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Abstract. We present comprehensive results on continuougelevant particle formation parameters across Europe. Dif-
atmospheric cluster and particle measurements in the sizierent types of air ion and cluster mobility spectrometers
range~1-42 nm within the European Integrated project on were deployed at 12 field sites across Europe from March
Aerosol Cloud Climate and Air Quality interactions (EU- 2008 to May 2009. The measurements were conducted in
CAARI) project. We focused on characterizing the spatial a wide variety of environments, including coastal and con-
and temporal variation of new particle formation events andtinental locations as well as sites at different altitudes (both
in the boundary layer and the free troposphere). New parti-
cle formation events were detected at all of the 12 field sites
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nucleation and growth rates of newly formed particles were Quantification of the new particle formation parameters,
determined for each environment. In a case of parallel ionsuch as the particle formation and growth rates in different
and neutral cluster measurements, we could also estimate threvironments, is a crucial step towards understanding the
relative contribution of ion-induced and neutral nucleation torole of small ions and particles in the global climate. The
the total particle formation. The formation rates of chargedoccurrence of the new particle formation events is controlled
particles at 2 nm accounted for 1-30% of the correspondindyy a number of factors, including the origin of the air masses,
total particle formation rates. As a significant new result, we production of low-volatile vapors, concentrations of aerosol
found out that the total particle formation rate varied much precursor vapors, pre-existing aerosol population, meteoro-
more between the different sites than the formation rate ofogical parameters and radiation (e.g. Nilsson et al., 2001;
charged particles. This work presents, so far, the most comBoy and Kulmala, 2002; Sogacheva et al., 2008; Bonn et
prehensive effort to experimentally characterize nucleational., 2009). Understanding the temporal variation of the new
and growth of atmospheric molecular clusters and nanopartiparticle formation phenomenon and quantifying its influ-
cles at ground-based observation sites on a continental scalences on climate and air quality requires long-term, contin-
uous field measurements. Therefore, a one-year-long Euro-
pean measurement campaign was conducted simultaneously
1 Introduction at multiple stations using calibrated, inter-compared instru-
ments.
Trace gases and aerosol particles originating from natu- As a part of the EUCAARI (European Integrated Project
ral and anthropogenic emissions are transported and tran®n Aerosol Cloud Climate Air Quality Interactions) project
formed over geographically large areas, whereupon they in{Kulmala et al., 2009; Kerminen et al., 2010), different
fluence on the radiative transfer, clouds and climate (e.glypes of cluster mobility spectrometers were deployed si-
Andrea and Rosenfeld, 2008). Gas-to-particle conversiormultaneously at different European sites representing a va-
via various nucleation mechanisms links trace gases to sediety of geographical and atmospheric conditions to quan-
ondary aerosol formation (Kulmala, 2003), which has beentify the spatial and temporal distribution of particle forma-
observed to occur worldwide (Kulmala et al., 2004c; Kul- tion events. The measurements presented here were initi-
mala and Kerminen, 2008; Venzac et al., 2008). The newlyated during March, 2008, and concluded between February
formed particles have been observed to grow into cloud conand May, 2009. These intensive ion and particle measure-
densation nuclei (CCN) sizes (e.g. Laaksonen et al., 2005ments took place at 12 field sites across the Europe — Pal-
Wiedensohler et al., 2009) and ultimately to participate inlas and Hyytala (Finland), Vavihill (Sweden), Mace Head
cloud droplet activation (Kerminen et al., 2005). Modeling (Ireland), Cabauw (The Netherlands), Melpitz and Hohen-
studies indicate that nucleation may be a significant sourcgeissenberg (Germany), K-Puszta (Hungary), Jungfraujoch
of new CCN in the global atmosphere (e.g. Spracklen et al.(Switzerland), Puy de 8me (France), San Pietro Capofiume
2008; Merikanto et al., 2009; Pierce and Adams, 2009).  (Italy) and Finokalia (Greece) — and brought together many
Despite the growing number of locations where frequentof the leading European research groups and the state-of-the-
new particle formation has been observed, detailed formatior@irt infrastructure. The different field sites represent a wide
and growth mechanisms of atmospheric aerosols are still unvariety of environments, such as marine, coastal, remote con-
clear in many respects. For example, while ions are knowrifinental, suburban, rural and mountain conditions. The field
to influence both nucleation and growth (e.g. Nadykto andsites are located at different altitudes ranging from sea level
Yu, 2003; Winkler et al., 2008), their overall effect on atmo- to several thousands of meters above sea level (a.s.l.).
spheric aerosol formation has remained controversial (En- Prior to the EUCAARI project, ion spectrometers have
ghoff and Svensmar, 2008; Kazil et al., 2008; Yu et al., been utilized continuously mainly in boreal forest region in
2008). The ambiguities in atmospheric nucleation mechaFinland and Estonia (&trak et al., 2003; Hirsikko et al.,
nisms make it difficult to quantify the factors governing the 2005, 2007; Manninen et al., 2009b). Shorter measurement
frequency and strength of new particle formation in different time series have been obtained from France (Venzac et al.,
environments. Many open questions remain with regard t02007), Himalayas (Venzac et al., 2008), Australia (Suni et
the chemical composition and electric charge of nanometeral., 2008), South-Africa (Laakso et al., 2008), Ireland (e.g.
size clusters. In addition, the microphysical structure of thesevana et al., 2008), Boulder in Colorado (lida et al., 2006), At-
clusters is not known, i.e. whether they are clusters or biglantain Georgia (Eisele et al., 2006), Mexico City (lida et al.,
molecules. In this paper we refer to all sub 2 nm particles as2008) and Antarctica (Virkkula et al., 2007). Furthermore,
clusters. A deep understanding on all these issues is needé@n spectrometers have been used in a moving train between
to assess the importance of secondary particle formation tdloscow-Vladivostok in Russia (Vartiainen et al., 2007), in
the Earth’s climate system. a hot-air balloon over Finland (Laakso et al., 2007a), on a
ship over North Atlantic (Ehn et al., 2010), and onboard the
aircraft over Europe (Mirme et al., 2010). In these studies,
ion spectrometers were found to be important observational
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tools for atmospheric new particle formation. New particle The second calibration workshop focused on ensuring
formation event analysis — event classification, particle for-that the instruments had sustained their performance dur-
mation and growth rates calculations — for ion spectrometeiing the field measurements and to experimentally determine
data has already firm guidelines (Hirsikko et al., 2005, 2007;the (N)AIS transfer functions. Gagret al. (2010b) aimed
Kulmala et al., 2007; Manninen et al., 2009a). to compare the instruments in field-like conditions to of-
Here, we present observations on atmospheric nucleatiofer a guideline for data analysis. They performed mobil-
and first steps of growth at twelve EUCAARI sites. Air ion ity and concentration comparison to reference instruments
spectrometers were used to measure the mobility distribuand also compared the ion spectrometers to each other.
tions of charged aerosol particles and clusters down to molecAsmi et al. (2009) and Gagnret al. (2010b) concluded that
ular sizes (Tammet, 2006; Mirme et al., 2007). Neutral clus-all the instruments agreed sufficiently in terms of particle
ter and air ion spectrometers measured additionally the monumber concentration and size. A repetition of the inter-
bility distribution of neutral particles larger than 2nm in di- comparison also suggested that the cluster spectrometers sus-
ameter by charging the aerosol sample with unipolar corondained their measurement stability after operating approxi-
chargers (Kulmala et al., 2007; Manninen et al., 2009b). Inmately one year in different meteorological and geographical
general, ions were measured in the mobility diameter rangeonditions.
of 0.8-42 nm, whereas neutral particles were measured in the
range of~2—42 nm. The atmospheric nucleation and cluster2.1 Measurement sites
activation takes place at the mobility diameter range of 1.5—
2nm (Kulmala et al., 2007; Nieminen et al., 2009), or even Comprehensive measurements with cluster spectrometers
at somewhat smaller sizes (1.2-1.5nm) (Sigt al., 2010). were conducted at twelve field sites around Europe (Fig. 1).
Therefore, the ion spectrometers allow direct measurementgach one of these stations represents a particular environ-
at exactly the size where atmospheric nucleation takes placenent. Table 1 lists all the sites from north to south, and high-
The main purpose of this paper is to get new insight into at-lights their special geographical features. The stations ranged
mospheric new particle formation over Europe. In addition tofrom marine coastal sites to continental locations and those
characterizing the spatial and temporal variability of nucle-with high and low background aerosol concentrations. For
ation events, we will investigate several quantities relevantexample, the Hyyéla field station is a rural site surrounded
to such events, including the particle formation and growthby a Scots pine dominated forest. Melpitz is a rural back-
rates and, in case of parallel ion and neutral cluster measureground site in Eastern Germany, and showed considerably
ments, also the contribution of ions to new particle formation. higher levels of gaseous and particulate pollutants in com-
parison to Hyytla. Mace Head lies on the Atlantic coast of
) Ireland and has an immediate access to maritime air masses.
2 Materials and methods On the other hand, Finokalia is located at the northern coast

. of Crete in the Mediterranean Sea. The three remote con-
Cluster spectrometers, such as the Air lon Spectromete{inental stations (Hohenpeissenberg, Jungfraujoch and Pu
(AIS) and the Neutral cluster and Air lon Spectrometer P 9 girau) y

(NAIS), were operated at 12 field sites across Europe wi'[hindf3 Dome) are mountain sites with a variable contribution of
air masses originating from the boundary layer and free tro-

the EUCAARI project. The cluster spectrometer measure-éoSphere depending on the time of the day and the season
ments presented in this paper started in March 2008 befor L : . S
the EUCAARI Intensive Observation Period (IOP) in May th?acfrzjltl)c]:\;{vri]r? n;eei?itcl)rnesment sites is described in more detail in
2009, and they ended between February and May 2008 de- 9 '
pending on the site. Before and after the field measurementsZ 11 Pallas
the cluster spectrometers took part in a calibration and inter-"™"

comparison workshop in Helsinki (Asmi et al., 2009; Gagn i N )
et al., 2010b). During the first calibration workshop, the fo- The Palla_s SodanigIGAW (Global Atmo_sphere V\/_atc_h) sta
tion consists of two measurement stations in Finnish Lap-

cus was to calibrate the (N)AISs so that they could be reliablyland: Pallas and Sodankyl Tropospheric air composition

used in long-term cluster studies. Considering the short time :
eriod from their development, and the fact that these instru2 nd relateq meteorological measurements are located at the
P ' Pallas station (Hatakka et al., 2003). The main measurement

ment§ are us_ed to capture nanometer-sized ions an_d partlcleélste Sammaltunturi (PAL, 658 N 24°06 E, 565m a.s.l.),
also in the size range below 3nm not possible with other

where the aerosol particle measurements are performed, is

aerosol sp_ectrometers, their performance for mobility andIocated on a treeless hill top about 300 m above the surround-
concentration measurements was found to be good (Asm||n area. The area around Pallas is very sparsely populated
et al., 2009). The (N)AISs detected similar concentrations 9 ) Y SP y pop

: : —and lies on the northern edge of the boreal forest zone. The
as the reference instruments at concentrations correspondi I . ) .
. . _ . allas station is a high-elevation, clean background site. New
to particle formation events, but the mobilities were slightly ) .
overestimated particle formation events have been observed frequently at

Pallas (Komppula et al., 2003; Dal Maso et al., 2007). These

www.atmos-chem-phys.net/10/7907/2010/ Atmos. Chem. Phys., 10, 7907-7927, 2010
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Table 1. Short description of the measurement sites within the EUCAARI project relevant to this study. The location of the field site, site
acronym, geographic coordinates, and site altitude in meters above sea level are shown. The site classification describes the geographical Ic
cation and the pollutant gases as well as the aerosol particle concentrations at the site. The surroundings column characterizes the dominatir
landscape type surrounding the site.

Measurement site Site Geographic Altitude  Site classification Surroundings

acronym coordinates (ma.s.l.)
Pallas, Finland PAL 678 N, 24°07 E 560 high-elevation, remote continental  boreal forest, tundra
Hyytiala, Finland HTL 6250'N, 24°18 E 182 rural continental, background homogeneous boreal forest
Vavihill, Sweden VHL 5601'N, 13°09 E 172 rural background, continental deciduous forest, field
Mace Head, Ireland MHD 539 N, 09°53 W 5 marine background, coastal Atlantic ocean, bare land
Cabauw, Netherlands CBW %47 N, 04°53 E 0 clean marine, rural polluted ocean, field, urban
Melpitz, Germany MPZ 5432 N, 12°54 E 87 rural polluted, continental pasture, suburban
Hohenpeissenberg, Germany HPB  °48 N, 11°00 E 980 high-elevation, backgorund forest, meadows
K-Puszta, Hungary KPO 468 N, 1935 E 125 rural continental, background field, deciduous forest
Jungfraujoch, Switzerland JFJ 4B N, 0757 E 3580 high altitude, background mountain
Puy de Dome, France PDD W' N, 03°13 E 1465 high-elevation, background forest, mountain
San Pietro Capofiume, Italy SPC °B7' N, 11°40 E 11 rural polluted, continental field, suburban
Finokalia, Greece FKL 320N, 25°40 E 250 marine background, coastal Mediterranean sea, dust
© Balanced Scanning Mobilty (HTL, 61°51 N 24°17 E, 181 m a.s.l., Hari and Kulmala,

Analyzer (BSMA, 0.8-7 nm)

s 2005). The station is equipped with extensive facilities to
measure forest ecosystem-atmosphere interactions continu-

© Air lon Spectrometer (AlS, 0.8-40 nm)

Neutral cluster and Air lon

O Spectrometer (NAIS, 0.8-40 am) ously and comprehensively (Kulmala et al., 2001a). A rather

homogeneous coniferous boreal forest surrounds this rural
continental station. The forest emits biogenic volatile or-
ganic compounds (Hakola et al., 2003), which are precursors
for low-volatile vapors contributing to aerosol formation and
growth processes (e.g. Kulmala et al., 2001b; Tunved et al.,
2006). New particle formation is frequently observed in this
environment, especially in spring and autumn (Dal Maso et
al., 2005).

45‘m

2.1.3 Vavihill

< In Vavihill, the measurements were performed at a joint EU-
W L =8 CAARI, EUSAAR (European Supersites for Atmospheric

o W E Aerosol Research) and EMEP (European Monitoring and

Evaluation Program, Co-operative programme for moni-

Fig. 1. Comprehensive field measurements were conducted at 12oring and evaluation of the long range transmission of

field sites around Europe marked with a circle during March 2008—ajr pollutants in Europe) network site in southern Sweden
May 2009 within the EUCAARI project. The colour of the circle (VHL, 56°07 N, 1309 E, 172m a.s.l., Kristensson et al.,
refers to the instrument type used at the site as indicated in the uppezoos). Vavihill is a continental background site with no lo-
left corner legend. - . - . .
cal sources of pollution. The immediate surroundings in-

clude a cattle field and beech forest. When winds are com-

. . ing from north-west to north-east, the air masses are usu-
events have been connected to clean marine/polar air masse

L ; . ally very clean. However, there are several densely popu-
originating from the Arctic Ocean or the northern Atlantic Iat)(:,d arias nearby, such as Copenhagen (Denmark yZFr)niFIion
(Komppula et al., 2003, 2006). ’ '

inhabitants, 60 km southwest), MainiSweden, 250 000 in-
habitants, 50 km south), and Helsingborg (Sweden, 100 000,
25km west). There is intense ship traffic in the strait sepa-

In Hyytiala, the measurements were performed at therating Sweden and Denmark, and Vavihill is also closeto the
' European continent in the south.

SMEAR |l (Station for Measuring Forest Ecosystem-
Atmosphere Relations Il) station located in Southern Finland

2.1.2 Hyytiala

Atmos. Chem. Phys., 10, 7907-7927, 2010 www.atmos-chem-phys.net/10/7907/2010/
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2.1.4 Mace Head itime origin (westerly winds), prevailing about 70% of the
time, or of continental origin (easterly winds) (Birmili et al.,

The Mace Head atmospheric research station (MHD,2001; Spindler et al., 2004; Engler et al., 2007). Birmili

5319 N, 9°54'W, 5m a.s.l.,, O’'Connor et al., 2008) is a and Wiedensohler (2000) and Hamed et al. (2010) have sug-

Global Atmospheric Watch (GAW) super-site situated on thegested that in Melpitz, anthropogenic §0n conjunction

west coast of Ireland facing the North Atlantic Ocean. Thewith solar radiation as the driving force behind the oxida-

station is located 100 m from the coastline surrounded bytion of the precursors to condensable vapors, is the primary

bare land (rocks, grass and peat bog), with no forest or treesource of new particle formation events.

in the surroundings. Few scattered single houses are located

at the distance of 1 km or further. The nearest city (Galway,2.1.7 Hohenpeissenberg

80000 inhabitants) is located 60 km to the east/south-east of ] )

the station. The site is well exposed to clean marine westerly! '€ Hohenpeissenberg Meteorological Observatory (Ger-

air masses associated with low pressure systems accounting2n Meteorological Service, DWD) is located on the Hohen-

for nearly 50% of occurrences. Pollution outbreaks are re-Peissenberg mountain (HPB, 48 N 11°0'E, 980m a.s.l.)

lated to high pressure synoptic scale conditions bringing pol-2Pout 40 km north of the Alps in Southern Germany. It re-
luted air from the UK and continental Europe (Jennings et al. Sides 300m above the surrounding countryside. Except for

2003). Coastal new particle formation is frequently observed? Nearby village Hohenpeissenberg (778 m a.s.I.), the closer

at Mace Head (O’Dowd et al., 2002; Yoon et al., 2006). surroundings of the observatory are mainly forests and mead-
' ’ ’ ows. Hohenpeissenberg is a high-elevation background site.
215 Cabauw New particle formation has been investigated at the site since

1998 in relation to sulphuric acid and biogenic precursor

The Cabauw site is located on a flat terrain in the centred@Ses (€.g. Birmili etal., 2003; Paasonen et al., 2009).
of The Netherlands (CBW, 8357 N 4°53 E, 60m a.s.l.,
van Ulden and Wieringa, 1996). The Cabauw Experimen-

tal Site for Atmospheric Research (CESAR) is the centralp,o K-puszta station (KPO, 468 N 1933 E, 136 m a.s.l.)

point of experimental atmospheric research in The Netheris 4 rural site on the Great Hungarian Plain about 15km

lands. Cabauw is a part of several atmospheric observation, thwest from the nearest town KecsKaini70 000 inhab-
networks, e.g. EMEP, EUSAAR, BSRN (Baseline Surfaceiiants) and 80 km southeast of Budapest (1.7 million inhab-
Radiation Network), GRUAN (GCOS Reference Upper Air jiantq) The station is located on a forest clearing; the sur-
Network) and a candidate GAW station. The rural area of ., nding forest contains both deciduous and coniferous trees
Cabauw, situated at approximately 50km from the North i, ath and Sutton, 1998). The site is exposed to polluted
Sea, is surrounded by densely populated and industrializef,ninental air masses associated with higher particulate mat-
areas. The enclosing conurbation has a population of OVefy, anq trace gas concentrations (Maenhaut et al., 2008). In
10 million inhabitants and the heavily industrialized Ger- contrast, the air masses from the northwest over the North
man Ruhr area is east of Cabauw. In contrast, in north ofge, or the Atlantic Ocean transport colder, cleaner air over
the Netherlands there is an open connection to the Atlantig,o K-puszta site. The station is a part of the GAW and
Ocean and even the polar region via the North Sea. Thereg\ep networks and is one of the EUSAAR supersites. New
fore, both very clean maritime and highly-polluted air massesparticle formation is a frequent phenomenon in K-puszta:
are observed at Cabauw (Crumeyrolle et al., 2010). during the summer particle formation events are observed al-
most every day (Yli-Juuti et al., 2009).

2.1.8 K-puszta

2.1.6 Melpitz

2.1.9 Jungfraujoch
Melpitz is an atmospheric research station in Eastern Ger-
many (MPZ, 5232 N 12°54 E, 87 m a.s.l.). Melpitz is a The high altitude research station of Jungfraujoch (JFJ,
part of several atmospheric observation networks: EMEP46°32 N 7°59 E) is located on an exposed anticline in the
EUSAAR and GUAN (German Ultrafine Aerosol Network; Swiss Alps at the altitude of 3580 m. The station is regularly
Birmili et al., 2009). The station is surrounded by flat grass engulfed in clouds, 37% of the time based on a yearlong sur-
lands, agricultural pastures and woodlands within several/ey reported by Baltensperger et al. (1998). Due to its alti-
tens of kilometers, and no obstacles or larger sources ofude and remote location, there is no influence of any signif-
pollution lie within the immediate vicinity of the station. icant anthropogenic pollution source. The aerosol loading at
Within a European context, the observations at Melpitz areJungfraujoch exhibits a strong seasonal cycle with a maxi-
representative of a more anthropogenically influenced backmum in summer and minimum in winter (Weingartner et al.,
ground of the European boundary layer (Putaud et al., 2004)1999). This is because in summer the site is influenced by in-
Air mass analyses have shown that the aerosol in Melpitz igections of more polluted planetary boundary layer (PBL) air
influenced by rather contrasting air masses, either of marduring afternoons in conjunction with high solar irradiation.

www.atmos-chem-phys.net/10/7907/2010/ Atmos. Chem. Phys., 10, 7907-7927, 2010
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In winter, as well as during summer nights, Jungfraujoch canand marine — for particle matter observed in Finokalia. The
be regarded as a representative site for the continental lowestation is equipped with instruments for continuous monitor-
free troposphere. During the colder seasons (autumn, winteing of chemical and optical properties of aerosols and trace
and spring) an increased number fraction of small particlegases.

(10 nm<particle diamtex18 nm) is observed (Weingartner

etal., 1999). 2.2 Instrumentation

2.1.10 Puy de Dome The Air lon Spectrometer (AIS, Mirme et al., 2007) mea-

o _ . sures the mobility distributions of both negative and posi-
The research station is located at the summit of Puy@®® tjve air ions simultaneously in the range between 3.2 and

in the central mountains of France (PDD,O45, N 03°13 E, 0.0013 anl) V—l S_l, which Corresponds to a m0b|||ty diam-
1465m a.s.l.). The peak is more than a few hundred metergter range of 0.8-42nm. We apply the mobility diameter,
above the tree-line. The station is equipped with extensivg e Millikan diameter, when converting the measured mobil-
facilities to measure aerosol cloud interactions (Sellegri efity to particle diameter (see 3keh et al., 1996). The AIS
al., 2003), as well as physical, chemical and biological pro-consist of two parallel cylindrical Differential Mobility An-
cesses in clouds (Amato et al., 2007; Marinoni et al., 2004;a|yzers (DMAS), one for C|aSSifying negative ions and the
Wobrock et al., 2001), both continuously and comprehen-gther for positive ions. The ions are simultaneously classified
Sively. The site is at an intermediate altitude and the Variabil'according to their electrical mob|||ty and collected to electri-
ity of the atmospheric composition is explained by a regularcally isolated sections. Each section has its own electrometer
transition from free tropospheric/residual layer to boundaryto measure the currents carried by the ions.

layer conditions. Variations of aerosol parameters at Puy de The Balanced Scanning Mobility Analyzer (BSMA, Tam-
Dome are due to i) cycles of the concentrations of particlesmet, 2006) measures the mobility distributions of small air
in the boundary layer, ii) differences of the boundary layerjons and naturally charged aerosol particles of both neg-
dynamics and iii) enhanced photochemical processes duringtive and positive polarity. The mobility distribution is
summer. New particle formation is frequently observed in measured by scanning through the corresponding mobility
this environment (Venzac et al., 2007). range within 10s. The mobility range of the BSMA is 3.2—
0.032cntV—1s1 corresponding to the mobility diameter
range of 0.8-8.0nm. The BSMA consists of two plate ca-
pacitors, one for each polarity, and a common electrical am-
plifier connected to a balanced bridge circuit.

2.1.11 San Pietro Capofiume

San Pietro Capofiume (SPC,°89 N 11°37 E, 11 m a.s.l.)

is located in a flat rural continental area in the eastern par ,
of the Po Valley, in Northern Italy, between the cities of Although the iion spectrometers detect freshly formed

Bologna and Ferrara (roughly 40 km from both of the cities, charged particles well below 1.2-2nm, which is the size

400000 and 100 000 inhabitants, respectively). The Po Valfange where most of the cluster activation takes place, the
ley is a major pollution hotspot. However, the station is sur- Majority of these freshly formed particles are uncharged

rounded by vast crop fields with only a few local pollution (Horrak et al., 2001; Kulmala et al., 2007; Mannir_len etal,
point sources nearby. Therefore, SPC must be considere%oogb)' Therefore, measurements of neutral particles below
nm are necessary. The Neutral cluster and Air lon Spec-

as a receptor site, in which the aerosol concentration an S Imal L 2007) | dified
composition reflect the Po Valley regional background. NeWtr.ometer (NAIS, .Ku mala et al,, ; 7) is a mod ied ver-
gion of the AIS instrument and includes several improve-

particle formation events have been observed at San Pietr I harai £ th | le with
Capofiume site since 2002 (Laaksonen et al., 2005). NPF ig"€nts. A controlled charging of the aerosol sample wit

observed on about 36% of the days with maximumfrequencya corona charger, together with electrical filtering of the
between May and July (Hamed et al., 2007) corona charger ions, enables one to measure also the neutral

aerosol particles. The mobility range of the NAIS is 3.2—
21.12 Finokalia 0.0013cm V—1s~, which corresponds to a mobility diam-

eter range of 0.8-42nm. However, the corona charger ions
Finokalia (FKL, 3524 N 25°60 E, 250 m a.s.l.) is a remote have a mobility range of 1.3-1.6 éia—1s~2, which results
coastal station located in the southeast Mediterranean Sea dn the lower detection limit of approximately 2 nm (Asmi et
the island of Crete, Greece. The nearest large urban center &., 2009). Particles below this limit cannot be reliably dis-
Heraklion with 150 000 inhabitants 50 km west of Finokalia. tinguished from charger ions.
The Finokalia station is located at the top of a hill at an el- The dataset collected during the campaign with clus-
evation of 250 m, facing the sea. There is no notable hu-ter mobility spectrometers contains number size distribution
man activity in a range of approximately 15 km from the site data of atmospheric charged and uncharged aerosol particles.
(Mihalopoulos et al., 1997; Kouvarakis et al., 2000). Using The AIS and NAIS data was measured with a 5-minute time
back trajectory analysis, Pikridas et al. (2010) identified fiveresolution and the BSMA determined the ion size distribu-
source regions — Athens, Greece, continental Europe, Africdion with a 10-min time resolution. During the continuous
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field measurements, the instruments were thoroughly cleaneid calculated from the background particle size distribution

at 2—3 month intervals due to deposition of particulate mat-measured by the DMPS or the SMPS, and the particle growth

ter inside the instruments. The deposition of dirt onto thein the size range 2-3nm, GRis calculated from the ion

electrometer ring can deteriorate the signal-to-noise ratio oflata.

the electrometer. Also, when dirt is deposited onto the nets In the case of charged particles, the losses due to ion-ion

inside the venturi flow tubes (i.e. tubes with narrow slits recombination and sources due to charging of 2—3 nm neutral

for adjusting the volume flow), it causes the flow resistanceparticles need to be taken into account. The formation rate of

to increase, which consequently decreases the volume flol®—3 nm charged particles can thus be expressed as

through the venturi tubes and affects the mobility classifi- +

cation. The data with high noise levels and/or low volume JE= N2s +CoagS2~N§t_3+i GRsN; 4

flows were classified as bad data, and were excluded from dr 1nm

the analysis. The diagnostic data were used to monitor the ~ +a- N3 sNT,— B No_3gN%, (2

instrument performance during the field measurements and " )

afterwards to explore the quality of the measured data. ~ WheréN,_ refers to the 2-3nm charged particle concen-
Supporting aerosol particle instruments like the Differen- tration, NZ; the sub-3nm charged particle concentration of

tial Mobility Particle Sizer (DMPS) and the Scanning Mo- the opposite polarity an&/*, is the ion concentration be-

bility Particle Sizer (SMPS) were used at EUCAARI field low 2nm. The ion-ion recombination coefficient,and ion-

sites to get information about the background aerosol partineutral attachment coefficier, were assumed to be equal

cle population. Their typical measuring size range coveredo 1.6x10°cm®s™! and 0.0k10-®cnm®s™, respectively

total particle number size distribution from 3 to 800 nm (Ta- (€.9. Tammet and Kulmala, 2005). The ion concentrations

ble 2). were obtained from the AIS or the BSMA number size dis-
tributions. Suggestive uncertainty estimations for the forma-
2.3 Calculating particle formation and growth rates tion and growth rate calculations are presented in Manninen

et al. (2009a). Both the formation and growth rate of 2 to
The rate at which the newly formed aerosol population grows3 nm particles might be approximately a factor of 2 lower or
can be determined from the measured number size distribuhigher than the values estimated here due to uncertainties in
tions (Hirsikko et al., 2005). A normal distribution function measurements and data analysis.
was fitted into the time series of the particle concentrations
in a certain size bin. After determining the moment corre- ) .
sponding to the maximum concentration in each of the size3 Results and discussion
bins, the growth rates (GR) were obtained by a linear least- _ . . . .
square fit through the data points in the selected size classegur main focus was to |r_1vest|gate atmosphenc nu_cleatlon
For the ion data, both polarities were analyzed separatelfnd !nmal steps of growth in various environments. FII‘St,. the
The charged particle growth rates were calculated for threequallty of measured data was ensured, and all the available

- ays were classified and grouped into different nucleation
ter cl 1.5- -7 7-2 f Al .
diameter classes (1.5-3nm, 3-7nm and 0nm) from é;vent classes (Dal Maso et al., 2005). Second, the particle

data. In case of BSMA measurements, only the two first size th and f i 1 lculated f dicl
classes were used. GR calculations were possible only du@"ow " an Ng;:ma |ontr§ es \(/jverr;* cahcu ate . ortﬂew particie
ing particle formation events, when we observed high enoug ormation ( ) events in order to characterize the processes

concentrations of ions. These calculated growth rates (Hir-eading to.nucleati'on. Third, the contributio.n of ions to par.ti-
sikko et al., 2005) can deviate from the real atmosphericCle formation was mvestlgated. By comparing the ngcleatlon
growth rates by up to the factor two because of observationapararnEt_ers at different S'tes_' we obtained |nform§1t|on about
uncertainties. the spatial and tempo_ral variation of the new particle forma-

The total particle formation rate at 2 nnky, i.e. the flux _t|on events. The spatial extent of_nucleanpn events connect-
of particles into the 2-3nm size range, can be calculated"? the NPF gvents observed at@fferent sites (e.g. Komppula
from the total particle concentrations measured in the sizeet al., 2006) is excluded from this study.
range of 2-3 nmiN2_z by taking into account the losses due 3 1 Event statistics

to coagulation scavenging to the larger pre-existing particles,

as well as the growth out of the 2-3 nm size range (Kulmalanew particle formation events were observed to be frequent
etal., 2007, supporting information). The following formula during the atmospheric measurements within the EUCAARI

is obtained for the total particle formation rate project at all of the sites. An exemplary time series of con-
dN>_3 1 secutive new particle formation events at Melpitz site is pre-
Jo= dti +CoagS2-N2_3+mGR3N2_3, (1) sented in Fig. 2. It shows a time series of total particle

size distribution measured by the NAIS in the particle mode
Here the time derivative a¥,_3 is obtained directly fromthe  during 10-16 April 2009, in Melpitz, Germany, along with
NAIS measurements, coagulation scavenging rate, £9ag the corresponding negative and positive ion size distribution

www.atmos-chem-phys.net/10/7907/2010/ Atmos. Chem. Phys., 10, 7907-7927, 2010
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Table 2. Aerosol instrumentation, measuring range and the measurement period during the EUCAARI project at each measurement site. The
AIS and the BSMA measured ion number size distributions, whereas the NAIS measured both ion and total particle number size distributions.
Supporting aerosol instrumentation — the DMPS and the SMPS — measured total particle number size distributions.

Measurement site

Mobility spectrometer  Measured size range (nm) Measurement period

Pallas, Finland

Hyytiala, Finland

Vavihill, Sweden

Mace Head, Ireland
Cabauw, Netherlands
Melpitz, Germany
Hohenpeissenberg, Germany
K-Puszta, Hungary
Jungfraujoch, Switzerland
Puy de Dome, France

San Pietro Capofiume, Italy
Finokalia, Greece

NAIS 0.8/2.0-42 23 Apr 2008-7 Apr 2009
BSMA 0.8-7.6 1 Mar 200831 Apr 2009
AIS 0.8-42 23 Apr 2008-25 Feb 2009
NAIS 0.8/2.0-42 13 Jun 2008-7 May 2009
NAIS, AIS 0.8/2.0-42 16 Apr 2008-31 Mar 2009
NAIS 0.8/2.0-42 30 Apr 2008-19 Apr 2009
NAIS 0.8/2.0-42 6 Mar 2008-26 Feb 2009
AIS 0.8-42 10 Mar 2008-26 Feb 2009
AIS 0.8-42 8 Apr 2008—20 Apr 2009
NAIS 0.8/2.0-42 2 Apr 2008-5 May 2009
BSMA 0.8-7.6 12 Mar 2008-31 Oct 2008
AlS 0.8-42 3 Apr 2008-14 Apr 2009

Measurement site

Supporting instrument  Measured size range (hm) Measurement period

Pallas, Finland

Hyytiala, Finland

Vavihill, Sweden

Mace Head, Ireland
Cabauw, Netherlands
Melpitz, Germany
Hohenpeissenberg, Germany
K-Puszta, Hungary
Jungfraujoch, Switzerland
Puy de Dome, France

San Pietro Capofiume, Italy
Finokalia, Greece

DMPS 7-500 1 Mar 2008-30 Apr 2009
DMPS 3-1000 1 Mar 2008-30 Apr 2009
DMPS 3-850 20 Mar 2008-31 Dec 2008
SMPS 3-1000 12 Jun 2008-30 Apr 2009
SMPS 9-516 1 Apr 2008-31 Mar 2009
DMPS 3-800 1 Mar 2008-30 Apr 2009
SMPS 10-900 13 Mar 2008-13 Apr 2009
DMPS 6-800 8 May 2008-12 Mar 2009
SMPS 13-800 1 Mar 2008-7 Mar 2009
SMPS 3-1000 3 Apr 2008-18 Mar 2009
DMPS 3-600 16 Mar 2008-31 Oct 2008
SMPS 9-900 5 Jun 2008-14 Apr 2009

Total particles

dNidlogDp
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10000
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Fig. 2. Particle and ion number size distribution measured with the NAIS on seven consecutive new particle formation event days on 10-16

April 2009 in Melpitz, Germany.
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measured by the NAIS in the ion mode. These seven con-
secutive days had clear indications of new particle formation 0s
and growth in the smallest size range. The time seriesof neg- . 4l a)
ative and positive ion size distribution were similar to that of &
the total particle size distribution, even though the ion con-
centrations were about two orders of magnitude smaller than
total partiCIe concentrations. ®TTMEL MHD KPZ SPC HPB PDD CBW VHL JRJ HTL FKL PAL

216 259 310 203 317 355 289 286 299 419 350 151
T T T T T T T T T T T

0.4

0.2

3.1.1 Frequency of new particle formation events

The classification of available measurement days into event,
non-event and undefined days was performed according tc
methods introduced by Dal Maso et al. (2005) and Hirsikko I T o
et al. (2007). A day was classified as an event day when Measurement site
new particle formation and growth were observed. Like-
wise, days without a clear indication of NPF were grouped
:ﬁengporeevﬁg;ggzza ;Ii?:rlilg’ thr;?edggtse;g;:gz ddla?s rll?;[ dfel“'flifI;"e er of all the days an(_b) eve_nt to non-event day_ number ratio on
Lo o : ) o ach measurement site during the EUCAARI field measurements
The classification criteria are explained in more detail in Ap- 2008-2009. The site name abbreviations are listed in Table 1. The

pendix Table Al and in Dal Maso et al. (2005). The classi-numbers above the figure refer to the number of days included in
fication was performed visually from the ion data measuredthe analysis.

by the AIS, NAIS and BSMA using daily contour plots of
the size distribution such as those shown in Fig. 2. Both po-
larities were classified separately. In the final classificationthe classified days had no indication of particle formation in
format, the day was classified as an event day if particle forthose sites. The highest event to non-event day ratios were
mation was detected in either or both of the polarities (nega-observed mostly in rural central Europe. Mace Head, the
tive and positive), and as a non-event day if it was a non-eventoastal site, was an exception.
day for both polarities. All the other days were classified as
undefined days. 3.1.2 Seasonal cycle of the event frequency
The total number of event days observed at each station
during the field measurement period varied from site to site,<Seasonal cycles were observed in the NPF event frequency.
ranging from 31 events in Pallas, Finland, to 162 events inThe monthly median of the particle formation and growth
K-puszta, Hungary. The total number of events was depenevent distribution for all the sites is presented in Fig. 4a, from
dent on both the environment (the regional atmospheric conwhich we can see that the frequency of event and non-event
ditions around the measurement site) and the length of thelays follow roughly opposite seasonal patterns. The num-
measurement period. Figure 3a shows the fraction of evenber of NPF event days has a maximum in May and the non-
days at each site when the number of event days was dividedvent days around December—January. On the other hand,
by the number of all available days. The observed fractionthe undefined days had no clear seasonal cycle. The num-
of event days varied between 57% in Melpitz, Germany, andber of the undefined days had two indistinct maxima at the
21% in Pallas, Finland. Several long-term, continuous measame time as the maxima for the events and non-events were
surements of nucleation mode particles have shown that thebserved. The monthly event to non-event ratio had a clear
number of particle formation event days may vary consid-maximum during late spring and a minimum during early
erably from year to year (e.g. Dal Maso et al., 2005, 2007;winter (Fig. 4b). A high event frequency in spring time is
Kulmala et al., 2010; Hamed et al., 2010). In H@fi, Fin-  consistent with many earlier studies (e.dirkak et al., 1998;
land, for example, we observed particle formation on 24%Birmili and Wiedensohler, 2000; Birmili et al., 2003; Dal
of all days, whereas within the last 13 years the inter-annuaMaso et al., 2005, 2007; Vana et al., 2008; Hamed et al.,
variation in the fraction of events ranges from 18% to 33% 2010), suggesting a connection of new particle formation to
with median of 23% (Kulmala et al., 2010). the presence of solar radiation and onset of biogenic activity.
Figure 3b shows the ratio of the event days to the number However, the monthly event distribution varied from one
of days with no clear indications of particle formation and station to another (see Appendix, Figs. A1-Al12), as is ex-
growth. This ratio was larger than 2 in Melpitz and above pected due to the influence of different meteorological and
unity in Mace Head, K-Puszta, Jungfraujoch, San Pietrogeographical conditions between the stations. We distin-
Capofiume Puy de &ne, Hohenpeissenberg and Haéi guished four groups according to the seasonal cycle of NPF
On the contrary, the ratio was below unity in Cabauw, Fi- event frequency, hereafter referred with roman numerals |-
nokalia, Pallas and Vavihill, implying that the majority of IV. In Hyytiala, Vavihill, Cabauw and Jungfraujoch (group

Fig. 3. (a) The fraction of NPF event days relative to the num-
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25 24 22 2 26 21 26 21 28 28 25 28 tochemistry and more clouds are formed at the station, which
e o may explain the lower frequency of NPF events. However,
Il Events . .
15 B Undefined Weingartner et al. (1999) suggested that new particle forma-
I Non events

tion events at JFJ are most frequent in winter. We speculate
that this is related to “wind/snow-induced events” which are
mentioned later.

Number of days
-
o

2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

3.1.3 Different event types

A closer look at the time series of the particle formation,
like the time series illustrated in Figs. 2 and 5, revealed that
the nucleation bursts are almost exclusively observed dur-
ing daytime and mostly starting before noon. Based on the
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec visual shape of the time series of the number size distribu-
Month tions, several nucleation event types have been characterized
(Dal Maso et al., 2005; Hirsikko et al., 2007; Vana et al.,
Fig. 4. (@) The median monthly number of particle formation event, 2008; Yli-Juuti et al., 2009). The classical “banana” events
undefined and non-event days, gbjithe median monthly eventto  (Fig. 5a-b, e) are typically observed at sites where NPF oc-
non-event day ratio for all the sites from April 2008 to April 2009 curs over a geographically large area, whereas other nucle-
within the EUCAARI project. The numbers above the top figure gtion event types (Fig. 5¢c—d, f) are indicative of more lo-
refer to the median number of days included in the analysis_. Tht_as%a| NPF. Especially, the coastal areas are somewhat different
numbers are the average values observed at all the twelve field S'tef‘rom other places around Europe from the point of view of
NPF (Vana et al., 2008).

The coastal NPF events at Mace Head occur typically dur-
| sites), the number Qf nucleation events were highest_ining a low tide when the algae are exposed to sunlight lead-
May—June and lowest in December—January. These four sitggq 1o biogenic emissions of iodine vapors (Hoffmann et al.,
matched well with the median monthly NPF event distribu- 2001; O’'Dowd and Hoffmann, 2005). Particularly in Mace
tion for all the sites illustrated in Fig. 4b. In Mace Head, pHeggqg many different types of events were observed, includ-
Melpitz and K-Puszta (group Il sites), the seasonal cycle f0|‘ing the “apple” (Fig. 5¢) and “bump” (Fig. 5d) events in ad-
lowed the same pattern as in group | sites, but generally thgjition to the “banana” events (e.g. Vana et al., 2008). The
total number of events was higher. In K-Puszta, the totaluapp|eu and “bump” events at Mace Head result from a com-
number of new particle formation events was the highest ofyination of innomogeneities of the sea weed fields (due to the
the investigated stations. fragmented shape of coastal areas) and variations in the wind

The most non-event days were seen in Finokalia (group llidirection over the field (Sellegri et al., 2005). Typical “ba-
site) on a Mediterranean island. In Finokalia, the new particlenana” events require that the site is exposed to relatively ho-
formation events showed a maximum in winter and a mini- mogenous air masses over several hours. During the “apple”
mum in summer. In our study, Pallas, Hohenpeissenbergiype events the source of nucleating and condensing vapors
Puy de me and San Pierto Capofiume were group IV sites,is confined to a relatively small area close to the measure-
with no clear seasonal pattern in the event frequency. Birment site, so that only particles grown to a certain size will
mili et al. (2003) reported frequent observations of the par-be detected. A “bump” event occurs, when particle forma-
ticle formation during winter months in Hohenpeissenbergtion appears to be initiated by activation of cluster ions but
but, due to the shortness of the campaign, this was not identithe source of condensing vapors is too limited to result in a
fied as a characteristic feature of the measurement site itselgubstantial growth of newly formed particles.

Boulon et al. (2010a) reported that at Puy denfie the NPF At the high-elevation sites (Pallas, Jungfraujoch and Puy
events are most frequent during the warm season due to ge Ddme), we observed frequently a yet unexplained particle
greater influence of the boundary layer, which reaches th@ormation burst type (Fig. 5f), during which the concentra-

site most frequently during summer. tions of intermediate ions increased rapidly to very high lev-

At Jungfraujoch, a lot of days were categorized as unde-ls, but no growth from cluster sizes were observed. Virkkula
fined (see Fig. A9), and the number of nucleation events wa®t al. (2007) reported the first observation of this type of a
at its highest in May—June. Boulon et al. (2010b) observedevent at the Antarctic research station, Aboa. They estab-
that nucleation at the JFJ was less frequent during winter antished that these small air ion bursts were associated with
promoted in air masses rich in volatile organic compoundshigh wind velocities and snow storms, and called these events
(VOC). They also observed that clouds inhibited the occur-“wind/snow-induced events”. Since this phenomenon is not
rence of NPF events. During winter at Jungfraujoch, lessnecessarily related to the atmospheric nucleation, we classi-
VOC's are uplifted from lower altitudes and oxidized by pho- fied the days with wind-induced effects as undefined days.

Events/nonevents
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Fig. 5. Typical ion number size distribution measured with the cluster spectrometer in different envirorfa)ébtnana” type event in
Melpitz on 7 May 2008(b) “banana” in Cabauw on 30 April 200&;) “apple” in Mace Head on 20 July 2008]) “bump” in Mace Head
on 11 February 2009g) “banana” Finokalia on 20 March 2009 aff)l “wind-induced” event in Jungfraujoch on 28 November 2008.

This explains partly the high number of undefined days in The median growth rates of 1.5-3 nm particles were typ-
Pallas, Jungfraujoch and Puy déme. Occasional “bump” ically smaller than the corresponding values of larger par-
type events seemed to be characteristic for high-elevationicles (Fig. 6). In other words, the larger the particles, the

sites. larger the measured growth rate was. This holds true for nine
_ _ of the sites. The three exceptions were Pallas, Mace Head
3.2 Particle formation and growth rates and Hohenpeissenberg, probably due to inhomogeneities in

. . , the sources of condensable vapors (at MHD inhomogene-
In order to investigate the amount of atmospheric vapors congy, of the sea weed fields, and at the two high altitude sites
densing to the particles in dlf_ferent environments, the grovyththe boundary layer dynamics). The size-dependency of the
rates of freshly formed particles were calculated according,aticle growth rates is consistent with earlier observations
to a method outlined by Hirsikko et al. (2005). Only event .o pyytiaa (Kulmala et al., 2004b; Hirsikko et al., 2005;

classes la and Ib were included in the analysis. We calCUy anninen et al., 2009a), Tumbarumba in Australia (Suni et
lated the growth rates from ion data for three size ranges, 2008) and K-puszta (Yli-Juuti et al., 2009). The size-
(1.5-3nm, 3-7nm and 7-20nm) for both polarities sepa-yenendency suggests that there could be different condensing
rately (Fig. 6). In case of BSMA measurements in H#iti -\ ah0rs participating in the growth of different-size particles
and San Pietro Capofiume, we calculated the GR for 7-20 "y nending on their saturation vapor pressures (e.g. Kulmala
partlgles f_rom DMPS data. _The median growth rate fgr all g¢ al., 2004a). The particle growth might also vary with the
the sites in the 1.5-3nm size range was 2.8 nfand it time of day due to changing concentrations of condensing

; 1 1
varied f(;(_)m 1-6| nml’; (?:C%to?4.8 nmh= (HPB). The4cgr- vapors during the growth process (e.g. Yli-Juuti et al., 2009).
responding values for the 3—7 nm size range was 4.3 nm/h, . .

varying from 2.2 nm it (PDD) to 7.2 nm i (JFJ) and for Typically, the highest growth rates were observed at the

the 7—20 nm size range 5.4 nm varying from 3.6 nm h sites with the strongest and the most frequent nucleation
(HTL) to 6.8nmh! (JFJ). The seasonal behavior of the evgnts. These sites (e.g. Cabauw, Mace .Head and Hohep—
growth rates in the different environments was not investi_pelssenberg) seem to have enough nucleating and condensing

gated due to the small amount of available days vapors for frequent new particle formation. We compared our
’ growth rate estimations with other studies (see Kulmala et

www.atmos-chem-phys.net/10/7907/2010/ Atmos. Chem. Phys., 10, 7907-7927, 2010
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Fig. 6. Growth rates in three size ranges during all observed NPFFig. 7. Negative and positive ion and total particle formation rates
events at different field sites in 2008-2009. The red lines show theduring all the observed NPF events at different field sites in 2008
medians, the boxes indicate the 25- and 75-percentiles, and the errg009. The red lines show the medians, the boxes indicate the 25-

bars the 5- and 95-percentiles. The numbers above the subplo@nd 75-percentiles, and the error bars the 5- and 95-percentiles. The
refer to the number of days included in the analysis. numbers above the subplots refer to the number of NPF event days

included in the analysis.

al., 2004c, and references therein), as well as with the recent
studies conducted in Po-Valley, Italy (Hamed et al., 2007),
Antarctica (Virkkula et al., 2007), Tumbarumba, Australia
(Suni et al., 2008), Mexico City (lida et al., 2008) and South

A high pre-existing particle surface area, i.e. a large
condensation and coagulation sink, has traditionally been
thought to suppress new particle formation (Weber et al.,
. .~ 1996; Kerminen et al., 2004; Kuang et al., 2010). The con-
Africa (Laakso et al., 2008). The growth rates observed "N densation sinks for all the sites were calculated from the par-

this §tudy corresponded well with those measured in .Othe'iicle size distributions measured with the DMPS/SMPS (Kul-
continental background areas. Growth rates observed in pol-

; ; i mala et al., 2001b). In our study, no relation between the val-
luted urban areas, such as Mexico City (15—40 mt hida . .
; f k h h f
et al., 2008) or South Africa (3-21nnTh Laakso et al., ues of condensation sink (CS) and the strength and frequency

2008), were significantly higher. of new particle formation events between the different sites

) ) were observed. In many of the sites, however, nucleation was
The calculated charged and total particle formation rate

X X Slearly preferred at lower values of CS (Table 3).
at 2 nm for the different measurement sites are presented in

Fig. 7 and summarized in Table 3 with some additional infor-3.3  Contribution of ions to total particle formation

mation. The formation rates were not calculated for the days

on which the DMPS/SMPS data was missing as the coagulai case of parallel ion and neutral cluster measurements, we
tion sinks could not be accounted f@s's. The calculations estimated the contribution of ions to the particle formation
of total particle formation rates were possible only for the (i.e. the ion-induced fraction). According to the method de-
sites with the NAIS measurements. In K-puszta, the negascribed by Manninen et al. (2009a), the total nucleation rate
tive ion formation rates were missing due to malfunction of can be expressed as the sum of neutral and ion-induced nu-
the instrument in the negative polarity. The formation ratescleation rates. In this study, ion-ion recombination was ex-
of charged particles varied somewhat from day to day at allcluded from the neutral particle formation. Therefore, we
the sites, whereas the corresponding site-average formatiocalculated the ion-induced fraction, and not the ion-mediated
rates were within a factor 2—3 from each other. Contrary tonucleation fraction.

this, the site-average formation rates of total 2nm particles Figure 8 shows the contribution of ion-induced nucleation
varied by more than an order of magnitude between the difto the total nucleation rate, as measured using the NAIS at the
ferent sites. The day-to-day variability of the total particle six field sites (Pallas, Hyydla, Mace Head, Cabauw, Mel-
formation rate was typically higher at sites with larger aver- pitz, Hohenpeissenberg and Jungfraujoch). The contribution
age values of>. of ion-induced nucleation to total particle formation at 2 nm

Atmos. Chem. Phys., 10, 7907-7927, 2010 www.atmos-chem-phys.net/10/7907/2010/
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Table 3. Summary of the median particle formation event characteristics on the twelve EUCAARI sites. First the fraction of event days of
all available days for analysis, GR is the growth rate in 1.5-3 nm size ra(é‘b’éi,on formation rate at 2 nm and;(’t is the corresponding

total particle formation rate during an event. &&htsis the condensation sink during the events anddaSeventsis the condensation sink

for the non-event days.

Fractionof GR 1-3nm J°" neg/pos Jot CSevents CShon—events

events (%) (mhl)  (em3sl)  (em3sl) (@o3sl) (@035
Pallas 21 3.8 0.08/0.15 1.2 0.63 0.53
Hyytiala 24 1.6 0.06/0.05 0% 1.4 2.7
Vavihill 30 2.0 0.05/0.03 - 3.4 5.0
Mace Head 54 55 0.16/0.11 11.8 0.64 1.0
Cabauw 35 3.8 0.12/0.10 324 2.9 6.7
Melpitz 57 2.6 0.10/0.10 23.1 8.4 9.6
Hohenpeissenberg 36 4.8 0.09/0.09 3.0 4.1 7.5
K-Puszta 52 3.6 —/0.05 - 6.6 13
Jungfraujoch 24 3.7 0.16/0.07 0.9 0.59 0.49
Puy de Dome 35 3.5 0.06/014 - 4.1 3.9
San Pietro Capofiume 48 15 0.06/0.06 - 4.4 53
Finokalia 23 2.7 0.08/0.02 - 4.2 8.3

@ Manninen et al. (2009a)

5 7 12 2 2 16 4 rates during all the event days from years 2008-2009. In
£ 10 F _ ™ 7 Mace Head and Melpitz, the formation of charged 2nm
§ é 0 E| particles started earlier than that of neutral 2 nm patrticles,
o = El*) T = | whereas negatively and positively charged 2nm particles
£ i — . E started to be formed at about the same time. A similar pat-
b 2| ! g EI ‘ B 1 tern has been observed earlier in Hijdi (Manninen et al.,

s v - ! E 2009a). Contrary to this, no different timing between forma-
© | ! tion of charged and neutral 2 nm particle could be observed in

PAL HTL MHD =~ CBW - MEL  HPB JFd Cabauw, Hohenpeissenberg or Jungfraujoch. A possible ex-

Measurerment site

planation for the earlier formation of charged 2 nm particles,

Fig. 8. Fraction of ion-induced nucleation according to formation @ compared with neutral ones, in some of the sites might

rate calculations. These analyses include the observed NPF evenl$ the preferential activation of charged cluster over neutral

at different field sites with the NAIS instruments during the EU- ones when the concentration of nucleating/condensing va-

CAARI project. The red lines show the medians, the boxes indi- pors is increasing during the morning. Such a phenomenon

cate the 25- and 75-percentiles, and the error bars the 5- and 9%1as been confirmed in laboratory experiments (Winkler et

percentiles. The numbers above the subplots refer to the number ¢f|., 2008), but requires that the principal particle formation

NPF event days included in the analysis. * Manninen et al. (20092)royte is the activation of pre-existing clusters (Kulmala et al.,
2006). Another possibility is that there are multiple path-
ways for neutral 2 nm particle formation, and that some of

was typically in the range of 1-30%. When comparing differ- them require higher precursor vapor concentrations than the

ent sites, the contribution of ion-induced nucleation to totalcharged particle formation. Analyzing the different timings

nucleation increased with the decreasing total formation rateéf the formation of charged and neutral particle clearly de-

of 2nm particles, being the highest in Pallas and Junfraujochserves further attention.

A summary of the contribution of ion-induced nucleation to

atmospheric aerosol formation in this and some other studies

is presented in Table 4. Excluding Jungfraujoch and Pallasq conclusions

the contribution appears to be, on average, less than 10% in

the continental boundary layer. Comprehensive atmospheric cluster and particle measure-
A comparison of charged and total particle formation ratesments were performed within the EUCAARI project (Kul-
during events is presented in Fig. 9 for five measuremenmala et al., 2009; Kerminen et al., 2010). Our experiments
sites. The figure presents the median diurnal behaviour ohave been, to our knowledge, the most comprehensive ef-
both negative and positive ion and total particle formationfort to experimentally characterize nucleation and growth

www.atmos-chem-phys.net/10/7907/2010/ Atmos. Chem. Phys., 10, 7907-7927, 2010
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Table 4. The observed fraction of ion-induced nucleation (IIN) from total particle formation in various environments. The fraction reported
by Manninen et al. (2009a) includes also the contribution of ion-ion recombination to IIN.

Measurement site

Instrument 1IN fraction Reference
Boulder IGMA* 0.5% lida et al. (2006)
Cabauw NAIS 1.5% This study
Hohenpeissenberg NAIS 5.5% This study
Hyytiala lon-DMPS 6.4% Gagnet al. (2007)
Hyytiala NAIS 10% Manninen et al. (2009a)
Jungfraujoch NAIS 27% This study
Mace Head NAIS 1.7% This study
Melpitz NAIS 1.0% This study
Pallas NAIS 18% This study
* Inclined Grid Mobility Analyzer, IGMA
g 012
o Cabauw —pos [lg.q Mace Head ::zg 0.15
< total e 20 total
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Fig. 9. Comparison of median charged and total particle formation rates during NPF events on 2008—)@airauw,(b) Mace Head,
(c) Melpitz, (d) Hohenpeissenberg, aife)) Jungfraujoch. Charged formation rates are measured with a (N)AIS in ion mode (negative ions,
blue line and positive ions, red line). Uncharged formation rates are measured with a NAIS in particle mode (total particles, green line).

of atmospheric clusters and nano-particles by a network of As expected based on earlier overview studies (Kulmala et
ground-based measurements. Concretely, air ion spectromed., 2004c; Kulmala and Kerminen, 2008) and previous long-
ter measurements were conducted rather continuously at 1&rm data records at some of the measurement stations, we
field sites across Europe from March 2008 to May 2009. Thiscan conclude that new particle formation is a frequent phe-
unigue data set quantifies the spatial and temporal variatiomomenon taking place in many kinds of environments. In this
of the particle formation events and different NPF parame-study particle formation bursts were observed almost exclu-
ters, such as particle formation and growth rates (Manninersively during daytime, starting preferably before noon, which

etal., 2009a).

Atmos. Chem. Phys., 10, 7907-7927, 2010

confirms the important role of photochemistry in this process
(e.g. Kulmala et al., 2004c). In most cases, the growth of the
newly formed particles could be followed over many hours,

www.atmos-chem-phys.net/10/7907/2010/
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indicating that the aerosol formation took place over vast re/\Ppendix A

gional scales. No clear relation between the values of con- 1

densation sink and the strength and frequency of new patrticle

formation events between the different sites were observed.
Different seasonal cycles were observed in nucleation

event frequencies between different measurement sites. In s o4

the first group of the sites (Hyyt#, Vavihill, Cabauw and 02l

Jungfraujoch), events showed a late spring—early summer L . .

maximum and a winter minimum. The second group of O War Apr May dun i Aug Sep Oct Nov Dec Jan Feb Mar Apr

sites (Mace Head, Melpitz and K-Puszta) showed a simi-

lar seasonal cycle, but with an amplified frequency of therig. A1. The fraction of event, undefined and non-event days out of

events. The third group of sites included only Finokalia, hav-all analyzed days during each month in the year at Pallas, Finland,

ing a maximum new particle formation occurrence during theduring April 2008—April 2009. The numbers above the figure refer

winter months. The last group of sites (Pallas, Hohenpeis+to the number of days included in the analysis. (The same applies

senberg, Puy de @ne and San Pietro Capofiume) displayed to the subsequent figures.)

no clear seasonal cycle in the frequency of new particle for- Hyytiala

mation events. N A B T
The growth rates of new particles were found to be of the 0.8 m_-coes

order of a few nanometers per hour, varying within a factor I O o svents

of 3 between the different environments. At most sites, the

particle growth rate increased with increasing patrticle size. I

The total formation rate at 2 nm varied by more than an order I

of magnitude between the different sites, whereas the for- e

mation rate of charged particles showed much less variation. Month

This implies that the ion cluster concentration is much more

stable regardless of the surroundings, whereas neutral clugig. A2. The fraction of event, undefined and non-event days out

ters are dependent on the environment (in agreement with thgf @l analyzed days during each month in the year at HgtiFin-

suggestion of Gagnet al., 2010a). The systematic measure-'and. during March 2008-April 2009.

ments performed within the EUCAARI project support the 1 Vaiil

earlier observations on the contribution of ions to total parti- N ZIA_EWS

cle formation in the boreal forest (Laakso et al., 2007b; Kul- o8r Elundetred | |

mala et al., 2007; Gagne et al., 2008; Manninen et al., 2009a)

and in other environments (e.g. lida et al., 2006, Eisele et 0l

0.2F |_|

al., 2006; Mirme et al., 2010; Boulon et al., 2010a, b). The
results infer that ion-induced nucleation has a minor contri-

bution to particle formation in the boundary layer in most O o Ao Nay Jun Jul Aug Sep Ot Nov Dec Jan reb War Ao
environments. Month

The data set collected using cluster spectrometers durin%, he fraction of defined and q ;
the continuous EUCAARI field measurements is huge, con- 'g. A3. The fraction of event, undefined and non-event days out o

. . . all analyzed days during each month in the year at Vavihill, Sweden,
taining more than a thousand new particle formation event, - .
. . .~ _during April 2008—February 2009.
days. In the future, this data set will be used for evaluating
large atmospheric modeling frameworks, as well as for deriv- — Macefed
ing new nucleation parameterizations for such models. Our [ A
next focus is on quantifying the conditions that favor new
particle formation in different environments. Trajectory anal-
ysis will be included in the analysis in order to estimate the
regional aerosol source apportionment and the spatial scale
of new particle formation events.

Pallas
W 6 16 2+ Za 1 T 11 12 df 1o 10

0.8F I Events
[ undefined
I Non events

0.6f

Fraction of available data

0.6

I
~

o
N

Fraction of available data

Fraction of available data

0.8t Il Events
: [ Undefined
I Non events

0.6F

0.4

Fraction of available data

0.2F k

| . 1
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Month

Fig. A4. The fraction of event, undefined and non-event days out
of all analyzed days during each month in the year at Mace Head,
Ireland, during June 2008—April 2009.
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Table Al. The classification of different particle formation event, undefined and non-event days based on the ion spectrometer data (accord-
ing to methods introduced earlier by Dal Maso et al., 2005, and Hirsikko et al., 2007).

Fraction of available data

0.8

0.6

0.4

0.2

Class Description

Event la Growth of new particles was clearly seen in the size distribution data and it started at the sizes
close to cluster ion mode. We are able to use these events when analysing e.g. the growth rates of
particles or other parameters that characterize the event.

Ib The formation of new particles continued for several hours and the events had a clear shape.

Il Many of the class-Il events also had a difficult and unclear shape of growing mode that complicates
their further study and the growth rate is obtainable only for some of these events.

Bump A distinct new mode of particles appears in the size range of nucleation mode and the nucleation
burst starts directly from the cluster ions region. However particles do not usually grow larger
than 10 nm in diameter.

Apple The characteristic feature is that the particle formation events of charged particles did not start

Featureless

from the cluster ion mode and a clear gap in the ion distribution is observed between the cluster
and the nucleation modes.

We classified days as featureless nucleation days when formation of nucleation mode ions was
clearly observed but we were not able to classify such events to any specific event class.

Undefined A new mode in the size range larger than 25 nm in diameter is observed and some growth is seen
in this mode.
Extremely low concentration or noise of the instrument at the nucleation mode size range caused
problems to define whether an event occurred or not.
Non-event  We did not observe charged particles in the nucleation mode.
Cabauw Hohenpeissenberg
T4 28 10 24 12 30 31 25 28 31 25 30 Y% & G F R Bk kTG BB
I Events i 0.8k I Events
[ Undefined [ undefined
Il Non events Il Non events

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr

0.6

041

Fraction of available data

0.2

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
Month Menth

Fig. A5. The fraction of event, undefined and non-event days out of Fig. A7. The fraction of event, undefined and non-event days out
all analyzed days during each month in the year at Cabauw, Netherof all analyzed days during each month in the year at Hohenpeis-

lands, during April 2008—March 2009.

Fraction of available data

0.8

0.6

0.4

0.2

senberg, Germany, during April 2008—April 2009.

K-Puszta

T v T T v 0 0 T v T T T
Melpitz 17 30 25 27 28 24 25 78 23 30 29 24
o
T T T T T T T T T T = L I Events
30 24 14 2o 28 0 31 5 5 §o s 08 = Undefined
B cvents ] 2 I Non events
[ Undefined £ 06}
I Non events %
i 5 o4f
=
S
£ 0.2
1 LA R
ar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
il Month

Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr

Month
Fig. A8. The fraction of event, undefined and non-event days out

Fig. A6. The fraction of event, undefined and non-event days outof all analyzed days during each month in the year at K-puszta,
of all analyzed days during each month in the year at Melpitz, Ger-Hungary, during March 2008—February 2009.
mary, during May 2008—-April 2009.
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Jungfraujoch San Pietro Capofiume
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Fig. A9. The fraction of event, undefined and non-event days outFig. A11. The fraction of event, undefined and non-event days out
of all analyzed days during each month in the year at Jungfraujochof all analyzed days during each month in the year at San Pietro

Switzerland, during April 2008—April 2009. Capofiume, Italy, during March—September 2008.
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Fig. A10. The fraction of event, undefined and non-event days out
of all analyzed days during each month in the year at Puy@ad)
France, during April 2008—April 2009.

Fig. A12. The fraction of event, undefined and non-event days out
of all analyzed days during each month in the year at Finokalia,
Greece, during April 2008—April 2009.
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