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ABSTRACT

Size-segregated chemical aerosol analysis of a total 5 integrated samples has been performed
for the atmospheric aerosol during events of new particle formation. The experiments were
conducted during the BIOFOR 3 measurement campaign at a boreal forest site in southern
Finland in spring 1999. Aerosol samples collected by a cascade low-pressure impactor were
taken selectively to distinguish particle formation event aerosol from non-event aerosol. The
division into ‘‘event’’ and ‘‘non-event’’ cases was done ‘‘in situ’’ at field, based on the on-line
submicron number size distribution. The results on the chemical ionic composition of the
particles show only small differences between the event and non-event sample sets. The event
samples show lower concentrations of total sulfate and ammonium as well as light dicarboxylic
acids such as oxalate, malonate and succinate. In the event samples, nucleation mode particle
MSA (methanesulphonic acid) was found to be present exceeding the concentrations found in
the non-event samples, but at larger particle sizes the sample sets contained rather similar
concentrations of MSA. The most significant difference between the event and non-event sets
was found for dimethylammonium, ionic component of dimethylamine ((CH3)2NH), which
seems to be present in the particle phase during the particle formation periods and/or during
the subsequent particle growth. The absolute event sample dimethylamine concentrations were
more than 30-fold greater than the non-event concentrations in the accumulation mode size
range. On the other hand, the non-event back-up filter stage for sub-30 nm particles contained
more dimethylamine than the event samples. This fractionation is probably a condensation
artifact of the impactor sampling. A simple mass balance estimate is performed to evaluate the
quality and consistency of the results for the overall mass concentration.

1. Introduction based mostly on instrumentation to measure par-
ticle number related quantities (Weber et al., 1997;
Mäkelä et al., 1997; O’Dowd et al., 1999).Ambient new particle formation and subsequent
However, no chemical characterization of nucle-growth has been observed in several locations,
ation burst particles has been carried out previ-
ously. Thus, the chemical compounds involved in* Corresponding author.

e-mail: jyrki.makela@helsinki.fi the nucleation and condensation processes have
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not yet been experimentally identified. The general During the BIOFOR project, the formation of

new particles as well as the overall dynamics ofproblem in the sampling for size-segregated chem-
ical analysis of the aerosol is the amount of submicron particles were intensively studied

(Kulmala et al., 2001). This paper describes thematerial required for the sample (usually in the

order of more than tens of ng/m3). This, automat- attempt to directly analyze the aerosol particle
composition during the new particle formationically, sets the sampling times to be long e.g. with

respect to the time scale of the nucleation bursts events. Special effort is paid to focus on the

differences of the chemical composition duringobserved in the ambient air.
Size-segregated aerosol chemistry of fine par- and outside the nucleation bursts.

ticles (Dp<1 mm) has been previously discussed

in several papers. Conventionally, the main chem-
ical components studied in the aerosol phase have 2. Experimental
been ionic sulfates, nitrates and other inorganic

ionic species such as Na+, Cl−, NH+4 , etc. Only The aerosol sampling for the study was per-
formed within the BIOFOR 3 intensive measure-recently, chemical size distributions of different

hydrocarbons such as dicarboxylic acids (Jaffrezo ment field campaign at Hyytiälä southern Finland

(61° 51∞N, 24° 17∞E). The field station is locatedet al., 1998; Teinilä et al., 2000; Kerminen et al.,
1999) and pinonic acids (Kavouras et al., 1998) in boreal forest and represents background area

of southern Finland. The measurement site as wellhave been presented for ambient submicron

particles. as the location of the various instruments is discus-
sed in detail in Kulmala et al. (2001). TheKavouras et al. (1998) presented chemical ana-

lysis of the particles smaller than 500 nm in con- BIOFOR 3 campaign was conducted during
29 March–27 April 1999 with 13 particle forma-nection with the increase of the Aitken nuclei in

a forested area. They found pinonic acids to be tion events observed during a period of 30 days.

The instrumentation for aerosol mass samplingpresent, which are known to be formed as oxida-
tion products of gaseous monoterpenes emitted consisted of standard EMEP-filters (European

Monitoring and Evaluation Programme), 2-stagefrom the forest. However, size fractionated analysis

of finer sized particles connected to the nucleation Nuclepore filters, several cascade impactors and a
TEOM. The sampling was done mostly on dailybursts have not been made so far.

The size of the particles being small, it is very basis. Two multistage impactors were also used to

sample aerosol during and outside the nucleationdifficult to analyze the aerosol material chemically.
Also, complete segregation of the newly formed events. This sampling strategy is discussed more

detailed in Section 3. Additionally, the data fromnucleation mode particles from the rest of the

aerosol is difficult without having few large par- differential mobility particle sizer (DMPS) was
used on line to judge whether an aerosol formationticles to contaminate the samples. In the recent

impactor techniques, reliable segregation of par- event was taking place. The instrument character-

istics are summarized in Table 1.ticles below 30–50 nm may be possible. Usually
the rest of the aerosol is removed by impactor For chemical analysis the DLPI impactor

samples (25-mm polycarbonate foils plus a 47-mmstages and the nucleation mode particles may be

collected on a back-up filter in the end of the ‘‘Teflon’’ membrane back-up filter with pore size
of 2 mm) were extracted into deionized ultra-purecascade impactor. If aerosol mass is studied and

chemically analyzed, we may have a chance to water. Before extraction the filters were subjected

to methanol liquid (10% of the total liquid) indetermine the species involved in the growth pro-
cess of the particles subsequent to their formation, order to enhance the extraction efficiency. The

anions were analyzed by a Dionex DX-500 ionbut there would hardly be a possibility to deter-

mine the species involved in the original nucleation chromatography (IC) and the cations by a Dionex
DX 100 IC (Kerminen et al., 1999). Samples wereprocess taking place, occurring already before the

particles are seen to enter the lower boundary of injected manually using a 1000-ml loop in Dionex
DX-500 and a 300-ml loop in Dionex DX-100. Themeasurement size range of Condensation Particle

Counters (CPC) or Differential Mobility Particle run time was 11 min in both cases.

The ion chromatographic method used forSizers (DMPS).
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Table 1. Instrumentation for determination of particle mass and chemical composition during BIOFOR 3

Instrument Characteristics Sampling period

DLPI impactors 13 stages+back filter event/non-event sampling
(~5–30 nm)

SDI impactors multistages (Maenhaut et al., 24 h sampling
1996)

PM-10 impactors 3 stages: 24–72 h sampling
below 2.5 mm; 2.5–10 mm;
above 10 mm

filters 2 stages: 24 h sampling
cut size ~1 mm

EMEP filter 2 stages: 24 h sampling
particle filter+NaOH
impregnated back filter
for SO2

TEOM total mass: inlet cut size 30 min cycle
~10 mm

DMPS twin DMPS set-up: 10 min cycle
3–500 nm

impactor stage analysis has been described by trol samples were measured in every analyzed

sample batch and their results were examined toTeinilä et al. (2000). The ions determined were
Na+, NH+4 , dimethylammonium ((CH3 )2NH2 ), be within the established control limits. Anions

(chloride, nitrate, sulfate) and cations (sodium,K+, Ca2+, Mg2+, SO2−4 , NO−3 , Cl−, methanesul-

fonate acid (MSA−), oxalate (C2O2−4 ), malonate ammonium, potassium, calcium and magnesium)
were measured from the extracts of the front filters.(C3H2O2−4 ) and succinate (C4H4O2−4 ). The field

blank concentrations were relatively small com- Sulfur dioxide was measured as sulfate from the

extracts of the impregnated back-up filters. Anionspared to the concentrations in the actual samples.
The blank concentrations were highest for sodium were analyzed using sodium gluconate-borate as

a mobile phase. EDTA eluent was used for cationand calcium, but were still less than 10% of the

sample concentrations. For dimethylamine the measurements. The SDI impactor samples were
analyzed similarly.blank concentrations were below 5% of the max-

imum sample concentration. For carboxylic acids Gravimetric analysis was performed for DLPI

stages, the 2-stage filters and the PM-10 impactorthe blanks were below detection limit. The sensitiv-
ity of the chemical analysis of the cascade impactor stages with accuracy of 1–2 mg. The weighing was

done at Hyytiälä site in a room with fairly constantfoils can therefore be estimated to be of the order

of 1–5 ng/m3. For malonate and succinate the temperature of approximately 20°C±2°C and rel-
ative humidity 50%±5%.errors are higher, of the order of 30–50%, even

though the blank concentrations were zero in this

case. For identification of the compounds, also the
less common ones such as dicarboxylic acids and 3. Sampling strategy for the event/non-event

impactorthe dimethylamine, analyzing standards have been

used. The identification of compounds was based
on the retention time in the IC column. In our field experiment, the occurrence of the

particle formation events was determined basedThe collected EMEP filters were extracted for

30 min in a shaker with 10 ml of ultra-pure water. on the DMPS data shown in Figs. 1a, b. The
decision to start sampling was based in on-lineThe extracts were filtered through 0,45 mm pore-

size membrane filters and analyzed by ion chro- analysis of the number size distribution. As the
nucleation mode particles appeared and it seemedmatography using standard methods (EN ISO

10304-1, ISO 14911). As a part of the quality that a nucleation burst was starting, the event

impactor was started to sample. If there wascontrol procedure synthetic internal quality con-
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(a)

(b)

Fig. 1. Submicron particle number size distributions (3–500 nm) along with total particle number concentration
derived from the differential mobility particle sizer (DMPS) spectra for the study period in Hyytiälä. The event/non-
event cascade impactor sampling strategy is shown with horizontal bars in each distribution plot (upper row non-
events; lower row events). The sampling took place always during afternoons, and the decision for the individual
impactor to be used was done in field based on the DMPS-data.
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Table 2. A list of the event/non-event impactorreason to expect nucleation event not to take

place (e.g., general meteorological conditions) the collection arrangement in BIOFOR 3 during
29 March–27 April 2000 in Hyytiälä, accompaniednon-event impactor was started. In order to get

sufficient mass, every impactor sample was taken by minor meteorological characteristics of the air
masses on each dayover multiple periods. All together, there were 3

event samples (E1, E2, and E3) and 2 non-event
Event (E)/samples (N1, N2). The periods when each of these

non-event (N)
samples was taken are indicated as horizontal

Day of impactor, Trajectory/
bars added into the spectral plots (Figs. 1a, b). Date 1999 year run # air mass
The upper gray bars refer to the non-event sam-

pling periods and the lower black bars refer to 29 March 88 E1 Tre, Swe/AC
30 March 89 E1 Tre, Swe/ACthe event sampling periods, respectively. The sam-
31 March 90 N1 Tre, Denm/Spling was usually continued until 8–9 p.m. On the
1 April 91 N1 Tre, Denm/PCevent days the stopping time slightly depended on
2 April 92 E2 Swe Oslo/PC

the existence of the post event Aitken mode. From
3 April 93 N1 Norway, Gr/PC

Figs. 1a, b it is apparent that practically all the 4 April 94 E2 Norway, Gr/AC
particle formation bursts during the campaign 5 April 95 E2 Norway, Gr/AC

6 April 96 E2 Tre, Swe/ACwere captured by the event impactor. The non-
7 April 97 N1 Tre, Swe/Pevent samples were collected mostly during non-
8 April 98 E2 Swe, Scot/ACevent periods, maybe excluding 3 April (DOY 93).
9 April 99 — —

3 April may be considered an unclear case, since
10 April 100 E2 Swe, Atl/AC

obviously a fairly high concentration of 10 nm 11 April 101 N1 Swe, Atl/P
particles can be seen to be present during the 12 April 102 E3 Norway, Atl/AC

13 April 103 E3 Lapl, Barents/ACsampling period.
14 April 104 E3 St.Pet, Lapl/ACA closer description of the sampling schedule
15 April 105 N2 St. Pet, South/Pwith some information about the air mass charac-
16 April 106 N2 Estonia, Pol/AC

teristics is presented in Table 2. The event samples
17 April 107 N2 Estonia, Pol/A

E1 and E2 consist of air masses arriving mostly 18 April 108 N2 St. Pet, BLR/P
over Sweden (west–northwest), and have been 19 April 109 E3 Est, BLR/PC
classified as Arctic air mass with cold air advec- 20 April 110 — —

21 April 111 N2 St. Peter, Rus/Stion, whereas the non-event sample N2 represents
22 April 112 — —air masses arriving mostly over Baltic countries
23 April 113 N2 Baltic, Ger/Pand St. Petersburg. The remaining samples E3
24 April 114 N2 Baltic, Ger/PC

and N1 may be considered as mixtures of air
27 April 117 E3 Baltic, Swe/P

masses arriving from several directions. The con-
tribution from Tampere, a city 60 km southwest Abbreviations used for the incoming air mass directions:

Tre=Tampere, Swe=Sweden, Denm=Denmark, Gr=of Hyytiälä, is mentioned in the table, being
Greenland, Scot=Scotland, Atl=Northern Atlantic,practically the only local source of pollution in
Lapl=Lapland, St. Pet=St. Petersburg, Pol=Poland,addition to Hyytiälä station itself, locating west–
BLR=Belarussia, Est=Estonia, Ger=Germany.

southwest from the measurement site.
Abbreviations for the air mass description (see Nilsson
et al., 2001): AC=Arctic/Cold air advection, S=
Subtropical, P=Polar, PC=Polar/Cold air advection.

4. Number size distributions

To estimate the presence of particles of different averaged number size distributions, presented in

Fig. 2, show again that the collection strategy hassizes during the event/non-event sampling, we
have calculated the averaged number size distribu- been quite successful. The first event sample E1

contains a clear number mode at 7–8 nm, whereastions from DMPS for the 5 separate samples E1,
E2, E3, N1 and N2. As a result of the averaging, for E2, the nucleation mode is located approxi-

mately at 15 nm. It is clear, that along with thewe obtain 5 average number size distributions to

describe the 5 mass distribution samples. The particle growth subsequent to the particle forma-
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Fig. 3 for the BIOFOR 3 campaign period. Note

that the filter collection has been performed as
daily samples but the PM-10 impactor was run-
ning on 2–3-days periods (3 samples per week).

The first part of the campaign was a cleaner period
with a fine particle mass of 4–8 mg/m3, whereas
the second part starting from 15 April 1999 (DOY

105) along with N2 samples, elevated mass con-
centrations in the order of 10–15 mg/m3 were
obtained. The fine particle mass concentrations

obtained by the two independent, but not identical,
methods agree within ±30–50%.

All the mass size distributions measured by

DLPI, shown in Fig. 4, reveal two main mass
modes, one at roughly 500 nm (particle diameter)

Fig. 2. Averaged submicron particle number size distri- and another around 1–2 mm. In the sample E3
butions during each cascade impactor sampling period.

this mode has shifted to larger sizes than in E1
The non-event 1 sample (N1) contains a clear mode of

and E2. One can also, systematically, detect a15 nm particles, whereas the event 2 (E2) sample consist
mass mode at around 200 nm in all of the eventof periods with relatively low concentration of accumula-

tion mode particles. samples E1, E2 and E3, whereas, in the non-event
samples such mode does not clearly exist. On the

contrary, the non-event samples consist of a signi-tion burst, the averaged nucleation mode should
automatically shift towards larger sizes. The same ficant mass mode at 500–700 nm. The E2 sample

seems to have a surprisingly low total mass con-is seen for the E3 sample as well. Non-event 2

seems to be a clear non-event sample having no centration, only 2.6 mg/m3. In order to get more
complete picture of the mass size distribution wetrace of nucleation mode particles. The nucleation

mode showing up in non-event 1 arises from calculated the 3rd moment distribution using the

average number size distributions presented in3 April which, slightly erroneously, was categor-
ized as a non-event day at the field. Looking back Fig 2. The resulting event and non-event 3rd

moment size distributions are shown in Fig. 5. Allat the DMPS-data, a clear nucleation mode exists

on that day. However, the nucleation mode par-
ticles appear into the DMPS spectra being already
more than 10 nm in size. 3 April can be considered

as the only day when the sampling strategy slightly
failed. All in all, the data can be considered
successful in separating the event and non-event

aerosol.

5. Mass concentrations and mass size
distributions

The particle mass concentration levels in
Hyytiälä are typically around 5–50 mg/m3, the fine
particle mass being typically in the order of

2–20 mg/m3. Highest fine particle mass concentra-
Fig. 3. Mass concentrations of fine particles determinedtions are usually observed when the air masses
by filter sampling (Dp<1 mm) and the PM-2.5 deter-

arrive from south or southwest. The fine particle
mined by Dekati PM-10 impactor. The bars in the top

mass (Dp<1 mm) from the 2-stage filters along row of the graph represent the event and non-event
with the PM-2.5 mass concentrations determined sampling periods by DLPI cascade impactor (as in

Fig. 1).by the Dekati PM-10 impactor are presented in

Tellus 53B (2001), 4



. .    .386

Fig. 4. Mass size distributions of different event and non-event samples obtained by DEKATI low pressure cascade
impactor DLPI. The total volumes sampled in each case of E1, E2, E3, N1 and N2, were 23.3 m3, 64.8 m3, 57.2 m3,
68.4 m3 and 86.2 m3, respectively (sampling times 13.6, 40.6, 35.8, 39,6 and 50.2 h).

impactor sampling could give information on the

composition of the newly formed particles.

To get a rough estimate of the data quality and

some support for further analysis, the mass con-

centrations of 5 different DLPI samples are com-

pared with the corresponding estimated fine

particle mass concentrations from filters and

PM-10 impactors. It is summarized that the other

two instruments show the same trend for the mass

concentrations as the DLPI, especially that the

event 2 sample has the lowest mass. This was

already expected from the DMPS 3rd moment

size distributions shown in Fig. 5. However, for

the 2 event samples E2 and E3, the DLPI seems
Fig. 5. Averaged submicron particle third moment size to give significantly lower mass concentrations
distributions during each cascade impactor sampling than the other two instruments. This difference
period. The spectra are calculated using the average

becomes explainable when the TEOM data isnumber size distributions shown in Fig. 2.
considered. In Fig. 6, the averaged mass concentra-

tion from TEOM for the event 2 period is shown

as a function of time of day. There is a clearthe distributions show an accumulation mode at
difference between the mass concentrations ofabout 300 nm. Interestingly, the event distribu-
early morning and afternoon. The reason for thetions show also a nucleation/Aitken mode below

30 nm. It seems therefore possible that high quality decrease in the total mass concentration is most
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probably dilution due to the vertical mixing during the comparison. However, we conclude that the

SDI and EMEP samples were reasonablythe nucleation event days. The mixing process has
been observed to be connected with the nucleation consistent.

The size distributions of sulfate ions obtainedburst, and is discussed elsewhere (Mäkelä et al.,

2000; Kulmala et al., 2001). In Fig. 6, it is also by the ion chromatography for the DLPI impactor
stages are presented in Figs. 7a, b. The particulateseen that certain selected days from the E2 period

show even a stronger dilution effect than the sulfate concentrations vary within the level

0.3–3 mg/m3. Sulfate is mainly found in the accu-average curve. From this we conclude, that since
the event samples are collected only on the after- mulation mode with the peak maximum between

400 and 650 nm diameter. As a rule, the eventnoons of the nucleation burst days, the agreement

between the full day samples by any instrument samples show systematically lower sulfate concen-
trations than the non-event samples. Moreover,and the event samples cannot be completely ful-

filled, at least if total mass is considered. It is the difference between DLPI, SDI and EMEP

data is large. The variation is assumed to partlytherefore expected that the event samples should
systematically give (~30%) lower mass concentra- arise from the fact that the samples have been

taken in different time periods. Additionally sometions than the full day samples.

SO2 from the gas phase may react with the samples
during the collection.

For comparison we also estimated the ammo-6. Ionic concentrations and size distributions
nium concentrations in the three separate meas-
urement systems. The data show that theThe chemical analysis was done for several ionic

species in aerosols. Since sodium is known to be ammonium concentrations obtained by the DLPI
are once again, systematically lower that the othernon-volatile and to have no gaseous precursors in

the atmosphere, we use sodium concentrations in two. This is understandable, since the absolute

mass concentrations are smaller in the DLPIthe aerosol samples to test the consistency of the
separate chemical methods. The consistency samples as well. However, it also seen that the

SDI data gives lower concentrations for ammo-between the SDI and EMEP data is excellent for

event 2, and the non-event samples. The SDI data nium than the EMEP filters. The ionic size distri-
bution of ammonium shown in Figs. 8a, b revealsfor event 1 and event 3 periods was not available

for sufficient number of days to be included into a peak at 400–600 nm, approximately the same

sizes as for the sulfate.
The only actual comparable data on ionic con-

centrations are the daily SDI samples versus the

daily EMEP samples. For an overall comparison
between the SDI and EMEP data is presented in
Fig. 9. In spite of the small differences between

different ionic concentrations obtained, the event/
non-event impactor data still look very similar for
most of the compounds discussed so far. However,

as seen in Fig. 10 in contrary to the non-event
samples, the event samples show the presence of
dimethylamine, a volatile organic base that

behaves quite much like atmospheric ammonia.
Ambient dimethylamine has been observed in
several locations (Mosier et al., 1973; Tuazon et al.,

1978) but its gas/particle partitioning is investi-
gated mostly only in marine air (Gibb et al., 1999).

Fig. 6. TEOM data for total particle mass concentration
The boiling point of dimethylamine is known to

as a function of time of day during event 2 sample period.
be 7.4°C and the reaction rate constant withThe solid line refers to the average concentration for the
hydroxyl radical 6.5×10−11 l/cm−3 s−1 (Gibbevent sample E2 days, and the dots refer to three separate

days from the E2 period, namely 2, 4 and 8 April. et al., 1999). The amines, as well as NH3 , are
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Fig. 7. Sulfate ion size distributions in the 5 different DLPI samples. Nucleation event samples (top) and non-event
samples (bottom).

Fig. 8. Ammonium ion size distributions in the 5 different DLPI samples. Nucleation event samples (top) and non-
event samples (bottom).
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days in BIOFOR 3. The question is, why dimethyl-

amine is transformed into the particulate phase
only during particle formation event days? Very
interestingly, the dimethylamine in BIOFOR 3

is very abundant in the event 3 sample even
compared with E1 and E2 samples. Other
methylamines (such as monomethylamine and tri-

methylamine) were not identified in the samples.
However, some unidentified peaks were found in
the chromatograms, suggesting that either of these

may have been present in low concentrations.
After its production in the atmosphere, sulfuric

acid is afterwards partially neutralized by ammo-
nium and dimethylammonium. We have calcu-
lated the mass size distributions as ion chargeFig. 9. Comparison of SDI and EMEP total concentra-

tion data for sulfate, ammonium and sodium ions. equivalents for the samples E2 and N2. Here, also
MSA and dicarboxylic acids (discussed later) are

known to be end products of the microbial turn- taken into account. The result suggests that the
over of labile organic matter. Also anthropogenic particles are still acidic. Therefore, it is probable
sources such as industrial activities, feedlot opera- that ammonium nitrate can not form for thermo-
tions, waste incineration and sewage treatment are dynamic reasons (Saxena et al., 1986) and it is not
known to exist (Schade and Crutzen, 1995). observed, at least in the event 2 and non-event 2
Amines have also been measured in nonurban samples. Nitrate found in the samples is most
areas (Tanner and Eisele, 1991). From the multiple likely associated with the sea salt particles.
potential sources, it would be understandable that The size distributions of methanesulfate MSA−

have a maximum mode at the same sizes as thedimethylamine is abundant during most of the

Fig. 10. Ionic size distributions of dimethylammonium, an ionic component of dimethylamine in the 5 different
DLPI samples. Nucleation event samples (top) and non-event samples (bottom).
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Table 3. Comparison of total particle mass concentration and the fine particle mass concentration from
the DL PI (during events/non-event afternoons) with the fine particle mass from the 2-stage filter collection
(daily, 24 h samples noon-to-noon) and the PM-2.5 from the Dekati PM-10 impactor (2–3 day samples)

DLPI total DLPI fine Filter fine PM-2.5
Mass (mg/m3) (mg/m3) (mg/m3 ) (mg/m3 )

event 1 10.8 4.3 6.2 4.8
event 2 2.6 1.4 5.5 3.9
event 3 8.8 4.7 7.7 7.1
non-event 1 7.4 4.2 6.1 4.3
non-event 2 11.7 9.5 9.2 10.4

sulfate distributions. However, there seems to be phase onto the back-up filter of the DLPI.

no remarkable difference between the samples, However, it is probable that MSA is more
even though the mass concentrations of the separ- abundant in the air masses arriving from North
ate samples were different as seen in Table 3. The Atlantic which, in our case, means the event
origin of MSA is assumedly maritime. It is samples.
assumed to be formed as a result of photochemical The light dicarboxylic acids oxalic, malonic,
oxidation chain of dimethylsulfide (DMS) succinic acids were found in all the samples (in
(Berresheim et al., 1995; Davis et al., 1998). Very the form of organic ions). The concentrations in
interestingly, the event samples tend to have MSA the non-event samples were systematically higher
in the nucleation mode fraction. It may be ques- than in the event samples. Since the difference is
tioned whether this is a real aerosol result, or of the order of 30–40%, it is assumed to be mostly
whether the MSA has condensed from the gas due to the higher overall mass concentrations in

the non-event samples. Apparently especially non-

event oxalate and succinate coincide with theTable 4. T echnical info of the low pressure cascade
particle mass. Succinate seems to be present mostlyimpactors used in the study: #657= ‘‘event

impactor’’ DL PI; #678= ‘‘non-event’’ impactor in the fine particle fraction, whereas for oxalate
DL PI and #SDI daily impactor sampling. T he and malonate, a coarse mode also exists. Malonate
volume flow rates were: #657: 26.60 l/min; #678: has a clearly bimodal distribution. This may be
28.64 l/min and #SDI: 11.0 l/min caused that it is split between the accumulation

mode (sulfate particles) and the seasalt mode
#657 #657 #678 #678 #SDI

(sodium particles). The maxima of the malonate

distribution coincide with the sulfate and sodiumGeom. Geom.
maxima. The other dicarboxylic acids (oxalic andD50% Dp D50% Dp D50%

Stage (nm) (nm) (nm) (nm) (nm) succinic) are associated with the accumulation

mode sulfate particles regardless of their low
filter — 9.8 — 9.5 —

pH-value. The reason may be either due to the
1 32 44.9 30 42.8 —

higher volatility of malonate than that of oxalate2 63 83.2 61 80.4 86
or succinate. Malonic acid is also more water3 110 140 106 134 153

4 177 219 169 209 231 soluble than the other two acids.
5 272 337 259 321 343 In addition to the carboxylic acids mentioned
6 417 530 399 508 591

here, some other, probably organic acid anions
7 674 841 647 808 796

were found in the chromatograms. It has to be8 1050 1336 1010 1283 1060
noted, that there are several important organics,9 1700 2098 1630 2014 1660

10 2590 3294 2490 3167 2680 e.g. pinonic acids, that we are unable to identify
11 4190 5392 4030 5192 4080 or to quantify by this method.
12 6940 8629 6690 8317 8500

To summarize the comparison between the
13 10 730 15 174 10 340 14 622 30 000

event and non-event samples we present the mass
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Fig. 11. Ionic mass concentrations for the event sample 2 (top), and for the non-event sample 2 (bottom).

distributions of the most abundant ions measured particle formation process has been studied. The
mass related data suggests that, the total particlein the samples E2 and N2 in Figs. 11a, b.
mass concentrations were systematically lower
when particle formation occurred. All the other

7. Conclusions results on mass are fairly consistent and we may
derive some conclusions based on the data

In this study, the chemical composition of the obtained within BIOFOR 3 campaign.
Partly because of the lower overall mass concen-aerosol during and subsequent to the ambient
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trations, the particle formation event aerosol data ative difference between the event and non-event

aerosol dimethylamine is approximately 50-fold.showed lower sulfate concentrations than the refer-
ence data. In the event samples also nucleation As the measurements have shown dimethyl-

amine to be correlated with sulfate, two saltsmode particle MSA (methanosulphonic acid) was

found to be present. This may be a consequence may be considered: dimethylammonium sulfate
((CH3 )2NH2 )2SO4 and dimethylammoniumof the events showing preference for air masses

arriving from Northern Atlantic. The sea salt bisulfate (CH3 )2NH2HSO4 . The observation of

particulate dimethylamine presence during themode was also more pronounced in the event
samples indicating the connection of the event nucleation bursts also partly supports the discus-

sion by Bigg (2001) about the organic origin ofpreferring conditions towards marine air masses.

MSA is known to be a reaction product of DMS, the nucleation agents. However, further conclu-
sions need more accurate measurements of the gaswhich is of maritime biological origin. It is not

clear why the MSA concentration in the Aitken phase species.

and accumulation modes were practically equal
in all the samples and only in the nucleation mode
fraction the excess of MSA was observed. 8. Acknowledgements
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and Hyytiälä Forestry Field Station for continu-in the particulate phase during and/or shortly
after the particle formation events. If one takes ous support during the project. We thank especi-

ally Dr. Winifried Seidl who passed away ininto account that the event aerosol had roughly

30–40% lower total mass concentrations, the rel- August 2000.

REFERENCES

Berresheim, H., Wine, P. H. and Davis, D. D. 1995. oxylic acids in the Arctic atmosphere. Atmos. Environ.
33, 2089–2100.Sulfur in the atmosphere. In: Composition, chemistry,

and the climate of the atmosphere (ed. H. B. Singh), Kulmala, M., Toivonen, A., Mäkelä, J. M. and Laak-
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