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Abstract. The LAPBIAT measurement campaign took place Russia. The results of this campaign highlight the need for
in the Varrio SMEAR | measurement station located in East- detailed research in atmospheric transport of air constituents
ern Lapland in the spring of 2003 between 26 April and 11 for understanding the aerosol dynamics.

May. In this paper we describe the measurement campaign
concentrations and fluxes of aerosol particles, air ions and

trace gases, paying special attention to an aerosol particle

formation event broken by a air mass change from a cleard Introduction

Arctic air mass with new particle formation to polluted one

approaching from industrial areas of Kola Peninsula, Rus-Atmospheric aerosols have a large impact on the radiative
sia, lacking new particle formation. Aerosol particle number balance and climate both directly, by scattering sun light
flux measurements show strong downward fluxes during thaPack to space, and indirectly, by acting as cloud condensa-
time. Concentrations of coarse aerosol particles were higfiion nuclei (CCN) and changing the albedo and life time of
for 1-2 days before the nucleation event (i.e. 28-29 April), clouds (Charlson and Wigley, 1994). Estimating the impact
very low immediately before and during the observed aerosoPf aerosols on climate is especially difficult since the effect
particle formation event (30 April) and increased moderately©f aerosol depends on properties e.g. concentration, size and
from the moment of sudden break of the event. In generaFomposition of aerosols and aerosol properties vary signifi-
particle deposition measurements based on snow sampl&antly in space and time. New aerosol particle formation has
show the same changes. Measurements of the mobility disbeen observed in different types of environments in the free
tribution of air ions showed elevated concentrations of inter-troposphere (Clarke, 1992; Séaier and Sttm, 1997), in
mediate air ions during the particle formation event. We esti-the marine boundary layer (O'Dowd, 2002a), in Arctic areas
mated the growth rates in the nucleation mode size range. FdPirjola et al., 1998), in urban areas (Kerminen and Wexler,
particles<10 nm, the growth rate increases with size on 301996), in boreal forest (Bkek et al., 1997; Tunved et al.,
April. Dispersion modelling made with model SILAM sup- 2003) and in relation to air ion formation events (Vana et al.,
port the conclusion that the nucleation event was interrupted004). A recent overview (Kulmala et al., 2004a) summarise
by an outbreak of sulphate-rich air mass in the evening ofobservations.

30 April that originated from the industry at Kola Peninsula, Formation of new aerosol particles is observed 60-120
times a year in southern (Kulmala et al., 2001; Dal Maso
Correspondence to: T. M. Ruuskanen et al., 2005) and 25-60 times in northern Finland (Komp-
(taina.ruuskanen@helsinki.fi) pula et al., 2003, 2006; Vehkatki et al., 2004). It has been
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suggested that formation and growth are two separate proecient (Virkkula et al., 1997). Also a recent modelling study
cesses and involve different gas phase species taking part ifikomppula et al., 2006) has focussed on those effects.
them. Formation of new aerosol particles has been suggested LAPBIAT (Lapland Atmosphere-Biosphere facility) mea-
to result from binary nucleation of #0; and HO (Kul-  surement campaign took place in thardo SMEAR | mea-
mala et al., 1998) or ternary nucleation 0§$04, NHz and  surement station located in Eastern Lapland in the spring of
H>0O (Korhonen et al., 1999). Modelling and experimental 2003 between 26 April and 11 May. LAPBIAT is an EU
results show that ion-induced nucleation can also be considprograms and its goal is to enhance the international sci-
ered as a possible mechanism for particle generation (Laaksentific co-operation at the Finnish Arctic research stations
et al., 2004a, b). In many cases, sulphuric acid plays a rolénvolved in the program. During this LAPBIAT campaign
in new particle formation (Kulmala et al., 2006a). However, the variation of the concentration of aged aerosols of anthro-
in some special cases, such as in deep convective clouds, giogenic origin as well as formation and growth of aerosol
mospheric nucleation can occur without sulphuric acid (Kul- particles in sub-arctic boreal area was studied with versatile
mala et al., 2006b). Kulmala et al. (2000) suggested thaterosol particle and air ion size distribution measurements
nucleation occurs almost everywhere in the atmosphere dursupported by deposition studies based on aerosol fluxes and
ing daytime but, as it results in aerosol particles smaller tharsnow chemistry. Trace gases (5@nd Q), aerosol parti-
the detectable size, we cannot observe it without subsequerie concentration and meteorological parameters were con-
growth. Growth of newly formed aerosol particles in boreal tinuously measured since 1992 in SMEAR I-station (Station
forest has been suggested to be due to heterogeneous nucfer Measuring Forest Ecosystem — Atmosphere Relation) lo-
ation and condensation from the emitted biogenic volatile or-cated in Northern Lapland. Several other measurements like
ganic compounds (BVOC's) or their oxidation products. Bo- NO, and aerosol size distribution, to name a few, were started
real forests are one possible source of BVOC's that can beater. The aim of this work is to study closely two weeks dur-
oxidized to less volatile species. For example terpenoids aréng spring, when the aerosol particle formation events occur
emitted from coniferous forests, especially in the spring andmost frequently and to look at a specific aerosol particle for-
summer (Hakola et al., 2003). In the Northern Hemispheremation event, which was interrupted by a pollution event, in
solar radiation is high in spring and there is a spring timedetail.
maximum in the ozone concentration in unpolluted northern
areas (Logan et al., 1985) that is also observed in Finnish
Lapland (Ruuskanen et al., 2003) leading to effectively oxi-2 Experimental
dizing conditions. Oxidation products of several terpenoids
have been identified from aerosols, of e.g. isoprene (Clayes 2.1 Location
al., 2004, Kourtchev et al., 2005), monoterpenes (O’'Dowd et
al., 2002), and sesquiterpenes (Bonn and Mootgard, 2003)The SMEAR | (Station for Measuring Forest Ecosystem —
O’Dowd et al. (2002b) state that compounds, sucltias  Atmosphere Relation) station (%6 N, 29°35 E) (Hari et
pinonic acid and pinic acid, that are oxidation products ofal., 1994) is located in #trid nature park in eastern Lap-
monoterpenes, participate in the growth of new aerosol parfand, less than ten kilometres from the border of Russia. The
ticles. measurements were made from different heights of a mea-
A lot of research has focused on characterising the aerosgurement tower located on top of a hill 390 m above sea
particle formation events and the parameters that control oblevel (a.s.l.). The station is located below the alpine tim-
served new aerosol particle formation (Kulmala et al., 1998;berline (400m a.s.l.) but it is surrounded by the range of
Makeh et al., 2000; Buzorius et al., 2001; Boy et al., 2002). Varrio fields above the timberline that continue from north
Several field studies have concentrated on observations of th® south. Most of the trees in the surrounding areas are about
formation and growth of newly formed aerosol particles in 50-years-old Scots pineBifus Sylvestris L.) and the height
Southern Finland (Kulmala et al., 2001). Also involvement of the trees is about eight metres and the mean diameter ap-
of air ions in new aerosol particle events has been studieghroximately eight centimetres. The distance from the nearest
(Laakso et al., 2004b). The understanding of aerosol particlesmall road to the station is approximately eight kilometres
formation events has increased, but the processes involveand from the nearest major road about 100km. There are
are still not fully understood. Chemical conditions are moreno towns or industry close by. Having practically no local
confined in Northern Finland. There are less anthropogenigollution gives an opportunity to observe background con-
sources and these are easy to identify, the contribution frontentrations and mid- to long-range transport of long-lived
local diffuse background sources is negligible and often well-pollutants. The nearest major pollution sources are met-
defined plumes are formed. In fact, three different influenc-allurgy factories of Montchegorsk located 150 km east and
ing source areas can be defined for Finnish Lapland: KolaNikel located 190 km north from the station. Since anthro-
Peninsula, continental Europe and marine. The effect can bpogenic emissions come from well-defined sources and of-
seen in trace gas concentrations as well as aerosol numbé&en in well-defined plumes, namely from Kola Peninsula, we
concentration (Ruuskanen et al., 2003) and scattering coeffihave a great opportunity to study aerosol formation events,
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Table 1. The list of continuous measurements in SMEAR | station, during LAPBIAT campaign.

Quantity Measurement height  Instrument/method Brand
temperature 15,9,6.6,4.4,2.2m Pt-100 sensors shielded and ventilated
wind speed 15,9,6.6,2.2m cup anemometer Vector Instruments
A 101 M/L
wind direction 15m wind vane Vector Instruments W 200 P
RH 2m dew point Vaisala HMI32 Humicap
air pressure 2m barometer Druck DPI 260
rain fall Im rain gauge Delta-T RG1
rain detection 15m precipitation sensor Vaisala DPD 12A
UV-A 15m pyranometer Solar Light SL 501A
uv-B 15m pyranometer Solar Light SL 501A
PAR 15m guantum sensor Li-Cor LI-190SB
(range 400—700 nm)
Global 15m pyranometer Astrodata, Reemann TP 3
(range 300-4800 nm)
NOx 15,9,6.6,2.2m chemiluminescence, Thermo Environmental Instru-
Molybdenum NQG-to-NO ments 42CTL
converter
O3 15,9,6.6,2,2m UV light absorption Advanced Pollution Instrumenta-
tion API 400
SO, 15,9,6.6,2.2m fluorescence Thermo Environmental Instru-
ments 43CTL
aerosol particle concentra- 15, 9, 6.6,2.2m condensation particle TSI 3760, detection limit
tion counter (CPC) 103 particles cnt3
(14 nm—=1m)
aerosol particle size distri- 2m electrical mobility Differential Mobility Particle
bution (20 nm-500 nm) Sizer (DMPS) and CPC, TSI
3010

aerosol and air ion dynamics and atmospheric chemistry imected to a CPC (PHAUCPC) (Marti et al., 1996; O’Dowd et

clean and polluted air masses. al., 2005) and different CPCs (e.g. LICPCs) (Mordas et al.,
2005). Campaign measurements are summed up in Table 2.
2.2 Physical and chemical measurements from air Backward trajectories (96 h) were calculated using FNL data

on the HYSPLIT4 model (Draxler and Rolph, 2003) for the

levels of 12 2 .
The continuous trace gas (8(NOx, O3), aerosol particle evels of 500, 1200 and 2000m

size distribution (DMPS, 8 nm-0.48m) and number con- Size segregated aerosol mass and inorganic composition
centration of aerosol particles (CPC, 14 nme8) alongside  was measured using a Micro-Orifice Uniform Deposit Im-
with meteorological measurements are described in more depactor (MOUDI). The MOUDI uses circular jets to sep-
tail by Ruuskanen et al. (2003) and Hari et al. (1994). De-arate particles aerodynamically onto ten impaction stages
tails of continuous measurements are shown in Table 1. Morglus an inlet stage within a range of 0.056+18 (flow rate
detail aerosol measurements were made during the measur&-8 n? h—1, equivalent aerodynamic cut-off diameters at 50%
ment campaign. Positive and negative air ions were meaefficiency: 0.056; 0.10; 0.18; 0.32; 0.56; 1.0; 1.8; 3.2; 5.6;
sured with an Air lon Spectrometer (AIS) from size range 10; 18um). The instrument was located in ambient environ-
of 0.46nm to 41nm. Aerosol particles were also mea-ment with only inlet protected from rain. The inlet of the
sured with an Aerodynamic Particle Sizer (APS), Electrical MOUDI was about 1 m above ground. The MOUDI sam-
Aerosol Spectrometer (EAS), a Pulse Height Analyser conple was approximately one week long in order to collect
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Table 2. The list of instruments used in measurements during the LAPBIAT measurement campaign at SMEAR | station.

Measured quantity Used method/Instrument Operated by
Positive and negative aerosol ion particleAerosol lon Spectrometer, AIS University of Tartu
size distribution, 0.46 nm—41 nm
Aerosol size distribution, 3.2nm-10n  Electrical Aerosol Spectrometer, EAS University of Tartu
Aerosol size distribution, Aerodynamic Particle Sizer, APS 3320 National University of Ireland, Galway
0.5um-20um
Ultrafine aerosol size distribution, 3nm—-UF-DMPS, 10.9cm long Hauke type University of Helsinki
25nm DMA and TSI3025 CPC
Ultrafine aerosol concentration, 2.7-Pulse Height Analyzer with Ultrafine National University of Ireland, Galway
5+1nm Condensation Particle Counter, PHA-
UCPC
Aerosol number concentratios4.5nm, Prototype of Lithuanian CPC University of Helsinki, Lithuanian Institute of
>10nm) Physics
Aerosol number flux£11 nm) Eddy Covariance with TSI 3762 CPC University of Stockholm

Aerosol (spheroidal ash particles) depoStereomicroscope, 125x magnification,Tallinn University of Technology
sition to snow cover snow samples

Size-segregated aerosol mass MOUDI (micro-orifice uniform deposit National University of Ireland, Galway
and inorganic composition, impactor), 12 stage

0.056-18.Qum

Deposition of ions to snow cover lon chromatography, snow samples Tallinn University of Technology

sufficient particulate matter to make accurate gravimetricturbulent aerosol number fluxN‘'w’ > was then calculated
analysis, owing to low particulate mass in remote arctic at-from the aerosol number (N) and the vertical wind (w). The
mosphere. The MOUDI impactor was mounted with Al foils, experimental set up and the data treatment was identical to
which were preconditioned for 24 h at 35-40% relative hu-that followed by Martensson et al. (2006), except that we
midity and 20C and weighed with a Mettler Toledo micro- used an improved pulse-analogue converter and did not cor-
balance (g sensitivity). After sampling, the Al foils were rect for the limited response time of the CPC. The experi-
conditioned again for 24 h and weighed. Fortnightly sam-mental set up is similar to that used at SMEAR Il station in
ples were obtained over the LAPBIAT campaign. As the ac-Hyytiala, Southern Finland (see e.g. Buzorius et al., 2001),
cumulation and coarse modes were clearly revealed, no inexcept for a more modern anemometer version and a CPC
version technique was used to produce continuous spectranodel with larger sampling flow and hence smaller counting
Inorganic ions (S@‘, NO;, NHf, CI-, Nat, K*, C&*) error. The aerosol was sampled through a 4.40 m fbng
were determined by ion chromatography (Dionex 2010i, neg-nch stainless steel tube at a flow of about 8 L rirflami-

ative ions), atomic emission spectrometry (positive ions)nar) with the inlet just below the sonic head. The centre of
and indophenol-spectrometry for the determination oﬂNH the sonic head was at 16.40 m above the ground, which is to
More details could be found in Sopauskiene and Jasinevibe considered the measurement height of the fluxes.

ciene (2006). Each impactor sample set included a blank Al

foil, which was treated as a real_ sample .including handlings 4 Deposition measurements from snow samples
protocols. Blank values of chemical species were subtracted

from samples. . .
Deposition measurements were based on the accumulation

. of chemical and particulate tracers in the natural snow layer.

2.3 Eddy covariance flux measurements The first series of five samples (representing both forest and
open land and hills and valleys) was taken in the morning

An eddy covariance (EC) flux measurement system fromand early afternoon of 27 April from the thin layer of fresh
Stockholm University was operated in the SMEAR | mea- snow. The second series at same sites, plus one extra site, was
surement tower. The EC system consisted of an ultrasonitaken in the morning of 1 May from the clearly distinguish-
anemometer (Gill, model R3) and a CPC (TSI, model 3762)able layer formed during the snowfall of 28—29 April. Thus,
with a lower cut at 11 nm diameter. The CPC pulses wereboth washout and dry deposition during the snowfall up to
counted by a pulse counter, and logged over two analogu¢ghe sampling time were caught in the same volume. One ad-
voltage channels on the ultrasonic anemometer interface atitional sample close to the SMEAR | station was taken at the
20 Hz together with the vertical wind data. The vertical afternoon of 29 April, i.e. in the end of the intense snowfall.

Atmos. Chem. Phys., 7, 3683-3700, 2007 www.atmos-chem-phys.net/7/3683/2007/
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The snow samples were melted in plastic bags and stored 10
in plastic bottles for a few weeks until the analysis. Con-
centrations of anions and cations were measured using ion- °
chromatography. Number concentrations of spheroidal fly- . . ; . . .
ash particles (|arger thanlfm) were determined using a "Wz 2802 3004 0205 0405 0605 0805 10005 12105
light microscope. Spheroidal fly-ash particles are specific
and chemically inert markers of high-temperature combus-
tion of fossil fuels (Alliksaar et al., 1998), thus originating
from anthropogenic sources: energy production, metal pro-
cessing and other indgstrial processes consuming fuels. The o—b—b——i——u '
snow samples were filtered and particles larger tham5
were counted.

3 Results

. 2%/04 28}04 30}04 02}05 04}05 06}05 08}05 10}05 12/05
3.1 Local and synoptic weather

The campaign took place during typical Lapland late win- 5
ter weather: alternating sunny and cloudy days, frost dur- £ st
ing nights and temperatures above zero during days (Fig. 1). = |4
A few days before the beginning of campaign, 20-21 April, 28104
heavy thawing occurred, which left a 20—-30 cm thick hard
snow cover on the ground. The next days until 27 April were
frosty with minimum of nearly —10C at night and maxi-
mum temperatures of somé@® during midday. Winds at
10-1500 m heights blew permanently from Arctic Ocean, as B . o
seen from four day backward trajectories that were calculated =~ 2% ¥4 3004 02005 005
using FNL data on the HYSPLIT4 model for several heights

(not shown here). During this time, slight sporadic snowfalls Fig. 1. Meteorological parameters measured at the SMEAR | sta-
formed a thin (2—3 cm) soft snow layer on the hard crust.  tion during the LAPBIAT measurement campaign.

On 27-28 April a low pressure system passed over North-
ern Finland. The Arctic air masses started dipping into south-
ern Finland and later down to St. Petersburg region befordnstability occurred at daytime on 2 May and strong instabil-
arriving at the SMEAR | station. At night of 28 April an in- ity at night before 5 May.
tense snowfall begun and continued with short breaks until
the evening of the next day.

After this last snowfall the daily temperatures got grad-
ually warmer towards the end of the campaign, night min- . - , 9
imum was —3C and day maximum & (Fig. 1). On 3 of anthropogenlg origin, were bglow detectlon'llmlt and
May the wind direction changed to westerly and the Arctic 0.5ppb, respectively (Fig. 3). High concentrations, over

air toured over Scandinavia and on 7-10 May the air arrived® ppb of SQ and 2 ppb of NQ, were observed_ on 30 April
again mainly from the Arctic and 1 May. Elevated SOand NQ, concentration of some

1 ppb were observed around 28-29 April and 10 May. In ad-
3.2 Conditions of the surface layer dition SQ, concentration was 5-10 ppb on 3 May and,NO
concentration was elevated up to 2ppb on 1 and 6 May.
Observed upward sensible heat fluxes were highest aPzone concentration was around 40 ppb, except on 29-30
daytime of 30 April, about 200Wr? and more than  April when itincreased up to 60-50 ppb.
100Wnt2 at 3-5, 8 and 10 May. Night-time fluxes were  Concentrations of aerosol particles over 3nm diameter
downward, usually up to 50Wn#, only a few short- ranged from minimum of a few hundred particles thbe-
time fluctuations exceeded that value. The Monin-Obukhovfore nucleation events to 10 000 particles chduring one of
length (Fig. 2) was under —100 m or over 100 m most of time,the three observed aerosol particle nucleation events (Fig. 3).
thus near-surface stratification was slightly stable at nightin general, the aerosol particle concentrations were in the
and slightly unstable at daytime. Remarkable exclusionsorder of some thousands particles ©in The total aerosol
were 30 April and 10 May, when the stratification changed particle concentrations of all used instruments followed each
from strongly stable to strongly unstable. Relatively strongother, showing pretty consistent results even in the rapidly

f ;
28/04 30/04 02/05 04/05 06/05 08/05 10/05 12/05

360

BN
3

WDIR (deg)
2]

o

®
(=]

1 1 ‘;
06/05 08/05 10/05 12/05

Trace gas and aerosol concentrations

In general, concentrations of 3@nd NQ,, that are mainly
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Fig. 2. Reverse value of Monin-Obukhov length at the SMEAR | station during the LAPBIAT measurement campaign.
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The aerosol particle and air ion size distributions measured
Fig. 3. Measured trace gas and aerosol number (for usedSiNg four differentinstruments are shown in Fig. 4. Also dif-

aerosol measurement instruments see Table 2) concentrations at therent size distribution measurements agreed with each other

SMEAR | station during the LAPBIAT measurement campaign.

Atmos. Chem. Phys., 7, 3683-3700, 2007

at overlapping sizes. APS was calibrated using MOUDI im-
pactor as part of the campaign objectives. A comparison
exercise revealed that APS was undercounting in submicron
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Fig. 5. Average deposition fluxes with error bars of inorganic compounds and spheroidal particles of two sampling periods during the
LAPBIAT measurement campaign, in #1h per day for spheroidal particles and mq?rper day for other species. The fluxes are based on
snow samples that were collected from several locations close to SMEAR | station.

range and over counted in oyem size range (Fig. 4). Infact sured by EAS. According to the lower size limit of detect-
APS model 3320 is not capable of reliably measuring aerosoing the spheroidal particles in snow samples, the concen-
concentration above 30m due to recirculation of particles trations of aerosol particles in two and a half largest frac-
inside instrument (Stein et al., 2002). The used instrumentstions of EAS spectra (5-10m) were taken into account.
altogether, measured sizes from 0.4 nm to 20 000 nm. This i$n this size range, gravitation is the dominant deposition
the widest size range measured so far at subarctic conditionsnechanism. The gravitational settling velocities were calcu-
lated from Stokes’ law, assuming spherical shape of aerosol
3.4 Coarse aerosol deposition by and to snow particles and density of 2800 kg for particulate matter.

. o These selected properties are rather typical for mineral mat-
Total snow-sample-based deposition fluxes of major ions angl, e.g. silicate-rich fly ash.

spheroidal particles were clearly higher during the second
sample period of 28 April-1 May than during the first pe-  The first snow sampling period (22-27 April) was from
riod of 22—-27 April (Table 3). Consequently, their diurnal a period before the beginning of the campaign and the start
deposition was the even much smaller for the first than forof EAS measurements. We can only compare the later snow
the second period (Fig. 5). The diurnal comparisons showsamples with the measured aerosol fluxes. The later snow
that deposition of chloride (C)) is the only strong exception, sampling period was assumed to begin nearly at midnight
while ammonium (NH) does not show significant differ- right before 28 April, but EAS measurements are not avail-
ence. Concentrations of sodium (Naand potassium (K) able until early afternoon of the same day. Thus we used the
in the snow water were close to the detection limit in all snow average of the first 8 h as an approximation the aerosol par-
samples. ticle size spectra for the previous night and forenoon hours,
Only one sample (No 5) represents the short intense snowvhich count about 30% of the accumulation time of snow
accumulation period on 28-29 April. The sample shows thatsample from site 5, 28-29 April sample, and for about 15%
most of deposition (except Ca and spheroidal particles) durfor the other snow samples between 28 April-1 May. This
ing 28 April-1 May may have occurred already during the way, we estimate the accumulated gravitational deposition
first day. from the EAS measurements was ¥ BYF aerosol particles
The deposition of large (presumably mineral) aerosol par-during 28-29 April and 9.2 1P aerosol particles during 28
ticles was calculated based on the coarse-particles meapril-1 May. We estimated the mass deposition fluxes of
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Table 3. Results of snow-based deposition measurements from 6 locations (Site: NoU&10&7 N, 29°3536” E; No 2 at 67459" N,
29°3256"E; No 3 at 674512’ N, 29°3310"E; No 4 at 674526’ N, 293610"E; No 5 at 674526’ N, 29°3647"E; No 6 at
67°4530" N, 29°36'9" E).

Cumulative deposition (mg ?)

E

= - - - - + 4+ + + 2+ 5

= e : CI” NOy SO Na® NH™ Kt c@t MmMg?r g

~ &) (8]

() ~ [ ~ -E

s ¢ g 3 g

© < 0] 5 i I

> o ‘&s' [0) I=] ko]

s o £ ° T o o S

P4 Q. o c © o 5 by

o £ IS > ° IS 2 <

= © © () [ > [oR

n on o | z = n
1 335 1575 22 April 27 April 5.1 21 217 1.70 1.81 - 0.83 0.04 0.17 0.06 1159
1 290 525 28 April 1 May 34 55 077 21.04 287 0.11 0.33 - 0.55 — 5794
2 300 1575 22 April 27 April 5.2 19 198 101 1.85 - 0.86 0.02 0.13 0.08 2685
2 280 525 28 April 1 May 34 53 059 1748 245 0.05 0.48 - 1.12 - 6900
3 240 1575 22 April 27 April 5.2 15 175 0.88 151 - 0.90 0.14 0.21 0.14 1839
3 230 525 28 April 1 May 34 44 057 1455 3.02 0.18 0.48 0.09 1.23 0.04 4211

4 140 1575 22 April 27 April 53 0.9 099 0.94 0.84 - 0.53 0.11 041 0.09 529
4 350 525 28 April 1 May 34 6.7 073 1890 3.93 0.07 0.60 - 2.13 - 2513
5 190 1575 22 April - 27 April 54 12 176 1.98 1.41 - 0.98 0.05 0.25 0.16 2547
5 190 525 28 April 29 April 1.7 3.6 051 2084 271 0.14 0.33 - 0.69 0.14 3618
5 310 525 28 April 1 May 35 59 089 1752 295 0.24 0.30 - 1.30 0.12 6249
6 320 525 28 April 1 May 34 6.1 061 17.28 4.14 0.06 0.49 - 3.96 0.12 8087
Average 22 April - 27 April 5.2 15 173 1.30 1.48 - 0.82 0.07 024 0.10 1752
28 April 1 May 34 57 069 1779 3.23 0.12 0.45 0.09 172 0.09 5626
Standard 22 April - 27 April 0.1 05 045 0.50 0.41 - 0.17 0.05 0.11 0.04 916

Deviation 28 April 1 May 0.0 0.8 0.3 213 0.66 0.07 0.11 - 1.21 0.04 1989

aerosol particles from the same EAS data (Fig. 6) and obiarger aerosol particles in the size range of 20-200 nm as
tained deposition values between 0 to 500 ngstL. Our can be seen from aerosol particle size distributions measured
results show that the spheroidal particles constitute only avith DMPS (Fig. 8) and EAS. This sudden change hap-
minor part (about 0.1%) of total number concentration of pened because of the change in the air mass demonstrated
aerosol particles in coarse fractions. This is expected, sincen Sect. 3.7. The difference in number concentration be-
even oil-shale fly ash, that is characterized by spheroidal partween aerosol particle size distribution measured by DMPS
ticles, contains about>210° to 2x10° spheroidal particles and number concentration measured by CPC TSI 3760 was
per gram (Kaasik et al., 2005) which suggest that only 1% odargest between 09:00 to 12:00 a.m., which supports the sug-

less of aerosol particles are of this type. gestion that at that time there was aerosol particle forma-
tion and growth of smaller than the 14 nm diameter aerosol
3.5 Particle formation events particles that can be observed with the aerosol particle

number concentration measurements. Small aerosol parti-
During the two-week campaign, three new aerosol particlecles were also observed from the ultrafine aerosol particle
formation events were observed. We will focus here on themeasurements made with the PHA-UCPC on from around
event that we observed at SMEAR | station on 30 April, 09:00 a.m. until 02:00 p.m., but not before or later (Fig. 3).
2003. In the morning of that day, air masses arrivedaorkd The number concentrations from aerosol particle size distri-
from the Arctic Ocean. At noon the situation changed andpution measured by DMPS and number concentration mea-
while higher altitude (above 2000 m a.s.l.) air masses consurements by CPC TSI 3760 evened up at 06:15 p.m. At the
tinued to arrive straight from the Arctic the lower level (be- same time around 06:30 p.m. the size distribution maximum
low 1200 m a.s.l.) air masses passed deeper through the Kolaoved to clearly towards larger-sized aerosol particles and
Peninsula (Fig. 7). there was a notable step up in the aerosol particle number

The aerosol particle formation event begun at noon andconcentration.

was finished around 06:30 p.m. by a sudden appearance of
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Fig. 6. Number deposition fluxes of coarse aerosol particles in size rangesdrlBased on EAS measurements and gravitational settling
assumption during the LAPBIAT measurement campaign at SMEAR | station.

(a) (b)
NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 10 UTC 30 Apr 03 Backward trajectories ending at 16 UTC 30 Apr 03

FNL Meteorological Data FNL Meteorological Data

Source 0 at 67.77N 29.58 E
Source O at 67.77N 29.58 E

Meters AGL
Meters AGL

Fig. 7. Backward trajectories calculated using FNL data on the HYSPLIT4 model for 500, 1200 and 2000 m (ay&P=00 a.m. andb)
06:00 p.m. for SMEAR | station (UTC+2 h), 30 April 2003.

The evolution of the charged fraction of aerosol parti- ation burst, while the positive light intermediate ions stayed
cles, air ions in the size rage of 1.6-40nm measured bynearly at the same low background level. The concentrations
AIS (Fig. 9), showed the same tendency as aerosol particlesf negative and positive intermediate ion in the size range
(Fig. 8). The generation of new particles followed by the of 3.3-7.4 nm were nearly equal. The excess of the nega-
intermediate ion (1.6—7.4 nm) measurements started at abotively charged fraction is probably a robust indicator of the
08:30 displaying the concentration maxima at 09:00 a.m. andon-induced nucleation on negative small (cluster) ions. The
01:00 p.m. The concentration of negative light intermediatediurnal variation in the concentration of small (cluster) ions
ions (1.6-3.3nm) increases significantly during the nucle-(diameter 0.46—1.6 nm) displayed a slight maximum around
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Fig. 8. Aerosol particle size distribution from DMPS measureméajsand aerosol particle number concentrations from DMPS and CPC
measurement®) in SMEAR | station, 30 April 2003.

midday. A considerable decrease in the concentration oftationary conditions when the eddy covariance method is
small ions as a result of the scavenging of small ions bynot valid. What one must understand is that this is total
aerosol particles followed after a sudden increase in the numaerosol number fluxes, dominated by the size range where
ber concentration and the mean diameter of the aerosol paboth number concentrations and Brownian diffusion is the
ticles at 06:30 p.m. largest, at diameters100 nm. Therefore, the coarse mode
In Fig. 10 we present the growth rates as a function offluxes estimated and discussed in Sect. 3.4 have no connec-
size of aerosol particles measured by DMPS and chargedion to the measured fluxes. Periods of high concentrations
aerosol particles (air ions) measured by AlS. We estimatedf aerosol particles:100 nm diameter are interesting, though
the growth rates as temporal changes of diameter correspon@s they can explain large deposition fluxes (for particle num-
ing to the maximum number concentration in the measureder concentration see Fig. 3). In Fig. 11 we can see several
size distribution. We fitted the data points with a polynomial such periods, including the pollution episode like 3 May, and
of degree 3 that fits the data in a least square sense. Thé&e aerosol formation events at 30 April, 5 May and 8 May.
Fig. 10 shows the rather steep increase of growth rate witfOn all days when aerosol formation was observed, there were
size at smaller diameters that levels out at diameter of abou@lso large deposition fluxes, in agreement with previous ob-

10 nm. servations. However, during pollution episode (3 May) SO
concentration was high and aerosol flux pretty small. When
3.6 Fine aerosol number fluxes there is aerosol formation, the aerosol number flux is down-

ward indicating large deposition fluxes of small particles that

The turbulent aerosol number flux is shown in Fig. 11 (pos-recently formed above the surface layer/canopy (Nilsson et
itive is upward net fluxes, negative is downward fluxes oral-, 2001). Considering example of the 24 h period from the
deposition). Many combined factors are needed in order tgnidnight of 30 April to midnight of 1 May (Fig. 12), we

understand the changes between up and downward fluxe§ee that the vertical aerosol flux is almost ideally zero un-
Local emissions cannot be entirely excluded in order to ex-il the aerosol formation event begins. After 12:00 a.m. the
plain the upward fluxes, but they can also be caused by nonderosol flux fluctuated strongly, but was mainly towards the
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A size-segregated aerosol mass concentration along with an
unresolved mass is presented in Fig. 14. The first week of
the campaign was generally clean with only a brief pollution
outbreak. The second week was generally polluted bring-
surface. Strongest downward flux appeared just at the molng aged air masses from east and west. Accumulation and
ment of the outbreak of polluted air, but during the next hourcoarse modes are clearly revealed and there was little differ-
the nearly-zero average flux was restored but strong fluctuénce between two samples from aerosol mass point of view.
ations continued. The reoccurring variations in the vertical The accumulation mode was centred aroundand the
aerosol number flux may be due to presence of secondargoarse mode mean diameter was aroupar2 One can also
circulations in the boundary layer, such as cloud streets (BuSee the upper shoulder of the Aitken mode, since the concen-
zorius et al., 2001). These circulations have a period near th&ration of the first stage did not follow a decreasing pattern.
30 min averaging period of the flux calculations, which causeHowever, the unresolved mass (difference between gravimet-
these fluctuations. ric mass and sum of analyzed inorganic species) showed sig-
nificant difference between the samples, especially in the ac-
3.7 Simulation of 30 April particle formation event cumulation mode, where the unresolved mass was relatively
small during the second week of the campaign. During the
The rapid change from clean to polluted air mass duringdfirst week of the campaign there was large unresolved mass
30 April was simulated with a Lagrangian particle model across all the sizes. Figure 15 presents the detailed contribu-
SILAM (Finnish Meteorological Institute), for a detailed de- tion of each of inorganic species to the analyzed mass.
scription see Sofiev et al. (2005). The sulphate concentration Most of the unresolved aerosol mass according to Fig. 14b
in the air was used as an indicator of industrial pollution. can be attributed to organic matter, especia”y as |0ng as
EMEP data of industrial emissions from Central and North-the accumulation mode is concerned. Hence, organic mat-
ern Europe, including Kola Peninsula were applied. We in-ter contributed very significantly to the Aitken mode mass
cluded SQ emissions, and calculated its conversion into sul-in both samples and the accumulation mode mass only in
phate within the SILAM model. Modelresults (Fig. 13) show the first week sample. Figure 15a shows large contribution
only marginal concentrations of 8 (below 0.1ppb) dur-  of sulphate to the Aitken mode mass and large contribution
ing the nucleation event, but the §@)increases to the order of ammonium to the accumulation mode. At the same time
of ppbs just after the breakdown of aerosol particle forma-there was a very significant ion imbalance with a significant
tion event. We also observed the same change in the medack of positive ions in the Aitken mode and negative — in
sured concentrations of S@Gnd NQ,. On 30 April, both  the accumulation mode. A significant lack of negative ions
measured concentrations were below the detection limit untiin the accumulation mode is thought to be due to not ana-
they abruptly rose in the evening up to concentrations of ovellyzed organic carbon species, e.g. organic acids or humic-
4 ppb of S@ and 1 ppb of NQ (Fig. 3). like substances. Organic acid ions are likely contributing

Fig. 9. Air ion size distribution from (AIS) for positive (upper
panel) and negative air ions in SMEAR | station, 30 April 2003.
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Fig. 12. Number deposition fluxes of aerosol particles measured using eddy covariance technique in SMEAR | station, closer view of 30
April.

to lacking negative ions and owing to their large molecular across all the sizes with sulphate and ammonium dominating
mass to significantly unresolved particulate mass in the firsthe accumulation mode. Owing to significant differences in
week sample. Another common anion not measured in thisoncentration, mode and ion balance it is likely that the first
study is carbonate, but it is not quite common in accumula-week sample was a mixture of nucleation process and pollu-
tion mode and considering its relatively low molecular masstion outbreak. Therefore, it is likely that nucleation events
not quite capable of balancing the mass. In the aged polluteéhvolved sulphuric acid and organics, while during pollu-
second week sample the ion balance was generally unifornion outbreak the accumulation mode was only enriched in
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Fig. 13. SILAM model results for concentrations of sulphate ion in the air on 30 Afajlaverage for 10:30-13:30 local time, in beginning
of an observed aerosol formation eve(; average for 19:30-22:30, shortly after the formation event was interrupted.

ammonium, but not sulphate, thus confirming that pollution 29 April suggest that nearly entire deposition of most species
source was likely not very distant, only as far as Kola penin-during 28 April to 1 May occurred in first one and a half days
sula. However, coarse size resolution of MOUDI impactor of that period. However, this is not the case for the fluxes of
and lack of analyzed organics does not allow firm conclu-Ca and spheroidal particles (i.e. presumably mineral matter
sions. It is becoming obvious that a high resolution aerosolin coarse particles): nearly a half of these species deposited
mass spectrometer capable of high resolution aerosol masafter the evening of 29 April, possibly simultaneously with
and chemical measurements is needed to advance a link béhe outbreak of polluted air from Kola Peninsula.
tween chemical composition and atmospheric processes. The coarse aerosol particle (5-16) number flux es-
timations based on the EAS measurements (Fig. 6) result
in total mass deposition of 25 mgTh for 28—29 April and

4 Discussion 32mg 2 for a longer time 28 April-1 May. On the other
N hand, estimations based on snow samples (Table 3) suggest
4.1 Coarse aerosol deposition deposition of about 25 mgn$ for 28-29 April and nearly

) ) . zero for the rest of the longer time, i.e. 30 April-1 May.
Looking at the aerosol particle deposition (snow-based deis s in fair agreement regarding the numerous assump-
position measurements) data (Table 3, Fig. 5), it is obviousjons made in the aerosol particle flux estimations based on
that the air was much cleaner, regarding mineral matter anghe EAS measurements, limited statistics and probably non-
main anthropogenic pollutants, before 28 April than after- .omprehensive set of analysed chemical species. Both es-
wards. The only exception, chloride, IS In agreement With imations of aerosol particle flux indicated that major part
the assumption qf F:Iean Arctic air mass: Cl in the snow sam-y the aerosol particle mass was deposited at 28 April and
ples probably orlglnat_ed from the seawater drqplets blownmorning of 29 April. Then an outbreak of clean air mass
up from the open Arctic Ocean a few hundred kilometres tofq|owed, enabling the nucleation event at 30 April. Despite
north and northwest from the SMEAR | station. Also, re- the notable number concentration of the newly formed par-
sults from the SILAM model as well as the 8@nd NG ficles, their mass concentration remained negligible. In the
measurements support these concepts. evening of 30 April and the following night some aerosol

Extremely large difference between the sample periods inyarticle mass deposition occurred again from the industrially
deposition fluxes of nitrate seem to be related to the outbrealg|uted air.

of more polluted air mass together with the snowfall. On the
other hand, the deposition fluxes based on the sample of 28—
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Fig. 14. (a)Size-segregated mass distribution ghylunresolved
mass (gravimetric mass — sum of inorganics) determined fromgig 15, Size-segregated aerosol inorganic composition as mass
MOUDI samples in SMEAR | station. fractions determined from MOUDI samples in SMEAR | station
(a) 24 April-6 May 2003 andb) 6—11 May 2003.

It is possible that nitrates and sulphates originated from
the aged pollution in the form of fine aerosol, scavenged at
the cloud level and washed out during the snowfall. A re- Snow-based deposition measurements have been earlier
markable part of Ca (coupled with carbonate or other ionssuccessfully used to measure deposition loads, distinguish
that were not analysed) and aerosol particles may have beatifferent periods of deposition and validate the air quality
carried by the air mass from industrial areas of Kola and drymodels in the conditions of Northern Europe (Kaasik et al.,
deposited on the snow cover, as there was no snowfall dur2000; Sofiev et al., 2003). However, this is the first time
ing the aerosol pollution event at 30 April. From our es- they were coupled with extensive aerosol particle measure-
timations that the wind velocity at 500 m height was aboutments. The results from this campaign suggest that coordi-
10 ms ! and velocity of gravitational fall for 5-1@m min- nated aerosol and deposition measurements open new possi-
eral aerosol particles was in order of 5mntswe noticed  bilities for interpreting the results.
that this diameter aerosol particles descended about 0.5 mm
per meter of passing air, equalling to only 70-100m dur-4.2 Fine mode aerosol fluxes and formation
ing the atmospheric transport from Monchegorsk or Nikel.
Thus, as stack height plus initial rise of buoyant plume for Our campaign results are consistent with the previous ob-
large industrial releases is typically a few hundreds of me-servation that aerosol particle formation and growth events
ters, spheroidal particles from these sources can easily reaabccur typically during clear sky conditions (Vehkaki et
Varrio and in dry weather a certain part of them pass wellal., 2004). Prior the formation event the condensation sink
over that distance. However, cloud condensation processedecreased, the same has been observed by Veiikash
can dramatically change the transportation distance. al. (2004), in about half of formation events observed in
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\_/érrlb. This was eXP'a'”ed by NI|SSO!’] etal. (2001) as d!lu- Table 4. Particle growth rates during observed nucleation events at
tion caused by entrainment of clean air from above the mixedsy g aR | station.

layer.

Higher ozone concentrations have also been observed dur-
ing event days, which could be explained by photochemi- Nucleation event  Size interval Growth rate (nmih
cal reaction cycles (Seinfeld and Pandis, 1998). The same of particles (nm)
could explain the observed lower N@oncentrations. In ad- AlIS DMPS EAS
dition, biogenic activity could be higher on sunny days and 37 50 22 17
emissions of biogenic VOCs of e.g. monoterpenes could be Event 1 (30 April) ,_, 33 37 33
higher and once oxidized these compounds may contribute 37 - - _
to the aerosol particle growth (see also Tunved et al., 2006). Event2 (SMay)  ;_,, 156 13.0 14.2
These findings are similar to the recent observation made 3-7 - 1.5 1.8
in Hyytiala at SMEAR |l station (Kulmala et al., 2004b; Event3@May)  », 14 13 14

Lyubotseva et al., 2005).
The aerosol fluxes measured by eddy covariance method
in the beginning of all three observed nucleation events (30

A_pnl, 5_Ma_1y a_nd 8 May) were downwards (clear_ peaks in deposition to snow and trace gas concentrations. The new
Fig. 5), indicating that the main process of formation of New ,ticje formation events are typically related to clean Arc-

aerosol particles was going on above the canopy. This i iic 4ir The cleaness of the air mass is seen from size dis-

agreement with the conclusions of Nilsson et al. (2001) andi \tion measurements and also from the results of size-

Buzqrius et al. (2001) for SMEAR |l station observations in segregated impactor measurements and snow samples. In

Hyytiala. ) . clean air masses the main component is sea salt, an in pol-
The particle growth rates were estimated for the observeqieq ajr masses the concentration of other inorganic com-

nucleation events, fitting the concentration maximums forpounds were significantly larger.

AIS, DMPS and EAS spectral fractions as described by Hir- During and just before events, the concentrations of pre-

sikko et al. (2005). The basic concept of two linear sections__.” . . .
o 4 . . T existing aerosols, larger than nucleation mode sizes were at
fitting to the maximums of different particle size intervals

was found valid (Table 4). The event No 2, gives 100 highthelr lowest concentration. During the events the concentra-

) . . o . éion of intermediate ions increased indicating that ions are
growth rate, in comparison with others, and this is associate articpating in new particle formation. However. their con-
with change of air masses. Otherwise the observed grovvtiﬁ). pating P ’ ’

; . . fnbution is not dominating one. Correspondingly, the ob-
rates are in agreement with those described elsewhere (Kuéerved foramtion and growth rates are in agreement with val-
mala et al., 2004a, 2005; Komppula et al., 2006). 9 9

ues observed in other continental environments (see Kulmala
et al., 2004a) and also the increase of the growth rate as a
function of particle size was observed (see Hirsikko et al.,

2005). The strong downward aerosol (number concentra-

The LAPBIAT measurement campaign took place in the tion) fluxes during all three_ observed nucleation events sug-
SMEAR | measurement station located in Eastern Lapland irf©St that new aerosol particles are formed above the canopy
the spring of 2003 between 26 April and 11 May. LAPBIAT and transported down into the canopy layer.
(Lapland Atmosphere-Biosphere) facilitys’ goal is to en- If the Arctic air mass changed its route (like in 30 April)
hance the international scientific co-operation at the Finnistand passed trough industrial area in Kola Peninsula, the trace
Arctic research stations involved in the program. In this pa-gas and aerosol concentrations increased and the aerosol
per we have described the measurement campaign, concefiomposition changed. Due to this strong anthropogenic in-
trations and fluxes of aerosol particles and air ions, payingfluence the new particle formation was not possible in that
special attention to an aerosol particle formation event bro-air mass, and the formation event seen at the site was inter-
ken by a polluted air mass approaching from industrial areagupted.
of Kola Peninsula, Russia. Besides this we have also reported This event was a good proof of dramatic influence of high
trace gas concentrations and used snow samples to verify d@re-existing aerosol concentrations to the new particle forma-
position processes. tion and their subsequent growth by condensation (conden-
The main aim of the study is to find out different features sation growth). The rapid increase of pre-existing aerosol
of new particle formation using various experimental meth-concentration prevents further aerosol formation. Another
ods. During the campaign three aerosol particle formationproof was found in low aerosol concentrations before nucle-
events were observed. The events were characterised meation events. Both of those findings support recent theoretical
suring air ion and aerosol particles size distributions, sizefindings (e.g. Kerminen and Kulmala, 2002; Kulmala et al.,
segregated aerosol composition, nhumber and mass fluxe2006).

5 Summary and conclusions
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Snow sampling is shown to be a fruitful additional mea- Hakola, H., Tarvainen, V., Laurila, T., Hiltunen, V., Hellen, H., and
sure to aerosol size distribution measurements. Chemical and Keronen, P.: Seasonal Variation of VOC Concentrations over a
microscopic analyses of snow provide valuable information Boreal Forest, Atmos. Environ., 37(12), 16231634, 2003.
on the pollution of air mass at the coarse end of the aerosdrari. P., Kulmala, M., Pohja, T., Lahti, T., Siivola, E., Palva, L.,
particle spectrum. Reciprocal verification of measurements A@lto, P., Hameri, K., Vesala, T., Luoma, S., and Pulliainen, E.:
from air and from snow is possible and enhances the relia- A" Pollution 'r; Etaf.tem é‘?plal:nd: ghall;r;g;;orsz;n fg;gonmemal

. . measurement station, Silva Fennica, 28, 29-39, .

bility of bOt.h measuremgnts. Transport modelling based or]—Iirsikko, A., Laakso, L., HWrrak, U., Aalto, P. P., Kerminen, V.
atmOSph_e”? dYnam'CS IS a_Iso a usgful tool for aerosol re- M., and Kulmala, M.: Annual and size dependent variations of
search, indicating the precise locations of aerosol sources. growth rates and ion concentrations in boreal forest, Boreal Env-
Closer coupling of atmospheric and aerosol models is sug- iron. Res., 10, 375-369, 2005.
gested for the future. Kaasik, M., F6m, R., Rgyset, O., Vadset, M.g8kand,U., Tugu,

K., and Kaasik, H.: Elemental and base anions deposition in the
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