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Abstract

This study covers four years of aerosol number size distribution data from Pallas and
Varrio sites 250 km apart from each other in Northern Finland and compares new parti-
cle formation events between these sites. In eastern air masses almost all events were
observed to start earlier at the eastern station Varrio, whereas in western air masses
most of the events were observed to start earlier at the western station Pallas. This
demonstrates that particle formation in a certain air mass type depends not only on the
diurnal variation of the parameters causing the phenomenon (such as photochemistry)
but also on some properties carried by the air mass itself. The correlation in growth
rates between the two sites was relatively good, which suggests that the amount of
condensable vapour causing the growth must have been at about the same level in
both sites. The value of condensation sink was frequently much higher at the down-
wind station. It seems that secondary particle formation related to biogenic sources
dominate in many cases over the particle sinks during the air mass transport between
the sites. Two cases of transport from Pallas to Varrid were further analysed with an
aerosol dynamics model. The model was able to reproduce the observed nucleation
events 250 km down-wind at Varrido but revealed some differences between the two
cases. The simulated nucleation rates were in both cases similar but the organic con-
centration profiles that best reproduced the observations were different in the two cases
indicating that divergent formation reactions may dominate under different conditions.
The simulations also suggested that organic compounds were the main contributor to
new particle growth, which offers a tentative hypothesis to the distinct features of new
particles at the two sites: Air masses arriving from Atlantic Ocean typically spent ap-
proximately only ten hours over land before arriving at Pallas, and thus the time for the
organic vapours to accumulate in the air and to interact with the particles is relatively
short. This can lead to low nucleation mode growth rates and even to suppression of
detectable particle formation event due to efficient scavenging of newly formed clusters,
as was observed in the case studies.
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1. Introduction

Atmospheric aerosol particles have large impacts on the global cloud albedo, radiative
forcing, ozone layer, acid rain and visibility (Seinfeld and Pandis, 1998; Jacobson, 2001;
Lohmann and Feichter, 2005). Uncertainties in the estimation of direct and indirect
aerosol effects on the global climate are large. These uncertainties are greatly due to
the lack of information on the spatial and temporal distribution and optical properties of
aerosol particles, as well as due to our poor understanding on how aerosol particles
interact with clouds (Adams and Seinfeld, 2002; Kaufman et al., 2002).

New particle formation is a major research issue in atmospheric sciences. Particle
formation increases the total number concentration of ambient submicron particles and
may contribute to the climate forcing. Earlier measurements in Northern Finland have
shown that atmospheric new particle formation can be a significant source of ultrafine
(<100 nm) particles (Lihavainen et al., 2003; Vehkamaki et al., 2004; Kerminen et al.,
2005). It has also been observed that ultrafine particles have a significant influence on
cloud droplet activation under clean and moderately polluted conditions, being there-
fore important when estimating the indirect climatic effects by aerosols (Komppula et
al., 2005). Since atmospheric new particle formation is observed in most atmospheric
environments (Kulmala et al., 2004a), it is important to find out its global contribution
to indirect climatic effects.

Formation and growth mechanisms of aerosol particles are still not fully understood.
The geographical extent of particle formation events and conditions affecting these
events are not well known, though some progress has been made (Kulmala et al.,
2004a). In Northern Finland, there are two stations, Pallas and Varrid, which are sep-
arated from each other by 250 kilometres and have a similar kind of instrumentation
for aerosol particle measurements. This gives us a good opportunity to investigate the
similarities and difference in particle formation events between the two sites, the geo-
graphical extent of this phenomenon and the influence of atmospheric conditions on it.
The effect of particle sources and sinks between the two sites can be investigated.
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This study covers four years of data from Pallas and Varrié and compares new par-
ticle formation events between these sites. A seasonal variation of some parameters
related to new particle formation is presented. The effects of the air mass origin and
transport direction on particle formation and its intensity are studied. Main parameters
related to particle formation are compared between the two sites. An effort is made to
model new particle formation in the Varri site based on size distributions measured
in the Pallas site. Modelling results are presented as two case studies. Our investi-
gations were related to LAPBIAT-project, and particularly the campaign performed in
Varrio6 SMEAR | station in April-May 2003.

2. Materials and methods
2.1. Site description

Both stations, Pallas and Varrio, are located in a subarctic region in Northern Finland
(Fig. 1). There are practically no local sources of pollutants close to the stations. The
closest major pollutant sources are the smelters in Nikel and Montshegorsk in Kola
Peninsula, Russia, located 200 km to the north and 140 km to the east of the Varrid
station, respectively.

The main measuring site at Pallas GAW (Global Atmosphere Watch) station, Sam-
maltunturi (67°58' N, 24°07' E, WMO index number 05821), lies on a top of a fjeld at the
height of 565 m above the sea level (a.s.l.), and ca 300 m above the surrounding area.
The tree line is some 100 m below the station. The surrounding forest is mixed pine,
spruce and birch. The vegetation on the top of the fjeld is sparse, consisting mainly
of low vascular plants, moss and lichen. The station is within the Pallas-Ounastunturi
National Park (total area 501 kmz) near the northern limit of the boreal forest zone. A
detailed description on the site is given in Hatakka et al. (2003).

The Varrié environmental measurement station SMEAR | (67°46' N, 29°35' E) (Hari
et al., 1994; Ahonen et al., 1997) is located 250 km away and almost directly to the
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east of Pallas. The station is ten kilometres away from the Russian border at the height
of 390 m a.s.l. The station is located just below the alpine timber line, which is about
400m a.s.l. The main tree species in the area is Scots pine. The station area belongs
to the Varrid National Park.

2.2. Measurements

Similar DMPS (Differential Mobility Particle Sizer) systems were used at both measur-
ing sites for nanometre particle sizing. The DMPSes consist of a 28-cm-long Hauke-
type differential mobility analyzer (DMA) (Winklmayr et al., 1991) with a closed loop
sheath flow arrangement (Jokinen and Makela, 1997) and a condensation particle
counter (CPC), TSI model 3010. The closed loop sheath air is dried with a silica gel
dryer and the relative humidity is kept below 20%. This sheath air setup keeps also the
temperature more constant. Before sizing, the aerosol is neutralized with a radioactive
source. The used sheath air flow rate is about 11 litres min~' and the sample aerosol
flow rate is 1 litre min~'. The measured particle size range is from 7 to 500 nm, which is
divided into 30 discrete bins at Pallas and 20 bins at Varrio. Size distribution measure-
ments at Varrio were extended to cover a size range from 3 nm to 500 nm, using 24
size bins on 26 April 2003. This was done by using a Twin-DMPS system (e.g. Kulmala
et al., 2001).

Basic weather parameters and a number of trace gases were measured. Temper-
ature, pressure, relative humidity, wind speed and global radiation were measured at
both stations. At Pallas there was a rain intensity sensor and at Varrié an on/off-type
rain sensor. Visibility measurements at Pallas have revealed the occasional presence
of fog or low clouds at the station (Komppula et al., 2003a; Komppula et al., 2005). NO,
and SO, concentrations were measured at both stations. One-hour averages of these
gas concentrations were used in the analyses.

The new DMPS data analysed in this article covered a period of 24 months, years
2002 and 2008. In the analysis of different air masses also data from previously anal-
ysed years 2000—2001 was used. Various parameters describing the new particle
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formation events, including trace gas concentrations and weather-related parameters
were compared. 120-h backward trajectories were calculated by FLEXTRA (Stohl et
al., 1995) and Hysplit 4 (Draxler and Rolph, 2003) at NOAA website to find the origin
and the path of the air masses. FLEXTRA trajectories were calculated for every three
hours for both the sites.

2.3. Identification of particle formation events

A new particle formation event can be visualized with a surface plot (see e.g. Fig. 4),
in which the submicron particle size distribution is presented as a function of time
(Makela et al., 1997; Kulmala et al., 1998). An event is seen as increasing particle
concentrations in smallest size channels of the DMPS system. On a typical particle
formation day, newly-formed particles enter the measurement range at around midday
at initial sizes below 15nm. During the rest of the day subsequent growth of these
particles is seen at a rate of a few nanometres per hour. Classifying between a particle
formation event and non-event is sometimes difficult and somewhat subjective. The
classification method applied here has been explained in more detail by Makela et
al. (2000).

Particle formation events were observed from daily surface plots by visually search-
ing for sudden increases in the number of smallest particles and subsequent growth
The particle formation rate (particles cm S5 ) and particle growth rate (nm h™ ") were
estimated from the size distributions. Particle formation days were mainly examined
with a program made for this purpose at the University of Helsinki (Makela et al., 2000).
The starting and ending times of the events and the number of new particles formed
during the event were analysed. Defining the starting and ending times for an event is
sometimes difficult due to fluctuations in the smallest size classes of the measurement
system and due to measurement uncertainties. The presence of pre-existing particles
affecting the condensation sink (CS) just before the formation event was also a point
of interest. The condensation sink determines how rapidly molecules condense onto
pre-existing aerosols and depends strongly on the shape of the particle size distribu-
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tion (Pirjola et al., 1999). A detailed calculation procedure for the condensation sink
has been presented by Kulmala et al. (2001). The condensable vapour concentration
required for the observed particle growth rate during each particle formation event was
estimated. In addition the source rate of condensable vapour required to sustain the
observed growth was estimated as presented by Kulmala et al. (2001).

2.4. Simulation setup

The size-segregated aerosol dynamics model UHMA (University of Helsinki Multicom-
ponent Aerosol model) (Korhonen et al., 2004) can be used for Lagrangian studies of
the tropospheric aerosol particles. The model includes the major clear sky processes:
multicomponent condensation of organic and inorganic species (Grini et al., 2005),
coagulation, new particle formation through nucleation and primary emissions, dry de-
position as well as a simple treatment of entrainment and detrainment. Recently the
model has been extended to treat cloud processing in non-precipitating clouds (Korho-
nen et al., 2005).

In the current study, the model was applied to two case studies to investigate nu-
cleation and particle growth in air masses travelling from Pallas to Varrio measure-
ment site. The air mass trajectory information was obtained from NOAA ARL trajectory
model Hysplit 4 (Draxler and Rolph, 2003). The meteorological conditions (tempera-
ture, pressure, relative humidity, boundary layer height) for the model were interpolated
from the calculated trajectory data. The particle size distribution and SO, concentration
measured at Pallas were used as model input and the modelled results were compared
to similar measurements made at Varrid. The nucleation rate of particles and the con-
centration profile of condensable organic vapours, neither of which is directly available
from measurements, were treated as follows.

In boreal forest conditions, organic compounds dominate the growth of the nucleation
mode particles while condensation of sulphuric acid has been estimated to explain only
about 10% of new particle growth rate (Boy et al., 2005). So far the knowledge of the
chemical identity of the low-volatile organics responsible for particle growth is quite
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limited; however, it is likely that in boreal forest these low-volatile organics are oxida-
tion products of forest-emitted species, such as terpenes (Kavouras et al., 1998) or
isoprene (Kourtchev et al., 2005). Since the exact oxidation mechanisms of the con-
densable products are unknown, we tested several possible production profiles which
either remained constant throughout the day or followed the diurnal concentration of
the atmospheric oxidants. For the saturation concentration of the condensable or-
ganic vapour we assumed a value 10%cm™3, which has been suggested by Kulmala et
al. (2004b) based on modelling studies of new particle formation in boreal forests. The
onset of the condensation of the organic compound followed the nano-Kohler mecha-
nism suggested by Kulmala et al. (2004b).

Sulphuric acid concentration was calculated from measured SO, concentration
(measurements both at Pallas and Varri6 stations) and estimated OH concentration.
The maximum concentration of sulphuric acid obtained from this procedure was 1-—
6x10°cm™3, corresponding well with measurements made at other rural or remote lo-
cations (Weber et al., 1997; Birmili et al., 2003; Mauldin et al., 2003; Boy et al., 2005).
We calculated also the total concentration of condensing vapours (sulphate and organ-
ics) from the measured growth rate based on the expression presented by Kulmala et
al. (2001), and the maximum of the organic vapour concentration in the simulations
was adjusted accordingly.

Based on a review of extensive set of field measurements, Kulmala et al. (2004a)
concluded that sulphuric acid is a very likely candidate to take part in tropospheric nu-
cleation. The exact nucleation mechanism remains, however, unidentified and there-
fore we described nucleation in our simulations by simply scaling the kinetic rate of
nucleation, i.e. the collision rate between two ammonium bisulphate molecules, to pro-
duce the observed intensity of the new particle formation event. While this procedure
does not directly correspond to any specific physical nucleation mechanism, it enables
comparison between the studied cases as it relates the nucleation rate to the calculated
sulphuric acid concentration.
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3. Results and discussion

In total close to four years of data on new particle formation events at Pallas and Varrio
was studied. A seasonal variation of parameters related to new particle formation is
presented. The effects of the air mass origin on particle formation and its intensity
are studied. A comparison between the two sites is presented concerning the main
parameters related to particle formation in eastern and western air masses. One of the
ideas of this study was to find out whether the physical properties of aerosol particles
observed at the Varrid station can be generated from those observed at the Pallas
station, or if something is taking place that we cannot explain. An effort is made to
model new particle formation in the Varrio site based on size distributions measured in
the Pallas site. Modelling results are presented as two case studies.

3.1. Data analysis
3.1.1. Previous studies

In our earlier study (Komppula et al., 2003b), a comparison between the sites was done
with a dataset of 21 months (April 2000—December 2001). More than half (55%) of the
new particle formation events were observed to occur at both sites during the same
day. Most of the days when an event was observed at one of the sites only could be
explained by pollution plumes, weather differences (mostly rain/fog) or by different air
mass origins. The largest differences and variation were seen in the starting times of
the events. Average particle formation and growth rates were found to be similar at both
sites. According to trajectory analysis, all events were associated with marine/polar
air masses originating from the Northern Atlantic or the Arctic Ocean. It was also
concluded that about one third of the events at Varrid were associated with plumes
from the Kola Peninsula industry, and it appears likely that some of these events were
caused by nucleation involving H,SO, from SO, oxidation in these industry plumes.
On some days Pallas experienced also air masses from the Kola area, but it seems
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that the much longer distance from Kola to Pallas reduces the SO, concentrations to
lower levels than what is needed to launch the nucleation process at Pallas. Overall
the simultaneous events indicated that in clean air masses the geographical extent of
a nucleation event could be at least 250 km, which is the distance between the Pallas
and Varrio stations.

Vehkamaki et al. (2004) studied particle formation events in Varrio during the period
1998-2002. They found in total 147 clear new particle formation events. As expected
the frequency of occurrence was highest in spring (March—May). They found also
that the particle formation and growth rates were uncorrelated. The growth rate was
found to be highest during summer and lowest in winter. No seasonal variation in the
formation rate was observed. The plumes from Kola industrial area were observed to
result in higher formation rates but had no effect on the growth rate.

3.1.2. Additional new data — years 2002 and 2003

A new data period of 24 months (years 2002—2003) was taken to make a new com-
parison between the sites and furthermore to be added in comparison of air mass
differences with the earlier data from years 2000—-2001. During years 2002—2003, 116
particle formation events were observed in Varrio and 81 events in Pallas. In 62% of all
the event days at least some indication of particle formation was observed at both sites.
This is in agreement with our previous study. The highest frequency of events occurred
in April and September (Fig. 2). Table 1 presents seasonal variation related to class 1
and 2 new particle formation events observed during the years 2002—-2003. Average
values seem to be slightly higher in Varrié. Varrié had a slightly higher growth rate on
average. The formation rate of 7nm particles in Varrio was double of that in Pallas.
In Varrid more new particles were produced during the events on average. Varrio had
also slightly higher pre-existing particle concentrations and CS. All this means that in
Varrio a higher concentration and higher source rate of condensable vapour is needed.
Overall, the values are of about the same magnitude as observed in the earlier studies.

Seasonal variation of some parameters related to observed class 1 and 2 particle
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formation events are presented in Table 1. The starting time of particle formation (7 nm
particles) was earliest in summer, following the annual pattern of sun rise. All class 1
and 2 events were observed to start between 07:00 and 16:40. The duration of these
events seemed to have no seasonal pattern. The formation rate of 7nm particles had
no clear seasonal variation, though higher average values were observed in spring
and summer in Varrid. A reasonable explanation for the higher values from March
to July in Varrio would be the more frequent air masses from Kola industrial area.
Observed formation rates varied between 0.01 and 0.98cm™ s™'. The growth rate
had a similar seasonal pattern at both sites. The highest growth rates were observed
during summer. Growth rates varied from 0.1 to 9.0nm h™'. The production of new
particles per event was highest in spring and summer at both sites. Condensation sink
(and the pre-existing particle concentration) had slightly higher values in spring and
summer. This together with higher growth rates leads to higher vapour source rate
needed in spring and summer. CS varied from 0.4 to 40x10™*s™" and vapour source

rate from 0.2 to 60x10*cm ™3 s7".

3.1.3. Particle formation in eastern and western air masses passing the two sites

In this analysis the whole four-year data set was used to get reasonable statistics. Air
mass backward trajectories (120 h) were calculated for every 3h for both sites. By
using this set of trajectories, we selected all the cases in which the air had passed the
Pallas site within few tens of kilometres prior to entering Varrio (western air masses),
as well as cases describing the air mass transport from Varrio to Pallas (eastern air
masses).

A comparison of different parameters related to particle formation between the two
sites in both western and eastern air masses is presented in Fig. 3. Altogether, 31
particle formation events took place in western air masses and 7 events took place in
eastern air masses. In eastern air masses almost all events were observed to start
earlier at the eastern station Varrio, whereas in western air masses most of the events
were observed to start earlier at the western station Pallas (Fig. 3a). This demonstrates
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that particle formation in a certain air mass type depends not only on the diurnal vari-
ation of the parameters causing the phenomenon (such as photochemistry) but also
on some properties carried by the air mass itself. The formation rate of 7 nm particles
showed clear differences between the two sites (Fig. 3b), but no systematic pattern
can not be found. It seems that the particle formation rate is not very conservative pa-
rameter in an air mass. On the other hand the correlation in growth rates between the
two sites was relatively good (Fig. 3c), which suggests that the amount of condensable
vapour causing the growth must have been at about the same level in both sites. It
seems that in eastern air masses a bit higher growth rates were observed, probably
because they had spent more time over the continent. The value of condensation sink
(CS) was frequently much higher at the downwind station (Fig. 3d). This demonstrates
the effect of particle sources and sinks modifying the particle size distribution on the
path from one station to the other. It seems that secondary particle formation related
to biogenic sources dominate in many cases over the particle sinks during the air mass
transport between the sites. This is in part evident because new particle formation
does not occur on rainy days which would provide an effective sink for the particles.

Table 2 provides parameters classified by the air mass origin for particle formation
events observed on the same day in both sites. First we take a look at the western air
masses (from Pallas to Varrid) originating mostly from Atlantic Ocean. When reaching
Varrio, these air masses had been influenced more by the continent, which caused
a higher pre-existing particle concentration and higher condensation sink (CS) com-
pared with Pallas on many days. Formation rate of 7 nm particles (J7) and growth rate
were close to equal in both sites during these western air masses. During western
air masses particle formation is starting about 1.5 h earlier in Pallas than in Varrid, on
average.

The eastern air masses (from Varrio to Pallas) were mostly continental and trav-
elled sometimes over the Kola Peninsula industrial area. Varrio is closer to the Kola
Peninsula area and is therefore influenced more strongly by the industrial plumes. The
oxidation of SO, to H,SO, in these plumes could boost the particle formation in Varrio
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on some days. This is seen as a higher formation rate of 7 nm particles and also a
slightly higher growth rate than in Pallas during the eastern air masses. On average
more new particles were produced in Varrio compared to Pallas. This is partly due to a
higher CS observed in Pallas during the eastern air masses. Higher concentrations in
Pallas refer either to some primary particle sources or to secondary formation of par-
ticulate matter between the sites. It seems that during eastern air masses new particle
formation is starting 1.2 h earlier in Varrio than in Pallas, on average.

When looking at the average values on both sites, the eastern air masses had higher
pre-existing particle concentrations and CS, compared with western air masses. The
eastern air masses had also higher particle formation rates and slightly higher growth
rates. Also larger numbers of new particles were produced during eastern air masses
compared with western air masses. This requires higher concentrations and source
rates of condensable vapour and suggests that on average in continental (eastern) air
masses there is more nucleating and condensable vapour available for particle forma-
tion and subsequent growth.

3.2. Case studies

Two cases of transport from Pallas to Varrid were selected for further analysis. In
both cases the air arrived to Pallas from the Arctic Ocean after travelling over land for
only 9-10h. Due to the marine origin and the short interaction time with continental
sources, the measured pre-existing particle load and SO, concentration were relatively
low. These cases were also simulated with an aerosol dynamic model UHMA. The air
mass trajectory information for the simulations was obtained from Hysplit 4 (Draxler
and Rolph, 2003) and the model was initialized with particle size distribution and SO,
measurements made at Pallas.
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3.2.1. Case 1 (30 July 2002)

As case 1 (Fig. 4), we present an intense new particle formation event with medium
background concentration. After a long travel close to the sea surface at Northern
Atlantic (Fig. 5) the air mass travelled over the continent for 9 and 19 h prior to arrival
at Pallas and Varrio, respectively. On this day, new particle formation was observed
only at the Varrio station where the event started at 09:00. Prior to the onset of the
event the increase of the boundary layer height was observed to dilute the aerosol.
The particle growth was strong until 15:00. The measurements in Varrié showed pre-
existing particle concentration of 260 cm™> and CS of 3.9x10™*s™'. The formation
rate of 7nm particles was 0.33 cm™ s7' and particle growth rate was 5.6 nm h.
Approximately 5400 cm™> new particles were produces during this relatively intense
event. The fact that no event was observed at Pallas could not be explained by weather
data as the weather parameters were very similar to those at Varrio.

Figures 4 and 6 display the simulation results for this day. Despite the intensity of
the observed event, model simulations show that the nucleation rate could not have
been close to the kinetic limit on this day. The appropriate intensity of the event can
be reproduced using a scaling factor of 2x10™*-6x1072 for the kinetic nucleation rate,
the exact value depending on the production profile of the low-volatile organics, which
makes the main contribution for the growth. Using these scaling factors for kinetic nu-
cleation the maximum nucleation rate was 1-4cm~>s™". This relatively slow nucleation
rate was able to produce a high concentration of new particles because of the low pre-
existing particle load which was further diluted due to boundary layer increase during
the morning hours.

Based on a large number of model runs, it was observed that in order to reproduce
an event similar to our measurements, the concentration condensable organics had to
increase during the day. A production profile proportional to the OH concentration gave
the best result; this is supported by the assumption that condensable organic vapours
are likely to result from OH-oxidation reactions of terpenes. The concentration profiles
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of condensable organics and sulphuric acid during the simulation are presented in
Fig. 7. The same growth rate than in measurements was achieved using maximum
organic concentration of 1.2x10% cm™. In this simulation the maximum sulphuric acid
concentration was approximately 2x10° cm‘3, so sulphuric acid made only a minor
contribution to the growth.

3.2.2. Case 2 (8 May 2003)

Case 2 represents an event in a clean air mass with low background concentrations
(Fig. 8). On this day, new particle formation was observed at about the same time in
both sites. The formation of new 3 nm particles started at 09:00 in Varrid, whereas the
formation of 7 nm particles started around 11:00 at both sites. This event was charac-
terized by a slow and long particle growth until midnight. An increase in the boundary
layer height was observed in the morning. On this day the air mass came from the
north and circulated over the Arctic Ocean (Fig. 9). Before entering the continent,
the air travelled close to the sea surface keeping the air relatively clean and the particle
concentration low. The air mass arrived at Pallas after spending 10 h over the continent
and travelled further 9 h before arrival to Varrio.

The pre-existing particle concentration before the event was around 100cm™ at
Pallas and 400cm™ at Varrid. The condensation sink was slightly higher in Pallas
(2.8x1 0™ s_1) than in Varri6 (1.3x1 0™ s_1) despite the lower pre-existing particle con-
centration in Pallas. The formation rate of 7 nm particles was close to equal, being
0.03cm™2 s7' in Varrié and 0.02cm™ s7' in Pallas. Particle growth rates were low
and close to equal around 1-2nm h'1, but in Varrio the growth continued for a longer
period. This particle formation event produced 820 cm™ new particles in Varrié and
270cm~2 in Pallas.

Simulation results for this case study are presented in Figs. 8 and 10. Even though
the event was weak compared to the case 1, the nucleation scaling factor needed to
reproduce the observed intensity of the event was of the same order as in case 1. The
difference comes in the concentration of the condensable organic vapour: because
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growth of nucleation mode continued until midnight, the concentration of the organics
must rise or at least stay approximately constant in the night. The best agreement
with the measurement was achieved using a constant organic production rate or, more
realistically, a production rate that has two small maxima at noon and at midnight, rep-
resenting oxidation reactions with OH and NO3. The simulations presented in Figs. 8
and 10 were made with a constant production rate; the resulting concentration profile
is shown in Fig. 7.

3.2.3. Discussion of simulation results

In both of the cases simulated above, the model was able to reproduce the observed
nucleation events at Varrio, 250 km downwind of the simulation starting point. However,
the model runs revealed some differences between the two events. The formation rate
of 7 nm particles at Varrido was measured to be approximately ten times higher in case
1. According to model simulations, the actual nucleation rate (at around 1 nm) was 20—
40% lower in this case. This is due to the fact that in case 1 the pre-existing particle
load, or condensation sink, was significantly lower and that the concentration of con-
densable organic vapour required to reproduce the observed nucleation mode growth
rate was higher. These two factors, i.e. slower scavenging to pre-existing aerosol and
faster growth rate of new particles, made it possible for a larger fraction of the newly
formed particles to survive to detectable sizes.

In case 1, the simulated nucleation rates was three to four orders of magnitude lower
than the calculated kinetic limit whereas in case 2 we had to assume a scaling factor
larger than 1073; the exact value of the scaling factor is dependent on the simulated or-
ganic vapour concentration. The condensable organic vapours were assumed to form
in oxidation reactions of forest emitted terpenes. The organic concentration profiles
that best reproduced the observations at the receptor site Varrié were different in the
two cases indicating that divergent formation reactions may dominate under different
conditions. This could be due to the fact that the emission rates of the natural organic
vapours depend on temperature, radiation or other environmental factors (Kesselmeier
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and Staudt, 1999), or that the oxidation mechanisms leading to low-volatile end prod-
ucts are highly complicated.

In the selected cases, the simulated concentrations of sulphuric acid explained less
than 10% of the nucleation mode growth, indicating that organic compounds are the
main contributor to particle growth in this clean yet relatively sparsely vegetated subarc-
tic environment. This observation is also in line with earlier analysis for more densely
vegetated environments (Birmili et al., 2003; Boy et al., 2005). The crucial role of or-
ganics in new particle growth offers a tentative hypothesis to the distinct features of
new particles at the two sites: At the source station Pallas no particle formation at 7 nm
is detected in case 1 and in case 2 the growth of formed particles is not as clear as at
Varrid. Since the air mass in both cases reaches Pallas after travelling over land for
only 9-10h, the time for the organic vapours to accumulate in the air and to interact
with the particles is relatively short. As a result, the growth rate of newly formed clus-
ters remains low, they are effectively scavenged by pre-existing particles and may not
reach the detection limit of the measurement instrumentation.

4. Conclusions

Four years of aerosol number size distribution data was used in this study. Two years
of new data from years 2002—2003 was examined. During years 2002—-2003 over
100 new particle formation events were observed. More than half of the events were
observed to occur on a same day in a scale of 250km. The highest frequency of
events occurred in April and September. The slightly higher average values of particle
formation and growth rates observed in Varrio site refer to polluted events boosted
by Kola Peninsula industrial area. Overall the values were of the same magnitude as
observed in earlier studies.

A clear seasonal variation was found in the starting time of the events, following
the annual pattern of sun rise. The particle formation rate had higher values in Varrio
from March to July, possibly due to more frequent polluted air masses from the Kola
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Peninsula industrial area. No clear seasonal pattern in the formation rate of 7nm
particles was observed. The particle growth rate showed a clear seasonal variation, the
values being highest in summer. These results are in agreement with earlier studies.

A comparison in different particle formation related parameters between the two sites
in both western and eastern air masses was presented. In eastern air masses almost
all events were observed to start earlier at the eastern station Varrio, whereas in west-
ern air masses most of the events were observed to start earlier at the western station
Pallas. This demonstrates that particle formation in a certain air mass type depends
not only on the diurnal variation of the parameters causing the phenomenon (like pho-
tochemistry) but also on some properties carried by the air mass itself. The forma-
tion rate of 7 nm particles showed clear differences between the two sites, but without
systematic pattern. It seems that the particle formation rate is not very conservative
parameter in an air mass. The correlation in growth rates between the two sites was
relatively good, which suggests that the amount of condensable vapour causing the
growth must have been at about the same level in both sites. The value of conden-
sation sink (CS) was frequently much higher at the downwind station. It seems that
secondary particle formation related to biogenic sources dominate in many cases over
the particle sinks during the air mass transport between the sites.

In western (marine) air masses the formation and growth rates were close to equal
in both sites on average. During western air masses emissions are mainly biogenic,
therefore Varrio (deeper in the boreal forest than Pallas) has higher source rates of
condensable vapour. However, higher vapour source rates combined with higher con-
densation sinks compensate each other, which might partly explain why no difference
in particle formation and growth rates were observed between Pallas and Varrio in
these western air masses. In eastern continental air masses higher formation rates
and slightly higher growth rates were observed in Varrid which is closer to the ma-
jor pollutant sources in Kola Peninsula area. On average, continental air masses had
higher formation and growth rates compared to marine air masses. This suggests that
in these more polluted continental air masses there is more nucleating and condens-
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able vapour available for particle formation and growth.

Two cases of transport from Pallas to Varrio were selected for further analysis and
model simulations were performed along the trajectories on these days. The simula-
tions highlighted the influence of pre-existing particle concentration and condensable
vapour concentration on new particle formation. Due to low particle load and high simu-
lated vapour concentrations, the formation rate of 7 nm particles was approximately ten
times higher in case 1 than in case 2, although the actual nucleation rate (at around
1 nm) was 20-40% lower in case 1. The organic concentration profiles that best re-
produced the observations at the receptor site Varrié were different in the two cases
indicating that divergent formation reactions may dominate under different conditions.
This could be due to the fact that the emission rates of the natural organic vapours
depend on temperature, radiation or other environmental factors, or that the oxidation
mechanisms leading to low-volatile end products are highly complicated.

In the selected cases, the simulated concentrations of sulphuric acid explained less
than 10% of the nucleation mode growth, indicating that organic compounds are the
main contributor to particle growth in this clean yet relatively sparsely vegetated subarc-
tic environment. This observation is also in line with earlier analysis for more densely
vegetated environments (Birmili et al., 2003; Boy et al., 2005). The crucial role of or-
ganics in new particle growth offers a tentative hypothesis to the distinct features of
new particles at the two sites: At the source station Pallas no particle formation at 7 nm
is detected in case 1 and in case 2 the growth of formed particles is not as clear as at
Varrio. Since the air mass in both cases reaches Pallas after travelling over land for
only 9-10h, the time for the organic vapours to accumulate in the air and to interact
with the particles is relatively short. As a result, the growth rate of newly formed clus-
ters remains low, they are effectively scavenged by pre-existing particles and may not
reach the detection limit of the measurement instrumentation.
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Table 1. Seasonal variation and annual average values of some parameters related to class 1
and 2 new particle formation events observed during years 2002—2003 in Pallas and in Varri6.
(Winter values in Pallas are left out due to poor statistics).

Starting Existing Duration® Formation — Growth Particles Cond. Vapour Vapour source
time® conc.? (h) rate® rate®  produced' sinkd conc." rate’

(hh:mm)  (cm™®) em>@s™"y (mhT"y  (@em™®)  @10*s") (10°em™®) (10*ems7)
PALLAS
Winter - - - - - - - - -
Spring 11:50 690 4:20 0.10 2.7 1270 8.3 4.4 3.9
Summer  09:30 360 4:40 0.09 45 1480 6.5 7.3 6.0
Autumn 12:10 360 4:00 0.07 3.1 970 3.9 5.0 2.0
Mean 11:20 570 4:20 0.09 3.1 1280 7.4 5.1 4.2
VARRIO
Winter 12:40 440 3:10 0.10 25 1180 1.2 4.2 0.5
Spring 11:20 1000 3:50 0.21 3.1 2310 11.5 5.2 7.3
Summer 10:40 780 3:30 0.19 5.2 2320 9.1 8.6 9.0
Autumn 11:20 310 4:40 0.09 2.2 1350 6.1 3.5 21
Mean 11:10 850 3:50 0.19 3.7 2190 9.9 6.1 71

& Starting time of 7 nm particle formation; b Pre-existing particle concentration at the time of
start; °Duration of the formation event; 9 Formation rate of 7nm particles; © Growth rate of
newly formed particles; " New particles produced during the event; ® Condensation sink for
vapour by existing particles; h Vapour concentration needed for the observed growth; i Vapour
source rate needed to sustain the growth.
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Table 2. Some parameters related to particle formation events observed on the same day in
both sites during years 2000—2003 classified by the air mass origin.

ACPD

5, 11929-11963, 2005

Starting Existing Duration® Formation  Growth Particles Cond. Vapour Vapour source
time® conc.” (h) rate? rate® produced' sinkd conc. rate'
(hh:mm)  (ecm™®) (em=3s" (mmh™")  (em™® @10*sy (107em™®) (10*ecm3s7)

Western air masses at Pallas
Mean 11:16 427 4:42 0.10 3.0 1570 5.6 5.0 3.2
Median 11:18 372 4:22 0.08 2.7 1370 3.9 4.4 1.7
Min 05:14 96 2:00 0.01 0.9 130 1.0 1.5 0.2
Max 14:54 1754 8:25 0.41 10.0 3840 19.8 16.3 21.5
Stdev 02:09 360 1:41 0.08 1.8 1120 4.8 2.9 4.3
Western air masses at Varrid
Mean 12:53 744 4:27 0.10 3.3 1530 9.4 53 6.1
Median 12:50 678 3:58 0.08 2.9 1460 49 4.8 1.8
Min 07:03 154 1:07 0.00 11 30 0.4 1.7 0.3
Max 16:28 1867 9:00 0.54 9.0 4210 401 14.8 59.3
Stdev 02:16 496 2:08 0.10 1.7 1210 11.0 2.8 11.2
Eastern air masses at Varrié
Mean 10:26 1177 3:48 0.22 4.6 2450 10.9 7.6 9.4
Median 10:08 1144 3:34 0.07 5.3 1180 6.5 8.6 5.7
Min 08:30 155 2:26 0.03 21 240 1.4 3.5 0.6
Max 14:18 3348 6:27 0.67 7.3 6110 30.4 11.9 36.1
Stdev 02:05 1130 1:24 0.27 1.8 2500 11.2 2.9 12.8
Eastern air masses at Pallas
Mean 11:36 834 3:54 0.13 41 1700 15.3 6.7 11.0
Median 11:04 810 3:42 0.10 4.3 1600 134 7.0 8.6
Min 08:40 494 2:01 0.03 1.2 340 6.6 1.9 1.3
Max 14:50 1537 5:32 0.29 6.0 3560 291 9.8 20.5
Stdev 02:07 348 1:11 0.10 1.7 1250 8.2 2.7 7.5
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@ Starting time of 7 nm particle formation; b Pre-existing particle concentration at the time of
start; ¢ Duration of the formation event; 4 Formation rate of 7nm particles; ¢ Growth rate of
newly formed particles; " New particles produced during the event; ¢ Condensation sink for
vapour by existing particles; h Vapour concentration needed for the observed growth; i Vapour
source rate needed to sustain the growth.
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Fig. 9. Case 2: Trajectory path of the air mass, in which the particle formation takes place in

Varrié on 8 May 2003.
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