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Abstract. In this study we present measurements of se-They have been shown to profoundly influence regional at-
lected trace gases and aerosols made in a boreal forest durimgospheric chemistry through the emission of reactive trace
the BACCI-QUEST IV intensive field campaign in Hyga, gases such as monoterpenes e.gciBet al., 2005; Risanen
Finland in April 2005. Springtime diel and vertical varia- et al., 2009; Spanke et al., 2001). During the atmospheric
tions of VOCs are discussed in connection with the varia-oxidation of monoterpenes, products with low vapour pres-
tions in other trace gases and with the prevailing meteorosure such as organic acids can be produced, which can in turn
logical conditions. A daytime and a nighttime event have condense to the aerosol phase. The role of these organics in
been analysed in detail. The nighttime particle event oc-new particle formation has been the subject of considerable
curred synchronously with huge increases in monoterpenesgsearch activities in recent years (e.g. Anttila et al., 2005;
while the second event type involved nucleation and wasBonn et al., 2008a; Tunved et al., 2006; Yu et al., 1999 and
anti-correlated with sulphuric acid. Here we discuss the pos+teferences therein), but is not fully understood. There are
sible origins of these two distinct forms of aerosol production only a few studies reporting on night time new particle for-
at the Hyytala site using the measurement data, air massnation events (e.g. Junninen et al., 2008; Lee et al., 2008).
back trajectories and the optical stereoisomery of monoterin terms of chemical composition, newly formed ultrafine
penes. Optical stereoisomery is used in source identificatiomtmospheric aerosols are poorly characterized and there is
to distinguish between unnatural and natural monoterpeneurrently insufficient information concerning organic species
emissions. participating in secondary aerosol formation (e.g. Shimmo et
al., 2004).

It has been established that the aerosols affect the radiative
budget of the region (Kurten et al., 2003; Tunved et al., 2006)
and the boreal forest in Finland has been reported to sustain

di- 1000-2000 particles/chby gas to particle conversion in the
climatically relevant size range of 40-100 nm.

1 Introduction

Boreal coniferous forests ring much of the region imme
ately south of the Arctic Circle and are comparable in size
(15 million km?) to that of global rainforest (17 million kf). The process of atmospheric particle production through
nucleation and subsequent condensation growth has been
shown to occur all over the world (Kulmala and Kerminen,

Correspondence toS. Eerdekens 2008; Kulmala et al., 2004). The different environmental
BY (eerdekns@mpch.mainz.mpg.de) conditions and locations include e.g., in the free troposphere
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Fig. 1. Location of Hyytala on the map with its surrounding settlements and cities.

(Raes et al., 1997; Weber et al.,, 1999), in coastal zonegt al., 2003; Rinne et al., 2005). Several aerosol nucleation
(O'Dowd et al., 2002), in the continental boundary layer events have been analysed by Riipinen et al. (2007) for this
(Birmili et al., 2002), and in particular, over boreal forests campaign and the authors concluded that the main process
e.g. (Dal Maso et al., 2005; Kulmala et al., 2001b). Theselimiting the observable particle formation was the compe-
nucleation events occur on a large horizontal scale in thdition between the growth of the freshly formed particles
order of several hundreds of kilometres, and have been deand their loss by scavenging, rather than the initial particle
tected simultaneously at sites 2000 km apart (Vana et al.production by nucleation of sulphuric acid. Other particle
2004). A limited number of field studies on newly formed formation events, in which sulphuric acid and water vapour
particles (3-5nm) e.g. (Kulmala et al., 2001b) have con-are not key components, occurred synchronously with rapid
cluded that the observed particles were primarily composedind unexpectedly strong increases in monoterpenes. In this
of high molecular weight oxidised organic species, such asstudy, we examine the variations of VOC and particles dur-
cis-pinonic acid and pinic acid, produced by ozone induceding the spring campaign and identify two distinct types of
oxidation of monoterpenes. Sulphate/organic mixtures haveaerosol production at the Hy@la site. Additionally, the
also been implicated in such new particle formation (Marti etenantiomeric determination of monoterpenes emitted by bo-
al., 1997). The results of a study by Zhang et al. (2004) implyreal trees (Yassaa and Williams, 2007) has been used to iden-
that the interaction between organic and sulphuric acids protify the source type.

motes efficient formation of organic and sulphate aerosols. It

remains an open question whether organics are only involved

in the growth of stable clusters, or if they can also influence2  Site description

the cluster formation.

In this study we present measurements of trace gase$he data presented here were collected at the “Station
and aerosols made in a boreal forest during the “Biospherdor Measuring Forest Ecosystem-Atmosphere Relations”
— Aerosol — Cloud — Climate Interactions — Quantifica- (SMEAR 1) at Hyytiala (61°51' N, 24°17 E), in southern
tion of Aerosol Nucleation in the European Boundary Layer Finland (see Fig. 1). The site is 230 km north of Helsinki,
(BACCI/QUEST 1V) intensive field campaign in Hyyl&a, 180 m above sea level and surrounded by boreal forest (Hari
Finland in April-May, 2005. The measurement period and Kulmala, 2005; Vesala et al., 1998). The predominant
marked the transition from cold winter temperatures to moretree species is Scots pineifus sylvestriswith some spruce
temperate spring temperatures. This is a particularly in-(Picea abie¥ aspen Populus sp. and birch Betula sp).
teresting period to examine and to compare with previousAnthropogenic influences at the site are generally low, par-
measurements, since most previous measurements have betgularly when the wind comes from the sparsely populated
taken in the summer e.g. (Haapanala et al., 2007; Hakolaorthern sector. Incidental pollution from forest management
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activities is possible. The main road passing a few kilometressummarized most recently in Blake et al. (2009). Measure-
from the station to the southwest, and the cities of Tamperanents were performed at 2.1 mbar drift tube pressure isother-
(pop. ~205 000; 391 inh./krf 49 km to the south west) and mally controlled at 45C. The PTRMS calibration factors
Jyvaskyh (pop. 84000; 610inh./kfn 88 km to the north-  have been corrected for humidity dependence. The time res-
east) can sometimes influence the site (see Fig. 1). Minor inelution for the PTR-MS was 50 s with dwell times of 1-2s
fluences were expected from the few nearby settlements witlper mass. The total measurement errordfeguinene ranged
low population densities (generally~17 inh./knf). from 40% (at 0.15 ppbv) to 4.3% (at 15.0 ppbv); for methanol
from 50% (at 0.7 ppbv) to 14% (at 5.0 ppbv); acetone 14%
(at 0.4 ppbv) to 5% (at 2.5 ppbv); acetonitrile 100% (at 0.05

3 Experimental ppbv) to 40% (at 0.14 ppbv), and for toluene from 50-10%
for volume mixing ratios between 0.1-0.45 ppbv.
At the SMEAR I station in Hyytala, a 74 m high mast is If noise at each channel is taken as the signal observed

used for long-term measurements of meteorological, physupon sampling zero air (sampling with a catalytic converter
ical, and chemical parameters as a function of height (4.2jn-line), the detection limits for the unsmoothed data using a
8.4, 16.8, 33.6, 50.4, and 67.2m). These measurements irthreshold of 3 signal-to-noise ratio were 60 ppvginene),
clude trace gases such as NO, NSO, CO, CQ and G; 200 pptv (methanol), 42 pptv (acetone), 18 pptv (acetoni-
temperature, humidity, wind speed and wind direction andtrile), and 24 pptv (toluene).

radiative measurements. A more detailed description of the At a rate of approximately 50 s per measurement cycle and
site is given in Hari and Kulmala (2005). For the VOC mea- 40 measurement cycles per level, the PTRMS sampling inter-
surements, a smaller mast was constructed circa 100 m fromal per level was~30 min from 17 April to 24 April. The

the aforementioned main SMEAR Il measurement tower andPTR-MS sequentially monitored at all the aforementioned
circa 25 m from where the aerosol measurements were madeneasuring heights, whereas the TD-GCMS and NMHC sys-
Gas phase sulphuric acid measurements were made from atems sampled from 8.2 m. From 24 to 29 April all 3 instru-
other nearby cottage. All these measurements were corments sampled from the 8.2 m level only.

ducted within 100 m radius of the SMEAR Il tower. Thus,

for the interpretation of the observations all the three inlets3.1.2 Thermo Desorption-Gas Chromatography Mass
are considered to be co-located. VOCs were quantified using Spectrometer (TD-GCMS/SPME)

a Proton Transfer Reaction Mass Spectrometer (PTR-MS),

a Thermo Desorption-Gas Chromatography Mass SpectromOn-line adsorption/thermal desorption was conducted us-
eter (TD-GC-MS) and a Methane and Total Non Methaneing a gas chromatograph (GC 6890A) coupled to a Mass

Hydrocarbon (NMHC) analyser. Selective Detector (MSD 597mert), both Agilent Tech-
nologies. The TD-GC-MS as used during this campaign
3.1 VOC-measurements is described elsewhere Williams et al. (2007). The MSD

was operated in scan mode (20-250 amu) for the identifica-
The VOC measurements were made at heights of 2.1, 4.@jon of compounds and in SIM mode for their quantifica-
8.2 and 11.8 m above the forest floor. While the lowermosttion. Monoterpenes which differ from one another only in
level was below the leaved branches, the 8.2 m level was irthe way the atoms are oriented in space and consequently
the centre of the foliage and the uppermost inlet was locatedre non-superposable mirror-images of one another, better
in the canopy crown. The tree tops were generally arouncknown as chiral monoterpenes or enantiomeric monoter-
14-16 m. A single main pump was used to draw ambientpenes were separated using a beta-cyclodextrin capillary
air through six parallel PFA Teflon inlet lines. The length column (Cyclodex-B, 30 m-long, 0.256 mm I.D., 025
of each 6.35mmii.d. inlets was 25 m to ensure identical resfilm thickness) supplied by J & W Scientific (Folsom, CA,
idence times. Each inlet line was shrouded with black tub-USA). The internal coating was composed of a permethy-
ing to minimise any potential light induced artefacts within lated g-cyclodextrin dissolved into a cyanopropyl-dimethyl
the lines. To prevent condensation, the lines were insulatedoolysiloxane liquid. The overall analysis time was 52 min
The flow per inlet line was restricted to a continuous 4.3with a precision error of 5-10% and accuracy against a
standard L min? resulting in inlet residence times of air monoterpene gas standard of 5% (Apel-Riemer Environ-
of ~11s. Each of the VOC measurement techniques is demental Inc., Denver, Colorado, USA). Retention time con-
scribed briefly in the following sections. firmation of individual enantiomeric and non-enantiomeric

monoterpenes was performed by analyzing pure standards
3.1.1 Proton Transfer Reaction Mass Spectrometer under the same conditions. The elution order of enantiomers

(PTR-MS) was further confirmed by comparison with previous work

Yassaa and Williams (2005) and from the literature. Subse-
The PTR-MS system used here has been described elsewhegaent experiments designed to study the enantiomeric com-
(Eerdekens et al., 2009) and details of the general techniquposition of monoterpenes in the emission of natural and
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damaged Scots pine have been conducted with solid-phassumber concentration refers to the integrated/dlogD,,
microextraction (SPME) combined with dynamic branch en- over the DMPS-measurement range. The precision for the
closure cuvettes and enantioselective GC-MS (for details seBMPS-measurements was calculated to be 4-10% on the to-
Yassaa and Williams, 2007) simultaneously with TD-GC- tal aerosol number concentration and include counting statis-
MS. tics, flow rate errors, detection efficiency errors, the differen-

tial mobility analyser dimension errors, and errors for tem-
3.1.3 Methane and Total Non Methane Hydrocarbon  perature and pressure.

Analyser (CH4 and NMHC)

3.2.3 Other trace gas measurements
Methane and total non-methane hydrocarbons were mea-

sured using a commercial gas chromatograph equipped withj,0 and CQ concentrations were measured on all lev-
a flame ionization detector (Model 55C, Thermo Electron g|s at SMEAR Il with an infrared light absorption analyser
Corporation, Massachusetts, USA). Upon complete E"UUO”(URAS 4); Oz concentration with ultraviolet light absorp-
of methane in~17s, the GC column is back flushed by the tjon analyser (TEI 49C) and CO with infra red absorption
carrier gas (M) and the non methane hydrocarbons are car-(Horiba APMA 360). The trace gases $@nd NG, were
ried to the flame ionization detector (FID) for detection. The measured by UV fluorescence (TEI 43CTL) and chemilumi-
signal of the FID NMHC-channel is calibrated for propane pescence (TEI 432CTL), respectively. The time resolution
and reported in propane equivalents, which can then be congas 1 min for all analysers. Thus within 30 min, parame-
verted to parts per billion carbon (ppbC). The analysis timeters were measured 5 times at each height. For a detailed
is 70's while the accuracy and precisionti2% of the mea-  gescription see Kulmala et al. (2001). The measurement
sured value. The detection limit is 20 ppb for methane a”dprecision is expressed as the standard deviation ¢f the
150 ppbC for the non-methane hydrocarbons. Methane Measjgnal while sampling calibration gas and amount-.05
surements conducted with this instrument in the boreal ancb H,O/m3, ~0.1 ppm CQ, ~0.5 ppb; @, ~0.05 ppb SG,
tropical forests have been described in Sinha et al. (2007) g o5 ppb NQ, and~6 ppb of CO. The measurement accu-

) racy amounts to 0.5 g/frfor H,O, 5 ppm for CQ , 1 ppb for
3.2 Ancillary measurements O3, 0.1 ppb for SG, 0.1 ppb for NQ, and 10 ppb for CO.
These values are based on the observed changes of the signal
offsets between successive calibration checks. Relative hu-

Gaseous sulphuric acid measurements were performed b@pidity was.calculated as the ratio between the measug€d H
MPIK Heidelberg (Fiedler et al., 2005) using a chemical cpncentra’uon (converted to vapour pressure) and the satura-
ionization mass spectrometer (CIMS) instrument developedion Vapour pressure (dew point temperature was only mea-
and built by MPIK, Heidelberg. Reagent ions of the type sured _at 23.3m) calculatgd from the measured air tempera-
NOj (HNO3), (n mostly 1) are produced in the ion source ture with an accuracy of 2% fibsplute to the actual reading (P.
and subsequently introduced into the flow reactor. Instru-<€renen, personal communication, 2009).

mental details have been described elsewhere (Hanke et al.,

2002). HSO; molecules in the ambient air, are passed

through the flow reactor, undergo ion-molecule reactions and*  General meteorology

the mass spectrometer measures the abundance ratio of prod- _ )
uct and reagent ions. The detection limit 0$0Os was Figure 2 shows the basic meteorological parameters mea-

2x10° cm2 corresponding to an atmospheric mole fraction Sured at the SMEAR Il main mast during the campaign,
of 8 ppgv. The time resolution of theJ S0 measurements along with the particle number concentration (black solid
is better than 10's, but the, 80, concentrations presented line). Gaps in the data are due to occa_sional f_ailures _in the
here were integrated over 2005 to reduce statistical erroidata 109ging system of SMEAR 1. During April the wind
The measurements bear an uncertainty-80% to the ac- blew predominantly from the relatively unpopulated north

3.2.1 HSO4 measurements

tual reading (Fiedler et al., 2005). (15-24 April and 29 April-2 May) and from the southeast
(26-28 April). The temperature varied from +5 to *C3
3.2.2 Aerosol measurements by day and from—5 to +3°C by night, while the humid-

ity ranged from 25 to 100%. These conditions are typical
Aerosols at Hyytila were measured by numerous instru- of springtime in Finland. Lower temperatures were associ-
ments operated by the University of Helsinki. An aerody- ated with periods of unvarying Arctic winds (higher wind
namic particle sizer, (TSI3321) was used to count aerosobpeeds on all levels), whereas somewhat higher tempera-
particles in the size range Quih to 2Qum while a differ-  tures and pressures were reached during weak south-easterly
ential mobility particle sizer (DMPS) instrument described winds. The precession of temperature and pressure indi-
by Aalto et al. (2001) measures the number of particlescate that a series of synoptic features have crossed the site
in the diameter range 3nm to 850nm. The total aerosolin this period, only a few short-term precipitation events

Atmos. Chem. Phys., 9, 833835Q 2009 www.atmos-chem-phys.net/9/8331/2009/
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Fig. 2. Time series of basic meteorological parameters from the SMEAR II's main mast (74 m) and aerosol total number concentration over
the measurement range of the DMPS-analyser (left) and 1/Condensational Sink (right). Gaps in data due to data logger failure.

were observed during the campaign (19-22 April, occasion-monoterpenes) were observed to be higher during the warmer
ally snow, no rain). From Fig. 2, a gradual rise in tempera-period of this campaign (23—-30 April) than during the colder
ture throughout the campaign can be ascertained, and a sloperiod (18-23 April). During the latter period, few VOCs
thawing of the ground and the ice covered lakes was observeghowed a diel variation in their mixing ratios except for
in this time. monoterpenes and methanol. Interestingly, monoterpenes
Balloon soundings of temperature and pressure made awvere observed at mixing ratios between 0 and 16 ppbv with
the site between 23 and 30 April, mostly in the early morn-a campaign average of 0.32 ppbv, and thereby comparable to
ing and early evening, indicated clear nocturnal inversionsthe mixing ratios reported by Sellegri et al. (2005a, b) and by
Although the development of the nocturnal boundary layerRuuskanen et al. (2009) for the same site.
(NBL) was not examined by the balloon soundings, the The mixing ratios of acetone (median=1.27 ppbv) and
height of the NBL after midnight was to grow from70m methanol (median=1.62ppbv) are in agreement with val-
at 20:00 (Local Time=UTC+2) te-160 m at~05:45LT de-  ues reported by Ruuskanen et al. (2009) and Taipale et
termined by the earliest winching. al. (2008). However, while acetone values reported here
(0.75-1.40 ppbv) are in good agreement with previous mea-
surements from the same location for March 2003 (Sellegri
5 Results et al., 2005a), methanol values recorded in this study (0.60—
2.10 ppbv) are markedly higher. Table 1 summarises the mix-
This study focuses on the variations of the VOCs and paring ratios measured during this campaign with other litera-
ticles during the spring campaign in Hyg®. In the first  ture values reported for Hyia.
section, the VOC mixing ratios and particle concentrations Acetonitrile mixing ratios were generally low (50
are characterised as a function of time, meteorological pa-+15 pptv). Higher values were observed on 28 and 29 of
rameters, diel cycle and height above ground. Subsequentlypril with an average of 9817 pptv and a maximum of
in Sects. 5.4 and 5.5, two distinct particle burst events are130 pptv. Acetonitrile was in agreement with studies by Sel-
selected and analysed using the VOC and gas phaS®©H  |egri et al. (2005a) and Ruuskanen et al. (2009). Levels of
measurements in order to investigate the probable cause @he anthropogenic tracers benzene and toluene are similarly
each event. low (medians 96 pptv and 69 pptv, respectively) but show oc-
casionally short term increases. Benzene mixing ratios are
51 Genel’al variation in VOC and aerosol concentra- genera”y low in this region during Spring, summer and au-
tions tumn but higher during wintertime (Ruuskanen et al., 2009;

. . o _ Taipale et al., 2008).
From Figs. 2 and 3 it can be seen that the mixing ratios

of many VOCs (e.g. acetone, methanol, acetaldehyde and

www.atmos-chem-phys.net/9/8331/2009/ Atmos. Chem. Phys., 9, 83302009
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Table 1. Summary of VOC mixing ratios for April 2005 compared to other spring time measurements of VOCs observed @aHyyti

Finland.
(ppbv) This study colder period  This study warmer period  Sellegri et al., 2005b érHetllal., 2004  Ruuskanen et al., 2009

m/z  Compounds 25p-75p 25p-75p 25p-75p mean 5p-95p
33 Methanol 0.64-1.00 1.23-2.01 0.23-0.42 0.31-1.74
42 Acetonitrile 0.03-0.05 0.05-0.07 0.05-0.10 0.02-0.06
45  Acetaldehyde 0.14-0.21 0.21-0.32 0.02-0.05 0.18 0.21-0.39
59  Acetone 0.74-0.96 1.21-1.40 1.09-1.66 0.52 0.40-1.31
69 Isoprene 0.04-0.08 0.05-0.10 0.02-0.10
71 MACR+MVK 0.01-0.03 0.02-0.04 0.03-0.13
79 Benzene 0.08-0.12 0.08-0.13 0.06-0.11
93  Toluene 0.01-0.04 0.03-0.07
137 Monoterpenes 0.06-0.18 0.17-0.64 0.19-0.40 0.03-0.20

The results for acetaldehyde presented here are in goodccurred. In such events (hereafter collectively termed Event
agreement with 24 h cartridge samples for March and April2), particle concentrations were observed to increase by an
taken in 2003 by He#in et al. (2004) who reported acetalde- order of magnitude over the background (circa 30 000&m
hyde mixing ratios between 0.09 and 0.28 ppbv with an av-over 3000 crm®).
erage of~0.18 ppbv and to those reported by Ruuskanen et Shown in Fig. 3 is S@whose predominant regional source
al. (2009) for springtime 2006-2007. Sellegri et al. (2005a)is anthropogenic (e.g. fossil fuel burning). SMixing ratios
reported lower mixing ratios as shown in Table 1. were highly variable exhibiting both daytime and night-time

Ruuskanen et al. (2009) showed that the boreal forest isnaxima up to 2 ppbv or 4210 molec. SQ /cm®. This is
only a weak emitter of isoprene in springtime, approximatelyin contrast to HSOy which showed a distinct diurnal cycle,

10 times less than levels typically measured over the rainforsee Fig. 4, with maxima up tox210” H,SOy molec./cnd for
est (Helmig et al., 1998; Zimmerman et al., 1988), and ourthe period between the 17th of April and the 2nd of May.
data confirm these very low isoprene mixing ratios. Figure 4 shows the average 24 h or diel cycle in the net

From Fig. 2 we note that the warmer period was char-radiation, the potential temperature gradient and the mix-
acterised by elevated particle background concentrations ifng ratios of monoterpenes, methanol, acetaldehyde and sul-
comparison to the cold period. The warmer period also exphuric acid during the warmer period which is also the pe-
hibited comparatively more methanol relative to acetone tharriod with the strongest nocturnal inversions during this cam-
in the cold period. paign. Although monoterpene emissions have been shown

From Fig. 2 we may compare the total particle concentra-previously to be a function of the ambient temperature,
tion in the range of 3-850 nm detected by the DMPS and thevith higher emission rates during the day (Janson, 1992;
inverse value of the condensational sink (CS, i.e. pre-existing/anson and De Serves, 1999, 2001; Spanke et al., 2001),
aerosol particle surface) calculated for sulphuric acid accordthe monoterpene mixing ratios observed at Hyfgtiduring
ing to Kulmala et al. (2001a) with the meteorological pa- Spring were found to be higher at night. This is likely due
rameters. 1/CS describes the time, which a sulphuric acido the formation of a shallow nocturnal inversion layer at
molecule has until it collides with the next aerosol surface hight over the continuously emitting vegetation. Also Taipale
area. The diel cycle of 1/CS is characterised by lower val-€t al. (2008) measured occasional higher night-time mixing
ues after midnight and a pronounced increase between suriatios for monoterpenes, though these increases were much
rise and about 10:00 LT. Campaign median values of 1/CSveaker than observed during this campaign. These short
varied between 300 and 400s with higher variability dur- term peaks in the monoterpenes do not correlate well with
ing daytime (250-550's, 25p—75p). Values have clearly beeithe slowly changing temperature profile and will be studied
much lower 300s) between dusk on 25 April and dawn in depth in the following section.
on 29 April still showing the same characteristic diel pro-  Sellegri et al. (2005a) reported that the VOC mixing ratios
file. Median values of 1/CS varied between 100 and 150 swere driven by boundary layer dynamics. They showed diel
This period shows elevated aerosol particle concentrationsycles for many VOCs with higher night time mixing ratios.
with several distinct events, defined as strong deviations from Methane mixing ratios (not shown) ranged between 1.78—
the underlying background. In particular, there is a broadl.88 ppmv during the campaign with clear trends in the diel
event on the 30th of April (hereafter termed Event 1) during cycle. However, the diel cycle was different from that of any
which particle concentrations increased from circa 1200 toof the aforementioned VOCs and was not correlated with the
6000 particles/crhfor approximately 6 h. Between the 25th strength of the nocturnal inversion. Mixing ratios increased
and the 28th of April a series of short, intense particle burstsat the onset of the NBL until the morning reaching maximum

Atmos. Chem. Phys., 9, 833835Q 2009 www.atmos-chem-phys.net/9/8331/2009/
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mixing ratios between 06:00LT and 09:00LT after which 5.3 VOCs and other trace gases during the particle
they declined to minimum values betweeri5:00LT and events
~18:00 LT. Higher methane mixing ratios were generally ob-

served when the wind blew from northwest to northeast. 1,5 gistinct particle events were selected for examination

in this study: Event 1 (daytime: 30 April) was a threefold
increase in particles lasting several hours; Event 2 (night-

Vertical profiles of the VOCs were obtained by sampling fime: 27—28 April) was a series of short duration pulses)
over the 4 sampling levels previously described, from thef0ld increases in the monoterpene mixing ratios & fold
evening of 17 April and before sunrise on 23 April. They INcreases in the total_ partlt_:le concentration. In th|§ section
are presented in Fig. 4 as 5p-95p box and whisker plots aj'€ examine the relat!onshlp petween organic and inorganic
for methanol, acetone, the sum of monoterpenes and ac&°mpounds, and particles during these events.
tonitrile b) benzene, toluene, isoprene and acetaldehyde with Prior to the start of the VOC measurements, relatively
separate daytime (solid lines) and night-time (dashed linesptrong nucleation events were observed almost every day in
vertical profiles normalised to their daily average mixing ra- daylight between 28 March and 17 April, clearly discernible
tios. The vertical gradients within the forest were not strongin DMPS spectra as the aerosol particle size distribution
(<15%) and were not really substantially different for day shifts from small &3 nm) to larger aerosol particles (usually
and night time, except for monoterpenes. Interestingly, aceup to 100nm). Some of these events have been discussed
tone was the only tracer within this selected group of VOCsin detail by Riipinen et al. (2007). Occasionally, a nucle-
with higher mixing ratios on average during the day than dur-ation event extended into the following day resulting in a size
ing the night for the aforementioned period. VOC mixing distribution with two independent size modes. Between 19
ratios have mostly been correlated with a positive temperaApril and 24 April, there was an absence of nucleation events
ture gradient and thus controlled by the suppressed mixingind considerably fewer particles were counted in the range
during the night. Fallen needles may be the possible sourcef 3 nm to 850 nm. Back trajectories for this period indicate
of monoterpenes close to the ground. The concentration difrelatively steady Arctic winds crossing Finland. Daytime and
ferences between below canopy and above is expected to bEght time temperatures did not differ much during this pe-
larger. riod preventing the formation of a strong temperature inver-
sion in the surface layer. The vertical potential temperature

5.2 Vertical distribution of VOCs
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) o i Fig. 5. Vertical profiles within the canopy for VOCs normalised to
gradients (indicated by the black dashed line scaled on theneir daily average mixing ratio in 5p-95p box and whiskers for the
bottom right axis of Fig. 6) were 0.1K per meter between period 17-23 April 2005.
the top of the canopy and 50 m measurement height in the
night being strongest during the night of 25 April.

In the upper panel of Fig. 6, the number of parti- 17:00LT, the increase in the particle concentration was con-
cles counted for a certain size interval is quantitatively siderably less. Daytime temperatures were higher at the sur-
colour marked for intensities between 1 and® 1farti-  face than at the highest measurement level (74 m) (Fig. 7a)
cles percr for 1 week of measurements in which Event from which we may assume well mixed boundary layers.

1 and Event 2 took place. A clear increase in inten- Figure 6 shows that all nucleation events mentioned above
sity (N>3000 particles/cd) for particles between 20nm have been clearly influenced by boundary layer conditions,
and 300nm is visible between 25 April and noontime 29 as the growth of the aerosol particles and the concentration
April. During this period acetonitrile mixing ratios were 60 flagged after the onset of the NBL in the evening.

+11 pptv and thereby higher than 35L0 pptv observed be- Monoterpene mixing ratios declined during the break-up

tween 17 and 23 April, indicating a minor influence of wood of the NBL on 30 April to become rather constant around

combustion. However, these low mixing ratios indicate that0.2 ppbv for the rest of the day. Thus they do not show

the source must have been distant to the site. any correlation with particle concentration changes associ-
ated with Event 1 (Fig. 7a).
5.4 Event1 (daytime) Measured signals m/z 169 (pinonaldehyde), which could

not be accurately converted into quantitative results due to a

Event 1 (30 April ~08:20 LT--19:00 LT), shows clear parti- lack of a standard of monoterpenes oxidation products, have
cle growth starting above the smallest size classes in contragieen shown to be mostly under the detection limit during
to the nucleation events on 25, 26 and 27 of April, the latterEvent 1. Uncalibrated signals for pinonaldehyde (m/z 169)
being discussed in Riipinen et al. (2007). Although these 3measured at the time by the PTRMS instrument of the Uni-
nucleation events have been characterised by growth, fromersity of Helsinki are presented in Figs. 3 and 4 of Bonn et
particles<3 nm rather than from 4 nm onward like Event 1, al. (2008b). Even though these measurements did not cover
their particle number concentrations were less than observeBvent 1 in particular and mixing ratios were declining from
during Event 1. elevated levels during the night preceding Event 1, it is prob-

Nucleation already started approximately 1 h before theable that these low volatility products ended up in the particle
slow increase in the total particle number concentration ajphase.
09:35LT followed by very strong increase to a maximum
of about 6000cm® at 11:10LT. Between 12:30LT and
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Mixing ratios of methanol, acetone and acetaldehyde (nothe highest level (at 67.2 m) which is the least affected by
shown), were observed to increase only slightly (few hun-wind shear. It should be noted that one hour after the start of
dred pptv) until the onset of the NBL. The toluene to benzenenucleation at 08:30 LT, there was very abrupt change in wind
ratio (not shown) varied between 0.1 and 0.8 throughout thadirection (by~25°) from North easterly during which nucle-
day except between 12:00 LT and 13:00 LT when it exceededtion took place, to North-North easterly on all measurement
1, indicating fresher anthropogenic pollution. Such fossil levels above the canopy. This suggests that SMEAR Il had
fuel combustion episodes may have introduced new aerosdbeen located at the interface of two air masses and in one of
particles for those formed by nucleation to collide with. these new particle formation had occurred while the other air

Methane mixing ratios decreased from 1.83 ppmv to mass favours particle growth. A slight shift in the air mass
1.79 ppmv throughout Event 1. meg to the low chemi- boundary relative to the location of SMEAR 1l could have
cal reactivity of methane (lifetime-9 years), it is unlikely to ~ made the difference between an event day and a non-event
have played a significant role in the nucleation process andlay. The particle growth in Event 1 appears to stop abruptly
this is also the case for the aforementioned VOCs. Howeverafter about 8 h coincident with the onset of the NBL, shortly
for every peak in the partide concentration during Event 1,bef0re sunset and the wind veered further to become easterly
there is a peak in the methane mixing ratio as well. wind.

During this campaign, the wind speed was variable by day Figure 7b also shows that at 09:35LT wind speeds on
(enhanced mixing) and more constant by night (suppressedll levels maximised (i.e~10m/s at 67.2m,~6m/s at
mixing). Nearer the ground the wind speed was lower, con-16.8 m) and halved over the course of Event 1 until 19:00 LT
sistent with a surface friction resistance and with a much(=onset of the NBL). The highest total particle concentra-
higher wind deflection relative to the pressure gradient windtions were observed when the wind direction was approxi-
above. Shown in Fig. 7b is the wind direction at different mately 75:17°, and the enhanced particle event terminated
levels including a level (at 16.8 m) just above the canopy andwhen the wind direction shifted slightly to circa 1807°.
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06:00 = 09:00 : 00 1500 igm ’ o0 09:00LT and 15:00LT. A typical commuter traffic related
30/04/2008 Time(UTC#2) NO peak (not shown) was observed between 04:30 LT and
07:00 LT with maximum mixing ratios of 0.15 ppbv around
06:00 LT (corresponding to slightly higher CO mixing ratios)
Fig. 7. Aerosol total concentration (black solid lines) in relation gng occurring under a declining total aerosol number con-
to (a) the monoterpenes mixing ratios measured at 8.2 m and th%entration. No such clear peak in NO has been observed in
potential temperaturéb) wind direction and wind speed measured the afternoon. Only in the evening, between 19:00LT and
atSMEAR Il for Event 1. 20:00 LT a similar peak up to 0.15 ppbv NO was observed.

Several peaks in N&(up to 1.2 ppbv) have been observed

4-day backward trajectories ending at H@éi every three during the night_o_f 29 t.o 3.0 of April,_ each Iast!ng several
hours on the 30th indicate that the air mass originated fromhou.rs and c0|nC|d|3ng with Increases in the particle concen-
the north, but turned northeasterly so that it crossed centratlratlon of 1200 cm®. The day_tlme N@ peak (up to 1 ppbv)
Finland two days before arrival at the site. According to the V&S not as narrow as th_e night time pgaks and plosely re-
NOAA Hysplit model, the air mass stayed closer to the Sur_sempled the at_arosol particle F:oncentratmn (see Fig. 8). New
face in the two days before arrival than on the days before.partICIe formation by ngcleatlon .tOOk pIacg under a decllne
The model did not indicate any significant difference in tra- In NOp whereas faster Increase in the part!c!e con_centratlon
jectories arriving before and those arriving after the start oft00k pl_a ce under constantly increasing W""T‘g ratlo_s. .
Event 1. Radiative measurements (see top panel Fig. 9a) indicated
that Event 1 took place under mostly clear sky conditions
until 11:10 with a very brief disturbance slightly reducing
€ihe direct sunlight around 09:35LT. Thereafter, the sky be-
came overcast affecting both temperature and humidity. The
relative humidity just above the canopy generally decreased
Crom 84% at 04:35LT to 44% at 13:30 LT, after which RH

; . o : . remained rather constant until 15:30LT. The difference in
ing ratios were significantly higher within the canopy. Ozone RH from the lowest to the highest measurement level of

mixing ratios were similar to those observed on the previousswIEARII was about 5% over the entire day. The number
day when no nucleation event occurred. The difference in _

th trati ¢ luted t llut dconcentration of particles between 6 nm and 25 nm increased
€ 0zone concentrations Tor more potiuted o NON-PONUEG; it after nycleation. For the rest of the day there was little

airmasses measured during spring 2005 was about 50 ppby: - ; :
. . : rect sunlight, and predominantly the number concentration
to 25 ppbv, respectively. Carbon monoxide (CO) data did not ! uno P ! y ! :

. . " ) of particles larger than 12 nm increased, whereas the number
show signs of diel variation on Friday the 29th and Satur- part g I W .

) . concentration of particles smaller than 12 nm decreased b
day the 30th of April but varied between 130 and 160 ppbv. scavenging P y
CO mixing ratios (not shown) were somewhat lower between '

CO, is known to be removed from the atmosphere by veg-
etation during photosynthesis and a minimum in the daytim
COy mixing ratios is observed. Gmixing ratios decreased
from 404 ppmv at dawn to 394 ppmv at the end of Event 1,
but CO, was not considered to be related to its occurrenc
(see Fig. 8), in contrast to Event 2 discussed below, @Q-
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At 17:00 LT, a sudden increase in RH by 5% and a change - |
in the wind direction to the East occurred together with the = o
large decrease in the number concentration of particles in the :
range 12—-90 nm. =

The observed concentration of $@mixing ratios 0.3—
0.6 ppbv prior to nucleation shown in the bottom panel
in Fig. 8) were 10000-60000 times higher than the con-
centration of its photo-oxidation product,80O, during
the night, and 1000-10000 times higher during daytime
of 30 April. H>SO; showed maximum concentrations of
3.6x10° molecules HSOy/cm?® just before 09:00LT, fol-
lowed by a decline during nucleation to %50° molecules
H2SOy/cm® until noontime. Ammonia (not shown) was only o 0500 12:00
measured until 23 April as described by Riipinen et al. (2007) ’ ‘ Time (UTC+2)
and references therein. They found no significant relation be-
tween the particle concentrations and ammonia for the nucle-
ation events prior to the VOC measurements at Hyti

Figure 9a also shows a continuous decrease in the conden-
sational sink (CS) prior to Event 1 followed by a continuous
increase during and after nucleation with only minor fluctu-
ations under overcast conditions. CS values decline during
Event 1 from 3.%1073 s to 1.3x1073 s71s7! and thus
a lifetime of about 400 s which is commonly observed at
Hyytiala (median daytime values for first half of 2005 were
(3.5+2.0)x103s1). Even though there is no direct com-
parison with the growth rate for the smaller particles, the ob- ,
served growth rate at size from 5nm to 10 nm was 8.4 nm/h, T e RN
which is in agreement with values indicated by Dal Maso et 10° 107
al. (2005) and Kulmala et al. (2004).

The contribution of sulphuric acid on the growth rate can
be approximated to be around 5% using the methods de- 0
scribed by Kulmala et al. (2001b). In practise this indicates
large organic contribution on the growth. On the other hand it
seems to be probable that sulphuric acid will participate the
atmospheric nucleation process, since the concentration of
ultrafine particles is closely related to sulphuric acid concen-
tration. Recently the atmospheric nucleation has been shown
to occur around the size of 1.5 nm in Millikan diameter (Kul-
mala et al., 2007). 270

As a first approximation and in absence of real-time wind

T 1T

--cs (s
(=)
(=]
RH(%)

[N I | A
%
S

N (em™)
H,S0, (molec. om”)

IIIIII]

)

3]

Local Time

dN/dlogD,, (1/cm
=

wH

. X k - N\ / Ia 11
fields, plain fetch calculations were done for Event 1 on the Fvent © on Apri 30, 2003 [distance to Hyytiala (k)]
assumption that the monitored air mass had been transported @ fetch 6 hours ——
towards the site from the measured wind direction and speed. A fetch 9 hours
Thi ti ted by the 2-d teadv back data calculated from the |—

is assumption was supported by the 2-day steady bac 33.6 m level fo SMEAR II 135
trajectories consistently following the same path on 3 lev- ~_ ]

els (100m, 250 m and 500 m) prior to arrival. Figure 9c
shows that a tracer released three, six and nine hours back
in time, could have been influenced at 33.6 m by sources
between respectively 30 to 70 km, 60 to 140 km, and 90 to,:ig_ 9. (a) Radiation, RH, CS and $80, concentrations-+1o
220km distant to the site. Tracers released at 16.8m coul@yer the measurement interval of the DMPS) as function of time
have been affected by sources at 15 to 30 km, 30 to 90 Kmfor Event 1. (b) Particle size distribution for Event 1(c) Three-
and 60 to 130 km distant to the site, due to the higher surface six- and nine-hour plain fetch calculated from 33.6 m wind data
friction. Clean air masses coming from the East-North Eastfor Event 1 in kilometres to the site. Highlighted wind direction
will have been impacted by emissions to some extent includ-corresponds to the relative position of the big city Jyvaskyla and its
ing organic and inorganic tracers such as, 3@t converts ~ airport, approximately 90 km away from Hyta.

180
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into H,SO4. The organic mixing ratios in these air masses w { { l l . l
were low. Included along the air mass trajectory is the city of "
Jyvaskyh and its industrial region at ca. §@nd its airport at
4% approximately 88 km and 95 km respectively away from
Hyytialda. We assume these to be emission sources 9fiisO
the case of continuous transport of air masses from the NE,
sector. , '

In summary we note that Event 1 occurred by day in the ¢ - iy \ — 10000
absence of a temperature inversion. The event was very sen |-
sitive to changes in wind direction and to a lesser extenton | ‘[ada® ’ s o bsrersaay
wind speed. Event 1 took place under relatively elevated lev- oS0 18002000 0000 03000600 09:00
els of ozone and slightly elevated WOunder slightly in- Time (UTC12)
creased CO, and under naturally declining CCEvent 1 05
is characterised by an anti correlation of the particle num-
ber concentration with sulphuric acid, which in turn depends
on the solar radiation and $SQ@evels. No correlation with
monoterpenes or other VOCs was found.

The production of the small particlezé nm) has occurred
at some point upwind of the measurement station, but Event
1 still shows the remaining characteristics of a nucleation
event.
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5.5 Event 2 (night-time) moisos Tiznz‘sc((:%%%% ' 0 e oo
Event 2 refers to the series of intense particle bursts which

occurred during the night of 27th to 28th of April 2005 under Fig. 10. Total aerosol number concentration (black solid lines) in
unusual meteorological conditions. Similar bursts to thoserelation to the potential temperature and monoterpémesind di-
observed in Event 2 occurred during the nights prior to Eventrection and wind speetb), measured at SMEAR Il during Event

2 but could not be investigated in detail as the meteorologicak.

and trace gas dataset was incomplete.

The remarkably intense bursts were observed only a few
hours after the onset of the NBL~0.2 ppbv). Monoter- ~Mained positive, they dropped by®@at 4.2m and by &C at
pene mixing ratios increased te7.1 ppbv, ~10 ppbv and 67.2m over the course of the night. The first particle burst
15.9ppbv and the corresponding particle concentration®f Event 2 occurred when the inversion was formed. In be-
were 18000, 32000 and 25000 particlesicraspectively ~ tween the particle bursts, there were short gusts of somewhat
(Fig. 10a). The absence of monoterpene mixing ratios durwarmer air interspersed with the cooling of the air within the
ing the next peak of 23500 particles/&was due to PTR-  €2nopy.

MS system calibration. Subsequent peaks were much lower The wind blew fairly steadily from the South-East above
in particle concentration<10000 particle /ci¥) and in 16.8 m over the course of Event 2. The angular deviation
monoterpenes<1.5 ppbv) around 1, 3 and 4 o’clock. of the wind above the canopy with height became more ap-

The bursts of aerosol particles were strongly correlatedParent after midnight with deviations of 15-30etween the
with exceptionally high concentrations of monoterpenes adlifferent levels (Fig. 10b). Wind speeds below 33.6 m have
the squared correlation coefficier®?) for the first peak was ~been fairly constant throughout the night and were signifi-
0.79, and 0.70 for the head of the second peakRAwalue  cantly different in between all levels. Average wind speeds
of 0.80 has been obtained for the tailing part of the third peak Wwere 0.6, 1.6, and 3.3 m/s at 8.4 m 16.8 m and 33.6 m, respec-
The head of this peak could not be analysed due to a gapVvely.
in the monoterpene mixing ratio data. TRé-value for the In contrast to the other VOCs (discussed below) methane
peak around 04:00 LT was 0.65. Minor peaks in the monoter-mixing ratios clearly increased from 1.78 ppmv to 1.81 ppmv
pene mixing ratios during the second half of the night wereat the onset of the NBL and remained above 1.79 ppmv for
not accompanied by peaks in the total particle number conthe rest of the night, only increasing again in the early morn-
centration. ing to 1.8 ppmv (Fig. 11b).

The stratification of the nocturnal surface layer under in- The prevailing CO mixing ratios were 140-160 ppbv (not
vestigation was apparent in the ambient temperature, humidshown). Due to a data recording failure, only the end of the
ity, wind speed and wind direction measured at SMEARII peak in CO has been captured showing a drastic change by
(see Fig. 10a and b). Even though ambient temperatures re~50 ppbv during the first part of the first burst in Event 2.
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Fig. 11. (a)CO», O3, NOy, SOy, and(b) VOC mixing ratios in relation to the aerosol particle total concentration for Event 2.

CO mixing ratios gradually increased from 160 to 180 ppbv  Strong increases in compounds like benzene, toluespe, C
between 03:00 LT and 09:00 LT. and G-benzenes during each peak of Event 2 points to fos-

SO, mixing ratios declined during the first 2 bursts of Sil fuel combustion processes. The ratio [toluene]/[benzene]
Event 2 strongly suggesting there it has no role in this eventvent up to 5, and was found to increase from the first to the
(Fig. 11a). Gradual but substantial increases in 8tXing third peak. The ratio was on average 2 between 19:30 and
ratios from~0.3 ppbv up to 1.8 ppbv at canopy level but most 91:00 and was calculated to be 0.5 for the rest of the night.
substantially above 30 m have been observed on all measuré\lthough toluene declined at daybreak, benzene increased

. i . . . . . . 2
ment levels after midnight (around the occurrence of the thirguntil 09:00, similar to CO (discussed below§< for Event 2
peak), maximising at 09:00 LT, data for toluene and acetone was 0.74. Acetone and toluene

Each particle burst was marked by exceptional increasegl re known to be often emitted by anthropogenic sources.

in CO, and NG, and drops in @ on all measurement lev- Although there has not been addition_al proof from.the TD-
els. Peaks in the COmixing ratios extended well beyond the GCMS measurements, we strongly believe that the increases
natural fluctuation. Similar peaks have also been observed off! 2/ 69 andm/z71 during Event 2 were very unlikely re-
several occasions during this campaign together with peak&ted to natural emission of isoprene and its oxidation prod-
in monoterpenes, particles and N@nd drops in @. Be- ucts given the time of the em|SS|ons_and squared correlation
tween dusk and dawn, there was a clear vertical gradient ifC€fficients form/z 71 andm/z 69 with toluene #:/z 93)
ozone with mixing ratios within the forest consistent with a Were 0-61 and 0.59, respectively. Therefore it seems more
surface or chemical loss. The gradient in ozone during EventikelY thatisobaric compounds or fragments of compounds at
2 was as strong as 5-12 ppbv, much stronger than the gradiefit/ 2 87 have caused the increase in the signalat69. Our
of less than 2 ppbv seen on nights without particle concentraMeasurements indicate that there has been a stronger contri-
tion increases. The highest peak in N®as observed co- Pution the second and third peak of Event 2 onja 69 than
incidently with the peak in the particle concentration around!© 72/z 87 compared to the first peak in the series.
04:00 LT with NG mixing ratios up to 7.5 ppbv within the Without further identification we note that there have been
canopy and occasionally spiking up to 14 ppbv ofNDthe ~ Synchronous increases in the signals:dt 73, 75, 83, 95,
33.6 m (off scale in Fig. 11a). 117, 141 but not ak/z 77, 85, 105. Figures 3 and 4 in Bonn
VOC mixing ratios generally were not well correlated etal. (2008b) show elgvated p!nonaldehyde mixing ratios be-
with each other during this campaign with the exception We€N 25 and 29 April matching the elevated monoterpene
of methanol, acetaldehyde and acetone, except during th@iXing ratios presented here.
night time events. Methanol, acetaldehyde and acetone are The overall contribution of carbonaceous compounds to
too volatile to take part in particle formation or growth but the ambient air was about 100 ppbC as measured by the total
may be emitted directly or be formed as oxidation products.hydrocarbon analyser.
Biomass burning can be eliminated as a source as there was The RH of the air closer to the forest floor was higher than
no substantial increase in acetonitrile during Event 2. above and generally increased from dusk (18:00) to dawn
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Fig. 12. RH, CS and monoterpenes mixing ratidslg over the measurement interval of the DMPS) as function of timéafpEvent 2 and

(b) the second selected nighttime evefd) Particle size distribution for the 3 intense peaks of Event 2 in red, blue and gredd)ahe
corresponding 15, 30 and 60 min plain fetch calculated from the 33.6 m SMEAR Il wind data in kilometres to the site. Highlighted is the
direction in which the Korkeakoski saw mill is located.

(04:30) on all levels with a stronger rate of increase aftersurface £500m) for several days. The lifetime of e
midnight (Fig. 12a). The RH increased from 44 to 53% be- pinene with respect to ozone under the conditions of Event 2
fore midnight and increased further to 68% at 04:30 at 4.2 mwas 16 to 22 min. Empirical calculations, purely based on the
above the forest floor, whereas at 67.2 m RH was around 39%measured wind speed and direction as measured at 16.8m,
before midnight and increased only to 50% just before sunsuggest that air parcels released 5, 30 and 60 min back in
rise. time would have covered a distance of approximatefto

In contrast to Event 1, small and large particles were~4km,~4 to~6km, and~6 to~14km (see Fig. 12d).
present right from the beginning of the first burst of Event At slightly more than 6km distance and 136 degrees
2 suggesting that this was not a nucleation event. The conSouth-East of the SMEAR Il station, the Korkeakoski
densational sink (typically examined for sulphuric acid, may sawmill is located in the town Juupajoki (the yellow square in
serve as well for other molecules in a similar size range)Fig. 12d represents the location of the Korkeakoski sawmill
for Event 2. It is shown in Fig. 12a and indicates very relative to the SMEAR Il observatory at the origin). This
short lifetimes of molecules which have an affinity with par- sawmill has an annual production capacity of 330 000 cubic
ticle surfaces. Peak values of CS were 0.023, 0.034 andnetres of softwood products, notably for the joinery indus-
0.051s? (corresponding to lifetimes of 43, 29 and barely try and in this respect a very plausible source of the mas-
205s). Even for the fourth burst the lifetime was only 62 s. sive monoterpene emissions and other associated pollutants.
Most vapours with low vapour pressure will probably end up However, intensive forest management activities carried out
on pre-existing aerosol particles. in the same section upwind of SMEAR Il may also qualify.

4-day backward trajectories indicated that for Event 2, the Additional support for this source identification was ob-
air came from Central and Southern Finland between 26 andhined from the detailed analyses of the monoterpenes by
28 April and show that the air mass has remained close to th& D-GC-MS which includes an enantiomeric separation. It
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Fig. 13. Enantiomeric ratio of (+}-pinene to £)-«-pinene as function of time in connection to the sum of all monoterpenes for the entire
period of investigation.

has been shown previously that (@)pinene, (+)8-3-carene,  night time event has been selected. Nine days prior to Event
(—)-a-pinene and {£)-3-pinene were the most abundant 2 (on 18 April, about 03:00 LT) generally showing the main
monoterpenes above the boreal forest. This monoterpeneharacteristics of Event 2. The nocturnal surface layer had
composition resembles that found in the emissionPof been stratified expressed by a potential gradient reaching
sylvestriswith low (+)-3-3-carene chemotype in the branch 0.05K/m as well as a strong gradient in the relative humid-
enclosure cuvette study (Yassaa and Williams, 2007). Figity (here up to 8%) with the air near the forest floor being
ure 13 shows that daytime enantiomeric ratios of g+)- more moist. Ambient air temperatures on all measurement
pinene]/[)-a-pinene] varied between 1.6 and 2 and that thelevels declined to—2°C around 06:00LT and were about
night time ratio was usually higher@.5). There have been 0°C at the start of the event. The wind speeds were very
several occasions during this campaign for which the enaneonstant and distinct at the different levels @204 m/s, 3.6
tiomeric ratio was significantly higher (3-5). Such signifi- £0.4m/s and 6.£0.4m/s at 16.8m, 33.6 m and 74.0m re-
cantly higher peaks on 26 and 27 April were believed to bespectively). Only this time, the wind blew northeast at 74 m
of a similar kind as monitored by the PTR-MS during Event just after the onset of the NBL and veered to north north-
2, during which the GCMS was being calibrated. Subsequengast over the course of the night. Wind directions measured
study of the enantiomeric composition of monoterpenes frombelow deviated again by 2015 and indicate the stratifica-
intact and damaged or wounded Scots pine has been conion. This figure also shows the positive correlation between
ducted with solid-phase microextraction (SPME) combinedthe monoterpenes mixing ratio (maximising around 0.6 ppbv
with dynamic branch enclosure cuvettes and enantioselectivat 04:15LT) and the particle number concentrations (total
GC-MS. The detached needles frdisylvetsristhe dom-  ~4900cnT3). Important to note is that this event involves
inant forest species, exhibited different enantiomeric emis-particle formation characterised by a shift in particle size and
sion patterns for the most abundant chiral monoterpene an increase in number concentration over the course of time.

pinene. Damaging the plants seems to induce modifications Tpig night time event is characterised by similar changes
not only to the emission rate of monoterpenes but also onp monoterpenes and other trace gases as discussed previ-
their enantiomeric compositions. In the wounded plant Ma-gysly. Peaks in the monoterpene mixing ratios match peaks
terials, while the emission rates of monotgrpenes increasg, the CQ (ACO:2-4ppmv) on top of the natural res-
by several orders of magnitude, the [(pinene/C)-a-  piration profile (increase 395-405ppmv at 8.4m over the
pinene] enantiomeric ratios pass fron® for intact plants  coyrse of the night). They correspond to simultaneous drops
to ~6 for damaged trees, similarly to what was observed inj, gzone (A\O3:2-7 ppbv) on top of the nocturnal decline
the Event 2. Therefore, the substantial increase in the mixing,, ozone from 40 to 30 ppbv. NO mixing ratios were low
ratios of monoterpenes together with the [e+pinene/)- (0.1 ppbv) but N@ mixing ratios increased 3 h prior to the
a-pinene] enantiomeric ratios observed during the Event 2night time event up to 1.2 ppbv at 4.2 m and 2.5 ppbv at 74 m
strongly supports the hypothesis that the wood industry is3; 09:00LT. A similar change over the course of time has
the very likely source of monoterpenes during the Event 200n found for S@ Mixing ratios increased from 0.5 to
and according to this line of reasoning also be responsible g ppby at 4.2 m and even stronger increases at the top level
for all increased levels of monoterpenes. 0.7-2.5 ppbv, maximising at 09:00 LT. Elevated levels 06SO
To support our analysis and to summarise the conditionsvere only observed during the second part of the night of 28
typical for these night time events, a second, less intensépril, not during the most intense bursts in particles and in
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monoterpenes. The ratio of [(®)-pinene]/[)-a-pinene]  species, and that the resulting molecules act as nuclei for
was 2.3-2.5 during the night of 18 April corresponding to heterogeneous nucleation o6$0, vapour which will ini-
damaged needles as observed during Event 2. tiate the growth of the new particles. Recently Kulmala et
al. (2006) suggested that activation of existing clusters might
be the actual atmospheric nucleation mechanism. The exis-
6 Discussion and conclusions tence of those clusters has later been shown (Kulmala et al.
2007). On the other hand, a study bykéva et al. (2000)
Rural background mixing ratios for the boreal forest haveindicated that somewhat larger deviations in the wind direc-
been determined for several VOCs during the transitionakjon may interrupt the conditions favourable for the growth
period between winter and spring when air masses comef particles which might have been also the case for Event 1.
from the North crossing Finland. Most of the analysed However, the growth of the particles by this mechanism may
non methane hydrocarbons in this generally clean air dichgye been interrupted, by a reduced number of K8@i-
not show distinct diel profiles. Of the VOCs measured, cals formed after the sudden overcast, with a clear relapse in
methanol, acetone and acetaldehyde were the most abuthe concentration of pSOy.
dant daytime organic species present. The biogenic VOCs The event was found to be sensitive to changes humid-
observed during this study predominantly result from conif- ity for instance due to the appearance of clouds. The latter
erous trees as the deciduous trees were still leafless at thigduces the instantaneous production 88 via OH (re-
time of the year. duced gas-phase oxidation chemistry) but also enhances the
Elevated levels of anthropogenic pollutants were observedyater content in the air (increase of the condensation sink of
typically in the morning and the evening, presumably by condensable gases due to hygroscopic growth of pre-existing
commuter traffic or on occasions when air masses had passefhrticles). It has been observed in different continental loca-
over urbanized areas, marked by e.g. peaks in Bi@ SQ.  tions that nucleation events take preferentially place at low
Elevated levels of monoterpenes were observed duringelative humidity (e.g. Hamed et al., 2007; Hynen et al.,
night time presumably through the formation of a shallow 2005; Laaksonen et al., 2008b) as a higher humidity im-
nocturnal inversion layer at night over the continuously emit- plements a larger possibility of enhanced coagulation of sub
ting vegetation. However, the levels were sometimes too highBnm clusters.
to be explained by this effect alone and are possibly supple- From all nucleation events arising during this campaign,
mented by emissions into the NBL by forest managementye conclude that there is a certain condition upon which nu-
activities. cleation occurs and the strength of a nucleation event is not
In this study, a daytime and a night-time aerosol event ex-equivalent to the locally measured mixing ratio 0f$0;.
hibiting high particle concentrations, were analysed using theThis could possibly be explained by the competition between
available meteorological, organic and inorganic trace gaseghe growth of freshly formed particles and their loss by scav-
measurements. Figure 6 shows that Event 1 (daytime; 3@nging, rather than a limit in the initial particle production by
April) was characterised by a fivefold increase in the total nucleation of sulphuric acid (Riipinen et al., 2007).
aerosol concentration (N) lasting several hours and Event 2 No evidence was found that monoterpenes or other volatile
(night-time; 27—-28 April) was of short duration with 11 fold organic compounds measured during this campaign were in-
increase in N. volved in the growth of particles during nucleation Event 1.
Event 1 is characterised by an abrupt start with clear partiFuture work should include measuring condensable organics
cle growth starting above the smallest size classes. We have.g. oxidation products of all terpenes.
shown that the occurrence of the event was very sensitive to In contrast, particle Event 2 is characterised by a very clear
the wind direction. We believe that the location of the edgescorrelation with monoterpenes and no correlation with sul-
of air masses qualify whether a particular day at SMEAR Il phuric acid. During Event 2, sulphuric acid concentrations
can be archived as event day or non-event day. were found to be relatively low and $S@nixing ratios de-
Event 1 is characterised by an anti correlation of parti- clined during the intensive night-time bursts in aerosol par-
cle growth with sulphuric acid during nucleation. ,$0y ticles before midnight. The source was characterised as re-
is known as the most important key player atmospheric newleasing more toluene relative to benzene; more methanol rel-
particle formation which is generally thought to occur due ative to acetone; and above all, releasing massive amounts of
to homogeneous or ion-induced nucleation of sulphuric acidaerosol particles, C£ monoterpenes and NO The latter
(Kulmala, 2003; Lovejoy et al., 2004). Recently, Laakso- two are known to be very reactive towards ozone explaining
nen et al. (2008) and Berndt et al. (2008) suggested a newhe drops in the 0zone mixing ratios.
particle formation mechanism in which the free HS@di- Here we suggest the wood industry as the likely source.
cals are formed prior to thed3$0O, formation. They suggest Monoterpenes and many other VOCs may have come di-
that at temperatures above 250K these radicals produce nuectly from the cut wood whereas the N@nd BTEX com-
clei of new aerosols much more efficiently than3®, as  pounds come from the generators/cutting tools used. Re-
well as that the HS®radicals will react with other trace cently Junninen et al., 2008 investigated night-time particle
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production events. Typically strong night particle production ameter at 50 min reaction time) due to both the coagulation
in Aitken and accumulation modes was connected to locals well as the condensation. The authors measured a N of
pollution. 10P particles/cr distributed around 20 nm after 4 min, and
A study by Schade and Goldstein, (2003) also reported 107.1¢ particles/crd distributed around 60 nm after 12 min.
fold increases of monoterpene emissions from a pine planHowever, under ambient conditions as in Koch et al. (2000)
tation as a result of mechanical disturbances. During theand Bonn and Moortgat, (2003), the nucleation threshold
period of measurements we noted some deforestation aawas found to be~2 ppbv of monoterpenes but the calcu-
tivities nearby, to the south west of the measurement localated atmospheric nucleation time eliminates the possibil-
tion and although we did not notice any burning during theity of nucleation by reaction of monoterpenes with ozone.
campaign. Thinning is a routine forest management operaThis however becomes possible if sesquiterpenes were to be
tion that changes tree spacing, number, and size distributiomvolved which is very well possible but cannot be proven
which can affect the emission of VOCs from vegetation to thehere by measurements. Sesquiterpenes are much more re-
atmosphere. A study by Vesala et al. (2005) has shown somactive than monoterpenes and the nucleation threshold and
effects of thinning on physical processes like wind speed northe atmospheric nucleation time is much lower. 2.5 pptv of
malized by the friction velocity, light penetration, and parti- sesquiterpenes could be exceeded in Hy§tin less than
cle deposition. Some of these forest management activitie8 min (Hakola et al., 2000).
undoubtedly can have implications for regional air quality  Signatures of the sawmill have not always been as intense
management, likely both in terms of ozone chemistry andas during the nights of 25 to 29 of April. Accepting a thresh-
secondary aerosol formation (Goldstein et al., 2004). How-old of 2.4 (Ir) for the ratio of [(+)«-pinene]/[()-a-pinene]
ever, in this case the strong dependence on the wind directioresults in 8 out of 14 days of measurements for which the ra-
strongly suggests that the sawmill was the source of theséio has been above 2.4. Itis very well possible that even more
bursts. sesquiterpenes are emitted during forestry activities than un-
It is well established that secondary aerosol particles carder natural conditions leading to atmospheric biogenic SOA
be formed during monoterpene oxidation, but is this processvhich in a later stage (for example during transport to the
sufficient enough to deliver more than 20000 particle$/cm site) can grow by compounds arising from monoterpenes
in half an hour under atmospheric conditions? The seconazonolysis. This could possibly explain the similarity in the
night time event addressed did not involve such enormou®bserved size distribution from Event 2 with those from the
particle concentrations but it has been characterised by nuaboratory experiment of Bonn and Moortgat, (2002).
cleation. We may conclude from this study that Event 1 (30 April) is
To begin with, nucleation in the monoterpene/ozone sys-typical nucleation event and Event 2 (27 April) is a pollution
tem could not be explained by classical nucleation theory in-episode. However, we have shown that new particle forma-
volving sulphuric acid. According to Bonn et al. (2007) it tion can occur at night under similar conditions as Event 2
involves 1) the formation of nucleation inducing molecules; (e.g. 18 April). Forestry activities and the sawmill industry
2) the activation and initial growth by reactive trace gasescan under certain meteorological circumstances substantially
such as R@ 3) above about 3nm in diameter condensationinfluence air chemistry and the aerosol burden over Fygti
of oxidised compounds such as acids, nitrates, hydroperoxespecially under stable meteorological conditions.
ides etc provide for further growth. For future studies, it would be advisable to perform high
Primary ozonides of monoterpenes are formed first whichresolution observations of mono- and sesquiterpenes and
then decompose into Criegee biradical and carbonyl comitheir oxidation products in combination with measurement
pounds as discussed in e.g. Koch et al. (2000). The caren the physico-chemical characteristics of aerosol particles
boxylic acids which can be formed from the Criegee birad- and boundary layer meteorological measurements over bo-
ical will have a lower yield over the carbonyl compounds real forests to better constrain the role of organics in daytime
(Calogirou et al., 1999). Bonn and Moortgat (2002) fol- and night time new particle formation.
lowing the reaction ofx- and g-pinene with ozone (each
500 ppbv) observed various products of different volatility AcknowledgementsiVe acknowledge the support from the staff of
non-, semi- and volatiles. The non-volatile products reachedhe Hyyti'aIé fi.eld forest station as well as by all the collaborating
their saturation vapour pressure and started to nucleate h@2"tN€rs within the BACCI and QUEST projects. We thank Boris
mogeneously. This was observed during the ozonolysis rebg']\ln_l_for he.lprI discussions. The Max Plamk Society and AC-
R : - . . . are kindly acknowledged for financial support.
action in an intense nucleation during the first four minutes
of the experiment. At this stage of the reaction, the more
volatile products (semi-volatile) were able to condense on
f[he surface .Of the pre-formed particles gnd cause an increa%e dited by: T. Karl
in particle size and aerosol volume. This behaviour was ob-
served in a broadening, and a shift of the particle size dis-
tribution to larger diameters (centred around 60 nm in di-
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