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Preface

“Acidification in Finland” has been the theme of HAPRO, the Finnish Acidifica-
tion Research Programme, in 1985-1990. HAPRO has been a multidisciplinary
programme funded by the Finnish government. Seven universities, eight govern-
mental research institutes and numerous expert consultants have taken part in this
work. The objective of the programme has been to contribute to air pollution
abatement and the management of natural resources by obtaining and processing
facts, information and understanding on the so-called acidic precipitation issue. In
practise, the programme has organized surveys of emissions, compiled measure-
ments of concentrations and deposition, documented the existing state of Finnish
ecosystems, carried out investigations on cause-and-effect relationships, de-
veloped, tested and applied different kinds of models including integrated assess-
ment models and supported international exchange of information.

After a short planning phase of the programme, the General Plan for HAPRO
was adopted at the end of 1984. The years 1985 and 1986 can be considered as
the period of establishing the research. Most of the research measurements and
analyses were done in 1987 to 1988 supporting the documentation period in 1989.
HAPRO will come to completion in 1990 with emphasis on assessment and the
exchange of information.

Chapters of this book were first drafted in the spring of 1989. An international
reviewing panel chaired by Dr. Leen Hordijk from the Netherlands met in Helsinki
in June 1989 to examine the manuscripts. In this way the manuscripts passed an
intensive peer review in a relatively short period of time. The manuscripts were
corrected and updated in July-September 1989 and were sent to the publisher.

This book is the summary of the primary results and findings of HAPRO. It
mainly contains original material that has not been published before. The aim has
been that the material and methods are sufficiently documented in each chapter in
order to allow the reader to take a critical look at the results. It is fair to say that
the majority of Finnish research on the acidic precipitation issue in the second half
of the 1980s is included in the chapters of this book. We sincerely thank all
institutes, organizations and people who have taken part in the preparation of this
book. In particular, we would like to acknowledge the scientists — people who have
done the job.

Helsinki, Spring 1990
PexkkA Kauppl, P1A ANTTILA and KAARLE KENTTAMIES
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Introduction to This Book

Finnish ecosystems are sensitive to pollution damage because of the harsh climate
and the scarcity of species. Pollution damage would have a large impact on
Finland, because the character of the Finnish landscape and the national economy
are heavily based on natural and seminatural ecosystems, in particular, forests and
lakes and streams.

Finland like all countries would prefer to act in favour of environmental
protection rather than to let damage occur and try to repair it thereafter. The
country cannot afford losing the production capacity of forests even if the forests
could later be revitalized. Trees are grown at rotations between 70 to 160 years.
Productivity has to be maintained all the time. An interruption, that is a massive
forest decline, would involve enormous costs.

Protection approach has guided HAPRO research. The programme has aimed
at assessing future scenarios and trends. Monitoring the past has been a necessary
element of research but only in the sense that it sets the footings for assessments of
the future. Surveys and inventories have described the base-line conditions. Ex-
periments have clarified cause-and-effect relationships. Results have been incor-
porated into assessment models.

The reports of this book have been organized in five main sections. Section 1
describes emissions, atmospheric processes and deposition. Section 2 deals with
terrestrial environments and includes reports on soil chemistry, soil microbiology,
vegetation and insects, trees and materials effects. Section 3 is the water part
including reports on water chemistry and on biota in lakes and streams. Sections 4
and 5 are devoted to liming, and to secondary effects and assessment, respectively.

Sections 1 to 3 are organized in a similar way so that they begin with
monitoring and survey reports. Then they continue with reports on models and
experimental results. Sections 4 and 5 deal with the scientific background of
ecosystem revitalization and pollution abatement. They include reports on second-
ary effects such as the waste production of flue gas desulphurization and the
potential economic reflections of forest damage abroad through the international
trade of forest products.

Emissions into the atmosphere are described first. In the 1950’s and 1960’s
sulphur emissions grew substantially, as a matter of fact faster in Finland than in
many other countries. Then the emissions peaked in the mid-1970’s and have
declined since. This decline will continue at a rate that depends on abatement



X1V Introduction to This Book

strategies. NO, emissions have not peaked yet but the Finnish government has
made commitments so that they will begin to decline [1. SAvOLAINEN, M. TAHTINEN
(1) and J. AnHAava et al. (21)].! The next report is on ammonia emissions
[R. NiskaneN et al. (31)]. Manure is the main source of ammonia in Finland and
emissions are concentrated in western Finland.

The study of air quality together with meteorological data provides a clima-
tological picture of the atmospheric environment in Finland [S.M. JOFrre et al.
(43)]. This report describes air concentration levels of SO, , NO,, aerosol sulphate
and nitrate, ozone and includes some results on volatile biogenic organic com-
pounds, too. The precipitation chemistry measurements include sulphate, nitrate,
ammonium, strong acids, calcium, magnesium, potassium, sodium and chloride.
The study shows that meteorological conditions and the origin of air masses were
the primary modulators of the observed concentrations. The southwestern and
southeastern sectors make the greatest contribution to the pollutant load in
southern and central Finland.

The next report is a simulation study on the formation processes of acid
aerosols with a special emphasis on Finnish weather conditions and concentration
levels [M. KuLMmaLa (95)]. The anthropogenic emissions of alkaline aerosols in
Finland are investigated in report [P. ANTTILA (111)]. The research topic of this
study is the origin of the specific neutralizing deposition occurring in southern
Finland, a phenomenon reported in [S.M. JorFRE et al. (43), O. JARVINEN, T. VANNI
(151) and A. HyvARINEN (199)]. The performance characteristics of five commer-
cial sulphur dioxide monitors were compared in [J. WALDEN et al. (135)].

The deposition characteristics in Finland are described next {O. JARVINEN,
T. VANNI (151) to (199)]. Continuous bulk deposition monitoring has been carried
out at almost 40 stations between 1971 to 1988 [O. JarviNeN, T. VANNI (151)].
According to these measurements sulphur, nitrogen, strong acid and Ca deposition
have a south-north gradient, the deposition being higher in the south. Sulphur
deposition has not changed over time during the measurement period, while nitrate
deposition has increased.

Model calculations indicate two regions of high sulphur deposition [J.-P.
TuoviNeN et al. (167)]. One is in southern Finland and is connected with the
general south-north gradient. The other one is in northeastern Finland due to the
high sulphur emissions in the Kola Peninsula in the USSR. For both nitrate
nitrogen and ammonia nitrogen the highest deposition fluxes occur in southeastern
Finland.

Tree canopies reduce the ammonium and nitrate contents of precipitation and
increase the fluxes of sulphate, magnesium, potassium and calcium ions onto forest
soils [A. HyvArINEN (199)]. Especially in spruce-dominated stands the fluxes of
strong acids and sulphate are estimated higher when sampled below the canopy
rather than on open land.

! The numbers in round brackets show the first page of the report in this book.
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A chemistry survey of Finnish agricultural soils was carried out in 1974 and in
1986 [R. Ervio et al. (217)]. The soil chemistry is mainly affected by cultivation
measures. However, a slight increase of cadmium levels and a decrease of lead
levels may partly be due to changes in atmospheric deposition.

Mineral soils account for two-thirds of all forest land. Moraine soils dominate.
Granite is the common parent material whereas calcareous soils are nearly missing.
Podsolic profiles form strong vertical gradients for most soil characteristics.
Quantitative estimates are given for characteristics such as cation exchange capa-
city and base saturation of the upper layers of forest soils [P. TAMMINEN, M. STARR
(237) to A. NissiNnen, H. ILvesniemr (287)]. Organic (peat) soils are dealt with in
a similar way in [A. PATiLA (305)]. Finnish forest ecosystems, at least those chosen
for fertilization experiments, have not yet reached the state of nitrogen saturation
because nitrogen fertilization substantially increases tree growth [E. MALKONEN
et al. (325)]. Indications of a decrease in the microbiological activity of forest
soils have been detected in polluted urban areas [K. PALMGREN et al. (351) and
R. OnTONEN et al. (373)].

A quite dramatic change in the composition of epiphytic lichens is documented
over a large fraction of Finnish forests [M. KuusiNen et al. (397)]. This report
documents declining trends from the 1960°s to 1980’s of the lichen species that are
sensitive to air pollution. Several chemical compounds show spatial patterns with
high and low concentration regions as measured from samples of Hypogymnia
physodes, a common epiphytic lichen [E. Kusin (421)]. The impact of a local air
pollution gradient on insect fauna is reported in [K. HELIOVAARA, R. VAISANEN
(447)]. Experiments using simulated acid rain have been carried out although using
relatively small dosages and short treatment durations at this stage [M. VUORINEN
(469) to M. Lopenius, J. MALM (495)].

Forest growth in Finland on the average has not declined, on the contrary
it has considerably increased [P. Nosp (507)]. Early warnings of possible future
declines are investigated using defoliation assessments [E.-L. JUKOLA-SULONEN
{(523)]. Defoliation is often associated with agents of abiotic and biotic damage
[S. NevaLaINEN, H. YLI-KorsoLa (561)]. Analytical principles of the research linking
air pollutants to forest characteristics are presented in [ P. Har1 (583)]. Coincidence
of air pollution and severe climate is the topic of the experimental research
reported in [S. HUTTUNEN et al. (607)].

Case studies near fur animal farms illustrate the pathways of forest effects of
high ammonia loading [A. FErM et al. (635)]. Another case study in an industrial
environment deals with a mix of pollutant species with sulphur, nitrogen and
fluoride as the damaging agents [A. WULFF et al. (669)]. A new method is reported
in [R. JALkANEN, T. KurkeLa (691)] which would allow constructing needle
retention histories of Scots pine trees. The relationships between soil character-
istics and tree performance are described in [H. Rartio (699) and H. AROVAARA,
H. ILvesniemr (715)].

The study on the effects of air pollutants on construction materials showed
obvious damage to lime-washed and plastered surfaces in polluted urban areas
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[T.K. Kaunisto et al. (737)]. Also the corrosion rate of steel was found to be high
in these areas. However, quantitative conclusions cannot be made yet about the
importance of air pollution on the deterioration of materials in Finland.

The acidity of Finnish small lakes reflects the interaction of atmospheric
sulphur loading, the catchment sensitivity and the amounts of organic anions
originating from peatlands. The survey of statistically selected small lakes (n =987)
quantified the chemical characteristics of Finnish lakes. The share of acidic
lakes was 12% (4900 lakes) but naturally acidic humic lakes dominate (75-85%)
this group [M. Forsius et al. (759)]. Organic anion, median 89 uEql™?!, is the
main anion in the whole lake population, but in southern Finland, in highest
sulphur deposition areas, strong acids exceed organic acidity in most lakes
[P. KorTELAINEN, J. ManNiO (849)]. Applications of two process-oriented models
(MAGIC and RLM) showed that acidification of sensitive surface waters will
continue unless significant emission reductions can be realized [J. KAMARI et al.
(781)].

Mass balance studies of forested basins indicated that the deposition and
dissolution of sulphur dioxide produces more hydrogen ions than direct (wet)
deposition of H*. A significant retention of sulphate was observed in all basins
[K. KaLLio, L. Kauppi (811)]. In fairly well buffered catchments, even during peak
flows in spring time the fraction of fresh meltwater was only 30-40% of the runoff.
No trends were found in the acidity of runoff water in this type of catchment
during the 25 years of monitoring. However, an increase of nitrate concentrations
in the runoff water was detected in some catchments. It has probably been affected
by the growing nitrogen deposition [A. LEpIsTO, SEUNA (825)].

Studies from the groundwater monitoring network showed increasing trends
in sulphate, calcium and nitrate concentrations in the southern part of Finland.
Decreasing values and increasing aluminium concentrations were found only in
areas of high local sulphur deposition [J. Soveri, T. AHLBERG (865)].

Atmospheric trace metal concentrations in the water and sediments of head-
water lakes were higher in southern Finland than in northern Finland. In southern
parts of the country the share of anthropogenic atmospheric load was 60-95% for
Cd, Hg and Pb. Acid conditions favoured high concentrations of Al, Mn, Zn, Pb
and Cd in water and a much higher concentration of Pb in fish liver and bones than
in neutral lakes [M. VERTA et al. (883)].

In the historical, palaeolimnological research of 30 acid-sensitive lakes, 43%
of the lakes were acidified in the near past, 27% had no trends and 20% were
naturally acidic. The recent acidification was restricted to southern Finland,
where almost all acidic lakes have acidified since 1900. In central and northern
Finland, on the other hand, the proportion of naturally acidic lakes was higher
[P. HuttuNeN et al. (1071)].

The effects of acidity (pH) on the present status of biota in small lakes and
brooks were studied in the joint research of 140 lakes [L. Herrro (963) to J.J.
MERILAINEN, J. HYNYNEN (1029)]. Effects of acidity could be detected at all ecolo-
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gical levels. Macrozoobenthos and diatom communities were perhaps the most
promising objects for monitoring purposes. The invasion Sphagnum mosses and
absence of most elodeids were found in some acidified lakes [L. Herrro, (963)].
The occurrence of some dinoflagellate phytoplankton species was regulated largely
by water pH, whereas water colour, phsphorus and nitrogen concentrations had
stronger influence in other groups [P. Kippo-EpLUND, A. HEITTO (973)]. Periphytic
diatoms of the littoral zone seemed to possess a pH-indicator potential
[P. ELoraNTA (985)]. The composition of surface sediment diatoms correlated
closely with the pH of autumn lake water. Planktonic diatom species proved to be
very sensitive to acidification. Canonical correspondence analysis predicted rather
precisely the actual pH value [P. HutTuneN, J. TUrkia (995)]. The species diversity
of crustacean zooplankton was significantly reduced in lakes with a low pH value.
However, in polyhumic lakes the impoverishment of fauna at low pH was less
pronounced [J. SarvarLa, S. Harsinano (1009)]. The biomass and number of
animals of benthic invertebrates showed no correlation with lake acidity although
the number of species decreased with increasing pH. The presence of certain
acid-sensitive species among snails, mayflies and mussels was closely related to
the yearly minimum pH and so they are valuable indicators [J.J. MERILAINEN,
J. HynYNEN (1029)]. In the invertebrate survey of lake outlet brooks, two indic-
ator methods were compared. As a practical result, the monitoring of lake
outlet invertebrates has been recommended for lake monitoring purposes
[H. HAMALAINEN, P. HutTUNEN (1051)].

The fish survey of 80 small lakes in southern and central Finland showed that
roach and perch populations usually changed in response to acidification. In some
extreme cases offspring were nonexistent during the 1980’s. In some acid lakes
roach populations disappeared already 40 years ago [M. Rask, P. TUUNAINEN
(911)]. In the physiological studies, synergistic effects of hypoxia and acid water
was found on blood respiratory properties and ion concentrations [M. NIKINMAA
et al. (929)]. The delayed ovulation of whitefish females was detected when fishes
were exposed to acidic, aluminium-enriched water [P.J. VUORINEN et al. (941)].

The response of forest soils to liming can be detected for several decades after
soil treatment. In spite of the seemingly positive changes in soil characteristics, tree
growth tends to decrease after liming for the reasons discussed in [J. DEROME,
A. PATILA (1093)].

The effects on biota of experimental liming of small lakes were clearly detected
[K. SALONEN et al. (1145)]. However, the duration of effects was short especially in
humic waters. The amount of lime needed to neutralize humic lakes (colour
200-350 Ptmgl~1) is over twofold as compared with that needed in clear water
lakes [E. ALASAARELA et al. (1117) to K. SALONEN et al. (1145)].

An integrated assessment model has been developed for HAPRO with contri-
butions from several research disciplines [M. JonaNnssoN et al. (1171)]. Additional
studies to assist strategy evaluations include economic comparisons for sulphur
emission reductions [M. HoNaGisto, M. WaALLIN (1195)], an assessment of the
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FGD-waste problems [J. RanTaA (1209)] and an evaluation of the economic impact
of forest damage through the international market of timber and forest products
[H. SepraLA et al. (1217)].

This book was compiled with an analytical perspective in mind. It illustrates the
wide range of methods, materials, inventory techniques, experimental approaches
and primary results of Finnish acidic precipitation research. A number of purely
methodological reports were included in this book. These are the bits and pieces,
which were subjected to peer review. Critical evaluation of these basic elements will
continue while the synthesis of all this material is being prepared at the same time.
These two phases — analysis and synthesis — will bring the HAPRO programme to
a completion toward the end of 1990.
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Sulphur Dioxide and Nitrogen Oxide Emission
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Summary

A model is presented for the estimation of the future SO, and NO, emissions in
Finland on the basis of energy use and traffic scenarios and emission reduction
strategies. The model is part of the Finnish Integrated Acidification Assessment
Model system (HAKOMA).

The energy use is given in the model for five sectors and nine fuels. Process
emissions from the industry have been included also. The plant register of the
model includes the 190 biggest power and industrial plants (about 500 boilers) in
Finland.

The model is applied in this chapter to three energy use scenarios which consist
of (1) a long-term scenario published by the Finnish Ministry of Trade and
Industry, and of scenarios of (2) maximal use of natural gas and of (3) strong
energy conservation. Sulphur emissions are estimated for three reduction stra-
tegies: no reductions as a theoretical reference; reductions mandated by the
Finnish government; and maximum reductions to estimate the potential of strict
measures. The NO, emissions are estimated for two reduction strategies: no
reductions; and assumed reductions in energy production and transportation.

Introduction

The emission estimates of SO, and NO, for Finland have been calculated for the
years 1950-2040 with the emission submodels of the Finnish Integrated Acidifica-
tion Assessment Model (HAKOMA) (Johansson et al. 1989; Savolainen and
Téhtinen 1988, 1989). The emission calculations have been made on the basis of
energy use and traffic scenarios, and on the basis of alternative assumptions on
emission control strategies.

The current aim of Finland is to reduce the sulphur emissions by 50% from the
level in the year 1980 by the year 1993. Nitrogen oxide emissions will be limited to
the level of the year 1987 by 1995. It has been planned to go further and reduce the
NO, emissions by 30% from the level of 1980 by 1998. This study is based to
a large extent on information obtained from the Finnish ministries and statistics;
however, the results present only views of the authors.

Kauppi et al. (Eds).
Acidification in Finland
© Springer-Verlag Berlin Heidelberg 1990
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The HAKOMA model system consists of modules covering energy use,
emissions, emission abatement; dispersion, transformation and deposition of sul-
phur, and impacts on forest soils and lakes. The HAKOMA model is being
completed soon with an ammonia (NH,) emission module and with deposition
modules for NO, and NH, emissions. The model system is developed by the
Technical Research Centre of Finland in co-operation with other national insti-
tutes and the International Institute of Applied Systems Analysis (ITASA) (Al-
camo et al. 1987).

The main purpose of the emission modules is to make SO, and NO, emission
estimates to be used as a source term for the atmospheric dispersion calculations
and further in soil and lake impact studies. The emission modules can also be used
to study the effectiveness of different abatement measures. It is possible to give
plant type-, size- and location-dependent emission factors, which represent typical
values for certain abatement measures. The emissions have been calculated for
a rather long time span mainly in order to study the slow acidification processes in
soils in various alternative scenarios (Johansson et al. this volume).

Emission Model

General

The emissions are estimated on the basis of energy use and traffic performance
scenarios. Alternative emission control strategies can be considered in the calcula-
tion. The model includes a comprehensive list of power and industrial plants in
Finland.

The energy use and emission calculations have been made for the time period
1950-2040. There are a total of 14 calculation years with a time interval of 5 years
from 1970 to 2010, otherwise the time interval is 10 years. The energy use is given
in the model for five sectors and nine fuels. The sectors considered are: industry,
electricity production, district heating, domestic heating and transportation. The
electricity production sector in the model consists only of ordinary condensation
power. About 25% of the total electricity production is produced as back pressure
power in the industrial and district heating plants, and they are considered in the
respective sectors in the model. The domestic heating sector also considers energy
use of agriculture, forestry and households. The fuels considered in the model are:
heavy fuel oil, light fuel oil, diesel oil, gasoline, natural gas, hard coal, peat, waste
liquors from pulp industry and others (mainly wood). The sulphur emission model
uses 44 geographical emission areas. In the NO, model the emissions are calculated
separately for all municipalities (461). Both emission models use three height
categories of the emissions. The effective release heights have been estimated on the
basis of the stack heights of the plants. The height classes used are 0-50 m, 50-100
m and over 100 m.
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Calculation of the SO, Emissions

Sulphur emissions from energy use are calculated on the basis of fuel consumption,
sulphur contents of fuels and factors describing the amount of sulphur retained in
the ash. Process emissions from the industry are calculated on the basis of
production. Different release abatement measures (fuel- and plant-specific
measures) are taken into account in the calculations.

The emission model has a data file of 190 plants (about 500 boilers) based on
the register of the Ministry of Environment. The plant file consists of main plant
characteristics in the reference year (1986). Important data for the model are
power production, height of the stack, real fuel use in the reference year and
calculated or measured emission data of each plant in the reference year. With the
employment of this plant file, the energy use and the emissions of the plant sectors
(industry, electricity production and district heating) can be distributed geographi-
cally for the reference year. The stack data and information on flue gas temperat-
ure and volume flow have been used to estimate effective heights of the emissions.
In addition to the existing plants, also a list of future planned plants is given. The
possible plans to build new plants are not known for a period longer than 10 years.
Therefore the existing plants are assumed to operate for the whole time period. The
geographical and the height distribution of the emissions for history and future are
estimated using the plant stock of the reference year, the list of new plants and fuel
use indices in each sector for the considered time period.

The sulphur process emissions from the industry are estimated on the basis of
industrial production. The energy use scenarios include assumptions on the devel-
opment of production in the main groups of industry. Process industry releases
have been divided into pulp, basic metal, chemical and oil refining industries.

The energy use data by municipalities for the domestic heating sector have
been taken from the statistics provided by the Central Statistical Office of Finland
and data for the traffic sector from the statistics of the sold motor fuels by
municipalities. The emissions of these two sectors always belong to the lowest
height class.

The energy use given in a scenario is allocated to the plants, so that the new
plants are assumed to operate with full load. The rest of the energy use is divided
between old plantsin proportion to the energy use of the considered fuel and sector
in the reference year. There was a minor fraction of fuel use in the reference year,
that was burned in small, mostly industrial plants, which are not included in the list
of the plants in the emission module. This fuel use is divided between the emission
areas according to the population.

The following main types of the sulphur emission restrictions can be presently
considered in the emission model:

— sulphur contents of fuels as a function of time and location;
- maximum sulphur dioxide output per consumed fuel [mg (SO,) MJ ] depend-
ing on the main fuel of the plant, plant size and location;
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— maximum sulphur dioxide output per industrial production [kg (SO,) t™!]
depending on industrial subsector.

Calculation of the NO, Emissions

A survey of nitrogen oxide emissions from various types of boilers in Finland
(Hupa et al. 1987) classifies boilers according to their main fuel, combustion
technique and size. A specific emission factor [mg (NO,) MJ 1] has been deter-
mined for each class. They correspond to the situation of no control measures to
limit NO, emissions. The emission factors are shown in Table 1. The factors are for
maximum capacity utilization of the boilers. The factors are approximately
10-30% lower if plants operate at half load. The dependence of the emission
factors on load is considered in the model in big coal-fired boilers.

The use of energy in domestic heating by municipalities is from statistics. The
used emission factors [mg (NO,) MJ~1] for domestic heating are (Jaanu 1987):
heavy fuel oil 180, light fuel oil 50, coal 375 and firewood 60.

Because the transportation causes about half of the total NO, emissions in
Finland, this sector has been described more accurately than other sectors in the
NO, emission model. It consists of road traffic and other mobile sources, which
include train, ship, and air traffic and mobile machinery such as tractors etc. The
vehicles in the road traffic have been divided into passenger cars, vans, trucks and

Table 1. NO, emission factors for main boiler types (Hupa et al. 1987)

Main fuel Combustion technique Size Emission factor
MW) [mg (NO,) MJ™']
Oil Burner firing 5-50 200
Burner firing >50 240
Gas turbine >5 360
Coal Hor. firing >5 420°
Tang. firing >5 250°
Grate firing >5 170
Natural gas Burner firing >5 100
Burner firing 50-150 150
Burner firing >150 250
Peat Grate firing 5-50 240
Grate firing >50 220
Dust combustion 5-50 260
Dust combustion >50 300
Combined grate/dust 5-50 260
Combined grate/dust > 50 300
Fluidized bed >5 160
Wood and bark Grate firing 5-50 80
Grate firing > 50 100
Black liquor >5 50
Sulphite liquor >5 120

2 Load dependence considered.
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buses. The passenger cars and vans are further divided into gasoline- and diesel-
powered cars. Because of the lack of mileage and emission data, the vehicles have
not been divided into weight classes. The model uses estimates for the mileage in
cities and countryside for different vehicle types. For the reference year (1985) the
model uses detailed data of transport performances by municipalities (461) for
road traffic. The mileage estimates for the future can be given by provinces (12) to
the model. They are distributed into municipalities as in the reference year. The
exhaust restrictions usually concern only new vehicles, therefore also forecasts for
numbers of new vehicles registered in the future are needed. Forecasts up to the
year 2010 for the transport performances and for the registration of new vehicles
have been issued by the State Road and Waterways Authority.

In the calculation of NO, emissions from road traffic, emission factors
[g (NO,) km™1] for different cars and engine types are used. The emission factors
are speed-dependent and the transport performance has therefore been divided
into highway and urban driving. The emission factors are easier to estimate for
highway driving with relatively constant speed. In urban driving the travel distan-
ces are often short and the engines remain cool. There are also more accelerations
and decelerations in urban driving than in highway driving, which makes the
emission factors more inaccurate. Table 2 shows the emission factors used corre-
sponding to the present car fleet with no measures to reduce NO, emissions. The
values are based on unpublished information obtained from the Ministry of
Environment and from the measurements of emission factors at the Technical
Research Centre of Finland.

In the computation of future emissions, new values of emission factors can be
given both for the stationary and the mobile sources. In the case of the mobile
sources, the model calculates effective emission factors for vehicle types on the
basis of the changing car fleet. In the calculation of the renewal of the car fleet, the
number of new cars is estimated on the basis of the increase in the number of cars
and on the basis of the number of new cars replacing old ones.

Table 2. NO, emission factors [g (NO,) km™1] for road traffic

Car type Highway driving Urban driving
Passenger cars
gasoline 3.2 1.0
diesel 0.6 0.7
Vans
gasoline 32 1.0
diesel 0.6 0.7
Trucks 14.0 14.0

Buses 16.0 26.0
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Input Data for the Emission Scenarios

Energy Use

The main energy use scenario of this study is based on the reference (Ministry of
Trade and Industry 1988). This scenario (abbr. KTM, from the Finnish name of
the ministry) assumes that the GDP will increase by 100% by the year 2030. Most
of the growth actually takes place before the year 2010 and the GDP is assumed to
be thereafter almost constant. After the year 2030 the scenario values are assumed
to be constant to 2040. Two other scenarios have been developed using this
scenario as a basis. The first one assumes a maximum use of natural gas and the
other a strong energy conservation. The purpose of these scenarios is to consider
the potential that they give to the emission reductions. In the KTM scenario the
total primary energy consumption is assumed to increase by 31% by 2010, which
corresponds approximately to an annual growth rate of 1.3%. In 1986-1988 the
primary energy consumption grew on an average of 2.5% yr~1! in Finland. In the
OECD countries the average growth rate was 1.8% yr~!. The electricity consump-
tion is assumed to increase by 2.4% per year in the KTM scenario before the year
2010. In 19861988 the growth rate was on an average 4.3%. In the short term the
actual growth rates have exceeded the assumed growth rates of the long-term
scenario. In the KTM scenario the growth of the energy demand is covered to
a large extent by increasing the use of hard coal. The share of natural gas and peat
are slowly increasing while the share of oil is decreasing. The total energy use in the
scenario is almost constant after the year 2010. The KTM energy use scenario is
shown by fuels in Fig. 1 and by sectors in Fig. 2.
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Fig. 1. Total primary energy consumption (PJ yr~!) by energy source, the reference (KTM)
energy use scenario (imports of electricity not included)
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Fig. 2. Use of fuels by sectors, the reference (KTM) energy use scenario (nuclear fuels not
included)

In the natural gas scenario the total primary energy use is the same as in the
KTM scenario. The main purpose is the substitution of coal with natural gas to
a large extent. The coal consumption is limited to the level of 1990 and the
remaining energy demand is covered with natural gas. After the year 2000 the use
of coal is assumed to decrease slowly.

In the energy conservation scenario the efficiency of the energy consumption is
assumed to increase strongly in industry and space heating. In industry the need of
heat is assumed to decrease to 50% and the need of electricity to 75% per unit
production before the year 2030. In space heating the heat demand is assumed to
decrease to 50% per unit building volume. The total energy consumption would
decrease from the values of the KTM scenario by 8% to the year 2000 and by 20%
to the year 2030 (Tamminen 1988).

New Plants

In addition to the list of existing plants included in the code, a list of new plants can
be given for the computations. An official plan for electricity supply for 10 years in
advance has been made every year in Finland. This consists of the best available
electricity use scenario, of the capacity of electricity supply at the moment and of
the need of new capacity. The report has a list of planned new power plants. These
plants have been taken into consideration in the HAKOMA model. Because the list
of the new plants covers the next 10 years only, the existing plants are assumed to
operate for the whole time period. It can be assumed that the old plants are, with
time, renewed to correspond the emission regulations of the time considered, and
the geographical distribution of the plants is not changed.
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Transport Performance

Scenarios for transport performances and for registration of new vehicles to the
year 2010 have been issued by the State Road and Waterways Authority. The sce-
narios are based on the estimated growth of population. According to the scenario,
the car population is increasing the whole time, but more slowly than in the 1980’s.
The growth of the transport performance in the 1980’s was 3.0-3.5% yr~ 1. In the
1990’s, the growth is assumed to be 2.7% and in the beginning of the next century

only 0.7% per year. For simplicity, after 2010, the values are assumed to be
constant to the year 2040.

Sulphur Contents of Fuels

It is very difficult to predict the development of sulphur contents in fuels. It
depends among others on the sulphur contents of the imported coals and crude
oils. The HAKOMA model therefore uses present values of sulphur contents for
the whole time period. Some restrictions have been made by the state and these
have naturally been taken into consideration. Table 3 shows the assumed sulphur
contents of fuels in different control strategies. For peat the sulphur content is
assumed to be the whole time period 0.2% (weight). Natural gas and wood are not
assumed to contain significant amounts of sulphur.

SO, Reduction Measures

The sulphur emissions have been calculated for three control strategies:

0. no reductions (theoretical case) as a reference for comparison;

1. reductions mandated by the Finnish government; and

2. maximum reductions to test the effect of the best available emission abatement
measures.

In 1987 the Finnish government issued restrictions on the sulphur content of fuels
and also emission limits for plants. When drawing up the restrictions, attention
was paid to the need to reduce the emissions in the industrialized Southern
Finland. Further, that the measures should concern all sectors responsible for the
emissions and the costs for the measures should be reasonable. In the case of the
maximum emission abatement measures the restrictions were made stricter for all
oil boilers and for large coal-fired plants. The sulphur emission restrictions for
both the mandated case and the maximum control case are presented in Table 4.

NO, Reduction Measures

The NO, emissions have been calculated for two cases:
0. no reductions; and
1. planned (all not yet confirmed) restrictions.
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Table 3. Sulphur contents of fuels (weight %) in the considered emission reduction strat-
egies

0. No reductions

HOIL? HOIL® LOIL DIESEL GASO COAL
1986 2.40 2.40 0.19 0.15 0.04 0.79
1990 2.40 2.40 0.19 0.19 0.01 0.80
1995 2,70 2.70 0.19 0.19 0.01 0.90
2000 270 2.70 0.20 0.19 0.01 0.95
2005 2,70 2.70 0.20 0.19 0.01 0.95
2010 2.70 2.70 0.20 0.19 0.01 0.95
2020 2.70 2.70 0.20 0.19 0.01 0.95
2030 2.70 2.70 0.20 0.19 0.01 0.95
2040 2.70 2.70 0.20 0.19 0.01 0.95

1. Mandated reductions

HOIL* HOIL® LOIL DIESEL GASO COAL
1986 2.40 2.40 0.19 0.15 0.04 0.79
1990 2.40 2.40 0.19 0.19 0.01 0.80
1995 1.00 2.70 0.19 0.19 0.01 0.90
2000 1.00 2.70 0.20 0.19 0.01 0.95
2005 1.00 2,70 0.20 0.19 0.01 0.95
2010 1.00 2.70 0.20 0.19 0.01 0.95
2020 1.00 2.70 0.20 0.19 0.01 0.95
2030 1.00 2.70 0.20 0.19 0.01 0.95
2040 1.00 2.70 0.20 0.19 0.01 0.95

2. Maximum reductions

HOIL* HOIL® LOIL DIESEL GASO COAL
1986 2.40 2.40 0.19 0.15 0.04 0.79
1990 2.40 2.40 0.19 0.19 0.01 0.80
1995 1.00 1.00 0.19 0.19 0.01 0.90
2000 1.00 1.00 0.15 0.15 0.01 0.80
2005 1.00 1.00 0.15 0.15 0.01 0.80
2010 1.00 1.00 0.15 0.15 0.01 0.80
2020 1.00 1.00 0.15 0.15 0.01 0.80
2030 1.00 1.00 0.1 0.15 0.01 0.80
2040 1.00 1.00 0.15 0.15 0.01 0.80

2Southern Finland
®Northern Finland

HOIL heavy fuel oil; LOIL light fuel oil; DIESEL diesel oil; GASO gasoline; COAL hard
coal.

A state committee has considered proposals for the boiler NO, emission restric-
tions, but they have not yet been confirmed by the state. Table 5 gives the criteria
which have been used in the emission calculations in this study. Different values
have been given for existing and new boilers. The limits are based on the work of
the committee mentioned and they can mainly be met with primary methods. Only
large new coal-fired units would need catalytic control. In the calculations it has
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Table 4. Sulphur dioxide emission reduction measures used in the emission calculation for
mandated and maximum reduction strategies

Restriction (the year of coming Reduction strategies
into force in parenthesis)
Mandated Maximum

1. Maximum sulphur content (weight %) in

light fuel and diesel oil 0.2 (1991) 0.2 (1991)
2. Maximum sulphur content (weight %) in

coal used plants without desulphurization 1.2 (1988) 1.2 (1988)

1.0 (1994) 1.0 (1994)

3.1 Maximum sulphur dioxide emission
(mg MJ 1) for new coal combustion plants

a) 50-150 MW(th) 230 (1987) 230 (1987)
b) > 150 MW 140 (1987) 140 (1987)
60 (2000}

3.2 Maximum sulphur dioxide emission
(mg MJ 1) for existing coal combustion

plants
a)  5-50 MW(th) 265 (2000)
b) 50-150 MW 140 (2000)
c) 150200 MW 60 (2000)
d) >200 MW 230 (1994) 230 (1994)
60 (2000)
4. Maximum sulphur dioxide emission
(mg MJ ™) for oil-burning plants over 5§ MW
in urban areas in
a) Southern Finland 500 (1991) 500 (1991)
230 (2000)
b) Other parts of Finland 1350 (1991) 230 (2000)
5. Maximum sulphur dioxide emission
[kg (manufactured ton)™ '] for
a) new sulphate pulp plants 4 (1987) 4 (1987)
b) old sulphate pulp plants 6 (1998) 6 (1998)
4 (2000)
¢) new sulphuric acid plants 4-5 (1987) 4-5 (1987)
d) old sulphuric acid plants 7 (1993) 7 (1993)
5 (1995)
e) old iron and steel plants 3 (1990) 3 (1990)
2 (2000)
f) oil refineries 2 (2000)

been assumed that practically all of the existing plants will be renewed by the year
2005 to correspond to the emission restrictions of new plants.

In 1988 a new standard was given for maximum NO, emission for passenger
cars in Finland. It is independent of car size and fuel, and is 0.62 g (NO,) km ™. It
is valid for new passenger car models from the year 1990 and for all new passenger
cars from the year 1992. The limit value requires catalytic converters in gasoline-
fuelled passenger cars. The catalytic converters will decrease the emission factor
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Table 5. Assumed restrictions for boilers in NO, emission calculations

Main fuel Size Emission limit
(MW) [mg (NO,) MJ™1]
New boilers (from the year 1989 onwards)
Coal 50-300 150
>300 70
Oil 50-150 120
>150 80

Natural gas

Boiler >50 50

Gas turbine > 50 100
Domestic fuel > 50 150
Existing boilers (from the year 1995 onwards)
Coal

Hor. firing >100 230

Tang. firing >100 180
Oil

Boiler >100 120

Gas turbine >100 150
Natural gas

Boiler > 100 80

Gas turbine > 100 100
Peat > 100 180

for highway driving to approximately 0.3 g km™! and for urban driving to 0.5
g km™1, The fact that the catalytic converters are not so effective at low temperat-
ures causes the higher emission factor for urban driving. Diesel-powered passenger
cars are assumed to decrease the emissions to the new standard by adjustments of
engines. There are also plans to force emission limits for trucks and buses. They are
not yet confirmed, but they are assumed to be used from the year 1995 for new
vehicles, and the value is assumed to be 7.0 g km™!. The emission estimates of
mobile sources other than road traffic are based on fuel consumptions and
emission factors (Jaakko Poyry Oy 1986). No abatement measures are assumed to
reduce the nitrogen oxide emissions from this subsector, although measures can be
expected in the long term.

Results

SO, Emissions

Figure 3 gives the annual emissions by sectors for the KTM scenario with
mandated reductions. The emissions of sulphur dioxide in Finland have been
about 590 kt in 1980, but have declined to about 320 kt in 1986. The decline was
mainly due to the strong decrease of the use of heavy fuel oil. Nuclear power
production has also increased since 1980. The most important sector concerning
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Fig. 3. Sulphur emissions [kt (SO,) yr™'] by sectors for the reference (KTM) energy use
scenario with the mandated restrictions
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Fig. 4. Sulphur emissions [kt (SO,) yr~!] for the considered emission reduction measures
and energy use scenarios

sulphur emissions is industry. About 61% of the total sulphur emissions in 1986
was due to the industry. In 1986 about 62% of the releases from industry
originated in fuels and the remaining 38% were process emissions. The mandated
reduction measures will decrease the total sulphur emissions in the future to about
210 kt yr™ 1,

The effectiveness of sulphur emission reductions measures for the reference
(KTM) energy use scenario is presented in Fig. 4. In the case where no restrictions
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have been assumed, the emissions increase from 320 kt in 1986 to about 510 kt in
2010. In the case with the emission restrictions confirmed by the state, the releases
decrease to a level of 210 kt. The case with use of the best available emission
control technology results in sulphur dioxide emissions of about 150 kt. In
Fig. 4 the two other energy use scenarios with the maximum reduction strategy
are presented. The curves for maximum natural gas scenario and energy conserva-
tion scenario run very close to each other and reach a level of 120 kt (SO,) in 2010.
The emissions from the natural gas scenario with mandated reductions would be
about 150 kt in 2010, and from the conservation scenario with the mandated
reductions about 170 kt.

NO, Emissions

Figure 5 gives the development of nitrogen oxide emissions for mobile sources in
the case of the confirmed emission restrictions for passenger cars and the assumed
emission restrictions for heavy traffic. The NO, emissions from transportation
were 135 kt in 1986. The emissions are declining to about 120 kt in 2000. In the
year 2010, when all cars are supposed to fulfil the restrictions, the NO, emissions
reach the level of 80 kt yr~!. Without any emission restrictions the emissions
would be about 170 kt in the year 2010.

A considerable amount of the nitrogen oxide emissions in Fig. 5 originates
from the subsector “other”, which includes train, ship and air traffic and mobile
machinery.

Figure 6 shows the calculation results of the total nitrogen oxide emissions
with the KTM energy use scenario and the expected restrictions. The emissions
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Fig. 5. Nitrogen oxide emissions [kt (NO,) yr™!] for transportation sector with restric-
tions: g gasoline; d diesel
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Fig. 6. Nltrogen oxide emissions [kt (NOZ) yr~ 1] by sectors for the reference (KTM) energy
use scenario and the assumed emission restrictions

500
4| & KTM, nored.
ktyr b KTM, red.
| - Nat Gas, red.
400 I e En Cons,red.
300 |
200 -
100 |
1 A 1 i 1 i 1 —

0 = 1
1840 1960 1980 2000 2020 2040

Fig. 7. Nitrogen oxide emissions [kt (NO,) yr~!] for the considered energy use scenarios

have been about 240 kt NO, in 1986. The calculations give a decline to 170 kt in
2010. The decrease of the emissions from the year 1990 to 1995 is due to the
assumed emission restriction measures. The strong decrease of the emissions
before the year 2005 is partly due to the renewal of the boiler stock.

In Fig. 7 the effectiveness of the reduction measures is shown. In the calcula-
tion case without restrictions the nitrogen oxide emissions would be 400 kt NO, in
the year 2010. A reduction of about 57% is obtained with the restrictions. Figure
7 shows also the development of the nitrogen oxide emissions for the two other
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energy use scenarios: maximum natural gas use scenario and strong energy conser-
vation scenario, both with the assumed emission reduction measures.

Discussion and Conclusions

The aim of the HAKOMA emission submodel is to make emission estimates that
can be used as source terms for the atmospheric dispersion calculations and further
in the impact studies. The model calculates on the basis of energy use and
transportation scenarios the effects of different abatement measures and gives the
emissions by fuels, by sectors, by height classes and by geographical areas. In this
study, fixed energy use scenarios have been employed for long time spans, mainly
to obtain long-term emission scenarios for the estimation of slow soil acidification
in various deposition scenarios.

The calculated emission scenarios include inaccuracy, due, for example, to the
uncertainty in the descriptions of the emission abatement measures, sulphur
contents of fuels and nitrogen oxide emission factors. Especially, the grouping of
boilers into classes with certain nitrogen oxide emission factors causes uncertainty.
Also the NO, emission factors in the transportation sector for vehicles in different
conditions and for mobile sources other than road traffic might include consider-
able inaccuracy. Eggleston (1988) estimated with the employment of probabilistic
methods that the uncertainty described with a band of two standard deviations
(£ 20) is about 7% for the present SO, emission inventory and 17% for the NO,
emission inventory in the U.K. The uncertainty estimates of the present annual
emissions in the U.S.A. are 12% for SO, and 24% for NO, (NAPAP 1988).
However, the uncertainty in the case of Finland might be smaller due to the more
detailed description of stationary emission sources in Finland.

The estimates of future energy use and traffic volume are likely to cause the
greatest uncertainty in the results. The energy use in Finland is closely connected to
the economic growth in Finland and further to the economy of the world. The
increase rate of traffic performance and number of new cars are also closely
connected to the economic welfare. The long-term scenarios in this study base on
the assumptions of relatively favourable economic growth, although in the recent
years the growth rate has even exceeded the assumptions of the scenarios
considered. The HAKOMA emission model has also been used to study energy use
scenarios based on different assumptions on economic growth and energy conser-
vation (Savolainen and Tdhtinen 1988). In that application, the scenarios of slow
economic growth gave very different emissions compared to the scenarios of
moderate economic growth. The sulphur emissions of a slow growth scenario with
mandated sulphur controls were even more than 30% lower in 2010 than the
emissions of a moderate growth scenario with the same assumptions on control
measures and energy conservation.

The energy use scenarios in this study assume also that the amount of
electricity produced with nuclear power remains constant throughout the time
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period considered. A new nuclear power plant of 1000 MW, would reduce the
sulphur emissions of about 10kt yr~! and nitrogen oxide emissions of about
5kt yr™1, depending on the fuel and plant type it replaces and on the assumed
emission abatement measures.

In the future, several natural gas fuelled district heating power plants will be
built, which use the so-called combined cycle technique (gas turbine 4+ steam
turbine). These plants produce about twice as much electricity as the conventional
district heating plants. When this extra electricity production replaces condensa-
tion power (coal plants), there is a potential to reduce acidifying emissions further.
However, there will be a maximum limit in the use of natural gas imposed by the
structure of the distribution network and the security aspects of the entire energy
system (Energy committee 1989).

The energy use scenarios considered are for the whole country. The local
development of energy use can be quite different from the average development.
The long-term scenarios do not take into consideration short-term fluctuations of
energy use caused by market conditions and, for example, by the availability of
hydro and nuclear power.

According to the model calculations of this study, the mandated and planned
emission reduction measures will limit the total SO, and NO, emissions in Finland
considerably. Energy conservation and increased use of natural gas have also great
potential to lower the emissions of SO, and NO,. In the long term, considerable
changes are possible in the use of fuels, energy conservation and emission abate-
ment measures. Also new techniques and the renewal of the plant stock (e.g. power
plants and industrial plants) will give potential to great emission reductions.

For a decision-maker of the pollution control it is also important to consider
the costs of emission reductions. An abatement cost module for cost-effectiveness
studies is planned to be put into operation later. Additionally a study has been
started considering the whole energy system and its costs with various emission
constraints and energy demands.
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NO, Emissions at the Beginning of the 1980s
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Summary

Nitrogen oxide emissions in Finland are estimated for the years 1980 and 1983.
Emission sources included in this study are traffic and mobile machinery, energy
generation, industry and other anthropogenic sources. The emissions from natural
biological and chemical processes are not estimated. NO, emissions in Finland in
1980 were 283,600 t NO, a™ ! and in 1983 247,700 t NO, a™!. The share of traffic
of the total anthropogenic emission was 50 and 60%, respectively.

Introduction

In order to determine the total emissions of nitrogen oxides in Finland the sources
were divided into four groups:

traffic and mobile machinery

power and heat generation

— industrial processes

— other anthropogenic sources

The emissions from natural biological and chemical processes were not covered by
the study.

All nitrogen oxide emissions are expressed in this study as nitrogen dioxide
(NO,) in accordance with international practice. All calculations were carried out
on an annual basis for 1980 and 1983.

This study with complete references has been published in Finnish (Jaakko
Poyry Oy 1986). This article describes the calculation principles, basic assumptions
and the main results of the study.

Traffic

Road Traffic

Road traffic consists of cars, vans, lorries, buses and motor-cycles. Special vehicles
like fire engines, ambulances etc. are not included but they are classified in the

Kauppi et al. (Eds).
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Table 1. NO, emission from Finnish road traffic in 1983

Number Average Specific Annual
of vehicles mileage emission emission
kma™! g NO, km™! tNO,a™?
Cars
petrol 1,277,603 16,300 2.55 53,100
diesel 103,644 32,300 0.65 2,200
Vans
petrol 50,201 16,500 5.2 4,300
diesel 61,529 16,500 0.7 700
Lorries® 53,026 45,100 21 50,200
Buses 9,083 73,800 18 12,100
Motorcycles 46,520 5,000 0.3 70
Mopeds 165,970 3,900 0.05 30
Total 122,700
Breakdown in
petrol vehicles 57,500
diesel vehicles 65,200

# All lorries and buses are assumed to be diesel-driven.

group miscellaneous mobile sources. Based on investigations in Sweden, Holland
and the United States, the specific emissions were estimated corresponding to the
actual distribution of vehicle and engine types, city/highway mileage and so forth
in Finland. (Olsson 1983; Ministry of Housing 1983; EPA 1975). NO, emissions
from traffic and mobile machinery for the years 1980 and 1983 have been cal-
culated with the aid of unit emission factors based on the transport performance
(gkm™!) or fuel consumption (g17%, gkg™'). In road traffic NO, emissions
(gkm™1) typically increase with an increase in speed (Roads and Waterways
Administration, 1984). The transport performance has generally been divided into
town traffic and road traffic, with separate emission factors for each type of traftic
(g km™1). The average unit emission factor has been estimated in proportion to the
relative shares of town and road traffic, to the extent that information on relative
shares has been available (Roads and Waterways Administration, 1984). The
results and average specific emissions by vehicle group are presented in Table 1 for
the year 1983. The results for the year 1980 were practically the same, with total
emissions of 120,200 t NO, a™ 1.

Mobile Machinery

The group of mobile machines is composed of tractors and harvesting machines
used in agriculture and forestry, excavating machines, compressors, front-end
loaders and other machines currently used in civil works. Their emissions are
estimated based on statistics of their fuel consumption (Ministry of Trade and
Industry 1984a). The fuel consumptions, emission factors and emissions were of
similar amounts in 1980 and 1983.
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Table 2. Fuel consumption and NO, emissions from mobile machinery 1983

Fuel Emission Annual

consumption factor emission

mia! kg NO,m™3 t NO,a™!
Agricultural machinery 225,000 40 9000
Forestry machinery 47,000 40 1900
Civil works machinery 138,000 50 6900
Total 410,000 - 17,800

Emission factors for light fuel oil were based on U.S. estimates. The values for
1983 are shown in Table 2.

Other Traffic Sources

The emissions from railway traffic and domestic ships were estimated according to
the Energy Statistics in Finland (Ministry of Trade and Industry 1984a.)
The foreign ships’ emissions were estimated with the following statistical data
(National Board of Navigation 1983):
— 22,000 ships visited Finnish harbours in 1983
— all foreign ships and 95% of the Finnish merchant marine are motor ships and
only 5% steamships
— average fuel oil consumption in harbours of 12001 during about 12 h stay;
- fuel consumption during voyage 70 | km ™!
— emissions calculated within Finnish borders with an average cruising length of
50 km
— emission factor 32 kg NO, m™3

The emissions from small pleasure craft and fishing boats were estimated as
follows:

Petrol Diesel Total
Number of boats 250,000 20,000 270,000
Annual usage, h per boat 25 100 -
Fuel consumption, m3 a~! 31,300 10,000 41,300
Emission factor, kg NO, m™3 0.8 41 -
NO, emission, ta~? 25 410 435

A summary of emissions from railway and waterway traffic is shown in Table 3.
Air traffic emissions originate from commercial aviation, pleasure flights and
military aviation. Most of the emissions are related to take-off and landing, and
specific coefficients from reliable sources.
The National Board of Civil Aviation keeps statistics on the number of
landings to all Finnish airports (National Board of Civil Aviation 1984). The
estimated nitrogen oxide emissions from aviation are shown in Table 4.
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Table 3. NO, emissions from trains, ships and boats in 1983

Fuel Emission Annual
consumption factor emissions
mia! kg NO, m™3 tNO,a™?
Railway traffic 94,000 44 4100
Domestic ship traffic 38,000 37 1200
Foreign ship traffic 103,000 32 3300
Boat traffic 41,000 10 400
Total 276,000 - 9000

Table 4. NO, emissions from aviation in 1983

Commercial Military Recreational Total
aviation aviation flying
Landings 64,260 63,160 118,140 245,560
Specific emission, kg per
landing 12 1 0.3 -
NO, emission, t a ! 770 60 40 870

Miscellaneous mobile sources like special vans (ambulances, fire engines)
tractors outside agriculture and forestry, etc. were estimated to give rise to about
3000 t a~ ! annual nitrogen oxide emissions. The estimate was based on statistics
on their fuel consumptions.

Total Emissions of Traffic and Mobile Machinery

A summary of the above-mentioned sources of NO, emissions is presented in
Fig. 1. The emissions were similar in amount in 1980 and 1983.

Mobile machinery 12°%
Ships and boats 3%
Railways 3%

Miscellaneous
mobile sources 2%

Air traffic 1%

Road traffic 80°%

Fig. 1. The NO, emissions from
1983 trafic and mobile machinery
153,000t NO;/a in 1983



NO, Emissions at the Beginning of the 1980s in Finland 25
Power and Heat Generation

Introduction

The emissions from power and heat generation were estimated by fuel, by energy
sector based on fuel consumptions (Ministry of Trade and Industry 1984a) and
emission factors. The NO, emission factors are generally expressed in mg NO,
MIJ ™1 and calculated on the net heat value of the fuel. Since NO, emissions can
originate from the combustion air as well as from the nitrogen content of the fuel,
both sources are included in the emission factors. The nitrogen content of coal is
typically 1.0 —2.2% elemental nitrogen by dry weight, whereas the corresponding
value for heavy fuel oil is 0.3% and for light fuel oil about 0.2%. The nitrogen
content of bark varies typically between 0.1- 0.5% by weight and for wood waste
is less than 0.1%. The content of elemental nitrogen in peat is higher and values
1.5-2% are common.

Emission factors from Finnish, Swedish and U.S. investigations were com-
pared and the calculations were based on Scandinavian emission factors. (Pohjola
et al. 1983; Ministry of Trade and Industry 1984b). The values from EPA represent
new boilers with bigger unit sizes than is common in Scandinavia, as well as the
application of low NO, technology. This was not common in Finland at the
beginning of the 1980s. The emission factor for coal was based on available
measurements in Finnish power plants (Pohjola et al. 1983). This value depends on
boiler size and type and burning conditions, and the use of a single factor
introduces some uncertainty. Later, somewhat lower emission factors (170420 mg
MJ~1) were used (Hupa et al. 1987). The net heat values of fuels and emission
factors used in the calculations are shown in Table 5.

The nitrogen oxide emissions by fuel types are shown in Table 6.

The main reasons for the rapid decrease in NO, emissions in 1983 were the very
favourable conditions for production of hydroelectric power and the increased
utilisation of nuclear energy. Since 1983, no new nuclear power plants have been

Table 5. Average NO, emission factors and net heat values of various fuels

Emission factor Net heat value
mg NO, MJ™! Mlkg™ MJIm™3n
Coal 470 25
Heavy fuel oil 156 40.6
Light fuel oil 156 42.7
Natural gas
Industrial boilers and gas 156 - 384
District heating 38 - 384
Peat
Industrial boilers and district heating 220 9.6
Separate small-scale units 100 9.6

Wood waste, bark and other solid fuels 100 6-10
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Table 6. NO, emissions by fuel types

1980 1983

tNO, a™! tNO, a™!
Coal 63,000 34,000
Heavy fuel oil 21,000 13,000
Light fuel oil 6,200 4,300
Natural gas 4,100 2,800
Peat 4,300 7,400
Wood waste and bark 7,700 7,200
Total 106,300 68,700

built in Finland, and therefore the increased demand has been covered mainly with
increased burning of fossil fuels.

The same emissions can also be calculated by sector, and these are presented
in Fig. 2.

The reasons for the considerable decrease in power generation emissions were
discussed in connection with Table 5. The replacement of separate small heating
units with district heating is also reflected in the emissions of these categories.

The emissions of nitrogen oxides from power generation are heavily concen-
trated in the southern part of the country. About 60% of the NO, emissions from
heating and about 50% of the industrial heat and power generation emissions also
originate from southern Finland.

50
kt NO,/a [Jreso
Lof 183
30
20
10+
0 A . . .
Power generation Heating of buildings Industrial heat

generation

Fig. 2. Emissions from power and heat generation by sector
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Industrial Processes

Production in Main Sectors

The production figures for industrial plants contributing to NO, emissions are
presented in Table 7. It should be emphasised that, for example, within the
production of inorganic chemicals, there is substantial production of phosphate
fertilisers, chlorine, caustic soda, sulphuric acid and so forth which are not
significant for NO, emissions.

NO, Emissions

The emissions have been estimated based on specific emissions from each branch
of industry. Each branch has its own typical sources, as the following examples
illustrate.

Origin of typical emissions

Iron and steel Converters, sinter plants, coke ovens, nitric acid
pickling, lime burning, etc.

Pulp Recovery boilers, lime kilns

Nitric acid Burning of ammonia, heat recovery, cooling and absorp-

tion of tail gases

Specific emission factors were used for the cement industry, pulp industry, iron and
steel industry and glass industry, and they were checked by comparing Finnish
measurements with foreign studies. Emissions from the chemical industry were
based on measurements and estimates which were made by the companies. The
emissions from inorganic and organic chemical manufacturing come from a few
large integrated plants and it would have been extremely difficult to relate them to
the production figures of all main products and by-products.
The results of the estimates are presented in Table 8 and Fig. 3.

Table 7. Production level of relevant industrial branches

Unit Production

x 1000 1980 1983
Oil refineries and tons of crude oil a~!
plastics 700 700
Nitric acid t HNO®*a™! 400 490
Kraft pulp ADta™! 3800 3800
Sulphite pulp ADta™! 800 600
NSSC pulp ADta™t 260 280
Raw iron ta”! 2000 1900
Raw steel ta~t 2500 2400
Cement ta’! 1800 1900
Glass ta ! 60 50

(* ADT =air dry metric ton).



28 Juhani Anhava, Hannu Jappinen and Markku Pekkanen

Table 8. NO, Emissions from Finnish industry

1980 1983

tNO, a™! tNO, a™!
Oil refining and organic chemicals 4630 4630
Kraft pulping 4490 4480
Inorganic chemicals 3400 2900
Building materials 3300 3370
Iron and steel manufacturing 3000 3000
Sulphite and NSSC pulping 1020 700
Other metals manufacturing 450 450
Plate glass manufacturing 180 170
Total 20,470 19,700

Building materials 17%

Metals 18% Inorganic chemicals 15%

Others 1%

Petrochemicals and Pulp and paper 26°%
other organic
chemicals 24%

1983
20,000t NO2/a

Fig. 3. Industrial NO, emissions

Other Anthropogenic Sources

The most important other emissions of NO, come from waste water treatment
plants, waste disposal areas for municipal waste and garbage, and fertilising of
fields. They were estimated based on available statistics on waste water treatment
and fertilising of agricultural lands. The information on solid wastes were based on
the best available official estimates. The order of magnitude of these emissions was
estimated to be:

tNO, a™ ! in 1983

Waste water treatment 2600
Waste disposal areas 400
Fertilising fields 2900
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Power and heat Power and heat
generation 38% generation 28%
Industry 7% Industry 8%
Other Other

/anthropogenic anthrepogenic

1 sources 1% sources 2%
Traffic and Traffic and
mobile machinery mobile machinery
54% 62%

1980 1983
283,000t NO2/a 248,000t NO2/a

Fig. 4. Nitrogen oxide emissions in Finland at the beginning of the Finnish Acidification
Research Programme

There were about 4.5 million inhabitants in Finland in 1980-1983 and the area of
cultivated land was approximately 2.5 million hectares.

Conclusions and Discussion

NO, emissions in Finland in 1980 and 1983 are shown by source in the following:

Source of emission NO, emission

1980 1983
tNO,a”!  tNO,a"!

Traffic and mobile machinery 151,600 153,400
Energy production 106,300 68,700
Industry 20,500 19,700
Other anthropogenic sources 5,200 5,900
Total 283,600 247,700

The same information is presented in Fig. 4. It shows that the share of traffic of the
total anthropogenic emissions in 1980 was over 50% and in 1983 over 60%,
although the absolute emissions of traffic remained practically unchanged. The
strong increase in the relative share was due to a decrease in the production of
condensing power using coal as the main fuel. The main reason for this was the
favourable conditions for hydroelectric power and increased utilisation of nuclear
power. As a result, the share of energy generation of total emissions dropped from
38% in 1980 to 28% in 1983.

Industry’s share of the total emissions in 1980 and 1983 was 7-8% and the
share of other anthropogenic sources about 2%.
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Summary

The emission of ammonia from manure accounts for a major part of the nitrogen
emission in agriculture. The annual ammonia emission from livestock manure is
estimated at 30,000 tons of nitrogen. Nitrogen emissions from fur animal farms are
estimated to be about 4000 tons a year. Nitrogen evaporation from artificial
fertilizers in the field is estimated to be about 7500 tons a year. Industrial ammonia
emissions are much less, amounting to about 1000 tons of nitrogen a year. The
annual emission of ammonia nitrogen from all domestic sources is estimated to be
43,000 tons. Of this amount, manure is the source of roughly 80%. Nitrogen
emissions arising from ammonia vary regionally from 0.01 to 0.4 g m ™~ 2. Ammonia
emissions throughout Europe contribute to the deposition in Finland. The total
deposition is about 45,000 tons of nitrogen. If the ammonia deposition were
distributed evenly over the whole area of Finland, the nitrogen would amount to
0.13 gm™2.

Introduction

In addition to emission of nitrogen oxides, the release of ammonia also has an
effect on the total load of nitrogen. The main source of ammonia emissions is
agriculture, primarily livestock manure. Other sources of ammonia deposition in
Finland are industry and long-range transport.

Ammonia is a base which produces 1 mol of ammonium ions and 1 mol of
hydroxyl ions when dissolved in water. The ammonium fallout as such does not
increase soil acidity. Acidity may be increased if ammonium is nitrified in soil. In
nitrification, the ammonium ion is oxidized biologically to nitrite. Then 2 mol of
hydrogen ions are released per 1 mol of nitrogen (White 1979). Because 1 mol of
hydroxyl ions is released when 1 mol of ammonia is dissolved in water, the net
effect is the production of 1 mol of hydrogen ions. In reality, not all the ammonium
nitrogen is nitrified. Nitrification proceeds most rapidly in soils with a pH near
neutrality. In acidic mineral soils, e.g. forest soils, nitrification is weak; then
ammonium does not have an acidifying effect. In bare soils, ammonium fallout
may be an important source of nitrogen for plants. Excessive ammonium, how-
ever, can disturb the uptake of other nutrient cations, thereby causing deficiencies.

Kauppi et al. (Eds).
Acidification in Finland
© Springer-Verlag Berlin Heidelberg 1990




32 Raina Niskanen, Simo Kerdnen and Riitta Pipatti
Agricultural Emissions

Emission from Livestock Manure

Livestock can only partially utilize the nitrogen in feeds; the rest is passed into
manure. The annual amount of nitrogen contained in the manure of different
domestic animals is presented in Table 1. The annual output of livestock manure is
estimated to contain about 63,000 tons of nitrogen (Table 2), i.e. 2.6 g m~2 of
arable area (Kerdnen and Niskanen 1987). In calculation of N output in livestock
manure, the number of animals was expressed as animal units according to
Steineck (1974) and Buijsman et al. (1984). One dairy cow corresponded to 1.25
bulls over 2 years old, 2 calves over 1 year old and 4 calves under 1 year old; one
sow with piglets to 2 fatting pigs and one hen to 3.3 chickens under 6 months oid.
As far as cows and horses are concerned, only the winter-time (245 days per year),
when animals are fed in the stable, is involved in the output estimate.

Ammonia Emission During the Storage of Manure

Losses of nitrogen during the storage of manure are caused mainly by the
volatilization of ammonia. The amounts of loss depend on the method and
duration of manure storage and management. In Finland, about 80% of cow

Table 1. Annual amount of nitrogen contained in the manure of domestic
animals. (Steineck 1974; Buijsman et al. 1984)

Animal Amount of manure Annual amount
kg per animal of N, kg per animal
Daily Annually
Cow
Dung 23-30 8500-11,000 36
Urine 9-14 3500-5000 39
Total 75
Sow
Dung 5.5 2000 8.8
Urine 6.9 2500 11.2
Total 20.0
Pig (20-90 kg)
Dung 2 700 3.3
Urine 3 1100 6.7
Total 10.0
Poultry 0.12 40-50 0.54
Horse
Dung 20 47
Urine 6
Fur animals
Fox 0.12 45 1.5

Mink 0.05 19 0.9

St
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manure and 42% of swine manure are stored with litter (Kemppainen 1985), the
rest being stored as slurry.

When manure is stored with litter, the least loss of nitrogen occurs in tight
heaps under anaerobic conditions. Then the loss of nitrogen is 5-20% for 3-7
months (Kirchmann 1985). Under conditions corresponding to the Finnish cli-
mate, the loss of nitrogen from straw-manure compost is 14-33% for 5-7 months
(Kirchmann 1985). Draining of urine into a well with a tight cover reduces the loss
of ammonia. Then less than 10% of the nitrogen is lost during an 8-month period
(Iversen 1924). In Finland, about half the farms using litter in the storage of
manure have a urine well, nearly all of which (94%) are covered (Kemppainen
1985).

In the litter method, the amount of nitrogen lost during the storage of manure
is estimated to be 25%, the amount of nitrogen being lost from urine in a tight well
to be 10% (Kerdnen and Niskanen 1987). About 50% of the nitrogen in cow and
swine droppings is contained in urine; litter binds about one-third of this amount.
As half of the farms have a urine well, about one-sixth of the nitrogen is stored in
wells. Under these circumstances, the loss of nitrogen in the litter method is 5/6
x 25% + 1/6 x 10% = 22.5%.

In the slurry method, more ammonia is evaporated from the surface of slurry
than from deeper layers. The loss of nitrogen from the surface layer (15 cm) is
about 50%, but it is only 10% from the deeper layers (Kofoed et al. 1969). In
Finland, about 37% of the slurry basins are uncovered (Kemppainen 1985), which
increases the volatilization of ammonia. Under these circumstances, the loss of
nitrogen from slurry can be estimated to be 15% (Kerdnen and Niskanen 1987).

Considering the storage method, the mean loss of nitrogen can be estimated as
follows (Kerdnen and Niskanen 1987):

Cattle manure Litter method 0.8 x 22.5% =18%
Slurry method 02 x15% = 3%
21%
Swine manure Litter method 0.42 x 22.5% = 9.5%
Slurry method 0.58 x 15% = 8.7%
18.2%

Using the same loss percent for manure of hens and horses as for cow manure, the
total annual loss of nitrogen during the storage of manure is estimated to be 13,000
tons (Table 2).

Ammonia Emission During the Application of Manure and During
the Grazing Period

Ammonia nitrogen in manure is liable to volatilize after spreading. About 26% of
the nitrogen in litter manure, 56-70% of that in slurry and over 85% of that in
urine is soluble and evaporates easily (Kemppainen 1984). Half of the ammonia-
derived nitrogen in litter manure (Lauer et al. 1976) and in slurry (Beauchamp et al.



Table 2. The annual output of nitrogen in manure and its losses (tons a™!). (Kerdnen and Niskanen 1987)

Animal Amount of Loss of N Amount of Loss of N Loss of N Total loss
(no. of N output during N spread in fields during the of N
animal units in manure storage in fields grazing
June 1986) period
Cattle (942,300) .

Litter manure 31,630 7,910 23,720 4,740

Slurry 9,490 1,420 8,060 1,800

Urine 6,330 630 5,690 1,710

Total 47,450 9,960 37,470 8,250 5,630 23,840
Sows and Pigs (1,030,700)

Litter manure 3,610 900 2,700 540

Slurry 5,970 900 5,080 1,420

Urine 720 70 650 200

Total 10,300 1,870 8,430 2,160 4,030
Poultry (7,053,600)

3,810 800 3,010 660 1,460

Horses (38,700) 1,220 260 970 210 470
Fur animals 8,000 4,000
Total 70,780 12,890 49,880 11,280 33,800
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1978) can evaporate in 1-4 days if the manure is not ploughed in. In Finland.
ploughing is usually done 1 day after spreading, but urine is partially (22%) spread
to vegetation (Kemppainen 1985).

In the field, the loss of nitrogen from litter manure is estimated to be 20%, that
from urine 30% (Kerdnen and Niskanen 1987). Volatilization from slurry is
estimated to be 40% of the soluble nitrogen, i.e. 22.4% of total nitrogen in cow
slurry and 28% of that in swine slurry (Kerdnen and Niskanen 1987). It is thought
that during the grazing period (120 days), 40% of the nitrogen in urine and 5% of
that in dung evaporate (Buijsman et al. 1984). It is estimated that in fields and
pastures, the total annual loss of nitrogen from manure is about 17,000 tons
(Table 2) (Keridnen and Niskanen 1987).

Emission from the Manure of Fur Animals

There are over 5700 fur farms in Finland, most of which are situated on the
Ostrobothnian coast (Ferm et al., this Vol.). The number of fur animals is
comparable to the number of furs produced, which came to about 6.5 million in
1988.

The fur animals are mostly minks and foxes, the dung of which is very rich in
nitrogen. The estimated (Helin 1982) amount of nitrogen produced per furis 1.5 kg
for fox and 0.9 kg for mink (Table 1).

The dung of fur animals drops to the ground beneath the cages and remains
there for some time. According to the instructions given by the Finnish health
authorities, the dung should be removed at least seven times a year. The dung can
be removed to a refuse tip, stored at the grounds of the fur farm for an unspecified
period of time, or it can be used as manure and spread in the fields. During storage
the manure can be treated with peat or litter, which reduce the ammonia emissions.

The total amount of nitrogen in the dung is estimated to be 8000 tons per year.
Ammonia emissions from the dung are estimated to be 40-50% of the total
nitrogen content. This means that the ammonia emission from fur farms comes to
3200 to 4000 tons of nitrogen per year (Table 2). The emission factors for fur
animals have not been studied over a long period, and many issues are yet to be
solved.

Ammonia emissions from fur farms have caused local disturbances in the
growth of forests (Ferm et al. this Vol.).

Emission from Artificial Fertilizers

In Finland, about 200,000 tons of nitrogen are sold annually, contained in artificial
fertilizers, more than 80% being in mixed fertilizers. The amount of nitrogen
corresponds to about 9 g m™?2 of arable area. In artificial fertilizers, nitrogen is in
the form of ammonium nitrate, ammonium sulphate or urea. In mixed fertilizers,
two-thirds of the nitrogen is in the form of ammonium nitrogen. Because Finnish
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Table 3. Annual emission of ammonia from artificial fertilizers. (Kerdnen and Niskanen
1987)

Fertilizer Sale? Emission of ammonia

nitrogen

of N, tons

% of N N tons
Ammonium nitrate (salt-peter) 24,610 5 1230
Ammonium sulphate 200 5 10
Urea 4,320 20 860
Ammonium N in mixed fertilizers 108,690 5 5400
Total 137,820 7500

? Fertilization year 1984-1985.

soils are acidic, evaporation of ammonia from artificial fertilizers after spreading is
not very high; in addition, placement fertilization is a common practice.

Because Finnish experimental results are lacking, estimation of the volatil-
ization of ammonia from artificial fertilizers is based on results obtained in other
countries. In acid soil, the volatilization of ammonia from ammonium nitrate and
sulphate can be estimated to be 0-5% of the nitrogen (Martin and Chapman 1951;
Wahhab et al. 1957; Kresge and Satchell 1960; Carter and Allison 1961). Evap-
oration of ammonia from urea depends on the activity of urease enzymes in soil.
In the climate of Finland, the volatilization of ammonia may amount to 3-20% of
the nitrogen in urea (Overrein 1968; Nommik 1973). The total annual emission
of ammonia nitrogen from artificial fertilizers can be estimated to be 7500 tons
(Table 3) (Kerdnen and Niskanen 1987).

Total Agricultural Emissions

The total annual emission from the manure of livestock and fur animals is
estimated to be about 34,000 tons of nitrogen (Table 2), or 41,000 tons of
ammonia. Of this, cattle manure accounts for about 70% of the total emission.
More than half of the nitrogen in manure can evaporate; the losses during storage
and after the application of manure are about equal (Table 2). It is important to
plough the manure into the soil as soon as possible, because the volatilization of
ammonia occurring after the spreading of manure can cause the concentration of
ammonia in the air to rise to a detrimental level (Beauchamp 1983).

It is estimated that the annual emission of ammonia nitrogen from the manure
of livestock and fur animals and from artificial fertilizers is about 41,000 tons,
i.e. 1.8 gm~2 of arable area (Kerdnen and Niskanen 1987). Of this, about 80%
originates from livestock manure. The annual ammonia emission is 2.2 g m™~ 2 of
arable area. The annual ammonia emissions are much higher on the European
Continent, where animal husbandry is very intense: Holland 6.4, Belgium 5.2,
France 4.4 and Denmark 3.8 g m™2 (Buijsman et al. 1984).
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Fig. 1. Emissions of ammonia ni-
trogen (gm™2) from livestock ma-
nure and artificial fertilizers in the
different provinces of Finland.
(Kerdnen and Niskanen 1987)

There are regional variations in emissions. The estimated emissions in the
different provinces of Finland are presented in Fig. 1. The emissions are the
greatest, about 0.4 g m~ 2, in Vaasa province, and about 0.3 g m~2 in Turku and
Pori province. The lowest emissions, 0.01 g m™2, occur in Lapland province.

Finnish- experimental results are very limited, and estimates of emission are
based mainly on results obtained in other countries. It is possible that the actual
emissions are lower than have been estimated. In Finland, the management of
manure is somewhat different than in other countries located farther south.
Manure is spread mostly in the spring and autumn, and is ploughed in soon after
application. The number of livestock is also fairly small in relation to the arable
area, and manure can be used sensibly. In other countries, the number of livestock
may be high in relation to the arable area; then the amounts of manure spread can
be very high. The application of manure may also be continued throughout the
year.
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Industrial Emissions

Fertilizer and ammonia production plants are the main sources of industrial
emissions of ammonia (Buijsman et al. 1986). Industry emits much less ammonia
than does agriculture. The industrial emissions of ammonia in Finland are es-
timated to be about 1000 tons of nitrogen per year.

According to the Ministry of the Environment, the largest local sources of
industrial ammonia emission are in Uusikaupunki (about 400 tons nitrogen per
year) and Kokkola and Oulu (each about 200 tons of nitrogen per year).

Total Deposition of Ammonia

Ammonia emissions in Europe contribute to the Finnish ammonia deposition.
According to the latest estimates (Eliassen et al. 1988), the total ammonia depos-
ition in Finland is 45,400 tons of nitrogen per year. Of this amount only about
30% (13,300 tons of nitrogen) originates from domestic sources. The rest is
transported to Finland from foreign sources, mainly from the Soviet Union (which
accounts for approximately 40% of the deposition).

If the annual deposition of ammonia nitrogen (45,400 tons) were distributed
evenly throughout the whole area of Finland (338,145 km?), the average deposi-
tion of ammonia nitrogen would amount to 0.13 g m™2,

The atmospheric chemistry and the transportation models for ammonia con-
tain many uncertain questions which should be borne in mind when these figures
are used.

Conclusions

Total Finnish ammonia emissions in the 1980’s are estimated to be 43,000 tons of
nitrogen a year. Yearly variations throughout the decade have been small. In the
future, ammonia emissions are expected to decrease by 10-25% due to the
predicted decrease in the number of dairy cows.

Ammonia emission from livestock manure is a complex process, depending on
agricultural practices and meteorological conditions. The Finnish ammonia
emissions have been calculated using foreign data on emission factors. In Finland
the amount of manure produced per arable land is small compared to most
European countries and can be used sensibly as a fertilizer. The actual Finnish
ammonia emissions could therefore be somewhat lower than estimated.

Ammonia deposition in Finland is estimated to be about 45,000 tons of
nitrogen a year. The Finnish ammonia emissions cannot account for all the
deposition. More than half of the deposition is estimated to originate from other
countries, mainly from the Soviet Union. The current ammonia models cannot
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express the transportation and deposition accurately, so these figures should be
viewed with caution.
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Summary

This chapter reports on pollutant concentrations in air and precipitation as well as
deposition observed in the 1980’s in Finland, with special emphasis on the met-
eorological variability. A theoretical description of the main physical processes is
also given.

Our results show that ait and precipitation concentrations follow specific
patterns principally determined by the air mass origin, the season and the local
conditions (the stability of the atmospheric layer and the type of surface). The
southwestern and southeastern sectors make the greatest contribution to the
pollutant load in Finland. Late winter and early spring have the highest concentra-
tions due to a combination of maximum emissions, specific wind patterns and air
chemistry. Although concentrations observed in Southern Finland are higher, they
are more readily neutralized by basic constituents. In forested Central Finland,
rain or snow acidity is more episodic. Nitrate seems to be more closely related to
acidity than sulphate. Ozone concentrations above the potential damage threshold
of 60 pgm™3 are often observed, especially when air masses come from the
European industrialized zones. Shipborne observations show that the Baltic Sea
Basin cannot be considered as a pristine region, and from time to time high
deposition values can be observed.

1 Introduction

The first serious concern about the adverse effects of acidification processes on the
environment in Europe was already raised in the 1960’s. Swedish and Norwegian
scientists stressed the likely connection between observed damage and the long-
range transport of air pollution (Odén 1968; Munn and Bolin 1971; Rodhe 1972;
Rodhe et al. 1972). Thus, from the start it was clear that meteorology was the key
factor modulating the transport, diffusion and deposition of air pollution. The first
concrete agreements for the monitoring of air pollution compounds and the
assessment of their paths over Europe were reached in the mid-1970’s (OECD
1979). After a preliminary agreement on the reduction of sulphur emissions,
alternative theories for forest decline, together with the increase of nitrogen oxides

Kauppi et al. (Eds).
Acidification in Finland
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and volatile hydrocarbon emissions, especially in connection with increasing
traffic, put the spotlight on oxidants in the 1980’s.

The first comprehensive review of air quality in Finland was carried out by
Kulmala et al. (1982). In 1985, the Finnish Research Project on Acidification
(HAPRO) was initiated to determine the extent and future development of damage
to water and forest ecosystems, and to estimate how such damage could be
efficiently reduced and prevented. Thus, in the framework of this project, it was
clear that the assessment of prevailing pollutant concentrations in air and precip-
itation, their relationship with deposition distribution, and their dependence on
local and large-scale climatological, meteorological and chemical factors would be
of great interest for ecological, forestry and lake research.

This article will report on several air chemistry projects financed by HAPRO
and carried out at the Finnish Meteorological Institute (FMI). It includes the
following projects: (1) acidification episodes climatology, (2) occurrence of ozone
in Finland, and (3) transformation and deposition of gaseous and particulate
pollutants over the Baltic Sea. Additionally, it includes a fourth project on the role
of forest hydrocarbon emissions in ozone formation, carried out in cooperation
with the University of Kuopio. The pollutants of interest here will be sulphur
dioxide (SO,), ozone (O,), nitrogen dioxide (NO,) and aerosol sulphate (aerSO_),
as well as the main ions in precipitation and the pH. Although initially these
different projects were independently planned and had quite a different focus, we
will try here to reconcile them under a common framework, aiming at a unified
description of the atmospheric composition in Finland and its close surroundings.

We will concentrate on the seasonal and diurnal variability of the concentra-
tion levels and on the distinction between the different wind direction sectors.
Results presented here are not exhaustive but rather will give an overall survey of
air chemistry activities performed in Finland, and give a general insight into
Northern European regional conditions of acidifying and photo-oxidant pro-
cesses. We shall particularly concentrate on air pollution aspects that could best

serve scientists from other disciplines, especially those involved in HAPRO. -

Additional results can be found in other reports quoted in the References, and in
forthcoming papers. At the beginning of this chapter we will present, for readers
not familiar with atmospheric sciences, a general review on the interactions
between meteorology and air chemistry and the way they can be treated in
atmospheric models. Furthermore, the meteorological variability of the para-
meterized processes included in these models will also be introduced.

2 Air Chemistry and Meteorology

2.1 The Unities of the Study: Space, Time and Action

As in classical drama, we must define the three unities which characterize our area
of research. First of all, the spatial unity will stipulate a frame within which
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variability is observed. The routine measurements presented in this article are
sampled at three ground stations forming a triangle of about 400 km on one side
(Fig. 1). The additional marine measurements encompass an area adjacent to the
previous one and extending to about 700 km. Thus, taken together, these measure-
ments resolve features on or larger than the meso-a scale (=200-2000 km,
according to the classification of Orlanski 1975). Depending on the stability,
sampled data will more or less vertically integrate the conditions prevailing in the
so-called atmospheric boundary layer (ABL), extending from the surface up to
several hundred metres. More specifically, the ABL height depends on the season,
the type of underlying surface and the meteorological situation. The ABL can also
be defined as that part of the atmosphere which contains fluid which has recently
been close to the surface but has been spread upwards by turbulent diffusion
(Stewart 1979). Since the basic oscillation period that is applied to the atmosphere
is the inertial oscillation, and since the day itself is the period of the heating-cooling
cycle at the lower boundary, the term “recently” means approximately “within
1 day”. Data sampled over 24 h will thus have integrated the ABL content over
a mesoscale length, and features like fronts can be statistically differentiated from
the data. Further, day-by-day differences will also reflect the exchange between the
ABL and the free atmosphere aloft.

Some of the reported measurements (Sect. 5) are sampled over 1 h, so that they
will also resolve local phenomena on the meso-y (x2-20 km, such as urban
effects, ground inversions or cloud and fog patterns) and meso-f scale (20-200 km;
orographic effects, cloud clusters, squall lines and nocturnal low-level jets). It is
also clear that due to the plethora of different phenomena modulating the concen-
trations, we need as many “realizations’’ of a given random experiment as possible,
in order to obtain statistically significant results for average properties (means,
medians, standard deviations etc.).

The underlying line of action in this article is the contribution of meteorolo-
gical fluctuations to the observed variability of the chemical compound concentra-
tions. In effect, each different meteorological situation will bring its own air
sample, corresponding to specific chemical laboratory conditions. The wind direc-
tion will correspond to different initial reactant concentrations through emissions,
the wind speed will set different mixing conditions, the temperature will modulate
some reaction rates, while the vertical temperature gradient will set the stability
conditions; the solar radiation will initiate photochemistry and allow the forma-
tion and/or destruction of certain radicals, while the humidity will catalyze certain
reactions and link the gas phase to liquid and solid phase chemistry.

Usually, routine chemical measurements, such as those reported in this article,
are carried out near the earth’s surface. Ground-level observations inside the ABL
represent the results of a complex mixture of local and larger-scale meteorological
and chemical influences. This is illustrated in Fig. 2 with a time series of 5 days of
ozone measurements at Ahtiri (Central Finland) in May 1988, which shows the
modulation of chemical concentrations by the prevailing meteorology. The ozone
concentration remained rather constant for the first 2 days during which the air
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Fig. 1. Map of northern Europe with the Finnish EMEP stations Ut triangle; Virolahti
square; Ahtiri star) overlaying the sulphur dioxide and nitrogen oxides 1985 emission grid.
The upper left value is for NO, (in kT of NO,), while the lower right value is for SO, (in kT
of ). Tuovinen et al. (this Vol.) present new s-emission data from the Soviet Union. The
route of R/V Akademik Shuleykin in the Baltic Sea (April-June 1985) is also shown with
black dots
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Fig. 2. A 5-day time series of ozone (continuous line) and nitrogen dioxide (dashed line)
concentrations together with meteorological variables. The wind vector and the cloudiness
are depicted at the top of the figure; the dotted line represents the air temperature

came from the northeast at a moderate speed (high mixing); the temperature was
also rather constant due to full cloudiness. From the evening of May 23, the ozone
concentration steadily decreased as the wind direction shifted to the east and the
wind velocity decreased, while the temperature and the cloudiness remained about
the same. As the wind turned to the south, the ozone reached a local minimum. On
the evening of May 24 the ozone rose suddenly as the wind direction shifted to the
southwest, although the wind speed decreased to very low values. During the
subsequent night, the ozone decreased strongly to near-zero values along with
a decrease in the wind and the temperature. The cloudiness had then practically
disappeared, enabling the formation of a surface inversion with an uptake of ozone
by vegetation and no replacement of it from aloft. The next 2 days displayed
typical diurnal cycles for the ozone, the temperature and the wind speed, while the
wind direction fluctuated strongly. At the same time, nitrogen dioxide started to
display its own cycle, with a morning peak due to the photodissociation of nitrogen
trioxide and the HONO radical together with the breakup of the nocturnal
inversion. In summary, this 5 days’ sequence showed that O, concentrations varied
during the first part in response to the origin of the air masses together with weak
chemical interactions, while during the second phase photochemistry modulated
by local meteorology dominated.

2.2 The Basic Components of Air Chemistry

The earth’s atmosphere should not be considered separately from its environment,
the biosphere and the geosphere: all three form a whole with a rich chemistry and



48 Sylvain M. Joffre et al.

multiple interactions. Although the main concern is with the abatement of an-
thropogenic emissions, the occurrence of biogenic emissions should not be neglect-
ed, since natural compounds can become important reactants in the presence of
increased levels of certain species. For instance, natural hydrocarbons can lead
either to the production or the destruction of ozone, depending on the nitrogen
oxide level (high or low, respectively). In Fig. 3 we present a schematic diagram
illustrating the air chemistry of odd nitrogen, sulphur dioxide, and ammonia in the
troposphere (typically, 0—10 km), and their coupling with the lower stratosphere. It
can be seen that all the components are interrelated and that aerosols, mainly
through heterogeneous chemistry, play an important role in the coupling between
sulphur, reduced nitrogen and oxidized nitrogen compounds.

We will not dwell here on the details of the chemistry of the species of interest,
but rather refer the reader to, for instance, Finlayson-Pitts and Pitts (1986),
Seinfeld (1986), or Cox (1988). It should be noted that the primary products such
as sulphur dioxide (SO,), ammonia (NH,) and nitrogen monoxide (NO) have both
anthropogenic and biogenic sources. For the sulphur budget the total natural (sea
spray, biogenic decay and volcanoes) and man-made emissions are about equal in
the northern hemisphere (Cullis and Hirschler, 1979). However, these are not
homogeneously distributed; for example, Georgii (1982) reported that 38% (prob-
ably closer to 25% at the present time) of the global anthropogenic S-emissions
take place in Europe, on 2% of the global area. For NO, (= NO + NO,), the
situation is more complicated, but natural sources (mainly soil releases and
lightning) are about half that of man-made sources (fossil fuel burning, biomass
burning). For NH,, natural releases have been very approximately estimated to
25% of the total emission (Van Ham, 1989). On the other hand, natural emissions
of non-methane hydrocarbons (mainly isoprene and terpenes) represent roughly
90% of total carbon emissions, but including the contribution of carbon monox-
ide (mainly anthropogenic) and methane (60% anthropogenic) changes the natu-
ral contribution to approximately 40% of the global emissions (from a compila-
tion of various sources by Van Ham 1989). Carbon dioxide is not considered in
these estimates due to its low reactivity.

We also notice from the diagram in Fig. 3 that the hydroxyl radical (OH),
water vapour (H,0), oxidants such as ozone or hydrogen peroxide (H,0,), as well
as organic radicals, are important species with multiple contributions to the cycles
of the main elements.

2.3 Requirements of Atmospheric Models

2.3.1 Models and Parameterization Schemes

It is obvious that in order to untangle, understand and especially to predict such
a complex dynamical and chemical system as the atmosphere, we need numerical
models. Depending on the aims and possibilities, several types of models with
varying degrees of complexity and applicability are available. Models require
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observational data as input, as well as for their validation and for tuning para-
meterization schemes used to simulate the physical and chemical processes. Some
specific applications of numerical models are described by Tuovinen et al. (this
Vol.).

The simplest are the Lagrangian-type models, where a mixed column of air is
advected along air trajectories over an emission field. Material is deposited from
the air column and chemical transformations occur within it. The concentration
changes are assessed by moving with an air parcel along its trajectory. One such
model is the EMEP model (Eliassen and Saltbones 1983). The height of the air
column generally corresponds to the ABL height h, but this is a very elusive
quantity, difficult to assess from routine data or even to model. The basic evolution
equation for the concentration q; of a given compound i in this type of model can
be written as:

Dq; _ Q [ Va
Dt =(1—-o) h ( h + ky + kwi> 9;» M

where D/Dt is the overall time derivative, Q is the emission rate in the underlying
grid, v, is the dry deposition velocity, k, the chemical conversion rate and k,, the
wet scavenging rate (deposition by precipitation). The factor o appearing in the
emission term represents the portion of the species i that is immediately deposited
or directly emitted as a secondary product. The pathway of the air masses, or more
specifically of the air column in question, can be computed using meteorological
wind fields within the accuracy limitations of meteorological measurements and
the spatial coverage of the measuring networks. Usually these air trajectories are
calculated 2 to 4 days backwards from a receptor (measuring station) point, or
forward from an emitter (source) point. Tracking for longer than 3 to 4 days is not
practicable, as observational and smoothing errors that have accumulated all
along the path yield too uncertain a trajectory. The second term of the right-hand
side in Eq. (1) expresses the basic atmospheric processes (v, k,,, k, and h) that will
be described more accurately below. We will use this type of model later, under
Variability over the Baltic Sea.
An alternative approach (the so-called Eulerian approach) is to solve the mass
conservation equation on a fixed grid, i.e.
dq; d dqg; d dq;
§+V-ti=(—i§(xyd%‘ +d—ZKz~§Z—‘>+Q—L‘ @)
In this type of model, concentration changes are studied at fixed grid points with
the air masses sweeping over them. Here we need knowledge of the turbulent
diffusivity coefficients K, and K, which scale on the ABL height h, of the
parameters k, and k,, included in the loss terms L, and of the dry deposition
velocity included as the lower boundary condition. Thus, it appears that both
modelling approaches require knowledge of the same parameters. Lagrangian
models [as in Eq. (1)] are simpler but cannot include very many details, while the
Eulerian type of models [Eq. (2)] can cope with complex types of flow and
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complicated parameterization schemes (non-linear chemistry, vertical gradients of
properties etc.) but are more sensitive to the numerical integration scheme and to
the input data. On the other hand, models do not generally take into account the
complicated structure of the ABL within and above forest canopies (e.g.
Hutchison and Hicks 1985).

It is important to recognize that the parameters vy, k, and k, are bulk
parameterization terms, simulating the overall effects of the physico-chemical
processes. They do not reproduce explicitly all the mechanisms that work sequen-
tially or in parallel, and contribute to the intricate mechanisms of dry and wet
scavenging or the chemical conversion processes. Consequently, these para-
meterization schemes will be based on field or laboratory data relating non-
measured or theoretical concepts to observable quantities. The lowest level of
parameterization will be to use a constant value averaged over a broad or, better,
a specific range of external conditions. Complexity will be increased by expressing
them as a function of one, two or several other computable or observable
quantities. The possibilities of using our data for such applications will be pointed
out in this chapter.

Another use of the data is for testing model performance in a wide range of
different situations or for studying the sensitivity of model results to the type or
quality of observational inputs that are used.

2.3.2 Description of the Key Physico-Chemical Parameters

a) Dry Deposition

As a contaminated air mass flows over a surface, turbulent and molecular diffusion
exchange gases and particles with the underlying surface. As this process goes on
for a long period of time, a significant amount of material can be deposited to the
surface. Dry deposition is parameterized using the deposition velocity v4 such that
the flux of compound i at some reference height z, is Fp; = vy, - q; where q; is the
concentration at z. (=1 m). Sometimes it is referred to through the dry deposition
rate k; = vy h™!. One can show that v, is the reverse of a resistance R(z) to the
transfer of mass. The total resistance R can be decomposed into

R; (z) =R, + R; + R = 1/v4(z,), 3)

where R, is the aerodynamic resistance, R, the molecular resistance and R, the
surface resistance to uptake. This latter is a complex function of the chemical,
physical and biological properties of the surface, themselves depending on the time
of year, the time of day and the state of the surface (depending on meteorological
conditions, e.g. wet or dry). For perfect surface sinks (e.g. a water surface for
soluble gases, SO, and NH,) R, goes to zero.

The aerodynamic resistance R, depends on the turbulent structure of the lowest
layers (a few tens of metres) of the atmosphere, which in turn depends on the wind
velocity and the hydrostatic stability conditions determined by the air-surface
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temperature difference (e.g. Hicks et al. 1987; Businger 1986):
R, = (kuw)™ [In(z/z,) — ¥4l “

where u, is the friction velocity, k the Karman constant (x~0.4), z, the surface
roughness length and ¥ the correction due to stability to the vertical profile of q;.

The molecular resistance through the viscous sublayer (the lowest millimetre or
so of the atmosphere close to the earth’s surface) is given by

Rmi = (k u*)_l ln(zo/zoci)’ (5)

where z,; is the roughness length for the species under consideration and depends
on dynamical parameters like u, and z,, as well as on molecular properties like the
viscosity and the diffusivity coefficients (e.g. Joffre 1988a).

The surface resistance for a vegetation cover depends on many factors and can
be parameterized following the method of Hicks et al. (1987) shown schematically
in Fig. 4. We review in Table 1 the range of typical values reported in the literature
for v, above various types of surface. It must be kept in mind that, due to the
number of different physical, chemical and biological effects influencing dry
deposition, the reported values are just indicators of the relative intensity of this
process for the given compounds (Mac Mahon and Denison 1979; Hosker and
Lindberg 1982).
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Fig. 4. Schematic illustration of a resistance model for the computation of dry deposition to
vegetation. (Hicks et al 1987)
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Table 1. Typical values of the dry deposition velocity (in cms™?!) for different compounds
and surfaces (negative velocity denotes upward emission)

Water Snow Soil Grass Crop Forest

Gases
O, day 0.01-0.05 0.06 0.25-0.6 0.6 04-13  0.2-1

night 0.3 0.1-0.3  0.05-0.1
SO, 0.8-1.5 0.1-0.2 08-12 08-13 04-1.3  0.2-1
HNO, 1.0-4.7 5-26 3.5
NO, 0.5 0.25
Particles
D <0.06 pm® 0.01-0.2 <0 0.03-0.06 0.1 >0.6
0.06<D<2 pm® 0.001-0.03 0.01 0.7
D>2 um® 1.25-3.5 5 <1 >0.1

2 Nuclei mode, ®accumulation mode, °coarse mode, according to particle diameter D.

b) Wet Deposition

The wet scavenging rate k,; for species i is generally expressed through a washout
ratio Wy;, which is the ratio of the concentration of material in surface-level
precipitation q,; to the concentration of material in surface-level air q;, i.e.

Ky = Wy, Ph, ™! (6)

Here P is the precipitation intensity (e.g. in mmh™!) and h, the depth of the
homogeneous layer of precipitation, not necessarily equal to h but in practice
generally taken as such. In analogy with the treatment of dry deposition, we can
see that k, = v -h 1, where v is a wet deposition velocity, typically 10 to 100
times larger than v,. The scavenging rate k, is generally assumed proportional to
the square root of the rainfall rate (e.g. Smith and Hunt 1978). The wet deposition
flux at the surface (in kgm™2 s71) is given by

Fw; = Wg; Pg;. @)

Note that in theory Wy, P, q, and q depend on the vertical coordinate z if the
precipitation layer is not vertically homogeneous, or if the actual vertical profiles
have not been integrated over h,. At this stage, it is important to differentiate
between precipitation scavenging of particles and of gases.

Particle scavenging by precipitation can proceed in several ways. The most
efficient process is when small particles act as condensation nuclei during cloud
formation. Theoretically, the scavenging coefficient k, for particles, besides being
a function of the particle size, depends basically on the diameter and fall velocity of
the falling droplets (themselves dependent on the type and development stage of
the cloud, i.e. on its dynamics), on the collision efficiency between droplets and
particles, on the collecting droplet size distribution, and on relative humidity (see
Slinn 1983). A major problem is to understand how particles become associated
with precipitation and this complexity is generally hidden in ‘“‘quasi-constant”
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coefficients. The intermittency of precipitation fields is sometimes taken into
account through some probability coefficient (e.g. Eliassen and Saltbones 1983;
Smith 1981). In the case of gas scavenging by droplets, difficulties arise when the
scavenged gas has an appreciable vapour pressure over the surface of the droplet,
meaning that the composition of the droplet must be known in order to predict the
net rate of transfer of material to the droplet.

The resulting washout ratios for gases of low molecular weight are substan-
tially smaller than for aerosols (Peters 1983; Slinn et al. 1978). Consequently, it
seems generally acceptable to ignore the wet removal of most reactive gases and,
instead, to assume that reactive pollutant gases are converted to their products
before they are scavenged. It seems that W is smaller for remote sites than for
polluted areas (Duce 1986). Typically, W, values expressed as mass ratios vary
between a few hundreds and a few thousands for acrosols (e.g. Mac Mahon and
Denison 1979; Duce 1986), being one order of magnitude smaller for low molecu-

lar weight gases.

¢) The Conversion Rate
The conversion rate, k,, between a precursor and its secondary product also

depends on meteorological conditions. Transformation can proceed through gas
phase reactions or through oxidation in the liquid phase (Calvert and Stockwell
1984). Photochemical processes, for instance, depend on the air temperature or
solar radiation (itself depending on the season, hour, cloudiness and turbidity) and
on the history of the air mass (origin and transport time). This is illustrated in
Fig. 5, in which is shown the dependence of the ratio SO,/SO; on the wind
direction and the season at the station of Virolahti in Southern Finland. We notice
that the ratio is much lower in summer, indicating both older air masses and
quicker oxidation of SO, into sulphate. The winter curve with much higher values
of the ratio displays a strong dependence on wind direction, indicating close
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Fig. 5. Dependence of the ratio SO, —S/SO; — S at Virolahti (1980-85) on wind direction
for winter (open squares) and summer (black dots)
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sources in the W and NW-N-NE sectors and a large contribution from long-range
transport in the SE-S-SW sectors.

Heterogeneous reactions imply the absorption of gaseous species onto aerosol
particles or by droplets. Furthermore, other species, like ammonia, hydrogen
peroxide, ozone and water vapour, can enhance sulphur oxidation (Penkett et al.
1979). For instance, Joffre and Lindfors (1989) found from observations over the
Baltic Sea that the sulphur dioxide to sulphate ratio decreases, i.e. oxidation is
activated, with increasing humidity and increasing ammonia concentration.

d) The Mixing Height
The ABL height describing the vertical extent of the volume allowed for pollutant
dispersion should be either determined empirically from radiosonde observations,
or assessed parametrically. It varies strongly with the internal structure of the ABL
(especially thermal stability) and external conditions (large-scale dynamics). Sev-
eral diagnostic and prognostic relationships for h have been proposed in the
literature (e.g. Stull 1988). Above the ABL is the free atmosphere or troposphere.
Hydrostatic stability is probably the primary parameter describing dispersion
and the dry deposition capability of the atmosphere. It can best be estimated using
an easily measurable bulk Richardson number Riy defined as

Rig = (g/T,) Az AT/VZ, ®)

where g is the acceleration due to gravity (= 9.81 m/s?), AT = T, — T,, the air
temperature difference (in K) between two levels, z, and z,, within the surface layer
(020 m, Az =z, — z,;) and V is the wind speed at z,. It is reccommended to have z,
close to the surface (=1 m) and z, between 10 and 20 m. Positive values of Rig
will correspond to stable conditions (weak mixing, low ABL), negative Rig-values
will imply unstable thermal stability (enhanced thermal mixing, rising ABL), while
Ri; = 0 means neutral or adiabatic conditions with wind mixing only (AT =~0).
The ABL height h varies typically between a few metres (surface-based inversions
with no wind and large AT) and 500 m (high wind, small AT) under stable
conditions (generally at night or during lightless winter). Under unstable conditions
h can vary rapidly in time, rising from a few hundred meters at sunrise to 1-2 km at
the end of the afternoon under sunny summer conditions (large negative AT
values). Note also that such unstable conditions can be produced by a cold air
mass advected above a much warmer surface, as in the case of polar air outbreaks
over the warm Baltic Sea in autumn or early winter.

3 Measurements of Atmospheric Properties

3.1 Stations and Data

Most of the data presented in this article have been obtained from Finnish EMEP
(co-operative programme for monitoring and evaluation of the long-range trans-
mission of air pollutants in Europe) stations run by the Finnish Meteorological
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Institute (FMI). This means that the sampling and the analytical methods for
pollutant measurements (gaseous, particulate and in precipitation) are standard-
ized with other European countries (CCC 1977), and quality control is assured by
intercalibration tests. The location of the three Finnish EMEP stations (Utd,
Virolahti and Ahtéri) is shown in Fig. 1 together with the EMEP emission grid for
sulphur dioxide (as sulphur) and nitrogen oxides (as NO,).

These stations represent different environmental conditions. Uto (lat. 59°47'N,
long. 21°23'E; elevation 6 m) is a small rocky island on the outskirts of the Finnish
archipelago, Virolahti (60°31'N, 27°41'E; 8 m) is situated in a rural area near the
coast in eastern Finland, and Ahtiri (62°33'N, 24°13'E; 160 m) in central forested
Finland. Virolahti is only a little over 100 km northwest of the industrial area of
Leningrad. Although the island of Uto is isolated, the presence of a diesel
generator close to the samplers may from time to time yield higher concentrations
for winds from the northern sector.

EMEP measurements were already started in 1973 but our results on SO,
aerosol sulphate, and the main precipitation ions (sulphate, nitrate, ammonium,
magnesium and strong acid) cover the period 1980-85, which is homogeneous and
of higher quality for these stations. Additionally, some preliminary results on
precipitation concentration of chloride and calcium, started in 1986, as well as for
sodium and potassium, started in 1988, will be reported. Ozone measurements
were started in 1985 on Utd and in 1986 at Ahtiri, while nitrogen dioxide
measurements were started in 1986 at both stations. The reported ozone and NO,
results extend up to December 1988.

In the last section of this article we report on some airborne pollutant measure-
ments carried out on board a research vessel in the Baltic Sea area in April-June
1985. The route of the ship is also indicated in Fig. 1. The measurements were
performed following EMEP standards and are thus comparable to other measure-
ments. Great care was taken to prevent contamination from the ship by an
automatic cut-off of the samplers when the wind direction was from the stack of
the ship.

3.2 Techniques

3.2.1 Chemical Data

The sampling was performed on a daily basis for all components except ozone and
nitrogen dioxide, which were sampled every minute but integrated over 1h.
Twenty-four-hour samples were collected every morning at 06.00 h UTC. The ion
concentrations measured in precipitation were: sulphate, nitrate, ammonium,
magnesium, strong acid and the pH, as well as more recently calcium, chloride,
sodium and potassium. The buckets were changed and washed with deionized
water every morning. Sulphur dioxide and aerosol sulphate concentrations were
measured from airsamples of 2.5 m? per day. The sampling and analytical methods
are listed in Table 2.
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The hydrogen ion concentrations of titrated strong acids are systematically
higher than the free acidities calculated from the pH. The reasons for this discrep-
ancy arise from the analytical methods (Lindberg et al. 1984), with part of the
weak acids being dissociated during the free acid titration, which leads to an
overestimate of both strong and free acidity in precipitation samples (Keene and
Galloway 1985). In this study we will give preference to H* concentrations
calculated from the pH. Wet deposition values are calculated as concen-
tration multiplied by the precipitation amount at the co-located meteorological
station.

The ozone measurements were carried out using an ozone monitor 1003-RS
manufactured by Environment SA under DASIBI license. It is based on UV
radiation absorption by ozone at 240 nm and the principle is described in Hakola
et al. (1987). The raw data consist of 1 min samples which are automatically
averaged into hourly outputs. The measurement accuracy is better than 5 pgm™3.
Since the presence of the diesel generator on Utd introduces some perturbations
into the ozone measurements, these effects were eliminated from the data by
constraining the relative standard deviation, calculated from 1-min samples within
1 h, to be below 14% . This threshold corresponded best to those situations when
the generator was upwind of the sampler and when NO, concentrations were also
very high and fluctuating.

Measurements of nitrogen dioxide were performed using an automated version
of the Saltzman method, developed at the FMI. The resolution is 0.2 pgm ™3 for
1 h sampling periods. The Nordic intercalibration of NO,-sensors did not allow
firm conclusions on their accuracy due to the high NO, concentrations used and
the wide scatter between the measuring methods.

The terpene measurements, discussed in Sect. 5.4, were obtained from samples
taken in a coniferous forest at an approximate distance of 10 cm from an old
spruce every third or sixth hour with Tenax-GC polymer (150 mg) as sorbent. The
samples were analyzed by a thermal desorption cold trap injector (Chrompack)
connected to a gas chromatograph (Hewlett Packard 5890) equipped with a mass
selective detector (Konttinen et al. 1989).

The Baltic cruise of spring 1985 included additional measurements of gaseous
SO,, ammonia, nitric acid and mercury, as well as particulate sulphate, nitrate,
ammonium and chloride. Concentrations of the separate components of total
nitrate and ammonium were obtained by the filter pack method. One should keep
in mind that this method can lead to artifacts due to volatilization or reactions
from or on the filters (Ferm et al. 1988), although these are not believed to be
important under conditions of low temperature and moderate humidity such as
during the cruise. No rain samples were collected during the cruise due to
insignificant precipitation.

Chemical analyzers or monitors are very sensitive so that they require quite
regular maintainance. Furthermore, they may be susceptible to many deficiencies
such as shifts or pick up of interference, so that frequent intercalibration exercises
are necessary.



Table 2. Sampling and analytical methods used in chemical measurements at EMEP stations

Species Sampling Sampling Analysis
time (h)

Gaseous compounds
SO, H,O, absorption 24 Ion chromatography

(automatic Thorin)
O, continuous: Dasibi (RS-1003) 1 UV absorption (240 nm)
NO, continuous 1 Automatic Saltzman
Particulate
SO, Whatman 40 filter 24 X-ray fluorescence
Precipitation
SO, Collected 24 Ion chromatography
NO,; in open 24 Ion chromatography
NH; cylindrical 24 Indophenol colorimetric method
Mg?*, Ca2*, polyethylene 24 Atomic absorption spectrometry
Na*, K* buckets 24 Atomic absorption spectrometry
Cl~ 24 Ton chromatography
H™* (strong acid) 24 Gran'’s titration
pH (free acidity) 24 Potentiometrically from pH electrode
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3.2.2 Meteorological Data

As already stated above, it is very important to relate the chemical measurements
to meteorological factors, since they all describe the state of the atmosphere.
Meteorological observations at the synoptic stations of Ut6 and Ahtiri were used
to characterize the air quality data. Since standard WMO measurements are
performed at 3 h intervals, these data were merged into 24-h arithmetic means
representing the corresponding chemical samples. These include wind speed and
direction, air temperature and humidity, and cloudiness. Weather conditions,
ground state and precipitation type are also deduced from the synoptic messages.
At Virolahti, meteorological measurements were performed only three times a day,
so that we completed them with synoptic data from the station of Rankki, located
in the coastal area 40 km west of Virolahti. Moreover, ozone measurements at Uto
and Ahtiri are supported by hourly wind and global radiation measurements.

Precipitation measurements also pose problems because rain events may be
very short (especially in summer), and the use of 24-h bulk samples permits partial
evaporation from the samples, a possibility of contamination by other radicals or
inadvertent interference (e.g. birds, insects) and a possibility for reactions between
the sampled components. Bulk samples also partly include dry deposition, so that
theoretical studies aiming at determining the scavenging rate will be slightly biased.

There is a rather significant discrepancy between the sampling frequency of
chemical and meteorological parameters. We saw in Fig. 2 that large fluctuations
from one hour to another can occur, so that 24-h meteorological or chemical
averages smooth actual variability very strongly. Moreover, certain phenomena
such as precipitation or mesoscale dynamical patterns generally have a short
lifetime, and by using long sampling times we merge together observations that
have no interrelation. These difficulties should be borne in mind when interpreta-
ting concentration or deposition data.

4 Precipitation Chemistry

4.1 General Aspects

In Finland, about two-thirds of the total deposition of sulphur and nitrogen
compounds occurs through wet deposition (Tuovinen et al. this Vol.), so that
precipitation is the principal vehicle of pollutant deposition to the surface. Results
on sulphate include the sea salt contribution because during the period 1980-86
only magnesium was measured, which does not describe well the marine origin. On
the basis of 1 year of results (1988), when the most relevant marine indicator
sodium was measured, marine sulphate was 11.7% of the total sulphur deposition
on Ut6 but only 1.8% at Virolahti and 1% at Ahtiri. This is well within the
accuracy of the measurements.
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The precipitation weighted average (PWA) concentration {q) of an event j is
defined as

Zp;d;

{qy = p

. &)
J

where p is the daily precipitation amount. The averages of yearly PWA values and
precipitation amount at the three stations of Utd, Virolahti and Ahtiri are shown
in Fig. 6, together with minimum and maximum values during the studied period.
It is interesting to notice that in molar units ammonium is the main compound at
Virolahti.

It appears that the interannual variability due mainly to the meteorological
conditions is significant, especially on Ut6, where the absolute variation range is
between 50 and 60% of the mean for all compounds. Elsewhere, it is generally
30% , except for the ion H* at Virolahti (80% ) and nitrate at Ahtéri (50% ).
Because 6 years is not enough to look for trends, this issue will be addressed in
a later report.

However, it ts misleading to consider only yearly averages. In Fig. 7 is shown
the annual cycle of precipitation at the three Finnish EMEP stations. One can note
the clear difference between late winter-spring and late summer-autumn with
a more than doubling of precipitation amount at all stations. This will lead to large
deposition values in autumn or in summer (Ahtiri), although airborne pollutant
concentrations are then generally lower. Moreover, the capacity of the water- and
ecosystems to absorb air and precipitation pollutants depends strongly on their

umol i~
120

100 —

80 —

60

40

e TEn

R Hh= 1
0 T T T T T I T T |
Ht s0% NO3  NHI Mg?* Ca®* T Net  K*

Fig. 6. Maximum, mean (thick line) and minimum yearly PWA concentrations
(in pmol 171) at the three Finnish EMEP stations. The three columns from left to right
depict for each ion the situation at Utd, Virolahti and Ahtéri, respectively
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Fig. 7. Annual cycle of the montly precipitation sums at Ut (dotted line), Virolahti (dashed
line), and Ahtéri (continuous line). The stars indicate the months when precipitation is on
average in the form of snow.

seasonal cycle, so that it is the particular seasonal input at a particular stage of the
water- or ecosystem’s life which is the relevant factor to include in environmental
studies.

4.2 Seasonal Variability

4.2.1 Concentrations

The distribution of PWA ion concentrations according to season are shown in
Fig. 8 (a: Utd, b: Virolahti, and ¢: Ahtiri, respectively). Seasons are defined as:
winter (December + January + February), spring (March-May), summer
(June—-August) and autumn (September—November). It can be seen that sulphate
has the same seasonal trend at the three stations, with a clear maximum in spring,
but very similar PWA-values during the other seasons. The annual amplitude is
clearly smaller at the maritime site of Utd. Nitrate is less regular spatially with
a maximum in winter for the UtJ site, a spring maximum at Virolahti and a broad
maximum in winter-spring at Ahtdri. At all sites the minimum occurs in summer.

Of the cations, ammonium is the main acid-neutralizing ion, having PWA-
concentrations very similar to sulphate. Ammonium is closely associated with
sulphate during all seasons but additionally with nitrate in winter. The yearly
sulphate to ammonium molar ratio is around 1, except at Virolahti, where
ammonium is more abundant (SO; /NH{ ~0.83). The sulphate/ammonium ratio
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Fig. 8a—c. Precipitation-weighted average concentrations of sulphate, nitrate, ammonium,
magnesium and H ions according to season at the three Finnish EMEP stations of Uté (a),
Virolahti (b), and Ahtéri (¢) for the period 1980-85. The precipitation amount for the same
period is also shown

does not vary much with season and has, as does sulphur, a clear maximum in
spring at all stations. H* concentrations (from the pH) have a weak annual
amplitude (20% ) with a maximum in spring, except on Ut6, where it is in winter.
The high H* levels relative to the other ions at Ahtiri is noteworthy; H* is mainly
associated with nitrate in all seasons and also with sulphate in spring and autumn.
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In Fig. 9 are presented the PWA concentrations of Mg2*, C1~, and Ca?*
during the period 1986-1988 as well Na™ and K * for the year 1988. Chloride and
sodium have a maximum during the stormy seasons of autumn and winter at all
stations, (surprisingly it is not insignificant at the continental site of Ahtiri), but
the relative concentrations are clearly the highest on Uté due to the mainly marine
origin of these species. Potassium has a minimum in summer at all stations, while
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Fig. 9a—c. Precipitation-weighted average concentrations of magnesium, chloride and
calcium for the period 1986—88 and of sodium and potassium for 1988 at the three Finnish
EMEP stations. The precipitation amount for the period 198688 is also shown
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the maximum occurs in autumn at Virolahti and Ahtéri but in spring on Uts.
Calcium is not negligible and is often at the same level as nitrate except in winter,
but has a very different behaviour at all three stations. The annual cycle is only
clear at Virolahti and Ahtiri with a maximum in spring at Virolahti and in
spring-summer at Ahtéri.

These three stations cannot represent the situation over the whole of Finland,
and the differences between these stations already noted should restrain us from
extrapolating these results to the whole country without caution. It is clear that
more stations are needed for this. However, as discussed in Sect. 2.1, these stations
have a mesoscale representativity, so that results can be representative of a domain
of about 100 km radius around the stations. Nevertheless, geographical gradients
can be discerned: there is a decreasing north-south gradient for PWA-concentra-
tions in sulphate, nitrate and ammonium ions. This is in line with the increasing
distance from the principal domestic and foreign sources. For the strong acid ion
H™, this is only partly true because although PWA concentrations are much higher
on Utd, they are about the same at Virolahti and Ahtiri, probably due to the
neutralizing effect of the large amount of ammonium and calcium at Virolahti.
Additionally, we can notice a decreasing west-east gradient for nitrate and maybe
also H*. This is probably a consequence of the preponderance of nitrate in the
anthropogenic sources of West European countries.

4.2.2 Ion Ratios

The higher likelihood of nitrate in air masses from western Europe can also be
characterized by the PWA-concentration molar ratio of sulphate to nitrate, which
is the lowest on Ut (0.94) and at Ahtiri (1.0) and much higher at Virolahti (1.3).
This ratio is at its maximum in summer at all three stations, but with less
interstation variation, and at its minimum in winter with large differences between
the stations, Ahtéri having the lowest value (x0.5). It should be also noted that
for a given time period the ratio SO,/NO, is always smaller in the case of snow
than in that of rain, probably due to the preferential uptake of SO, by water
droplets and the lack of dependence upon water form in the uptake of nitrate
(Laurila and Joffre 1987).

The ratio of acidifying anions (NO; + SO} ) to the main cation NH illus-
trates the potential for neutralization (i.e. ratio = 1 in equivalents), assuming that
other ions (Ca2*, Mg2*, etc.) have a smaller effect or compensate each other (C1~
and Na ™). This ratio is at its minimum (i.e. closest to unity) in spring at all stations
due mainly to agricultural activities after the snowmelt (e.g. Asman and Janssen
1987). The lowest values are, expectedly, found at Virolahti, although the differ-
ence between the stations is small (20% ). The ratio is at its maximum in winter at
all stations, being lowest at Virolahti (2.7 in equivalent) but very high at Ahtiri
(5.2). This latter figure indicates a strong potential for acidification in forested
Finland in wintertime, partly due to a lesser availability of neutralizing materials.
This is confirmed by the fact that [H™] represents only 15-35% in equivalents of
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the sum [SO;] + [NO;] at Virolahti and Uté (a minimum in spring, and at
approximately the same level during the rest of the year, except for a slight
maximum in summer), but rises to 40-50% at Ahtdri (maximum in winter,
minimum in spring). At Ahtiri, furthermore, acidity is on the whole better related
to nitrate (correlation coefficient r ~0.6) than to sulphate (r ~#0.45), while at
Virolahti there is no significant correlation (these correlations rest on about 850
events). However, if we consider low pH situations (pH < 4.75) only, both correla-
tion coefficients increase at Ahtiri but the difference is reduced (r = 0.78 for
nitrate, 0.72 for sulphate, with n ~650), while at Virolahti both anions also
become significantly correlated with acidity (r = 0.6 for nitrate and 0.5 for sul-
phate; n ~420). Additionally, the high positive correlation between ammonium
and H* (r = 0.59 and 0.45 at Ahtiri and Virolahti, respectively) indicates that
a great deal of sulphate and nitrate is incorporated in salts like ammonium
sulphate (Laurila and Joffre 1988).

We can study the efficiency for wet scavenging through the washout ratio Wy,
which is the ratio of sulphate in precipitation to its concentration in air. If we again
consider separately the cases with the air temperature lower than —5°C (snow
cases) or higher than + 5°C (rainwater) we find that on Uté Wy nearly doubles
from 1050 to 1900 from the snow case to the rain case, and triples at the other two
stations (from 550 to 1400 at Virolahti and from 400 to 1200 at Ahtiri). This shows
that in-cloud SO, scavenging is at its most efficient in rain. The difference between
stations might stem from a different contribution of particulate sulphate and SO,,
and also from local climatology characterized by different types of cloud. Aerosol
nitrate concentrations were also measured during a short period in 1986 on Uto.
The washout ratio for total nitrate (NO; + HNO,) was roughly the same
(x1700) for the two groups T > + 5°C and T < 0°C, indicating the indifference
of nitrate wet scavenging to the phase of water.

4.3 Dependence on Air Mass Origin

Medians of concentration in precipitation according to the four main surface wind
directions and seasons are presented in Fig. 10 for the three stations separately.
Background support for the interpretation of this section’s results can be found in
the Appendix, in which wind direction statistics for the Finnish stations are
presented. These statistics are based on surface observations, so that due to the
clockwise veering of the wind vector with increasing altitude through the ABL, the
wind direction of the upper winds (at about 1km height) should be turned
clockwise by about + 30°.

Although the wind directions have been grouped into broad sectors in order to
smooth out uncertainties connected with this coarse indicator of air mass origin,
the different panels of Fig. 10 present some interesting variability. One notes that
the wind direction dependence is especially marked at Virolahti for sulphate,
ammonium and calcium, with maximum concentrations in the south sector, except
in spring for sulphate with a maximum in the east sector. The fact that chloride
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Fig. 10a—j. Dependence of ion concentration (in pmol 17!) medians in precipitation on

wind direction and season at the three Finnish EMEP stations (1980-85). Note the different
scales

does not depend on the wind direction at this coastal site in winter would indicate
the presence of anthropogenic hydrochloric acid. For the other components the
amplitude of the wind direction variation is not so strong. On Utd, only chloride
has a marked wind direction dependence which, moreover, depends on the season.
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4.4 Acid Deposition in Finland

The combination of precipitation (Fig. 7) and concentrations (Fig. 8) yields the
wet deposition or airborne pollutants. The averaged total yearly wet deposition
values for the different ions at the three Finnish EMEP stations are displayed in
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Table 3. Mean yearly wet deposition with minimum and maximum values in parentheses (in
mmol m~2 yr~ 1) at the three Finnish EMEP stations during different periods, together with

precipitation amount (in mmy) during the same periods

Period Uté Virolahti Ahtdri
SO, 1980-85 26.8 (20.7-40.8) 35.0 (26.1-40.8) 13.3 (10.4-14.6)
NO, 1980-85 28.6 (22.1-40.1) 25.7 (21.1-31.1) 13.1 (9.2-16.1)
NH; 1980-85 27.1 (21.0-37.0) 41.4 (35.1-54.4) 12.9 (10.0-15.9)
Mg>* 1980-85 7.3 (3.6-14.1) 3.3 (2.9-3.7) 1.0 (0.6-1.3)
H* 1980-85 22.0 (15.8-31.8) 20.1 (12.1-24.7) 18.2 (14.0-21.2)
Precip. 1980-85 545 (422-668) 815 (642-961) 633 (546-804)
Caz* 1986-88 8.8 (7.1-11.3) 13.4 (10.9-15.8) 2.6 (2.2-3.2)
cl- 1986-88 55.3 (44.6-68.8) 12.1 (7.4-15.2) 4.4 (43-4.5)
Precip. 198688 510 (463-590) 672 (632-723) 680 (631-733)
Naz* 1988 41.7 10.1 2.5
K* 1988 6.6 5.8 1.0
Precip. 1988 463 723 733

Table 3. The significance of these values with regards to acidification potential will
be discussed in the next section (Sect. 4.5).

In Fig. 11 are shown the annual deposition (in mgm™2) and precipitation
amount (in mm) at the three Finnish EMEP stations according to wind direction
for the period 1980-85. A noticeable feature is the strong maximum at all stations
in wet deposition for air masses coming from the south-southwest sectors, as
implied by the precipitation and concentration distributions.

At Ahtiri, the maximum sulphate deposition occurs in summer together with
the precipitation maximum. At Uté and Virolahti both maxima occur in autumn.
This may be explained by the relatively long and cold winter in Ahtiri, combined
with the poor scavenging of sulphur dioxide by snow. At the southern stations,
deposition is also significant in winter due to the emission maximum and also
because precipitation occurs more frequently as rain. Winds are more frequently
from the southern and western sectors in wintertime, while the eastern sector is
especially reinforced in spring (see Appendix).

The nitrate deposition maximum is in winter (NO, emission maximum), or in
autumn if precipitation then is much higher than in winter. Ammonium deposition
is high both in autumn and in spring. There is a summer maximum at Ahtéri due to
the rainier summer season. The annual cycle of ammonium deposition exhibits
a clear spring maximum and, due to the cold winters, a large annual amplitude. At
the coastal stations magnesium deposition has a maximum during the stormy
autumn and winter seasons, whereas the lower overall deposition level and the
summer maximum at Ahtéri suggest an aeolian origin.

Hydrogen ion deposition most closely follows the precipitation amounts, with
a spring minimum and a summer maximum at Ahtéri and an autumn maximum at
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Uto and Virolahti. This means rather constant average concentrations throughout
the year.

Complementary information on the wet deposition of other ions is presented in
Fig. 12 for Utd, Virolahti and Ahtiri. Results for precipitation, Ca2* and C1~ are from
the 3-year period 198688, while deposition of Na2* and K* is based on the year
1988. We notice that due to their different origins (sea spray and crustal particles),
leading to different incorporation into air masses, these species do not always
follow the same behaviour as the typical anthropogenic compounds. An exception
is calcium at Virolahti which closely follows sulphate and ammonium.

4.5 Critical Loadings and Acidification Potential

The concept of critical load has been introduced as “the highest load that will not
cause chemical changes leading to long-term harmful effects on the most sensitive
ecological systems”. Critical load values for various ecosystems were reviewed in
a recent expert workshop (Nilsson and Grennfelt 1988). For instance, critical loads
for forest soils of the most sensitive classes 1 and 2 (quartz, granite and gneiss)
between 20 and 50 mmol m™~2 have been proposed, if all acidity comes from an
equivalent sulphur deposition between 0.3 and 0.8 gm ™ 2. For aquatic ecosystems
values of 15-40 mmol m™~2 for sulphur have been proposed for Scandinavia. We
thus notice that the mean annual deposition amount reported in Finland (Table 3)
fluctuates around these critical load values.

Critical loads for nitrogen deposition are much more uncertain. However,
according to the same meeting’s recommendations, values between 21 and 36
mmol m™2? were proposed for sensitive raised bogs and dwarf shrub vegetation,
and between 21 and 107 mmol m™2 for coniferous forests. Adding together the
contributions to deposition from nitrate and ammonium listed in Table 3 leads to
nitrogen loading well above the lowest critical value:

Several definitions have been proposed for defining the acidifying potential
of atmospheric deposition for soil or lake surfaces: the pH (or [H*]), SO,
AD =[H*] + [NH}] — [NO; ], and AP = [SO_;] — [Ca?* + Mg?*]. The acid
deposition concept AD was introduced by Dillon (1983) to account for the
production of H* in watersheds and lakes due to the biological uptake of
ammonium and for alkalinity generation by the biological uptake of nitrate,
assuming that all nitrate is taken up by the system. The acidifying potential AP
introduced by Brydges and Summers (1989) takes into account that some of the
sulphate in precipitation may be in the form of neutral salts such as calcium and
magnesium sulphate, so that AP is the residual H*. In their paper, Brydges and
Summers argued why the acidifying potential of wet deposition should be as
defined by AP, unless N leaches from the watershed in the form of nitrate, even
though the pH may be increased by ammonia emission or lowered by NO,
emissions.

On the basis of deposition data at the three Finnish EMEP stations from the
period of 1986-88, when all ion measurements were available, we tested the
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Fig. 13. Mean acid deposition at the three Finnish EMEP stations for the period 1986-88,
as computed according to different definitions (see text)

differences introduced by these different definitions (Fig. 13). We note that H,

AD and AP lead to very similar results, especially at Ahtiri, having around
20 mEqm™2 annually.

4.6 Acid Rain Episodes

Because of the strong link between deposition and precipitation amounts, it is
relevant to study the correspondence between the cumulative percentage of depos-
ition and the cumulative percentage of wet days, i.e. episodicity. For Ahtiri, 30%
of the precipitation amount is reached on average after 12 of the largest precipita-
tion days. Sulphate and ammonium are more episodic with 30% of the annual
deposition reached after 9 and 6 days with the largest deposition, respectively,
whereas nitrate and H* are less episodic, this 30%-amount being attained only
after 12 days of the largest deposition.

Investigations on acidification effects may require not only a knowledge of
mean concentration levels or the average deposition over a month or a year, but
also a knowledge of how these levels are concentrated into episodes characterized
by high concentrations above a certain critical value. Table 4 displays the annual
distribution of days having deposition values in excess of 500 pEqm~™2 d~! for
sulphate, nitrate, ammonium and H™. This corresponds to 8 mgm™2 d~! for
sulphate as sulphur, and to 7mgm~2 d ™! for nitrate and ammonium as nitrogen,
respectively. Some events are lost if the sampling bucket is changed during the
event (at 08.00 h.). The central part of the country receives far fewer episodes than
the southernmost parts of Finland. At Ahtiri sulphate episodes occur mainly in
summer, while at Ut6 and Virolahti they are observed during all seasons. Nitrate



Table 4. The number of days (from 08.00 h to 08.00 h) during the period 1980-1985 when deposition exceeded the given limit value of
500 peqm™2 day . Monthly and total numbers are given

SO7-S > 500 pjeqm~2d !

Months J F M A M J J A S (0] N D Total
Uto 12 5 13 15 12 16 14 18 17 24 24 20 190
Virol. 24 10 23 14 21 21 20 20 18 38 41 31 281
Ahtdri 1 1 7 11 11 11 8 9 4 2 1 66

NO;-N > 500 peqm~2d™*

Uto 7 3 7 1 2 2 8 7 5 11 16 69
Yirol. 7 3 5 1 1 1 2 5 10 12 47
Ahtin 1 1 2 4
NH;-N > 500 pjeqm ™2 d !
Uto 1 7 7 8 3 2 10 10 5 9 5 67
Yirol. 8 3 13 8 14 11 11 14 8 22 26 19 157
Ahtan 3 3 2 4 4 3 19
Titrated H* > 500 peqm ™2 d7!
Uto 4 3 6 3 1 10 8 11 11 10 15 16 98
Virol. 2 3 9 5 2 6 6 2 6 9 8 7 65
Ahtar 1 2 2 3 10 1 8 7 3 5 4 46
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episodes occurs both in winter and in autumn. Heavy deposition of ammonium
takes place both in spring and in autumn. At Ahtiri acid deposition episodes occur
in summertime and in autumn, while at the other stations they are more evenly
distributed over the year.

The subgroup of acid precipitation cases, having a daily deposition of strong
acid exceeding 500 pkEqm~™2 d 71, had on average a precipitation amount of 11,
14.8 and 12mm and a pH of 4.2, 44 and 4.3, at Utd, Virolahti and Ahtéri,
respectively. This can be compared to a mean precipitation of 4, 4.7 and 4 mm with
a pH of 4.5, 4.7 and 4.8 for all wet days.

The acid rain episodes were generally preceded by an extensive high pressure
area over Russia. Pollutants from heavily industrialized European regions accu-
mulated in a slow southerly flow on the western side of the stagnant high pressure
area and were thus transported to northern Europe. Four types of precipitation
systems caused the wet deposition episodes at Ahtéri (Laurila and Joffre 1989):
A) a low with a warm sector from the southeast;

B) disturbances coming from the southwest which were associated with a central
low located to the west of Finland;

C) acold front from the northwest causing precipitation through air that had lain
over Scandinavia; and

D) two exceptional summer cases occurring when a central low was over Finland.

Class (B) cases were the most frequent (n = 29 episodes), and occurred throughout
the year. They were characterized by southwesterly transport at 850 mb, indicated
by southerlies at the surface. They had the lowest sulphate to nitrate molar ratio
(median of 1.5) suggesting that the source area was western Europe with its high
nitrogen oxide emissions. Very generally, the SO,/NO, emission ratio ranges from
0.5 to 2 western Europe while it is typically over 3 in eastern Europe. Class (A)
systems were of smaller dimensions, and occurred in summer (n =5) and in
autumn (n = 4). They came from the southeast and had a higher contribution of
sulphate (sulphate to nitrate molar ratio ~2) in accordance with high sulphur
emissions in eastern Europe. Pollutants were rained out during the few (n = 4) cold
frontal cases (C) occurring in summer and in autumn, and arriving from the
northwest. The corresponding air masses had stayed over northern Europe, and
had a relatively high sulphate concentration (sulphate to nitrate molar ratio
~1.8).

5 Gaseous Compounds and Aerosols

5.1 Seasonal and Diurnal Variability

5.1.1 Comparative Behaviour

Although studies of sulphur compounds, such as sulphur dioxide and sulphate
aerosol, are generally not connected with photochemical studies involving ozone
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and its related compounds, we present them here in a joint section for three
reasons. First of all, both chemical families contribute to the composition of the
atmosphere through their important coupling to aerosol formation, implying solar
and atmospheric radiation modulation effects. Secondly, there is a direct linkage
through homogeneous oxidation of SO, by the hydroxyl radical OH which is
controlled by ozone (Calvert and Stockwell 1984), and finally heterogeneous
oxidation of SO, by ozone proceeds with a strong dependence on the pH in the
droplets.

In Fig. 14 is presented the annual cycle of sulphur dioxide and aerosol sulphate
at Virolahti and Ahtiri. Utd data are not shown due to uncertainties in SO, values
by local contamination. Sulphur dioxide has a clear February maximum, eight
times higher than the summer minimum. The actual difference might be even larger
if the detection limit of SO, measurements had been better. Almost all physical and
chemical factors contribute to this difference: maximum emissions in winter, lower
dilution, slower transformation, deposition and scavenging. Aerosol sulphate has
a weaker maximum but it is delayed by 1 month from the SO, maximum. This
may be due to the large reservoir of SO, accumulated during the winter
([SO,1/[SO;]1~4) which is not supplied so intensely as spring comes, while
continuous sulphate formation is enhanced through oxidation (temperature-
dependent) and indirectly through increased photochemical activity (ozone
increases).

In Fig. 15 is shown the annual cycle of ozone, nitrogen dioxide and global
radiation at Utd and Ahtéri. The striking feature is that, although ozone is
a photochemical species, it is not in phase with the solar radiation curve’s summer
peak, especially at Ahtiri, where ozone has a marked peak in early spring (April)
and decreases steadily until autumn. On Utd the maximum is more widely

4gS m=3
10 o
1 .8,
17w
5 -

Fig. 14. Annual cycle of sulphur di-
oxide (squares) and aerosol sulphate
(circles) monthly medians at Virolahti
(open symbols) and Ahtiri (full symbols)
for the period 1980-85
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Fig. 15a,b. Monthly means of ozone (continuous line; 1986-88) and nitrogen dioxide
(dashed line; 1987-88) at a Utd, and b Ahtdri. The annual course of global radiation (dotted
line) at these stations is also shown

distributed with perhaps a bimodal structure (April and July), the later one
corresponding to the radiation maximum. On the other hand, the ozone maximum
corresponds to the spring precipitation minimum at both Utd and Ahtiri, when
the uptake of precursor gases by cloudwater is less and photochemistry more
active. Nitrogen dioxide has a very similar annual cycle at both stations, the
minimum occurring in autumn and the maximum in winter.

5.1.2 Sulphur Dioxide and Aerosol Sulphate

The high concentrations of sulphur dioxide at Ahtéri in winter (Fig. 14) are partly
due to its low uptake in clouds by snow (see above) whereas sulphate scavenging is
not subject to this limitation (Barrie 1985). Additionally, SO, has a low deposition
velocity to snow while sulphate particle deposition is not greatly affected by the
type of surface. This has been confirmed by considering the dependence of SO, and
sulphate concentrations on the state of the ground, which shows a clear increase of
SO, from the situation when the soil is bare to the situation when the ground is
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snow-covered. Sulphate concentrations do not show such a clear increase. The
ratio of sulphur dioxide to sulphate as sulphur has also an annual cycle, but
depends additionally on the wind direction. The minimum is in May (~1.8) and
the maximum in January (~7). On the other hand, the summer minimum varies
from 3 in the northwestern sector to 1 in the southeastern sector, while the winter
maximum is 6 in the northwestern sector and 3 in the southeastern sector. The
southeastern sector minimum is due to aged long-range transported air masses
from industrial Europe. The northwestern sector corresponds to close domestic
sources with the conversion of SO, to sulphate still unaccomplished.

The mean yearly concentrations of SO,—S are 4.5, 4.9 and 2.9 pgm ™3 at Uto,
Virolahti and Ahtiri, respectively. However, the measurements on Ut are con-
taminated by a diesel generator on the north side of the sampler, so that by dealing
with conditions only from the south sector 90°-270°, the annual mean becomes
3.5 ugm™3. For particulate SO, , the mean yearly concentrations are 1.4, 1.7 and
1.1 pgm™3 at Utd, Virolahti and Ahtiiri, respectively.

5.1.3 Ozone and Nitrogen Dioxide

The ozone levels on Uté (Fig. 15a) are higher due to the lower dry deposition of O,
to the sea surface compared with deposition to vegetation, and the closer proximity
of anthropogenic sources of precursor emissions. We notice also that there is
a weak bimodal concentration maximum on Ut$ (spring and summer) but only
one maximum in spring at Ahtiri (Fig. 15b). The daily maximum concentrations
are about the same at both sites in winter and in spring. On the other hand, they
are different in summer and autumn due to the active uptake of ozone by
vegetation during summer days. A comprehensive search for the origin of ozone
level increases during a 1-year period (1986-1987) showed only two, but these
significant, spring episodes (35-60 ug m~ 3 above the monthly mean) that could be
attributed to stratospheric injections (Hakola et al. 1987).

The annual cycle of nitrogen dioxide presents a maximum in January—Decem-
ber (9 and 8.4 ugm ™3 at Utd and Ahtéri, respectively) and a minimum in Au-
gust—September (3.9 and 2.4 pgm ™3, respectively), corresponding to maximum
emissions in winter and photochemical destruction in summer. The annual ampli-
tudes are approximately equal to Ut and Ahtéri. The NO, cycle is closer to the
SO, cycle because they are both primary pollutants.

The amplitude of the diurnal variation of ozone is stronger at Ahtéri than on
Uto (Fig. 16) due to a difference in stability conditions. On Utd, the hydrostatic
stability is closer to neutrality due to persistent moderate winds, while the thermal
inertia of the water surface smoothes out diurnal stability variations. On the other
hand, stability has a typical strong continental oscillation at Ahtiri, with low wind
and a thermal inversion at night and enhanced mixing during the day (in summer).
The ozone maximum occurs in the evening on Utd but in the afternoon at Ahtiri.
The diurnal cycle at Ahtiri is strongly dependent on the wind velocity, with an
increasing diurnal amplitude as the wind speed decreases, i.e. as mixing from aloft
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Fig. 17. Mean diurnal cycle of nitrogen dioxide in winter and in summer, at Ut and Ahtéri

decreases (Joffre et al. 1988). Furthermore, the concentration levels rise with

increasing wind speed up to 3—4 m s~ *. These higher O, concentrations at stronger

wind speeds should correspond to background atmospheric ozone levels, and
depend on the season (95 pgm™3 in spring, 50 pgm™3 in summer). On Utd the
ozone levels do not depend on the wind speed, except perhaps in spring with
a slightly decreasing trend.

The diurnal cycle of nitrogen dioxide at the stations of Utd and Ahtiiri is shown
in Fig. 17, separately for winter and summer. We note that in winter NO, is higher
at the continental station of Ahtéri than on the island of Utd, but that the reverse is
true in summertime. There is practically no diurnal cycle on Ut except for perhaps
the slight morning maximum in winter, probably due to the dissociation of NO,,
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N, O, and PAN. This morning maximum occurs also in the winter cycle at Ahtiri,
centred on the same time (09.00 h LT) but much broader. The same morning
maximum can be observed in the summer curve at Ahtéri but earlier due to the
early sunrise in these latitudes. The diurnal cycle at Ahtiri is also characterized by
the strong evening maximum in both seasons.

5.2 Dependence on Air Mass Origin

The dependence of SO, and aerSO; on wind direction at the two Finnish EMEP
stations of Virolahti and Ahtiri (Fig. 18) is very similar to the dependence of ion

Virolahti

0.3
0.2

10

T Y

0.5

0.3
0.2 H

b
0.1 —

1 T I '
0 90 180 270 360

Wind direction

Fig. 18a,b. Dependence of sulphur dioxide (squares) and aerosol sulphate (circles) on w_ind
direction in winter (open symbols) and in spring (full symbols) at Virolahti (a) and Ahtéri (b)
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concentrations in precipitation already discussed. Results from Ut are not shown
here due to the problem of contamination from the nearby heating centre. We
present the results separately for winter and spring, the period when SO, and
aerSO, concentrations are the most significant. The origin of aerosol sulphate is
not dependent on the season, while one can notice a shift of the SO, maximum
from easterlies in winter to southerlies in spring at both stations.

Ozone concentrations have a clear dependence on wind direction according to
season. On Utd, the spring and especially the summer concentrations have a clear
maximum for the eastern to southwestern sector, the autumn concentrations have
a clear maximum for the eastern to southwestern sector, the autumn concen-
trations have a maximum for westerly winds and a minimum for northeasterlies,
while there is no directional variability in winter. At Ahtiri, the wind direction
dependence amplitude is half the amplitude on Ut except for winter, when it is the
same. Here also the spring and summer curves have the same shape with maxima
in the south-southwestern sectors; the autumn curve has a broad maximum in the
southwest-western and northwestern sectors, while the winter curve has a max-
imum in the west-northwest-northern sectors. This latter feature shows that during
the dark period of the year ozone appears preferably in cleaner air masses, whereas
chemical reactions act as a sink. On the other hand, nitrogen dioxide concentra-
tions do not strongly depend on wind direction.

5.3 Episodicity

In Table 5 are given the medians and 97 percentiles of sulphur dioxide and aerosol
sulphate at the three EMEP stations for the period 1980-85. We observe that the
97 percentiles are highest in Virolahti, for SO, being nearly doubled in the eastern
sectors compared to the western sectors. The southeastern sector brings the highest
sulphate episodes at all three stations. The ratio between the 97 percentile and the

Table 5. Medians and 97% percentiles of sulphur dioxide and
aerosol sulphate concentrations (in ugSm™3) at the three
EMEP stations according to wind direction sectors

Uto Virolahti Ahtéri
NE 48 20 32 26 1.8 10
S SE 29 16 42 23 28 18
O SW 20 9 33 15 1.8 10
2 NwW 39 17 23 12 09 6
All 29 16 29 18 1.8 12
NE 1.0 49 1.0 54 08 3.0
S SE 1.7 7.1 2.1 72 1.1 5.5
O SwW 1.0 5.2 1.3 59 08 4.0
4 NwW 04 29 0.5 34 02 20
All 09 5.1 1.1 6.0 0.7 4.1
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median value was expectedly the highest at Ahtéri for SO, (~6.1) while this ratio
was about the same for all three stations for sulphate. Here also, the NW and NE
sector results for Ut are not reliable due to probable local contamination.
Investigations for determining the lowest concentrations having harmful effects
on vegetation are still preliminary and depend on the methods used and the
combination of pollutants implicated. Nevertheless, according to WHO (1987), the
lowest concentrations of ozone that have an effect can be estimated as an average
60 pgm™ 3 over the growing season (100 days), 65 ygm ™23 and 100 pgm ™3 for an
exposure of 24 h and 2 h, respectively. The relative contribution of different wind
direction classes to high ozone concentrations (above 100 pgm™3) at Utd and
Ahtiri are shown in Fig. 19. From this figure it is clear that the highest concentra-
tions occur for wind sectors corresponding to industrialized European sources.

Fig. 19. Relative contribution of different wind direction classes to high ozone concentra-
tions (> 100 pg m~?) at Uté and Ahtéri
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Fig. 20. Frequency distribution of high ozone events (> 100 pg m~3) at Utd and Ahtiri,
according to the duration of the episodes

The mean duration and the frequency of these high ozone episodes differ on
Ut6 from those at Ahtdri. From Fig. 20 it can be seen, as expected, that the
number of episodes is much higher on Uto.

5.4 Correlations Between Chemical and Meteorological Characteristics

As implied by the air chemistry diagram of Fig. 3, ozone concentrations are
influenced by many factors. Table 6 shows significant correlation coefficients
between hourly and daily ozone deviations 8O, from their monthly mean, and
some meteorological parameters.

The striking feature is that most relatively high correlations (r > 0.4) occur at
Ahtiri, while on Utd only nitrogen dioxide seems to have some influence in winter
and spring. This negative correlation between NO, and 30, probably reflects the
oxidation of nitrogen oxide by ozone, leading to the formation of NO,. The
anticorrelation is stronger in autumn and winter and non-existent in summer.
Expectedly, 80, is positively correlated with global radiation and air temperature,
but this is significant only at the continental site of Ahtéri with its marked diurnal
cycle. The effect of air pressure on 80, was also checked but no significant
correlation was found, even slightly negative values occurring at Ahtiri, although
ozone episodes in western Europe and North America are often connected with
high pressure anticyclonic systems. This also confirms the large contribution of
long-range transported ozone to Finland compared to the local build-up.

Using data on daily concentrations of sulphur dioxide and aerosol sulphate, it
is interesting to notice that they are positively correlated with 3O, in spring and
summer at both stations but negatively correlated in autumn and winter. This
implies that chemical sinks are effective in autumn and winter, whereas chemical
production occurs in spring and summer. On the other hand, the negative correla-
tion of 80, with SO, on Ut in summer might be due to a nearby polluting source.



Table 6. Correlation coefficients between ozone daily deviations from the monthly mean and different meteorological
and chemical factors at Uto (7/85-3/88) and Ahtéari (9/86-3/88)

Spring Summer Autumn Winter
Uts Ahtiri  Uts Ahtii U6 Antii Ut Ahtiri
Hourly samples
N d —0.16 - —0.16 - —0.20 -0.32 —-0.29 -
n - 0.24 —0.13 0.23 —-0.21 - —0.24 0.16
WS d 0.16 0.43 —0.10 0.38 0.14* 0.41 - 0.41
n 0.16 0.53 - 0.49 - 0.53 - 0.46
T d 0.14 043 0.23 0.71 0.28 0.26 —-0.17 0.32
n 0.11* 0.19 - 0.54 0.27 0.20 - 0.33
GR d 0.14 0.28 0.10* 0.58 0.232 - 0.31 0.26
RH d —0.23 —0.55 - —0.62 —0.37 —0.50 —-0.39 -
n —-0.12° —0.30 0.21 0.48 —-0.35 — 045 —0.41 0.10*
NO, d —0.30 —0.35 - —-0.19 - 031 —0.50 —0.38 —0.55
n - 041 —0.30 - - —0.29 —-0.52 —0.50 —0.65
Daily samples
aerSO, 0.50 0.46 0.59 - - - —0.41 —0.33
SO, - 0.37 —-0.34 - —0.18 - — 045 —0.23

The reported correlations are significant either at the 1% level or at the 5% level.®
N is the cloudiness, WS the wind speed, T the air temperature, RH the relative humidity, and GR the global
radiation. Results are differentiated according to the season and day/night (d/n).
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Additional measurements of total nitrate (gaseous HNO, + aerosol NOy),
lead-210 and beryllium-7 from Utd were available during a few months in 1986.
We noticed that ozone daily deviations from their monthly mean correlated with
"Be and 2'°Pb in summer (r~0.4) but especially in spring (r~0.6). Beryllium is
a tracer for stratospheric air and thus these results would imply enhanced trans-
port of ozone from aloft. On the other hand, lead as a decomposition product of
radon would indicate a continental origin, i.e. mainly ozone formation in an-
thropogenic plumes. These parallel correlations indicate that very different pro-
cesses can occur concomitantly.

Total nitrate was positively correlated with 30, in spring (~0.4) but negat-
ively correlated in February (& — 0.5). This can be explained by the rapid
formation of nitric acid in spring due to photochemical effects (availability of OH)
together with ozone formation or transport.

Visibility has a high negative correlation with SO, and sulphate concentration
at Utd and Virolahti, while the correlation is smaller at Ahtéri, where the air
masses are cleaner.

5.5 Effects of Biogenic Volatile Organic Compounds on Ozone

The photochemical formation of ozone requires the presence of nitrogen oxides
and hydrocarbons. The magnitude of the hydrocarbons to nitrogen oxides ratio
has been shown to be an important factor in determining the rate of ozone
formation, maximum ozone production occurring at ratios around 10:1
(Lurmann et al. 1983). The extensive forested areas in Finland probably imply
relatively high natural hydrocarbon emissions (especially terpenes from conifers),
which might influence ozone concentrations.

Terpene levels measured in the forest close to the EMEP station of Ahtiri
showed a clear seasonal variation related to their emission rate dependence on
temperature, with 3-37 pgm™3 in July (T 11-30°C) but only 4-7ugm~3 in
April (T from — 10 to + 10°C), when the ground was snow-covered, and
1-4 pgm ™3 in September (T x4 —11°C). They also displayed a strong diurnal cycle
in summer with a maximum at night (Fig. 21). Thus, daytime chemical sinks,
together with a more effective turbulent dispersion, compensate for higher
emissions due to higher daytime temperature. These measured terpene concentra-
tions are equivalent to or lower than those measured in neighbouring countries
(Hov et al. 1983; Isidorov et al. 1985; Petersson 1988).

Ozone concentrations were measured at both the open field EMEP station and
in the forest where the terpene measurements were performed. Ozone was system-
atically lower in the forest than in the open field (Fig. 22). The average ratio
[O,(forest)]/[O,(station)] was 0.8, 0.66 and 0.86 in April, July and September,
respectively. This ratio also had a diurnal variation in July, with its minimum
values appearing at night. This suggests that there exist processes depleting O, in
the forest at night, and this more efficiently in the summer than in spring or
autumn. The main sinks for ozone during the night are temperature-dependent
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Fig. 21. Diurnal variation of total terpene concentrations in April, July and September 1988
at Ahtéri

chemical reactions and deposition. Reported ozone deposition velocities are
0.1 cms™! to snow, and 0.85 cms ™! to vegetation in the daytime or 0.25 cms ™! at
night (Galbally and Roy 1980). Deposition is more efficient in the forest than in the
open field due to stomatal activity. During windy nights the ozone-rich air from
aloft can reach down to the surface. These intrusions probably occur at about the
same rate above the forest and at the station, which is reflected in the stable and
high ratio of ozone values at both sites during such conditions.

The role of terpenes in ozone destruction was studied by the reactivities of
terpenes with OH, O, and NO,. We took B-pinene and limonene as surrogates for
terpene average behaviour because of their quite different reaction rates with these
compounds (Atkinson et al. 1986). Terpenes react fairly rapidly with the OH
radical during daytime, yielding lifetimes of B-pinene and d-limonene differing by
a factor of 2. However, at night, they react mainly with ozone (due to the small
amount of NO,), leading to a B-pinene lifetime 30 times longer than for
d-limonene. This should lead to a diurnal variation of the $-pinene to d-limonene

Table 7. Average percentage values with standard deviation of individual terpenes with
respect to total terpenes during the different measuring periods separately for day (d) and
night (n) conditions

a-Pinene Camphene B-Pinene 3-Carene Limonene

April

d 46 + 4 6+1 9+3 21+6 18 + 3

n 43+ 5 8+ 4 10+3 2343 16 + 3
July

d 54+9 1049 1245 12+4 12+7

n 47 +5 1147 10+6 1745 15+6
September

d 48 + 5 15+3 11+4 19+ 12 745

n 48 +4 14+2 10+2 19+2 715
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Fig. 22. Time variation of the ozone concentration ratio at the forest and at the Ahtéri
station sites (squares) together with wind speed (dashed line) measurements (left side
ordinate). The right hand ordinate refers to terpenes (circles) and NO, (continuous line)
concentrations

ratio. However, we observed that, within the instrumental uncertainty, the ratio
was nearly constant, thus suggesting that the terpenes do not react mainly with
ozone (Table 7).

The ratio of terpenes to NO, had a maximum value of 5.0, occurring in July,
suggesting weak ozone production potential. The low concentrations of nitrogen
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dioxide also probably made irrelevant the possibility of ozone depletion by NO,.
Consequently, we deduce that deposition related to meteorological conditions
(wind speed, ABL height and thermal stability) was a more important sink for

nighttime ozone during this short period, as was also observed by Roberts et al.
(1983).

6 Variability over the Baltic Sea

6.1 Air Chemistry and Marine Meteorology

As illustrated in Fig. 1, Finland is half surrounded by the Baltic Sea, and what is
more significant, on its southern side, the direction from which the major an-
thropogenic pollutant contribution arrives. It is thus very important to study the
variability of airborne pollutants in the Baltic Sea Basin and try to infer the
physical and chemical processes going on during transport over the sea area.
Marine meteorology differs from the situation overland due to the different
roughness conditions but especially due to the differing heat and moisture content
of the surface, often yielding opposite stability conditions in overland and over-
water areas, themselves characterized by very different ABL heights (Joffre 1985).
For instance, one observes stably stratified conditions in spring and summer over
the sea, concomitant with daytime unstable conditions overland.

Table 8 presents the statistics of daily chemical air concentrations obtained in
spring 1985 during a cruise made in the Baltic Sea (see Fig. 1), as well as
corresponding results from a previous Baltic cruise in spring 1983 (Korolev et al.
1985). The denomination nssSO, refers to non-sea-salt or excess sulphate, i.e.
after the deduction of the marine sulphate component, on the basis of chloride
concentrations (because sodium measurements were not available). Comparison of
these data with other cruise results obtained from the Atlantic or the Pacific Ocean
indicates that the Baltic Sea cannot be considered as a remote pristine region
(Joffre and Lindfors 1989).

Correlation studies of the 1985 cruise results indicate that ammonia and
chloride correlate positively (r~0.5 and 0.4, respectively) with the wind speed on
board the ship. Georgii and Gravenhorst (1977) have previously argued on
a marine source of ammonia, but a closer inspection of our cases seems to indicate
agricultural sources from the adjacent land areas. During the cruise, elevated
ammonia levels did not occur in conjunction with other airborne pollutant epis-
odes. On the other hand, the rather low correlation of chloride with wind speed
might indicate that the sea is not the only source of chloride and that it can have an
anthropogenic origin from decomposition of HCI. Since these results are based
only on a limited amount of data, conclusions cannot be firmly established.

Correlation studies show that the most common anthropogenic airborne pol-
lutants (nssSO;, NO; and NH;) are very well correlated and probably exist
under the form of salt, and are also well related to sulphur dioxide values (Joffre



Table 8. Statistics of concentrations of chemical compounds measured during the spring 1985 Baltic Sea cruise (in ggm™3 except Hg in

ngm  3)

nssSO, -8 NO;-N NH;-N SO,-S NH,-N HNO,-N Cl- Hg
Range 0.32-10.7 0.34-2.7 0.55-5.0 0.21-13.3 0.02-1.7 0.02-0.22 0.09-2.2 1.2-32
Median 2.26 0.76 2.08 1.48 0.20 0.04 0.52 2.0
Geom. mean 2.17 0.85 1.90 1.43 0.20 0.05 0.46 1.98
Mean 2.89 1.00 2.28 2.04 0.36 0.06 0.56 2.06
S.D. 2.25 0.60 1.32 2.3% 0.43 0.05 0.40 0.61
Number 30 30 30 30 30 30 30 27
83 mean 1.86 1.81 0.40 1.65
83 S.D. 0.85 1.14 0.70 0.74

The 83 mean and standard deviation (S.D.) refer to the results of the April-May 1983 cruise (Korolev et al. 1985).

PUEBJUL] UL UONN[[OJ JIY UO $10)0%,] [EJS0[0I0dN JO SI0apH

L8



88 Sylvain M. Jofire et al.

and Lindfors 1989). The more complex chemistry of nitrogen compounds is
reflected in more variable and generally lower correlation coefficients. Nitric acid is
well correlated only with SO,. Gaseous mercury correlated significantly with
nssSO, and NH/, confirming its anthropogenic origin.

The ammonium to non-sea-salt sulphate molar ratio was very close to 2 for
sulphate concentrations up to about 150 nmol m ™3, indicating the almost exclusive
occurrence of (NH,),SO, and full neutralization of H,SO, particles. At higher
sulphate concentrations, the ammonium concentrations seem to reach a saturation
level and the NH, /nssSO; molar ratio tends towards 1, indicating the presence of
other compounds, such as NH,HSO,, NH,NO, or CaSO,. These results are
somewhat at variance with data collected by Quinn et al. (1988) over the eastern
Pacific, which indicate a molar ratio between 2 and 0.5 due to the lesser availability
of total ammonium (NH, + NH;") during their expedition. Joffre and Lindfors
(1989) also observed the activation of the sulphur dioxide-sulphate conversion
with increasing concentrations of both ammonia and water vapour. This stresses

the environmental importance of ammonia and of having more measurements
available.

6.2 Simulation of Episodes

On the basis of the 1985 cruise data, Salmi and Joffre (1988) showed that a very
good linear correlation exists between SO, or aerosol sulphate and the sulphur
emission, Qg, integrated 48 h backwards along the air trajectories at the 850-mb
level. Furthermore, the observed scatter for the sulphate relationship at low Qg
values was related to trajectories coming from the eastern sectors with their
uncertain emission data. On the other hand, neither total nitrate nor total am-
monium had any clear dependence on Qy, the integrated NOy emissions, the
scatter being very large.

The importance of meteorology as a modulator of air concentrations is further
demonstrated by applying a simple transport-scavenging model [see Eq. (1)] to the
situations found during the 1985 cruise. Taking constant values for the scavenging
rates (dry and wet deposition, chemical conversion) and integrating 99 h back-
wards from the ship’s location yielded a fair agreement between observed and
computed concentrations of SO, and SO, (Lindfors and Joftre 1989), as repro-
duced in Fig. 23.

6.3 Deposition Modelling

Dry deposition over the sea is strongly dependent on the wind velocity (Joffre
1988a,b). On the other hand, wind velocity has a known climatological distribu-
tion, so that if knowledge of wind speed statistics is used, the distribution of the dry
deposition will also be available, and a weighted estimate of the deposition at
a particular place can be obtained. This kind of exercise was performed by Joffre
(1988b) and Joffre and Savunen (1989) for the location of the Ocean Weather Ship
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Fig. 23a,b. Comparison between the time variation of observed and simulated SO, (a), and

nssSO 7 (b) concentrations (in ug Sm~3) during the Baltic Sea cruise of R/V Akademik
Shuleykin in April-June 1985

M off the Norwegian coast. Both the wind velocity and dry deposition velocity
frequency distributions followed a Weibull distribution quite accurately. The
results also showed that distinctions between air mass origins (different meteoro-
logical conditions) and the seasons (different stability conditions) should be re-
tained when computing average dry deposition velocities.

Using the data of the spring 1985 Baltic cruise, Lindfors and Joffre (1989)
computed the dry deposition flux of some gaseous and particulate compounds
onto different parts of the Baltic Sea (Table 9). They found that the Central Baltic
(between Gotland and the Lithuanian coast) experienced a maximum deposition
of gaseous SO, and NH,, and particulate sulphate, nitrate and ammonium
compared to the northern part (north of Gotland Island) and the southern part of
the Baltic (Bornholm Island Basin). This tendency is also found in the distribution
of nssSO;, NH; and NH, concentrations.

On the other hand, the SO,, HNO, and NO; concentrations displayed the
generally expected decreasing south-north gradient. One reason contributing to
these slightly ambiguous results was the short duration of the cruise (30 daily



90 Sylvain M. Joffre et al.

Table 9. Estimated dry deposition flux (in mgm ™2 yr~ 1) of airborne pollutants to
different areas of the Baltic Sea according to Lindfors and Joffre (1989). The
standard deviations are in parentheses

SO,-S  NH,-N SO;-S NO;-N NH;-N

Northern 320 30 43 82 35
Baltic (123) ©) 3) 1) %)
Central 569 207 76 151 54
Baltic (315) (234) 4) (48) 19)
Southern 336 64 38 131 38

Baltic (186) (44) (28) an 23)

observations over a period of 6 weeks), during which we picked up spatially
random samples, not representative of overall conditions. However, our results
might also be partly explained by the stable stratification over the Baltic Sea,
typical of springtime conditions, with the emitted pollutants staying a longer time
aloft in a reservoir layer above the ABL and being finally deposited by slow
turbulent transfers, as well as by mesoscale and synoptical scale instabilities only
far away downstream of the coastal zone.

7 Conclusions and Further Work

In this article we have presented the major results from an analysis of monitoring
air chemistry data from three Finnish EMEP stations and one cruise in the Baltic
Sea. The dependence of air and precipitation concentrations on meteorological
and climatological factors has been particularly emphasized. Meteorological vari-
ability forms the basis for understanding the source, path and fate of an-
thropogenic pollutants from the atmosphere to ecosystems. Indeed, it was demon-
strated that meteorological conditions and air mass origins were the primary
modulators of chemical concentrations, taking precedence above chemical reac-
tions. Thus, abatement measures and impact studies should take these results into
account.

The results presented in this article constitute a fair amount of new knowledge
on air quality variability and air chemistry in northern European conditions. We
have not touched upon the problem of temporal trends due to the shortness of the
homogeneous time series. A wait of a few years more is necessary for this purpose.
Nevertheless, these studies have allowed us to start an exhaustive analysis of air
quality data together with meteorological data, providing a well-established clima-
tological picture of the atmospheric environment of Finland. Moreover, these
projects have in fact marked the start of atmospheric chemistry research in
Finland. The results and the obtained database will be of great value for environ-
mental modellers and for scientists from other fields needing values of pollutant
concentrations and deposition to ecosystems in Finland.
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Apart from the EMEP stations discussed in this chapter, other existing Finnish
air quality monitoring stations are not adequate for estimating the origin of acid
deposition, since they use sampling times much longer than the 12-24 h required
for a reliable association of pollution episodes to defined air masses. The three
EMEP stations, however, are not enough for a good coverage of deposition in
Finland, and additional stations should be established in the Salpausselkd region
(approximately at the barycentre of the triangle formed by the three existing
stations) as well as in northern and eastern Finland. The issue of the influence of
small-scale terrain features on deposition values has not been addressed here but
should be the object of separate investigations. However, provided there is a simi-
lar geography at the extrapolated points, our results represent bulk deposition and
concentrations within zones of several tens of kilometres around the sampling
stations.

It is clear that chemical measurements should be performed with shorter
sampling times in order to cope with the meteorological variability. Furthermore,
chemical measurements should be extended to aerosol nitrate and ammonium, and
to gaseous nitric acid and ammonia in order to understand the scavenging of
inorganic nitrogen compounds. On the other hand, ozone chemistry would require
measurements of PAN, methane, carbon monoxide, hydrogen peroxide and many
hydrocarbon families. These lists show the distance still to go before one can hope
to comprehensively explain air chemistry.

This work will be continued following the same methodology, in order to have
more observed cases allowing the division of the broad classes presented here into
finer classes, i.e. representing a better-defined set of common parameters. On the
other hand, both development and acquisition of new and more powerful sampling
and analytical methods such as remote sensing will contribute towards a better,
more accurate and representative knowledge of the occurrence, transformation
and deposition of air constituents.
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Appendix

Wind direction frequency distribution (in %) according to seasons at the three
EMEP stations during the period 1980-85. The data are 3-hourly synop
reports. Calm situations indicate no specific wind directions due to the low
value of the wind speed. Rankki is the synop station closest to Virolahti
(distance ~40 km west)

Uté NE SE SW Nw Calm
Dec-Feb 21.0 23.8 30.7 24.3 0.2
Mar-May 21.1 26.6 28.4 23.7 0.2
Jun-Aug 16.0 17.6 350 31.2 0.2
Sep—Nov 17.2 18.3 39.8 24.6 0.2
Rankki NE SE SwW NwW Calm
Dec-Feb 21.4 18.8 34.4 24.0 1.4
Mar-May 21.2 28.5 31.7 16.8 1.8
Jun—Aug 18.5 17.6 42.1 20.1 1.6
Sep-—Nov 17.3 18.8 37.8 25.5 0.6
Ahtéri NE SE SW NW Calm
Dec—Feb 17.0 21.2 26.8 13.1 21.8
Mar-May 17.3 23.0 22.8 17.6 19.3
Jun-Aug 18.2 18.5 21.7 22.7 18.9

Sep—Nov 15.0 26.0 25.8 20.0 13.2
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Summary

In the atmosphere new acid aerosol particles can form in water—sulphuric acid
mixtures. In some practical conditions the formation of new particles will change
the dynamical behaviour (growth, deposition) of pre-existing particles.

Introduction

Aerosols have a central role in the atmosphere. Their importance for cloud
formation has been recognized for years. Furthermore, the aerosols participate in
numerous chemical processes, and they also influence the visibility and the elec-
trical properties of the atmosphere. In addition, they may affect the climate on
earth by influencing the radiation budget.

The production and growth of particles in the presence of condensable vapours
represent processes of major importance in aerosol dynamics. The formation of
new aerosol particles will affect the composition of particles. The composition
determines the growth rate, and this will determine the actual size and composition
of particles. The size and composition of particles have an important effect on
deposition.

In the present chapter, the formation of acid aerosols is investigated. The aim
of the study is to show the significance of aerosol formation on aerosol dynamics
and thereby on acid deposition.

The formation of aerosol particles (e.g. acid aerosols, particles containing
acids, sulphates or nitrates) by gas-to-particle conversion can take place through
several different mechanisms including: (1) reaction of gases to form low vapour
pressure products (e.g. the oxidation of sulphur dioxide to sulphuric acid),
(2) homomolecular or heteromolecular (in the atmosphere generally with water
vapour) nucleation of these low pressure vapours, (3) vapour condensation onto
surfaces of pre-existing particles (sometimes called heterogeneous nucleation),
(4) reaction of gases with the surfaces of existing particles and (5) chemical
reactions within particles.

The formation of new particles is a significant process, since it will change the
dynamics (e.g. deposition) of aerosols. In cases where no new particles are formed,
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the dynamical behaviour of particles does not change very much. Thus the present
study concentrates on nucleation and on the time variation of nucleating species.
For generating the nucleating species, the gas phase reactions (step 1) are import-
ant. In the present chapter we shortly review the most important gas-phase
reaction for aerosol formation. Nucleation (step 2) will follow gas phase reactions,
if enough gas molecules exist for formation of new particles. The classical theory
for heteromolecular homogeneous nucleation is reviewed. The condensation term
(step 3) will decrease the concentration of the nucleating species. The continuum
and transition regime condensation theory is presented. The other parts of gas-
to-particle conversion (steps 4 and 5) will not affect the formation of new particles.
Thus they are not included in the simulation.

Several binary gaseous mixtures have been studied for their possible im-
plications in atmospheric processes. They include the study of homogeneous
binary nucleation in the HCI-H,O (Cocks and Fernando 1981), HNO,-H,O
(Mirabel and Katz 1974; Mirabel and Clavelin 1978; Kulmala 1988), methane
sulfonic acid (MSA)-H,O (Hoppel 1987) and the H,SO,~H,O (Doyle 1961;
Jaecker-Voirol et al. 1987; Viisanen et al. 1987; Jaecker-Voirol and Mirabel 1988;
Kulmala 1988) mixtures.

For formation of new acid particles the most important system is the
H,SO,-H,0 mixture. Sulphuric acid molecules, together with water molecules,
can form new particles in some practical situations in the atmosphere. These
particles will grow to visible size through condensation and coagulation. In the
growth process, the hygroscopic behaviour of acid particles is important. For
example, nitric acid molecules in the troposphere can only absorb into or condense
onto existing particles, and liquid phase chemistry will complete the gas-to-particle
conversion of nitric acid molecules. In the stratosphere the nitric acid—water
system will have a more important role (e.g. Crutzen and Arnold 1986; Toon et al.
1986; Molina et al. 1987).

Until approximately 1980, very little was known about liquid phase chemistry
(step 5) including aerosol particles, clouds, fogs and rain (Finlayson-Pitts and Pitts
1986). Nowadays there is much evidence that liquid phase chemistry is in many
atmospheric conditions many times as effective as gas phase chemistry for oxida-
tion of sulphur dioxide. The relative importance of gas phase versus liquid phase
oxidation is dependent on the particular meteorological conditions, e.g. relative
humidity and whether clouds or fogs are present. Friedlander, McMurry and their
co-workers have used the growth law technique to determine quantitatively the
relative importance of gas and liquid phase reactions in SO, oxidation (Friedlan-
der 1977; McMurry and Wilson 1982, 1983).

Theory
General
The formation and behaviour of aerosols in smog chamber experiments and in the

atmosphere have been studied by physical and chemical models (e.g. Middleton
and Kiang 1978; Bunz and Dlugi 1983, 1984, 1986, 1989).
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In the present chapter, the formation of new acid aerosols is investigated.
A simplified model is used for simulation. For atmospheric applications the most
important system is the sulphuric acid-water system. In practice water vapour is
always in equilibrium with water in particles and the changes in sulphuric acid
vapour concentrations are significant.
The time dependence of sulphuric acid vapour concentration (N;) can be
presented by the following equation
d N «
dt »=Qp — g1 - C,, (M
where I is the nucleation rate, n¥ is the number of molecules (b) in the critical
cluster, Q, is the source term of gaseous sulphuric acid determined by the gas phase
oxidation rate of SO,, and C, is the condensation rate of acid molecules (when
particle concentration is N,).

Gas-Phase Oxidation

The oxidation of sulphur dioxide in the gas phase has been widely studied (e.g.
Atkinson and Lloyd 1984; Calvert and Stockwell 1983; Davis et al. 1979; Margitan
1984; Stockwell and Calvert 1983), and the main results are also presented in
textbooks (e.g. Finalyson-Pitts and Pitts 1986; Seinfeld 1986). Although there are
many possible reactions for the oxidation of ground state SO, in the gas phase, the
only process which is fast and efficient enough is the reaction of SO, with the OH
radical

OH + SO, + M——HOSO, + M. )
HOSO, —— - —— H,S0,. 3)

The temperature and pressure dependence of the rate constant k, used in the
present study is adopted from DeMore et al. (1985) and is discussed elsewhere
(see e.g. Finlayson-Pitts and Pitts 1986). The rate constants used in simulation are
given in Table 1.

The concentration of OH radicals in ambient air depends on the intensity and
wavelength of the actinic UV and on the absolute and relative amounts of

Table 1. The values of rate constant k, as a func-
tion of temperature. The total pressure is 1 atm

Rate constant,

Temperature k, x 1012
o)) cm?® molecule " 's !
—25 1.36
—15 1.30
=5 1.25
5 1.19
15 1.13

25 1.08
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non-methane hydrocarbons and NO, present in air, since it is connected to ozone
concentration (Finlayson-Pitts and Pitts 1986).
The expression for the source term is

Q, = k,[OH][SO,]. “)

Binary Nucleation

In homomolecular nucleation, formation of new particles does not occur unless the
vapour phase is supersaturated. The situation changes when two or more vapour
species are present, none of which is supersaturated: nucleation may take place as
long as the participating vapour species are supersaturated with respect to a liquid
solution droplet. Thus heteromolecular nucleation can occur when a mixture of
vapours is unsaturated with respect to the pure substances.

One purpose of this study is to examine how certain kinds (i.e. acidic) of liquid
aerosols can be generated under atmospheric conditions by heteromolecular nu-
cleation. The classical hydrates interaction liquid—drop model (Jaecker-Voirol et
al. 1987; Jaecker-Voirol and Mirabel 1988) is applied in investigating the forma-
tion of sulphate (binary system of H,0-H,SO, vapours).

The heteromolecular nucleation process was first studied by Flood (1934), and
the kinetics of heteromolecular nucleation were first discussed by Reiss (1950).
Reiss’ theory was applied by Doyle (1961) to calculate the nucleation rate of
sulphate particles. After his studies many scientists have examined the problem of
sulphate formation. Theoretical investigations have been made with classical
theory by e.g. Mirabel and Katz (1974) (they have also calculated nitrate forma-
tion), Nair and Vohra (1975), Stauffer (1976) (mainly kinetic part of the nucleation
theory), and Yue and Hamill (Yue and Hamill 1979, 1980; Hamill and Yue 1980;
Yue 1979, 1981). Reiss and his co-workers have considered the hydrate effect of
sulphuric acid (Heist and Reiss 1974; Shugard et al. 1974; Shugard and Reiss 1976;
Schelling 1980). In their current work, Jaecker-Voirol et al. (1987) have re-
examined the hydrates interaction model. Suzuki and Mohnen (1981) have inves-
tigated the effect of cluster—cluster interaction on the nucleation rate. During
recent years Wilemski (1984, 1987, 1988) has presented a revised classical binary
nucleation theory considering the generalized Kelvin equation. On this subject
there was a seminar at 1986 in Berlin, where the thermodynamics of binary
droplets was studied.

According to the general formula of statistical physics, the probability of
a fluctuation producing a condensation nucleus is proportional to exp (—AG*/
kT), where AG* is the minimum work needed to form the nucleus, k is the
Boltzmann constant and T is temperature in Kelvin. The nucleation rate I can be
predicted as

— AG*

I=Cexp T (5)

where C is a (mainly) kinetic factor. It can be shown (e.g. Reiss 1950; Heist and
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Reiss 1974) that in the three-dimensional space (n,, n,, AG), there exists a saddle
point which corresponds to the minimum height of the free energy barrier, or
AG* = AG,, (sp = saddle point). Once a cluster reaches the saddle point, nuc-
leation takes place and it can grow to a larger droplet. Hence, the radius and
composition at this point (denoted by r*, n¥, n¥) are called critical or equilibrium
values.

The critical composition n* and n# at the saddle point can be calculated by
solving the following simultaneous equations:

JAG
(T)" ©)

dAG
(), 0 ™

The Gibbs free energy of formation of a liquid cluster in a binary mixture of
vapours is given by the expression (e.g. Yue and Hamill 1979):

AG = n,(y, — }lag) + np(py; — ubg) + 4nro, 8

where n; is the number of molecules of species i, p; and p,, are chemical potentials
of species i in the liquid and gas phase, respectively, r is the radius of the cluster and
o is the surface tension. For the special systems of water and acid vapours, a refers
to water and b refers to acid (sulphuric acid or nitric acid).

The change in the chemical potential during transformation from gas phase to
liquid phase for each component is given by the following relationship

Pi
Py — = —kTIn—"—, )
pi,sol
where p; ., is the partial vapour pressure of species i over a flat surface of the
solution. The following quantities can be defined

A, = Da/Pa = water activity in the gas phase

Ay = Pw/Pys = acid activity in the gas phase

A, = P.oi/Pas = Water activity in the liquid phase
Ayl = DPusol/Pbs = acid activity in the liquid phase

where p,, and p,, are the respective equilibrium vapour pressures of water and acid
vapour over a flat surface of pure substance.
Equation (8) can be rewritten

A A
AG(n,, n,) = — nkTIn—¢ — n kTIn-¢ + 4nr’c, (10)
Aal Abl
and r is given by
JTrp = nym, + nym,, (11
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where p is the density of the solution, m, is the mass of a water molecule and m, is
the mass of an acid molecule.
The influence of hydrate formation on the energetics of nucleation is significant

(Jaecker-Voirol et al. 1987). The nucleation rate can be calculated by the following
equation

I, = 4nar*?N,( N,

Z kT AG — kTInC, \*
»xp(— . ) (12)
b

sin?(0) kT

where a is the sticking coefficient, N, is the total number of water molecules in gas
phase, N, is the total number concentration of sulphuric acid molecules in gas
phase, Z is the the Zeldovich nonequilibrium factor, 6 is the angle between the
direction of growth at the saddle point and the n, axis, and m, is the mass of

sulphuric acid molecule. The correction factor C, due to hydration (Jaecker-Voirol
et al. 1987) is

C, = 1+ Klpa,sol + o+ K1K2 X e X thg,sol o
1+ Kp, + - + KK, x - x Kypa ’

(13)

K, is the equilibrium constant for hydrate formation, h is the number of water
molecules per hydrate.

If the effect of hydrates is also included in the kinetics, the nucleation rate is
(Shugard et al. 1974)

I, = /8nkTC, Noot—3 s

¥ (3% ‘“ZN,,)exp( AG*>, (14)

2(9) KT

where 8 is the sum of radii of the critical nucleus and the hydrate (or a free acid
molecule), p is the reduced mass of the critical nucleus and the hydrate (or free acid
molecule), and N, is the number density of hydrates (see Jaecker-Voirol et al. 1987;

Jaecker-Voirol 1988). The sum in Eq. (14) goes over all hydrates (h, 1) including
h =0.

Binary Condensation

The condensation rate (C,) of acid molecules (monodisperse particle concentration
N,) is

dn,

Co =N, (15)

dn,/dt (for a liquid droplet of radius r) is obtained by two assumptions. First, since
the concentration of water vapour is very high in comparison with sulphuric acid
vapour concentration, the new solution droplet is quickly in equilibrium with the
water vapour (see e.g. Hamill 1975). Thus the growth of the droplets depends on
the absorption of H,SO, molecules into the droplet. Once the absorption has
taken place, the composition of the droplet changes. An increase in the weight
percentage of H,SO, in the droplet will cause the partial vapour pressure of water
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above the solution surface to become less than before the absorption. The droplet
is now unsaturated with respect to water vapour, and more water vapour mo-
lecules can absorb into the droplet until a new equilibrium condition is reached.
Secondly, the partial vapour pressure of H,SO, over the surface of the solution
droplet is negligible in comparison with the ambient vapour pressure of H,SO,.

Since pre-existing particles can be expected to be in the accumulation mode, the
continuum and the transition regime condensation theory (see e.g. Wagner 1982) is
adopted. Thus

d
% — 4nrBy DN, = BN,, (16)

with the transitional correction factor (Wagner 1982; Smirnov 1971)

3 K, +1 (7
S 0377K, + 1 4 %07 K2 + 407K

Bu

where « is the sticking coefficient and the Knudsen number is
K,=—. (18)

The mean free path of vapour molecules (A,) is connected with the diffusion
coefficient

h =3 x /;T“‘Tbx[). (19)

The diffusion coefficient can be estimated by the method of Fuller et al. (1966)
(see also Reid et al. 1987).

Numerical Model

In conditions, where nucleation starts to be significant in the atmosphere,
C, > n¥l. Thus we obtain from Eq. (1)
d

5N = Qo — C, = K, [OH] [SO,] — BN, N, (20)

Integrating this, assuming B = constant, one obtains,

_ k,[OH][SO,]

N
° BN,

x [1 — exp(~BN,t)], @1

which in steady state gives

_ k[OH][50,]

N
° BN,

(22)
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In the numerical simulation the nucleation rate is calculated as function of N, .
The factors k, and B are calculated as function of temperature and pressure. In
practice, hydrates will decrease the condensation flux. After present calculations
the effect will be 10-15%. The fraction (fOH] [SO,])/N,( = F) is estimated.

In order to calculate the nucleation rate, AG(n,, n,, T) at the saddle point has
to be determined first. One can construct a table of AG as a function of n, and n,
and the “pass” in the AG “mountain” can be found by visual inspection or
calculated by a computer. To determine the saddle point one must remember that
the factor C, has also an effect on the location of the saddle point. After that the
nucleation rate can be calculated using Eq. (12) or (14).

Values for activities, densities and surface tensions as functions of temperature
are needed to calculate AG from the hydrates interaction model. In the present
chapter, the values are calculated with the same methods that Jaecker-Voirol
(1988) has used. The results are compared with the earlier study (Kulmala 1988).
The inaccurancy of input parameters will cause the inaccurancy of nucleation rate
to be of some orders of magnitude. The saturation vapour pressure measured by
Ayers et al. (1980) has been used.

Results and Discussion

The Significance of Binary Nucleation at Atmospheric Conditions

In Finland, the atmospheric concentration of SO, in forest area can be around
1-10 ug m~3; corresponding to number concentrations of SO, molecules of
1016-1017 m~3. According to numerical simulations, the average monthly noon-
time OH concentration will be from 2 x 10'! m~3 (November) to 11 x 10! m™3
(May) at 60° N latitude (Isaksen and Hov 1987, Hov et al. 1988). The correspond-
ing concentrations at 70° N are 0 from October to December, and then increase to
6 x 10*! m~3. The number concentration of aerosol particles varies significantly.
In the present chapter, accumulation mode particles (r = 0.3 pym) have been chosen
to represent the whole aerosol distribution. The number of concentrations of these
particles will be from 107 m ™3 to 10° m ™3, which corresponds to a mass concentra-
tion of 1 pg m~3 to 100 pg m~3. Thus F ranges between 10'® and 10%2. Typical
noontime values will be from 10'? to 102

The assumption of constant particle radius and constant B is sufficient, since
the radius of the particle will increase less than 10% during more than 2 h. In this
timescale (2 h) nucleation will be significant if the number concentration of parti-
cles is affected clearly. Thus the nucleation rate should be more than 10> m™3s™?
if the number concentration of pre-existing particles is 107 m ™3,

According to the present simulations the formation of new particles by binary
nucleation of sulphuric acid-water vapours will be effective enough in different
atmospheric conditions (Figs. 1-7). The significance of the nucleation rate depends
on F, relative humidity and temperature.
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At —25°C a realistic value for relative humidity is from 80 to 100%. For new
particle formation F must be about 10*° or more (Fig. 1).

At —15°C significant nucleation will occur when F is more than 102° and
relative humidity above 60%. At —5°C formation of new particles is notable at all
relative humidities above 40% when F is 10*!. If F is 10?° and the sticking
coefficient has a value of 0.06, nucleation will be important at relative humidities
above 60% (Fig. 2).

At temperatures of 5 and 15°C (Fig. 3) and at 25°C (Fig. 4) nucleation will be
significant at relative humidities above 40% if F is 1022 and the sticking coefficient
has a value of 0.06. If F is 10*! and the sticking coefficient is 1.0 the nucleation is
notable only at 5°C and at relative humidities of 60% or more.

The effect of temperature on nucleation is presented in Fig. 5. At —15°C and at
80% relative humidity significant nucleation occurs when F is about 102° or more
and at +5°C about 10** (Fig. 5). At +25°C F must be at least near 10?2, which is
an unrealistic value.

The nucleation rate depends strongly on F (see Figs. 6 and 7). When F increases
by three orders of magnitude, the nucleation rate will increase by more than ten
orders of magnitude.

The overall conclusion is that the most effective conditions for formation of
new particles is during springtime, when [OH] and [SO,] concentrations are high
and temperature is low enough.
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Fig. 1. Binary nucleation rate for water-sulphuric acid system as a function of water gas

phase activity (A,,) at —25°C. The values of F are 10'® and 102° and the sticking coefficients
1 and 0.06
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Fig. 2. Binary nucleation rate for water-sulphuric acid system as a function of water gas
phase activity (A,;) at —15°C and —5°C. The values of F are 10%° and 10" and the sticking
coefficients 1 and 0.06
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Fig. 3. Binary nucleation rate for water-sulphuric acid system as a function of water gas
phase activity (A,,) at 5°C and 15°C. The values of F are 10! and 10?2 and the sticking
coefficients 1 and 0.06
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Fig. 4. Binary nucleation rate for water-sulphuric acid system as a function of water gas
phase activity (A,,) at 25°C. The values of F are 10?! and 10?2 and the sticking coefficients 1
and 0.06
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The Sticking Coefficient

The value of the sticking coefficient for sulphuric acid is not well determined.
However, recently Van Dingenen and Raes (1988) have measured the sticking
coefficient to be 0.06. In the present simulations this value and the value 1.0 are
compared. Although the same sticking coeflicient works on both nucleation and
condensation, the overall effect will be to increase nucleation rate when the sticking
coefficient is decreasing. The reason for this is that the steady state sulphuric acid
concentration is about five times higher, when « is 0.06.

The result of the simulation is clear. With a smaller sticking coefficient the
significant nucleation will begin with a two or three times smaller value of F (see
Figs. 1-7).

Nucleation Rate and Composition of New Particles

Nucleation rate increases very rapidly when gas phase activity increases. ‘For
example, at 248.15 K (H,O + H,S0,) with A, = 0.01 and A, increasing from 0.2
to 0.8, nucleation rate increases by a factor of 3 x 10°. When A, increases from
0.001 to 0.01 (A,, = 0.8, T = 248.15 K) nucleation rate increases by a factor of
8 x 10%.

According to the classical theory the physical diameter of critical clusters or
new particles is 1-2 nm. The number fraction of sulphuric acid molecules in these
particles varies from 0.15 to 0.25. The critical energy barrier at saddle point
(I=10°m"3s71) is 3040 kT for sulphuric acid plus water system.

Conclusions

The above calculation is only a simple estimation of the real situation and more
realistic simulations are needed. Nevertheless, the calculation shows that in some
practical situations, sulphuric acid molecules may form new particles together with
water molecules. The nucleation rate is high enough to double the number of
particles during some hours. Thus the dynamical behaviour of acid aerosols and
also the acid deposition will change. Especially in Southern Finland during
springtime this process can be significant. On the other hand, e.g. nitric acid
molecules can only absorb into existing droplets, since binary nucleation of
H,0-HNO, vapours is very unlikely in the lower atmosphere (see e.g. Kulmala
1988).

In conditions where OH and SO, concentrations are higher (e.g. at edge of

plume and in the Central Europe) the formation of new particles will be more
effective.
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Nomenclature

The following symbols are used in the text most frequently.
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subscripts

wg TR e Ao e
=

<3

superscripts

*

Meaning

chemical activity

kinetic prefactor of nucleation rate
condensation rate

correction factor due to hydration
diameter of a particle

diffusion coefficient

Markku Kulmala

fraction of OH + sulphur dioxide concentration per particulate number

concentration

Gibbs free energy

nucleation rate

Boltzmann constant

rate constant of H,SO, formation
Knudsen number

mass of a molecule

number of molecules in a cluster

number concentration of acid vapour molecules
number concentration of aerosol particles
vapour pressure

saturation vapour pressure

source term

radius of a particle

gas constant, 8.314 J/mole K

time

temperature

Zeldovich’s nonequilibrium factor
sticking coefficient

transition coerrection factor for condensation flux
mean free path

chemical potential

density

surface tension

water

acid

droplet

gas
gas-to-particle
index

liquid

aerosol particles
saturation
saddle point
vapour

critical property
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Summary

This chapter summarises the sources of alkaline aerosols in Finland. Annual total
emissions are estimated in order to find the largest sources. For the use of
receptor-oriented models the percent compositions of elements (source profiles) of
the important sources are given.

The source apportionment of aerosols is examined in four case studies. Aerosol
concentration measurements are combined with the source profiles with enrich-
ment factors in order to find the possible sources of aerosols. The method of factor
analysis is also used to study the source relationships between aerosol components.
Finally, the deposition of alkaline substances is shortly discussed.

The main sources of alkaline aerosols in Finland are soil dust, energy produc-
tion, industrial processes, traffic and seawater. Of the anthropogenic sources,
combustion of wood and dust raised by traffic are the biggest single sources in
Finland. However, in aerosol concentration measurements no significant devi-
ations from well-mixed mineral aerosols was found. But in stations in southern
Finland a strong connection between sulphate and alkaline aerosols was found.
These preliminary data suggest that at least in the Helsinki region energy produc-
tion may influence the circulation of alkaline aerosols, while in more remote parts
of the country mineral background aerosol seems to be prevalent.

Introduction

Alkaline substances affect soil acidification in two ways. First they can significantly
influence precipitation acidity by neutralizing some fraction of the acids. Secondly
they are crucial elements in the modified cation exchange processes in soil caused
by acidification. As water containing H* ions moves through soil, some of the
hydrogen ions replace adsorbed exchangeable cations such as Ca?*, K* and
Mg?*, which are macronutrients of vegetation. These species may eventually be
leached into ground-water, thus resulting in a loss of these nutrients from the root
zone of the soil. Weathering of soil particles and atmospheric deposition are
sources of new cations. In soils where the mineral content and weathering rate are
small, atmospheric deposition may be a considerable source of new base cations.

Kauppi et al. (Eds).
Acidification in Finland
© Springer-Verlag Berlin Heidelberg 1990
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Alkaline aerosols are introduced into the atmosphere from open sources like
traffic, wind erosion and agriculture or from industrial sources like fuel combus-
tion, sulphate pulping, clay products manufacture, cement and concrete process-
ing, solid waste disposal and iron and steel manufacture. Emissions occur as
aerosols of different sizes and shapes. The potential influence of this material on
acidification depends on the chemical composition of the particles and their
solubility and chemical stability in the atmosphere and in soil. In order to assess
the significance of these questions it is important to obtain quantitative informa-
tion about emissions, atmospheric concentrations and size fractions of alkaline
aerosols, transport and wet and dry deposition flux.

Conventional dispersion models have been used to simulate the atmospheric
behaviour of sulphur and nitrogen compounds. Base cations are emitted into the
atmosphere as alkaline aerosols of various sizes and chemical composition.
Dispersion models to simulate their behaviour should include emission rates of
point, line and area sources, mathematical representations of meteorological
dispersion and chemical reactions in the atmosphere, and all this for different size
fractions and chemical compounds. No such models yet exist.

Source apportionment of aerosols is frequently made with receptor-oriented
models (e.g. Henry et al. 1984; Stevens and Pace 1984). These models identify and
quantify the sources of ambient aerosols at a receptor primarily on the basis of
concentration measurements made at the receptor site. In these models valid
source compositions (often called source profiles) for the specified sources and
species are needed as input. The aerosol properties that are used as input to
receptor models include particle size, usually divided into a fine and coarse fraction
and elemental and ionic composition. Regional applications of receptor models are
only now under development (e.g. Lowenthal and Rahn 1988; Dutkiewicz et al.
1987).

This chapter summarizes the sources of alkaline aerosols in Finland. The
source inventory consists of two parts: Annual total emissions (source strengths)
are estimated in order to find out the greatest sources. For the use of receptor-
oriented models the percent compositions of elements (source profiles) of the
important sources are given.

The source apportionment of aerosols is examined in four case studies. Aerosol
concentration measurements at two urban and two rural sites are combined with
the source profiles with enrichment factors in order to find the possible sources of
aerosols. The method of factor analysis is also used to study the source relation-
ships between aerosol components at these four sites.

Finally, the deposition of alkaline substances is shortly discussed.

Emissions of Alkaline Aerosols in Finland

This inventory includes energy production with coal, peat, wood and black liquor
of sulphate pulping, clay products manufacture, cement and concrete processing,
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iron and steel manufacture, soil dust raised by traffic, wind-blown dust, dust from
agricultural land and sea salt. For industrial sources the source strengths (on an
annual basis) can be obtained, while for natural open sources in particular only
percent composition of the emission is obtained. Source strengths are used to
estimate the most important potential sources of alkaline deposition. Source
profiles (percentage fraction of primary particle emission) are used in source
apportionment of aerosols.

Industrial Sources

Fly ash emission from energy production was 63,000 tons in 1987 in Finland
(Hupa et al. 1988). This estimate includes the emissions from oil, coal, peat and
wood combustion and also the emissions from furnaces in the pulp industry, the
sintering’ process in the iron and steel industries, cement and lime kilns and
smelting furnaces of glass wool production.

Wood combustion in small (below 1 MW, including residential) heating ovens
was the largest emission source of particles in Finland (Hupa et al. 1988). The total
particulate emission from wood combustion was about 20,000 tons, emissions
from black liquor combustion in the pulping industry was about 12,000 tons and
fly ash emission from coal combustion was about 9000 tons. The remainder of the
total emissions comes from oil and peat combustion and industrial furnaces.

The percent composition of particulate emission and annual elemental
emissions from oil, coal, peat and wood combustion are presented in Table 1.
Emission factors for coal and peat combustion are based on Finnish studies (Hupa
etal. 1988, Pohjola et al. 1983) and emission factors for wood combustion are from
Nilsson and Timm (1983). Emission factors for Cl and Si are from Javitz et al.
(1988). For comparison, the emissions of gaseous nitrogen and sulphur are also
given in Table 1.

The accuracy of the SO, and NO, emission estimates is about 10% and the
accuracy of total particle emissions is about 30% (Hupa et al. 1988).

Total particle emissions of black liquor combustion in sulphate pulp mills were
about 12,000 t a~! (Hupa et al. 1988). Na emission from this source can be as high
as 5000-10,000 tons annually, while Ca, Mg and K are minor components. This
estimate is based on the elemental concentrations of the fuel given in Hupa et al.
(1988). However, no quantitative estimates can be made of the elemental percent
composition of this source category. Total particle emissions from industrial
furnaces like the sintering process in the iron and steel industry, cement and lime
kilns and smelting furnaces of glass wool production were about 22,000 tons. In
many of these processes Ca is used as a raw material or as an additive and these
sources are potential sources of Ca-rich emissions. Based on the national emission
inventories made at the end of the 1970°s (Ministry of the Interior 1981) annual
emissions are Ca: 2500 tons, K: 400 tons and Mg: 300. However, very few
experimental data are available about the elemental emissions from these sources,
and these figures should be regarded only as indicative.



Table 1. Percent composition (Hupa et al. 1988; Pohjola et al. 1983; Nilsson and Timm 1983; Javitz et al. 1988) of primary particulate
mass emitted and total annual emission of elements from oil, coal, peat and wood combustion in 1987 in Finland

Element Oil Coal Peat Wood

% ta’! % ta™! % ta™! % ta’!
Na 2.0-4.8 70 0.55-1.1 51 0.21-1.0 31
Mg 0.03 6 2.2-4.5 210 1.3-3.6 110 2.1-5.2 1030
Si 2.8 93 21.9 2020
Cl 0.052 4.8 0.51 102
K 1.3 120 1.7 50 7.0-15 3070
Ca 4.7 430 15.0 450 24 -29 4930
v 1.2 40 0.074 6.8 0.02 0.60 0.13 26
Cr 0.0012 0.04 0.018 1.7 0.0063 0.19 0.004 0.8
Fe 1.3 40 3.6 510 5.1 120 1.2 240
Ni 0.38 12.0 0.019 1.8 0.023 0.7 0.041 83
Zn 0.057 1.8 0.062 9.0 0.13 3.0
As 0.0027 0.09 0.0060 0.55 0.011 0.33 0.0025 0.5
Cd 0.0001 0.01 0.0035 0.32 0.001 0.03 0.00095 0.19
Pb 0.027 0.9 0.054 5.0 0.02 0.60 0.034 6.8
N (gas) 2430 11470 3560 3260
S (gas) 16750 33050 4600 14600

e[y eid
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The chemical compounds emitted from the industrial sources are numerous.
For example fly ash from coal combustion is mainly silicate mineral particles with
diameters around 1 ym (Mamane et al. 1986). Aerosol emissions from wood
combustion are mainly silicates and oxides (e.g. Nilsson and Timm 1983) and
emissions from industrial processes are sulphates, carbonates, oxides or organic
material depending on the process. The dissolution of these particles into water is
a function of time, solution pH and aerosol mass loading (Williams et al. 1988).

In summary, the greatest single industrial source of alkaline aerosols in Finland
is wood combustion in small furnaces. The magnitude of industrial alkaline
emissions is roughly one-tenth of the emissions of sulphur (Savolainen and Téh-
tinen this Vol.) and about ten times bigger than emissions of Pb and Mn (Hupa et
al. 1988) in Finland.

Traffic

Particulate emissions from vehicle exhaust in 1987 in Finland were about 10,000
tons. This emission contains insignificant amounts of inorganic ash and alkaline
aerosols.

More important in this connection is the soil dust raised by vehicles. The
passage of a vehicle along a road can cause the surface material to be resuspended
either by the shearing stress of the tires or by induced turbulence (Sehmel 1980).
Barnard and Stensland (1986) present data which show that unpaved roads can be

Table 2. Percent composition (Koljonen
et al. 1989) of primary particulate mass
emitted and total annual emission of el-
ements from road dust raised by vehicles
in 1987 in Finland

Element Road dust

% ta’!
Na 2.33 6100
Mg 1.04 2700
Al 7.42 19000
Si 29.8 77000
P 0.0695 200
S 0.0198 50
K 2.13 5500
Ca 1.81 4700
Ti 0.4 1000
A" 0.0083 20
Cr 0.0091 20
Mn 0.0516 100
Fe 3.63 9400
Ni 0.0037 10

Zn 0.0094 20
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Fig. 1. The annual emissions of Na, K, Ca and Mg from coal, peat and wood combustion,
industrial processes and road dust in 1987 in Finland

the most significant source of alkaline materials to the atmosphere in the U.S.A. In
Finland this emission is estimated to be about 260,000 tons annually, of which
about 100,000 tons is from gravel roads, about 70,000 tons from paved roads, and
about 86,000 tons from sanding of roads (Ministry of Transport and Communica-
tions 1988).

The percent composition of this source category should be determined by using
elemental concentrations of roads and urban soils (Batterman et al. 1988). In
particular, concentrations of trace metals and carbon in road dust and urban soils
are different from average soils, which should be taken into account in local scale
receptor studies at least. In Finland this kind of data is not available; instead the
elemental composition of average till in Finnish soils is used (Koljonen et al. 1989)
(Table 2). The annual emissions of Na, K, Ca and Mg from coal, peat and wood
combustion, industrial processes and traffic are summarized in Fig. 1. The accur-
acy of the emission estimates of coal, peat and wood combustion is about 50%,
while estimates of industrial processes and traffic are more uncertain. According to
this estimate, the greatest anthropogenic sources of alkaline elements are road dust
emission and wood combustion.

Open Sources

The suspension of particulate material from soils into the atmosphere through
erosion and soil transport has been known for a long time (e.g. Bagnold 1941).
More recently, interest has centred on the resuspension of toxic or nuclear waste
material rather than bulk soil erosion (Sehmel 1980; Nicholson 1988). Suspension
of soil particles into the atmosphere is important for acidification processes in soils
and in the atmosphere because certain alkaline and earth alkaline elements are very
abundant in crustal dust. Material suspended from soil and again redeposited can
form a great fraction of the total deposition of alkaline material to the soil. This
small-scale resuspension and redeposition is a confounding factor in most acidifi-
cation studies and needs to be understood. Suspension or resuspension of particles
from soils and other surfaces like water and vegetation can be produced by wind
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and mechanical disturbances. Mechanical disturbances include, for example agri-
culture. Although a wide variety of resuspension experiments have been reported,
there is no widely accepted way to calculate the environmental parameters of
resuspension (Nicholson 1988). As a result, in this study only the percent composi-
tions of the emissions can be given.

Soil Dust and Agricultural Dust

The outermost layer of the earth’s surface consists of various sedimentary rocks
whose elemental composition varies a great deal. For example, the Ca content in
sedimentary rocks varies from about 30% in limestone to 1-2% in clay (Mason
1958).

It would be ideal to have detailed information of the local geochemistry in
every study. This is seldom possible and a common approach in receptor studies is
to use crustal averages (e.g. Javitz et al. 1988; Fidalgo et al. 1988; Schneider 1987;
Braaten and Cahill 1986; Marshall et al. 1986). In this work it is possible to use
Finnish crustal averages (Table 2), which are slightly different from global aver-
ages. Based on the national geochemical mapping of till made by The Finnish
Geochemical Survey (Koljonen et al. 1989), K, Ca, Mg and Fe concentrations are
slightly lower and Si concentrations higher than crustal averages.

Dust emissions from agricultural land cannot reliably be estimated with aver-
age till concentrations. Total elemental concentrations of cultivated soils in Fin-
land have not been published. Ervio et al. (this Vol.) give extractable mineral
element concentrations of Finnish agricultural soils. Their results show that
cultivated lands are enriched with soluble Ca when compared to crustal averages.
The concentration of soluble Ca is about ten times higher than that of K and Mg.
This relation is different from the elemental relation in crustal averages (see Table
2). Cultivated lands in Finland are limed annually with about 1 million tons of
calcium carbonate (J. Kivistd 1989) of which the Ca content is about 400,000 tons.

Vegetation

Most of the land area in Finland is covered by vegetation in summer and snow in
winter. Lindberg et al. (1986) propose that K in particular has considerable
in-canopy sources. The material emitted from vegetation could consist of
weathered leaf cuticle, leaf hairs and pollen (Lindberg et al. 1986). Examples of the
average elemental concentrations of vegetation are given in Table 3. Elemental
concentrations of vegetation vary spatially and temporally a lot. These examples
are averages from several hundred analyses, and show that K is enriched in
vegetation when compared to crustal averages.

Sea Salt

Sea salt comprises a major fraction of the particulate material in the global
troposphere. The tropospheric marine aerosol is composed largely of sea salt, but
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Table 3. Percent composition of needles (Veijalainen 1977)
and timothy (K&hiri and Nissinen 1978) in Finland

Element Needles [%] Timothy [%]
Mg 0.1

Al 0.028-0.064 0.001
Si 0.04-0.06

P 0.09-0.17 0.3

S . 0.09-0.13 0.1

Cl 0.04-0.08

K 0.26-0.69 22

Ca 0.12-0.37 0.2
Mn 0.012-0.04 0.005
Fe 0.007-0.021 0.004
Cu 0-0.001 0.0004
Zn 0.0020-0.015 0.002

Table 4. Percent composition
of sea salt (Mason 1958)

Element [%]

Cl 55.05
Na 30.61
SO, 7.68
Mg 3.69
Ca 1.16
K 1.10
HCO, 0.41
Br 0.19
H,BO, 0.07
Sr 0.03

tends to show depletion of chloride and enrichment of sulphate relative to bulk
seawater values. However, in source — receptor studies, the composition of bulk sea
salt is often used (Table 4). Sea salt particles are produced by bubbles bursting at
the sea surface.

Suspended Aerosol Particles:
Measurements and Possible Sources

Concentrations of suspended aerosol particles were measured at two sites in
southern and two sites in central Finland. The main characteristics of the sampling
sites are the following:

Vuosaari, (here Urban 1) is a coastal suburban area in Helsinki. The largest
emission sources in this area are energy production by coal and traffic. The annual
average of the SO, concentration in this area is about 20 pg m 3. The sampling site
was on the eastern periphery of the town and the samplers were placed about 15 m
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above ground level. Measurements took place from August 14 to September 8,
1985. Twenty six daily samples were collected and analyzed. More details about
the measurements can be found in Kulmala et al. (1986).

Site Urban 2 is not one specific sample area but a collection of separate sites,
each of which is characterized by a strong influence of traffic. The samples were
collected near the main roads of the region of Helsinki. Forty-two daily samples
were taken between May 28 and June 26, 1986.

Vilppula (Rural 1) is located in a forested area in central Finland. This site is
a field station of the Finnish Forest Research Institute (Patild 1987). The nearest
significant industrial emission sources are 50 km east in the town of Minttd.
The pulp and paper industry in Minttd is one of the greatest particle emitters in
Finland (R. Pesonen 1989). The annual average SO, concentration in this area is
about 2 pg m~3 (R. Pesonen 1989). Possible natural emission sources in this area
are soil dust and vegetative dust. The sampling site was inside the forest (mainly
sparse pine trees), about 1.5 m above the soil level. Measurement dates were
September 3-30, 1987. Twenty-nine daily samples were collected and analysed.

Hyytidla (Rural 2), (Forest Field Station of the University of Helsinki) is
located 50 km to the south of Vilppula. Nearest significant industrial emission
sources are the towns of Ménttd, Jimsd and Tampere at distances of 30-50 km.
When compared to the site Rural 1 this site is more affected by human activities.
At this site also wood combustion and agriculture may have an influence on air
quality. Natural emission sources are soil dust and vegetative emissions. Meas-
urement dates were June 23-25 and August 11-13, 1986. Thirty samples were
collected.

Suspended particles were collected on stacked filters. With this method particle
concentrations of both fine (< 2.5 um) and coarse particles are obtained. Collec-
tion times were 8 h at urban sites and 12-24 h at rural sites. Elemental analysis of
the particulate matter was done using the PIXE method at the Tandem van de
Graaf accelerator of Helsinki University (Raunemaa et al. 1981, 1989). Arithmetic
means of the elemental concentrations of fine and coarse particles are presented
in Fig. 2.

Elemental detection limits in this analysis were 50 ng m ™3 for Si, 10 ng m ™3 for
S,CL K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn and 100 ng m ™3 for Pb. Concentrations
of Ni, Cu and Zn at site Urban 1 are at the detection limit of the method for both
fine and coarse particles, and at the rest of sites these four elements were not
detected at all. Also, the concentrations of fine K and Ca at both rural sites and Fe
at site Rural 1 approach the detection limit. Elements listed in Fig. 2 constitute
12-25% of the total mass of their size fraction. The rest of the mass comes from
lighter elements like C, N, Na, Al and O.

Average concentrations of Si, K, Ca and Fe are higher in the coarse particles
than in the fine particles. Only for S the fine fraction concentration exceeds the
coarse fraction concentration at all sites. These results are quite predictable and are
due to the different processes leading to aerosol formation. Particulate sulphate is
formed by gas to particle formation from gaseous SO, and is accumulated in the
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fine particle fraction. Si, K and Ca are usually suspended from soil by mechanical
agitation and are likely to be in coarse particles. Concentrations are higher at
the coastal urban sites 1 and 2 than at the inland background sites Rural 1 and
Rural 2.

Cl originates primarily from the sea and is usually found in coarse particles.
The slightly increased Cl concentration in fine particles at site Urban 2 is evidently
due to car exhaust. Particle-Cl concentrations as high as 4000—6000 ng m ™3 are
usual in coastal regions (McWilliams and Sealy 1987; Kronborg et al. 1987; Wiman
and Lannefors 1985). The coastal sites Urban 1 and 2 were at the distances of
5-15km from the coast and the chlorine concentrations were far below these maxi-
mum values. Surprisingly, the chlorine concentrations at sites Rural 1 and 2 are not
negligible, but approximately half of the values found at the coastal sites Urban
1 and 2. Jofire et al. (this Vol,) present similar relationship of Cl-concentrations in
precipitation at the coastal station of Virolahti and the inland station of Ahtiri.
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Enrichment Factors

Although these data are limited and represent only summer and autumn seasons of
the year, we shall examine some details of the relationship between emissions and
aerosol concentrations. We shall start with crustal sources and use the data to
investigate whether additional sources are important.

Soil particulate material within the size range r < 10 pm is rather homogen-
eously mixed and most elements are found in crustal proportions (Schiitz and
Rahn 1982). This result is often exploited by calculating so-called enrichment
factors with respect to the earth’s crust.

Enrichment factors ef, are calculated from

C;/C
efl — l/ r ,
ai/ar

where ¢; and ¢, represent aerosol concentrations of an element i and reference
element r, a; and a, are the concentrations of the elements in the earth’s crust.
Factors greater than 5-7 are considered to be evidence of other than crustal
sources (Rahn 1976). Here we have calculated the enrichment factors with respect
to the earth’s crust for both fine and coarse particles. Fe is used as a reference
element and the elemental concentrations in the Finnish till (Koljonen et al. 1989)
(see Table 2) are used. Enrichment factors of all samples are given in Figs. 3-6.

URBAN 1 URBAN 1
FINE PARTICLES COARSE PARTICLES

1000}~

100+

ef;

ENRICHMENT FACTOR

0 1 5 30 1 5
AUG SEPT 1985 AUG SEPT 1985

Fig. 3. Enrichment factors of elements with respect to the earth’s crust at site Urban 1
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Fig. 4. Enrichment factors of elements with respect to the earth’s crust at site Urban 2.
Letters A, B, C, D and E refer to different sampling locations

In spite of the great differences between the sampling sites and concentration
levels, the enrichment factors of elements behave very similarly. In all samples,
S has distinguishably high enrichment factor values, 1000-3000 in fine particles
and 50-400 in coarse. Also the enrichment factor values of Zn, Ni, Cr are high,
20-40, in both fine and coarse particles. These elements evidently have other than
crustal sources.

Despite the enrichment factor of Si, K and Ca are clearly closer to unity. At
sites Urban 2 and Rural 2 the limit value 7 is not exceeded at all. At site Rural 1 the
limit value 7 is exceeded a few times (fine K twice, fine Ca once, coarse Ca four
times). However, the concentration of the reference element Fe (see Fig. 2) at site
Rural 1 is very close to the detection limit and the result should be considered with
caution.

At site Urban 1 enrichment factors are on the average little higher than in the
rest of the stations and especially Ca concentrations show little enrichment. In
source-receptor studies of urban areas (e.g. Javitz et al. 1988; Kowalczyk et al.
1978) as much as 60—80% of the alkaline aerosol has been attributed to other
sources than soil. Site Urban 1 is the place where such a situation could also be
possible, as the main emission sources of this area are traffic and coal combustion.
However, because coal fly ash is mainly alumino-silicate particles whose bulk is
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Fig.5. Enrichment factors of elements with respect to the earth’s crust at site Rural 1. Letters
A and B refer to two different sampling locations

very similar to the earth’s crust (see Tables 1 and 2), it is impossible to use only
bulk compositional data to resolve coal fly ash from soil dust. So it is possible that
alkaline aerosol here is a mixture of anthropogenic fly ash from coal combustion
and soil dust.

Factor Analysis

A factor analysis of the element concentrations of fine and coarse particles was
performed for all stations to investigate source relationships between aerosol
components. The method of principal factor analysis (PFA) with Varimax rotation
was used. Examples of the use of factor analysis methods in atmospheric applica-
tions are given by Hopke et al. (1976), Heidam (1981) and Marshall et al. (1986).
Generally these studies attempt to classify elements into groups which, due to their
composition, can be attributed to certain sources.

The calculated Varimax rotated factor loadings of elements are given in Tables
5, 6, 7 and 8. The number of factors retained was primarily decided so that it was
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Fig. 6. Enrichment factors of elements with respect to the earth’s crust at site Rural 2. Letters
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possible to interpret the factors as sources pertinent to the physical environment,
whereas statistical tests were considered secondary.

At site Urban 1 three factors are used to describe the fine particle data. From
the estimated factor loadings it is seen that the total mass of suspended fine
particles (TSP), S, K and Ca were highly correlated to the same hypothetical
source. Energy production by coal and fuel oil is a source of TSP and S. However,
as much as 85% of the total variance of K and 60% of the variance of Ca is
explained by this energy factor.

The second factor correlated highly with Si and Fe and it is called soil dust.
K and Ca have only low loadings in this factor. The third factor correlates highly
with Ni and Cu which may be due to analytical uncertainty rather than sample by
sample variations. The concentrations of Ni, Cu and Zn were at the detection limit
of the analysis method. Cl does not correlate with any of these factors and it is
presumably due to sea salt.



Table 5. Factor loadings and communalities for the elements at site Urban 1

Fine particles Coarse particles

Energy Soil dust Unknown Comm" Energy Soil dust Unknown Sea salt Comm
TSP 0.87* 0.030 0.08 0.77 0.46 0.81 —0.22 0.11 0.92
Si 0.30 0.76 0.35 0.79 0.37 0.83 0.26 —0.03 0.90
S 0.85 0.14 0.32 0.85 0.90 0.12 0.10 —0.08 0.93
Cl —0.36 —0.15 0.02 0.15 0.12 —0.08 —0.00 0.75 0.58
K 0.93 0.24 0.17 0.96 0.84 0.46 0.13 0.14 0.97
Ca 0.83 0.28 0.23 0.72 0.81 0.32 —0.02 0.41 0.97
Fe 0.23 0.85 0.041 0.78 0.10 0.74 0.21 -04 0.75
Ni —0.037 0.25 0.72 0.59 0.16 0.15 0.19 —0.04 0.09
Cu 0.21 0.04 0.58 0.39 0.11 —0.03 0.69 —0.16 0.54
Zn 0.085 —0.06 0.08 0.02 —0.02 0.16 0.53 0.18 0.37
Var® 3.27 1.55 1.19 6.02 2.58 2.29 1.00 0.9 7.02

SUOISSIWIE SUIBY[Y JO SoNsLIaoRIRY))

* Confidence level over 99% bold type.
> Comm = communality.
¢ Var = variance explained by each factor.

4!
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The coarse particle data is described with four factors. The first factor correl-
ates with S, K and Ca. This is the energy factor. The second factor correlates highly
with the total mass of suspended coarse particles (TSP), Si and Fe and it is called
soil dust. Cu and Zn are again related to their own factor and Cl to its own
(sea salt).

At the site Urban 1 the high correlation of K and Ca with the same factor
as S is striking. The data suggest that K and Ca are attributed to fossil fuel
combustion at this site.

A similar pattern is seen in the fine particle data of site Urban 2: TSP, S, K and
Ca correlate highly with the same factor. Here also Fe has high loading to this
energy factor. The road dust factor contains Si and Fe but also Cl. Cl may
originate from car exhaust or from resuspended soil material. Coarse particle data
from site Urban 2 were not factored because of too few samples.

At site Rural 1 two factors are used to describe the fine particle data. The first
factor, which explains about 80% of the total variance at this site, correlates highly
with TSP, Si, K, Ca and Fe. This is the soil dust factor. The second factor
correlates highly with TSP, S and also CI. This is the factor called long range.

The coarse particle data from site Rural 1 is described with only one factor.
This factor explains 95% of the total variation of the data and it contains TSP, Si,
S, K, Ca and Fe, all elements analyzed except Cl. This factor could be soil dust;
however, the high correlation of S with this factor is not clear.

At site Rural 2 two factors are used to describe the fine particle data. The first
factor, which explains 62% of the total variation, correlates highly to K and Ca
and less significantly to TSP and Fe. Si has negative loading to this factor so the
factor can hardly be connected to mineral background aerosol. This is the only
case where Si and Fe do not correlate highly to the same factor. The reason is not
clear. S or Cldo not correlate with this factor. The enrichment factors of K, Ca and

Table 6. Factor loadings and communalities for the elements at
site Urban 2

Fine particles

Energy Road dust Comm®
TSP 0.70° 0.16 0.51
Si 0.10 0.79 0.63
S 0.93 0.13 0.88
Cl 0.00 0.43 0.19
K 0.95 —0.06 091
Ca 0.94 0.01 0.88
Fe 0.77 0.58 0.93
Var?* 3.75 1.19 494

2 Confidence level over 99% bold type.
® Comm = communality.
¢ Var = variance explained by each factor.
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Table 7. Factor loadings and communalities for the elements at
site Rural 1

Fine particles

Soil dust Long range Comm®
TSP 0.58* 0.62 0.73
Si 0.59 0.13 0.36
S 0.15 0.71 0.53
Cl 0.06 0.69 0.48
K 0.66 0.38 0.59
Ca 0.87 0.04 0.76
Fe 0.85 0.17 0.74
Var? 2.63 1.57 4.20

2 Confidence level over 99% bold type.
® Comm = communality.
¢ Var = variance explained by each factor.

Table 8. Factor loadings and communalities for the elements at
site Rural 2

Fine particles

Local dust Long range Comm®
TSP 0.54° 0.62 0.67
Si —0.03 0.34 0.12
S 0.28 0.76 0.66
Cl —0.01 0.09 0.01
K 0.91 0.09 0.84
Ca 0.88 —-0.3 0.86
Fe 0.54 0.29 0.38
Var? 2.28 1.27 3.55

* Confidence level over 99% bold type.
> Comm = communality.
° Var = variance explained by each factor.

Si showed no significant deviation from soil dust composition (see Fig. 6). This
factor may be a combination of vegetative or agricultural dust, fly ash from wood
combustion and soil dust. It is called local dust to distinguish this factor from the
typical soil dust component which was seen at the other sites.

The second factor, that explains 27% of the total variation, correlates highly
with TSP and S and is called the long range. This factor has again only low loading
on K and Ca.

At both rural inland sites a factor appeared related to S and TSP and to some
extent to Cl. The presence of this factor can be thought of as a result of long-range
transport. At these sites Si, K, Ca and Fe were related to other factors that can be
attributed to soil dust, vegetative dust or agricultural dust.
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In the factor solutions for the data sampled at the southern urban sites, a factor
which correlated to both TSP, S and K and Ca was present. At these sites K and

Ca must be attributed to fuel combustion as well, while Si and Fe originate from
soil dust.

Deposition

The relation between atmospheric aerosol concentration and deposition is not at
all simple. Deposition of aerosols depends on meteorological and surface vari-
ables, and on particle properties such as size, shape, density, hygroscopicity and
solubility. Besides, there exists an analytical difference in the treatment of aerosol
and deposition measurements. While aerosols are analyzed for the total concentra-
tion of each element in each sample, so far only the dissolved fraction (or ionic
content) has been of interest in deposition samples.

The traditional deposition measurement technique is based on the collection of
precipitation or bulk deposition by means of a gauge or funnel. The ionic concen-
tration of the sample is usually analysed by atomic absorption, ion chromatogra-
phy, plasma emission spectrometry or atomic emission (Schaug et al. 1988).

Here only a brief summary of the available information sources concerning
base cation deposition is given. In Finland deposition of base cations in back-
ground areas has been measured routinely on a monthly, weekly or daily basis
since the beginning of the 1970’s (Jarvinen and Vinni this Vol; Kulmala et al.
1982). The sampling sites belong to several monitoring programmes so that the
sampling periods and sampling devices are of various kinds. The widest single
network consists of about 40 stations at which the monthly bulk deposition is
sampled (Jarvinen and Vénni this Vol.). This network gives the geographical
distribution of the bulk deposition of H*, conductivity, S, Cl, total organic
carbon, Na, K, Ca, Mg, nitrate nitrogen, ammonium nitrogen, total nitrogen and
total P. Ca and Mg show clear decreasing gradients towards north and maximum
deposition values are in the southeastern Finland (Jarvinen and Vénni this Vol.).
For K this pattern is not so clear. Detailed analysis of the relations of the elemental
concentrations of the deposition has not been made.

Joffre et al. (this Vol.) give a more detailed analysis of alkaline deposition at
three Finnish EMEP (The Co-operative Programme for Monitoring and Evalu-
ation of the Long Range Transmission of Air Pollutants in Europe) stations. At
these stations ammonium is the main acid-neutralizing ion. For Na*, K* and
Ca?* the authors notice that due to their different origins (sea salt and crustal
particles), these species do not always follow the same behaviour as the typical
anthropogenic compounds. An exception is the deposition of Ca at the south-
eastern station Virolahti. There the deposition pattern of Ca closely follows that
of sulphate and ammonium. Laurila (1989) has applied multivariate statistical
methods to the observations carried out in 1988 at these three Finnish EMEP
stations. He finds that correlations between sulphate and hydrogen ions are
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insignificant in the southern stations and are slightly higher between nitrate and
hydrogen ions. These findings point out that sulphur or nitrogen deposition do not
define the acidifying potential of wet deposition.

Several definitions have been proposed for defining the acidifying potential of
atmospheric deposition for soil or lake surfaces (Dillon 1983; Brydges and Sum-
mers 1989). Joffre et al. (this Vol.) tested these different definitions and found that
H™, acid deposition concept (AD) given by Dillon (1983) and acidifying potential
concept (AP) given by Brydges and Summers lead to very similar results when
applied to the data of Finnish EMEP stations.

Annual wet deposition values of Ca and Mg in Europe based on the EMEP
network (Schaug et al. 1988) are presented in Figs. 7 and 8. They show clear
concentration gradients which to some extent differ from each other. Ca deposition
is largest in Mediterranean countries and smallest in the Atlantic coastal countries
like the U.K., the Netherlands, Norway, northern Sweden and Finland. The main
feature of the pattern is that deposition values decrease from south to north and
northwest.

Besides this main feature there are several smaller areas of increased depos-
ition; one such area is in the Estonian SSR and it reaches out to southeastern
Finland. In the Estonian SSR, on the south coast of the Gulf of Finland, there are

mg Ca/m%/a Q

f9l§8)7 Annual wet deposition of Ca®* in Europe in 1986 (Original data from Schaug et al.
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large oil shale deposits. Oil shale used at thermal power plants is a solid fuel with
a high content of mineral matter (60-70% dry matter) (A. Ots 1988). Yearly
about 30 Mt of Estonian oil shale is consumed to generate electric power.

Another area of increased Ca deposition is in the area of some east European
countries e.g. Poland, Czechoslovakia, G.D.R. and Hungary. These countries use
brown coal for energy production from which considerable emissions of CaO
occur (Marquardt and Thle 1988).

The main feature of the Ca deposition may be caused by soil dust. On the whole
the soil dust component is a significant part of the total atmospheric aerosol
burden. Especially the annual global natural production of desert mineral dust is
comparable to the annual production of sea salt in the marine aerosol (d’Almeida
and Jaenicke 1984; Deepak and Gerber 1983; Schiitz and Sebert 1987). Deserts
have a much higher productivity than oceans with regard to the active source area
(Deepak and Gerber 1983). Thus the influence of the Sahara desert cannot be
excluded here. With the large-scale wind systems of the lower latitudes dust from
the Sahara is transported over long distances through the atmosphere. This
phenomenon is responsible for episodes of so-called red rain or red snow which
have been identified in various areas of the European continent (e.g. Loye-Pilot
et al. 1986; Prodi and Fea 1979). Similar long-range transport of soil particles from
Asian dust storms has been observed in remote areas like Hawaii (e.g. Braaten and
Cahill 1986; Parrington et al. 1983) and the Arctic (Rahn et al. 1979).

Quartz is the dominant constituent of the Saharan dust; however, in the
northern Sahara, calcite, and also dolomite in some regions, is 2 major compound
of soil (Schiitz and Sebert 1987), which makes this source very important for
acidification studies. Its capability in neutralizing precipitation acidity is evident
and this material also plays a certain role as a fertilizer for soil. Loye-Pilot et al.
(1986) have studied the influence of Saharan dust on the rain acidity in Corsica and
found that the incorporation into rain of Saharan dust is accompanied by a strong
increase in the dissolved Ca content and an increase of the pH of rainwater. In
Corsica red dust from the Sahara represents about 80% of the annual total
deposition of solid particulate matter (Loje-Pilot et al. 1986). No such results are,
to our knowledge, published from the rest of Europe, but the Ca-deposition map
(Fig. 7) of Europe, with its strong decreasing gradient northwards, suggests that
Saharan dust may be a significant source of alkaline deposition in extensive areas
of Europe. Even though the European continent, with its industrial, agricultural
and vehicular activities, is a source of alkaline dust, the residual Saharan aerosol
background cannot be excluded.

In Europe the Ca deposition evidently is a mixture of emissions from industrial,
agricultural and vehicular activities and soil dust.

The deposition of Mg shows a somewhat different pattern. The deposition
is largest at the coastal regions of the Atlantic and the Mediterranean, which
evidently is caused by the deposition of sea salt.

The significance of alkaline material in neutralizing precipitation acidity be-
comes evident by comparing the annual inputs of sulphur and calcium in Europe.
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Fig. 8. Annual wet deposition of Mg2* in Europe in 1986 (Original data from Schaug et al.
1988)

A representative value of annual Ca-deposition in east Europe is about 500 mgm ™2
or 25 mEq m~2 which amount can neutralize about 1200 mgm ™2 of H,SO,.
Wet deposition of sulphate in the same area is annually about 4000 mg m ™2, of
which about 30% is thus neutralized by the Ca deposition. Weathering rates of
soils depend on soil types but typical values in Europe are 10-100 mEq m™2
(Swerdrup and Warfvinge 1988) which means that the atmospheric deposition can
be a considerable source of acid neutralizing capacity and plants nutrients in
extensive areas in Europe.

The maps presented here include only the wet deposition; dry deposition is not
included. In soil acidification studies locally suspended and redeposited material is
a disturbing factor which should be taken off the total deposition. Dry or bulk
deposition measurements of alkaline materials are easily affected by locally sus-
pended and redeposited soil dust. The most important factor influencing the
suspension of soil dust is soil moisture content (Sehmel 1980). As long as soil is
wet, suspension will practically not occur. The possibility that a deposition
measurement is affected by locally suspended and redeposited soil dust is thus
higher for dry periods than for wet periods. As a result, wet deposition is likely to
contain less locally suspended soil dust than dry deposition. Thus it probably is
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justified to use only the wet deposition data of alkaline materials in acidification
studies.

Conclusions

The main sources of alkaline aerosols in Finland are soil dust, energy production,
industrial processes, traffic, agriculture and seawater. Of the anthropogenic sour-
ces, combustion of wood and dust raised by traffic are the biggest single sources in
Finland. However, in aerosol concentration measurements no significant devi-
ations from well-mixed mineral aerosols were found. At stations in southern
Finland, however a strong connection between sulphate and alkaline aerosols was
found. These preliminary data suggest that at least in the Helsinki region energy
production may influence the circulation of alkaline aerosols while in more remote
parts of the country mineral background aerosol seems to be prevalent.

In southeastern Finland there is an area of high deposition of Ca which
evidently is caused by the use of oil shale for energy production in the Estonian
SSR. In this area the southerly winds bring precipitation with highest Ca concen-
trations and the deposition pattern of Ca closely follows that of sulphate and
ammonium (Joffre et al. this Vol.).

Wet deposition data from Europe show that alkaline deposition is an import-
ant factor in acidification studies both because of its acid neutralizing capacity and
as a nutrient input.
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Summary

The performance characteristics of five commercial sulphur dioxide monitors were
studied. The experiments included both laboratory tests and field monitoring in an
urban environment. According to the laboratory tests, the most sensitive concen-
tration region was between 100 and 500 ppb [1 ppb(SO,) = 2.86 pgm ™3 at NTP].
The lower detection limits were 2 to S ppb, and the precision varied from 1 to 26
ppb in the concentration range up to 500 ppb. The field data were analyzed with
orthogonal regression and principal component analysis, and the results were less
favourable than in the laboratory tests.

Introduction

Monitoring of chemical compounds in the atmosphere has increased due to
increased concern for environmental protection. In the literature, development of
different techniques for data collection of a variety of compounds seems to be very
focussed. Nevertheless, problems associated with selectivity, detection limits, inter-
fering substances, calibration and even automation need to be solved.

In this investigation, five commercial sulphur dioxide monitors were tested
both in the laboratory and in field experiments. The laboratory results were
evaluated on the basis of the relationship between the known calibration concen-
tration and the concentration measured by each of the monitors. Additionally,
other parameters, such as the standard deviation, the slope of the regression line,
the sensitivity range, the linearity, the precision and the lower detection limit, were
considered. Analysis of the field experiments was based on orthogonal linear
relation (OLR) analysis (Heidam 1980), principal component analysis (PCA)
(Carey et al. 1975; Lawton et al. 1979; Holland and McEiroy 1986), time series
analysis (Box and Jenkins 1976) and on an examination of deviations in the results
of the monitors. We generally used hourly average values calculated from data
sampled at a 1 min~! frequency by an automatic data acquisition system.

Instruments and Methods

The laboratory arrangement for intercalibration experiments of the sulphur diox-
ide monitors is presented in Fig. 1. Steel and Teflon were used as tube materials in

Kauppi et al. (Eds).
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order to make the construction relatively inert to the SO,-gas. The required
dilution air, obtained from the laboratory compressed air system, is passed
through a scrubbing system to act as reference zero air. Dilution is performed in
two steps in order to obtain the concentration range of 0 to 1000 ppb, without
having to raise the flow rates in conjunction with the higher concentrations.
A permeation device was selected as a gas source, and much care was taken in
handling of the permeation tubes, as recommended by Scaringelli et al. (1970). The
permeation velocity was defined by weighing the tubes at certain time intervals
(1-2 weeks), and the stability of the tubes was found to be within 4%.

In order to avoid the effect of induced perturbation signals from other electric
equipment on the data signals, the mains system was designed and constructed as
an isolated unit for the laboratory experiments and also for the field experiments.
The noise of this electronic system was measured within the frequency bandwidth
of the system (DC: 0-130 kHz) by terminating the signal lines with 100 Q and
10 kQ resistors and changing the amplifier coefficients in both cases over values
one to ten times the value used during the intercalibration. The resultant noise
(including also digitizing error) was at the most 0.5 mV (peak to peak). Thus we
can affirm that the digitizing error (12 bit AD converter) is the only possible error
in the results from the data collecting system. For more details of the laboratory
arrangement the reader is referred to Walden et al. (1987).

The tested monitors were: Kimoto model 318 (Japan), Kimoto model 365
(Japan), Monitorlabs model 8850 (U.S.A.), Environnement AF20m ( France) and
Horiba Apsa 300E (Japan). The first monitor is based on a conductometric

DATA ACQUISITION MONITOR OUTPUT SIGNALS
SYSTEM
IBM AD/DA
— EXHAUST
S g
VS3 V5
V1| |V6 o5 EXHAUST
>
- va
Vi GAS-MONITORS
72 VH
VS2 (Il [vsi
ABS PA AS  KS
{1+

jF———C——-< COMPRESSED
AIR

OUTDOOR SAMPLE

Fig. 1. Laboratory arrangement for the intercalibration of the SO, monitors. The mass _ﬂow
controllers were made by Tylan, and the tube fittings were Swagelock and Teflon fittings
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method, the others on a fluorescence method. In the text the monitors are referred
to by numbers 1 to 5, not in the same order as above.
The calibration concentration can be calculated according to the equation

C=V,(VI+V3—V5)[(V1+V3)(VI+V2+V3-V5]1, (1)

where C is the concentration by volume fraction (ppm), V, is the permeation
velocity (ul min~1) and the flows V1 and V2 are the dilution flows, V3 is the
constant flow (0.39 1 min ') through the gas source, and V5 is the exhaust flow (see
Fig. 1).

The calibration runs were performed by keeping the flows V1 and V2 constant
and changing the flow VS5 after a certain time period (normally 2 to 4 h) with
a ten-channel clock controller.

The field experiments were carried out in two cities, Helsinki and Imatra, to
demonstrate the characteristics of the monitors, when functioning in the ambient
conditions.

In classical regression analysis (i.e. with a dependent and an independent
variable) our model is linear: y;, = a, + b,x; + e, where y;, is the i: th observa-
tion of the k : th monitor, a, is the fixed bias and b, is the proportional bias of the
k : th monitor, x,, is the true value for the i: th measurement and the random error
e, is assumed to have a normal distribution with zero mean and with standard
deviation &,. The unbiased estimate (S_,) of o, is the precision of the k:th
monitor. The exact equations for parameters a, b and S, are presented in many
textbooks (Mandel, 1964). In this report we have included the 95% confidence
limit into the precision at the point x = X, and the precision takes the form:

dy = t,4S,[(n + D)/n]"7, (@)

where t 4 is the Student t-factor with the confidence limit d ( = 0.975) and g is the
degree of freedom ( = n — 2), S is the precision and n is the number of observa-
tions. When n is large, we have approximately dy = 2S,. The use of dy, instead of
S, 1s a question of overestimating rather than underestimating the results.

When both variables are subject to errors, i.e. both variables are stochastic, we
use orthogonal linear relation as proposed by Heidam (1980). In this case we seek
a coordinate transformation where the orthogonal distance of the observations
from the best fit line is minimized. This model is also linear and the same
assumption about the error matrix of the variables x and y is made as in the case of
classical regression analysis. The equations of the parameters a, b and S, are
somewhat modified, and they are presented by Mandel (1964) and Heidam (1980).
In this case we also use a modified version for the precision, and the difference
between dy, and S, is about a factor of 2.

According to regression analysis, parameters such as the regression line equa-
tion, the bias and the correlation coefficient, both in the classical form and in the
orthogonal form, were used for comparison of the results, but also in calculating
the lower detection limits and precisions. Linear dependence and strength factors
were calculated with the PCA method from the field data, for which there was no
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other reference method for SO, concentration measurements. Spectral analyses
were employed to determine any periodic features of SO, concentration and to
estimate the white noise of the signals of the monitors.

Results and Discussion

At the beginning of the intercomparison test the signal wires were also tested after
connecting the monitors into the mains system. Tests were made both against the
signal lines (4+ / —) and the signal against the earth. We found that the only
disturbance signals occurring in the frequency range 0-150 MHz were caused by
the monitors themselves. The disturbance signals found in monitors 1, 2 and 5 are
presented in Fig. 2; monitors 3 and 4 were completely free from disturbances.
In the first laboratory period, measurements were made with the monitors
calibrated by the Finnish representatives. The concentration ranges of 0-8 ppb,
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Fig. 2. Shapes of the disturbance signals found in monitors 1, 2 and 5
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0-25 ppb, 0-250 ppb, 0-500 ppb and 0-500 ppb (10 levels/range, except five levels
in the first range) were evaluated in both the increasing and the decreasing
direction. The time lag for each concentration level was generally 2 h.

The relationship between the measured concentration of each monitor and the
calibration concentration, calculated according to Eq. (1), from a calibration run
(01000 ppb) is presented in Fig. 3 as a function of the concentration.

The linear regression parameters of the different calibration runs are shown in
Table 1. Remarkable changes in numerical values were observed for parameters a,
b and dy through the concentration. The variation of parameter a is mainly
associated with the stability and the selected range in monitors. The zero level drift,
measured by a three-step forward discretization method, was 0.3 ppb/h with
monitor 5 and nearly zero for the others. Our great concern was, however, the
behaviour of parameter b with monitors 3, 4 and 5, which indicated some unlinear
feature of these monitors as a function of the concentration (see Table 1).

The precision (Pr = dy/b = modified bias/slope of regression line) is calculated
from Table 1 and is presented in Fig. 4 as a function of the SO, concentration. The
increasing value of this parameter is notable. The normalized bias (=dy/y, where
y is the mean concentration of the calibration run) is also calculated from Table 1
and is presented in Fig. 5. The curves show that the most sensitive region seems to
coincide with concentrations of 100 to 500 ppb.

The lower detection limits (LDL) were calculated according to the equation

LDL = t,4[SF + (S,0/b)*1"2, (3)

where t; is the Student t-factor at confidence level d (=0.975%) and g degrees of
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Fig. 3. Calibration run for monitors 1 to S in the concentration range of 0 to 500 ppb
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Table 1. Linear regression parameters of the calibration runs; a is the y-intercept, b is the
slope of the regression line and r is the correlation coeflicient and dy is from Eq. (2)

Parameter Monitor 1 Monitor 2 Monitor 3 Monitor 4 Monitor 5
0-8 ppb

a (ppb) 4.66 4.70 —4.57 0.43 29.0

b 0.65 0.68 0.88 0.65 1.70

r 0.899 0.942 0.963 0.930 0.960

dy (ppb) 1.67 1.28 1.28 1.34 2.60
0-25ppb

a(ppb) 3.17 3.09 — 591 0.23 32.7

b 0.97 0.99 1.22 0.71 1.38

r 0.994 0.996 0.996 0.994 0.936

dy (ppb) 1.81 1.48 1.84 1.36 8.86
0-250 ppb

a(ppb) 3.17 4.65 0.32 0.40 68.4

b 0.92 0.95 1.08 0.79 1.01

r 1.000 1.000 0.999 1.000 0.998

dy (ppb) 5.15 1.88 243 2.00 11.6
0-500 ppb

a(ppb) 6.33 6.77 —3.33 1.46 11.14

b 0.90 0.94 1.01 0.58 1.21

r 1.000 1.000 1.000 1.000 1.000

dy (ppb) 9.63 3.31 3.38 5.37 5.38
0-1000 ppb

a(ppb) —2.70 - 1.77 —13.94 —5.19 88.1

b 0.87 0.92 1.06 0.72 1.00

r 0.999 1.000 1.000 1.000 1.000

dy (ppb) 21.5 20.6 27.7 18.1 25.1

freedom. S and S, are the deviation of the results with zero air, and the deviation
of the results when the concentration is approaching zero, respectively, and b is the
slope of the regression line. The calculated LDL values (see parameters in Table 1)
are 2.3 ppb, 2.1 ppb, 1.6 ppb, 2.5 ppb and 4.7 ppb for monitors 1 to 5, respectively.
The LDL values are approximately the same, except for monitor 5, for which it is
about twice as high. This is mainly due to the rough filtering in the measured
signals. These results and the use of parameter t 4 in Eq. (2) are discussed in more
detail in Walden et al. (1987).

During the field period in Imatra the temperature varied between +4 and
—22°C, the relative humidity between 80 and 96%, and the wind velocity between
0 and 8 m/s. The presence of other sulphur compounds due to the vicinity of the
pulp mill produced quite extreme conditions for the monitors. The meteorological
data during the field period in Helsinki were the following: the temperature
between —2 and —17°C, the relative humidity between 70 and 98%, and the wind
velocity between 0 and 7 m s~ 1. In Helsinki there were two quite small industrial
sources for sulphuric compounds in the surroundings of the measuring point.
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The daily average values of SO, concentration are shown in Fig. 6 for the field
period in Imatra, and in Fig. 7 for Helsinki. In Fig. 6, three of the monitors seem to
react similarly (monitors 1, 3, 4). Monitor 5 exhibits different values from these
three but shows the same general tendencies. Monitor 2 reacted differently in the
beginning of the period, but agreed with the three others at the end of the period.
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At the beginning of the field period in Helsinki (see Fig.7) all monitors show
a similar concentration curve, except for the gap between monitor 5 and the other
four monitors. However, in the middle of the period a sudden jump is seen on the
curve of monitor 2. Without the first peak just after the jump, the shape of the
curve is similar to the others. The drift of monitor 5 is clearly seen although
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a calibration check was made before these measurements. The arithmetic mean of
SO, concentration was 8 ppb in Imatra and 22 ppb in Helsinki, calculated accord-
ing to monitors 1, 3 and 4.

The orthogonal linear relation analysis of the data in Figs. 6 and 7 are shown in
Tables 2 and 3, respectively. Because the model is linear, only half of the parameter
matrix is presented. The regression equation, the correlation coefficient and the
modified bias are calculated against the other monitors for each column. The slope
of the regression equation and the correlation coefficient for monitors 1, 3 and
4 show that they are linearly related to each other. The modified precision (dy in
ppb) is also very small with these monitors. From Table3 we see that the
correlation coefficient is rather close to 1, also with monitor 2 in relation to
monitors 1, 3 and 4. However, the slope of the regression line and the modified
precision of monitor 2 related to the other monitors indicates the differences,
shown in Fig. 7.

The plot of the first two principal components from the daily average values in
Imatra and in Helsinki is shown in Figs. 8 and 9. From Fig. 8 we see that monitors
1, 3, 4 and 5 give almost equal contributions to the first component and monitor
2 is mainly responsible for component 2. Although this analysis has found a linear
relation between monitors other than number 2, it still shows that correlation,
which is inversely proportional to the angle between the data points, is good
between monitors 1, 3 and 4. These results suport the regression analysis in
Table 2. From Fig. 9 we see that all the monitors give almost equal contribution to
the first principal component but the correlation between the monitors 1, 3 and 4 is
good. We also found the change in results between the field experiments in Imatra
and Helsinki.
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period in Imatra



Table 2. Orthogonal regression analysis from the field period in Imatra. M1 to M5 refer to the monitors, and for

definitions of the other parameters see Table 1 and the text
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Table 3. Orthogonal regression analysis from the field period in Helsinki. M1 to M5 refer to the monitors, and for

definitions of the other parameters see Table 1 and the text

M1
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M3 M4
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y, = — 183 +2.19x,
r=0.929
dy, =113

y, = — 23+ 10Ix,
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r=0.991
dy, = 3.5

ys = 11.5 + 2.66x,
r =0.832
dy, =159

y, = 5.9+ 0.47x,
r=0.950
dy, =97
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r = 0967
dy, = 8.5
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r=0.775
dy, = 23.6
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dy, =22
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Data obtained from the field experiments were also subjected to periodogram
analyses. No clear periodicities were found, but the white noise was estimated from
the spectral density figures to be 2.8 ppb, 2.5 ppb, 2.6 ppb, 2.6 ppb and 10 ppb for
monitors 1 to 5, respectively. These values are reasonable in comparison with the
LDL values obtained from the laboratory experiments.

Conclusions

These tests showed that although the monitors are continuously functioning, they
need to be kept under surveillance: the maintenance schedules should be followed
regularly according to the manuals. During the test periods, there were malfunc-
tionings in the operation of the monitors. The zero level drift (monitor 5), el-
ectrical disturbances (monitors 2 and 5) and the slight decrease of zero level of
monitor 4 at the end of the test period were noticeable. The worst problem was,
however, the lack of reliablity when measuring at low ambient SO, concentrations
in the presence of other polluting compounds, e.g. odorous sulphur compounds,
hydrocarbons etc.

During the laboratory experiments the monitors correlated with the known
concentrations and with each other. The slope of the regression line for monitors 3,
4 and 5 exhibits disturbing non-linear behaviour throughout the measuring range.
The precision was constant (2 ppb) up to a concentration of 250 ppb for monitors
2 and 3, but beyond this concentration it increased to the same value as the others.
The LDL values were between 2 and 5 ppb, which means that a reliable measured
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low concentration is about 4—135 ppb. For monitor 5 this is too high, if we compare
this concentration to the background concentration.

The results obtained from the field period show that monitors 1, 3 and 4 agreed
reasonably well. The zero level drift with monitor 5 has a somewhat ambiguous
impact on the qualities of this monitor, but with monitor 2 the situation was more
complicated. The results during the laboratory experiments were so promising that
there is reason to believe that the poor agreement exhibited by monitor 2 during
the field period in Imatra was due to a malfunctioning prescrubbing system. The
rather low concentrations in Imatra made it quite difficult to analyze the results
due to the rather high LDL values of the monitors. Clearly, improvements
occurred in the field period in Helsinki where concentrations were higher, but still
the results given by monitor 2 compared to other monitors were problematic.

The calibration of the monitors is a problem, which should be solved. At the
beginning of these tests it was clear that the monitors were not well calibrated. The
calibration concentrations must also coincide with the measurement concentra-
tions and the selected range switch position should not change during operation.
The linearity of the monitors should be checked over a large concentration range
monthly, while a check of one calibration point and the zero level should be made
weekly at the minimum,
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Bulk Deposition Chemistry in Finland
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Summary

Continuous monitoring of bulk deposition has been made by the Water and
Environment Research Institute (WERI) since 1971 in Finland. The results are
mainly used in evaluating the deposition to watercourses and soil. The samples
have been taken monthly.

There is quite often a clear geographical trend for the different components,
i.e. the deposition in southern Finland is higher than in northern Finland. This
trend is very strongly seen in sulphate sulphur, conductivity, total nitrogen and
calcium. This phenomenon is not so clear in strong acids, ammonium nitrogen,
total phosphorus and total organic carbon. pH, nitrate nitrogen, chloride, sodium,
potassium and magnesium show no geographical trend at all.

When evaluating the representativeness of the deposition results of WERI, it
can be seen that the local emissions have in some cases contaminated samples. For
this reason the locations of the sampling stations are continuously observed, so
that the results may be reliable and representative of unpolluted areas.

Introduction

The quality of rainwater has been monitored in Finland sporadically since the
1950’s at a number of observation sites under the direction of Buch and Koroleff.
The studies were based on monthly samples, and the first summary of the results
was published in 1960 (Buch 1960).

A second examination of rainwater quality is to be found in Viro’s series of
observations from 1953 on the composition of snow at various locations through-
out Finland in March 1952 and February 1953 (Viro 1953). In estimating the
loading in water areas, the calculations used have as a rule been based on Viro’s
calculated average concentrations for the entire country. Viro’s research also looks
into nutrients, nitrogen and phosphorus, in rainwater.

City-based studies, for instance on sulphate and metal concentrations in
rainwater, have been carried out by Laamanen (1969). Rainwater investigations
began at the Water and Environment Research Institute in 1971. The same year
also saw the start of the international OECD project (1977) which sought to throw
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light on the long-distance transportation of sulphur compounds. One aim of the
rainwater quality monitoring activities at WERI was to complete the material
balance investigations of small drainage basins with the information on loading
resulting from precipitation. Another objective was to examine the overall direct
loading on watercourses brought by rainfall, its regional differences, and changes
over time. At that time particular attention was being paid to the quantity of
nutrients being deposited via precipitation, since eutrophication was being singled
out for special study. From the outset, however, the most important components
have been monitored from the acidification viewpoint, such that it has been
possible to make very good use of the results in acidification studies (Haapala
1972; Jarvinen et al. 1980; Jarvinen 1980).

WERT’s rainwater research has been supplemented with snow studies which
were started on a nationwide basis in 1975 (Soveri 1985). In 1986 work got under
way at Vihti on throughfall studies which ended in 1988. Metals like Zn, Cu, Ni,
Hg (Rekolainen et al. 1985), Pb, Cd and Al are analyzed from snow samples.
Estimations of metal deposition in the winter period can be made through these
results (Jarvinen et al. 1986).

There are a number of aims in monitoring rainwater quality. In the first place
one can follow changes in rainwater quality over long time-periods. There exists
now a 18-year time series containing material covering the entire country. Then
again, by looking into the quality of the rainfall, one can arrive at estimated figures
for deposition in different parts of the country. Acidification researchers have often
expressed their hopes for an expanded network of observation points, since they
would like to get hold of increasingly detailed background information for their
own impact studies. The quality of rainfall is of importance in all research into the
effects of acidification, since it is the primary airborne input in material balance
calculations (Jdrvinen 1985).

Sampling Devices

When the studies on rainwater quality were launched in WERI in 1971, there were
no commercially available sampling devices on the market, so the device was
designed within the Institute. Components of the sampler used and dimensions of
the sampling equipment can be seen in Figs. 1 and 2. The sampling vessel has been
modified over the years, so as to ensure in particular in cases of low rainfall that it
is possible to obtain sufficient amounts of water for the purposes of all analyses, in
order that the number of missing observations and data should remain as small as
possible. An improvement was made in 1980 by altering the internal structure of
the vessel. Collection efficiency was greatly improved by this means (Jarvinen
1986). Some years later, at the beginning of the year 1986, a project was initiated in
Vihti to test the optimum shape for the funnel element of the sampling vessel. The
development work of the sampling equipment has been continued and last year
birdrings were added to prevent the contamination caused by the birds. Also
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minimization of evaporation from the sampling bottle is important; improvements
in this field are being made all the time.

There is a large range of rainfall sampling devices in use. The end of 1987 saw
the introduction of a comparative study arranged by the Baltic Sea Commission in
Studsvik, Sweden, examining the vessels used by the various Baltic countries.
WERI participated in this study with a bulk deposition sampler. Norway and
Great Britain also took part in the comparative survey, which continued until the
end of 1988. The results were handied in Stockholm in spring 1989. Special
attention was paid to the collection efficiency of samplers. Evaporation is a serious
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problem in open models in summertime. It was also noticed that weekly and daily
results gave the same conclusion. Also, results were quite equal, whether one used
a complicated electrical sampler or a very simple one. All these results are tentative
and they will be published later.

In 1980-1981 a comparative study was arranged in Finland embracing the
sampling devices of WERI, the Finnish Meteorological Institute (FMI), and the
Meteorological Department of the University of Stockholm (MISU), and the
results were published in 1984. The results showed a fair measure of correlation,
but certain differences were noted when the concentrations were near detection
limits. Differences were also observed in the collecting efficiencies of the various
devices (Haapala et al. 1984).

The sampling vessels are changed over on the first day of each month. Local
observers have cleaned the funnei section in line with the directions given (Publs. of
Nat. Board of Waters 1984).

Precipitation Stations

The network of observation points has from the earliest stages covered the entire
country as can be seen by code numbers in Fig. 3A. The explanations of code
numbers is seen in Table 1. The stations have been sited in order that the results
gained from them represent clean areas, i.e. the quality of the background air.
These background values can thus be used as reference values in the study of
polluted areas (Jarvinen 1986).

Recently there has been a growing need to increase the number of stations in
the most critical areas of southwest Finland and particularly Lapland in the north.
Studies in Lapland have shown that small lakes with poor buffering capacity are
extremely sensitive to acidification. This sensitivity shows up especially in the
spring season, when the impurities brought with the winter snow all enter the lake
in a short period. In southwest Finland, the pH values for rainwater are the lowest
in the country, and alarming news of damage to trees and forests has surfaced from
this area in particular.

In Southern Finland it often difficult to find a completely ideal site for an
observation station, since the entire coastal belt and particularly the Helsinki
district is heavily industrialized.

Laboratory Analyses

In the Research Laboratory the monthly samples are analysed for pH value (SFS
3021 1979), conductivity (SFS 3022 1974), strong acids (Gran 1952), sulphate
sulphur (Henriksen et al. 1974), total nitrogen (Henriksen 1969), nitrate nitrogen
(Henriksen et al. 1970), ammonium nitrogen (SFS 3032 1976), total phosphorus
(SFS 3026 1986), chloride (National Board of Waters, Report 213 1981), sodium
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Table 1. Code numbers, names, establishment years and coordinates of
the precipitation stations

Number Name Year Coordinates
1 Kevo 1971 69°45' 27°01’
2 Kilpisjdrvi 1971 69°03' 20°48'
4 Nellim 1971 68°51' 28° 18
7 Kolari 1971 67°24' 24° 11
8 Sodankyld 1971 67°22 26° 39
12 Juotas 1971 66° 19 26° 58’
13 Kurvinen 1971 65°35 29°31
16 Viitaméki 1971 63° 56 26°25'
17 Kuhmo 1971 64° 16 29° 50’
19 Valtimo 1971 63°47 28°39
20 Sulva 1971 62°59 21°40
21 Lestijarvi 1971 63°27 24°27
22 Kuopio 1971 63°01’ 27°48'
24 Naarva 1971 63°02 31°03
25 Ylistaro 1971 62° 56 22°30
26 Alavus 1971 62°32 23°39
27 Kuusjérvi 1971 62°42' 28° 55
28 Ylimarkku 1971 62°41’ 21°21°
29 Laukaa 1971 62°32 26°01
31 Jamijarvi 1971 61°44 22°43%
32 Sysmaé 1971 61°31 25°49
35 Kotaniemi 1971 61°22 28°40
36 Lammi 1971 61°03' 25°03
37 Oripdd 1971 60° 54 22°42
38 Jokioinen 1971 60° 49’ 23°3¢
40 Virolahti 1971 60° 32’ 27°33
41 Punkaharju 1971 61°48’ 29°20
42 Vihti 1971 60°25 24°24'
43 Sipoo 1971 60° 24’ 25° 14
44 Jomala 1972 60°11’ 19° 59’
45 Espoo 1972 60° 13’ 24° 36’
46 Hailuoto 1972 65°02 24° 48’
47 Korppoo 1972 60° 10’ 21°34
48 Tvirminne 1972 59°51 23°15
52 Peipohja 1978 61°16 22°1%
57 Rahja 1984 64° 13 23°42
58 Jaurakkajérvi 1984 65° 10 27°37
59 Hietanen 1984 61°34' 27°01"

(SFS 3017 1982), potassium (SFS 3017 1982), calcium (SFS 3018 1982), mag-
nesium (SFS 3018 1982) and total organic carbon (National Board of Waters,
Report 213 1981).

The methods for analysis have been presented in the publication of the
National Board of Waters, Report 213. In addition, measurements are taken of the
rainfall quantity in order to calculate the collecting efficiency of the devices.
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Results

After inspection of the results, all the data are recorded on the Precipitation
Database in the National Board of Waters and the Environment’s computer,
which currently has more than 110,000 analysis results. The data are easy of access
and combined with water quality data from the Board’s other data banks.

The time series derived from rainwater investigations are now suitable for
statistical treatment, since in the great majority of cases each station’s series of
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observations now runs to more than 200 months. The yearly median deposition for
each component is shown in Figs. 3-6. The yearly value has been calculated by
multiplying the median value of the observations in 1971-1988 by 12. These maps
provide a clear picture of the scale of deposition in different areas of Finland, i.e.
they indicate in several cases a distinct north-to-south gradient, a so-called geo-
graphical trend, which means that in southern Finland the deposition levels are
noticeably higher than in northern Finland. This is also to be seen in the trend
analysis figures by calculating the sliding average (sliding average of 7 months and
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Fig. 7. Trend analysis of sulphate sulphur (mg m~2%)

the highest and lowest value dropped) and based on figures from three observation
stations, Kevo, Kuopio and Virolahti. In 1985 was published a study of the
temporal development of acid deposition at Sodankyld, Jokioinen, Vihti and
Virolahti stations in 1971-1982 (Jarvinen et al. 1985).

In Figs. 5-10 one can see also the mean value line and the trend curves using
spline interpolation. The figures contain linear regression lines (dashed line) which
show the approximate trend in the time series in 1971-1988. It seems that the
amount of precipitation is increasing, especially in southern Finland. This con-
clusion is the same as FMI’s results.
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In the figures for pH it can be seen that the trend lines are descending and this
result does not agree with the Box-Jenkins method. Using the Box-Jenkins statist-
ical method, a time series analysis was carried out of pH values, on the basis of
which an attempt was made to forecast the development of future pH values over
the following 5 years. On the basis of the pH values from 1971-1982 the situation
has not materially worsened, nor does analysis of past pH values give cause to
predict that values will decline in the immediate future (Jarvinen 1986). In the
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beginning of the time series quite high pH values exist, probably due to contamina-
tion, and if one leaves the 2 first years away, the trend lines do not descend so much
at all. The curves of strong acids agree quite well with pH curves, i.e. when the pH
value is high then the strong acid value is low.

The trends in sulphate sulphur seem to stay stable and in the north it seems
even to diminish. Maybe this is due to the phenomenon that sulphur emissions
have decreased in Europe. Sulphur deposition has for some time now been
a subject of great public interest. Here the north-south gradient is plain to see.
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From the perspective of natural tolerance levels, the critical figure has been found
to be 0.5 g of sulphur m™2 per year. This figure is exceeded practically throughout
the area south of Oulu. In the southernmost parts of Finland the highest values
peak at around 1.2 g of sulphur m ™2 per year. In general terms, the level of sulphur
deposition in Finland is relatively low compared with that of other European
countries. When comparing results with other nordic countries, it can be noticed
that, for example, sulphate sulphur deposition is equal, but that strong acid
deposition is only half of that which is deposited in the south of Norway and south

Sweden (Jarvinen et al. 1985).
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In north and central Finland the calcium content of precipitation decreases
clearly,but in south Finland no changes can be seen. Nitrate seems to increase
quite strongly and at the same time also the emissions of nitrate have increased. Of
nitrogen compounds it can be said there is more NH,-N than NO,-N in Finland,
particularly in the more westerly observation stations. In Sweden the figures for the
two compounds are roughly equal. Thus far it has not been possible to explain this
divergence. The laboratory also determines the total nitrogen deposition from the
samples. When we subtract from this total figure the values for NH,-N and
NO,-N, we arrive at a value for organic nitrogen. Over the long term this organic
nitrogen level has shown up as a mean value of around 28% of total nitrogen.

Conclusions

WERTI’s monitoring studies on rainwater quality are the most extensive and
longest-running research investigations into air quality in Finland. The results
have been shown to be comparable in a number of different contexts, and the level
of analytical work has been charted in numerous comparative sample studies,
where the success rate has been high.

The suitability of individual observation stations for the task of background air
monitoring should be constantly checked. By developing the equipment used, we
should try to optimize the reliability of the data produced. In future deposition
studies it should be possible to estimate the relative shares of wet and dry
deposition in the overall deposition figures and also metal deposition. The necess-
ary ADP software for processing and working up results, which should be routine-
ly available, will have to be continuously developed and upgraded.
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Summary

The deposition and origins of sulphur and nitrogen in Finland have been cal-
culated using LRT models developed within the ECE/EMEP project. In the
sulphur calculations, new emission data from the Soviet Union were included. The
results show that about 260 Gg of S was deposited in 1980 and 210 Gg a™! in
1987-88. The indigenous fraction decreased from about 50 to 35% of the source-
attributable deposition between 1980-88, mainly due to a national reduction in
S emissions. There are two maxima in the large-scale S deposition field, one
connected with the general south-north gradient, the other being due to the
emissions in the Kola Peninsula. Nitrogen deposition was calculated at less than
50 Gg(N) both for NO, and NH,, the highest deposition flux occuring in south-
east Finland. The USSR was found to be the major source of the N deposited.
A comparison of calculations and observations revealed greater discrepancies at
Finnish measurement sites than on the average in Europe, calculated concen-
trations being systematically lower than observed ones. The reasons underlying
this were sought, but no definite answer found.

Introduction

The first findings regarding the link between the increased acidity of surface waters
in southern Scandinavia and emissions of sulphur and nitrogen oxides in Central
Europe were met with indifference and scepticism in the 1960’s. In 1973 the OECD
launched the LRTAP (the Co-operative Technical Programme to Measure the
Long-Range Transport of Air Pollution) study, in which 11 European countries
participated. This study provided a basis for the present understanding of the
distribution of sulphur emissions and their transportation in Europe (OECD
1977). The study concluded that airborne pollutants can be transported by wind
over long distances, and that air and precipitation quality in one country can be
measurably affected by emissions in other countries, some countries being net
importers and others net exporters of pollutants.

The OECD LRTAP study led to political initiatives, one of which is the
Convention on Long-Range Transboundary Air Pollution supervised by the UN
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Economic Commission for Europe (ECE) which was signed by many European
states, the United States and Canada in 1979. From the point of view of present air
pollution research, it also provided the framework for the EMEP (Co-operative
Programme for Monitoring and Evaluation of the Long-Range Transmission of
Air Pollutants in Europe) project run under the ECE Convention since 1977.

The main objective of EMERP is to produce information on the deposition and
concentration of air pollutants, as well as on the quantity and significance of
pollutant fluxes across national boundaries (Eliassen and Saltbones 1983). There
are two ultimate methods for producing this information, viz. measurements and
modelling. In practice, however, these methods are not applied independently of
each other.

Based mostly on the calculations made with the EMEP Long-Range Transport
(LRT) models, this chapter aims to give an overview of the long-term distribution
of deposition of pollutants and their origin in Finland. Deposition of sulphur and
nitrogen (both oxidized and reduced N) are considered, but no attempt is made to
relate them to the acidity of deposition, or to the actual acidification processes
going on in soils and waters. Nor are the features of short time scale or deposition
episodes discussed. A more process-orientated atmospheric approach describing,
for example, interactions between meteorology and air chemistry can be found in
this volume in the chapter by Joffre et al.

Since the main results presented in this chapter are calculated using the EMEP
models developed by the EMEP Western Meteorological Synthesizing Centre
(MSC-W) at the Norwegian Meteorological Institute, EMEP publications are
referred to whenever possible. The results of new calculations are given for Finland
only, not for the whole of Europe.

Observed Levels of Sulphur and Nitrogen Deposition in
Northern Europe

A general picture of the deposition levels in Northern Europe can be formed by
inspecting briefly the observation data. There are roughly 90 EMEP stations in
Europe, most of which sample on a 24 h basis. At the moment, only three of the
stations are located in Finland, none of them north of 65°N. Thus, the estimates
for the northernmost regions must be based on data points in Norway and in the
Kola Peninsula in the USSR. For locations of and measurement programmes at
the Finnish stations, see Joffre et al. (this Vol.). There are also a number of other
stations, e.g. national networks, sampling on a weekly or monthly basis, but these
are not considered here.

Wet Deposition

Over Finland, there is a considerable decreasing south-north gradient of sulphate,
nitrate and ammonium concentrations present in precipitation. According to the
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Table 1. Mean levels of excess (sea salt corrected) sulphur and nitrogen concentrations in
precipitation in some regions of Europe during the mid-1980’s (volume weighted arith-
metic annual mean)

Region Sulphate Nitrate Ammonium
mg(S) 171 mg(N) 17! mg(N) 17!
Northern Finland 0.3-0.5 0.1-0.2 0.1-0.3
Southern Finland 0.5-1.5 0.3-0.7 0.5-0.7
Central Europe (max.) >2 >1 >2

EMEP measurement data (Schaug et al. 1987), an order of magnitude difference
can be observed between the general levels in Northern Finland and the most
polluted regions of Central Europe (Table 1).

The areas with the highest sulphate concentration are located in Eastern
Europe, while nitrate is found more to the west, which reflects the emission
structure. The distribution of nitrate concentration is rather uniform over Central
Europe, with a plateau of ca. 0.7 mg(N) 1! reaching from the Alps up to southern
Fennoscandia and the southeastern United Kingdom, where the concentration
decreases rapidly. The pattern for ammonium reveals a more uneven distribution,
following the distribution of ammonia emissions. In the Netherlands, where
emission density in certain areas exceeds 10000 kg(NH,) km~™2 a™!, average
annual ammonium concentrations as high as 3 mg(N) 17! are observed in precip-
itation (Buijsman and Erisman 1986).

In terms of wet deposition flux, i.e. precipitation concentration multiplied
by precipitation amount, the observed sulphur load varies spatially between
200-1200 mg(S) m~2 a~! in Finland during the mid-1980’s. Wet nitrogen deposi-
tion is roughly 400 mgm™2 a~! of NO;-N and 500 mgm™2 of NH;-N at
maximum in southernmost Finland, and 50 mg(N) m~2 a™! at minimum in the
north for both nitrate and ammonium.

On a continental scale, the spatial variation in long-term precipitation quantit-
ies is relatively small in Finland, where the strong terrain-induced peaks are
lacking. However, since a large proportion of long-term wet deposition is accumu-
lated during a small fraction of rainfall events, the feature commonly called the
episodicity of deposition, the mean rainfall is indicative only. Also the frequency in
the occurrence of different types of precipitation and storm fronts plays a signific-
ant role (Bremer 1987).

Dry Deposition

There is no routinely applicable method for taking direct measurements of dry
deposition. Dry deposition flux can be estimated from measured air conceritrations
in the same way as the dry deposition process is usually included in the transport
models, i.e. by applying F = v, where F is the flux of the compound with
concentration ¢ at a reference height (typically 1 m). The dry deposition velocity
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(v4) depends on chemical and biological interactions between the surface and the
pollutant, and on aerodynamic factors (for discussion and typical values of v, for
various compounds, see Joffre et al. this Vol.).

Dry deposition of oxidized sulphur consists of gaseous SO, and particulate
sulphates [e.g. (NH,),S0,]. Gaseous NO,, gaseous HNO, and particulate nit-
rates should at least be taken into account when determining the dry deposition of
oxidized N, while NH, and particulate ammonium (sulphates plus nitrates) are
needed for reduced N. Unfortunately, measurements of concentrations in air are
too sparse to provide a basis for a spatial estimate of dry deposition flux on
a regional scale.

Even in unpolluted areas, dry removal makes a big contribution to total de-
position. In sulphur, for example, it accounts for approximately 1/3-2/3 (Hov et al.
1987). Dry deposition makes a pronounced contribution in certain situations
where high local deposition fluxes are encountered. Close to heavy ammonia
sources, e.g. cattle and fur animal farms, dry deposition plays a very significant
role because of low source heights and small surface resistance to the uptake of
gaseous ammonia. At forest edges larger quantities of nitrogen are also received
than deep inside the forest. Grennfelt and Hasselrot (1987) measured throughfall
flows of NO; + NH_ at exposed forest edges in southern Sweden, which were two
to five times those found inside the forest, because of the influence of dry
deposition.

Model Calculations

To model atmospheric dispersion, transformation and deposition of reactive
sulphur and nitrogen compounds, temporal and spatial scales spanning a few days
and thousands of kilometres must be considered. There are a few models suitable
for the long-term estimation of atmospheric loads of acidifying compounds in
Europe. The Lagrangian trajectory models developed within EMEP are probably
the best known of these; they are widely applied and frequently referred to.
Eulerian models, using simple chemistry for S and NO,, have been developed at
the Danish Air Pollution Laboratory (Zlatev et al. 1985a,b), while the statistical
trajectory model at the Harwell Laboratory in the U.K. includes a fairly compre-
hensive chemical description of nitrogen but very simple meteorology (Derwent
1987). Fisher (1978) and Klug and ErbshduBler (1988) have presented statistical
sulphur models. These models have in common that they aim at repeated long-
term calculations and, therefore, compromises between the complexity of a de-
scription of modelled processes, input data availability and computational efforts
have been sought.

The EMEP models, which were used in the present calculations for Finland,
are presented below in more detail. These models were chosen for the study
because they are widely accepted, and have the status of furnishing results under
the ECE Convention.
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EMEP Models

The EMEP/MSC-W LRT models are described and evaluated in detail in the
literature by their developers (Eliassen and Saltbones 1983; Eliassen et al. 1988;
Hov et al. 1988). The sulphur model has also been subjected to extensive investiga-
tion by other groups, e.g. since it is used to provide the emission-deposition
transfer matrices for the integrated acidification model RAINS of the Inter-
national Institute for Applied Systems Analysis (e.g. Alcamo et al. 1987; Alcamo
and Bartnicki 1987; Pitovranov 1988). In some studies it has been used as a frame
of reference in the creation of more sophisticated parametrization (e.g. Joffre
1988a). In the following the formal basics of the models are given to provide
a background against which the results presented in later sections can be under-
stood.

Basic Formulation

For the sake of clarity, the basic formulation is presented here assuming that
concentrations follow a linear system, although, strictly speaking, the nitrogen
model includes a non-linear function in the chemistry section. However, the
models are essentially linear. Thus, the basic mass balance equation (a set of
ordinary differential equations) of the models can be expressed simply as

Dc/dt = Sc + R, (D

where the state variable ¢ is the N-dimensional vector of concentrations; N
is the number of compounds modelled. S is a matrix describing chemical inter-
actions and deposition processes (NxN elements). R is the N-dimensional source
term. The operator D/dt denotes the total Lagrangian time derivative, i.e.
D/dt = /6t + V-V where V is the horizontal (non-divergent) wind field on an
isobaric level chosen to represent the transport in the atmospheric boundary layer.
In the present EMEP calculations, the 925 hPa pressure level, approx. 700 m above
the ground, has been used.
The source term elements R, can be expressed as follows.

(I —o;—B) Q;h™! for primary emitted compounds
R, = B;Q;h™! for secondary emitted compounds 2)
0 for secondary non-emitted compounds

where Q, is the areal emission flux of compound i. Division by mixing height
h indicates that an instantaneous and complete vertical dilution is assumed. No
external horizontal diffusion is included because of the inherent smoothing of the
emission field in 150 km x 150 km grid squares. Emission strength is reduced by two
factors: o; takes into account the more effective removal of pollutants close to
sources where dry deposition is enhanced; f; is the fraction of Q, that is assumed to
be emitted as a secondary pollutant j.
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The diagonal elements of S consist of sink terms due to chemical reactions and
deposition:

S; = — (Zk,, + kg, + k), (3)

where k., kq and k,, are first-order rate coeflicients for chemical conversion, dry
deposition and wet deposition, respectively. The chemical sink in S;; consists of one
or many reactions; the corresponding production rates are represented by the
off-diagonal elements. Dry removal rate is expressed as kg, = vg, h™!, where v, is
dry deposition velocity. Wet deposition rate is assumed to depend proportionally
on precipitation intensity P, that is, k,, = W;Ph™! where W is an empirical
scavenging ratio.

Trajectories are calculated to arrive at measurement stations and grid points
covering Europe. Along the trajectories the mass balance Eq. (1) is solved. Depos-
ition flux in the Eulerian framework is determined at every trajectory position by

F; = (kq, + ky,) h ¢, 4)

or, in the sulphur model, calculated later from the Eulerian concentration fields
formed by the values at trajectory arrivals.

In addition, background pollution and the exchange process between the
boundary layer and the free troposphere are included in the models. In the sulphur
model, constant background values are added to the calculated concentrations,
giving rise to indeterminate deposition. In the nitrogen model, initial values are
assumed at the beginning of the trajectories and in the free troposphere. Conse-
quently, indeterminate deposition is formed more indirectly.

Chemistry

Sulphur dioxide and particulate sulphate are the compounds considered in the
sulphur model. Most of the sulphur emissions are assumed to occur in the form of
SO, [B = 0.05, see Eq. (2)]. Conversion of SO, is determined by the transforma-
tion rate, which depends on the time of year, reflecting in turn the variation of light
and oxidant concentrations.

Several compounds have to be taken into account in the nitrogen model
because of their different lifetimes with respect to removal. NO, NO,, PAN,
gaseous HNO, and particulate nitrates represent the total reactive oxidized nitro-
gen in the atmospheric boundary layer in the model. The sum of these compounds
is expressed here as NO,. Modelled reduced nitrogen (here NH,) consists of NH,
and particulate ammonium sulphates plus ammonium nitrate. Ammonium nitrate
links the NO, and NH, chemistries. In addition, to estimate the amount of
ammonia available for the formation of NH,NO,, the sulphate concentration
must be known, i.e. sulphur must also be modelled in the nitrogen model. The
chemistry module is described in detail by Eliassen et al. (1988).

In the nitrogen model, the chemical conversion rates are mostly calculated
from reaction rates and related parameters. Three monthly and diurnally varying
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concentrations needed for conversion rates (O,, OH and CH,COO,) are obtained
from a two-dimensional global model (see Eliassen et al. 1988). These species are
treated as having infinite reserves, an assumption which provides the linearity of
the model (apart from the nitrate-ammonia link).

Present Calculations

Model Variants

For the present sulphur calculations, the description of source-receptor areas of
the EMEP sulphur model was extended. The model formulation allows an arbit-
rary definition of the areas within the grid, the division bound to the country
borders being the most obvious choice and the one of greatest political interest,
since area-by-area pollutant budgets can be calculated. Nevertheless, it is clear that
such country-by-country budgets cannot provide all the information that could be
obtained by a more detailed definition of the areas. Also, the smaller the area the
more reliably the effect of possible emission changes can be corrected simply by
scaling deposition to the total emission rate of that area, without having to
recalculate it.

This applies especially to the Soviet Union. Because of its large size and
considerable emissions, results involving the Soviet Union have necessarily ap-
peared highly integrated. It has not, for instance, been possible to attribute
a fraction of the deposition to specific concentrated emission regions such as the
Kola Peninsula in the very north of the USSR close to Finland. This has limited
the applicability of the model in studies concerning the effect of emission reduction
in the western Soviet Union.

To disintegrate the information and to make full use of the emission data
presented in the next section, the Soviet Union was divided into several emitter-
receiver areas. Nine new areas along the western border were defined based on
administrative regions: (1) Murmansk Oblast (region), (2) the Karelian Auto-
nomous Socialist Soviet Republic, (3) Leningrad Oblast, (4) Novgorod and Pskov
Oblasts, (5) the Estonian Socialist Soviet Republic (SSR), (6) the Latvian SSR,
(7) the Lithuanian SSR, (8) the Byelorussian SSR and (9) the Ukrainian SSR.
Additionally, Finland was divided into three regions in a north-south direction.

Apart from the country extension, the model used for the sulphur calculations
is the latest operational version of the EMEP sulphur model, as described in
Eliassen et al. (1988). In principle, transports of sulphur could as well be calculated
using the EMEP N model, since the formula for sulphur is basically the same in
both models, the greatest difference probably being the treatment of background
concentrations. The nitrogen calculations are made using the EMEP N model
(Eliassen et al. 1988) with no changes apart from the technical treatment of input
data.
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Calculation Period

The calculation periods were determined mainly by practical considerations,
including the availability of emission and meteorological input data and comput-
ing resources. The sulphur calculations were carried out for the years 1980, 1987
and 1988. Within the ECE/EMEP emission inventory, the most comprehensive
estimate of sulphur emissions in Europe is available for 1980, which is the base
year for SO, reduction within the ECE Convention. The new data described in the
next section present the best coverage for 1987; 1988 was included to supply the
latest possible estimate and indication of the extent of meteorological year-to-year
variability.

The 6 h meteorological input (trajectories calculated from horizontal wind
field, vertical velocity at the mixing layer top for the exchange between the
boundary layer and free troposphere, the friction velocity and the turbulent heat
flux for the dry deposition velocity, and the amount of precipitation) is obtained
from the Norwegian Meteorological Institute’s numerical weather prediction
model, and the 24 h data (mixing height) from objective analysis of radiosonde
observations (Eliassen et al. 1988).

The N model was run for 1985 because the extensive meteorological input
needed for this model was not available for other years. Also emission data is much
more sparse and uncertain for NO, and NH, compared to SO,

Emission Data

New official estimates of sulphur emissions from western parts of the Soviet Union
were obtained for the calculations (Kulmala 1989). Previously, only the total rates
for the whole European part of Soviet Union, and Ukraine and Byelorussia were
reported, and spatial distribution in the grid was estimated at the MSC-W. The

Table 2. Sulphur emissions in Finland and the
Soviet Union in 1980 and 1987 [in 1000 tonnes or
Gg(S) a~ '] (Kulmala 1989; Eliassen et al. 1988)

Region Year
1980 1987

Finland 292 162
Kola 362 350
Karelia 85 85
Leningrad 125 112
Estonia 120 104

Total 692 651
European USSR total 6400 5100

Europe total 26,100 21,500
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Fig. 1. Sulphur emissions in the EMEP grid over Finland and the nearby regions of the
Soviet Union in 1987 [Gg(S) a~*].The Soviet regions: I Kola Peninsula; I1 Karelia; 111 the
Leningrad region; IV Estonia. The location of the EMEP measurement stations Ahtiri (4),
Virolahti (V) and Utd (U) is marked with stars

new data include information on source distribution in the Kola Peninsula,
Karelia, the Leningrad region and Estonia. Total S emissions for these regions are
given in Table 2 and the distribution in the EMEP grid for 1987 in Fig. 1.

The Soviet data from the four regions near Finland presented in Table 2 differ
significantly from the values obtained from the distribution used in the earlier
calculations, the figures for Kola being more than 50% higher. On the other hand,
the previous estimates for Leningrad and Estonia have to be halved. The strikingly
large emissions in the Kola Peninsula originate almost entirely from two copper-
nickel smelters, one located in Nikel and Zapolyarnyy, close to the Norwegian
border, and the other in Monchegorsk (ca. 68°N, 33°E). These smelters contribute
80% of the total Kola emissions (Kulmala 1989). No quantitative information is
available regarding the uncertainty in these new estimates.

In other parts of Europe, the official emission data reported to ECE/EMEP by
the European countries by February 1989 have been used.

For the nitrogen calculations, the data employed by EMEP was used without
any alterations. The estimated NO, emissions were ca. 5900 Gg(N) in Europe in
1985, 73 Gg of which was emitted in Finland (Eliassen et al. 1988). No official
estimate is available for ammonia, but according to the values used in the model
9100 Gg(N) a™ ! were released in the mid-1980’s. For Finland a value of 50 Gg(N)

was applied, which compares well with the estimate of 43 Gg presented by
Niskanen et al. (this Vol.).
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Comparison of Calculated Concentrations with Measurements

Before presenting the deposition results obtained from the calculations, it is
appropriate to see how the modelled concentrations compare with those observed.
As far as model validation is concerned, the EMEP measurement programme
provides data for sulphur compounds but very little for the nitrogen model, since
NO, was practically the only component measured in air within the EMEP
network in 1985. Nitrate and ammonium were measured in precipitation at a large
number of stations, but the lack of measurements of these compounds in air makes
it difficult to address uncertainty.

The words ‘“underestimated” and “overestimated” are used throughout this
chapter in comparing modelled values with measurements. Herewith it is assumed
implicitly that the measured values are the correct ones. This is, of course, not
always true. Validation of measurements is not, however, within the realm of this
chapter.

European Stations

Throughout all the stations on average, sulphur dioxide concentrations are
modelled very satisfactorily on a monthly basis (Eliassen et al. 1988). The same ap-
plies to particulate sulphate. Taking the averages for single stations over a period
of 1 year, there is a considerable scatter in agreement between the stations. Mean
annual sulphate in precipitation is slightly underestimated, the deviation between
measurements and calculations being within a factor of 2 for all but a few. Since
the measured wet deposition includes “contamination” by dry deposition, the
systematic discrepancy is probably not so absolute.

With the exception of a few sites, observed and calculated mean annual NO,
concentrations deviate from each other by a factor of less than 2, with a consistent
pattern of underestimation emerging (Eliassen et al. 1988). Calculated values for
nitrate in precipitation seem to be greatly (ca. 30%) underestimated, if no allow-
ance is made for the effect of dry deposition. Nevertheless, the extent of this
augmentative contribution is not known. According to Eliassen et al. (1988), dry
deposition of HNO, gas is even significant in rainwater collected in a wet-only
sampler, in which the funnel is open only during precipitation events. Dry depos-
ition may be taken into account by adding the modelled dry deposition to the
modelled wet deposition on days when wet deposition has accumulated in the
model. This provides an estimate of the upper limit of the concentration. The
upper limit concentration agrees much more closely, being an overestimate of less
than 5%. This reasoning is hampered, however, by the inherent fact that the
deposition velocities used in the model are not chosen for precipitation samplers
but for natural surfaces.

Ammonium is underestimated even more in the calculations, even when dry
deposition is totally included. However, as pointed out by Eliassen et al. (1988) and
Buijsman and Erisman (1988), the particular problem with ammonium obser-
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vations lies in the location of the background stations. The siting may be “back-
ground” with respect to sulphur and nitrogen dioxides though not with respect to
ammonia, since the stations are typically located in agricultural areas or, in other
words, in ammonia source areas. This means that in the case of NH, many EMEP
stations are influenced by local scale features not resolved in an LRT model.

Finnish Stations

Finland is located at the edge of the EMEP model calculation domain. Differences
may, therefore, exist in the validity of the model calculations compared with those
obtained in more central parts of Europe. Also, climatological and phytogeo-
graphical conditions in Finland differ from those in more southern and western
parts of Europe, so that the assumptions in the model valid for Europe on the
average are not necessarily applicable in Finland. Geographical and climatological
characteristics have, however, been taken into account to some extent in the
EMEP model by using local weather data, and space- and time-dependent para-
meterizations.

In the following the differences between observed and modelled data for
sulphur and nitrogen compounds are studied in more detail. For brevity, only the
year 1987 will be considered for sulphur. The other years modelled, 1980 and 1988,
do not differ from 1987 as regards the agreement between observed and modelled
data. For nitrogen, i.e. nitrate and ammonium, the comparison addresses the year
1985, which was the only one modelled.

Sulphur

Compared to the values observed at the Finnish EMEP monitoring stations,
calculated sulphur dioxide concentrations are consistently underestimated (Fig. 2).
The relative magnitude of the discrepancy is somewhat smaller in autumn than
during the other seasons. At the Uté offshore station, the discrepancy is more
pronounced than at Virolahti and Ahtiri. It is difficult to give any definite
explanation for these discrepancies. Several possible reasons include, for example,
underestimation of the sulphur emissions, the influence of local sources, and errors
in the model simulations. The underestimations of SO, emissions are hardly large
enough to account solely for the differences between observed and modelled SO,
concentrations. At Utd, there is a local source to which the relatively high monthly
mean concentrations at this offshore station can be attributed. At Virolahti and
Ahtiri there are no substantial local sources. As to model errors, a possible faulty
estimation of the vertical mixing may be significant. The average mixing depth in
Finland is much lower than in more southern parts of Europe. In the EMEP
model, a minimum mixing depth of 200 m is assumed, which may be too high for
winter conditions in Finland. However, the high mixing depth does not explain the
discrepancies during the summer months.
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Fig. 2a—c. Calculated and observed monthly mean concentrations of sulphur dioxide at the
Finnish EMEP stations in 1987 [pg(S) m~3]. a Ahtiri b Virolahti ¢ Utd

The modelled concentrations of particulate sulphate agree somewhat better
with observations than the SO, concentrations (Fig. 3), but even for sulphate there
is consistent underestimation. The reasons for this may be the same as for SO,.
The EMEP model includes as background assumed values for SO, and sulphate of
0.1 and 0.2 pug(S) m 3, respectively. These values may be regarded as fairly low and
contribute to the underestimation of air concentration values. For deposition, the
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Fig. 3a—c. Calculated and observed monthly mean concentrations of particulate sulphate at
the Finnish EMEP stations in 1987 [ug(S) m™]. a Ahtiri b Virolahti ¢ Utd

background contribution [0.3 mg(S) 17 ] is taken into account in a more realistic
way.

Where sulphate in precipitation is concerned, which is directly reflected in the
deposition quantities, the differences between modelled and measured values at
Ahtiri change sign from winter to the other seasons (Fig. 4a). At Virolahti and
Uto the modelled values are somewhat lower throughout the year (Fig. 4b,c). The
annual means are presented in Table 3. One reason for greater agreement between
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Fig. 4a—c. Calculated and observed precipitation weighted monthly mean concentrations of
sulphate in precipitation at the Finnish EMEP stations in 1987 [mg(S) 17']. a Ahtéri
b Virolahti ¢ Uté

observed and modelled sulphate values in precipitation than for concentrations of
SO, and sulphate in the air is that wrong estimation of vertical mixing does not
affect concentrations in precipitation.

In the EMEP model, there is an additional removal factor o for deposition
close to sources. This factor gives an additional deposition value which is not
reflected in the SO, and sulphate concentrations. Thus, even when the concentra-
tion values are underestimated, the deposition is not necessarily as much in error.
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Table 3. Calculated and ob-
served precipitation weighted
mean concentration of excess
sulphate in precipitation at the
Finnish EMERP stations in 1987

[mg(S)171]

Station Sulphate
Obs./Calc.

Ahtiri 0.66/0.62

Virolahti 1.46/0.82

Uté 1.14/0.71

Further, due to the sampling technique, the observed values of sulphur in precip-
itation include dry deposition during precipitation days. This additional depos-
ition, which is of the order of 10-30%, is not included in the modelled values.

Nitrogen

In Fig. 5 the calculated and observed precipitation weighted monthly mean nitrate
concentrations in precipitation are shown for the Finnish EMEP stations. The
annual means are presented in Table4. As can be seen, there is pronounced
underestimation in the model at the Finnish stations. However, the observed
month-to-month variation is more or less followed by the calculations. There is
some improvement when dry deposition is included in full, though the general
picture does not change much.

The discrepancy is apparently greater at the coastal site Virolahti and at the
marine site Utd than at Ahtiri. Poor agreement in the calculated deposition
estimate for the Baltic Sea was also noted by Joffre (1988b), who compiled various
observation-based estimates.

Ammonium in precipitation is modelled with a compatibility comparable to
nitrate (Fig. 6 and Table 4); it appears to be underestimated. However, comparison
of calculated and observed values of NH, is not straightforward either. A couple of
correction procedures presented in the literature will illustrate this. Buijsman and

Table 4. Calculated and observed precipitation
weighted mean concentration of nitrate and ammo-
nium in precipitation at the Finnish EMEP stations in
1985 [mg(N) 171]. The range of the calculated values
indicates limit estimates of the influence of dry depos-
ition (see text)

Station Nitrate Ammonium
Obs./Calc. Obs./Calc.

Ahtéri 0.29/0.18-0.24 0.28/0.15-0.22

Virolahti 0.53/0.19-0.28 0.61/0.21-0.28

Utd 0.93/0.37-0.43 0.86/0.27-0.33
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Fig. Sa—c. Calculated and observed precipitation weighted monthly mean concentrations of
nitrate in precipitation at the Finnish EMEP stations in 1985 [mg(N) 17']. a Ahtdri
b Virolahti ¢ Uto

Erisman (1988) propose a correction factor of 0.8 for the EMEP ammonium data.
This correction factor should take into account the influence of bulk sampling and
the sampling period. Builtjes (1988) points out that the emission estimate used (the
only one available) is now regarded as too low and gives a correction factor of 1.4
for the emission rates. The results presented here are not multiplied by these
factors, but if they were taken as absolute the observations and calculations would
deviate much less.
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Fig. 6a—c. Calculated and observed precipitation weighted monthly mean concentrations of

ammonium in precipitation at the Finnish EMEP stations in 1985 [mg(N) 17']. a Ahtiri
b Virolahti ¢ Uto

Due to shortage of measurements, the undeniable underestimation at the
Finnish stations is difficult to explain. The only background measurements of
inorganic nitrogen air concentrations in Finland in 1985 were made at Ut6, where
total (gaseous plus particulate) nitrate and ammonium were measured on a 24 h
basis from August to October. During that period the calculated ammonium
concentration was on the average about 20% lower than the observed one; this
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difference is less than that found in concentrations in precipitation (cf. Fig. 6).
Strangely enough, somewhat higher nitrate concentrations were calculated than
were measured in air. In precipitation, the reverse was true, but to a much less
extent than in the annual mean.

The deviation between observations and calculations was also considered by
splitting the observation data according to transport direction. Here the transport
sector is determined by the trajectory positions between 100 and 1000 km from the
station. The 925-hPa trajectories for 1985 obtained from EMEP/MSC-W were
used in the sector analysis. At Virolahti, the relative difference in precipitation
concentrations was greatest in the eastern and north-western sector for both NO,
and NH,, although the influence and absolute deviation is greatest in the southern
sectors. At Utd, the smallest deviation was in the eastern sectors but from west to
north very small concentrations are calculated, contrary to observations. At
Ahtiri, the most problematic directions were north and north-east for NO; , and
east and west for NH,. No clear correlation could be observed between the
discrepancy and emission density, or a factor of that kind in the corresponding
direction.

Calculated Deposition

In this section, the results of the deposition calculations are presented. It should be
noted that all numerical values and conclusions are restricted by the spatial
resolution of the models employed. Local maxima and small scale features of the
deposition patterns are smoothed out because of the 150km x 150 km grid square
size.

Sulphur

Spatial Distribution

The spatial distribution of the calculated sulphur deposition was analysed manu-
ally from the grid square values (Fig. 7). The deposition field includes two maxima,
one connected with the general south-north decreasing gradient, the other being
due to influence from emissions in the Kola Peninsula. The southern maximum is
increased by the sources in Estonia and the Leningrad region of the USSR. The
northern maximum is caused by two point sources, which makes it difficult to
apply the calculated grid values. Therefore, the maximum region is not contoured
but dotted in Fig. 7. The highest deposition values are roughly 2500 mgm~2a~!
in one square so that the levels in Southern Finland are probably reached in
eastern Lapland. More than half of Finland experiences sulphur deposition higher
than 500 mgm~™2 a™ L.
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Fig. 7a,b. Sulphur deposition over Finland [mg(S) m~2 a~!]. a 1980 b 1987 (see text for
comments)

Integrated Deposition

According to the present calculations, 262 Gg of sulphur was deposited in Finland
in 1980. Mainly due to a 45% national reduction in emissions, a 20% decrease in
deposition has by now been achieved (Table 5).

The variation in the seasonal values shown in Table 5 reflects the influence of
meteorological variability. Isolated weather events, e.g. strong pollution transport
episodes or stagnant anticyclonic conditions, may have a predominant influence
on the deposition values for a 3-month period. The low deposition in spring is
partly due to the low precipitation typical of Finland during March and April.
However, since the observed springtime maximum values for precipitation sulph-
ate are not fully reproduced in the modelled values (cf. Fig. 4), the calculated
deposition for this season is probably underestimated.

Table 5. Integrated deposition of sulphur in Finland [Gg(S) a™!]

1980 1987 1988
Winter (XII-1I) 66 46 67
Spring (III-V) 53 47 48
Summer (VI-VIII) 60 64 56
Autumn (IX-XT) 82 53 44

Whole year 262 210 216
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Dry and Wet Fractions

Dry deposition of air pollutants due to emissions from elevated sources typically
attains a maximum when the plume “reaches” the ground. Close to the source
there is a cavity zone, and further away a vertical concentration profile where the
concentration decreases towards the ground in the atmospheric surface layer.
Cavity effects are not included in the EMEP model since they are not important on
the LRT scale. The decreasing concentration towards the ground is, however,
taken into account by simulating the fluxes in the atmospheric constant flux layer.
Dry deposition of particulate sulphate is lower than that of SO,, which is another
factor contributing towards less dry sulphur deposition with increasing distance
from the source. Since precipitation scavenging is, in turn, faster for sulphate than
for SO,, the wet/dry deposition ratio will normally increase with increasing
transport distance. This fact may also be observed in the model calculations.
During the modelled period, between 55 and 65% of the total annual sulphur
deposition in Finland was accumulated through precipitation. In northern Finland
the wet fraction of precipitation was even larger than 75%.

Origin of Sulphur Deposited

In the calculations, concentrations in the air and in precipitation are split up
according to the relative contributions of different source regions, i.e. countries,
making it possible to estimate quantitatively the origin of pollutants. The country
emitting the sulphur deposited throughout the whole of Finland is shown in Fig. 8
for the source attributable fraction; background deposition, which accounts for
about one-third of the total deposition in Finland, is not included.

The striking feature of the results is that, if the unattributable deposition is
ignored, three-quarters of the sulphur deposited in Finland originates from two
countries only, i.e. indigenous sources and the Soviet Union. Since the beginning
of the 1980’s the Finnish contribution has decreased from roughly 50 to 35%, and
the transport from the Soviet Union has become as important as Finnish sources in

1980 1987

Finland

Other Nordic
Other West Eur.
USSR

Other East Eur. b

BINEEIN

Fig. 8a,b. Origin of the source-attributable sulphur deposited in Finland. a 1980 [total
deposition 262 Gg(S) of which 31% unattributable] b 1987 [total deposition 210 Gg(S) of
which 32% unattributable]



Model Calculations of Sulphur and Nitrogen Deposition 187

Table 6. Sulphur budget between Finland and the Soviet Union in 1987 [Gg(S) a™!]

Receiver Emitter

rec/em NFI CFI SFI KOL KAR LEN EST SUR
NFI 1 1 1 16 1 0 0 0
CFI 0 18 6 4 4 4 3 6
SFI 0 1 22 1 0 3 4 4
KOL 0 1 0 100 2 1 0 4
KAR 0 2 3 6 27 5 2 9
LEN 0 1 3 1 1 30 1 12
EST 0 0 3 0 0 2 23 6
SUR?* 0 2 10 5 7 19 18 -

2 Receiver area does not include the whole emitter area.

Abbreviations: NFI = Northern Finland, CFI = Central Finland, SFI = Seuthern
Finland, KOL = Kola, KAR = Karelia, LEN = Leningrad, EST = Estonia,
SUR = other parts of the USSR (see Fig. 1).

the deposition over Finland. This shift is partly induced by meteorological factors,
since total deposition in Finland attributable to emissions in the Soviet Union has
increased, though the Soviet emissions have decreased since 1980. More than
two-thirds of the Soviet contribution comes from sources located in the regions
near Finland, i.e. the Kola Peninsula, Karelia, the Leningrad region and Estonia,
the Kola emissions accounting for 40% of total Soviet deposition in Finland. The
sulphur budget between different parts of Finland and the Soviet Union is pres-
ented for 1987 in Table 6.

Other parts of Europe contribute annually ca. 40 Gg of sulphur, or one quarter
of the total attributable deposition. The most important source countries are
Poland (10 Gg in 1988) and the German Democratic Republic (9 Gg in 1988).

The spatial percentage of indigenous deposition is shown in Fig. 9. In 1980,
Finnish sources dominated over large areas in southern and central Finland, but in
1987 this area was limited to regions on the west coast because of the lower
indigenous emissions during this year. The Finnish contribution is smallest in
eastern Finland and Lapland.

Nitrogen

Spatial Distribution

The calculated deposition of oxidized and reduced nitrogen is presented in
Fig. 10. As for sulphur, the fields are analysed subjectively from the values
obtained in 150km x 150km grid squares. The highest deposition occurs in the
southeast corner of the country where 250 mg(N) m™2 a~?! is exceeded for both
NO, and NH,, deposition. Half of the country receives less than 150 mg(N) m ™2
a~ ! of both oxidized and reduced N. In Central Europe, the value of 1000 mg(N)
m ™2 is reached over areas the size of Finland for oxidized N, and in a small region
close to the Dutch-German border for reduced N (Eliassen et al. 1988).



188 Juha-Pekka Tuovinen et al.

a b

Fig. 9a,b. Indigenous fraction of the source-attributable sulphur deposited in Finland (%).
a 1980 b 1987

-
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Fig. 10a,b. Nitrogen deposition over Finland in 1985 [mg(N)m~2a~']. a Oxidized N
b Reduced N

By plotting deposition as a function of latitude one can see that the load
decreases systematically towards the north, the gradient being steepest between
60-62°N. The relatively rapid drop coincides with the edge of the plateau observed
which was mentioned above although the concentration level is lower. There is
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a steeper gradient along Finland in deposition of NH, compared to longer-lived
NO,.

y

Integrated Deposition

- Integrated over the whole country, 49 Gg of oxidized N and 46 Gg of reduced
N was deposited in 1985. While the nitrate deposition is relatively constant
through the year, ammonium has a clear minimum in winter (Table 7).

The same annual value for NH, was also obtained by Asman and Janssen
(1987), who used a trajectory model very similar to the EMEP/MSC-W sulphur
model. The parameter values were partly chosen on the basis of fitting calculations
together with observations, and a constant mixing height was assumed. The
emission data used was essentially the same as the NH, input to the EMEP model
but meteorological input was for the year 1980.

Dry and Wet Fractions

Integrated over the whole of Finland, 65% of both NO, and NH, are deposited
with precipitation. A consistent estimate of 67% can be calculated from the results
presented by Asman and Janssen (1987) for NH,. The spatial variation in the wet
fraction of NO, seems limited and rather inconsistent, while wet NH, is negatively
correlated with ammonia emissions because of the effective local dry deposition
of NH,.

According to the present calculations, dry deposition of NO, in Finland occurs
mostly as nitrogen dioxide and gaseous nitric acid. NO, concentrations have a very
strong seasonal variation which is in phase with the emission strength amplified by
the OH variation. Due to high concentrations, NO, is the predominant com-
pound of dry deposition during wintertime although its dry deposition velocity
is low.

Gaseous nitric acid is dry-deposited very effectively and thus not transported
over long distances. During summer, roughly half of the dry deposition of NO,
originates from HNO,. It is also removed very effectively by precipitation (res-
idence time less than 1 h when precipitation intensity is higher than 1 mm h™1),

Table 7. Integrated deposition of nitrogen in Finland in
1985 [Gg(N) a=1]

Oxidized Reduced
Winter 10 7
Spring 11 13
Summer 13 14
Autumn 14 11

Whole year 49 46
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Contrary to gaseous HNO,, particulate nitrates are assumed to travel long
distances before deposition. Highest NO; /NO, ratios are calculated over areas
with small NO, emissions. Aerosol nitrates are removed effectively by rain and
they are also a significant component in dry deposition. Hardly any ammonium
nitrate is formed under Finnish conditions. Thus the HNO,—-NH, link may be
considered too weak to cause any important non-linear effect in the calculations.

Dry deposition of reduced nitrogen is dominated by gaseous NH, (more than
three-quarters). Particulate ammonium sulphates have some effect, but am-
monium nitrate does not seem to be important in Finland.

Origin of Nitrogen Deposited

According to the EMEP model, the USSR is the major emitter of the nitrogen
deposited in Finland (Eliassen et al. 1988). Indigenous sources contribute only
16% of the annual areally integrated oxidized N deposition and 29% of the
reduced N deposition (Fig. 11). Western Europe is a relatively more important
source area of NO, than NH,. A fraction of ca. 8% of the NO, deposition can be
attributed to each of the Federal Republic of Germany and Sweden. The same
amount of both NO, and NH, also originates from Poland.

The country allocation for ammonia deposition differs somewhat from the
results obtained by Asman and Janssen (1987). Their choice of parameter values
induces a shorter transport distance for ammonia, and hence a greater indigenous
contribution compared to the EMEP model. As great a fraction as 53% can be
obtained from these calculations for the Finnish NH, deposition due to Finnish
sources.

One of the different parameter values is the factor for local dry deposition [ in
Eq. (2)], which not only determines the amount of pollutant that is added to the
deposition in the same grid square as it is emitted but also how much material is
left for further transport. Asman and Janssen used « = 0.24 compared to a = 0.17
in the EMEP model. If the higher value is used in the EMEP model (assuming the
non-linearity to be negligible), the indigenous fraction is increased from 29 to 35%.
Total areally integrated NH, deposition remains practically constant.

oxidized reduced

Finland

Other Nordic
Other West Eur.
USSR

Other East Eur.
Background b

OJBENBNN

Fig. 11a,b. Origin of the nitrogen deposited in Finland. a Oxidized N b Reduced N
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The fraction of deposition due to Finnish sources is smallest in northern
Lapland as well as in eastern and southern parts of the country, mainly because of
Soviet emissions (Fig. 12). Indigenous NO, has a relatively constant fraction all
over the country, whereas the fraction of NH, varies between 0.1 and 0.6. Total
ammonium deposition depends heavily on local scale dry deposition of NH, so
that sources have a more local influence, and even higher relative contributions
may occur in a subgrid scale.

The origin of the nitrogen deposition measured at the EMEP stations varies
greatly from site to site in Finland. At Virolahti the Soviet contribution is high:
more than 50% of the NH, deposition and almost 30% of the NO, deposition
coming from Soviet sources. Nitrogen at Utd, especially NO,, is characterized by
about 55% probably originating outside Fennoscandia and the USSR. At Ahtiri,
the country fractions of NO, deposition are very close to the mean values
calculated over Finland. For ammonium, the indigenous fraction at Ahtiri
(>40%) is greater than the spatial mean over Finland.

A certain amount of deposition is not assigned to sources included in the model
(denoted by “background” in Fig. 11). In northern parts of the country with lower
absolute deposition, this indeterminate, or unattributable, background deposition
becomes significant. Up to 30% of NO, and 5% of NH, depositing in the northern
Lapland cannot be assigned to European emissions in the calculations. The
sources of background deposition are discussed in the following sections.

i
410
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a b

Fig. 12a,b. Indigenous fraction of nitrogen deposition over Finland (%). a Oxidized N
b Reduced N
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Interpreting the Results

In this section, two particular problems involved in the interpretation of the results
are discussed. In addition to changes in emission rates, variable meteorological
conditions greatly influence the deposition results even on an annual basis. For this
reason the meteorological representativeness of the calculation period is studied.
The possible origin of ambiguous background deposition is introduced briefly to
shed light on this contribution, which in the northern areas, where pollution levels
are relatively low, plays an important role.

Meteorological Representativeness

The interannual meteorological variability is typically fairly great in the zone of
active cyclogenesis, to which Finland belongs. In addition to variability in wind
conditions, differences in the occurrence of precipitation may cause significant
variations in the deposition of long-distance transports of air pollutants. For
Europe, Niemann (1988) has estimated that the year-to-year variability (as stand-
ard deviation divided by the average) in sulphur deposition is about 0.15, simply
due to variations in precipitation. For the transboundary flux of sulphur between
the United States and Canada, Olson and Oikawa (1989) have estimated an annual
variability of 0.10 due to meteorological factors. In connection with an investiga-
tion of the deposition of nitrogen compounds in Europe, Bartnicki and Alcamo
(1989) analysed roughly the interannual variability in deposition. For four selected
locations they found a year-to-year variation of 6-10% in deposition due to the
differences in dispersion conditions only.

In this article, depositions of sulphur for the years 1980, 1987 and 1988, and of
nitrogen compounds for 1985 have been studied. From the weather statistics in
northern Europe and Finland for these years, none were found to be exceptional.
In 1980, there were relatively frequent southerly to southwesterly winds both in
winter and in autumn, but not an exceptional number. In 1985 cold weather and
northerly winds prevailed in January and February, but there was in turn much
rain and southerly winds at the end of the year. The year 1987 was characterized by
very variable weather throughout, and therefore on the average the year was quite
normal. In 1988 there was somewhat more precipitation than usual but apart from
the summer months, there were no long-standing blocking situations.

Because the deposition of nitrogen compounds was calculated using data from
1985 only, the dispersion conditions during this year were studied more carefully.
From country-to-grid deposition matrices for the years 1979-1985, delivered by
the EMEP project, the annual variability was studied in the contributions from
Poland, the German Democratic Republic and Czechoslovakia, i.e. from countries
for which the spatial distribution of emissions has been kept the same. Further,
these three countries are at a typical LRT distance, 500-1000 km, from Finland.
The mean relative deviation in the average contribution to Finland was 33%, but
for the year 1985 only 16%. The deviations were, however, greater throughout for
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the northern parts of Finland than for the southern parts. In the already men-
tioned variability analysed by Bartnicki and Alcamo, single years were not specific-
ally studied, but from the diagrams presented in their paper it may be observed
that the year 1985 was close to the average for the whole period.

To conclude the analysis of the meteorological representativeness of the years
used in the calculations, the modelled concentrations and deposition can be
regarded as climatologically representative as far as yearly averages are concerned.
None of the years 1980, 1985, 1987 and 1988 is either more or less representative
than the others. The meteorological representativeness is weaker for the modelled
monthly and seasonal values. Therefore, excess weight should not be placed on the
values for single months or seasons, and especially not on month-to-month or
season-to-season variations in single years.

Background Deposition

Background pollution can be defined as follows (EPA 1986): “Background air
quality includes pollutant concentrations due to

1.. natural sources;

2. nearby sources other than the one(s) currently under consideration; and

3. unidentified sources.”

From the point of view of the EMEP models, background pollution can be
interpreted in the following way. Natural sources are not included in the model
and their importance must be considered. The sources other than those under
consideration are located in the other continents, i.e. boundary conditions should
be defined. The third class consists of sources that are not known to exist, or not
considered in the emission inventory. More importantly, it should take into
account the unidentified sources with respect to each trajectory, i.e. the emissions
that are not reached by the 96 h trajectories. Some material is also transported
back to the calculation domain although it has once flown out of it. The first and
the second group are discussed in the next paragraphs.

Natural Sources

In addition to anthropogenic emissions mainly caused by combustion of fossil
fuels, natural sources contribute to the global atmospheric budget of sulphur.
Natural emissions of sulphur originate from volcanic activities, sea salt, wind-
induced weathering of arid regions, and biogenic processes (Andreae 1985). On the
global scale, the biogenic sulphur emissions equal the anthropogenic flux, ca. 100
Tg(S) a™ 1, the total natural emissions being approx. 200 Tg(S) a™!. Half of the
biogenic sulphur emanates from oceans. The most important maritime compound
is dimethylsulphide (CH,SCH,), or DMS, while inland soils are a significant
source of H,S. DMS emissions are likely to be related to plankton blooming
during summer. Data on geographical distribution of the emissions is very limited.
Nor is the fate of these compounds in the atmosphere unquestionable. According
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to Warneck (1988), one-half of DMS is oxidised to methanesulphonic acid and
then to sulphate while the other half produces mainly SO,.

Contrary to sulphur, oceans are a negligible source of NO,, natural emissions
of which originate from soils and lightning discharges. On the global scale these
contribute with 10 Tg(N) a=! both which is comparable with the emissions due
to fuel combustion (Logan 1983). Soils are also a significant source of ammonia.
However, NH, is removed from the atmosphere essentially in the regions of its
origin (Warneck 1988).

Although quantitative estimates of the natural contribution to air and precip-
itation quality are rare, it seems reasonable to propose that roughly 1/3 of the
background used for sulphate in precipitation in the EMEP sulphur model
[0.3 mg(S) 1717 is of natural origin (sea salt excluded). There are, of course, large
spatial differences in the emission density of natural sulphur, the highest rates
occurring in coastal regions. For nitrogen, no estimate can be presented here.

Anthropogenic Sources Located Outside Europe

A quantitative estimate of the transport of North American emissions across the
North Atlantic Ocean to Europe has been presented by Whelpdale et al. (1988).
They reviewed the available precipitation data from the North Atlantic and
adjacent coastal regions to determine the change in precipitation composition as
a function of distance from North America. An anthropogenic transatlantic
sulphur flux of 0.3-0.4 Tg(S) a™! was estimated from the measurements. An
independent estimate was also made using a simple climatological transport
model, and an agreeing value was obtained. In terms of concentration in precipita-
tion these estimates correspond to ca. 0.06 mg(S) 17!, while the natural marine
background was found to be 0.1 mg(S) 171.

However, it is possible that a significant amount of sulphur is transported
above the atmospheric boundary layer, and is thus not subject to dry deposition.
Galloway et al. (1984) estimated that 48% of sulphur leaving the North American
east coast is above 1500 m and 26% above 3000 m. For oxidized nitrogen, the
respective percentages were 35 and 33%. A 15-day simulation by a detailed
three-dimensional model including cloud transport yielded a consistent result with
more sulphur in higher levels (Brost et al. 1988). Fisher’s (1988) highly idealised
analytical atmospheric circulation model proposes a very effective transport route
between the continents via the mid-latitude free troposphere (flux entering
Europe/flux leaving North America equals 0.2).

In the studies on Arctic air pollution it has been concluded that air quality in
the Arctic is connected with large-scale atmospheric circulation patterns (Barrie
1986; Ottar et al. 1986). There is a strong transport from the Western Eurasian
continent to the Arctic regions during winter but not so much in summer. This is
due to the extent of the Arctic front and persistent blocking situations with
meridional flow in winter. The modelling study of Iversen has suggested that the
lowest layers in the Arctic are most polluted by the sources in the USSR (Ottar et
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al. 1986). As there are large source areas in the USSR outside of the modelling
domain of the EMEP models (e.g. the Ural and Norilsk areas), it is possible that
some sulphur is transported from the Asian Soviet Union to Northern Finland
also. Sources located in the Far East seem to have no practical influence (Ottar et
al. 1986).

Based on the literature mentioned above, it may be concluded that sources
outside the spatial domain of the EMEP models may significantly contribute to
background deposition. For sulphur, this contribution is probably of the same
order as the natural one.

Final Remarks

Solely on the basis of the long-term deposition estimates, no sweeping conclusions
should be reached on the impacts on ecosystems or even on their actual acid input.
These absolute values do not tell the whole story because, firstly, deposition is
usually more effective to vegetative surfaces than to open ground (so-called
filtering effect), and because of the possible sources and sink of the compound in
canopy. Secondly, the accumulation of deposition is fairly episodic. During epis-
odes, both concentrations of pollutants in air and their deposition fluxes may be
very high even in Finland (cf. Joffre et al. this Vol.), although the annual deposi-
tion levels in Finland for sulphur and nitrogen are one order of magnitude smaller
than in the most heavily polluted areas in Central Europe. Nevertheless, in most
parts of Finland, these quantities are, for sulphur at least, above the levels
generally seen as the critical loads.

According to the present calculations of the origin of sulphur and nitrogen
deposited in Finland, there are only a few predominant source areas: Finland itself,
the northwestern parts of the USSR, and for sulphur the background “unattribut-
able” contribution. Thus, the target areas where emission reduction measures
should be allocated in order to diminish the acidifying load in Finland are obvious.
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Deposition on Forest Soils — Effect of Tree
Canopy on Throughfall

Aria HYVARINEN

The Finnish Forest Research Institute, Department of Soil Science, P.O. Box 18, SF-01301
Vantaa, Finland

Summary

Interception of the annual bulk precipitation by the canopy accounted for 27, 22
and 15% for Norway spruce, Scots pine and birch stands, respectively. The
dominating ions in throughfall were H*, K*, Ca?* and SO%~. In 1986, estimates
of annual H™ throughfall deposition were 10-28 meq m~ 2 for spruce, 20 meq m ™2
for pine, and 17-20 meq m~? for birch. The canopies of all three tree species
absorbed nitrogen. The average interception for ammonium was 37-43% and for
nitrate 4-23% of bulk precipitation over the sampling period in 1986. The
deposition of other elements, especially Ca, Mg, K and Mn, was higher in the
throughfall than in bulk precipitation. Significant differences in canopy effects
occurred between spruce and birch: the deposition of H* and SOZ~ was greater in
spruce-dominated stands.

Introduction

Precipitation passing through a forest canopy undergoes qualitative and quantitat-
ive changes. Some of the precipitation is intercepted by the canopy from where it is
subject to evaporation and absorption by the foliage and bark, or continues its
passage downwards as drip and stemflow. The chemical composition of the latter is
modified by interaction with the tree during its passage downwards to the forest
floor. The remainder of the precipitation reaches the forest floor directly through
gaps and openings in the tree stand. In this chapter, throughfall refers to that part
of the bulk precipitation that reaches the forest floor, both directly and through the
canopy as drip (Fig. 1). Stemflow was not measured, but the amount is very small
compared to throughfall and bulk precipitation under Finnish conditions, owing
to the predominance of conifers. Pdivinen (1966) found that stemflow during the
growing season accounted for only ca. 2% of bulk precipitation in pine and birch
stands, and as little as 0.1% in spruce stands.

The extent of the changes in the quantity and quality of throughfall depends
upon many factors. Included are the characteristics of both the stand, e.g. tree size
and density (Pdivdnen 1966), species composition (Cronan and Reiners 1983;
Mahendrappa 1983), age (Miller 1984; Skeffington 1987) and physiological condi-
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Fig. 1. Distribution of rain in
stands. (Pdivdnen 1966)

tion (Ulrich 1983a; Miller 1984, 1985), and of the rainfall event, e.g. intensity and
duration (Pdivdnen 1966; Leikola 1971), and also its chemical composition
(Adams and Hutchinson 1984). In areas of acid deposition, the composition of the
precipitation can have important repercussions in terms of damage to the forest,
both directly to the canopy and indirectly through accelerating soil acidification
(Ulrich 1983b). In polluted areas, wet deposition is most often dominated by
sulphate, nitrate, hydrogen and ammonium ions. It has been shown that the
acidity and deposition of Mg, Ca and Fe is greater from spruce canopies suffering
from defoliation than from non-defoliated canopies; in contrast, deposition of Mn
and K was less (Alends and Skdrby 1988).

In addition to wet deposition, gaseous and particle substances may be deposi-
ted in varying amounts by impaction, sedimentation or gradual diffusion on the
foliage and soil as dry deposition (Fowler 1980). The relative importance of dry
deposition significantly increases nearer to the source of emissions (Acid Rain
1983). Measurements of the Finnish Meteorological Institute have shown that the
contribution of dry deposition (mainly particulated material) to total deposition in
open areas is of the order of 20% for S, 10-20% for NO;-N, 50% for NH,—N
(southern Finland), 25-35% for Cl, 50% for K, and 25-50% for other alkali and
alkaline earth metals (Kulmala and Leinonen 1983). Results concerning dry
deposition in Finnish forests are not available. The decrease in throughfall pH in
coniferous forest has been chiefly ascribed to the leaching of acidic dry deposition
(Cronan and Reiners 1983; Ulrich 1983a).

Nutrients, especially nitrogen, and heavy metals deposited onto the canopy
surfaces may be absorbed into the foliage and, in doing so, alter the chemistry of
throughfall. In reverse, nutrients and metabolic products secreted onto the leaf
surfaces may then be leached to the forest floor (Godt et al. 1986). Organic acids,
e.g. malic and citric, and manganese bicarbonate salts secreted by hardwood
canopies may be important neutralizers of strong acid deposition (Hoffman et al.
1980; Cronan and Reiners 1983; Adams and Hutchinson 1984). Cation exchange,
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involving the reciprocal exchange of hydrogen ions contained in precipitation with
base cations in the cuticle and cell wall, is considered to be an important leaching
and neutralization mechanism in the canopy (Ulrich 1983a). The exchange sites
may be the hydroxyl and carboxyl groups of cellulose, hemicellulose, phospholipid
and polyurinide molecules (Wood and Bormann 1975). The amount of base
cations in the canopy is related ultimately to their availability in the soil. In sites
with high soil and foliar alkalinities, throughfall pH may be higher than that of
bulk precipitation (Bredemeier 1988). Variations in throughfall quality are thus
related to the internal mobility and cycling of nutrients. The leaching of nutrient
cations from the canopy would therefore be easiest when the internal nutrient cycle
is most active, i.e. in early summer and spring (Bukovac and Wittver 1957).

Almost without exception, coniferous canopies, especially spruce, increase the
amount of free H* ions in throughfall, whereas deciduous trees decrease the
amount (Cronan and Reiners 1983; Bergkvist et al. 1986). Although the amount of
H* in throughfall under spruce is high compared to deciduous species, spruce
canopies also intercept proportionally more precipitation.

In this paper results are presented concerning throughfall anion and cation
balances and the relative influence of canopy interaction on deposition quantity
and quality in intensively studied sample plots in southern Finland. The stands
investigated were dominated by Norway spruce, Scots pine, or birches, and receive
bulk precipitation of varying quality.

Material and Methods

Experimental Design and Sampling

Bulk precipitation and throughfall were monitored during 1985 and 1986 at seven
sample plots located in southern Finland (Fig. 2). The plots were situated so as to
be in the vicinity of air quality observation stations operated by the Finnish
Meterological Institute, and where possible also integrated into the network of
permanent sample plots established by the eighth National Forest Inventory
(NFI). The main tree species growing on the sample plots were Norway spruce
(Picea abies), Scots pine (Pinus sylvestris) and birch (Betula pubescens, B. pendula).
The forest stand data and site types of the plots are given in Table 1. The
investigation on Plot 4 was interrupted in October 1985 because of forest
fertilization.

Twenty throughfall collectors were located systematically in a ring of ca. 12 m
radius around each plot (Fig. 3). In the case of the NFI plots (Plots 1, 2 and 5), the
collectors were outside the permanent plot of 9.8 m radius. Some of the collectors
were sited directly under the canopy and the rest under canopy openings. Three
collectors were also placed in an adjacent open area to collect samples of bulk
precipitation. The collectors consisted of a PVC funnel connected to a 1-1 poly-
thene sample collection bottle via polythene tubing. The funnel had a collecting
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Table 1. Stand characteristics and site types (Cajander 1949) of the sample plots
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Fig. 2. Location of the sample plots

Plot  Tree species Stand Age Mean  Basal Canopy Site
composition volume a height area coverage  type
% m? ha™! m m3ha ! %
S P B
1 100 0 0 228 75 20 24 59 OMT
2 80 20 0 303 75 22 31 60 OMT
3 55 12 33 306 65 23 28 63 MT
4 0 99 1 169 95 21 17 35 VT
S 0 84 16 224 65 23 21 45 MT
6 0 0 100 164 40 16 22 64 OMaT
7 0 0 100 246 45 20 26 62 OMaT

Symbols: OMaT = Oxalis-Maianthemum site type; OMT =Oxalis-Myrtillus site type;

>

MT = Myrtillus site type; VT = Vaccinium site type; S = Norway spruce; P = Scots pine;
B = Birch

surface area of 307.91 cm~2 and a polythene mesh disk fitted into the neck to
prevent litterfall and debris from falling into the sample bottle. The funnel was
supported at a height of 1 m by means of a black PVC tube in which the sample
bottle was also placed underground. The tube was perforated in the upper part to
allow air to circulate. This ensured that the sample was kept cool and away from
sunlight. In addition to wet deposition, the samples contained an unknown

amount of dry deposition.
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Fig. 3. Design and layout of the precipitation collectors

The establishment and start of sampling in 1985 varied considerably among the
plots from June to September. The sampling period in 1986 was similar for all
plots; May-June to November, and for this reason the 1986 results are analysed in
more detail. The 1986 sampling period largely corresponds to the growing season
when there is active nutrient uptake and translocation.

Samples were collected weekly, or more often depending on the rainfall. At the
same time, the collection bottles and funnels of the collectors were replaced with
acid-washed ones. Sample volume was recorded and an aliquot taken for pH
measurement, after which the sample was filtered (Schleicher & Schiill filter paper
5891). The samples from each plot were then combined to form two samples for
analysis according to whether the collectors were directly under the canopy or in
canopy openings. Samples from the three bulk precipitation collectors were also
combined for analysis. The samples were then frozen for storage.

Snow samples were taken once during weeks 11-13 in March 1986 from the
snow cover in the immediate vicinity of the precipitation collectors in both the
stands and open areas. Samples were taken using a plastic tube with inner diameter
of 33.5 mm. The volume of the thawed snow samples representing points under the
canopy, canopy openings and the open area were measured and then combined to
form three samples for each site and analysed.

Laboratory Analyses

After thawing the samples, the following determinations were made: conductivity,
K, Na, Ca, Mg, Cl, NH,, NO,, SO,, PO,, Al, Pb, Cu, Zn, Fe and Mn.

Sodium, chloride, ammonium, nitrate, sulphate and phosphate concentrations
were determined using high performance HPLC/ion chromatography (Waters 430).
Potassium, calcium and magnesium were determined by atomic absorption spec-
trophotometry (AAS, Perkin-Elmer 3030). Aluminium, lead, copper, zinc, iron,
and manganese were determined by flameless AAS (Perkin-Elmer 3030, HGA-
400). Hydrogen ion concentrations were calculated from the pH values.



204 Arja Hyvérinen

Statistical Handling

The statistical differences in canopy effect between tree species were tested for
amounts of precipitation and deposition values of H*, SO2~, NH}, NOj3, K*,
Ca® and Mg?* with one-way variance analysis and with pairwise t-tests using
Bonferroni significance levels.

Area-specific depositions (mg m~2) for the sampling periods were calculated
from the concentrations and sample volumes. For the purposes of this paper the
volume weighted mean deposition values of the throughfall-canopy and through-
fall-openings were averaged to give the overall throughfall values presented.
Estimates of annual bulk precipitation and throughfall amounts and deposition
values were made for 1986 using the meteorological data from the nearby weather
stations of the Finnish Meteorological Institute and the plot measurements of
throughfall and water quality. It was assumed that the quantity and quality of
deposition corresponds to the mean weekly values measured as rainfall (growing
season) or as snow (winter). Annual Deposition (mg m™2) was estimated as
follows:

R = Dy/Ty
S =DyT;
E = (Rxtg)+Dg+(Sxtg)+Dyg

R = mean weekly deposition for the growing season
Dy = deposition sum measured during the growing season
Ty = number of sampling weeks during the growing season

S = mean weekly deposition for the winter period

Dy = deposition sum measured in winter

T = number of sampling weeks during the winter period
E = estimated annual deposition

tg = number of weeks with no measurements during the growing season
tg = number of weeks with no measurements in winter

Results and Discussion

Interception

Recorded precipitation amounts (mm) measured at the open areas of the sample
plots in 1986 were similar to the long-term averages (1931-1960) of the corre-
sponding nearby weather stations, except for Plots 1 and 7, which had 20% greater
precipitation values.

Annual precipitation, canopy interception and throughfall amounts for 1986
are presented in Table 2. The three spruce-dominated stands were the most efficient
interceptors of precipitation, intercepting 27% on average. Corresponding percen-
tages were 22% for the pine stand and an average of 15% for the two birch stands.
Péivanen (1966) reported greater quantities of canopy interception: 38% for
spruce, 29% for pine and 23% for birch. In his study, interception clearly increased
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Table 2. Estimated annual precipitation, throughfall (mm) and canopy interception (%) in
1986

Plot Dom. Precipitation Throughfall Interception
sp.? Rain Snow Rain Snow %
1 S 493 206 395 92 30
2 S 379 228 265 167 29
3 S 465 246 395 154 23
5 P 357 190 300 128 22
6 B 465 246 422 194 13
7 B 501 210 424 165 17
Mean: Spruce 27
Pine 22
Birch 15

2 Dominating tree species: S = Norway spruce; P = Scots pine; B = Birch

with increasing stand volume and basal area until stand volume reached
70 m3 ha™! or basal area 12 m? ha™!, but thereafter interception remained con-
stant. According to Pdivinen (1966), the basal area of the stand best explained the
variation in interception by the pine stands.

Throughfall Acidity

Precipitation acidity depends on its chemical properties and the ratio of acids to
bases (Sequeira 1982). Figure 4 shows the frequency distributions of the precipita-
tion pH values in 1986 for each of the three stand-dominating tree species.
Throughfall in the spruce and the pine stands was more acidic than that in
birch-dominated stands. Although the statistical differences were not tested, the
throughfall in the spruce stands had pH values averaging 0.2-0.3 pH units less
than that of bulk precipitation. In the birch and pine stands, however, the pH value
of throughfall averaged 0.1 pH units higher than that of bulk precipitation. The
variation in acidity was greater in the birch stands than in pine and spruce stands.
The pH of throughfall in plots dominated by birch rose in September and October.
Very high pH values were then recorded, even exceeding 6.0. These values were
probably influenced by leaves and other forest litter falling into the precipitation
collectors.

The highest mean pH value of bulk precipitation in 1985 (pH 4.42) and 1986
(pH 4.86) occurred in Plot 2, which is located in southeastern Finland. The lowest
pH values in 1985 were measured in Plots 1 and 7 (pH 4.10-4.18), which are
located in southwestern Finland. In 1986, the lowest mean pH was measured in
Plot 5 (pH 4.23).

Throughfall Deposition

Measured deposition of various ions for the sampling period in 1986 only, as well
as estimations for the whole year are presented in Tables 3 and 4, respectively. The
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Fig. 4. Frequency distribution of 1986 bulk precipitation and throughfall into pH classes
(% rainfall events)

highest amounts of alkali and alkaline earth metals, sulphur, and nitrogen in bulk
precipitation occurred in the coastal areas of southern and southeastern Finland
(Plots 2, 3 and 6). These plots also had lower proton depositions than the other
plots.

Plots 3 and 6 are situated close to Helsinki-Vantaa airport and near to a major
arterial road. Plot 2 is located in an extensively forested area near the country’s
eastern border. There is no industry or major road nearby, but some transbound-
ary emissions including fly ash may reach the area. Fly ash of industrial origin,
which contains alkali and alkaline earth metal oxides and carbonates, has been
shown to be capable of neutralizing the protons in acid rain (Sequeira 1982). /

In throughfall, the cation sum was greater than the anion sum for the sampling
period 1986 (Table 5). The ratio of throughfall cation and anion sums varied
between 1.1 and 1.7. In bulk precipitation, the two sums corresponded better to
each other, the respective ratio varying between 0.9 and 1.4. The anion deficit is
probably due to organic anions because phosphate concentrations in bulk precip-
itation and in throughfall were below the detection limit.

The overall anion and cation balances for throughfall and bulk precipitation
for the 1986 sampling period are shown for each plot in Fig. 5. The dominant



Table 3. Bulk precipitation (B) and throughfall (T) deposition (mg m~2) for the 1986 sampling period (May—June to November)

Plot Dom. H+ K Ca Mg Na Cl NH,-N NO;-N SO,-S

sp.? B T B T B T B T B T B T B T B T B T
1 S 12 14 25 575 78 221 15 57 45 77 81 230 91 55 86 60 231 438
2 S 4 5 78 603 201 407 24 67 70 111 218 333 149 80 150 81 372 639
3 S 10 20 106 753 212 477 34 112 70 111 142 335 187 159 130 178 424 893
5 P 17 12 43 450 107 247 21 69 36 48 66 121 99 62 85 65 276 349
6 B 10 8 106 782 212 415 34 138 70 87 142 227 187 109 130 122 424 507
7 B 12 7 20 303 73 169 13 94 68 65 93 158 106 59 97 93 247 258
*Dominating tree species: S = Norway spruce; P = Scots pine; B = Birch
Table 4. Annual bulk precipitation (B) and throughfall (T) deposition (mg m~2) for 1986
Plot Dom. H+ K Ca Mg Na Cl NH,-N NO,;-N SO,-S

sp.? B T B T B T B T B T B T B T B T B T
1 S 29 28 54 1034 173 422 32 107 101 155 312 482 216 136 253 156 507 860
2 S 15 10 152 927 430 755 52 119 154 192 394 528 311 194 308 198 771 1207
3 S 17 28 514 1115 458 831 88 191 390 228 280 711 370 305 330 345 840 1496
5 P 28 20 109 656 171 387 32 101 133 110 137 211 179 114 189 151 455 567
6 B 17 17 514 1213 458 756 88 210 390 300 280 773 370 259 330 289 840 781
7 B 30 20 44 531 169 348 28 169 149 145 323 430 240 167 265 258 537 551

* Dominating tree species: S = Norway spruce; P = Scots pine; B = Birch
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Table 5. Cation (C) and anion (A) sums (meq m~2) and their ratios for the 1986
sampling period (May—June to November)

Plot Dom. Bulk precipitation Throughfall
sp® C A C/A C A C/A

1 S 27 23 1.2 55 38 1.5
2 S 35 40 0.9 61 55 1.1
3 S 44 40 1.1 93 78 1.2
5 P 34 25 1.4 51 30 1.7
6 B 44 40 1.1 76 47 1.6
7 B 29 27 1.1 40 27 1.5

* Dominating tree species: S = Norway spruce; P = Scots pine; B = Birch

anion in both bulk precipitation and throughfall was SOZ~. The most abundant
cations in bulk precipitation were H*, Ca?* and NH7, and in throughfall H*, K *
and Ca?*,

The effect of canopy interaction on deposition relative to bulk precipitation
during the 1986 sampling period is shown in Fig. 6. Both ammonium and nitrate
were absorbed by the canopy of all tree species. In 1986 canopy interception of the
ammonium deposition averaged 37 to 43% of bulk precipitation, depending on the
tree species, and that for nitrate 4 to 23%. Canopy interception of nitrogen would
be even larger if gaseous deposition had been taken into account. Birch intercepted
the most ammonium but the least nitrate. Forest growth in the boreal zone is
mainly nitrogen-limited, and in other studies carried out in Sweden and Finland

Cations Anions

Plot

r T T T T T T T T T L T T T T T T T 2‘ 1
100 80 60 40 20 20 40 60 meqm” 10C
E00others IMg?* FFINH; BB Ca™ BBk ER-* Es0?” EBNO; BACU EjOthers
(Na,Al,Fe, (organic)
Mn,Cu,Zn,

Pb)

Fig. 5. The anion and cation balances for throughfall and bulk precipitation deposition for
the sampling period, (1986 May-June to November). The anion deficit is assumed to be
caused by organic substances
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Fig. 6. Influence of canopy interaction on deposition quality (mg m~2) and quantity (mm)
relative to bulk precipitation for the sampling period in 1986 (May-June to November)

ammonium and nitrate have also been shown to be intercepted by canopies (Rosén
and Lundmark-Thelin 1985; Grennfelt and Hultberg 1986; Helmisaari and Mal-
kdnen 1989). Grennfelt and Hultberg (1986) state that absorption by the canopy
may be 70% or more of the ammonium, and more than 50% of the nitrate in
summertime precipitation. Interception of nitrogen, particularly NO,~N, may also
“be partly due to the presence of epiphytes living on the surfaces of the canopy and
trunk (Pdivdnen 1974; Rosén and Lundmark-Thelin 1985). Interception of the
H™* deposition averaged 31% for birch, and 26% for pine. Spruce canopies, in
contrast, increased the H* deposition in throughfall reaching the ground by 41%.

There may be appreciable yearly variation in canopy interception. This was
most apparent for nitrate and hydrogen ions. During the 1985 sampling period the
relative amounts of ammonium and nitrate intercepted were roughly the same,
whereas in 1986 more ammonium than nitrate was intercepted. In 1985 the canopy
interception of ammonium averaged 42 to 56% and nitrate 39 to 57%. The H”
interception capacity of pine varied slightly between the years; for the sampling
period in 1985 (Plots 4 and 5) the H* deposition in the throughfall slightly
increased, whereas in 1986 (Plot 5) the pine canopy clearly reduced the H*
deposition in throughfall.

In contrast to nitrogen, the quantities of many other elements generally
increased as the precipitation interacted with the canopy (Fig. 6). The greatest
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relative increases were for manganese, potassium, magnesium and calcium. For
instance, in 1986 the amount of potassium in throughfall deposition, compared to
bulk precipitation, increased by more than tenfold for each tree species. The
manganese deposition from throughfall reaching the forest floor was as much as
15-20 times that from bulk precipitation. Some of the above increases may be due
to the contribution of dry deposition from the surfaces of the canopy. However,
Godt et al. (1986) found in wash-off experiments that while there is limited
leaching of heavy metals from twigs of spruce, there was significant leaching (i.e.
derived from internal nutrient cycling) of Mn, Mg and Ca compared to dry
deposition wash-off. Matzner et al. (1984) also found increased concentrations of
Mn and Ca in canopy drip from spruce due to leaching from the needles. Many
studies have reported a corresponding leaching of nutrient cations in throughfall
(Nihlgard 1970; Pdivinen 1974; Adams and Hutchinson 1984; Rosén and Lund-
mark-Thelin 1985; Helmisaari and Médlkénen 1989).

Spruce and pine increased the quantities of several ions in throughfall more
than birch. Magnesium was an exception; the magnesium enrichment of through-
fall in birch stands was relatively greater than that in coniferous stands. The
magnesium content of throughfall was at its greatest in autumn when pH values
were elevated around the time of leaf fall. It is thus possible that the samples were
further enriched with magnesium leached from leaves that had fallen into the
collectors.

Compared to the bulk precipitation, the canopies increased the quantity of
sulphate in throughfall. Birch stands, however, had only a slight effect. In 1986, the
throughfall and bulk precipitation sulphate ratio was 1.7-2.1 in the case of the
spruce stands. The respective ratio for the pine stand (Plot 5) was 1.3 (Tables 3 and
4), which compares well with the results of Helmisaari and Malkonen (1989). The
ratio for the birch stands was 1.0-1.2. The enrichment of sulphur in throughfall is
undoubtedly due to the accumulation of dry deposition containing sulphur in the
canopy.

One-way analysis of variance performed on the 1985 and 1986 weekly through-
fall/bulk precipitation deposition ratios indicated significant differences among the
stands related to dominant tree species. Spruce stand throughfall/bulk precipita-
tion ratios for H* and SO2~ were found to be significantly (P < 0.05) greater than
those of the birch stands.

A reduced amount of nitrogen and an increased amount of calcium was noted
in throughfall in snow samples taken during late winter 1986 (data not presented).
For other elements, however, the effect of the canopy was more variable than in
samples taken during the growing season. The birch canopies tended to intercept
potassium and sulphur from snowfall, whereas coniferous canopies increased the
amounts in snow. Helmisaari and Malkonen (1989) have also observed elevated
concentrations of sulphate in snow samples from pine stands, and was considered
it to be due to increased interception of sulphur-rich dry deposition in the canopy.
The phenomenon was explained to reflect dry deposition accumulated in the
canopy during winter.
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Conclusions

The highest H* deposition in bulk precipitation occurred in plots located in
southwestern (Plots 1 and 7) and eastern (Plot 5) Finland, and the lowest in the
southerly located plots (Plots 2, 3 and 6). In the latter plots the sulphur and
nitrogen contents are moderate with respect to the other sample plots, but these
plots are also exposed to a significant base cation input which has a neutralizing
effect. In contrast, the southwestern part of the country receives less base cation
inputs. The correspondence between the sulphur and base cations in bulk precip-
itation may indicate that they could originate from the same emission sources.

Acid precipitation contains strong and weak acids. H* determinations based
on pH values are a measure of the free dissociated H* ions only. However, the
solution could contain a noticeable amount of undissociated acids. Titratable
acidity would therefore be a better measure of precipitation and throughfall
acidity.

The spruce, pine and birch canopies all reduced the ammonium and nitrate
contents of the bulk precipitation, reflecting the low nitrogen levels prevalent in
boreal forests. In contrast to nitrogen, the canopies of all three tree species
increased the throughfall deposition of sulphate, magnesium, potassium and
calcium ions. The throughfall/bulk precipitation SO3 ™ ratio was greater in spruce
stands than in birch or pine stands, which largely reflects the difference in the
amount of dry deposition trapped in coniferous tree canopies, especially spruce.
The sum of cations in throughfall was greater than the sum of anions. The
difference was assumed to be due to organic anions derived from the metabolic
activity of the trees.

The amounts of most ions in throughfall deposition and bulk precipitation for
comparable sampling periods are of the same order of magnitude as those reported
for southern and western Sweden (Nihigdrd 1970; Rosén and Lundmark-Thelin
1985). However, the deposition of sea salts, particularly sodium and chloride,
were less.

The precipitation and snow sampling techniques are the most obvious sources
of error. In addition to wet deposition, the open funnels collect an unknown
amount of dry deposition and leachate from litterfall that accumulates in the
collector funnel. Dry deposition to a bulk collector is probably very different than
to a canopy. Because the samples may also have been influenced by evaporation,
the sampling bottles were protected from the effects of direct sunlight. Further, the
precipitation collectors were replaced each week with acid-washed ones. Precipita-
tion collectors of this type are widely used in throughfall studies. The snow samples
were taken only once in late winter, and may have been disturbed by litterfall, by
ion migration in the snowpack as evaporation or with melting water passing into
the ground. These factors may have influenced the great variation in the effect of
the canopy on the results. In order to obtain more accurate knowledge about the

effects of canopy on throughfall, sampling should be continued throughout the
year.
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Chemical Characteristics of Finnish Agricultural
Soils in 1974 and in 1987
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Summary

Chemical analyses of the Finnish cultivated soils sampled in 1974 and in 1987
indicate, on average, that the pH level in 1987 was higher than that 13 years earlier.
Concentrations of most of the AAAc-extractable macronutrients and
AAAc-EDTA-extractable micronutrients in soils increased. Relatively great in-
creases were observed, particularly in soil P, B, Co, Cr, Cu and Mo. Zn was the
only nutrient that showed a decrease in the concentration. As to harmful heavy
metals, the concentration of soil AAAc-EDTA-extractable Cd increased, whereas
soil AAAc-EDTA-extractable Pb decreased from 1974 to 1987.

Introduction

Acidifying sulphur and nitrogen compounds mainly emitted into the air from
energy production, traffic and industry are precipitated also onto the cultivated
soils; also heavy metals originating from the same sources are deposited onto the
fields. On the other hand, the physico-chemical properties of the agricultural soils
are largely affected by the cultivation activities and the plant species to be
cultivated. This study elucidates the chemical status of Finnish cultivated soils in
1987, and evaluates possible changes caused by agricultural and environmental
factors over the 13-year period (1974-1987). Special attention has been focussed
on the impacts of acid rain and heavy metal deposition on cultivated fields.

Materials and Methods

Soil Sampling

The majority (n = 1320) of the cultivated fields (n = 2000) sampled in summer
1974 throughout Finland were resampled in summer 1987 (Sippola and Tares 1978).
Soil samples were collected from five plant cultivation zones (Fig. 1). The samples
were taken from the plough layer (0—0.2 m). Each soil sample consisted of four sub-
samples collected from each of the four corners of the 10 x 10 m sampling area

Kauppi et al. (Eds).
Acidification in Finland
© Springer-Verlag Berlin Heidelberg 1990
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Fig. 1. The plant cultivation zones (I-V)

selected to represent the field. The samples were air-dried for analysis and the dried
samples were passed through a 2-mm sieve.

Methods of Soil Analysis

Electrical conductivity (10"*Scm™!) was measured from a soil: water (1:2.5)
suspension after letting the suspension settle overnight. Soil pH(H,O) was deter-
mined conventionally with the pH meter from this suspension after stirring.

Organic carbon content was determined by an automated dry ashing method
(Anon. 1979). Samples were combusted in an oxygen atmosphere and the CO, gas
formed was measured by a solid-state infrared detector. In 1974, organic C content
was determined by the colorimetric bichromate wet combustion technique
(Graham 1948).

Bulk density was determined by weighing a 25-ml quantity of air-dried and
ground soil.

P, K, Ca, Mg and S were extracted from the soils using a 0.5 N ammonium
acetate 0.5 N acetic acid (AAAc) solution (pH 4.65), the extraction ratio being in
a 1:10 volume ratio, the extraction time 1 h, and the shaking speed 27 r.p.m.
(Vuorinen and Makitie 1955). P was measured from the soil extracts colorimetri-
cally using the Mo blue method. K, Ca, Mg and S concentrations were measured
from the soil extracts employing an inductively coupled plasma emission spectro-
meter (ICP).

Al, Cd, Cr, Co, Cu, Fe, Mn, Mo, Ni, Pb and Zn were extracted from the soil
using a 0.5 N ammonium acetate 0.5 N acetic acid 0.02 N Na,EDTA
(AAAc-EDTA) solution (Lakanen and Ervié 1971). The extraction time and
extraction ratio were the same as in the AAAc extraction. Mo concentrations were
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Table 1. Mean soluble trace element concentrations (mg1~!) in
27 soil samples collected in 1974 as well as measured by AAS in
1974 and by ICP in 1987

1974 1987

Average Average Difference

by AAS by ICP
Al 343.2 363.7 +20.5 NS
Co - 0.56 0.60 +0.04 NS
Cr 0.36 0.40 +0.04 NS
Cu 1.65 1.58 —0.07 NS
Fe 721.0 780.8 +59.8 NS
Mn 91.9 95.5 +3.6 NS
Ni 0.56 0.54 —0.02 NS
Zn 5.60 572 +0.12 NS

determined from the soil extracts with a flameless atomic absorption spectrometer
using a graphite furnace, whereas Cd and Pb concentrations were measured with
an atomic absorption spectrometer using an air-acetylene flame. The concentra-
tions of other trace metals mentioned above were determined with an ICP.

B was extracted from the soil with boiling water (1:2) and determined from the
extract by the azomethine-H method (Sippola and Ervié 1987) with an ICP.

The extraction methods for the soil samples collected in 1974 were the same as
in 1987. Chemical measurements from the soil extracts in 1974 were carried out as
described by Tares and Sippola (1978). The levels of the analytical results on the
same soil samples obtained in 1974 and in 1987 did not differ significantly from
each other (Table 1). Statistical methods used for handling the results in the
present study were T-test and variance analysis.

Results and Discussion

Soil Types and Some Other General Soil Characteristics

Classification of the soils was made in both years according to Aaltonen et al.
(1949). Distribution of the soils into different soil type groups by the plant
cultivation zones in 1974 and in 1987 are presented in Fig. 2. The organic carbon
contents and bulk densities of the soil materials from the comparison years were
very similar to each other (Table 2, Fig. 4). In 1987 the mean electrical conductivity
was a little lower than in 1974 (Table 2).

Acidity

The mean pH(H,O) of the soils increased from 5.57 in 1974 to 5.75 in 1987. The
change was 0.18 pH-unit, on average (Table 2). An equal increase was observed
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Fig. 2. Distribution of the soils into different soil type groups by the plant cultivation zones
in 1974 and in 1987

also by the Soil Analysis Service (Kdhdiri et al. 1987), because the pH of the soil
samples sent from the whole country for soil testing, averaged 5.66 in 1971-75 and
5.84 in 1981-85. Still, the most acidic fields of Scandinavia are cultivated in
Finland (Kdhari 1989). In both years, soil pH varied areally so that it decreased
from the south to the north (Fig. 3a). Furthermore, the greatest increase (0.34
pH-unit) occurred in southern and southwestern Finland.

The change in soil pH found here was most obviously due to liming. Total
mean annual application rate of lime to the whole areal of cultivated fields
approximately doubled from the early 1970’s (4-500,000 tons) to the end of the
1980’s (over one million tons), while the total areal of the cultivated fields slightly
reduced from 2.4 million ha in 1974 to 2.1 million ha in 1987. The amount of lime
as CaCOy; used for fields in recent years has been 400 kgha ™! per year. In order to
eliminate the negative impact of acid rain (pH 4.5), no more than 25 kg of CaCO,
is required annually per hectare. Instead, the amount of lime as CaCO; needed for
neutralizing the acidifying effects of N fertilization is about 100-150 kgha ™!
yearly, when the calculations are based on the present annual application rate of
N, 80-90 kgha~* (Anon. 1982). Furthermore, cultivated soils are acidified by the
leaching of calcium and uptake of nutrients by the cultivated plants.
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extracts only a small fraction of fertilizer phosphorus applied over several years
(Tares and Sippola 1978). If it is assumed that only 1.5% of fertilizer P is
extractable, the 1.4 unit higher value found in 1987 compared to that of 1974

Cultivation zones
southern Finland had about 50% more P than in 1974 (Fig. 3a). These fields

higher than that in 1974 (Table 2). Especially the fields in the coastal area of

Fig. 3a. Means of pH(H,O) as well as AAAc-extractable phosphorus, potassium, calcium,
The mean of soil extractable phosphorus in 1987 was 10.3mg 1™ ! and 1.4 mg 171

magnesium and sulphur of the Finnish cultivated soils (n

zones in 1974 and in 1987
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contained P 17.5 mg 1
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extractable aluminium

corresponds to an increase of 186 kg ha™!

in total P. Compared to application

this estimate can be

s

rates of P in fertilizers and manure, as well as crop removal

considered to be reasonable.

The extractable potassium concentration of the soils was 109 mg 17!, on

increasing by 10% since 1974. The highest areal mean level, 191 mg 171,

was in southern Finland

average,

the lowest areal

(Fig. 3a);

where the increase was 27%

’

value was in the north (80 mg 17!). There soil K has reduced by 28%. Grass
cultivation dominates in that area of Finland and relatively high rates of

N-fertilizers have been applied to grasslands without sufficient addition of K-fer-
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Fig. 3¢. Means of AAAc-EDTA-extractable manganese, molybdenum, nickel, zinc, cad-
mium and lead of the Finnish cultivated soils (n=1320, except in the case of cadmium in
1974, n=142) by the plant cultivation zones in 1974 and in 1987

tilizers. This has apparently resulted in the decreased K levels found in these fields
(Sillanpdé and Rinne 1975).

The mean calcium level extracted from the soils in 1987 was 1277 g 172, similar
to that in 1974 (Table 2). However, soil Ca increased in the southernmost fields by
21%. Areally, the highest concentrations were in southern Finland and the lowest
ones in northern Finland (Fig. 3a).

Soil magnesium, on the whole, seemed to be unchanged from 1974. In 1987,
the soils contained 178 mg 1~ ! extractable Mg (Table 2). Fields in southernmost
Finland had to some extent higher Mg concentrations than those elsewhere
(Fig. 3a). According to Kéhiri et al. (1987) Mg has slightly increased in Finnish
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cultivated soils from the S-year period of 1971-1975 to the 1981-1984 period. This
has been due to the use of Mg-containing liming materials.

The soil AAAc extractable sulphur averaged 19.0 mg 1~ ! in 1987 (Table 2). The
S concentration varied areally hardly at all (Fig. 3a). According to Korkman
(1973), Finnish soil sample material collected in 1969 from the plough layer
contained SO,~S 12.1 mg 1™, on the average, when extracted by the same method
as employed in the present study. On the other hand, research results obtained by
Kahari et al. (1987), employing CaCl,-extraction, indicated that the mean SO,—S
concentration in Finnish arable soils (n = 1394) was 129 mg 17! in 1981-85.
However, the CaCl,-extraction method gave values which were only about two-
thirds of the those obtained by the method used here (Yli-Halla 1986). Thus, the
means presented here and by Kéhdri et al. (1987) are quite similar.

Soil S concentrations were not measured in 1974. Thus, it was not possible to
clarify the impacts of anthropogenic actions on the S levels of Finnish cultivated
soils during the study period. Locally, high S concentrations may occur naturally
in soils. For example, Ervié and Palko (1984) reported a mean SO,—S concentra-
tion as high as 232 mg1~! in acid sulphate soils located in the northwestern coastal
area of Finland.

The annual atmospheric deposition of S in southern Finland is about 1000 mg
per m? (Tuovinen et al. this Vol.). This amount corresponds to 5 mg 1™* of soil to
a depth of 0.2 m. S is both easily leached from the soil and taken up by plants.
Therefore, its accumulation in the soil was difficult to evaluate.

Macronutrients studied here are added annually through mineral fertilizers
into the soils in the following amounts: P 30, K 50, Mg 4, S 16.5 kg ha ™! as well as
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Table 2. Means of chemical characteristics of soils (n = 1320)
in 1987 as well as their differences from 1974

Mean Difference (%)

1987 from 1974

(mg171) (mg1™1)
pH(H,O) 5.75 +0.18%**
Org. C, % 9.0 +0.38 NS +4.4
Bulk dens. 0.90 0.00 NS 0.0
El. cond. 0.84 — 0.1 1¥**
1074Scem™?
Ca 1278 +6.7 NS +0.5
K 109 +9.6%%* +9.7
Mg 178 +2.9 NS +1.7
P 10.3 +1.43%* +16.1
S 19.0 - -
Al 508 +19.4 NS +4.0
B 0.59 +0.3%%* +61.5
Cd 0.080* +0.019%** +31.1
Co 0.62 +0.10%** +19.2
Cr 0.33 +0.05%** +16.9
Cu 3.68 +0.90%** +32.2
Fe 717 +64.1%*+* +9.8
Mn 57 —1.I NS -1.9
Mo 0.061 +0.013%** +27.1
Ni 0.90 —0.02 NS —-2.0
Pb 1.66 —0.31%%* —15.5
Zn 3.70 —1.06%** —222
2 (n = 142).

T-test:* = (P > 0.05), ** = (P > 0.01), *** = (P > 0.001).

through liming materials, Ca 215 kg ha~! (Mikeld-Kurtto 1987) and Mg about
25 kg ha™' (Jokinen 1981). In addition to this, they are deposited from the
atmosphere as follows: P 0.04-0.24, K 1.0-4.8, Ca 2.4-15.2, Mg 0.6-2.0 and
S 2.8-15.0 kg ha™! per year (Mikeld-Kurtto 1987). Thus, the importance of the
atmospheric depositions on the macronutrient concentrations in the cultivated
soils is minor, except in the case of S.

Means, minimum and maximum of the macronutrients of the soils studied as
well as statistical significances of the differences by the cultivation zones in 1974
and in 1987 are presented in Table 3. Furthermore, distribution of the macronu-
trients of the soils into different concentration classes in 1974 and in 1987 are shown
in Fig. 5a and b.

Microelements

The mean amount of aluminium extractable from the soils in an AAAc-EDTA
solution was 508 mg 17, being unchanged since 1974 (Table 2).

The water extractable boron in the soils averaged 0.59 mg1~! in 1987 (Table 2).
The B concentration has significantly (by 62%, on average) increased all over the



Table 3. Means (X) as well as minimum (min) and maximum (max) of extractable mineral element concentrations (mg 1™ !) of soils by plant cultivation zones

in 1974 and 1987

0
Year 1974 1987 =)
Cultivation zone | 11 1 v A% 1 n il v A%
No. of samples 64 249 614 305 88 64 249 614 305 88
(if not mentioned)
pH X 5.71¢ 5.60°° 5.61% 5.49° 5.31° 6.05°* 5.79°* 5.780* 5.65%* 5.49
min 495 4.55 430 4.15 4.00 495 4.40 4.35 4.40 4.40
max 7.20 7.15 6.90 6.75 6.50 7.45 7.60 7.00 6.90 6.25
Org. C, % X 4.0 6.12° 7.6° 12.6° 11.9° 5.0° 6.3 7.7% 13.1° 14.4%
min 1.2 1.7 0.8 1.4 0.9 1.5 1.2 I.1 1.0 1.0
max 17.9 47.4 46.2 47.2 43.9 25.7 48.1 51.3 51.9 50.6
Bulk dens. X 0.96° 0.92% 0.91%° 0.85* 0.88*® 0.94° 0.91%® 0.94° 0.83* 0.85%
min 0.62 0.29 0.11 0.06 0.11 0.38 0.30 0.27 0.11 0.14
max 1.32 1.35 1.94 5.53 1.39 1.33 1.38 1.50 1.41 .39
El. cond. X 0.78* 0.79* 0.84° 1.26° 1.22% 1.07°* 0.77* 0.82° 0.90** 0.89°*
1074Sem™! min 0.49 0.37 0.36 0.39 0.51 0.31 0.36 0.23 0.21 0.20
max 1.62 3.70 6.85 5.50 4.99 3.20 3.05 4.14 4.58 2.62
Ca X 1763¢ 1558¢ 1260° 1067*° 874* 2135+ 1527¢ 1249° 1077° 8322
min 550 250 100 50 25 201 296 139 117 146
max 4900 4300 10250 3600 2100 5008 6062 5366 5050 2702
K X 150° 129° 85 90* 103* 190°* 150°* 101°* 81 80°*
min 30 20 15 15 10 36 30 17 12 11
max 380 720 600 700 580 328 418 393 418 340
Mg X 265¢ 223¢d 134° 202% 174%° 280° 215° 149* 193 159*
min 25 20 10 10 30 21 16 14 17 12
max 1000 1150 620 680 810 1030 1118 748 852 655
P b 11.23b¢ 7.9%° 6.9* 11.8% 13.4° 17.5* 9.2* 9.2%% 11.8 11.22
min 1.9 0.9 0.4 1.2 0.8 2.6 0.1 0.5 0.1 0.5 =
max 82.0 188.0 95.0 343.0 83.0 107.0 68.0 77.0 106.0 105.0 =
S b1 NA NA NA NA NA 19.1 17.9* 18.9* 20.5% 16.3 g:
min 8.1 6.6 42 4.0 4.3 pe
max 64.0 1499 199.6 269.9 38.6 ;‘
Al X 379* 4730 530° 477° 3728 349* 5310 544 463%° 466%° -
min 85 140 1 7 17 717 122 68 14 11
max 1400 1620 1650 1420 1550 1042 7746 8497 1376 1347
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0.10
2.44

0.27°
0.03
2.00

3.22%¢
0.42
15.61

536*
81
3860

sS4
8.0
204.0

0.057*
0.015
0.824

1.20°
0.20
6.00

2.54°
0.40
36.40

3.73°
0.6
323

0.34%°
0.01
2.17

0.065
0.020
0.195
64

0.51*
0.01
2.50

0.25°
0.01
1.38

2.59*
0.01
22.60

602%
1
6300

55ab
0.1
590.0

0.051*
0.001
2.561

0.90°
0.01
7.20

1.83°
0.01
10.20

4.60%°
0.1
74.8

0.42%
0.04
2.96

0.046*°
0.011
0.090
38

0.43
0.20
2.18

0.29*
0.01
1.68

2.79%®
0.15
21.40

857°
17
4560

63bc
1.8
424.0

0.036*
0.004
0.228

0.67°
0.01
492

1.72%
0.10
5.60

5.79°
0.5
89.2

0.33*
0.07
0.96

0.023*

0.008

0.041
8

0.55%
0.40
2.74

0.42°
0.01
5.35

2.05°
0.25
17.77

6842°
60
3440

77°
0.8
650.0

0.045*
0.006
0.314

0.91%* 0.61%*

0.24 0.16
3.19 [.91
0.119°* 0.095%*
0.060 0.010
0.270 0.270
64 249
0.66° 0.83°*
0.17 0.09
1.97 3.1
0.34* 0.29*
0.09 0.01
1.20 1.11
4.73° 3.70%°
0.60 0.41
13.52 12.93
696 621°
131 113
2037 5407
39 60°
6.9 3.7
165.0 202.2
0.070° 0.076>*
0.011 0.008
0.257 1.110
1.46° 1.20%
0.19 0.17
4.55 6.22
2.86%* 2.14°*
1.25 0.05
7.05 6.95
2.41* 2.89%
0.6 0.3
11.3 14.1

0.57%*
0.08
2.58

0.077°*

0.010

0.270
614

0.62°*
0.03
3.15
0.29°*
0.01
1.78

341004
0.29
21.73

663*
92
5112

59°
3.1
581.2

0.067%*
0.003
1.080

0.91°
0.01
6.72

1.61°*
0.01
11.35

3.60%*
0.2
22.0

0.58%*
0.07
3.03

0.061>*

0.010

0.140
305

0.47*
0.02
2.08

0.32*
0.03
1.23

4270
0.13
25.59

892°
103
5353

53tx
1.2
650.2

0.039*
0.002
0.530

0.61°
0.11
3.76

1.36°*
0.10
8.05

4.68°*
0.2
28.8

0.53**
0.09
1.84

0.042*
0.010
0.090
88

0.52*®
0.02
231

0.63%*
0.0l
3.66

2.65
0.15
29.82

774%
117
3695

57b*
0.2
610.4

0.053*®
0.002
0.830

0.54*
0.01
3.39

0.85°
0.05
4.65
4.12°*
0.2
23.4

Means in each row followed by a common index letter do not differ at P = 0.05 within the same year.
Means denote by (*) differ at P=0.05 from the respective ones in 1974. NA =not analyzed; n=number of samples
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Fig. 5b. Distribution of mineral element concentrations of the soils (n=1320) in 1974 (O)
and 1987 (N)

country since 1974, Fields in the south contained clearly more B than those in the
north (Fig. 3b). Also the increase was greater in the south than in the north.
Increased soil B was most obviously due to the application of B (200-400 g ha™*
per annum) into the soil as a component of all NPK-fertilizers since 1972.

The mean extractable cobalt concentration of the soils in 1987 was 0.62 mg 1!
and it was increased since 1974 by 19%, on average (Table 2). However, no change
in the soil Co occurred in the north (Fig. 3b).

On the contrary, soil extractable chromium remarkably increased from 1974 to
1987, particularly in the north (Fig. 3b). The mean of soil Cr of the whole country
was 0.33 mgl~! in 1987 and it was 17% higher than that in 1974 (Table 2). Cr



230 R. Ervié et al.

concentration in the north was about twice that in other parts of Finland and there
also the emission of Cr from industry was reported (This is an unpublished work;
should be cited in the text only, with name and initials of the author R. Valli 1989) to
be great.

The extractable copper concentration of fields was 3.68 mg 1™ ! of soil, on the
average. From 1974 to 1987, the mean of soil Cu rose by 32% (Table 2). Two times
higher Cu values were detected in southern Finland than in northern Finland
(Fig. 3b). The greatest increase, > 50%, was observed in the fourth cultivation
zone. The most probable reason for the general increase in soil Cu is the fact that
Cu fertilization (200-300 g Cu ha™' per annum) has become more and more
common since 1974. Cu deficiency recorded in peat soils as well as in coarse
mineral soils has led to the increased use of Cu as a fertilizer. Small amounts of Cu
are also deposited via the air. For example, in Sweden deposition of Cu was 10 g
ha~!in 1984 (Anon. 1987¢). Measurements on the Cu deposition are not available
in Finland.

In 1987, the amount of iron extracted from the soils was 717 mg 17!, and
seemed to be 9% more than in 1974, on average (Table 2). But when the difference
in the level of analytical results on Fe between the 2 years (Table 1) was taken into
account, no change in soil Fe could be detected from 1974 to 1987.

On the whole, the concentration of extractable manganese was 57 mg 1~ ! of
soil and had not changed since 1974 (Table 2), although Mn has been annually
added at about 200 g ha™! in"the fertilizers over the study period. Soil Mn had
even decreased in the north.

Extractable soil molybdenum increased from 1974 to 1987 by 27% (Table 2)
and particularly in central Finland (Fig. 3c). The mean of soil Mo in 1987 was
0.061 mg 171,

Nickel was one of the mineral elements whose concentrations remained un-
changed between 1974 and 1987 (Table 2). The extractable Ni concentration of
fields sampled in 1987 was 0.90 mg 1 ™! of soil. The highest concentrations occurred
in the south (Fig. 3¢) where also emissions of Ni into the atmosphere were the
highest in the country (R. Valli 1989). Ni concentrations in the soil gradually de-
creased towards the north.

Cultivated Finnish soils contained in 1987 extractable zinc 16% less than in
1974 (Table 2). The mean concentration was 3.70 mg 17!, Soil Zn decreased
throughout Finland but the most in northern areas (Fig. 3c). However, the soils in
1987 still contained about twice as much Zn in northernmost Finland than in
southernmost Finland. Zn has been added no earlier than since 1986 to the soils
through fertilizers. However, no statistics on the amounts of Zn applied annually
are yet available. According to fertilizer recommendations in use in Finland today,
the rate of application could be 4-10 kg Zn ha™! for several (3-5) years. This
means 1-3 kg Zn ha™! per year. A part of soil Zn originates from the air. Swedish
measurements (Anon. 1987¢) indicate that in 1984 the total deposition of Zn was
120 g in southern Sweden and 60 g in northern Sweden. Between the years 1985
and 1987 the total annual deposition of Zn in southeastern Finland was about
100 gha™' (Anon. 1986b-1988).
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According to this study, input of most microelements to the soil from the
atmosphere seemed to be smaller than from fertilizers. This means that the cul-
tivation activities are, in general, more responsible for the changes in the microele-
ment level in the agricultural soils than the atmospheric depositions.

Means, minimum and maximum of the studied microelements of the soils as
well as significances of the differences by the cultivation zones in 1974 and in 1987
are shown in detail in Fig. 5a and b.

The AAAc-EDTA extractable cadmium concentration of all the soils studied
in 1987 averaged 0.076 mg1~'. The amount of Cd extractable with AAAc-EDTA
solution is 40% of the total soil Cd (Sippola and Mikeld-Kurtto 1986). Since 1974,
the mean Cd concentration of soils from the same fields (n = 142) increased from
0.061 mg 17! to 0.080 mg 1™ * by about 30% (Table 2). Thus, the annual increase
was 2.4%. During the 13-year period, the mean increases in the Cd levels in
different parts of Finland were of the same magnitude, 0.02 mg 1~ (Fig. 3c). The
total increase of AAAc-EDTA-extractable Cd in the volume
(2 million liters) of the whole plough layer (0—0.2 m) in 1 ha during the study period
was 38 g, on average. Obviously, the increase was mainly due to exceptionally
Cd-rich phosphorus fertilizers in use during the period 1975-1981.

According to Kivioja (1982) and H. Hero (1988), the Cd load from fertilizers
varied annually from 1974 to 1987 as follows: 1.7, 2.6, 2.3,4.0,4.6,7.4,6.2,3.6, 1.8,
0.9, unknown, 1.6, 0.5, and 0.5 g ha™!, respectively, being totally 37.7 g ha~?
during the study period and 2.9 g ha™! annually, on average.

Another Cd source for cultivated soils is atmospheric deposition of Cd. Based
on the measurements in southeastern Finland during the 19841987 period (Anon.
1985-1988), total Cd deposition was annually about 2 g ha ™! for the winter season
and about 1 g ha™! for the summer season, on average. If the Cd deposition is
assumed to have been 1.5 g ha~! over the study period, the total Cd load from the
atmosphere was 19.5 g ha~!. On this basis, Cd load from fertilizers was nearly
twice that from the atmosphere.

The total amount of extractable Cd increase in the plough layer in 1 ha between
the years 1974 and 1987 was approximately two-thirds of the total Cd input (57.2 g
ha™1!) from fertilizers and atmosphere together. According to Andersson (1984),
the input of Cd to Swedish soils is around three times the output. Hence, Cd is
gradually accumulating in the soil, thus increasing the Cd content. Total concen-
trations of Cd are reported to increase in the cultivated soils annually by 0.3-0.4%
in Sweden (Andersson 1984) and by 0.6% in Denmark (Tjell et al. 1981). Further-
more, it is assumed (Andersson 1984) that the more soluble and plant-available soil
Cd fraction will increase at a higher rate than the total soil Cd.

Increased soil Cd will be reflected also in the Cd contents of the crops as well as
in intake of Cd in human food. According to Swedish studies (Andersson 1984),
the present Cd level in grain of winter wheat may probably increase by 0.5-0.7%
annually. It is predicted in Denmark (Tjell et al. 1981) that daily human intake of
Cd from food will increase from about 30 ug in 1980 to nearly 50 pg per person in
2080. The predicted increase was reported to be largely due to Cd inflows to soils
by fertilizers and atmospheric precipitation.
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Since 1986, P-fertilizers in use in Finland have been made mainly of the
domestic, nearly Cd-free raw phosphate and consequently, the annual Cd load
from fertilizers has been 0.5 g ha™!, on average. Thus, it is expected that the rate of
increase in soluble Cd in Finnish cultivated soils will be remarkably lower at the
end of the 1980’s than that found in this study.

The cultivated fields of southern Finland had significantly higher Cd levels than
the fields of northern Finland (Fig. 3c). Furthermore, clays, which were dominant
in southern Finland (Fig. 2), contained more Cd than other soil types, on average
(Sippola and Mikeld-Kurtto 1986). Most probably, there were also differences in
the amount of Cd deposited onto the soils in southern and northern Finland. Based
on the 1984 measurements in Sweden, the total Cd deposition in the south was
1.2 g ha™! and that in the north 0.2 g ha™! (Anon. 1987c).

It is not easy to make a comparison of the extractable Cd levels of the soils
between Finland and other countries, since AAAc—-EDTA is not a common
extraction solution for soil Cd in the world. However, Sillanpdd (1988) has
reported on the AAAc-EDTA-extractable Cd levels in the agricultural soils of 30
countries under the FAO project. According to him, the national mean of
AAAc-EDTA-extractable Cd concentration in Finnish soils in the middle of the
1970°s was 0.11 mg 1~ 1. This was of the same low range as those of the developing
countries, in general, and lower than the corresponding soil Cd concentrations of
most of the developed countries in his study.

The AAAc-EDTA extractable lead concentration of cultivated fields sampled
in 1987 was 1.66 mg 1! of soil (Table 2). The mean Pb concentration of the soils
decreased from 1974 by about 16%. The fields situated in southern Finland
contained approximately three times more soluble Pb than those in northern
Finland (Fig. 3c).

The significant decrease in the Pb level of soils throughout Finland was clearly
due to the remarkable reduction in national as well as in international Pb emissions
into the air from automobiles between 1974 and 1987. In the 1970’s the highest
permissible Pb concentration in petrol in Finland was 0.7 g 17! and the total
emissions of Pb from automobiles were annually about 1000 tons (Anon. 1981).
The Pb concentration in petrol was gradually decreased in the 1980’s, and since
1986, the Pb limit has been 0.15g 17!, In addition, Pb-free petrol has been
available since 1985. In 1987, annual Pb emissions from traffic were 200-300 tons,
but traffic was still the principal source of Pb emission into the air (Vornamo 1984).
A positive effect by the effort to reduce lead emissions into the air was clearly
observable also in pine needle samples collected from the Helsinki area (Mékeld-
Kurtto and Tares 1987). In 1986, the mean lead content (8.5 mgkg ™! DM) of one-
year old pine needles was only one-third of that in 1970.

Measurements (Anon. 1987c) made in Sweden in 1984 show that the total
deposition of Pb was 80 g ha™! in the south and 15 g ha™?! in the northernmost
region. Measurements of the total deposition of Pb in Finland have been carried
out at only one meteorological station in southeastern Finland (Anon.
1985-1988). They indicate that between 1984 and 1987 annual Pb deposition was
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of a magnitude of about 50 g ha™! for the winter seasons and about 20 g ha ™! for
the summer seasons, on the average.

According to Sillanpdd (1988), the mean of AAAc-EDTA-extractable Pb
concentration of Finnish cultivated soils, 2.5 mg 17!, in the middle of the 1970’s,
was distinctly lower than the national mean values of the other European countries
compared: Malta 34, Belgium 13, Italy 12 and Hungary 6 mg 1~ 1.

Conclusions

This study indicates that the cultivated soils in Finland were not acidified during
the 13-year study period. In 1987, the fields were less acidic than in 1974, They
contained larger amounts of most of the extractable macro- and micronutrients in
1987 than in 1974. The only nutrients showing decreased concentrations were zinc
in all parts of the country and potassium in the northern part of Finland. The
depletion of these elements was most apparently due to intensive grass production
and unbalanced fertilization. The increases in the concentrations of most of the
nutrients studied were connected with application of these nutrients in fertilizers.

Changes in heavy metal concentrations were observed in soils. Although soil
Cd increased, the Cd concentration was still low, compared internationally. How-
ever, this study indicates that Cd-rich P fertilizers, which were used exceptionally
in 1975-1981, and also deposition of Cd from the atmosphere increased the Cd
concentrations of agricultural soils by about 30%. Soil lead level was low in 1974
compared internationally. The level decreased further by 16% until 1987, most
apparently as a consequence of reduction of Pb emissions into the air from traffic.
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A Survey of Forest Soil Properties Related to Soil
Acidification in Southern Finland
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SF-01301 Vantaa, Finland

Summary

Parameters describing forest soil acidification status at 65 sites in southern Finland
(61-63°N) are presented. pH,, ranges were: 3.6-5.5 (humus), 3.6-5.4 (05 cm), and
4.9-7.4 (60—70 cm). Exchange acidity and total acidity in the humus layer averaged
7.0 and 65.6 me 100 g~ ?, respectively. Corresponding values were 2.9 and 9.9 for
the 0-S5 cm layer, and 0.3 and 2.1 for the 60—70 cm layer. Aluminium (0.1 M BaCl,)
accounted for 32, 81, and 61% of exchange acidity in the humus, 0—5 cm and 60-70
cm layers, respectively. For the same layers, average BaCl, extractable Ca/Al
molar ratios were 38, 1.5 and 11. Effective cation exchange capacity (BaCl,)
averaged 27.8 me 100 g~ ! in the humus layer and decreased from 3.8 to 0.6 me
100 g~ ! down the mineral soil profile. Corresponding base saturation values were
77%, and 21 to 42%. Different types of soil with respect to acidification could be
distinguished.

Introduction

Forest damage and decline is now widely reported in central and northern Europe
(Moseholm et al. 1988). This damage may be related indirectly to air pollution
through increased levels of soil acidification, as suggested by Ulrich and his
fellow-workers in West Germany at the end of the 1970’s (e.g. Ulrich et al. 1979).
According to the soil acidification hypothesis, base cations (Ca?*, Mg?*, K*,
Na™*) are irreversibly lost from progressively deeper in the mineral soil by leaching
with SOZ~ and NOj as the accompanying anions. The net loss of base cations
results in a reduced acid neutralizing capacity of the mineral soil, i.e. increased soil
acidification (van Breemen et al. 1983, 1984). The detrimental ecological effects
associated with soil acidification include: impoverishment of soil fertility and base
saturation; increase in the amount and proportion of labile acid cations (AI®*,
Fe**, Mn?"); and possibly a decrease in soil pH causing the development of toxic
concentrations of Al and heavy metals in soil solution.

However, soil acidification arises naturally as a result of soil formation and
development processes, particularly in the case of podzolization (Petersen 1980).
Finnish mineral forest soils are mainly podzols or are podzolized, and derived

Kauppi et al. (Eds).
Acidification in Finland
© Springer-Verlag Berlin Heidelberg 1990
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from base-poor igneous and metamorphic rocks. However, soils are relatively
young, < 10,000 years, and commonly less, depending on when the land emerged
from the sea after the last glaciation (Jauhiainen 1973; Eronen 1983; Starr 1989).
As a result, they may be expected to be less weathered than areas in central Europe.
Acidification also arises as a result of forest growth and humus accumulation due
to the uptake of nutrients (Hallbdcken and Tamm 1986). The acidification caused
by growth is especially strong in the case of conifers (Nilsson et al. 1982; Bergkvist
1987a). Changes in soil acidification also result from forestry management practi-
ces such as thinning (Bringmark 1977, Nykvist and Rosén 1985), clearfelling
(Rosén and Lundmark-Thelin 1987), soil cultivation (Starr 1987) and use of
fertilizer (Nommik and Moller 1981), all of which are generally carried out in
Finland. Greatly improved wild fire control and the marked decline in the use of
prescribed burning and shifting cultivation practices are additional factors affect-
ing the development of acidification in Finnish forest soils (Kivekds 1939; Viro
1969; Starr 1985).

It is thus important to distinguish between acidification possibly caused by an
external proton input (i.e. acid deposition) and that caused internally by other
anthropogenic and natural processes (Krug and Frink 1983). However, this is
difficult to do in practice. One way is to calculate complete proton budgets for
individual sites (van Breemen et al. 1983, 1984; Binkley and Richter 1987; Ulrich
and Matzner 1986), but this involves considerable effort. On a regional scale, an
attempt can be made to relate soil acidification parameters to external and internal
soil acidification factors. The causality of soil acidification may then be assessed on
the basis of the strength of these relationships, especially if regional gradients in
acid deposition are present and the survey can be repeated (e.g. Troedsson 1985;
Tyler et al. 1985; Tamm and Héllbacken 1988). Nevertheless, conclusions about
the significance and contribution of acid deposition to soil acidification have been
at odds. For example, while both Nilsson (1983) and Bergkvist (1987a) concluded
that the most important causes of soil acidification in Sweden were more likely to
be soil type, tree species and accumulation in plant biomass and humus rather than
atmospheric deposition, Falkengren-Grerup (1987) and Tamm and Hallbdcken
(1988) concluded that acid deposition was a significant contributor to the reduced
soil pH observed in southern Sweden.

In Finland, the first signs of forest damage possibly caused by air pollution may
have now become visible in southern Finland (Jukola-Sulonen et al. 1987; this
Vol.). This is also the area receiving the most sulphur and nitrogen deposition
(Jarvinen 1986; Jarvinen and Vinni, this Vol.). The proportion of Calluna and
Cladonia forest site types (reflecting nutrient-poor, dry, coarse-textured soils low in
organic matter) in the landscape and soil depth have been used to locate those
areas having the least buffering capacity (Tamminen and Mélkénen 1986). How-
ever, empirical data specifically concerned with levels of forest soil acidification
and acid neutralizing capacity are scarce.

The Department of Soil Science at the Finnish Forest Research Institute is
currently carrying out a survey and sampling programme of forested mineral soils
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on a national scale. In addition to soil classification, the material is being collected
to provide data about the levels of soil acidification and acid buffering in different
site and soil types and regions. The first round of sampling (1986—89) will form the
baseline data, while future repeated sampling is hoped to enable the rates of
acidification and the contribution of acid deposition to be determined. In this
chapter, the results presently available from selected sites in southern Finland are
presented. The aim is to describe the levels and range in soil acidification and acid
neutralizing capacity that are currently found in southern Finland using a variety
of parameters. Emphasis is given to soil acidity, base and acid (especially alumi-
nium) cations and heavy metals.

Material and Methods

Sample Plots and Soil Sampling

The sample sites were selected from the systematic network of permanent plots
established by the eighth national forest inventory (NFI). The NFI network consists
of clusters of four 300 m? circular sample plots; the clusters are spaced at 16-km
intervals. From the 3000 NFTI plots available, some 440 plots were selected to form
a soil survey network covering the whole country. Of the 188 plots sampled in 1986
and 1987, a batch of 65 were selected to be analyzed first (Fig. 1). In seven cases,
there were two plots from the same cluster.

30°

Norway
69°

Sweden USSR

65 65°

61°

Gl it 30 Fig. 1. Location of sample plots
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Table 1. Distribution of sample plots according to site type and texture class

Site type? Median grain size diameter, mm® Total

<0.02 0.02-0.06 0.06-0.2  0.2-0.6 >0.6

OMaT 1 1 2 4
OMT 3 2 8 2 15
MT 1 2 13 10 1 27
VT 5 9 14
CT 2 2 4
CIT 1 1
Total 4 5 29 26 1 65

2 Cajander (1949): OMaT - Oxalis Maianthemum type; OMT — Oxalis — Myrtillus
type; MT — Myrtillus type; VT — Vaccinium type; CT — Calluna type; CIT - Cladina
type.

®5-20 cm layer.

The selection of these 65 sample plots was according to forest site type (site
fertility) and soil texture so that rarer sites, i.¢. both the most and the least fertile
site types and the finest and the coarsest textured soils, were included (Table 1).
Most of the soils were classified as podzols, but cambisols and gleysols are
included.

Soil samples were taken from the humus layer and mineral soil at four depth
intervals: 0-5, 5-20, 20-40 and 60-70 cm. For the humus sample, 10 to 30
subsamples, depending on humus thickness, were taken with a cylinder and
combined into a single sample for the plot. The mineral soil samples for each layer
consisted of a composite of five subsamples, except the 60—70 cm layer, which
consisted of a single sample only. A sample of each genetic horizon was also taken,
but these have not yet been analysed.

Sample Pretreatment and Analysis

The samples were dried at 50°C. Subsequently, the humus samples were milled,
while the mineral soil samples were sieved to retain the < 2 mm fraction. The
samples were then stored in closed plastic bags awaiting analysis.

Particle size analysis was performed by sieving and pipetting procedures after
pretreatment with H,O, and HCI (Elonen 1971). The particle size distribution of
the 0-5 cm layer was not determined, but instead was given the same textural
parameters as the next deeper, 5-20 cm, layer (Table 2). Total C and N were
determined with a LECO CHN-600 analyser and organic matter (OM) content
using a LECO TGA-500 analyser (Table 2). pH was measured in both water
(pH,,; 1:2v/v) and 0.1 M BaCl, (pH,,; 1:10 v/v) suspensions. Extractions were
made with unbuffered 0.1 M BaCl, and buffered 1.0 M ammonium acetate pH
7.00 using a soil:solution volume ratio of 1:10. The suspensions were left to stand
overnight before being shaken for 1 h and then filtered. Elemental concentrations
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Table 2. Means of organic matter content (OM), C/N ratio and clay
content by sampling layer. Ranges given in parentheses

Layer - OM % C/N Clay %
Humus 71.6 36 -
(32-95) (20-90)
0-5 cm 7.0 21 2.8
(1.1-22.0) (13-38) (0.8-54.2)
5-20 cm 42 19 2.7
(1.4-11.2) (8-60) (0.7-54.3)
20-40 cm 2.5 17 2.0
0.2-6.2) (5-35) (0.2-32.3)
60-70 cm 1.3 12 1.9
(0.3-5.6) (0-40) (0.1-28.5)

of Ca, Mg, K, Na, Al, Fe, and Mn were determined from both extractions using an
inductively coupled plasma emission spectrophotometer (ICP, ARL 3580). Total
and exchangeable acidities (TA and EA) were determined from the acetate and
BaCl, extractions, respectively, by titration with NaOH to an endpoint of pH 7.00.
Effective cation exchange capacity (CEC,) was calculated as the sum of BaCl,
extractable base (Ca?*, Mg?*, K*, Na*) and acid (AI®*, Fe3*, Mn?*, HY)
cations (cf. Hendershot and Duquette 1986). The potential cation exchange capac-
ity (CEC,) was calculated as the sum of acetate-extractable base cations plus TA.
BS, and BS,, are the corresponding base cation saturations. Concentrations of Al,
Cu, Zn, Cd, Pb, Cr, Ni, and Sr were determined by ICP after first dry ashing
a subsample (LECO TGA-500) followed by digestion with HCI acid (Halonen
et al. 1983). The metal dry combustion results mainly correspond to the total
contents of the organically bound fraction. All concentration data have been
converted to an oven-dry weight basis.

Results

Extractable Cations and Cation Exchange Capacities

The contents of 0.1 M BaCl, extractable cations are described in Table 3. Ca%*
was the dominant cation in the humus layer while AI** was in general dominant in
the mineral soil, but especially in the 0—5 and 5-20 cm layers. Contents of all
cations in the mineral soil clearly decreased with depth, with the exception of Na*,
and K™ to a lesser extent, which remained relatively uniform down the mineral soil
profile. Although contents of the base cations were rather similar to those extract-
ed by neutral ammonium acetate, the acid cation contents were clearly not. For
example, BaCl, aluminium contents were, on average, 17, 12, 4, 3, and 4 times
greater compared with the acetate extraction for the humus to 60-70 c¢m layers,
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respectively. This difference is due to the difference in the acidity and buffering of
these two extractants as the solubility of aluminium and iron is pH-dependent
(Richburg and Adams 1970; Bache 1974; Andersson 1975). Amounts of cations
extracted also vary with the effectiveness of the exchanging ion used (Tucker 1985;
Baes and Bloom 1988), Ba?* being particularly effective (Wiklander 1947). The
values given in Table 3 are therefore probably higher than if KCl or NH,Cl had
been used instead of BaCl,.

The means and ranges of effective (CEC,) and potential (CEC,) cation ex-
change capacity values, together with their respective base saturations, are given in
Table 4. The average CEC,/CEC, ratios for the humus and mineral soil layers were
0.4,0.4,0.3, 0.3 and 0.3, respectively. However, the range in the CEC /CEC, ratios
increased with depth. In the 60-70 cm layer at three plots the ratio was 1.0. The
average relative contributions of Ca?*, other base cations, AI** and other acid
cations to the CEC, value for each layer are illustrated in Fig. 2. The relative
contribution of the base cations to the CEC, progressively increased with depth
due to the larger reduction in the amount of acid cations (see Tables 3 and 4).

The cation exchange capacity and base saturation were correlated to the
organic matter content and quality (C/N), clay content, and pH (Table 5). As has
been generally found (e.g. Helling et al. 1964; Kalisz and Stone 1980), the organic
matter content of the humus layer was strongly correlated to CEC,, but consider-
ably less so to CEC,. This was due to the strong relationship between organic
matter and TA (r = 0.89). The CEC and BS parameters of the humus layer were
only weakly related to the C/N ratio. This is presumably due to the fact that all
C/N ratios for the humus layer were generally high (Table 2). Organic matter
incorporated into the upper mineral soil has lower C/N ratios and has been shown
to have higher CEC, values per unit mass than for humus layer organic matter
(Kalisz and Stone 1980). Organic matter content and the C/N ratio accounted for
only 10% of the variation in the CEC, values for the humus layer. When pH,, was
included in the regression model, the R? value increased to 39%.

In the mineral soil, pH,, appeared to be more related to base saturation than to
exchange capacity. Statistically significant (p < 0.05) correlations between CEC

Humus

0-5cm

5-20cm

20-40cm

60-70cm

0 20 40 60 80  100%

Fig. 2. Relative distribution of
CEC, components by sampling
Ca Mg+K+Na Al Fe+«Mn+H layer




Table 3. Contents of BaCl, extractable cations by sampling layer. Median and range in parentheses

Layer Ca Mg K Na Al Fe Mn
me kg~ ! oven-dry soil

Humus 157 29.2 17.4 1.2 18.9 44 10.1
(68-342) (9.6-74) (5.0-33) (0.2-2.8) (0.5-72) (0.1-20) (0.8-46)

0-5cm 5.8 1.2 0.80 0.29 22.7 2.0 0.30
(0.4-110) (0.2-51) (0.29-6.3) (0.06-1.4) (3.9-93) (0.1-16) (0.01-8.1)

5-20 cm 2.9 0.51 0.29 0.24 9.3 0.49 0.18
(0.1-67) (0.08-82) (0.11-4.8) (0.08-2.4) (1.6-34) (0.02-3.5) (0-2.8)

20-40 cm 1.8 0.36 0.19 0.21 3.9 0.10 0.05
(0.1-78) (0.02-95) (0.01-4.9) (0.07-4.2) 0.1-17) (0-1.9) (0-1.3)

60-70 cm 1.1 0.25 0.23 0.18 1.7 0.05 0.01
(0.1-117) (0-113) (0.01-6.6) (0.05-8.9) (0.1-16) (0-1.2) (0-0.25)
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Table 4. Acidity and cation exchange parameters by sampling layer. Median and range in parentheses

Layer pH,, pH,, EA TA CEC, CEC, BS, BS,
me 100 g™ ! oven-dry soil Y Y%
Humus 4.17 3.15 7.0 65.6 27.8 8238 77 20
(3.6-5.8) 2.7-4.1) (2.0-15.9) (25.4-97.7)  (15.8-44.3)  (36.7-118.8) (50-95) (11-56)
0-5 cm 4.35 345 31 9.9 3.8 10.9 21 7
(3.6-5.4) (3.0-3.9) (1.0-10.9) (3.1-28.4) (1.9-14.8) (3.5-30.2) (5-93) (2-51)
5-20 cm 4.94 3.76 1.2 59 1.9 6.5 27 7
(4.3-5.5) (3.2-4.1) 0.2-3.7) (2.0-13.7) (0.2-16.0) (2.1-20.6) (6-97) 2-71)
20-40 cm 5.25 3.76 0.5 33 0.8 3.7 35 9
(4.8-6.6) (3.2-4.2) (0.0-2.2) (1.2-8.2) (0.2-18.3) (1.4-23.0) (10-100) (2-88)
60-70 cm 5.56 3.76 0.3 2.1 0.6 25 42 13
4.0-7.4) (3.3-4.3) (0.0-1.8) (0.6-7.4) (0.1-20.9) (0.7-20.2) (8-100) (3-94)
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Table 5. Correlations of CEC and BS to pH, organic matter and clay content by sampling
layer

Layer pH,, pH,, OM C/N (humus)
Clay (min.soil)
Humus CEC, —0.63 —0.64 0.93 0.11
BS, 0.87 0.95 —0.58 —0.23
CEC, 0.33 0.40 0.22 —0.19
BS, 0.80 0.85 —0.50 —0.30
0-5 cm CEC, 0.11 0.01 0.95 0.54
BS, 0.61 0.17 0.43 0.49
CEC, 0.19 —0.05 0.87 0.61
BS, 0.64 0.26 0.49 0.37
5-20 cm CEC, —0.17 —0.06 0.77 0.68
BS, 0.37 —-0.07 0.25 0.80
CEC, 0.00 —0.05 0.52 0.79
BS, 0.56 —0.04 0.26 0.57
20-40 cm CEC, 0.2} 0.09 0.67 0.79
BS, 0.56 —0.02 0.20 0.84
CEC, 043 0.07 0.41 0.85
BS, 0.63 0.10 0.13 0.65
60-70 cm CEC, 047 0.05 0.55 0.89
BS, 0.70 -0.02 0.22 0.80
CEC, 0.65 0.00 0.37 0.83
BS, 0.63 0.26 0.24 0.63

Critical r (p < 0.01) = £0.24

values and pH,, were only found for the two deepest layers, which had the highest
pH,, values (Table 4). CEC and base saturation values were poorly correlated to
pH,, in all mineral soil layers. Organic matter and clay contents were clearly
important in determining the CEC and base saturation values in the mineral soil.
At least 70% of the variation in the CEC, values for each mineral soil layer could
be explained by the organic matter and clay contents. The relative importance of
these two factors, however, changed from being organic matter-dominated in the
surface (0-5 cm) layer to being increasingly dominated by the clay content in the
deeper layers, even though the contents of both decreased with depth (Table 2).

Acidity and Aluminium

The pH,, of the humus layer ranged from 3.6 to 5.5, and of the mineral soil from
3.6 (0—5 cm) to 7.4 (60-70 cm), and typically increased with increasing depth
(Table 4). pH,, values in all layers decreased with Al,, contents (p < 0.05), the
relationship being of most consequence in the humus and 0-5 cm layers (Fig. 3).

pH,, values were lower than pH,_ values, as expected, but tended to remain low
in the deeper mineral soil layers. Average pH,, values showed no change from pH
3.8 below the 0-5 cm layer (Table 4). Why pH,, did not increase with depth, as did
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Fig. 3. The relationship between 0.1 M BaCl,-extractable aluminium (Al,,) and pH,, by
sampling layer

pH,,, remained unclear. pH measured in a salt solution measures the acidity due to
exchangeable H™ ions, which is generally considered to be small and that fraction
of displaced A1** ions which hydrolyses to produce H* ions. The fraction of the
H* and AI®* displaced depends upon the salt used, its concentration, and the
soil:solution ratio (Thomas and Hargrove 1984), and the fraction of the displaced
AIP* that hydrolyses increases with pH (Lindsay 1979). pH,, did not correlate
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with Al,, contents in any of the mineral soil layers, even though Al,, contents
decreased with depth (Table 3). But clearly a sufficient amount of H* and A13*
was displaced to produce low pH values even in samples with relatively low
exchangeable Al (Al,,) contents. In any event, pH,, seemed to be a poor measure
of mineral soil acidity.

Total acidity (TA) and exchangeable acidity (EA) both decreased with depth
(Table 4). TA is largely comprised of the acidity which arises from the pH-
dependent dissociation of organic acids and, in the case of the