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Abstract. The capability to accurately yet efficiently repre- tors for distributing the SORgr for different sized parti-
sent atmospheric nanopatrticle growth by biogenic and an€les as well as the background mass flux (concentration).
thropogenic secondary organics is a challenge for currenBesides the monoterpene oxidation products, background or-
atmospheric large-scale models. It is, however, crucial toganics with a concentration comparable to SQRGaround
predict nanoparticle growth accurately in order to reliably 6 x 10’ cm~2 (consistent with an additional global SOA
estimate the atmospheric cloud condensation nuclei (CCNyield of 100 Tgyr 1) was needed to reproduce the observed
concentrations. In this work we introduce a simple semi-nanoparticle growth. Simulations with global models suggest
empirical parameterization for sub-20nm particle growth that the “background” could be linked to secondary biogenic
that distributes secondary organics to the nanoparticles amrganics that are formed in the presence of anthropogenic
cording to their size and is therefore able to reproduce parpollution.

ticle growth observed in the atmosphere. The parameteri-
zation includes particle growth by sulfuric acid, secondary
organics from monoterpene oxidation (SORG and an
additional condensable vapor of hon-monoterpene organics ]

(“background”). The performance of the proposed param-1 Introduction

eterization was investigated using ambient data on particle

growth rates in three diameter ranges (1.5-3nm, 3—7 nnfitmospheric aerosol particles affect our life multiple ways
and 7-20nm). The growth rate data were acquired fronT they can cause adverse health effects (Nel, 2005), reduce
particle/air ion number size distribution measurements atvisibility (Cabada et al., 2004), and affect Earth’s climate.
six continental sites over Europe. The longest time serief\erosols influence climate directly by scattering and absorb-
of 7yr (2003—2009) was obtained from a boreal forest siteing solar radiation (Bohren and Huffman, 1983) and indi-
in Hyyt|a|a, Finland, while about one year of data (2008_ reCtIy via cloud formation (Ramanathan et al., 2001) Suffi-
2009) was used for the other stations. The extensive ambiciently large aerosol particles with dry diameters of around
ent measurements made it possible to test how well the paZ0nm (Dusek et al., 2006) can act as cloud condensation
rameterization captures the seasonal cycle observed in suftclei (CCN) and form cloud droplets. Cloud properties

20nm partide growth and to determine the We|gh|ng fac-are affected by the Composition and concentration of CCN
(Rosenfeld et al., 2008) whereas the concentration of CCN
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depends strongly on the atmospheric aerosol size distribution The capability of an SOA component to grow a nanoparti-
(Pierce and Adams, 2007). cle to CCN-sizes depends on the volatility, i.e., the evapora-
The formation of new aerosol particles from vapors hastion tendency, of the compound, as well as the size and com-
been observed frequently in the atmosphere (Kulmala et al.position of the particle (see, e.g., Pierce et al., 2011; Zhang
2004; Kulmala and Kerminen, 2008), and the subsequengt al., 2012a; Vehka#ki and Riipinen, 2012 and references
growth of the newly formed particles to CCN sizes is com- therein). The contribution of SOA to nanoparticle growth
mon in many types of continental boundary layers (Kermi- would thus be straightforward to calculate if the identities
nen et al., 2012). Atmospheric modeling suggests that nevand volatilities of the organic compounds constituting SOA
particle formation is an important source of global CCN would be known. This is unfortunately not the case. There are
(Spracklen et al., 2008; Merikanto et al., 2009). However,thousands of different organic compounds in the atmosphere
gaps in our understanding of particle formation and growthand their properties are difficult to constrain (Goldstein and
processes bring uncertainty to the quantitative estimation ofGalbally, 2007; Hallquist et al., 2009); this applies partic-
CCN production from new particle formation (Spracklen et ularly to the compounds with the lowest volatility, which
al., 2008; Pierce and Adams, 2009). The growth of freshly-are most likely to grow the smallest particles (e.g., Pierce
formed nanoparticles by vapor condensation is a major facet al., 2011). The volatility assumed for the SOA in atmo-
tor determining whether these particles reach sizes whergpheric models significantly affects the way this condensing
they can act as CCN and influence climate (Kulmala et al. material modifies the atmospheric aerosol size distribution
1998; Kerminen and Kulmala, 2002; Kuang et al., 2009). (see, e.g., Riipinen et al., 2011; Donahue et al., 2011; Zhang
This growth needs to be represented accurately enough iet al., 2012b). Current atmospheric large-scale models dif-
atmospheric models to yield reliable predictions of the con-fer considerably in the ways they treat the condensation of
tribution of atmospheric new particle formation to CCN con- SOA: some assign the SOA a range of volatilities but as-
centrations (Riipinen et al., 2011). sume it to be in thermodynamic equilibrium (Yu and Luo,
Ambient and laboratory studies have shown that sulfuric2009), while others assume the SOA to be completely non-
acid participates in the first steps of new particle formationvolatile (Spracklen et al., 2005a, b; Pierce and Adams, 2009;
(Weber et al., 1996; Sihto et al., 2006; Riipinen et al., 2007;Makkonen et al., 2012). The former approach tends to un-
Kuang et al., 2008; Sigl et al., 2010; Vehka#ki and Riip-  derestimate the growth of freshly-formed nanoparticles (and
inen, 2012; Kulmala et al., 2013), but sulfuric acid conden-thus their contribution to CCN), while the latter is expected
sation is not enough to reproduce particle growth rates obto somewhat overpredict it if the total SOA is correctly pre-
served in the ambient conditions (Kuang et al., 2010; 8ipil dicted by the model (Riipinen et al., 2011). While it is possi-
et al., 2010; Pierce et al., 2011, 2012; Riipinen et al., 2011 ple to combine both thermodynamic and kinetic approaches
2012; Kulmala et al., 2013). Therefore other compounds,(given that the saturation vapor pressures of the SOA compo-
e.g., organics or ammonia/amines, are expected to be imaents are known; see, e.g., Pierce et al., 2011), such detailed
portant in the early growth of freshly nucleated particles descriptions of aerosol dynamics are often not computation-
(O’Dowd et al., 2002; Smith et al., 2005, 2008; Pierce et al.,ally feasible in global models. Approaches that capture the
2011; Riipinen et al, 2012; Vehkaiki and Riipinen, 2012; contribution of SOA to atmospheric nanoparticle growth in a
Kulmala et al., 2013). Several recent studies point to thesimple yet physically and chemically reasonable manner are
importance of organic compounds in growing atmosphericthus needed to improve atmospheric models.
nanoparticles to climatically relevant sizes (e.g., Kulmala et Several recent observations from different field sites sug-
al., 1998; Kuang et al., 2010; Yli-Juuti et al., 2011, Riipinen gestthat the condensational growth rates of ambient nanopar-
et al., 2012 and references therein), and capturing this orticles increase with particle size (Hirsikko et al., 2005; Man-
ganic contribution has been shown to be important for CCNninen et al., 2010; Yli-Juuti et al., 2011; Kuang et al., 2012).
predictions on regional scale (Riipinen et al., 2011). Yli-Juuti et al. (2011) also observed a correlation between
Oxidation of volatile organic compounds (VOCs) and their monoterpene concentrations and 7—20 nm particle growth in
subsequent condensation to the particulate phase is knowttie boreal forest site of Hywla, Finland, indicating the im-
to be an important source of atmospheric aerosol mass. Thportance of monoterpene oxidation products in the growth
aerosol constituents formed through these oxidation reacprocess. Also, a clear seasonal variation in the growth of
tions and their subsequent condensation to the particulat8—20 nm particles was observed in H@#i, with highest val-
phase are called secondary organic aerosol (SOA). Traditiondes during the summer (Dal Maso et al., 2005; Hirsikko et
ally biogenic VOCs (BVOC), such as monoterpenes (MT) al., 2005; Riipinen et al., 2011; Yli-Juuti et al., 2011). The
and isoprene, are thought to be the dominant source of atgrowth of the smallest sub-3 nm particles in H@di, on the
mospheric SOA (e.g., Kanakidou et al, 2005; Hallquist etother hand, has not been observed to show such seasonality
al., 2009), but recent studies suggest also a notable anthr@Hirsikko et al., 2005; Yli-Juuti et al., 2011).

pogenic contribution to SOA formation (Volkamer et al., In this paper we introduce a simple semi-empirical param-
2006; Zhang et al., 2007; Heald et al., 2011; Hoyle et a.,eterization for distributing monoterpene-SOA onto aerosol
2011; Spracklen et al., 2011). particle populations in a way that it reproduces sub-20 nm
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EMISSIONS OXIDATION CONDENSATION onto nanoparticles having diameiy, and have values be-
,| BVOCs MT+OH, MT*O: | SORGr tween 0 and 1. Figure 1 illustrates the processes that are ac-
\ counted for in our analysis: formation of condensable vapors
NANO- . . . . .
SORGy, PARTICLE and their condensation onto nanoparticles. Oxidation prod-
CROWTH ucts of atmospheric isoprene — another important source of
ANTHROPOGENIC SULFURIC SOA — were not explicitly accounted for to keep the param-
—” POLLUTION > AcID

S0+0H eterization as simple as possible, particularly as there are no
clear indications of the importance of isoprene SOA in grow-

Fig. 1. Schematic of processes leading to nanoparticle growth froming nanoparticles.

the perspective of the parameterization: formation of SYRG One of the aims of this work is to present a semi-empirical

SORG,g and sulfuric acid from biogenic volatile organic com- approach that is usable in large-scale models, and thus Eq. (1)

pou_nds (BVOCs) and _anthropogenlc pollution via atmosphenc OXi-ig 4 highly simplified representation of the reality and con-

dation and condensation of these vapors onto nanoparticles. MOd%\inS several assumptions. Firkia, sora Mt andIsoRra b

simulations with GEOS-Chem-TOMAS (Pierce et al., 2013) show . . .
are calculated assuming totally non-volatile vapors, which

that SORGq can be linked to the products of oxidation of biogenic . : L2 . .
organics in the presence of anthropogenic pollutants (Hoyle et al.!ls certainly an approximation but in line \_N'th the WaY tha’F
2011; Spracklen et al., 2011). many global models treat the condensation of sulfuric acid

and organics onto nanopatrticles (e.g., Spracklen et al., 2005a,
b; Pierce and Adams, 2009). For sulfuric acid this assump-
particle growth. The parameterization is aimed to be simpletion is probably reasonable, as its saturation vapor pressure
and thus easily applicable in large-scale atmospheric modis known to be extremely low in atmospheric conditions (see,
els. The size-dependent parameterization includes conder¢.g., Kulmala and Laaksonen, 1990). For organic species
sational growth of particles by sulfuric acid, secondary or-with varying volatilities, this assumption may cause prob-
ganics from monoterpene oxidation (SORES and an ad- lems (Pierce et al., 2011), as small particles reach equilib-
ditional condensing (presumably organic) species. The pafium more quickly than large particles (due to Kelvin ef-
rameterization is based on data on atmospheric nanopartfect and the larger surface-area/volume ratio in small par-
cle growth rates from six field sites: the boreal forest siteticles); thus, the condensable fraction of SQRGas well
of Hyytiala (seven years of particle growth data) and a yearas SORGg can depend strongly on particle size. This effect
worth of data from five other European field stations. Theis indirectly taken into account with thevalues in Eq. (1).
sensitivity of the parameterization to the input concentrationsFurthermore/sorg Mt is calculated based on the first-order
of sulfuric acid and monoterpenes (and their oxidation prod-oxidation products of monoterpenes and thus represents the
ucts) is tested, and its implications and potential for use inmaximum possible mass flux of SOR& from the first-
atmospheric models is discussed. stage oxidation. This assumption as well is in line with what
many of the global models assume. Another key assump-
tion is the presence of the “background organics” mass flux

2 Materials and methods IsoraGhg, Which is constant throughout the year and repre-
. sents all the condensable material that is not sulfuric acid
2.1 Theoretical approach or SORGyt (or at least not correlated with them). There

are several hints pointing to the importance of the additional
mass flux in Eq. (1). Itis clear that not all condensable organ-
gfs originate from or correlate with monoterpenes (Spracklen
£tal., 2011). While BVOCs are probably the most important
source of SOA in continental environments, there are also
anthropogenic impacts on SOA formation (see, e.g., Hoyle
et al., 2011 and references therein). For instance, Spracklen
Lot (dp) = Isa (dp) + kmr (dp) % IsorgmT (dp) (1)  etal (2011) found that the SOA mass estimated using tra-
g (dp) x ISORG by (dp), dltlorjal SOA sources (i.e., monoterpene_s, isoprene, biomass
burning and the aging of primary organic aerosol) was low
wherelsa is the mass flux caused by sulfuric addorg mT compared to ambient observations, and a large additional
is the maximum mass flux by monoterpene first-order oxi-SOA source — correlated with anthropogenic CO sources —
dation products (denoted as SORE, and/sorghg iS the was needed to explain the observatiok®rg g could rep-
mass flux from other condensable compounds, presumablyesent this “extra SOA’. We will show that this type of ad-
organics that have not originated from monoterpene oxidaditional contribution is needed to reproduce the observed
tion and do not have a seasonal dependence (denoted gsowth rates of atmospheric nanoparticles.
SORGyg). kmT (dp) andkpg(dp) are weighing factors describ- Mass fluxeslot, Isa andIsorg mT I EQ. (1) were deter-
ing the fractions oflsorgmt and Isorghg that condense mined using ambient observations complemented with data

2.1.1 Growth parameterization

To parameterize the seasonality and size-dependence
nanoparticle growth rates, we express the total condens
tional mass flux (in kgs!) onto a particle with diametef,

as a sum of the mass fluxes of sulfuric acid and organics:
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Table 1. Values for parameters used in this study for surrounding determined from ambient particle /ion number size distribu-

air, for condensable vapors (sulfuric acid and organics (S@RRG

and SORGg)) and for particles.

Surrounding air

tions (see Sect. 2.2.1). The particle diameters used to repre-
sent the three size classes were 2nm, 5nm and 14 nm (mid-
points of size bins inl, space), respectively. We also tested
the effect of using the midpoint diametersd,ﬁ space as the

Pressurep 1atm (16 Pa) representative diameters, but found no significant sensitivity

Temperature] 285K of the results to this choice.

Molar mass Majr 29gmort The mass fluxes of sulfuric acid and SOR onto

Dynamic viscosity, Hir 1.8x10°kg nanoparticles were calculated using the approach presented
m-tst by Lehtinen and Kulmala (2003) (also Nieminen et al.,

Mean free path of air moleculesajr 64nm 2010), where the mass flux of a condensable vagfag s

Sulfuric acid is written as

Density, o 1.8gcnt3

Molar massMsa 98gmolt Iy (dp) = 27 (dy + dp) (Dy + Dy (dp)) B (@m. Kn)ymyCy,  (3)

lgﬂiz:lsrrs]e(:fe?cig gﬁlre:;fgj&% 8?52?:;;1 wheredy, Dy andm, are the diameter, di_ffusic_)n coef_ﬁcient

Diffusion coefficient,Dsa 0.1cnfs1b and mass of the vapor molecule, respectivBlyis the diffu-

sion coefficient of a particle with diametég, andCy is the

Mass accommodation coefficienty, sa 1 ¢ : ]
molecular concentration of the vapgt;, is the correction

Organics s factor for transition regime mass transfer (Fuchs and Sutu-
Density,porc 1.5gcnT gin, 1971):
Molar mass Morg 186 gmot1 '
Mass of an organic moleculeiorg 186 amu 1+Kn
Diameter of an organic moleculéprg 0.73nm2 Pm (oem, Kn) = ) (4)
iffusi ici “1b 1+ (0.377+ 5= ) Kn + 5~ Kn?
Diffusion coefficient,Dorg 0.1cnfs : 3am 3om

Mass accommodation coefficienin org 1

wherean, is the mass accommodation coefficient dd is
the Knudsen numbeKr is defined as the following (Lehti-
nen and Kulmala, 2003):

@ Calculated using liquid density and vapor molecular mBalculated 0

Particle

Density, op 15gcnT3

according to semi-empirical formula by Poling et al. (2001). See also Appendix A. Kn = (5)
dy+dp’
from chemical transport model GLOMAP (Global Model of wherea is the mean free path
Aerosol Processes, Spracklen et al., 2008). The mass flux
(vapor concentration) of the background speciesrg bg = 3(Dv + Dp) (6)

and thek values kvt andkpg) were obtained through least- o, 5’
square method by fitting Eq. 1 to the ambient data on sub- \/m

20nm particle growth. Above 20nm the SOREwas as- iy whichay andcp are the mean thermal speeds of the vapor
sumed to condense kinetically, i.e., assuming no evaporatiofsjecule and the particle, respectively. The equations that
from the particles, and thus a weighing factaw{) of unity.  \yere used for determining the mean thermal speeds and dif-
Also, for the “background”, thépg for 7-20nm size range  fsion coefficients of molecules and particles are presented
and above was aSSL_lmed unity. The detguls of the fitting pro;, Appendix A. Values for the parameters used in Egs. (3-6)
cedure are outlined in the following sections. for determiningZsa(dp) and Isorg T (dp) are given in Ta-

ble 1. The background vapor was assumed to have the same
properties as the SORfz. Parameter values were converted
The condensation onto atmospheric nanoparticles is obto Sl-units before substitution to the presented equations.
served as an increase in their size, and is often quantifie(} > Data sets

with the diameter growth rate (GR, in msornmt1). The '
relation between GR anfly; for particles with diameted,
and densityop (see Table 1) is

2.1.2 Mass fluxes

2.2.1 Particle growth rates

Sub-20 nm particle growth was investigated in Hgl#i Fin-
land (6250 N, 24°18 E) during 2003—2009 (Yli-Juuti et al.,
2011 and Table 2) and at five other sites around Europe
In this study Iyt was obtained using size-dependent parti- during 2008—2009 as part of the EUCAARI (European In-
cle growth rates (for size ranges 1.5-3 nm, 3-7 nm, 7-20 nmjegrated project on Aerosol Cloud Climate and Air Quality

1
Tot(dp) = Eﬂppdrz)GR(dp). )
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interactions, see Kulmala et al., 2011) project (Manninen efTable 2. The data sets (monthly medians) used for fitting Eq. 1.

al., 2010 and Table 2). In addition to Hy&la, the other Eu-
ropean sites were in Melpitz (Germany,°32 N, 12°54 E),
Hohenpeissenberg (Germany,°48 N, 11°00 E), Vavihill
(Sweden, 5801 N, 1309E), Finokalia (Greece, 320N,
25°40 E) and K-puszta (Hungary, 468 N, 19°35 E). All

Nanoparticle diameter growth rates (GR), concentrations of sul-
furic acid (Csa) and monoterpene<fy7). The GR data sets are
the same as those used by Yli-Juuti et al. (2011) and Manninen et
al. (2010). See text for details.

the stations were background sites with slightly differ- ~ Dataset Hyygla  Other European
ent characteristics. The environments varied from relatively sites
clean boreal forest site (Hywla, Vesala et al., 1998; Kul- GR (NAIS/AIS) 2003-2007 2008-2009
mala et al., 2001a; Hari and Kulmala, 2005) to more  GR (BSMA) 2003-2009 -
polluted rural areas (Melpitz, Vavihill and K-Puszta) and ~ GR(DMPS) 2003-2009  —
from a site with marine influence (Finokalia) to a high- ~ CsaPejaetal. (2009) 2003-2007 -
altitude station (Hohenpeissenberg). More detailed informa- Csa (GLOMA.P) 2008 2008
tion on the EUCAARI measurement stations can be found in gtMaTl t;ggg)lamen 2003-2009 -~
Mannlr_1en et al. (2010). _ _ Cut (PTR-MS) 2007-2009 —
Particle growth rates were determined for three diame- Cyt (GLOMAP) 2008 2008

ter ranges, 1.5-3nm, 3-7nm and 7-20nm, from ambient
particle/ air ion number size distributions measured with an
AIS (air ion spectrometer, Mirme et al., 2007) and a NAIS
(neutral cluster and air ion spectrometer). For Hy#iti also
DMPS (differential mobility particle sizer, Aalto et al., 2001)
and BSMA (balanced scanning mobility analyzer, Tammet,Csa = ksa
2006) data were included in the analysis. DMPS can de-

tect small particles down to 3nm sizes and therefore particleynere kgp =8.4x 107 x UVB 068 m2 w1571, Cso, is

growth in the diameter bins of 3—7nm and 7-20nm couldthe concentration of SQUVB is the intensity of ultraviolet

be determined. Using BSMA data, particle growth in diame- ragiation, and CS is the condensation sink for sulfuric acid
ter bins 1.5-3nm and 3-7 nm was determined. Growth rategnplecules calculated from the particle number size distribu-
were obtained using an approach described in detail by Hirtjon (DMPS) data (see, e.g., Kulmala et al., 2001b). For the

sikko et al. (2005) in which maximum particle/ion concentra- other European stations, sulfuric acid concentrations were
tion of every size bin was followed through particle growth. gptained from GLOMAP.

More information on the growth rate analysis can be found
in Yli-Juuti et al. (2011) for Hyytla and in Manninen et
al. (2010) for the other EUCAARI sites. Monthly medians
of the GR values were used for all further analysis sinceTo test the robustness of our approach with respect to vari-
they are expected to describe well the average growth proations in the concentrations of the monoterpenes and their
cess of newly formed particles. Monthly GRs could not be oxidation products, three different sources of data were used
determined for each month for each station due to the smalfor monoterpene concentrations in Hyléi: GLOMAP sim-
amount of data (around one year of observations) for the siteslations (Spracklen et al., 2006) for the year 2008 using
except for Hyytala. However, all the stations had at least six the GEIA database based on MEGAN (Model of Emissions
months of GR data (Hyydia 12 months, corresponding toto- of Gases and Aerosols from Nature, Guenther et al., 1995)
tal 421 GR data points (new particle formation days); Melpitz for monoterpene emissions, observations with the PTR-MS
6 months and 30 data points; Hohenpeissenberg 9 month@roton Mass Transfer Mass Spectrometer, Lindinger et al.,
and 17 data points; Vavihill 7 months and 22 data points; Fi-1998) that was operating during 2007—2009, and a semi-
nokalia 9 months and 17 data points; and K-puszta 11 monthempirical parameterization for monoterpene concentrations
and 68 data points). based on ambient temperatures (Lappalainen et al., 2009;
see Table 2). Concentrations of SORRfGwere then de-
termined using the monoterpene concentrations. This re-
sults in altogether five different data sets for the concentra-
tions of SORGT in Hyytiala: one directly from GLOMAP
with the complete gas phase chemistry, emissions and losses
To investigate the sensitivity of our approach to the gas phaséncluded; one assuming that condensable SQRG&or-
concentrations of sulfuric acidCga), we tested two differ- responds to 1% of the monoterpene concentrations from
ent approaches for estimatingsa in Hyytiala: one using GLOMAP (estimated comparing the concentrations of MT
GLOMAP (Spracklen et al., 2005a, b), and the other a sulfu-and SORGT from GLOMAP); and three from calculations

ric acid proxy presented by Rgh et al. (2009) (see Table 2) based on ambient concentrations of &hd OH combined

expressed as

Cso, x UVB

cs )

2.2.3 Concentration of SORGyt

2.2.2 Concentration of sulfuric acid

www.atmos-chem-phys.net/13/7665/2013/ Atmos. Chem. Phys., 13, 76682 2013



7670 S. A. K. Hakkinen et al.: Semi-empirical parameterization of atmospheric nanoparticle growth

with monoterpene concentrations from GLOMAP, PTR- for the three size ranges using a least-squares method

MS or the temperature-dependent parameterization by Lapfunction Isgcurvefitin Matlab) with a relative tolerance of

palainen et al. (2009). For the other European sites, concert0~1°. The kyt values for distributing the SORg were

trations of SORGT were obtained directly from GLOMAP. limited between O and 1, and thiorgng Was allowed
Concentrations of SOR¢ can be calculated based on to get any positive values. Based on tligorghg and

the oxidation rates of monoterpenes with&d OH-radical, corresponding vapor concentrations (obtained using Eq. 3),

yielding the steady-state concentrations of the first-order oxweighing factors Xyg) for distributing the SOR&; were

idation products. estimated assuming th&$org ng 7—20 is at the kinetic limit.
kom x Con x CpT Initial guesses fqr théeyT valugs and/or for'théSORG bg did
CSORGMT +0OH = Cs and not affect the fitting results, i.e., all the fits converged to a
k. X Co. x C unigue solution.
CSORGMT +03 = M, (8) The fitting was done using both the Hyaf data alone
CS (altogether 7yr of GR data) and data from the six Euro-
where kop=75x 101 em®mol~ts! and ko,=  pean sites, including Hyyala. The mass flux fits were done

1.4x 10 cmPmol~1s™1 are rate constants determined to 12 data points. For Hyyila, the differently defined con-
specifically for monoterpene oxidation in Hygkk (Hakola  centrations of sulfuric acid and SOR& were used to test

et al., 2003; Yli-Juuti et al., 2011§;u7 is the monoterpene the performance of the parameterization and to test its sen-
concentration, an@o, and Con are the concentrations of = sitivity to the input data. The EUCAARI data were used
O3 and OH-radical, respectivelyCo,was obtained from to obtain parameterization with weighing factoksr and
mast measurements in Hyg. Con (cm~3) was calculated kbg, and background concentratiofisorgbg (Correspond-
with the parameterization by R et al. (2009): ing Isora bg, 7—20), representative of the sub-20 nm particle
growth on a broader continental scale.

¢ 0521
Con = (;GLOBOS) : ©)

where GLOB is the intensity of global radiation (W#), 3 Results

a=8.6x10"10 andc=1.4x10"". The total concentra-

tion of SORGur (CsorgwmT) Was calculated by adding up 3.1 Growth pgrg[neterization using seven years of data
CsoRGMT +0H andCsorg MT +05- We thus define SORr from Hyyti ala

as the steady-state concentration of the monoterpene first- o ] ]

order oxidation products, and assume that the growing3-1-1 Seasonal variation of SOR@r and sulfuric acid
nanoparticles do not contribute significantly to the conden- concentrations

sation sink CS. This is a reasonable assumption for most at- ) _ .
mospheric background sites. Figure 2 illustrates monthly medians of the concentrations of

Only daytime values (09:00-15:00 LT) of sulfuric acid and SORGuT and sulfuric acid. The highest sulfuric acid con-
SORGyT concentrations were included in the analysis to centrations were observed during springtime, and in general

represent the conditions during particle formation events thafhe concentrations of sulfuric acid were .Iolwer than tho'se
usually occur during day (Kulmala et al., 2004; Yli-Juuti et of SORGyr. The two approaches for obtaining the sulfuric

al., 2011). For the parameterization analysis, monthly me-2cid concentrations (GLOMAP and the proxy using Eq. 7)

dian vapor daytime concentrations were used. Due to goo&’a"e very similar results, especially taking into account that

data coverage for sulfuric acid, daytime concentrations durN® GLOMAP data represent a 2.8 2.8" grid box around
ing new particle formation days were used, whereas forHyytiala, while the proxy calculation is based on in situ data.

SORGyr, daytime concentrations of all the available data In the fits for Hyyti.f;ll'aZ the two data sets were combined and
(including days with observed particle formation as well as th€ data-amount weighted average concentration was used

days when no new particles were formed) were used. (gray curve in Fig. 2). _ _
The seasonal pattern in the differently defined concentra-

2.3 Fitting to ambient data tions of SORGyT was similar — the concentrations peak-

ing in the summer. The seasonal variation in SQRGvas
Size-dependent weighing factors for distributing the less pronounced using the measured monoterpene concen-
SORGyT to sub-20 nm particlesk{srvalues in Eq. 1) and trations or the temperature-dependent measurement-based
the mass fluxes of additional condensable vapors werg@arameterization, as compared with the values obtained
estimated by fitting Eqg. (1) to the ambient data. Ambient from GLOMAP. The difference between the approaches was
growth rates were used to determine the total mass fluxes igreatest during winter. Similar comparison was performed
the three diameter bins (1.5-3 nm, 3—7 nm and 7—20 nm) anébr measured and modeled monoterpene concentrations as
the concentrations of sulfuric acid and SORGwere used  well. While the monoterpene concentrations were approxi-
to determing/sa andIsorg M- Fitting was done separately mately two orders of magnitude higher than the SQRG
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Fig. 2. Monthly median daytime concentrations of SORfsin
Hyytiala, Finland, determined five different ways — three of which 18
rely on GLOMAP data (blue, red and black solid lines) and two 16
on measurement data from the PTR-MS (green dashed line), an
one from the MT parameterization by Lappalainen et al. (2009)
(brown dashed line). For details, see Sect. 2.2.3. Also, the monthly
median sulfuric acid concentrations from proxy calculations and
from GLOMAP (dashed yellow and orange lines, respectively) as
well as their combined data set (solid gray line) are presented (se
Sect. 2.2.2 for details).
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concentrations, the behavior _between m_ea_sured and mo%g_ 3. Observed monthly median growth rates for three size ranges
eled monoterpene concentrations was similar to those fofring 2003-2009 in Hyyiila (symbols and dashed lines) and the
SORGuT, suggesting that the variations in SORf5are  growth rates from the mass flux fit (solid lines) using concentrations
dominated by the monoterpene concentrations instead off SORGy calculated using MT concentrations from GLOMAP
the oxidant concentrations or the details of oxidation cal-(upper panel). See Table 3 for the fitting parameters. The corre-
culation (Egs. 8-9). It should be also noted that only bio-spondence between growth rates from the mass flux fit and from the
genic emissions are taken into account in GLOMAP asambient observations (monthly median growth rates for each year)
well as in the temperature-dependent parameterization. I presgnted in the lower panel with a linear curve fitted to all the
Hyytiala there are also some monoterpene emissions ofiata points. Also, 11, 2: 1 and 1: 2 lines (black lines) are shown.
anthropogenic origin, for instance because of a sawmill

nearby (Liao et al., 2011).

The concentrations of SORf3 obtained directly from  growing by SORGt but by sulfuric acid and the “back-
GLOMAP and determined using the monoterpene data fronground” condensing species due to the lack of seasonal vari-
GLOMAP were in close agreement with each other (seeation in the observed GR&yT 15-3 was O for all the data
Fig. 2). The small differences can be explained by the dif-sets) (see Fig. 3 for the observed seasonal behavior of GRs).
ferences in the @ OH concentrations and the condensation The kvt values for 3—7 and 7—20 nm particles ranged from
sink (CS) used in the calculations. The variations are rea0.2 to 0.4 and from 0.6 to 1, respectively. The largest parti-
sonable, since the GLOMAP is not expected to capture thecles were thus affected most by the SQRGcondensation.
local changes in oxidant or aerosol concentrations that ardhe vapor concentratiorf;sorg bg, Calculated based on the
observed with online measurements. There was a high pealiackground mass fluksorg bg, 7—20 Was of the same order
in the SORGT concentrations obtained directly from the of magnitude (16 cm~2) using different data sets (see Ta-
GLOMAP in November (see Fig. 2). This peak was removedble 3). Weighing factorskgg) for distributing the SOR,

from the data analysis. are also presented in Table 3.
The monthly growth rates obtained from the mass flux
3.1.2 Parameterization with differently calculated fit for the three size ranges (1.5-3nm, 3-7nm and 7-
concentrations of SORGyt 20 nm) using the concentrations of SORgfscalculated us-

ing monoterpene concentrations from GLOMAP are pre-
The weighing factorskiT) for distributing the SOR@T ob- sented in Fig. 3, upper panel (see Table 3 for the fitting pa-
tained from the mass flux fits using the five different data setgameters). The ambient growth rates observed during 2003—
for the SORGyt for Hyytiala (see Fig. 2 and Sect. 2.2.3) are 2009 in Hyytala are shown for comparison. The fit produced
presented in Table 3. While the mass flux fit showed somehe seasonal pattern of particle growth rates well; the highest
sensitivity to the input organic mass flu¥sbrg mT), rela-  growth rates were observed during summer months in par-
tively similar results and behavior were obtained using theticle sizes 3—7 nm and 7-20 nm, whereas the growth of the
different SORGyT data sets: the smallest particles were notsmallest particles (1.5-3 nm) was independent of the season.
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Table 3. Average concentrations of SOR (Csorg MT cm—3) and sulfuric acid Csa, cm—3) as well as the background concentration
(CsORG bgs cm~3) and weighing factorskfyt andkpg) from the mass flux fit in Hyy#la. Differently defined concentrations of SOR&
(Isorg MT) Were used to test the functioning of the fit and its sensitivity to input data. Pearson’s correlation coeffijievits ¢ values (in
parentheses) and paramete@nds (nm h~1), obtained from a linear fit between the observed growth rateggg@Rnm h~1) (2003—2009,
monthly medians for each year) and the growth rates obtained from the mass fluxiti(®R h~1) are presented.

1% MT SORGuT SORGuT SORGuT SORGuT
(GLOMAP) (directly from (calculated, (calculated, (calculated,
GLOMAP) GLOMAP) PTR-MS) MT-parame-

terization)
Csa 0.1x 107 0.1x10°  0.1x10°  0.1x 10’ 0.1x 107
CSORGMT 2.3x 107 1.9x10°  25x107  3.7x 107 5.6x 107
kMT,1.5-3 0 0 0 0 0
kMT.3-7 0.2 0.3 0.2 0.4 0.2
kmT,7—20 0.8 1.0 0.8 1.0 0.6
CSORG by 3.8x 107 38x10°  3.6x10°  21x10’ 2.5x 107
kg, 1.5-3 0.4 0.3 0.4 0.7 0.6
kbg 37 0.7 0.7 0.8 0.9 0.8
kbg, 720 1.0 1.0 1.0 1.0 1.0
CorrelationR(p) 0.78 0.80 0.80 0.65 0.67
GRobsVs. GRit (<1079 (<1075 (<1075 (<1079 (<1079
Linear fit a=11 a=14 a=11 a=10 a=10
GRops=a bh=-01 b=-07 b=-01 b=0.2 b=01

x GRyjt + b

A line was fitted to the (GR, GRypg)-data to determine ing for all the GR data from different size ranges-£ 0.80,
how close the data points were to aflline (described bythe  p <107°). In general the correlation between the fitted and
slope of the fitted line) and whether there was a systematiobserved GRs at certain particle size was better the more
bias in the fitted growth rates (the intercept of the fitted line). variability the GRs showed, i.e., the best correlation was
The values of the slope and the intercept for each of the fittecbbserved in the 7-20 nm size range £ 0.81, p < 107°).
cases are given in Table 3, along with the Pearson correlaFor the smallest size class, correlation was the poorest (
tion coefficients and thejp values for the fitted vs. observed —0.15, p = 3 x 10~1) even though the fitted GRs clearly cor-
growth rates of all the sizes combined. We chose the simpleesponded to those observed (see Fig. 3). The correspon-
Pearson correlation for the statistical analysis since no autodence between the GR and GR; was very good: data
correlation between the observed GRs was found. The correpoints were aligned on the: 1 line. These results show that
spondence between the ggand GR;; was generally very the fit is able to capture the observed growth rates and their
good: the slopes of the fitted lines varied between 1.0 and 1.4seasonal pattern in Hyyia. The good agreement shows that
and the systematic biases were less than 1 nhffor 4 cases  the seasonal variability is clearly more important in deter-
out of 5 less than 0.3 nnT#). These variations are similarto mining the growth rates as compared with the interannual
or less than the typical uncertainty in the observed GR val-variability (represented by the y-directed scatter in the data
ues due to the experimental uncertainties and data analysia Fig. 3).
method (see Yli-Juuti et al., 2011; Lefppt al., 2013). To test the robustness of Eq. (1) as a parameterization

The correspondence between the f&Rand GR;; us- function, the fits were also performed setting therg mT
ing SORGyT (calculated using monoterpene concentrationsand the/sorg bg to zero one at a time. Neither the SORS
from GLOMAP) is shown in Fig. 3 (lower panel) for all northe SORGg could produce the observed GRs alone. Fig-
the available data (monthly median gRseparately from ure 4 illustrates the case where the background mass flux
years 2003-2009). The reason for the accumulation of thés assumed zero, i.e., only SOR& and sulfuric acid are
data points is that Giris getting only one value per month growing the particles. Even though the seasonal variation
(kmT, kng and Csorg bg determined using monthly medians in the particle growth can be estimated fairly well with-
of SORGyT over a single year) while the monthly median out the background, the GRs are systematically underesti-
GRyps changes through years. There was a clear positivanated especially during colder seasons when the concentra-
correlation between the fitted and observed GRs, accountions of SORGyt are lower. If only the constant background
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Table 4. Average concentrations of SOREG (CsorgMT, €M 2)

and sulfuric acidCsa, cm—3) as well as the background concentra-
tion (Csorgbgs cm—3) and weighing factorskyyt andkpg) from

the mass flux fit using EUCAARI data (including and excluding
Hyytiala). Monthly median growth rates were averaged over all
the six European stations (Hygd# included, 2003—2009). Pear-
son’s correlation coefficientR) with p values (in parentheses) and
parameters: and b (nmh™1), obtained from a linear fit between
the observed growth rates (G in nm h_l) (monthly medians for S l l l :
each station) and the growth rates obtained from the mass flux fi ~Jan Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec
(GRit in nmh~1), are presented.

=#=:1.5-3 nm observed
__________ 37 nm observed
’ (Y =®=7-20 nm observed
' =—1.5-3 nm fitted

3-7 nm fitted

GR (nm/h)
o - N w - < N ~ 0 ©
7 > 9 R

16
Six sites  Five sites "
= © 1.5-3nm
Csa 0.5x 10 0.7x 10’ E”
- 10 3-7 nm
CSORGMT 0.9x10" 0.8x 10 .
kmT,15-3 0 0 o
kMT 3.7 0.7 0.7 o ===GRobs = 0.8'GRfit + 2.3
kmt 7-20 1.0 1.0
CsoRrG bg 5.8x10"  6.4x 10 LR GGRfiétted (li:nlh)ﬂ u s
kpg 1.5-3 0.3 0.3
kbg,3—7 0.7 0.8 Fig. 4. Observed monthly median growth rates for three size classes
kg, 720 1.0 1.0 during 2003—2009 in Hyyéla (symbols and dashed lines) as well as
i the growth rates obtained from the mass flux fit (solid lines) when
Correlationr (p) O'f.)'S 9545 background mass flux is assumed to be zero (upper figure). The
GRobsVs. GRit (<107 (<107 weighing factors for distributing the SORfF (calculated using
Linear fit a=0.8 a=07 MT concentrations from GLOMAP) corresponding to the best fit
GRops=a x GRgt + b b=0.9 b»b=0.8 were kgt 15-3=0.2, kmT,3—7 = 0.5 andipTt, 7-20=1.0. The

correspondence between the growth rates from the mass flux fit and
from the ambient observations is presented in the lower figure with
a linear curve fitted to all the data points. Also1, 2: 1 and 1: 2
mass flux is accounted for, the seasonal variation of théines (black lines) are shown. The fit can produce similar seasonal

GRs in the size ranges of 3-7nm and 7-20nm Cannopehavior as observed in the ambient conditions. However, the GRs
be reproduced (Fig. 5) are clearly underestimated during cold months when the emissions

of MT are low.

3.2 Growth parameterization using EUCAARI data

The proposed parameterization (Eg. 1) performed well intively good, taking into account that we fitted Eq. (1) to aver-
Hyytiala. To obtain results relevant also on a broader scaleaged data from six sites with different characteristics. The
data sets from other measurement stations around Europeprrelation coefficient obtained wak = 0.45 (p < 10°°)
were included in the analysis. Determination of statisti- with a slope and intercept of 0.8 and 0.9 nritffor the linear
cally significantk values for individual stations (apart from fit to GR data points. The weighing factors for the SQRG
Hyytiala) was not possible due to the small amount of dataand the SORg obtained from the mass flux fit are pre-
from each station (see Sect. 2.2.1). Therefore, monthly mesented in Table 4. Results using all the available data (six
dian growth rates averaged over all the stations were used igtations, Hyytala included) and data excluding Hyak (five

the mass flux fitting. For the concentrations of the SQRG  stations) are shown. The weighing factoks;f) were the
and sulfuric acid, we used data from GLOMAP (average same in both cases, with 0 for 1.5-3nm, 0.7 for 3—7 nm and
over all the stations), thus ensuring consistent treatment of. for 7—20 nm. Background concentratiol%6rg bg) Were

all the stations. The results obtained from the analysis foralso similar, around & 10" cm~3 like thekpg values for both
Hyytiala (Sect. 3.1.2) give confidence for using the concen-cases.

trations of SORGT directly from GLOMAP in the fitting, Overall the growth of the nanoparticles (3—10 nnth
as the correspondence between fitted and ambient growtbould be predicted within, on average, 15 % using Eq. (1).
rates was reasonable. The performance quality of the parameterization deteriorated

Figure 6 shows how well the fit produced the observedwith lower growth rate values: observed GR of 2 nnt was
growth rates using data from all six stations. The correspon-overestimated by as much as 50 %, on average. Of the ther-
dence between the fitted and observed growth rates was rel@odynamic parameters used in the mass flux equations (see
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Fig. 5. Observed monthly median growth rates for three size cIassesFIg' 6 Ambient mont_hly median growth rates ave_raged over al th?
during 2003-2009 in Hyyaila (symbols and dashed lines) as well Studied European sites (symbols and dashed lines) for three size

Y yya Y . - ranges and the growth rates from the mass flux fit (solid lines) using
as the growth rates obtained from the mass flux fit (solid ImeS)SORG\AT obtained directly from GLOMAP (upper panel). See Ta-
when organic mass flud§org mT) IS assumed to be zero (Up- 0 4 for the fitting parameters. The GR data for February was not
per panel). The bac"79r°“”3d C(_)ncent_rat!on obtained from the fit WaShcluded in the fitting since it was strongly affected by one high-
O o o T s 0 SO GR v (GF 2o~ 011 n ok, making i i
dence bét\7veen the rovvt; rates from the n:ass Hux fit and frorFr)1 h ointunreliable. The correspondence between the growth rates from

. '€ gro . Ux it an . he mass flux fit and from the ambient observations (monthly me-
amblen_t observations is presgnted in the lower panel W'th a IIneaEjian growth rates for each station) is presented in the lower panel
curve f'.tted to all the data points. Also, 1, 2 1.and 1: 2 lines . with a linear curve fitted to all the data points. Alsa, 1, 2: 1 and
(black lines) are shown. The seasonal behavior in 3-20 nm partlclei - 2 lines (black lines) are shown

cannot be captured this way.

Table 1), the densities of the aerosol partigggsand the or-  events is lower than during other seasons (see Yli-Juuti et al.,

ganicsporg had the greatest influence on the fit parameters -2011). The uncertainty in the used SOfRfsconcentrations
kv, 3-7 andCsoRrg bg both being around 20 % lower/higher was also highest during winter months (see Fig. 2).
The performance of the EUCAARI parameterization at

with lower/higher densities (1.3/1.7 g crf) compared to the

base case (othényt values andknyg values were not af- individual stations was also investigated (Fig. Al, Ap-

fected). Lowering the accommodation coefficiemissa and pendix A). Particle growth rates were somewhat overesti-

am,orG t0 0.9 increased both thigt 3-7 andCsorg bg Val- mated for Hyytéla and Vavihill, whereas for K-Puzsta, Mel-

ues around 15 % (othéfyt values andy,g values were not  pitz and Hohenpeissenberg the correspondence was gener-
ally good. The growth of the smallest particles (1.5-3 nm)

affected). A positive bias of 2 nn# in the observed GRs in-
was reproduced well in Finokalia, but for the larger parti-

creased th€sorg bg, With 50 % increasing alskyg 1.5-3 by
25 % (otherkng Were not affected), whereas a negative biascles the fit reproduced somewhat too low values. It is no-

of 2nm ! gave approximately 50 % low&Fsorg bg, With table that while these comparisons give some hint on the per-
formance of the parameterization in different environments,

60 % and 15 % lowekpg 1.5-3 andkpg 37 values, respec-
tively. The kyt values for distributing the SORgy were they should be treated with caution due to the statistically too
not affected. The highest uncertainties are associated wittow number of data points from each station.

the determination of the growth of sub-3nm particles from The fitting parameters (Table 4) were based on monthly
observations (e.g., Yli-Juuti et al., 2011; Lépet al., 2013) GR data. To test the performance of the parameterization on
partly explaining the poorer correspondence between fitted daily basis, daily GRs were calculated for the six sites and
and observed growth in the 1.5-3 nm size range (see Fig. 6compared with the observed GRs (Fig. 7). The agreement
Also, the statistical uncertainty of GR values is higher dur- on a daily basis was naturally poorer (the slope of the fitted
ing winter months when the number of particle formation line being 0.7 and the systematic bias 1.3 nth,ftorrelation
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coefficient of 0.38) as compared with the monthly data (seeany model that calculates the condensation of SGR&m-

Fig. 6), but still deemed to be reasonable. ilarly to that of sulfuric acid (i.e., as non-volatile and dis-
tributed to the aerosol surface area) as they can be used to
simply multiply the contribution of nanoparticles with size

4 Discussion: on the implications and applicability dp to the condensation sink when distributing the SQRG

of the parameterization to the aerosol size distribution. This method is also applica-
ble when distributing the “background” organics.

The parameterization based on Eq. 1 and the semi-empirical The choice of a set of appropriatg,t values for dis-

fitting parameters is a simplistic representation of the sub-4ributing the SORGt (Tables 3 and 4) for a specific model

20nm particle growth and distribution of SOR& and depends on the application (e.g., the way the monoterpene

SORG,y onto the aerosol size distribution, but it captures emissions are treated). The average values based on the

the observed behavior of nanoparticle growth relatively well. Hyytiala data were 0, 0.3 and 0.8 féfT 15-3, kMT.3-7,

Particle growth rates obtained from the parameterization in-and kmt 7—20, With Csorgbhg = 3 x 10" cm3. The corre-

crease with particle size, as observed in various environmentsponding values for the EUCAARI data were 0, 0.7 and 1,

around the world (e.g., Hirsikko et al., 2005; lida et al., 2008; with Csorgbg = 6 x 10’ cm~3. For studies focusing on bo-

Manninen et al., 2010; Yli-Juuti et al., 2011; Kuang et al., real forest conditions the former should be used, whereas

2012; Kulmala et al., 2013), and the magnitude and seasondbr cases studying larger and more variable regions the lat-

pattern of the growth rates is similar to observations (Kul- ter is probably better. It should be noted that the data used in

mala et al., 2004; Dal Maso et al., 2005; Hirsikko et al., 2005;this analysis is limited — only temperate continental bound-

Manninen et al., 2010). The parameterization is also fairlyary layer sites were studied — and therefore we cannot con-

insensitive to the method of calculating the sulfuric acid andclude how the nanoparticle growth should be parameterized

monoterpene concentrations, as long as their temporal pain global models for other kinds of environments, e.g., over
terns and order of magnitude are reasonable. the arctic areas, deserts or tropics.

Two alternative sets of fitting parameters were presented: In addition to the size-dependent growth of nanoparticles
one that was based on 7yr of size distribution data fromby SORG,t, condensation of an additional “background”
Hyytiala, Finland, and one based on about one year of dataapor with no seasonal dependence was needed to reproduce
from 6 European sites with different characteristics. Thethe observed growth. This was largely due to the fact that
strength of the former is the longer temporal span (and thushe growth of the smallest 1.5-3 nm particles did not show
better statistics on the GR values) and better selection of inseasonal dependence (i.e., grew when there were practically
put data for the fitting, while the latter covers spatially more no biogenic monoterpenes around), and on the other hand
diverse environments with different gas phase compositiongrew faster than just sulfuric acid condensation could ex-
and meteorological conditions. The results from the two fitsplain. Particle growth by sulfuric acid has uncertainties that
gave qualitatively similar results, with the,t factors for  arise from uncertainties in measurements and in the calcula-
distributing the SORMt being 0 for the 1.5-3 nm particles tion of Isa. These uncertainties can affect our GR parame-
and approaching 1 as the particles grew towards 20 nm. Faterization — particularly for the smallest particles. To explain
the 3—-20 nm particles, the fits to Hygkh data gave slightly the GRs with only sulfuric acid and SORf, the sulfuric
lower kgt factors kmt 3—7 =0.2-0.4 andovyt, 720 =0.6— acid concentrations would have to be approximately 10-20
1.0, depending on the SORf data) than the correspond- times higher than used in our analysis. Besides the experi-
ing values based on the EUCAARI datéyf 3—7= 0.7 mental uncertainty in the detection of gas-phase sulfuric acid
andkmT, 7—20 = 1.0). The concentration of the “background” (on which the sulfuric acid concentrations used in the calcu-
condensable species were of the order dfcdf2 for both lations rely), this uncertainty could also be caused by, e.g.,
data sets, the fits to the EUCAARI data giving slightly significant clustering of the sulfuric acid or other effects that
higher values than the fits to the Hy§f data. It should be are not accounted for in théa calculation. The sulfuric
borne in mind that these concentrations describe the SQRG acid closure study by Boy et al. (2005) suggests, however,
during specific conditions of well characterized daytime that the measured sulfuric acid concentrations can be repro-
new particle formation. duced with a chemical kinetics model, indicating that at least

The CCN production is very sensitive to the competition the order of magnitude of the sulfuric acid concentration (in-
between growth and coagulation losses (Kerminen and Kulcluding the potential clusters) should be reasonable. In the
mala, 2002; Pierce and Adams, 2007; Kuang et al., 2009; Rifollowing we discuss other possible origins of the “back-
ipinen et al., 2011; Vehkaaki and Riipinen, 2012). The size- ground” and apply model simulations using a global model
dependence of particle growth thus needs to be accounted fdo support our discussion.
to improve the predictions of the contribution of new parti- One possible candidate for the “background” vapor is a
cle formation to CCN concentrations in atmospheric modelscombination of anthropogenic and biogenic organics, for in-
(Kuang et al., 2012). Théwr (dp) values presented in this stance SOA formed from biogenic organics in the presence
paper offer a relatively straightforward way of doing this in of anthropogenic pollution (Hoyle et al., 2011; Spracklen et
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20 o ing Hyytiala. These concentrations are a factor of 3 higher
8 g than was calculated for the “background” condensable or-
. ° ° 5 0 1,628 i ganics for larger particles at Hygda and about 50 % higher
£ 2° /s than the “background” condensable organics at the other 5
3 °"gg/es S 7 37 nm sites. The high bias against Hy#ki can be expected since
5 N ; ~ °o;° 0.~ the large, 4 x 5° grid boxes in GEOS-Chem-TOMAS could
a 3 3, 00 © 7-20 nm . . . ey s
o .-~ include many anthropogenic sources in the Hyfgtgrid box
[+] .
©s = ---GRobs = 0.7°GRIit + 1.3 that would not affect the measurements at this remote loca-
W2 2°58,0° tion. Furthermore, the seasonal cycle of these extra condens-
0 ‘ . able organics£ a factor of 2) is significantly weaker than
0 5 10 15 20 .
GR fitted (nm/h) the seasonal cycle in monoterpengsy factor of 5-10) and

. is driven primarily by the seasonal variation in BL height
Fig. 7. The correspondence between the growth rates from the masg, hich causes a maximum concentration in the winter). The
flux fit and from the ambient observations (daily growth rates for weak seasonal cycle is consistent with our analysis here

each station) with a linear curve fitted to all the data points. Also, h tant “back q . trati
1:1,2:1 and 1 2 lines (black lines) are shown. The correlation where a constant "backgrouna™ organic concentration was

coefficient between the GRand the GRpswas 0.38 with & value sufficient. Thus, we conclude that the extra, non-traditional
of <10-5. biogenic sources of SOA (e.g., the 100 Tg SOAYcor-

related with anthropogenic CO emissions, Spracklen et al.,

2011) may be responsible for the “background” organic con-
al.,, 2011). Another possible explanation for the relatively centrations in our study.
fast season-independent growth of the smallest nanoparti- If other aerosol modelers wish to use this “extra SOA’
cles could be the contribution of, e.g., amines or ammoniaapproach to create the “background” SOA, we recommend
which could both contribute to the growth of sub-3 nm parti- using the followingkpg values for the size dependence of
cles as well as influence the calculated contribution of sulfu-condensation for the “background” organics for larger conti-
ric acid (Kirkby et al., 2011; Kulmala et al., 2013). It should, nental regionskpg 15-3 = 0.3,kpg 3—7 = 0.8 andkpg 7—20 =
however, be noted that an accurate determination of the GR.O (for the boreal forestpg 15-3 = 0.4, kpg 3-7 = 0.8 and
values below 3nm is very challenging and thus subject tokpg 720 = 1.0). On the other hand, if no “background” vapor
relatively large errors, particularly for the smallest particle is represented in the model (i.€sorgbhg = 0), we recom-
growth rates (see, e.g., Yli-Juuti et al., 2011; Lapg al., mend using théwt factors determined withoulsorg bg in
2013). This naturally adds uncertainty to the parameterizaEq. (1), i.e.imt,15-3 = 0.2, kmT,3-7 = 0.5 andkmt, 720 =
tion as well. The concentration of the “background” vapor 1.0 for the boreal forest antyt 15-3 = 1.0, km7,3-7=1.0
thus probably cannot be constrained further than within anandimt 7-20 = 1.0 for larger continental regions. It should
order of magnitude based on our data. It is notable, how-be noted, however, that neglecting the “background” contri-
ever, that the concentration values obtained from the fits ardution is likely to result in underprediction of the magnitude
relatively large, comparable to those of sulfuric acid andof the growth rates even though their seasonal dependence is
SORGyT (Tables 3—4). The contribution of this material also captured (see Fig. 4).
varies with particle size, as indicated by the weighing factors Our parameterization is expected to give satisfactory re-
(kpg) (Tables 3—4). sults for nanoparticle growth on the scale at which many

While the size-dependent weighing factors for the distri- global models operate (Figs. 3 and 6), i.e., reproducing the

bution of SORGyt onto nanoparticles are relatively straight- observed seasonal patterns rather than capturing the daily
forward to implement to models, we realize that the inclusionvariation of the growth. Additionally, uncertainties in the ob-
of the background condensable species might be problemserved GRs and the modeled daily concentrations of sulfu-
atic as it requires an emission of an unidentified precursorric acid and SORT cause scatter to the comparison of
This precursor could be similar to the extra SOA treated byobserved and parameterized GRs when investigating indi-
Spracklen et al. (2011) or, e.g., a fraction of some other convidual growth episodes (Fig. 7). There are still several im-
densable material treated in the model, as discussed abovprovements that can be expected as the mechanistic under-
We used the GEOS-Chem-TOMAS model (as described irstanding of the SOA formation and nanopatrticle growth pro-
Pierce et al., 2013) to study the seasonal behavior of thicesses increases. One of the caveats related to the commonly-
extra SOA and to determine if it can be used to describeused methods of determining ambient size-dependent growth
our “background”. As suggested by Spracklen et al. (2011)rates is the coupling of particle size with time (see, e.g.,
100 Tg SOAyr?! correlated with anthropogenic CO emis- Kuang et al., 2012). We do not expect this to be an issue
sions was added to the model beyond the standard biogeniover the timescales at which we are operating (as we do
SOA-precursor emissions. These extra SOA emissions comot consider diurnal variation in the vapor concentrations),
tributed to annual mean condensable organic vapor concerand acknowledge that the temporal variation is probably a
trations of about & 108 cm=2 in the model grid cell contain-  factor contributing the semi-empirical parametégg and
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kng. Another potential point of improvement is related to the As the amount of available data on atmospheric nanoparti-
mechanistic understanding of the role of amines and ammoele growth and gas phase composition increases, explaining
nia, which are important in the early steps (below 3 nm) of this “background” contribution or its dependence on envi-
nanoparticle formation and growth (see, e.g., Berndt et al.ronmental parameters will be an interesting topic for a future
2010; Kirkby et al., 2011; Riipinen et al., 2012; Yu et al., study.
2012; Kulmala et al., 2013), affecting also the predicted con- To study the performance of the parameterization function
tribution of sulfuric acid on the GR values. As new knowl- and its sensitivity to input data, different ways of estimat-
edge on the early steps of the growth is obtained, the paing the SORGT concentrations were used. The fit showed
rameterization should be updated accordingly. It should besome sensitivity to the input data (see Table 3 and Sect. 3.1.2
also noted that coagulational growth of nanoparticles wador details), but the overall patterns and magnitude of the fit-
not accounted for in the parameterization. This is certainlyting parameters were consistent in the different investigated
a good assumption in remote environments with relativelycases. Similarly, although some differences existed between
low aerosol concentrations, but will add uncertainty to the fitthe results from Hyy#la alone and all other six European
parameters in more polluted environments (see, e.g., Kermisites (see Tables 3—4), the results were consistent. The weigh-
nen and Kulmala, 2002; Stolzenburg et al., 2005; lzepp  ing factors for SOR¢T condensation consistently increased
al., 2011). with size, being 0 for 1.5-3nm particles and approaching
unity (i.e., kinetic limit) for 20 nm particles. The concentra-
tion of the “background” vapor was of the order of in—3
5 Summary and conclusions for both cases while the condensation of the background was
size-dependent. The parameterization function produced the
We have introduced a semi-empirical parameterization of atobserved monthly growth rates well, usually within factor of
mospheric nanopatrticle growth as a function of ambient con-2 and often within 30 %.
centrations of sulfuric acid and first-order oxidation products Since the CCN production from nucleation is very sen-
of monoterpenes (SOR§), the latter multiplied by a fit-  sitive to the competition between coagulational scavenging
ted weighing factor with values between 0 and 1. Throughand condensational growth, we expect the presented param-
its dependence on the monoterpene oxidation products, theterization to improve the performance of atmospheric mod-
formula couples nanoparticle growth to the distribution of els in predicting the contribution of new particle formation
SORGyT to the atmospheric aerosol size distribution. Theto CCN concentrations. To verify its usefulness and perfor-
weighing factors for the distributing SORf onto 1.5- mance in the future, however, the parameterization should be
3nm, 3-7nm and 7-20 nm particles were determined usindested within a large-scale atmospheric model and evaluated
seven years (2003—2009) of particle growth rate data fromagainst a growth rate data set independent of the data utilized
Hyytiala, and a year (2008—2009) of corresponding data fromto obtain it.
five other sites around Europe (see Eq. 1 and Tables 3, 4 for
the weighing factors). The results indicate that as the parti- )
cles get larger, a greater fraction of the SQRGcan con-  APPendix A
dense onto the particles and cause them to grow. This result
is reasqnable in light of the thermodynamics of evaporat|0r?,Diﬁusion coeflicient for vapor moleculesiX,) in a back-
as Kelvin effect affects the mass flux onto the smallest parti- . . ; . o
cles, decreasing the maximum condensing fraction of the to_ground gas (air) can be dgtermlned by u3|.ng asemi-empirical
) : . . .. formula presented by Poling et al. (2001):
tal available condensable material. This result is also in line
with atmospheric observations. 0.0017175 1 1
Besides the condensation of sulfuric acid and SQRG p,= ——— | — 4 —
a third condensing vapor, referred to as “background”, was p (Ealli/rs+ 23/3> Mair -~ My
needed to explain the observed nanoparticle growth rates.
The concentration of this vapor was assumed to be constaijnere p,, is given in cn?s1, T is temperature (in Kelvin

throughout the year and its value was determined to be of th%mits),p is pressure (in atm units)/air is molar mass of air

and 4 for the detailed values). The background concentrax-1/3 is diffusion volume of air and:\}/:'; is diffusion vol-

; ; ; air
tion was comparable to that of sulfuric acid and the monoter-  me of condensable vapor (can be obtained from tabulated

pene oxidation products, and thus contributes significantlydiﬁusiOn volumes of atoms; see, e.g., Poling et al., 2001).

to the growth of t_he atmospheric nanopartic_les, esp_ecially at' piffusion coefficient for particles of a certain sizéy{ in
the smallest particle sizes. The exact identity of this back—a medium (air) can be determined from

ground” vapor (or vapor mixture) is not clear, although it is
speculated to account for non-monoterpene organics or, e.g,, kg7 Cc
the impacts of amines on the growth of the smallest particles.”P — 3rpdp’

(A1)

(A2)
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whereR is gas constant. Mean thermal speed of a particle

ol (massmyp) is
il o Hyytidla
E 6f a Melpitz o= 8kgT . (A5)
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