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Abstract. Oxidation products of isoprene including 2methyltetrols (2-methylthreitol and 2-methylerythritol), 2methylglyceric acid and triol derivatives of isoprene (2methyl-1,3,4-trihydroxy-1-butene (cis and trans) and 3methyl-2,3,4-trihydroxy-1-butene) have been detected in boreal forest PM1 aerosols collected at Hyytiälä, southern Finland, during a 2004 summer period, at significant atmospheric concentrations (in total 51 ng m−3 in summer versus
0.46 ng m−3 in fall). On the basis of these results, it can be
concluded that photo-oxidation of isoprene is an important
atmospheric chemistry process that contributes to secondary
organic aerosol formation during summer in this conifer forest ecosystem. In addition to isoprene oxidation products,
malic acid, which can be regarded as an intermediate in the
oxidation of unsaturated fatty acids, was also detected at high
concentrations during the summer period (46 ng m−3 in summer versus 5.2 ng m−3 in fall), while levoglucosan, originating from biomass burning, became relatively more important
during the fall period (29 ng m−3 in fall versus 10 ng m−3 in
summer). Pinic acid, a major photo-oxidation product of αpinene in laboratory experiments, could only be detected at
trace levels in the summer samples, suggesting that further
oxidation of pinic acid occurs and/or that different oxidation
pathways are followed. We hypothesize that photo-oxidation
of isoprene may participate in the early stages of new particle
formation, a phenomenon which has been well documented
in the boreal forest environment.
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Introduction

The chemical composition of secondary organic aerosols is a
topic of considerable interest in atmospheric chemistry since
it largely determines the physico-chemical properties of the
aerosol such as hygroscopicity, light absorbance/reflectance,
and particle formation and growth. Our knowledge on the
organic chemical composition of atmospheric aerosols is in
general rather limited; only about 10–20% of the organic
matter has been characterized at the molecular level (e.g.,
Rogge et al., 1993; Kubátová et al., 2002). On the one
hand, the organic fraction of atmospheric aerosol consists of
small extractable organic molecules, which can provide important information on aerosol sources and source processes
(Zheng et al., 2002). On the other hand, organic aerosol is
also made up of primary biological particles (fungal spores,
pollen and microorganisms) (Matthias-Maser and Jaenicke,
1995; Bauer et al., 2002a) and polar oligomeric/polymeric
humic-like substances (Havers et al., 1998; Krivacsy et al.,
2001), which have multiple sources (biomass burning, photooxidation of anthropogenic and biogenic volatile organic
compounds (VOCs)) and for which characterization at the
molecular level is technically more difficult.
It has been well established that photo-oxidation products
of monoterpenes (e.g., α- and β-pinene), which are biogenic
VOCs emitted mainly by terrestrial vegetation, contribute to
the aerosol budget (e.g., Hoffmann et al., 1997; Kavouras et
al., 1998 and 1999). In contrast, it has been assumed that the
much larger emissions of isoprene, estimated at about 500 Tg
per year on a global scale (Guenther et al., 1995), do not
result in secondary organic aerosol (SOA) formation in the
atmosphere (Pandis et al., 1991). However, evidence from
both field and laboratory experiments has been obtained in
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the last three years for isoprene contributing to SOA formation. Claeys et al. (2004a) identified two diastereoisomeric
2-methyltetrols, i.e., 2-methylthreitol and 2-methylerythritol,
in Amazonian rain forest aerosols, and proposed on the basis of their isoprene skeleton that they are formed through
photo-oxidation of isoprene. In a recent smog chamber study
by Edney et al. (2005), it was shown that the 2-methyltetrols
can be generated in irradiated isoprene/NOx /SO2 /air mixtures and that sulfuric acid plays a major role in their formation. Results from a recent field experiment conducted at
K-puszta, Hungary, during the summer of 2003 established
that the 2-methyltetrols exhibit a diel pattern with the highest concentrations during day-time, which can be regarded as
supporting evidence for their fast photochemical formation
from locally emitted isoprene (Ion et al., 2005). Other studies indicating a role for isoprene in SOA formation are the
smog chamber study by Jang et al. (2002), who demonstrated
that acidic seed aerosol enhances SOA formation from isoprene, and the laboratory study by Limbeck et al. (2003),
who showed the formation of humic-like substances from
isoprene/ozone mixtures in the presence of sulfuric acid. Furthermore, results from a field study carried out by Matsunaga
et al. (2003) at a northern Japanese mixed forest indicate that
semi-volatile oxidation products of isoprene, i.e., glycolaldehyde and hydroxyacetone, are present at significant concentrations in forest aerosol.
So far, organic aerosol composition studies conducted at
conifer forest sites have focused on monoterpene oxidation
products (Kavouras et al., 1998 and 1999; Yu et al., 1999;
Pio et al., 2001), since it is known that monoterpene emissions are important in these environments (Jobson et al.,
1994; Lamanna and Goldstein, 1999; Hakola et al., 2000)
and monoterpenes result in high SOA yields in laboratory
experiments (Griffin et al., 1999). We present here the
first measurements of isoprene-derived aerosol components
in PM1 aerosols from Hyytiälä, southern Finland, and show
that photo-oxidation of isoprene is an important atmospheric
chemistry process that contributes to secondary aerosol formation at this boreal forest site.

2 Instrumentation
2.1

Site description

The boreal forest measurement station SMEAR (System
for Measurement of forest Ecosystem and Atmospheric
Relationships) II at Hyytiälä (southern Finland, 61◦ 510 N,
24◦ 170 E, 170 m a.s.l.) was built to provide a crossdisciplinary co-operation between atmospheric, soil and forest ecological studies on fluxes of different compounds in
Scots pine forest. The forest around the station is dominated
by conifers (Pinus sylvestris and Picea abies) with some aspen and birch. The site represents a rural background site;
however, pollution may be caused by the station buildings
Atmos. Chem. Phys., 5, 2761–2770, 2005

(0.5 km away) and the city of Tampere (63 km southwest).
The site is described in more detail by Vesala et al. (1998),
and instrumentation by Kulmala et al. (2001).
2.2

Aerosol sampling

Samples were collected by drawing air through a Dekati
PM10 impactor at a flow rate of 35 L min−1 . Three 48-h
samples were taken during the summer of 2004: between
24 and 26, 26 and 28 of July, as well as between 4 and 6
August. The sampling time was reduced to 12 h for fall samples that were taken between 22 September and 8 October.
In the Dekati impactor aerosols larger than 1 µm deposit to
films that were greased with Apiezon L (M&I Materials Ltd.,
Manchester, UK), a petroleum-based product with melting
point between 42 and 52◦ C, to prevent bouncing of impacting aerosols. Aerosols smaller than 1 µm pass through unaffected and were collected on quartz fiber filters at the bottom
of the impactor. The quartz fiber filters were prebaked for
12 h at 500◦ C to remove possible organic contaminants. The
pre-baked quartz filters and aerosol samples were handled in
a laminar flow chamber and stored in Petri slides that were
kept in a refrigerator prior to analysis. Blank filters, treated
in the same way as the samples, were used as field blanks.
2.3

Aerosol analysis

Three filter samples from the summer period (48-h samplings), ten filter samples from the fall period (12-h samplings), and five field blanks were analyzed. Parts of the
quartz fiber filters (1.5 cm2 ) were first subjected to analysis for organic carbon (OC) and elemental carbon (EC) by
a thermal-optical transmission (TOT) technique (Birch and
Cary, 1996), which delivers the OC and EC mass in µg C.
The filters were subsequently analyzed for polar organic
marker compounds by gas chromatography/mass spectrometry (GC/MS) using a derivatization procedure that converts
carboxyl and hydroxyl functions to trimethylsilyl (TMS)
derivatives. The analytical procedure was adapted from a
method that has been previously reported (Pashynska et al.,
2002). A part of the quartz fiber filter (1/4 for the summer samples and the whole filter for the fall samples) was
placed in a 25 mL Pyrex glass flask and spiked with internal recovery standards, i.e., methyl-β-D-xylanopyranoside
(420 ng) and deuterated (d3 ) malic acid (733 ng) which
were applied in methanolic solutions (1 mg mL−1 ). After drying the spiked filter part for 30 min, it was extracted three times with 20 ml of dichloromethane-methanol
(80:20, v/v) under ultrasonic agitation for 30 min. The
extracts were combined, reduced in volume with a rotary
evaporator (213 hPa, 30◦ C) to approximately 1 mL and filtered through a Teflon filter (0.45 µm). Thereafter, the filtrate was dried under nitrogen and dissolved in 200 µL of
dichloromethane-methanol (50:50, v/v). The final solution
was divided into two parts. One part was left in a refrigerator
www.atmos-chem-phys.org/acp/5/2761/
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at 4◦ C for eventual further analysis. Another part was transferred to a 3 mL silylation vial and evaporated under nitrogen. The residue was derivatized by addition of 25 mL
of N -Methyl-N -trimethylsilyltrifluoroacetamide containing
1% trimethylchlorosilane (MSTFA+1% TMCS) and 15 mL
pyridine, and the reaction mixture was heated for 1 h at 70◦ C.
An aliquot (1 µL) of the derivatized sample was immediately
analyzed by GC/MS.
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Qualitative and quantitative analyses were performed with
a GC/MS system consisting of a TRACE GC2000 gas chromatograph and using a Rtx® -5MS fused silica capillary column (Crossbond® 5% diphenyl, 95% dimethyl polysiloxane, 0.25 µm film thickness, 30 m×0.25 mm i.d.) (Restec
Corp., PA, USA). The gas chromatograph was interfaced
to a Polaris Q ion trap mass spectrometer fitted with an
external electron ionization source (ThermoFinnigan, San
Jose, CA, USA). Helium was used as carrier gas at a flow
rate of 1.2 mL min−1 . The temperature program was as
follows: isothermal hold at 50◦ C for 5 min, temperature
ramp of 3◦ C min−1 up to 200◦ C, isothermal hold at 200◦ C
for 2 min, temperature ramp of 30◦ C min−1 up to 310◦ C;
and isothermal hold at 310◦ C for 2 min. The total analysis time was 61 min. The injections were performed in
the splitless mode. The mass spectrometer was operated in
the electron ionization (EI) mode at an electron energy of
70 eV and an ion source temperature of 200◦ C. For qualitative analysis, the full scan mode was used in the mass
range m/z 50–650. For quantitative analysis, the instrument
was operated in the selected ion monitoring (SIM) mode using an ion dwell time of 25 ms. The selected ions were at
m/z 204 and 217 for the internal recovery standard (IS),
methyl-β-D-xylanopyranoside, and for levoglucosan, m/z
219 and 277 for the 2-methyltetrols (2-methylthreitol and
2-methylerythritol), m/z 233 and 307 for malic acid, m/z
236 and 310 for deuterated (d3 ) malic acid, m/z 217 and
319 for arabitol and mannitol, and m/z 231 for the alkene
triol derivatives of isoprene (2-methyl-1,3,4-trihydroxy-1butene (cis and trans) and 3-methyl-2,3,4-trihydroxy-1butene). Quantification of 2-methylglyceric and glyceric
acids was done in the full scan mode. Data were acquired
using Xcalibur software, version 1.2. For the quantification
of levoglucosan, mannitol, arabitol, and glyceric acid, calibration curves were constructed by analyzing aliquots of a
stock solution of authentic standards that had been processed
with the method described above. Malic acid was calculated
using the response factor of deuterated (d3 ) malic acid. For
assessing the amounts of compounds for which no pure reference compounds were available, the response factors of
the following compounds were used: erythritol for the 2methyltetrols and the alkene triol derivatives of isoprene, and
glyceric acid for 2-methylglyceric acid.
www.atmos-chem-phys.org/acp/5/2761/

Fig. 1. GC/MS total ion chromatogram obtained on a summer
Figure 1. GC/MS total ion chromatogram obtained on a summer aerosol sample (4-6 August).
aerosol
sample acid;
(4–6(2)August).
(1) 2-methylglyceric
glyceric acid; (3) cis-2-methyl-1,3,4-trihydroxy-1-butene;
(4) 3-methyl-2,3,4-trihydroxy-1-butene;
(1)
2-methylglyceric acid; (5)
(2)trans-2-methyl-1,3,4-trihydroxy-1-butene;
glyceric acid; (3) cis-2-methyl(6) malic acid (+ d3-malic acid); (7) 2-methylthreitol; (8) 2-methylerythritol;
1,3,4-trihydroxy-1-butene;
(4)
3-methyl-2,3,4-trihydroxy-1-butene;
(9) levoglucosan; (10) arabitol, (11) mannitol;
(*) and (**) compounds due to photooxidation
of α-pinene.
(5)
trans-2-methyl-1,3,4-trihydroxy-1-butene;
(6) malic acid (+d3 malic acid); (7) 2-methylthreitol; (8) 2-methylerythritol; (9) levoglucosan; (10) arabitol, (11) mannitol; (*) and (**) compounds
due to photo-oxidation of α-pinene.

3
3.1

Results and discussion
Characterization of polar organic compounds

Figure 1 presents the GC/MS total ion chromatogram (TIC)
obtained for a summer aerosol sample collected during a
warm period (4–6 August 2004). The chemical structures of
the identified polar organic compounds are given in Fig. 2.
In the following discussion, we will first focus on the compounds that can be explained by photo-oxidation of isoprene. The electron ionization (EI) mass spectra obtained
for the compounds that were characterized as isoprene oxi26
dation products (1, 3, 4, 5, 7 and 8) are presented in Fig. 3.
All compounds were characterized on the basis of their EI
mass spectra and comparison with those of authentic reference compounds or reported mass spectral data (Claeys et
al., 2004b; Wang et al., 2005). Peaks 7 and 8 correspond to
the 2-methyltetrols, 2-methylthreitol and 2-methylerythritol,
which have first been reported in PM2.5 aerosols from the
Amazonian rain forest (Claeys et al., 2004a). Since the 2methyltetrols have retained the isoprene skeleton, their formation has been explained through photo-oxidation of isoprene, which is emitted in large amounts by the tropical forest vegetation. The GC/MS TIC results obtained for the summer PM1 aerosol samples show that the 2-methyltetrols are
also major aerosol components at Hyytiälä (Fig. 1). This
finding may be surprising since this site is dominated by
conifers (Pinus sylvestris and Picea abies); however, isoprene emissions at Hyytiälä are relatively high during the
summer months, corresponding to about one third of those of
the monoterpenes (Hakola et al., 2003), and can thus explain
the formation of the 2-methyltetrols through photo-oxidation
of isoprene in this forest ecosystem. These high summer time
isoprene emissions at Hyytiälä are due to contributions from
deciduous trees and isoprene-emitting conifers such as Picea
Atmos. Chem. Phys., 5, 2761–2770, 2005
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Fig. 2. Chemical structures of the compounds detected in PM1
summer aerosol samples collected at Hyytiälä: (1) 2-methylglyceric
Figure 2. Chemical structures of the compounds detected in PM1 summer aerosol samples
acid;
(2)at glyceric
acid;
(3) cis-2-methyl-1,3,4-trihydroxy-1-butene;
collected
Hyytiälä: (1)
2-methylglyceric
acid; (2) glyceric acid; (3) cis-2-methyl-1,3,4trihydroxy-1-butene;
(4) 3-methyl-2,3,4-trihydroxy-1-butene;
(5) trans-2-methyl-1,3,4(4)
3-methyl-2,3,4-trihydroxy-1-butene;
(5) trans-2-methyl-1,3,4trihydroxy-1-butene; (6) malic acid; (7) 2-methylthreitol; (8) 2-methylerythritol;
trihydroxy-1-butene;
(6)
malic
acid;
(7)
2-methylthreitol;
(8) 2(9) levoglucosan; (10) arabitol and (11) mannitol.
methylerythritol; (9) levoglucosan; (10) arabitol and (11) mannitol.

abies (Janson and de Serves, 2001; Hakola et al., 2003) and
possibly also to contributions from vegetation of the nearby
wetlands (Janson and de Serves, 1998; Janson et al., 1999).
It is worth mentioning that important emissions of isoprene
have also been reported for other conifer forest sites, e.g.,
above a Sierra Nevada ponderosa pine plantation in California, USA, where isoprene likely originates from a nearby 27
oak forest, was the most important single compound emitted and accounted for about one third of the detected C2 -C10
VOCs during a 1997 summer period (Lamanna and Goldstein, 1999). Peaks 3, 4 and 5 correspond to triol derivatives
of isoprene, i.e. 2-methyl-1,3,4-trihydroxy-1-butene (cis and
trans) and 3-methyl-2,3,4-trihydroxy-1-butene, which in a
recent study (Wang et al., 2005) have been tentatively characterized in PM2.5 aerosols from the Amazonian rain forest. The latter oxygenated isoprene derivatives have been
explained through acid-catalyzed ring opening of epoxydiol
derivatives of isoprene and possibly form in ambient atmospheric conditions (e.g., a low relative humidity) that do not
allow their complete hydrolysis to 2-methyltetrols. Peak 1
was characterized as 2-methylglyceric acid, which has been
first reported in rural PM2.5 aerosols from K-puszta, Hungary (Claeys et al., 2004b). This dihydroxymonocarboxylic
acid, which has retained part of the isoprene skeleton, is believed to be a secondary/tertiary oxidation product of isoprene formed by further oxidation of methacrolein (Pierrotti
et al., 1990) and methacrylic acid (Chien et al., 1998), which
are gas-phase oxidation products of isoprene. Peak 2 was
identified as glyceric acid, a dihydroxymonocarboxylic acid,
Atmos. Chem. Phys., 5, 2761–2770, 2005

which has previously been reported in Amazonian aerosols
(Graham et al., 2002) and possibly originates from further
oxidation of acrylic acid, another gas-phase oxidation product of isoprene (Chien et al., 1998). Other sources for glyceric acid, however, cannot be excluded and may include oxidation of other VOCs and biomass burning.
In addition to compounds that can be related to photooxidation of isoprene, other compounds detected in the PM1
summer aerosols from Hyytiälä, Finland, with TIC intensities comparable to that of 2-methylthreitol (7), include malic
acid (6), levoglucosan (9), arabitol (10) and mannitol (11)
(Figs. 1 and 2). Malic acid (6) is believed to be an intermediate in the oxidation of unsaturated fatty acids (Kawamura and
Ikushima, 1993; Kawamura and Sakaguchi, 1999; Neusüss
et al., 2000). However, there are likely other sources for
malic acid, both anthropogenic and biogenic ones. Hjorth et
al. (2002) showed in laboratory experiments that malic acid
can be produced from benzene through intermediate phenol formation by OH radical-initiated oxidation. Claeys et
al. (2004a) suggested that malic acid may arise from oxidation of biogenic VOCs other than unsaturated fatty acids
that are emitted by forest vegetation. Brook et al. (2004)
showed that malic acid is a suitable marker for SOA in urban
aerosols from Toronto, Canada, and found that it is correlated with the aerosol acidity. Levoglucosan (9) is an anhydro derivative of glucose which is formed through pyrolysis
of cellulose at temperatures above 300◦ C (Shafizadeh, 1984)
and is an excellent organic marker for biomass smoke (Simoneit, 2002). Levoglucosan could be detected in the summer aerosol samples and became a dominant organic species
in the fall samples, indicating that there is wood burning taking place at or close to the forest station in Hyytiälä, likely
for domestic heating purposes. Arabitol (10) and mannitol
(11) are believed to be from fungal origin (Bieleski, 1982)
and are known to be mainly associated with the coarse size
fraction of forest aerosols (Graham et al., 2003; Claeys et
al., 2004a). It is noted that arabitol and mannitol are detected with significant intensities in the GC/MS TICs of the
PM1 samples (Fig. 1). Similar results were reported by Carvalho et al. (2003) for size-fractionated aerosol samples collected at the same site, who found that mannitol predominantly appeared in the fine mode at Dp <0.39 µm, in contrast to samples collected at a rural meadow site in Melpitz,
Germany, where mannitol clearly peaked in the coarse mode
between 1.3 and 4.2 µm which is the size range for spores
of typical airborne fungal strains (i.e., Cladosporium, Penicillium and Fusarium strains) (Bauer et al., 2002b). Graham
et al. (2003) observed arabitol and mannitol in both the fine
(<2.5 µm AD) and coarse (>2.5 µm AD) size fractions of
Amazonian forest aerosols and attributed the presence of the
sugar polyols in the fine fraction to fungal fragments.
Pinic acid, a major oxidation product of α-pinene in laboratory experiments (Hoffmann et al., 1997), could only
be detected at trace levels in the PM1 samples (results not
shown), suggesting that photo-oxidation pathways leading
www.atmos-chem-phys.org/acp/5/2761/
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Fig. 3. EI ion trap mass spectra obtained for the TMS derivatives of compounds identified as: (a) 2-methylglyceric acid; (b) cis-2-methyl1,3,4-trihydroxy-1-butene; (c) 3-methyl-2,3,4-trihydroxy-1-butene; (d) trans-2-methyl-1,3,4-trihydroxy-1-butene; (e) 2-methylthreitol; (f)
2-methylerythritol. Figure 3. EI ion trap mass spectra obtained for the TMS derivatives of compounds identified

as: (a) 2-methylglyceric acid; (b) cis-2-methyl-1,3,4-trihydroxy-1-butene; (c) 3-methyl-2,3,4trihydroxy-1-butene; (d) trans-2-methyl-1,3,4-trihydroxy-1-butene; (e) 2-methylthreitol; (f)
2-methylerythritol.
to secondary or higher
order oxidation products have to be
the compound marked ** has been tentatively identified as a
considered for this forest site during summer. This result is
C8 tricarboxylic acid, namely, 3-carboxy-heptanedioic acid,
in agreement with a recent report on a field campaign carwhich has been reported in ambient PM2.5 aerosols from a
ried out in August 2001 at the same site (Boy et al., 2004),
southeastern site in the United States and in a smog chamwhich only showed low concentrations of pinic acid (max
ber experiment with an irradiated α-pinene/NO
/air mixture
28 x
5 ng m−3 ). Further research on the characterization of α(Edney et al., 2003), and has first been characterized in Amapinene oxidation products in PM1 aerosols from Hyytiälä,
zonian rain forest aerosols (Kubátová et al., 2000).
Finland, is currently in progress in our laboratory. The compounds marked with * and ** in the GC/MS TIC chro3.2 Quantitative data for selected polar organic species
matogram shown in Fig. 1 are believed to be photo-oxidation
products of α-pinene; the compound marked * corresponds
The concentrations of OC, EC and selected polar organic
to an unknown hydroxydicarboxylic acid of which the chemspecies in the PM1 samples and meteorological data are
ical structure is under investigation in our laboratory, while
given in Table 1. The samples collected from 24 July to 6
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Table 1. Atmospheric concentrations of organic compounds as derived from PM1 samples at Hyytiälä, Finland and meteorological data.
Concentrations of OC and EC are in µg m−3 while those of the organic compounds are in ng m−3 . The Means for Summer and Fall are
air-volume weighted means.

Species
OC (µg m−3 )

24–26 July

Summer 2004
26–28 July 4–6 Aug.

Mean

Fall 2004
22–23 Sep. 4-8 Oct.

Mean

EC
2-methylthreitol (ng m−3 )
2-methylerythritol
P
P 2−methyltetrols
C5 alkene triols
2-methyl-glyceric
acid
P
isoprene oxidation products
Malic acid
Levoglucosan
Glyceric acid
Arabitol
Mannitol

2.70
0.10
6.05
24.3
30.4
33.0
0.95
64.3
40.5
11.8
1.51
1.15
1.19

2.20
0.13
3.50
11.6
15.1
7.90
1.19
24.2
38.8
5.71
2.72
1.15
1.21

4.07
0.21
5.71
27.6
33.3
29.6
1.15
64.1
59.7
12.3
0.81
1.71
3.42

2.99
0.15
5.08
21.2
26.3
23.5
1.10
50.9
46.3
10.0
1.68
1.34
1.94

1.72
0.12
0.17
0.32
0.49
n.d.
n.d.
0.49
4.48
34.3
2.69
1.73
1.30

1.54
0.16
0.18
0.28
0.46
n.d.
n.d.
0.46
5.41
27.8
1.92
0.55
0.54

1.58
0.15
0.18
0.29
0.46
n.d.
n.d.
0.46
5.22
29.1
2.07
0.79
0.69

Meteorological parameters
Average temperature (◦ C)
Maximum temperature (◦ C)
Average ozone concentration (ppbv)
Maximum ozone concentration (ppbv)
Total precipitation (mm)

17.2
22.0
32.8
41.4
2.63

16.9
21.4
41.9
51.5
14.0

20.8
26.1
42.5
55.5
0

18.5

8.2
10.2
30.2
39.4
2.61

8.4
11.6
27.6
35.5
4.23

8.3

August and from 22 September to 8 October are defined as
summer and fall samples, respectively. Fall samples are presented as averages of two measurements for 22–23 September and eight measurements for 4–8 October. The OC concentration for the three 48-h samplings during the summer
period was on average 3.0 µg m−3 and was higher than the
OC concentration observed during the fall which was on average 1.6 µg m−3 . The concentration of the sum of the 2methyltetrols, 2-methylthreitol and 2-methylerythritol, during the summer period was 26 ng m−3 . This is comparable
to 2-methyltetrol concentrations found during the 2003 summer campaign in K-puszta, Hungary (Ion et al., 2005), and
during the LBA-CLAIRE 1998 wet season campaign in Balbina, Brazil (Claeys et al., 2004a): at K-puszta, the median
concentration for the sum of the 2-methyltetrols (in the PM2.5
aerosol) was 29 ng m−3 , while, at Balbina, this concentration (in the total aerosol) was 31 ng m−3 . During the fall
period, the atmospheric concentration of the 2-methyltetrols
was very low, i.e., 0.46 ng m−3 . This can be explained by
a seasonal decrease in the isoprene emissions which are
temperature- and light-dependent (Sharkey and Yeh, 2001;
Jobson et al., 1994; Hakola et al., 2000). Hakola et al. (2003)
demonstrated that isoprene concentrations in the ambient air
measured in Hyytiälä during a two year period (2001–2002)
peaked in July and significantly decreased in the transition
from summer to fall. The concentration of the sum of the triol
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39.1

28.1

derivatives of isoprene, 2-methyl-1,3,4-trihydroxy-1-butene
(cis and trans) and 3-methyl-2,3,4-trihydroxy-1-butene, was
24 ng m−3 and is thus comparable to the concentration of the
2-methyltetrols. It is worth noting that the latter products
could not be detected in the fall samples. During the summer period the day-time maximum temperatures and ozone
concentrations were quite high (Table 1), which are indicative of high concentrations of photo-oxidants and favorable
conditions for fast oxidation of and aerosol formation from
isoprene.
The concentration of malic acid based on the three 48h samplings of the summer period was 46 ng m−3 . Similar concentrations of malic acid were measured during the
2003 summer campaign at K-puzsta, Hungary (Ion et al.,
2005), where the median concentration (in the PM2.5 aerosol)
was 38 ng m−3 , during 25–28 July 2001 in Balbina, Brazil
(Claeys et al., 2004a), where a concentration (in the total
aerosol) of 22 ng m−3 was found, and during 1998 and 1999
summer campaigns at five different sites in Germany (Röhrl
and Lammel, 2002), where the average concentration (in the
total aerosol) was 64 ng m−3 . It can be seen in Table 1 that in
the fall period the concentration of malic acid has decreased
dramatically to 5.2 ng m−3 , consistent with a biogenic origin of malic acid. A similar trend in the malic acid concentrations was reported in the study by Röhrl and Lammel
(2002) cited above, where the concentration decreased in fall
www.atmos-chem-phys.org/acp/5/2761/
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to explore whether isoprene
to 4.8 ng m−3 . Inofcontrast,
the concentration
of levoglucosan
increased from 10 ng m−3 during summer to 29 ng m−3 during fall. This result indicates that there is more wood burning
in fall compared to summer taking place at or around the station in Hyytiälä. It also explains why the OC is still relatively
high in fall despite a lower impact from oxygenated biogenic
VOCs since in addition to levoglucosan there are other organics emitted during the wood burning process (e.g., humiclike substances) that contribute to the OC. A strong seasonal
variation in the levoglucosan concentrations with the highest
concentrations in winter has been reported for urban PM10
aerosols from Gent, Belgium (Zdráhal et al., 2002; Pashynska et al., 2002).
Figure 4 shows the percentages of the OC attributable to
the carbon in the organic compounds detected in the PM1
aerosol samples collected at Hyytiälä. During the summer period, the oxidation products of isoprene including
2-methyltetrols, alkene triol derivatives of isoprene and 2methylglyceric acid, account for 0.80%, while malic acid and
levoglucosan contribute to the OC with 0.56% and 0.15%, respectively. During the fall period an inverse trend is observed
with levoglucosan, malic acid, and the oxidation products
of isoprene contributing to the OC with 0.76%, 0.11% and
0.01%, respectively.

4

Conclusions and hypothesis for new particle growth

It can be concluded that photo-oxidation of isoprene is an
important atmospheric chemistry process that contributes to
secondary aerosol formation during summer at Hyytiälä.
www.atmos-chem-phys.org/acp/5/2761/

photochemistry plays a role in new particle formation, a phenomenon which has been well documented for the SMEAR
II boreal forest station (Mäkelä et al., 1997; for a recent review, see Kulmala et al., 2004) and is only partially understood (Kulmala, 2003). Significant aerosol nucleation events
have been reported in the boreal environment and the biogenic VOCs have been suggested to participate in these processes although direct evidence is still missing (Janson et al.,
2001; Boy et al., 2004). Indirect evidence suggesting a role
for isoprene in new particle formation has been obtained in
two field studies, one conducted at a Canadian boreal forest (Leaitch et al., 1999) and another at a Californian pine
forest (Lunden et al., 2005), which showed a co-variance
between isoprene emissions and the concentration of ultrafine particles (<50 nm and <20 nm, respectively). Based
on results obtained in the current study that isoprene oxidation products are present in boreal forest aerosol at significant concentrations and given that sulfuric acid-water clusters are a source of new atmospheric particles (Kulmala et al.,
2000) and sulfuric acid plays a role in the formation of secondary organic aerosol from isoprene (Edney et al., 2005),
it is logical to hypothesize that photo-oxidation products of
isoprene can form or condense on the initially formed sulfuric acid-water clusters, are subsequently converted to nonvolatile products which through hydrogen bonding interactions are retained in these clusters, and are as such candidate
molecules to participate in the initial stages of new particle formation. Another argument in favor of photo-oxidation
products of isoprene participating in new particle formation
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is that the 2-methyltetrols and 2-methylglyceric acid exhibit a
diel pattern with the highest concentrations during day-time
(Ion et al., 2005) when particle burst events are known to
occur. It is worth mentioning that heterogeneous reactions
of volatile organic vapors occurring on the nuclei have been
considered (Kerminen et al., 2000), while heterogeneous reactions with sulfuric acid have been proposed to play a critical role in this process (Zhang and Wexler, 2002). The mechanism proposed here based on heterogeneous chemistry may
help the small nm-sized nuclei cross the huge Kelvin-effect
barrier and facilitate further condensation of organic vapors.
Furthermore, it has been suggested that monoterpene oxidation products are not the nucleating organic species (Marti et
al., 1997; Janson et al., 2001) but do contribute to particle
growth in forest environments. It is thus tempting to speculate that photo-oxidation products of isoprene play a unique
role in the particle nucleation process and “blue haze” formation above forests (Went, 1960).
Acknowledgements. Research at the Universities of Antwerp and
Ghent was supported by the Belgian Federal Science Policy Office
through the project “Characterization and sources of carbonaceous
atmospheric aerosols” (contracts EV/06/11B and EV/02/11A). Research at the University of Helsinki was supported by the Academy
of Finland. We would like to thank A. Reissel (Univ. Helsinki)
for logistic support, H. Manninen (Univ. Helsinki) for help with
the aerosol sampling, and J. Rinne (Univ. Helsinki) for useful
discussions.
Edited by: R. Hitzenberger

References
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