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Atmospheric aerosols were measured at Sevettijarvi in Finnish Lapland in 1992-1995. The
variation of aerosol concentrations in different air masses has been examined. In polluted air
from the Kola peninsula particle number concentrations were often > 10 000 cm3. In ma-
rine and continental air mean particle number concentrations were 60—-350 cm~3 and 200—
1 120 cm™3, respectively. They were lower in air from the Arctic Sea than in air from the
Norwegian Sea. This is explained by the difference in the natural sulphur emissions and
resulting particle production between these two areas. In marine air, the mean scattering
coefficient (0,,) at 550 nm was 2-8 x 10-®m™', in continental air 2-3 X 10~ m™, and in
pollution plumes <9 x 10-> m™. The mean backscatter fraction in marine air, continental air
and in pollution plumes was 0.13,0.11, 0.10, respectively. The impact of the air pollution
sources in northern Siberia was detected despite the vicinity of Kola peninsula pollution
sources.
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Introduction

In the Arctic, ground-based measurements of atmos-
pheric aerosols have been conducted in many loca-
tions including: Alert and Barrow in Alaska (e.g.,
Raatz and Shaw 1984, Barrie ef al. 1989, Bodhaine
1983, Bodhaine 1989, Djupstrom ez al. 1993), Green-
land (e.g., Heidam ef al. 1993, Hillamo et al. 1993,
Jaffrezo and Davidson 1993), and Ny Alesund in
Spitsbergen (e.g., Heintzenberg 1980, Heintzenberg
etal. 1981, Pacynaet al. 1985, Covert and Heintzen-
berg 1993, Djupstrom et al. 1993, Heintzenberg and
Leck 1994, Beine et al. 1996). Airborne aerosol
measurements over the European Arctic were also
conducted, e.g., by Ottar ef al. (1986) and Heintzen-
bergetal. (1991).

On the European mainland, the Arctic includes
the northern parts of Norway, Sweden and Finland,
and the northwestern parts of Russia. In these re-
gions, continuous ground—based aerosol measure-
ments have been carried out as part of existing moni-
toring programs (e.g., EMEP), and consist mainly
of filter measurements. Thus, data on particle number
concentrations and scattering coefficients from the
continental European Arctic are scarce.

In the European Arctic, the Kola Peninsula in-
dustrial areas are by far the largest source of sulphur
aerosols. Practically all sulphur emissions north of
the Arctic Circle originate from two well-defined
regions: the Norilsk area in Siberia (2.2 Tg yr! of
SO,) and the Kola Peninsula (0.6 Tg yr! of SO,)
(Tuovinen et al. 1993). The sources in the Kola Pe-
ninsula contribute almost 20% to the global
anthropogenic sulphur emissions north of 60° N. The
SO, emissions from the non-ferrous smelters in Nikel
and Zapolyarnyj in the Kola Peninsula, close to the
Norwegian border, amount to 0.26 Tg yr!, which is
twice the amount emitted from the whole of Finland
(Tuovinen et al. 1993).

A station for measuring atmospheric aerosols and
trace gases was founded at Sevettijarvi (69°35°N,
28°50°E, 130 m a.s.l) (Fig. 1) by the Finnish Mete-
orological Institute (FMI) and the Finnish Forest
Research Institute in summer 1991. The original goal
was to give information of air quality for the Lapland
Forest Damage Project, a multidisciplinary effort
to determine the effects of Kola emissions on the
health of forests in Lapland (Tikkanen and Niemela
1995). Sevettijdrvi measurements were previously
presented by, e.g., Djupstrom-Fridell (1995),
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Kerminen et al. (1997), Virkkula ez al. (1995 and
1996), Virkkula and Hillamo (1995), and Virkkula
(1997).

The aim of this paper is to study how the rela-
tively closely-located large pollution source in the
Kola peninsula affects the aerosol measurements at
the site. We examine whether aerosol concentrations
reach as low levels as at more distant Arctic back-
ground stations. In the papers quoted above dealing
with Sevettijarvi measurements, criteria for classi-
fying air in different air masses — marine, conti-
nental and pollution plumes — was not clearly es-
tablished. In the present paper we therefore try to
find classification criteria for all subsequent analy-
ses of Sevettijarvi measurements, both for gas and
aerosol monitoring and for aerosol sampling. The
possible criteria are based on particle number con-
centration and light scattering coefficient, which are
roughly a measure of submicron aerosol mass, sul-
phur dioxide concentration, wind direction, and air
mass trajectories.

Methods
Instrumentation
Particle counters

Condensation nuclei (CN) concentrations have
been measured since March 1992 using a TSI model
3760/7610 CPC, which detects particles that have
adiameter (D,) larger than 14 nm. The coincidence
error, approximately 6% at 10 000 cm3, has to be
taken into account especially during pollution epi-
sodes from Nikel and it has been corrected. The
CPC flow is controlled by a critical orifice inside
the instrument. The sample flow rate is monitored
using a 5-cm-long venturi meter which is inserted
between the connection to the main flow and the
counter. The pressure drop over the venturi meter,
25 Pa, is checked every four days. In addition, the
flow rate is measured with a Gilibrator flow meter
after maintenance (56 times a year). The critical
orifices are either cleaned or changed if there are
signs of a decreasing flow rate. The CPC butanol
reservoir is refilled once a day using an automatic
valve. The data are stored in a computer as five-
minute averages. The counter is calibrated twice a
year by bringing it to the FMI aerosol laboratory in
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Helsinki, and comparing it with a TSI 3025 CPC
and with a TSI 3760 CPC.

Since March 1994, particle number concentra-
tions have been monitored using also a TSI model
7430 laser particle counter (LPC) which counts par-
ticles in two size channels, 0.3 <D, < 0.5 um and
D,> 0.5 um. These sizes cover the accumulation
mode of aerosol mass size distribution. The data
are stored in a computer as five-minute averages.
The LPC was calibrated by TSI prior to shipping
to Finland, and the first place it was used was the
Sevettijdrvi station.

Nephelometer

The aerosol scattering extinction coefficient, o,
and backscattering coefficient, oy, were meas-

ured using a TSI model 3563 three-wavelength
nephelometer (A =450 nm, 550 nm, and 700 nm).
The instrument is described in detail by Bodhaine
etal. (1991) and by Anderson et al. (1996). Cali-
bration of the nephelometer, which is accom-
plished by filling it with CO,, was carried out
twice: after the first installation of the instrument
in December 1994, and in April 1995. The
nephelometer data lasts until June 30 because at
the beginning of July 1995 there was an instru-
ment failure and it was removed from the station
for service. The internal heater of the device kept
the relative humidity (RH) of the sample air low:
the mean RH = STD of the hourly mean values
during the 7 month period was 18 + 8%, the maxi-
mum hourly mean RH was 45%. Thus, the scat-
tering coefficients are a measure of dry aerosol.
The sample temperature ¢, followed the ambient
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air temperature 7, according to ¢,= (0.487 £ 0.005)
X 1, + (14.55 £0.04)°C, with 7> = 0.67. The sam-
ple flow is provided by the internal blower of the
instrument. According to Anderson et al. (1996),
the instrument’s detection limits for 5-min aver-
ages are 0.2 and 0.1 M m™ for total scatter and
backscatter, respectively, at 550 nm. In this work
the averaging time was set to 5 minutes. The data
were stored in a computer as 15 min averages.

Sample flow system

The sample flow system is shown schematically
in Fig. 1. There is a common inlet tube for the
CPC and LPC. The nephelometer has an inlet tube
of its own. Both of the inlet tubes are made of
stainless steel. They are located one meter apart
and they sample air at the same height, approxi-
mately 4.5 m above the ground. Including the part
of the tubes which are inside the building, they
are approximately 7 meters long. The LPC/CPC
inlet tube has an inner diameter of 18 mm, and
that of the nephelometer has an inner diameter of
25 mm. The particle losses in the inlets and sam-
pling tubes were estimated using the equations
given by Brockman (1993). The total transport
efficiency of the system has been calculated ac-
cording to:

nlotal(DprpanLerUr G’Trp) = ninlelx ntranspon:

Tasp, intet Misans.intet X Taitt Toend Tasp, main-Lcicpe Meonecpe (1)

where D, = particle diameter, p,= particle density,
D,=tube diameter, L =tube length, U, = ambient air
velocity, U = sample flow velocity, 6 = angle be-
tween sample flow and ambient air velocity, T =
temperature, p = pressure, 1, i = aspiration effi-
ciency of the inlet, 1), i = transmission efficiency
for inertia in the inlet; 1= transmission efficiency
due to diffusion in the tubes, 1,.,,= transmission

Table 1. D;, and Dy,-values (um) of the transport effi-
ciency curves of the various inlet tubes at mean and
mean = STD (4 + 3 m/s) wind speeds (V).

4 CPC LPC Nephelometer
(m/s) Dy Ds Dyy  Dso Dyy  Dso
1 28 6.3 8.4 142 5.1 13

4 15 3.8 15 6.2 39 98
7 05 26 05 28 22 6.7
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efficiency due to the 90° bends in the tubes, 7,5, main-
Lecicpe= aspiration efficiency of the main tube to CPC
or LPC sample flow tubes, 1)y, cpc = transmission
efficiency of the CPC venturi meter contraction. The
transport efficiencies were calculated at 273 K and
1013 hPa for particles with a density of 1.7 gcm3
(model aerosol by Seinfeld 1986). The ambient air
velocity affects the inlet transmission efficiency, 17;,c;,
and therefore the calculations were done three times:
using the mean wind speed * standard deviation.
The results are presented in Table 1 which shows the
diameters of particles which are transported at 90%
and 50% efticiency (D,, and Ds). The inlet efficiency
dominates the total transport efficiency. During strong
wind the D5, and Dy, values of the LPC and CPC
inlet tubing goes down to 2.6 and 0.5 pm.

According to size distribution measurements
(e.g., Heintzenberg 1980), the highest number con-
centrations are typically at diameters around 0.1—
0.2 um. Therefore the CPC measurements are not
drastically affected by wind speed variations. The
effect of the venturi meter contraction is important
only at diameters larger than 3 um which on the
other hand are not important for the CPC measure-
ments. The LPC measures particles in two size chan-
nels, with 0.3<D,<0.5 um and D, > 0.5 um, and
thus especially the upper channel concentrations are
underestimated during strong wind. The scattering
coefficient measurements are done at wavelengths
0.45, 0.55, and 0.7 um and the scattering is most
efficient when the size of the particle is close to the
wavelength of the scattered light. Therefore, accord-
ing to Table 1 wind speed variations do not practi-
cally have any effect on the nephelometer measure-
ments. This is due to the high velocity at the inlet of
the nephelometer.

Gas measurements

Ozone, sulphur dioxide, nitrogen dioxide, nitrate
radical, and water vapour are measured using a
commercial Differential Optical Absorption
Spectrometer (DOAS), model AR 500, manufac-
tured by Opsis AB, Lund, Sweden. The DOAS
has been calibrated for SO, and NO, three or four
times a year, using two calibration cells of known
lengths and three different concentrations of SO,
or NO,, delivered by AGA AB, mixed in N,, and
pure N,, giving seven calibration points. In addi-
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tion, an intercomparison between a conventional
SO, monitor (TEI 43S) and the DOAS was carried
out from March 2 to June 17, 1995. The correspond-
ing regression line was: [SO,]P°AS = (1.11 £0.01)
X [SO,]™ + (0.5 +£0.1) ug m=3, (*=0.95,N=2
506) at light levels above 17%. There was a zero-
point drift in the TEI monitor, though, which ex-
plains part of the offset in the regression line. DOAS
SO, measurements have not been corrected accord-
ing to the above relationship. With the programmed
two-minute integration time and 1 021 m path
length the quantitative detection limit (3 X noise)
for SO, is approximately 0.3-0.4 ug m~3 at good
visibility, but it rises with reducing visibility. The
relationship between DOAS detection limit and
visibility has been discussed by Virkkula (1997),
who showed that at Sevettijirvi approximately 3%
of the measurements have been rejected due to re-
duced visibility. The data were stored as 15-minute
averages in a computer.

Weather data

Temperature, pressure, relative humidity, total ra-
diation and rain intensity are monitored two meters
above the ground, and wind at a height of 7.5 m
above the ground. The data are stored as five-minute
averages in a computer. Using the measured tem-
perature and pressure, the concentrations given by
the DOAS are transformed to give values at 1 013
mbar and 273 K.

Trajectories

Three or four three-dimensional 96-hour back-tra-
jectories arriving at ground level, at 950 hPa, and at
900 hPa level, were calculated for each day. For the
period from January 1992 to June 1994, a total of 4
512 trajectories for each level were calculated. Most
trajectories were calculated using the TRADOS
model of FMI. An early version of the model was
presented by Valkama and Rossi (1992). The present
version of the model calculates trajectories using the
numerical 6-hour forecasts of the Finnish version of
the Nordic HIRLAM (High Resolution Limited Area
Model) weather prediction model (Salonoja 1993,
Valkama and Salonoja 1993, Valkama et al. 1995).
The grid resolution of the HIRLAM fields is 55 km
x 55 km. TRADOS uses seven post-processed lev-

Source influences on atmospheric aerosols 321

els of the 31 HIRLAM pressure levels.

For the year 1992, three-dimensional trajec-
tories were calculated using the FLEXTRA tra-
jectory model described in detail by Stohl et al.
(1995). FLEXTRA is based on analysed model-
level wind fields of the T213 L31 weather predic-
tion model of the European Centre for Medium-
Range Weather Forecasts (ECMWF). Analysed
and 3-h forecast wind fields were available every
3 hata0.5x0.5 degree resolution.

Data presentation

Temporal variation and comparison with
other Arctic stations

Time series of hourly-mean particle number con-
centrations, scattering coefficient (for clarity only at
A=550nm), the hemispheric backscattering ratio R
(= 015/ 0y,) and sulphur dioxide concentrations dur-
ing 19921995 are plotted in Fig. 2, and the corre-
sponding monthly geometric means in Fig. 3. The
monthly geometric means of the Angstrém expo-
nent, o, are also presented in Fig. 3. The explana-
tion of o will be given below. Statistical properties
of the measured quantities are presented in Table 2
and Fig. 4. In the table the variation of the values is
expressed as standard deviations, and also as per-
centiles because the standard deviation of most prop-
erties is so large that mean — std would be negative
and thus no estimation of the low range values can
be calculated so.

CN concentrations varied from below 100 cm™3
to over 10 000 cm~3. The mean and variability of
CN concentrations at Sevettijdrvi are clearly higher
than at Ny Alesund, Spitsbergen and at Barrow,
Alaska (Fig. 4). The mean and the standard devia-
tion of the logarithm of CN concentrations at Bar-
row in 1976-1986 was 2.29 +0.30 (Bodhaine 1989)
and at Sevettijarvi 2.84 £ 0.45. At Spitsbergen mean
CN concentrations £ std were 117 £94 cm? during
ameasurement campaign between February 19 to
May 31, 1994 (Beine ef al. 1996). At Sevettijarvi an
increase in CN concentrations was observed when
the polar night turned to spring in the winters of
1992-93 and 1994-95. The geometric mean CN con-
centration in December 1992 and 1994 was approxi-
mately 300 cm~3, whereas in March and April 1993
and 1995 it was approximately 1 000 cm~3. In the
winter of 1993-94 a similar spring increase was not
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Fig. 2. Hourly mean SO, concentrations, particle number concentrations, scattering coefficients and backscatter
fractions at A = 550 nm, measured at Sevettijarvi in 1992—1995.

soevident. The spring-time CN peak is found at many
other Arctic sites. In addition, a more complex sea-
sonal variation was reported, e.g., at Barrow by
Bodhaine (1989) and at Spitsbergen by Heintzenberg
and Leck (1994). They observed semi-annual cy-
cles with two maxima, one in late winter and an-
other in the summer months and minima in May
and October—November. The summer peak is prob-
ably due to biogenic processes in the ocean (Heintzen-
berg and Leck 1994, Bodhaine 1989), and at Bar-
row also possibly in the tundra (Bodhaine 1989).
The Sevettijarvi CN data have discontinuities that
make the analysis of annual cycles incomplete. The
discontinuities in 1992 and 1993 are due to breaks
in the computer system storing the data. In August

1994, the CPC sample-flow focusing nozzle became
clogged and the CPC was removed from the station
for repair. The CN data for summer 1994 were there-
fore discarded. The CPC was reinstalled in Novem-
ber 1994. The discontinuities took place in summer,
and therefore there is little data to give information
about a possible summer maximum.

The LPC-data in the smaller-particle (0.3 pm <
D,<0.5 um) channel deviates clearly from the log-
normal distribution, a straight line on the axes scales
used in Fig. 4. Approximately 10% of the concen-
trations were higher than the saturation point, 35.3
cm~3. If it is assumed that the distribution is log-
normal, the number concentration in this range would
be several hundreds of particles cm~>. Because of
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the saturation, LPC smaller-particle channel results
will not be discussed further. The upper end of the
total scattering data also deviates from a log-normal
distribution. There is no obvious explanation for this.
If there is some instrumental reason for the devia-
tion, the highest scattering coefficients are higher
than those measured.

The evolution of SO, concentration is plotted on
a linear scale to illustrate the typical peak-like na-
ture of pollution episodes from Nikel. The concen-
tration varies strongly. Most of the time itis < 1 g
cm ™ but when the air comes from Nikel, SO, levels
frequently exceed 100 g m~>. During 1992-1995,
episodes with SO, concentrations above 100 ugm-3
occurred approximately every two weeks. Their
duration usually varied only from two to four hours,
but occasionally they lasted up to two days. The high-
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1993 1994 1995

est daily mean SO, concentration during 1992-1995
was 114 g m~3. The variability of the particle pa-
rameters is not as large as that of SO,, which shows
that the pollution episodes from nearby Nikel have
a larger effect on the SO, concentrations than on
particle concentrations. This is expected due to a
limited gas-to-particle conversion of SO, during the
transport from the Kola Peninsula to Sevettijirvi.
More than 60% of the SO, concentrations were low
(i.e.,< 1 ugm),and 10% were close to or even less
than the detection limit of 0.3 g m~3. Concentra-
tions between 1 and 10 ug m=3, 31% of the hourly
means, were usually detected in air masses from con-
tinental Europe. All concentrations above 30 g m-2,
constituting approximately 4% of the hourly means,
were detected during pollution episodes from Nikel.

The scattering coefficient o, follows the varia-
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tions in particle concentrations in the D,> 0.3 pum
size range. This is expected, since light scattering is
strongest at wavelengths close to the particle diam-
eter. It was previously shown by Virkkula and
Hillamo (1995) that the correlation between CN con-
centration and 0,,(550nm) is low, but high between
the number concentration in the accumulation-mode
of the mass size distribution (D, > 0.3 um) and
0,,(550 nm). The monthly geometric mean scatter-
ing coefficient reached a maximum in March
(0,(550)=1.8x 10> m™"), and a minimum in April
(0,(550)=8.1 x 10-°m™). The variation during the
measurement period is not as large as at Barrow and
Spitsbergen, where the annual cycle of o, shows a
change by a factor of 10. At Barrow, the monthly
geometric mean 0,,(550) in 1976 to 1986 had a
maximum in March (> 1 X 10-°> m™") and a mini-
mum in July (<2 x10-¢m™) (Bodhaine 1989). At
Spitsbergen, at sea level, the average 0,,(550) in
1979 to 1990 was 1.6 X 10~ m™! in winter and 1.5
x 107 m in summer (Heintzenberg and Leck 1994)
and during a measurement campaign between Feb-
ruary 19toMay 31,1994, (5+£3.9)x 10-*m™ (Beine
et al. 1996). The mean scattering coefficients at
Sevettijdrvi are generally higher than at Spitsbergen
and at Barrow (Fig. 4). An exception are the
backscattering coefficients, when they are compared
with the 19-day means at Ny Alesund in spring 1979.

When the light scattering coefficient is meas-
ured at various wavelengths, the particle size dis-
tribution that caused the observed light scattering

Virkkulaetal. + BOREALENV.RES. Vol.2

can be solved. For instance, Heintzenberg (1980)
analysed his scattering coefficient and particle
number concentration data from Spitsbergen by
solving the integral equation S = fK(D,,)N(D,, )dD,,
where S represents the measured integral optical
properties. K(D,) is the corresponding kernel of
the integral equation and describes the optical ef-
fect of a particle with diameter D,. An inversion
algorithm returns the solution N(D,), the number
size distribution of the particles. However, the
calculation of the kernels requires information on
the refractive indices and so also of the chemical
composition of the particles. That is out of the
scope of the present paper. A comparison of the
size distribution, derived from the nephelometer
measurements using also the data of the
Sevettijarvi filter samples for the calculation of
refractive indices, and impactor samples that give
the size distribution of the particles in an inde-
pendent way, will be presented in another paper.

Instead, to retrieve some particle size infor-
mation of the nephelometer data we now use the
same method that Bodhaine (1989) used for the
nephelometer measurements at Barrow in 1977—
1986. Two values of the Angstrém exponent are
calculated from the three successive oy, values ac-
cording to the formula o=- Alog(o,,)/Alog(A).
The interpretation of the Angstrom exponent has
been discussed, e.g., by Thielke et al. (1972) and
by Bodhaine and DeLuisi (1985). In general, a
large orimplies an aerosol size distribution biased

Table 2. Statistics of all measured hourly mean SO, concentrations, CN concentrations, particle number concen-
trations in the accumulation-mode of the mass size distribution (N 5: 0.3 < D,< 0.5um) and N, 5: D,> 0.5um), total
scattering coefficients (o), backscattering coefficients (o,.,), backscatter fractions (R), and Angstrdm exponents
(040 @and a5). N=number of data points, GM = geometric mean, AM = arithmetic mean, STD = standard deviation.

Percentiles

N GM AM STD 10 50 90 99
SO, (ug m™3) 27 386 1.05 4.90 18 0.3 0.8 7.7 91
CN (cm™®) 19401 691 1220 1697 182 658 2721 8817
Nys (cm3) 11 393 - - - 1.9 10.4 33.5 > 35
Nys (cm~3) 11 393 1.3 1.9 3.8 0.36 1.3 4.3 9.7
05, (450 nm) (m™') 4 678 1.4x10°° 2.1x10°° 1.9x10°% 45x%x10°¢ 1.4x10°% 4.8x10°° 8.7x10°°
05, (550 nm) (m™') 4 678 1.1x10°° 1.6x10°° 1.5x10°% 3.4x10°¢ 1.1x10°% 3.6 x10°° 7.1x10°°
05, (700 nm) (m™') 4 678 7.4x10°¢ 1.1x10°% 9.8 x10°° 2.4x10°¢ 7.2x10°¢ 2.3x10°° 46x10°°
Opsp (450 NnM) (M) 4 678 1.6x10°° 22x10°¢ 2.1x10°¢ 6.5x 1077 1.6x10°° 4.4x107°° 8.2x10°¢
Opsp (550 NM) (M) 4 678 1.3x10°° 1.7x10°8 1.6x10°° 4.7 x1077 1.2x10°° 3.5x10°¢ 6.8x10°¢
Opsp (700 NnM) (M) 4 678 1.0x10°® 1.4x10°© 1.3x10°° 3.8x1077 1.0x10°¢ 2.8x10°¢ 5.2x10°¢
R (450 nm) 4678 0.11 0.12 0.04 0.08 0.11 0.16 0.23
R (550 nm) 4678 0.12 0.12 0.03 0.09 0.12 0.15 0.19
R (700 nm) 4678 0.14 0.14 0.04 0.11 0.14 0.17 0.23
Oy 4678 1.35 1.80 0.50 0.68 1.61 1.99 2.46
Oy 4678 1.46 1.62 0.59 0.67 1.78 2.22 2.58
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toward small particles, and a small ¢ a distribu-
tion biased toward large particles. The extinction
coefficient and its components are often approxi-
mated as being proportional to A* (IPCC 1995).
Both o and the hemispheric backscattering ratio
R (= 0,,/0,,) are intensive aerosol state param-
eters that are used in models to calculate the in-
teraction of aerosol particles with solar radiation
(IPCC 1995, Ogren 1995). Long time series of o
are available from the NOAA baseline stations,
e.g., Barrow. Observations in anthropogenically
perturbed air masses are available only for a small
number of short-duration studies (Ogren 1995).
Also, measured values of the hemispheric
backscatter ratio R are available only for a small
number of short duration studies (Ogren 1995).
Heintzenberg (1980) reported 19-day measure-
ments of both o, and o, at 1 =450, 550 and 700
nm at Spitsbergen. From the published average
values an estimation for average R and ¢ can be
calculated. At the Zeppelin measurement station,
Spitsbergen, there is a one-wavelength nephelo-

SO2 (ug m3)

spring. The bold lines are
locally weighted linear re-
gression of the data points.

10 100

meter in use (Heintzenberg and Leck 1994) and
so it does not give values for R and o.

The geometric mean Angstrom exponents o,
and o,; were 0.70 and 1.53, correspondingly, at
Barrow (Bodhaine 1989). At Sevettijirvi the geo-
metric mean ¢, was 1.35, larger than at Barrow,
and the geometric mean o,; was 1.46, smaller than
at Barrow. This indicates that the aerosol size dis-
tribution at these sites is somewhat different. On
the other hand, at both sites ¢ is much smaller
than the values, practically always > 2, found
during airborne measurements over the United
States (Ogren and Sheridan 1996). According to
IPCC (1995) the typical ranges of observed
backscatter fractions are 0.1-0.2 in polluted con-
tinental air and around 0.15 in clean marine air.
In their airborne measurements over the United
States Ogren and Sheridan (1996) found that the
hemispheric backscatter fraction varied in the
range 0.11 to 0.18, although it was mostly below
0.13. In the boundary layer they found R to be
nearly constant, 0.12. The range of R was larger
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at Sevettijarvi (Table 2), but the mean values were
close to those mentioned above.

Relationships between the measured
quantities

Athigh SO, levels, i.e., during pollution episodes
from Nikel, the CN concentrations are practically
always high (Fig. 5). Atlow SO, concentrations, on
the other hand, the range of CN concentrations is
very large. The high CN concentrations at low SO,
concentrations were usually associated with air
masses from Central or Eastern Europe, whereas low
CN concentrations and low SO, concentrations with
air masses from the oceans. The correlation is plot-
ted for both the polar night and spring. As the time
series of the monthly geometric mean CN concen-
trations shows, an increase in CN concentrations is
observed when the polar night turns to spring. This
rise is also shown by comparing the SO,—CN data
pairs, and it is particularly clear when the polar night
of 1992-93 turns to spring 1993, and when the polar
night of 1994-95 turns to spring 1995. During the
springs of 1993 and 1995, CN concentrations higher
than 10 000 cm~? are frequently detected in plumes
from Nikel.

According to Kerminen and Wexler (1996),
binary homogeneous nucleation between water
and sulphuric acid is favoured by a high SO, to
fine particle mass ratio, of the order of one or
greater. In the Nikel plumes, the SO, concentra-
tion varies between 100 and 500 pg m™3 Wag-
goner and Weiss (1980) found a linear relation-
ship between light scattering at 550 nm and total
aerosol mass, m(g m?) = 0.320,,. The highest
measured scattering coefficients at Sevettijarvi are
< 10*m™, so the mass concentrations can be
estimated to be < 32 pg m . Thus, the SO, to
particle mass ratio in the plumes is much larger
than one. Nucleation is also favoured by cool and
humid ambient conditions, and by strong solar
radiation (Kerminen and Wexler 1995). Relative
humidity is often high during the episodes, be-
cause the plumes from Nikel are often mixed with
humid air from the Barents Sea. Especially in
spring and in autumn, all the required conditions
for nucleation are fulfilled during the Nikel pol-
lution episodes at Sevettijarvi.

Fig. 5 also shows that the highest particle number
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concentrations did not occur concurrently with the
highest SO, concentrations (>200 pg m~3), but with
concentrations around 100 pig m~3. This may be due
to the short transport times (< 6 h) from the smelters
during the strongest SO, episodes. In these cases,
the airborne sulphate particles have probably not had
a sufficient time to grow to a size at which they can
be detected by the CPC, i.e., their diameter was less
than 14 nm.

Fig. 6 shows that generally the scattering co-
efficients were high and the backscatter fractions
were low in pollution plumes, i.e., when SO, con-
centration was high. It also shows that in pollu-
tion plumes o was generally higher, so that the
size distribution is biased towards small particles
more in the polluted air than in the air with low
SO, concentrations. In air with low SO, concen-
trations the range of all these properties is large
indicating various source areas. The backscatter
fraction R shows a clear inverse relationship with
o,, (Fig. 7). This effect is greater at lower wave-
lengths. The range of R in air with low SO, con-
centrations is much larger than in air with low
0,,, which shows that low 0, is a better indicator
of clean air than low SO, concentration. The geo-
metric mean backscatter fraction was slightly
higher in summer than in winter (Fig. 3). The in-
verse relationship between R and o, shows that
this is due to lower scattering coefficients meas-
ured during May and June.

Source analyses
Wind statistics

Wind measurements were grouped into eight sec-
tors. The centres of the sectors are: 0° (N), 45°
(NE), 90° (E), 135° (SE), 180° (S), 225° (SW),
270° (W), and 315° (NW). The direction of Nikel
is 105° from the station, which means that winds
blowing directly from Nikel to Sevettijdrvi are
classified in sector E. All measured quantities were
classified according to wind direction. In Fig. 8
the arithmetic means of some of them in the vari-
ous wind sectors are illustrated using wind roses.
The wind distribution according to its direction
and speed is also presented. The prevailing winds
at the station are from the SW, comprising ap-
proximately 30% of observations.
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The SO, and particle number concentrations
were highest in the direction of Nikel, sector E, as
was the case for mean scattering coefficients also,
but not as clearly. The lowest mean SO, and par-
ticle number concentrations, and lowest mean
scattering coefficients and the highest hemispheric
backscatter fractions were detected during winds
from the NW sector, the direction to the Norwe-
gian Sea. There were more frequently winds from
the W and NW sectors during May and June 1995
than in the preceding winter. This explains the
lower scattering coefficients and also the higher
backscatter fractions measured in May and June
1995 than in winter (Fig. 3).

As discussed previously, a large Angstrom
exponent ¢ implies a particle size distribution bi-
ased toward small particles, and a small a towards
large particles. The wind rose of «;, shows that
aerosols from the sectors NW, N, and NE have
size distributions biased more towards large par-
ticles than aerosol from southern sectors. This is
credible, since air from these sectors has a marine
signature with large sea-salt particles from the

lines are fitted logarithmic
(for SO,-cand SO,-c) and
power curves (for SO,-R).

Norwegian and Barents Seas.

The sectors E, S, and NW were selected to
represent the air from Nikel, from the continental
Europe, and from the Arctic Ocean, respectively.
The mean values of SO, and some selected aero-
sol properties together with their cumulative dis-
tributions, as measured during winds from sec-
tors E, S and NW, are presented in Table 3. For
the particle properties in Table 3, additional con-
ditions have been used: sector E: [SO,] > 20 ug
m~3, in order to take into account only the con-
centrations in the pollution plumes from Nikel;
sector S: [SO,] <25 ug m~3, in order to eliminate
at least the most evident Nikel pollution plumes
and thus classify the southern winds more or less
to continental air excluding the Kola area; and
finally sector NW: [SO,] < 1 ug m3, in order to
eliminate clear pollution episodes both from Nikel
and other sources and thus classify the sector to
marine air. The data for SO,, CN, LPC, and o,
cover different time periods, but the distribution
of the wind in different sectors during all these
periods was almost the same. The percentage of
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Fig. 7. Relationship between
the hemispheric backscatter
fraction and oy,. The lines
are fitted power curves:
R(450nm) = 0.012 x 05, %%,
R(550nm) = 0.0210,,™ *'5,
R(700 nm) = 0.0380,, *'",
the symbols are geometric
mean values from each wind
sector (with the SO, condi-
tions of Table 3), and the
error bars the 10th and the
90th percentiles.

Fig. 8. Arithmetic mean par-
ticle number concentrations,
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winds from sectors E, S, and NW was approxi-
mately 6%, 12%, and 9%, respectively.

Trajectory analyses

An episode with long-range transport of pol-
lution

The measurements on December 19-23, 1994, pro-
vide a good example of long-range transport of aero-
sols and of differences between continental and
marine air. The measured quantities are plotted in
Fig. 9. The 96-h back-trajectories arriving at the 950
hPa pressure level, at noon each day, are also shown.
There is a clear decrease in all quantities as the ori-
gin of the air changes from eastern Europe to the
Northern Atlantic or the Arctic Ocean. In this exam-

ple, the SO, concentration rises to approximately
2.5 ug m~? in air masses which have traversed con-
tinental Europe. This is typical in Lapland during
pollution episodes from eastern Europe, but occa-
sionally, in winter, the SO, concentration may ex-
ceed 20 g m~* in these episodes.

An analysis of synoptic weather charts shows
that between December 17 and 20, 1994, a cy-
clone positioned initially over Iceland moved east-
wards. At the same time an anticyclone was situ-
ated over eastern Europe, and northward trans-
port of pollution between the cyclone and anticy-
clone was established. Raatz (1991) has shown
that this is a typical transport pathway for pollut-
ants to the Norwegian Arctic. On December 21
the centre of the cyclone had moved to the Barents
Sea, and an anticyclone was situated over the Brit-
ish Isles. During the following days a high pres-
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sure area covered the whole of Europe, resulting
in a westerly flow over the Norwegian Sea, and
in transport of marine air to the measurement site.

Trajectory statistics

As alarge set of trajectories and measurement data
was available, the statistical method developed
by Stohl (1996) was used to identify source areas.
The method utilises ambient air pollutant concen-
tration measurements at a receptor site, and the

Virkkulaetal. + BOREALENV.RES. Vol.2

corresponding back-trajectories arriving at that
site. The Sevettijdrvi virtual impactor samples
have been previously analysed using this method
to find the source areas of sulphate, ammonium,
and sodium (Virkkula et al. 1995). The procedure
calculates the geometric mean concentration that
is observed at the receptor site when trajectories
have crossed each cell of a geographical grid
which is superimposed on the domain of the tra-
jectory computations. The geometric mean is
weighted by the residence time of the trajectory
in each grid cell according to the formula:

Table 3. Statistics of hourly mean SO, concentrations, particle number concentrations (CN and N, s), scattering
coefficients (o,, and o), A and Angstrom exponents (), during winds from three sectors: E (90°), S (180°),
and NW (315°). For particle properties, additional conditions has been used: E: [SO,] > 20 ug m=3, S: [SO,] < 25
ug m=3, NW: [SO,] < 1 ug m=3.

Sector Percentiles
Center N GM AM STD 10 50 90 99

SO, (ugm3) E 1467 5.5 25 45 0.5 5.3 81 210

S 3100 1.4 3.1 10.3 0.4 1.2 6.2 26

NW 2330 0.6 1.6 7.5 <03 0.6 1.4 22
CN(cm3) E 398 3310 4540 3790 1260 3090 10 300 16 200

S 2306 831 1120 965 324 779 2320 4680

NW 1188 331 584 918 103 297 1280 5500
Nys (cm3) E 207 4 4.6 24 2.1 3.7 8.6 11.2

S 1163 1.8 25 21 0.5 1.7 5.6 10.4

NW 696 0.7 1.1 0.9 0.2 0.9 2.2 4.7
Osp (M) E 101 3.7%x10°5 41 x10°° 1.9x10°° 22x10°% 3.5x10°° 75%x10°5 8.9x10°°
(450 nm) S 606 2.0x10°° 26x10°° 1.8x10°° 6.8x10°° 22x10°% 45x10°° 9.1x10°%

NW 251 7.4%x10°° 1.1x10°° 9.8x10°° 2.1x10°¢ 7.7x10°° 2.7x10°5 4.4x10°°
Osp (M) E 101 2.7x10°° 3.0x10°% 1.5x10°° 1.6 x10°° 2.6x10°° 5.7x10°% 6.8x 1075
(550 nm) S 606 1.5x10°° 2.1x10°% 1.8x10°° 5.0x10°¢ 1.7x10°° 3.8x10°% 8.8x10°°

NW 251 59x%x10°° 8.2x10°° 7.0x10°° 1.6 x10°° 6.5x10°° 1.9x10°° 3.3x10°°
Osp (M) E 101 1.8x10°° 2.0x10°% 1.1x10°° 1.0x10°° 1.7x10°° 3.6x10°% 4.4x10°°
(700 nm) S 606 9.7x10°° 1.3x10°° 1.1x10°° 3.3x10°¢ 1.1x10°° 24x10°5 55x10°°

NW 251 4.4x10°° 6.0x 107 4.6x10°° 1.2x10°° 52x10°° 1.3x10°° 2.3x10°°
Ghsp (M) E 101 34x10°° 3.7x10°¢ 1.6x10°® 2.0x10°° 3.2x10°° 6.5x10°° 8.4x10°°
(450 nm) S 606 2.0x10°° 24x10°° 1.7 x10°® 8.4x10°7 2.1x10°° 3.9x%x10°¢ 9.9x10°°

NW 251 9.5%x10°7 1.2x10°° 8.6 x 1077 3.6x10°7 1.0x10°® 25x%x10°° 4.0x10°°
Ghsp (M) E 101 2.8x10°° 3.0x10°¢ 1.3x10°® 1.6x10-° 2.7x10°° 54x10°° 6.6 x 10-°
(550 nm) S 606 1.5x10°® 1.9x10°¢ 1.4x10°® 6.2x10°7 1.7x10°® 3.1x10°¢ 7.6x10°°

NW 251 7.7%x10°7 9.9x10°7 7.1x10°7 2.7x10°7 8.5x 1077 2.0x10°° 3.3x10°°
Ghsp (M) E 101 2.3x10°° 25x%x10°¢ 1.0x10°® 1.3x10°°¢ 22x10°° 4.4x10°° 4.9x10°°
(700 nm) S 606 1.2x10°® 1.5x10°¢ 1.1x10°® 48x10°7 1.3x10°® 25x%x10°° 5.5x10°°

NW 251 6.3x10°7 8.2x1077 5.8x 1077 2.0x10°7 7.2x10°7 1.6 x 10-° 2.8x10°°
R E 101 0.09 0.09 0.01 0.08 0.09 0.11 0.13
(450 nm) S 606 0.10 0.10 0.02 0.08 0.10 0.14 0.19

NW 251 0.13 0.13 0.04 0.09 0.13 0.17 0.29
R E 101 0.10 0.10 0.01 0.09 0.10 0.12 0.13
(550 nm) S 606 0.11 0.11 0.02 0.09 0.11 0.14 0.16

NW 251 0.13 0.13 0.03 0.11 0.13 0.17 0.24
R E 101 0.13 0.13 0.01 0.11 0.13 0.15 0.17
(700 nm) S 606 0.14 0.14 0.02 0.11 0.14 0.17 0.20

NW 251 0.14 0.15 0.04 0.12 0.14 0.18 0.29
Oz E 101 1.51 1.56 0.32 1.37 1.61 1.84 2.02

S 606 1.60 1.65 0.32 1.27 1.69 1.95 2.30

NW 251 0.86 1.17 0.67 0.24 1.20 2.00 2.56
Os E 102 1.73 1.78 0.34 1.45 1.81 2.10 2.28

S 606 1.82 1.87 0.38 1.32 1.96 2.21 2.48

NW 251 0.92 1.17 0.70 0.28 1.11 2.14 2.65
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zlog(cl)fmnl procedure (Seibert et al. 1994), where a confi-
log(GMC ) — i ) dence interval is calculated for each grid cell and

z Tmn[
1

where GMC,,, is the geometric mean concentra-
tion, m and n are the indices of the horizontal grid,
[ is the index of the trajectory, C, is the concentra-
tion observed on the arrival of trajectory / and 7,
is the time spent in grid element (m2,n) by the tra-
jectory [. Log(GMC,,) serves as a first-guess field
that is treated by an iterative redistribution that
improves the spatial resolution of the first-guess
field, and that reveals more detailed fine-scale
structures. The method also includes a smoothing

the field is repeatedly smoothed with a 9-point
filter, imposing the restriction that the values must
be kept within their confidence intervals. This
procedure removes insignificant features but pre-
serves the significant ones. For a more detailed
description of the method see Stohl (1996).

The value for a grid cell is calculated only if a
minimum number of trajectories crosses it. The
time series of SO, and particle number concen-
trations are so long that a minimum of 20 trajec-
tories in a grid square was set. The scattering co-
efficient time series is only eight months in length,
and thus a minimum number of 15 was used.
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Fig. 10. The geometric mean sulphur dioxide concentration, particle number concentration and aerosol scatter-
ing coefficient at Sevettijarvi, when the trajectories have passed over each grid square. The 3-dimensional
trajectories used for the analysis arrive at the 950 hPa level. The concentrations are expressed in Ig(C), where
Cis the concentration. For SO,, CN, and LPC, the white areas are those grid squares, which have been crossed
by less than 20 trajectories, but for o, those grid squares, which have been crossed by less than 15 trajectories.
Top left: Ig[CN (cm~3)], top right: Ig [SO, (ug m~3)], bottom left: Ig [N (D > 0.5 um, cm~3)], bottom right subfigure:
Ig [0, (550 nm, m™)].
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It was previously stated that three or four back-
trajectories for each day were calculated. In other
words, the interval between the arrivals is 6 or 8
hours. The pollution episodes from Nikel fre-
quently only last a few hours, so it is possible that
an episode occurring between the arrival of two
successive trajectories would not be included in
the determination of the source area. Because of
this problem, 8-hour running means of all meas-
ured quantities were calculated before applying
the trajectory statistics.

The 3D-trajectories arriving at the 950-hPa
level, approximately 500 m asl, were used in the
statistics. Boundary layer heights are usually shal-
low in the Arctic, because of lack of solar heating
and upward sensible heat flux. Therefore we chose
arather low arrival height of the trajectories. An-
other reason is that the distance to Nikel is only
60 km and the higher trajectories often fail to show
this short-range transport because of a decoupling
between the free troposphere and the boundary
layer. Also Beine et al. (1996) used trajectories
arriving at 950 hPa to examine the source areas of
aerosol in Spitsbergen. Trajectories arriving at the
surface level and at the 900-hPa level were also
calculated. Using them in the statistics leads to
somewhat different locations of the isolines, but
the basic picture — a sharp contrast between ma-
rine and continental air — remains.

The results are presented in Fig. 10. For SO,,
the statistics show Nikel as the dominant source
area. It also shows that concentrations are higher
during flows from the continental Europe than
during flows from the ocean. The range of geo-
metric mean SO, concentrations for air which has
passed over Nikel is from 10%7 to 10'? ug m-3,
i.e., from 5 to 16 g m=3. This is consistent with
the geometric mean concentration in the wind
sector E, which is 5.5 g m=3 (Table 3). The posi-
tion of the highest SO, source area is somewhat
south of Nikel, but becomes closer to the real
position of Nikel if trajectories arriving at the sur-
face are used. However, surface trajectories are
not so representative for studying long-range
transport.

The major source area for CN is Nikel, and
lower concentrations are observed in air masses
arriving from the rest of the continent. In the case
of marine air measured at Sevettijarvi, CN con-
centrations in air which has traversed the Norwe-
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gian Sea are much higher than those in air com-
ing from the Arctic Sea. This can be interpreted
so that the Norwegian Sea is a source for freshly-
nucleated particles.

According to the analysis, high particle number
concentrations in the accumulation-mode of the mass
size distribution were brought to Finnish Lapland from
the whole continental Europe. Nikel does not show
out as clearly as a source area neither for the particle
number concentrations at the D > 0.5 pm size range,
nor for high o;,, as it does for SO, and CN. The wind
roses of N(D,>0.5 um) and o, (Fig. 8), on the other
hand, did show the highest mean concentrations in
the sector pointing towards Nikel. This discrepancy
can be due to various reasons: it may be that the time
series of LPC and nephelometer measurements are
not quite long enough for the trajectory statistical
analysis. But it can also be due to both the concen-
tration range intervals and the smoothing parameters
chosen for the trajectory statistics. On the other hand,
the highest episodic peaks of 0,,(550 nm), close to
10-*m™", were measured in air masses which were
calculated to have passed over Eastern Europe, Po-
land. These scattering coefficients are those high oy,
points in Fig. 6 where SO, concentrations are be-
tween 5—-10 ug m3,

All the source analyses give high concentra-
tions when air comes from south-east of Novaja
Zemlja. Two major sources of Arctic air pollu-
tion are the Pechora basin, located south of Novaja
Zemlja, and the Norilsk area, located south-east
of Novaja Zemlja (Ottar 1989). Thus, the trajec-
tory statistical analyses suggest that the impact of
these Siberian sources can be detected at
Sevettijirvi, despite the vicinity of the very large
source at Nikel only 60 km east-southeast of the
station.

Values obtained from Fig. 10 are shown in
Table 4, which gives the ranges of geometric mean
concentrations at Sevettijarvi when the source area
is either the Kola peninsula (class A), continental
Europe (class B), the Norwegian Sea (class C), or
the Arctic Sea (class D). The values of Table 4
are compared in Fig. 11 to the geometric means
of the quantities measured during winds from the
corresponding sectors. In Fig. 11 the wind classi-
fication is shown twice: using all data that is meas-
ured during winds from the corresponding sector
and using only data that is classified both by wind
sectors and by the SO, concentration conditions
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Fig. 11. Comparison of wind and trajectory statistics.
The wind sectors are: A: from 67.5° to 112.5° (centre
90°, east), B: from 157.5° to 202.5° (centre 180°,
south), and C+D: from 292.5° to 337.5° (centre 315°,
north-west). The corresponding source areas of the
trajectory statistics are: A: the Kola Peninsula, B: Con-
tinental Europe, and C + D: the Norwegian Sea and
the Arctic Sea.

that were used for Table 3.

For SO,, the geometric means of the wind sec-
tors fall within the ranges given by the trajectory
statistics in all categories, even though the trajec-
tory statistics suggest somewhat larger differences
between different source areas compared with the
wind statistics. For CN, too, both methods give
qualitatively the same results, although the ranges
of both wind and trajectory statistics are large.
For accumulation-mode particles and scattering
coefficients, the results are similar, as far as cat-
egories A and C+D are concerned. The obvious
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difference is that the trajectory statistics give
higher values in the continental Europe — south-
ern wind category (B).

Summary and conclusions

The aim of this work was to find how much the
closely-located large pollution sources in the Kola
peninsula influence the aerosol measurements at
Sevettijiarvi. The mean and variability of particle
concentrations at the site are higher than at cleaner
sites like Barrow, Alaska, and Ny Alesund, Spits-
bergen. Nevertheless, the trajectory statistical
analysis shows that the lowest CN concentrations,
detected in air masses traversed over the Arctic
Sea (Table 4), are comparable with the concen-
trations at Spitsbergen and Barrow. When air
masses originate from over the Norwegian Sea
the CN concentrations are higher than in air tra-
versed over the Arctic Sea. For larger particles —
i.e., particles of the size of the accumulation mode
of the mass size distribution — the situation is the
opposite. These are similar observations to those
of Beine et al. (1996). They found at Spitsbergen
that in the background air, during flows from the
Arctic Sea or the Norwegian Sea, the median
0,,(550 nm) was 3.8 x 10-¢ and 1.3 x 10-°m™,
respectively, and CN concentrations of 180 and
270 cm™3, respectively. The values in Table 4 are
not only qualitatively but also quantitatively simi-
lar. The most likely reason for the difference in
the aerosol concentrations in the air masses flown
from over the Norwegian and Arctic Seas is the
difference in natural sulphur emissions and result-
ing secondary particle production between these
two areas. Open high-latitude oceans are strong
DMS emitters, while the ocean north of Spits-
bergen is usually frozen (Heintzenberg and Leck
1994). Thus, by measuring CN at one point,

Table 4. Ranges of geometric means according to trajectory statistics. A: the Kola peninsula, B: Continental

Europe, C: the Norwegian Sea, and D: the Arctic Sea.

Source area

A B C D
SO, (ug m-?) 5.0-15.9 0.5-3.2 0.25-0.5 0.25-0.8
CN (cm-3) 1.995-6 310 200-1 122 112-354 63-199
Nos (cm~2) 1.8-3.2 1.8-17.8 0.2-1 1-1.8

05, (550) (m™) 1.3x107°-2.0x 107

2.0x10°-3.2x10°°

2.0x10%5.0x10"% 5.0x10°%-79x10°°
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Sevettijirvi, and combining the data with back-
trajectories, we have been able to approximately
determine where the ice cover in the Arctic Sea
starts.

The Kola peninsula pollution sources do not
totally screen the more eastern source areas in
northern Siberia. The observation that these pol-
lution sources can be seen in the trajectory statis-
tical images, further shows that the trajectory sta-
tistics is a powerful method. It also shows that the
back-trajectories used for the calculations were
generally accurate, although it gives no indica-
tion of the errors in individual trajectories.

One of the aims of this paper was to find classi-
fication criteria for all subsequent analyses of
Sevettijarvi aerosol and gas measurements. None of
the suggested criteria alone — particle number con-
centrations, light scattering coefficients, sulphur di-
oxide concentrations, wind direction and modelled
air mass trajectories — provides an unambiguous
criterion. To classify air into air masses from the
Arctic Sea and the Norwegian Sea or from Conti-
nental Europe trajectories work best. Generally, also
the trajectories are good indicators for the Kola pe-
ninsula pollution episodes, as the trajectory statis-
tics of SO, and CN showed. Nevertheless, trajecto-
ries failed to present some of the pollution episodes
from the Kola peninsula. The best indicator of these
is high SO, concentration. On the other hand, it was
shown that low 0, is a better indicator of clean air
than low SO, concentration. The comparison be-
tween the wind and trajectory statistics showed that
at Sevettijirvi, by using surface-wind measurements
only, the air masses can roughly be classified into
three categories: during easterly winds air arrives
predominantly from the Kola peninsula, during
southerly winds from continental Europe, and dur-
ing northwesterly winds from the Norwegian Sea.
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