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Abstract

Size-segregated aerosol samples were collected during the QUEST field campaign at
Hyytiälä, a boreal forest site in Southern Finland, during spring 2003. Aerosol samples
were selectively collected during both particle formation events and periods in which
no particle formation occurred.5

A comprehensive characterisation of the aerosol chemical properties (water-soluble
inorganic and organic fraction) and an analysis of the relevant meteorological param-
eters revealed how aerosol chemistry and meteorology combine to determine a favor-
able “environment” for new particle formation. The results indicated that all events,
typically favored during northerly air mass advection, were background aerosols (to-10

tal mass concentrations range between 1.97 and 4.31µg m−3), with an increasingly
pronounced marine character as the northerly air flow arrived progressively from the
west and, in contrast, with a moderate SO2-pollution influence as the air arrived from
more easterly directions. Conversely, the non-event aerosol, transported from the
south, exhibited the chemical features of European continental sites, with a marked15

increase in the concentrations of all major anthropogenic aerosol constituents. The
higher non-event mass concentration (total mass concentrations range between 6.88
and 16.30µg m−3) and, thus, a larger surface area, tended to suppress new particle
formation, more efficiently depleting potential gaseous precursors for nucleation. The
analysis of water-soluble organic compounds showed that clean nucleation episodes20

were dominated by aliphatic biogenic species, while non-events were characterised by
a large abundance of anthropogenic oxygenated species. Interestingly, a significant
content of α-pinene photo-oxidation products was observed in the events aerosol, ac-
counting for, on average, 72% of their WSOC; while only moderate amounts of these
species were found in the non-event aerosol. If the organic vapors condensing onto25

accumulation mode particles are responsible also for the growth of newly formed ther-
modynamically stable clusters, our finding allows one to postulate that, at the site,
α-pinene photo-oxidation products (and probably also photo-oxidation products from
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other terpenes) are the most likely species to contribute to the growth of nanometer-
sized particles.

1. Introduction

The formation of new aerosol particles in the atmosphere and their growth to CCN size
have received considerable attention over recent years. Nucleation appears to be a5

frequent phenomenon in the continental boundary layer; and evidence of new particle
formation has been reported for a variety of environments (Kulmala et al., 2004), in-
cluding, for example, the Arctic and Antarctic regions (e.g. Wiedensohler et al., 1996),
coastal areas of the North Atlantic (O’Dowd et al., 1998), the rural United Kingdom
(Coe et al., 2002) and the industrialized agricultural regions of Germany and Italy (Bir-10

mili and Wiedensohler, 2000; Laaksoonen et al., 2005). Starting from 1996, aerosol
formation and growth events have been observed also over the boreal forest of Finland
(e.g. Mäkelä et al., 1997), typically occurring at daytime during cold Arctic and Polar air
outbreaks (Nilsson et al., 2001). From previous measurements at the site, ternary nu-
cleation (water-sulfuric acid-ammonia) has been hypothesized as the initial step in the15

particle formation mechanism (Kulmala et al., 2000), while low volatile photo-oxidation
products from biogenic compounds emitted by trees have been postulated as being
responsible for the subsequent growth, to observable sizes, of the particles in this en-
vironment (Kulmala et al., 2003). Past experimental efforts have aimed to investigate
the chemical composition of aerosol particles during nucleation episodes, and sub-20

sequently to compare it to that observed in no nucleation conditions (Mäkelä et al.,
2001). However, only small and rather inconclusive differences were detected, leaving
unresolved questions on many chemical aspects of the phenomenon.

As part of the EC-project QUEST (Quantification of Aerosol Nucleation in the Euro-
pean Boundary Layer), the boreal forest of Finland has provided the focus for a new25

dedicated nucleation field experiment with the objective of refining our knowledge of
the chemical and physical processes involved in the nucleation mechanism, and com-
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pleting the picture of the conditions promoting particle formation.
In this study, we illustrate the size-dependent chemical composition of aerosol par-

ticles for nucleation and growth events and non-events, occurring during the intensive
QUEST campaign, relating the chemical properties observed to the different origins
and characters of the air masses advected to the measurement site. This analysis at-5

tempts to reveal the links between aerosol chemistry and meteorology in determining
a favorable “environment” for atmospheric nucleation. In addition, the authors attempt
to provide tentative indications as to the nature of the chemical species potentially in-
volved in the growth of nucleated particles.

2. Experimental set up10

Measurements were carried out at the SMEAR II station (Station for Measuring For-
est Ecosystem-Atmosphere Relation) located at Hyytiälä, Southern Finland (61◦51′ N,
24◦17′ E, 181 m above sea level). The station represents a boreal coniferous forest
dominated by Scots pine (Pinus sylvestris L.) with some Norway spruce (Picea abies)
and birch (Betula sp.). A more detailed description of the site is given by Kulmala et15

al. (2001). The measurements were performed during the early spring (17 March–
13 April) 2003. A special sampling strategy was designed to derive a complete size-
segregated chemical characterisation of aerosol particles, during both particle forma-
tion events and periods in which no particle formation occurred. The aerosol samplers
were employed, some for the event sampling and some for the non-event sampling.20

They were run alternately, driven by DMPS measurements. As result of this strategy,
separate samples, four “event” and four “non-event” samples, were obtained during the
one-month intensive campaign, each integrated over several hours on seven days. The
relatively long period of deployment of each sample was required in order to reach a
sufficient aerosol load for reliable chemical analyses, especially in such remote forested25

areas. Thus, the sampling strategy adopted partially penalized the resolution in time in
favor of a comprehensive chemical characterization.
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Size-segregated aerosol samples were collected using Berner low-pressure im-
pactors (flow rate 4.84 m3 h−1), and particles were classified into five size fractions
according to the following equivalent aerodynamic cut-off diameters at 50% efficiency:
0.05; 0.14; 0.42; 1.2; 3.5; 10µm. In parallel, total aerosol samples were collected on
quartz fiber filters using a high-volume sampler (flow rate 100 m3 h−1).5

Since the different analytical techniques employed are not compatible with any indi-
vidual substrate, the impactor plate sampling substrate consisted of half a Tedlar foil on
top of an aluminum foil; the combination of the two different sampling substrates allows
for the derivation of a full description of the aerosol composition. On the (half) alu-
minum substrate, total aerosol mass was measured by weighing the substrate, before10

and after sampling, using a microbalance (Mettler Toledo MX/UMT2) in a controlled-
environment chamber maintained at a temperature of 23±1◦C and a relative humidity
of 26±2%. A U ionizer was used to minimize weighing errors induced by electrostatic
charge. The overall uncertainty of the aerosol mass concentration was calculated in-
cluding (1) weighing precision, ±2µg; (2) blank variability ±3.88µg (n=8) and (3) un-15

certainty in the sampled air volume, ±3%.
On the (half) tedlar substrate, the whole water-soluble aerosol material was anal-

ysed. In particular, the concentration of inorganic ions was determined by ion chro-
matography and water-soluble organic carbon (WSOC) content by TOC liquid anal-
yser. The random uncertainty for each aerosol component and each size range was20

computed using the procedure of error propagation described by Putaud et al. (2000).
For correlated parameters, absolute uncertainties were conservatively added. The rel-
ative random uncertainties of the mean aerosol component concentrations for each
impactor stage were obtained, including (1) uncertainty in the sampled air volume,
±3%; (2) precision of the extraction water volume, ±0.04 mL; (3) uncertainties in ion25

chromatography and WSOC measurements, ±5%; (4) uncertainties in the molecu-
lar mass to carbon ratios for carbonaceous species, and (5) blank variability, ±19.37,
±7.19, ±12.34, ±71.06, ±48.60, and ±124.64µg L−1 for Na+, NH+

4 , Cl−, NO−
3 , SO2−

4 ,
and WSOC, respectively.
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In order to include the carbonaceous species in the aerosol mass budget, an average
molecular mass to carbon mass ratio of 1.8, was adopted for WSOC, based on the
speciation of WSOC performed on the samples (see Sect. 3.3).

Quartz filters were entirely devoted to the characterisation of the water-soluble or-
ganic compounds by adopting the procedure proposed by Decesari et al. (2000). Em-5

ploying this procedure, the WSOC mixture was separated by ion exchange chromatog-
raphy into three main classes of compounds: a) neutral compounds; b) mono- and
di-carboxylic acids; c) polycarboxylic acids, and a functional group analysis was per-
formed by Proton Nuclear Magnetic Resonance (H-NMR).

3. Results and discussion10

3.1. Overview of meteorology and new particle formation activity during the intensive
campaign

The air mass analysis was performed using back-trajectories which were calculated,
throughout the experiment, using a long-range transport model SILAM (Sofiev and
Siljamo, 2003), maintained by the Finnish Meteorological Institute. The air parcel back-15

trajectories arriving at Hyytiälä on the 925 hPa pressure levels were calculated typically
96 h backwards in time in 6-h intervals. Furthermore, meteorological parameters (wind
direction, global radiation, precipitation indicator) and trace gases, continuously moni-
tored at the station, were evaluated during the periods of activated event and non-event
sampling. The prevailing wind directions, calculated as a percentage of total time by20

sector at the field station above the tree-top level (16.8 m), are displayed in Fig. 1. Al-
though the period of deployment of each sample was relatively long (i.e. seven days),
the wind roses in Fig. 1 show that the conditions experienced during the individual
event and non-event samples were relatively homogenous and each sample could be
reasonably associated to a definite major prevailing wind sector.25

The intensive field campaign was characterized by a high number of days with a de-
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tectable new particle formation, and only a few days with no significant nucleation activ-
ity. Among the particle formation days, a further differentiation could be made between
days on which the nucleation mode was easily distinguishable until it had grown to the
Aitken size mode, and days on which the particle growth was less distinct or not suffi-
ciently long. In agreement with previous observations (Nilsson et al., 2001) at this site,5

the prevailing wind sector and air trajectory analyses indicated that new particle forma-
tion events were typically favored during northerly advection. In particular, nucleation
events appeared to be more frequent and intense in air masses from the north-to-west
sector (e170303 and e240303). Such air masses, of a primarily Arctic/Polar origin,
had traveled over the ocean and briefly over Scandinavian regions before reaching the10

measurement station. The advection of Arctic/Polar air masses from more easterly di-
rections, i.e. after passing over parts of northwest Russia, (e070403) seemed, instead,
to weaken slightly the nucleation activity. By contrast, southern transport including
important advection over either Northern Great Britain and Denmark (n−e170303 and
n−e240303) or over the east-central European latitudes (n−e07403) tended to prevent15

new particle formation (Fig. 1). The week 31 March–6 April 2003, only apparently, rep-
resents an exception to this tendency. A careful analysis of the backward trajectories
arriving at Hyytiälä during this week clarified the puzzling southerly wind directions de-
tected for the event sample and the northerly ones for the non-event sample. The entire
week was dominated by air mass advection from the Arctic/Polar region: in particular,20

during some event days, the northerly air masses slightly bypassed the measurement
site and reached it later from a southerly direction; conversely, during the only non-
event day, the trajectories evolved progressively in larger loops and finally came in
from the north.

3.2. Mass concentration and size-segregated chemical composition25

Table 1 reports the total aerosol mass concentrations obtained by adding the
gravimetric-measured mass of the five impactor stages; the corresponding submicron
(Dae<1.2µm) and supermicron (Dae>1.2µm) values for all aerosol samples are also
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indicated. The total mass concentrations for all event samples are extremely low, rang-
ing between 1.97 and 4.31µg m−3. The submicron concentration shows rather similar
values for the three events – e170303, e240303 and e310303 – when advection oc-
curred mainly within the north-to-west sector, on average 1.40±0.14µg m−3; while a
higher value is found for e070403 when air flows from the northeast may have trans-5

ported to the measurement site polluted air from the Kola Peninsula, in Russia (Ru-
uskanen et al., 2003). A particularly pronounced supermicron mode, is measured for
e240303, indicating the prevalently maritime nature of the aerosol. The total mass
concentrations for the non-event samples are shifted towards relatively higher values,
between 6.88 and 16.30µg m−3, the highest submicron mass concentrations being ob-10

served when the air masses arrive from southwest directions. In general, all non-event
samples exhibit, compared to the corresponding event samples of the same week, a
more pronounced submicron mode, while a significant increase in the supermicron
mode is limited to southwesterly air masses. Only a small difference is observed be-
tween the total mass concentration of n−e310303, 4.08±0.29, and that of the corre-15

sponding event, 2.51±0.16: the n−e310403 collects, however, the only non-event day
in that week. On this day, despite the favorable Arctic/Polar air masses and the limited
pre-existing aerosol load, low values of global radiation and precipitations prevented
aerosol formation through the reduced photochemistry and wet scavenging of precur-
sor gases.20

After a combined evaluation, on a weekly basis, of the meteorological parameters,
trajectories, nucleation activity, and chemical compositions, two events and corre-
sponding non-events were selected as significant case studies: e240303, n−e240303
and e070403, n−e070403. Referring each to air mass advection from a different 90◦-
wind sector, the four selected samples together provide a good overview of the various25

conditions encountered during the campaign (Fig. 1).
Figure 2 shows the size-segregated aerosol composition for the four selected sam-

ples. The height of each bar represents the gravimetrically measured mass. The
component labelled “unaccounted” is the difference between the weighed mass and
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the sum of analysed aerosol chemical components. Figure 2 also illustrates the per-
centage contribution of the aerosol constituents to the submicron aerosol mass.

The size-distributions and concentrations of the analysed species for e240303 are
typical of a marine aerosol following the north-westerly flow, bringing a maritime Arc-
tic/Polar air mass to the sampling station. Na+ together with the other sea-salt ions,5

Cl−, Mg2+, Ca2+ and K+, are associated in a pronounced mode at supermicron size;
the NO−

3 contributes 0.18±0.01µg m−3 to the supermicron mode, partitioning itself in
favor of the more alkaline coarse particles, as typically occurs in marine aerosol. The
nss-SO2−

4 submicron concentration of 0.27±0.01µg m−3 is in agreement with previ-
ous observations in forested sites under the influence of clean marine air masses af-10

ter a passage of a frontal system (Kavouras et al., 1998; Shantz et al., 2004). The
bulk WSOC concentration is 0.42±0.04µg m−3. Both nss-SO2−

4 and WSOC concen-
trations are comparable to the values recently observed in clean marine aerosol over
the North Atlantic (Cavalli et al., 2004), supporting the background marine nature of this
event aerosol. During the same week, non-event aerosol carried much of its original15

maritime character, following the persistent advection of mainly westerly air masses.
However, advection over Northern Great Britain and Denmark (southerly components)
results in a clear change of chemical characteristics. The non-event submicron mass
concentrations of nss-SO2−

4 , NH+
4 and WSOC are now significantly larger, amount-

ing to 2.32±0.12µg m−3, 2.07±0.10µg m−3 and 1.78±0.12µg m−3, respectively. NO−
320

shows a broader size distribution with a total mass concentration of 4.10±0.16µg m−3,
the highest one measured during the experiment. NO−

3 is, therefore, the main indi-
vidual component, contributing 26% to the total aerosol mass. Similarly, during the
7–13 April 2003 week, two well-distinguished situations (event and non-event sam-
ples) are found. The e070403 offers an example of air masses from the northeast,25

with aerosol having a slightly modified Polar behavior. The supermicron mode com-
prises sea-salt and the associated NO−

3 with a supermicron mass concentration of

0.12±0.01µg m−3, confirming the maritime polar nature of the aerosol. By contrast,
the submicron mode is mainly composed of nss-SO2−

4 with a relatively high mass con-
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centration of 1.11±0.05µg m−3, in accordance with the route over the polluted Kola
Peninsula and northwest Russia. The remaining species, NH+

4 and WSOC, contribute
0.21±0.01µg m−3 and 0.425±0.05µg m−3, respectively to the submicron mode.

In the same week, the non-event days occurred as air masses, originating over the
east-central European latitudes, reached the measuring site following an east to south-5

east direction. The change in the air mass origin is clearly reflected by the variation
in the aerosol chemical properties, and, especially, in the increase of the submicron
concentration of the anthropogenic nss-SO2−

4 , 2.58±0.12µg m−3, alone accounting for
42% of the total submicron mass. The NH4+ and WSOC also contribute to the sub-
micron mode with concentrations of 1.24±0.05µg m−3 and 1.19±0.11µg m−3, respec-10

tively. Interestingly, no major changes occurred over the entire size range in the mass
concentration of NO−

3 which remained at the low level of 0.11±0.1µg m−3.
As shown in Fig. 2, the “unaccounted” category represents a significant fraction of

the submicron aerosol for both e240303 and e070403 events, whereas its contribution
drops considerably for the corresponding non-events. Aerosol species not determined15

in this study, such as water-insoluble carbon, black carbon and soil-derived insoluble
material can account for the mass discrepancy observed. Water-insoluble species
appear, therefore, to contribute more significantly to the event aerosol.

The experimental evidence clearly indicates that new particle formation is preferen-
tially connected to the clean conditions of northerly Arctic/Polar air masses: all events20

are background aerosols, with a marine character (Na+ content in the coarse par-
ticles) that becomes more pronounced as the northerly air flow increasingly arrives
from the west and, by contrast, with a moderate SO2-pollution influence as the air
arrives from more easterly directions. The non-event aerosol loses the natural char-
acter exhibited by the event one and acquires, instead, chemical features resembling25

those of European continental sites, with a marked increase in concentration of all
major anthropogenic aerosol constituents. The chemical data, both trace gases and
aerosol species concentrations, reflect distinct source strengths for the two non-events
described above. One, n−e240303, shows pollution features typical of the western
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central European countries where the high traffic density accounts for stronger NOx
emissions and, consequently, higher concentrations of NO−

3 which comprises the most
abundant total aerosol mass fraction. The other, n−e070403, is typical of eastern
European regions where, as a consequence of domestic coal heating and coal-fired
power plant emissions, the gaseous levels of SO2 are at high values, 0.7 ppb, and the5

nss-SO2−
4 represents the main individual submicron aerosol component.

In general, the non-event aerosol chemical characteristics can explain the suppres-
sion of new particle formation: the higher mass concentrations and, thus, the larger
surface area of the pre-existing non-event aerosols, act as a more effective condensa-
tional sink depleting the potential gaseous precursors for new particle production.10

3.3. Water-soluble organic compound analysis

Analysis of organic functional groups was performed by H-NMR on the total aerosol
samples, for events and non-events, collected during the campaign. The H-NMR spec-
tra are characterised by several sharp resonances from individual compounds superim-
posed on a strong background signal from unresolved complex mixtures of substances.15

The background signals are distributed among a few main broad bands, which can be
attributed to the following categories of functional groups on the basis of the intervals of
chemical shift (δH ): alkylic moieties (H-C, δH : 0.9–1.9 ppm); aliphatic CH groups bound
to an unsaturated carbon (H-C-C=, δH : 1.9–3.2 ppm); hydroxyl groups and ethers (H-
C-O, δH : 3.2–4.2 ppm), aromatic rings (H-Ar, 6.5–8.5 ppm). Weak broad signals from20

aldehydes (H-C=O) are occasionally observed between 9.5 and 10.5 ppm. Although
they account, on average, for less than 1% of the total integral of the spectra, their oc-
currence is remarkable, as they were never observed in atmospheric aerosol samples
under H-NMR analysis (Decesari et al., 2000, 2001; McFiggans et al., 20051).

1McFiggans, G., Topping, D. O., Cubison, M. J., Allan, J. D., Coe, H., Bower, K. N., Emblico,
L., Decesari, S., Facchini, M. C.: Aerosol composition – hygroscopicity closure using ADDEM, a
multicomponent thermodynamic model including the effects of curvature, Atmos. Chem. Phys.
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Figure 3 reports as an example the H-NMR spectra of two aerosol samples, one
event and one non-event sample, with significantly different air mass history.

Sharp resonances are very prominent in the spectrum of e170303, collected un-
der the clean air mass advections from N-NW sectors, which does not resemble any
of the H-NMR spectra have collected so far (Decesari et al., 2000, 2001; McFiggans5

et al., 20051). The intense singlets at 0.85, 1.32 and 2.13 ppm of chemical shift and
some less intense multiplets in the e170303 spectrum are attributed to pinonic acid
on the basis of a comparison with the spectrum of the pure compound. Weaker sig-
nals from pinic acid at 0.94 ppm are also identified. Pinonic acid and pinic acid are
only a fraction of the low volatile photo-oxidation products of α-pinene detected in the10

particle phase (Kavouras et al., 1998, and references therein). As confirmation, Fig. 4
reports the H-NMR spectrum of secondary organic aerosols (SOA) generated from the
photo-oxidation of α-pinene, in smog chamber experiments. The experiments were
performed in a 480 L reaction chamber, equipped with on-line FT-IR (Fourier Trans-
formed Infrared Spectroscopy) and a DMA (differential mobility analyzer) to follow the15

reaction. [5 to 10 ppmV of α-pinene was mixed with 5 to 11 ppmV of methyl nitrite,
CH3ONO, and 2.5 to 5 ppmV of NO. Then UV-light was switched on (λ≥300 nm) to pro-
duce OH radicals and thereby initiate the photo-oxidation of α-pinene and the produc-
tion of organic aerosols were observed. These aerosols were then collected on Teflon
filters (Teflon filter without support, type=LS, “pore size=5µm”, diameter=47 mm, the20

filters were washed with Milli-Q water and dried in a clean chamber before use, cal-
culated volume from the DMA ∼150µg). The filters were then stored below 5 degree
Celsius before analysis. For more details about the set-up and handling of the reaction
chamber see Ballesteros et al., 2002].

A comparison between the two spectra reveals that α-pinene oxidation products may25

account for most of the spectral features of the event aerosol observed between 0.9
and 2.3 ppm of chemical shift, with respect to both sharp resonances and background
signals. A strong resonance, absent in the laboratory-generated SOA spectrum, arises

Discuss., to be sumitted, 2005.
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from two overlapping peaks at 1.57 and 1.59 ppm of chemical shift. Its occurrence
at high intensity particularly under clean northerly flows allows the attribution of the
signal to an unidentified biogenic compound present in concentrations comparable to
that of pinonic acid, or even higher. Other terpenes, such as ∆3-carene, β-pinene
and camphene, are, in fact, known to be emitted in a conifer forested atmosphere5

(Spanke et al., 2001). It is, therefore, conceivable that biogenic compounds account
for a significant portion of aerosol WSOC in the sample in question.

Furthermore, a minor fraction of the background signals in e170303, especially those
resulting from aromatic and more oxidised groups – which cannot be reconciled with
the composition of α-pinene photo-oxidation products – may be due to anthropogenic10

compounds from local pollution sources.
The background signal is, by contrast, dominant in the spectrum of n−e07403, col-

lected under south easterly polluted flows, which exhibits a marked similarity to those of
water soluble organic compounds from European continental environments (Decesari
et al., 2001; McFiggans et al., 20051). Peaks at 0.85 and at 1.57–1.59 ppm indicate,15

however, that biogenic species, although in relatively low concentrations, are found
also under anthropogencally modified conditions.

In general, on the basis of the H-NMR spectra patterns, the collected samples could
be classified into three cases (Table 2): a clean case when biogenic/natural sharp
signals (e.g. Fig. 3, e170303) dominate the spectrum; a modified case when broad20

anthropogenic pollution features (e.g. Fig. 3, n−e07403) prevail and, finally, an inter-
mediate, slightly modified case when the two components are equally combined. As
shown in Table 2, the analysis on WSOC composition further corroborates the evidence
that clean conditions result to be mainly associated to nucleation events (i.e. e170303,
e240303, e310303 and n−e310303. Note that for n−e310303, reduced photochem-25

istry and wet-scavenging suppressed particle formation), while polluted conditions pre-
vent them (i.e. n−e240303 and n−e07403). Under low pollution levels, other factors,
like precipitation and cloudiness, appear to be crucial in determining the formation of
new aerosol particles (i.e. n−e170303 and e07403).
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In Table 2, the three cases are quantitatively described in terms of the total mass con-
centrations (from impactor data), average WSOC concentrations (filter data), µmol/m3

of non-exchangeable organic H determined as the total integrals of the H-NMR spec-
tra, and H-NMR compositions (see also Fig. 5). Differences in background signals are
mainly observed with respect to the complex structure of bands in the interval 1.8–5

3.4 ppm, arising from aliphatic groups bound to an unsaturated carbon (H-C-C=). The
percentage concentrations of those hydrogen atoms are provided for three sub-ranges
of chemical shift: 1.8–2.5, 2.5–3.2, and 3.2–3.4 ppm. The higher content of H-C-C=
groups in the chemical shift interval of 2.5–3.2 ppm in modified cases as compared to
clean ones, indicate the larger amount of fairly oxidised structures, containing unsatu-10

rated carbon atoms separated by very short aliphatic chains, such as in succinic acid
(δH∼2.65) in polluted air masses. By contrast, a larger abundance of aliphatic struc-
tures, H-C, characterises the cleaner cases, together with a higher content of hydrogen
atoms detected as individual peaks from biogenic species, as α-pinene photo-oxidation
products, MSA and other biogenic species.15

If we assume that the laboratory percentage yields of the individual aerosol products
from α-pinene photo-oxidation (Fig. 4) remain unchanged in ambient air conditions, the
overall contribution of α-pinene photo-oxidation products to the WSOC in the Hyytalia
samples can be estimated by normalising the various H-NMR signals to that of the
methylic hydrogen atoms of pinonic acid at 0.85 ppm. The resulting organic fraction20

attributable to oxidation products of α-pinene spans from 72% in samples collected
under clean (events) and moderately polluted conditions, down to 32% in samples of
aerosol in more polluted air masses (non-event).

Another insight into the composition of Hyytiala WSOC is provided by the fractiona-
tion of the sample water extracts into neutral compounds (NC), mono/di-acids (MDA)25

and polyacids (PA) (see Sect. 2). Figure 6 shows the average concentrations of NC,
MDA, PA and unrecovered WSOC for the three cases, clean, slightly modified and
modified. The concentrations of three broad classes of WSOC are generally corre-
lated with those of total water-soluble carbon, revealing higher values during the most
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polluted conditions. Water-soluble organic carbon, not accounted for by HPLC anal-
ysis (i.e. unrecovered WSOC) ranges from 4% to 17%, on average. Mono/di-acids
are the most abundant class of WSOC in all cases. Neutral compounds appeared
to be almost as concentrated as MDA when the air masses advected to the site were
clean or only slightly polluted (33%); under these conditions, polyacids (PA) account for5

21–24% of WSOC. This percentage increased up to 35% in the more polluted cases,
whereas the contribution of NC decreased to 24%. The high relative concentrations
of PA and the low contribution of NC encountered when air masses transported to the
site pollution from Central Europe are characteristic of anthropogenic WSOC from fos-
sil fuel combustion, with little contribution from biomass burning (Decesari et al., 2001).10

Conversely, aerosol WSOC in pristine air masses exhibits low PA concentrations asso-
ciated with a relatively high contribution of NC and MDA (Cavalli et al., 2004).

4. Conclusions

Size-dependent chemical composition of aerosol particles for nucleation and growth
events and non-events, occurring during the intensive QUEST campaign at Hyytiälä,15

Southern Finland, highlighted the links between air masses, chemistry and new aerosol
particle formation.

Prevailing wind sector and air trajectory analyses, limited to the activated sam-
pling periods, indicate that new particle formation events are typically favored during
northerly air mass advection, more markedly so when it occurs from the north-to-west20

sector than from the north-to-east one, while new particles never form in air masses
from southerly directions. The data obtained on the chemical composition show that all
events are background aerosols (total mass concentrations range between 1.97 and
4.31µg m−3) with an increasingly marine character (Na+ content in the coarse parti-
cles) as the northerly air flow are progressively from the west and, in contrast, with a25

moderate SO2-pollution influence as the air arrives from more easterly directions. The
non-event aerosol loses the natural character and acquires, instead, chemical features
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resembling those of European continental sites, with a marked increase in the concen-
trations of all major anthropogenic aerosol constituents. The analysis on WSOC com-
position further corroborates the evidence that clean conditions, dominated by aliphatic
biogenic species, favour nucleation episodes, while polluted conditions with a large
abundance of anthropogenic oxygenated species prevent them. Under low pollution5

levels, other factors, like precipitation and cloudiness, appear to be crucial in regulating
the formation of new aerosol particles. In general, the non-event aerosol characteris-
tics can well account for the suppression of new particle formation; the higher mass
concentrations and, thus, a larger surface area of the pre-existing non-event aerosols,
act as a more effective condensational sink depleting the potential gaseous precursors10

for new particle production. The large variations in the aerosol chemical composition
found between events and non-event episodes reveal how meteorological and chemical
factors combine to determine the favorable “environment” for atmospheric nucleation
of new aerosol particles. Further efforts should now be made to understand whether,
as well as mass concentration, the chemical composition of pre-existing aerosol may15

also constitute a limiting factor for particle formation.
Furthermore, a large abundance of α-pinene photo-oxidation products has been ob-

served in the events aerosol, accounting for, on average, 72% of their WSOC content;
while only moderate amounts of these products are found in the non-event aerosol.
The AMS measurements (Allen et al., 2005) performed during nucleation episodes,20

reveal the same organic signature in the nucleation/Aitken mode and in the accumula-
tion mode, implying that the organic vapors responsible for the growth of newly formed
clusters condense also onto particles of larger diameter. This finding allows one to
postulate that, α-pinene photo-oxidation products (and probably also photo-oxidation
products from other terpenes) are the most likely species to contribute to the growth of25

nanometer-sized particles at this site.
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Table 1. Total aerosol mass concentrations, in µg m−3 units, and the corresponding submicron
and supermicron values (obtained by adding the gravimetric-measured mass of the impactor
stages) for all event and non-event aerosol samples.

Total Submicron Supermicron

event
e170303 1.97±0.25 1.26±0.20 0.71±0.16
e240303 3.60±0.14 1.40±0.10 2.20±0.09
e310303 2.51±0.16 1.54±0.13 0.97±0.10
e070403 4.31±0.20 3.5±0.16 0.81±0.11

non-event
n − e170303 6.88±0.22 3.57±0.16 3.31±0.14
n − e240303 16.30±0.38 9.12±0.30 7.17±0.24
n − e310303 4.08±0.29 2.56±0.22 1.52±0.18
n − e070403 7.78±0.21 6.81±0.19 0.97±0.10
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Table 2. Total mass concentrations (from impactor data), average WSOC concentrations (filter
data), µmol/m3 of non-exchangeable organic H determined as the total integrals of the H-NMR
spectra, and functional group composition for the three cases, clean, slightly modified and
modified.

Case Samples Total mass WSOC µmolH/m3 Functional group composition [% of total µmol H]
conc. [µg/m3]

[µg/m3] H-C=O H-Ar H-C-O H-C-C= H-C
3.2–3.4 2.5–3.2 1.9–2.5 MSA individual individual

peaks peaks

Clean e170303 2 to 4 0.360 0.031 0.4% 5.2% 9.2% 1.6% 15.8% 20.0% 0.7% 2.4% 48.7% 7.6%
e240303 (0.2%) (0.7%) (2.0%) (0.4%) (1.8%) (0.5%) (0.4%) (0.7%) (0.5%) (1.0%)
e310303

n−e310303

Slightly n−e170303 4 to 7 0.482 0.044 0.2% 5.5% 8.4% 1.6% 18.2% 19.8% 0.6% 2.7% 46.9% 6.0%
modified e070403 (0.1%) (0.4%) (0.9%) (0.1%) (1.3%) (1.3%) (0.2%) (0.4%) (1.9%) (2.3%)

Modified n−e240303 >7 1.676 0.100 0.4% 5.9% 8.7% 1.3% 20.0% 19.9% 0.3% 1.4% 44.3% 3.8%
n−e070403 (1.5%) (3.0%) (0.5%) (2.6%) (0.5%) (0.2%) (0.1%) (1.5%) (0.6%)
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Fig. 1. Prevailing wind sectors calculated as a percentage of total time by sector at the field
station above the tree-top level (16.8 m) during the activated event and non-event sampling
periods. 8872
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Fig. 2. Size-segregated aerosol composition for four selected samples (e240303, n−e240303
and e070403, n−e 070403). “Unaccounted” is the difference between the total weighed mass
and the total analysed mass. Black bars represent the overall uncertainties associated with the
weighed mass, and yellow bars represent the overall uncertainties of the total analysed mass.
The percentage contribution of the aerosol constituents to the submicron aerosol mass is also
shown.
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Fig. 3. H-NMR spectra of two the aerosol samples, e170303 and n−e07403. X is an uniden-
tified compounds, possibly biogenic, responsible for the peaks at 1.57–1.59 ppm; P is pinonic
acid and B is a contaminant from the sampling/analytical procedure.
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Fig. 4. H-NMR spectrum of secondary organic aerosols generated from the photo-oxidation of
α-pinene, in smog chamber experiments. P is pinonic acid.
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Fig. 5. Average concentration (µmol H m−3 units) of the main function group categories de-
scribed in the text for the three cases, clean, slightly modified and modified.
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Fig. 6. Average concentrations (µg C m−3 units) of neutral compounds NC, mono- and di-
carboxylic acids MDA, policarboxylic acids PA, and unrecovered WSOC for the three cases,
clean, slightly modified and modified.
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