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Abstract. The smelter industry in Kola Peninsula is the and there is a large seasonal variation with highest values ob-
largest source of anthropogenic 5@ the Arctic part of Eu-  tained during spring and autumn. We found that (i) particles
rope and one of the largest within the Arctic domain. Due toform earlier after sunrise during late winter and early spring
socio-economic changes in Russia, the emissions have beeatue to high concentrations of $@nd HSO;; (ii) several
decreasing especially since the late 1990s resulting in deevents occurred during the absence of light, and they were
creased S@concentrations close to Kola in eastern Lapland, connected to higher than average concentrations ef &l
Finland. At the same time, the frequency of new particle for- (iii) high SO, concentrations could advance the onset of nu-
mation days has been decreasing distinctively at SMEAR Icleation by several hours. Moreover, air masses coming over
station in eastern Lapland, especially during spring and auKola Peninsula seemed to favour new particle formation.
tumn. We show that sulfur species, namely sulfur dioxide and

sulfuric acid, have an important role in both new particle for-

mation and subsequent growth and that the decrease in new

particle formation days is a result of the reduction of sul- 1 Introduction

fur emissions originating from Kola Peninsula. In addition to

sulfur species, there are many other quantities, such as footh sulfur and primary particle emissions have been de-
mation rate of aerosol particles, condensation sink and nucle¢reasing largely all over Europe (Kupiainen and Klimont,
ation mode particle number concentration, which are relatec?006; Vestreng et al., 2007; Smith et al., 2011), resulting
to the number of observed new particle formation (NPF) daysn improved air quality, decreased acid fallout (Berge et
and need to be addressed when linking sulfur emissions an@l- 1999) and weakened direct radiative forcing by aerosols
NPFE. We show that while most of these quantities exhibit(Liepert and Tegen, 2002). The changes in indirect radia-
statistically significant trends, the reduction in Kola sulfur tive forcing are more uncertain and complicated to address
emissions is the most obvious reason for the rapid declindecause the resulting decrease in CCN (cloud condensing
in NPF days. Sulfuric acid explains approximately 20-50 % huclei) concentrations due to the decrease in primary par-

of the aerosol condensational growth observed at SMEAR |licle emissions can be at least partly compensated by sec-
ondary CCN production (new particle formation and growth)
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(Hamed et al., 2010; Makkonen et al., 2012). In the future,2 Materials and methods
larger natural emissions of natural aerosol precursors due to
warmer temperatures are likely to assist CCN production fur-The SMEAR | station (674531° N, 29°3641° E) (Fig. 1b)
ther (Makkonen et al., 2012; Paasonen et al., 2013). is built on the top of Kotovaara hill, 390 m a.s.l. The station is
The smelter industry in Kola Peninsula is not only the mostsurrounded by a 60-year-old Scots piRénus sylvestrisfor-
important source of anthropogenic atmospherig $0the est (Fig. 1c) and is located at the north side of the Varrio fell
Finnish eastern Lapland but also the largest or second large§&nge, with peaks reaching from 500 to 550 m a.s.l. The high-
source in the entire Arctic domain (Benkovitz et al., 1996; est field north of SMEAR I is Nuortti (482ma.s.l., further-
Prank et al., 2010), depending on the definition of the Arctic MOst snow-covered field in Fig. 1c). Most of the area is domi-
boundaries. During the past 2 decades, sulfur emissions froriiated by Scots pine forests, in addition to which there are also
the Kola area have decreased distinctively, although they artarge wetlands and deep gorges in the surroundings. The in-
still larger than those of entire Finland (Paatero et al., 2008) frastructure of SMEAR I includes a small hut for the aerosol
The SMEAR | station (Station for Measuring Ecosystem— analysers and gas analysers (Fig. 1b) and a 16 m high weather
Atmosphere Relations) (Hari et al., 1994) was establishednast. Some instruments have housings outside and also con-
in 1991 to measure the impact of Kola sulfur emissions ontinuous chamber measurements of photosynthesis from the
the forests in eastern Lapland. The station is located onlysurrounding trees area conducted.
6 km from the Russian boarder (Fig. 1a). Varrio Subarctic In this paper, we will use measurements of the aerosol
Research Station is located about 800 m south of SMEAR |.number size distributions, S@oncentrations and meteoro-
New particle formation (NPF) is tightly linked with O  logical variables. The aerosol size distribution is measured
when in the atmosphere, $@s oxidized to sulfuric acid With a differential mobility particle sizer (DMPS), which
H>SQy, which in turn is known to be the most important classifies the particles according to their electrical mobility
chemical component in new particle formation (Kulmala et (related to particle diameter) (Aalto et al., 2001). The DMPS
al., 2004a; Sipila et al., 2010; Kerminen et al., 2010). In thewas installed to SMEAR 1 in autumn 1997, and the cut-off
boreal forest zone, organic compounds are connected to ne@iameter was changed from 8nm to 3nm in 2005, $@s
particle formation and growth (Kulmala et al., 2004b; Tunved been measured since autumn 1991 with a pulsed fluorescence
et al., 2006; Paasonen et al., 2010). On the other hand, lov@nalyser.
values of condensation sink (CS), a measure of the ability of The days were classified into event, non-event and unde-
pre-existing aerosol particles to uptake condensable vapouréed days visually by looking at the daily aerosol size distri-
(Kulmala et al., 2001), increase the probability of new parti- butions. During an event day a new, growing mode appears
cle formation. Thus, decreasing S€ncentrations decrease below 25nm (Dal Maso et al., 2005; Kulmala et al., 2012).
the probability of NPF by decreasingB80; concentrations ~ During a non-event day there is no new mode below 25 nm,
while at the same time decreasing values of CS caused byhereas during an undefined day (although there is a new

smaller sulfur, and primary particle emissions tend to in- SUb-25nm mode) it does not grow. The event days were fur-
crease this probability. ther classified into classes | and Il according to whether there

Our main goal in this manuscript is find out whether NPF was strong fluctuations in the mode concentration or diame-
characteristics show any changes in eastern Lapland over tHer (class Il) or not (class ).
last 14 years and, if they do, whether there is any connection As a proxy for gaseous sulfuric acid concentrations, two
between their trends and the change in Kola emissions. Mor@arameterizations exist (Petaja et al., 2009; Mikkonen et al.,
specifically, we aim to address the following questions: (1)2011). In this study we used both. The first proxy is a lin-
is the signature from decreased Kola emissions observabl@ar parameterization developed by Petaja et al., (2009) for a
in NPF characteristics and associated trends?, (2) what afeoreal SMEAR Il site in central Finland:
the relative roles of the decreasing S€bncentration and ks - SO, - Rad
decreasing value of condensation sink on NPF?, (3) how ddH2SO4]p = cs ,
changes in primary particle emissions, NPF and subsequent
aerosol growth influence cloud condensation nuclei concenwhereks is a fitting parameter, S&xhe sulfuric dioxide con-
trations?, and (4) how does the situation in eastern Laplan@entration, Rad the radiation and CS the condensation sink.
differ from that reported for western Lapland where the influ- While either global or UV-B radiation can be used in calcu-
ence of Kola is expected to be much smaller. We will presentlating the proxy, we used global radiation due to better data
long-term time series of SOand aerosol particle number availability. The proxy given by Eq. (1) is physically well
concentrations, NPF characteristics, as well as various othdvased, yet it is expected to be slightly inaccurate in environ-
quantities related to NPF. We will also investigate how the ments where the value of CS is very low. This is because the
seasonal distributions of these quantities have changed ovgrseudo-steady sulfuric acid concentration assumed by this
the time and analyse the effect of air mass routes to NPF.  proxy is achieved over the timescale CSIn case of Var-
rid, this means that the proxy tends to overestimate sulfuric
acid concentrations before the local noon and underestimate

1)
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Fig. 1. Location of SMEAR | (Varrid) station and three major mining cities in the Kola Penin@)laThe polar circle is also shown on the
map. A photo of SMEAR | statiofB) and an aerial photo of the surroundir(@). The location of SMEAR I is circled with red.

them in the afternoon. The second proxy far30, we used  the event days only. In order to be classified as arriving over
was a non-linear statistical proxy, developed by Mikkonen etKola, the trajectory had to stay over the defined Kola area
al. (2011): more than 50 % or 80 % of the last 36 h before arriving at
Varrio.
[H2SOu]y = 8.21x 1073 - k - Rad- [SO,] 2
-(CS-RH)%13, )
3 Results and discussion
wherek is a non-linear function of both temperature and at-
mospheric pressure and RH is the relative humidity. In this3.1 Overview of new patrticle formation and growth in
proxy, the role of CS is less important. The validity of the Varrié
proxy given by Eq. (2) has not been tested for conditions
typical for Varrio, so we apply it mainly as a tool to investi- 3.1.1 General characteristics of new particle formation
gate the sensitivity of our results to the uncertainty in gaseous events
sulfuric acid concentration.

The trends of various parameters were calculated in théOn average, 15 % of the days were event days during the time
least-squares sense by fitting to logarithms of the measuregeriod 1998-2011. The average growth rate (GR) of particles
and calculated data. These trends were then fitted to datduring the event days was 2.7 nm*y and the correspond-
model with a logarithmic trend component (relative trend) ing formation rate of 8 nm-sized particles was 0.15¢rsr 1.

and four-component stationary sinusoidal seasonal signal: The mean formation rate of 3nm-sized particles (2005-
2011) was 0.24cmPs™ L. There was a clear seasonal pat-

(2t (At tern in GR, the highest values being both during summer
I = — E— L
°9(x) a+bt+slsm(1 r) +szsm(1yr) but almost as high also during winter (Table 1). On aver-
2t At age, the highest values df were reached during April—
+S3C°S<—r> +S1C03<1—yr> +S, (3)  May, whereas/s peaked already earlier, in February—April

(Table 1). On average, there were 54 events per year, out of
wherex is the fitted parametes, a constant factoh the log-  which 20 were class | events for which it was possible to
arithmic trend s to s4 seasonal signal parameters, dhithe determine both growth and formation rates. The event frac-
residual noise term. In practice, the minimization of Eg. (3) tion had a bimodal yearly distribution with the maximum in
in the least-squares sense was obtained with Matlab routinthe spring (March-April-May;,~ 0.26—0.28) and another lo-
Iscov (Mathworks, Inc., 2010). In addition to this, we also cal maximum in the autumn (September0.22) (Fig. 2a).
used Mann—Kendall (Mann, 1945; Kendall, 1975) trend testThe non-event fraction on the other hand was highest in
for estimating the trends and their significance. Sample authe winter (October—February,0.6-0.8 month?) (Fig. 2b).
tocorrelation was not taken into account in any of the fitting The undefined day fraction peaked in Aprit 0.4) and had
procedures. a minimum in December< 0.12) (Fig. 2c).

Finally, we used HYSPLIT back trajectories (Draxler and The events started on average about 7 h after the sunrise,
Hess, 1998) as a tool to investigate how frequently the airbut some events started when the sun was below the horizon
masses arriving at Varrié had been over Kola during the(Fig. 3). On average these events were associated with twice
event days. We calculated the percentage of time that the a@s high SQ concentrations as during event days in general.
masses had spent over Kola before arriving at Varrio for eacilCompared to other seasons, there was larger variation in the
month, during the whole time period 1998-2011 and duringstart times in spring, and the average event start time was
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Fig. 2. Mean monthly event, non-event and undefined day fraction 1998-2011.

Table 1. Monthly mean values (bold) for GR (1992-2011g,(1992-2011) and3 (2005-2011). The monthly 25th and 75th percentiles are
shown below the means, respectively.

Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec

GR 3.1 3.5 2.1 1.8 2.5 3.8 4.4 3.7 2.8 2.2 2.9 2.1

(hmh1 1.8 2.4 11 11 1.2 2.6 3.2 2.9 2.2 1.6 2.3 1.2
2.9 4.1 2.9 2.4 3.6 4.7 4.7 4.3 3.2 2.6 2.9 2.3

Jg 005 019 020 0.21 0.16 0.13 0.17 0.11 0.12 0.08 0.11 0.04

(cm3s1) 002 004 004 005 005 0.06 0.07 006 006 0.03 0.05 002
0.07 024 016 022 023 013 023 015 014 0.13 0.17 0.06

J3 007 011 017 045 032 0.16 023 019 018 0.13 0.09 0.04
(em=3s71) 0.07 0.03 0.07 0.13 0.07 012 0.10 0.07 006 004 0.07 0.02
007 020 019 041 026 024 033 031 030 020 0.12 0.06

earlier. This suggests that during spring the amount of sulfu-of GR has been observed earlier in Varrié (Dal Maso et al.,
ric acid that is needed to trigger the NPF is reached earlie2007), but in Pallas only summer maximum is seen (Asmi et
during the day than in other seasons. The sulfuric acid conal., 2011). The earlier onset of nucleation during spring has
centrations are, in fact, likely to be elevated in Varrié during not been observed earlier in northern Finland (Vehkaméaki et
spring (Fig. 4) as a result of high $@nd low CS. al., 2004; Asmi et al., 2011). Vehkamaki et al. (2004) used
It is of interest to compare the results from Varrio to those the time when elevated concentrations of 8 nm particles were
from Pallas in western Lapland. Both stations are located afirst observed, as the event start time, which shifts the spring
the northernmost edge of the boreal region, but while Var-event start times later since the growth rates are at their min-
ri6 is close to the sulfur pollution sources in Kola Penin- imum in spring. We, in turn, estimated the formation time
sula, Pallas is far away from any anthropogenic sulfur pol-of 1.5 nm clusters assuming a constant GR below the cut-off
lution sources. The NPF event frequency in Pallas is gensize of DMPS. Since particle growth rates tend to increase
erally slightly lower than in Varrié (Asmi et al., 2011). In with an increasing particle size in the sub-5-10 nm diameter
addition, the annual event frequency distribution in Pallas issize range (Hirsikko et al., 2005; Yli-Juuti et al., 2011; Kuang
unimodal, with a peak in April and then gradually decreasinget al., 2012; Kulmala et al., 2013), the real starting times of
towards autumn (Asmi et al., 2011). In Pallas, the fraction ofthe events might even be earlier than estimated here.
undefined days is on average about 0.14 mohtower, and From March to July, the CS during event days was on
the number of non-events is on average 0.26 mohtfieater ~ average 67 % of the non-event day value. This is mostly
than in Varrio, but the yearly distributions from both sites re- a result of much lower accumulation mode concentrations
semble each other. The observed average values of GR andduring the event days. Also, the mean sulfuric acid proxy
are well in line with the previous studies from Finnish Lap- was 30% higher during event days than during non-event
land (Komppula et al., 2003; Dal Maso et al., 2007; Asmi et days. Similar behaviour is also observed elsewhere in the bo-
al., 2011), and slightly smaller than the corresponding valueseal region (Petdja et al., 2009). Also the global radiation
observed at SMEAR I, southern Finland (Dal Maso et al., was 60 % higher during event days than during non-event
2007; Nieminen et al., 2014). A similar seasonal behaviourdays. Contrary to the observations from Pallas in western
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24000 10 las (Asmi et al., 2011). The non-event days have increased

: throughout the year with largest increase during summer and
autumn. The number of undefined days on the other hand

20:00

o s s
%m o '.’E«‘D D:;j’ﬁ-g: i has increased during late spring and decreased during late
51 5 53 -5 % - winter (Fig. 6¢c—d). The average number of class | events in
% osi0 § oyt e D b Pallas is about 6 yrt (Asmi et al., 2011), which is close to
veso0 . the number of class | events observed in Varrid in the end
. of the time series. This could be an indication that previ-
% %an Hoo e om oo ously the class | events that were observed in Vérrié have

Fig. 3. New particle formation event start times as UTA) and been the result of both_ nqtural background as well as the ex-
hours after sunrisé) at 1.5 nm as a function of S@oncentration tra boost from Kola emissions. The number of class Il events,
(colour scale) for each event separately (circles). The filled rect-ON the other hand, did not change that much, but the seasonal
angles represent the monthly averages for months with at least 1distribution somewhat smoothened. Since class Il events are
events. The black curves {A) denote the sunrise and sunset times, not usually observed to start from the smallest size classes,
respectively. we also hypothesize that the observation of class Il event is
connected to the amount of organic vapours rather than sul-
fur emissions from Kola since the contribution of organics to
Lapland or Hyytiala in southern Finland, sulfur dioxide on growth increases with increasing particle size (Riccobono et
average increased early during the event day mornings reaclal., 2012; Riipinen et al., 2012).
ing above 0.9 ppm and levelling to around 0.6 ppb in the Over the time period considered here, there was no signif-
evening, while during non-event days there was not as muclicant trend in GR (Fig. 7a, Table 2), although in Hyytiala
daily variation and the concentrations were generally aroundhere appears to be a significant positive trend (Nieminen
0.2 ppb lower. During the events observed during dark timeet al., 2013, 2014). In Pallas high values of GR seem to be
(global radiation <20 W md), the SQ concentration was on  connected to high NPF event frequency (Asmi et al., 2011),
average two times higher than on an average event day. Alsdyut this was not seen Véarrid. In the apparent formation rate
lower temperatures seemed to favour new particle formationof 8 nm particles, on the other hand, there was no signifi-
cant trend. For 2005-2011 the trend Jg was very simi-
3.1.2 Trends in event characteristics and associated lar with both methods;-10.0 % yr! using the least-squares
aerosol properties method and-10.2 % yr* using the Mann—Kendall method
(P =0.06) (Fig. 7b, Table 2). For the apparent formation rate
When looking at the yearly number of event, non-event andof 3 nm particles, the trend was not significant. However, dur-
undefined days, the new particle formation days have beeing 2005J3 could be determined only from eight events, all
decreasing by 3.7%yt (Table 2). Moreover, there has of which were concentrated to April-June, whénusually
been a radical decrease in class | event day&q % yr 1) has the highest values. For years 2006—-2011 the trend was
(Fig. 5a, Table 2), and a more subtle increase in the nonsignificant and positive (Table 2).
events ¢-3.1%yr 1) (Fig. 5b, Table 2). However, there was ~ The nucleation mode particle number concentration has
no trend in the class Il events or in the undefined days (Taincreased about 4.3%Vyt (Fig. 8a, Table 2), whereas
ble 2). If the class | events are divided further into class la,the total aerosol number concentration has decreased by
including very clear and undisturbed events, and class Ib, in2.5%yr1 (Fig. 8b, Table 2). The decrease in the condensa-
cluding the rest of the class | events, the decrease was mosibn sink (CS) is even larger, 7.7 %yt (Fig. 8c, Table 2).
pronounced in the class la caseslf.7%yr 1) (Table 2).  The trends are very similar also when using the Mann—
During the last 4 years of this data set, these events have bedfendall method (Table 2).
observed only during 1 year (2010). At Pallas, such a trend While decreasing sulfur emissions decrease th&8®
in NPF days was not observed (Asmi et al., 2011). concentration and hence nucleation and growth, on the other
When the data are divided into two equally long peri- hand it also leads to a decrease in primary emissions and
ods, 1998-2004 and 2005-2011, the seasonal NPF distrhence decrease in the condensation and coagulation sinks.
bution changed markedly, especially in the case of class When CS decreases, more condensable vapours are left to
events (Fig. 6a—b). In the first period the distribution wasthe atmosphere, which can form new particles instead of con-
clearly bimodal, with a strong maximum in the spring and densing into pre-existing particles. Since the NPF event fre-
another smaller maximum in the autumn. In the later pe-quency is decreasing in Varrio, each NPF event must produce
riod the events were more evenly distributed and the autummmore particles than before as nucleation mode particle con-
maximum had disappeared from both class | and Il eventgentration is increasing. This can be seen in the increase of
(Fig. 6a—b). The decrease in the number of events is mostvent timeJs (Table 2). However, since there was no signif-
pronounced in spring and autumn. In fact, the distributionicant trend in the apparent formation rate of 8 nm particles
of the latter period resembles more the one observed at Pa(/g, Table 2), the particle production must have increased
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19982000 other hand an increase in the subsequent growth of aerosol
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value ofJ3, and the importance of extremely low-volatile or-
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Fi L In order to have climatic relevance, newly formed aerosol
ig. 6. The seasonal distribution of events, non-events and un- . . .
defined days during 1998—-2004 (leftmost panels) and 2005_201Partlcles need to QrOW to sufficiently large sizes. In moder-
(rightmost panels). ately polluted environments, such as boreal forests, aerosol
particles may act as cloud condensation nuclei (CCN) after
reaching diameters between about 50 and 150 nm (Kermi-
nen et al., 2005; Komppula et al., 2005; Sihto et al., 2011).
only in the smallest particle sizes. It is also possible that sométher sources for atmospheric CCN are primary emissions of
of the increase in nucleation mode comes from an increase@CN active particles and atmospheric aging (e.g. condensa-
apparent particle production in the highest end of nucleatiortion growth or increase of hygroscopicity) of originally non-
mode during class Il events or undefined days. Contrary taCCN active primary particles (Pierce and Adams, 2009; Ker-
our findings, Hamed et al. (2010) reported a clear decrease iminen et al., 2012).
J3, as aresult of reduced sulfur emissions and thus decreased We made linear fits to the logarithms of g\ CNgp,
number of nucleation days in eastern Germany but on theCN1gg and CNs5o (particles larger than 50, 80, 100 and
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Table 2. Trends for various parameters obtained using both least-squares covariance method where the seasonal trend has been taken in
account, as well as Mann—Kendall method (Sen’s slope) without seasonality, as percentages per year. The slopes are for years 1998-201
unless mentioned otherwise. The lower and upper 95th confidence intervals for Sen’s slopes are given for significaPikt@ 083}, except

for Jg (2005-2011) where the confidence intervals are given in parentheses, althetgl62.

Parameter Slope (least- Sen'’s slope Lower conf. Upperconf. P

squares cov.) [%yrl] interval for Sen’s interval for Sen’s

[%yr1] slope [%yrl]  slope [%yr1]

SO, (1992-2011) -5.2 —-4.8 -55 —-4.1 <0.001
SO -10.9 -11.3 -12.4 —-10.2 <0.001
H,SOy Petgja -5.2 -6.2 -75 —-4.9 <0.001
H>S0O4 Mikkonen -8.0 —8.6 -95 —7.7 <0.001
Nucleation mode 4.3 3.7 2.7 4.7 <0.001
Total conc. -25 -2.4 -3.0 -1.7 <0.001
CN>50nm -3.9 -3.9 —-4.6 —-3.1 <0.001
CN>80nm -4.1 —-4.2 -4.9 —-3.5 <0.001
CN>100nm -3.9 —-4.0 —-4.7 —-3.3 <0.001
CN>150nm -3.2 -3.3 —-4.0 —2.6 <0.001
Cs 7.7 -8.0 -8.7 —-7.4 <0.001
Temperature 0.05 0.04 0.02 0.07 0.001
GR 15 -0.2 0.803
J3 (2005-2011) 8.4 9.6 0.093
J3 (2006-2011) 26.2 29.7 15.5 42.2 <0.001
Jg -1.3 -1.0 0.496
Jg (1998-2004) 2.2 3.0 0.519
Jg (2005-2011) -10.0 -10.2 18.7) @0.0) 0.062
Event class | -9.9 —14.2 -5.9 0.002
Event class la -16.7 —24.4 —-10.6 <0.001
Event class Ib -8.1 -13.6 —-2.6 0.002
Event class Il 11 0.661
All events -3.7 -5.7 -0.5 0.025
Undefined -0.6 0.701
Non-events 3.1 1.2 5.1 0.009

150 nm, respectively) concentrations. All of them showed aprimary particles to CCN sizes, partly compensating for the
statistically significant decreasing trend over the study pe-decrease in S©and primary particle emissions (Paasonen et
riod (Table 2). The largest decrease was seen for particleal., 2013; see also the discussion in Sect. 3.2.1). One should,
larger than 80 nm+4.1%yr 1), and the lowest one for par- however, keep in mind that it is very difficult to separate be-
ticles larger than 150 nm—(3.2%yr 1) (Fig. 9, Table 2). tween the three sources of CCN based solely on a time series
Both CNsp and CN oo showed a trend 0£3.9 % yr1 (Fig. 9, analysis.

Table 2).
The trends in CN concentrations are well in agreement3.2 Association of the observed trends with sulfur
with the trend in the daily-mean Gl concentration in Var- emissions from Kola

ridé reported by Asmi et al. (2013). Also, in their study, con-
trary to VAarrid, the CN trends in Pallas were positive. In Next we will investigate what kinds of trends there are in
Varrio, the CN concentrations have been decreasing moréulfur dioxide and sulfuric acid concentrations and what their
slowly than the condensation sink (Figs. 8c and 9). Since thecontributions are to the formation and growth of aerosols in
CNsg concentration has been decreasing with simultaneou/arrio.

increase in the nucleation mode particle concentration, we

may conclude that the particle growth from the nucleation3-2.1 New particle formation vs. sulfur species

mode to >50 nm is not very efficient in Varrid. On the other
hand, the decrease in the gly has not been as large as the
decrease in either Gy or CS. This suggests that higher bio-
genic aerosol precursor emissions due to increased temp
atures may have accelerated the growth of sub-CCN-size

SO, concentration has been decreasing by 10.9%yr
1998-2011, while for 1992-2011 the decrease was
E;_.Z%yr’1 (Fig. 10, Table 2). This decrease was not yet
gbservable in the study made by Ruuskanen et al. (2003)
where they used S{data from 1992 to 2001. Likewise, in
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Eqg. (2), the parameterization by Petdja et al. (2009) gives

Fig. 8. Trends in nucleation mode and total concentration as well _. . . . . /
as condensation sink 1998-2011. The light red dots are 1-day avers-’“ghtIy higher values during winter—spring when CS is low

ages, the solid dark red line the 30d sliding average, the thin blacl<(,F'g',4C)' Also, the dgcr_ease |n2.EO4 proxy is more dis-
line the sinusoidal seasonal fit with the linear trend added and thdNctIn the parameterization by M'kkonen_et al. (2011) dueto
red dashed lines the linear fits. weaker dependence on CS8.0 % yr-1) (Fig. 10, Table 2).
When we looked at the global radiation as a function of the
NPF start time calculated using the apparent GR, HYSPLIT
Sevettijarvi, close to Nikel and Zapoliarny smelters, the de-back trajectories (Draxler and Hess, 1998) and 8@hcen-
crease in S@was not very clear in the early 2000s (Virkkula tration, we saw that higher SQconcentrations seemed to
et al., 2003). Sulfuric acid proxy calculated by Eq. (1) on favour earlier onset of NPF (Fig. 11). This was true espe-
the other hand has been decreasing in Varrié by 5.2%yr cially when the radiation intensity was higher: the difference
(Fig. 10, Table 2). According to Eq. (1) the lower the con- in NPF start time between times when S®as low or high
densation sink is, the higher the sulfuric acid concentrationwas on average 2—3 h when the mean global radiation 1 h be-
is. Since CS has been decreasing by 7.7 %ythe resulting  fore and after the NPF start was higher than 300 W mnd
H2SOs concentration without taking into account the SO about an hour when the global radiation was low (Fig. 11).
concentration should be increasing. In Varrid, however, theThis and the fact that earlier NPF start time after the sunrise
decreasing S@counteracts this. On the other hand, the lower is connected to high S{xoncentrations (Fig. 3) clearly show
the CS is, the longer it takes for vapours to condense on prethe strong link between SGand NPF in Varrié.
existing particles, leading to possible overestimation in sulfu- In general HSO4 explains a large fraction of the growth
ric acid proxy especially if calculated using Eq. (1). In Varrid of the newly formed aerosol~(20-50%) (Fig. 12). The
the vapour lifetime with respect to condensing on particlespercentage is highest in spring (March—-May) and autumn
(CS™1) has increased from roughly 20 min to 1 h; hence it is (August-September) with minimum in summer. This sug-
possible that for the last few years the real sulfuric acid con-gests that in fact at least some fraction of the effects of SO
centration is lower than the calculated value. Compared withand HbSOy are related to the early condensational growth
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of the growth(A), its yearly variationB). Months with fewer than
Fig. 11.NPF start time (UTC) as a function of global radiation and five cases where the percentage has been calculated have been dis-
sulfur dioxide concentration (colour bar). Both are mean values 1 hcarded.
before and after the start of NPF. Linear fits for data wherp SO
concentration is less than 0.05 ppb or more than 0.5 ppb are shown
with blue and red dashed lines, respectively. These values are thgositive correlation RZ =0.41). This supports our hypoth-
25th and 75th percentile of S(@vent-time concentration. esis that an observation of a class Il event is connected to
organic emissions and not necessarily observed during high
concentrations of sulfuric acid originating from Kola since
of the particles instead of formation of new particles. Also the particles have formed already elsewhere and the impor-
the 26.2%yr?! increase inJz (2006-2011) supports this. tance of sulfuric acid to the early growth has already dimin-
Considering that there has been a clear decrease in CS, ighed.
seems that during NPF there are not enough vapours for the Allin all, these results strongly suggest that sulfur dioxide
particles to grow into larger sizes. Both proxies give simi- and sulfuric acid have a very important role in NPF in eastern
lar seasonal behaviour, but the parameterization by Petéja éfapland, especially in the case of clear, undisturbed class |
al. (2009) gives slightly higher percentages (mean 35.8 %kvents.
compared to the parameterization by Mikkonen et al. (2011)
(mean 32.6%). There is no visible inter-annual trend, al-3.2.2 Connection with Kola emissions
though during the last few years the minimum percentage
has been increasing. This is most likely due to the change&some studies have already shown that part of the NPF events
in the event distribution; nearly all of the events from which observed at Varrio are induced by the high,Sfncentra-
GR can be calculated were observed during spring in the latetions associated with air masses coming over Kola (Pirjola et
period. In Pallas, approximately 5-40 % (Asmi et al., 2011) al., 1998; Komppula et al., 2003). All of these studies have
and in Hyytiala less than 10 % (Boy, 2005; Fiedler, 2005) of however concentrated on a rather limited data set. For ex-
the growth is explained by ¥$O, which is clearly a much ample, Komppula (2003) estimated that, during 21 months,
smaller fraction than in Varrid. In addition, the relative im- roughly one third of the NPF events observed at Varrié were
portance of HHSQy is largest in late winter (February—March) affected or caused by the Kola industry. No studies on the
and late summer (August) in Varrio. long-term effect of Kola emissions have been made so far.
The mean spring—summer (April-July) temperatures have The highest nucleation mode concentrations occurred
increased in Varrid on average 2@ (+1.9°C increase in  when SQ concentrations were high. When dividing the
the median spring temperature) since 1998. Overall, the temelata into “polluted” (S@=> 95th percentile) and “clean”
perature increase in VArrié has been 0.05 9% y({Table 2), (SO <median) data, the yearly sum of $€orrelated very
corresponding an increase of 2@ per decade. This in- well with the yearly sum of nucleation mode particle con-
crease in temperature might have increased the emissions eentration in the polluted data (Fig. 13 left side), whereas for
monoterpenes (Paasonen et al., 2013). Since organic vapoutise clean data the correlation was lower (Fig. 13 right side).
are important in the formation and especially growth of new Also, nearly all of the polluted data originated from the Kola
aerosol particles, we would expect to see at least some cosector, whereas for clean data the winds were mainly from
relation between the number of NPF events and temperathe south-west direction.
ture. Interestingly, during 1998-2011 there was no or very One explanation for the decrease in class | events could
little correlation ®? = 0.13) with class | events and spring— be boundary layer dynamics during air mass transport from
summer (April-July) median temperature (and this correla-Kola. Usually the wind speed was lower in air masses com-
tion was negative), but for class Il events there was a cleaing over Kola than in air masses coming from south-west
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fractions of the all (clean or polluted) data. we see the dramatic decrease in class | events, but not in

class Il events, which are thought to start new particle for-
mation somewhere else than at the site of observation.

(Fig. 13). Since in lower wind speeds the turbulent mixing is 3.2.3 Possible socio-economic reasons for the observed
reduced, in case of a NPF day this means that there are fewer trends

fluctuations in the air and the event appears smoother and is
therefore more probably classified as class | event (Dal Mas@’he main source of anthropogenic atmospherie 80/ar-
et al., 2005; Yli-Juuti et al., 2009). rid is the industrial activity in the Murmansk Oblast region.
There was a weak positive correlation between the yearlySince the 1990s, the Murmansk region has slid into a socio-
95th percentile of S@ and yearly sum of events (both | economic decline, which in turn has had an impact on the
and II). The correlation with non-events was much lower, overall emissions of the region. From 1992 to 2011 the over-
R?>=0.16. all amount of atmospheric emissions decreased from 617
The majority of the events occurred when the wind di- thousand to 263.1 thousand tonnes per year (Federal State
rection was south-west. However, when comparing the relaStatistic Service of Russia, 2013a). In particular, the over-
tive wind direction distribution during event days, undefined all amount of emitted S@from stationary sources decreased
days and non-event days, the wind direction was more frefrom 275.8 to 194.6kTyr! for the period from 2000 to
quently within the Kola sector (0—9pduring event days and 2012. For the period 2001-2012 the amount of, Snit-
especially during undefined days than during non-event dayged primarily from combustion for energy production (heat
In addition to wind direction, we used HYSPLIT back tra- and electricity) also declined from 96.3 to 65.8 kT yr The
jectories to investigate the air mass history before arriving aamount of caught and deactivated S€mnissions from sta-
Varrio. These studies showed that air masses came over Kolgonary sources has remained the same, being 134.7 and
Peninsula more often on event days than on all days in latd35.2 kT yr1 in 2001 and 2012, respectively (Federal State
winter—early spring, summer and late autumn (Fig. 14). Sim-Statistic Service of Russia, 2013b).
ilar yet much weaker seasonality was also seen when taking Since the amount of deactivated emissions has not
into account only the local wind direction. The negative rela- changed substantially, whilst the overall emissions have de-
tive differences in winter (Fig. 14) are most likely due to very creased, it is unlikely that this change is due to changes
limited number of NPF events in winter. in filtering technology or deactivation methods. Rather, this
The fact that the relative difference (percentage of airchange can be explained by socio-economic factors, such as
masses coming over Kola during event days compared witlthanges in the political system, trends in economic develop-
all days) stays positive nearly throughout the year could bement and/or demographic trends.
an indication that many class Il events originate over Kola, Inthe Murmansk Oblast, the regional gross domestic prod-
but due to transport times of a few hours to Varrid, we do notuct (RGDP) increased moderately from 55 135 to 260 264.7
see the very formation of new particles in Varrio. Since the millions of rubble per year from 2000 to 2011 (Federal State
emissions from Kola have been decreasing, we expect thabtatistic Service of Russia, 2013c). Considering the overall
the area directly affected by the emissions over the smeltertevel of inflation, the economy has been in decline, which is
is also decreasing in size. This could explain the reason whylso explained by the developments of the sub-sectors of the
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economy. Retrieval of natural resources grew from 18.7 tomuch lower. Secondly, there was a clear positive correlation
18.9 % of RGDP, process manufacturing declined from 21.8between the number of events observed in a given year and
to 15.5 % and production and distribution of energy, gas andhe yearly 95th percentile of SOFinally, air masses coming
water declined from 8.4 to 5.9 % from 2004 to 2011 (Federalover Kola Peninsula seem to favour NPF, especially during
State Statistic Service of Russia, 2013d). In addition, demolate winter, early spring and autumn. The relative difference
graphic trends are an important parameter that explains tha air masses coming over Kola on nucleation days compared
reasons for the reduction in emissions. According to the Ruswith all days was several tens of percentages through late
sian census, population in Murmansk region decreased fromvinter to autumn, exceeding over 100 % in February in the
1164586 to 795 409 people during the period of 1989-201(case of class | events. For class Il events the relative dif-
(Federal State Statistic Service of Russia, 2013e). ference is positive almost throughout the year. Overall, our
results strongly suggest that sulfur species have a very im-
portant role in both NPF and subsequent growth and that
4 Conclusions the recent decrease in Kola sulfur emissions due to socio-
economic changes in the Murmansk Oblast region has had a
We have observed a dramatic decrease in the frequencstrong impact on the NPF in eastern Lapland.
of class | NPF events in eastern Lapland, Finland, dur- In the future, the trends in the NPF in eastern Lapland will
ing 14 years of aerosol size distribution measurements. Thékely depend on the overall human activity in the Murmansk
events have been decreasing throughout the year but esp®blast region, the general cleaning of the emissions by new
cially during summer and autumn. We believe that the de-filtering techniques and deactivation methods in there, and
crease in events is due to the gradual disappearance of the eghanges in natural biogenic emission. Our analysis of the
tra boost from Kola emissions and that the number of class bfficial statistics has shown that the reduction of emissions
events observed in Varrio is now close to the natural backfrom stationary sources in the Murmansk Oblast region is
ground level, similar to that observed in Pallas, western Lap-more likely to be due to reduction of socio-economic ac-
land. tivities in general, rather than due to particular changes in
The decreasing anthropogenic $&hd primary emissions cleaning techniques utilized by industrial establishments. It
have decreased the CS considerably, leading to an increase very likely that everywhere close to large sources of an-
in the event time/z and nucleation mode particle concen- thropogenic sulfur emissions with simultaneously low back-
tration. Thus, there are more nucleation mode particles peground aerosol concentrations, such as close to Arctic ship-
event. However, since most of the events have been logping routes, the trends in NPF are governed by these fac-
during spring and autumn when the importance of sulfu-tors. Therefore, due to opening of new shipping routes and
ric acid to the growth is the largest, even up to 50 %, andincreased marine activity, it would be important to conduct
the organic emissions from the snow-covered trees espeamore long-term measurements of NPF in the Arctic.
cially during spring are minimal, the remaining sulfuric acid
vapour concentrations are not high enough for the particles to
grow into potential CCN. On the other hand, enhanced secAcknowledgementsThe authors wish to express their gratitude
ondary organic aerosol formation resulting from increasingfor the Academy of Finland Centre of Excell_ence program (project
temperature is not yet sufficient enough to compensate fof°: 1118615), European Research Council (project no. 227463-

this. Hence, the concentrations of apparent CCN are decrea&y MNUCLE) and the Nordic Centre of Excellence CRAICC
Cryosphere-atmosphere interactions in a changing Arctic climate)

Y. . . . . . for funding.
Events in general start earlier after sunrise during spring
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