ing primary emission of OM results in a decreased surface
area below∼ 500 nm diameter. We define the ultrafine sur-
face fraction (USF) as the fraction of aerosol surface area
in the ultrafine mode (Dp < 0.1 µm) with respect to the total
surface; this represents the potential of SOA condensation to
grow UF particles to CCN sizes. Figure 6c for the Congo
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Fig. 5. (a) Predicted annual-average CCN(0.2 %) concentrations
(cm−3 at 298 K and 1 atm) in the surface layer for the 10SOA sim-
ulation;(b) Ratios of predicted annual-average surface CCN(0.2 %)
concentrations: (CCN 90SOA)/(CCN 10SOA). Boxes show the two
regions (1: Congo and 2: North America) referred to in Fig. 6.

shows a reduction in USF from 11 % in the 10SOA case to
6 % in the 90SOA case. In other words, shifting the source of
OM from POA to SOA in the Congo region not only lowers
the emitted particle but also reduces the potential for ultrafine
particles to grow via SOA and sulfate condensation. This lo-
cation is admittedly an extreme case because the aerosol is
dominated by organics and because POA is known to be a
significant fraction of biomass burning aerosol.

More interesting is Fig. 6d, which shows a different envi-
ronment in North America where sulfate is significant while
OM mass only accounts for 30 % of submicron and 33 % ul-
trafine mode mass. The presence of primary sulfate or re-
gional nucleation particles can be seen here because reduc-
ing primary organic emissions has a smaller effect than in the
Congo. Also, the USF is reduced from 16 % in the 10SOA
case to 11 % in the 90SOA case, which is a less drastic reduc-

Fig. 6. Annual-average number size distributions for the surface
layer of the(a) Congo (12.5–32.5◦ E and 0–8◦ S) and(b) North
American (107.5–112.5◦ W and 48–52◦ N) regions, which are dis-
played as insets in Fig. 5b; annual-average surface area distribution
for (c)Congo and(d) North America, respectively. The distributions
from the 10SOA simulations are shown as black lines and those
from the 90SOA simulations as grey lines.

tion compared to the Congo region. The lower overall con-
tribution of OM mass as well as the compensating CCN via
growth by SOA condensation explains the smaller reduction
in number size distributions from 10SOA to 90SOA in the
North America region in Fig. 6b, compared to the Congo in
Fig. 6a.

4.3 Effect on global CCN burdens

In Fig. 7, we present the global-average CCN(0.2 %) concen-
trations for different POA–SOA splits in the model surface
layer and for the entire troposphere. The CCN(0.2 %) con-
centrations from the NOCARB simulation are also shown for
reference as horizontal dashed lines. To look at CCN(0.2 %)
contributed by carbonaceous aerosols, we take the differ-
ence between the prediction in a given simulation and the
NOCARB CCN(0.2 %) concentration, and this is termed as
1CCN(0.2 %). At the model surface layer, in the 0SOA
run, 1CCN(0.2 %) is 68 cm−3, whereas1CCN(0.2 %) is
33 cm−3 in the 100SOA run. Since the total OM source is
constant and1CCN(0.2 %) in the 0SOA case is a factor of
two higher than that from the 100SOA case, we can say that
POA is about twice as effective at producing CCN(0.2 %)
per unit mass compared to SOA. We note here again that
our relatively fast aging assumptions result in very similar
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Fig. 7.Global-average CCN(0.2 %) concentrations predicted in dif-
ferent POA–SOA sensitivity simulations for the model surface layer
as well as the entire troposphere. The 10SOA run corresponds to the
10 % SOA/OA point on thex axis. Black circles and lines denote
surface CCN(0.2 %) concentrations with values displayed on the
left vertical axis. Grey triangles and lines denote tropospheric aver-
age with values displayed on the right vertical axis. The correspond-
ing CCN(0.2 %) concentrations from the NOCARB simulation are
also shown for reference as black and grey horizontal dashed lines.

OM hygroscopicity in both scenarios, so our results highlight
the effects of microphysical pathways more than chemical
composition. Doing a similar calculation on the global tro-
pospheric CCN(0.2 %) burden shows that POA is 2.5 times
as effective at producing CCN(0.2 %) per unit mass relative
to SOA.

In terms of absolute concentrations, the reduction in sur-
face CCN(0.2 %) is from 160 cm−3 to 125 cm−3 for the
0SOA and 100SOA case, respectively, which is about a
20 % reduction. The reduction in the global tropospheric
CCN(0.2 %) burden is also approximately 20 %, going from
0 to 100 % SOA/OA. The 20 % change in global CCN(0.2 %)
concentration due to the change in microphysical path of OA
formation is comparable to the influence of chemical compo-
sition/hygroscopicity. Pierce et al. (2007a) found a less than
20 % reduction in global CCN(0.2 %) when changing car-
bonaceous aerosols from a highly soluble scenario to a com-
pletely insoluble scenario.

Thus far, our discussion has focused on CCN at 0.2 %
supersaturation. At lower in-cloud supersaturations, CCN is
limited to larger particles. In Fig. 6, we see that higher SOA
fractions shift the size distribution to larger sizes, increasing
the number of CCN active at lower supersaturations. These
potentially “giant” cloud condensation nuclei (GCCN) may
be important for cloud evolution and precipitation formation.
We looked at the change in predicted CCN at different super-
saturations down to 0.01 % for different POA–SOA splits.
We found that POA enhanced CCN concentrations at all su-
persaturations greater than 0.05 %, below which SOA is more

effective at producing such “giant” CCN. However, even at
very high SOA fractions (the 90SOA case), the enhancement
in CCN(0.01 %) is still modest (within 4 %) compared to the
10SOA case, so we conclude that there is no strong impact
of SOA on the formation of giant CCN.

5 Conclusions

Carbonaceous aerosols, namely organic matter (OM) and
black carbon (BC), have been implemented in the TOMAS
microphysics module inside the global chemical trans-
port model, GEOS-Chem. This version of TOMAS tracks
aerosol, both number and mass, in 30 size sections cover-
ing the sizes from 10 nm to 10 µm. Hydrophobic OM, hy-
drophilic OM, pure BC and mixed BC are tracked in the
model. At this point, aerosol mass species in the model in-
clude sulfate, sea salt, BC and OM.

Contributions of carbonaceous aerosol to the CN10 and
CCN(0.2 %) predictions have been examined in comparison
to a simulation with only sulfate and sea salt aerosols. In the
model surface layer, CN10 increases localized around the
carbonaceous source regions. With the introduction of car-
bonaceous aerosols, primary number emissions increase by
a factor of 2.5, and the annual-average global CCN(0.2 %)
burden increases by a factor of 2. Inclusion of carbona-
ceous aerosols improves comparison of CN10 predictions to
a set of long-term observations at various locations with a
change from 45 % underprediction on average to 7 % under-
prediction on average. Similarly, inclusion of carbonaceous
aerosols improves the CCN predictions when compared to
observations. Whereas model predictions of CCN were bi-
ased low by a factor of 2.6 without carbonaceous aerosol,
only a 20 % low bias remains after inclusion of carbona-
ceous particles. The total source of OM in this model, 55
to 73 Tg yr−1 depending on the simulation, is low compared
to more recent observationally driven estimates (Spracklen
et al., 2011b; Heald et al., 2010). As a result, comparison
of predicted EC and OC to measurements shows that the
model underpredicts carbonaceous mass concentrations in
the North American and European boundary layer by a fac-
tor of 2.1 (LMNB of −0.33), similar to several other “tradi-
tional” global models.

We performed simulations to assess the sensitivity of CCN
production to the POA–SOA split by artificially shifting OM
sources from primary POA emissions to SOA condensation
while holding the total OM source constant. SOA and POA
contribute to CCN via different microphysical pathways. Be-
cause the model assumes that rapid (1.15 days) aging of OM
from hydrophobic to hydrophilic occurs, the overall CCN ac-
tivity of OM in these simulations is quite similar, and differ-
ences primarily reflect the different microphysical pathways.
The main finding is that CCN(0.2 %) decreases nearly every-
where as the model changes from a POA-dominated world
to a SOA-dominated world. This is because SOA condenses
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mostly onto the accumulation mode, thus not promoting any
CCN(0.2 %) growth. In contrast, POA emissions add signif-
icant numbers of particles, either directly to the CCN mode
or to the ultrafine mode, a fraction of which grow to become
CCN. Not surprisingly, the reductions in CCN(0.2 %) when
shifting from POA to SOA are strongest in biomass burning
regions, which are dominated by carbonaceous aerosol. In
contrast, CCN(0.2 %) reductions are less pronounced in lo-
cations with abundant inorganic ultrafine emissions because
these provide condensational sink for SOA leading to CCN
growth, which compensates for the missing POA.

We find that, compared to SOA, POA is about twice as
effective per unit mass at CCN production at the model sur-
face. By changing from completely POA to completely SOA,
the CCN(0.2 %) in the lowest model layer differ by about
20 % compared to the values in the completely POA case. In
contrast, Pierce et al. (2007b) found that global CCN(0.2 %)
changed by less than 20 % on average for a drastic change
in assumed OM solubility (a change from highly active CCN
to completely insoluble OM). We conclude that the SOA–
POA split has a significant effect on global CCN, and that
the microphysical implications of POA versus SOA appear
to be at least as important as differences in chemical compo-
sition. We conclude that carbonaceous aerosol overall makes
a significant contribution to global CCN; therefore, a better
understanding of its total source will aid climate change sim-
ulations.
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