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Abstract. As part of the OSOA (Origin and forma- ter from the oxidation of various terpenes contributed to the
tion of Secondary Organic Aerosols) project, two intensive formation of secondary organic aerosols (SOA). Concerning
field campaigns were conducted in Melpitz, Germany andthese conclusions among others, the ratio between formic
Hyytiala, Finland. This paper gives an overview of the mea- (oxidation product of isoprene and monoterpenes by ozone)
surements made during the Hyli campaign, which was and acetic acid (increased by anthropogenic emissions) (ra-
held between 1 and 16 August 2001. Various instrumentatio=1 to 1.5) and concentration of different carboxylic acids
techniques were used to achieve physical and chemical chatup to 62 ng m®) were investigated. Gas/particle partition-
acterisation of aerosols and to investigate possible precursang of five photo-oxidation products from- and 8-pinene
gases. resulted in higher concentrations of pinonic, nor pinonic and

During the OSOA campaign in Hyyti, particle forma-  pinic acids in the particle phase than in the gas phase, which
tion was observed on three consecutive days at the beginninigpdicates a preference to the particle phase for these com-
of the campaign (1 to 3 August 2001) and on three days latepounds. The average growth factors (GF) from 100 nm par-
on. The investigation of the meteorological situation divided ticles in water vapour gave a diurnal pattern with a maxi-
the campaign into two parts. During the first three days ofmum during daytime and values between 1.2 and 1.7. On
August, relatively cold and clean air masses from northwest@verage, the amount of secondary organic carbon reached
passed over the station (condensation sink —€8002s?, values around 19% of the sampled aerosols and we spec-
NOy: <0.5 ppb). Daily particle bursts of one fraction of the ulate that formation of SOA with the influence of photo-
nucleation mode aerosols (3—10 nm) with number concentraexidation products from terpenes was the reason for the ob-
tions between 600-1200 particles thwere observed. Af- served particle bursts during the campaign. However, cor-
ter this period, warmer and more polluted air from south-westrelations between the precursor gases or the favourable con-
to south-east arrived at the station (CS: 0.002—-0:01N80,: densing species with the monitored nucleation mode parti-
0.5-4 ppb) and during these 13 days only three events wereles were not found. For the investigated time period other
observed. These events were not as apparent as those that éactors like the condensation sink of newly formed particles
curred during the earlier period of the campaign. The chem-o the pre-existing aerosols, temperature and solar irradiance
ical analyses from different institutes of BMPM, 5 and seem to be more important steering parameters for the pro-
PMjg particles confirmed the assumption that organic mat-duction of new aerosols.
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Another open question concerns the vertical distributionformed out of gas-phase reactions from monoterpenes could
of the formation of SOA. For this reason measurements wereontribute to the formation of new aerosols by homogeneous
conducted at different altitudes using a tethered balloon plathucleation. However, the mixing ratios @fpinene used in
form with particle sampling and particle counting equipment. this experiment are still one order of magnitude higher than
They were incorporated with eddy covariance (EC) flux mea-observed e.g. in a rural area of central Finland. Another the-
surements made at 23 m above ground level. The resultsry, which would explain the nucleation events or the time
give firstindications that production of new aerosols happensf particle bursts, is ternary nucleation ob®, NHs; and
throughout the planetary boundary layer (PBL), whereby dif-H,SO4 (Korhonen et al., 1999). According to the sugges-
ferent parameters e.g. temperature, CS, solar irradiance dgions of Kulmala et al. (2000), ternary nucleation can occur
concentration of monoterpenes are responsible for the locaat typical tropospheric conditions leading to a reservoir of
tion of the vertical maximum. thermodynamically stable clusters (TSCs, diamé&t&inm),
which under certain conditions grow to detectable sizes. In
this case organic compounds with low volatility could be the
condensing species, which bring the particles to the size of
1 Introduction 3nm in diameter, where present state-of-art instrumentation

can detect them.
The purpose of the EU project OSOA (Origin and Formation  The aim of the OSOA project and the field campaign in
of Secondary Organic Aerosols) was to quantitatively U”der‘HyytiaIa was to get more detailed information about the
stand the sources and formation mechanisms of Secondar[Yrecursor gases, condensing species and reaction mecha-
organic aerosols by applying a combination of laboratory hisms involved in the formation process of secondary organic

and f|e|d Observations. W|th|n the framework Of th|S prOjeCt measurements were Carried out in a rura| area W|th |OW an-

an extensive field campaign was carried outin H3ftiFin-  thropogenic impact.
land between 1 and 16 August 2001. Altogether eight insti-

tutes from five different countries participated in this experi-

ment with some newly developed analytical instrumentation2  |nstrumentation
and methodologies to reach a better scientific knowledge of

the sources, physical properties and chemical composition 0.1 SMEAR Il

this organic fraction of atmospheric aerosols.

It is known that the total organic carbon can comprise 25-Data were collected at the Station for Measuring Forest
65% of the fine aerosol (diameteR.5m) mass in some re- Ecosystem-Atmosphere Relations (SMEAR II) in Hyayi,
gions (Chow et al., 1994; Novakov et al., 1997) and that theFinland.  The station is located in Southern Finland
emission by vegetation of volatile organic compounds (VOC)(61°51 N, 24°17 E, 181 m asl), with extended areas of Scots
is approximately 1150 C Tg per year (Guenther et al., 1995)Pine (Pinus sylvestris) dominated forests. The conditions at
Furthermore, we know that bursts of newly formed aerosolsthe site are typical for a background location; however, occa-
appear in various rural areas (i.e. continental boundary layersionally measurements were polluted by the station buildings
Kavouras et al., 1998; Kulmala et al., 2001a; Nilsson et al.,(0.5km away) and the city of Tampere (60 km away) both
2001a; Birmili et al., 2002). However, the exact understand-located in a west-south-west direction (215-26Bom the
ing of the pathways from emission of VOCs to the particulateinstruments.
phase still includes far too many unknowns to draw final con- A Differential Mobility Particle Sizer (DMPS) system (lo-
clusions. cated in the cottage) monitored aerosol size distributions at

Secondary organic aerosols are formed, when the satu2 m height from ground level. This gave a continuous view of
ration vapour pressure of the gas-phase oxidation productthe distribution and evolution of sub-micrometer aerosol par-
is sufficiently low so that these species can condense oiticles. The DMPS system used here actually consists of two
pre-existing particles or even form new particles throughsystems. The first system includes a TSI 3025 UFCPC and
homogeneous nucleation. Hoppel et al. (2001) observed Hauke-type short DMA (Differential Mobility Analyzer)
in Calspan’s 600 fhenvironmental chamber aerosol forma- and measured particles between 3 and 20 nm in dry diameter.
tion and growth from the reaction products efpinene  The second system included a TSI 3010 CPC and a Hauke-
and ozone, utilizing relatively low mixing ratios af- type medium DMA capable of measuring particles between
pinene (15 ppb) and ozone (100 ppb). Nucleation in#his 20 and 500 nm. A particle size distribution is recorded every
pinene/ozone system could not be explained by classical nut0 min (Aalto et al., 2001).
cleation theory. The authors suggested that the nucleation Concentrations of bD, NG, SO, and G were measured
rate in thex-pinene/ozone system may be limited by the with an URAS gas analyzer, chemiluminescence gas ana-
initial nucleation steps (i.e. dimer, trimer or adduct forma- lyzer (TEI 42S), fluorescence analyzer (TEl 43BS) and an
tion). This would be a possible pathway how organic speciesozone analyser (APl 400), respectively. Air samples were
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collected from the mast at 4.2m, 16.8 m and 67.2m heighthe main inlet line near the container to the individual instru-
levels every 5min. Temperature (measured with PT-100-ments.
sensors, platinum resistance thermometers) and horizontal The HTDMA system consists of two Vienna type DMAs
wind speed (measured with cup anemometers) were col{Winklmayr et al., 1991) in series and one TSI-CPC 3010
lected every 50 s at these three heights as well. Wind direcparticle counter for concentration measurements. In addition
tion was measured every 50s by wind vanes at 16.8 m antdhere is also a humidification unit, which generates the de-
50.4 m heights. sired relative humidity inside the second DMA in two stages.
A Sensitron AB monostatic 2.3 kHz doppler Sound Detec- Sheath air and aerosol sample flow are humidified separately.
tion and Ranging system (SODAR) was used to measure th&he system is built following the guidelines set birderi et
stability of the air (echo strength) and the means and stanal. (2000) to measure also in the ultra-fine size range (10—
dard deviations of the horizontal and vertical wind compo- 20 nm). As an output, the HTDMA gives the ratio of particle
nents as well as wind direction up to a height of 500 m in diameter at elevated RH to that at dry conditions, denoted as
25 m intervals. Raw echo measurements were achieved in 8rowth factor (GF).
s cycles between three antennas. The vertical antenna echo The hygroscopicity measurements of the particles were
strength was averaged and stored every 3 min. Averages arebnducted at-90%+4% relative humidity. Size changes in
standard deviations of wind speed were then derived and awelevated relative humidity were monitored for the particles
eraged over 30 min periods. of 20, 30, 50, 100 and 150 nm in diameter. Concentrations in
Spectral solar irradiance in the range from 280 to 580 nmthe HTDMA were not corrected with respect to losses inside
and a step width of 1nm was measured with a Benthanthe system and sampling inlet. Fluctuations of RH during
DM150 double monochromator. The scans were performedhe measurements were not taken into account either. The
every half hour and lasted approximately 11 min. A de- functionality of the HTDMA was checked daily by measur-
tailed description of this instrument is given by Boy and Kul- ing the growth factor for a known substance, pure ammonium
mala (2002a). sulphate aerosol. It was generated from liquid solution with
The aerosol particle number fluxes were measured by th@ TSI 3076 Constant Output Atomizer. Hygroscopicity data
eddy covariance (EC) technique at a height of 23 m, approxwas obtained every 10 min for one dry size. Taking into ac-
imately 10m above the forest canopy. The fast responsgount the number of dry sizes measured, hygroscopic prop-
measurements (20 Hz) of wind speed and particle numbegrties were measured ca. once per hour for each dry size. The
concentration were performed by a sonic anemometer (SoHTDMA was in operation continuously.
lent Research R3, Gill Instruments, Lymington, UK) and a  The main features of the OTDMA are similar to those of
modified condensational particle counter (CPC) TSI modelthe HTDMA with the exception that the humidification unit
3010 (TSI Incorporated, Shoreview, MN, USA). The parti- iS used to generate a constant ethanol saturation ratio inside
cle sizes detected by the EC system included particles in théhe second DMA. The details of the instrument and interpre-
range of 10 to 500 nm. Lower cut-off size (50% counting ef- tation of the OTDMA data are described in Joutsensaari et
ficiency) for the CPC was determined as 14 nm by Buzoriusal. (2001). Ethanol was chosen as organic solvent because
etal. (2001). Particle fluxes were calculated for half-hour av-1) it dissolves a wide range of organic compounds, and does
eraging periods. More details of the particle eddy covariancg1ot dissolve most inorganic salts, 2) there’s a lot of data of
system and various aspects of its application and operatiothe ethanol solubility of different materials in the literature
can be found in Buzorius et al. (2000). and 3) it is fairly convenient to use in practice, i.e. there's no
For a more detailed description of the SMEAR I station danger of explosion, it is not toxic, and its vapour pressure
and instrumentation, see Kulmala et al. (2001a) and wwwis manageable. Growth of aerosol particles in ethanol vapour

honeybee.helsinki.fi/smear/. depends on composition of the particles. Particles can be
roughly classified based on their growth in ethanol vapour: a
2.2 HTDMA and OTDMA high GF indicates that particles are composed of well ethanol

soluble material(s), very probably organic, whereas a low GF
As a part of the physicochemical characterization of aerosoindicates that particles are composed of material(s) that do
during the Hyytéla campaign, hygroscopic properties of not have a very high ethanol solubility (could be organic)
sub-micron particles as well as their ability to absorb ethanolor partly of ethanol insoluble and partly of ethanol soluble
were monitored using Hygroscopicity and Organic Tandemmaterial(s). Ethanol insoluble materials include elementary
Differential Mobility Analyzers (HTDMA and OTDMA). carbon, minerals, most inorganic salts and also different or-
They were set up in a container close to the mast and theganics.
used the same sample inlet, which drew air from a height of In most of the experiments, aerosol particles were only
16 m through a steel tube (diameter 2.5cm). The flow ratetreated inside DMA-2 by ethanol-rich sheath air and no
was approximately 17 L mint in order to minimize particle  aerosol treatment was used before DMA-2. In this paper,
losses due to a long residence time inside the inlet tube. Thenly results without aerosol treatment before DMA-2 are pre-
samples were drawn through 10 mm OD copper tubes fromsented. Growth in ethanol vapour was mainly determined for

www.atmos-chem-phys.org/acp/4/657/ Atmos. Chem. Phys., 4, 657-678, 2004
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Table 1. Data collected on tethered balloons at Hgj#iduring the OSOA campaign 2001.

Date VOC profiles  integrative VOC  OPC profiles CPC profiles  Met. Profiles

(Temp./RH)
2 Aug. 1 2 3
3 Aug. 4 4 8 8
4 Aug. 2 6 6
5 Aug. 2 3 4
6 Aug. 2 1 6
7 Aug. 3 3 6 2
8 Aug. 3 4 8 8
9 Aug. 2 1 8 6
10 Aug. 4
12 Aug. 3 2 10
Total 20 20 48 26 76

particles of 20, 30, 50, 80 and 100 nm in diameter. Saturation In addition to VOC sampling, in-situ particle counters
ratio (S) of ethanol vapour was kept at (49002 during the  were attached to the tethered balloons. Two handheld particle
experiments. The OTDMA measurements were mainly car-counters were used, an optical particle counter (OPC) (ABA-
ried out during daytime (9 a.m.—8 p.m.) because the system i€US, Particle Measurement Systems, Boulder, CO) and a
not fully automatized and supervision is needed during meacondensation particle counter (CPC) (Model 3007, TSI Inc.,
surements. During daytime of the campaign, OTDMA re- Shoreview, MN). The OPC quantifies particle number con-
sults were obtained for 6 event (1, 2, 3, 7, 10 and 14 Augustcentrations in 4 size bins (0.3—Q:8n, 0.5-1um, 1-5um,
and 10 non-event days. Only a few nighttime experimentsand >5um diameter), the CPC measures the total particle
(15, 16 and 17 August) were carried out. number in the size range of 10 nmgfn. According to cal-
Atmospheric aerosol is often an external mixture, i.e. it ibration measurements byérheri et al. (2002) the 50% de-

consists of particles which have different chemical composi-tection efficiency for the CPC was 10 nm.
tions. Their water and ethanol uptake properties may there- Tethered balloons were flown during daytime from 2 Au-
fore vary, which are observed in the HTDMA and OTDMA gust to 12 August, in two basic configurations.
as distinct peaks.

1. VOC sampling package and particle sensor attached
2.3 Tethered balloon platform measurements 0.5 m below the balloon with continuous measurements

during ascent and descent. This setup generates vertical

Measurements on tethered balloon platforms can be used to  profiles of temperature, humidity and particles, as well

derive gas fluxes averaged over large areas (22@0 knt) as an integrative VOC measurement from ground to the
(Davis et al., 1994; Greenberg et al., 1999; Helmig et al., maximum height of the balloon. With time resolutions
1998). For this purpose, two tethered helium balloons (Vol.: of 30s (OPC), 10s (CPC, averaged data of originally
9m?, Blimp Works, Statesville, NC) were flown at heights 1Hz) and 2 s (temperature and humidity) at ascent and
between 2 m and 1.2 km above ground during the field cam-  descent rates of 0.5—-1 m’ the resulting vertical reso-
paign in Hyytala. The launch site was the soccer field at the lutions were 30 and 10 m for particle measurements and
Hyytiala station, located 0.9 km southeast of the SMEAR Il 1-2 m for meteorological data, respectively.
mast.

VOCs were collected onto adsorbent cartridges (combi- 2. Three VOC sampling packages attached on the tether
nations of Carbotra@, and Carbosieve S-Fﬁ) by minia- line at heights of about 120, 250 and 550 m. The pack-

turized air samplers. The sampling packages also include  ages sampled air at those heights during 30 min, deliv-
sensors for temperature and pressure measurements, and can ering a mean VOC vertical profile of the lowest 550 m.
be attached to any position on the tether line. Details about

these samplers are given in Greenberg et al. (1999). AnalysiMeasuring on tethered balloons was limited by weather con-
of VOC samples was performed in the laboratory at NCAR ditions. Rain and high wind speeds prevent a safe operation
(Boulder, CO), with gas chromatography and mass spectromand reduced the data coverage during the OSOA campaign.
etry detection (GC-MS). The procedure for the analysis ofA total of 48 successful balloon flights were performed as
the cartridges is described by Greenberg et al. (1995). summarized in Table 1.

Atmos. Chem. Phys., 4, 657-678, 2004 www.atmos-chem-phys.org/acp/4/657/
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Fig. 1. Aerosol number size distributions from the DMPS system at 2 m height in &lgytrinland for all the event days during the OSOA
field campaign. Included as thin red lines are the start and end times of the particle bursts (tinggy[il > or <200 particles cm®).

All gas and particle samples described below were taker2.5 Gas- and particle-phase collection of monoterpene
on an extra tower approximately 15 m away from the mast at photo-oxidation products
a height of 16 m (2 m above the canopy).
Carbonaceous aerosol were sampled, using a novel device al-
lowing simultaneous collection of gas and particle associated
polar photo-oxidation products of monoterpenes (Kavouras
et al., 1999a), for 12-h sampling periods from 31 July to
8 August 2001 in the forest. Details for the sampling
Formic and acetic acid were collected over 12 h periods, daylevice and sampling procedures are given in Kavouras et
and night, using an annular denuder system with DNPH-al. (1999b). The polar and acidic fractions of all samples
coated cartridges and an efficiency of 97%. The denudwere analysed according to Kavouras et al. (1999b) using a
ers were extracted using ultra-pure water, and the extracCQ Finnigan ion trap gas chromatograph-mass spectrome-
was analysed by isocratic ion chromatography (Lawrencder.
and Koutrakis, 1994; Zervas et al.,, 1999). Gaseous car-
bonyls were collected during 12 h periods (day and night)2.6 High-volume sampling of organic aerosols and analysis
by drawing air through (DNPH)-coated Sep-Pak silica car- by thermal-optical method and GC/MS
tridges (Waters Assay Milford), (Sirju and Shepson, 1995),
after removal of ozone in a Kl impregnated copper tube coil. The particulate matter collection was carried out by means
The cartridges were extracted with acetonitrile and the ex-of high-volume samplers, on Whatman QMA quartz fil-
tract was analysed by binary gradient HPLC with diode-arrayters. Both size segregated and non-segregated samples were
detection. Parallel measurements of gaseous formic andbtained. A fraction of each aerosol sample was anal-
acetic acids were also performed by using an annual denudessed for black and organic carbon (BC and OC, respec-
equipped with a filter pack system (Lawrence and Koutrakis tively) by means of a thermal-optical method (Pio et al.,
1996). The analyses of the denuder extracts were performeti994). The remaining parts of the filters were extracted with
by ion chromatography (Mihalopoulos et al., 1997). dichloromethane (DCM) and ultra-pure water. The obtained

2.4 Collection of formic and acetic acids with an annular
denuder system

www.atmos-chem-phys.org/acp/4/657/ Atmos. Chem. Phys., 4, 657-678, 2004
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Fig. 2. Half hour average values for the number concentration of the nucleation mode particles (3—10 nm) and condensational sink. The
yellow areas mark the periods when bursts of nucleation mode particles were observed.

extracts were analysed by a thermal-chemical method ana capillary-HPLC-ESI-IT-MS system (ThermoFinnigan, San
GC-MS (Alves et al., 2001, 2002; Carvalho et al., 2003).  Jose, USA).

2.7 High-volume sampling of organic aerosols and analysis
by LC-TOF-MS 3 Results and discussion

PM, aerosol samples were collected on preheated quartZhe results of the experiments are divided into five sections.
filters using a Digitel high volume sampler at flow rates Section 3.1 contains the characteristics of the aerosols. In
of 1m*min~!. Terpene oxidation products were measuredSect. 3.2 precursor measurements of different gases are dis-
with 12 h sampling time between 1 and 10 August. The fil- cussed and Sect. 3.3 presents the chemical characterisation of
ters were extracted with 10% methanol and were analyzeghoto-oxidation products of VOCs in the gas- and particle-
by LC-TOF-MS (Applied Biosystems, Langen, Germany) phase. In Sect. 3.4 chemical aerosol analyses from different
(Rompp and Moortgat, 2000). institutes are introduced and in Sect. 3.5 we give an overview

of the meteorology including solar radiation during the time
2.8 PM s sampling on quartz fibre filters and analysis by of the field campaign in Hyyéila.

HPLC-ESI-MS-Analysis

3.1 Characterisation of the aerosols
For PM, 5 particle sampling quartz fibre filters with a di-
ameter of 70 mm (mounted in stainless steel filter holders)3.1.1 Time of particle bursts and condensational sink
were used. A sampling flow rate of 2.3im 1 was applied.
During the Hyytéla-campaign a backup filter was placed be- Nucleation events or particle bursts measured at si8asm
hind the front filter to determine possible sampling artifacts with the DMPS system were observed on the first three
(see Kirchstetter et al., 2000, 2001). The duration of thedays in August and in less clear patterns on 7, 10 and
sampling was about 12 h, usually divided in day and night14 August (Fig. 1). On all event days apart from 7 and
samples. Prior to extraction the filters were spiked with a10 August we observed high number concentrations (600—
standard (camphoric acid) for determination of the recovery1300 particles cm®) of small nucleation mode particles (3—
rate. Afterwards the filters were extracted in an ultrasonic10 nm) followed by a continuous growth to the Aitken and
bath using methanol as solvent. The analysis was done bgometimes even accumulation mode. 7 and 10 August are

Atmos. Chem. Phys., 4, 657-678, 2004 www.atmos-chem-phys.org/acp/4/657/
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Table 2. Growth rates, estimated vapour concentrations, source rates and particle formation rates during observed particle formation bursts
during OSOA field campaign.

Day Growth rate Vapour conc. Vapour source Formation rate
for 3nm particles

nmhl 107 molecules cm® 105 molecules cm3 s~1  particles cn3 s~1

1 Aug. 6.24 8.79 1.08 0.24
2 Aug. 10.74 15.22 1.27 0.38
3 Aug. 10.41 14.74 2.64 0.17
7 Aug. 9.59 13.38 4.93 0.31
10 Aug. 9.37 13.13 4.73 0.18
14 Aug. 37.95 54.58 19.14 1.72

objectively difficult to declare as an event or a non-event dayresults indicate that high number concentration of existing

however, for a wider discussion field we consider both daysaerosols reduce or prevent the formation of new particles by
as nucleation days in this publication. In the single subplotsacting as sinks for the condensing vapours or the very small
thin red lines mark the onset and the end of the particle burstsyewly-formed particles (<3 nm).

based on limit of 200 particles cr in the nucleation mode.

When this limit was exceeded or the concentration fell be-3.1.2  Growth rate of particles and calculated gas concen-
low, a nucleation event was considered to be started or ended. trations

This limit is set in order to obtain some time interval for the

nucleation event. Difficulty in selecting a correct period is

due to the fact that growth from cluster sizes (1 nm) to the
detection limit of the instrument (3 nm) can vary under dif-

The growth rates of the newly formed patrticles during the
early stages (first few hours) of growth were obtained from
the DMPS data, according to the change in the maximum di-
ferent atmospheric conditions. ameter the new particles had reached by the end of formation.

Loss of condensable molecules to the pre-existing aerosd([\‘ssl“’mr_‘g that the grov_vth rate is constant during th? forma-
population can be described with the condensational sindion Period, condensation theory enables us to estimate the

(Kulmala et al., 2001b) as amount of condensable vapour present. For the condensable
' vapour we can write a simple differential equation
CS=Y Bi-ri-Ni ED I

wherer; is the radius of the i:th size clasy; is the respec-  dr =0-C5x0Q @

tive number concentration arg] the transitional correction where Q is the vapour source rate an@lS the condensa-

factor, given by Fuchs and Sutugin (1970). In the calcula-(jon gink caused by the existing aerosol. Assuming that the
tions, values for the molecular mass and the diffusion VOl'vapour concentration changes slowly, we can use a steady-
ume of the condensing vapour were taken as the condenssiaie approximation and estimate the source rate by setting
ing species were sulphuric acid. Flgurg 2 gives 30-min "’}V'dC/dtzo. A detailed description of this method can be found
erage values of the number concentration of the nucleation.,m pal Maso et al. (2002). The results of this analysis are
mode particles, the calculated condensational sink and thSiven in Table 2. The growth rates (611 nmih and the
nucleation event times for the whole campaign period. At_, - ated vapour concentrations (8-13 lecules cm?)

all events we recognised a clear decrease of the condensgz,§ sources (1-5 Bnoleculescm3s1) are rather high
tional sink shortly before or at the start of the particle b”rStS'compared to long-term mean values observed in Hayti

This phenomenon was observed for most of the events ify ¢ are quite comparable with earlier summertime observa-
Hyytiala during the last years and could be explained by theo s However, 14 August with about by a factor of 4 higher
onset of turbulence and the growth of the mixed layer, which, 51 e5 than the other event days seems to be questionable:

mixes rela_t|vely clean air from the residual layer with more event or advection of polluted air masses. We discuss this
polluted air masses from the surface layer (Boy and Ku"day in the following sections in more detail.

mala, 2002b; Nilsson et al., 2001b). Further the values of

the condensational sink on the event days in the beglnnlngglg Water and ethanol vapour uptake properties of
(CS=0.001s1) were two to three times smaller than on the aerosols

other event days (G20.002-0.0033%). 7 August with the

lowest number concentration of nucleation mode particlesThe hygroscopic properties of the ambient aerosol during this
also shows the highest condensational sink values. Theseampaign were found to be very similar to reported values by
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Fig. 3. Hourly averages of hygroscopic growth factors in water Date (August 2001)
vapour of all days, nucleation event and non-event days (dry par-_ ) ) ] )
ticle size 100 nm). Fig. 5. Time series for the fraction of 50 to 100 nm particle growth
factors (GF(50 nm)/GF(100 nm)) in water (HTDMA) and ethanol
(OTDMA) vapours.
1.5
s T i factors are larger than 1.4 for 100 nm particles. Maximum
g R 1Tl p—=— groyvth factors above 1.6 as ho_urly averages are observed
g Y\ LR —s—Non-event during afternoon hours. During nighttime, growth factors are
s A N I stable and between 1.3 and 1.4.
12 *7& 1 %T—ﬁ When nucleation days and the days with no nucleation
H‘ {y burst are considered separately (Fig. 3), it can be noticed
1.1 +

0 02 04 06 0B 10 12 14 16 18 20 22 00 that the daily maximum is somewhat higher during nucle-
Time (h) ation days, whereas non-nucleation days exhibit more stable
water uptake throughout the day and night. A slight decrease
Fig. 4. Hourly averages of growth factors in ethanol vapour for in water uptake prior to sunrise is present during all days, but
nucleation event and non-event days (dry particle size 100nm).  hourly averaged growth factors are lower before nucleation
bursts than during the days, when nucleation does not take
place.
Hameri et al. (2001) in previous campaigns. On average, the Figure 4 shows the average growth factors of 100 nm parti-
ambient aerosol in Hyydia is quite inert in terms of water cles in ethanol vapour with saturation ratios of Q@002 for
uptake, and it can mostly be classified to the less hygroscopievent days and non-event days. A maximum value of around
mode based on their growth factors (GF=1.1-1.4). Accord-1.3-1.35 is reached in the morning, after which the GF grad-
ing to laboratory measurements, oxidation productsrof  ually decreases to values closer to 1.2 by 8p.m. There are
pinene (biogenic VOC, GF=1.1, Virkkula et al., 1999) and only three nighttime measurement series, showing a some-
toluene (anthropogenic VOC, GF=1.2, &atet al., 2002)  what different behaviour. In one series after a nucleation
belong to this group. event day (14 August 2001) the GF decreases rapidly from
In order to study diurnal variations in water uptake, above 1.35 at midnight to 1.2 at 3.30 a.m. and in the other se-
concentration weighed averages of measured hygroscopides after non-event days the GF remains at a nearly constant
growth factors in water were calculated. For internally mixed value of 1.15 throughout the night. Figure 4 also reveals that,
aerosol this is just the observed growth factor but in case olinlike the hygroscopicity, the daytime behaviour of ethanol
externally mixed aerosol, averaging ensures that the domiGFs is very similar during nucleation event and non-event
nant hygroscopic fraction is weighed more and thus affectdays.
the average hygroscopic properties more. External mixing Figure 5 shows two time series which compare the
with respect to water uptake prevails for sizes larger thanbehaviour of 50nm and 100nm particles in both water
50 nm in diameter. Growth factors in ethanol were more in-and ethanol vapours. The hygroscopic growth factors of
ternally mixed and only one growth factor was observed most50 nm particles are most of the time somewhat smaller than
of the time. This indicates same ethanol uptake for all parti-those of 100nm particles with the average of the frac-
cles in the ambient aerosol population. tion GF(50 nm)/GF(100 nm) close to 0.9. The difference
Distinct diurnal variation in the hygroscopic properties of is mostly too large to be explained (at least solely) by the
aerosols is obvious in Hyyla. Considering hourly averages Kelvin effect, indicating that the compositions of the 50 nm
of all days of the campaign (Fig. 3), the growth factors areand 100 nm particles are usually somewhat different. A fur-
usually larger and more variable during daytime than dur-ther proof of this is the similar time series for the frac-
ing nighttime. Roughly between 8a.m. and 8 p.m., growthtion of 50 to 100nm particle growth factors in ethanol
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Fig. 7. Half hour average values for the particle number concentra-
Fig. 6. Half hour average values of the wind direction. The yellow tion measured by the CPC from the EC system at 23 m and calcu-
areas mark the periods when bursts of nucleation mode particlefated particle fluxes. The yellow areas mark the periods when bursts
were observed and the thin black line is the wind-sector from Tam-of nucleation mode particles were observed.
pere and the station building.

ticle formation (Fig. 7). The nights were moderately stable,

vapour. It can be seen that the .50 nm parﬂcles grow morg, \+ trbulent transport of heat and momentum (friction ve-
in ethanol than do 100 nm particles, with the average Oflocity around 0.2msY) did not cease. However, particle

GFI@O n?)/GF(lolg nbm) close to dlf.02. h.Note, :)hat i:] thl?j fluxes were very small as typically observed at the measure-
Kelvin effect could be accounted for, this number should o sjte (Buzorius et al., 2001). During the particle bursts

be even slightly higher. A possible explanation for the periods a rapid increase in particle concentration together

data shown in Fig. 5 is that the 100 nm particles contain Aith very large downward fluxes was observed{R: 30—
somewhat higher fraction of inorganic salts and a somewhat70 16 particles m2s~1). The very high flux values during

Iﬁwergraﬁt‘lon of organlc .mallterlals th_?n dofttr;]e 50 nm paru; particle formation events result from elevated particle num-
cles. Furthermore, chemical composition 6T the organic Maly,o concentration as well as domination of small nucleation

ter can vary _in different si_ze ranges. For instance, organicmode particles in size spectrum, which have very high de-
compound_s n Iarger partlcles (100 nm) can be more agef?)osition velocities (e.g. Peters and Heiden, 1992). Similar
(longer residence time in the atmc_)sphere). than smaller IC’art'behaviour but with more variation in fluxes can be seen on
cles and thus they can be, e.g. higher oxidized and thus Cafhe other three event days. In addition to non-stationary,

be more wat.er' soluble apd possibly also Ie;s ethanol SOILIl?Ierapid changes in particle concentration, meteorological rea-
However, this interpretation cannot be considered concluswesons such as horizontal advection and circulation in the con-

without a chemical analysis of the particles. vective mixed layer can cause significant variation in ob-

served fluxes (Nilsson et al., 2001b).

The fluxes obtained from measurements present average
The particle flux measurements were performed throughfluxes of particles larger than 10 nm in diameter. During nu-
out the campaign. However, during most of the days un-cleation events these fluxes indicate mainly the vertical mo-
favourable wind direction conditions for particle flux obser- tion of small particles: deposition of these particles into the
vation prevailed (see Fig. 6): under South-westerly windforest was observed. The result also implies the existence
(215-268) the forestry field station buildings act as a source ©f @ higher concentration of these particles up in the atmo-
of aerosol particles and corresponding fluxes do not correspheric boundary layer.
spond to background conditions (Buzorius et al., 2001). Un-
der such conditions the particles emitted from the station will3.1.5 Vertical aerosol profiles
be seen as upward fluxes accompanied with an erratic pattern
in the flux time series, in contrast to normal background con-The optical particle counter (OPC) was operated on the bal-
ditions when particle deposition into the forest occurs. loon as described in Sect. 2 from 2 August through 12 Au-

During the first three days in August when particle for- gust, whereas the CPC instrument was flown only from 7
mation was observed the wind direction was different thanAugust (start 3 p.m.) till 12 August. As a consequence, CPC
the sector corresponding to field station. During these dayslata cover exclusively days without obvious particle forma-
particle number concentration decreased at night prior to partion events.

3.1.4 Aerosol flux measurements

www.atmos-chem-phys.org/acp/4/657/ Atmos. Chem. Phys., 4, 657-678, 2004
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Fig. 8. Vertical profiles of particle number concentrations. Concen-
trations are normalized to the average in the mixed layer, altitude
is given as height above ground divided by boundary layer depthparticles happens throughout the boundary layer in a more
(z/z;). Only profiles with measurements both in the mixed layer or less homogenous pattern. In this context Stratmann et
(z/z;<1) and above (z{z-1) are included; error bars denote stan- al. (2003) measured with two CPCs with different cut-offs (5
dard deviations of the sample (3 August, n=6, other days n=33). and 10 nm) homogenous distribution of particles witjFB—
10 nm in the mixed boundary layer during an event day near
Leipzig, Germany.

Profiles obtained by this method represent instantaneous More information of this type (especially measurements
snapshots of the vertical particle distribution. This is docu-of particles<300 nm) during nucleation events may provide
mented by large variations in particle numbers at comparablevaluable data for the interpretation of particle formation. As
heights between individual profiles. Variations from one pro- the results indicate, such efforts ideally would include not
file flight to the next (time gap of at least 2 h) or even betweenonly measurements of particle numbers, but also information
ascent and descent of the same flight (30 min) are large. ~ about the size distribution.

Some distinct features could be observed by looking a
the vertical distribution of particles in a relative way, by
looking at numb_er concentratl_ons normalized to the aver-s 5 1 Ozone, SPand NG
aged concentration over the mixed layer. As can be seen in

Fig. 8, there was a different vertical trend in particle con- The concentrations of different gasess(MNOy and SQ)
centrations 300 nm) on 3 August as compared to the aver- monitored continuously in Hyydla SMEAR Il were anal-
age profile recorded on non-event-days. On 3 August, partiysed for the time of the OSOA field campaign (at 16 m level)
cle concentrations above the planetary boundary layer (PBLand plotted as half-hour average values in Fig. 10. During the
were small and no significant gradient within the PBL could experiment the ozone concentrations were varying between
be observed, whereas increasing aerosol concentrations witfp and 40 ppb with a clear diurnal profile. However, there
height were observed on the other days. were no visible trends of higher or lower values at times of
During three flights, the CPC and OPC were run in par-new particle formation, neither in the daily maxima nor in
allel. Of the resulting 10 profiles, some show different ver- the gradients prior to the particle bursts (d]@r).
tical trends for different particle sizes (Fig. 9). It indicates NOy and SGQ mixing ratios were varying during the cam-
that particles of the sizes most interesting for nucleationpaign between 0.068 to 2.98 ppb and below detection limit
events may have an opposite gradient than larger particlego 1.34 ppb, respectively. If we compare the mixing ratios
Summarising both figures, no indication for preferred parti- of NOx with the wind direction from Fig. 6, we recognise
cle formation above the surface layer or in the free tropo-higher values during the times, when probably more polluted
sphere appears, the results indicate that the formation of newir masses from Southwest (also with high values for aerosol

t
3.2 Precursor measurements
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condensational sink — see Fig. 2) arrived at the station. So theé’ \
first three clear event days in the beginning of August show = + “““““ ® -
the lowest concentrations of NGind also S@ The other 024 '
events later on are more polluted with 2 to 4 times higher e @ --—————-
values for both gases. Although $Qr the oxidised form
H2SOy) is involved through binary or ternary nucleation in 0 ‘ ‘ ‘ ‘
the formation of TSCs, in the real atmosphere the influence 0 0.05 0.1 0.15 0.2 0.25
of other parameters such as the condensational sink may be pg/m?

also important for the formation of new aerosols.
Fig. 11. Averaged monoterpene concentrations from balloon sam-
3.2.2 VOC measurements on tethered balloons ples, (a) mean composition(b) profile of medians (error bars are
interquartile ranges).

During the OSOA field campaign a total of 80 VOC sam-

ples were collected onto cartridges from balloon platforms. . os

In addition, VOC probes were taken on the SMEAR Il mast | & smofeperes) . . i o

at heights between 23 and 43 m above ground. The goal p % L

of these measurements was to determine fluxes of biogenice** ] [ | - S

VOC, terpenes in particular, at both local and regional scales. %2 7~ g~ [ | £ sk oo
The analyses of the balloon samples focused on monoter- o ””%””r?f” - i”j fffffffffffff T

penes and isoprene. Terpene mixing ratios in the PBL dur- o2 ? L r 2 e ¢ ¢ T [

2 3 4 5 6 7 8 9 10 11 12

ing that period were in the order of a few ppt, with !
pinene, limoneneAs-carene and camphene as the major
compounds. Isoprene was also found in most samples, akig 12 Bjogenic VOC concentrations during the OSOA campaign
though at lower mixing ratios than monoterpenes. In com-2001. Large symbols are daily averages (error bars are standard
parison to earlier measurements at Hgigj the contribution  deviations) of all measurements taken within the PBL (small sym-
of a-pinene to the sum of terpenes was smaller in these PBLbols).
measurements (Fig. 11a). Averaged VOC profiles (especially
monoterpenes) within the PBL showed a decreasing trend
with height, as would be expected for gases with a source The VOC measurements from balloons were used to de-
at the surface (Fig. 11b). rive fluxes of biogenic VOC. The footprints of fluxes ob-
Daily averages of all VOC samples taken within the PBL tained from measurements in the PBL are of the order from
are shown in Fig. 12. Days with particle formation events (2,tens to hundreds of square kilometers, depending on the
3 and 7 August) had low terpene mixing ratios. Note how- method applied. Uncertainties of fluxes determined in this
ever, that a direct comparison of days is difficult, as the tem-way are largely due to the various assumptions included
poral coverage with balloon soundings varies significantly (Guenther et al., 1996). For example, homogenous emissions
from day to day. are assumed within the footprint area, a condition that is most

Date (Day of August 2001)
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Table 3. Organic compounds measured in the gas-phase.

Compound name Formula Concentration Range
png m-3 molecules crm3
Aldehydes and Ketones
Formaldehyde HCHO 0.18-0.98  3.6%@2.013°
Acetaldehyde CHCHO 0.12-324 1.7 %4.71d°
Acetone CHCOCHg 0.24-1.8 251919109
Acrolein H,CHCHO <0.01-1.33 <1.11¢-1.4 130
Propionaldehyde C§CH,CHO 0.02-0.38 2.1 %4018
Hexanaldehyde Ck{CHp)4CHO <0.01-0.31 <6.0101.91F

commonly violated in practice. Landscape fluxes therefore(6.8—66 18 molecules cm?3) while the corresponding con-
need to be determined from averaged VOC profiles reflectingentration for acetic acid ranged from 0.41 up to 4.@6n—3
various conditions and wind directions. As a consequence(4.1-41 18 moleculescm?®). The general trends in both
the advantage of deriving a flux representative for the scaldormic and acetic were similar showing a high degree of cor-
of a whole landscape is accompanied by limited temporal in-relation (Fig. 13a) suggesting that their sources should be
formation about the flux. closely related. The formate to acetate ratio varied from 1.04
The mean terpene fluxes as derived from balloon measureto 1.43 (mean value of 1.26), indicating thus predominance
ments between 2 August and 12 August were between 140f formic acid in the forested area of Hygd#. This comes
and 30QugC m2h~1, depending on the method applied. in accordance with the observations by Chebbi et al. (1996)
Assuming the discrepancy is mainly a consequence of théhat formic acid is the main product of isoprene and monoter-
different footprints of the methods, we conclude that terpenepenes (emitted by trees) oxidation by ozone. The same trend
emissions averaged over a region of several hundreds f kmhas been observed in a previous study in a Eucalyptus forest
surrounding Hyytla are less than those of the region cov- in Portugal (Kavouras et al., 1998). Photochemical produc-
ering tens of ki close to the site. The same trend of lower tion (that favours formic acid) seems to play a more impor-
emissions with increasing footprint area exists in the com-tant role than direct emissions from vegetation (that favours
parison of balloon results with measurements from the mastacetic acid). Acetic acid concentrations can be increased
The average of the terpene fluxes determined from gradientby anthropogenic emissions (Kawamura et al., 1985) and/or
on the mast on 15 August was 38§C m~2h~1. This corre-  biomass burning (Talbot et al., 1987). This seems not to hap-

sponds to a basal emission rate9@pof 900.gC n2h~1; pen in the investigated area. Measurements of the same acids
a value similar to earlier flux measurements on the towerconducted by UVAR resulted to the same mean formate to
(Rinne et al., 2000). acetate ratio value of 1.26. Both laboratories observed a pre-

dominance of maxima during daytime and minima during
3.3 Chemical characterisation of photo-oxidation productsnighttime (Fig. 13a).
of VOCs in the gas- and particle-phase. Formaldehyde presented a smooth diurnal variation with
maxima during daytime and minima during nighttime. Ac-
Chemical analyses of the gas-phase and particle-phase weggaldehyde and acetone exhibited also a predominance
performed in order to study the spatial distribution of mea-of daytime maxima. Nevertheless these carbonyl com-

sured species. pounds presented the highest concentrations during night-
o time. Acrolein exhibited a strong diurnal variation of concen-
3.3.1 Carboxylic acids and carbonyls trations with maxima during nighttime and minima during

) . ) daytime. The most pronounced variation occurred between 7
The concentrations of gas-phase carboxylic acids and caryng 11 August. Propionaldehyde didn't present a character-

bonyls observed during the campaigns were measured Dtic diurnal variation and the highest concentrations of hex-
two independent groups (Environmental Chemical Processegnaldehyde were observed mainly at night.

Laboratory- ECPL, and University of Aveiro — UVAR). The

results are shown in Fig. 13 and Table 3. The data reporte@.3.2 Gas/particle partitioning of photo-oxidation products
by ECPL, concerning the gaseous concentration of small car-

boxylic acids support the hypothesis that biogenic emissiond'he volatile and semi-volatile of the polar and acidic frac-
are sources of atmospheric formic and acetic acid. The contions in both particulate and gas phase were analysed. A
centration of formic acid ranged from 0.52 up to 5um—3 series of monoterpene-skeletoned photo-oxidation carbonyl
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Fig. 13. Gas- and particle-phase concentrations of some photo-oxidation products for the first eight days in August 2001 with a sampling
time of 12 h and start times at 6 p.m. and 6 a.m., respectively.

and acidic compounds were detected and quantified in botlpinene with ozone, OH and N@adicals, in laboratory stud-
gas and particles over the Hygkh forest. In particu- ies. Pinonaldehyde and nopinone have shown for most of
lar, 6,6-dimethyl- bicyclo[3.1.1]heptan-2-one (reported asthe sampling days higher gas- than particle-phase concen-
nopinone) and 2,2-dimethyl-3-acetyl-cyclobutyl-ethanal (re-trations. Nighttime reactions of pinenes with jl@dicals
ported as pinonaldehyde), 2,2-dimethyl-3-acetyl-cyclobutyl-eventually contributed to the relatively elevated concentra-
formic acid (reported as nor-pinonic acid), 2,2-dimethyl-3- tion of pinonaldehyde in the particulate phase. For pinonic,
acetyl-cyclobutyl-acetic acid (reported as pinonic acid), andnor pinonic and pinic acids, concentrations in the particle-
cis-2,2-dimethyl-3-carboxy-cyclobutyl-acetic acid (reported phase were higher than the corresponding concentrations in
as pinic acid) were identified on the basis of their Cl andthe gas phase. Pinonic acid is produced through the reaction
El mass spectra and comparison with authentic standardsf «-pinene with both OH radicals and ozone, and pinic acid
(Fig. 13b—f). These compounds have been determined as mainly formed through the reaction af and g-pinene
characteristic products of the photo-oxidationoefand 8- with ozone. The concentration levels of pinonic acid and
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Table 4. The total concentration ranges and carbon preference indexes for some of the detected homologue compounds series.

Compounds Concentration pfax CPI CPI CPI
Class Range Wholerange Splitrange  Split range
(ng n3) (Petroleum)  (Bacterial)  (Plant wax)
C10-Caa C10-Cos C21—Cas
n-Alkanes 7.2-95.2 c27 2.694.05 1.830.69 5.8%2.54
n-Alkanols 1.0-17.4 C26 8.524.16  3.33%1.82 18.988.44

n-Monocarboxylic Acids 39.0-192.0 Cl6 6:86.67 7.06:2.18 4.721.10

Cmax— Carbon number with the highest peak in the chromatogram;
CPI — Sum of the odd carbon number homologues divided by the sum of the even carbon number homologues over the range indicated for
n-alkanes and the inverse for n-alkanols and n-alkanoic acids (Abas and Simoneit, 1996).

pinic acid show that the first is produced faster and in highereven the interference of wood burning emissions, which is
amounts than the second under real conditions. Thus, it ifigher at night, did not cause the rise of the values calculated
clear that the atmospheric concentrations of OH radicals andor night periods.

ozone have an effect on the composition of organic aerosol The total concentration ranges and carbon preference in-
produced through the atmospheric photo-oxidati_on reactionsyexes (CPI) for n-alkanes, n-alkanols and n-mono-carboxylic
The data show the preference of the above discussed caggigs are presented in Table 4. CPl is a diagnostic parameter,
boxylic acids to the parthle phase and.eventu§lly their ability\ynere a value higher than 3 indicates the major incorpora-
to condense under certain atmospheric conditions. tion of recent biological constituents into the aerosol sample.
) o ) The input of anthropogenic contaminants reduces the CPI,
3.4 Chemical characterisation of organic compounds and,cp, that values of approximately 1 reflect the significant in-
photo-oxidation products of VOCs in Hy@a fine  4qyction of contaminants with human originem& (carbon
aerosols number with the highest peak in the chromatogram) can also

Chemical | ‘ q ficl give an indication of relative source input and serves as a re-
emical analyses of coarse mode particles {Riy) were gional parameter of vascular plant contributions to the atmo-

performed by three groups with different sampling and an-g, o0 (Abas and Simoneit, 1996). The distribution of the n-
alytical techniques, which gave the chance to compare th%lkanes ranged from G to Caa, With Cmax equal to 27. Odd
results of some measured species. carbon number predominance was found, especially in the
range G >23, wherein odd carbon number alkanes represent
a primary major contribution of vascular plants waxes (Abas
nd Simoneit, 1996). The isoprenoid hydrocarbons derived
om petroleum (pristane and phytane) were also detected.

3.4.1 Organic aerosols Plglanalysis

Carbonaceous aerosol was one important component of th%
aerosol at the studied location. Organic carbon accounted for
27% of the PMg mass concentration in Hyjtia. Adding The most representative PAHs in the sampling site
the contribution of black carbon, the share of total carbonWere indeno[1,2,3-cd]pyrene,  benzo[b+k]fluoranthene,
reaches 34%. Using the dichloromethane-extraction procePenzo[ajanthracene, benzo[e]pyrene and benzo[a]pyrene.
dure 31% of the organic carbon could be extracted. The adOn average, the total concentration of PAHs in the Finnish
dition of the water-extract increased this ratio to 52%, which Samples (8.9 ng m?) was lower than those from the previous

is comparable to the 48% obtained during the short-term exShort-term experiment in Finland (17 ng# Alves et al.,
periment (Alves et al., 2002). 2002).

On average the fraction of secondary carbon in the Finnish Carbonyl compounds including linear homologues were
aerosol accounted for 71% of the organic carbon, which cordetected. However, the discontinuity of the series makes
responds to 19% of the Pldmass concentration. Secondary the application of the CPI parameter for linear compounds
organic carbon was calculated by subtracting primary or-impracticable. Table 5 presents the biogenically derived
ganic carbon from total organic carbon, assuming that thecompounds detected in the samples, which includes some
ratio between primary organic carbon and black carbon iscarbonyl compounds. Pinonaldehyde, 6,10,14-trimethyl-
1.1 (Castro et al., 1999). In some periods the fraction of sec2-pentadecanone and abieta-8,11,13-trien-7-one presented
ondary organic carbon showed clear maxima during daytimehe highest concentrations in Hygth. During the pre-
and minima during nighttime. This is an obvious indication vious short-term experiment in Hygla, pinonaldehyde
of local or regional formation of secondary aerosol, becausavas more abundant (6.6 ng1f1 Alves et al., 2002) and
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Table 5. Some primary and secondary compounds derived from biogenic sources.

Compound name Max. conc.  Proposed sources and References
(ng m3)
6,10,14-trimethyl-2-Pentadecanone 15.0 Degradation product of phytol found in plant wax (Simoneit et al., 1988)
. . Angiosperm wood burning or plant wax weathering
Triterpenones goHagO (isomers) 21 (Standley and Simoneit, 1987; Simoneit, 2002)
Cholesterol 14 Wood burning or plant wax weathering (Simoneit, 1989, 2002);
i I 2.4 .
Stigmastero Cholesterol from meat cooking (Rogge et al., 1991)
B-Sitosterol 25.0
ana ketone (Nopinone) 0.2 Photo-oxidation of alpha- and/or beta-Pinene (Yokouchi and Ambe, 1985;
Pinonaldehyde 55 Hoffmann et al., 1997; Christoffersen et al., 1998;
Pinoni i 2. )
inonic acid 6 Winterhalter et al., 1999; Koch et al., 2000)
Pinic acid 5.0
Dehydroabietinal 0.2
Abieta-8,11,13-trien-7-one 21 Degradation of resinous components by coniferous wood burning
6-Dehydrodehydroabietic acid 0.5 or natural weathering (Standley and Simoneit, 1987, 1994;
Dehydroabietic acid 2.3 Simoneit 1989, 2002)
7-Oxodehydroabietic acid 0.1

trimethylpentadecanone was not a ubiquitous component oD-glucopyranose) was also detected in the water-extract,
the aerosol. Nopinone and monoaromatic carbonyls, includthough it is extracted predominantly by dichloromethane in
ing benzaldehyde, were detected in all the experiments.  the first extraction stage. This anhydrosugar is considered
The homologous compound series of n-alkanols ranges specific tracer of biomass burning, which results from the
from Cy1 to Cgg in the Finnish site. The most abundant ho- depolymerization of cellulose at temperatures above G00
mologue was gs and strong primary contributions of vascu- (Simoneit et al., 1999). Table 6 also shows the concentra-
lar plants waxes were found. Sterols were also present in théion ranges for some water-extractable organic compounds.
samples (Table 5). A more detailed discussion on the sources and size distribu-
The n-alkanoic acids are one of the dominant componentsions of water-extractable organic compounds can be found
in the extractable lipids. The homologous compound serieglsewhere (Carvalho et al., 2003).
ranges from @to Cgz» with an even carbon number predomi-
nance. The samples present a predominance gk &t n- 3.4.2 Determination of VOC photo-oxidation products in
Ci6 that may reflect an enhanced primary microbial com- PM, and PM 5
ponent and a less pronounced variable maxima for carbon
number higher than 22. Alkanedioic acids were present inThe analysis of PM and PM s measured in aerosol sam-
the aerosol samples from the Hyjjt forest in a discontin-  ples from Hyytala were performed by two independent
uous series ranging from hexanedioic acid to docosanedioiagroups. Group one (Institutif Specktrochemie, Germany)
Nonanedioic was the most abundant constituent of this clasdetected and quantified a series of organic acids, which orig-
and it has been suggested to be formed by photo-oxidation ohated from terpenecf-pinene) oxidation. The results are
oleic and linoleic acids (Yokouchi and Ambe, 1986; Kawa- shown in Fig. 14. These acids, verified by commercially
mura and Gagosian, 1987; Stephanou and Stratigakis, 19933wvailable standards, were norpinic, pinic and pinonic acid.
which were also detected in the samples. Acids resultingSince their volatile precursors are of biogenic origin these
from the photo-oxidation of pinene were also present in theless volatile substances can be used as marker compounds
aerosol phase (Table 6). Resin acids were also detected. for the natural fraction of the tropospheric secondary or-
The compounds detected in the water-extract wereganic aerosol. The concentrations of these compounds were
polyhydroxy-, mono- and dicarboxylic acids, polyhydric mostly between 0.2 and 8 ngth (for pinonic acid: ~6.6
alcohols (polyols) and sugars. The most representativel0® and 2.6 1@ molecules cm3). The Gg-ketocarboxylic
individual compounds were malic acid, mannitol, ara- acid — pinonic acid — shows most times higher concentrations
bitol, glucose and sucrose. Levoglucosan (1,6-anhydro-Bthan the @-dicarboxylic acid — pinic acid. Norpinic acid —
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Table 6. Some organic compounds detected in the water-extract.

Compound name Formula Concentration Range (ng)m
Malic acid (Hydroxibutanedioic) 4HgOs 0.1-8.0
2-Hydroxiglutaric acid GHgOg 0.1-2.6

Arabitol CsH1505 1.4-241

Mannitol CsH1406 <0,5-88

Glucose GH1206 1.3-41

Sucrose G@oH22011 0.3-10

Table 7. Aerosol concentrations of terpene oxidation products.

Number of samples Minima Maxima Average

ngm3 ngm3 ngm3 molecules crm3

Pinic acid 16 2.0 21 5.6 1.8 10
Pinonic acid 16 5.2 14 8.1 2.710
Norpinic acid 16 n.g. 1.0 0.3 1.1 %0
Sabinic acid 16 0.7 41 1.9 5.090
Limonic and caric acid 16 1.7 62 10 1.310

n.g.: below limit of quantification

a Gg-dicarboxylic acid — is found at the lowest concentration and pinonic acid shows a good correlation, since both com-
levels, often below the detection limit. pounds are formed from the same precursor compound and
The results from group two (Max-Planck-Instituirf both ongmgte from identical degradation mechamsms..Fur—

. . . . thermore, it can be seen that the average concentration of
Chemie, Germany) are summarized in Table 7. Their mea-_.~ . S . - .
X - o pinonic acid is almost twice that of pinic acid.
sured average concentrations of pinic, pinonic and nor- Within th les f vl ianal b q
pinonic acid were almost identical to the values from group hi Ih 'md' etsgrtr;]p es from yf"a a ‘?'gn? Wf'f:ﬁ 0 selrve |
one (0.3 to 8.1ngm®). Furthermore, sabinic, caric and which indicated the presence of a molecule with a molecuiar

limonic acid were measured for the first time in ambi- M2SS of 232 g mot. Th|.s cqmpoundlwas also. obseryed n
ent aerosol samples with average concentrations of 1.9 an hromatog_rams from oxidation expgnment&qﬁmene with .

10 ng n 3, respectively. They were identified by comparison Ox done in the CEAM-laboratory in yalen0|a as well asin
with laboratory experiments. Sabinene, limonene and caren%amples from other laboratory experiments. Warscheld and
were reacted with ozone in a smog chamber and the parti- offm_ann (2002) Squ?StEd astructyre pased on_onllrfé MS
cles were collected. Sabinic acid could be quantified in theexperlments made during ozone oxidation experiments na
Hyytiala samples. However, caric and limonic acid coeluted>M°9Y chamber, as shown in F'g.' 16. The molecule contains
in the HPLC, so the concentrations stated are the sum of botf carboxyl and a per-ester function ‘f.jmd consequently can be
acids. Sabinic, limonic and caric acid were quantified usingsuF’posed to have a very low saturation vapour pressure.
pinic acid as a standard. Their concentrations exceeded thg5 Met | d sol diati
concentrations of pinic, pinonic and norpinic acid on several™ eleorology and solar radiation

days. This s_hows that th_ey have to be takeq |nt_o aCCOuml’he last point from the results presented in this publication
when assessing the contribution of terpene oxidation to sec-

. . gives an overview of the meteorological situation during the
ondary organic aerosol production. L . s )

campaign including the solar radiation. Figure 17 shows for

Correlation analysis was done to get an indication of theall events half-hour average values of relative humidity, short

source, biogenic or anthropogenic, of known and unknownwavelength irradiance (300-340 nm) and vertical wind vari-

compounds. The source can mean a source of primary emisnce, which is proportional to the amount of turbulent kinetic
sions, a source of the precursor substances and/or the mechenergy and indicates the strength of the mixing process. Ta-
nism of formation (e.g. oxidation by ozone). As an example,ble 8 contains characteristic values of these parameters for all
one correlation analysis is shown for pinic and pinonic aciddays of the campaign including temperature. In agreement
in Fig. 15. As can be expected the concentration of pinicwith the results presented by Boy and Kulmala (2002b) for
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Fig. 14. Acids of biogenic origin quantified in samples from
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Fig. 15. Concentration of pinic acid vs. pinonic acid in atmospheric

Fig. 17. Half hour average values of relative humidity, solar short
aerosol samples.

wavelength irradiance (300-340nm) and vertical wind variance.
The yellow area marks the periods when bursts of nucleation mode
particles were observed.
a one-year data analysis at Hyl#, Finland the relative hu-
midity is lower during periods of particle bursts or decreases
in front of the nucleation onset. The same result concerninghucleation start times are coinciding with the onset of vertical
the influence of water molecules was investigated by Bonn etvind variance and so the start of mixing different air masses
al. (2002) in laboratory experiments: ozonolysis of monoter-from the residual and the surface layer.
penes and especially of exocyclic monoterpernepifene In the end we will also include the temperature in our con-
and sabinene). siderations. Although the solar radiation reaches higher val-
According to Boy and Kulmala (2002a) we choose shortues during the first three days of August compared to the rest
wavelength irradiance (& measured with a radiospectrom- of the campaign the diurnal mean values of the temperature
eter as the determinant radiation factor in this analysis. Allespecially on the 1st and 2nd of August are about 5K lower
event days show roughly the same behaviour with the appeathan on the other days. Without analysing any weather maps
ance of the particle bursts aftef-E6 Wm=2. If we include  we can conclude that relatively clean and cold air from north-
in our consideration the time a new cluster needs to grow towvest passed over the station during this period (see Figs. 2,
the detectable size of 3nm (approximately 20 min with the6 and 10). According to Nilsson et al. (2001a) nucleation
growth rates from Table 2 — thin black line in Fig. 17) then in Hyytiala occurs in arctic and to some extent in polar air
the nucleation would start at all event days during the ascendmasses, with a preference for air in transition from marine
ing part of the irradiance curve. Furthermore these estimatetb continental air masses. The results from Nilsson et al.
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Table 8. Characteristic values from relative humidity, vertical wind variance, temperature and short wavelength irradiance (300-340 nm).

Date RH (%) Vert. wind variance (nT$)  Irradiance (W nT2)  Temp. €C)
Mean Min. Mean Max. Mean Max. Mean Max.
1 Aug. 55.3 483 1.01 1.24 5.0 9.3 13.4 14.7
2 Aug. 486 38.8 0.97 1.23 5.0 9.4 11.8 137
3 Aug. 44.8 33.3 0.84 1.11 5.9 9.2 14.7 18.0
4 Aug. 619 48.1 0.95 1.37 3.8 7.6 154 17.6
5 Aug. 77.5 540 0.64 1.00 4.1 8.6 17.9 20.8
6 Aug. 76.1 569 0.50 0.83 3.2 75 155 17.8
7 Aug. 61.1 454 0.64 0.90 4.2 8.1 16.6 18.8
8 Aug. 57.8 439 0.73 1.01 4.9 8.7 169 19.1
9 Aug. 73.0 52.7 0.78 1.03 31 7.0 17.3 204
10Aug. 589 448 0.88 1.19 4.7 8.8 17.3 19.1
11 Aug. 816 56.3 0.49 0.79 2.2 6.9 13.8 17.8
12 Aug. 75.8 60.9 0.60 0.85 3.2 7.8 14.3 16.2
13 Aug. 76.8 58.3 0.56 0.89 3.3 8.0 15.2 17.9
14 Aug. 63.8 522 0.59 0.90 4.8 8.1 158 185
15Aug. 62.7 48.2 0.65 0.86 4.8 7.8 194 224
16 Aug. 73.0 479 0.75 1.07 3.9 7.9 19.9 24.0
established during BIOFOR campaign in H@é, Finland The analysis of precursor measurements, from Sect. 3.2

agree completely with the first three events. However theshowed an opposite trend for the sum of terpenes from
other event days show different meteorological situations. the number concentration of the nucleation mode particles.
However, the high variation in the temporal coverage and the
large scattering of the measurements during single days limit
final conclusions. Nevertheless, a direct correlation between
4 Summary and conclusions the concentration of monoterpenes and the ongoing of nucle-
ation can be excluded. The same result is valid for the con-

The main results of the OSOA field campaign are describedentrations of the carboxylic_acids, the photo-oxid:_ﬂion prod-
in Sect. 3. Obviously two different kinds of meteorological UCtS from monoterpenes with the lowest saturation vapour
situations appeared during this period. In the beginning ofPreSsures (Sects. 3.2.3 and 3.3). In this case, the highest
August (1 to 3) clean cold air masses — nucleation favouringconcentratlons of formic and acetic acids were measured be-
conditions — from northwest passed over the station (low val-Ween 4 and 13 August, excluding the three clear event days
ues of NQ, SO, and CS). During these days clear particle " the beginning of August. Further, the sum of gas- and
formation events with number concentrations between 6od?article-phase concentrations of nor-pinonic or pinonic acids
and 1200 particles cn? for nucleation mode particles (3— Measured during the first eight days in August leads to the
10 nm) were observed. Later in August the dominating windS2M€ result. Summaqsmg thl§ paragraph brlngg the conclu-
sector was south to east and the above mentioned parametéti@n: that at least during the time of the campaign the con-
increased clearly. Still we observed three days with indica-CeNtrations of the supposed precursors and the condensing
tions of particle bursts during this period. However, 14 Au- SPECies aren'tlimiting factors for the formation of new parti-
gust is difficult to declare: event or pollution. All parameters C1€S in Hyytala, Finland. This fact s also supported by com-
calculated in Sect. 3.1.2 (growth rate, vapour concentrationPa/ing the calculated vapour concentrations of the condens-
vapour source and formation rate) are 4 to 5 times higher thaf'9 SPecies from Sect. 3.1.2 with the measurements. For the
during other event days and a clear peak inyNf@tween first five events we calculated necessary concentrations for
- : 3
the formation start and end was measured. Furthermore, thif1e condensing species betvyeen 8-15 thOIeguIeg cm
particle number concentrations of nucleation mode particle@nd the measured concentration of e.g. pinonic acid was dur-
and total particle number (3-500 nm) show the same ascer|f9, the first 3 evgnt days below detection limit up to 3.6
with a peak at 1.15p.m. of 1250 and 11 000 particledm 10° molecules cm®. However, the measured values are re-
respectively. These results point more to the conclusion, thaBults of 12-h-sampling periods and we know that the reaction
polluted air masses probably from the station building or the®f OH radicals with monoterpenes is one important produc-

town of Tampere were transported over the measuring site OH’on- path way for the carbo>.<ylic acids. So Fhe concentrgtions
this day. of single diacid or mono-acid molecules will be much higher
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around noon than the 12-h average values. Including all car- One question still not answered concerning the formation
boxylic acids in our considerations gives the conclusion thatof SOA is: “Where in the PBL are the particles formed?” The
their concentrations would be high enough to fulfil the role analysis of particle flux measurements indicates that during
of the condensing species on the thermodynamically stablall formation events the dominating fluxes were downward.
clusters during the time of particle bursts. However, high uncertainties in this data set as mentioned in
The chemical analyses, discussed in Sects. 3.3 and 3.8ect. 3.1.4 and zero or even small upward fluxes during some
of PM; to PMyg particles done by four institutes indepen- event days prevent direct conclusions. Furthermore the ver-
dently with different sampling and analytical methods andtical profiles of monoterpene concentrations showed as ex-
the results of the HTDMA and OTDMA measurements from pected for gases with only ground-sources the highest values
Sect. 3.1.3 gave the following results: in the surface layer and the vertical profiles of aerosols in
the PBL give some indications that the formation of newly
— the fraction of secondary organic carbon reaches 19% ormed particles is homogenous in the PBL (see Sect. 3.1.5).
of the particle material on average with maxima during Summarizing, the question could not be answered in the
daytimes, which obviously indicates local or regional frame of this project. However, we can assume that the par-
formation of secondary organic aerosols; ticles are formed throughout PBL and different parameters
such as temperature, humidity, solar irradiance and concen-
— the concentrations of the identified carboxylic acids tration of different gases like monoterpenes ;$®OH with
(formic, acetic, pinonic, pinic, norpinic, sabinic, varying vertical profiles shift the maxima of the particle for-
limonic and caric acids) reached values of up to mation rate to different height levels. To gain detailed infor-
62ngnT3; mation about this mechanism we would need vertical profiles
of aerosols throughout the day with size and number distri-

Fhe_fom*nc to aceug ratio varied fr.om 104 to 1.43, thus butions and simultaneous measurements of concentrations of
indicating predominance of formic acid in the forested different gas species

area of Hyytala. Formic acid is the main product of iso-
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number higher than 3 indicates a major incorporation of

recent biological constituents into the aerosol sample; Edited by: U. Baltensperger

— the average growth factors in ethanol vapour and in wa-
ter vapour for 100 nm particles show a diurnal variation

with maxima during daytime; Aalto, P., Hameri, K., Becker, E., Weber, R., Salm, J.Akék,

. . . J., Hoell, C., O’'Dowd, C. D., Karlsson, H., Hansson, H.-C.,
— the ratio of 50 and 100 nm particles in ethanol and wa- ;308 M. Koponen, I., Buzoius, G., and Kulmala, M.: Physi-

ter vapours £1.05 and~0.85, respectively) during the cal chracterization of aerosol particles during nucleation events,
three clear events in the beginning of August indicate Tellus, 35B, 344—358, 2001.
that the smaller particles contain a somewhat higherAbas, M. R. B. and Simoneit, B. R. T.: Composition of extractable
fraction of organic materials and a somewhat lower frac-  organic matter of air particles from Malaysia: initial study, At-
tion of inorganic salts. mos. Environ., 15, 2779-2793, 1996.
Alves, C., Carvalho, A., and Pio, C.: Mass balance of organic car-
Summarising these points we recognise a clear contribution bon fractions in atmospheric aerosols, J. Geophys. Res., 107,
of organic matter originating from the oxidation of terpenes (D21), 8345_8354’ 2002. »
from the local biosphere to the sampled aerosols. However.VeS: C. Pio, C., and Duarte, A.: Composition of extractable or-

ey . ganic matter of air particles from rural and urban Portuguese ar-
the fact that current state-of-the-art techniques are not able eas, Atmos. Environ.. 35, 5485-5496. 2001.

to analyse nucleation mode particles separately still leavegi i W. Berresheim. H. Plassibmer. C.. Elste. T. Gilge

a lack of information about the composition of these newly g \yiedensohler, A., and Uhrner, U.: The Hohenpeissenberg
formed particles and to what extent the species with the aerosol formation experiment (HAFEX): a long-term study in-
lowest volatility (dicarboxylic acids) are responsible for the  cluding size-resolved aerosol,,804, OH and monoterpenes
growth of the newly formed clusters. measurements, Atmos. Chem. Phys., 3, 361-378, 2003.
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