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1. INTRODUCTION

1.1. Background

The acid deposition problem can be defined as a situation in which the deposition of the acidifying
compounds is higher than the level that does not cause harmful effects to humans, ecosystems or
materials. The reason for acid deposition are the anthropogenic and natural emissions of sulphur
dioxide and nitrogen oxides. The main sources of the anthropogenic emissions are fossil fuel
consumption and industrial processes.

The harmful effects of acid deposition were recognised in e.g. the United Kingdom centuries ago,
but a true understanding of this phenomenon first started to develop in the 1950’s (Seinfeld and
Pandis, 1998; Oden, 1968).

The atmosphere is an effective oxidizing medium, where the emitted compounds readily undergo
reactions to oxidize further to sulphate and nitrate. Both gas phase and liquid phase reactions in the
atmosphere are important routes to the acidic sulphate and nitrate products. The atmospheric
chemistry associated with the acid deposition process, especially the part starting with nitrogen
oxide, is complex. Fig. 1. shows schematically the atmospheric cycles of the sulphur and nitrogen
compounds. The reactions are controlled by many factors in the atmosphere, both chemical and
physical, e.g. the concentrations of the oxidising agents (O, OH, Ogz), the concentration ratios of the
different air pollutants, and the acidity of the liquid water associated with particles and humidity.
(Seinfeld and Pandis, 1998). The oxidized sulphur and nitrogen compounds can exists either in
gaseous form, bound in particles, or dissolved in rain water.
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Figure 1. Atmospheric cycles of sulphur (a) and nitrogen (b) according to Seinfeld and Pandis
(1998) and Berresheim et al. (1995). H,S, DMS, CS, and OCS are sulfides.

The primary emitted oxides and their reaction products are transported with the air flows and
simultaneously removed from the atmosphere by the dry and wet deposition processes. The dry
deposition rate of the gaseous and particulate compounds is controlled by the physical and chemical
characteristics of the compound, the properties of the surface and the state of the atmospheric



8

boundary layer. (Sehmel, 1980; Wesely and Hicks, 2000). Wet deposition is naturally highly
affected by the amount of precipitation, but also the type of the aqueous phase (e.g. liquid water,
snow or ice). Wet deposition removes the acid components from the atmosphere by several
processes, which occur both in clouds and below clouds. The atmospheric lifetimes of sulphur
dioxide (SOy), nitrogen oxides (NOy) and their oxidation products are of the order of a few days
(Schwarz, 1979; Levine and Schwarz, 1982; Logan, 1983), thus leading to mean transport distances
of 400-1200 km (Seinfeld and Pandis, 1998).

Ammonia (NHs) and other atmospheric basic compounds, such as calcium (Ca®"), sodium (Na"),
potassium (K*) and magnesium (Mg?"), neutralize part of the acidic compounds. Ammonia is highly
reactive and it is removed from the atmosphere via reactions with sulphate or nitrate (Seinfeld and
Pandis, 1998). Ammonium (NH,4") has also a potential acidifying influence if the ion is deposited in
an ecosystem which is nitrogen saturated. Under such circumstances NH," will be oxidized to
nitrate (NO3") (Reuss and Johnson, 1986). The deposition of the alkaline metals provides the ions
for neutralising the input of acidity, and they might compensate for part of the buffering capacity
lost in the acid deposition. Thus, the emissions of the base compounds also play an important role in
the chemistry of acid deposition.

The components NHs/NH;*, SO,/SO,* and NO,/NOs;/HNO; interact with each other in the
secondary atmospheric aerosol formation resulting in differences in the formation of fine and coarse
particulate matter and — due to their different sizes — in different atmospheric life times and
consequently different long range transport. Furthermore, different precursor compositions will lead
to different rates of aerosol formation. Sulphate and ammonium react readily and are mainly found
in fine particles; they might be transported to Finland from a long distance, but also from nearby
areas (Pakkanen et al., 1999). A large part of the nitrate is carried to Finland with maritime air
masses in coarse particles, which deposit faster and can not be of distant origin (Kerminen et al.,
1997). The formation of NH4NO; in fine particles needs excess ammonia compared to sulphate
(Pakkanen et al., 1999) and is favoured in cool and humid conditions (Kerminen et al., 1997). Thus,
many factors, besides the primary emissions, affect the observed concentrations and trends of the
compounds involved in the acid deposition process, including their relative concentrations in the
atmosphere, the reversible nature of some of the reactions and the meteorological situation.

Harmful effects are caused by the acid deposition through the acidification of surface waters and the
forest soil and damages to the vegetation and materials. Acidic deposition reduces the base
saturation of the soil and may also in the long term reduce the pH of the soils. Acidic deposition
may also lead to a decrease in the pH of the surface waters in areas where the soil has a low
buffering capacity. Soil acidification may lead to the release of inorganic aluminium, known to be
toxic to plant roots and to fish. Critical chemical processes occur in the soil (Reuss et al., 1987),
since a major part of the air pollutants passes through the soil before entering the surface waters
(Mannio, 2001).

1.2. International measures to solve the acid deposition problem

The long-range transport of acidifying components has been a severe environmental problem in
Finland and the other Nordic countries for decades. In other parts of Europe the damage caused by
acidifying compounds to natural ecosystems has likewise given rise to concern. A West-Europe
wide monitoring of acid deposition was conducted in the early 1970’s under the Organization for
Economic Cooperation and Development (OECD). International negotiations on emission
reductions resulted in the signing of the Convention on Long-range Transboundary Air Pollution
(CLRTAP) under the UN Economic Commission of Europe (UN/ECE) in 1979 (UN/ECE, 1996).
Under CLRTAP, the first sulphur protocol was signed in 1985; the signatories agreed to reduce the
sulphur emissions to 30 % of the emissions in 1980 by 1993. A new protocol to further reduce the
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sulphur emissions in Europe followed in 1994. The protocol to control the emissions of nitrogen
oxides and their transboundary fluxes, signed in 1988, requested that the nitrogen oxides emissions
in 1994 should not exceed those in 1987. Finally, in 1999, the Gothenburg Protocol to abate the
acidification, euthrophication and the ground-level ozone was signed. This multi-pollutant/multi-
effect concept makes it possible to analyse the multiple environmental impacts of the emission
controls of the four pollutants considered: sulphur dioxide, nitrogen oxides, ammonia and volatile
organic compounds. The second sulphur protocol and the Gothenburg Protocol are based on the
critical loads concept. Critical loads are generally defined as: “a quantitative estimate of exposure to
one or more pollutants below which significant harmful effects on specified sensitive elements of
the environment do not occur according to present knowledge” (Nilsson and Grennfelt, 1988).

The signatories of the CLRTAP have agreed to cooperate in research and monitoring. In the
beginning the EMEP programme focused on assessing the transboundary transport of acidification
and euthrophication, later on other compounds were added to the programme. The task given to
EMEP is to provide qualified scientific information on the geographical distribution and trends of
the acidification. Within the EMEP programme the key variables of the acidification issue are
determined both by frequent monitoring and detailed modelling. For the monitoring of the effects of
the main air pollutants, the operation was conducted under the Working Group of Effects.
Estimation of the critical loads of acidification and their exceedance is also a task of one of the
International Cooperative Programmes under the Working Group on Effects.

The acidifying load can be transported thousands of kilometers. In order to improve the situation,
one needs to know the emissions and the transboundary transport of acidification widely.
Monitoring is needed to verify that the commonly agreed emission reductions lead to satisfying
results regarding the acidification. The components included in the acidification chemistry have to
be assessed extensively, and reliable monitoring and modelled data are needed on all those of high
importance to the problem.

The international and domestic targets might be partly different, and thus domestic studies of the
situation are important. For Finland, the CLTRAP has greatly contributed to improve the
acidification situation from the level of the 1980’s. In addition to this, the Finnish activity in this
international cooperation has been intense and successful.

1.3. Acid deposition in Finland - a historical perspective

The early monitoring of the background air quality in Finland, covering many stations and a long
time period, is reported to have been conducted within the international IMI network
(Internationella Meteorologiska Institutet). (Kulmala et al., 1982). The monitoring was initiated by
the Stockholm University in the 1950°s and covered several Western European countries. In
Finland, the Institute of Marine Research performed the early measurements, whereafter the activity
was transferred to the Finnish Meteorological Institute in 1976.

The concern for the acidifying compounds and their harmful effects in the Nordic countries led to
the establishment of the international monitoring programme LRTAP (Long-Range Transport of
Air Pollutants) within the OECD Organisation in the beginning of the 1970’s. Since then, the first
increasing and later decreasing acid deposition has been widely studied.

In Finland the monitoring of acid deposition has been performed within several international
programmes since the early 1970’s: the UN ECE EMEP programme (United Nations Economic
Commission for Europe, European Monitoring and Evaluation Programme) (the successor of the
LRTAP programme), the WMO BAPMoN (World Meteorological Organisation Background Air
Pollution Monitoring Network) and GAW (Global Atmosphere Watch) programmes, the UN ECE
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IM (Integrated Monitoring) programme, the Baltic Marine Environment Protection Commission
programme and, in the Arctic areas of Finland, the AMAP (Arctic Monitoring and Assessment
Programme). Domestic measuring programmes for air and precipitation quality of the Finnish
Meteorological Institute and the Finnish Environment Institute have supplemented the above
mentioned measurements to cover the whole country. Within the UN ECE IM programme
monitoring of the air quality in the forests has been performed by the Finnish Forest Research
Institute. Starting in the 1970’s, intensive assessments of the acid deposition in Finland have been
performed, focusing on changes in the measured air concentrations and depositions and the origin
of the pollutants (e.g. Jarvinen and Haapala, 1980; Kulmala et al., 1982; Joffre et al., 1990; Jarvinen
and Vénni, 1990; Kulmala et. al., 1990; Laurila, 1990; Kulmala et al., 1998; Ukonmaanaho and
Raitio, 2001).

Matematical models have been developed to simulate the transport and deposition of the acidifying
compounds. The Finnish acid deposition situation has been simulated as a part of the European
wide modeling by models developed in the international programmes (Simpson et al., 2003).
Several studies focusing more on the Finnish perspective and the factors specifically affecting the
Finnish contribution have been published (e.g. Johansson et al., 1990; Tuovinen et al., 1990; Syri et
al., 1998; Hongisto, 2002 and Hongisto et al., 2002).

During the 1980’s, the alarming news of the serious forest decline in Central Europe caused
increased concern of the harmful effects of acid deposition in Finland, which led to the
interdisciplinary Finnish Acidification Research Programme (HAPRO) during 1985-1990 (Kauppi
et al., 1990). Several studies have been published on the harmful effects on water (Forsius et al.,
1990; Rask and Tuunainen, 1990; Mannio, 2001), forests (Nissinen and Illvesniemi, 1990;
Ukonmaanaho and Raitio, 2001; Ukonmaanaho, 2001) and groundwater (Soveri and Ahlberg, 1990;
Backman et al., 1999). In the 1990’s, the harmful effects of the emissions from the Kola Peninsula
were investigated in an other extensive programme, the Lapland Forest Damage project (Tikkanen
and Niemeld, 1995).

In Finland, the Air Pollution Control Act and later the Environmental Protection Act have been the
instruments in preventing air pollution. In addition the Council of State has issued regulations and
guidelines on the air quality, the emissions, the composition of products and reductions of the use
and import of products. In the 1990’s, the transboundary air pollution became a subject of
cooperation within the European Union, resulting in the National Emission Ceilings Directive in
2001. (Ministry of the Environment, 1989 and 2002).

1.4. Emissions of the components related to acid deposition

The emissions of sulphur dioxide, nitrogen oxides and ammonia have been officially submitted by
the Parties to the Convention on Long Range Transboundary Air Pollution to the EMEP programme
since 1980. The main sources of sulphur dioxide and the nitrogen oxides are the combustion of
fossil fuel in power stations and industrial plants. Traffic is also a major source of nitrogen oxides,
while ammonia is emitted mainly from agricultural activities. The emissions reported for the whole
EMEP area have been completed and corrected, when necessary, by the EMEP MSC-W, and are
available from the UNECE/EMEP gridded emission database (Webdab, 2003). The EMEP emission
data base is currently probably the most complete and reliable emission survey covering the whole
of Europe. The time series for 1980-2000 of the emissions in Finland and the sum of the total
EMEP area (see e.g. EMEP/MSC-W, 1998) are presented in Fig. 2. (Vestreng, 2003).
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Figure. 2. Emissions of SO, NOx and NHs in 1980-2000 in Finland and the sum of the emissions of
the total EMEP area. (Vestreng, 2003)

There are few emission inventories of the base cations within the EMEP area. For calcium,
inventories have been made for all sources (Lee et al., 1998) and for the anthropogenic sources (Lee
and Pacyna, 1998).

In Finland, the base cation emissions were estimated for 1987 in connection with the Finnish
Acidification programme HAPRO. The main sources of alkaline aerosols in Finland were soil dust,
energy production, industrial processes, traffic and seawater; from the anthropogenic sources the
biggest single contributors were the combustion of wood and dust emissions raised by traffic
(Anttila, 1990). The high emissions of the base cations from the Estonian oil shale power plants
have strongly affected the deposition in southeastern Finland (Laurila et al., 1990; Jalkanen et al.,
2000; Tervahattu et al., 2002; Sofiev et al., 2003).

1.5. Objectives of this study

The concentrations of the compounds related to acid deposition in Finland are highly affected by
long-range transport. Since the emissions in Europe have declined at a different pace in different
countries, the origin of the air masses and the frequency of transport sectors have strongly
influenced the mean concentrations and the trends. There is a need for a regional scale assessment
of the updated trends and the origin of the acid deposition.
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The deposition of the base cations is also an important element in determining the total deposited
acidity in the critical loads approach. In the Finnish soils where the mineral content and the
weathering rate are low, atmospheric deposition may be a significant source of base cations. The
possible decline of the base cation deposition will partly offset the positive effect of the reductions
of sulphate and nitrogen deposition. Thus, detailed knowledge of the deposition of base cations is
needed for planning and implementing the international emission reduction policies.

The uneven temporal distribution of the annual acidic deposition might cause a further ecological
risk to the vulnerable northern environment, which has not been thoroughly investigated.

The aim of this study was to find answers to the following questions concerning acid deposition in
Finland:

- what has been the development of the geographical distribution and the temporal trends of the
atmospheric components related to acid deposition during the time of the international emission
reductions

- how are the changes of the European emissions reflected in the concentrations and depositions in
Finland

- what is the impact of the different air transport directions on the distribution of the measured acid
deposition in Finland

- how evenly is the annual load of acid deposition distributed in a temporal scale

The structure of the study is presented in Table 1.

Table 1. The aspects of the acidification issue in Finland examined in papers I-V.

Paper Time Emissions S S N N Base Originof  Trend Other

period air prec. air prec. cations pollutants subjects

I 1981- X X X X X X X Exposure
2000

I 1988- X X X X X X X X Modelled
1996 values

i 1990- X Episodicity
1998

v 1985- X X Regionalisation
1999

\Y 1985- X X X X Throughfall

1995
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2. MATERIAL AND METHODS

2.1. Measurement stations and monitoring

The ambient air and precipitation concentration measurements were performed within the
background air quality monitoring network of the Finnish Meteorological Institute, except the
throughfall measurements in paper V and part of the base cation concentration measurements in
particles in paper IV.

The air quality monitoring network has been planned such that the results from the measuring
stations would represent a larger area of the country. Most stations are situated in undisturbed
background areas without nearby emission sources. However, practical details, like the frequent
maintenance of the samplers, electricity etc., have limited the number of places suitable for
establishing the stations. In order to investigate the temporal trends of the concentrations, the
measurement station locations have been kept, as far as possible, unchanged for long periods.
However, some station locations have been moved slightly due to changes in the surroundings of
the stations, mostly because of increased traffic.

The stations operate according to different air quality monitoring programmes. Fig. 3. lists the
programmes and the stations included in 1998, when all the stations covered in this study where in
operation. The abbreviations used for the programmes are the following: EMEP for the Co-
operative Programme for Monitoring and Evaluation of the Long-Range transmission of Air
Pollutants in Europe, co-ordinated by the UN/ECE; IM for the International Co-operative
Programme Integrated Monitoring, co-ordinated by the UN/ECE; GAW for Global Atmosphere
Watch, co-ordinated by the World Meteorological Organization; HELCOM for the Baltic Marine
Environment Protection Commission; national stations for the national programme to supplement
the others in order to cover the whole country. The stations on the map are grouped to represent
different areas of the country when the results are discussed. The following abbreviations of the
areas are later used in the text: SW for southwestern Finland, SE for southeastern Finland, C for
central Finland, SL for southern Lapland, and NL for northern Lapland.

Four of the stations are located in a marine environment. The stations Ut6 (SW), Guttorp (SW) and
Hailuoto (C) are located on Baltic Sea islands, while Virolahti (SE) is on the coast of the Gulf of
Finland. Ut0 is situated on a rocky outer island, the surroundings of the other marine stations are
sparsely populated agricultural areas with forests and fields. All other stations are inland stations,
Virolahti and Ahtari in sparsely populated agricultural areas, surrounded by forests and fields, and
the other stations in mostly forested environments. The stations are situated from 4 to 375 m above
the sea level, most stations lower than 200 m a.s.l.. The stations measuring precipitation have been
presented in detail, including maps and descriptions of the surroundings, in the combined report of
the Finnish Environment Institute and the Finnish Meteorological Institute (Vuorenmaa et al.,
2001). The catchment areas of the IM programme have been presented in detail in Bergstrom et al.
(1995).

In the beginning of the study period gaseous SO, was sampled by the H,O, absorption method at all
stations. Since 1989 an open-face filter pack with a NaOH impregnated Whatman 40 filter has been
used at the EMEP stations. Particulate SO4* is sampled on a Whatman 40 filter installed in front of
the SO, sampling. The sum of the gaseous HNOj3 and particulate NOj3™ is sampled by the same filter
pack as the sulphur compounds. Sampling artifacts due to the evaporation of fine particulate nitrate
from the first filter and recollection on the impregnated filter (Pakkanen et al., 1999) make the
separation of these compounds by a simple aerosol filter pack unreliable. For the sum of the
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Figure 3. Location of the background stations in 1998 and a list of stations in the different
monitoring programmes.

NH; and particulate NH,", a second filter line is used with a (COOH), impregnated Whatman 40
filter. For the deposition samples, the stations have been equipped with NILU-type bulk deposition
samplers.

The analysis is performed at the Air Chemistry Laboratory of the Finnish Meteorological Institute
(FINAS accredited laboratory TO97, 9.5.1997). More detailed specifications for the accredited test
methods are given in the annual Air Quality Reports (e.g. Leinonen, 2000). At the end of the study
period, all compounds were analysed by ion chromatography, the particles and gases after H,O
extraction. In the beginning of the monitoring other methods were used: X-ray fluorescence for
atmospheric SO4> (until 1987), the spectrophotometric Thorin method for SO,* in precipitation
(until 1984) and SO, (until 1989), and the indophenol blue method for the ammonium compounds
(until 1992 in precipitation and 1995 in air). The base cation concentrations were analysed by
atomic absorption spectrophotometry until 1992, whereafter ion chromatography has been used.
The NO; concentration has been monitored by the automated Saltzman method and a
chemiluminescence monitor (since 1996). The sampling frequencies used for the components at
different stations vary substantially: from continuous, in the case of NO,, to daily at the EMEP
stations, and from weekly to monthly at the other stations.

The sampling and the analysis of the samples in the laboratory as well as the quality control of the
whole chain have been carried out using the best possible practices according to the guidelines
given by the EMEP CCC (Chemical Co-ordinating Centre) (EMEP/CCC, 1996) and ICP IM
(Environment Data Centre, 1993). The sampling and analysis methods and changes performed




15

during the monitoring period have been described in detail in the annual reports of the Finnish
Meteorological Institute ranging from 1985 to 2000 (Leinonen, 2001), and in the report on the time
trends in concentrations until 1996 (Kulmala et al., 1998).

The troughfall measurements referred to in paper V have been performed by the Finnish Forest
Research Institute at the IM stations. The methods used have followed the guidelines of the
programme (Environment Data Centre, 1993), the measuring areas and the monitoring methods
have been described in detail in Ukonmaanaho and Starr (1995).

The airborne concentrations of base cations, referred to in paper 1V, have mainly been analysed
during projects of short duration. However, for the stations Punkaharju and Kevo data was available
for a longer time period 1989-1999, excluding the years 1993 and 1994. The methods used in the
projects to obtain the airborne concentrations are described in detail in Paatero et al. (2001) and
Ricard et al. (2002).

2.2. Statistics and assessment methods
2.2.1. Trend calculations

The basic data for the trend analysis were either the monthly or the annual weighted concentrations
in precipitation or the concentrations of the gas and aerosol components in air. The existence of a
monotonic increasing or decreasing trend was tested with the nonparametric Mann-Kendall test
(Gilbert, 1987), followed by the estimate for the slope of a linear trend, calculated with the
nonparametric Sen’s method (Gilbert, 1987; Sen, 1968) (paper I) or with the nonparametric
Seasonal-Kendall —test (Gilbert, 1987; Hirsch et al., 1982; Driscoll et al., 1995) (papers Il and V).
Both tests for the trend are based on ranks within the time series. Sen’s slope estimator is the
median of the slopes calculated from all pairs of values in the data series. In cases with a downward
trend, when the slope is larger at the beginning, the method may overestimate the total relative
change of annual values. A detailed description of the method is given in Salmi et al. (2002).

2.2.2. Impact of the different air transport directions

The origin of the pollutants and the transport directions contributing to the results were studied
using back-trajectories and synoptic weather maps. The exposure values are time-weighted airborne
concentrations classified according to the air transport sector. The rates of the transboundary and
domestic sulphur and nitrogen depositions at the IM stations were calculated with the DAIQUIRI
model, the method is described in 2.2.4

The sectors contributing to the gaseous and particulate sulphur and nitrogen compounds were
calculated by means of 2-dimensional 925 hPa trajectories describing the transport route of each 24-
hour sample. The trajectories were obtained from the EMEP/MSC-W (EMEP, 2003). They were
based on meteorological data from the Numerical Weather Predicition models, LAM150 for 1985-
1996 and PARLAM-PS for 1997-2000, both developed at the Norwegian Meteorological Institute.
The transport routes were calculated by tracking the air parcel every 2 hours for 96 hours backwards
in time, 4 times per day along modelled wind fields. The area around the arrival point was divided
into 8 equal sectors. The criterion for the allocation of the trajectories of a particular arrival day to a
specific sector was that at least 50% of their given positions during transport were found within that
sector. If this criterion was not fulfilled, the sector for that day was set undetermined. The
accumulated exposure hours of atmospheric sulphur and nitrogen from different sectors were
calculated by multiplying the sector mean concentration by the number of days with transport from
the corresponding sector. The sum was further multiplied by 24 hours/day to give the unit of
exposure, mg h m.
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The meteorological characteristic of the episodes in paper 111 were studied using synoptic weather
maps, and air trajectories calculated by the TRADOS model of the Finnish Meteorological Institute
(Valkama and Rossi, 1992). The weather maps gave a general view of the meteorological features
during the episodes. With trajectories calculated backwards in time, an indication of the origin of
the deposited pollutant was obtained.

2.2.3. Episodicity

The number of episodic daily sulphate depositions was calculated from values which exceeded the
annual median value of the station by a factor of 10. The numbers of episode days were counted.
Differences between the stations were tested with the non-parametric Kruskal-Wallis test (Conover,
1980). To ensure that the difference in episodicity between the stations was not caused by
coincidence, the calculations were repeated after setting the limit for an episode day at 8, 9, 11 and
12 times the annual median deposition at the stations.

2.2.4. Model calculations with the DAIQUIRI model

In paper I, the deposition in the IM catchments was also estimated by the regional deposition
model DAIQUIRI in order to evaluate the extent to which long-term changes in deposition at the
IM stations are caused by domestic emission reductions and the extent to which they are due to
reduction measures abroad. DAIQUIRI has been developed at the Finnish Environmental Institute
in collaboration with the Finnish Meteorological Institute (Syri et al., 1998; Kangas and Syri, 2002),
and its construction enables the determination of the contributions of individual emission sources or
regions to the total deposition.

DAIQUIRI employs the transfer matrix concept, in which the annual transport has been calculated
using more detailed models and the results expressed as two-dimensional matrices, each matrix cell
describing the annual amount of deposition caused by a unit source located in the centerpoint of the
matrix. These matrices are then used to depict the deposition fields caused by all the individual
emission sources, and the total deposition is obtained as the sum of all the deposition fields caused
by individual emission sources within the calculation domain and the long-range transported
deposition.

The mesoscale sulphur transport matrices represent ten year- averaged weather conditions, and
separate matrix sets have been generated for four climatological regions in Finland. The transport
matrices of sulphur and nitrogen have a resolution of about 14 km and 30 km, respectively. The
deposition from outside the DAIQUIRI calculation region was taken from the annual sulphur,
nitrogen oxides and ammonia transport matrices of the EMEP/MSC-W ROOT150 model (Barrett
and Berge, 1996). The sulphur transport matrix scheme is described in more detail in Johansson et
al. (1990) and the nitrogen transfer matrix system in Syri et al. (1998).

2.2.5. Base cation deposition estimates

The inverse distance weighting (IDW) interpolation method was used for the deposition field
calculations in paper 1V. Wet deposition was calculated by multiplying the annual bulk
concentration field by the precipitation field. Dry deposition was estimated from the seasonal mean
airborne concentration fields and the dry deposition velocities for two seasons and two land use
classes.

The annual mean concentration of the base cations in precipitation was interpolated by the IDW
method to a 5 km x 5 km grid. The annual precipitation field was likewise interpolated by the IDW
method from the observations at the 416 meteorological stations. A wet deposition estimate was
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calculated to each grid node by multiplying the concentration value by the amount of precipitation.
The weight factor related to the distance between the location of interest and the observation point
was proportional to the second power of the distance.

Dry deposition was estimated by a combination of interpolated seasonal airborne concentrations and
seasonal dry deposition velocities for different land use classes. The deposition velocities used in
Norway were applied in this investigation and are given in paper IV (Table 2) (Tarseth and Semb,
1998). The EMEP land use classification in a 50 km x 50 km grid by Sandnes (1995) was used. The
division of the land use was, however, made only into two classes, one for forest and one for other
areas.

3. RESULTS AND DISCUSSION

3.1. Emission reductions

The atmospheric sulphur and nitrogen concentrations in Finland are not only a result of the national
emissions but also affected by the European wide emissions and their changes. Changes in the
emissions of sulphur dioxide and the nitrogen compounds in areas relevant to the deposition in
Finland are shown in Table 2. The emissions have been published by Vestreng (2003).

Table 2. Emission reductions of sulphur dioxide, nitrogen oxides and ammonia in Finland and
selected European countries. Reductions are given for the periods 1981-2000 and 1990-2000.

Emission reduction
Emission area Period Period
1981-2000,%  1990-2000,%

SO,

Finland 86 72
Kola Peninsula 73 57
Russia ( Kola Peninsula excluded) 72 57
Countries to the south of Finland 63 56
Countries to the southwest and west of Finland 78 68
Total 73 62
NO,

Finland 15 21
Kola Peninsula -33 36
Russia ( Kola Peninsula excluded) 39 35
Countries to the south of Finland 44 43
Countries to the southwest and west of Finland 28 27
Total 33 32
NH,

Finland 17 13
Kola Peninsula negligible negligible
Russia 45 45
Countries to the south of Finland 45 42
Countries to the southwest and west of Finland 11 9
Total 28 35

The reduction of the Finnish SO, emissions in 1981-2000 was 86%. First the reduction rate was
steep, after 1995 the emissions have been more uniform. In the 1990°s the emissions declined by
72%. The Finnish emission reduction was much higher than the mean emissions reduction in the
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twenty five European countries contributing most to the deposition of oxidized sulphur in Finland.
The emissions have decreased most in countries to the southwest and west of Finland, whereas the
likewise high emissions in the southern sector have declined less.

The sulphur and oxidized nitrogen emissions originating from the shipping in the Baltic Sea, which
are not included in Table 2, were estimated to contribute 6 % and 10 %, respectively, to the
deposition in Finland (Johnson et al., 2000). The ship emissions are based on estimates for the year
1990 and no update has been made. During recent decades, there has been a significant increase in
maritime traffic, specifically in container vessel traffic. The traffic in the Baltic area has not only
increased, but the nature of the traffic has also changed rapidly. Today, many of the shipping routes
consist of frequent traffic, where fast ships are running between seaports on a fixed timetable
(Rytkonen et al., 2002). Since the emissions of SO, and NOy from the shipping in the Baltic Sea are
the only sectors with a substantial, recent increase, and the prognosis for the Baltic Sea area shows
an annual growth rate of 2-4 % for cargo and a small growth rate for passenger traffic (Rytkdnen et
al. 2002), an update of the emission estimate is needed.

The total reduction of the Finnish NOy emissions during the whole period 1981-2000 was 15%. If
the 1990’s are considered separately the emissions decline was 21%. This is much less than the
average reduction in the area contributing to the nitrogen deposition in Finland. From the Finnish
perspective, however, the nitrogen dioxide emissions are highest in the countries in the
southwestern and western sectors, where the reduction has also been lower than the average in the
area contributing to the deposition in Finland.

The reduction of the Finnish annual ammonia emissions during 1981-2000 has been 17%. If the
1990’s are considered separately the emissions decline was 13%. The ammonia emissions in other
countries have declined most, by 45%, in the east and southeast sectors and in the south. The largest
emissions, from the Finnish perspective, are in countries in the southwestern and western sectors,
where the reduction has also been lower than elsewhere. However, for ammonium the uncertainties
in emission estimates are large (Erisman et al., 2003).

3.2. Geographical distribution of the compounds

There are large regional variations in the deposition of acidifying compounds in Finland, with the
highest concentrations and deposition values measured mostly in the southern or southeastern part
of the country. The concentrations are gradually decreasing northwards. The deposition of
components which are mainly of sea salt origin, Na* and Mg?*, increase again in the far north in the
vicinity of the Arctic Ocean.

The annual mean concentrations of the components related to the acid deposition are given in
Figures 4 and 5 for the years 1982, 1990 and 1999 (Ruoho-Airola and Leinonen, 1994; Kulmala et
al., 1998; Leinonen, 2000), as an example of the geographical distribution and change in the time
series over the period investigated in this study. The stations have been arranged along the abscissa
from south to north to represent different areas of the country (see Fig. 3.). The precipitation
amount and the concentration of components in bulk deposition are presented in Fig. 4 and the air
components in Fig. 5.

Almost all of the highest concentrations have been measured in the southern, eastern and
southeastern parts of the country in 1982. The vicinity of the high emissions of sulphur dioxide of
the Kola Peninsula is evident in the sulphur dioxide concentration in Kevo in the far north: in 1999
the level there exceeded the value typical for the other remote Nordic stations. At the Virolahti
station, local agricultural emissions might have increased the concentration of total ammonium in
air to values higher than typical for the area. The same is true for the nitrogen dioxide
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Figure 4. Geographical distribution of the precipitation amount (a) and the annual mean
concentration in precipitation of sulphate (b), nitrate (c), and ammonium (d) in different years.
Station numbers: 1 Ut6, 2 Guttorp, 3 Kotinen, 4 Virolahti, 5 Punkaharju, 6 Ahtari, 7 Hietajarvi, 8
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concentration, which is affected by the emissions of traffic, especially during the later years of
monitoring.

The precipitation amount greatly influences the wet deposition. In Finland the rain amount is lower
at the island stations and in Lapland. There are large interannual variations in the precipitation
amounts, but no clear trend. The gradient for the compounds is clear: the concentrations decrease
along the predominant air flow from the southwest to the northeast (Drebs et al., 2002). The
transboundary contaminants, which contribute more to the concentration, deposit during the
transport and less new emissions are added from the domestic sources. The phenomenon is
especially nicely evident in the nitrate in precipitation and the total nitrogen concentration in air.

The concentrations of both sulphate and ammonium in precipitation have declined in 1999 to less
than a half of the 1982 levels, whereas the nitrate concentration has decreased only slightly.
Likewise, the sulphur in air has declined also in the 1990’s, but for the nitrogen compounds no clear
trend is evident.

3. 3. Trends
3.3.1. Sulphur compounds

For the period 1981-2000, the trend of all sulphur compounds was highly significant at all
measurement stations. The decline of the sulphur dioxide concentration since 1981 was dramatic,
from 85% to over 95% in all areas of the country except northern Lapland, where a reduction of
65% has taken place. The impact of the large and slowly declining emissions from the Kola
Peninsula is at least partly to be blamed for this lower reduction — 90 % of the sulphur deposition
in the far north of Finland originated outside the country in 1987-1995. The slope estimate of
sulphur dioxide is more uncertain than that of the other sulphur compounds because of its non-
linear time series. However, it gives a rough indication of the relative total change.

Fig. 6. shows a graphical presentation of the annual mean values of the sulphur compounds in
Virolahti, the Sen’s estimate with confidence limits and the residuals calculated by the
MAKESENS template, (Salmi et al., 2002), which was used in this work for testing the trends and
estimating the slopes. The concentrations of sulphate in particles and precipitation have declined
rather evenly since 1981. The downward trends of sulphate in particles and in precipitation were
about 60% and 60-75%, respectively. The size of the slope estimate is largest in the south and
southeast and decreases northwards showing that the reductions of sulphate concentrations have
been the greatest in southern and southeastern Finland where the concentrations have been the
highest. The deposition of sulphate in northern Finland is of highly episodic character — a few
long-range transport episodes often dominate the annual deposition. This is understandable, because
the effect of meteorology, especially the wind direction, increases with increasing distance to the
heavy emission sources in Finland and elsewhere in Europe: looking from the station, the sector in
which the pollution sources are located is narrower. Thus, coincidental meteorological factors
strongly impact the annual mean concentration of oxidized sulphate in this area of Finland, and a
decade might not be long enough to detect a trend.

In the 1990’s, the concentrations of the sulphur compounds continued to decline even if the
significance of the trend was lower. The shorter time period, with fewer annual values in the test,
partly reduced the significance of the result. The downward trend of sulphur dioxide was 50-80% in
the 1990’s. Guttorp in the southwest is the only station outside the northern Lapland where the SO,
concentration has hardly declined during the 1990’s and shows no significant trend. This is
explained by the increased exposure from the east and southeast with higher concentrations of SO..
For the total monitoring period for Guttorp (1985-1999), the downward trend of SO, was highly
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significant, with a total reduction of 79%. In the 1990’s, sulphate in particles declined in all areas of
the country by 40-50% and sulphate in precipitation 25-60%. At the northernmost stations there was
no trend for the sulphate concentration in precipitation.
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Figure 6. The trends of sulphur dioxide (a), sulphate in particles (b) and sulphate in precipitation (c)
at the Virolahti station in 1980-2000. Sen’s estimate for the trend with 95% confidence limits is also
given.
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The sulphate concentrations in both bulk precipitation and throughfall at the IM stations in 1989-
1995 have significant (p<0.05) negative linear trends at all catchments except Vuoskojarvi (where
the slope estimates were not significantly different from zero). Furthermore, the size of the slope
estimate decreases northwards; showing that the reductions in sulphate concentrations have been the
greatest in southern Finland where the concentrations have been the highest. Since bulk throughfall
includes a fraction of dry deposition that is not included in the bulk precipitation, the steeper decline
in the sulphate concentrations registered for throughfall is presumably due to a proportionally
greater reduction in the dry deposition of sulphur than wet.

Sulphur dioxide emissions have declined strongly in all emission areas contributing to the long-
range transport to Finland (see Table 2). The domestic emissions in Finland have declined most, the
level in 2000 being about 1/8 of the 1981 level, which contributes positively on the sulphur dioxide
trend. However, the trends of the sulphate compounds are lower than those of sulphur dioxide,
which is partly explained by the slower cut down of the large emissions in the important southern
sector. The sulphate concentrations in air and precipitation all over the country have, roughly
speaking, declined approximately as much as the mean of the sulphur dioxide emissions in Table 2.
Fig. 7 illustrates the rate of decline of the different sulphur species in Ahtari. The 1980 value has
been taken as an initial year to which the values of the later years have been compared.

O T T T T T T T T
1980 1985 1990 1995 2000

Emissions/concentration compared to
the 1980 value

—e— FI SO2 emissions —a— SO2 conc. —— SO4 in part. —— S04 in prec.

Figure 7. Decline of the Finnish SO, emissions, the SO, concentration in air and the S0~
concentration in particles and precipitation in Ahtéri. The annual values are compared to the 1980
value.

Similar changing chemical transformation processes involved in wet and dry deposition have been
reported in Germany and the United Kingdom. The emission decreases there were accompanied by
a much larger decrease in the concentration of sulphur dioxide, compared to the decline in the
concentration of sulphate in aerosols or precipitation (Fricke and Beilke, 1992; Borrell et al., 1997;
NEGTAP, 2001). Thus, the contribution of the wet deposition to total sulphur deposition has
increased. Important contributors to the non-linearity are the limited supply of oxidants in the
atmosphere and cloud processes, mainly cloud formation but possibly also cloud chemistry (Borrell
et al., 1977). In UK, the non-linearity has been reported to originate from a change in the canopy
resistance to dry deposition, when the ratio of NH4" to the sulphur compounds changes (NEGTAP,
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2001). This has increased the dry deposition velocity of SO, with time. An enhancement in sulphate
in air arriving from the Atlantic Ocean, largely caused by shipping but possibly also by an increased
contribution from the North American sources are further reasons for the non-linearity (NEGTAP,
2001). Grennfelt et al. (1994) have pointed out that a reduction in precursor emissions of a
particular pollutant may influence the transport distance of other pollutants. If NO4 or organic
emissions are reduced, lower amounts of oxidants are formed, and thus less SO, will undergo
oxidation increasing the transport distance of SO, (Borrell et al., 1997).

3.3.2. Nitrogen compounds

Both the Finnish and European NOy emissions have decreased only modestly since 1981.
Consequently, at many stations the concentrations of the oxidized nitrogen compounds in air and
precipitation have declined only slightly, or not at all. The estimates of the trends for the nitrogen
compounds in Virolahti are presented in Fig. 8.

For the gas phase and particulate nitrogen compounds, the measurements covered the 1990’s. The
statistical test gave few significant trends: the sum of nitrate and nitric acid declined by around 30%
at stations in the southeast and in southern Lapland, and the sum of ammonia and ammonium
decreased by 50% in the southern part of central Finland. The significance of the ammonium trend
was, however, very high (p<0.001). No significant trend was detected for nitrogen dioxide. The test
accepts the missing values in the time series of nitrogen dioxide, but they weaken the test and might
prevent exposing trends with weak significance. Further, the change in the monitoring method of
nitrogen dioxide in 1996 increased the uncertainty in the calculation of the trend over that period.
On the other hand, the result of no trend illustrates well the modest reduction of the domestic
nitrogen dioxide emissions, which highly affect the concentration.

According to the statistical test, the downward trend of the concentration of nitrate in precipitation
during 1981-2000 was highly significant at most stations in the south and at Ahtéri (C) in the
southern part of central Finland. At these stations the total decline per period reached 40%. At
Virolahti (SE), in the southeastern corner of Finland, the concentration has undergone a rather low
total reduction of 20%. The reason might be different transport routes from areas with slower
emissions reductions. Finally, the significance of the trend was lower in the areas in the north, but
the calculated total reduction was almost as high as in the south. For 1990-2000 the calculations
resulted in only very few significant trends, indicating minor domestic and European emission
reductions and a fluctuation of the concentrations.

The ammonium concentration in precipitation has declined significantly between 1981 and 2000.
The statistical test gave as high probabilities for the existence of trends as for the sulphur
compounds. Also the total reductions follow very regularly those of sulphate, with only slightly
lower values. The overall reduction of ammonium in precipitation during 1981-2000 was around
60% in the southern and central parts of the country, and 80% in the north. In the 1990’s, there was
a downward trend of ammonium in precipitation at two of the three stations in the southwest and in
the southern part of central Finland (reduction ca. 40%). In the southeast the decline did not
continue. The deposition of the nitrogen compounds declined significantly at the southern IM
stations during 1988-1996.

The time series of total ammonium in air in Virolahti (Fig. 8d) shows a turning point in 1995. The
test does not give a significant trend for the whole period of measurements and if divided into two
parts of the time series are too short for testing. Additional values are thus needed to assure the
possible increase of concentration after 1995.
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3.3.3. Base cations

The concentrations of the base cations in precipitation and in particles have declined in large areas
of Finland during the studies conducted. The sum of the base cations in precipitation decreased by
15-35% between the years 1989 and 2000. The decline was most remarkable in the calcium
concentration: both the total concentration and the share of the non-sea-salt (nss) calcium decreased
significantly in other parts of the country except for the northernmost area (Ruoho-Airola and
Salminen, 2003). For the other base cations, significant downward trends were found for some of
the stations.

The changes in the base cation deposition are particularly interesting in comparison to the
deposition of acidifying components. In the southern and central Finland the sulphur deposition
decreased rapidly during the monitoring period. At stations in the southeast, a marked decline in the
base cation deposition in bulk precipitation was observed as well. This cuts off part of the positive
effect of the reduced sulphur deposition. At the stations in other parts of the country, the sulphur
deposition reduced much more than the base cation deposition. In the south-western station as well
as in the far north, no clear long-term change in the base cation deposition could be detected. Fig. 9
illustrates the weighted moving average time series of the sulphate and base cation bulk deposition.
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Figure 9. Gaussian smoothing curves showing the trends in sulphate (solid line) and the sum of the
base cation (dashed line) deposition in bulk precipitation at stations in different parts of the country
(unit meq m).
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The sum of base cation deposition in bulk precipitation levelled off at about 20 meq m™ at stations
in the southeast. At the station in the southwest, the deposition fluctuated around the same value. At
all other stations the bulk base cation deposition reached the level of 5-10 meq m.

3.4. Impact of the different air transport directions

The origin of the pollution has been studied in three of the papers. The sectoral distributions of the
gas phase and particulate sulphur and nitrogen compounds in paper | illustrate roughly the relative
importance of different transport directions to the dry deposition of sulphur and nitrogen in Finland.
The origin of the selected high daily wet depositions of sulphate is discussed in paper Ill. Finally,
the origin of the acidifying deposition at the 1M stations was calculated with the DAIQUIRI model
in paper 1. The modeled values include both the dry and wet the deposition.

3.4.1. Dry deposition

Daily concentrations of gas phase and particulate sulphur and nitrogen components together with
the estimates of air transport routes enable a sectoral examination of the pollution exposure. The
sectoral exposure is the sum of the daily loads arriving from a specific sector over the time period
assessed. The accumulated annual exposure would be the sum of the summer and winter exposures
in all eight sectors plus the approximately 30% of the daily exposure values that could not be
classified to a specific transport sector. The sectoral distributions in Fig. 10 illustrate roughly the
relative importance of different transport directions to the sulphur dry deposition in Finland even if
absolute dry deposition values can not be calculated. In summer, the gaseous and particulate sulphur
influenced the total sulphur exposure with rather equal weights. In the winter exposure, the weight
of gaseous sulphur was about two thirds.

The highest concentrations of sulphur dioxide and sulphate in the particles have been found in air
masses arriving from the east, southeast and south (Fig. 10 a-d.). The most frequent transport sector
has been west (Fig. 10 e). Thus, transport from the southwest and west sectors has dominated the
sulphur exposure during the summer months. In winter, all sectors towards the south have been
important to the sulphur exposure. In Fig. 10 f, the mean annual exposure for the total sulphur in air
in Virolahti has been summed up from the seasonal exposures. At the southern Lapland station
Oulanka, the effect of the north and northeast sectors has also been remarkable. Remarkable for the
sulphur exposure in Finland is the change in the weight of the transport sectors in the 1990’s: the
exposure from west and south has still declined, whereas the transport from north and east has
turned to a slight increase during the last decade.

At Virolahti, the mean concentrations of SO, in air masses arriving from the east, southeast and
south sectors were elevated compared to air from the other sectors during the whole period
investigated. Although transport from these sectors was not very frequent, its weight in the
wintertime exposure — and dry deposition — has been and is still evident. The differences between
the seasons are in line with the large-scale meteorological observations in southeastern Finland: in
summer the southwesterly flow dominates and the effect of the elevated concentrations of sulphur
dioxide in the southeastern air masses evens out, while in winter there is no remarkable difference
between the southwesterly, southerly and southeasterly winds (Drebs et al., 2002).

The total atmospheric nitrate accumulated strongly with transport by the southwesterly and westerly
winds with air masses arriving from sectors where the NO, emissions were the largest. The rather
small changes in the exposure patterns during 1991-2000 reflected the minor reductions of the NOy
emissions. The pattern of exposure of the total atmospheric ammonium greatly resembled the
corresponding distribution for particulate sulphate; the transport from southwest peaked during
summer and the transport from west, southwest and south dominated during winter. Also with
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Figure 10. Five year mean concentrations of sulphur dioxide (a for summer, b for winter) and
sulphate in particles (c for summer, d for winter), the frequency of the transport sectors (e) and the
exposure of total atmospheric sulphur (f) classified according to the air mass transport sector
arriving at the Virolahti station. Units: ug S/ m™ for concentrations, days for frequency and mg h S
m™ for exposure. Symbols: solid diamond for mean values in 1986-1990, solid square for mean
values in 1991-1995, and solid triangle for mean values in 1996-2000.
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regard to the nitrogen exposure, there seems to have been a slight transition towards an increased
eastern and northern contribution, even if the total exposure was mostly affected by transport from
the southern and western sectors.

3.4.2. Wet deposition

Daily precipitation samples enable also the classification of the wet deposition according to air
transport sectors. The method of defining the transport sector based on air mass trajectories is not
always suitable for the calculation of the accumulated wet deposition, because the rain might have
lasted for only a short period while the transport sector is set for 24 hours.

Fig. 11 shows as an example the accumulated sulphate deposition in bulk precipitation classified
according to air transport sectors in Ahtari in 1999. The worst 20 days, accounting for 50% of the
annual sulphate deposition in precipitation, were assessed. For 6 of the days no constant transport
sector could be set. The most important transport sector was definitely the southwest. However, a
closer investigation of the transport sectors with weather maps would improve the reliability of the
results.

Figure 11. Sulphate bulk deposition accumulated during transport from different sectors in Ahtari in
1999, mg S m™.

The estimated probable origin of the wet deposition of sulphate during the episode days in paper IlI
was based on weather maps and backward air trajectories. Most of the episodes occurred in northern
Finland. A great number of episode cases was related to transport from the eastern Europe sector
(the Baltic Countries, the Russian Federation), which is partly due to a relatively large amount of
cases in which the trajectories passed over Estonia and the St. Petersburg area. Many cases were
tracked also to the eastern central Europe (Poland, Czech Republic, Slovakia). The large sulphur
emissions on the Kola Peninsula were responsible for causing a sulphate wet deposition episode in
rather few cases.
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3.4.3. Calculated values

Estimated with the DAIQUIRI model, the sulphur dry and wet deposition derived from sources
outside of Finland has dropped from 510 mg S m™ per year to 340 mg S m™ per year at Kotinen in
1987-95. The share of deposition of domestic origin has decreased from 230 mg S m™ per year to
70 mg S m™ per year. At the northern stations, Pesosjarvi and Vuoskojarvi, the model calculations
indicate that more than 90 % of the sulphur deposition originates from outside of Finland. In
northernmost Finland, domestic emissions seem to have little influence on the deposition level,
whereas in southern Finland the dramatic decline of the Finnish emissions has significantly
contributed to the decrease of the total deposition level.

According to the DAIQUIRI model calculations, the NOx deposition of domestic origin was of the
order of 30 % at Kotinen, and the effect of domestic emissions decreases when moving northwards
being only a couple of percent at Vuoskojarvi. The distribution between domestic and imported
ammonia deposition is very similar to the nitrate deposition throughout the country.

3.5. Episodicity

A large proportion of the annual acid deposition is accumulated in a few days: the worst 5 days at
the Finnish background stations can bring up to 20-30 % of the annual bulk sulphate, nitrate,
ammonium and calcium load (Paper I11; Walden et al., 1999; Leinonen et al., 2000; Ruoho-Airola et
al., 2001). In central and northern Finland there were significantly more episode days than in the
south. The episodes can not be completely explained by the high precipitation amounts: the mean
sulphate concentration in episodic rain was higher than the annual mean concentration. The
episodicity of the acid deposition has been discussed also in 3.2.

Nordlund (1981) discussed the episodicity of sulphur dioxide: more than 50% of the daily
concentration values were less than half of the annual mean of the station, and in about 10% of the
cases they were higher than two times the yearly mean.

3.6. Comparison to other results

In a number of papers covering investigations in Europe and North America since the 1980’s
strongly declining concentrations and deposition of the atmospheric sulphur compounds and smaller
changes in the nitrogen compounds in precipitation have been found. Kulmala et al. (1998) have
extensively investigated the air quality trends at the Finnish background stations for a time period
ending in 1996. In the EMEP programme, a declining sulphur trend has been observed in other
areas of the programme except the Balkans, Iberia and part of Britain, while fewer trends were
found for the nitrogen compounds (Barrett et al., 2000). Moldan et al. (2001) have calculated a
significant downward trend for the sulphur concentration in precipitation at Scandinavian
background stations in the 1980°s and 1990’s. The sulphate deposition has decreased by 30 to 60%
whereas the inorganic nitrogen deposition has shown little change until the mid-1990’s (Moldan et
al., 2001). Forsius et al. (2001) have assessed the trends of the ICP IM precipitation data for 22
stations across Europe for the period 1988/89-1998. Statistically significant downward trends of
S04%, NO3 and NH," have been observed at 50% of the stations, but the changes of sulphur have
been found to be larger than the changes of the nitrogen compounds, calculated as equivalents.

Similar results have been reported based on monitoring covering many other western and central
European countries (e.g. Tarseth et al., 2001; Kindbom et al., 2001; Irwin et al., 2002; Zimmermann
et al., 2003; Arends et al., 1997; Tsakovski et al., 2000). In North America, several studies show
that the sulphur concentrations in air and precipitation were highest in the 1980’s and have
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decreased since then. In contrast, the nitrate concentrations generally have not changed as much
(e.g. Lynch et al., 2000; Hicks et al., 2002; Holland et al., 1999; Shannon, 1999).

The presented sectoral exposure estimates are in line with the calculations by the EMEP model of
average export from other countries to Finland in 1985-1996; the largest foreign contribution to the
sulphur deposition comes from Russia, Germany and Poland. The largest foreign contribution to the
oxidised nitrogen deposition is from Germany, Sweden and Poland, and to the reduced nitrogen
deposition from Russia, Germany and Poland (Tarrasén and Schaug, 2000). The early model
calculations did not cover separate emissions of the shipping. In 2000, the largest foreign
contributors were mainly the same, but the Baltic Sea traffic was estimated to be a significant
source of sulphur and oxidized nitrogen deposition. The largest import of sulphur deposition in
2000 was estimated to originate in Russia, followed by Poland and the Baltic Sea. With regard to
the oxidized nitrogen the main foreign contributors were Russia, Germany and the Baltic Sea, and
for reduced nitrogen Germany, Poland and Russia (Tarrason et al., 2003)

The EMEP MSC-W calculates annually the source-receptor matrices for the acidifying compounds.
These matrices estimate the transport of substances between the various countries. Table 3 shows
the origin of the acid deposition in Finland and the transport of the Finnish emissions for 1998. The
countries have been classified in categories according to their geographical locations. Other in the
table means marine areas and areas that could not be attributed in the calculations.

Table 3. The origin and the transport of the acidifying compounds to and from Finland in 1998.
(Statistics Finland, 2000).

Origin of the deposition in Transport of emissions

Finland, % of total of Finnish origin, % of total
Emitter SO,~S NOy-N NH;-N Receiver SO,~S NOy-N NH;-N
Finland 17 29 53 Finland 46 25 62
Western Europe 13 23 19 Western Europe 9 7 7
Russia 29 9 5 Russia 16 14 12
Baltic States 7 4 8 Baltic States 3 2 1
Other Eastern Europe 17 7 15 Other Eastern Europe 1 2 0
Others 16 27 0 Others 25 49 18

In 1998, the estimated total deposition in Finland of sulphur, oxidised nitrogen and reduced nitrogen
were 140 ktonnes S, 68 ktonnes N and 38 ktonnes N, respectively (Tarrason and Schaug, 2000).
The emissions are given in Fig. 2. Finland is a net importer of sulphur: from the 1998 deposition
only 1/6 was of domestic origin, but almost half of its emissions deposited on the Finnish territory.
For the nitrogen deposition, the domestic sources contributed 33-50%. The main part of the Finish
ammonium emissions was estimated to remain in Finland. Remarkable in Table 3 is the quite high
share of the category of marine and unattributed areas.

The sectoral exposure estimates at Oulanka (SL) confirm the earlier estimates by Tuovinen et al.
(1993) that in summer the total accumulated dry deposition there was dominated by transport from
north and northeast, while in winter the influence of the southern sectors increased. At Sevettijarvi
in northern Lapland in the vicinity of the Kola Peninsula emission sources, transport from east and
northeast was dominant for SO, and transport from southwest for SO,%, when the exposure was
averaged over a two year period (Virkkula et al., 1995).
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Ryaboshapko et al. (1998) estimated, for the year 1985, that the emissions of the former Soviet
Union (FSU) sources contributed highly to the sulphur and nitrate wet deposition in the eastern and
northern parts of Finland. According to the estimate, the contributions of the FSU emissions to the
sulphur and nitrate wet deposition were about 50% and 25%, respectively.

Hedin et al. (1994) reported on steep declines in the atmospheric base cation deposition in several
areas of Europe and North America. The depositions in paper IV were approximately at the same
level as in Sweden (Lovblad et al., 2000) and Norway (Tarseth and Semb, 1998). Laurila (1990)
discussed the wet deposition trends of Mg?* in the 70’s and 80’s at three stations in the southeast,
southwest and central Finland. The concentration of Mg?" in precipitation decreased generally at all
stations. In the southeast of Finland, an increase was detected when the wind direction during the
precipitation was from the south, which reflected the increasing emissions of the Estonian oil shale
power plants. In addition, the highest calcium concentrations were measured there during southerly
winds (Anttila, 1990).

4. METHODOLOGICAL UNCERTAINTES

4.1. Uncertainty of the monitoring data

The accuracy, precision and detection limits of the monitoring data of the Finnish Meteorological
Institute used in this study have been controlled through the whole chain of measurements by means
of field blanks, control samples and split samples. The EMEP CCC routinely tests the data quality
by intercomparisons, which are performed annually for the chemical analysis and every now and
then for the sampling methods. According to the EMEP CCC quality assessment (EMEP CCC,
2003), the quality of the Finnish measurements of precipitation and air quality at the four EMEP
stations has been high during the whole measuring period. All these data are classified in the best A
class (uncertainty within £10%), except the NO, data, which are classified in class C (uncertainty
within £30%). The detection limit of nitrogen dioxide is rather high compared to the low
background concentrations at the stations, which leads to a higher uncertainty in the concentration.

The ammonium concentration in precipitation, especially in the north, might contain a larger
uncertainty than the values obtained for the other compounds. Firstly, ammonium is usually
transported for shorter distances than nitrate (Tarrason, 1997), and possible local and regional
sources, such as agriculture, have a relatively larger effect on the concentration. Secondly, the
concentration, especially in the north, is so low that even minor ammonia sources may have
weakened the reliability of the time series. Finally, the ammonium concentration in the samples is
contaminated more easily than the other compounds. This may have occurred in the beginning of
the monitoring period in spite of the careful data checking, which would lead to too high annual
mean values.

4.2. Methodological constrains

The network of stations monitoring long time environmental phenomena is always a compromise
between an ideal set up of numerous stations with an extensive programme at representative
locations and the practical resources. The important thing is that the critical factors affecting the
whole process of monitoring are under control and that the quality of the data is controlled through
the whole chain.

For accurate estimates, the wet deposition should be measured as wet-only deposition. The
calculations for wet deposition in this work were based on results from open bulk samplers, which
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collected also a part of the dry deposition. However, according to Swedish parallel wet and bulk
measurements for five years at four rural stations, the difference was only approximately 10% as a
mean value (Lovblad et al., 2000).

There are missing values in the time series. In addition, the enormous data set of nearly 100 000
values analysed in this work contains erroneous values, in spite of the careful checking over the
whole monitoring chain. However, the effect of these errors and limitations on the results obtained
might not be very large, because the non-parametric trend tests used in this work are not sensitive to
missing values or occasional high values (Gilbert, 1987). Mean values for 5 years were used, when
studying the accumulated exposure for the atmospheric sulphur and nitrogen compounds. This has
reduced the impact of individual errors on the results.

As the trend calculations in paper Il were based on only bulk deposition measurements, a change in
the ratio between the dry and wet deposition of the compounds might explain part of the different
behaviour of the emissions and deposition.

The sectoral distributions in paper | illustrate roughly the relative importance of different transport
directions to the sulphur and nitrogen dry deposition in Finland even if absolute dry deposition
values or specific source areas could not be defined. It can be assumed that nearby sources and the
background concentration found everywhere maintain a low basic value for all compounds in all of
the sectors, especially during low wind velocities. However, the monitoring stations have been
located far from any larger local sources. Thus, it can be supposed that the differences between the
sectors originate mainly from loads transported from outside the immediate surroundings of the
station, which can be separated rather well with the classification method used in the study. The
criterion for the allocation of the trajectories of a particular arrival day to a specific sector was that
at least 50% of their given positions during transport were found within that sector. This makes the
selection of the right transport sector uncertain, even if great many positions for one day were
checked before the sector definition: 4 trajectories per day were calculated by tracking the air parcel
every 2 hours for 96 hours backwards in time for each of the trajectories.

In this study only part of the exposure of the acid deposition could be allocated to its transport
directions and source areas. The analysis covered fairly well the dry deposition, but for the wet
deposition only exemplifying calculations on the transport sectors were given and a further
assessment is needed.

The base cation regionalization is based on rather few measuring points and has been calculated for
only one year. For the wet deposition maps, the precipitation observations of the 416 meteorological
stations were utilised. Especially, the estimate of the dry deposition of the base cations was of more
tentative nature because of few stations and the use of fixed seasonal deposition velocities. On the
other hand, the maps do not attemp to describe the variation of deposition in detail but rather with
five magnitude classes and only a few isolines.

The througfall measurements in paper V did not cover the winter periods before 1994. In order to
maintain comparability between the four different catchments and the results achieved by the bulk
deposition and the throughfall method, the trend calculations covered only the months common to
both measurements and all areas. Thus the trends express rather the change in the summer period.
The test may be used for monthly values even though there are seasonal cycles and missing values.

The modeled values for the depositions and the origin of the pollutants obtained by the DAIQUIRI
model represent a more statistical approach to the problem, while the measurements describe the
situation from the local meteorological point of view. Thus, the results with the two methods might
differ when compared. A detailed analysis of the uncertainties of the model is given in Syri (2001).
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The study includes results based on different types of assessment methods. Thus, the development
of the acid deposition in Finland has been examined from different points of view. Even if the
applied methods contain constrains, the achieved results support each other and lead to a general
outcome concerning the problem.

5. SUMMARY AND CONCLUSIONS

The geography and the climate have preserved Finland from an even higher sulphur load than what
actually occurred. The highest sulphur dioxide and particulate sulphate concentrations in the
southern and central Finland originate from the sectors between south and east, while transport is
most frequent from the western sectors. Thus, the atmospheric sulphur exposure is highly affected
by transport with the cleaner western winds, although the highest concentrations also have a
remarkable effect on the mean concentration level. In the north, the transport from northeastern and
northern sectors is also important for the exposure. Remarkable for the sulphur exposure is the
change in the weight of the transport sectors in the 1990’s: exposure from the west and south has
still declined, whereas transport from the north and east has turned to a slight increase.

In Finland, the SO, emissions and concentrations in the background areas have decreased more than
80% since 1981. For sulphate concentrations in air and precipitation, the reductions have been
lower due to the dominance of the long range transport. From the Finnish perspective, the emissions
of SO, are largest in the countries to the south as well as to the southwest and west of Finland. The
frequent transport from these sectors together with the lower SO, emission reductions, especially in
the southern sector, have contributed to the lower reductions of the sulphate concentrations. In
southeastern Finland, the decline of the SO, concentration started later than in the other parts of the
country, because of the larger contribution of southeastern transport from areas with slower
emission reductions. In the northernmost part of the country no significant downward trend could
be detected in the 1990’s for sulphate in precipitation, and the reduction of the SO, concentration
since 1981 was lower than elsewhere in the country.

For the gas phase and particulate nitrogen compounds there were few significant trends in the
1990’s. No significant trend was detected for nitrogen dioxide. In the south, the concentration of
nitrate in precipitation has decreased during 1981-2000. However, the concentration of ammonium
in precipitation has decreased significantly during 1981-2000, by more than the Finnish and
European NHj3; emissions. The monitoring of the background concentrations of the nitrogen
compounds should be continued all over the country in order to verify possible changes in their time
series.

From the Finnish perspective, the nitrogen oxide emissions are highest in the countries in the
southwestern and western sectors. There the reduction has been lower than the average in the area
contributing to the deposition in Finland. The frequent transport from these areas has highly
affected the Finnish concentrations and exposure. Lately there seems to have been a slight transition
towards an increased eastern and northern contribution. So, contrary to the case of the sulphur
exposure, the geography and the climate of Finland have rather aggravated the problem of the
nitrogen exposure.

A steep decline in the atmospheric base cation deposition in Finland was discovered especially in
the south-eastern part of the country. Part of the positive effect of the reduced acid deposition in
Finland is thus lost. For the wet deposition, the largest decrease in the base cation deposition
occurred in southeastern Finland. Further studies are needed to evaluate whether the decreased base
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cation emission from the southern shore of the Gulf of Finland has negative effects on the Finnish
ecosystems.

The proportion of domestic origin out of the total acid deposition decreases northwards: for
sulphate, nitrate and ammonium the deposition of domestic origin is of the order of one third of the
total in the south, and only a few percent in the northernmost area. Thus, international measures are
still important in reducing the transboundary acid deposition in Finland.

The daily acid deposition in central and especially northern Finland is highly episodic. It seems that
the massive decrease of sulphur emissions has not changed this situation. Within the CLRTAP the
accepted load of acid deposition is defined by means of the exceedence of the critical load to the
environment. The annual total deposition of the compounds is used in the calculations. Thus it
would be necessary to ascertain if the episodicity of acid deposition causes an additional ecological
stress and, if so, to include episodicity in the calculations.



37

ACKNOWLEDGEMENTS

The present work was carried out at the Finnish Meteorological Institute, Air Quality Department. |
am grateful to the institute for the opportunity to study the air pollution issues and to undertake this
work. The financial support of the Ministry of the Environment and the Ministry of Transport and
Communications for the Integrated Monitoring Programme has been significant. The Nordic
Council of Ministers funded the base cation investigation. The financial support of the Academy of
Finland during the last year of this work is also acknowledged.

| express my gratitude to the supervisors of this thesis, Prof. Pekka Kauppi and Prof. Veli-Matti
Kerminen for their support and guidance during the work. I am also grateful to the official referees,
Prof. Hannu Illvesniemi and Prof. Peringe Grennfelt for their constructive criticism and suggestions
for improving the review part. 1 would also like to thank all the co-writers of the papers for
inspiring and fruitful cooperation. The anonymous referees of the original articles are
acknowledged for the valuable comments to the papers.

This work is based on extensive air quality monitoring data, and could not have been done without
the excellent work of my colleagues at the institute and the observers at the stations. During the
investigated time period, about 100 people have carried out the measurements at the background
stations. More than 40 members of the staff at the Finnish Meteorological Institute have been
involved in the maintenance of the networks and the sampling equipment, analysis of the samples,
data quality issues, and processing of the data into the database. The colleagues at the Climate
Service of the Finnish Meteorological Institute have supported the work with climate data and
useful interpretations. Scientists at the Coordination Centres and fellow institutes of the
international programmes have contributed with valuable material. 1 would like to express my
warmest thanks to all those who have made this work possible.

| am grateful to the members of the working group of the Integrated Monitoring programme for
inspiring cooperation during many years. The common research tasks with colleagues from
especially the Finnish Environment Institute, the Finnish Forest Research Institute and the
Geological Survey of Finland have highly influenced the development of this thesis.

| would like to express sincere thanks to all my superiors and colleagues at the Air Quality
Department for deepening my understanding of acid deposition, for fruitful advice, and
encouragement. Sirkka Leppénen, Liisa Leinonen, Timo Salmi and Pia Anttila have kindly shared
their expertise and effort in many phases of the work. Jussi Paatero has encouraged the study and
provided working conditions favourable for the completing of the work. Virpi Tarvainen is warmly
thanked for checking my English.

Finally, I am deeply indebted to my husband Hannu and our children Johanna and Hannele, who
were very enthusiastic about my work and encouraged me during my studies.



38
REFERENCES

Anttila P. 1990. Characteristics of alkaline emissions, atmospheric aerosols and deposition. In:
Kauppi P., Anttila P. & Kenttdmies K. (eds.), Acidification in Finland, Springer-Verlag,
Berlin, pp. 111-134.

Arends G., Baard J.H. and Ten Brink H.M., 1997. Trends in summer sulphate in Europe. Atm. Env.
31, 4063-4072.

Backman B., Lahermo P., Véisénen U., Paukola T., Juntunen R., Karhu J., Pullinen A., Rainio H.
and Tanskanen H., 1999. The Effects of Geological Environment and Human Activities on
Groundwater in Finland. The results of Monitoring in 1969-1996. (In Finnish, English
summary). Geological Survey of Finland, Espoo.

Barrett K. and Berge E. (eds.), 1996. Transboundary Air Pollution in Europe. EMEP/MSC-W Status
report 1996. Part 1; Estimated dispersion of acidifying agents and of near surface ozone.
EMEP/MSC-W Report 1/96, Oslo.

Barrett K., Schaug J., Bartonova A., Semb A., Hjellbrekke A.-G. and Hanssen J.E., 2000. A
Contribution from CCC to the Reevaluation of the observed Trends in Sulphur and Nitrogen
in Europe 1978-1998. EMEP/CCC-Report 7/2000, Norwegian Institute for Air Research,
Kjeller.

Bergstrom 1., Mékel& K. and Starr M. (eds), 1995. Integrated Monitoring Programme in Finland.
First National Report. Ministry of the Environment. Environmental Policy Department,
Helsinki.

Berresheim H., Wine P:H: and Davis D.D., 1995. Sulphur in the atmosphere. In: Singh H.B. (ed.),
Composition, Chemistry, and Climate of the Atmosphere, Van Nostrand Reinhold. New York,
pp. 251-307.

Borrell P., Builtjes P., Grennfelt P. and Hov @., 1997. Photo-oxidants, Acidification and Tools:
Policy Applications of EUROTRAC Results. Transport and Chemical Transformation of
Pollutants in the Troposphere. Volume 10. Springer-Verlag, Berlin — Heidelberg, pp. 111-
113.

Conover W.J., 1980. Practical Nonparametric Statistics. John Wiley & Sons, New York, NY.

Drebs A., Nordlund A., Karlsson P., Helminen J.. and Rissanen P., 2002. Climatological Statistics
of Finland 1971-2000. Climatic Statistics of Finland 2002:1. Edita Prima, Helsinki.

Driscoll C.T., Postek K.M., Kretser W. and Raynal D.J., 1995. Long-term trends in the chemistry of
precipitation and lake-water in the Adirondack region on New York, USA. Water, Air, Soil,
Pollut. 85, 583-588.

EMEP/CCC, 1996. EMEP manual for sampling and chemical analysis. EMEP/CCC-Report 1/95.
Rev. 1/96: 29 March 1996. Chemical Coordinating Centre, Norwegian Institute for Air
Research, Kjeller.

EMEP/MSC-W, 1998. Estimated dispersion of acidifying and euthrophying compounds and
comparison with observations. MSC-W Status Report 1/98 Part 1. Norwegian Meteorological
Institute, Oslo.

EMEP, 2003. http://www.emep.int. Pages for the Assessment Report. 15.9.2003.

EMEP/CCC, 2003. http://www.emep.int/areas/index.html, 15.9.2003.

Environment Data Centre, 1993. Manual for Integrated Monitoring. Environmental Report 5,
National Board of Waters and the Environment, Helsinki.

Erisman J.W., Grennfelt P. and Sutton M., 2003. The European perspective on nitrogen emission
and deposition. Environmental International 29, 311-325.

Fricke W. and Beilke S., 1992. Indications for changing deposition patterns in central Europe. Env.
Poll. 75, 121-127.

Forsius M., Kaméri J., Kortelainen P., Mannio J., Verta M. and Kinnunen K., 1990. Statistical lake
survey in Finland: Regional estimates of lake acidification. In: Kauppi P., Anttila P. &
Kenttdmies K. (eds.), Acidification in Finland, Springer-Verlag, Berlin, pp. 759-780.


http://emep.int/
http://www.emep.int/areas/index.html

39

Forsius M., Kleemola S., Vuorenmaa J. and Syri S., 2001. Fluxes and trends of nitrogen and
sulphur compounds at Integrated Monitoring sites in Europe. Water, Air, Soil, Pollut. 130,
1641-1648.

Gilbert R.O., 1987. Statistical methods for environmental pollution monitoring. Van Nostrand
Reinhold, New York.

Grennfelt P., Hov @. and Derwent R.G., 1994. Second generation abatement strategies for NOx,
NH3, SO, and VOC. Ambio 23, 425-433.

Hedin L.O., Granat L., Likens G.E., Buishand T.A., Galloway J.N., Butler T.J. & Rodhe H., 1994,
Steep declines in atmospheric base cations in regions of Europe and North America. Nature
367, 351-354.

Hicks B.B., Artz R.S., Meyers T.P. and Hosker R.P. Jr., 2002. Trends in eastern U.S. sulfur air
quality from the Atmospheric Integrated Research Monitoring Network. J. Geophys. Res. 107,
10.1029/2000JD000165.

Hirsch R.M., Slack J.R. and Smith A.R., 1982. Techniques of trend analysis for monthly water
quality data. Water Resources Res. 18, 107-121.

Holland D.M., Principe P.P. and Sickes J.E., 1999. Trends in atmospheric sulfur and nitrogen
species in the eastern United States for 1989-1995. Atm. Env. 33, 37-49.

Hongisto M., 2002. Hilatar, a limited area simulation model for acid contaminants. Part 1. Model
description and verification. Atm. Env. 37, 1535-1547.

Hongisto M., Sofiev M. and Joffre S., 2002. Hilatar, a limited area simulation model for acid
contaminants. Part Il. Long-term simulations results. Atm. Env. 37, 1549-1560.

Irwin J.G., Gampbell G. and Vincent K., 2002. 2002. Trends in sulphate and nitrate wet deposition
over the United Kingdom: 1986-1999. Atm. Env. 36, 2867-2879.

Jalkanen L., Mékinen A., Hasanen E. and Juhanoja J., 2000. The effect of large anthropogenic
particulate emissions on atmospheric aerosols, deposition and bioindicators in the eastern
Gulf of Finland region. Sci. Tot. Environ. 262, 123-136.

Joffre S.M., Laurila T., Hakola H., Lindfors V., konttinen S. and Taalas P., 1990. On the effects of
meteorological factors on air pollution concentrations and depositions in Finland. In: Kauppi
P., Anttila P. & Kenttdmies K. (eds.), Acidification in Finland, Springer-Verlag, Berlin, pp.
43-94.

Johansson M., K&mari J., Pipatti R., Savolainen 1., Tuovinen J.-P. and Té&htinen, M., 1990.
Development of an integrated model for the assessment of acidification in Finland. In: Kauppi
P., Anttila P. & Kenttdmies K. (eds.), Acidification in Finland, Springer-Verlag, Berlin, pp.
1171-1193.

Jonson J.E. Tarrason L. and Bartnicki J., 2000. Effects of international shipping on European
pollution levels. EMEP/MSC-W Note 5/2000. Oslo.

Jarvinen O. and Haapala K., 1980. The quality of wet and dry depositions in Finland according to
observations made from 1971-1977. (In Finnish, English summary). Report 198. National
Board of Waters, Finland, Helsinki.

Jarvinen O. and Vanni T. 1990. Bulk deposition chemistry in Finland. In: Kauppi P., Anttila P. &
Kenttdmies K. (eds.), Acidification in Finland, Springer-Verlag, Berlin, pp. 151-165.

Kangas L. and Syri S., 2002. Regional nitrogen deposition model for integrated assessment of
acidification and euthrophication. Atm. Env. 36, 1111-1122.

Kauppi P., Anttila P. & Kenttdmies K. (eds.), 1990. Acidification in Finland, Springer-Verlag,
Berlin.

Kerminen V.-M., Pakkanen T.A. and Hillamo R.E., 1997. Interactions between inorganic trace
gases and supermicrometer particles at a coastal site. Atm. Env. 31, 2753-2765.

Kindbom K., Svensson A., Sjoberg K. and Pihl Karsson G., 2001. Trends in Air Concentration and
Deposition at Background Monitoring Sites in Sweden, IVL Report B 1429, Swedish
Environmental Research Institute, Gothenburg.



40

Kulmala A. Estlander A. Leinonen L. Ruoho-Airola T. and Séynétkari T., 1982. The quality of air
at the Finnish backgound stations in the 1970’s. lImatieteen laitoksen tiedonantoja No 36.
IImatieteen laitos, Helsinki. (In Finnish)

Kulmala A, Leinonen L. and Sdynéatkari T., 1990. The quality of air at the Finnish background
stations 1980-86. Publications on air quality No. 7, Finnish Meteorological Institute, Helsinki.
(In Finnish)

Kulmala A., Leinonen L., Ruoho-Airola T., Salmi T. & Waldén J., 1998. Air Quality Trends in
Finland. Air Quality Measurements. Finnish Meteorological Institute, Helsinki.

Laurila T., 1990. Wet deposition trends of major inorganic ions in Finland based on daily bulk
deposition samples. Water, Air, Soil, Pollut. 52, 295-324.

Lee D.S., Kingdon R.D., Pacyna J.M., Bouwman A.F. and Tegen I., 1999. Modelling base cations
in Europe - sources, transport and deposition of calsium. Atm. Env. 33, 2241-2256.

Lee D.S. and Pacyna J.M., 1999. An industrial emission inventory of calcium for Europe. Atm. Env.
33, 1687-1697.

Leinonen L. (ed.), 2000. IImanlaatumittauksia — Air Quality Measurements 1999. Finnish
Meteorological Institute, Helsinki.

Leinonen L., Ruoho-Airola T. and Waldén J., 2000. Background air quality in Finland in 1998. -
In: Ukonmaanaho L. & Raitio H. (eds.), Forest Condition Monitoring in Finland - National
report 1999. Finnish Forest Research Institute, Research Papers 782, 16-32.

Leinonen L. (ed.) 2001. llmanlaatumittauksia — Air Quality Measurements 2000. Finnish
Meteorological Institute, Helsinki.

Levine S.Z. and Schwarz S.E., 1982. In-cloud and below-cloud scavenging of nitric acid vapor.
Atm. Env. 16, 1725-1734.

Logan J.A., 1983. Nitrogen oxides in the troposphere; global and regional budgets. J. Geophys. Res.
88, 10785-10807.

Lynch J.A., Bowersox V.C. and Grimm J.W., 2000. Acid rain reduced in Eastern United States.
Environ. Sci. Technol. 34, 940-949.

Lovblad G., Persson C. and Roos E., 2000. Deposition of base cations in Sweden. Report 5119.
Swedish Environmental Protection Agency, Trelleborg.

Mannio, 2001. Responses of headwater lakes to air pollution changes in Finland. Monographs of
the Boreal Environment Research No. 18.

Ministry of the Environment, 1989. Air quality management in Finland. Booklet 15. Finnish
Ministry of the Environment, Helsinki.

Ministry of the Environment, 2002. Air Pollution Control Programme 2010. The Finnish
Environment 588. Finnish Ministry of the Environment, Helsinki.

Moldan F., Wright R.F., Lofgren S., Forsius M., Ruoho-Airola T. and Skjelkvale B.L., 2001. Long-
term chances in acidification and recovery at nine calibrated catchments in Norway, Sweden
and Finland. Hydrol. Earth Syst. Sci. 5, 339-349.

MSC-W, 1998. Transboundary Acidification Air Pollution in Europe, EMEP/MSC-W Report
1/1998 Part 2: Numerical Addendum, Norwegian Meteorological Institute, Oslo.

NEGTAP, 2001. Transboundary Air Pollution: Acidification, Eutrophication and Ground-level
Ozone in the UK. CEH Edinburgh, pp. 46-50.

Nilsson J. and Grennfelt P. (eds.). 1988. Reprint of the workshop report on Critical loads for
sulphur and nitrogen. NORD 1988:98. Nordic Council of Ministers, Copenhagen, Denmark.

Nissinen A. and Ilvesniemi H., 1990. Effects of acid deposition on exchangeable cations, acidity
and aluminium solubility in forest soils and soil water. In: Kauppi, P., Kenttamies, K. and
Anttila, P. (eds.), Acidification in Finland, Springer-Verlag, Berlin, pp. 287-304.

Nordlund G., 1981. Meteorology of high sulphur dioxide concentration episodes in Finland.
Finnish Meteorological Institute Contributions No. 85, Finnish Meteorological Institute,
Helsinki.



41

Oden S., 1968. The acidification of air and precipitation and its consequences in the natural
environment. Ecological Committee Bulletin No. 1. Swedish Natural Science Research
Council, Stockholm. Translations Consultants, Ltd. Arlington, Va.

Paatero J., Valkama I., Makkonen U., Laurén M., Salminen K., Raittila J. and Viisanen Y., 2001.
Inorganic components on the ground-level air and meteorological parameters at Hyytiala,
Finland during the BIOFOR project 1998-1999. Reports 2000:3. Finnish Meteorological
Institute, Helsinki.

Pakkanen T.A., Hillamo R.E., Aurela M., Andersen H.V., Grundahl L., Ferm M., Persson K.,
Karlsson V., Reissell A., Rayset O., Flgisand I., Oyola P. and Ganko T., 1999. Nordic
intercomparison for measurement of major atmospheric nitrogen species. J. Aerosol. Sci. 30,
247-263.

Pakkanen T.A., Hillamo R.E., Méakinen M., Makeld T., Kerminen V.-M., Virkkula A., Karlsson V.,
Reissell A., Lattila H., Boij H., Hilbert G., Grundahl L., Andersen H.V., Christensen L., Ferm
M., Persson K., Flgisand I., Rgyset O., Schaug J., Terseth K., Oyola P., Ganko T., Carlsson
H., Rosman K., Vesely V. and Granat L., 1994. Nordic HNO3/NO3- and NH3/NH4+
gas/particle intercomparison in Helsinki. Publications on Air Quality No. 18, Finnish
Meteorologial Institute, Helsinki.

Rask M. and Tuunainen P., 1990. Acid-induced changes in fish populations of small Finnih lakes.
In: Kauppi P., Anttila P. & Kenttamies K. (eds.), Acidification in Finland, Springer-Verlag,
Berlin.

Reuss J.O. and Johnson D.W. (eds.), 1986. Deposition and the acidification of soils and waters.
Ecological Studies 59. Springer Verlag, New York.

Reuss J.E., Cosby B.J. and Wright R.F., 1987. Chemical processes governing soil and water
acidification. Nature 329, 27-32.

Ricard V., Jaffrezo J.-L., Kerminen V.-M., Hillamo R.E., Sillanp&a M., Ruellan S., Liousse C. and
Cachier H., 2002. Two-years of continuous aerosol measurements in Northern Finland. J.
Geophys. Res. 107, doi:10.1029/2001JD000952.

Ruoho-Airola T. and Leinonen L., 1994. Integrated monitoring programme. Measuring results
1991-1992. Summary of deposition 1987-1992. Publications on Air Quality No. 20. Finnish
Meteorological Institute, Helsinki. (In Finnish).

Ruoho-Airola T., Waldén J. and Leinonen L., 2001. Background air quality in Finland in 1999. In:
Ukonmaanaho L. & Raitio H. (eds.), Forest Condition Monitoring in Finland - National
report 2000. Finnish Forest Research Institute, Research Papers 824, 34-56.

Ruoho-Airola T. and Salminen K., 2003. Trends in the base cation deposition in Finland. In: Patania
F. and Brebbia C.A. (eds.), Air Pollution XI, WIT Press, Southampton, UK, pp. 273-282.
Ryabohapko A., Gallardo L., Kjellstrom E., Gromov S., Paramonov S., Afinogenova O. and Rohde
H., 1998. Balances of oxidised sulfur and nitrogen over the former Soviet Union territory.

Atm. Env. 12, 647-658.

Rytkdnen J., Siitonen L., Riipi T., Sassi J. and Sukselainen J., 2002. Statistical Analyses of the
Baltic Maritime Traffic. VTT Technical Research Centre of Finland. Research report No.
VAL34-012344, Espoo.

Salmi T., Maatta A., Anttila P., Ruoho-Airola T. and Amnell T., 2002. Detecting trends of annual
values of atmospheric pollutants by the Mann-Kendall test and Sen's slope estimates- the
Excel template application MAKESENS. Publications on Air Quality No. 31. Finnish
Meteorological Institute, Helsinki.

Sandnes H., 1995. The receptor oriented one-layer trajectory acid deposition model with 50 km x
50 km spatial resolution. Preliminary results and model intercomparison. EMEP/MSC-W
Note 2/95. Research Report 20. Det Norske Meteorologiske Institutt, Oslo.

Schwarz S.E., 1979. Residence times in reservoirs under non-steady-state conditions: application to
atmospheric SO2 and aerosol sulphate. Tellus 31, 520-547.

Sehmel G.A., 1980. Particle and gas dry deposition: A review. Atm. Env. 14, 983-1011.



42

Seinfeld J.H. and Pandis S.N., 1998. Atmospheric Chemistry and Physics: From Air Pollution to
Climate Change, John Wiley & Sons, Inc., New York.

Sen P.K., 1968. Estimates of the regression coefficient based on Kendall’s tau. J. of the American
Statistical Association 63, 1379-1389.

Shannon J.D., 1999. Regional trends in wet deposition of sulfate in the United States and SO2
emissions from 1980 through 1995. Atm. Env. 33, 807-816.

Simpson D., Fagerli H., Eiof Jonson J., Tsyro S., Wind P. and Tuovinen J.-P., 2003. Transboundary
Acidification, Eutrophication and Ground Level Ozone in Europe, Part I, Unified EMEP
Model Description. EMEP Report 1/2003, Norwegian Meteorological Institute, Oslo.

Sofiev M., Kaasik M. and Hongisto M., 2003. Model simulations of the alkaline dust distribution
from Estonian sources over the Baltic Sea basin. Water, Air, Soil, Pollut. 146, 211-223.

Soveri J. and Ahlberg T., 1990. Effects of air pollutants on chemical characteristics of soil water
and groundwater. In: Kauppi P., Anttila P. & Kenttdmies K. (eds.), Acidification in Finland,
Springer-Verlag, Berlin, pp. 865-881.

Statistics Finland, 2000. Environment Statistics 2000. Environment and natural resources 2000:1.
Statistics Finland, Helsinki.

Syri S., Johansson M. and Kangas L., 1998. Application of nitrogen transfer matrices for integrated
assessment. Atm. Env. 32, 409-413.

Syri S., 2001. Air pollutants and energy pathways: Extending models for abatement strategies.
Monographs of the Boreal Environment Research No. 19.

Tarrason L., Barrett K., Erdman L. and Gusev A., 1997. Atmospheric Supply of Nitrogen, Lead and
Cadmium to the Baltic Sea, EMEP/MSC-W Research Report no. 58, Norwegian
Meteorological Institute, Oslo.

Tarrason L. and Schaug J., 2000. Transboundary Acidification and Eutrophication in Europe,
EMEP Report 1/2000, Norwegian Meteorological Institute, Oslo.

Tarrason L., Johnson J.E., Fagerli H., Benedictow A., Wind P., Simpson D. and Klein H., 2003.
Transboundary Acidification, Eutrophication and Ground Level Ozone in Europe. Part IlI,
Source-receptor relationship. EMEP Report 1/2003, Norwegian Meteorological Institute,
Oslo.

Tervahattu, H., Hongisto, M., Kupiainen, K., Aarnio, P., Sillanpaa, M., Saarikoski, S., 2002. Long-
range transport of particles in September 2001. — Padkaupunkiseudun julkaisusarja C 2002:7
(Publications of Helsinki Metropolitan Area Council C 2002:7), YTV, Helsinki. (In Finnish)

Tikkanen E. and Niemeld I. (eds.), 1995. Kola Peninsula pollutants and forest ecosystems in
Lapland. Final report of The Lapland Forest Damage project. Finland's Ministry of
Agriculture and Forestry. The Finnish Forest Research Institute.

Tsakovski S., Puxbaum J., Simenov V., Kalina M., Loffler H., Heimburger G., Biebl P., Weber A.
and Damm A., 2000. Trend, seasonal and multivariate modelling study of wet precipitation
data from the Austrian Monitoring Network (1990-1997). J. Environ. Monit. 2, 424-431.

Tarseth K. and Semb A, 1998. Deposition of nitrogen and other major inorganic compounds in
Norway, 1992-1996. Environ. Pollut. 102, 299-304.

Tarseth K., Wenche A. and Solberg S., 2001. Trends in airborne sulphur and nitrogen compounds
in Norway during 1985-1996 in relation to air mass origin. Water, Air, Soil, Pollut. 130, 1493-
1498.

Tuovinen J.-P., Kangas L. and Nordlund G., 1990. Model calculations of sulphur and nitrogen
deposition in Finland. In: Kauppi P., Anttila P. & Kenttamies K. (eds.), Acidification in
Finland, Springer-Verlag, Berlin, pp. 167-197.

Tuovinen J.-P., Laurila T., L&ttil4 H., Ryaboshapko A., Brukhanov P. and Korolev S., 1993. Impact
of the sulpur dioxide sources in the Kola Peninsula on air quality in northernmost Europe.
Atm. Env. 27A, 1379-1395.

Ukonmaanaho L. and Starr M., 1995. Throughfall and stemflow. - In: Bergstrom, 1., Makel&, K. and
Starr, M. (eds), Integrated Monitoring Programme in Finland. First National Report.
Ministry of the Environment, Environmental Policy Department, Helsinki. Report 1:35-37.



43

Ukonmaanaho L., 2001. Canopy and soil interaction with deposition in remote boreal forest
ecosystems: a long-term integrated monitoring approach. Finnish Forest Research Institute,
Research papers 818, Helsinki.

Ukonmaanaho L. & Raitio H. (eds.), 2001. Forest Condition Monitoring in Finland - National
report 2000. Finnish Forest Research Institute, Research Papers 824

UN/ECE, 1996. 1979 Convention on long-range transboundary air pollution and its protocols.
United Nations Economic Commission for Europe. New York and Geneva.

Valkama I. and Rossi J., 1992. The Finnish Trajectory and Dose Calculation Model TRADOS. In:
Klug, W., Graziani, G., Grippa, G., Pierce D. and Tassone C (eds.), Evaluation of Long
Range Atmospheric Transport Models Using Environmental Radioactivity Data from the
Chernobyl Accident. The ATMES Report, Elsevier, London.

Vestreng V., Review and Revision, Emission data reported to CLRTAP, EMEP/MSC-W Note
1/2003, Norwegian Meteorological Institute, Oslo 2003.

Virkkula A., Madkinen M., Hillamo R. and Stohl A., 1995, Atmospheric aerosol in the Finnish
Arctic: particle number concentrations, chemical characteristics, and source analysis. Water,
Air, Soil, Pollut. 85, 1997-2002.

Vuorenmaa J., Juntto S. and Leinonen L., 2001. Rainwater quality and bulk deposition in Finland
in 1998. The Finnish Environment 468. Finnish Environment Institute, Finnish
Meteorological Institute, Helsinki. (In Finnish)

Waldén J., Ruoho-Airola T. and Leinonen L., 1999. Background air quality in Finland in 1997. In:
Raitio H. and Kilponen T. (eds.), Forest Condition Monitoring in Finland. National report
1998. Finnish Forest Research Institute, Research Papers 743, 14-30.

Webdab, 2003. UNECE/EMEP emission database, http://webdab.emep.int/. 15.10.2003.

Wesely M.L. and Hicks B.B., 2000. A review of the current status of knowledge on dry deposition.
Atm. Env. 34, 2261-2282.

Zimmermann F., Lux H., Maenhaut W., Matschullat J., Pressow K., Reuter F. and Wienhaus O.,
2003. A review of air pollution and atmospheric deposition dynamics in southern Saxony,
Germany, Central Europe. Atm. Env. 37, 671-691.



44

Annex 1.

Review of the papers

Paper |

The paper presents the concentration trends for the period 1981-2000 and the accumulated
exposure to sulphur and nitrogen compounds from different transport sectors for the period 1986-
2000 in Finland. The concentrations of all sulphur compounds have declined significantly, by more
than 60%, throughout the country during 1981-2000; in the 1990’s significant trends were detected
in all time series except sulphate in precipitation at the northernmost stations. The largest decline
has taken place already before 1991 and during winter. From the Finnish perspective, the emissions
of SO, are largest in the countries to the south and southwest to west of Finland. The frequent
transport from these sectors together with the smaller SO, emission reduction, especially in the
southern sector, has contributed to the lower reductions of the sulphate concentrations. The
concentration of nitrate in precipitation has reduced by 20-40% and that of ammonium in
precipitation by more than 50% during 1981-2000. However, in the 1990’s, not many significant
monotonic downward trends were obtained for the concentrations of the nitrogen compounds in air
and precipitation. Transport from the western and southwestern sectors dominated the sulphur
exposure during summer, while in winter all the southward sectors were important. The nitrogen
exposure was mainly dominated by transport from sectors between west and south, but lately a
slight shift towards increased transport from the sectors ranging from the north to the south-east
appears possible.

Paper 11

The effects of transboundary air pollutants on the deposition levels and the precipitation
concentrations were studied within the UN/ECE Integrated Monitoring Programme in 1988-1995 at
four Finnish background stations. A monotonic decreasing trend was detected for the concentration
and deposition of sulphate, nitrate, ammonium and potassium in bulk precipitation at the southern
stations. Farther to the north, fewer compounds showed a significant reduction. The origin of the
acidifying deposition was estimated. The proportion of domestic sulphur and nitrogen deposition
decreased when moving northwards. For sulphur in the south, the reduction reflected rather well the
reduction of sulphur emissions in Finland and elsewhere in Europe. The downward trend of the
nitrogen compounds throughout the country seems to be due to international emission reductions.

Paper 111

The paper discusses the episodicity of the sulphur bulk deposition from daily measurements in the
1990’s. A large proportion of the annual acid deposition is accumulated in a few days: the worst 5
days at the Finnish background stations can bring 20-30 % of the annual bulk sulphate load. In the
central and northern Finland there were significantly more episode days than in the south. A new
definition for an episode, based on the exceedance of the annual median value, was introduced. The
episodes cannot be completely explained by high precipitation amounts: the mean sulphate
concentration in episodic rain was higher than the annual mean concentration. The episodes were
mostly imported: the air mass arriving at the station had passed over areas with high emissions
outside Finland.
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Paper IV

In the paper, deposition maps of the base cations Na*, K*, Ca** and Mg** were estimated for 1998
for Finland using measurement data for precipitation and air quality. The highest deposition for all
compounds was measured near the southern coast, and it gradually decreased northwards. The
deposition of Na* and Mg?* increased again in the far north, in the vicinity of the Arctic Ocean.
During the last decade the sum of the base cation concentrations in bulk precipitation as well as the
sum of the non-sea-salt fraction decreased by approximately 15-35% in all areas in Finland. An
especially large reduction occurred in the southeastern part of Finland, where the wet deposition of
base cations decreased almost as much as the wet deposition of sulphur.

Paper V

The paper presents temporal trends of sulphate, base cation (Ca?*+ Mg*+ K*), and H* ion
concentrations in bulk precipitation and throughfall samples collected over a seven year period
(1989-95) in four forested catchments in Finland. The sulphate and H" ion concentrations in bulk
precipitation and throughfall both showed negative linear trends, which were significant for the 3
southernmost catchments. The decline was greater for throughfall than for bulk precipitation,
indicating a proportionally greater reduction in dry deposition than wet. The reported reduction in
sulphur emissions over the study period has resulted in a significant reduction in the acidity and
sulphate concentration of bulk precipitation, and this reduction has also been reflected in the
throughfall concentrations.
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