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Abstract. Recent research has shown that secondary organidensation at sizes smaller than 10 nm and that size-dependent
aerosols (SOA) are major contributors to ultrafine particlegrowth rate parameterizations (GRP) are needed to match
growth to climatically relevant sizes, increasing global cloud measurements. We explore the significance of these three
condensation nuclei (CCN) concentrations within the conti-findings using GEOS-Chem-TOMAS global aerosol micro-
nental boundary layer (BL). However, there are three recenphysics model and observations of aerosol size distributions
developments regarding the condensation of SOA that leadround the globe. The change in the concentration of par-
to uncertainties in the contribution of SOA to particle growth ticles of size Dp>40nm (N40) within the BL assuming
and CCN concentrations: (1) while many global models con-surface-area condensation compared to mass-distribution net
tain only biogenic sources of SOA (with annual production condensation yielded a global increase of 11 % but exceeded
rates generally 10-30 Tgyt), recent studies have shown 100% in biogenically active regions. The percent change
that an additional source of SOA around 100 Tglycorre- in N40 within the BL with the inclusion of the additional
lated with anthropogenic carbon monoxide (CO) emissions100 Tg SOAyr! compared to the base simulation solely
may be required to match measurements. (2) Many modwith biogenic SOA emissions (19 Tgyt) both using sur-

els treat SOA solely as semi-volatile, which leads to con-face area condensation yielded a global increase of 13.7 %,
densation of SOA proportional to the aerosol mass distribu-but exceeded 50 % in regions with large CO emissions. The
tion; however, recent closure studies with field measurement@clusion of two different GRPs in the additional-SOA case
show nucleation mode growth can be captured only if it isboth yielded a global increase in N40 of <1 %, however ex-
assumed that a significant fraction of SOA condenses proeeeded 5 % in some locations in the most extreme case. All of
portional to the Fuchs-corrected aerosol surface area. Thithe model simulations were compared to measured data ob-
suggests a very low volatility of the condensing vapors. (3)tained from diverse locations around the globe and the results
Other recent studies of particle growth show that SOA con-confirmed a decrease in the model-measurement bias and
densation deviates from Fuchs-corrected surface-area cormproved slope for comparing modeled to measured CCN
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number concentration when non-volatile SOA was assumedRiipinen et al., 2011; Pierce et al., 2011; Hakkinen et al.,
and the extra SOA was included. 2013; Kuang et al., 2012).
Regarding the uncertain amount of SOA, the global bud-
get of SOA is highly unconstrained with bottom-up and
1 Introduction top-down estimates ranging from 12 to 1820 Tg (SOA)yr
(Goldstein and Galbally, 2007; Hallquist et al., 2009;
Atmospheric aerosols affect both health and climate. Thes&anakidou et al., 2005). This uncertainty in the amount of
health and climate effects depend directly on aerosol size&ondensing SOA available has important implications on the
and composition. Atmospheric aerosols can influence the cligrowth of ultrafine particles as well. Many global models
mate by scattering incoming solar radiation (Rosenfeld etonly contain biogenic sources of SOA (and small contribu-
al., 2008; Clement et al., 2009) as well as acting as nudions from anthropogenic SOA) with emissions generally be-
clei for cloud droplets (Charlson et al., 1992). The influencetween 10 and 30 Tgy* (Pierce et al., 2011; Spracklen et
of aerosols on clouds is driven by the number concentraal., 2006; Wainwright et al., 2012), on the low end of the
tion of cloud condensation nuclei (CCN) (particles on which uncertainty range. However, by comparing GLOMAP global
cloud droplets form generally having dry diameters largermodel simulations to aerosol mass spectrometer measure-
than 30nm to 100 nm), which is highly dependent on thements or organic aerosol mass, Spracklen et al. (2011b) were
aerosol size distribution (Dusek et al., 2006; McFiggans etable to significantly improve the model prediction of organic
al., 2006; Petters and Kriedenweis, 2007; Pierce and Adamsgerosol mass by adding an additional 100 Tgtyof SOA
2007). Aerosol nucleation, the formation-efl nm diameter  spatially correlated with anthropogenic carbon monoxide
particles from the clustering of vapors, is likely the domi- (CO) emissions. That additional SOA increases the amount
nant source of aerosol number to the atmosphere (Kulmala eif condensable material in the atmosphere, which increases
al., 2004). However, these particles must grow to CCN sizesgrowth rates of ultrafine particles; however, the extra mass
primarily through condensation, in order to affect climate also increases the condensation and coagulation sinks of
(Pierce and Adams, 2007; Vehkamaki and Riipinen, 2012).small particles, which will slow their growth rates and in-
Whether or not these particles survive to CCN sizes dependsrease their coagulational losses. Thus, it is unclear what
on the competition between condensational growth and coageverall effect the extra SOA will have on CCN.
ulational scavenging with the pre-existing aerosol (Kerminen Regarding the uncertain condensational behavior, many
and Kulmala, 2002; Pierce and Adams, 2007; Kuang et al.models treat a large fraction of SOA as semi-volatile (av-
2009; Westervelt et al., 2013). Thus, faster particle growtherage saturation vapor concentrati@iy, >~ 10~1 pg n3)
rates allow more particles to survive to CCN sizes. and follow the partitioning theory of Pankow (1994) (e.g.
The condensation of sulfuric acid to freshly nucleated par-Lane and Pandis, 2007). These semi-volatile species reach
ticles is known to be a contributor to the growth of these equilibrium between the particle and gas phases for all par-
particles (Sipila et al., 2010). In recent studies by Riipinenticle sizes quickly, which leads to net condensation of SOA
et al. (2011), measured growth rates of ultrafine (diame-proportional to the aerosol mass distribution (Pierce et al.,
ters smaller than 100 nm) particles in forested regions were2011; Riipinen et al., 2011; Donahue et al., 2011). This limit
much higher than maximum growth rates from sulfuric acid of net condensation of SOA to the mass distribution is called
alone. They found through a combination of measurementsthermodynamic condensation” by Riipinen et al. (2011)
and modeling that the condensation of low-volatility sec- and we will use this terminology here. This causes pref-
ondary organic aerosols (SOA) can account for this addi-erential condensation of the organic mass to particles with
tional growth. Measurements of the submicron particle com-Dp>100 nm. This preferential net condensation to accumu-
position throughout the continental boundary layer show 20-ation mode particles not only limits the amount of condensa-
90% of the aerosol is organic, and much of this organiction to ultrafine particles, but also enhances the coagulational
aerosol is SOA (Jimenez et al., 2009). Thus we expect thascavenging of the ultrafine particles by the larger diameter
SOA may be a significant contributor to ultrafine particle accumulation mode particles. These two factors decrease the
growth throughout the continental boundary layer. However,survival probability of ultrafine particles and hence can lead
there are uncertainties regarding SOA and its contribution tao a low influence of nucleation and other ultrafine particles
ultrafine particle growth, and these will be explored in this on CCN. However, recent closure studies with field mea-
paper. Additionally, SOA has recently been found to be in- surements show that observations of nucleation-mode growth
volved in aerosol nucleation (Metzger et al., 2010), althoughcan only be explained if a significant fraction of SOA con-
this will not be a focus of this paper. denses proportional to the Fuchs-corrected aerosol surface
There are two important, but uncertain, characteristics ofarea. This suggests that particles of all sizes are not in equi-
SOA that influence ultrafine particle growth: (1) the amount librium with the vapor phase and that all particles are under-
of SOA formed (or the rate at which it is formed) (Spracklen going kinetic, gas-phase-diffusion-limited growth (referred
et al., 2011b; Heald et al., 2011) and (2) the condensationalo as “kinetic condensation” by Riipinen et al. (2011) and
behavior of SOA (how SOA condenses to ultrafine particles)we will use this terminology here). In order for this purely

Atmos. Chem. Phys., 13, 11519-11534, 2013 www.atmos-chem-phys.net/13/11519/2013/



S. D. D’Andrea et al.: Understanding global secondary organic aerosol amount 11521

kinetic condensation to occur, the condensing SOA has veryound that the growth rates were constant down to a diame-
low effective volatility (C* <~ 103 pgn3) created either  ter of approximately 3 nm, which is a smaller size than found
through gas-phase chemistry, particle-phase chemistry oin Hakkinen et al. (2013). Kuang et al. (2012) found that the
trapping of semi-volatile species in the particle phase by agrowth of 1 nm particles due to SOA is approximately 5 times
semi-solid shell (Donahue et al., 2011; Pierce et al., 2011slower than larger particles. It is notable that the studies by
Riipinen et al., 2011; Zhang et al., 2012). This kinetic con- Hakkinen et al. (2013) and Kuang et al. (2012) were from
densation enables condensation of more organic mass to udlifferent sites and the size ranges investigated were different.
trafine aerosols compared to thermodynamic condensationthese size-dependent corrections to kinetic SOA condensa-
An important characteristic of this pure kinetic condensationtion will influence growth rates and ultrafine particle survival
is that all particles in the kinetic regime (diameters smallerto CCN sizes but have not yet been tested in global aerosol
than about 50 nm) grow at the same rate (e.g. nf).fOnthe  models.
other hand, under thermodynamic condensation, the growth In this study we use a global chemical transport model
rate scales with I,. Thus, under kinetic condensation, ul- with online aerosol microphysics to test the sensitivity of
trafine particles grow more quickly to climatically relevant the simulated aerosol size distributions to (1) the amount of
sizes where they can act as CCN compared to thermodyavailable SOA, (2) SOA condensational methods (i.e. ther-
namic condensation. In summary, thermodynamic condenmodynamic (mass) vs. kinetic (surface area) condensation),
sational behavior assumes that the gas-particle partitionings well as (3) two size-dependent nanoparticle growth rate
reaches equilibrium instantly which means that the net parparameterizations that correct for errors due to assuming pure
ticle condensation is proportional to the particle mass. Thiskinetic condensation. We then use global measurements of
assumes SOA to be semi-volatile (ecf.~ 1 pg nT3) where  aerosol size distributions to test the model using various SOA
the SOA mass reaches thermodynamic equilibrium quicklyassumptions. Our goals are to determine the sensitivities of
and partitions into the pre-existing aerosol mass. KineticCCN number concentrations to uncertainties in the SOA pa-
condensational behavior is limited by gas-phase-diffusionarameters and determine if we can constrain the parameter un-
growth and thus vapors condense kinetically proportional tocertainties using the measured size distributions.
the aerosol surface area. This assumes SOA to be effectively
non-volatile (e.gC* <103 g n3). This is explored in de-
tail in Riipinen et al. (2011) and Pierce et al. (2011). Thereal-2 Methods
ity is somewhere between these two limiting approaches for
real compounds with finite saturation vapor pressures, and rein this paper, we use the global chemical-transport model,
cent studies have explored this and are discussed in the neGEOS-Chem (http://geos-chem.org), combined with the on-
paragraph. line aerosol microphysics module, TOMAS (GEOS-Chem-
Two recent studies by Hakkinen et al. (2013) and KuangTOMAS) (as described in Pierce et al., 2013) to test the sen-
et al. (2012) have shown that while particles at most diam-sitivity of global aerosol size distributions to SOA conden-
eters undergo kinetic (surface-area-limited) SOA condensasational behavior, SOA amount, as well as size-dependent
tional growth, the smallest (diameters less than 10 or 20 nmyrowth rate parameterizations. GEOS-Chem-TOMAS uses
particles do not grow as fast as the larger particles (se€&SEOS-Chem v8.02.02 (http://geos-chem.org) with & 4°
also Manninen et al., 2010; Yli-Juuti et al., 2011). This horizontal resolution, 30 vertical layers from the surface to
means that some SOA species are not readily condensing.01 hPa with meteorological inputs from the GEOS3 re-
to the smallest particles (likely because of Kelvin effects oranalysis (http://gmao.gsfc.nasa.gov). GEOS-Chem-TOMAS
Raoult’s Law, Pierce et al., 2011). Hakkinen et al. (2013) simulates the aerosol size distribution using 40 size sections
used long-term size-dependent growth-rate observations atinging from 1 nm to 10 um. Nucleation rates in all simu-
six sites in Europe and developed a size-dependent growthations were predicted by ternary homogeneous nucleation
rate parameterization to slow the growth of the smallest par-of sulfuric acid, ammonia and water based on the parame-
ticles during kinetic SOA condensation. The authors foundterization of Napari et al. (2002) scaled down globally by a
that the growth rate begins to slow for diameters smallerconstant factor of 18 which has been shown to predict nu-
than 7 nm, and that the growth of 1 nm particles due to SOAcleation rates closer to measurements than other commonly
is approximately 3 times slower than at sizes larger thanused nucleation schemes (Jung et al., 2010; Westervelt et
7 nm. Furthermore, Hakkinen et al. (2013) also found indi- al., 2013). Emissions in GEOS-Chem are described in van
cations of the importance of non-biogenic SOA in growing Donkelaar et al. (2008). We note that the predicted size dis-
freshly formed nanoparticles at the continental sites they in4ributions and uncertainty ranges in this paper are sensitive to
vestigated (e.g. the anthropogenically influenced SOA fromthe nucleation scheme, emissions fluxes and size of emitted
Spracken et al. (2011b) and Heald et al., 2011). In an indeparticles (e.g. Pierce and Adams 2009b), but here we explore
pendent study, Kuang et al. (2012) measured size-dependettite modeled partial derivatives to SOA assumptions. Simu-
growth rates at two field sites to also determine how thelations were run for 2001 with one month of spin-up from a
growth rate slows for the smallest particles. These authorpre-spun-up restart file. We test the sensitivity of predicted
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size distributions to the condensational behavior of SOA insation (Pierce et al., 2011; Riipinen et al., 2011; Zhang et
GEOS-Chem-TOMAS by assuming the kinetic and thermo-al., 2012), while the SURF simulations assume kinetic SOA
dynamic limits of SOA condensation. For thermodynamic condensation, which condenses to the aerosol size distribu-
condensation, we distribute the SOA across the aerosol sizefon proportional to the Fuchs-corrected aerosol surface area
proportional to the aerosol mass distribution. For kinetic con-(Donahue et al., 2011; Pierce et al., 2011; Riipinen et al.,
densation, we distribute the SOA mass across the aeros@011; Zhang et al., 2012). The simulations including the lin-
sizes proportional to the Fuchs-corrected aerosol surface arezar sub-2.5 nm size dependent growth rate parameterization
distribution (Donahue et al., 2011; Pierce et al., 2011; Riip-(corrections to kinetic condensation) based on the findings of
inen etal., 2011). Kuang et al. (2012) are labeled with an additional “K”. The

Traditionally, SOA in GEOS-Chem-TOMAS is formed simulations including the sub-20 nm semi-empirical size de-
only from terrestrial biogenic sources, with the biogenic pendent growth rate parameterization based on the findings
source being a fixed yield of 10 % of the monoterpene emis-of Hakkinen et al. (2013) are labeled with an additional “H”.
sions. This biogenic source of SOA represents an annuaNote that we only perform size-dependent growth rate simu-
flux of 19 Tg (SOA)yr . To test the sensitivity of GEOS- lations with the SURF-XSOA assumptions. This is because
Chem-TOMAS to the amount of condensable SOA, we in-the parameterizations are corrections for kinetic condensa-
clude 100 Tg (SOA)yr! spatially correlated with anthro- tion (the SURF assumption), and the effect of the K and H
pogenic CO emissions based on the findings of Spracklemparameterizations are stronger under the XSOA simulations.
etal. (2011b).

Finally, we test the sensitivity of GEOS-Chem-TOMASto 2.2 Description of measurements
various nanopatrticle size-dependent growth rate parameteri-
zations that correct for deviation from the kinetic SOA con- Surface-based particle size distribution measurements were
densation limit. The first parameterization implemented intocompiled from the European Supersites for Atmospheric
GEOS-Chem-TOMAS is a linear fit based on the findings of Aerosol Research (www.eusaar.net), from Environment
Kuang et al. (2012) where the condensation rate of SOA isCanada (Pierce et al., 2012; Riipinen et al., 2011; Leaitch
scaled down from the kinetic limit for particles withy, of et al., 2013), from the ROMANS 2 campaign (instrumen-
1nm to 2.5nm based on their diameter using the followingtation and site descriptions are same as ROMANS 1 cam-

equation: paign as per Levin et al., 2009), from the BEACHON cam-
paign (Levin et al., 2012) and from Kent State University
k=047D,-0.18 ) (Kanawade et al., 2012; Erupe et al., 2010). In this study, 21

wherek is an empirical unitless condensation scale factor, a9round sites were selected (see Table 2 and Fig. 1) from Eu-
linear reduction in the size-dependent mass flux and growtﬁ_Ope and North Amerlcg. At each S_'te’ part_lt_:le Siz€ dlstrl_bu-
rate (equal to 0.29 for 1 nm particles and 1 for 2.5nm parti-t'ons were measured with a Scanning Mo_blllty Pgrtlcle S_l_zer
cles) andDy is the diameter in nm. Equation (1) was based on(SMPS) (Wang and Flagan, 1990) or a Differential Mobility

Fig. 1b from Kuang et al. (2012). The other parameterization” article Sizer (DMPS) (Aalto et al., 2001) instrument. The
that we test in GEOS-Chem-TOMAS is based on the ﬁndingscharacterlstlcs of the sites include various terrain types such

of Hakkinen et al. (2013) where a semi-empirical parameter-as coastal, mountain, boreal forest, arctic and rural environ-

ization of condensation-rate scale factors was developed fofents. The air masses measured at each site also vary from

sub-20 nm particles. This parameterization contains specifi®©!luted to remote continental and marine. However, we have

growth rates for particles in three diameter ranges (1.5-3 nmintentionally avoided sites that are located in polluted urban

3-7nm and 7-20 nm). The growth rates have scaling factor&'€2S as the coarse, 4 5°, resolution of the model cannot

of k15 3 nm= 0.0, k3.7 nm= 0.7 andkv_»0 nm= 1.0. This  match these observations. Detailed information on each Eu-

set of scaling factors was calculated in Hakkinen et al. (2013f0P€an site including location and observed particle num-

using data from six measurement sites in Europe. ber cpncentratlons can be found in Asmi et al. (2011) and
Reddington et al. (2011). Information from the North Amer-

2.1 Description of simulations ican sites can be found in Pierce et al. (2012), Riipinen et
al. (2011), Leaitch et al. (2013), Levin et al. (2009), Levin et

The various GEOS-Chem-TOMAS simulations in this study al. (2012), Kanawade et al. (2012) and Erupe et al. (2010).

are summarized in Table 1. The BASE simulations in-

clude the biogenic SOA only with an annual flux of 2.3 Numerical analysis of annual-mean size

19 Tg (SOA) yrl. The XSOA simulations include an addi- distributions

tional 100 Tg (SOA)yr! spatially correlated with anthro-

pogenic CO emissions as per Spracklen et al. (2011b). Th&Ve evaluate the quality of the model predictions by compar-

MASS simulations assume thermodynamic SOA condensaing the predicted, time-averaged aerosol number concentra-

tion, which condenses to the aerosol size distribution pro-tions with various size cutoffs (e.g. the number concentration

portional to the aerosol mass via thermodynamic condenof particles with diameters larger than 10, 40, 80 and 150 nm

Atmos. Chem. Phys., 13, 11519-11534, 2013 www.atmos-chem-phys.net/13/11519/2013/
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Fig. 1. Locations of the surface-based measurement sites used in this study.

Table 1. Summary of the GEOS-Chem-TOMAS simulations performed in this study.

Simulation name  Condensational Additional 100  Growth rate Growth rate
Behavior Tg (SOA)yrl  parameterization parameterization

based on Kuang  based on Hakkinen
etal. (2012) etal. (2013)

MASS-BASE Thermodynamic (mass) no no no

SURF-BASE Kinetic (surface area) no no no

MASS-XSOA Thermodynamic (mass) yes no no

SURF-XSOA Kinetic (surface area) yes no no

SURF-XSOA-K  Kinetic (surface area) yes yes no

SURF-XSOA-H  Kinetic (surface area) yes no yes

[N10, N40, N80 and N150]) in the grid box and model level 3 Results
of each observational site to the time-averaged number con-
centration values of the observations. We time-average thG:igure 2 shows the base-case global annual-mean boundary-
model values over the months where measurements wengyer (BL) total number concentration of particles N3, N10,
taken. We only perform the time-average spatial analysis aniN40 and N8O (the total number concentration of particles
do not perform a time-dependent analysis as our simulationgyith diameter larger than 3nm, 10 nm, 40 nm and 80 nm re-
do not necessarily correspond to the same year as the olgpectively) when assuming semi-volatile SOA with conden-
servations. We calculate three metrics to evaluate the mode&iation proportional to the aerosol mass distribution (MASS-
performance. The first is the log-mean bias (LMB) statistic: BASE). This figure may be used as a basis for the compari-
son figures that follow. In this paper, we will focus on the BL

> _(logso(Si) —1091(0i)) sensitivities since this is where the observations (with several

LMB = - (2) exceptions) are located and also where the sensitivities of the
N size distribution to SOA are the highest.

wheresS; andO; are simulated and observed particle number

concentrations, respectively for each ground sitandN is 3.1 Sensitivity to SOA amount

the number of sites. A LMB of 1 means that the model over-

estimates, on average, by a factor of £910, and a LMB  Figure 3 shows the global annual-mean percent changes in
of —2 means that the model underestimates, on average, byd3, N10, N40 and N80 throughout the BL between the sim-
factor of 102 = 0.01. The other two statistics are the corre- ulation including an additional 100 Tg (SOA) vk correlated
lation coefficient ®2) and the slope of the log-log regression with anthropogenic CO emissions (SURF-XSOA) and the
(m). The LMB, slope of the linear regressiom) and co- SURF-BASE case, both assuming non-volatile SOA (red de-
efficient of determinationg?) for each ground site,, and  notes higher concentrations in the SURF-XSOA simulation).
simulation are plotted in Fig. 10 and summarized in Table 3.There was a global change -660.9 %, —26.6 %, 13.7 % and

www.atmos-chem-phys.net/13/11519/2013/ Atmos. Chem. Phys., 13, 11519-11534, 2013
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Table 2. Summary of surface observation sites used in this study compiled from the European Supersites for Atmospheric Aerosol Research
(www.eusaar.net), from Environment Canada (Pierce et al., 2012; Riipinen et al., 2011), from the ROMANS 2 campaign (Levin et al., 2009),
from the BEACHON campaign (Levin et al., 2012) and from Kent State University (Kanawade et al., 2012; Erupe et al., 2010). This summary
is based on a similar surface observation site summary from Reddington et al. (2011). All date ranges except Kent are for one complete year.

Site name Elevation (ma.s.l.)  Aerosol instrument Year Recorded Bin Size Range (nm)
Alert, Canada 200 SMPS 2012 10.4-469.8
Aspvreten, Sweden 30 DMPS 2005 11.1-417.8
Cabauw, Netherlands 60 SMPS 2008 9.4-516.0
Egbert, Canada 264 SMPS 2007 10.7-392.4
Finokalia, Greece 250 SMPS 2009 11.6-916.0
Hohenpiessenberg , Germany 980 SMPS 1999 3.0-678.4
Hyytiala, Finland 181 DMPS 2001 3.2-501.0
JRC-Ispra, Italy 209 DMPS 2008 10.0-600.0
K-puszta, Hungary 125 SMPS 2006 5.6-1000.0
Kent, USA 320 SMPS 2008-2009 3.2-914.0
KoSetice, Czech Republic 534 SMPS 2009 9.5-908.8
Mace Head, Ireland 5 SMPS 2008 8.3-467.5
Manitou Experimental Forest, USA 2300 DMPS 2010 15.6-354.3
Melpitz, Germany 87 DMPS 2004 3.0-802.1
Monte Cimone, Italy 2165 DMPS 2007 4.7-466.8
Pallas, Finland 560 DMPS 2001 7.4-494.2
Puy de Déme, France 1465 SMPS 2007 3.0-995.0
Rocky Mountain National Park (RMNP), USA 2750 DMPS 2008 32.4-22909.0
Schauinsland, Germany 1205 SMPS 2008 10.0-800.0
Whistler, Canada 2182 SMPS 2011 14.1-572.5
Zeppelin Mountain, Svalbard Islands 474 DMPS 2001 20.1-635.1
(@) N3 [em™] (b) N10 [cm™?]
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Fig. 2. Global annual-mean boundary-layer total number of parti@gN3, (b) N10, (c) N40 and(d) N8O (the total number of particles
with diameter larger than 3 nm, 10 nm, 40 nm and 80 nm respectively) for the MASS-BASE case.
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Table 3. Summary of the log-mean bias (LMB), slope of the linear regressiorad correlation 2) for the different simulations. These
statistics are found by comparing the annual-average values of the aerosol number concentrations across all sites. Bolded numbers represe
the best statistical result between all simulations.

Simulation LMB m \ R2

N10 N40 N80 N150| N10 N40 N80 N150) N10 N40 N80 N150
MASS-BASE | 0.203 -0.047 -0.099 -0.199 | 1.031 0.825 0.729 0.6280.91 0.90 0.86 0.80
SURF-BASE | 0.203 -0.035 —-0.083 -0.181 | 1.025 0.827 0.732 0.633091 090 0.86 0.80
MASS-XSOA | 0.100 -0.067 -0.084 -0.107 | 1.003 0.857 0.783 0.722 092 091 0.86 0.80
SURF-XSOA | -0.030 —-0.052 0.005 0.071| 0.888 0.876 0.859 0.852 0.89 0.91 0.87 0.82
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Fig. 3. Global annual-mean BL changega) N3, (b) N10, (c) N40 and(d) N80 between SURF-BASE and SURF-XSOA (red denotes higher
concentrations in the SURF-XSOA simulation). The inclusion of an additional 100 Tg (SOA)gpatiaIIy correlated with anthropogenic

CO emissions (Spracklen et al., 2011b) caused global decreases in N3 and N10 of 50.9 % and 26.6 % respectively, however global increase
of 13.7 % and 29.9 % in N40 and N80 respectively.

29.9% in N3, N10, N40 and N80 respectively throughout theconcentration between the same two cases is shown. There
BL. The decreases in N3 and N10 due to the extra SOA occuis a global decrease in sulfuric acid vapor of 18.8 % (larger
throughout most of the Northern Hemisphere and through thanear many anthropogenic CO source regions) with the inclu-
mid-latitudes of the Southern Hemisphere. The decreases ision of the additional SOA since the condensation of sulfu-
N3 are more than 70 % throughout much of the globe. N40Oric acid vapor increases with the increased number of large
and N80 show large increases due to the SOA in anthroparticles (increased condensation sink). The decrease in sul-
pogenic CO-source regions (over 100 % increases in soméiric acid causes a suppression of nucleation. Additionally,
regions), but smaller decreases downwind of these regions.the increase in coagulational scavenging due to the increased
These increases and decreases are explained through a seagulation sink of small particles further decreases the N3
ries of microphysical feedbacks. In anthropogenic CO sourceand N10. However, as the air masses move away from the
regions, there is a large increase in the amount of condensanthropogenic CO source regions, the CCN-sized (N40 and
able SOA. This extra SOA grows more ultrafine particles toN80) particles are lost by wet deposition more quickly than
sizes larger than 40 and 80 nm, thus causing the increasthe smaller particles. In the SURF-BASE simulation (with-
in N40 and N8O in the source regions in the SURF-XSOA out the extra SOA), there are ultrafine particles that grow to
case. However, this increase in the number of larger particle€CN sizes and replace the lost N40 and N80; however, the
increases the condensation and coagulation sinks. This iRSURF-XSOA simulation (with the extra SOA) has signifi-
crease in the condensation sink is confirmed in Fig. 4 wherecantly fewer ultrafine particles to replace the lost N40 and
the global annual-mean percent change in sulfuric acid vapoN80. Thus, the SURF-XSOA simulation has lower N40 and
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Sulfuric Acid % Change 3.3 Sensitivity to size-dependent growth rate

90°N - parameterizations

60°N ’W“ = o

‘ 5K o 3.3.1 Sub-3nm growth rate parameterization
30°N s
0 \g%?ﬁpm @ % A S N Figure 6 shows the global annual-mean percent changes
5] @U r% in N3, N10, N40 and N80 throughout the BL assuming
HEts é{s’ g L " kinetic SOA condensation, the inclusion of the additional
60°S R . 100 Tg (SOA) yr! as well as the implementation of the sub-
OO Tl = 2.5nm growth rate correction to the kinetic condensation
T80°  120°W  60°W 0° 60°E  120°E  180° assumption based on the findings of Kuang et al. (2012)

- . (SURF-XSOA-K) from the SURF-XSOA case (red denotes
e 3m higher concentrations in the SURF-XSOA-K simulation).
U T e T There was a global change e0.20 %, —0.21 %, —0.03 %

Fig. 4. Global annual-mean BL changes in sulfuric acid vapor and—0.01% in N3, N10, N40 and N80 throughout the BL

concentration between SURF-BASE and SURF-XSOA. A global 'espectively. This reduction in number concentrations is due
BL decrease of 18.8% was observed with the addition of an ext0 the decrease in the growth rate of sub-2.5nm particles
tra 100 Tg (SOA) yr spatially correlated with anthropogenic CO and hence a slight increase in the coagulational scavenging
emissions (Spracklen et al., 2011b). of these nanoparticles before they can grow via condensa-

tion. In some regions, there was a decrease in N3 and N10 of

greater than 5%, however with this change in the growth rates
N80 concentrations over regions downwind of anthropogenicof the sub-2.5 nm particles, there is negligible change to N40
CO source regions (e.g. the North Atlantic and North Pacificor N80. This negligible change to CCN sized particles shows
oceans). that a small change in sub-2.5 nm nucleation mode growth
rates is dampened by the effects of aerosol microphysics (nu-
cleation, condensation, coagulation and other processes that
3'shape the aerosol number, size and composition).

3.2 Sensitivity to SOA condensational behavior

Figure 5 shows the annual-average percent change in N
N10, N40 and N80 throughout the BL when switching from 3 35 gup-20nm growth rate parameterization
thermodynamic SOA condensation to kinetic SOA condensa-

tion under the biogenic-only SOA conditions (SURF-BASE Figure 7 shows the global annual-mean percent changes
— MASS-BASE). There was a global increase of 0.3%,in N3, N10, N40 and N80 throughout the BL assuming
5.2%, 10.8% and 8.7 % in N3, N10, N40 and N80, respec-kinetic SOA condensation, the inclusion of the additional
tively throughout the BL, due to the SOA condensing more 100 Tg (SOA)yr! as well as the inclusion of the semi-
favorably to the ultrafine particles in the SURF-BASE sim- empirical sub-20 nm growth rate correction to the kinetic
ulation with the kinetic SOA condensation. In some regionscondensation assumption based on the findings of Hakkinen
downwind of biogenically active regions, N3 decreases byet al. (2013) (SURF-XSOA-H) from the SURF-XSOA case
more than 10%. The increased ultrafine particle growth in(red denotes higher concentrations in the SURF-XSOA-H
the biogenically active regions causes an increase in the cosimulation). There was a global change-e6.8 %, —4.4 %,
agulational sink for small particles and they are removed—1.0% and—0.6% in N3, N10, N40 and N80 throughout
more quickly, therefore causing a deficiency in N3. As the airthe BL respectively. In some regions, there is a decrease in
masses move over oceanic regions away from these regionfi3 and N10 of greater than 50 %. This semi-empirical size-
relatively few emitted or nucleated ultrafine particles are dependent growth rate parameterization has a much greater
available to replace the lost N3. However, in many biogeni-effect on global particle number concentrations than the lin-
cally active regions, the increases in N40 and N80 (which Weear sub-2.5 nm growth rate parameterization based on Kuang
use in this study as a proxy for CCN) surpassed 15 %, and iret al. (2012); however, even with non-negligible decreases
the continental tropics the increase exceeded 100 %. Thergn N3 and N10, the effect on global CCN concentrations re-
fore, the predicted CCN concentrations are sensitive to thenains small except for over some continental source regions.
condensational behavior of SOA, consistent with the findingsThe sensitivity of N40 and N80 to changes in growth rates
of Riipinen et al. (2011). As field studies (e.g. Riipinen etal., of sub-20 nm particles has been shown to be highly damp-
2011; Pierce et al., 2011, 2012) have found that SOA conened due to other microphysical processes and the effects are

densation appears to be closer to the kinetic limit, the highetnuch smaller than the other SOA assumptions tested earlier.
CCN values in the SURF-BASE simulation may be more ap-

propriate, and we will evaluate this later.

Atmos. Chem. Phys., 13, 11519-11534, 2013 www.atmos-chem-phys.net/13/11519/2013/
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Fig. 5. Global annual-mean boundary-layer change@)N3, (b) N10, (c) N40 and(d) N80 between MASS-BASE and SURF-BASE (red
denotes higher concentrations in the SURF-BASE simulation). There was a global BL increase of 0.3%, 5.2%, 10.8% and 8.7 % in N3,
N10, N40 and N80 respectively when assuming kinetic condensation. Regions which are biogenically active indicate increases greater than

50 % in N40 and N80.
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Fig. 6. Global annual-mean BL changes(&) N3, (b) N10, (c) N40 and(d) N80 between SURF-XSOA and SURF-XSOA-K (red denotes
higher concentrations in the SURF-XSOA-K simulation). There was a global BL decrease of 0.20 %, 0.21 %, 0.03% and 0.01 % in N3, N10,
N40 and N80 respectively when the linear sub-2.5 nm growth rate parameterization was included (Kuang et al., 2012).

3.4 Analysis of annual-mean model-measurement
comparisons

MASS-BASE, SURF-BASE, MASS-XSOA and SURF-
XSOA cases. The two cases with sub-20 nm growth rate pa-
rameterizations (SURF-XSOA-K and SURF-XSOA-H) had
small changes from the SURF-XSOA case and thus were

Figure 8 shows the observed and simulated annual- opot included here. The base-case simulations with biogenic
campaign-mean particle number size distributions for allgoa emissions only (MASS-BASE and SURF-BASE),

of the locations outlined in Table 2. Included are the
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Fig. 7. Global annual-mean BL changes(@m) N3, (b) N10, (c) N40 and(d) N80 between SURF-XSOA and SURF-XSOA-H (red denotes
higher concentrations in the SURF-XSOA-H simulation). There was a global BL decrease of 5.8 %, 4.4 %, 1.0% and 0.6 % in N3, N10, N40
and N80 respectively when the semi-empirical sub-20 nm growth rate parameterization was included (Hakkinen et al., 2013).

overestimate the number of particles in the nucleation modef the linear regressiom) and coefficient of determination
and lower-Aitken modelpp <10 nm) and underestimate the (R?) between each ground site and simulation mean num-
number of CCN sized particle®f > 40 nm) when compared ber concentrations in the BL. Number concentrations for N10
to measurements at nearly every site. However, with the adare consistently overestimated in the model, with MASS-
dition of the 100 Tg (SOA) yr! (MASS-XSOA and SURF- BASE and SURF-BASE having the highest overestimations
XSOA), the increase in condensable material causes growt(LMB = 0.203 or a factor of about 1.6 for both simulations).
and removal of the ultrafine particles and hence shift theWith the additional SOA, the large positive bias in N10 in
aerosol size distributions towards increasing CCN-sized parthe simulations was decreased, the MASS-XSOA simulation
ticles and reducing the numbers of ultrafine particles (as deimproved to LMB = 0.100 (or a factor of 1.3). However,
scribed in Sect. 3.1). with kinetic SOA condensation and the additional SOA in
To quantitatively compare the annual-mean model-the SURF-XSOA simulation, the bias in N10 improved fur-
measurement comparisons, we use the statistics describeéder to LMB = —0.030 (or a factor of 0.93). The SURF-
in Sect. 2.3. Figure 9 shows 1:1 plots for the measuredXSOA simulation with the lowest LMB had a poorer regres-
and simulated annual-mean N10, N40, N80 and N150 forsion slope (0.888 vs» 1 for the others) and nearly identical
the MASS-BASE, SURF-BASE, MASS-XSOA and SURF- R?(0.89 vs.~0.91) for N10. The reduction in slope is likely
XSOA cases. N150 was included in this figure since the ad+elated to more-polluted sites having a greater effect from
ditional SOA and changes in the condensational behavior othe extra SOA (greater suppression of small particles). How-
SOA caused significant changes to the number of particlegver, across the three metrics, it appears the SURF-XSOA
larger than 150 nm. This change in N150 had a large im-case performs the best due to the large reduction of the bias.
pact on the shape of the size distribution. In contrast, N3 inFor number concentrations of N40, which is our proxy for
size distribution shape analysis behaves enough like N10 angmall CCN, all simulations had a very small low bias (mag-
with most of the observations starting around 10 nm, N3 wasnitude of LMB < 0.067). For N40, SURF-XSOA had the best
removed from the model-measurement analysis. Similar tcslope and all simulations had equRf. For N80, SURF-
Fig. 9, the two cases with sub-20 nm growth rate parameterXSOA has a slight high bias (LMB= 0.005) while the oth-
izations (SURF-XSOA-K and SURF-XSOA-H) were with- ers are biased low by a larger magnitude. SURF-XSOA has
held from this figure because of their similarity to the SURF- the most favorable conditions for the growth of ultrafine par-
XSOA case. On each panel, the LMB, slope of the linear re-ticles to larger sizes, and this shows in this metric. SURF-
gression £1) and coefficient of determinatiorR€) between  XSOA does significantly better for the slope of N80 than the
each ground sité, are labeled, and the dashed lines indicateother simulations while having similat? as the other simu-
the 5:1 and 1:5 lines. Table 3 summarizes the LMB, slopelations. SURF-XSOA does even better for N150 (the number

Atmos. Chem. Phys., 13, 11519-11534, 2013 www.atmos-chem-phys.net/13/11519/2013/
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Fig. 8. Observed and simulated annual- and campaign-mean particle number size distributions for the global sites outlined in Table 2. The
simulations with sub-20 nm growth rate parameterizations (SURF-XSOA-K and SURF-XSOA-H) had small changes from the SURF-XSOA
case and were thus withheld from this figure.

concentration of particles with diameters larger than 150 nm}2008; Wang and Penner, 2009), primary emissions (Adams

with a smaller bias, better slope and slightly bettértRan  and Seinfeld, 2003; Pierce and Adams, 2006, 2009b; Red-

the other simulations. dington et al., 2011; Spracklen et al., 2011a), wet/dry de-
There is a significant improvement in most metrics whenposition (Croft et al., 2012) and other factors (Lee et al.,

the additional SOA was included (i.e. from MASS-BASE to 2013). A recent global model uncertainty study by Lee et

MASS-XSOA); however, there is also a significant improve- al. (2013) finds that the relative uncertainties to global mean

ment in all metrics when kinetic condensation was assumedCN number concentrations vary between model parame-

instead of thermodynamic condensation (i.e. MASS-BASEters. The relative uncertainty to CCN (froro to 20) due

to SURF-BASE). This indicates that both the amount andto accumulation mode dry deposition, Aitken mode dry de-

condensational behavior of SOA are important in order toposition, anthropogenic SOA emissions, biogenic SOA emis-

accurately represent size distributions. However, it appearsions and boundary layer nucleation are approximately 40 %,

that the SURF-XSOA case generally performs the best with18 %, 20 %, 12 % and 5 % respectively (Lee et al., 2013). Ad-

lower biases, better slopes overall, and similar coefficient ofditionally, the sub-grid-scale variability in the aerosol size

determinations §2) for all size cutoffs. This conclusion is distribution that is not resolved within the coarse grid boxes

evidence that kinetic SOA condensation with extra, anthro-will result in error in our comparisons.

pogenically influenced SOA improves aerosol size distribu-

tions in models. However, we must stress that the N10, N40,

N80 and N150 could be wrong or right for many reasons,  conclusions

other than the SOA assumptions tested here. For example,

the size distributions have all been shown to be sensitive tq, thjs study we have tested the sensitivity of the global
uncertainties to nucleation (Merikanto et al., 2009; Pierceaerosol microphysics model GEOS-Chem-TOMAS to the
and Adams, 2009a; Reddington etal., 2011; Spracklen et alamount and condensational behavior of secondary organic

www.atmos-chem-phys.net/13/11519/2013/ Atmos. Chem. Phys., 13, 11519-11534, 2013
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Fig. 9.1:1 plots for measured and simulated annual-mean N10, N40, N80 and N150 (the total number of particles with diameter larger than
150 nm), calculated log-mean bias (LMB), slope of the linear regressijragd correlationl@z). The dashed black lines indicate 5: 1 and

1:5 lines. The simulations with the sub-20 nm growth rate parameterizations (SURF-XSOA-K and SURF-XSOA-H) were withheld from
this figure. A summary of the statistics is compiled in Table 3.

aerosol (SOA) in order to more accurately predict the numbelSOA with condensation proportional to the Fuchs-corrected
concentration of cloud condensation nuclei (CCN) sized par-aerosol surface area, or “kinetic condensation” as per Riip-
ticles. The model output was then evaluated against groundinen et al. (2011), caused preferential condensation of SOA
based measurements to test which assumption yielded thte ultrafine particles relative to “thermodynamic condensa-
most accurate results. tion” (Donahue et al., 2011; Pierce et al., 2011; Riipinen
An additional 100 Tg (SOA)yr! spatially correlated et al., 2011). This in turn grew ultrafine particles quickly
with anthropogenic carbon monoxide (CO) emissions wasand increased N40. When assuming kinetic condensation, the
then added to the model consistent with Spracklen etglobal change in BL N40 compared to assuming thermody-
al. (2011b) and Heald et al. (2011). The addition of the namic condensation yielded an increase of 10.8 %.
100 Tg (SOA) yr! (assumed to be non-volatile) increased Two size-dependent growth rate parameterizations were
global boundary-layer (BL) N40 (particles with,>40nm,  also implemented. The first parameterization involved the
our proxy for small-sized CCN in this study) by 13.7 % from condensation rate of SOA to be scaled down from the ki-
the biogenic SOA source only simulation. netic limit for particles withDp of 1nm to 2.5nm based
When assuming low-volatility SOA with condensation on their diameter with a linear increase in growth rate from
proportional to the aerosol mass distribution, or “thermody-1 to 2.5nm sized particles as per Kuang et al. (2012).
namic condensation” as per Riipinen et al. (2011), conden-The second parameterization included semi-empirical size-
sation of SOA was preferential to accumulation mode parti-dependent growth rate factors for three ranges of particles
cles (Pierce et al., 2011; Riipinen et al., 2011). This causedf sizes 1.5nm to 20 nm as per Hakkinen et al. (2013). The
an increase in accumulation and coarse mode particles anslib-2.5 nm growth rate parameterization based on Kuang et
an underestimate of N40. The assumption of non-volatileal. (2012) yielded &0.03 % global change in BL N40. The
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