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Abstract. We investigated atmospheric aerosol particle dy-by the land surface topology. When comparing air masses
namics in a boreal forest zone in northern Scandinavia. Weraveling in an east-to-west direction with those traveling in
used aerosol number size distribution data measured with eia west-to-east direction, clear differences in the aerosol dy-
ther a differential mobility particle sizer (DMPS) or scan- namics were seen. Our results suggest that the condensation
ning mobility particle sizer (SMPS) at three stations (Varrid, growth has an important role in aerosol dynamics even when
Pallas and Abisko), and combined these data with the HYSNPF is not evident.

PLIT (Hybrid Single Particle Lagrangian Integrated Trajec-
tory) air mass trajectory analysis. We compared three ap-

proaches: analysis of new particle formation events, investi-

gation of aerosol particle number size distributions during thel ~ Introduction

air mass transport from the ocean to individual stations with

different overland transport times, and analysis of changes if1igh northern latitudes, including the Arctic and large parts
aerosol particle number size distributions during the air mas®f the boreal forest zone, are experiencing much faster sur-
transport from one measurement station to another. Aitkenface warming than the Earth as a whole (Lu and Cai, 2010;
mode particles were found to have apparent average growtﬁcreen et al., 2012). Atmospheric aerosol particles play an
rates of 0.6—0.7 nmTH when the air masses traveled over important and complex role in the high-latitude climate sys-
land. Particle growth rates during the new particle forma-tem. Firstly, large reductions in anthropogenic sulfur emis-
tion (NPF) events were 3-6 times higher than the apparen%ions in Europe and North America have decreased sulfate
particle growth during the summer period. When comparingaer050| concentrations over high latitudes during the past
aerosol dynamics for different overland transport times be-three decades, thereby enhancing the warming observed over
tween the different stations, no major differences were foundthose areas (Shindell and Faluvegi, 2009). Secondly, black
except that in Abisko the NPF events were observed to tak&arbon aerosols in Arctic air and snow contribute to local
place in air masses with shorter overland times than at th&varming and the resulting snow-albedo climate feedback
other stations. We speculate that this is related to the meteMechanism during spring (Law and Stohl, 2007; Flanner

orological differences along the paths of air masses causefit al-, 2009). Thirdly, boreal forests themselves are a ma-
jor source of biogenic secondary aerosol particles during the
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11888 R. Vaananen et al.: Analysis of particle size distribution changes

extended summer season (Kulmala et al., 2011; Tunved eteen to move to larger sizes. Consequentially, although the
al., 2006a). These particles have been estimated to causetatal number concentration of particles decreased, the total
significant cooling effect via their interaction with clouds mass concentration grew.
(Spracklen et al., 2008; Lihavainen et al., 2009), and to be An alternative approach was introduced by Tunved et
part of a potentially important negative feedback loop in aal. (2006a), who classified air mass trajectories arriving at
warming climate (Tunved et al., 2008; Kulmala et al., 2004a; Finnish rural stations based on their transport time over the
Paasonen et al., 2013). boreal forest area. By combining a large set of such air
The cooling potential of secondary particles produced bymasses based on trajectory analysis, Tunved et al. (2006a)
boreal forests is closely connected with aerosol dynamicalvere able to determine the “average” dynamical behavior of
processes taking place during atmospheric transport, espesecondary particles formed in clean air transported from sea
cially the particle growth, since secondary particles need toareas to forest areas. They found that the formation of new
reach diameters larger than approximately 50-100 nm in orparticles could be observed only after the air masses have
der to participate in cloud droplet activation (Kerminen et al., traveled for a few hours above the boreal forest zone, and
2005; Komppula et al., 2005; Sihto et al., 2011; Spracklen ethat the newly formed particles gradually grow in size dur-
al., 2011). ing the atmospheric transport in response to biogenic emis-
Long-term aerosol measurements conducted at variousions. The particle mass concentration was found to increase
northern European sites have brought plenty of new in-roughly linearly with the total estimated monoterpene emis-
sight into the formation and growth behavior of boreal for- sion into the moving air parcel, whereas the total particle
est aerosols (Kulmala et al., 2004b; Vehkaméki et al., 2004number concentration appeared to saturate between about
Dal Maso et al., 2007; Svenningsson et al., 2008; Asmi et1000 and 2000 cr? after a couple of days of air mass trans-
al., 2011). The problem with these studies, however, is thaport.
particle growth rates are obtained only from a subset of days In this manuscript, we combine the two approaches dis-
with the most prominent growth, which is very likely to bias cussed above for the measurement data obtained from three
the results. Another problem with measurements conductedtations located within a distance of couple hundred km from
at fixed sites is that they provide limited amount of infor- each other at the northern edge of the boreal forest zone.
mation on the mutual interaction between various aerosoWe will focus our attention on the extended summer season
dynamical processes during atmospheric transport. Finally(April to September), which is the time period with active
such measurements do not reveal the spatial extent of sediogenic aerosol formation and low regional anthropogenic
ondary aerosol formation, nor how long it takes to establishprimary particle emissions, yet we also briefly discuss the
a balance between the aerosol formation and removal mechwinter period. The principal goal of this paper is to get new
anisms. insight into aerosol dynamical processes taking place in air
One approach to investigating aerosol dynamics duringmasses transported over high northern latitudes. More specif-
atmospheric transport is to look for and analyze air masscally, we aim to address the following questions: (i) are
transport situations between two measurement stations. Ithere fundamental aerosol dynamical differences between air
the boreal forest environment, aerosol dynamics during atmasses entering the different stations, or in air transported
mospheric transportation has been investigated in only a fevbetween the different station pairs?, (ii) does the west-to-east
studies. Komppula et al. (2006) concentrated on new particleir mass transport differ from the east-to-west transport in
formation (NPF) days in Finnish Lapland. They combined any observable way?, (iii) how fast do particles effectively
particle number size distribution measurements and simulagrow in size during air mass transport and how does this
tions of aerosol dynamics, and showed that secondary partidiffer from the growth observed during nucleation events at
cle formation from biogenic precursors often dominated overfixed measurement sites?, and (iv) what is the net effect of
the particle sinks when the air masses traveled a distance aferosol source and sink processes on particle number con-
over 200 km. Tunved et al. (2004) investigated the south-to-centrations during atmospheric transport? We hypothesize
north air mass transport from Aspvreten in southern Swedenhat aerosol formation and growth influence the boreal for-
to Varri6 in northern Finland, whereas Tunved et al. (2006b)est aerosol properties during the whole extended summer pe-
analyzed the transport in the opposite direction, from Finnishriod, not just during the days with most active NPF, and that
Lapland to Hyytialda, which is located about 300 km north the net effect of these processes on the particle number size
of Helsinki. According to these studies, there was a signifi-distribution is most pronounced in clean marine air masses
cant difference between the dynamics of the measured paentering the boreal forest region.
ticle number size distributions in these two transport direc-
tions; when air masses were moving to the south, the number
concentration of particles in the Aitken mode was seen to
increase while the mode peak diameter of the number size
distribution remained unaltered, whereas for the opposite di-
rection the mode peak in the number size distribution was
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75° mixed boreal forest with Scots pine, spruce and birch trees,

N whereas the site itself is located about 100 m above the tim-
ber line. There are no significant local or regional pollution
sources close to the site.

Varrio (67.77 N, 29.58 E, 390 ma.s.l.) (see Hari et al.,
1994): the SMEAR (Station for Measuring Ecosystem-
Atmospheric Relations) | station in Varri6 is situated on a
hilltop and it is surrounded by an approximately 60yr old
Scots pine forest. The Varrit research station is located about
1km south from the measurement site. The altitude of the
site, 390 ma.s.l., is slightly below the timber line of the area
surrounding the station (400 ma.s.l). There are no local pol-
X lution sources close to the station. The distance to the near-
; A0 = est small road is 8 km and the distance to the nearest major

10 E 20°E 30 E road is 100 km. The main anthropogenic pollution sources
are the mining area in Kovdor, Russia and the nickel-copper
Fig. 1. A map of northern Scandinavia. The measurement stationsmelters in Montchegorsk and Nikel, Russia, located 43 km,

are located approximately in a line from west to east in the fol- 150 km and 190 km, respectively, from the station.
lowing order: Abisko, Pallas, Varrio (A, P, and V in the map). Red

lines show the sector from where the trajectories are accepted Wheg 12
studied the aerosol dynamics over the continent. Blue lines show ™"
the limits for the trajectory paths when studying aerosol dynamics
between the measurement stations (Map: Natural Earth data).

Instrumentation

Data were collected between 1 August 2005 and 31 De-
cember 2008. The number size distribution measurements
were performed using either a differential mobility particle

2 Materials and methods sizer (DMPS) or a scanning mobility particle sizer (SMPS).
Both instruments are based on particle mobility techniques,
2.1 Measurements in which particles are charged and then classified according
to their electrical mobility. The number density of several
2.1.1 Site descriptions particle diameter bins is counted.

In Abisko, an SMPS was used with a custom-built Hauke-
In this paper we compare aerosol number size distributiortype differential mobility analyzer (DMA) and TSI Model
data from three rural stations. Two of them, Varrié and Pal-3010 Condensation Particle Counter (CPC) (Svenningsson
las, are continuous particle measurement stations and locatest al., 2008) was used. The size range of the instrument was
in Finland. The data set is completed with campaign datal0—-500 nm and the time resolution was 3-5 min. The inlet
from Abisko, which is located in Sweden, near the Norwe- was placed 3.4 m/4.4 m above the surrounding mire.
gian border. The measurement sites are located roughly in a In Pallas, the particle number size distribution data were
line from west to east at latitude 6768 (see Fig. 1), and measured using a DMPS with a Hauke-type DMA and TSI
the distances from Abisko to Pallas, from Pallas to Varrio, CPC Model 3010 (Komppula et al., 2003). The measurement
and from Abisko to Varrié are approximately 230, 230, and range was 7-500 nm, and the size range was scanned once
440 km, respectively. in every 5.5min. The measurement inlet was 7 m above the

Abisko (68.35 N, 19.05 E, 360 ma.s.l.) (See Svennings- ground (Komppula et al., 2005).
son et al., 2008): the measurements were made at Stordalen At the Varrid station, a DMPS with two Hauke-type
Mire, 14 km east from the Abisko research station. The mireDMAs and a TSI Model 3025 CPC (Ruuskanen et al., 2003;
is situated between Lake Tornetrask and the Kiruna—NarvikDal Maso et al., 2005) was used. The size range of the mea-
road and railway lines in a wide, east-west oriented valley.sured particles was 3-850 nm, and the time resolution was
The surrounding landscape is dominated by a mix of subarc10 min. The inlet was located at a height about 2m above
tic mire, birch forest, and mountain tundra. The main chainground level.
of mountains, with several peaks above 1500 m a.s.l., is lo-
cated west from the site, and further west is the coast of th&.2 Data analysis methods
Atlantic Ocean (at a distance of ca. 100 km from the station).
Pallas (67.97N, 24.12 E, 565ma.s.l.) (see Hatakka et 2.2.1 New particle formation events

al., 2003): the Sammaltunturi measurements site at the
Pallas—Sodankyla GAW (Global Atmospheric Watch) stationWe analyzed the particle number size distributions of each
is situated on the top of a fell about 300 m above the sur-day and classified the days into event, non-event, and unde-
rounding area. The surroundings of the station are covered bfined days according to the schema introduced by Dal Maso
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et al. (2005) (see also Kulmala et al., 2012). On event days, @ach station, we calculated the hourly averages of particle
new growing sub-25 nm particle mode that lasted for at leashumber size distributions, and assigned those to the corre-
an hour was observed, and at undefined days either a norsponding overland times calculated from the trajectories. For
growing new sub-25nm mode or a growing >25nm modeeach of these particle number size distributions we quanti-
was seen. If there was neither a growing nor a sub-25 nnfied the particle diameter that had the maximum concentra-
mode, the day was classified as a non-event day. Furthetion (referred to as peak diameter). Peak diameters increased
more, the event days were divided into classes la and Ib acas a function of the overland time. To quantify this apparent
cording to whether it was possible to calculate growth andgrowth, we first took all the peak diameters for each fixed
formation rates of freshly nucleated particles. For the clasoverland hour bin, and calculated their geometric count me-
la events, we fitted a sum of up to three lognormal distribu-dian diameters (CMD). We used these CMD values for fur-
tions to the particle number size distribution data (Husseinther analysis instead of the mean values, since for a fixed
et al., 2005) in order to get the geometric mean diameters obverland time, the peak diameters were log-normally dis-
each mode. The growth and formation rates were calculatetributed. Finally, we determined the apparent growth rate by
as in Dal Maso et al. (2005). The growth rate was obtainedfitting a line to these CMD values as a function of overland
by fitting a line to the geometric mean diameters of the sub-time. For statistical reasons, only those overland hour bins
25 nm modes during the formation burst, and the formationwith more than 10 number size distributions were taken into
rate was calculated using the equation: account when fitting the lines.

Similar steps to those described above were carried out
(1) to calculate the mass accumulation rate and the condensa-
tion sink (Dal Maso et al., 2002) increase rate as a function
of the overland time. When calculating the apparent growth,

concentration Feoag is the loss of particles by coagulation, our initial values were the peak dlamet(_ars, b_ut now we used
and Fyrowth i the rate of particles growing out of the size the mass concentrations or condensation sink values calcu-

range. The lower detection limits of the DMPS or SMPS in- lated from the particle number size distributions. The count

struments varied between 3 and 10 nm. which also affectedean diameter values of both the mass concentrations and
the calculated rates. condensation sink values were calculated for each overland

hour bin, and a line was fitted along the results. The average
2.2.2 Aerosol dynamics over the continent density of the aerosol particles was assumed to be 1.5§ cm
(asin Tunved et al., 2006a). We concentrated our study on the
Tunved et al. (2006a) showed that the total mass concentargest common range of particle diameters that was mea-
tration of submicron aerosol particles in the background airsured at each of the stations, namely sizes between 10 and
over Scandinavia is linearly proportional to the time the cor-450 nm, to make the results intercomparable.
responding air mass had spent over the continent. In this
work, we repeated this analysis and extended it to include th.2.3  Aerosol transport between stations
Abisko station. We calculated and intercompared the median
particle number size distributions for all stations as a func-Particle number size distribution data from several measure-
tion of the time the corresponding air masses had spent ovement stations combined with the calculated air mass trajec-
the continent during the last 96 h. In the air mass analysistory information allowed us to regionally study the dynami-
we used the trajectories calculated using the HYSPLIT (Hy-cal changes of aerosol particle populations. For this, we fo-
brid Single Particle Lagrangian Integrated Trajectory) modelcused on the air masses that had traveled over two stations,
(Draxler and Hess, 1998). We limited the area for the trajec-and then compared the aerosol properties between the dif-
tories as shown in Fig. 1. The chosen area allowed the trajecferent station pairs. Each station pair had an upwind and a
tories coming from the Atlantic Ocean and ending at Abisko downwind station.
to have a wide range of overland times. Trajectories needed The aerosol dynamical processes are dependent on the
to start over the Atlantic Ocean and spend 90 % of their oversshapes of the particle number size distributions, and thus
land time inside the chosen sector. The starting altitude ovewhen studying the evolution of aerosol populations, the ini-
the ocean was not limited, since air masses arriving above th#al states need to be comparable. After we had selected the
boundary layer at marine environment were also assumed ttrajectories that passed a pair of measurement stations, we
also be clean enough. The total fractions of air mass trajectoelustered the particle number size distributions measured at
ries that passed our requirements were 81 % for Abisko, 75 %he upwind station to obtain a set of different initial states.
for Pallas and 58 % for Varrio. We calculated the results for Clustering the particle number size distributions was con-
the summer and winter periods separately. ducted as follows. Thé means clustering algorithm from
We calculated the apparent growth rate and the increas#atlab Optimization toolbox (MathWorks Inc., 2011) was
rates of the particle number and mass concentration and conused for the task. The algorithm groups the data inttus-
densation sink for all the three stations considered here. Aters so that the measure between each cluster’s center and its

dNnuc
Jnuc = dr + Fcoag+ Fgrowtha

where dVJdr is the rate of change of nucleated particle
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members are minimized. In other words, our aim was try toTable 1. Fraction of NPF event days compared to all analyzed days
reduce the complexity of the data sets by finding data subwith data (Ev/A) or to days which are classified either to event or

sets that were internally similar to each other — in our casenon-event days (Ev/Cl). Data from Abisko was from campaigns

groups of similar particle number size distributions. Mea- _(most datg from the winters 2005-2006 and 2006—2007 are miss-
sured particle number size distributions were mapped intdn.g_]),."and it thus cannot be compared to the values for Pallas and
the size bins &/dlogD,,, where aV is the particle number vamo.
concentration in each size bin and dldg is logarithm of

the width of the size bin. Next we calculated the squared Eu-

EVIA (%) EVICI (%)

clidian measure between two number size distributions. The Abisko 24 30
k means method with squared Euclidian measure as a mea- Pallas 19 23
VArrio 15 21

sure has been shown to work best when comparing several
clustering algorithms for particle number size distributions
(Beddows et al., 2009). However, our method differed from
the normalization by Beddows et al. (2009), who normalizedradius was based on the uncertainty of the trajectories, which
the vector lengths. We did not do this, since we were alsocan be of order of 10-30% of the distance the proceeding
interested in the aerosol loading, not only the shapes of therajectory (Stohl, 1998). For example, this means that when
particle number size distributions. the distance from Pallas to Varrié or from Abisko to Pallas
One should note that the basis vectors used in our clusteiis about 200 km, the location error can be tens of kilome-
ing algorithm were chosen in a practical rather than a matheters. We decreased the effects of different land use by re-
matical way; consequentially, the basis vectors are not a norstricting the trajectory paths to be between the latitudes of
malized Euclidean basis set even though we used Euclidead7.1-69.0 N. The area inside this corridor is mostly very
measure. Our aim was to divide the particle number size dissparsely populated. The centers of population include the
tributions into separate groups, and the results showed thabwns Sodankyla and Kiruna. We did a sensitivity check on
our method is suited for that. the Kiruna mining town by estimating whether it had any
The selection of the clusters was a two-phase process. Firstfluence on measured aerosol populations when air masses
we determined the best total number of clusters. We perwere traveling between Abisko and Pallas.
formed the clustering algorithm with different fixed numbers
of clusters, and chose the best number based on the mean of
the so-called silhouette values (MathWorks Inc., 2011). The3 Results and discussion
silhouette values show how tightly the data points are associ-
ated with their assigned clusters and how dissimilar they areOur data set covered the measured particle number size dis-
from other clusters. The number of clusters that produced théributions at the three stations between August 2005 and De-
highest silhouette value was chosen. The second phase wasmber 2008. The gaps in the data set limit the intercompari-
to ignore those clusters that had only a low number of sizeson of the NPF analysis (Fig. 2). The most complete data set
distributions. originated from Varrid, and the largest number of gaps was
Typically, the first phase resulted in 3—6 clusters per site.in the Abisko data set (which was derived during a number
Of these, clusters with fewer than 30 number size distribu-of shorter measurement campaigns). The fractions of days
tions were disregarded (because of the low generalization) invithout data during the whole time period were 52 %, 13 %,
the second phase. Each of the studied clusters was linked tand 6 % for Abisko, Pallas and Varrid, respectively. Simul-
a set of particle number size distributions at the downwindtaneous data from all the three measurement sites were more
station via the trajectories. The statistical number size distrifrequent for summer and autumn compared to the other two
butions (mean, and 16th and 83th percentiles) for each clusseasons. Since there were no data from most of the winter
ter were calculated and plotted at both the upwind and thedays at Abisko, the fraction of the event days compared to
downwind station. Furthermore, we fitted a sum of lognor- all analyzed (Ev/A) or classified (either event or non-event)
mal distributions to the mean number size distributions and(Ev/CI) days in Abisko cannot be directly compared to those
analyzed the dynamics of the particle modes. at Pallas or Varrio. When comparing Pallas and Varrio, we
The trajectory selection was carried out as well. We chosdound that there was a slightly higher fraction of event days
the trajectories that passed several measurement sites in tlae Pallas (Fig. 3 and Table 1).
following way. First, the 96 h HYSPLIT backward trajecto-  When comparing our results to studies containing longer
ries that arrived at each station were calculated once per houtime series, the overall differences were quite small and prob-
each with a backward time resolution of one hour. We in-ably within normal interannual variation. In a study con-
creased the resolution of each trajectory to ten minutes byaining 7 yr from Véarrié and 5yr from Pallas (Dal Maso et
interpolating the paths. We defined an arriving trajectory asal., 2007), both Ev/A and Ev/Cl fractions were very similar
having passed another site if it had gone through a circle withto ours in Pallas and slightly higher in Varrié (19% EV/A
a radius of 25 km centered at the other site. The length of ther 27 % Ev/CI). In a 5yr study of Varrio, Vehkaméaki et
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2006 2007 2008 Fig. 3. Number of NPF event days, non-NPF event days, and unde-

Fig. 2. Colored areas show the time intervals when particle number fined days in all measurement sites.

size distribution data is available from corresponding stations.

times support this assumption. With short overland times,
the particle number size distribution in all stations had a
bi-modal structure with mode peaks at 30-40 nm and 130-
170 nm in diameter. This finding fits well with measured ma-
rine particle number size distributions (Covert et al., 1996;
"Koponen et al., 2002; Heintzenberg et al., 2004; O’Dowd et

al. (2004) found lower fractions (monthly Ev/A varied be-
tween 3 and more than 20 %), but applied a slightly differ-
ent classification from ours, which might cause some differ-
ences. In an 11 yr study of Pallas, the value of EV/A varied~
between 6 and 27 % during different months (Asmi et al.,

2011). l., 2004
The particle formation rates were calculated at 3.7, and"’ ):
When the air mass traveled over the land, the formation

10nm for Varrio, Pallas, and Abisko, respectively; these d th of | el Id be ob q
are the lowest measurable particle diameters at these thred! grov;/n Ortffroﬁomtp)a: Ic ens Crcl)tlrj " ne Onfjexe nagi Irr]r-l
sites. By doing this calculation, our results can be com .creases In particle number concentrations a €an diam-

pared with previous studies conducted at the same sites (Ta- eters of the A(;tkfn {nod(? ghet 8%rgtgrz_rlum?letrhconcentra-
ble 2). The mean formation rates were almost equal at alfIons increased at rates of abou untitthe over-

the sites (0.1 cm® s-1) and confirm previously published re- and times of around 30-40 h ?nd.thereafter at rates between
sults (Vehkamaki et al., 2004; Dal Maso et al., 2007; Asmi about 0.001 and 0.002crds ™ (Fig. 5¢). Eventualy, the

. ; total particle number concentration saturated towards levels
et al., 2011). The mean growth rate of particles during the . -
) g P d f 900-1100 cm3. This feature indicates that by overland

NPF ts in Abisk ded th th rates in Pall : . .
evVents In ADISKO exceeded the growth rates in Fa atransport times of about 30—40 h, the formation of new parti-

and varrio. cles as the main process had been overtaken either by vapors
condensing or by small clusters coagulating onto the larger
particles. The slow increase in particle humber concentra-
tions — even at long overland transport times — might also

It has been shown for both Pallas and Varrio that, on average?® connected to primary particle emissions. _
the particle size and the accumulated particle mass concen- [N contrast to the particle number concentration, the parti-
tration grow as a function of the time that the correspondingC€le mode diameter, accumulated mass concentration and con-
air mass has spent over the land (Asmi et al., 2011; Tunved iensation sink all increased during the entire 96 h time period
al., 2006b). We extended this analysis to include Abisko and(Fig. 5a, b, d). The condensation sink values correspondmg

3.1 Evolution of the particle properties over the
continent

the winter period. to the 30-40h overland time were between 980 3s~1
and 1.2x 103s71,
3.1.1 Summer period The median particle number size distributions were found

to have similar structures at all the stations. For over-
During the summer, air masses originating from the sea andand times less than 40-50 h, the number size distributions
arriving at the continental areas were assumed to be relativelywere bimodal. The mode with the smaller particle diameter
free of anthropogenic influence. Observed particle numbesstarted at around 20—-30 nm and grew as a function of time,
size distributions (Fig. 4) and low total particle number con- whereas the second mode, with particle diameters of around
centrations (Fig. 5¢) associated with short overland transporf00—-200 nm, remained more stationary. When comparing the
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Table 2. Statistics of the properties of NPF events. Calculated means, medians and standard deviations, as well as 10th and 90th percentile!
(P10-P90). Here, too, the shorter measurement periods in Abisko prevent direct comparison (see Table 1). Due to different cut-off sizes of
the instruments, the formation rates di@, J7 andJ3, for Abisko, Pallas, and Varrid, respectively.

Growth rate GR (nmhl) | Formation rate/ (cm™3s71)
Mean+ Std  Median PlO—P9Q Mean+ Std  Median P10-P90
Abisko 3.7+£2.7 3.0 1.1-6.6 0.1+0.2 0.05 0.002-0.3
Pallas 3.3:2.3 2.6 1.3-6.6 0.1+0.2 0.08 0.01-0.3
Varrio 2.8+2.0 2.0 1.0-6.2| 0.09+0.08 0.07 0.02-0.2
a Abisko b Pallas

erww T ; ——

b
o\

Diameter (m)
S
\.

Diameter (m)

-8 | o 0 vt o v oo ool 10 o oo ik 2
biain m i

-
o
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Fig. 4. (a—c)Median number size distributions as a function of time the corresponding air mass has spent over land during the last 96 h. Only
summer period (1.4-30.9) coverdd) Mean number size distributions for certain time periods for all stations.

average particle number size distributions for 10-20 h overpre-assumptions made for the data (e.g. which time inter-
land times (blue lines in Fig. 4d), we can see that the shapesgal was used when calculating the rates), which are compli-
of the number size distributions were quite similar for all of cated to access. Thus the reported errors should be consid-
the stations, with Abisko having the highest number con-ered lower-limit estimates for the errors.
centration of Aitken-mode particles. For overland times of The apparent particle growth rates when air masses were
30-40h (black lines in Fig. 4d), Abisko and Pallas continuedpassing over the land were relatively similar for all the sta-
to have similar number size distributions, and Varrié clearly tions, with average values between 0.55 and 0.72nh{Ta-
had the highest Aitken-mode particle number concentrationsble 3) These growth rates are lower (by factors of 3—6) than
For overland times of 60—70 h, the number size distributionsthe “real” particle growth rates observed during NPF event
(red lines in Fig. 4d) at all stations were relatively similar and days (see Table 2). We think that the main reason for this dif-
the original bi-modality had in practice disappeared. ference is that the “real” particle growth can be determined
In order to compare the growth of the particles, we cal-for new particle event days only when particles tend to grow
culated the apparent increase rates with error limits for thefaster than during the non-event days included in determining
mode peak diameter, mass accumulation and condensatidhe “apparent” particle growth rate. Furthermore, the “appar-
sink using the method explained in Sect. 2.2.2 (Table 3). Oneent” particle growth rate may be affected not only by particle
should note that the error limits were based on a mathematgrowth but also by other processes, such as size-dependent
ical line fitting, which omits the physical uncertainty in the particle removal rate and primary particle emissions. To en-
measurements, the inaccuracy of the method itself and theure that the apparent particle growth was caused not only by
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Fig. 5. Particle mode diametén), integrated mass concentratifly), number concentratioft), and condensation sir(k) as a function of
time the corresponding air mass has spent over land.

Table 3. Increase rates of mode peak diameter, accumulated mass concentration, and condensation sink when air masses travel over lanc
Summer period (1.4-30.9) covered. See Fig. 5.

Abisko Pallas Varrio
Apparent particle growth rate (nnvh) 0.55+0.04 0.72:0.04 0.68+0.05
Over-land-times used (h) 12-80 22-80 22-80
Accumulated mass conc. increase (;Té”rhfl) 0.015+0.002 0.016£0.001 0.023:0.001
Over-land-times used (h) 5-50 10-50 12-50
Apparent growth of condensation sink &~1)  0.022+0.001 0.026:0.001 0.02% 0.001
Over-land-times used (h) 5-80 10-80 10-80

averaging the NPF events over all days, we calculated a sepdhese features may be caused by the lower number of data
rate apparent growth rate using data from the non-event daygoints for the larger overland transport times, yet we cannot
only. In the result, no significant difference from the all-data exclude the influences of real aerosol dynamic processes, ei-
results was seen. ther. The condensation sink was found to increase linearly
In Tunved et al. (2006a), the average integrated observedith increasing overland transport times at all the stations.
particle mass for Pallas and Véarrio was calculated to in-The corresponding increase rates were between 0.020 and
crease by 0.014 pgni h—1 with the time the corresponding 0.030s1h~1. Varri6 had the highest value in line with the
air mass had spent over the continent. In our analysis we obether variables: Varrié had also the highest apparent growth
tained similar values despite the different data sets used. Thete, mass accumulation rate and particle number concentra-
integrated particle mass concentration increase rates in ouion after its saturation.
study were between 0.015 and 0.023 pgi—? for the sta- When looking at the apparent particle growth rate and ac-
tions. The overland times used here to calculate the slopesumulated particle mass increase, we found some differences
were chosen to be below 50 h because the residuals of the lirbetween the stations. Both of these values were the lowest for
ear fit were smaller for such a time window than if the upper Abisko. However, the differences between the values were
limit had been chosen to be 80 h. In the latter case, slightlynot large, and particularly the accumulated mass increase
larger (between 0.020 and 0.027 pghin—1) slopes were rates for Pallas and Abisko were close to each other.
obtained, but the fitting was worse, especially for Abisko.
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The histogram of the times that the trajectories had spentreased significantly was around 7 h for Abisko, 15 h for Pal-
over land peaked at 8h for Abisko and at around 20 h forlas and 20 h for Varrid.
Pallas and Varrio (Fig. 6a), reflecting the relative distances One should note that even though the average climate was
of these stations from the ocean and the prevailing westerlfairly similar, the average meteorological conditions related
winds. For Pallas and Varrio, the trajectories correspondingo the short overland times were different between the sta-
to NPF event days peaked at around 20-25 h (slightly eartions: for the same overland times, the longer distance from
lier in Pallas than in Varrid) of the overland transport time. the ocean to Pallas or Varrio than to Abisko indicates higher
(Fig. 6b). This supports the principal idea that particle nu-wind speeds, which are likely connected to a lower pressure
cleation occurs easier in fresh air coming from the oceanand thus different rain and radiation profiles. This in turn af-
while the transport time need to be sufficient for enoughfects the event-day probability.
condensable gases to be formed. However, in Abisko a fre-
quent occurrence of NPF was already observed soon afte3.1.2 Winter period
the air masses had arrived at over the land. The reason for
the observed differences between Abisko compared with PalOver northern Scandinavia, natural sources of primary par-
las and Varri6 cannot be explained by the differences in thdicles and particle precursor vapors are expected to be much
values of the condensation sink (Fig. 5d). Moreover, for thelower during the winter period (from the beginning of Octo-
extended summer season (April to September during 2005Rer to the end of March) compared with the summer period.
2007), there was no significant difference between the staBY contrast, due to heating and combustion, primary emis-
tions’ climatology (Fig. 7). Therefore, the reason for the ear- Sions of man-made particles should be at their highest during
lier onset of nucleation in Abisko must be due to some otherthe winter period (Karvosenoja et al., 2010; Lamberg et al.,
factors. Compared with Pallas and Vérri6, Abisko has very2011).
distinct geographical features as it is located on the lee side We calculated the median particle number size distribu-
of the Scandinavian Mountains and thus affected by air de.tionS as a function of overland time for the winter periOd.
scending from over the mountain range, whereas Pallas angue to the low apparent growth of the Aitken-mode parti-
Varrio are both located on top of a hill. The Scandinavian cles, the particle number size distribution remained bimodal
Mountains very often generate (Jiang et al., 2004; SchroedegVen for long overland transport times (Fig. 8a). We also ob-
et al., 2009) standing atmospheric gravity waves (Nappo,served that when patrticles traveled over the continent, the
2002; Scorer, 1949) on their lee side. We speculate that of"ean modal diameters, particle number and mass concentra-
average, the air measured in Abisko is constrained into Jions all increased with increasing overland transport times
shallower boundary layer that the air measured in either Pal{Fig. 8b—d). All these increase rates were, however, lower
las or Varrio, allowing more efficient accumulation of con- than during the summer time. The apparent growth of sub-
densable vapors originating from biogenic emissions ove80nM particles was visible during the first 40 h of the over-
Abisko. This would be the only major difference between theland transport time, after which the modal mean diameters
stations we could find that might be able to increase the probsaturated to values of around 50-70 nm.
ability of nucleation already at an earlier stage (Fig. 7). The The highest mass accumulation rate during the winter
faster nucleation onset in Abisko was also seen from the mePeriod was observed at Abisko (0.040.001 pgm3h~1),
dian particle number size distributions (Fig. 4a—c): the time@nd the corresponding rates were slightly lower

when particle number concentrations in the Aitken mode in-(0-007£0.001 and 0.008&0.001pgnT®h™") in Pallas
and Varrid, respectively (Fig. 8c). Abisko displayed also

the highest particle number concentrations (Fig. 8d). The
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Abisko average evolution during the transport (Figs. 9 and 10). We
S ected b i thet s descending down the moutain range fitted a sum of lognormal distributions to the mean number
- steep, high mountains (~1500 m.a.s.l.) . . . . . . . . .

=3 ditinctbanfer between MS e ocsen size distributions of both stations in each pair to identify the

the moisture that is in the ascending air condenses and precipitates away before descending down . . .
™ onthe other side of the Scaninavian mountaing (ohr) : changes in aerosol modes. The resulting peak diameters of
these modes and their changes, as well as the mode concen-

o }.t trations and their changes, are listed for summer and winter

> facteraccumulationof |+ {_ f ucleation periods in Tables 4 and 5, respectively. Since our aim was to
reauiredameuntofuapers use clusters as representative for general patterns rather than
just single cases, all clusters with less than 30 number size
distribution elements at both ends were discarded. Next we
will analyze both air mass transport directions and all the sta-
(\ V tion pairs along these transport routes. For each site pair, and
J for both seasons separately, we call the clusters with the high-
est number of distribution pairs “the most frequent cluster”,

Scandinavian
mountains

i T=+7.2°C
p=962.2hPa

i RH=74.0%

i Elevation =360 m.a.s.l.

Pallas and Varris v and the cluster with the next highest number of the distribu-
T ected mosty by horontatwinds tion pairs as “the second-most frequent cluster”.
- round-shaped individual fields, not very high above the surroundings
—> topography not as distinct as in Abisko
- [ 3.2.1 Abisko-Pallas
_

m:ﬂower and steadier i i . i . i

> lateronset ofnucleation When clustering the particle number size distributions at

Abisko, as related to air masses in the direction towards Pal-
las, the clustering with the highest silhouette value was ob-
CHEAIEY tained with five clusters for the summer period and with three
clusters for the winter period. During the summer, two of
i< T e these clusters had more than 30 elements, whereas during
2 mash T sk winter only one cluster had enough elements.
In both seasons, the most frequent cluster at Abisko had
a bimodal structure with almost the same mode peak diame-
Fig. 7. General topographical and meteorological differences be'ters, but in summer the particle number concentration of the
twe_en the Abisko station and the_PaIIas and Varrio stations, anqﬂ\itken mode was almost twice as high as it was during win-
their effef:t on thg Qnset of nucleation. Mean temperature, Pressure. . . poth seasons. the Aitken-mode particle number con-
ano! relative humidity are ShO\.Nn for the years 2005-2007 over thecentrations of these 'most frequent clusters increased during
period 1.4.-30.9 for each station. the air mass transport, whereas the accumulation-mode num-
ber concentration remained roughly unaltered. For the most

average increase rates of particle number concentrations 4equent cluster of the summer period, the peak diameter of
function of the overland transport time were of the order the Aitken mode shifted on average from 29nm to 48nm

of 0.003cn3 s for Abisko and 0.001 cm3 s~ for both in 15h, corresponding to the growth rate of 1.3nmh
Pallas and Varri6. Interestingly, these rates are of similatvhereas during the winter period, practically no shift was

magnitude as those observed during the summer period &€€N- The absence of changes during winter compared to the
longer (> 30 h) overland transport times. pronounced shift in the particle number size distribution dur-

ing the growing season is most likely connected to the con-
3.2 Aerosol dynamics between measurement stations ~ densation of organic compounds formed from soil and vege-

tation emissions. The concentrations of the combined nucle-
Three measurement sites located in a row (with a total disation and Aitken-mode particles of the most frequent clus-
tance of 440 km) offered the possibility of examining the dy- ter increased with a rate of 0.01cfs ! during the sum-
namical properties of aerosols when they are transported byner, and the corresponding increase during the winter was
air masses between the sites. In order to do such an investigaround one third of this value. In both seasons, the accumu-
tion, particle number size distributions at the upwind stationlation mode of the most frequent cluster had a larger mode
need to be known. To standardize the starting situations, wg@eak diameter, but smaller concentrations in Pallas than in
first clustered the number size distributions at the upwind staAbisko.
tion separately for both summer and winter seasons, and then In summer at Abisko, the most dominant mode of the
the changes of each of these clusters were analyzed. second-most frequent cluster was the accumulation mode,

The changes of the particle number size distributions ofwith a peak diameter of 148 nm. After arriving at Pallas, this

each cluster at the upwind and downwind stations show thenode peaked at about the same size as it did in Abisko, and

Round-shaped field / hll

Pallas Vdrrio
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Fig. 8. (a) Mean particle number size distributions for certain overland time periods for all stations. Particle mode digjnetergrated
mass concentratioft), number concentratiofd) as a function of time the corresponding air mass has spent over land. In all subplots, only
the winter period (1.10-31.3) is covered.

the particle concentration of that mode had increased slightlyfrequent cluster decreased and that of the Aitken mode in-

with a rate of 0.004 cm®s~1. creased, but the peak diameters of both modes remained un-
changed. During the winter period, the peak diameters of
3.2.2 Pallas-VAarrio both modes of the second-most frequent cluster increased

rapidly (1.7 nm h! for the Aitken mode and 2.7 nnth for

Particle number size distributions observed at Pallas, whert1.he accumulation mode), and the concentration of accumula-

considering trajectories in the direction to Varrio, clus- tion mode also increased slightly.

tered best to four sets in the summer and to three set§ 2 3 pallas-Abisko

in the winter season, of which two in both cases had

enough members for a further analysis. For the most fre-The Pallas—Abisko air transport route had the least number of
quent cluster during the summer, the Aitken mode shiftedpaired number size distributions and the only one cluster for
towards larger particles (0.6 nmh) and its concentration  summer period had enough members to fulfill the selection
increased (0.02cn?s™1). In winter, the mode peak diam- criteria of over 30 data pairs. As a result, the conclusions
eter of Aitken-mode particles of the most frequent clusterfrom this analysis are not as firm as those from the analysis
shifted with a high rate of 2.1 nnT#, but the concentration  of the other transport routes.

increase was low with a rate of 0.004c#s . In summer, The number size distribution at Pallas for the one clus-
the accumulation mode of this cluster shifted rapidly towardster had a low total concentration and trimodal structure
larger particles (3.3nmt) and its concentration increased with mode peak diameters of 22nm, 63nm, and 169 nm.
slightly (0.004 cnt®s™1). During wintertime, the accumu-  On average, these peak diameters remained relatively un-
lation mode was already very weak in Pallas and did notchanged when the air masses traveled to Abisko, and the to-
change much. In summer, the general modal dynamics waga| concentrations on all size ranges increased. For all the
quite similar to that associated with the Abisko—Pallas transmodes, particle number concentrations increased at a rate of
port route. 0.002 cnt3s1. No single process could explain this kind of

In both seasons, the accumulation mode dominated th@bservation, so it is likely that multiple processes together
second-most frequent cluster at Pallas and the Aitken modeaused such an average change.

was also present. During the summer period, the number
concentration of the accumulation mode of the second-most

www.atmos-chem-phys.net/13/11887/2013/ Atmos. Chem. Phys., 13, 1188803 2013
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Table 4. Dynamics of particle number size distributions when air masses travel from one site to another, summer season. The initial number
size distributions are clustered and a log-normal fitting in the both ends of the paths is used to find the mode peak diameters and mode
concentrations. In this table, the changes in mode peak diameters and mode concentrations are shown.

MeanA:r MeanRH  Mode peak (hm) Shift of Concentration Concentration
mode of mode change
(nmh1 (cm™3) (cm=3s71
Abisko Pallas Abisko Pallas
Cluster 1 15h 7% 22 429 -Hil both
29 48 1.3 238 415 +0.01
139 158 1.3 89 79 —0.001
Cluster 2 13h 77% 16 70
60 37 270 196 —0.001
148 151 0.2 748 954 +0.004
Pallas  Varrio Pallas  Varrio
Cluster 1 16h 2% 26 36 0.6 139 1051 +0.02
110 163 3.3 318 92 —0.004
Cluster 2 28h 78 % 57 57 0.0 140 543 —0.004
165 169 0.1 1206 667 —0.005
Pallas  Abisko Pallas  Abisko
Cluster 1 22h 85% 22 25 45 199 +0.002
63 62 -0.0 122 250 +0.002
169 197 0.5 103 237 +0.002
Varrio Pallas Varrio Pallas
Cluster 1 17h 8% 22 +1.5 78 H-1I both
53 48 -0.3 210 307 +0.000
193 166 -15 196 164 —0.000
Cluster 2 27h 81% 22 28 57 61
97 98 +0.0 808 612 14111 both
206 235 -11 354 87 —0.005

3.2.4 Varrio-Pallas winter. During the atmospheric transport, the total particle
number concentration decreased with clearly different pat-

A . . . . tern tween the tw ns. During the winter, very sim-
The Varrio—Pallas path included the highest diversity of all 1erns be_ een the two seasons. Luring the el Very's
ilar particle number size distribution arrived at Pallas as had

observed number size distributions. The clustering procedur%een left from Varrio, indicating the sinks and sources of

resulted in Six sets of distributions for the summer and fouraerosol particles were in balance. In summer the concentra-
sets for the winter. In both seasons, the two largest cluster . . . .

o ion in the two modes in the accumulation region decreased
had over 30 elements and were chosen to be studied in more. 1 . .
detail with a total rate of 0.005cm?s™1, whereas during winter

During both summer and winter. the most frequent Clusterthe accumulation mode remained unaltered and the Aitken
9 ! 9 mode decreased and shifted to larger sizes with rates of

had a t_)lmodal structure and no significant change in the t°'0.005 ent3s-1 and 0.4 nm h.

tal particle number concentration was seen during the trans-

port. During the summer, this insignificant total concentra-

tion change was achieved by a small increase of Aitken-3:2.5 General remarks

mode particle concentration while the accumulation-mode

particles decreased. The total particle number concentrationd/hen comparing the most dominant clusters of each station

were slightly higher during summer than in winter. pair, a clear effect from wind direction became evident. The
For the second-most frequent cluster, the accumulatiorevolution of the particle modes during transport from west to

mode was the dominant one at Pallas in both summer andast resulted in similar changes in the Aitken-mode particles
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Table 5. Dynamics of particle number size distributions when air masses transport from one site to another. Similar to Table 4, but now
covering the winter season.

MeanA:r MeanRH Mode peak (nm) Shift of Concentration Concentration
mode of mode change
(nmh1) (cm™3) (cm3s~1)
Abisko  Pallas Abisko  Pallas
Cluster 1 8h 79% 26 24 -0.2 130 223 0.003
83 47
130 169 4.9 68 11 —0.002
Pallas  Varrio Pallas Varrio
Cluster 1 16h 76 % 15 164 0.003
33 66 2.1 110 317 0.004
169 206 44 34
Cluster 2 10h 83% 7 12 22 19
59 76 1.7 347 404 0.002
158 185 2.7 557 673 0.003
Varrio  Pallas Varrio  Pallas
Cluster 1 27h 80% 12 13 33 8
46 46 0.0 128 115 —0.000
202 193 -0.3 109 127 —0.001
Cluster 2 19h 81% 15 20 0.3 47 50
50 57 0.4 444 202 0.003
185 186 0.1 435 490 0.000

between the stations. During the summer period, the modeling from Véarrio to Pallas) it was 49 h. This agreed with
peak diameter increased at rates between 0.6 and 1.3hm h the initial Aitken-mode peak diameters, which were 29 and
and the concentration of the mode increased at rates of 0.0126 nm at Abisko and Varrio, respectively, whereas for the op-
0.02cn3s~1. When looking at the corresponding summer- posite transport direction they were 63 and 53 nm at Varrio
time clusters for the opposite transport direction, the con-and Pallas, respectively. When the air mass was coming from
centration changes of the Aitken mode were not as intensé¢he continent, it had a larger condensation sink which likely
(rates betweer-0.001 and 0.002 cr? s~1) and the shiftsin  hindered the formation of new particles. Secondly, the wind
the peak diameter of the Aitken mode were small (betweerdirection was associated with different meteorological condi-
—0.3nmh 1 and 0.2nmh'). During the winter the general tions. We calculated the relative humidity along the trajecto-
pattern was similar, even though the concentration increaseses between the measurement station pairs. For the summer
were several times weaker compared to the summer. time, the median values of relative humidity for each clus-
The differences in the aerosol population and dynamicster associated with the west-to-east paths were between 72
along the wind direction can be related to two factors. First,and 78 %, whereas for the opposite paths they were between
the western side of the measurement sites is limited by thé1 and 85 %. The higher relative humidity values have been
Atlantic Ocean, whereas in the east it is limited to north- connected to lower NPF probabilities e.g., at Pallas (Asmi et
western Russia and hence the continent. It has been showad., 2011).
that clean air from the ocean favors new particle formation During both seasons and for both wind directions, the
and growth (Dal Maso et al., 2007; Sogacheva et al., 2005)second-most frequent clusters included a strong accumula-
During the summer, the air masses connected to the most frégion mode at the upwind station, and the same mode also
quent clusters were fresher for the west-to-east transport thadominated in the downwind station. This was presumably be-
for the opposite direction. When considering the air massegause accumulation-mode particles have the longest lifetime
traveling from Abisko to Pallas, the average overland timein atmosphere.
at Abisko was 18h; for the air masses traveling from Pal- The observed shifts in the diameter of the Aitken-mode
las to Varrio, the average time was 37 h; whereas for the aipeak were around 1 nnth during the summer period. This
masses traveling from Pallas to Abisko, the correspondingvas close to the value of the apparent growth rates obtained
time at Pallas was 46 h and at Varrio (for air masses travawhen studying the particle evolution when they travel over
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Fig. 10. The dynamics of the number particle size distributions
when air masses were moving from one measurement site to an-
other. Similar to Fig. 9, but covering the winter season, 1.10-31.3.

The vast majority of the land area between Pallas and
Abisko is inhabited and covered by boreal forest. Inside
Fig. 9. The dynamics of the particle number size distributions whenthe possible trajectory sector, we estimated the Kiruna min-
air masses were moving from one measurement site to anotheing town to be the most potent anthropogenic source that
Summer season 1.4.—30.9 covered. The initial size distributions ah'“ght influence the aerosol popu|ation_ Our trajectory anal-
the upwind station were clustered to obtain as similar initial statesysiS showed that, of the trajectories used for the clusters be-
fveen Abisko and Pallas, (both ways), only 0-8% passed
iruna closer than 15 km away, so this town is unlikely to
"have significantly affected the results.

2500

2000

P

1500

1000

dN/diog d (cmi)

500

1e-008 1e-007

Particle diameter (m)
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solid line is the mean of the corresponding size distributions at theth® mixing boundary layer at the upwind station during the

downwind station, and shaded blue area shows the above-mentiondéansport from the upwind to the downwind station were the
percentiles. The number n shows the amount of size distributiorfollowing: from Abisko to Pallas 97 %, from Pallas to Abisko

87 %, from Pallas to Varrié 94 % and from Varrio to Pal-
las 98 %. We therefore conclude that in the vast majority of

cases, the airflow was also connected vertically.

land. Again, this was about one-third of the average growth
rate observed during NPF events. The increase rates of the

4 Summary and conclusions

Aitken-mode particles were up to 0.02 cAs 1. When com-

paring this with the average formation rates during NPF

events, we saw that the latter were five times larger. Thes@hree different approaches for the nucleation and growth of
differences reflect the choice of the data behind the valuegierosol particles in northern Scandinavia gave mutually sup-
and stress that the growth and formation rates observed onlgortive information on the evolution of the aerosol popula-

during the most obvious nucleation days can give misleadingion. When studying the average air masses arriving at the
numbers of the changes of the total aerosol population.

Atmos. Chem. Phys., 13, 1188721903 2013

different stations, we found that the apparent increase rates of

particle mode diameters, accumulated mass concentrations
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and condensation sinks displayed a similar behavior betweetion depends on the initial aerosol population and its time
all the stations. During the summer period, Varrié had theevolution. The NPF was seen to increase particle number
largest rates for the mass concentration increase and condeoencentrations for overland times up to 30-40h or, alter-
sation sink increase, while these two quantities were rathenatively, as long as the diameter of the Aitken-mode parti-
similar for the other two stations. Abisko station differs from cles remained below about 40-50 nm. After that, the parti-
Pallas and Varrié with respect to its environment by beingcle number concentration saturated, which means that NPF
surrounded by mountains and the ocean; Pallas is situatedas balanced by coagulation and other sink processes. The
above the tree line on the top of a fell, which is sometimes innet accumulation of secondary mass on newly formed and
the clouds, while Varrio is also located on a hill, but inside a preexisting aerosol particles seemed to continue for at least
boreal forest. The result can be interpreted that the footpring days of overland transport time.
of aerosols is large, which flattens the differences resulting
from the near and mid-scale surroundings. At a large scale,
all the stations are situated in the boreal forest zone, whickf\cknowledgementsrinancial support from the Academy of Fin-
has its characteristic biological emissions from soil and veg-and Centre of Excellence program (project no. 1118615) and the
etation. During the summer period, the NPF event day probalNordic Centre of Excellence CRAICC (CRyosphere—Atmosphere
bility peaked at overland times of 20—25 h in Varri6 and Pal- Interactions in Changing Climate) is gratefully acknowledged.
las, and this number size distribution was flat in Abisko, but Edi i 2
T ited by: J. Back

this difference was not seen to have an effect on the apparent
particle growth rates.
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