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Abstract. Sulphuric acid and organic vapours have beento be dominant. However, the nucleation rate at the sul-
identified as the key components in the ubiquitous secondaryphuric acid dominant sites could not be described with sul-
new particle formation in the atmosphere. In order to assesphuric acid concentration and a single value of the nucle-
their relative contribution and spatial variability, we anal- ation coefficient, a¥k in J=K [H2SO4]2, but the median
ysed altogether 36 new particle formation events observedaoefficients for different sites varied over an order of mag-
at four European measurement sites during EUCAARI cam-nitude. This inter-site variation was substantially smaller
paigns in 2007-2009. We tested models of several differwhen the heteromolecular homogenous nucleation between
ent nucleation mechanisms coupling the formation rate ofH,SO4 and organic vapours was assumed to take place in
neutral particlesJ) with the concentration of sulphuric acid addition to homogenous nucleation ob$, alone, i.e.,
([H2SQy)) or low-volatility organic vapours ([org]) condens- J=Ksa1[H2SO4]?+Ksa2[H2SO4][org]. By adding in this

ing on sub-4 nm particles, or with a combination of both equation a term describing homomolecular organic vapour
concentrations. Furthermore, we determined the related nuaucleation, Ks3[org]?, equally good results were achieved.
cleation coefficients connecting the neutral nucleation ratdn general, our results suggest that organic vapours do play a
J with the vapour concentrations in each mechanism. Theaole, not only in the condensational growth of the particles,
main goal of the study was to identify the mechanism of newbut also in the nucleation process, with a site-specific degree.
particle formation and subsequent growth that minimizes the
difference between the modelled and measured nucleation
rates. At three out of four measurement sites — Hafati
(Finland), Melpitz (Germany) and San Pietro Capofiume

(Italy) — the nucleation rate was closely connected to square(l\ large number of observations have shown that atmospheric

sulphuric acid concentration, whereas in Hohenpeissenberﬁew article formation by nucleation takes olace frequentl
(Germany) the low-volatility organic vapours were observed. P Y P q y

in the continental boundary layer, as well as in the free tro-
posphere (e.g. Kulmala et al., 2004a; Kulmala and Kermi-
nen, 2008; Venzac et al., 2008; Mirme et al., 2010). Un-

Correspondence td?. Paasonen der favourable conditions, nucleated particles grow into sizes
BY (pauli.paasonen@helsinki.fi) in which they are able to produce new cloud condensation
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nuclei (Lihavainen et al., 2003; Kerminen et al., 2005; Laak- of organic compounds in atmospheric nucleation. We will
sonen et al., 2005; Whitehead et al., 2009; Wiedensohler eapproach the problem by first assuming that both nucleation
al., 2009). The important role of nucleation in the global and initial growth of nucleated particles are determined by
aerosol budget and, thereby, in cloud microphysics and clisulphuric acid and the same low-volatile organic vapour(s).
mate, has recently been demonstrated by many large-scal®y determining the particle growth rate and gaseous sul-
modelling studies (Spracklen et al., 2008; Makkonen et al. phuric acid concentration from measurements, we may cal-
2009; Merikanto et al., 2009; Pierce and Adams, 2009; Wang:ulate the “growth-equivalent” organic vapour concentration
and Penner, 2009; Yu and Luo, 2009). and investigate its relation to measured nucleation rates. Be-
A successful simulation of aerosol dynamics in global cli- sides the simple first and second order mechanism based on
mate or Earth System models requires mechanistic undersulphuric acid studied before (Kulmala et al., 2006), we will
standing on how the nucleation raté)(is connected with  investigate six additional analogous nucleation mechanisms
the concentrations of vapours participating in the nucleationthat involve this organic vapour concentration. Our analysis
process. At present such an understanding is far from comis based on measurements conducted within the EUCAARI
plete. Both field measurements and laboratory experimentgroject (Kulmala et al., 2009) at four different field sites in
have identified sulphuric acid g$0,) as the key player in  Central and Northern Europe.
atmospheric nucleation (e.g. Weber et al., 1997; 8ipi
al.,, 2010). The best relation between the nucleation rate )
and HSOy concentration is usually obtained when assum-2 Materials and methods
ing J~[H2SOy]", where the exponentlies in the range 1-2
(Weber et al., 1997; Kulmala et al., 2006; Riipinen et al.,

2007; Kuang et al.,, 2008; Paasonen et al., 2009;&¢tial.,  The combined dataset used in this study was collected from

2010). Such a relation is in stark contrast with existing ther-¢,, gifferent stations around Europe (Fig. 1). The sites rep-
modynamic nucleation theories, but it could be explained byggent [ocations with a variable anthropogenic influence and

activation-type (Kulmala et al., 2006) or kinetic (McMurry gas phase pollutant levels. The stations also differ signifi-

and Friedlander, 1979) nucleation involving$0;. _cantly in geographical latitude and, consequently, in terms of

In addition to sulphuric acid, the atmospheric nucleation yeir syrrounding ecosystems — varying from the rural Boreal
rate has been suggested as being affected by many other traggest (Hyytiala) to Mediterranean agricultural areas (San
gases (see Kulmala and Kerminen, 2008). Among them, 0Wpietrq Capofiume). The altitude range varies from close to

volatile organic compounds are of specific interest for SeV-ge4 |eyel in the Po Valley to mountainous Hohenpeissenberg
eral reasons. First of all, large amounts of organic aerosol; ggg m.

precursor vapours are emitted into the global atmosphere,

and in the future such emissions might even be increased 1.1 Hyytiala

as a result of climate change (Kulmala et al., 2004b; Ar-

neth et al., 2008; Pacifico et al., 2009; Rinne et al., 2009) Hyytiala (SMR) is a rural site in central southern Finland

Secondly, the contribution of secondary sources to the at{61°51 N, 24°17 E, 181 ma.s.l.). The measurements in

mospheric organic aerosol load, in general, and to aerosdtyytiala were performed at SMEAR Il (Station for Mea-

dynamics, in particular, seems to be much larger than previsuring Ecosystem-Atmosphere Relations, Hari and Kulmala,

ously thought (Hallquist et al., 2009; Jimenez et al., 2009).2005) operated by the University of Helsinki. The station

Thirdly, the growth of freshly-nucleated atmospheric aerosolis located in a boreal coniferous forest consisting mainly of

particles cannot usually be explained without a significantScots pine Pinus sylvestrid..). The biggest city nearby

contribution by vapours other than sulphuric acid (Weber etHyytiala, Tampere, is about 60 km from the site and has a

al., 1997; Birmili et al., 2003; Boy et al., 2005; Smith et population of about 200 000.

al., 2008), and indirect chemical measurements indicate that

organics are present in nm-sized and larger particles during-1.2 Hohenpeissenberg (HPB)

atmospheric new particle formation events (O’Dowd et al., i .

2002; Laaksonen et al., 2008). Direct evidence on the par € ~Meteorological  Observatory = Hohenpeissenberg

ticipation of organics in the nucleation process has also beef€-9- Birmili et al., 2003), operated by the German

obtained in laboratory experiments (Zhang et al., 2004, 2009/Veather Service (DWD), is situated in rural southern

Metzger et al., 2010). Germany (4748 N, 11°0' E), 40 km north from the_AIps.
The biggest gap of knowledge when linking atmosphericThe ob_servatory stf_;lnds on top of the Hohenpeissenberg

nucleation with organic vapours is the ignorance of the con-Mountain, at an altitude of 985ma.s.|. and about 300m

tributing species (e.g. Clayes et al., 2009). As a result, webove the surrou_ndlng countryside. The surroundings of the

neither know which organic vapours participate in nucle- Mountain are mainly meadows and forests.

ation, nor their physical and chemical properties or concen-

trations. In this paper, we aim to shed new light on the role

2.1 Measurement sites
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particle size distributions, sulphuric acid concentrations and
global radiation data. Both particle and sulphuric acid con-
centration measurements were performed at ground level.

2.2.1 Ultrafine particle size distributions

The air ion and neutral particle size distributions from 0.8 to
42 nm (mobility diameter) were recorded with Neutral clus-
ter and Air lon Spectrometers (NAIS; Kulmala et al., 2007;
Asmi et al., 2009). The NAIS classifies the particles ac-
cording to their electrical mobilities, which are further con-
verted to mobility diameters. lon concentrations are calcu-
lated from electrometer currents, both polarities being mea-
sured simultaneously with different electrometers. Addi-
tionally, the NAIS measures neutral particles based on the
aerosol unipolar charging probability in the corona chargers,
15°E placed in front of the mobility analysers. The formed corona
ions are further removed from the sample flow using electri-
Fig. 1. Map of the measurement sites. Sites from north to south:cal filters. One measurement cycle, consisting of ion, total
Hyytiala (Finland), Melpitz (Germany), Hohenpeissenberg (Ger- (neutral + charged) and background signal measurements, is

many) and San Pietro Capofiume (ltaly). completed in five minutes. Prior to field measurements, all
NAIS instruments were inter-compared and calibrated (Asmi
) etal., 2009).
2.1.3 Melpitz

. . L 2.2.2 Sulphuric acid concentration
Melpitz (MPZ; Engler et al., 2007) is a rural site in eastern P

Germany (5132 N, 12°54 E, 87 ma.s.l.). The measurement
site is operated by the Leibniz-Institute for Tropospheric Re-
search (IfT), and is situated on a flat meadow surrounded b

agncu:turbal Iandt.. Eve'r: th?# gT Mellp't? IS ct:IhearIy con§|der|<|ad typically used with time resolutions between some seconds
a rural observation sSité, the [evels of anthropogenic polllu-5,q 5 minute. In this study, we averaged the measured

tion tend to be higher than in Hy3ii or Hohenpeissenberg concentrations over 10 minutes. The measurements in

€.g.in tgrms of sulphur d!OX'de (Hamed et al., 2010), which Hohenpeissenberg, Melpitz and San Pietro Capofiume were
Is the prime anthropogenic precursor oS0y performed with the CIMS of DWD, whereas in Hyaih

the CIMS of the University of Helsinki (UHEL) was used.
The two instruments are very similar, as the UHEL CIMS

San Pietro Capofiume (e.g. Hamed et al., 2007) is located S Puilt at the National Center for Atmospheric Research
Northern Italy, in a flat rural area in the eastern part of the(NCAR, USA), and also the DWD CIMS is NCAR-type

Po Valley (4439 N, 11°37 E, 11ma.s.l.). The distance to CIMS, though slightly modifie(_j (B_erresheim et al., 2000).
the closest cities, Bologna and Ferrara, is about 40km. Pd €Y also.rely on the.sam(.a calibration procgdure.

Valley is the largest industrial, trading and agricultural area Measuring sulphuric acid concentration is not a standard
in Italy with a high population density. During the measure- procedu_re hitherto. The sulphuric acid concentration mea-
ments reported here, however, fairly clean conditions wereSured with the UHEL CIMS has been compared to calculated
encountered with the frequent influence of air masses fronfoncentration proxies in Hyyila (Pedja et al., 2009). The

The sulphuric acid concentrations were measured
with Chemical lonization Mass Spectrometers (CIMS;
Berresheim et al., 2000; Rgh et al., 2009). The CIMS is

2.1.4 San Pietro Capofiume (SPC)

the Adriatic Sea. measured concentrations agreed well with those calculated
with the proxies. However, intercalibration of the CIMSs
2.2 Instrumentation and measurements that were used has not been performed. Thus, we can not

fully exclude the possibility of systematic differences in the
Similar sets of atmospheric particle measurements were casulphuric acid concentrations $80,] measured by different
ried out during the EUCAARI-campaigns at all four sites: instruments (UHEL and DWD), regardless of their similar-
in Hyytiala from 1 April to 21 May 2007 (Manninen et al., ity. The uncertainty of the DWD instrument for,80y has
2009), in Hohenpeissenberg from 20 July 2007 to 28 Decembeen estimated at 39% (2-sigma) (Berresheim et al., 2000),
ber 2008, in Melpitz from 10 May to 31 May 2008 (Manni- and has been improved since. Thus, combined uncertain-
nen et al., 2010), and in San Pietro Capofiume from 30 Jundies might result in up to 50% systematic difference between
to 12 July 2009. All four datasets included air ion and neutralboth instruments in the worst case. Systematic differences in

www.atmos-chem-phys.net/10/11223/2010/ Atmos. Chem. Phys., 10, 11P2&8-2010



11226 P. Paasonen et al.: On the roles g&8, and organic vapours in new particle formation

sulfuric acid measurements due to instrumental drift betweerdistribution function was fitted in each time series of concen-
the sites HPB, Melpitz and SPC, which were all measured bytrations during the nucleation event. A linear fitting to the
the same DWD CIMS instrument with identical calibration times corresponding to the maxima of these functions was

procedures, should not exceed 20%. made, resulting in the growth rate GRin units nmh® (an
example is given in Fig. 2b).
2.2.3 Ancillary data Manninen et al. (2009) assumed that the real growth rate

from 2 to 3 nm might be a factor of 2 lower or higher than the
For the calculations, we also utilized the particle size dis-average growth rate of particle population determined with
tributions from 3nm up to 800 nm in Melpitz, up to 1pm the method described above. However, in the current study
in Hyytiala and up to 600nm in SPC, all measured with athis factor was somewhat smaller, because we used only
Differential Mobility Particle Sizer (DMPS; Hoppel, 1978; those nucleation events for which the determined growth rate
Aalto et al., 2001; Birmili et al., 1999), and distributions seemed unambiguous.
from 13 nm up to 900 nm in HPB measured with a Scanning From the sulphuric acid concentration ¢&0,]) mea-
Mobility Particle Sizer (SMPS). sured with the CIMS we calculated the particle growth rate

Additionally, the basic meteorological data (global radia- related to sulphuric acid condensation (@E,,). The sul-

tion, temperature, relative humidity, air pressure, and windphuric acid concentration required for growth rate of 1 nm/h
speed and direction) were available. in particle size range,=2—4 nm was obtained from Niemi-

nen et al. (2010) (see also Lehtinen and Kulmala, 2003)

2.3 Data analysis
2 ,Opd\/ TTMmy

CGR=1, HyS04 = T
The goal of this study was to investigate the connections be- 25 ymyAt N 8kT
tween the formation rate of neutral 2 nm size particlgsg, ( 2x1+1 2x0+1 x1(xg+ 1) )
and the concentrations of sulphuric acid {§0y]) and other xii+1)  xo(o+ 1) xox1+ 1)/

vapours condensing on particles from 2 to 4 nm in diameter

(dp). These vapours were assumed to be oxidized organi(‘f"herexo andx; are the ratios of the vapour molecule diame-
vapours and are, thus, marked with [org] hereafter ter (dy) to the initial and final particle diameter, respectively.

In order to deriveJ, and [org] from the measurements, ;I'Tedma;? 3: asulphurlc gcu:_vapbouerrctJIetoulleva%sO(;alc&J—
the particle growth rate (GR) is needed. The growth rate'® co WIth the parameterization by sart et al. (2007), de-

can be determined only if a new growing mode of particlesscribing the sulphuric acid hydrate distribution as a function

with d,~2 nm is observed and can be distinguished from theOf ambient temperaturel{ and relative humidity. For the

. D T . density of the particled,) we used a value of 1440 kgm.
size d|str|but_|on, l.e. on nucleation evenF days (an examplel_his ig an aveprage oﬁ)he density of sulphuric acig-zﬁvater-
is given in Fig. 2a). Only those nucleation event days, formixture (0=1670 kg T3, the average at the conditions of the

which a sufficiently unambiguous value for GR could be de-d A int din th Vs lculated with th
termined, were used in the analysis. Furthermore, the conZata PoInts used in the analysis, caiculated wi € parame-

centration of particles with diameters from 2 to 4 nWp(4) teréz?rt:ons by Kudrerzj et alt Z?Otzl ant?]Jaecker-Voon, 1,[98.’8) ¢
is needed to calculate thle. The neutral particle concentra- an e assumed density of the other vapour(s) participat-

tion below 3 nm measured with the NAIS can be trusted onlyIng in the nucleation andfor the initial growth of the parti-

— 3 H
when reasonably high concentrations are obtained (Asmi e?les (0_12(.)0 kgnr*, see Sect. 2.3.2). Finally, the vapour
al., 2009). Thus, to attain reliable GR ait_4 values we molecule diametea#, was calculated separately for each data

included in the analysis only the data points measured durPoint as a function of temperature and humidity, by using the

ing the nucleation events. The start and the end time of thdnassny and the density of the sulphuric acid-water-mixture.

events were determined visually from the total particle size t,_ActluaII_y,_ the Cakg”atedeR=1t*H2ts_o4 (;lesg_r |bets the thf’;\?t;]
distributions recorded with the NAIS (see Fig. 2a). retical minimum HSQ, concentration leading to a gro

rate of Lnmh?, as it is assumed that every sulphuric acid
molecule colliding with the particle is attached to it. How-
ever, in laboratory experiments by Sipit al. (2010) the ob-
The growth rate of particles from 2 to 4 nm in diametgy)( served_grovvth wasin gopd agreement W'th.the growth calpu-
byIated with Eq. (1). This gives us confidence in the assumption

was determined from the ion size distribution recorded AR .
the NAIS. The ion concentrations were used instead of theof collision limited growth rate. For further details concern-

total concentrations, because the growing mode is typically"d the derivation of Eq. (1), we refer the reader to Nieminen
better defined in the ion concentrations. The determinatiorf! &- (2010). _ _

of the growth rate was made with the method presented by. The growth rate related toﬁo.“ co_ndensatlon during the
Hirsikko et al. (2005) as follows. The time series of ion con- t|mefra_me used for the determination of gRwas calcu-
centrations at size classes having geometric mean diametéf?ted directly as

between 2 and 4 nm were examined separately. A normal

2.3.1 The particle growth rate GRo_4

Atmos. Chem. Phys., 10, 1122B242 2010 www.atmos-chem-phys.net/10/11223/2010/
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Fig. 2. Nucleation event recorded with the NAIS in Hohenpeissenberg on 21 September 2008 (aPanetents the total particle size
distribution as a function of time. Corresponding particle concentrations are shown in colour. From this day, the data points measured between
11:30 and 14:50 were used in the analysis. Pérethows the simultaneously measured size distributions of negative air ions. Growth rate
between 2 and 4 nm is determined based on the maxima (black circles) of the normal distribution functions fitted in the concentration time
series of size channels during the event. Note the different concentration scales in panels (a) and (b).

GRu,s0, = M, 2) we assumed a value of 1200 kgfn(Kannosto et al., 2008;
CGR=1, Hy504 Hallquist et al., 2009). With these estimations, using Eq. (1),

For the sulphuric acid concentration{80s]qet We used the W€ calculated thel organic vapour concentraiagr-1, org
one hour median of the measured concentrations recordel§@ding to 1 nmh= growth, and further the organic vapour
during the corresponding timeframe for determination of concentration needed to produce &fas

GRyet: [Org]det = GRorgCGRzl, org: 4)
2.3.2 Estimated concentration of the low-volatility As stated earlier, Eqg. (1) gives the theoretical minimum of the
organic vapours vapour concentration needed for the 1 nm lgrowth. Thus,

the concentration calculated in Eq. (4) is the minimum con-
The identity of vapours influencing the new particle forma- centration of low-volatility organic vapours needed for com-
tion, besides sulphuric acid, is not known so far. Therefore pleting the observed growth rate.
we had to estimate their properties and concentration indi- \With the above described method we could derive one
rectly. We assumed that the vapours potentially participatingvalue per day for the growth rate of the particles and, thereby,
in nucleation are the same as those causing the part of thglso for the concentration of condensing oxidized organic
condensational growth of the smallest freshly nucleated parvapours. However, the concentration of oxidized organic
ticles @=2—4 nm), which cannot be explained by sulphuric vapours is expected to vary significantly during the day, due
acid. Although no clear evidence of the composition of theseto the variation in both their source, the oxidation rate of
vapours is available, we assumed that they are of organic oriprecursor vapours, and their sink, condensation to ambient
gin (e.g. Kulmala et al., 2004b; Riipinen et al., 2009). The aerosol. Because the concentration of the precursor vapours
growth rate related to the condensation of these vapours wagould not be determined, we approximated the concentra-
calculated from the previously described growth rates as thejon of the oxidized organic vapours to be directly propor-
difference between the observed growth rate and that due t@onal to the concentration of the hydroxyl radical (OH), and

sulphuric acid condensation, i.e. inversely proportional to the condensational sink CS (Kul-
mala et al., 2001). The oxidized organic vapours condens-
G =G -G , 3 . ' )
Rorg = GRdet = GRuzs0y 3 ing on particles withd,=2—4 nm were assumed to be pro-

where GRet refers to the observed growth rate. We consid- duced via OH oxidation neglecting the other important day-
ered the growth due to these vapours simply as a condensgime oxidation pathway, ozonolysis (Hao et al., 2009; Kul-
tion process. This is justified, because the surface processasala et al., 2004b). Even if this assumption did not hold
related to organic vapour uptake are apparently significanexactly, the ozone concentration does not have as strong a
only for particles larger than 4 nm (Wang et al., 2010). diurnal variation as the OH concentration and, thus, would
We approximated the properties of the organic vapournot have as drastic an impact on the diurnal cycle of [org]
species with those of monoterpene oxidation products, withas would the hydroxyl radical concentration. Since the mea-
the chemical formula ¢H1602 (Taipale et al., 2008). The sured OH concentration was not available from all the mea-
corresponding molecule mass is 168 amu, and for the densitgurement sites, we approximated the diurnal variation of OH

www.atmos-chem-phys.net/10/11223/2010/ Atmos. Chem. Phys., 10, 11P2&8-2010
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concentration by the variation observed in global radiation.2.3.4 Charged and neutral particle formation rates
This is justified, since the main atmospheric pathway in the
production of OH-radical is the photolysis of ozone by UV-B The formation rates of positively and negatively charged par-
radiation (Rohrer and Berresheim, 2006), which at the saméicles with diametet/,=2 nm (/," andJ, , respectively) were
time correlates well with the global radiation. Hence, the calculated from the ion size distributions measured with the
estimated concentration of the oxidized organic vapours iNAIS almost similarly to the total particle formation rate
written as Jé"t. However, two additional terms appear in the equation:
GlobRad) /GlobRade a _smk ofions withdp=2—-4 nm causeq by their recombination

, (5 with the ions of the opposite polarity, and a source due to
CS(1)/CSer the charging of neutral particles via coagulation with smaller
where CS refers to the condensational sink for organicions. Thus, the formation rate of positively charged particles
vapours, calculated from the DMPS/SMPS data by using themay be written as (Manninen et al., 2009)
dry size of the particles. The indices “det” refer to the one Nt GRo_NF
hour median values during the timeframe of determlnat|onJ+ _ 424 2—4No_4 n Coag%Nng

[org] = [org] (1) = [org] ey

of the growth rate. Using this scaled organic vapour concen- 2 dt 4nm-—2nm
tratu_)n, we calculated the time dependent growth rate of the 1 « . N2+_4N;4 -B- N§°_t4Nj2. (8)
particles
The formation rate of negatively charged particlgs is
_ _ [H2SG] [org] lculated lly but using th ite polarities. |
GRy_4 = + ] (6) calculated equally but using the opposite polarities. In
CoRr=1, H,s0,  CGR=1, org Eqg. (8) N.4 denotes the concentration of ions with a diame-
933 Particle f i e ter smaller than/ nm, «=1.6x10"%cm®s 1 is the recombi-
e articie formation rate J nation coefficient (Isrél, 1970), angg=1.0x108cm3s1is
he ion-neutral particle attachment coefficient (Tammet and

When measuring on the total particle mode, the NAIS detect
not only the neutral particles, but also the natural external ulmala, 2005). ) i "

ions of the same size. Typically the NAIS detects high to- " order to examine the neutral fraction 8", we sub-
tal concentrations of particles below 2 nm size (e.g. Fig. 2a) racted the ion formation rates, and achieved

A fraction of these particles can be real atmospheric clusters, o I ©)
(Kulmala et al., 2007) which, however, can not be readily *? ~ ’2 2 2

distinguished from the ions produced in the corona charger

‘ . : : We also calculated the recombination rafgd) produc-
of the instrument (Asmi et al., 2009). Due to this uncertainty,

X ; ing neutral particles with 2—4 nm size. This was done by
the total particle concentrations were only calculated downsumming the products of the concentrations of those oppo-

to 2nm dlﬁme_ter limit. If-kawever, Ith's dlla:‘net;ar IS adgquat?,site polarity ions that would, colliding with each other, pro-
because the diameter of the stable particles formed in nuc €uce a particle withi,=2—4 nm, and multiplying this sum

ation is assumed to be between 1 and 2nm (e.g. Kulmala &fi the recombination coefficient. This method is more
al., 2007; Nieminen et al., 2009, Sigiét al., 2010). precisely described by Manninen et al. (2009). The recom-
The particle formation ratelgOt where the index 2 refers .. L ; o ;
P ' bination coefficientr describes the collision rate of opposite

to the formation of particles with,=2 nm, and “tot” to total polarity ions and is, thus, the maximum rate coefficient for
as both neutral and charged) was calculated with the methog e oy ction of stable neutral particles via recombination.

presented by Riipinen et al.t(t2007) and Kulmala etal. (2007)here js no evidence and, thus, no reason to believe that the
by using the concentratioN;”, of 2 to 4nm particles mea-  ocombination product would still be stable when the elec-
sured with the NAIS, and the time derivati/é/;,/dtof this  trical forces holding each of the charged particles together
concentration in the equation vanish. Because we do not know how large a fraction of the
dNtot GR,_4N'ot recombined ion pairs affects our measuredwe, thereby,
2—4 2—4N o4 tot ; ; : :
+ + CoagQN, 4, (7) did not subtract/rec in the calculation of the neutral particle
dt 4nm-—2nm formation rateJ,. Instead, the values ofec were used in
where Coag$ is the coagulational sink (Kulmala et al., order to investigate which fraction 0 could be explained
2001) for particles withdp=3nm (close to the geomet- by the recombination of ions.
ric mean of the size bin 2—-4nm), calculated from the The particle formation rate data were filtered with a
DMPS/SMPS data. On the right-hand side of Eq. (7), theparabolic differentiation algorithm provided by the Matlab
first term represents the observed change of the concentrgrogramme (with a window size of 3 data points, i.e. 30 min),
tion, the second term is the growth out of the specified sizein order to reduce the fluctuations ik data resulting from
range and the third term describes the coagulational scawhe noise in the calculation of the derivatidev,_4/dt. Fi-
enging. In calculating CoagSwe used the dry size of the nally, the particle formation rate data was interpolated to the
particles. 10 min time steps of the sulphuric acid concentration data.

tot __
Joh =
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2.3.5 On the uncertainties ofNo_4 measured with the to induce the nucleation instead of the sulphuric acid, either
NAIS via cluster activation

We do accept the inaccuracy of the NAIS, when measur-J = Agrg [0rg], (12)
ing the concentration®/_3 of neutral particles with diam- )

eters below 3nm (Asmi et al., 2009). This inaccuracy arisesAf by homogenous nucleation

mainly from the charger ions, some fraction of which is de-

tected as neutral particles with diameters below 3 nm. How-
ever, as Asmi et al. (20,09) St‘f"te’,th's relgtlvg ihaccuracy dein which [org] stands for the concentration of the oxidized

creases when the amb'eM(:*’ Is high, Wh'Ch_ is the case in __organic vapours condensing on sub 4-nm patrticles.

all our analysed data points measured during the nucleation If we assume that both sulphuric acid and organic vapour

events. If thetgtharger fons did affect the observed, can activate the pre-existing unidentified clusters, we can
their effect onJ,>* would be most significant, when both ac-

J = Korg [0rg]?, (13)

2 o . . write
tual N2_4 and its time derivative are relatively small, i.e., in
. . Ot .
the data points with Fhe smalle$§ (;ee E?'- 7). Thisef- ;_ As ([H2SO4] + [org)). (14)
fect would cause a slight overestimation&f' in these data
points. The next proposed mechanism presumes either homogenous
_ . _ heteromolecular nucleation between sulphuric acid and or-
2.4 The studied nucleation mechanisms ganic vapour molecules, or one of the vapours activating the

) ) o ) clusters composed around a molecule of the other vapour, re-
We investigated the models of two existing nucleation theo'sulting in

ries, the activation and kinetic theories, and six more or less

new suggestions for neutral nucleation mechanisms. Accordy = Kye [H2SO4][0rg). (15)
ing to the activation theory, the sulphuric acid molecules ac-
tivate the pre-existing neutral clusters wifh<2nm to fur-  If in addition to heteromolecular nucleation (Eq. 15) the ho-

ther growth (Kulmala et al., 2006). Thereby, the number of mogenous homomolecular nucleation of sulphuric acid takes
activated clusters (i.e., formed particles) is, when a steadylace, we have
state nucleation rate is assumed, linearly connected to the

sulphuric acid concentration J = Ksa ([H2SOu]? + [H2S04][org)), (16)
J = A [HySOy], (10)  and, if also the organic vapours can nucleate homomolecu-
larly,

whereA is the activation coefficient.

Kinetic theory (McMurry and Friedlander, 1979) assumes J = Ks ((H2SQu]? + [H2SOu][org] + [org]?). (7)
homogenous homomolecular nucleation to occur between
two sulphuric acid molecules as in gas kinetic theory and,
thus, the nucleation rate is connected to the squared sulphur
acid concentration

In order to make it easier for the reader to understand the
eviously introduced coefficients with several subscript in-
girces, some clarification for the choice of the indices follows:
all the coefficientsA refer to the activation of pre-existing
J = K [HSOy12. (11) clusters while coefficientX refer to the homogenous (ki-
netic type) nucleation; coefficients with no indices refer to
Here the kinetic coefficienk is not only the reaction rate the previously presented theories taking into account only
coefficient, but includes both the collision frequency and thethe sulphuric acid concentration, index “org” refers to acti-
probability of formation of a stable particle after the collision vation/nucleation by organic vapours solely, “s” to the sum
(Weber et al., 1997; Sihto et al., 2006). of vapours or vapour combinations, “het” is connected with
In addition to previous nucleation theories, also the ther-heteromolecular homogenous nucleation, and “SA” with the
modynamical models connecting with sulphuric acid to  homogenous nucleation of sulphuric acid with both of the
powers larger than two were briefly examined by looking into available vapours.
the coupling betweeti and [H,SOy] to powers 3 and 4. The activation and kinetic theories (Egs. 10-11) have been
The activation and kinetic theories suggest that the nu-studied in several articles, such as Kulmala et al. (2006),
cleation rate is proportional to sulphuric acid concentrationSihto et al. (2006), Riipinen et al. (2007) and Paasonen et
alone. The following mechanisms were derived assumingal. (2009). Also the heteromolecular homogenous nucleation
that the organic vapours participating in the initial growth of mechanism (Eg. 15) has been investigated in laboratory con-
the nucleated particles are involved in the nucleation processditions by Metzger et al. (2010). The rest of the mechanisms
itself, as well. The first studied mechanisms are equal to actipresented above are, to our best knowledge, studied here for
vation and kinetic theory, but the organic species is supposethe first time.
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2.4.1 Optimized separate nucleation coefficients the slope differs significantly from one, the physical
reasoning behind the modelled mechanism does not
In addition to the nucleation mechanisms described above  hold. This is because the slope in logarithmic scale

(Egs. 10-17), we studied those mechanisms in which more s equal to the exponent in the linear scale. If, for
than one term exist (Egs. 14, 16 and 17) with separated coef- examp|e, a S|ope of 0.5 appeared in ﬁgure bg(
ficients for each term. By introducing these separate nucle-  vs. log([H,SOy][org]), it would suggest a connection
ation coefficients, the Eqgs. (14), (16) and (17) are written as between/, and ([HSOu][org])®>, which does not fol-

_ low from the reasoning given for Eq. (15) above. The
J = As1 [H2SQu] + Asz [0rg, (18) slope was estimated visually instead of by means of

J = Ksa1 [H2SOu]? + Ksaz [H2SOu] [org] (19) linear fitting, because the commonly used linear least
squares fitting should not be used when the relative er-

and ror in both x- and y-directions is significant and, for ex-
) ) ample, the bivariate fitting method presented by York et
J = Ks1[H2S04)” + Ks2[H2S0y] [org] + Ks3[org]”. (20) al. (2004) could not be used due to the lack of proper

The coefficients above were evaluated by minimizing the ~ 'Of estimates for each quantity.

sum of the squares of the differences between the observed gome notes must be made on these comparison methods.
and modelled nucleation rates in every data point. First of all, as the correlation coefficients are calculated
Different coefficients for separate terms can be ex-for |ogarithmic values, the exponent of the vapour concen-
pected, because the chemical properties of the sulphuric acigation does not have an effect @ i.e., equalR results
molecule and low-volatility organic vapour molecules are ex-or 7,~[H,SOy] and Jo~[H,S04]2. On the contrary, the
pected to be different, which will lead to varying concentra- \ 5riation Vao/10 is sensible to the order of the gas concen-
tions ngeded to achieve a given activation and h_omogenogﬁation, not only giving smaller values when the exponent
nucleation rates. Actually, among the condensing organiGs correct, but also systematically giving larger values for
vapour molecules, there may be several vapours with differyhe mechanisms involving second order vapour concentra-
ent chemical composition and physical properties, but in this;jg,g (exponent 2 and/or term $8Qy][org]). This is logi-
study we have no way of doing more than to treat these Or¢q| pecause the relative errarf/ f, e.g., for f=[H2S04]?
ganic vapours as a bulk. is twice as large as that fof=[H,SQy], as can be demon-
strated by simple calculations concerning the propagation of
error. Furthermore, the larger inaccuracy of [org] compared

The comparison between the models of the different nucle0 [H2SQu] increases th&sg/10 values for the organic vapour

ation mechanisms was carried out both for the whole datasé@lated mechanisms. Thus, even though the valuésaid

and site by site. Our comparison is based on the following"90/109V€ US an understanding of the reliability of the differ-
criteria: ent modelled nucleation mechanisms, a visual examination is

crucial for determining the reasonability of the models.

2.4.2 Comparison of the nucleation mechanism models

— The correlation coefficienk between the logarithms of

the observed (Eq. 9) and modelled neutral nucleation . ,
3 Results and discussion

rates.
— The variationVgg,10, i.€., the ratio of 90th and 10th per- 3.1  Site specific vapour concentrations, growth and
centiles of the data point-specific ratio between the ob- particle formation rates

served and modelled nucleation rates. For example ] ) )
when determining th&sg/10 for the HSOy activation The SUIlph“”C amd_concentraﬂc@GR:?L H2S0y nee7ded_fgr
mechanism/=A[H,SQy], we first calculate the ratio 1 NM IT"growth varied between 110" and 1.3<10°cm™
Jol[H2S0y] in every data point, and then the 90th and due to the differences in ambient temperature and relative
10th percentiles of these ratios. The variatigg, 10 humidity. The portion of grqvvth rate related to sulphuric
is simply the ratio of these percentiles. If the resulting 2id condensation from particle growth rate gRvas, as
variation wasVag10=10, then 80% of the data point- expected, clearly dependent on the sulphuric acid concentra-
specific coefficientsd(=J2/[H2SQy]) would be within ~ ton (Fig.3). _ _
one order of magnitude. Similarl¥/go/10=100 would For the organic vapour, we did not have hydrate dis-
mean two orders of magnitude difference between thelribution or density parameterizations available and, thus,
90th and 10th percentiles. using the oxidized monoterpene properties presented in
Sect. 2.3.2 we determined a constant minimum concentration
— The dependency between the logarithms of the ob-Cgr—1, org=9.4x 10° cm~23 that would be required to produce
served and modelled nucleation rates, in order to ap-a growth rate of 1 nmh* due to the organic vapour conden-

proximate the slope connecting these logarithms. Ifsation.
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Table 1. Statistics of the new particle formation events at different measurement sites. The observed growthdatese@hedian values
for all the events. The tabulated median values for sulphuric acid concentiati&®y], low-volatility organic vapour concentratigorg],
neutral particle formation raté, and ion formation rateiéo” as asum oleJr andJ, are calculated from the data points measured during

the nucleation events.

Analysed Datafrom Gy, [HoSOy], [org], Jo, Jg’”,
events, # months (nm/m)  @em3) @Pem3) (@Em3s1l (em3s
Hyytiala 10 Apri—May 33 1.1 16 1.9 0.041
HPB 15 Full year 4.8 2.3 48 2.3 0.094
Melpitz 8 May 4.2 18 16 9.4 0.036
SPC 3 (June-)July 9.5 16 63 13 0.20
W . SPC (Jorgk4x10’ cm~3) than in Hyytéla and Melpitz
o Hyytiala . (lorg]<2x10” cm~3). In Hyytiala and Hohenpeissenberg,
* HPB x X the sulphuric acid induced portion from the total growth did
% Melpitz o not exceed 14%, whereas in Melpitz the sulphuric acid con-
© SPC “ centration could explain from up to 74% of the observed
= . OO growth.
. § The median neutral particle formation rateswere about
g 10 ¢ e five times higher in SPC and Melpitz than in Hohenpeis-
& .° ° . senberg and Hyydila (13, 9.4, 2.3 and 1.9 s 1, respec-
© ®e .: o tively). In the whole dataset/, varied between 0.01 and
e 8om3s 1.
. We also calculated the maximum recombination thig
- o producing particles with diameters from 2 to 4 nm. The me-
107 ™ dian ratioJyed J2 was 0.015. This ratio exceeded 0.1 in 9%
10° 10° 10’ 10° of the data points, and exceeded 0.2 only in 4% of the data
[H,80,] (em ) points. Thus, the recombination of ions does not explain so

large a portion of the neutral particle formation rate that the

Fig. 3. The ratio between calculated growth rate due to sulphuricconnection between, and vapour concentrations would be
acid condensation and the growth rate determined from particle sizgyrastically affected by it.

distributions, as a function of sulphuric acid concentration at four

measurement sites.

3.2 The couplings betweery, and the vapour
concentrations

The median values of the observed growth rate, sulphurierpg correlation coefficient® between the logarithms of the

acid concentration, calculated low-volatility organic vapour ,pserved and modelled neutral particle formation rdseme
concentration, and neutral and charged particle formatiorgesented in Table 2, as well as the variatitbg 1o, i.e., the
rates for each measurement site are presented in Table fatios of the 90th and 10th percentile values of the ratios be-
It should be kept in mind that the median values for HO- een observed and modelled nucleation rate in each data
henpeissenberg are calculated for nucleation events whichgint Also the correlation and variation achieved by means

were measured all year round, whereas at the other sit€ss 4 inear coupling betweer» and GR is presented for com-
the measurements were carried out during the late spring %arison (see Sect. 3.3.3).

summer months only. Unfortunately, during these months

(April=July) only two analysable nucleation events were 321 Sulphuric acid nucleation

recorded at Hohenpeissenberg (partly due to the use of

DWD CIMS at the other measurement sites) and, thus, a deThe correlation between the neutral particle formation sate

tailed spring/summer comparison could not be carried out. and sulphuric acid concentration {804] was quite strong
The median sulphuric acid concentration was ap-in Hyytiala, Melpitz and SPC (correlation coefficienis

proximately an order of magnitude higher in Melpitz of 0.58, 0.68 and 0.58, respectively) and when the data of all

and SPC ([HSOy]~10"cm™3) than in Hyythla and the sites were considere#£0.65). However, in Hohenpeis-

HPB ([H2SOy]~10°cm™3), whereas the estimated or- senberg the correlation betwedn and [HoSOy] was weak

ganic vapour concentration was higher in HPB and(R=0.17). J» as a function of [HSQy] is presented for all
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Table 2. Correlation coefficientR and variationsVgp/10 achieved with all the tested nucleation mechanism models. The nucleation
coefficient values for Egs. (18) to (20) corresponding to the tabulated valuesamwd Voo, 10 are presented in Table 3.

Nucleation mechanism Correlation coefficight Variation Vgg,10
Measurement site Al HYY HPB MEL SPC Al HYY HPB MEL SPC
(number of data points) (841) (290) (288) (201) (62) (841) (290) (288) (201) (62)
Jo=A[H2SOy] (Eg. 10) 0.65 0.58 0.17 0.68 0.58 12 9 22 7 5
JZ:K[HZSO4]2 (11) 0.65 0.58 0.17 0.68 0.58 174 18 99 12 7
Jo=Aorglord] (12) 0.17 0.29 0.61 -0.23 0.07 39 23 8 40 11
Jzzl(org[org]2 (23) 0.17 0.29 0.61 -0.23 0.07 202 174 17 196 19
Jo=As([HoSOy]+[org]) (24) 0.46 0.34 0.61 0.44 0.24 20 19 9 11 9
Jo=KhedH2SO4]l0rg] (15) 0.59 0.51 0.47 0.27 0.47 33 22 30 13 8
Jo= KSA([HZSO4]2+[HZSO4] [org]) (16) 0.67 0.53 0.46 0.66 0.52 30 17 33 8 7
JZ:KS([HZSO4]2+[HZSO4][org]+[org]2) @an 0.47 0.32 0.61 0.61 0.19 71 136 17 11 13
Jr=Ag1[H2SOy]+Asol0rg] (28) 0.70  0.55 0.51 0.68 0.57 10 8 11 7 6
JZ=KSA1[HZSO4]2+KSA2 [HoSOy][0rg] (29) 0.64 0.58 0.46 0.58 0.50 28 20 31 8 8
12:1(5,1[H2504]2—',—K52[H2504][org]+KS3[org]2 (20) 0.65 0.44  0.52 0.62 0.49 25 27 23 8 8
Jo=BGRy_4 043 033 0.61 035 0.21 21 20 9 13 9
R =0.65,V, =12 107 — 10°
& 90/10 { o Hyytiala
P ' ' _ So* K = 4.8e-12
® Hyytidla & A .’& K =27e13
° HPB ) % 10°] o® (30 10} e
x Melpitz Qe %\‘ o . e HPB
101 H O spc 4 - "/'. K =5.0e-12
—— A=32e-06 W % HyytaaR-058 K=51e-14
,,,,,,,,, 10 : 10
'._A A =2.7e-07 1010 1012 1014 1015 10m
(2]
% 10 § 10° 10°
L X Melpitz
- ~ ——K=13e-13
o K = 1.0e-14
4 T 10 10’
10 1 e ) SPC
- ——K=1.3e-13
_2 / Melpitz, R = 0.68 SPC, R=0.58] " K=18e-14
10 10 12 14 16 1072 :
» 10 10° 10, 107 40 10" o 40"
10 " ' . . . ' . o [H,80,] (cm™) [H,80,F (cm®)
10 10 U 10 10
[H,S0,] (cm™)

Fig. 5. Neutral particle formation raté, as a function of squared
sulphuric acid concentration separately for each measurement site.
In the Hohenpeissenberg plot (upper right) the black points indicate
fhe data recorded between April and July, whereas at the other sites
all the data are from these months. The lines present the site-specific
90th and 10th percentile values of the kinetic coefficiEnEq. 11),

the values of which are presented in units %csml) on the right
hand side.

the measurement sites in Fig. 4. The 90th and 10th percentile

values for coefficien are shown in the figure, as well.

In Fig. 4, all the data points are quite well located in the recorded at HPB between April and July are marked sepa-
same range of coefficients However, the data points of the Tately. Even though these data points are from only two nu-
individual sites seem to request a slope larger than one (slop@€ation event days, they suggest that in HPB the nucleation
one equals to the slope of the percentile lines in figures)ate cannot be sa'tlsfac'torlly described by means of'models
This is illustrated more clearly in Fig. 5, where the forma- Pased on sulphuric acid alone even during the spring and

tion rate at every site is presented separately as a function gifummer months.
the squared sulphuric acid concentration. In Fig. 5, the data

Fig. 4. Neutral particle formation raté, as a function of sulphuric
acid concentration. The lines present the 90th and 10th percentil
values of the activation coefficiedt (Eq. 10), the values of which
are given in units (s1).
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forgl” fem™) forgl” (em”) Fig. 7. Neutral particle formation raté, as a function of the sum

) . . ) of the squared sulphuric acid concentration and the product of sul-
Fig. 6. Neutral particle formation raté; as a function of squared  ppyric acid and organic vapour concentrations. The lines present

low-volatility organic vapour concentration separately at the mea-yne 9oth and 10th percentile values of the coefficikgh (Eq. 16),
surement sites. In the Hohenpeissenberg plot (upper right) the blacl,q yalues of which are presented in units 3@nt).
points indicate the data recorded between April and July, whereas

at the other sites all the data are from these months. The lines in
Hohenpeissenberg plot present the site-specific 90th and 10th pe
centile values of the coefficierkorg (Eq. 13), 5.%107%° and
3.1x10 18cmds~1, respectively.

5.2.3  Nucleation of both sulphuric acid and organic
vapour

The correlation betweerd, and the model for homoge-

Even though Fig. 5 clearly shows that is connected to  NOUS heteromolecular nucleation (Eg. 15) was fairly strong,
[H2S04)2 in Hyytiala, Melpitz and SPC, the values for co- R=0.59, for the entire dataset (see Table 2). However, the
efficientsK are from one to two orders of magnitude higher best correlation coefficient?=0.67, for the models using
in Hyytiala and HPB than in Melpitz and SPC. This leads @ Single nucleation coefficient was achieved with Eq. (16)
to a large variationVeg10=174, for the entire dataset (see (Fig- 7), suggesting that both homogenous heteromolecu-
Table 2). Also theVgo 10 values for the individual sites are Iar_and homoge_nous homomolecular n_ucleatlon of sulphu_nc
higher than those resulting from the activation mechanismacid occur. This model also resulted in the smallest varia-
However, as these site-specific variations are not more thaHon (Veo/10=30) amongst the mechanisms related to second
twice as high as those resulting from the activation mechaorder gas concentrations and a single nucleation coefficient,
nism, the increase may result from the propagation of uncerWhen all the data was considered, and smaller site-specific
tainty when the sulphuric acid concentration is squared, ag’o0/10 values for Hyytala, Melpitz and SPC than those re-
mentioned in Sect. 2.4.2. On the contrary, when increasingulting from the model for the heteromolecular nucleation
the power of sulphuric acid concentration to 3 or 4, as sug-2lone (Eq. 15). Regardless of the good correlation, the slope
gested by the thermodynamical models, all the Site_speciﬁgor the whole dataset in Fig. 7 seems to be smaller than one.
values as well as the inter-site value Wfp/10 increased to o _ N
a greater extent than can be explained by the propagation c1-2-4 The optimized nucleation coefficients
uncertainty (values not presented). The correlations and vari-

ations are discussed in more details in Sect. 3.3. The presented optimized nucleation coefficients (Table 3),
and the variations and correlation coefficients (Table 2) re-
3.2.2 Organic vapour nucleation sulting from their insertion into Egs. (18) to (20) were ob-

tained by minimizing the sum of squares of the differences
In Hohenpeissenberg the neutral new particle formation ratén observed and modelled new particle formation rates. Only
J2 correlates well with the low-volatility organic vapour con-  the parameters optimized for the whole dataset, all measure-
centration [org}, R=0.61 (Fig. 6), instead of with [[BO:]2.  ment sites together, are presented here.
In Hyytiala this correlation is clearly weakeR£0.29) and it The modelled mechanism connectiridinearly with the
is non-existing or even negative in SPC and Melpitz. sum of the vapour concentrations (Eqs. 14 and 18) resulted
in a remarkably larger correlation coefficient and smaller
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Table 3. Values of the optimized separate nucleation coefficients, with the corresponding correlation coefficadtsariations/gg,10.

Nucleation mechanism Kspor Ksar Kspor Kspao Ks3 Ag1 As2 R Vao/10
10 ¥emds )y @0 Memdsl) @oMemdsh @o’sh @o'sy
Jo=As1[H2SOy]+Aszlorg] (Eq.18) - - - 6.1 0.39 0.70 10
Jo=Ksp1[H2S04]2+K sa2lH2S04]lorg] (199 11 3.2 - - - 0.64 28
Jo=Ks1[H2S04)%+ K so[HoSOy][0rg]+ K s3l0rg]2 (20) 1.4 26 0.037 - - 0.65 26
R=070,V, =10 R=064,V, =28
10° : 10° :
® Hyytiala ® Hyytiala
e HPB e HPB .
; % Melpitz ; * Melpitz
104 o spPC 10 ¢ SPC

3 -1
J2 (cm™s™)
=)

-2 /’/
10 - - \- L L 10—2 7
10° 10" ’ 10’ 10° 10% i

10
3 -1 0 10
AulH,80,1 + A lorg] em™ s ™) [H,80,F + Kg,,[H,S0,Jlorg] (cm® s)

KSA1 SA2

Fig. 8. Neutral particle formation raté; as a function of the sum  gig 9. Neutral particle formation rate, as a function of the

of sulphuric acid and low-volatility organic vapour concentra7t|0ns sum of the squared sulphuric acid concentration and the product

multiplied with Egpzirlate nucleation coefficients;=5.8x 10 of sulphuric acid and organic vapour concentrations, terms mul-

and Asp=5.4x10""s~~. The lines present the 90th (solid) and jpjied with separate nucleation coefficiekiga;=9.5x 1015 and

10th (dashed) percentile values of the ratio between the observeg{rSA2:4.6X 10~ cm3s~L. The lines present the 90th (solid) and

J2 and the rate modelled with Eq. (18). 10th (dashed) percentile values of the ratio between the obsésved
and the rate modelled with Eq. (19).

variation with separated coefficientl;; and Asp than with

As alone (Table 2). With this model, by using values minor influence on the correlation and variation resulting

As1=6.1x 107" and As=3.9x 108 s71, the highest correla-  from Eq. (19). Also the figures depicted for Eq. (19) (Fig. 9)

tion coefficient and smallest variatio®£0.70, Vog/10=10)  and Eg. (20) (figure not shown) were very similar. Never-

for the whole dataset were achieved. However, even withtheless, both of these models brought the slope for the entire

these coefficients, the site-specific datasets are better delataset closer to one than Eq. (16), as can be seen by com-

scribed with slope values over one (Fig. 8). paring Figs. 7 and 9. Furthermore, compared to Fig. 8 pre-
The optimization of the separated nucleation coefficientssentingJ» vs. the sum of the first order gas concentrations,

in Eg. (19), modelling homogenous nucleation of sulphuric the data points of the individual sites agree much better with

acid both homomolecularly and heteromolecularly, resultedthe slope one in Fig. 9.

in valuesKsa1=1.1x 1014 and Ksa2=3.2x10 4 cmis 1.

These coefficients lead to a slight decrease of both the cor3.2.5 Values of the derived nucleation coefficients

relation coefficient and the variation, compared to those

achieved with a single nucleation coefficient (Eq. 16). TheThe mean, median and percentile values (10th, 25th, 75th

decrease ofR from 0.67 to 0.64 may result from the in- and 90th) of the nucleation coefficients for the whole dataset,

creasing uncertainty when the term including [org] becomesas well as the site specific medians, are presented in Ta-

more significant (asKsa2>Ksa1). The introduction of ble 4. We would like to emphasize that the presented co-

a term describing the homogenous homomolecular nucleefficient values should be considered as estimative, mostly

ation of the organic vapours (Eq. 20 wifts1=1.4x 1014, due to the uncertainties in the determination of the growth

Ks=2.6x10"1% and Ks3=3.7x10 %cm®s™1) had only a  rate. Thus, the uncertainties are noticeable especially in the
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Table 4. Mean, median and percentile (10th, 25th, 75th and 90th) values of the nucleation coefficients for the whole dataset, and median
values for separate measurement sites. The mean, median and percentile values of the ratios between the observed and modelled nucleati
rates are presented related to the mechanisms including separate nucleation coefficients (the values of which are presented in Table 3).

Nucleation coefficient Mean Median Percentiles Site specific medians

10th  25th 75th 90th HYY HPB MEL SPC

A0 7sY (Eg. 10) 17 10 2.7 47 20 32 19 86 60 74
K10 H¥emdsl (11) 140 28 2.1 54 140 360 140 33 33 3.9
Aorg(10~7s7h) (12) 7.0 1.3 025 051 35 99 13 052 61 20
Korg(10~*cm3s™) (13) 21 0.44 0.054 011 23 11 074 011 39 0.36
As(10 77 (14) 2.0 1.1 024 046 25 48 11 048 28 1.6
Khef(10 4 cm3s™1) (15) 11 41 073 16 11 24 11 20 42 1.1
Ksa(10-4cmis1) (16) 8.3 2.6 059 12 88 18 10 19 16 0.8
Ks(10-14cm3s1) @17 15 0.37 0.050 010 1.2 35 069 010 11  0.23
J;
FlFSOT Ao (18) 1.3 1.0 029 051 17 28 14 065 092 098
J2 (19) 2.9 1.0 021 044 30 59 34 062 087 032

Ksp1[H2S04]%+ K saz[H2SOu][org]

> J2 > (20) 3.0 1.0 0.23 044 28 5.8 3.3 0.56 0.87 0.36
Ks1[H2S04]%+ K s2[H2S0y][org] + K s3[ org]

models including organic vapour concentration, which is cal-ferent CIMSs cannot explain the difference in the site specific
culated using the growth rate. However, as the order of magmedian values ok in Hyytiala (K=1.4x10"12cm?s1, Ta-
nitude estimates these values should be reliable. ble 4) and in Melpitz or SPCK < 4x10~“4cmés1). If we
assume that the UHEL CIMS used in Hyali shows 50%
3.2.6 Sensitivity related to the made assumptions andto  lower concentrations than the DWD CIMS and, thus, multi-
possible differences in CIMSs ply [H2SO4] measured in Hyy#la with the factor 2, the me-
dian value ofK in Hyytiala decreases to 3@.0 13cm3s 1.

The assumptions made in estimating the concentration [orgirhis value is still an order of magnitude higher than the me-
and studying its effect on the particle formation rdteare  dians ofk in SPC and Melpitz.

listed in Table 5. The sensitivity of some of the nucleation

coeff|C|er_1ts to the _OH-deper_1dency, density and mass of th%.3 Discussion

condensing organic vapour is also presented, as well as the

sensitivity to possible systematic difference between the sul-

phuric acid concentrations measured with the UHEL CIMS3-3.1  The connections betweei; and first order gas

used in Hyytala and the DWD CIMS used at the other sites. concentrations

The sensitivity analysis was carried out by replacing the as-

sumed values with minimum and maximum values shown inin Hyytiala, Melpitz and SPC the neutral nucleation rate

Table 5 and recalculating the nucleation coefficients. TheJ, was closely connected to sulphuric acid concentration

sensitivity is expressed as factors with which the nucleation([H,SG;]), the correlation coefficient® for the logarithms

coefficient values in Table 3 and the median values in Ta-of these quantities were 0.58, 0.68 and 0.58, respectively.

ble 4 need to be multiplied if the related minimum or max- However, in Hohenpeissenbetly was clearly better cou-

imum value is used. In case of the sensitivity to differencepled with the calculated concentration of low-volatility or-

in CIMSs, the smallest and largest values presented were olganic vapours (Jorg])R=0.61, than with the sulphuric acid

tained by multiplying sulphuric acid concentrations in either concentration R=0.17). The equally high correlation coeffi-

Hyytiala or at the other sites with the factor 0.5 or 2 (seecient between/, and [org] in Hohenpeissenberg, compared

Sect. 2.2.2). to that betweerny, and [HbSOy] at the other sites was quite
The largest uncertainties in Table 5 arise from the possi+temarkable, because the organic vapour concentration cal-

ble difference between the CIMSs, with the largest changeculated using [HSO4] and growth rate involves definitely

of one order of magnitude in the coefficiekit 41. However, larger uncertainties than those connected to measured sul-

the possible systematic error that results from the use of difphuric acid concentration.
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Table 5. Upper panel: the initial assumptions used in the study. Lower panel: sensitivity analysis for the nucleation coefficients when
the assumed OH-dependency, density and mass of the low-volatility organic vapour are varied, and when the CIMSs are assumed to have
systematic difference in measured sulphuric acid concentration. Tabulated values for nucleation coefficients represent the factors with which
the median values of andK in Table 4 and optimized coefficient values in Table 3 need to be multiplied if the corresponding minimum or
maximum value is used.

Assumption

Jo o [orgl x GRy_4 — GRy,s0,

Reasoning

The main assumption tested in this study. If the compounds affecting
the initial growth and nucleation were totally or mostly different, adding
[org] in a model should decrease the correlation with observations.

[org]Sat< 1000cnT3 If the saturation vapour concentration of condensing organic vapour is
over~ 1000 cnt 3, the concentration [org] from Eq. (4) is affected. Low
saturation vapour concentration is required for nucleating vapours.

Assumption Min. value Max. value Related multipliers for nucleation coefficients from Tables 3 and 4
A K As1 As2 Ksar Ksp2 Ksi Ks2 Ks3

GRget=GR %‘ < GRyet Non-systematic uncertainty of G causes uncertainty in results

GRyet<2x GR  but does not affect the coefficient medians.
[org] o« [OH]L [org] o [OH]? 11 1.2 10 1.0 1.0 1.1 1.1 07 1.9
[org] o [OH]? 10 10 10 10 40 0.8 32 07 04
p(org) = 1200 g cnt3 500 g cnt3 1.0 12 10 12 06 1.4 06 14 09
1900 g cnt3 1.0 10 10 09 05 1.0 06 10 08
m(org) =168 amu 84 amu 10 10 10 06 10 0.6 1.0 0.6 04
336 amu 1.0 10 10 16 1.0 1.6 10 16 25
No systematic difference in Systematic difference 07 06 05 08 01 0.8 02 05 09
[HoSO4] by different CIMSs.  of factor 0.5 or 2 17 25 17 14 51 15 73 10 26

When the sum of the gas concentrationsyay]+[org])
was investigated instead of [org] solely, the correlation in
HPB, R=0.61, was equal to that ob and [org]. This could
be expected, since in HPB the calculated organic vapour confhe models related to the homogenous nucleation of one of
centration was almost an order of magnitude higher than thehe vapours solely (Egs. 11 and 13) led to large variations
sulphuric acid concentration. At all the other measuremenbf the coefficient or Korg When all the data are examined
sites the connection betwedpnand the sum s clearly weaker together ¥90/10=174 and 202, respectively). However, by
than betweeny, and sulphuric acid alone. analysing the variations of the data from the individual sites,

The highest correlation coefficient and smallest variationwe observed that in Hyyaia the variation of the coefficient
for the entire dataseR=0.70 andVgo/10=10, were achieved K was twice as large as the variation of coefficientand
with the model involving the sum of the vapour concen- in Melpitz and SPC the difference was even smaller. In HPB
trations with separate sulphuric acid and organic activa-the variation ofKorg was also approximately twice as large
tion coefficientsAs1=6.1x10" " s 1 and Asp=3.9x108s~1  as that ofAog. As discussed in Sect. 2.4.2, these differ-
(Eq. 18). For Hyytala, Melpitz and SPC individually these ences of variations between the models using first and second
nucleation coefficients produced a practically equal correla-order vapour concentrations can be expected to result from
tion and variation as pure sulphuric acid activation. In HPB, the propagating uncertainty when the vapour concentration
the above-mentioned separate activation coefficients resulteié squared. Visual estimation of the slopes for the separate
in a weaker correlation and a bit larger variation than with sites from the figured> vs. [vapour? resulted in favour of
organic vapour concentration alone or with one coefficientn=2 (Figs. 5 and 6).

As multiplying the sum of concentrations. Nevertheless, in  The site-specific median values for coeffici&ghtaried by
all the models for activation type nucleation mechanisms thealmost two orders of magnitude, froki<4x 1014 cm®s™1
site-specific datasets seemed to demand slopes steeper thianMelpitz and SPC tok=1.4x10"?cm®s~t in Hyytiala
one (Figs. 4 and 8) and, thus, these models did not describgTable 4). Kuang et al. (2008) have reported kinetic coef-
the nucleation rate reliably. ficient values related to varying continental air mass types

3.3.2 The connections betweeg; and second order
vapour concentrations
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in the range 1.610 1%-1.6x10 1cm®s~1, with whichour ~ 3.3.3  On the correlation between/, and GR,_4
results agreed well. Their best fit value for the kinetic coeffi-
cient during two nucleation events in March 2003 in Hglgi ~ Correlation between/> and the growth rate of the parti-
was 4.0<10 3 cm3 s, with 90% confidence intervals from cles from 2 to 4nm was significanR&0.4) when calcu-
1.3x10 13t0 1.2x10 2 cmis 1. lated for the whole dataset from four sites, and for the HPB
Combining the rather small site-specifigo/10 values for ~ measurement station alone (Table 2). Thus, one could sus-
coefficient K with the remarkable difference in the site- pect that the GR dependence b}’t (Eq. 7) is the reason
specific medians, we may suggest some interpretations fofor the correlations betweefy and the modelled nucleation
this: (i) if the homogenous sulphuric acid nucleation is the mechanisms involving [org] derived from GR (Egs. 3 and 4).
only nucleation mechanism (in the other stations than HPB),This suspicion is justified, since the GR-term in Eq. (7) cov-
the coefficientk must be dependent on some quantity, which ers over 50% of the total}°" in some data points. On the
differs significantly between Hyydia and Melpitz/SPC, or other hand, the correlation is inevitable, because the same
(ii) there is some other nucleation mechanism in addition tovapours are expected to take part in both the formation and
the homogenous ¥$0O4 nucleation taking place especially in initial growth of the particles. The most convincing modelled
Hyytiala. mechanisms (Egs. 16, 19 and 20) resulted in stronger corre-
The model of homogenous heteromolecular nucleationations between the observed and modelled nucleation rates
mechanism proposing the connectida:Kne{H2SOu][0rg] than the correlations betwedn and GR in all measurement
resulted in a strong correlation for the whole datasetsites except HPB. This implies that the correlations are not
(R=0.59), and a quite strong correlation in H@li, Hohen-  only due to the GR dependencebf
peissenberg and SPC separately (0.51, 0.47 and 0.47, respec-The other reason to be suspicious of the use of GR is that
tively). On the other hand, in Melpitz, where the sulphuric the diameter of 2 nm might be larger than the diameter of the
acid concentration was higher than the organic vapour coneritical stable cluster. Thus, the formation rate of 2 nm parti-
centration, the correlation was clearly weakRr(Q.27) than  cles can be dependent on the growth rate also due to physical
for the mechanisms connecting with the sulphuric acid reasons. In order to examine this, we calculated the forma-
concentration solely. tion rate of 1.2 nm particles (diameter of the critical cluster as
When both heteromolecular and homomoleculaS&y suggested by Sigl et al., 2010) with the method presented
nucleation were assumed to take place, i.#=Ksa by Kerminen and Kulmala (2002) and used tlis in the
([H2SOy)?+[H2SOy][org]), the strongest correlation model comparisons instead @ (results not shown). This
(R=0.67) for the models with a single nucleation coefficient diminished the overall variationggg/10 related to all of the
was achieved. Additionally, the variations for the whole modelled kinetic mechanisms. The variations related to
dataset, and for the individual sites other than HPB, wereKog, Knet, Ksa andKs decreased to values 171, 180, 26, 25
small compared to those of other modelled mechanismsand 56, respectively (compared to 174, 202, 33, 30 and 71 in
connected to second order vapour concentrations. Howevefable 2). The variations achieved with separate kinetic nucle-
the estimated slope connecting the logarithms of modelledhtion coefficients for each term in Egs. (19) and (20) also di-
and observed particle formation rates from the whole datasetinished, from 28 and 25 to 23 and 21, respectively. On the
does not seem to be one. This can be seen in Fig. 7 as theontrary, all the variations related to the activation-type mod-
data points of Melpitz and SPC datasets should be movedls remained as in Table 2, or increased (variations related to
either up or left in order to achieve the overall slope one. A andAorg, from 12 to 14, and from 39 to 47, respectively),
Introducing the separate nucleation coefficierkga1 and the variation related td=BGRy_4 increased from 21
and Ksa2 (Eg. 19) or adding a term of homoge- to 22. The remarkable decrease of all the kinetic nucleation
nous homomolecular organic vapour nucleation (Eq. 20)coefficients seems to indicate that the achieved correlations
did not change significantly the correlation or variation betweenJ, and kinetic models involving [org] can not be
achieved with a single nucleation coefficiekika. How- explained by just the growth from the critical cluster to a
ever, the separate coefficients in Eq. (19) with valuesparticle with a diameter of 2 nm, but instead, that the nucle-
Ksp=1.1x10¥cemPs™t and Ksax=3.2x107'*cmPs™!  ation mechanism itself is connected to those organic vapours,
and in Eq. (20) withKs;=1.4x10714, K,=2.6x10"% and  which affect the initial growth of the particles.
Ks3=3.7x10"16cm?s~1 brought the modelled formation
rate in Melpitz closer to the observed rate (Fig. 9). On the3.3.4 The different behaviour of the formation rate in
other hand, even with these coefficients the modelled forma- HPB
tion rate in SPC remains higher than the obserygdspe-
cially with the lower observed formation rates. Also in Mel- The closer connection of with [org] than with [HSO4] in
pitz the formation rate was overestimated by these models iHohenpeissenberg, while on all the other sites theSBh]
data points with the lowest observed formation rates. Thusseemed to be the main determinant &f cannot be ex-
the estimated slopes for SPC and Melpitz data seem to bplained by what has been stated above. Hohenpeissenberg
larger than unity. differs from most of the measurement sites also in terms of

www.atmos-chem-phys.net/10/11223/2010/ Atmos. Chem. Phys., 10, 11P2&8-2010



11238 P. Paasonen et al.: On the roles g&8, and organic vapours in new particle formation

nucleation event frequency, by having the frequency max-gous to activation and kinetic theories, but they utilized low-
imum during the cold season instead of spring or summerolatility organic vapour concentrations alone or together
(Birmili et al., 2003; Paasonen et al., 2009). It is possi- with sulphuric acid concentrations instead of sulphuric acid
ble that in HPB some specific low-volatility organic vapour concentrations alone. One of them, the heteromolecular ho-
is present in contrast to the other measurement sites, whicmogeneous nucleation mechanism, has already been investi-
then should be almost as active in activating the clusters ogated in laboratory conditions by Metzger et al. (2010).
more active in nucleating homogenously than sulphuric acid. The models of the different nucleation mechanisms were
On the other hand, the different behaviour might also be recompared on the basis of the following characteristics and
lated to the HPB station being located on the mountain topmethods: (i) the correlation coefficie®t between the loga-
over 300 m above the surroundings. For example, Boulon etithms of the observed and modelled neutral nucleation rate,
al. (2010) showed that at a high-altitude Alpine site the nu-(ii) the variationVgg,10, i.€., the ratio of 90th and 10th per-
cleation event frequency did not correlate with sulphuric acidcentiles of the data point-specific ratio between the observed
concentration, and Rodrigues et al. (2009) have reported difand modelled formation rates, and (iii) visual analysis of the
ferent behaviour of the nucleation events depending on thdigures presenting the observed against the predicted forma-
season at the mountain site of Teneriffe. Unfortunately, intion rate (both in logarithmic scale), and more specifically,
our data there were very few analysable nucleation eventfiow close to slope one the data points of both the whole
in HPB during the late spring and summer months, the timedataset and site-specific datasets in these figures were. If the
when the measurements were performed at the other sites|ope significantly differs from one, the physical reasoning
due to the involvement of the Hohenpeissenberg CIMS in thebehind the mechanism does not hold. For all the modelled
Melpitz and SPC campaigns. Thus, a detailed comparison ofnechanisms with more than one term (i.e. two or more mech-
data from the same season as those of the other stations @nisms are assumed to produce particles simultaneously), the
currently not possible, but the two nucleation events recordedomparison was made both with a single nucleation coeffi-
during spring/summer do not show a correlation between nu€ient connecting the observed and modelled nucleation rates
cleation rate and sulphuric acid concentration, either. Furand with separate nucleation coefficients for each term.
thermore, measurements at HPB are continuously running A remarkable result of our study was that at Hohenpeis-
and corresponding data should become available soon. senberg the nucleation rate behaved differently than at the
other sites: whereas at the other sites the correlation between
J> and sulphuric acid concentration was stromy>0.55)
4 Conclusions and that between’> and organic vapour concentration not
(R<0.30), in Hohenpeissenbery had a strong correlation
We evaluated the concentration of the vapours other than sulwith organic vapour concentratio®€0.61) and a weak cor-
phuric acid condensing on 2 to 4 nm particles by subtractingrelation with sulphuric acid concentratioR€0.17). The dif-
the calculated growth rate related to sulphuric acid conden{ferent behaviour of the Hohenpeissenberg dataset may result
sation from the observed growth rate of these particles. Werom the location of the measurement site, which is on the
used the method presented by Nieminen et al. (2010) to caltop of the mountain (300 m above the surroundings), or from
culate the growth rate related to sulphuric acid condensationthe long-term nature of the measurements, as the Hohenpeis-
and further to estimate the concentration of the vapours insenberg dataset includes nucleation events from all seasons,
ducing the rest of the growth by assuming that these othewhereas the other data were recorded during spring and sum-
vapours are low-volatility organic vapours, as suggested bymer months only. However, also the two nucleation events
e.g., Kulmala et al. (2004b) and Paasonen et al. (2009)observed in HPB during spring/summer were in contrast to
This low-volatility organic vapour concentration was used coupling between nucleation rate and sulphuric acid concen-
in order to find out whether and how it affects the forma- tration.
tion rate of 2nm sized neutral particleg,), determined The smallest variationgg,10 for the whole dataset were
from particle size distributions. The analysis was made forachieved with the models describing the cluster activation
datasets collected during EUCAARI-campaigns between thevy sulphuric acid along=A [H2S04](Vao/10=12), and by
years 2007 and 2009 at four European measurement sitdsoth sulphuric acid and organic vapours with separated
(Hyytiala/Finland, Hohenpeissenberg and Melpitz/Germany,nucleation coefficients/=Ag1[HoSOy]+Asoorg], where
and San Pietro Capofiume/Italy). The data showed a wided51=6.1x10’s1 and As=3.9x10 8s1 (Vag/10=10).
range of particle formation and growth rates (over three and~urthermore, the highest correlation coefficient related to the
two orders of magnitude, respectively). studied modelsR=0.70, was also achieved with the latter
We tested the models of several nucleation mechanismf these activation mechanisms. However, by analysing the
including activation- (Kulmala et al., 2006) and kinetic-type figures related to these models (Figs. 4 and 8), we realized
(McMurry and Friedlander, 1979) sulphuric acid nucleation that even though with these mechanisms the data points of
mechanisms, and six additional mechanisms involving low-the whole dataset produced a slope very close to one, the site
volatility organic vapours. These mechanisms were analospecific datasets were clearly better described with a steeper

Atmos. Chem. Phys., 10, 1122B242 2010 www.atmos-chem-phys.net/10/11223/2010/



P. Paasonen et al.: On the roles ¢f8@, and organic vapours in new particle formation 11239

slope. Thus, the activation mechanisms do not describe the Due to a large number of uncertainties in the measure-
nucleation process reliably. ments, the determination of the growth rates, the parameteri-
By the general inspection of th&yg/10-values achieved zation of the time dependence of the growth rates and the as-
with the different models, we concluded that the kinetic- sociated determination of the organic vapour concentrations,
type mechanisms connected to second order vapour corthe presented values of the nucleation coefficients connect-
centrations resulted in larger variations. This behaviour ising Jo and the vapour concentrations, are not assumed to be
reasonable due to the propagation of error when the meaexact. Nevertheless, they should provide at least good order
sured and approximated vapour concentrations are multief magnitude estimates.
plied or squared. Hence, the site specific variations for the Our results also suggest that condensable vapours other
sulphuric acid kinetic nucleation theoty=K[H,SO4]? at  than sulphuric acid, presumably oxidized organic vapours,
the sites other than Hohenpeissenberg were relatively smallo play a role in atmospheric nucleation. The dataset in-
(Vao/10<20), but the high variation for the whole dataset cluded three subsets presenting clearly separable connec-
(Vao/10=174) revealed that there is some clear differencetions between sulphuric acid concentration and nucleation
between the sites affecting the nucleation. This variationrate: two showing good agreement with kinetic sulphuric
was also seen in the site-specific median values of the coacid nucleation mechanism, but with over an order of magni-
efficient K, varying from 3.3<10"1cm®s™1 in Melpitz to tude difference in the median nucleation coefficient (Hjfti
1.4x10~*?cm?s1 in Hyytiala. Nevertheless, based on the and SPC/Melpitz), and one (HPB) with weak correlation be-
visual observation, the modelled kinetic nucleation mech-tween sulphuric acid and nucleation. By assuming simul-
anisms, of organic vapours in Hohenpeissenberg and sukaneous kinetic nucleation mechanisms, one related to sul-
phuric acid at the other sites, described the site-specific datphuric acid alone and other(s) involving the growth equiva-
clearly better than the modelled activation mechanisms.  lent vapours, all these subsets could be modelled with simple
When taking into account all the three factors we equations. However, none of the modelled nucleation mech-
used for estimating the representativity of the modelsanisms resulted in closure. Furthermore, the reason for the
(R, Vag/10, and the slope in figures), the most promis- deviant behaviour of the Hohenpeissenberg dataset remained
ing modelled mechanisms seemed to be the homogeunexplained. Thus, more research on the role of condens-
nous, i.e., kinetic-type nucleation of sulphuric acid both able vapours in the nucleation process, including long-term
homomolecularly and heteromolecularly with the low- measurements of sub 5 nm particle size distributions and sul-
volatility organic vapours, with or without the homo- phuric acid concentration, is needed.
molecular nucleation of the organic vapours. By us-
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