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Abstract. This study covers four years of aerosol number to interact with the particles is relatively short. This can lead
size distribution data from Pallas andaiid sites 250km  to low nucleation mode growth rates and even to suppression
apart from each other in Northern Finland and compares nevof detectable particle formation event due to efficient scav-
particle formation events between these sites. In air massesnging of newly formed clusters, as was observed in the case
of eastern origin almost all events were observed to start earstudies.

lier at the eastern station&wrid, whereas in air masses of
western origin most of the events were observed to start ear-
lier at the western station Pallas. This demonstrates that par
ticle formation in a certain air mass type depends not only

on the diurnal variation of the parameters causing the pheatmospheric aerosol particles have large impacts on the
nomenon (such as photochemistry) but also on some propegjiobal cloud albedo, radiative forcing, ozone layer, acid rain
ties carried by the air mass itself. The correlation in growth gnd visibility (Seinfeld and Pandis, 1998; Jacobson, 2001;
rates between the two sites was relatively good, which sugt ohmann and Feichter, 2005). Uncertainties in the estima-
gests that the amount of condensable vapour causing thgon of direct and indirect aerosol effects on the global cli-
growth must have been at about the same level in both sitesnate are large. These uncertainties are greatly due to the
The condensation sink was frequently much higher at theack of information on the spatial and temporal distribution
downwind station. It seems that secondary particle forma-ang optical properties of aerosol particles, as well as due to
tion related to biogenic sources dominate in many cases ovesyr poor understanding on how aerosol particles interact with
the particle sinks during the air mass transport between the|ouds (Adams and Seinfeld, 2002; Kaufman et al., 2002).
sites. Two cases of transport from Pallas trN6 were fur- New particle formation is a major research issue in atmo-
ther analysed with an aerosol dynamics model. The modekpheric sciences. Particle formation increases the total num-
was able to reproduce the observed nucleation events 250 k%r Concentration of ambient Submicron partic|es and may
down-wind at \arrio but revealed some differences between contribute to the climate forcing. Earlier measurements in
the two cases. The simulated nucleation rates were in botiorthern Finland have shown that atmospheric new patrticle
cases similar but the organic concentration profiles that besformation can be a significant source of ultrafireL00 nm)
reproduced the observations were different in the two caseparticles (Lihavainen et al., 2003; Vehkaki et al., 2004;
indicating that divergent formation reactions may dominatekerminen et al., 2005). It has also been observed that ul-
under different conditions. The simulations also suggestedyafine particles have a significant influence on cloud droplet
that organic compounds were the main contributor to newactivation under clean and moderately polluted conditions,
particle growth, which offers a tentative hypothesis to the dis-peing therefore important when estimating the indirect cli-
tinct features of new particles at the two sites: Air masses armatic effects by aerosols (Komppula et al., 2005). Since at-
riving from the Atlantic Ocean typically spent approximately mospheric new particle formation is observed in most atmo-
only ten hours over land before arriving at Pallas, and thusspheric environments (Kulmala et al., 2004a), it is important
the time for the organic vapours to accumulate in the air andg find out its global contribution to indirect climatic effects.
Formation and growth mechanisms of aerosol particles are
Correspondence tavl. Komppula still not fully understood. The geographical extent of particle
(mika.komppula@fmi.fi) formation events and conditions affecting these events are
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2 Materials and methods
2.1 Site description

Both stations, Pallas anda¥tio, are located in a subarctic re-
gion in Northern Finland (Fig. 1). There are practically no lo-
cal sources of pollutants close to the stations. The closest ma-
jor pollutant sources are the smelters in Nikel and Montshe-
gorsk in Kola Peninsula, Russia, located 200 km to the north
and 140 km to the east of theAwid station, respectively.

The main measuring site at Pallas GAW (Global Atmo-
sphere Watch) station, Sammaltunturi {68 N, 24°07 E,
WMO index number 05821), lies on a top of a fjeld (arc-
tic round-topped hill) at the height of 565 m above the sea
level (a.s.l.), and ca 300 m above the surrounding area. The
tree line is some 100m below the station. The surround-
ing forest is mixed pine, spruce and birch. The vegetation
on the top of the fjeld is sparse, consisting mainly of low
vascular plants, moss and lichen. The station is within the
Pallas-Ounastunturi National Park (total area 50%knear
the northern limit of the boreal forest zone. A detailed de-
scription on the site is given in Hatakka et al. (2003).

The Varrid environmental measurement station SMEAR |
(67°46 N, 29°35 E) (Hari et al., 1994; Ahonen et al., 1997)
is located 250 kilometres away and almost directly to the east
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Fig. 1. Location of the measurement sites, Pallas aAd .

not well known, though some progress has been made (Kul
mala et al., 2004a). In Northern Finland, there are two sta
tions, Pallas and &frio, which are separated from each other
by 250km and have a similar kind of instrumentation for

of Pallas. The station is ten kilometres away from the Rus-
Sian border at the height of 390 m a.s.l. The station is located

just below the alpine timber line, which is about 400 m a.s.I.
The main tree species in the area is Scots pine. The station
area belongs to theafrid National Park.

aerosol particle measurements. This gives us a good oppor-
tunity to investigate the similarities and difference in parti- 5 5 Measurements
cle formation events between the two sites, the geographical

extent of this phenomenon and the influence of atmospherigimilar DMPS (Differential Mobility Particle Sizer) systems
conditions on it. The effect of particle sources and sinks beyere used at both measuring sites for nanometre particle siz-
tween the two sites can be investigated. ing. The DMPS systems consist of a 28-cm long Hauke-
This study covers four years of data from Pallas addd  type differential mobility analyzer (DMA) (Winkimayr et
and compares new particle formation events between thesg|  1991) with a closed loop sheath flow arrangement (Joki-
sites. A seasonal variation of some parameters related then and Mikek, 1997) and a condensation particle counter
new particle formation is presented. The effects of the aircpc), TSI model 3010. The closed loop sheath air is dried
mass origin and transport direction on particle formation andyit g silica gel dryer and the relative humidity is kept be-
its intensity are studied. Main parameters related to partiqoy 209. This sheath air setup keeps also the temperature
cle formation are compared between the two sites. An efmgre constant. Before sizing, the aerosol is neutralized with
fort is made to model new particle formation in théid 5 radioactive source. The used sheath air flow rate is about
site based on size distributions measured in the Pallas sitg.1 | in—1 and the sample aerosol flow rate is 1| min The
Modelling results are presented as two case studies. Our inmeasured particle size range is from 7 to 500 nm, which is
vestigations were related to the LAPBIAT-project, particu- gjvided into 30 discrete bins at Pallas and 20 bins atri.
larly the campaign performed inafrio SMEAR | station in - sijze distribution measurements aio were extended to
April-May, 2003. cover a size range from 3nm to 500 nm, using 24 size bins
on 26 April 2003. This was done by using a Twin-DMPS
system (e.g. Kulmala et al., 2001).

Basic weather parameters and a number of trace gases
were measured. Temperature, pressure, relative humidity,
wind speed and global radiation were measured at both sta-
tions. At Pallas there was a rain intensity sensor andaatity
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an on/off-type rain sensor. Visibility measurements at Pallasaerosols and depends strongly on the shape of the particle

have revealed the occasional presence of fog or low clouds atize distribution (Pirjola et al., 1999). A detailed calculation

the station (Komppula et al., 2003a; Komppula et al., 2005).procedure for the condensation sink has been presented by

NOy and SQ concentrations were measured at both stationsKulmala et al. (2001). The condensable vapour concentration

One-hour averages of these gas concentrations were used liaquired for the observed average particle growth rate during

the analyses. each particle formation event was estimated. In addition the
The new DMPS data analysed in this article covered a pesource rate of condensable vapour required to sustain the ob-

riod of 24 months, years 2002 and 2003. In the analysis ofserved growth was estimated for each event as presented by

different air masses also data from previously analysed yearKulmala et al. (2001).

2000-2001 was used. Various parameters describing the new

particle formation events, including trace gas concentration.4 Simulation setup

and weather-related parameters were compared. 120-h back-

ward trajectories were calculated by FLEXTRA (Stohl et al., The size-segregated aerosol dynamics model UHMA (Uni-

1995) and Hysplit 4 (Draxler and Rolph, 2003) to find the versity of Helsinki Multicomponent Aerosol model) (Korho-

origin and the path of the air masses. FLEXTRA trajectoriesnen et al., 2004) can be used for Lagrangian studies of the

were calculated for every three hours for both sites. tropospheric aerosol particles. The model includes the ma-
jor clear sky processes: multicomponent condensation of or-
2.3 ldentification of particle formation events ganic and inorganic species (Grini et al., 2005), coagulation,

new particle formation through nucleation and primary emis-

A new particle formation event can be visualized with a sur-sions, dry deposition as well as a simple treatment of entrain-
face plot, in which the submicron particle size distribution is ment and detrainment. Recently the model has been extended
presented as a function of time éidel et al., 1997; Kulmala to treat cloud processing in non-precipitating clouds (Korho-
et al., 1998). An event is seen as increasing particle concenaen et al., 2005).
trations in smallest size channels of the DMPS system. On In the current study, the model was applied to two case
a typical particle formation day, newly-formed particles en- studies to investigate nucleation and particle growth in air
ter the measurement range at around midday at initial sizemasses travelling from Pallas toaki® measurement site.
below 15 nm. During the rest of the day subsequent growthiThe air mass trajectory information was obtained from
of these particles is seen at a rate of a few nanometres péMOAA ARL trajectory model Hysplit 4 (Draxler and Rolph,
hour. Events are classified according to their intensity into2003). The meteorological conditions (temperature, pres-
three classes. Class 1 events have intense formation of nesure, relative humidity, boundary layer height) for the model
particles and distinct particle growth for hours during the restwere interpolated from the calculated trajectory data. The
of the day. Class 2 events are not that intense or the subsgatrticle size distribution and S@oncentration measured at
quent growth is not as clear but still these main features carPallas were used as model input and the modelled results
be recognized. Class 3 events lack the clear growth or onlyvere compared to similar measurements madeatid/ The
few new patrticles are formed. Classifying between a parti-nucleation rate of particles and the concentration profile of
cle formation event and non-event is sometimes difficult andcondensable organic vapours, neither of which is directly
somewhat subjective. The classification method applied heravailable from measurements, were treated as follows.
has been explained in more detail byakék et al. (2000). In boreal forest conditions, organic compounds dominate

Particle formation events were observed from daily sur-the growth of the nucleation mode particles while conden-
face plots by visually searching for sudden increases in thesation of sulphuric acid has been estimated to explain only
number of smallest particles and subsequent growth. Theabout 10% of new particle growth rate (Boy et al., 2005).
event-specific averages over each event were estimated fro®o far the knowledge of the chemical identity of the low-
the size distributions for the particle formation rate (parti- volatile organics responsible for particle growth is quite lim-
cles cnt®s~1) and particle growth rate (nnTh). Particle  ited; however, it is likely that in boreal forest these low-
formation days were mainly examined with a program madevolatile organics are oxidation products of forest-emitted
for this purpose at the University of Helsinki @ek et al.,  species, such as terpenes (Kavouras et al., 1998) or isoprene
2000). The starting and ending times of the events and th¢Kourtchev et al., 2005). Since the exact oxidation mecha-
number of new particles formed during the event were anal-nisms of the condensable products are unknown, we tested
ysed. Defining the starting and ending times for an event isseveral possible production profiles which either remained
sometimes difficult due to fluctuations in the smallest sizeconstant throughout the day or followed the diurnal concen-
classes of the measurement system and due to measuremérgtion of the atmospheric oxidants. For the saturation con-
uncertainties. The presence of pre-existing particles affecteentration of the condensable organic vapour we assumed a
ing the condensation sink (CS) just before the formationvalue 16 cm=3, which has been suggested by Kulmala et
event was also a point of interest. The condensation sink deal. (2004b) based on modelling studies of new particle for-
termines how rapidly molecules condense onto pre-existingnation in boreal forests. The onset of the condensation of
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25 to particle formation in air masses of eastern and western ori-
gin. One of the ideas of this study was to find out whether
the physical properties of aerosol particles observed at the
Varrio station can be generated from those observed at the
Pallas station, or if something is taking place that we cannot
explain. An effort is made to model new particle formation

in the Varrio site based on size distributions measured in the
Pallas site. Modelling results are presented as two case stud-
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3.1.1 Previous studies

In our earlier study (Komppula et al., 2003b), a compari-
son between the sites was done with a dataset of 21 months
(April 2000—-December 2001). More than half (55%) of the
new particle formation events were observed to occur at both

the organic compound followed the nand@étder mechanism sites during the same day. Most of the days when an event
suggested by Kulmala et al. (2004b). was observed at one of the sites only could be explained by

Sulphuric acid concentration was calculated from mea-Pollution plumes, weather differences (mostly rain/fog) or by
sured SQ@ concentrations (measurements both at Pallas anailfferent air mass origins. The Igrgest differences and vari-
Varrio stations) and estimated OH concentrations. The maxi&tion were seen in the starting times of the events. Average
mum concentration of sulphuric acid obtained from this pro- Particle formation and growth rates were found to be sim-
cedure was 1-610f cm3, corresponding well with mea- ilar at both sites. According to the trajectory analysis, all

surements made at other rural or remote locations (Weber &vents were associated with marine/polar air masses originat-
al., 1997: Birmili et al., 2003; Mauldin et al., 2003; Boy et ing from the Northern Atlantic or the Arctic Ocean. It was
al., 2005). We calculated also the total concentration of con!S0 concluded that about one third of the events @i
densing vapours (sulphate and organics) from the measurefé’® associated with plumes from the Kola Peninsula in-
growth rate based on the expression presented by Kulmala &ustry, and it appears likely that some of these events were

al. (2001), and the maximum of the organic vapour concen-c@used by nucleation involving230, from SC; oxidation
tration in the simulations was adjusted accordingly. in these industry plumes. On some days Pallas experienced

Based on a review of an extensive set of field measure-also air masses from the Kola area, but it seems that the much
ments, Kulmala et al. (2004a) concluded that sulphuric acid®nger distance from Kola to Pallas reduces the 8@ncen-
is a very likely candidate to take part in tropospheric nu- frations to lower levels than what is needed to launch the nu-
cleation. The exact nucleation mechanism remains how_cleation process at Pallas. Overall the simultaneous events

ever, unidentified and therefore we described nucleation ifndicated thatin clean air masses the geographical extent of
our simulations by simply scaling the kinetic rate of nucle- & nucleation event could be at least 250 km, which is the dis-

ation, i.e. the collision rate between two ammonium bisul- f&nce between the Pallas andrio stations.

phate molecules, to produce the observed intensity of the new Vehkanéki et al. (2004) studied particle formation events
particle formation event. While this procedure does not di-in Varrio during the period 1998-2002. They found in total
rect|y Correspond to any Specific physica| nucleation mech_.147 clear new partide formation events. As eXpeCted the
anism, it enables comparison between the studied cases #&duency of occurrence was highestin spring (March-May).

it relates the nucleation rate to the calculated sulphuric acidl ey found also that the particle formation and growth rates
concentration. were uncorrelated. The growth rate was found to be highest

during summer and lowest in winter. No seasonal variation
in the formation rate was observed. The plumes from Kola
3 Results and discussion industrial area were observed to result in higher formation
rates but had no effect on the growth rate.
In total close to four years of data on new particle formation
events at Pallas andavrio were studied. A seasonal varia- 3.1.2 Additional new data — years 2002 and 2003
tion of parameters related to new particle formation is pre-
sented. The effects of the air mass origin on particle forma-A new data period of 24 months (years 2002—2003) was
tion and its intensity are studied. A comparison between thaaken to make a new comparison between the sites and fur-
two sites is presented concerning the main parameters relatetermore to be combined with the earlier data (years 2000—

Fig. 2. Monthly distribution of all new particle formation events
observed in Pallas and inavrid during years 2002—2003.
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Table 1. Seasonal variation and annual average values of some parameters related to class 1 and 2 new particle formation events observe
during the years 2002—-2003 in Pallas and #rNd. (Winter values in Pallas are left out due to poor statistics). The formation and growth
rate, condensation sink, vapour concentration and source rate are calculated from event-averages and then grouped according to season.

Starting  Existing Duratioch Formation Growth Particles  Cond. sfhk  Vapour Vapour
time?  conc®  (hh:mm) raté rat€  producedl (1074s1) conc source rate
(hh:mm)  (cnT3) (em3sY)  (mhl  (cemd) (107ecm™3) (10tcm3s71)
PALLAS
Winter - - - - - - - - -
Spring 11:50 690 04:20 0.10 2.7 1270 8.3 4.4 3.9
Summer 09:30 360 04:40 0.09 4.5 1480 6.5 7.3 6.0
Autumn 12:10 360 04:00 0.07 3.1 970 3.9 5.0 2.0
Mean 11:20 570 04:20 0.09 3.1 1280 7.4 51 4.2
VARRIO
Winter 12:40 440 03:10 0.10 2.5 1180 1.2 4.2 0.5
Spring 11:20 1000 03:50 0.21 3.1 2310 115 5.2 7.3
Summer 10:40 780 03:30 0.19 5.2 2320 9.1 8.6 9.0
Autumn 11:20 310 04:40 0.09 2.2 1350 6.1 3.5 2.1
Mean 11:10 850 03:50 0.19 3.7 2190 9.9 6.1 7.1

8Starting time of 7-nm particle formatiorJP,Pre-existing particle concentration at the time of st&Buration of the formation event;
dFormation rate of 7-nm particle§Growth rate of newly formed particleEl,\Iew particles produced during the eve®Gondensation sink
for vapour by existing particle§Vapour concentration needed for the observed groidpour source rate needed to sustain the growth.

2001) in comparison of air mass differences. During yearsrates varied between 0.01 and 0.98¢mw 1. The growth
2002-2003, 116 particle formation events were observed irate had a similar seasonal pattern at both sites. The high-
Varrio and 81 events in Pallas. In 62% of all the event daysest growth rates were observed during summer. Growth rates
at least some indication of particle formation was observed avaried from 0.1 to 9.0 nmtt. The production of new par-
both sites. This is in agreement with our previous study. Theticles per event was highest in spring and summer at both
highest frequency of events occurred in April and Septem-sites. The condensation sink (and the pre-existing particle
ber (Fig. 2). Table 1 presents the seasonal variation relatedoncentration) had slightly higher values in spring and sum-
to class 1 and 2 new particle formation events observed durmer. This together with higher growth rates leads to higher
ing the years 2002—-2003. Average values seem to be slightlyapour source rate needed in spring and summer. CS varied
higher in Varrio. Varrié had a slightly higher growth rate on from 0.4 to 46<10~% s~ and the vapour source rate from 0.2
average. The formation rate of 7-nm particles i@rk was  to 60x10*cm3s1,
two times the value observed in Pallas. |&rxio more new
particles were produced during the events on averageid/  3.1.3 Particle formation in air masses of eastern and west-
had also slightly higher pre-existing particle concentrations ern origin passing the two sites
and CS. All this means that inarrid a higher concentra-
tion and higher source rate of condensable vapour is neededh this analysis the whole four-year data set was used to get
Overall, the values are of about the same magnitude as olreasonable statistics. Air mass backward trajectories (120 h)
served in the earlier studies. were calculated for every 3h for both sites. By using this
Seasonal variations of some parameters related to obset of trajectories, we selected all the cases in which the air
served class 1 and 2 particle formation events are presentdthd passed the Pallas site within 50 km in maximum prior
in Table 1. The starting time of particle formation (7 nm to entering \arrio (western air masses), as well as cases de-
particles) was earliest in summer, following the annual pat-scribing the air mass transport fronanio to Pallas (eastern
tern of sun rise. All class 1 and 2 events were observediir masses).
to start between 07:00 and 16:40. The duration of these A comparison of different parameters related to particle
events seemed to have no seasonal pattern. The formatidormation between the two sites in both western and eastern
rate of 7 nm particles had no clear seasonal variation, thouglair masses is presented in Fig. 3. Altogether, 31 patrticle for-
higher average values were observed in spring and summenation events took place in western air masses and 7 events
in Varrio. A reasonable explanation for the higher valuestook place in eastern air masses. In eastern air masses al-
from March to July in \arrid would be the more frequent most all events were observed to start earlier at the eastern
air masses from Kola industrial area. Observed formationstation Varrid, whereas in western air masses most of the
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Table 2. Some parameters related to particle formation events observed on the same day at both sites during years the 2000-2003 classifie
by the air mass origin. The formation and growth rate, condensation sink, vapour concentration and source rate are calculated from event-
averages and then grouped according to air mass and location.

Starting  Existing Duratich  Formation Growth Particles Cond. Vapour Vapour
time?  conc®  (hh:mm) raté rat€¢  produced sinkd conc source rate
(hhemm)  (cnv3) (em3s1) (mnrl  (@em3 (@o4sl @'ecm3 @tem3sY
Western air masses at Pallas
Mean 11:16 427 04:42 0.10 3.0 1570 5.6 5.0 3.2
Median 11:18 372 04:22 0.08 2.7 1370 3.9 4.4 1.7
Min 05:14 96 02:00 0.01 0.9 130 1.0 1.5 0.2
Max 14:54 1754 08:25 0.41 10.0 3840 19.8 16.3 215
Stdev 02:09 360 01:41 0.08 1.8 1120 4.8 2.9 4.3
Western air masses atuio
Mean 12:53 744 04:27 0.10 3.3 1530 9.4 5.3 6.1
Median 12:50 678 03:58 0.08 2.9 1460 4.9 4.8 1.8
Min 07:03 154 01:07 0.00 1.1 30 0.4 1.7 0.3
Max 16:28 1867 09:00 0.54 9.0 4210 40.1 14.8 59.3
Stdev 02:16 496 02:08 0.10 1.7 1210 11.0 2.8 11.2
Eastern air masses at¥io
Mean 10:26 1177 03:48 0.22 4.6 2450 10.9 7.6 9.4
Median 10:08 1144 03:34 0.07 5.3 1180 6.5 8.6 5.7
Min 08:30 155 02:26 0.03 2.1 240 1.4 3.5 0.6
Max 14:18 3348 06:27 0.67 7.3 6110 30.4 11.9 36.1
Stdev 02:05 1130 01:24 0.27 1.8 2500 11.2 2.9 12.8
Eastern air masses at Pallas
Mean 11:36 834 03:54 0.13 4.1 1700 15.3 6.7 11.0
Median 11:04 810 03:42 0.10 4.3 1600 13.4 7.0 8.6
Min 08:40 494 02:01 0.03 1.2 340 6.6 1.9 1.3
Max 14:50 1537 05:32 0.29 6.0 3560 29.1 9.8 20.5
Stdev 02:07 348 01:11 0.10 1.7 1250 8.2 2.7 7.5

8Starting time of 7-nm particle formatiorPPre-existing particle concentration at the time of st&Buration of the formation event;
dFormation rate of 7-nm particle§Growth rate of newly formed particleSNew particles produced during the eve$ondensation sink
for vapour by existing particle§,\/apour concentration needed for the observed groWtpour source rate needed to sustain the growth.

events were observed to start earlier at the western statiolated to biogenic sources dominates in many cases over the
Pallas (Fig. 3a). This demonstrates that particle formation inparticle sink during the air mass transport between the sites.
a certain air mass type depends not only on the diurnal variaThis is in part evident because new particle formation does
tion of the parameters causing the phenomenon (such as phaet occur on rainy days which would provide an effective
tochemistry) but also on some properties carried by the aisink for the particles.

mass itself. The formation rate of 7 nm particles showed dif- Table 2 provides parameters classified by the air mass ori-
ferences between the two sites on individual days (Fig. 3b)gin for particle formation events observed on the same day
but no systematic pattern can be found. It seems that thé both sites. First we take a look at the western air masses
particle formation rate is not very conservative parameter in(from Pallas to \Arrid) originating mostly from the Atlantic

an air mass. On the other hand the correlation in growthOcean. When reaching&@rio, these air masses had been
rates between the two sites was relatively good (Fig. 3c)jnfluenced more by the continent, which caused a higher pre-
which suggests that the amount of condensable vapour caugxisting particle concentration and higher condensation sink
ing the growth must have been at about the same level in botiCS) compared with Pallas on many days. The formation rate
sites. It seems that in eastern air masses a bit higher growtbf 7-nm particles (J7) and the growth rate were close to equal
rates were observed, probably because they had spent moieboth sites during these western air masses. During western
time over the continent. The condensation sink (CS) was freair masses particle formation is starting about 1.5 h earlier in
quently much higher at the downwind station (Fig. 3d). This Pallas than in \érrid, on average.

demonstrates the effect of particle sources and sinks modify- The eastern air masses (froravio to Pallas) were mostly

ing the particle size distribution on the path from one stationcontinental and travelled sometimes over the Kola Peninsula
to the other. It seems that secondary particle formation reindustrial area. ¥rrio is closer to the Kola Peninsula area

Atmos. Chem. Phys., 6, 2812824 2006 www.atmos-chem-phys.net/6/2811/2006/
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Fig. 3. Comparison of the effect of different air masses on particle formation parameters (blue circles = western and red crosses = eastern).
The starting times are exact values and others are averages over each particle formation event.

and is therefore influenced more strongly by the industrial3.2 Case studies

plumes. The oxidation of SOto HoSOy in these plumes

could boost the particle formation in&vio on some days. Two cases of transport from Pallas t@wio were selected
This is seen as a higher formation rate of 7-nm particles andor further analysis. In both cases the air arrived at Pallas
also a slightly higher growth rate than in Pallas during thefrom the Arctic Ocean after travelling over land for only 9-
eastern air masses. On average more new particles were prao h. Due to the marine origin and the short interaction time
duced in \arrio compared to Pallas. This is partly due to a with continental sources, the measured pre-existing particle
higher CS observed in Pallas during the eastern air massekad and S@ concentration were relatively low. These cases
Higher concentrations in Pallas refer either to some primarywere also simulated with an aerosol dynamic model UHMA.
particle sources or to secondary formation of particulate matThe air mass trajectory information for the simulations was
ter between the sites. It seems that during eastern air masseptained from Hysplit 4 (Draxler and Rolph, 2003) and the
new particle formation is starting 1.2 h earlier i@vid than ~ model was initialized with particle size distribution and SO

in Pallas, on average. measurements made at Pallas.
When looking at the average values on both sites, the east-

ern air masses had higher pre-existing particle concentrag.2.1 Case 1 (30 July 2002)
tions and CS, compared with western air masses. The east-

ern air masses had also higher particle formation rates an@g case 1 (Fig. 4), we present an intense new particle forma-
slightly higher growth rates. Also larger numbers of new tjon event with medium background concentration. After a
particles were produced during eastern air masses comparggng travel close to the sea surface of the Northern Atlantic
with western air masses. This requires higher concentrationg:ig_ 5) the air mass travelled over the continent for 9 and
and source rates of condensable vapour and suggests that g, prior to arrival at Pallas andavrio, respectively. On
average in continental (eastern) air masses there is more Nihig day, new particle formation was observed only at the
cleating and condensable vapour available for particle formay,zrrig station where the event started at 9:00. Prior to the
tion and subsequent growth. onset of the event the increase of the boundary layer height
was observed to dilute the aerosol. The particle growth was
strong until 15:00. The measurements iarkio showed a
pre-existing particle concentration of 260thand CS of
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©__ Pallas ments, the concentration of condensable organics had to in-
crease during the day. A production profile proportional
i e to the OH concentration gave the best result; this is sup-

M ’ ported by the assumption that condensable organic vapours

N
O\
&

are likely to result from OH-oxidation reactions of terpenes.
The concentration profiles of condensable organics and sul-
phuric acid during the simulation are presented in Fig. 7. The
same growth rate as in the measurements was achieved using
a maximum organic concentration of x208 cm~3. In this
simulation the maximum sulphuric acid concentration was
approximately %10°cm~3, so sulphuric acid made only a
minor contribution to the growth.
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3.2.2 Case 2 (8 May 2003)

Fig. 4. Case 1: A new particle formation event observed only in

Varrio on 30 July 2002. Case 2 represents an event in a clean air mass with low

background concentrations (Fig. 8). On this day, new par-

ticle formation was observed at about the same time at both
3.9x10*s71. The formation rate of 7-nm particles was sites. The formation of new 3-nm particles started at 09:00
0.33cnT3s! and the particle growth rate was 5.6 nmth  in Varrio, whereas the formation of 7-nm particles started
Approximately 5400 cm? new particles were produced dur- around 11:00 at both sites. This event was characterized by a
ing this relatively intense event. The fact that no event wasslow and long particle growth until midnight. An increase in
observed at Pallas could not be explained by weather data age boundary layer height was observed in the morning. On
the weather parameters were very similar to thosezati®. this day the air mass came from the north and circulated over

Figures 4 and 6 display the simulation results for this day.the Arctic Ocean (Fig. 9). Before entering the continent, the

Despite the intensity of the observed event, model simula-air travelled close to the sea surface keeping the air relatively
tions show that the nucleation rate could not have been closelean and the particle concentration low. The air mass arrived
to the kinetic limit on this day. The appropriate intensity at Pallas after spending 10 h over the continent and travelled
of the event can be reproduced using a scaling factor ofurther 9 h before arrival to frio.

2x107%-6x107 for the kinetic nucleation rate, the exact  The pre-existing particle concentration before the event

value depending on the production profile of the low-volatile was around 100cm® at Pallas and 400cn3 at VArrio.
organics, which makes the main contribution for the growth.The condensation sink was slightly higher in Pallas

Using these scaling factors for kinetic nucleation the maxi-(2.8x10-4s1) than in \arrio (1.3x10~4s1) despite the
mum nucleation rate was 1-4 cis™1. This relatively slow  |ower pre-existing particle concentration in Pallas. The for-
nucleation rate was able to produce a high concentration Ofnation rate of 7-nm particles was close to equal, being
new particles because of the low pre-existing particle loadp.03 cnr3s~1in Varrio and 0.02 cm3s1in Pallas. Particle
which was further diluted due to a k)()UIWCjEir)/ |Ei)/€3r ir]CfEEEiSEiJr()Vvth rates were low and close to EEC]LJEi'Eir()LJn(j 1__221141] h
during the morning hours. but in Varrio the growth continued for a longer period. This

Based on a large number of model runs, it was observegarticle formation event produced 820 chmew particles in
that in order to reproduce an event similar to our measureVarrio and 270 cm? in Pallas.
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Simulation results for this case study are presented irin Figs. 8 and 10 were made with a constant production rate;

Figs. 8 and 10. Even though the event was weak comparethe resulting concentration profile is shown in Fig. 7.

to case 1, the nucleation scaling factor needed to reproduce

the observed intensity of the event was of the same order a8.2.3 Discussion of simulation results

in case 1. The difference is observed in the concentration

of the condensable organic vapour: because the growth 0||n both of the cases simulated above, the model was able to

the nucleation mode continued until midnight, the concen-reproduce the observed nucleation eventsatiy, 250 km

tration of the organics had to rise or at least stay approxi-downwind of the simulation starting point. However, the
mately constant in the night. The best agreement with themodel runs revealed some differences between the two

measurement was achieved using a constant organic produévents. The formation rate of 7-nm particles atrk was

tion rate or, more realistically, a production rate that has twomeasured to be approximately ten times higher in case 1. Ac-
small maxima at noon and at m|dn|ght, representing Oxida_cording to the model Simulations, the actual nucleation rate

tion reactions with OH and N§ The simulations presented (at around 1nm) was 20-40 % lower in this case. This is
due to the fact that in case 1 the pre-existing particle load, or

www.atmos-chem-phys.net/6/2811/2006/
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condensation sink, was significantly lower and the concen-
tration of condensable organic vapour required to reproduce
the observed nucleation mode growth rate was higher. Thes¢
two factors, i.e. slower scavenging to pre-existing aerosol and
faster growth rate of new particles, made it possible for a
larger fraction of the newly formed particles to survive to de-
tectable sizes.

In case 1, the simulated nucleation rates was three to four
orders of magnitude lower than the calculated kinetic limit
whereas in case 2 we had to assume a scaling factor large
than 10°3; the exact value of the scaling factor is dependent
on the simulated organic vapour concentration. The condens:
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actions of forest emitted terpenes. The organic concentratior
profiles that best reproduced the observations at the recep
tor site Varrio were different in the two cases indicating that
divergent formation reactions may dominate under different
conditions. This could be due to the fact that the emission
rates of the natural organic vapours depend on temperature
radiation or other environmental factors (Kesselmeier and
Staudt, 1999), or that the oxidation mechanisms leading to
low-volatile end products are highly complicated.

In the selected cases, the simulated concentrations of sul
phuric acid explained less than 10% of the nucleation mode
growth, indicating that organic compounds are the main con-
tributor to particle growth in this clean yet relatively sparsely
vegetated subarctic environment. This observation is also in
line with earlier analyses for more densely vegetated enVi'Fig. 8. Case 2: A new particle formation event observed at both
ronments (Birmili et al., 2003; Boy et al., 2005). The crucial gjtas on 8 May 2003.
role of organics in new particle growth offers a tentative hy-
pothesis to the distinct features of new particles at the two
sites: At the source station Pallas no particle formation at o ) o
7nm s detected in case 1 and in case 2 the growth of formed A clear seasongl variation was found in the s'Fartmg time o.f
particles is not as clear as atfio. Since the air mass in the events, following the.annual patte_rp of'sun rise. The parti-
both cases reaches Pallas after travelling over land for onlyf!€ formation rate had higher values iraiio from March to

9-10 h, the time for the organic vapours to accumulate in the’U!y: Possibly due to more frequent polluted air masses from
air and to interact with the particles is relatively short. As a the Kola Peninsula industrial area. No clear seasonal pattern

result, the growth rate of newly formed clusters remains Iow,-

in the formation rate of 7-nm particles was observed. The
they are effectively scavenged by pre-existing particles andparticle growth rate showed a clear seasonal variation, the
may not reach the detection limit of the measurement instru

Vvalues being highest in summer. These results are in agree-
mentation. ment with earlier studies.

A comparison of parameters related to particle formation

4 Conclusions at two sites in both western and eastern air masses was pre-

sented. In eastern air masses almost all events were observed
Four years of aerosol number size distribution data was usetb start earlier at the eastern statioarkio, whereas in west-
in this study. Two years of new data from years 2002—2003ern air masses most of the events were observed to start ear-
were also examined. During the years 2002—2003 over 10dier at the western station Pallas. This demonstrates that par-
new particle formation events were observed. More than halticle formation in a certain air mass type depends not only
of the events were observed to occur on the same day in an the diurnal variation of the parameters causing the phe-
scale of 250 km. The highest frequency of events occurred imomenon (like photochemistry) but also on some properties
April and September. The slightly higher average values ofcarried by the air mass itself. The formation rate of 7-nm par-
particle formation and growth rates observed iarkb site  ticles showed differences between the two sites, but without
refer to polluted events boosted by the Kola Peninsula indusa systematic pattern. It seems that the particle formation rate
trial area. Overall the values were of the same magnitude as not a very conservative parameter in an air mass. The cor-
observed in earlier studies. relation in growth rates between the two sites was relatively
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high, which suggests that the amount of condensable vapouretween Pallas andarrio in these western air masses. In
causing the growth must have been at about the same level ieastern continental air masses higher formation rates and
both sites. The condensation sink (CS) was frequently muclslightly higher growth rates were observed iarxio which is
higher at the downwind station. It seems that secondary pareloser to the major pollutant sources in Kola Peninsula area.
ticle formation related to biogenic sources dominate in manyOn average, continental air masses had higher formation and
cases over the particle sinks during the air mass transport begrowth rates compared to marine air masses. This suggests
tween the sites. that in these more polluted continental air masses there is
In western (marine) air masses the formation and growthmore nucleating and condensable vapour available for parti-
rates were close to equal in both sites on average. Duringle formation and growth.
western air masses emissions are mainly biogenic, therefore Two cases of transport from Pallas tawio were selected
Varrio (deeper in the boreal forest than Pallas) has highefor further analysis and model simulations were performed
source rates of condensable vapour. However, higher vapowalong the trajectories on these days. The simulations high-
source rates combined with higher condensation sinks comlighted the influence of pre-existing particle concentration
pensate each other, which might partly explain why no dif-and condensable vapour concentration on new particle for-
ference in particle formation and growth rates were observednation. Due to low particle load and high simulated vapour

Atmos. Chem. Phys., 6, 2812824 2006 www.atmos-chem-phys.net/6/2811/2006/
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