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ABSTRACT
An analysis of particle formation (PF) events over a subarctic mire in northern Sweden was performed, based on number—

size distributions of atmospheric aerosol particles (10-500 nm in diameter) and ions (0.4—40 nm in Tammet diameter).
We present classification statistics for PF events from measurements covering the period July 2005-September 2006,
with a break over the winter period. The PF event frequency peaked during the summer months, in contrast to other

Scandinavian sites where the frequency is highest during spring and autumn. Our analysis includes calculated growth
rates and estimates of concentrations and production rates of condensing vapour, deduced from the growth rates and
condensational sink calculations, using AIS and SMPS data. Particle formation events with high growth rates (up to

50 nm h™!) occurred repeatedly. In these cases, the newly formed nucleation mode particles were often only present
for periods of a few hours. On several occasions, repeated particle formation events were observed within 1 d, with
differences in onset time of a few hours. These high growth rates were only observed when the condensation sink was

higher than 0.001 s~

1. Introduction

Atmospheric aerosols have several environmental implications.
Most focus is on their effects on regional and global cli-
mate (IPCC, 2007) and their adverse effects on human health
(Dockery and Pope 111, 1994; Pope III et al., 2002; Brook et al.,
2004). In addition, aerosols are also known to have implications
on, for example, acid and nutrient deposition, and atmospheric
transport of toxic substances. The atmospheric aerosol influences
the radiation balance in the atmosphere directly through the up-
ward scattering of incoming short-wave solar radiation and in-
directly through their capability to act as cloud condensation
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nuclei (CCN) and thus influence cloud microphysical proper-
ties. It has lately been suggested that the global warming can
have been masked by aerosol cooling to an even higher extent
than previously accounted for (Andreae et al., 2005).

We cannot fully understand the effects of anthropogenic air
pollution without knowing the properties of the natural atmo-
sphere (Andreae, 2007). The natural secondary aerosol and its
changes with increasing temperature and trends in emissions of
biogenic aerosol precursors have been proposed to be a vital
part in feedback mechanisms of the climate, via both direct and
indirect aerosol effects (Kulmala et al., 2004b). In fact, for the
pre-industrial atmosphere over continental regions, secondary
organic aerosol (SOA) have been arguably the chief components
of cloud condensation nuclei and, even today, play a major role
in that respect over large forested areas like the boreal forest
and of the Amazon (Kanakidou et al., 2000; Tunved et al., 2006;
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354 B. SVENNINGSSON ET AL.

Andreae, 2007). Changes in emissions of biogenic precursors
and their interactions with aerosol particle formation and growth
are important processes that needs to be understood in that
context.

New particle formation in the atmosphere has been observed
all over the globe (Kulmala et al., 2004c¢), in clean background
air masses as well as in polluted air. It is most often observed
during daytime, indicating that photochemical reactions in the
atmosphere probably are of importance as well as the mixing
taking place when the boundary layer breaks up (Nilsson et al.,
2001). Only very few observations of night time events are de-
scribed in the literature (Suni et al., 2007). The effect of new
particle formation in the boundary layer on the aerosol par-
ticle concentrations on a global scale has been studied using
a global aerosol microphysics model (Spracklen et al., 2006).
Their results suggest that particle concentrations at remote areas
are dominated by secondary particles, whereas in polluted areas,
the primary particles are most important for the particle number
concentration. They also showed that the atmosphere responds
in a complicated way to changes in emissions. As an example,
reductions in primary particle emissions can increase the par-
ticle number concentration due to the decreased quenching of
particle formation.

The chemical composition of the newly formed aerosol parti-
cles is in general not known, even though sulphuric acid proba-
bly plays a key role in the very initial stage (Weber et al., 1996;
Sihto et al., 2006; Riipinen et al., 2007) and iodine compounds
have been identified in coastal particle formation (O’Dowd et al.,
2002, 2004). There is also some evidence for biogenic monoter-
pene emissions playing an important role in particle formation
in at least eucalyptus and boreal forests (Kavouras et al., 1998;
Tunved et al., 2006). Di-methyl amine in the particle phase has
also been associated with particle formation events (Mikeld
et al., 2001). Nevertheless, we still do not know the chemical
substances that are responsible for the onset of particle forma-
tion or the compounds that make the newly formed particles
grow into detectable sizes and further to sizes where they can act
as cloud condensation nuclei.

Chemistry aside, in terms of the microphysics of particle for-
mation, mechanisms for the nucleation and early growth of at-
mospheric aerosol particles have been discussed and one of the
recent models (Kulmala et al., 2000; Kulmala, 2003; Kulmala
et al., 2004a) assumes that thermodynamically stable clusters of
about 1 nm in diameter or less exist all the time in the atmo-
sphere. It is assumed that they can become activated by super-
saturated vapours of, for example, organic compounds and then
start to grow. Charged clusters are always present, and some ex-
perimental and theoretical support for the existence of neutral
clusters have been presented (Kulmala et al., 2005a, 2007).

Most of the data concerning particle formation in northern
locations are from boreal forests with comparatively little direct
human pollution influence (Kulmala et al., 2004c; Dal Maso
et al., 2007). There is evidence pointing at biogenic emissions

from boreal forests as important precursors for the evolution
of the natural atmospheric aerosol over northern Scandinavia
(Tunved et al., 2006). However, typical northern latitude ecosys-
tems like wetlands or tundra generally have been ignored as ma-
jor SOA precursor areas, although it is known that these emit iso-
prene as well as monoterpenes at measurable amounts (Hakola
et al., 1998; Janson and De Serves, 1998; Hellén et al., 2005).
This is particularly important, since isoprene has been discovered
to contribute to SOA growth, and since global climate change
may lead to tree-line migration and a different relative contribu-
tion of forest versus wetland versus tundra ecosystems in north-
ern landscapes (Chapin et al., 2004; Claeys et al., 2004). Whether
or not such a change in vegetation will have effect on aerosol
particle formation or concentration is unkown.

In this work, we have analysed aerosol particle and air ion
size distributions taken at a subarctic site in northern Sweden
and characterized events of new particle formation. Also, night
time events with high growth rates are presented and analysed.
The condensation sink of the submicrometre aerosol has been
estimated and growth rates calculated for the particle formation
events. Ambient concentrations and production rates of condens-
able vapours are estimated. The influence of condensation sink
on particle event characteristics is investigated. However, de-
tailed analysis of meteorological conditions, back trajectories
and behaviour of cluster ions will be the subject of future studies
and is not included here.

2. Experimental

2.1. Site

Measurements were conducted at Stordalen mire (68.35°N,
19.05°E), approximately 14 km east of Abisko; a subarctic mire
underlained by discontinuous permafrost (Fig. 1). The larger
Abisko area is characterized by subarctic birch forest (Betula
pubescens) interspersed with wetlands and, above the tree line,
tundra ecosystems. Long term average mean temperature at the
site (1913-2002) were —0.7°C, with considerable fluctuations
over this period, particularly two warming periods: one in the
early half of the 20th century, the other over recent decades
(Christensen et al., 2004). Monitoring of vegetation patterns on
the mire in the 1970s allowed to assess rapid changes in sur-
face hydrology and vegetation patterns in response to this latter
warming (Svensson et al., 1999), which fosters expansion of
wetter parts of the mire dominated by sedges over the drier parts
of the mire, formed by Sphagnum and ericaceous shrubs.

2.2. Instrumentation

Precise particle number—size distribution measurements in the
submicrometre size range are generally based on particle mobil-
ity techniques, for example, the application of scanning mo-
bility particle sizers (SMPS). As a first step, the aerosol is
given a well-defined charge distribution in a neutralizer, and the
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Fig. 1. A map over northern Scandinavia,
with vegetation zones indicated (courtesy of
the U.S. Geological Survey,
http://www.usgs.gov). The Abisko region is
characterized by birch forests, mires and
lakes and is surrounded by mountains. The
measurement site is situated on the Stordalen
mire, 14 km east of Abisko.

electrically charged particles are classified according to their
electrical mobility in a differential mobility analyzer (DMA).
As a result, particles within a narrow size range leave the DMA
and the number concentration of these particles is counted by a
condensation particle counter (CPC) in different mobility classes
(Birmili et al., 1999).

In this study, we used a custom built SMPS continuously scan-
ning the size range between 10 and 500 nm with a time resolu-
tion of 3—5 min (DMA: Hauke type medium, custom built; CPC:
3010, TSI Inc., USA). An exact measurement of the real particle
number—size distributions requires high demands on the cali-
bration of the individual parts of the measurement device. As a
part of the data quality control, closed loop (sheath/excess air)
and sample air flow rates, as well as their temperatures, relative
humidities and the inlet pressure were monitored continuously
during the whole measurement period. In addition, diffusion dry-
ers within the sheath/excess air cycle were used. The SMPS was
first placed in a trailer on the mire, with the inlet 3.4 m above
the ground and flow rate in the inlet tubing of 17 1min~'. In
May 2006 it was moved to a small house next to the mire and a
birch forest, and the length of the inlet tubing was increased to
4.4 m. Using an inversion algorithm, real particle number—size
distributions were calculated, based on the determined raw parti-
cle mobility distributions, taking into account diffusion losses in
the sample lines, probability for multiple charging, DMA trans-
fer function including diffusion losses in the DMA and CPC
efficiency.

The early stage of particle formation has only recently been
accessed (Kulmala et al., 2007), and the detection of the smallest
neutral particles is still very challenging and needs more investi-
gation. One of the possibilities to study these early stages, the air
ion spectrometer (AIS #5, manufactured by Airel Ltd., Estonia;
Mirme et al., 2007), is used in this study. In a similar principle to
DMA techniques, the AIS measurement is based on the mobility
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of charged clusters and particles in an electric field. Since there is
no charger at the inlet in the AIS, only naturally charged clusters
and particles are detected. The sample flow is introduced close
to the central electrode and the charged entities move towards
the outer electrode that consists of 21 segments, each of them
attached to an electrometer. Two columns, one for the negative
and one for the positive ions and clusters, are used. The whole
mobility distribution is thus obtained simultaneously, with a time
resolution of 5 min, and no scanning is needed. The AIS gives air
ion mobility spectra for the mobility range 3.2-0.0013 cm? V™!
s~!, corresponding to a diameter range of 0.4—<40 nm (Tammet,
1995). More details about the instrument, its performance and
the data processing are given by Mirme et al. (2007). The AIS has
short inlet tubing and samples at a height of about 1.7 m above the
ground. Our instrument was calibrated versus a BSMA (Tammet,
2006) to account for losses of small ions.

Meteorological data for the site is available from a meteoro-
logical mast run by the University of Copenhagen. The mast is
located in the centre of the mire, about 10 m from the trailer,
and it includes measurements of net radiation, incoming short-
wave radiation, air temperatures and humidity, soil temperatures
and precipitation. Data for air temperature and humidity used
in the condensational sink calculations (CS, Section 2.3) was
measured by a combined Pt-100 temperature and capacitive hu-
midity probe (Rotronic MP103A, Crawley, UK) at a height of
2.4 m above ground level. The accuracy of this sensor type is
about 0.3 K for temperature and 1.5% RH for humidity. All
sensors are sampled automatically using a CR10X datalogger
(Campbell Scientific, Logan, USA) and recorded as hourly mean
values or totals, respectively.

2.3. Data evaluation

The particle formation events observed using the SMPS (10—
500 nm) were classified according to the scheme proposed by
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Dal Maso et al. (2005). Generally, for a day to be classified
as a particle formation day, there should be a new particle mode
appearing in the diameter range below 25 nm, and this new mode
should grow in size and persist for more than 1 h. In contrast,
non-event days are characterized by the absence of new mode
of sub-25 nm particles that exists for more than 1 h and no
growing Aitken mode. Days that do not follow any of these two
specifications are labelled unclassified.

The classification of the air ion size spectra is more com-
plicated, and a common classification scheme is still under de-
velopment. Air ion spectra (AIS) frequently show outbreaks of
intermediate ions (1.6—7 nm in diameter), caused by a variety of
processes, many of them unknown. The full classification under
development will take all of them into account. In this work, a
simplified classification was applied for the purpose of analysing
particle formation. This classification is based on the classifi-
cation of SMPS data described above, with the size range for
the new mode specified as 1-10 nm and the minimum limit for
growth set to diameters above 10 nm. Using such an approach,
for a subset of the event days, the diameter growth rate of the
newly formed particles could be determined (equivalent to class
I events according to Dal Maso et al., 2005). In class II events,
there was too much variability in particle concentration for the
growth to be characterized.

Traditionally, classification of aerosol particle formation is
made on a day-by-day basis. This is justified by most events
appearing during day time, and most often, only one event per
day is observed. In the data presented here, many events were
observed during the night and there was often more than one
outbreak of new particles/ions per day. Furthermore, in the air
ion size spectra, several different types of events can take place
during 1 d. For the future, it should be considered finding a
classification method taking into account these processes. How-
ever, in this paper, we follow the tradition and classify the events
day-by-day. In the analysis of growth rates as a function of, for
example, condensation sink or time of day and year, more than
one event per day, when present, was included.

The aerosol particle number—size distribution (SMPS) data
were fitted to up to three lognormal distributions (Hussein et al.,
2005). A similar approach was used to fit lognormal distributions
to the air ion size spectra. This generated two modes for both,
negative and positive ions. One of the fitted lognormal modes
was forced to always fit the cluster ion mode (<1.3 nm).

The evolution of the modal diameter with time was used to
find the growth rate of the particles by fitting a line to particle
diameter as a function of time, the slope of which is interpreted
as the growth rate. In this methodology, it is assumed that the
particle formation takes place in a homogeneous air mass and
that the particles observed during the modal diameter growth are
all formed at the same time. For the AIS data, priority was put
to the growth of the newly formed particles in the size range 1—
10 nm although especially the events with high growth rates
often showed the same growth rate in the whole range up to

40 nm. For the SMPS data, the growth rate was determined as
an average over the time when the new mode was observed. For
events with long duration, only the growth until midnight of the
first day was taken into account.

The growth rate depends on the concentration of condens-
able vapours (Kulmala et al., 2005b). Assuming that the ambi-
ent vapour pressure is much higher than the saturation vapour
pressure over the particle surface and properties similar to those
of sulphuric acid, the growth rate (GR in nmh~') for particles
in the transition regime (for our purpose those larger than 5 nm
in diameter) can be expressed by a linear relation to the con-
centration of condensable vapours (C in cm™) (Kulmala et al.,
2001):

GR=139%x10"xC (1)

The condensation sink parameter (CS) describes the timescale
(1/CS) for removal of condensable vapours due to condensation
on pre-existing particles. It is calculated from the aerosol parti-
cle size distribution, assuming that the saturation vapour pressure
over the particle surface is low compared with the vapour pres-
sure far from the particle and molecular properties similar to
those of sulphuric acid:

CS=27D " BidyiN;. )

where D is the diffusion coefficient for the condensing vapour,
dp; is the diameter of particles in class i, N; is their number
concentration and §; is the transitional correction factor. The
condensation sink depends on the ambient size of the particles,
including the liquid water. As we do not have information about
the hygroscopic growth of the particles during this experiment,
we estimated the water uptake of the observed aerosol based
on measurements at the boreal forest site in Hyytiéld, Finland
and applied the hygroscopicity parameterisation by Laakso et al.
(2004).

The time dependence of the concentration of condensable
vapours (C) can be expressed as:

dcC
EzQ—CSXC, 3)

where Q is the vapour production rate. For the purpose of order-
of-magnitude estimations of vapour production rates, we assume
steady state conditions (dC/d¢t = 0). The vapour concentration
is then determined by the production rate and the condensation
sink as

c=0/CS @

On the other hand, if we know C, the vapour production rate
can be estimated as:

0=CSxC. (5)

More details concerning these calculations are given by
Kulmala et al. (2001, 2005b).

Tellus 60B (2008), 3
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3. Results and discussion

3.1. Aerosol and cluster ion characterization

The air in the Abisko region is most of the time relatively unpol-
luted background air of arctic origin that has been transported
over land with low population density for time periods of hours
to days. The site can, on some days, be influenced by air from
more polluted areas in, for example, southern Scandinavia and
central Europe. Accordingly, the number concentration of parti-
cles in the size range 10-500 nm (SMPS) varied from less than
a hundred to a couple of thousand particles per cubic centime-
tre, with an average over the measurement period of 790 cm~3.
The time-series of daily and monthly averages (Fig. 2a) shows
slightly higher particle number concentrations during summer
compared with spring and autumn.

Variation in aerosol particle size distribution data can be il-
lustrated using many different parameters, for example, total
number, surface, volume or modal structure. For the purpose of
understanding particle formation and concentrations of clusters
and condensable vapours, the condensation sink (CS, see Sec-
tion 2.3 and Kulmala et al., 2005b) is a valuable measure. At
our Stordalen site, the average CS during the measurement pe-
riod was 0.0025 s~!, indicating a life time of condensable gas
molecules of 5—10 min, if no other sinks are assumed. Daily av-
erages of CS as low as 0.00025 s~! were observed (Fig. 2b). The
average CS in Abisko is comparable to the CS at background sites
in central Finland (Dal Maso et al., 2007) and clean conditions
in Southern Sweden (Kristensson et al., 2008).

In the air ion spectra, the typical picture of an always present
mode of cluster ions with modal diameters in the range 0.5—
1 nm (diameter according to Tammet, 1995) is clearly visible
(Figs. 3e-h). The negative ions were in general smaller (with
an average diameter of 0.65 nm) compared with the positive
ones (0.82 nm), but they also show more variability in size.
Cluster ion number concentration are presented in Fig. 2(c), and
the numbers of negative and positive cluster ions (based on the
fitting) averaged 2380 cm~ and 1650 cm™3, respectively. These
cluster ion concentrations are higher than observed at many other
sites (Komppula et al., 2007; Vartiainen et al., 2007; Venzac
et al., 2007). However, the overall picture of an always present
cluster ion mode agrees with the previous observations.

The ion concentration in the size range 1.6—7 nm (intermediate
ions) is normally low, with various types of outbreaks of higher
concentration having durations of a few minutes to hours. Several
processes are responsible for these outbreaks, many of them not
very well known. For the analysis of the AIS data, we focus here
on particle formation events, that is, occurrence of intermediate
ions that showed growth leading to formation of particles larger
than 10 nm in diameter.

3.2. Particle formation events

Particle formation, according to the classification described in
Section 2.3, was frequently observed. It should be noted that the
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Fig. 2. Daily and monthly averages of (a) number concentration of
particles in the size range 10-500 nm in diameter and (b) condensation
sink (CS) estimated from the aerosol particle size distributions (SMPS
data). (c) Daily averages of negative and positive cluster ions according
to the fit of a lognormal distribution with a modal diameter smaller than
1.3 nm to the size distributions of the naturally charged particles in the
diameter range 0.4—40 nm (AIS data). The grand average for the
negative and positive cluster ion concentrations are 2380 and
1650 cm™3, respectively.

time periods covered by AIS and SMPS differed due to different
starting dates and instrument failures. The determined growth
rates and times of onset can also be different since the two sets
of data cover different size ranges, and the focus in the AIS data
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Fig. 3. Time evolution of aerosol particle (a—d) and ion (e-h) size distributions. The x-axis represents time, y-axis particle/ion size, and the colour
code the number concentration (dN/d logDp, cm~3). (a) A typical particle formation event. The formation and growth of negatively charged ions
during the same event is shown in panel (e). (b) Strong formation event in an air mass coming from the Barents Sea. (c) Particle formation event in a
very clean air mass with origin over the Norwegian Sea. (d) Two consecutive nighttime events with high growth rates. (e) A typical particle
formation event as seen in the growth of negative ions. The growth of aerosol particles (neutral and charged) during the same event is shown in Fig.
3a. (f) High growth rates of the negative ions. The positive ones showed a similar picture. (g) Nighttime event with high growth rate and an increase
in cluster ion size at the same time. (h) This is an example where the cluster ion size is strongly affected and particle formation is trigged several
times—during some of these particle bursts, the growth was too high to be determined.

analysis is on the growth of particles below 10 nm in di-
ameter, a size range not covered by the SMPS data. In the
range of overlapping sizes (1040 nm in diameter), the data
from the two instruments show, in general, a consistent pic-
ture of the ion/particle size distributions (Figs. 3a and e).

In a few cases, however, there are clear discrepancies, and
some of these will be discussed below. In the following, we
will first give three examples of particle formation events ob-
served in the SMPS data (Figs. 3b—d), along with some of
their characteristics. After that, we will give example from the
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AIS data and make some comparison between the two sets of
data.

According to the classification of the SMPS data, 77 out of
195 d (40%) were particle formation event days. The data on
which these numbers are based cover spring, summer and au-
tumn but not winter. 60% of the particle formation events that
were seen in the SMPS data, took place during daytime and
showed moderate growth rates (0.5-10 nmh~!, Figs. 3a—c), an
observation in agreement with observations from other continen-
tal background sites (Kulmala et al., 2005b). As a typical pattern
observed for summer time conditions, during the particle forma-
tion event on 6 August 2005 (Fig. 3b), the air mass originated
from the Barents Sea and arrived from north after travelling over
land for about 12 h (according to HYSPLIT back trajectories,
http://www.arl.noaa.gov/ready.html; Draxler and Rolph, 2003;
Rolph, 2003). On that day, the morning concentration of par-
ticles in the size range 10-500 nm was just below 200 cm™.
The number of particles in the newly formed mode reached a
maximum of 3500 cm~> at 15:00, 6 h after it first could be de-
tected in the SMPS data. At 20:00, there were still 2000 particles
cm™? with a modal diameter of 37 nm (Fig. 3b). The calculated
growth rate was 4.5 nmh~!, corresponding to a concentration of
condensable vapours of 6 x 107 cm~3 and a vapour production

3 571, The new particle mode was observed

rate of 1 x 10° cm™
for in total almost 2 d and after 1 d, the modal diameter was
65 nm. Depending on the particle chemical composition and
cloud formation dynamics, particles of this size can act as cloud
condensation nuclei. This is an example of how the aerosol parti-
cle size distribution can be strongly affected by particle formation
in the atmosphere during seasons with high biological activity.

A second example is taken from the autumn measurement pe-
riod, when vegetation on the mire is not active anymore and leaf
fall at the birch forest had commenced (4 October 2005 SMPS
aerosol particle size distributions in Fig. 3c). In this case, the
air mass originated from the Norwegian Sea and arrived in the
Abisko area from western directions after less than 6 h passage
over land. During the first hour of this event, the concentration of
particles larger than 15 nm was 70 cm~>; there is unfortunately
no size distribution data available before the onset of this event.
At midnight, the modal diameter of the new particle mode had
reached 25 nm and the number concentration was 310 cm™>
(compared with a total of 340 particles cm™ in the particle
diameter range 10-500 nm). The calculated growth rate was
0.9 nmh~! (Fig. 3c), corresponding to a concentration of con-
densable vapours of 1 x 107 cm™ and a vapour production rate
of 3 x 10° cm~* s~!. Here it is shown that for this type of clean
conditions, low production rates of condensable vapours, also,
can alter the aerosol particle size distribution significantly.

In addition to this type of often described daytime events, we
frequently observed events that did not fit into this pattern (see
e.g. Fig. 3d). They were characterized by unusually high growth
rates, estimated under the assumption of a homogeneous air mass
and were of relatively short duration (i.e. few hours). In many of
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these events, the onset took place during the night (Fig. 4a) and
they were often, though not exclusively, observed in summer. In
the Abisko area, the sun is above the horizon all night from 31
May to 14 July, although the sun light is not very intense during
the night. In many cases, repeated particle bursts were possible
with time intervals between each burst of typically a few hours.
In the SMPS data, we observed growth from 10-30 nm up to
100 nm taking place within a few hours (Fig. 3d). If these par-
ticles consist of soluble material with molar weights similar to
those of oxidation products of monoterpenes, they are expected
to be good cloud condensation nuclei.

According to the AIS data classification, 44 out of 175 d (26%)
showed particle formation, covering both high and low growth
rates (see for example Fig. 3e) and onset during the day as well
as during the night (Fig. 4b).

Particle formation events with high growth rates, and some-
times nighttime onset, are observed in the AIS data as well.
Events were observed with growth from cluster ion size to the
upper diameter limit of the instrument (40 nm) taking place in
1-2 h (Figs. 3f-h). The highest growth-rate determine from the
AIS data was 57 nmh~!, which is a conservative estimate be-
cause, in some cases, the instrumental time resolution limited
the possibility to judge between growth and ions of all sizes ap-
pearing simultaneously (Fig. 3h). Many of the high growth rate
events were associated with an increase in the cluster ion sizes,
examples of which are presented in Figs. 3(g)—(h). In these cases,
negative and positive cluster ions typically ended up at similar
sizes although the change is most pronounced for the negative
ones, since they started from smaller sizes.

Figure 3(f) shows an example of AIS data from one day in
a week in September 2005, with 5 of 7 d showing this type
of strong particle formation. One very clear event for which
the growth rate easily could be determined, is illustrated in the
figure. Several less clear bursts of intermediate and larger ions
are observed before and after that. During this period, a particle
formation event with high growth rates and onset after the sunset
was observed. However, the events during this week did not
appear as pronounced in the SMPS data. During this period,
the SMPS was placed in the trailer on the mire and the AIS
was located in a house at the border of a birch forest next to
the mire. The distance between the instruments (~300 m) and
their different immediate environments could be a clue to the
differences found here and is a motive for further investigations.

At this point, we cannot draw conclusions on the reason for
high growth rates and onset of particle formation during the night.
It is, however, not very likely that photochemical reactions or
boundary layer break up are the driving force behind these night
time events.

3.3. Seasonality of particle formation events

The seasonality of particle formation events is illustrated in
Fig. 5 (5a based on SMPS and 5b on AIS data). Data from both
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Fig. 4. Growth rate as a function of the time
of the day when the new mode was first

. observed in (a) SMPS and (b) AIS data. The
solid lines in (a) represent the division
between the nighttime events with high
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instruments show a maximum in the frequency of particle forma-
tion events during the summer. The SMPS data gave, in general,
somewhat higher particle formation frequencies, compared with
the AIS. A period of very high particle formation frequency in
June 2006 found in the SMPS data is, however, based on 12 d
only. The summer maximum contrasts observations from sites in
southern Scandinavia (Dal Maso et al., 2007; Kristensson et al.,
2008; Hyvirinen et al., 2008) where particle formation events
were concentrated in the spring and autumn months. The sites in
northern Finland, at about the same latitude as Stordalen, show
less pronounced spring and autumn maxima. The spring onset at
these sites is, however, earlier than in Stordalen, and they do not
show a summer peak in the particle formation event frequency
(Dal Maso et al., 2007).

The particle growth rate (Fig. 6) is a function of the condens-
able vapour concentration, which in itself is a function of the
vapour production rate (Q) and the condensation sink. Like the
growth rates, also the vapour production rates, estimated from
growth rates and the condensation sink, peaked during summer.
The summer maxima in the growth rate and Q is in agreement
with previous observations (Kulmala et al., 2005b; Dal Maso et

24
and growth rates higher than 10 nmh~") and

the rest of the events.

al., 2007; Kristensson et al., 2008) and consistent with the bio-
logical activity and emissions of photosynthesis related aerosol
precursors (e.g. isoprene and monoterpenes) being high in the
summer. We did, however, find high growth rates, and thus high
values of Q also, in late September (see e.g. Fig. 3f), when the
photosynthesis and emissions of related biogenic aerosol pre-
cursor vapours were low. One hypothesis is that the decay of
biological material can result in aerosol precursors. Mikeld et
al. (2001) has, for example, observed that the concentration of
di-methyl amine in aerosol particles was higher during event
days compared with non-event days. Di-methyl amine is an end
product of microbial decomposition of organic material and the
observations could thus possibly be linked to freshly fallen birch
litter.

3.4. Particle formation event days versus non-event days

Differences in particle number (in the size range 10-500 nm)
and CS for particle formation event days compared with non-
event days were investigated. We divided the particle formation
events into two groups: (1) particle formation events with growth
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the SMPS data.

rates over 10 nmh and onset during the night (upper left- and
right-hand side areas in Fig. 4a) and (2) all other events. We
found that the particle number was in average higher during event
days with high growth rates and onset during nighttime (average
+ 1SD = 1070 % 342 cm™3) compared with the other event
days (782 £ 451 cm™3) and non-event days (666 % 481 cm™).

Comparing the average values for the condensation sink in
the same way, we found no difference between the high growth-
rate events (0.0032 + 0.0014 s~') and non-events 0.0031 +
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Fig. 7. (a) The particle growth rate determined from the SMPS data
versus the condensation sink averaged over half an hour before the new
mode was first observed. (b) The estimated production rate of
condensable vapour (Q) versus the particle growth rate. The solid lines
represent the vapour production rate that can sustain a given particle
growth rate for three values of the condensation sink (CS): 1 x
10725711 x 1073 s~ !, and 1 x 10~* s~!. The high Q values,
associated with growth rates over 10 nm h~!, should be taken with
precaution as discussed in Section 3.4.

0.0024 s~'). The other events showed, in average, lower val-
ues of CS (0.0017 £ 0.0015 s~1). In previous studies, it has been
observed that the particle formation events often are associated
with lower values of the condensation sink (and thus also lower
coagulation sink) compared with non-event days (Dal Maso
et al., 2007). This can be explained by less competition for
condensable vapour when CS is low (egs. 3 and 4) and a
longer lifetime of the newly formed particles and hence a higher
probability for newly formed particles to grow to detectable
sizes.

Figure 7a shows the growth rates as a function of the conden-
sation sink, averaged over half an hour before the new mode was
first observed in the SMPS data. From egs. (1) and (4), the growth
rate is expected to correlate with the inverse of the condensation
sink. But Fig. 7(a) shows the opposite—the high growth rates
were only observed when the condensation sink was above 1 x
1073 s~!. We investigated this further by plotting the vapour
production rate (Q estimated as described in Section 2.3) versus
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the growth rate (Fig. 7b), which showed a similar picture—high
growth rates were associated with high Q. Some important as-
sumptions are made in the estimates of Q: the particle growth is
assumed to take place in a homogenous air mass and the vapour
concentration is assumed to be in steady-state. Even though the
particle formation events with the highest determined growth
rates continued for time periods of at least five times the typ-
ical life times of condensable vapours, we cannot exclude that
these assumptions are violated during some of these events. Q
associated with growth rates over 10 nmh~' (the shaded area
in Fig. 7b) should therefore be taken with precaution. The solid
lines in the Fig. 7(b) represent the values of QO needed to sustain
a given growth rate for three different values of CS: 1 x 1072,
1 x 1073 and 1 x 10~* s~!. The Q values needed to explain the
observed growth rates increases even stronger than indicated by
these lines, which is consistent with the high growth rates be-
ing associated with relatively high CS . Thus, the condensation
sink cannot explain the high growth rates and their explanation
should be sought for elsewhere.

The event-quenching ability of a high coagulation sinks (re-
lated to the condensation sink) can, in some cases, explain corre-
lations between condensation sink and particle growth rate. If the
coagulation sink is high, newly formed particles will be quickly
scavenged by the pre-existing particles, and no particle forma-
tion event is observed unless the growth rate is high. Because of
the competition between growth and scavenging, the only types
of events observed are the ones with either extremely high for-
mation rates or high growth rates. This explanation, however,
suggests that the high growth rates are observed at all CS and
a lack of low growth rates at high CS. It cannot give a reason
for the high growth rates not being observed during periods with
low condensation sink.

The association of high growth rates with higher than aver-
age particle number concentrations, could be the results of the
particle formation increasing the particle number or an effect
of the high growth rate events taking place in air masses that
are more polluted, or where atmospheric particle formation has
taken place already upwind of Stordalen. But, the fact that the
condensation sink prior to events with high growth rates were
higher than those found before the onset of the other events,
suggests that the former took place in air masses with higher
concentrations of pre-existing aerosol particles.

The reason for the coexistence of the high growth rates and
the larger CS values cannot be explained by aerosol and vapour
dynamics only, as already discussed. It suggests that either the
particles contributing to the CS and the aerosol precursors came
from the same sources (natural or anthropogenic) or that their
sources are located in the same wind direction or along the same
set of back-trajectories. Alternatively, there could be a synergis-
tic effect between local biogenic precursor emissions and long
distance transported trace gases, coming from the same sources
as the particles contributing to the condensation sink. Further-
more, due to the short duration of these events and the fact that

they have not been observed at other sites, we cannot exclude
that they were caused by local phenomena or mixing processes.
At this stage, no conclusions on why these high growth rates
appear at this subarctic site can be drawn, and further analyses
taking various processes into account are needed.

4. Conclusions

The presented data show a unique study of particle formation
processes as measurements were conducted at a remote site with
low impact of anthropogenic influence. Size distributions of at-
mospheric aerosol particles (10-500 nm) and naturally charged
particles and cluster ions (0.4—40 nm) at this background site
in northern Sweden have been analysed. The averages of parti-
cle number concentration and condensation sink were 790 cm >
and 0.0025 s~!, respectively. The slightly higher particle number
concentrations during the summer compared with spring and au-
tumn is consistent with the higher emissions of biogenic aerosol
precursors related to photosynthesis during this period.

Particle formation is a frequent phenomenon even at this sub-
arctic site. It influences the aerosol particle size distribution
strongly, especially when it takes place in clean air of marine
origin. Particle formation events in which the newly formed par-
ticle mode reaches a size where the particles can act as cloud
condensation nuclei are observed. Also, very low vapour pro-
duction rates (3 x 10° cm™ s™') can sustain a particle growth
that significantly changes the aerosol particle size distribution
under these clean conditions.

The particle formation event frequency peaks in the summer
(June—August), which is in contrast to measurements in boreal
forests. The growth rates of the newly formed particles are also
highest in the summer, which is in agreement with many other
observations.

The condensation sink is, in general, lower at days with par-
ticle formation compared with non-event days. This is expected
from the longer life-times of newly formed particles and higher
probability for them to grow to detectable sizes in the case of
a low coagulation (and condensation) sink. A similar behaviour
has been found also at other sites.

A type of particle formation events, not previously observed,
is often seen at Stordalen. These events are characterized by
high growth rates (up to about 50 nm h~"), often nighttime onset,
durations of a few hours, and often 2 or more particle bursts after
each other. Growth rates this high have only been observed at a
few sites, preferentially during coastal particle formation events.
Frequently, the particle diameter was close to 100 nm in the end
of this type of particle bursts. Particles of this size are expected
to be able to act as cloud condensation nuclei.

High growth rates (>5 nmh™') are only observed when the
condensation sink is higher than 1 x 107 s~!, with an average
of 3.2 x 1073 s~!. This value is similar to that found for non-
event days and higher than the average for other events. Possi-
ble reasons for the high growth rates and their coexistence with

Tellus 60B (2008), 3



ANALYSIS OF AEROSOL PARTICLE FORMATION EVENTS 363

relatively high condensation sinks are discussed—the condensa-
tion sink being connected to the same source as the condensing
vapour source or being found along the same trajectory, or a
synergistic effect between locally emitted precursors and long
range transported compounds. However, local phenomena and
mixing processes cannot be excluded as reasons for apparently
high growth rates. At this stage, no conclusions on the reason
for the high growth rates observed at this subarctic site can be
drawn, and further investigations of this phenomenon is strongly
recommended.
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