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Abstract. We have investigated the formation and early action coefficients in the gas phase and they correlate with
growth of atmospheric secondary aerosol particles buildingthe product of gaseous sulphuric acid and ammonia concen-
on atmospheric measurements. The measurements were patations. This indicates that besides gaseous sulphuric acid
of the QUEST 2 campaign which took place in spring 2003 in also ammonia has a role in nucleation.

Hyytiala (Finland). During the campaign numerous aerosol
particle formation events occurred of which 15 were accom-
panied by gaseous sulphuric acid measurements. Our de- .
tailed analysis of these 15 events is focussed on nucleatiopi Introduction

and early growth (to a diameter of 3nm) of fresh partl(:les'Atmospheric aerosol particles affect the quality of our life

It revealed that new patrticle formation seems to be a func- : .
. : . . in many different ways. In polluted urban environments,
tion of the gaseous sulphuric acid concentration to the power . . o

.—aerosols influence human health and deteriorate visibility

fro_m one to t\.NO when the time delay be_tween the SLJIphurIC(e.g. Donaldson et al., 1998; Stieb et al., 2002; Cabada et al.,
acid and particle number concentration is taken into account

From the time delay the growth rates of freshly nucleated2004)' I.n regional and_global scales, aerosol partlples have
. . a potential to change climate patterns and hydrological cycle
particles from 1nm to 3nm were determined. The mean

growth rate was 1.2 nm/h and it was clearly correlated With(Ramanathan etal., 2001; Sekiguchi et al,, 2003; Lohmann

the gaseous sulphuric acid concentration. We tested two n and Feichter, 2005). Better understanding of the various ef-

: . .. fects of atmospheric aerosols requires detailed information
cleation mechanisms — recently proposed cluster activation

— : . ) on how different sources and transformation processes mod-
and kinetic type nucleation — as possible candidates to ex:

lain the observed dependences, and determined ex erime'fy the aerosol properties. - An important phenomenon in
P ) iep ' P this regard is atmospheric aerosol formation, which involves
tal nucleation coefficients. We found that some events ar

dominated by the activation mechanism and some by the kﬁhe production of nanometre-size particles by nucleation and

netic mechanism. Inferred coefficients for the two nucleationthe'r growth to detectable sizes (Kulmala, 2003).

mechanisms are the same order of magnitude as chemical r% ?;%OZ%%E’;'; iggs}gln;oﬂ?slogeﬂoﬁir?/)é dg::%v:r:?ngﬁfs in

Correspondence tdS.-L. Sihto the continental boundary layer. Such observations cover the
(sanna-liisa.sihto@helsinki.fi) boreal forest region (Ekeh et al., 1997; Kulmala et al.,
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1998, 2001a; Vehka#ki et al., 2004), remote continental are relevant activation/kinetic constants associated with the
sites (Weber et al., 1997; Birmili et al., 2003), industrialised different particle formation mechanisms and how the values
agricultural regions (Birmili and Wiedensohler, 1998), ur- of these constants vary as a function of measured parameters?
ban and suburban areasgkéa et al., 2000; Stanier et al., The investigation is based on analysis of observed data. The
2004; Stolzenburg et al., 2005), and heavily-polluted envi-particle growth rate from 1 to 3 nm will be estimated from the
ronments (Dunn et al., 2004; Wehner et al., 2004; Laaksonembserved time shift between increasing sulphuric acid and ul-
et al., 2005; Mdnkkdnen et al., 2005). Aerosol formation has trafine particle number concentration. Two different particle
also been observed in coastal environments around Europ®rmation mechanisms will be tested, the recently-developed
(O’'Dowd et al., 1999). A recent overview has summarisedactivation theory (Kulmala et al., 2006) and kinetic (barri-
the formation and growth properties in a global point of view erless) nucleation theory (McMurry and Friedlander, 1979;
(Kulmala et al., 2004a), quantifying especially the formation Lushnikov and Kulmala, 1998).

and growth rates of nucleation events, where available.

Sulphuric acid is a key component in atmospheric aerosol
formation. Several nucleation mechanisms, including binary2 Materials and methods
ternary and ion-induced nucleation, are likely to involve sul-
phuric acid (e.g. Bernd et al., 2005; Korhonen et al., 1999;2.1 Measurements
Kulmala, 2003; Kulmala et al., 2004a; Laakso et al., 2004a).

A close connection of sulphuric acid and particle formation We utilized the data set of QUEST 2 (Quantification of
has been reported by Weber et al. (1995, 1997), whose med:erosol Nucleation in the European Boundary Layer) cam-
surements at two different sites referred to sulphuric acid as #aign that was held at the SMEAR Il station in Hyf#, Fin-
primary precursor species of the ultrafine particles. Some, ifand, in March—April 2003. The QUEST 2 data set is quite
not the major, fraction of the particle growth can be explainedunique in the sense that during the campaign a large num-
by sulphuric acid condensation, especially in the smallesfer of events was observed: of the total of 23 measurement
particle sizes (Kulmala et al., 2004b; Zhang et al., 2004; Boydays (from 18 March to 9 April 2003) 20 were new particle
et al., 2005; Fiedler et al., 2005; Smith et al., 2005). Sul-formation days. During QUEST 2 campaign a large number
phuric acid might also play a role in the so-called activation of different quantities were measured; here we describe only
process, in which stable clusters containing one sulphuridhe measurements relevant to this study.

acid molecule will be activated for growth (Kulmala et al.,  The measurement station SMEAR Il (Station for Measur-
2006). It is therefore important to measure sulphuric aciding Forest Ecosystem — Atmosphere Relations) is located in
concentrations and aerosol relevant parameters at the sanf@uthern Finland (651’ N, 2417 E, 181 ma.s.l.) inarural
time in order to quantify the contribution of sulphuric acid to region with large areas of forested land. The conditions at
both particle formation and growth. the station are most of the time relatively clean, even though

The present study was inspired by the observation that opolluted continental air arrives occasionally from the south-
new particle formation days, the temporal evolution of the €ast to south-west directions. Also the nearest city, Tampere,
number concentration of nucleation mode particles seeméocated 60 km south-west from the station, can influence the
to follow the concentration of sulphuric acid. In view of local air quality. More information about the station and the
this, we reanalysed the data from the measurement campaighieasurement equipment can be found in Hari and Kulmala
QUEST 2. The main goal of the QUEST-project (Quantifica- (2005) and ahttp://www.atm.helsinki.fi'SMEAR/
tion of Aerosol Nucleation in the European Boundary Layer) Number size distributions of atmospheric aerosol parti-
has been the qualitative and quantitative analysis of particleles from 3 to 500 nm were measured continuously, with
nucleation and growth in three European regions. During thelO-min time resolution, by a DMPS (Differential Mobility
QUEST 2 campaign in Hyydia (17 March to 13 April 2003),  Particle Sizer) setup. The setup consists of two parallel dif-
sulphuric acid concentrations and particle number size distriferential mobility analyzers (DMAs) that classify particles in
butions were measured continuously on 23 days. From thesgize ranges 3—10 nm and 10-500 nm, the total number of size
data various quantities, such as the formation and growth ratelasses being 32. The DMPS setup is described in more de-
of aerosol particles, were calculated. tail in e.g. Laakso et al. (2004a).

The general goal of this study is to get information about The sulphuric acid concentration was measured by a
the aerosol formation processes below 3 nm diameter, whiclehemical ionization mass spectrometer (CIMS) built by the
is the lower limit of current instruments for measuring neutral MPI-K Heidelberg (see Hanke et al., 2002). The time reso-
atmospheric particles. More specifically, we aim to addresdution of the spectrometer was less than 1s, but the data was
the following questions: i) how sulphuric acid and nucleation averaged over 60s in order to reduce statistical error. The
mode particle concentrations are related to each other, ii) hovgulphuric acid detection limit wasx110° cm~2 and the rela-
large is the particle growth rate from 1 to 3 nm and what is thetive measurement error 30%.
reason for its variability, iii) which particle formation mech-  Temperature, relative humidity and concentrations of
anism explains the measurement data best, and iv) how largeace gases (§) NOy, SO) are measured continuously at
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SMEAR Il station (see Kulmala et al., 2001a). Ammonia and representing loss of 4 nm sized particles (4 nm is approxi-
monoterpene concentrations were measured during the canmately the geometric mean of 3 and 6 nm) with concentra-
paign as described by Janson et al. (2001), and OH concertion N3_g. The coagulation sinkoag$,=4 nm is directly
trations were estimated using the method described by Boygalculated from the measured background particle size distri-
et al. (2005). bution, with hygroscopicity effects estimated as in Laakso et
Particle formation events are observed at SMEAR |l sta-al. (2004b). The third term representing loss due to conden-
tion on 60-120 days in a year, with maxima in event fre- sation out of the 3—6 nm size range comes from approximat-
guency in spring and autumn (Dal Maso et al., 2005). Theing ngnm andGRs nm by N3_s/(6 nm—3 nm) andGR, respec-
particle formation process is expected to be a large scale phdively. Here GR is estimated from the time delay between
nomenon that extends over several hundreds of kilometersulphuric acid andvs_g as explained in Sect. 2.2.2. The first
(see e.g. Vana et al., 2004). If meteorological conditions reterm on the right hand side of Eq. (2), the change in the 3—
main sufficiently steady during the day, we can assume tha6 nm particle number concentration, is directly obtained from
particles advected to the station belong to the same largéhe DMPS measurement data.
scale nucleation event. Most events are observed on clear, The magnitude of the coagulation loss term relative to the
sunny days when this condition is fulfilled. One evidence oftermdN3_g/dt in Eq. (2) depends strongly on the magnitude
the validity of this assumption is the quality of the particle of the coagulation sink: with small coagulation sink values
formation event: a clear event with steady growth impliesit has an effect of the order of 10% or less, but with large
steady meteorological conditions while change in air masscoagulation sink values the correction can be of the same

would result in rapid changes in concentrations. order or greater than the terdNs_g/dt. The last term is
. negligible in the beginning of the event, but at later stages
2.2 Data analysis may become of the same orderdigs_g/dt.

2.2.1 Estimation of particle formation rates from the 2.2.2 Time shift analysis: growth ra@R;_3 and correla-
DMPS data tion of N3_g and [H,SOy]

In this study, we focus on the freshly-nucleated particles andrhere is quite a vast consensus in the scientific community
their relation to the sulphuric acid concentration. From thethat sulphuric acid is participating in the formation of new

DMPS data we consider the size range 3—6 nm that coverparticles in some way. This is supported by the observed
the four lowest DMPS channels. This size range is smallclose connection between concentrations of sulphuric acid
enough to be considered as freshly nucleated but still largeind small particles: during nucleation events an increase in
enough to achieve relatively good statistics and reduce theénhe concentration of small particles is often preceded by an
influence of measurement uncertainties present in the loweshcrease in sulphuric acid concentration. This time delay
DMPS channels. The particle number concentration in thisat between the rise in sulphuric acid and particle number

3-6 nm size range is denoted Ny_e. concentration can be interpreted as the time it takes for the
The time evolution ofN3_¢ is described with a balance clusters to grow from the nucleated size~af nm to the de-
equation tectable size of 3nm in diameter. Based on this assumption
dNs_s the growth rate from 1 nm to 3nm can be estimated as:
= GR3nmn3nm—G Renmnenm—CoagS_g-Nz—_s, (1)
dt GRlS:A_dl’zzﬂn. (3)
including terms for growth into the 3-6 nm range over the At At

3nm barrier, out of the range over the 6 nm barrier andThis method to determine growth rate of freshly nucleated
loss by coagulation scavenging. He@R denotes particle  particles may be termed “time-shift analysis” and it has been
growth rate, and the function is a particle size distribu- used previously by Fiedler et al. (2005) in connection with
tion function, defined as=dN/dd, with d,,=particle diam-  the QUEST 2 campaign. Here we extend this concept in such
eter. Coag3¢ denotes the average coagulation sink for thea way that also the correlation of number concentration of
3-6nm range (Kulmala et al., 2001b). By rearranging thesmall 3-6 nm particlesNz_g) and sulphuric acid ([HSO4])
terms, and denoting the first term on the right hand side ofis investigated so that the time delay between them is taken
Eq. (1) byJs, the following equation is obtained: into account.
dN3 g 1 In this study, it was noticed soon that there exist two types
= —I—Coag§p=4 nm* N3a—6+=—— GR - N3_6.(2) of correlations betweeVs_g and HSO, concentration: on

dt 3nm some daysVs_g follows the shape of [LISOy] curve while
Js is the apparent nucleation rate, i.e. the formation rate ofon other daysVs_g correlates clearly with [HSQ4]2. There-
new particles into the measurable range of above 3 nm. Heréore, on some days the time delayt was taken between
the coagulation loss (last term on the right hand side of Eq. 1the N3_g and [HbSO4] curves and on other days between
for the interval 3-6 nm has been approximated by a termthe N3_g and [HbSO4]? curves. Regardless of the prevailing

J3
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relationship betwees_g and [HoSOy], the interpretation A correlation betweenVz_g and [HoSQ4] or [H2S04]?
of At as the growth time from-1 nm to 3 nm stays the same. suggests that sulphuric acid is participating in nucleation in
The investigation of the relationship between particle con-some way. Using/; andJ3 estimated from the particle mea-
centrationN3_g and sulphuric acid was started by determin- surement data we test two hypothetic nucleation mechanisms
ing the time lag (delay) between the increases in concentrathat should have a power law dependence on the sulphuric
tions N3_g and [HhSOy]. When this time lag was taken into acid concentration.
account by delaying the f5Oq] curve by At, the correla- The first nucleation mechanism to be tested we call “acti-
tion of N3_g and [HbSOy] became very clear. The correla- vation type nucleation” and it is directly proportional to the
tion was examined both by visually investigating tNe_g sulphuric acid concentration. This mechanism was recently
and [HSO4] curves and by calculating correlation coeffi- proposed by Kulmala et al. (2006). Nucleation is thought
cients for N3_g and [H,SQy] or [H,SO4]2. The time de-  to happen as activation of small clusters containing one sul-
lays were determined independently for the two dependenceghuric acid molecule via e.g. heterogeneous nucleation or
(N3_g~[H2SQy] and N3_~[H2S04]?) and correlation co- heterogeneous chemical reactions. Because critical clusters
efficients were calculated for the both cases with appropri-are assumed to contain one sulphuric acid molecule, nucle-
ate time delays. All event days were classified according taation rate is directly proportional to sulphuric acid concentra-
which type of correlation — with [LISO4] to the power of 1 tion. We do not make any assumptions of the specific growth
or 2 —was prevailing. mechanism or vapours patrticipating in the cluster activation
There is a close interplay between the determination ofprocess, but express the nucleation rate simply by (Kulmala
the time delayAt and the type of correlation aVz_g and et al., 2006):
[HoSOq]. If the time delay is taken betweeN3_g and
[H2SOy] curves we get typically a different value than if the J1 = A [H2SQy] (®)

. . 2 y

time delay is taken betweeNs_¢ and [FpSQy]®. Further- oo o o coetiicient will be determined according to mea-

more, we may get different values fatt if we consider only . L . .
surement data. This activation coefficieatcontains the

the first rise of the curves or look at the time lag between the . . - )
. .physics and chemistry of the nucleation process; however, so
whole curves. For these reasons, there may be subjectivity_°.". o - . :
ar it is merely an empirical coefficient. Studying the varia-

or at least some variation in the determination of the time Iagtion of A and its dependences on different quantities can give

between different persons, especially on days when there s information on details of the nucleation process.

some interfering processes present e.g. due to changing air The second nucleation mechanism o be tested has the

mass. . . . : - functional form of kinetic nucleation of molecules contain-
Generally the time delay is most evident in the rising part. . L )
. - ing sulphuric acid, i.e. it is proportional to the square of sul-
of the curve, and therefore in most cases that part was given ® °. : . ; ; e
. - . phuric acid concentration. This mechanism we call “kinetic

the greatest weight. Also similar peaksNg_g and [HhSOy] - S : e
. . type nucleation”. In kinetic nucleation, critical clusters are
during later stages of the event were used in some cases.

ormed by collisions of sulphuric acid molecules or other
However, on some days, the form of the whole curve was . ) . . .
rﬁ]olecules containing sulphuric acid, e.g. ammonium bisul-

used to determine the time delay, because that gave overa o 20 .
. hate molecules. The upper limit for kinetic nucleation, so
better agreement between the curves. In general, the time de- T .
lay was determined by looking thé; s and [FoSQx] curves cglled kinetic I_|m|t_, is set by the collision rate of molecules
~ given by the kinetic theory of gases. Here we let the col-

as awhole and not restricting to the rising part only. lision frequency function be a free parameter and calculate

2.2.3 Atmospheric nucleation rates nucleation rate as:

_ 2
If the formation rate of 3nm particlegs is known, the nu- /1=K [H2SGy]”. ®6)
cleation rate/; at timer=t'—Ar can be estimated using the

i where the coefficienk will be adjusted to fit/; calculated
method presented by Kerminen and Kulmala (2002):

from particle measurement data. This kinetic coefficignt
G 1 1 contains again the details of the nucleation process, specif-
GR (— - —)) (4)  ically the probability that a collision of two sulphuric acid
containing molecules results in the formation of a stable crit-
HereCS is the condensation sink (in units1), GRis the ical cluster.
growth rate (in nm/h) angt is a coefficient with a value of The nucleation coefficient$ andK are determined as fol-
about 0.23rAnn?h~ 1. lows. From the measurement data we.ggising Eq. (2) and
Thus we first estimate the formation rate of 3nm par- from that nucleation ratd; is calculated by using Eq. (4).
tices (/3) from the DMPS measurement data using Eq. (2) Then we calculate the nucleation ratefrom the measured
and then the nucleation rate ofl nm particles/1(¢) from sulphuric acid concentration according to the two hypothetic
Eqg. (4). For the condensation silkS we use the median nucleation mechanisms, activation type and kinetic type nu-
value from the intervals t+ At]. cleation (Egs. 5 and 6). These nucleation rates are further

Ji(t) = J3(t) exp(y Tnm” 3nm

Atmos. Chem. Phys., 6, 4078691, 2006 www.atmos-chem-phys.net/6/4079/2006/
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Fig. 1b. Surface plot showing the time evolution of particle size
distribution on day 84 (25 March 2003) measured by DMPS. Time
is on the x-axis, particle diameter on the y-axis and colour indicates
normalized number concentration.
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information about the nucleation coefficients and the exact
numerical values are not crucial, so the use of computational
fitting methods would be dispensable.

84 84.2 84.4 84.6 84.8 85
Day of year

Fig. 1a. (upper panel) Number concentration of 3—-6 nm particles3 Results and discussion

(N3_g) and sulphuric acid concentration (scaled) for day 84 (25

March 2003). The time shiftsr between the curves is marked by During QUEST 2 campaign new particle formation was ob-

an arrow. (lower panelNs_g and [H,SOy] delayed by the time  geryed to occur on 20 days of the total of 23 measurement

shift Ar=1.4h, showing excellent correspondence betw¥8ne  gays. For some event days sulphuric acid data was missing,

and [FpS0y] during the event. and for this analysis we had the data on 15 particle formation
days.

scaled to formation rates of 3 nm particles using Eq. (4) inthe3.1  Correlation 0fV3_g and sulphuric acid

opposite direction than above. Now we have two quantities to

compare:J; estimated from the particle concentrations and On all 15 days that were analysed the number concentration
Jy calculated from the sulphuric acid concentration, and sim-in size range 3-6 nmN3_g) and sulphuric acid concentra-

ilarly, J3 calculated from the particle concentrations ahid

tion were clearly correlated. On some days g correlated

estimated from the nucleation rates calculated from the sulwith [H,SO4] but on other days th&/z_g curve had a similar

phuric acid concentration. By comparing tliecurves with
each other we search for the values for the coefficiaraad
K that give the best agreement with thig estimated from

shape as the [§804]? curve. Figure 1a presents an example
of direct correlation betweewvs_g and [HbSO4] observed
on day 84 (25 March 2003); the surface plot for the event is

particle measurements. In the same way we compardsthe shown in Fig. 1b. From Fig. 1a it is clearly seen, that the

curves, to double-check the values4fand K. The com-

forms of theN3_g and [HhbSOy] curves are almost identical

parison ofJ; and J3 curves is done only visually, because during the particle formation event that spans approximately
in that way the essential features can be simply picked ugrom 07:00 a.m. to 07:00 p.m. (84.3-84.8 in days). How-
to be taken into account, and some interfering peaks in thever, there is a time lag between the curves arising from the
data due to e.g. changing air mass can be left out from thdéime required for the nucleated clusters to grow to the size of
analysis. Computational fitting methods, such as calculatiorB nm detectable by DMPS. In the lower panel of Fig. 1a the
of correlation coefficients, would not work here well because[H2SOx] curve has been delayed by the time sitft=1.4 h,

of quite big variations present in thle andJ3 data. Further- and in this figure the direct correlation betwe®s_g and
more, in the first place we want to get an order of magnitude[H>SOy] is even more evident.

www.atmos-chem-phys.net/6/4079/2006/ Atmos. Chem. Phys., 6, 40932006
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Hyytiala March 26™ 2003
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[e]
o
O
\% P % tion of At was considerably smaller (0.5h) and mean value
10 JM‘ o . Co00° ‘ ‘ . changed to 1.7 h while median stayed the same. The growth
85 85.2 85.4 85.6 85.8 rates corresponding to these time delays were in the range
Day of year 0.5-2.1nm/h with mean and median of 1.2 nm/h and stan-
. ) ~dard deviation of 0.5nm/h. The reason for the same mean
Fig. 2a. (upper pangl) Ngmber conce_ntratlon of 3-6 nm particles gnd median values oBR._3, as opposed to the different
(N3_g) and sulphuric acid concentration (s<:2aled) for day 85 (26 mean and median af1, is that in theGR;_3 formula (Eq. 3)
March 2003). (lower panelys_¢ and [,SCu]” (scaled) delayed i iy the denominator. In case @Ry_s omitting the
by the time shiftAz=1.2 h, showing clear correlation betwe¥g g ) - . g
2 gy days 90 and 93 from the data set had only a minor influence
and [HySOy]“ during the event. . L . .
to mean, median and standard deviation, which again was
due to the fact thai is in the denominator.

Figures 2a and 2b present an example of a day vien The fraction of the grovyth rat&Ry_3 tr_\at cpuld be ex- .
correlates with the square of J8Q]. The upper panel of plained by the condensatlon of sulphuric acid can be esti-
the Fig. 2a shows thats_g and [F,SOy] are somewhat re- mated by compf';mng_;Rl,g to the_growth_ rate calculated
lated to each other, but they are not directly correlated eVeﬁrom the sulphuric acid concentration. This latter can be cal-
if the time lag between the curves was taken into accountulated from (Kulmala et al., 2001b):

However, when we plot the square ofJ604] and delay it

by Ar=1.2h, it coincides well with theVs_g curve. Itis GR =
worth noting that the correlation betwedf_g and [H>SOy]

or N3_g and [H:SOy]? stays the same during the whole nu- where Mi2so4 is the molecular mass of sulphuric acid,
cleation event, not only at the start of the event when thepy,so4is its diffusion coefficientChosoais its concentra-
time lag is visible. This suggests that the growth rate from L1tion, p is the particle density and,, is the Fuchs-Sutugin

to 3nm is relatively constant the whole day. transitional correction factor. This equation is derived for

The time delays and types of correlatioVs-_g~[H2SOy] spherical nucleation mode particles from macroscopic con-
or N3_g~[H2SO]2 — were determined for all 15 days. From densation theory, and these assumptions do not hold anymore
the time delayAr the growth rate from nucleated size of for 1-3nm sized particles. Lehtinen and Kulmala (2003)
~1nm to detectable size of 3ni®R;_3, was calculated by have considered condensation with a molecular resolution
Eqg. (3). The results are collected in Table 1. The time delayand found that condensation is enhanced at small particle
varied between 1.0 and 4.1 h with a mean value of 2.0 h, mesizes compared with the macroscopic treatment. According
dian of 1.7 h and standard deviation of 0.9 h. After omitting to calculations made with an aerosol dynamic model UHMA
the two largest values on days 90 and 93, standard deviadKorhonen et al., 2004), the condensation rate is enhanced by

ddy, 4 Bu MH,s0; DH,s0, CHps0y

7
dt pdp )
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Table 1. Time delay (\t) betweerNVz_g and [HoSOy] or [HoSO]2
and the corresponding growth rate from 1 nm to 3 BR{_3) for 0.9r 1
15 event days during QUEST 2 campaign in Hildj Finland. @ osl * i
The fourth column indicates which correlation was better, and the g
last two columns the correlation coefficients (R) for correlations = 97 + )
N3_g~[H2SOs]! O 2 with [H,S0y] delayed byAt. A minus sign S oel |
indicates that the quantity could not be determined. E os . * +
8 + + + +
Day At GR;_3  Exponent of R R v 047 L.+ il
(h)  (nm/h) the correlation exp.1l exp.2 % 0.3l i
78 24 08 - 057 055 2 ool ]
79 1.9 1.0 2 0.70  0.82 *
80 2.2 0.9 2 0.90* 0.92* 0.1r ]
82 1.7 1.2 2 0.83 0.84 0 ‘ ‘ ‘ ‘ ‘ ‘
84 1.4 1.4 1 0.92 0.85 0 1 2 3 4 5 6 7
85 12 1.7 2 0.90 0.93 [H,S0,] (cm™) x 10
87 2.4 0.8 1 0.85 0.78
88 - - - - - Fig. 3. Average contribution of sulphuric acid to growth from
g(l) ig 2? ; 831 882 1nm to 3nm as a_function of mean sul_phuric acid (_:oncentration
92 1:2 1:7 - o.'77* 0_'77* on event days during QUEST 2 campaign. One point reprt_asents
93 a1 05 5 0.95% 0.93* average on one day from Q9:OO a.m. to 03:00 p.m. A point at
o4 17 12 5 071 0.59 [H2S04]=9x 108 cm—2 for which [HoSO4] can explain the growth
26 24 0.8 1 0.81* 0.69* completely is not indicated in the figure.
97 1.0 2.1 1 0.79 0.66
98 1.2 1.7 2 0.93* 0.92* 12 ‘
Mean 20 1.2 + data
Median 1.7 1.2 10f linear fit, slope = 1.24 ]
Std deviation 0.9 0.5 line with slope 1
line with slope 2
8, 4
* In the calculation of the correlation coefficient only a period of
the day is considered during which the correlation is observable. "j 61 i
pd
= 4r I+ + |
a factor between 2 and 3 compared with the value obtained )
by Eq. (7) for 1-3 nm particles. According to Eq. (7) with a
condensation enhancement factor of 2.5, sulphuric acid car ol |
explain on average about 50% of the growth rate from 1 to /
3nm, but on three days even over 70% (see Fig. 3). As seer ‘

from Fig. 3, the contribution of sulphuric acid to the particle 10 11 12 13 14 15 16 17
growth increases, on average, with increasing sulphuric acid In([H,SO,]) (delayed by AY

concentration. Exact numbers about the contribution of sul-_ . . .
phuric acid cannot be given, but these estimations reveal thdfi9- 4 Logarithm of the number concentration of 3-6 nm particles
on some days sulphuric acid may be responsible for the mailﬁN?’—G) versus logarithm of the sulphuric acid concentration dur-

. . Ing particle formation events. The time shift betwe®g g and
art of particle growth from 1 to 3nm. However, sulphuric : )
gcid alo[?ﬂe Canngot explain the growth on all days P [H2SOy] has been taken into account by delaying§@©4] by At.

i Linear fit to the data by the method of least squares and lines corre-
The relation betweenN3_g and [H:SO4] followed  sponding relationshipa/s_g~[H2S04] and N3_g~[H2S04]? are
the pattern N3_g~[H2SO4] on six days and pattern

shown.
N3_g~[H2SO4]? on five days (see Table 1). The judgement
on the type of the correlation was based on both visual per-
ception and correlation coefficients. The difference in corre-analysis e.g. some pollution peaks that are clearly not related
lation coefficients R is in many cases so small that only basedo new particle formation, but which would contribute to the
on it, it would be impossible to say which correlation is the correlation coefficient significantly.
better one. However, by looking the data visually, in most  For days 78 and 92 no exponent is given, because for those
cases it was quite clear which correlation was better. By vi-days it was not possible to determine which exponent was
sually looking at the curves we can easily exclude from thebetter. When calculating the correlation coefficients for the
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Fig. 5. Nucleation rate [y, left panel) and formation rate of 3 nm particlefg,(right panel) on day 85 (26 March 2003) estimated from the
particle measurements and calculated from the sulphuric acid concentration using two hypothetic nucleation mechanisms: “activation type”
and “kinetic type” nucleation.

two dependences (with exponent 1 and 2) we used time deFig. 4 it can be clearly seen that the exponeries some-
lays that were determined independently for the two depenwhere between 1 and 2. However, separate cases with the
dences. In most cases we got somewhat different time deexponent 1 and 2 could not be distinguished from the scatter
lays for exponents 1 and 2, and in some cases even signifplot, as was done in the day-by-day comparison ofNges
cantly different values. In Table 1 only the time delay for the and [H,SOy] curves, since in the scatter plot points from dif-
chosen dependenc&4_g~[H2S04] or N3_g~[H2SM]?) is ferent days are mixed together. A least squares fit to the data
presented. gives 1.24 for the exponent, representing an average value
On some days there were some interfering peaks in thdor the exponent in the entire 15-day data set.
data that were clearly due to some other phenomenon than
the chain “nucleation-growth-observation at 3-6 nm”. For 3.2 Testing different nucleation mechanisms
those days the correlation coefficient was calculated only for
that part of the data where the correlation betw#gng and The formation rate of 3 nm particlesgs) was calculated from
[HoSOy] was clear; this is indicated by an asterisk in Table 1. particle measurements using Eq. (2) and scaled to the esti-
For other days the correlation coefficients were calculatednated nucleation rat& using the formula (4). These forma-
using the whole data. However, also in that case the evention rates are referred to as “measured” henceforth. In order
period contributes the most to the correlation coefficient be-to test the two hypothetic nucleation mechanisms, “activa-
cause the concentrations are highest during the event. On allon type” and “kinetic type” nucleation, we calculated the
days (except day 94) the correlation coefficient for the pre-nucleation rate/; from measured sulphuric acid concentra-
vailing correlation —N3_g~[H2S0y4] or N3_g~[H2S04]? — tion assuming a linear or square dependence on the sulphuric
was greater than 0.79, and on six days even over 0.9. Thiacid concentration. The coefficiemsandK in Egs. (5) and
demonstrates that the correlation betwagng and [HbSO4) (6) were free parameters that were adjusted to fit the “mea-
or [HoSOy]? is remarkably strong on most days. sured” nucleation rates. Furthermore, we used the formula
The overall relation betweeNs_g and [HxSQy] is shown (4) to convert the “activation type” and “kinetic type” nucle-
in Fig. 4, in which the logarithm ofNs_g is plotted versus ation rates/; into the formation rate/s which then could be
the logarithm of [SQy], delayed byAr separately for each compared with the “measureds estimated from the DMPS
day. Here we have included the data during events; the datéata.
in early morning and late night is left out because at those An example of the “measured” nucleation rate compared
times both sulphuric acid concentration aNg_g are low  with the ones calculated from the sulphuric acid concentra-
and there is no new particle formation. The chosen time in-tion according to “activation” and “kinetic” hypotheses is
terval varies between the days, but most often it is the periodshown in Fig. 5. The values of activation and kinetic co-
from 06:00 a.m. to 06:00 p.m. In this scatter plot, the slopeefficients (A and K) were adjusted so that during nucleation
tells the exponent in the correlatiavs_g~[H2SO4]*. From event the agreement was best. For this day (day 85) it seems
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Table 2. Values for nucleation coefficients determined from fittings o mea;uremem
to experimental data: activation coefficientin the formula of ac- 10? L —"activation” nucl.
tivation type nucleation, and kinetic coefficiekitin the formula of —— "kinetic" nucl.
kinetic nucleation.
Day A K oA
(10%s 1 @o2emis?) T
78 0.8 0.8 =,
79 1.0 0.5 B
80 6.0 14
82 0.9 0.4
84 0.5 0.2
85 3.0 0.7 )
87 0.5 02 o1 | 012 014 916 018 92
88 2.0 0.6 Day of year
90 - -
91 3.0 1.0 Fig. 6. Nucleation rate on day 91 (1 April 2003) estimated from the
92 3.0 1.0 particle measurements and calculated from the sulphuric acid con-
93 - - centration using two hypothetic nucleation mechanisms: “activation
94 15 0.4 type” and “kinetic type” nucleation.
96 0.4 0.2
97 1.0 0.3
98 0.8 0.3 . .
For most days it was hard to say reliably whether the “ac-
Mean 17 0.6 tivation type” or “kinetic type” nucleation was better as was
Median 1.0 0.5 done when examining the correlation®§_g and [H>SOx].
’\'\g;( %‘A(') (i'i Therefore we determined both coefficientsand K for all

days, and at this stage make no conclusion on a specific nu-
cleation mechanism on a specific day. An overall picture
about the relation is seen from Fig. 7, in which the loga-

that the “activation type” nucleation works better than the rithm of J; estimated from particle measurements is plotted
“kinetic type” nucleation, although the difference between against the logarithm of [f50s] for the whole campaign
these two is not very large. Figure 6 shows an example ofdata. Activation type dependence betwelgrand [HSOy]
a day (day 91) when the kinetic nucleation theory seems tgshould appear in the plot as a line with slope 1 and kinetic
work slightly better. type dependence as a line with slope 2. However, as was
The same kind of visual fitting of the parametetsand  the case withWs_g and [H,SQy], the points from different
K, as presented in Figs. 5 and 6, was made for all 15days are mixed and we can only say that in the relationship
event days. The resulting values afand K are summa- J1~[H2SOu]* the exponent is something between 1 and 2.
rized in Table 2. Although the nucleation rates vary quite On average, the data points to activation type nucleation: a
much from day to day, the coefficients and K lie ap- least squares fit to the whole data gives 1.16 for the exponent.
proximately within a range of a factor of ten. For the ac- The corresponding plot fofs and sulphuric acid (delayed by
tivation coefficient we got values between Q06 and  Ar) is presented in Fig. 8, and similarlig correlates with
6.0x10 %s~1 with a mean of 1.¥10 s and median of [H2SOQ]* with exponentx between 1 and 2.

1.0x10-%s71. The kinetic coefficient had even smaller vari- It should be noted, that even though the relation between
ability with a minimum value of 0.2102cm®s™1, max-  N3_g and sulphuric acid was on day 8%;_g~[H>SO4]?,
imum of 1.4x10"12cm?s~1, mean of 0.61012cm®s™1  i.e. with exponent 2, for nucleation the activation formula

and median of 0.510 12cm®s~1. For comparison, a ki- (Eq. 5) with direct correlatiod; ~[H>SOs] appears to fit bet-
netic coefficient for collisions of two 50O, molecules is  ter (see Figs. 2a and 5). Thus the exponents of the correlation
about 3<10-%cm®s~1 assuming perfect sticking and en- Nz _g~[H2SOy]* listed in Table 1 should not be interpreted
ergy transfer. On the other hand, typical (in upper range)as exponents of the nucleation formula. There are several
chemical reaction rate coefficients in the gas phase are of thpossible reasons for the change in exponent from 1 to 2 when
order of 10 14-10-12cm® s~1. This means actually that both going from correlation/;~[H2S4]* to Na_g~[H2SO4]*.
coefficients — activation and kinetic — are of the same order adf sulphuric acid makes the main part of the growth from 1
chemical reaction rate coefficients in the gas phase assumintg 3 nm, it may cause another {HO,]-dependence td/3_g

that the concentrations of vapours participating in activationin addition to the linear dependence in nucleation. Also
are around 19-10° cm—3, some organic vapours formed in oxidation reactions with
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Fig. 7. Logarithm of the nucleation ratg estimated from particle Fig. 8. Logarithm of the formation ratés estimated from particle

measurements versus logarithm of the sulphuric acid concentratiofneasurements versus logarithm of the sulphuric acid concentration.
Sulphuric acid concentration has been delayedhbyi.e. the value
J3(t) has been associated with the valug 8@y](t-At).

OH radical can have approximately the same pattern than
sulphuric acid, which itself is formed through a reaction
with OH, and thereby they may cause an apparent correladay to day. The daytime values, averaged over the period
tion of N3_g with [HoSOu]2. Similar apparent relation with ~09:00 a.m.—03:00 p.m., of the following measured quantities
[H,SOu] may be caused also by condensation sink, whichwere considered: temperature, relative humidity, condensa-
often decreases in the morning due to dilution of backgroundion sink, and the concentrations of sulphuric acid, monoter-
aerosol when boundary layer develops, and can have a paRenes and ammonia. In addition, correlations with the quan-
tern similar to inverse of [OH]. tities [OH]x[terp]/CS and [Q] x[terp]/CS, representing the
During the QUEST 2 campaign there were three daysproxies for condensable organic vapours, were investigated.
(days 81, 89 and 95) when no new particle formation was As already shown in Fig. 35R,_3 correlated nicely with
observed. On day 95 sulphuric acid measurements wer&ulphuric acid concentration. It was the only significant cor-
made, so we can test how large particle formation rategelation found forGR;_3 (correlation coefficient 0.8). The
would be expected according to the “activation type” and correlation coefficients for the nucleation coefficieAtsind
“kinetic type” nucleation pathways. For the growth rate K are presented in Table 3. Temperature, sulphuric acid
GR;_3 and coefficientsA and K, median values from the and ammonia had no significant correlation with the coef-
campaign were used. The resulting nucleation rafg \as ficients A and K, whereas condensation sink, relative hu-
very low, always smaller than 1cris 1. The formation  midity and proxies for condensable organic vapours had a
rate of 3 nm particles/g) was naturally even smaller, always negative correlation. More specifically, there was a positive
below 0.1 cnt3s~L. These formation rates are too small to correlation forA andK with the inverses of these quantities,
cause a new particle formation event. Thus also data from.e. 1/CS, 1/RH, CS/([OH}[terp]) and CS/([Q] x [terp]).
this non-event day fits in the framework of “activation type” This means that when more terpene oxidation products were
or “kinetic type” nucleation with coefficienta andK esti-  present, the values of and K needed for reproducing the
mated from fittings to data on particle formation days. observed new particle formation rates were smaller. It further
means that both “activation type” and “kinetic type” nucle-
3.3 Correlations of the growth ratR;_3 and nucleation ~ ation processes seem to depend on the concentration of oxi-
coefficientsA and K with other quantities dation products of terpenes, being more effective at higher
concentrations. The coefficient for “kinetic type” nucle-
In order to get more information on the particle growth mech-ation, K, had a stronger correlation with CS/([Oxkerp])
anism from 1 to 3nm as well as on the nucleation mecha-2nd CS/([@] x[terp]) than did the coefficient for “activation
nism behind used formulas for nucleation rate (Egs. 5 and 6)type” nucleationA.
we searched for correlations of the growth ra@{_3) and We tested also correlations with some products of the
nucleation coefficientsA and K) with several other quan- quantities mentioned above. Interestinglyand K seemed
tities. Our aim was to find out whether there are quantitiesto correlate with [HSO4] x[NH3] even if there was no sig-
that could explain the variation d6R;_3, A and K from nificant correlation with sulphuric acid or ammonia alone.
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The correlation coefficients m_w'th [H2SO4] and [NH3] Table 3. Correlation coefficients for activation and kinetic coeffi-
were 0.42 and 0.25, respectively, and thosekofwith  gients4 andk with daytime averages (09:00 a.m.~03:00 p.m.) of
[H2SOy] and [NHs] were 0.17 and 0.3, respectively. HOW- several quantities during QUEST 2 campaign. Correlation coeffi-
ever, correlation coefficients with B$Oy] x[NH3] were cients greater than 0.5 are marked as bold.

considerably greater: 0.66 farand 0.62 forK. This corre-

lation suggests that both sulphuric acid and ammonia are im- A K Number of
portant in new particle formation. The higher the sulphuric R R data points
acid and ammonia concentrations, the larger are the nucle-
ation coefficients. This means that in case of activation type ;H :852 :g'gg 11:
nucleation, a larger fraction of sulphuric acid molecules gets [HoSOy] 0.42 017 14
activated to 3 nm size, and in case of kinetic type nucleation, [NHs] 0.25 0.30 10
a larger fraction of collisions of two molecules containing (terp] 007 —0.32 12
sulphuric acid leads to formation of permanent clusters. [terp] x [OH]/CS _052 —0.62 12
Although the correlations found are very promising, it [terpl x[O3]/CS —0.43 -0.55 12
should be kept in mind that the used dataset was rather small ~ CS 051 042 14
(10-14 days). This is due to the fact that on some analysed 1
days a fraction of data, such as ammonia concentration, was ~ RH 059  0.61 14
missing. Therefore the correlations found are mainly sugges-  ((terPIx[OHICS) ™t 0.67  0.80 12
tive. (lterplx[O3)/CSy™t 054  0.72 12
[HoSOu]x [NH3] 0.66  0.62 10
GR1_3 0.09 0.007 13

4 Conclusions

In this study, the close correlation between number concen-

tration of freshly nucleated particles (3—6 nm) and sulphuricreaction rate coefficients in the gas phase with vapour con-
acid has been investigated in detail to analyze the formacentrations around £61¢° cm~3.

tion and growth mechanism of atmospheric aerosol particles. Due to big scatter i’z andJ1 data, we didn’t specify ex-
The analysis was based on data on 15 new particle formatioactly whether the particle formation occurs according to the
days observed during QUEST 2 campaign in spring 2003 inactivation or kinetic mechanism on a particular day, but de-
Hyytiala (Finland). During new particle formation, the con- termined both coefficientd and K for all days. We want
centration of 3—6 nm particles was found to have a power-lawto emphasize that the exponents of the correlation for the
dependence on the sulphuric acid concentration, with an exaumber concentrationNz_s~[H2SO4]*) should not be in-
ponent value 1 or 2. Using time shift analysis based on thigerpreted as the exponents of the nucleation formula. For
correlation, the growth rate from 1 nm to 3nm has been de-various reasons the exponent of the correlation may change
termined. The mean value was 1.2 nm/h and a large fractionvhen going formJ; to J3 and N3_g. More data analysis is

of it, on average about 50%, can be explained by the condemeeded to make conclusions on which nucleation mechanism
sation of sulphuric acid. will dominate in which conditions.

Formation rates of 3nm and 1 nm particles estimated from When analyzing the dependence of activation and ki-
particle measurements were correlated with sulphuric acichetic coefficients on other measured data, a correlation with
concentration to the power from 1 to 2, showing that there ardH2SO4] x[NH3] was seen, even though there was no corre-
possibly couple of varying nucleation mechanisms workinglation with [HoSOq] or [NH3] alone. Also the anticorrelation
during the analyzed period. Recently we have presented awith the concentration of oxidation products of terpenes was
activation theory to describe the linear dependence betweeabserved, indicating that the higher their concentrations, the
sulphuric acid concentration and atmospheric nucleation ratemaller the activation and kinetic coefficients are. Although
(Kulmala et al., 2006). Here we tested two nucleation mech-at present only indicative, this gives a clear hint that all three
anisms corresponding to the two dependences: “activatiolgaseous precursors — sulphuric acid, ammonia and terpene
type” nucleation with linear dependence and “kinetic type” oxidation products — are important in formation and growth
nucleation with square dependence on sulphuric acid. Acof atmospheric aerosol particles.
cording to our analysis, both mechanisms seem to be good Recently there has been some experimental development
candidates for atmospheric nucleation. From fittings to parti-to detect neutral clusters below 3 nm in atmospheric con-
cle measurement data empirical nucleation coefficients werelitions (see Kulmala et al., 2005a). However, 3nm is still
determined. The mean values of the activation and kineticdhe lower limit in conventional atmospheric aerosol particle
coefficients were 110 6s 1 and 0.6<10"12cm®s™1, re-  measurements, and the current estimates on the magnitude of
spectively, being of the same order of magnitude as chemicalegional and global secondary aerosol formation rely mainly
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on modelling and are subject to large uncertainties. There Kulmala, M.: The contribution of sulphuric acid to atmospheric
are uncertainties in identifying both the detailed nucleation particle formation and growth: a comparison between boundary
mechanisms and the nucleation rates, and the formation rate layers in Northern and Central Europe, Atmos. Chem. Phys., 5,
of 3nm particles depends strongly on growth rate from 1 1773-1785, 2005,

to 3nm. By analyzing the relationship between sulphuric NttP://www.atmos-chem-phys.net/5/1773/2005/ _
acid and freshly formed particles we can get indirectly Hanke, M., Uecker, J., Reiner, T., and Amold, F.. Atmospheric

information about the early stages of particle formation. For Po' 2% radicals: ROXMAS, a new mass-spectrometric method-
’ I u y stag P ) ology for speciated measurements of HO2 and Sigma RO2 and

this type of _data_ anglysis, it is crucial t_o measure particles first results, Int. J. Mass Spectr., 213(2—3), 91-99, 2002.

and sulphuric acid simultaneously. To find out how broadly jari p. and Kulmala, M.: Station for Measuring Ecosystem—

these types of correlations are valid, it would be essential Atmosphere Relations (SMEAR 1), Boreal Environ. Res., 10,

to analyze data from different environments. We will 315-322, 2005.

continue the study also by aerosol dynamics modelling toJanson, R., Rosman, K., Karlsson, A., and Hansson, H.-C.: Bio-
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