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Trace gases (SO
2
, NO

x
, O

3
) and aerosol particles alongside with meteorological param-

eters have been measured continuously since 1992 in a remote Arctic station in Värriö, 
Finnish Lapland. In this background region there are practically no local sources of 
pollution. The goal of this study was to investigate the transport of gaseous pollutants 
and aerosol particles to a remote area. The seasonal, diurnal and long-term behaviour 
of trace gases and aerosol particles is presented as well as their correlation with each 
other and with local wind direction. A slightly diminishing trend was observed for 
low summertime ozone (O

3
) concentrations from 1995 to 2001. No distinct long-term 

trends for other species were noted. The monthly-medium concentrations were highest 
for SO

2
 and NO

x
 in the winter, for ozone in the spring and for aerosol particles in the 

summer. The cleanest air seemed to arrive with northwesterly local winds, whereas 
the most polluted air was associated with easterly local winds and occurred as short 
episodes.

Introduction

The chemical reactions and physical processes 
taking place in the unique conditions of the 
Arctic that change remarkably with the seasons 
have both local and global impacts. The interest 
in the Arctic area and its atmosphere is continu-
ously increasing. This is illustrated by research 

that includes the formation and transport of 
Arctic haze (Rahn 1981, Barrie 1986, Baska-
ran and Shaw 2001), the observation of rapid 
springtime reduction in ozone concentrations 
in the lower atmosphere (Barrie et al. 1988), 
polar ozone depletion (Farman et al. 1985, Chip-
perfi eld and Jones 1999), the intrusion of strat-
ospheric air to the troposphere during tropopause 
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folding (Strunin et al. 1997, Helmig et al. 2002) 
and the pollution and the chemistry of Arctic air 
(Barrie 1986, Yokouchi et al. 1996, Vinogradova 
2000).

The Arctic area is characterized by the pro-
nounced difference in conditions between the 
long winter and short summer. The lack of solar 
radiation and heating during the cold winter 
months suppresses photochemical reactions. 
At the same time precipitation is at its lowest 
and thus deposition is hindered. This leads to 
accumulation of anthropogenic emissions in 
the winter in contrast to the summer period 
of continuous light and more rain (Barrie and 
Platt 1997, Jaeschke et al. 1997, Harrison et 
al. 2000). During wintertime the polar front 
typically lies more to the south than during 
summertime and this results in a larger source 
area of pollutants that are carried to the Arctic in 
winter (Arya 1999). The cold and snow-covered 
ground during wintertime promotes frequent 
temperature inversions (stable conditions). 
Unstable conditions can however occur during 
summertime. Although the northern Finnish 
and Norwegian areas are generally considered 
unpolluted, it is impacted by emissions from the 
industry such as the Nikel and Montchegorsk 
smelteries in the Kola Peninsula (Kashulina and 
Reimann 2002).

Anthropogenic emissions account for approxi-
mately 75% of total sulphur emissions (excluding 
sea salt) in the Northern Hemisphere. A major 
natural source of SO

2
, in addition to volcanic 

activity, is the ocean (Seinfeld and Pandis 1998). 
It has been estimated that 25% of the dimethyl 
sulfi de (DMS) emitted from the Arctic Ocean is 
oxidized to SO

2
, non-seasalt aerosol sulfate and 

methane sulphonate (Nilsson and Leck 2002).
The emissions of pollutants in Northern Fen-

noscandia (Lapland) are typically very small. 
The closest source of emissions is the mining 
industry in the Kola Peninsula east of Finnish 
Lapland. These copper and nickel smelteries are 
point sources for SO

2
, CO, NO

x
, hydrocarbons, 

dust particles and trace metals. The SO
2
 emis-

sions from Europe and Finland have declined 
in the 1990s, while only minor reductions have 
been seen for NO

x
 emissions. Sulphur dioxide 

(SO
2
) emissions from the Kola Peninsula area 

have been twice as large as the total emissions 

from Finland (Kashulina and Reimann 2001). 
Emissions of nitrogen oxides (NO

x
) from the 

Kola area have been considerably smaller than 
SO

2
 emissions, but even so, they have been twice 

as large as the NO
x
 emissions from Finnish Lap-

land area (Laurila et al. 1991).
Metallurgical complexes in Nikel and 

Montchegorsk have contributed to over 80% of 
the SO

2
 emissions from the Kola region. Instan-

taneous pollutant concentrations in the air may 
momentarily reach high values at considerable 
distances downwind from the initial emission 
source. Emissions from the Kola region can be 
detected in the otherwise clean arctic air as far 
away as Alaska (Polissar et al. 1999).

In this paper we present long-term continu-
ous measurements of SO

2
, NO

x
, ozone, aerosol 

particles and meteorological data at Värriö in 
1992–2001. This will include the trends of con-
centrations over the last ten years, seasonal and 
diurnal patterns as well as the behaviour of the 
species of interest under occasional pollution 
episodes and different wind directions.

Numerous studies in the Finnish Arctic area 
have been carried out (e.g. Laurila et al. 1991, 
Raitio et al. 1995, Kerminen et al. 1997, Virk-
kula 1997, Virkkula et al. 1999). Results from 
the SMEAR I station (Station for Measuring 
Forest Ecosystem–Atmosphere Relation) in 
Värriö have been presented in publications 
concerning the station itself (Hari et al. 1994), 
aerosol formation events (Aalto et al. 1995, 
Pirjola et al. 1998), variations in trace gas and 
aerosol particle concentrations (Ahonen et al. 
1997) and back trajectory analysis (Kulmala 
et al. 2000b). However, all those studies have 
focussed on relatively short periods. This work 
is the fi rst one in which results from continuous 
measurements covering ten years are presented 
from Värriö.

Experimental description

Station

The Värriö measurement station SMEAR I 
(69°46´N, 29°35´E) (Hari et al. 1994) is located 
in Värriö nature park in eastern Lapland, less 
than 10 km from the border of Russia (Fig. 1). 
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The measurements were done from different 
heights of a measurement tower located on top of 
a hill 390 m above sea level. The range of Värriö 
fjelds continue from north to south and the tower 
is surrounded by these fjelds. Most of the trees 
are about 50-year-old Scots pines (Pinus Sylves-
tris L.). The height of the trees is about 8 m and 
their mean diameter is approximately 8 cm. The 
station is located below the alpine timberline 
(400 m a.s.l.) but some of the fjeld tops nearby 
are above it. The distance from the nearest small 
road to the station is approximately 8 km and 
from the nearest major road about 100 km. There 
are no towns or industry close by. Because there 
is practically no local pollution, transported pol-
lutants are easy to detect. The nearest major pol-
lution sources are Montchegorsk located 150 km 
to the east of station and Nikel located 190 km 
to the north of the station. Värriö measurement 
station and Montchegorsk are separated by a line 
of mountains on the Russian side, which ranges 
from north to south.

Measurement set-up

The measurements were done for concentrations 
of SO

2
, O

3
 and NO

x
 (trace gases), for the number 

concentration of aerosol particles (14 nm–3 µm) 
and meteorological data such as temperature, 
humidity, radiation (PAR and global), pressure 
and wind direction and speed. Measurements of 
gas and aerosol particle concentrations and mete-
orological data were performed continuously at 
the measurement station. The operation of the 
system is monitored and checked at least twice 
a week and the gas analysers were calibrated at 
least once a year. The gases and aerosol particles 
were measured at different heights, inside the 
canopy and above it. All the data presented in 
this study are from measurements at the nine-
meter level. The measurement cycle lasted 20 
minutes for gases and particles and fi ve minutes 
for meteorological data. One hour means were 
calculated from the measurements. Sampling 
lines were changed in the autumn of 1993 from 
stainless steel to Tefl on. There were only short 
time breaks for the monitoring system, usually in 
the late summer due to thunderstorms. O

3
 meas-

urement data from October 1993 to December 

1994 was excluded from data analysis due to 
instrument malfunction.

SO
2
 was measured with a fl uorescence 

analyser (Model 43S, Thermo Environmental 
Instruments, Inc., detection limit 0.1 ppb), O

3
 

with a photometric analyser (Model 49, Thermo 
Environmental Instruments, Inc., detection limit 
1 ppb), and NO

x
 with a chemiluminescence 

gas analyser (Model 42C TL, Environmental 
Instruments, Inc., detection limit 0.1 ppb). The 
chemiluminescence method has been designed 
for NO

x
 (NO + NO

2
) measurements, but the cat-

alytic converter measuring NO
2
 after reduction 

to NO partially reduces other oxidized nitrogen 
species as well. Therefore the term NO

x
, used in 

this paper, refers to the detection of NO, NO
2
 

and partial detection of HONO, HNO
3
, PAN and 

some other organic nitrates. Aerosol particles 
were measured with a condensation particle 
counter (CPC; TSI 3760, detection limit 10–3 
particles cm–3). Calibration errors and losses in 
sampling lines, for example, account for meas-
urement errors. The measurement system and 
instrumentation have been presented in more 
detail by Hari et al. (1994) and Ahonen et al. 
(1997).

Fig. 1. Map of the location of Värriö measurement sta-
tion and most important emission locations.
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Results and discussion

Meteorology

The Värriö area has a characteristic polar nature: 
winters are dark and long, summers short and 
light. The polar night at Värriö lasts from 19 to 
24 December and the polar day lasts from 29 
May to 15 July. During the polar day the sun 
never goes under the horizon but the solar radia-
tion has a clear diurnal behaviour with a distinct 
maximum at midday and a minimum at midnight 
when it is nearly at zero kW m–2. This seasonal 
behaviour of solar radiation can be clearly seen 
in the seasonal behaviour of global radiation 
(Fig. 2). Freezing of the global radiation meas-
urement instrument can cause some problems. 
This happens especially in the spring, so results 
from this period are not used. The wind direc-
tion is the same as for the rest of Finland and for 
most of Scandinavia. The wind blows mainly 
from southwest, especially during winter, in the 
summer it is more evenly distributed to all direc-
tions (Fig. 3). The mean temperature throughout 
the measurement period was –1.1 °C. During the 
coldest winter months from December to Febru-
ary it was –10.6 °C and for the warmest summer 
months from June to August it was 10.8 °C 
(Table 1). The measurement station is located 
at the top of a hill and the temperatures in the 
valleys were characteristically lower during 

the coldest winter period. The temperature dif-
ference can be more than 10 °C, so –15 °C 
temperature on top of the hill might correspond 
to –25 °C in the valley below, hence indicating 
stable inversions.

Long-term variation

Sulphur dioxide, ozone, nitrogen oxides and 
aerosol particle concentrations were presented 
as one-hour means and running monthly means 
(Fig. 5) to make a rough estimate on a long-term 
variation. A more detailed trend analysis of trace 
gases in Finnish Lapland has been carried out by 
Virkkula et al. (2003).

Sulphur dioxide did not have a clear trend 
(Fig. 4a). Momentary high concentration pollu-
tion events that break usual low concentration 
measurements can be observed from the ten year 
measurements. Monthly-mean concentrations 
were less than fi ve ppb, while hourly means 
were sometimes over 50 ppb. Monthly-mean 
concentrations were slightly higher during the 
late 1990s. This trend in the concentration could 
be due to decreasing winter temperatures during 
that time (Table 1), which led to hindered depo-
sition and accumulation of pollutants.

Monthly-mean ozone concentrations were 
between 25 and 45 ppb (Fig. 4b). O

3
 mixing 

ratios in the remote clean lower troposphere 
are in the range of 10–50 ppb, depending on 
latitude and season (Logan 1985). Hourly-mean 
concentrations displayed a diurnal variation and 
had values from 15 to 75 ppb. A clear seasonal 
variation was also seen. The slightly higher 
values in the beginning of the 1990s as com-
pared with the rest of the measurement period 
might be due to the change in a measurement 
setup, which took place in 1994. A slightly 
decreasing trend in the summertime lows was 
seen from 1995 to 2001.

NO
x
 measurements started in 1997 (Fig. 4c). 

The four-year measurement period is too short 
for observing long-term trends. Monthly-mean 
concentrations were below one ppb and the high-
est hourly means were over fi ve ppb.

The hourly-mean aerosol particle concentra-
tions were most frequently between 400 and 
1200 particles cm–3, the highest values being 

Fig. 2. Diurnal variation of global radiation in different 
seasons (winter from December to February, spring 
from March to May, summer from June to August, 
autumn from September to November).
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over 14 000 particles cm–3 (Fig. 4d). Low con-
centrations of only tens of particles cm–3 were 
measured monthly. During the ten years of 
measurements there was a signifi cant variation, 
usually about 1000 particles cm–3, mostly due 
to seasonal fl uctuations. Monthly-mean aerosol 
particle concentrations were highest in 1996.

Sector classifi cation of measured 
species

The connection between the local wind direction 
and mean concentration distributions of sulphur 
dioxide, ozone, nitrogen oxides and aerosol par-
ticles were calculated for all the seasons (Figs. 
5–8). The concentration means were calculated 
as a function of local wind direction in ten-
degree sectors and presented in a compass circle 
where zero degrees correspond to north. Three 
different source areas can be seen: the Kola 
industrial area in the east, the Arctic Ocean and 
Barents Sea in the north to north-west, and the 

national and European transport from southwest 
to southeast. Air masses coming from the Arctic 
Ocean are thought to be the cleanest ones (Har-
rison et al. 2000).

The highest SO
2
 concentrations were meas-

ured when the local winds were northerly or 
easterly, whereas the lowest concentrations were 
associated with the south-westerly local wind 
directions during all the seasons (Fig. 5). The 
main source area for high SO

2
 concentrations 

measured in Värriö was the Kola Peninsula. 
Highest momentary concentrations were mea-
sured during northerly and easterly winds. Local 
easterly winds attribute to the emissions from 
smelteries and ore refi neries in the Kola Penin-
sula, namely from Montchegorsk, located less 
than 150 km from Värriö. High concentrations 
measured during northerly winds might be due 
to the smeltery in Nikel located north, less than 
200 km, of Värriö in the Kola Peninsula. The 
Arctic Oceans natural SO

2
 emissions may also 

contribute to it. Due to the proximity of these 
large industrial complexes, in contrast to the 
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more remote source areas in Finland and Europe, 
minimal dilution and oxidation of SO

2
 occurs, 

especially during winter. The effect of dilution 
can be seen as lower sulphur dioxide concentra-
tions with local northeasterly winds. A line of 
mountains on the Russian side prevents a direct 
movement of polluted air masses. Seasonal vari-
ations in SO

2 
emissions from the Kola area are 

probably minor, since the smelters are in more or 

less full operation all year around. National and 
European emissions are slightly higher in the 
winter when the need for heating is largest.

Ozone concentrations did not show any local 
wind direction pattern (Fig. 6). This was true for 
all the seasons. The concentration distributions 
were even, indicating that there were no specifi c 
regions contributing to the formation and trans-
port of O

3
 to Värriö.

Fig. 4. Hourly means 
(grey) and running monthly 
mean (black) of (A) sul-
phur dioxide, (B) ozone , 
(C) nitrogen oxides, and 
(D) aerosol particle con-
centrations.
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Fig. 5. Mean concentra-
tions of sulphur dioxide, 
presented in ppb, as a 
function of local wind 
direction in (A) spring, (B) 
summer, (C) autumn and 
(D) winter. Numbers on 
the circle indicate the wind 
direction in degrees.
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Fig. 6. Mean concentra-
tions of ozone, presented 
in ppb, as a function of 
local wind direction in (A) 
spring, (B) summer, (C) 
autumn and (D) winter. 
Numbers on the circle 
indicate the wind direction 
in degrees.



BOREAL ENV. RES. Vol. 8 • Trace gas and aerosol particle concentration measurements 343

  0.6 ppb

  1.2 ppb

60
o

240
o

30
o

210
o

0
o

180
o

330
o

150
o

300
o

120
o

270
o

90
o

Spring

A

  0.6 ppb

  1.2 ppb

60
o

240
o

30
o

210
o

0
o

180
o

330
o

150
o

300
o

120
o

270
o

90
o

Summer

B

  0.6 ppb

  1.2 ppb

60
o

240
o

30
o

210
o

0
o

180
o

330
o

150
o

300
o

120
o

270
o

90
o

Autumn

C

  0.6 ppb

  1.2 ppb

60
o

240
o

30
o

210
o

0
o

180
o

330
o

150
o

300
o

120
o

270
o

90
o

Winter

D

Fig. 7. Mean concentra-
tions of NOx, presented 
in ppb, as a function of 
local wind direction in (A) 
spring, (B) summer, (C) 
autumn and (D) winter. 
Numbers on the circle 
indicate the wind direction 
in degrees.

Fig. 8. Mean concentra-
tions of aerosol particles, 
presented in particles 
cm–3, as a function of 
local wind direction in (A) 
spring, (B) summer, (C) 
autumn and (D) winter. 
Numbers on the circle 
indicate the wind direction 
in degrees.
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Highest NO
x
 concentrations were measured 

at local easterly winds (Fig. 7), being suggestive 
of an immediate transport from the industrial 
areas in Kola, especially Montchegorsk, and 
possibly also from other areas in Russia. The 
smelter located in Nikel, north of Värriö, might 
be responsible for the high SO

2
 concentrations 

associated with northerly winds, even though 
it does not seem to be a very important source 
of NO

x
. This might be due to the fact that there 

is an ore refi nery in Montshegorsk but not in 
Nikel, making the emissions from these com-
plexes different in composition (Kashulina and 
Reimann 2002). During local southerly winds, 
especially in winter and spring season, elevated 
concentrations were measured for NO

x
 but not 

for SO
2
. Sulphur dioxide is a reactive gas and it 

will eventually be converted into sulphuric acid 
and other reaction products in the atmosphere. 
If the emission source is located far enough, the 
transport time will be suffi cient for SO

2
 to be 

converted into other compounds. On the other 
hand, the measured NO

x
 includes the reaction 

products of emitted nitrogen oxides. PAN (per-
oxyacetyl nitrate) is a product of atmospheric 
reactions of nitrogen oxide pollution and may 
often make up for a large fraction of measured 
NO

x
 in remote areas. The lowest NO

x
 concentra-

tions were measured when the wind was from 
the west or north. Those sectors do not contain 
any signifi cant pollution sources.

Similar to SO
2
 and NO

x
, the highest aerosol 

particle concentrations were measured during 
easterly winds (Fig. 8). Also in accordance 
with SO

2
 and NO

x
, the lowest aerosol particle 

concentrations were measured in the clean air 
masses brought by northwesterly winds from 
the Arctic Ocean. These air masses contain also 
sea-salt particles. High aerosol particle concen-
trations were also measured during southerly 
and southwesterly winds, except in winter, sug-
gesting a southern aerosol particle source that 
is not related to polluted air masses. Aerosol 
particles from different regions have character-
istic chemical compositions that can be identi-
fi ed with chemical analysis. The Kola Peninsula 
smelters, central Europe and Arctic Ocean have 
been determined as sources for aerosols in Finn-
ish Lapland (Virkkula et al. 1999). We will next 
have a more detailed look at the differences in 

seasonal variation between aerosol particles and 
SO

2
, as all the sources for these two species seem 

to not be the same.
Possible source regions for aerosol particles 

and SO
2
 measured at Värriö during the three dif-

ferent types of episodes were previously studied 
with a trajectory analysis (Ahonen et al. 1997, 
Kulmala et al. 2000b). When the local wind 
direction was west or northwest and low aerosol 
particle and SO

2
 concentrations were measured, 

the trajectory analyses showed that the air mass 
came from the Arctic Ocean and went then over 
the Barents Sea and sparsely-populated areas 
in Finland and Norway. When the local wind 
direction was from northeast or northwest and 
low aerosol particle concentrations together with 
high SO

2
 concentrations were noted, the air came 

from the Arctic Ocean, over the Barents Sea and 
then over the Kola area. One episode having 
high aerosol particle and SO

2
 concentration 

associated with south-west winds was analyzed. 
Trajectories showed that the air mass came from 
the Arctic Ocean and Kola area and south of the 
mountains between Montchegorsk and Värriö. It 
can be seen from the trajectory analyses that the 
events with high SO

2
 concentration together with 

high aerosol particle concentrations were typical 
for air masses coming from the Kola Peninsula. 
Situations with high aerosol particle concentra-
tion and SO

2
 concentrations smaller than 0.1 

ppb were associated air masses coming from 
the Arctic Ocean (Ahonen et al. 1997). These 
analyses support the conclusion that only a small 
amount of SO

2
 measured in Värriö is of marine 

origin and that a major fraction of it comes from 
non-local anthropogenic emissions, mainly from 
the Kola areas.

Local wind directions can be related to the 
direction of nearby source areas. Therefore, com-
paring concentration differences of measured 
species based on wind direction is to some extent 
justifi ed, even though more accurate information 
could be obtained with the trajectory analysis.

Diurnal variation

The diurnal pattern of sulphur dioxide, ozone, 
nitrogen oxides, and aerosol particle concentra-
tions changed with the season (Fig. 9). In gen-
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eral, the diurnal variation was least notable in the 
dark and cold winter, and most notable in spring 
or summer when the radiation was stronger.

The sulphur dioxide concentration did not 
have a clear diurnal variation, except in the 
spring when it had a small maximum in the 
morning and a minimum in the late afternoon 
(Fig. 9a). This feature might be due to changes 
in the mixing and dilution of SO

2
 as the sun heats 

up surface air and increases the mixing of air 
masses.

The diurnal variation of the ozone concentra-
tion varied with the time of the year (Fig. 9b). 
This can be explained by the changing diurnal 
solar radiation in Värriö from the long dark 
winter nights to the one and a half-month-long 
polar day in the midsummer. In December the 
radiation was at its annual minimum with only 
minor diurnal variation. Diurnal ozone variation 
is also at its minimum. The turning point is the 
polar night when the sun does not come up for 
a few days. During the summer the solar radia-
tion has a clear diurnal behaviour with maximum 
intensity at midday and a minimum at fi ve in the 
early morning (Fig. 2). Ozone reached its maxi-
mum four hours later (at around 16:00) than solar 
radiation, and the minimum appeared between 
05:00 and 07:00 in the morning (Fig. 9b). Ozone 

had the highest diurnal variation during the 
summer months, with some variation seen also 
during the spring and autumn.

Ozone is formed as a result of photochemical 
reactions of CO and non-methane hydrocarbons 
in the presence of NO and NO

x
 (Seinfeld and 

Pandis 1998). Especially during springtime in 
Arctic areas, ozone is transported from the strat-
osphere (Levy et al. 1985). Ozone is depleted 
from the atmosphere by reactions with other gas 
phase compounds, reactions on surfaces and by 
photolysis that at the same time contributes to the 
formation of OH-radicals (Seinfeld and Pandis 
1998). During the night a stable boundary layer 
is formed and the ozone concentration decreases 
due to a constant dry deposition and chemical 
reactions. After sunrise photochemical reactions 
start to produce more ozone and a mixed bound-
ary layer grows to its maximum (Helmig et al. 
2002). The formation of a stable boundary layer 
with a steady deposition sink to the surrounding 
forest can be momentarily disturbed by intru-
sions of air from the free troposphere. This is 
attributed to the location of the measurement 
station relatively high on top of a hill.

Over half of the global NO
x
 emissions are 

from anthropogenic sources (Seinfeld and 
Pandis 1998). Included in this estimation is 

Fig. 9. Diurnal pattern of 
hourly mean (A) sulphur 
dioxide, (B) ozone, (C) 
nitrogen oxides, and (D) 
aerosol particle concentra-
tion averages during differ-
ent seasons (winter, spring, 
summer and autumn).
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NO, NO
2
, and all atmospheric compounds that 

are their oxidation byproducts as well as HNO
3
. 

Anthropogenic emissions are derived primarily 
from the combustion of fossil fuels and biomass 
burning. Natural emissions include soil releases 
of mostly NO, NO

2
 and N

2
O, as well as lightning 

during which inert atmospheric N
2
 is oxidized in 

a high-energy reaction. The soil activity in Värriö 
is small and presumably does not release notable 
amounts of nitrogen compounds. Measured NO

x
 

was from pollution episodes that were most 
notable in winter when the mixing of air masses 
is at its smallest (Fig. 9c). Summer concentra-
tions were lower than those in other seasons, and 
winter concentrations were the highest. Similar 
to SO

2
, NO

x
 did not have a clear diurnal behav-

iour. Minimum NO
x
 concentrations appeared 

after midnight and maximum ones after noon.
The diurnal variation of aerosol particle 

concentration was season dependent, being at 
its greatest in the summer and least noticeable 
in the winter (Fig. 9d). The minimum concentra-
tions appeared around 08:00 in the morning in 
the spring, a few hours later at about 10:00 in the 
summer and at midday in the autumn. The con-
centration maximums were during the night, at 
midnight in the summer and a few hours earlier 
in the spring and autumn. The diurnal variation 
was connected to new particle formation, which 

has been observed at different measurement sta-
tions in Lapland and also in other Nordic coun-
tries (Kulmala et al. 2000b, Tunved et al. 2003).

Sulphur dioxide is regarded as a participant 
in aerosol particle formation (Laaksonen et al. 
2000). High SO

2
 concentrations with high aero-

sol particle concentrations came usually with 
easterly winds from the Kola industrial area. 
High aerosol particle concentrations were also 
frequently measured during the moments of low 
SO

2
 concentrations, especially in the summer 

season. This implies that aerosol particle forma-
tion does not acquire high SO

2
 concentrations.

Seasonal variation

Sulphur dioxide, nitrogen oxides, ozone and aer-
osol particle concentrations had a characteristic 
seasonal variation (Fig. 10). Calculated monthly 
averages and medians followed the same pat-
terns at different concentration levels.

Sulphur dioxide concentration had a seasonal 
variation but it was not as regular as that of 
ozone (Fig. 10a). Highest concentrations were 
measured in the winter, usually in January or 
February, and minimum concentrations appeared 
in the summer or early autumn. This behaviour 
was most likely due to seasonal differences in 

Fig. 10. Monthly averages 
(circles), medians, 25 and 
75 percentiles (solid line 
and bars) of (A) sulphur 
dioxide, (B) ozone, (C) 
nitrogen oxides, and (D) 
aerosol particle concen-
trations.
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the wind direction, mixing height and variations 
in emission rates. In the winter the wind direc-
tion was more often from the southwest than in 
the summer (Fig. 3), which might be expected 
to result in lower pollutant concentrations in the 
winter, since the nearest and most signifi cant 
emission sources are in the northeast. A snow 
and ice cover on surfaces may also slow down 
the dry deposition of gases in the winter, leading 
to high measured concentrations (Barrie 1986, 
Barrie and Platt 1997, Jaescheke et al. 1997, 
Vinogradova 2000).

A clear seasonal variation in ozone con-
centrations can be seen (Fig. 10b). The high-
est monthly-average concentrations appeared 
always during the spring months, peaking in 
April. The minimum concentrations occurred 
in July and August. This feature is typical for a 
remote site (Levy et al. 1985, Logan 1985), and 
it can be concluded that the ozone concentra-
tion was closely linked to its formation rate by 
photochemistry. The spring maximum in ozone 
concentrations can be explained by the accumu-
lation of ozone precursors during the wintertime. 
This is due to the low level of photochemical 
activity, the transport of ozone rich air from the 
stratosphere coupled with the accumulation of 
ozone precursors, and the increase in solar radia-
tion (Jaeschke et al. 1997).

The height of the boundary layer increases 
during summertime. This might lead to better 
mixing, deposition and lower concentrations. 
Removal of ozone in the luminous seasons, 
spring and summer, could be due to catalytic 
photochemical reactions with BrO

x
 radicals of 

biological origin from the Arctic Ocean (Barrie et 
al. 1988, Barrie and Platt 1997). The snow cover 
usually melts in Värriö in late May along with 
the start of the growing season. An uncovered 
canopy and stomatal activity increase the deposi-
tion velocity and thereby lead to lower concen-
trations of trace gases. Ozone concentrations are 
at maximum in the summer near populated and 
industrialized regions as this is where ozone is 
produced photochemically from hydrocarbons 
and NO

x
 originating mainly from traffi c (Levy et 

al. 1985). Ozone concentrations in Värriö had a 
clear minimum in the late summer months.

NO
x
 concentrations have been measured 

in Värriö from 1997 to 2001. NO concentra-

tions have also been measured but they were 
constantly lower than the detection limit of our 
instrument. Although the pollution events were 
not as dominant as in the case of SO

2
, NO

x
 

had a clear seasonal cycle similar to SO
2
. It is 

likely that the seasonal behaviour of NO
x
 and 

SO
2
 are due to the same reasons. High monthly 

NO
x
 concentrations (median values 0.5–0.6 

ppb) were measured in winter, with highest 
values appearing in March, early spring. The 
concentrations were at the minimum in the late 
summer (median values less than 0.2 ppb) and 
an increase in concentrations began around Sep-
tember. The seasonal concentration variability of 
NO

x
 was larger than that of ozone. This suggests 

that photochemical reactions do not dominate 
the seasonal behaviour of NO

x
 concentrations. 

Lowest measured concentrations were less than 
0.2 ppb and the highest concentrations were over 
10 ppb.

Aerosol particle concentrations had a distinct 
seasonal variation (Fig. 10d). The concentration 
minimum was in the midwinter in December or 
January. In the spring and summer concentra-
tions were clearly higher. Sources of aerosol 
particles have been suggested to be more of an 
anthropogenic origin in winter than in summer 
(Barrie 1986, Vinogradova 2000). This conclu-
sion is supported by our study. It has also been 
suggested that the dense air and low precipitation 
in the winter would lead to the accumulation 
of aerosol particles (Jaeschke 1997). The dry 
deposition of aerosol particles is not likely to be 
hindered by the snow cover, since the texture of 
the deposition surface is less critical for particles 
than for gases (Seinfeld and Pandis 1998). The 
maximum in aerosol particle concentrations 
could be seen in midsummer, and the increase 
in concentrations began in spring. The activity 
of aerosol particle formation events in Värriö 
and Pallas stations in Finnish Lapland, southern 
Finland, and in other Nordic countries was stud-
ied by Tunved et al. (2003). Events occur most 
frequently at the continental boundary layer in 
spring and autumn, one probable reason being 
the suitable meteorological conditions at that 
time (Nilsson et al. 2001). The importance of 
a biological factor in aerosol particle formation 
events has also been suggested in a study where 
measurements from SMEAR I and from SMEAR 
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II stations were analyzed (Kulmala et al. 2000a, 
Kulmala et al. 2001). The lowest monthly-mean 
aerosol particle concentrations were below 50 
particles cm–3, and during the annual minimum in 
the winter concentrations were generally under 
200 particles cm–3. The momentary concentra-
tion maxima were usually around 1400 to 1900 
particles cm–3, even though concentrations higher 
than 10 000 particles cm–3 were measured on a 
few occasions. The highest measured momen-
tary concentration was 17 400 particles cm–3. 
The lack of photochemistry in the winter might 
inhibit aerosol particle formation, while the bare 
canopy might enhance it in the summer.

Conclusions

A ten-year period (1992–2001) of continuous 
measurements of SO

2
, O

3
, NO

x
 and aerosol parti-

cles at Värriö showed no obvious long-term trend 
for the concentration of sulphur dioxide, nitrogen 
oxides or aerosol particles in view of monthly 
moving averages of hourly-mean data. A slight 
decreasing trend was observed for low summer-
time ozone concentrations during 1997–2001.

The main sources for SO
2
 appeared to be 

non-local anthropogenic emissions, mainly from 
the Kola industrial area. Also NO

x
 concentrations 

were controlled by anthropogenic emissions from 
Finland and Europe. Ozone formation seemed to 
be controlled by photochemistry. Aerosol parti-
cle concentrations were likely to be dominated 
by anthropogenic point-source emissions in the 
winter and by natural formation over larger areas 
in the summer. Emissions of sulphur dioxide 
from the large industrial complexes in the Kola 
Peninsula were observed as periodically high 
SO

2
 concentrations at Värriö. A similar feature 

has also been reported in Sevettijärvi, north of 
Värriö (Virkkula et al. 2003). Episodes with 
high SO

2
 concentrations lasted, in general, only 

a few hours and otherwise the concentrations 
remained low. The highest momentary concentra-
tions were measured during local northerly and 
easterly winds. Also aerosol particle and nitrogen 
oxide concentrations peaked with easterly winds. 
Contrary to SO

2
, high NO

x
 concentrations were 

measured during southerly winds, especially in 
winter and spring.

A distinct seasonal behaviour was observed 
for all the compounds studied. The overall sea-
sonal variations in trace gas concentrations were 
similar to each other, showing high concentra-
tions in winter and spring. The seasonal variation 
in aerosol particle concentration was different, 
being usually highest during the summer. We 
attribute these seasonal features to the main 
source areas for these compounds, primary emis-
sions opposed to secondary formation processes, 
prevailing meteorological conditions and atmos-
pheric chemistry.

The diurnal variation of the SO
2
 concentra-

tions was most notable in springtime with higher 
levels in the morning and before noon. For O

3
 

the largest diurnal variation was seen in summer 
when its concentrations increased from the early 
morning low to a maximum in the afternoon. 
The diurnal variation of the aerosol particle 
concentration was also greatest in the summer-
time. Maximum particle concentrations appeared 
before midnight and minimum concentrations in 
the morning before noon.
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