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The trace gas and aerosol concentrations as well as meteorological data (radiation,
temperature, humidity) measured in Hyytidla and Vérrio, southern and northern Fin-
land, respectively, wereinvestigated with air mass analyses. The back trgjectoriesof air
masses arriving to the sites on the 925-hPa pressure level were calculated 96 hours
backwards in time. Two trajectories per day, arriving at 00 UTC and 12 UTC, were
computed. The studied time period covered December 1997 to August 1998, Novem-
ber 1998 to July 1999, and September 1999. The arriving air masses were divided into
five sectors according to their origin: | = North-West (Arctic Ocean), || = North-East
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(Northern Russia, KolaPeninsula), |11 = South—-East (Southern Russia, St. Petersburg),
IV = South—-West (Central Europe, Great Britain), and V Local, circulating air masses.
The climatology of various properties of air masses originating from different sectors
was studied. The analysis showed differences between typically clean (sectors| and I1)
and polluted (sectors 111 and V) air masses. In air masses from sectors 1l and IV, the
NO, concentrations were high during all seasons, but the O, concentrations were high
during the spring and summer seasons and low in winter. The highest SO, concentra-
tionsarrived from sector I11. InVarrio also the air from sector |1 was accompanied with
higher SO, concentrations and some very high peaks were observed in winter when air
masses passed through the industrial area of Kola Peninsula. Nucleation events typi-
cally occurred in clean air masses and accumulation mode concentrations were higher
in polluted air masses. Although there were some differences between Hyytida and

Varrio, the overall behaviour was similar at both sites.

Introduction

Aerosol particles and trace gases are ubiquitous
in the Earth’ s atmosphere and contribute signifi-
cantly to both biogeochemical cycling and to the
Earth’s radiative flux budget. Intergovernmental
Panel on Climate Change gave in their 1995 re-
port (Houghton et al. 1996) an estimation of the
globally and annually averaged radiative forcing
for the direct and indirect contributions of green-
house gases, for the direct and indirect aerosol
effect, and for natural changes in solar output.
Since each of these contributions reflects the in-
tegrated effects of variousanthropogenic and bio-
genic pathways, a critical task is to describe the
content of each contribution and its sources, and
to reduce the uncertainties.

A magjor problem in the analysis of the envi-
ronmental issuesisalack of combined physico-
chemical and biological knowledge. Practical
examplesof combination of physico-chemical and
biological knowledge and possibility to utilize
versatile up-to-date instrumentation for continu-
ous long-term field measurements are illustrated
at the SMEAR stations (Station for M easuring
forest Ecosystem—Atmosphere Relations). The
facility comprisestwo installations: SMEAR in
Varrio (northern Finland) and SMEAR |l in
Hyytidla(southern Finland). The stationsaresimi-
larly equipped and form a combined facility op-
erating within the boreal Scots pine forest under
different climatic conditions.

Theformation of new aerosol particles, called
anucleation event, and the subseguent growth of
these particles was observed at SMEAR stations
in the 1990s (Makeléd et al. 1997, Kulmala et al.
1998, Pirjola et al. 1998, Mé&kela et al. 2000).
Although meteorological, chemica and biologi-
cal factors are known to affect the particle forma-
tion (Kulmalaet al. 2000), therole of each of these
factorsisyet to be fully understood. The experi-
mental capacity of both SMEAR stations enables
us aso to analyse trace gas (O,, NO,, SO,) con-
centrations, the atmosphere—forest gas exchange,
and meteorol ogical factorsaffecting environmen-
tal issues(Ahonenetal. 1997, Vesalaet al. 1998).
In this paper, we present trace gas and aerosol
propertiesaswell ascanopy and shoot scalefluxes
measured at SMEAR stations as afunction of air
masses. The air mass analysiswas performed us-
ing back trgjectories. Although back trajectories
typically include some uncertainties (see Stohl
1998), they have been used in the source analysis
(e.g. Virkkula et al. 1995, Virkkula et al. 1997,
Stohl 1996, Wotawa and Kroger 1999) and aso
in analysing air pollution according to air mass
histories (e.g. Beine et al. 1996, Solberg et al.
1997, Simmonds et al. 1997, Avila and Alarcon
1999). Our aim wasto find out the characteristics
of aerosol concentrations, trace gas concentra-
tions, canopy scale fluxes, and shoot scale fluxes
for different air masses in order to reveal links
between air masses, particle formation, canopy
gas exchange, and chemistry.
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Experiments
SMEAR stations

SMEARI station (67°46°N, 29°35'E, 390 ma.s.l)
issituated in a40-year-old and 7-m-tall Scotspine
(Pinus sylvestris L.) stand on the top of ahill at
the Arctictimberline. It complementstheresearch
doneat SMEAR 11 station by operating under dif-
ferent climatic conditions but representing the
same boreal vegetation type. The severe arctic
conditions cause an additional challengetothear-
rangement of measurements. The annual mean
temperatureinVarrid isaround —1.5 °C and south—
west is the prevailing wind direction.

SMEARII station (61°51'N, 24°17°E, 181 m
a.s.l) islocated in ahomogenous Scots pine stand
at Hyytida Forestry Field Station of the Univer-
sity of Helsinki, 220 km NW from Helsinki. The
natural managed stand was established in 1962
by sowing after the area had been treated with
prescribed burning and light soil preparation. The
stand consistsonly of 1% of other speciesbesides
Scots pine close to the station. The mean height
of the trees on the site is 12 m, their mean diam-
eter at the breast height is 13 cm, and the pro-
jected leaf areais 3 m?(8 m? in the case of total
area) per unit area of soil. The air quality at the
siterepresentstypical background conditions. The
annual mean temperature in Hyytidlais 3 °C.

Practically nolocal sourcesof pollutants exist
close to the SMEAR | station. However, regu-
larly occurring episodes of heavy sulphur diox-
ide and aerosol pollution are observed during
northeasterly winds, transported from the Kola
Peninsula industrial areas (Ahonen et al. 1997,
Virkkulaet al. 1997), which arelocated less than
200 kmaway fromVarrid. The St. Petersburg area
and Russia have been determined as being source
areas for SO,, O; and fine aerosol particles
(Virkkulaet al. 1995, Beineet al. 1996). Alsothe
continental Europe and British Islesareresponsi-
ble for pollution in Finnish Lapland (Virkkula et
al. 1995, 1997). The continental Europeisasource
of NO, all over theyear, such that the production
and depletion of O, occursin summer and winter,
respectively (Laurila 1999, Simmonds 1997).
These are a so the main known source areas for
pollution at SMEAR |1, with the exception that
Kolaindustrial areasinfluencelessand St. Peters-

¢ Gas and aerosol concentrations at two forest sites 317

burg and Central and Western Europe more the
air quality in Hyytidla The local pollution from
the station buildings (0.5 km) and the city of
Tampere (60 km), both located west-south-west
from the station, affect occasionally the air qual-
ity at SMEARII.

More information on the sites as well as de-
tails of measurements can be found in Ahonen et
al. (1997), Hari et al. (1994) and Vesda et al.
(1998), see also the SMEAR homepage at http://
honeybee.helsinki.fi/HYY TIALA/smear), and the
EU funded project BIOFOR (Biogenic aerosol
formation in the boreal forest) homepage (http:/
mist.helsinki.fi/Biofor/index.html).

Back trajectories

Theair mass back trgjectories needed in thiswork
were calculated with the long-range transport
model TRADOS (Pollénen et al. 1997, Vakama
and Pollanen 1996). The model is an air parcel
trajectory model of the Lagrangian type. The
three-dimensional tragjectories and the dispersion
parameters are computed by using numerical me-
teorological forecasts obtained from the Nordic
HIRLAM (High Resolution Limited-Area
M odel) weather prediction model which contains
31 vertical levels. The horizontal grid resolution
of theHIRLAM version used in this study was 44
x 44 km. Parameters obtained from the HIRLAM
database are the surface data (the surface pres-
sureand ground surfacetemperature, air tempera-
ture, relative humidity, surface wind speed, and
precipitation) and the pressure level data (ambi-
ent air temperature, rel ative humidity, vector wind,
and geopotential height) at seven different con-
stant pressure levels: 1 000, 925, 850, 700, 500,
300, and 100 hPa.

In the present study, air parcel back trajecto-
ries arriving at Hyytidla and Vérrio on the 925-
hPa pressure level were calculated typically 96
hours (66% of trajectories belonging to classes |
tolV, seenext sectionfor trgjectory classes) back-
wardsintime. Thetrgjectorieswereshorter intime
when they |eft the geographical region of the cur-
rent version of HIRLAM, approximately the area
between (47°N, 103°W), (88°N, 180°E), (62°N,
100°E), (50°N, 55°E), (27°N, 33°E), (35°N, 0°E),
(22°N, 43°W), and (37°N, 70°W), i.e. from cen-
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Fig. 1. — a: 49 hours long TRADOS back trajectory arriving at Hyytiala 25 May.1999 12 UTC on the 925 hPa
pressure level; — b: 52 hours long back trajectory arriving at Varrid 25 Jan.1998 00 UTC on the 925 hPa

pressure level.

tral Canada to North Pole, central Siberia, Cas-
pian Sea, Egypt, Gibraltar Strait, central Atlantic
Ocean, and Eastern USA. The 925-hPalevel was
chosen because the TRADOS output for the 1000-
hPalevel is generaly less accurate due to topog-
raphy effects. Two trajectories per day, arriving
at00UTCand 12 UTC, werecomputed. Thetime
period covered from 3 Dec. 1997 to 22 Aug. 1998,
from 18 Nov. 1998 to 28 Jul. 1999 and from 9
Sep. 1999 to 22 Sep. 1999.

Trajectory classification

The trgjectories were plotted on maps and which
their classification established (see Fig. 1). The

Table 1. Sectors used in trajectory classification.

area was divided into squares 30° times 10° in
longitudional and latitudional directions. All the
grid squares were numbered and all the squares
that thetrgjectory passed through weretracked. If
the trgjectory passed the areas of a special inter-
est (Kola Peninsuld), this was also marked. Ac-
cording to thisanalysis, trajectories were divided
into five main classes corresponding to four main
directions (Table 1). If the trgjectory did not be-
long clearly to classes| to IV or it wascirculating
around Finland, it was not considered in the fol-
lowing analysis (class V). The back trajectories
coming from sector IV to Hyytidlaand from sec-
tor | to Véarri6 are presented in Fig laand b, re-
spectively. The definition of these four areas was
based on the large-scale concentration data of

Sector Code Comments?
The Arctic | Trajectories originating from squares 12, 13, 14, or 24, and not passing over
Ocean, N-W pollution sources or square 22

Russia northeast 1]
of Finland, N-E

Kola Peninsula b
(Varrié only)

Russia southeast 1]

of Finland, S—-E

Central Europe \%

and Great Britain,

S-W

Not classified \% Not belonging to | to IV

Trajectories that passed square 22 before arriving to the measurement site

Trajectories passing Kola Peninsula

Trajectories for which the last or second to last square passed through was 32

Trajectories for which the last square was 33 or 34

Y Routes for different classes, i.e. the combinations of squares corresponding to a certain class, were deter-
mined by plotting all the trajectories and choosing the appropriate class for all the combinations of squares the

trajectories passed.
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variousair pollutants (Tarrasdn et al. 1998, Hjell-
brekke 1999). According to Kahl et al. (1989),
only large geographical domainscan beidentified
with trgjectory statistics.

The number of trgjectories coming from each
sector during different seasons to Hyytida and
Varrio are presented in Fig. 2. The seasons were
defined according to months as follows: winter
(December, January, February), spring (March,
April, May) and summer (June, July, August).
Since the trgjectories were available only for a
short period in autumn, this season was not ana-
lysed separately. The air masses arriving from
sector |V dominated in Hyytidla (more than 350
during the whole period). However, in spring the
sector | was dominating. In case of Varrio, the
arriving air masses originated equally frequently
from sectors | and Il + I1b. The extra sector I1b
directly from Kola Peninsula industrial areas is
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Fig. 2. The frequency of air mass origin calculated
using back trajectories, divided according to seasons,
arriving at Hyytiala (black column) and Varrio (white
column). The number of trajectories in winter is 341/
342 (Hyytiala/Varrio), in spring 355/344 and in sum-
mer 282/282.

important for the air quality in Varrié and was
analysed separately for gas and particle concen-
trations. Corresponding observations were not
then included in class Il results. The trgectory
sectors| and Il (+11b for Varri6) were much more
dominating for Varrio than for Hyytid& Thisis
in accordance with long-term wind direction sta-
tistics(Tammelin 1991) aswell aswith trgjectory
flow climatology in northern Finland reported by
Rummukainen et al. (1996).

Results and discussion

In the following the meteorological parameters
(radiation, temperature, humidity), gas (CO,, H,O,
O;, NO,, SO,) and aerosol concentrations, the
micrometeorological fluxes of momentum, heat
CO,, H,O and aerosol particles, and shoot scale
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gas exchange were analysed according to the ori-
gin of the arriving air masses and seasons. Table
2 summarisesthe analysed parameters and obser-
vationlevels. The observed range of variation was
described by percentile statistics, which are not
very sensitive to possible erroneous results in
observations. In Tables 3 and 4, a summary of
statistics is presented. Before statistical analysis,
to suppress short turbulence-time-scalevariations
in observations, the averages of the measured
quantitieswere cal culated around the arrival time
of trajectories over forty minutes (aerosol parti-
cle concentrations) to hourly (all other quantities)
period.

Meteorology
Wind direction

Measurements of wind direction in Hyytidd and
Vérrié were compared with the directions of ar-
riving trajectories. The wind direction was meas-
ured at 50 meters height in Hyytidla and at 10
meters height in Varrio. The trgjectories arriving
at Hyytidla and Varrio on the 925-hPa pressure
level were used. The corresponding height de-
pends on surface pressure and is about 600 me-
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ters when surface pressure is 1000 hPa.

Intheboundary layer thewind directionisnot
generally constant with height. Frictional forces,
temperature advection, and topography affect the
wind direction. Because boundary layer friction
decreaseswith height, wind direction tendsto turn
clockwise with increasing height in the northern
hemisphere (Holton, 1992). Cold and warm air
advection cause counterclockwise and clockwise
turning of wind direction with height, respectively.
At Hyytidla the wind direction was generally by
20-30 degreesmoreat 925-hPapressurelevel than
at 50 meters height. Thisdifference was quitein-
dependent of thewind direction. At Varrio, how-
ever, the respective difference was dependent
strongly on the wind direction. This implies the
effect of local topography on the wind direction
close to the surface.

Temperature

Inwinter and in spring, the lower temperaturesin
Hyytid & corresponded to northeast and southeast
air masses. This did not apply to the spring sea-
son in Varrio (temperatures for winter were not
available). In summer, theair coming from south-
east and southwest was generally warmer, and the

Table 2. List of parameters and observation levels at the SMEAR stations, relevant to current study.

Parameter Measurement level, SMEAR | Measurement level, SMEAR Il
Wind direction 10m 50m
Temperature 15m 67 m
Global radiation 15m 15m
UVA and UVB 15m 15m
RH 67 m
O, 15m 67 m
NO, 15m 67 m
SO, 15m 67 m
H,O 67 m
Co, 67 m
Particle concentration 15m 2m
Size distribution (3—-500 nm) 2m
Exchange CO,, H,0, NO,
and O; by shoots Canopy top Canopy top

Turbulent fluxes of momentum, heat,
CO,, H,0 and aerosol particles
(bigger than 10 nm in diameter)
by eddy covariance

23.3mand 46.0 m
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Table 3. Percentile statistics for parameters measured at Hyytidla corresponding to trajectory arrival classes
during different seasons.

Percentile Winter Spring Summer
I Il 11 \% Il 11 \Y, Il I \%
Temperature (°C) at 12 UTC
10 -11  -18 -18 -6.2 -38 -59 47 10 132 110 147 135
25 -6.3 -15 -14 -2.8 05 -43 -16 25 142 147 164 154
50 -27 9.7 -71 0.0 58 4.0 3.1 8.0 16.7 16.7 194 184
75 -0.2 -6.7 -39 1.6 11.0 8.5 6.8 120 184 193 260 212
90 14 -52 -01 3.0 15.8 9.8 153 145 211 214 272 240
Glob. rad. (Wm=) at 12 UTC
10 6 10 4 3 172 135 53 58 152 131 75 121
25 11 36 8 4 261 243 131 128 269 154 199 177
50 24 40 12 8 414 396 291 293 491 226 353 386
75 51 127 41 25 517 569 423 410 611 362 445 549
90 105 238 75 78 588 627 546 546 730 449 663 719
O; (ppb) at 00 and 12 UTC
10 218 237 123 122 354 266 320 314 225 169 229 253
25 270 261 201 174 378 315 384 354 265 232 276 324
50 298 300 242 232 413 396 449 423 293 309 364 36.9
75 350 353 277 29.0 452 411 521 493 348 353 459 4338
90 378 365 333 335 476 418 579 539 414 399 522 503
NO, (ppb) at 00 and 12 UTC
10 0.9 11 14 13 0.7 0.5 15 13 03 05 038 0.8
25 11 14 1.9 2.0 0.9 0.7 1.9 18 05 0.7 11 1.0
50 17 1.6 2.9 2.9 1.2 0.9 2.6 27 038 0.9 14 13
75 2.6 25 4.4 4.4 17 17 33 41 11 12 1.6 1.6
90 4.0 3.7 6.7 6.9 2.6 2.3 4.7 5.5 14 14 1.8 23
SO, (ppb) at 00 and 12 UTC
10 0.1 0.1 0.5 0.1 0.1 0.1 0.2 01 01 01 01 0.1
25 0.1 0.1 0.8 0.1 0.1 0.2 0.6 02 01 01 01 0.1
50 0.2 0.7 1.3 0.3 0.2 0.5 11 04 01 01 02 0.1
75 0.6 1.2 2.6 0.7 04 07 1.6 0.8 02 0.2 05 0.2
90 11 2.2 43 15 0.9 13 21 14 03 03 07 0.4
H,O (gm~3) at 00 and 12 UTC
10 23 14 14 3.8 2.3 19 25 45 6.8 81 93 108
25 3.3 1.8 1.9 4.9 3.1 2.3 3.0 53 87 9.8 119 116
50 4.4 25 31 6.0 45 31 4.1 6.9 104 111 139 13.0
75 55 3.8 41 6.5 56 41 6.2 87 118 131 16.3 143
90 6.2 4.2 5.2 7.1 6.3 6.9 77 101 127 139 176 165
CO, (ppm) at 00 and 12 UTC
10 356.9 359.3 363.7 360.7 355.9 355.2 359.0 360.6 349.6 350.2 349.8 3515
25 3619 360.4 365.3 365.1 358.8 357.1 362.0 361.9 353.1 3529 354.1 355.1
50 364.5 364.1 369.0 369.1 363.1 363.9 369.2 368.5 358.4 356.9 360.1 360.2
75 367.8 367.6 372.0 3725 367.2 367.9 372.2 371.8 365.9 360.9 365.5 365.7
90 370.0 368.4 3759 376.1 370.0 369.1 373.9 374.6 369.0 364.3 369.8 370.9
Aerosol number concentr. (cm=3) at 12 UTC
10 821 399 685 707 1380 429 1390 1240 1340 688 970 1390
25 997 873 1060 1030 2270 995 2080 1620 2070 933 1330 1870

50 1510 1050 1410 1480 3290 1160 3490 2870 3310 2010 2160 2230
75 2030 1590 2030 2160 6090 1710 4650 3910 5000 2850 2610 2960
90 2830 2580 3310 2610 9370 3920 7090 4160 5860 4140 2800 3520

continued
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Percentile Winter Spring Summer
| I 1] v | Il 1] v | Il 1 v
Nucleation mode number concentr. (cm=) at 12 UTC
10 0 0 0 0 14 0 0 0 0 0 0 0
25 12 33 13 16 199 59 2 0 0 14 0 0
50 105 76 60 85 846 238 49 80 20 54 31 52
75 495 293 108 296 2360 556 431 261 388 130 48 195
90 644 542 281 776 3950 3520 2050 843 452 218 121 613
Aitken mode number concentr. (cm=3) at 12 UTC
10 347 236 162 168 438 207 24 49 0 227 0 57
25 608 373 364 323 674 376 334 305 207 270 503 600
50 755 634 645 750 1250 533 838 646 895 867 695 942
75 1210 1110 1090 1030 2240 776 1430 1350 1270 1460 954 1220
90 1670 2130 1520 1430 3460 1030 1790 1790 3000 1620 1160 2030
Accumul. mode number concentr. (cm=3) at 12 UTC
10 46 85 289 185 64 87 136 39 0 95 0 199
25 94 154 368 296 109 169 467 233 74 161 131 387
50 214 267 464 418 284 272 709 540 208 493 509 547
75 347 360 715 706 381 351 1390 1130 458 986 721 978
90 443 429 1110 1030 895 422 3070 2710 650 1200 1470 1700
CO, exchange of shoot (g m2s™)at 12 UTC
10 0.12 0.12 0.09 0.05
25 0.16 0.14 0.10 0.12
50 0.19 0.17 0.18 0.15
75 020 0.22 0.21 021
90 022 0.22 0.22 0.23
H,O exchange of shoot (g m2s™) at 12 UTC
10 15 00 -038 0.0
25 2.3 0.1 1.6 1.8
50 5.2 44 81 5.7
75 7.9 8.7 105 8.7
90 10.0 115 119 106
O, exchange of shoot (hg m2s™)at 12 UTC
10 49.1 29.0 424 494
25 57.1 571 519 5838
50 640 738 783 752
75 79.0 857 854 8438
90 86.9 97.8 100 92.8
NO, exchange of shoot (ng m2s™?) at 12 UTC
10 21 -33 01 -06
25 34 -08 02 1.2
50 5.6 3.7 67 121
75 9.8 7.2 150 16.2
90 15.8 88 175 185
Aerosol particle number flux (10® m=2s) at 12 UTC
10 -61 -37 -7.2 -14 -51 -47 -25 -6.6
25 -29 -14 -48 -69 -51 -15 -96 -20
50 -95 -08 -13 -37 -20 -04 -16 -10
75 -43 01 15 -10 -1.0 24 -00 3.6
90 25 6.9 95 50 24 36 02 101
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Table 4. Percentile statistics for parameters measured at Varrio corresponding to trajectory arrival classes
during different seasons.

Percentile Winter Spring Summer
I 11/1b 1] v 11/Mb I \Y, 11/1b 1 \Y
Temperature (°C) at 12 UTC
10 04 -05 -06 -07 72 39 123 11.0
25 12 01 14 -01 96 7.8 129 134
50 3.3 17 31 32 122 119 169 165
75 6.3 4.2 6.8 56 158 16.2 195 20.2
90 95 75 130 7.7 201 19.0 248 239
Glob. Rad. (Wm=2) at 12 UTC
10 0 0 0 0 147 134 60 93 176 112 32 116
25 0 1 0 0 263 186 108 104 255 154 94 148
50 4 13 1 0 392 294 204 239 376 295 214 247
75 13 54 38 1 487 411 296 421 536 563 567 602
90 74 161 70 115 559 531 409 527 698 668 642 672
O; (ppb) at 00 and 12 UTC
10 331 286 187 229 327 257 371 385 213 212 192 243
27.2 23.6 21.3
25 358 315 238 254 384 295 394 424 241 247 247 279
32.2 314 245
50 395 359 298 296 423 372 431 447 298 284 275 378
36.2 39.4 29.1
75 42.0 409 370 380 457 436 504 471 340 30.2 359 447
39.6 41.8 30.6
90 435 422 402 406 480 49.1 526 534 357 334 381 508
43.9 43.9 37.1
NO, (ppb) at 00 and 12 UTC
10 0.0 0.0 0.3 0.1 0.0 0.0 08 04 00 0.0 00 0.0
0.1 0.0 0.0
25 0.1 0.2 0.7 0.4 01 01 09 05 00 00 01 0.1
0.2 0.2 0.0
50 0.2 0.4 0.9 0.7 02 03 12 08 00 0.0 02 0.2
0.4 0.3 0.1
75 0.3 0.6 1.2 1.0 03 06 15 11 01 01 04 0.3
0.9 0.5 0.3
90 0.6 0.8 1.7 1.3 05 09 1.9 18 0.2 02 04 0.4
15 1.0 0.4
SO, (ppb) at 00 and 12 UTC
10 0.0 0.0 0.8 0.1 0.0 0.0 02 00 00 0.0 0.0 0.0
0.3 0.0 0.1
25 0.0 0.5 1.6 0.1 01 01 06 01 00 01 01 0.1
1.0 0.2 0.2
50 0.1 14 2.0 0.3 0.2 1.0 09 03 01 03 01 0.2
2.6 0.5 0.4
75 0.5 2.7 3.2 0.5 0.3 15 16 05 0.2 08 02 0.3
5.8 14 0.7
90 13 4.3 4.2 0.8 08 31 3.0 19 04 12 0.2 0.4
11.3 3.2 1.5

continued
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Percentile Winter Spring Summer
| I/11b 1] \Y | l1/11b 1 v | I/11b 1] v
Aerosol number concentr. (cm=) at 12 UTC
10 813 382 882 707 1020 429 1430 2630 933 1200 1190 1410
399 555 935
25 949 524 1070 1060 2130 996 1430 2630 1790 1200 1190 2020
873 2070 1390
50 1510 1220 1430 1480 2930 1660 3270 3890 2670 2020 1470 2250
1520 3670 2240
75 2040 1540 1640 1710 5410 2300 3740 3960 3350 2020 1740 3360
2350 3930 3130
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northern air masses brought with them lower tem-
peratures.

Insummer, themediantemperaturein Hyytida
varied between 15 and 20 °C at daytime. At night,
the temperature was approximately 5 °C lower.
In winter, there was more variations in the data,
the median was between 0 and —10 °C at day and
at night. In VVarrio, the median varied between 12
and 17 °C in summer at day and was again lower
at night.

Radiation

The global radiation statistics were evaluated for
12 UTC (Fig. 3). Thelowest radiation fluxes dur-
ing all seasons corresponded to trgjectories arriv-
ing from southwest (111) and southeast (1V) sec-
tors. This reflects the higher cloudiness associ-
ated with these air masses. An exception was the
summer season in Hyytidla, when the lowest ra-
diation values were measured during the air
masses of northeast origin (sector 11). However,
in winter this was the direction which gave the
highest global radiation values, in Hyytida and
Varrid 90th percentiles were about 250 and 160
W mr2, as compared with about 100 W mr2 corre-
sponding to other sectors. The contrast between
thesewinter and summer radiation valueswasac-
companied by a similar contrast in surface pres-
surevalues, whichindicatesthat prevailingly high

and low pressure weather systems corresponded
toair massesarriving from sector Il in winter and
summer, respectively. The seasonal migration of
weather systems hasto be responsiblefor this. In
spring, which isthe season of frequent nucleation
events as will be seen later, the highest radiation
corresponded to northern air masses (sectors| and
.

The UV-A and UV-B radiation statistics be-
haved similarly to global radiation (not shown).
The median of UV-A radiation in summer in
Hyytida was 25-35 W m2 and in Véarrio 15-25
W mr2. In both cases, UV-A radiation intensity in
winter was only few watts per square meter. The
median of UV-B radiation datain Hyytidlain sum-
mer was 1-1.5 W m? and in V&rio 0.6-1.1 W
2. In winter it was less than 0.05 W n12,

Relative humidity

Relative humidity was measured only in Hyytida
In spring and in summer, the median of RH was
50%—70% at daytime, and higher at night. In win-
ter, it was nearly 100%, and the variation of the
relative humidity was much smaller than during
other seasons. This was due to the low saturation
vapour pressure. Back trgjectory direction did not
have a clear connection to relative humidity, ex-
cept at daytimein spring and in summer the humid-
ity was higher during southwest winds (sector 1V).
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Gases

The O,, NO, and SO, concentrationsdiscussedin
this section were measured at both the sites. The
water and carbon dioxide concentrations were
analysed only for Hyytidla measurements.

Ozone

A seasonal cycle in ozone concentrations was
observed. At both the sites the highest ozone con-
centrations were measured in spring and the low-
est in winter (Fig. 4). For example, the seasonal
mediansin Hyytidlawere 27.2 ppb (winter), 44.1
ppb (spring) and 34.6 ppb (summer). Scheel et al.
(1997) reported similar behaviour in seasonal dif-
ferences of O, the average concentration in Uto
Island (59.8°N, 21.4°E, 7ma.s.l) was27.0 ppbin
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Fig. 3. Global radiation in Hyytidla (left) and Varrid
(right) at 12 UTC, classified according to trajectory
sectors (see Table 1) and seasons. The presented
statistics are the 10th, 25th, 50th, 75th and 90th per-
centiles.

winter and 40.8 ppb in summer over the period
1989 to 1993.

In winter, the higher O, concentrations both
in Hyytidla and Varrid corresponded to trajecto-
riesfrom sectors| (the Arctic Ocean) and |1 (north-
west Russia). Onthecontrary, in spring therewere
observations of higher O, concentrations from
sectors |11 (south-west Russia, including St.
Petersburg’' sarea) and 1V (Central Europe), even
though the distributions were rather wide. Also
Beine et al. (1996) observed higher ozone con-
centrationsat Ny-Alesund Zeppelin mountain sta-
tion (78°55'N, 11°53'E, 474 ma.s.l) inair masses
from Russiaand Western Europe during the spring
season in 1994. Thisis consistent with the results
of Laurila (1999) and Simmonds (1997) on the
behaviour of continental Europe as a source and
sink of O, in summer and winter, respectively. In
winter the polluted air masses (sectors |l and 1V)
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act asasink for O, and in spring when the photo-
chemical reactionsstart to play animportant role,
the polluted air masses behave also as a source
for O, (for chemistry see Seinfeld and Pandis 1998,
Finlayson-Pitts and Pitts 2000). Thus the biggest
seasonal variation between the winter and spring
O, concentrations was from sectors |11 and V.

In summer, ozone concentrations were |ower
thanin spring, being highest from sector IV (Cen-
tral Europe) in Varrié and also from sector 111
(south-west Russia) in Hyytidla In summer, when
the photochemical radical productionisnot alim-
iting factor asin winter, ozone productionismore
sensitiveto NO, concentrations (Kleinman 1991).
The NO, concentrations were lowest in summer
(Fig. 5). Also thedry deposition velocity onto the
vegetation is higher in summer due to stomatal
activity.

Only asmall difference between the nighttime
and daytime values of ozone were observed dur-
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Fig. 4. O; concentrations in Hyytidla (left) and Varrio
(right), classified according to trajectory sectors and
seasons. The presented statistics are the 10th, 25th,
50th, 75th and 90th percentiles for the observations
both at 00 UTC and 12 UTC.

ing all seasonsin Varrio, but in Hyytidlathe diur-
nal cyclewas clearly seen, especially in summer.
At night the concentration decreases because of
deposition and limited transport from above due
to stablestratification, but at day O, istransported
from above due to intensive mixing and there is
additional photochemica production of O; (see
also e.g., Lopez et al. 1993). The difference be-
tween Hyytidld and Vérrié can be explained by
the same mechanisms: larger deposition due to
vegetation characteristics and more photochemi-
cal production due to higher NO, concentrations
in Hyytida

Nitrogen oxides
Maximum NO, concentrations were observed in

winter and spring at both the sites (Fig. 5). The
lowest seasonal NO, concentrations were meas-
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ured in summer, whenin Vérrid the concentrations
were close to the detection limit (0.1 ppb). The
seasona cycle can partly be explained by differ-
encesin atmospheric mixing during thelong-range
transportation and partly by an increase in emis-
sions from closely located sources during winter
months (e.g. an increase in energy consumption
due to heating). A clear southward NO, gradient
was observed when comparing the concentrations
at two sites. Thisisin agreement with the observa-
tionsin Norwegian Arctic (Solberg et al. 1997).
The highest NO, concentrations were meas-
uredinair massesarriving at Hyytidldand Varrio
from more polluted continental Europe, i.e. from
south-west Russia (111) and from Central Europe
(IV). Then the measured concentrations were ap-
proximately twice as high asthose from sectors|
and Il. This was a trend observed regardless of
the season. Similar air mass dependence was ob-
served in Norwegian Arctic in spring 1994

(Solberg et al. 1997). The concentrations in
Hyytid & were two to four times higher than the
concentrations in Varrié because of the smaller
distancetotheindustrial sources, especialy in St.
Petersburg's area southeast of Finland. The air
fromthe Arctic Ocean brought especially low NO,
concentrations to Varrio.

No significant diurnal variation in NO, con-
centration was found in Varrio. However, in
Hyytidathe daytime concentrationsweredightly
higher than the nighttime ones in winter, espe-
cialy in cases when the air masses came from
sectors| and V.

Sulphur dioxide
Thehighest SO, concentrationswere observed in

winter at both the stations, and the lowest con-
centrations in summer (Fig. 6). This can be ex-
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plained by human activities (burning of fossil fu-
els) and an increased transport range due to the
lack of photochemical transformation of SO, and
lessmixing with the higher atmosphereinwinter.

The concentrations arriving from the Arctic
Ocean (sector I) were very low at both measure-
ment sitesall over theyear (Fig. 6). Also the con-
centrations from Central Europe (1V) were quite
low. The highest concentrationsin Hyytidlawere
measured throughout the year in air masses com-
ing from south-west Russiaand theindustrial dis-
trict in St. Petersburg region (l11). In Varrio, the
highest concentrationswere detected in air masses
coming from Russia: from Kola Peninsula (I1b)
in winter and summer, and from Russia (sectors
I1and I11) in spring.

InVéarrio, theconcentrationsfromareall were
much higher than in Hyytidla. Some very high
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Fig. 6. SO, concentrations in Hyytiéla (left) and Varrié
(right), classified according to trajectory sectors and
seasons. The presented statistics are the 10th, 25th,
50th, 75th and 90th percentiles for the observations
both at 00 UTC and 12 UTC.

peaks were seen when air masses passed through
the industrial area of Kola Peninsula (I1b) espe-
cialy inwinter (90th percentilevalue near 12 ppb).
High peakswereal so observedin spring and sum-
mer. No significant diurnal variation in SO, con-
centrations was found.

Water

Seasonal variation in water concentration shows
that high values (median over al trgjectory classes
11.8 g m®) were measured in summer and low
values (median 4.2 g m™) in winter. In winter,
and in spring air masses containing more water
arrived mainly from sectors IV and | (Central
EuropeandtheArctic Ocean, Fig. 7), asexpected.
In summer, the highest water content of air came
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from sector |11 (south-west Russia), with water
concentrations more than four times as high as
wintertime concentrations from the same area.
Furthermore, the lowest values were measured
from sector | (the Arctic Ocean). No significant
diurnal variationin air water content was observed.

Carbon dioxide

In winter and in spring, high CO, concentrations
come to Hyytida from sectors |11 and IV (south-
west Russia and Europe) (Fig. 8). Thisisavery
common feature for pollution-related gases. CO,
emissionsto the atmosphere are dueto burning of
fossil fuelsand biomass. In winter and spring, the
median CO, concentration was about 369 ppm
from sectors |11 and V. The air masses from the

other sectors brought approximately 364 ppm. In
summer, thevalueswerelower thanin winter and
in spring.

Also the forest-atmosphere CO, exchange is
important for the concentrationsin Hyytidla Gen-
eraly the respiration of the ecosystem is higher
in autumn because of the higher temperature, and
depressed inwinter when thetemperatureislower.
In autumn, the forest becomes a source of CO, to
theatmosphere, and startsto act asasink in spring,
when daily photosynthesis exceeds respiration.
Therefore, in summer the median of carbon diox-
ide concentration over all trgjectories and arriva
times was about 359 ppm and at other seasons it
was about 366-367 ppm. For the same reason,
the concentrations at night were higher than at
day, except in winter when the values were al-
most the same. In summer, the median CO, con-
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centration was about 364 ppm at night and 355
ppm at day.

Aerosols

The aerosol concentrations in Varrio were typi-
cally smaller than in Hyytidla (Fig. 9). The
nighttime concentrations were somewhat smaller
than daytime concentrations at both the sites. The
wintertime concentrations were significantly
smaller than the spring and summer concentra-
tions. In spring, the highest concentrations oc-
curred in air masses from sector | and were re-
lated to nucleation events. Beine et al. (1996)
observed lowest aerosol particle concentrations
in Arctic air masses during the spring of 1994 at
Ny-Alesund Zeppelin mountain station (78°55'N,
11°53E, 474 m asl). This might indicate the
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Fig. 8. Carbon dioxide concentrations in Hyytiala
classified according to trajectory sectors and seasons.
The presented statistics are the 10th, 25th, 50th, 75th
and 90th percentiles for the observations both at 00
UTC and 12 UTC.

importance of biological factor in particle forma:
tion events.

Nucleation events are observed quite oftenin
Hyytida and also in Varri6. Fig. 10 presents the
fraction of trajectories accompanied with nuclea-
tion burstsfor different sectors. Note that the low
number of observed events can lead to unreliable
results (particularly true in the winter plot). The
highest fractionswere observed in springtime for
air massescoming fromsectors| and |1 to Hyytida
(almost 0.25) and to Véarrio (around 0.1). In sum-
mer, the fractions were significantly smaller than
in spring. In winter, no nucleation events were
observed in Varrio.

The modal aerosol concentrations, obtained
from the size spectrum measurementsin Hyytid g,
were investigated. Modal structure of the aero-
solswas analysed by fitting two or three (depend-
ing on the concentration of smallest particles) log-
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normal modesto the measured particle size spec-
trum. From this data the concentration in each
mode (nucleation, Aitken and accumulation
modes) was calculated. The concentrations were
calculated for each trgjectory arrival time as an
average over 40 minutes period.

The nucleation modeis defined asthe small est
mode with amodal diameter lessthan 20 nm. The
daytime nucleation mode had the highest concen-
tration in spring (Fig. 11), particularly when the
air was coming from the Arctic Ocean sector. The
nighttime concentrations were always low.

The Aitken mode concentrationsdid not seem
to vary much according to the sector of air origin
(Fig. 11). The air masses from south-west Russia
(111 and Central Europe (1V) sectorsclearly domi-
nated the accumul ation mode concentrations, ex-
cept in summer, when also sector |1 had quitehigh
concentration values.
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Fig. 9. Total aerosol number concentration measured
in Hyytiala and Varrio at 12 UTC, classified according
to trajectory sectors and seasons. The presented sta-
tistics are the 10th, 25th, 50th, 75th and 90th percen-
tiles.

Chamber measurements

Gas exchange of pine shoots was measured dur-
ing summers 1998 and 1999 in Hyytidla and
Varrid. The gas exchange measurements allowed
us to study the net CO, exchange, the transpira-
tion, the NO, exchange, and the O, deposition on
the shoot.

No significant variation of photosynthesis ac-
cording totrajectory directions could be seen (Fig.
12). The main controlling environmental factor
for photosynthesisisradiation. However, over two
summersfactors other than radiation affected the
CO, exchange and the correspondence with ra-
diation (see Fig. 3) could not be observed. The
photosynthesisand transpirationin Hyytidlawere
approximately twice as large as in Varrio (not
shown). In Hyytidla, the nighttime transpiration
values were practically zero and the net CO,-ex-
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change was slightly negative, indicating respira-
tion instead of photosynthesis. In Vérrio, the
nighttime values of photosynthesisand transpira-
tion were often small but positive because of bright
nights.

The ozone deposition was stronger when air
arrived fromsectorslll and IV, when a so thehigh-
est O, concentrations were observed. No connec-
tion between the O, deposition and radiation was
observed. However, theNO, emissionswerelarg-
est for the Central Europe direction (sector 1V),
and the pattern of the NO, emission statistics ac-
cording to trajectory origin was similar to radia-
tion. Therewasvirtualy noNO, emission at night.

Fluxes

Theturbulent fluxes of momentum, sensible heat,
water vapour, carbon dioxide and aerosol parti-
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Fig. 10. Fraction of analysed trajectories arriving at
12 UTC that accompanied with nucleation events in
Hyytiéla (left) and Varri6 (right) according to trajectory
sectors during different seasons. The numbers of tra-
jectories are the same as in Fig. 2.

cles, measured in Hyytida by the eddy covariance
technique, wereclassified according to thetrajec-
tory origin.

The sensible heat fluxes behaved similarly to
global radiation vaues shown in Fig. 3, as ex-
pected. As a feature in winter, the sensible heat
fluxes within sector 111 air masses were predomi-
nantly upwards, while sensible heat wasfrequently
transported also downwards during the other air
masses. This is explained with the colder (rela-
tive to the surface) continental air arriving from
sector |11. The sensible heat fluxes at night were
towards the surface and small compared to day-
time values.

The absorption of momentum by the surface
is determined by local characteristic, the aerody-
namic roughness of the surface, and by the driv-
ingforce, thelarge-scaleair flow. Thedifferences
inmomentum flux reflected the differencesin pre-
vailing synoptic situations, accompanying with



BOREAL ENV. RES. Vol.5 -

Winter

A

10

Modal number concentration [cm=3]

10

I Il \
Sector

Cr
TN
N

Modal number concentration [cm3]

1] 1] v
Sector

tragjectory sectors. The momentum fluxes were
significantly lower at night compared to daytime
values during spring and summer seasons.

The water vapour flux was almost always up-
wards, and the rare negative values were close to
zero. During the growing season, the main con-
tribution to water flux comes from transpiration
by trees, which is linked to their photosynthetic
activity and ambient relative humidity. In winter,
thewater fluxeswere small and rather well corre-
lated with global radiation. The pattern was simi-
lar also for the spring and summer seasons.

In winter, the forest is a small source of CO,
to the atmosphere. In spring, the highest CO, up-
take occurred during northeast air origin. Thehigh
radiation corresponding to the Arctic Ocean tra-
jectories (see Fig. 3) accompanied probably with
low temperatures, and was not so favourable for
photosynthesis. In summer, the CO, uptake was
relatively evenfor all sectors, although therewere
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Fig. 11. Classification of number concentrations of
nucleation (left), Aitken (middle) and accumulation
(right) mode particles in Hyytiala at 12 UTC according
to trajectory sectors and seasons. The presented sta-
tistics are the 10th, 25th, 50th, 75th and 90th percen-
tiles.

significant differences in global radiation. This
was similar to CO, exchange of shoots (Fig. 12).

The particle fluxes were available only for
spring and summer seasons, from March to Au-
gust. In the analysis the cases corresponding to
local wind direction between 220 and 260 degrees
were neglected as possibly affected by local pol-
lution sources (the station buildings). Negative
flux values correspond to the deposition of parti-
cles. The statistics have been obtained from lim-
ited number of cases for each sector: 20, 26, 20
and 38 together for spring and summer seasons
for the sectorsfrom | to 1V, respectively. Sector |
differs clearly from others:. the trgjectories arriv-
ing from the Arctic Ocean often brought nuclea-
tion events with them, and large downward parti-
cle fluxes were associated with the events (Fig.
13). For the spring period, only one observation
of alarge particle flux shifted the 10th percentile,
corresponding to sector Il trgectory, to a large
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Fig. 12. Photosynthesis, transpiration, O, deposition and NO, emission from/to pine shoot per unit needle area
in Hyytiala at 12 UTC during the summer season, classified according to trajectory origin. The presented statis-

tics are the 10th, 25th, 50th, 75th and 90th percentiles.

negative value. In summer, the statistics corre-
sponding to southeast trajectories (sector 11)
reflect presence of large negative fluxes, charac-
teristic to nucleation events. These correspond
however only to 7 cases, three of which were
smaller than -5 x 10° m2 s™.

Conclusions

In winter, the air masses from over the northeast
and southeast Russia (sectorsil and 111; seeTable
1 for sectors) brought lower temperatures, which
wasnot the casein summer. |n summer, the south-
ern air masses were the warmest. The highest ra-
diation fluxes in winter were observed during
airflow from northeast (sector 1), which corre-
sponded in summer to lowest short wave radia-

tioninputin Hyytid, but notin Véarrio. Thehigh-
est radiation in summer was observed during the
air masses from the Arctic Ocean. In spring the
highest radiation corresponded to northern air
origins (sectors | and I1). The high radiation was
related typically to low cloudiness arriving from
these sectors. In these airflows also nucleation
events occurred frequently. In spring and sum-
mer the relative humidity was higher in south-
west airflow and lower in the air from the Arctic
Ocean.

According to concentrations of tracers of air
pollution in air masses, the sectors can be corre-
spondingly divided into typically clean sectors(l
and I1) and polluted sectors (111 and V). South-
west Russia together with the industrial district
of St. Petersburg is located in sector 111 and the
polluted areas of Central Europe in sector 1V.
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Fig. 13. Particle number fluxes measured in Hyytidla at 12 UTC as classified according to air mass sectors and
seasons. The presented statistics are the 10th, 25th, 50th, 75th and 90th percentiles.

What it comesto ozone concentrations, therewas
aclear difference between clean and polluted air
masses. |n wintertime the polluted air acts as a
sink for ozone and in spring and summertime
mainly asasource. Therefore, theair massesfrom
sectors 111 and IV brought to both Hyytidla and
Varrio high O, concentrationsin spring and sum-
mer, and low concentrations in winter. Consist-
ently, also higher depaosition of O, on pine shoots
was observed in summer during the flow from
sectorslil and V. Regardless of the season, these
air masses contained the highest NO, levels. The
NO, concentrations in flows from these sectors
were amost twice as high as in flows from sec-
tors| and I1. The SO, concentrations in sector 1V
air masses were quite low. The highest SO, con-
centrations were measured in Hyytida in air
masses from south-west Russia (111). In Varrio
the highest SO, concentrations were detected in
air masses arriving from Russia: from south-west
Russia(I11) inwinter and in spring, but also from
northern Russiaand KolaPeninsula(ll). InVarrio,
the SO, concentrations from area Il were much
higher thanin Hyytidl4 and somevery high peaks
were observed in winter when air masses passed
through the industrial area of Kola Peninsula.
Someclear differencesalsoin aerosol proper-
tiesbetween clean and polluted air were observed.
In polluted air masses accumulation mode con-
centrations were higher. The analysis of nuclea-
tion events showed that nucleation typicaly oc-
curred in clean air masses. |n spring, the nuclea-
tion occurred in about 25% of cases in Hyytidéa

and about 10% of casesin Varrié when air mass
originated from clean sectors. The frequency of
nucleation events corresponding to polluted air
sectors was much lower. During the nucleation
events large downward aerosol particle number
fluxes were measured.

Although there were some differences in air
mass characteristics in Hyytidla and Varrio, the
overall behaviour was similar at both the sites.
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