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Abstract. The importance of ion-induced nucleation in the Ternary and binary nucleation refer to the number of vapors
lower atmosphere has been discussed for a long time. In thiparticipating in the nucleation process, whereas ion-induced
article we describe a new instrumental setup — lon-DMPSnucleation refers to the presence of charges in nucleation
— which can be used to detect contribution of ion-induced(Weber et al.1996 Laakso et a].2002. Thus, both binary
nucleation on atmospheric new particle formation events.and ternary nucleation can be either ion-induced or neutral.
The device measures positively and negatively charged parA proposed particle nucleation mechanism is the activation
ticles with and without a bipolar charger. The ratio betweenof stable clustersHoppel et al. 1994 Kulmala et al, 200Q
“charger off” to “charger on” describes the charging state of 2006, which can be either neutral or ion clusters.
aerosol particle population with respect to equilibrium. Val-  Most studies on atmospheric nucleation are based on
ues above one represent more charges than in an equilibriumilization of electric charges and electric fields (for an
(overcharged state), and values below unity stand for undereverview, see e.g.Flagan(1998). Such devices include
charged situation, when there is less charges in the particleion mass spectrometers, ion-spectrometers and Differential
than in the equilibrium. Mobility Particle Sizer (DMPS) Aalto et al, 2001, Weber
We performed several laboratory experiments to test theet al, 1995 Winklmayr et al, 1991). lon mass spectrome-

operation of the instrument. After the laboratory tests, weters have been used successfully in the studies of new particle
used the device to observe particle size distributions duringormation in the upper atmosphergi¢hkorn et al, 2002.
atmospheric new particle formation in a boreal forest. WeRecent developments in atmospheric measurements are the
found that some of the events were clearly dominated by neueommercially available ion spectrometers which detect ion
tral nucleation but in some cases also ion-induced nucleatiomr charged aerosol distributions from cluster ion sizes up to
contributed to the new particle formation. We also found thatthe Aitken mode I(aakso et a].2004. Typically, ion spec-
negative and positive ions (charged particles) behaved in &rometers measure both polaritiédigaki, M., 195Q 1961).
different manner, days with negative overcharging were more The most common aerosol sampling instrument utilizing
frequent than days with positive overcharging. an electric field is the Differential Mobility Analyzer (DMA)

in a DMPS-system. In the DMA aerosol particles of certain

mobility are separated from an air flow. In the DMPS sys-

tem, only the charged fraction of particles is measured. The

equilibrium charge on patrticles is provided by a radioactive

bipolar or by a unipolar corona charger. The total particle

number concentration is obtained after a mathematical in-
a\_/ersion of the charged fraction. Since only few percent of
hparticles in small sizes are charged, this inversion procedure

ways including ion-induced, ternary, binary and kinetic nu- is very sensitive to understanding the charging probability of

cleation had been proposed, but the relative importance oP2rticles. . .
these processes in different environments is still unknown. The charged fraction can be calculated from different the-
ories, most widely-used are the semi-empirical theories by

Correspondence td:. Laakso Hoppel and Frick1986 andWiedensohle(1988 as well as
(lauri.laakso@iki.fi) the flux-matching theory bifuchs and Sutugi(l970.

1 Introduction

New particle formation is taking frequently place in the
global atmosphere worldwid&(lmala et al,2004). Despite

many observations, however, the exact nucleation mech
nisms still remain an open question. Several nucleation pat
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Fig. 1. A schematic figure of measurement apparatus and the laboratory setup. In ion-DMPS (boxed with dashed line) ultrafine particles
are either directed to the Differential Mobility Analyzer (DMA) via bi-polar charger (Ni-63), where the sample reached an equilibrium
charge distribution, or the radioactive source is isolated from the sample flow and the charge distribution is measured as it is in ambient
air. The DMA has a switchable high voltage supply, which enables measurements of both negative and positive polarities. For laboratory
verifications, monomodal test aerosol was produced with a heated oven and directed to the ion-DMPS setup and a reference instrument (TS
model 3025) in order to determine total number concentration of generated aerosol particles and to monitor constant output of the generator.

Unfortunately, despite numerous laboratory studies, theapply the instrument to study ambient new particle forma-
particle charging probability in the atmosphere is not well- tion events. Finally, the results and their consequences are
known, especially for the smallest particle sizéeischl  discussed.
et al, 1999. Thus, if we are interested in freshly-formed
nanoparticles, more information on atmospheric charging
probabilities is neededHussin et al. 1983 Reischl et al. 2 Instrumentation

1996.
In addition to being necessary for interpretation of instru- 2.1 lon-DMPS

mental results, electric charges on particles may also carmy o ion-Differential Mobility Particle Sizer (ion-DMPS) is

:pforTadtlo\r} aboutt tfllezggcliatlor& prc;ct(?lss{ej. .In the': € hased on a well-defined aerosol sizing instrumentation con-
ler study Vana et al.(2009 found out that during nucle- centrating on the ultra-fine particle size rangelbnm in

ation bursts particles often carry more charges than in Paryiameter Aalto et al, 2007). A schematic picture of the

tlc_les in electrlqal equilibrium. In case of ion-induced nucle- instrument is presented in Fig.(boxed with dashed line).
ation, new particles are formed electrically charged, whereau's:irst aerosol particles are led to a bipolar charger (Ni-63)

in case of neutral nucleation particles do not initially carry that can be switched on and off. Next, they are led trough a
any charges. Thus, depending on nucleation mechanism, th

$onventional Differential Mobility Analyzer (DMA, length
charging state of particles may deviate from that in the charg% 109m, Winkimayr et al, 1997 with a switchable two-
equilibrium. When nucleated particles grow, they will fi- _° y '

. o olarity high voltage power supply. By changing the polarit
ne_llly reach the electrical equilibriunvégna gt al, 2006‘.'. ﬁ] the )I/DM?A we V\?ers able to F:riljeyasu);e eithger gositi\?ely- o);
this study, we use the term steady-stttarging probability negatively-charged particles. The DMA was typically oper-
when referring to the fraction of charged particles in the equi- ated with a closed loop sheath flodoginen and Mkek,
librium state. The terrsharged fractiortells how large is the

: e 1997 with 15Imin~1 sheath and 3Iminm?! aerosol flow
percentage of charged particles at a certain size. The ®Mhtes. The size segregated particles were detected with a

charging staterefgrs t_o the Cha‘fge‘?' fraction with re_spect 0 151 3025 Gtolzenburg and McMurry1991) ultrafine par-
thg _charged fraction in the equmbrlum.state (charging prc’b'ticle counter (CPC). Given the minimum and maximum volt-
ability). If there are fewer charged particles than there Wouldage flow rates, and counting efficiency of the CPC, this cor-

Sresponded to a size range of approximately 3 to 15nm in
electrical mobility equivalent diameter.
The charger is a rectangular brass construction, with di-
In this work, we present a new instrumental setup whichmensions of 100 mm, 27 mm and 15 mm for length, width
can be used to define charging state of aerosol particles. Aand height, respectively. With the aerosol sample flow rate
preliminary version of this device was utilized already by of 2.5 | min1, the residence time inside the charger is ap-
Makehk et al.(2003 but the results remained unpublished. proximately 1 second. Thg-active Nickel-63 foil is at-
A similar, but less sophisticated than the current version oftached to a turning cylinder on top of the charger body. The
this device was also described bgakso et al(2004). After cylinder is attached to a stepper motor, which turns the foil
describing the instrument and its measurement principles, weither towards the sample flow (charger on) or in face with
present a laboratory verification of the instrument. Then wethe inside wall (charger off). The dimensions and activity is

is calledundercharged If the number of charged particles
exceeds the equilibrium value, the particles@rercharged
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comparable to commercially available Krypton-85 neutraliz- 45
ers (TSI-3077A). The stopping distance in air foradiation {
from Ni-63 is considerably shorter than that for a Krypton- | 6 l l

85, thus the Ni-63 effectively distributes its energy within the o _ I ] T
charger.

Small adjustments to a conventional instrument enabled us
to measure aerosol particle size distribution in four different
operating modes: 1) the charger was on and the DMA had a
negative polarity; 2) the charger was off and the DMA had a % % é §
negative polarity; 3) the charger was on and the DMA had a 5 45| % % ]
positive polarity; 4) the charger was off and the DMA had a %
positive polarity. For each operation mode, a size scan with %
pre-defined intervals was carried out.

Normalized concentration ratio

2.1.1 Laboratory verification of ion-DMPS % 2 4 6 8 10

The ion-DMPS was tested in a laboratory prior to deploy-
ment under field conditions. Several tests were performed
with monodisperse silver particles (transport efficiency, neu- ] [
tralization efficiency) and monodisperse ammonium sulphate

(neutralization). Polydisperse silver and ammonium sulphate
was used in the charge equilibrium experiments.

The laboratory setup is depicted in Fiy. Polydisperse
ultrafine silver particles were generated with an oven (Car-
bolite Furnaces MTF 12/388). Ammonium sulphate was
generated from liquid solution with Topas ATM 220 aerosol
generator (Topas GmbH, Dresden, Germany). An equilib-
rium charge distribution was obtained with a bipolar NI-63
charger and from the resulting particle population a monodis-
perse selection was extracted with a Vienna-type Differential
Mobility Analyser (DMA, length 0.109 mWinklmayr et al. 0
(1991)). The sheath flow was set to 20| mihand aerosol 0 2 ‘Biamele, (nm)e 8 10
flow to 1 Imin—1. The aerosol sample was then separated be-
tween the ion-DMPS and TSI model 3025 Ultrafine Conden-Fig. 2. Charge balance of laboratory generated ammonium sulphate
sation Particle (UCPCStolzenburg and McMurryg1991)), (upper panel) and silver (lower panel) particles determined with the
the latter of which was used as a reference instrument for ablon-DMPS. All the ion-DMPS concentrations were normalized with
solute particle concentration. In addition, with the aid of the respect to the concentration of negative, non-neutralized particles

reference instrument, it was also possible to normalize smalfcyan). Error bars are standard deviations for a given particle size
fluctuations in the aerosol generation system. i.e. variability of the concentration ratios between consecutive ex-

periments conducted on a same day. Colors: dark blue: negative
neutralized; Cyan: negative; Magenta: positive; Red: positive neu-

tralized.
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2.1.2 Transport efficiency

The purpose of the ion-DMPS is to determine the charging

state of ultra-fine particles. Although knowing the absolute o . . o )
particle concentration is not essential in doing that, the ini-cut-size, i.e. the diameter at which the transport efficiency is

tial ultra-fine particle concentration has to be large enough?0%: was 7.2nm. This corresponds to a ideal laminar flow
to penetrate through the system and to give a reliable condiffusion loss Baron and Willeke200)) of 16.4 m of a cir-
centration reading during the counting. The transport effi-cular tube.

ciency through the ion-DMPS was determined experimen- Assuming Poisson-counting statistics for the CPC and
tally with monodisperse silver particles ranging from 3 to 15 second-integration time this will lead to 42% and 13% sta-
40 nm in electrical mobility equivalent diameter. The trans- tistical error for concentrations of 0.1 crhand for 1 cnt3,

port efficiency was a steep exponential curve. Roughly 75%respectively. For this reason, concentrations below 0:1%cm

of 20 nm particles penetrated the setup, whereas only 25% ofvere neglected in the charging state estimations. One has
5 nm particles survived. In the normal operation range of 3—to bear in mind that the losses are, however, not as crucial
15 nm, the transport efficiency of the setup is 15 to 65%. Theto the performance of the ion-DMPS as they are in case of

www.atmos-chem-phys.net/7/1333/2007/ Atmos. Chem. Phys., 7, 13332007
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5 Absolute particle Charged fraction lon-DMPS
T concentration
% T lon-DMPS
=} )
c = Total x
g = 2| T=H— x
E -1 or +1 e Equilibrium 1 —— 253>
£ 0 S
z * Equilibrium
o
- dp dp dp
c
K]
5 .
g (\E) Total o Equilibrium
S R I e erer PR
® o | Jeez T ¢ x x
- X
3 -1 or +1
2 x
dp dp dp
c
i)
15 T
3 S g Total -
=R ° o S ;
2g & ---------- Equilibrium 1
E S ‘o'
s 0
dp dp dp
c
ie]
©
-f 2 g 0 . Equilibrium
s FE Nl T —— | L 1 ] I
£3 i X
232 -1 or +1 X
dp dp dp

Fig. 3. A schematic figure showing the contributions of ion-induced and neutral nucleation. On the left column: absolute concentrations;
middle column: charged fraction and equilibrium charged fraction; right column: fraction obtained from ion-DMPS. First row represent
situation with pure ion-induced nucleation, second line pure neutral nucleation. Third line is a combination of ion-induced nucleation with a
domination of ion nucleation whereas fourth line is a combination of neutral and ion-induced nucleation with dominating neutral nucleation.
Bars in two lowermost lines represent upper and lower ends of ion-induced fraction and corresponding charging states.

a normal size distribution instrument. In the ion-DMPS, the  As neutralized, polydisperse particles were sampled with
desired information is the ratio between the concentrations othe ion-DMPS, several features were detected. First, switch-
particles measured in four different operation modes, whiching on the ion-DMPS charger increased the concentration of
are exposed to the same losses despite their polarities or ttmib-10 nm particles by approximately 10% in comparison

number of charges. with corresponding non-neutralized negative particle con-
centration. This effect was more pronounced in the ammo-
2.1.3 Charge balance and neutralization efficiency nium sulphate experiments, in which the concentration en-

hancement was substantially larger than 10%<{6mm par-
A charge balance of laboratory-generated particles was deticles. This is due to the particle generation setup, which is
termined with the ion-DMPS for polydisperse ammonium not able to produce enough sub-6 nm particles from liquid so-
sulphate and silver particles (Fig) by-passing the DMA  lution. Oven-generated silver particle concentration is higher
in the laboratory setup. All the ion-DMPS concentrations and thus the ratio is more reliable down to 3 nm in size.
were normalized with respect to the concentration of nega-
tive, non-neutralized particles (cyan line in Faj.
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Fig. 4. Data on the distribution on the 21 May 200&) Size distribution in time of all submicron particles measured with a DMBS,
size distribution in time of the negative neutralized iofed hegative natural iongd) positive neutralized ions, ar(@) positive natural ions
measured with the ion-DMPS. Mind the different scales for concentration and particle diameters in DMPS and ion-DMPS.

Normalized concentration ratios were higher in the casehas to be strong enough to efficiently neutralize the charg-
of negative polarity as compared with the positive concentra-ing state of the sampled particles to equilibrium conditions.
tion ratios. This is due to higher mobilities of negative cluster This is needed in the calculation of over/undercharging state
ions, which attach to the sampled particles in the ion-DMPSas a reference concentration. To test this, higher than typi-
charger. This has been seen in earlier experiméliisden-  cal atmospheric concentrations of negatively charged silver
sohler 1988 as well as using theoretical calculatiofsiChs  particles utilizing the laboratory setup were generated. The
and Sutugin197Q Hoppel and Frick1986. As the parti-  ion-DMPS distributions measured with the charger and pos-
cle size decreased, the absolute charging efficiency decreaséive polarity (i.e. neutralized negative particles) agreed well
for both polarities. Since the data are normalized to non-with a parameterization bwiedensohle(1988. This indi-
neutralized negative concentration, the non-neutralized rati@ates that the charger was in a working order.
fluctuate around unity and the neutralized ratio has an av-
erage 10% offset. On the other hand, the ratio between the.2 Balanced Scanning Mobility Sizer (BSMA)
negative and positive charging efficiencies did not remain the
same in our experiments i.e. ratios of positive concentrationgn addition to ion-DMPS, we carried out ion measurements
(Fig. 2) had a decreasing trend as the particle size diminishedysing a Balanced Scanning Mobility Sizer (BSMAJan-

To clarify this, more laboratory experiments are needed tomet 2004 200§. The Balanced Scanning Mobility Ana-
experimentally determine the particle charging efficiency inlyzer, manufactured by Airel Ltd., Estonia, consists of two
the sub-10 nm size range. plain aspiration-type Differential Mobility Analyzers, one

A crucial part of the ion-DMPS is the radioactive charger for positive and the other for negative ions. The two aspi-
in front of the instrument. Since our aim was to determine theration condensers are connected as a balanced bridge circuit
charging state, i.e. the excess or deficit of electrical chargethat allows continuous variation of the driving voltage and
in ultra-fine particles, the radioactive source in the systemscanning of the mobility distribution of charged clusters and

www.atmos-chem-phys.net/7/1333/2007/ Atmos. Chem. Phys., 7, 13332007
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Fig. 5. Charging state during 21 May 2005 — overcharging occur for both negative (left panel) and positive (right panel) polarities. Red
circles represent median charging state as a function of particle size obtained from lon-DMPS. The black triangles depict 25% (downward

triangles) and 75% (upward triangles) percentiles of the charging state. The lines are optimized least squares fits through median, 25% anc
75% percentile points using EdL)(

nanoparticles. A large airflow rate of 441 per second helpssents the case where ion-induced nucleation dominates over
to suppress the loss of air ions in the inlet of the instrument.neutral nucleation, whereas in the fourth row of Rgeutral

The inlet can be closed or opened for ions using a controllechucleation dominates over ion-induced nucleation.
electrostatic filter, and the background signal is eliminated |, 5qdition to the cases presented in Fgit is also pos-

by making every other scan with a closed inlet. A mobility gjhje that positive and negative ions behave in a different
distribution is calculated according to the results of 9 scansWay, i.e. ion-induced nucleation can have a charge prefer-
performed over 3min. The electric mobility range of 0.032—- 4 Kusaka et al.1995 Lovejoy et al, 2004. For that
3.2cnfV~ts tis logarithmically uniformly divided into 16 1oa50n we measured both the polarities. Common to all dif-

fractions. The corresponding size distribution is presented b ant nucleation combinations, the only way to receive an

10 fractions, logarithmically equally distributed in a diameter overcharging is that at least some fraction of the new parti-
range of 0.4—7.5 nm.

cles have originated from ion-induced nucleation.
An example of inverted lon-DMPS data together with con-

3 Data treatment and analysis ventional DMPS-data is shown in Fig. The concentra-
tion of negative natural particles was higher during the first
3.1 Interpretation of ion-DMPS-results hour of the event than the corresponding concentrations after

the ambient particles were neutralized with the radioactive
Figure3 represents schematically four different cases of nu-source (Fig4c and d, respectively). In other words, fresh
cleation and how they are observed by an ion-DMPS. atmospheric particles during this day carried excess negative
In case of neutral nucleation all particles are formed elec-charges compared with the equilibrium state. This is an indi-
trically neutral from nucleating vapors (Fig, second row), ~ cation of the participation of ions in the first steps of the par-
whereas in ion-induced particle formation nucleation takesticle formation process. Also positive particles were slightly
place on pre-existing cluster ions so that all freshly-formed©vercharged.

particles carry one positive or negative elementary charge One way to analyze the possible existence of ion-induced
(Fig. 3, first row). When the particles grow bigger, they tend nucleation is to calculate the ratio between the natural to neu-
to reach charge equilibrium. In addition to pure neutral ortralized particle concentrations (right column in Fg). If
ion-induced nucleation, different combinations of these twothe ratio is>1, the particles are overcharged compared to
mechanisms are also possible. The third row in Biggpre-  the equilibrium state. On the other hand, if the raticzik,

Atmos. Chem. Phys., 7, 1338345 2007 www.atmos-chem-phys.net/7/1333/2007/
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Fig. 6. Charging state during 2 May 2005 — undercharging occur for both negative (left panel) and positive (right panel) polarities. Red
circles represent median charging state as a function of particle size obtained from lon-DMPS. The black triangles depict 25% (downward
triangles) and 75% (upward triangles) percentiles of the charging state. The lines are optimized least squares fits through median, 25% anc
75% percentile points using EdL)(

the particles are undercharged. The benefit in using this ratief BACCI-QUEST intensive field campaign. Between 30
and one single inlet lies in the fact that it allows us to avoid March and 18 May, the device was located in the main cot-
systematic errors due to losses within the inlet structure.  tage of the station; the inlet was at 2 m height. From 18 May,
By dividing the natural ion concentration (only values over 2005 onwards, the instrument was located in an another cot-
0.1cnr3 are used) by the neutralized ion concentration fortage some 150 m south from the main cottage. At this loca-
each diameter and time, we obtain the charging state as #on the sample was drawn from 9 m above ground level with
function of time and patrticle size. This state is averaged over high flow rate {-100 | min1) and distributed to ion-DMPS
the nucleation period for each diameter. Two example caseand many other aerosol instruments. The functionality of the
are shown in Figs5 and6. In Fig. 5 (21 May 2005) one instrument was verified twice during the field campaign with
can observe an overcharged nucleation event for both posemmonium sulphate particles. The results were in agreement
tive and negative ions, whereas in Fig2 May 2005) parti- ~ with laboratory measurements presented in Eig.
cles of both polarities are undercharged.
An example of the time behavior of the charging state is4.1 General features of nucleation mode charging state
shown in Fig.7. As shown in Fig.7 the charging states of
5 and 7nm particles are vary within a factor 2 from unity The analysis was made for those days during which we were
during the day. On the other hand the charging state of 3 nnble to use data from ion-DMPS, BSMA and DMPS.
particles vary a lot from 7 to 1. It is also decreasing dur- Figure 8 shows the charging state of different-size par-
ing the day indicating that ion clusters will first activate or ticles during all the event days observed, 34 days in total.
ion induced nucleation are more important before noon tharfOne can see that negative ions tended to be overcharged for
later. smaller diameters and close to equilibrium for bigger par-
ticles. The same tendency was observed for positive ions.
However, for one day (2 May 2005, see also Fpthe pos-
4 Results from atmospheric measurements itive and the negative ions were undercharged at lower parti-
cle sizes reaching equilibrium at larger sizes. Compared with
We measured with our ion-DMPS at the SMEAR Il (Sta- event days, the particle charging state seemed to behave quite
tion for Measuring Forest Ecosystem-Atmosphere Relationsdifferently during the five non-event days observed (Bjg.
Vesala et al.(1998; Kulmala et al. (2001) located at One must remember, however, that the charging state of sub-
Hyytiala Forestry field station during spring 2005 as a part5nm particles could not be determined during the non-event

www.atmos-chem-phys.net/7/1333/2007/ Atmos. Chem. Phys., 7, 13332007
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Fig. 7. Time development of charging state during the event day 21 May 2005 for 3, 5 and 7 nm particle sizes for negative (upper panel) and
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Table 1. Parameters describing the charging state for negative polarity during selected nucleation event days. Charging state S at 1 nm,
1.5 nm and 2 nm and parameter K are optimized in least squares sense to ion-DMPS data, when concentrations beldwre. bmitted.

Date K[nm1]  upperlimit lowerlimit S@1lnm S@1.5nm S@2nm
20050413 0.5 0.6 0.3 12.6 6.6 4
20050417 15 11 3.2 304.1 98.5 36.2
20050418 1 0.9 1.2 89.5 36.7 17.1
20050420 0.9 13 0.1 60.1 25.9 12.7
20050424 0.8 10 0.2 34 1.8 1.2
20050430 1.9 10 0.9 -2130.1 -543.7 -155.7
20050502 0.7 1 0.4 -25 -1 -0.3
20050503 15 1.2 0.1 210.2 65.3 23.1
20050508 13 2.6 0.2 95.7 33.5 13.5
20050510 13 0.9 1 107.6 38.5 15.8
20050511 0.9 0.6 1.7 60.6 26.6 13.3
20050512 0.7 0.4 0.7 25.7 12.1 6.5
20050513 11 0.9 0.3 48.1 18.6 8.3
20050514 0.8 0.5 0.3 11.6 5.6 3.1
20050516 0.8 0.7 0.2 27 12.6 6.7
20050520 0.5 0.6 0.2 6.8 3.8 25
20050521 0.7 0.5 0.6 29.2 14.2 7.9
20050524 0.6 0.5 0.1 65.8 323 18
20050527 0.2 0.1 0.2 10.7 6.4 4.3
20050604 0.8 0.6 0.1 93.8 42.6 21.9
Min 0.2 0.1 0.1 —2130.1 -543.7 -155.7
Max 1.9 10 3.2 304.1 98.5 36.2
Median 0.8 0.8 0.3 38.7 16.4 8.1

days due to absence of these particles from the measured sizeached measurable sizes3nm diameter), information
spectra. about their initial charging state is completely lostkf is

By starting from detailed charge balance equations, Kerdarger than about 2-4 nm. In such cases there is no way
minen et al. (2007)derived an analytical formula that gives of getting information about the contribution of ion-induced
the charging stat& of a growing nuclei population as a func- nucleation based on ion-DMPS measurements alone.

tion of particle diametey,: In moderately polluted environments such as the one con-
sidered here, the error in S predicted by EB.ié usually
1 1+ (So—DKdo X
Sdy) =1- Xd + Kd exp(—K (d,—do))(1) below 10-20% (Kerminen et al., 2067)Larger errors may
P P

emerge if the total number concentration of nucleation mode
Here Sg is the charging state at some reference diamgfer particles is much larger than the cluster ion concentration, if
andkK is a parameter given by the value ofK varies with time or nuclei size, or if the initial
charging state of the nuclei population is larger than about
50-100, i.e. the nuclei were born dominantly by ion-induced
nucleation.

. L o . , The parameteK can be determined in two ways: 1) by
whereq is the ion-ion recombination coefficier®R is the fitting a curve given by Eq.1) into experimental data ob-
nuclei.growth ratg and&/{ is the concentration of positive or tained from ion-DMPS measurements or, 2) by calculating
negative cluster ions (assumed to be the same whenllEq. (it irectly from measured ion cluster number concentrations
was den_ved). _ and nuclei grow rates. Examples of the first approach are
_ Equation () demonstrates that the rate at which the grow- g, i Figs5 ands for overcharged and undercharged nu-
ing nuclei population approaches charge equilibrium (S=1)qje4ti0n events, respectively. The fittings were made by min-
depends only on the paramet&r When the nuclei have i ing the distance between the experimental points and the

IKerminen, V.-M., Anttila, T., Péja, T., Laakso, L., Gagn S.,  curved given by Eg.1). We can see that the fittgd curves cap-
Lehtinen, K. E. J., and Kulmala, M.: Charging state of the atmo- ture quite well the measured size dependencies of the nuclei
spheric nucleation mode: implications for separating neutral andcharging states as well as their variability over each particle
ion-induced nucleation, J. Geophys. Res., to be submitted, 2007. formation event. The second approach can be applied only

ocNg

~ GR(d,)’ @
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Table 2. Parameters describing the charging state for positive polarity during selected nucleation event days. Charging state S at 1 nm,
1.5 nm and 2 nm and parameter K are optimized in least squares sense to ion-DMPS data, when concentrations beldwre. bmitted.

Date K[nnmm1] upperlimit lowerlimit S@1lnm S@1.5nm S@2nm
20050413 0.5 0.3 0.4 8.1 4.4 2.8
20050414 1 4.2 0.5 4.8 2.2 14
20050417 0.8 2.6 0.2 25.8 11.9 6.3
20050424 1.6 1.7 0.3 2137.4 630 209.3
20050425 1.8 25 0.3 342.1 94 29.4
20050427 15 15 0.3 317 101.2 36.6
20050502 04 0.7 0.3 -0.3 0 0.2
20050503 0.3 0.7 0.2 34 21 15
20050508 0.9 0.6 0.2 17.1 7.6 4
20050511 0.5 0.1 0.7 13.3 7 43
20050513 15 0.8 25 143.9 46.2 17
20050514 0.6 0.3 0.3 10.3 5.3 3.2
20050516 0.8 2.7 0.2 20.9 9.8 53
20050517 0.5 0.5 0.2 10.4 5.6 3.4
20050520 14 10 0.3 -3.6 -0.8 0.1
20050521 1.2 1.4 0.4 156.3 57 23.6
20050522 0.5 0.2 0.5 33.9 17.4 10.1
20050527 0.7 3 0.3 8.7 4.3 25
20050531 0.5 0.4 0.2 21.9 11.4 6.8
20050604 0.6 10 0.1 55 3 1.9
20050608 13 1.6 0.3 147.2 52.7 215
20050609 0.7 0.5 12 110.2 51.8 27.5
20050610 1 23 0.2 62.5 26 12.3
20050611 1 11 0.2 133.3 53.1 24
Min 0.3 0.1 0.1 -3.6 -0.8 0.1
Max 1.8 10 25 2137 630.0 209.3
Median 0.8 1.3 0.3 214 10.6 5.8

if time-resolved air ion and aerosol particle number size dis-eter. This is the probable size range where the nucleation
tribution measurements are available. Even then, the error imook place. Note that the “upper” and “lower” values Kf
the calculated values & might be considerable. andS do not present error estimates but rather reflect the data

The fitting procedure was repeated for all the 34 nucle-variability over each nucleation event. We may see that some
ation event days presented in Féig Days with median parti- of thg .egtrapolated_ values @fare negatl\{e. This reflects the
cle number concentrations remaining below 0.1 &im sev-  Sensitivity of the fits to the exact location of measurement
eral size ranges were left out of the analysis because of da@0ints in cases with significant undercharging, i.e. when neu-
quality issues. Once the fittings were obtained, we furtheriral nucleation completely dominates the initial aerosol for-
omitted the days for which the fitted value &f was larger ~ Mation. Likewise, although the valuesin excess of about
than 2 nnt? or deviated by more than a factor of three from 50-100 are indicative of the dominance of ion-induced nu-
the calculated value of based on BSMA and DMPS mea- cleation, the absolute values 8fcan not be trusted in such
surements. By this way, we roughly ruled out the nucle-CaS€S.
atiqn ever)ts for which the information about the initial nu- |, estimating the value of at 1.5 and 2 nm, we assumed
clei charging state may have been lost (a large valuE)f  {hat the value ofk was the same below and above 3nm,
as well as the events for which the fitting most likely failed ; o the one obtained from the fittings. This may not be
for some unknown reason. true, since the growth rates of 1-3nm particles might be

The days that passed the above criteria have been summbarger or smaller than those of3 nm particles. The former
rized in Tablesl and?2 for negatively and positively charged might result from the possible effect of enhanced conden-
particles, respectively. Plotted in these tables are the fittedation growth of charged clusters below 3nm (&/g.and
values ofK, their “upper” and “lower” estimates, and the Turco(2000). Observations in Hyyéla indicate, however,
corresponding values of the charging statextrapolated that the nuclei growth rate increases rather than decreases
down to 1.5-nm and 2-nm sizes of particle mobility diam- with increasing particle size, with typical growth rates being
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Fig. 9. Example of fittings of BSMA concentration data obtained 2 May 2005 for negative (upper panel) and positive ions (lower panel).

higher by a factor 2—3 at the 5-nm size compared with the 120

2-nm size Hirsikko et al, 2009. If this were the case, the « L e
values of§ at 1.5 and 2 nm would in reality be larger than 100} Overcharged
those given in Table$ and?2. A

Keeping in mind the uncertainties resulting from the data 80f
variability and the value oK below 3nm, it can be con-
cluded that the a large fraction of the days considered herer 601 x ¥
seemed to have either negligible<1 at 1.5 nm) orrelatively =

small (§<10 at 1.5 nm) contribution from ion-induced nucle- ¢

ation. This is consistent with the recent resultdlioi et al. % N

(2006 based on charging state measurements over the 3- 20l ¥ . r’:‘jckzjlter:lion |
5nm size range conducted in Boulder, Colorado. However, o ;:j % ,  dominates
contrary to observations Hida et al.(2006, we had also a ToF o, *
few days during which the contribution of ion-induced nucle- 0 Undercharged * T

ation may have been significant or even dominant%0 at & 6 4 =2 o 2 4 6 s
1.5 nm). Estimating the exact contribution of ion-induced nu- BSMA slope (DN/Ddp) (10" #m’*)

cleation on such days would require better knowledge about
the actual size at which nuclei were formed in the atmo-Fig. 10. Comparison between BSMA and lon-DMPS results. x-
sphere, as well as knowing more accurately how rapidly theyax's show the slope of fittings done to ion concentrations obtained

grew into sizes measurable by the lon-DMPS. from BSMA whereas y-axis show the valig. Point with high pos-
itive slope and low charged fractions indicate domination of neutral

4.2 Comparison with BSMA measurements nucleation.

We also compared our results from the lon-DMPS with ob- sibilities: 1) the concentration of ions decreases (nhegative
servations from the BSMA. This was done by calculating slope), 2) the concentration of ions is constant (zero slope),
the average concentration over the nucleation period for eachr 3) the concentration of ions increases as a function of size
size and then fitting a line to the data points (see Bignd (positive slope). We can now analyze these cases more in
the first column in Fig3). We have then three different pos- detail:
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