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Abstract. We measured the size distribution of atmosphericwhere particles may cause adverse immediate and chronic
neutral and charged clusters and particles down to mobilityhealth effects (e.g. Brunekreef and Holgate, 2002).

diameter around 1.5 nm by applying pulse-height CPC tech-
nique at SMEAR Il station in Hyy#la, southern Finland dur-
ing spring 2007 and May 2008. The concentration of molec-

The existence of stable neutral atmospheric clusters and
their role in new particle formation is the key question in

. . - understanding atmospheric nucleation process. New particle
ular clusters smaller than 3 nm seems to be highly vaniable Normation has been observed on numerous locations around

Eotreal forgg(t)egg%%r(\)rg?ﬁntghe conceptrattlon vane? tytplcallythe world (Kulmala et al., 2004a), but the exact mechanisms
etween o - by comparing to concentrations -, ,,, particles are formed from precursor vapors are still un-

measured with ion spectrometers, we conclude that lon C'_“Saer debate. The prevailing nucleation mechanism, at least

ters and neutral clusters produced by ion-ion recomblnatloqn boreal forest environment, is suggested to be activation
are usually not sufficient to explain all of the observed clus- ¢ o atmospheric cluste'rs approximately 1-2 nm in di-
ters; the median fraction of recombination products fromall | 1o (Kulmala et al., 2000, 2006, and 2007a). Theoreti-
’?e““a' cIus.ters was 4.9%. Before and dqrmg most new pare,, arguments and laboratory experiments support the exis-
ticle formation events the cluster formation rate rose Onlytence of neutral clusters (e.g. Kulmala et al., 2005; Hanson
slightly, or remained close to stable. Nocturnal formation and Eisele, 2002). The proposed candidates,for thé chemical
of clusters was also frequently observed. compounds involved in forming clusters include sulphates
(e.g. Vehkaraki et al., 2004; Kulmala et. al., 2004b), am-
monia (Torpo et al., 2007) and organics (Bonn et al., 2008).
lon-ion recombination is also known to produce neutral clus-
ters (Turco et al., 1998).

Aerosol particles affect the climate both directly by scatter- Due to instrumental limitations direct observations of neu-
ing and absorbing solar radiation and indirectly via cloud tral clusters in the atmosphere have been sparse. Weber et
processes. The net radiative forcing of patrticles is currentlyal. (1995) and Kulmala et al. (2005) showed that clusters
believed to be negative (i.e. cooling), but the level of scien-were present during nucleation events. lon clusters in the
tific understanding is still relatively low (IPCC, 2007). De- size range below 1.5nm can be easily detected and have
tailed knowledge of nucleation process is needed to includéeen proven to exist practically all time in the atmosphere
secondary aerosol particles to climate models. Nucleatior(Horrak et al., 1998). The concentration of ion clusters is,
events have been proven to affect the regional and globahowever, typically not high enough to explain the observed
particle budget significantly (Spracklen et al., 2006). Addi- atmospheric particle formation rates (e.g. Laakso et al., 2004;
tionally, aerosol particles enter the human respiratory systemlida et al., 2006). The contribution of ion-induced nucleation
to new particle formation in Hyyéila seems to be less than
10% (Gage et al., 2008). A significant effort has recently

Correspondence td<. Lehtipalo been put into developing instruments capable of measuring
BY (katrianne.lehtipalo@helsinki.fi) neutral particles below 3 nm, which is the lower detection
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limit of the current commercial instruments. With newly de- 2.2 PH-CPC
veloped measurement techniques, like Neutral Cluster and
Air lon Spectrometer (NAIS) and CPC-based applications, The pulse height analysis technique (Saros et al., 1996) re-
Kulmala et al. (2007a) and Sigilet al. (2008, 2009) ob- lies on detecting the intensity of light scattered by particles
served a persistent pool of neutral sub-3 nm clusters in boreafter their condensational growth in the CPC. Due to super-
forests. saturation gradient inside the condenser, particles activate for
In this work we will, for the first time, present a continu- growth at different axial positions depending on their size.
ous time series of atmospheric neutral cluster concentrationshe smaller the particle, the later it will be activated leading
We also study the diurnal variation of cluster concentration into smaller final droplet sizes. Clearly there is an upper size
boreal forest, which gives insight into their production mech- limit, after which only total concentration, but no size infor-
anisms. By measuring simultaneously both charged and neunation of particles can be achieved, since all bigger particles
tral clusters with various independent instruments we aim a@re activated almost simultaneously. Pulse height analysis
estimating the significance of ions in producing neutral clus-method has been used in size distribution measurements be-
ters. tween 3 and 10 nm (Weber et al., 1995, 1998) as well as to
determine the composition of freshly nucleated nanoparticles
(O’Dowd et al., 2002; Hanson et al., 2002). Recently Sipil
2 Material and methods et al. (2008) applied this method to detect atmospheric clus-
ters.
The PH-CPC used in this study comprises a TSI-3025A

The measurements took place at SMEAR Il station ultrafine CPC with modified optics (Dick et al., 2000) and
(61°51 N, 24°17 E, 181 ma.s.l) in Hyytla, southern Fin- a multichannel analyzer. For increasing the detection effi-
land. Th’e station,is surrounded by conif’erous Scots pine_(:iency of small particles, the supersaturation inside the con-

dominated forest. For detailed site description see e.g. Harggnser was increased from nqmmal until .homoge.nous nucle-
and Kulmala (2005). ation appeared. The pulse height analysis technique allowed

us to distinguish homogenous nucleation from activation of
clusters and resolve the size distribution of particles below
5nm. Detailed description of data inversion is published by

2.1 Site description and instrumentation

The particle size-distribution from 3 to 1000 nm was mea-
sured with a basic twin-DMPS system (Aalto et al., 2001).
For measuring the ion mobility distribution a Balanced Scan-—_ ", :
ning Mobility Analyzer (BSMA, Tammet, 2006) and an Air Sipila et al. (2009).

lon Spectrometer (AlS, Mirme et al., 2007) were used. Bothh Ths PH'Cll,DbC'S size- response aﬁd de.tlection defficiency
of the ion spectrometers are manufactured by Airel Ltd., as been calibrated using positive ions (silver and 241-Am

and their mobility ranges are 0.032—3.2nT1s 1(~0.8— charger generated ions) only, due to lack of reference instru-

7.6nm in mobility diameter) and 0.0013-2.4%i 151 ment for neutral particles below 3 nm. Winkler et al. (2008)
(;O 9-42nm), respectively Neutrall Cluste.r and Air lon Showed that charged clusters are activated in lower supersat-

Spectrometer (NAIS) is based on the AIS, but equipped Withurations than neutral ones, and negative ones before positive.

a unipolar charger to measure also neutral particles. The sizg\/hehn P?'CPC 'j usel_d :lolr megsunn_g atmohsphgnc azrosol,
range of the charger ions sets the lower size limit of the NalsWe therefore tend to slightly underestimate the size and con-

to about 2 nm depending on polarity and cluster Concentra_centra’[ion of neutral particles. The activation probability of

tion (Asmi et al., 2009). The size distribution of neutral and particles depends also on their composition (e.g. O'Down et

charged clusters-1.2-5 nm (equivalent ion mobility diam- al., 2002, 2003; Kulmala et al., 2007b). For these reasons

eter) was measured with a pulse-height CPC (PH-CPC, disthe size scale of our results should not be considered as ac-

cussed in Sect. 2.2). tual diameters, but rather the equivalent activation mobility

During spring 2007 (15 March—26 June) all of the above(j""lrneter of insoluble pf’s't!"e lons.
mentioned instruments were measuring simultaneously in Furthermore, the activation probability depends on the to-

Hyytiala as a part of the EUCAARI campaign (Kulmala et tal particle concentration activated inside the condenser due
al., 2009). From spring 2008 (1-31 May) PH-CPC, DMPS to the vapour consumption of the growing droplets. At con-
and BSMA data were available. All particle measurementscentr_at'o_nS larger than 4000—50007:°mh0mogen0us_ nu-
were conducted inside the forest canopy from a height ofc/€ation is almost completely suppressed compromising the
c. 2m above the ground. All reported diameters are ncm_method. Cluster concentrations measured during strong nu-

reduced mobility diameters, and all times are local winter-deation events and pollution episodes are therefore not con-
time. sidered reliable, and normally excluded from the analyses.

The factors affecting the size and concentration response of
the PH-CPC are further discussed by St al. (2009).

From spring 2007 to 2008 the measurement method was
modified in a way that instead of assuming a symmetrical ho-
mogenous nucleation mode, we measured the homogenous
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Fig. 1. Total number concentration of3nm clusters measured Fig. 2. Total number concentration af3 nm neutral clusters mea-
with PH-CPC in Hyytéala 14 March—26 June 2007. sured with PH-CPC in Hyyéila 1-31 May 2008.

nucleation level after each ambient measurement. For re@ttachment coefficient. Thus the first term on the right hand
taining a similar background concentration, a diffusion tubeSide represents recombination source, the second and the
(c. 2m, i.d. 8mm copper tubing, flow rate of 3 Ipm) was ap- third loss of neutral particles by charging and coagulation,

: , L .. | ’ . . —6 —1
plied for filtering the clusters and smallest particles away.espectively. 7'20‘3‘ W‘ifsed a value of 1.60 ®cms~* and
Additionally, an ion trap (7 cm coaxial tube i.d. 8mm with for # 0.0110 cm’s ~(Tammet and Kulmala, 2005). To
a voltage of 32V between the electrodes) was applied aftePbtain @ maximum estimate,was set to unity. The ion clus-
each diffusion tube measurement to get rid of charged cluster concentrations were taken from the BSMA data. As we
ters. In 2007 the ion trap and a diffusion battery were appliedVere interested in recombination products in the size range

irregularly. of the PH-CPC, only collisions between ions large enough to
produce particles about 1.5-2 nm in diameter were accounted
2.3 Data analysis for. The corresponding BSMA channels were chosen using
mass-mobility relation by Kkek et al. (1996, based on ex-
2.3.1 Neutral clusters perimental data by Kilpatrick, 1971).

In 2007 the concentration of neutral particles was calculated.3.3 Formation rates
by subtracting the ion clusters of corresponding size range
measured with the BSMA from the total cluster concentra- The formation rate of 1.5 nm clusters can be calculated from
tion measured with the PH-CPC. As the concentration of(as in Kulmala et al., 2007a, supporting material)
5-2

intermediate ions larger than 1.5nm is typically very low, dN15_2 GR1
<200 cnt® except during nucleation events (Hirsikko et al., /15=—_ +Coag§s o Nis2+—-—Nis—2 2

2005), _the_effect should be minor. The neutral cluster CONrhe coagulation loss is calculated for 2 nm particles from the
centration in 2008 can be achieved solely from PH-CPC databMPS data. We left the last term out, reaching again a min-

by subtracting the diffusion tbe measurement from the 10N mum estimate for cluster formation rate. The equation can

trap measurements. be written separately for neutral particles, ion clusters and for
particles formed by recombination.

2.3.2 Recombination products

A neutral cluster may result if two ions of opposite charge
collide and form a stable entity; this is called recombination.
An estimate for the steady-state concentration of these reg 1 Cluster concentrations
combination products can be obtained by setting the balance

3 Results and discussion

equation According to PH-CPC data from spring 2007 and May 2008,
AN, rec there is a pool of molecular clusters present in Hfgtprac-
= =aaN; "N BNy rec(N;F+N;7) tically all the time. Due to uncertainties regarding the size

of these clusters discussed in Sect. 2.2, we hereafter usu-
—C0agINyrec) Ninrec @) ally refer to total concentration below 3nm, even though
to zero. The subscript refers to neutral clusters ando ion our measurements inevitably have a lower size limit corre-
clustersa is the fraction of stable recombination produets, sponding to activation of positive 1.2 nm ions. Most prob-
the ion-ion recombination coefficient affdthe aerosol-ion  ably we were able to see only the upper size section of
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Fig. 3. Total number concentration ¢&) clusters 1.5-3 nm angh)
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4
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Fig. 5. Neutral <3 nm clusters compared to 1.5-2 nm recombina-
tion products. Data are calculated from PH-CPC and BSMA mea-
surements in April 2007 in Hyydia.
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of 2007, 9350 cm® (910-45000cm?). However, as the
concentration rises slowly rather than stepwise towards end
of May, this is maybe only a part of the explanation. The
variation in cluster concentration level might depend also on
weather conditions, biological activity etc. Resolving the an-
nual variation of clusters would, however, require longer con-
: - T tons 1.3 - 3.2 nm tinuous data sets.
oai01 doa‘:t’fgmmd) 06101 In Fig. 3 we compared the total concentrations measured
with the PH-CPC to the ones measured with the NAIS on
Fig. 4. (a)Number concentration o£3nm neutral clusters (black 31 March—3 April 2007. In the size range 3-5nm the mea-
dots) and 1.5—2 nm recombination products (gray lift§)concen- ~ surement agree remarkably well, especially on the negative
tration of ions 0.8—1.3 nm (black dots) and 1.3-3.2 nm (gray line).charging side of the NAIS. In the 1.5-3 nm range concentra-
Data are calculated from PH-CPC and BSMA measurements irtions are of similar order, but either the NAIS is not sensitive
March—June 2007 in Hyaia. enough to variations in cluster concentration or then again the
PH-CPC detection efficiency is too sensitive to background
aerosol concentration.
the cluster band. Figure 1 presents the total cluster con- In Fig. 4 the fraction of neutral clusters from 2007 is com-
centration from year 2007 and Fig. 2 neutral cluster con-pared to recombination products1.5-2 nm) and ion clus-
centration from 2008. The concentration of these clusterder concentrations. It seems that the concentration of neutral
ranged from about 500 cnd to 50 000 cn?, the lowest val-  clusters is one order of magnitude higher than recombina-
ues usually coinciding with high coagulation sink. The me- tion product and cluster ion~0.8—-1.3 nm) concentrations,
dian (and 5- to 95-percentile) concentration of clusters belowand two orders of magnitude higher than the concentration
3nm was 8060 cm® (1510-31100cmd) in spring 2007  of ions of the corresponding size-{.3-3.2 nm). The scatter
and 3380 cm? (220-36 300 cm?) in May 2008. In 2008the  plot of neutral clusters as a function of recombination clus-
homogenous nucleation level inside the PH-CPC was loweters, Fig. 5, further affirms, that we are able to see the 1.5—
than in 2007 indicating lower supersaturation, which could2 nm neutral particles produced by recombination, but that
partly explain the difference in median concentration, as weis not the single source of neutral clusters. The values be-
might have failed to activate the smallest clusters. When thdow the unity line are explained by measurement noise and
temperature difference between saturator and condenser waserestimation of recombination products. The median frac-
increased on 15 May, we began to see slightly higher clustion of recombination clusters from all neutral clusters was
ter concentrations. The median concentration on the second.9%, but the values varied from less than 0.1% to more than
half of May (16—31 May 2008) is much closer to the value 100%. This is in accordance with Kulmala et al. (2007a),

b}

|ons 08-1.3nm

concentration (cm'a)
=
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Fig. 6. Example of a new particle formation event day in Hijaj 10 May 2008(a) Number size distribution measured with PH-CRiQ),
total number concentration ef3 nm neutral clusters (red circles), 3—5 nm particles (blue circles)-&muim particles (black dots) measured
with PH-CPC,(c) number size distribution measured with DMR®&), total number concentration measured with DMPS.

who calculated that recombination should usually accountat 15000 cm3. These nocturnal clusters reach the size of
for less than 10% of neutral clusters in Hylé conditions. ~3nm, but disappear gradually as they are scavenged mainly
It is hard to give a certain accuracy estimate for our mea-by coagulation (Kerminen et al., 2001). The upper range of
surements, since clearly the uncertainties regarding size anithese clusters is also visible in the DMPS figure just above
concentration increase with decreasing particle size. As disthe detection limit of the instrument.
cussed in Sect. 2.2, most instrumental factors tend to lower
the detection efficiency of clusters, so the concentration can,
be considered a minimum estimate. The measured clust
concentrations are indeed a bit lower than the ones predicte
for Hyytiala from formation rates of 2—3 nm particles, 7000—
50000cnT?® (Kulmala et al., 2007a). Sigil et al. (2009)
stated that the error in diameter due to unknown cluster com
position and charge can be as large~d@s5nm and the un-
certainty in detection efficiency several percents.

No consistent pattern of cluster concentrations during nu-
eation events can be attained from the data. Clear growth

om cluster band towards bigger particles was seen only

rely. Often the particles seemed to emerge at sizes close to
3—-4 nm, and the cluster concentration rose simultaneously, or
remained close to stable. This indicates that the actual par-
ficle formation might not happen in the near vicinity of our
measurement place, but the air mass with newly formed par-
ticles is brought to the site by vertical or horizontal mixing.
However, as strong particle formation changes the supersat-
uration inside the instrument rapidly, these events cannot be
further studied using the present method.

3.2 Particle formation

An example of a new particle formation event on
10 May 2008 seen by the PH-CPC and DMPS is presented The median diurnal variation of cluster concentration and

in Fig. 6. The number concentration of clusters starts to riseneutral cluster formation rate is presented in Fig. 7 for spring

a little before 9 o’clock, and 3 nm particles appear about two2007. Figure 8 presents median concentration of neutral
hours later both in DMPS and PH-CPC. When total particleclusters and 3-5nm particles in May 2008. Days are clas-
concentration reaches c. 4000t the cluster concentra- sified into event, non-event and undefined days according to
tion starts declining due to increased coagulation sink and debal Maso et al. (2005), excluding strong events with back-

clining supersaturation inside the instrument. In the eveningground aerosol concentration reaching over 5000%nin-

a second process seems to take place, as the concentratiterestingly, the highest cluster concentrations were not mea-
of clusters rises again strongly peaking around 20 o’clocksured during daytime nucleation events, but in the evenings

www.atmos-chem-phys.net/9/4177/2009/ Atmos. Chem. Phys., 9, 41842009
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Fig. 9. Nocturnal cluster formation in Hyydla 19 May 2008—
Fig. 7. Median diurnal variation ofa) total <3nm cluster con- 26 May 2008. Concentrations ¢d) neutral<3 nm clusters(b) 3—
centration angb) 1.5-2 nm neutral cluster formation rate in April- 5nm neutral particles (black line) and 0.8-3.2 nm ions (gray line).
May 2007 in Hyytala. Days are classified into event (black line, 14
days), non-event (gray line, 8 days) and undefined (dashed line, 13

days) according to Dal Maso et al. (2005). following night. In the contrary, nocturnal formation of neu-
tral clusters does not depend on rain and seems to be slightly
higher on non-event days. The latter could although be a con-
sequence of higher background concentration on event days.
The characteristics of cluster formation was found to be very
similar to the nocturnal event types identified by Junninen et
al. (2008). Both the neutral and charged clusters persisted
for hours and could sometimes reach sizes around 4-5nm,
but never grew any larger. The simultaneous rise in ion clus-
ter concentration was much less pronounced, which suggests
that nocturnal growth of ion clusters could result mostly from
charging of the neutral ones.
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Fig. 8. Median diurnal variation ofa) 3—-5 nm particle concentra- We observed number concentrations of molecular clusters
tion and(b) <3nm neutral cluster concentration in May 2008 in fanging from less than a thousand to tens of thousands per
Hyytiala. Days are classified into event (black line, 16 days), non-Cubic centimeter by directly measuring the cluster band in
event (gray line, 2 days) and undefined (dashed line, 13 days) addoreal forest environment during four months in spring 2007
cording to Dal Maso et al. (2005). and 2008. The size scale of PH-CPC measurements depends
on the charge and composition of the measured particles.
Since the concentration goes rapidly down aft&nm, we
a little after sunset. This is partly due to lower night-time can nonetheless safely conclude, that the signal comes from
boundary layer, but as the formation rate and mean size alsolusters or molecules smaller than 3 nm, which are thus be-
grew, we conclude, that there is a cluster source near groungond traditional aerosol instrumentation.
in the night-time. The data set presented in Sect. 3 is unique. Earlier re-
Favorable conditions for night-time cluster formation pre- ports on neutral clusters in boreal forest are mainly qualita-
vailed especially during late May 2008, as a distinct rise intive (Sipila et al., 2008) or just examples from field are given
concentration could be seen almost every night (Fig. 9). Dur{Sipila et al., 2009). The measurements confirm the contin-
ing this time period only weak (class Il) events were observeduous existence of neutral clusters in Hydi. Since the un-
in the daytime. Recently Junninen et al. (2008) studied noc-certainties regarding cluster concentrations are still large, the
turnal particle formation from ion data (AIS and BSMA) reported concentrations should be considered as our best es-
in Hyytiala. They conclude that most strong nocturnal ion timates. However, the diurnal and day-to-day variation of
formation events are associated with rain, and that a nucleelusters can be studied; a distinct diurnal variation with a
ation event during daytime enhances particle formation in theclear night-time maximum was indeed found.

Atmos. Chem. Phys., 9, 4174484 2009 www.atmos-chem-phys.net/9/4177/2009/
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The number of neutral clusters seems to considerably exBrunekreef, B. and Holgate, S.: Air pollution and health, Lancet,
ceed the charged ones, as the measured cluster concentra-360, 1233-1242, 2002.
tions were usually at least one order of magnitude higherDal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T.,
than total ion cluster concentrations. On most days, also the Aalto, P. P,, and Lehtinen, K. E. J.: Formation and growth of fresh
contribution of ion-ion recombination products to total neu- atmospheric aerosols:_”e.i'ghtyears of aerosol siz_e distribution data
tral cluster concentration was found to be minor. For neutral g(z);n ;'\gE;OF;;" Hyytidla, Finland, Boreal Environ. Res., 10,
clusters we cannot rely on any reference instrument, but th s '

. . . FDick W. D., McMurry, P. H., Weber, R. J., and Quant, R.: White-
concentrations of 3-5nm particles measured with PH-CPC light detection for nanoparticle sizing with the TSI Ultrafine

correspond usually well to the NAIS and DMPS. Condensation Particle Counter, J. Nanopart. Res., 2, 85-90,
Our results support the concept that formation of clus- 2ggg.

ters and their activation for growth are two distinct processesGagre, S., Laakso, L., Paf, T., Kerminen, V.-M., and Kulmala,

(Kulmala et al., 2000). Neutral clusters are readily formed in  M.: Analysis on one year of lon-DMPS data from the SMEAR I

the night-time, when no particle formation is observed. The station, Hyytala, Tellus, 60B, 318-329, 2008.

connection to daytime particle formation events remainedHanson, D. R., Eisele, F. L., Ball, S. M., and McMurry, P. M.: Siz-

still somewhat uncertain: on average the cluster concentra- ng small sulfuric acid particles with an ultrafine particle conden-

tion and formation rate remained close to stable during the Sation nucleus counter, Aerosol Sci. Tech., 36, 554-559, 2002.

event. The applicability of PH-CPC method to study new Hanson, D. R. and Eisele, F. L.: Measurement of prenucleation

. S L . I molecular clusters in the NglH2S Oy, HoO system, J. Geophys.
E:Ltl'(‘g‘:OL‘r’]rdmaaé'r%réc;fcg‘:]‘é"sxﬁgt'im'ted by its sensitivity 10 oo 107(D12), 4158, doi10.1029/2001JD001100, 2002.

. . Hari, P. and Kulmala, M.: Station for measuring ecosystem-
The PH-CPC was discovered to be suitable and stable 4imosphere relations (SMEAR 11), Boreal Environ. Res., 10,

enough for long-term field measurements. The primary ad- 315322 2005.
vantages of using CPC and pulse-height-analysis method fomirsikko, A., Laakso, L., HBrrak, U., Aalto, P. P., Kerminen, V.-
detecting clusters are getting size information without a need M., and Kulmala, M.: Annual and size dependent variation of
to charge particles, and single-particle counting. However, growth rates and ion concentrations in boreal forest, Boreal Env-
we are operating on the very edge of the detection limit. The iron. Res., 10, 357-369, 2005.
lower cut-off size will draw upon these measurements. Im-l_damllosghelr'c "’Er’ J. C’\EAeoE/Ihy'\j. Res; 1%3’ 139’39313515}]139%
proving the calibration methods for neutral particles below "9 K-, Stolzenburg, M., McMurry, P., Dunn, M. J., Smith, J. N.,

. . . : . Eisele, F., and Keady, P.: Contribution of ion-induced nucleation
3nm, and intercomparison with other instruments will also

. L . . to new particle formation: Methodology and its application to at-
improve the reliability of the field measurements in future. mospheric observations in Boulder, Colorado, J. Geophys. Res.,
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