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ACID RAIN AND RADIOACTIVE FALLOUT

The power plant in Turoszów, central Poland, symbolises the enormous amounts of air pollutants that are emitted
from combustion processes, here by using brown coal. In the Baltic Sea region power plants are the main sources of
pollutants, but car exhausts and factories, homes, and farms are also significant. (Photo: Pawel Migula.)
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"The accident at the nuclear power plant in Chernobyl, Ukraine in
1986 offers an unusual clear example of long distance transport and
downfall of air pollutants. One for Sweden unlucky combination of
winds and precipitation led 3-4 days after the accident to a
considerable deposition of radioactive cesium in mid Sweden, more
than 1000 km from the wrecked reactor."
(The Swedish National Encyclopedia, on "Air pollution".)

Pollutants carried by air are one of the greatest threats
to human health and the health of ecological systems.
Polluted air can have enormous consequences.
Acidification kills life in thousands of inland lakes and
waters. It also reduces growth of trees and other
plants on land, contributing to forest death. Acid rain
damages buildings, monuments, etc., through
corrosion. The destruction of old cultural monuments
are especially serious since they can not be replaced.
The total costs of air pollution has been estimated in
Europe and amounts to some hundreds of billion of
dollars yearly.
The largest source of polluted air is burning of fossil
fuels. The large scale turnover of energy, in power plants,
in traffic, in countless individual homes, in industries,
etc., has become one of the major sources of local,
regional, and global environmental impact. Sulphur in
oil and coal, turned into sulphur dioxide at combustion,
gives rise to large scale acidic precipitation damaging
rivers, lakes, and forests all over Europe. Combustion
also causes atmospheric nitrogen to form nitrogen
oxides, contributing to acidification and eutrophication.
In short, these energy conversions lead to large scale
changes in the chemistry of the planet.
A further source are the large industrial farms
specialising in animal production, from which huge
amounts of ammonia are emitted. When deposited on
ecosystems, ammonium contributes to acidification and
eutrophication.
Polluted air typically also contains various organic
compounds that interact with other pollutants to form
oxidising substances, mostly ozone. This ground level
ozone is quite toxic to plants in particular, and is a
serious problem for forests. Human health is threatened
by these oxidants and even more so by the microscopic
particles that are either emitted to the air directly, or
secondarily formed from oxides of sulphur and nitrogen.

The entire range of organic pollutants, heavy metals
and the inorganic acids mentioned, can be distributed by
air from their sources of emission. In some cases, for
instance exhaust from car traffic, pollutants have mostly a
local impact. In other cases, pollutants are distributed by
winds over very long distances, they are transboundary,
and cause regional impacts. Acidifying and eutrophying
substances belong to this category.
Yet another category of air pollutants are the
radioactive substances. The nuclear industry is a source
of radioactive pollution from uranium exploration and
mining, to use of fuel in a reactor, and waste storage. As
noted in the previous chapter, the 1986 nuclear power
accident in Chernobyl in Ukraine, that badly hit Belarus
and large parts of Europe with radioactive fallout,
reminds us of its dangers.
This chapter examines air pollution, its sources,
distribution and the damages it causes. The efforts,
beginning in the 1980s, to limit air pollution have been
quite successful when it comes to sulphur emissions.
These have been steadily declining for 20 years.
Emissions of nitrogen, however, are diminishing at a
much slower rate. There is still much to be done to
reach an acceptable situation. Acidified soil and water
in many areas will take a long time to recover.
What is acceptable when it comes to air pollution? The
limits of tolerance are expressed as critical loads and
levels. These in turn are used to establish emission limits
within the Convention on Long-Range Transboundary Air
Pollution. Within the convention, monitoring and modelling
are carried out to follow the development and study
possible measures to reduce air pollution. In the end this
will require drastic changes in our energy systems. An
energy system based on combustion of fossil fuels is not
sustainable because of the large linear flows of coal,
sulphur, nitrogen, and to some degree heavy metals, and
their environmental impacts.
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AIR POLLUTION
Unhealthy air has a long history
Today it is common place that people complain about bad air in central parts of
large cities and in industrial areas. Even if one might admit the complaints are
reasonable it is also true that the air in such places were often much worse one
or several generations ago, in the early phases of industrialisation and the then
growing cities. In one of the few reports on the environmental situation in the
industrialised cities in England in the 19th century the worst, as it was described,
was the smell from “the pits,” places for storage of waste of all kinds, then
smell from slaughter houses, dye factories, coal powered factories, etc. were all
terrible. That these emissions not only had a bad smell, but as well may have
contained toxic substances was not known at the time.
In some of these cities, conditions were aggravated because of climatic
conditions. When air is not circulated due to so-called inversions, that is
colder air stays on top of warmer air, pollutants will remain where they are
emitted. As a result, conditions aggravate quickly and become very
unhealthy for people and certainly for all life. Bad weather also sometimes
caused the phenomenon of smog (smoke and fog). Heating homes using
coal-fired, individual furnaces in thousands of homes in cities also leads to
enormous air pollution problems. This was and partly still is typical in
central Europe, but also in e.g. London where the last large smog event in
1952 killed about 4,000 people.
Air pollution, in spite of the very obvious improvements, is still a major
environmental problem. Today, the phenomenon of photochemical smog, caused
by car exhausts and inversion, causes very unhealthy air. It is a problem several
days a year in Göteborg on the Swedish west coast. Internationally, cities such as
Los Angeles and Mexico City are better known for grave air problems caused by
car exhausts, which in the case of Los Angeles have prompted extremely strict
requirements for car exhausts.
People have a capacity to deal with air pollution, perhaps it is biologically
necessary from many generations in caves with open fire and bad air circulation,
but there are limitations. Air pollution is the number one cause of bad health caused
by external environmental factors. Even worse is that children are more vulnerable
to air pollution than other groups. Still, one should not forget that the most important
air pollution problem is cigarette smoke, for both smokers themselves and those
exposed (Chapter 14).
Earlier, air pollution might have largely been a local concern. At least since
the mid 20th century, environmental impacts of polluted air have reached new
proportions as the problems became regional and later global. Pollutants in air
are damaging large areas through acidification, eutrophication, spreading of
heavy metals, and in some cases radioactive fallout and climatic change.
Air pollutants affect both man and the natural as well as the man-made
environment. Harm to human health is caused primarily by fine particles and
ozone, while the most widespread damage to ecosystems results from
acidification and eutrophication. The worst environmental impacts attributable
to acidic and other types of air pollutants are found in the coniferous forest
regions of central Europe and in the lakes and streams of northern Europe. In
parts of these areas the load of acidifying substances is more than 10 times
higher than the soil and water are able to tolerate without suffering serious
consequences. Climate change constitutes another threat to both human health
and the environment (see Chapter 10).

Figure 11.1. The cement factory in Kunda, Estonia. Grey dust from the cement factory covered
everything in the entire village from graves to kitchen
gardens during a very long period, until it finally
improved gradually in the end of the 1990s. Factory
workers suffered badly and had lung disease. (Photo:
André Maslennikov.)
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Below we will describe the environmental effects of air pollutants, and their
causes. Since the polluted air moves freely across national frontiers, international
co-operation is a prerequisite for success in countering its effects. Solutions to
the problems have much needed in common – amounting in summary to a drastic
reduction in the use of fossil fuels: coal, oil, and natural gas. In the longer term,
there must be a total change over to other systems of energy provision. In the
short term, specific measures will have to be taken to reduce the emissions of
sulphur and nitrogen from the energy, transport, and agricultural sectors.
Deferring action may turn out to be very expensive indeed, as is described
briefly below.

The major air-born pollutants

Major air-born pollutants
Air is polluted by among others:
•
•
•

•
•
•

acidic oxides, e.g. SOx and NOx,
which leads to acidification,
eutrophying gases, e.g. NO x and
NH3, which leads to eutrophication,
other air pollutants, e.g. volatile
organic compounds and ground level
ozone, which leads to unhealthy air
for humans and other life forms,
fine particles, which are highly
dangerous for human health,
Carbon monoxide, and
radioactive fall out from nuclear
facilities, which is highly dangerous
for human health.

All of these are generated by energy
systems.
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Many kinds of polluting substances can be air-born. Therefore the list of polluting
chemicals in air is long, and only some of them are discussed in this chapter.
The main categories are the following:
Acidifying substances. These are mainly the sulphur and nitrogen oxides,
SOx, NOx, and NH3 as will be discussed in some detail below.
Eutrophying substances. These are mainly nitrogen as NOx and ammonia.
Nitrogen thus contributes both to acidification and eutrophication. Eutrophication
is treated in Chapter 9, and briefly in this chapter.
Greenhouse gases. Gases which absorb the outgoing infrared heat
radiation form the Earth are called greenhouse gases. The include carbon
dioxide, methane, freons, and nitrous oxide, N2O. These are all discussed
in Chapter 10.
Ozone and other oxidants. Important among air pollutants are photochemical
oxidants. Their emission sources are largely the same as those for sulphur and
nitrogen oxides, and they interact with the acidifying air pollutants to give rise
to a combined effect. The photochemical oxidants all have in common that they
are formed under the influence of sunlight, and are highly reactive. Ozone usually
accounts for more than 90% of the oxidants in the air. From monitoring which
has been carried out since the 1950s, it appears that the concentrations of groundlevel ozone have increased on an average by 2% a year, and the background
levels are now about double what they were in the 1950s (Elvingson & Ågren,
1997). Once formed, ozone can travel with the air over long distances, which
puts it definitely among the problems of transboundary air pollution. High
concentrations occur in central, western and, southern Europe – the highest
peaks are usually found in northern France, Belgium, and western Germany.
Volatile organic compounds, VOCs. For ozone formation to take place,
nitrogen oxides and volatile organic compounds (VOCs) must be present in the
air. The latter include a number of hydrocarbons, with varying ability to affect the
formation of ozone. The most active ones are alkenes, aldehyds, and aromatics.
VOCs are typical of car exhausts, but they are also formed in other combustion
processes. The volatile organic compounds formed by plants themselves, such as
the terpenes of coniferous trees, are thought to contribute little to the formation
of oxidants.
Particles. A constant component in flue gases are particles. Particles are
mostly very small carbon, that is soot, fragments, a few microns (thousands of
millimetres). Large amounts of particles are typically formed in combustion of
biomass if special measures are not taken, such as increasing the combustion
temperature significantly. Another important source of particles is diesel fuel.
Particles are especially damaging to human health.
Carbon monoxide. This oxide is formed in incomplete combustion, and is
quite toxic to humans and all life. Carbon monoxide is found in car exhausts.
Heavy metals. Industrial air emissions typically contain metals, either as
salts, as particles in their atomic form, or as organic complexes. Significant

sources are metallurgic industries and waste incineration, but all combustion
processes may give rise to heavy metal emissions since heavy metals are typically
found in fossil fuels. Heavy metals are treated in Chapter 12.
Persistent organic pollutants, POPs. Some persistent organic substances,
including the very toxic dioxins, are formed in combustion processes and are
therefore emitted with flue gases. Other POPs are produced for technical purposes
and may be emitted from the sites of use. Most POPs are chlorinated and many
of them volatile. Particularly harmful are the freons and some other chlorinated
solvents, which cause destruction of stratospheric ozone. These are discussed
below. Others are treated in Chapter 13.
Radioactive fallout. Nuclear power stations are sources of radioactive
substances. Radioactive isotopes are released in small amounts in day-to-day
operation. For example, 900,000 Bq of caesium (137Cs) was released to air in
the year 2000 from the Block 1 reactor at the Forsmark nuclear power station in
Sweden (Wijk and Lüning, 2001). However, extreme caution is taken not to
accidentally emit greater amounts of radioactivity. Other sources of radioactivity
in air include the earlier atmospheric nuclear weapons testing, still evident as
pollution in the northern hemisphere, and the naturally occurring radon gases.
These are discussed in this chapter.

Transport and fallout of air pollutants
Pollutants reach the ground either in their original or a transformed state, and
the deposition may be either wet or dry. Wet depositions are those that come
down in rain or snow. The pH value of precipitation is now between 4.1 and 4.3
over most of Europe. While it is difficult to determine the exact characteristics
of precipitation as it was before it was affected by human activities, there are
strong indications that its pH value then lay somewhere between 5 and 6.
Airborne pollutants must therefore have increased the acidity of the rainfall 10
to 100 times. (Rainwater is naturally slightly acid because the carbon dioxide in
the air becomes dissolved in the water and forms carbonic acid.)
Dry deposition is that which, in the form of gases and particles, falls directly
on vegetation, buildings, etc. While the amounts deposited depend on the
concentrations of pollutant in the air, a number of factors cause variations.
A rough, wet surface picks up much more than a smooth, dry one. Coniferous
trees “filter” the air much more effectively than broadleaved. Because trees
growing on the edges of forest or on high ground catch a lot of dry
deposition, the total deposition in such places may be extra great. Deposition
is lowest on ploughland, pasture, and stretches of open water, because here the
dry deposition is low.
Among the substances that can be transported over long distances in the air
– up to thousands of kilometres – are sulphur oxides and oxidized nitrogen
compounds. In fact in some countries a greater part of the acid deposition comes
from outside their borders. Compared with sulphur and nitrogen in nitrate form,
nitrogen as ammonium tends to be deposited nearer to the source – probably
half of it falling within a radius of 100 km. Some of the ammonia may however
react with sulphuric acid in the air and form small particles (of ammonium
sulphate) which can be transported very far. Distribution of pollutants is further
treated in Chapter 14.

The causes – role of fossil fuels and combustion
The major source of air pollutants is combustion, especially of fossil fuels.
Combustion residues are ashes (including particles) and flue gases. Flue gases
are emitted to air and contain the products of oxidation – water, carbon dioxide,
nitrogen oxides, sulphur oxides, etc. – as well as substances due to incomplete
combustion. These are organic substances, collectively called volatile organic

Figure 11.2. Fossil fuels are the main source of air
pollutants. Content of sulphur in oil fuels and lead in
gasoline in Finland 1980 and 1991 and goals to be
achieved in the 1990s. (Data source: Neste Corporation, Finland).
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compounds, VOCs, as well as e.g. carbon monoxide. Finally there are substances
that are not combusted, such as metals.
All these components are polluting and have serious environmental impacts.
It is possible to make combustion processes less environmentally damaging
either by cleaning the flue gases, or by improving the efficiency of combustion,
e.g. with catalytic converters or increased temperatures (see further Chapter 16).
But there are clear limits to what can be achieved with this approach. The
combustion of fossil fuels needs to be questioned and changed for the problem
of air pollution to be solved.
Combustion of fossil fuels play a main role in energy systems, as already
mentioned. The improvement of air requires a new energy regime based on
renewable energy sources. This is discussed mainly in Chapter 10.
The emission of nitrogenous substances, in particular ammonia, from
agriculture is also much aggravated by industrialisation. Farms, and even entire
areas, specialising in animal production cause massive production of ammonia,
while other areas specialising in crop production have a deficit in nitrogen and
use large amounts of artificial fertilisers. Sustainable agriculture integrates animal
and crop production and thus closes the flows of nitrogen, and diminishes the
linear flow of nitrogen to the atmosphere.

ACID RAIN AND ACIDIFICATION
Acidification and eutrophication

SO x , NO x , and NH 3 emitted to the
atmosphere are completely or partly
oxidised to form the strong acids H2SO4
and HNO3, and ammonium sulphates or
nitrates. These come back to Earth as
dry and wet deposits.
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As early as in the 1950s, sport fishermen in south Norway and western Sweden
noticed that the fish in the lakes and rivers were becoming fewer and even
disappeared altogether. But it was only towards the end of the 1960s that scientists
were able to tie this phenomenon to the effects of acidifying air pollutants that
had come in from afar (Bernes, 1991).
The extent of the problems that these pollutants give rise to has since been
shown to be very great. Air pollutants do not only strike at fish populations but
also cause other kinds of damage to our surroundings, affecting forests and
biological diversity, corroding metals and cultural objects, and even undermining
human health.
Acidification is caused by emissions of sulphur dioxide (SO2), nitrogen
oxides (NOX), and ammonia (NH3), of which sulphur emissions are the primary
source. The nitrogen oxides and ammonia, in addition to being part of
acidification, are the main causes of eutrophication.
The major source of SO2 emissions is the burning of fossil fuels (mainly
coal and oil) for the production of electricity and heat. The amount of sulphur
any fuel contains depends on where and how it was formed. Low-sulphur
oil from the North Sea, for instance, contains only a few tenths of a percent
of sulphur, whereas some types of coal may be between 5 and 10% sulphur.
Besides fossil fuels, some industrial processes, such as the roasting of
sulphide ores, also add to the emissions of sulphur. A great part of the
emissions comes from large individual plants, mostly coal-fired power
plants. The 100 largest sources in Europe were estimated to have been
responsible, at the beginning of the 1990s, for more than 40% of the
continent’s total emissions of sulphur dioxide (Elvingson & Ågren, 1997).
European emissions of sulphur dioxide were the highest around 1980, when

A

B

Tonnes
of NO2 and SO2

they amounted to some 56 million tonnes. By 1999 they had fallen to 21 million
tonnes – a reduction of 63% (Vestreng, 2001).
When air is heated up, as in combustion, the nitrogen gas and oxygen in the
air react and form nitrogen oxides – the amount depends on the temperature:
the hotter it is the more nitrogen oxides produced. The nitrogen in the fuel
itself also contributes to the formation of the oxides. Nitrogen oxides are formed
whenever combustion takes place. In most countries emissions are mainly from
the exhausts of motor vehicles and from the burning of coal and oil in power
plants. The European emissions of nitrogen oxides reached a peak around 1990,
when they amounted to nearly 28 million tonnes. The total is now falling slowly,
having dropped, by 1999, to some 18% below the 1980 level, or 21 million
tonnes (Vestreng, 2001). Whereas the per capita emissions of sulphur are much
greater in eastern than in western Europe, those of nitrogen oxides are greater
in the west – where most of the emissions come from the transport sector. In
eastern Europe, combustion plants are more in evidence as the source.
By far the greater part of the emissions of ammonia can be traced to livestock
farming. Ammonia evaporates from manure, both in storage and in spreading
over the fields. The emissions of ammonia are naturally greatest in places where
livestock farming is most intensive, as in the Netherlands, Denmark, and northern
Germany. Inadequate monitoring of the ammonia emissions in many countries
means that it is difficult, however, to say whether they are increasing or
decreasing. In 1999, European ammonia emissions were estimated to be
approximately 7 million tonnes (Vestreng, 2001).
Counting both nitrogen oxides and ammonia as pure nitrogen, it appears
that in Europe as a whole the emissions of ammonium nitrogen and nitrogenoxide nitrogen are about equal, i.e. around 6 million tonnes of nitrogen a year.

Figure 11.3. Emissions of acidifying and eutrophying
oxides in Europe in 1999. To the left NO2 (A) and to
the right SO2 (B). Squares are 50 x 50 km from the EMEP
grid. (Source: EMEP, 2002. See http://projects.dnmi.no/
~emep/emis_data/NOx_99.gif
and
http://
projects.dnmi.no/~emep/emis_data/SOx_99.gif.)

Figure 11.4. Changes in anthropogenic emissions
of nitrogen oxides (A) and sulphur oxides (B) from
1980. NO2 and SO2 emissions (1,000 tonnes per year)
in Belarus (broken line), Poland (thin line) and Sweden
(thick line) are given as examples of the trends in Europe.
(Source: EMEP, 2002. See: http://projects.dnmi.no/
~emep/emis_tables/tab2.html).
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Acidification of the soil
There are parts of Europe where the soil has a large content of easily
weathered minerals, enabling it to accept relatively great amounts of acid
without becoming acidified. But where the soil minerals weather less easily,
as in Scandinavia, the resistance to acidification is low. The amount of
acidic deposition that the various types of soil can accept without becoming
acidif ied (the so-called critical loads), varies in Europe. When acid
deposition is greater than the critical load, the ability of the soil to resist
(its buffering capacity) is sooner or later used up and it becomes acidified.
The following may be said to be the worst effects:
Plant nutrients are leached out. The ability of plants to take up nutrients
diminishes when the availability of base cations in the soil, such as magnesium,
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Figure 11.5. Acidified aquatic ecosystem. In addition
to being a problem in itself, acidification causes a series
of problems including release of metals, such as
aluminum and mercury in aquatic ecosystems. (Photo:
Lars Rydén.)

calcium, and potassium, is reduced. Forest growth can be affected, and some
sensitive plant species possibly eliminated. It is estimated that the content of
easily available base cations in the soil of southern Sweden is declining at a rate
of 1-2% per annum.
Poisonous metals are freed. Aluminium ions, which are poisonous to plants’
root systems, are freed through the weathering of the soil at lower pH-values.
As the soil becomes more acid, the mobility of many heavy metals also increases.
In acidified soil, it is likely that uptake by plants is increased of cadmium, zinc,
manganese, and nickel, to mention a few.
Phosphates become bound. Plants also suffer indirectly when the concentrations
of dissolved aluminium increase. Aluminium ions have the ability to bind phosphate,
which is an important nutrient, and make it less easily available. The effect of an
insufficiency of phosphate is moreover heightened when the process of
decomposition becomes slowed down in the soil as a result of acidification. Some
other important nutrients besides phosphate, such as molybdenum, boron, and
selenium, also become less easily available to plants when the soil is acidified.
Up to the early 1980s, most soil scientists believed it to be hardly likely that
the soil would be affected by acidification. Subsequent research in Sweden,
Austria, and Germany, as well as other places, has however brought about a
change of mind. Continuous sampling in southern Sweden has shown that the
pH value of the soil have decreased by 0.3 to 1.0 units in only a few decades.
The drop has not only taken place in the upper layers, but also far down into the
mineral soil. The store of base cations available to plants has on the average
been halved in 40 years.
While sulphur is responsible for most of the soil acidification caused by air
pollutants, nitrogen compounds also contribute, but in a more complicated manner.
To put it simply, there will be a net acidifying effect only to the extent that the
nitrogen is not taken up by the plants but leached out. An obvious conclusion is
that the acidifying effect of nitrogen increases if the vegetation fails to take up as
much as is deposited. The resulting state, known as nitrogen saturation, can be
reached at quite a low load. As a result of saturation, relatively large leakages of
nitrogen have been noted from forest land in the Netherlands, northern Germany,
Denmark, and south-western Sweden.
The nitrogen that is leached out of the soil ends up in streams and lakes,
where it eventually leads to biological changes. Some finds its way to the sea,
where the eutrophication effect is still greater, causing algal blooms, oxygen
depletion, and lifeless depths. About a third of the nitrogen entering the Baltic
Sea and its Kattegat and Skagerrak approaches is estimated to come in the form
of air pollutants falling directly onto the water. Although it is not known how
much of the nitrogen that is leached out from land originates as atmospheric
fallout, it is feared that the problem will increase as nitrogen saturation spreads
(see further Chapter 9).
Nitrogen can also leak from soils that are not suffering from saturation. This
can happen for instance in wintertime, when the vegetation’s uptake of nutrients
is very low.
Harvesting removes biomass from the forest, leaving a surplus of acid.
Otherwise decomposition of the biomass would have compensated for the
acidifying effect of the growth. Calculations from southern Sweden indicate
that atmospheric fallout of pollutants may have up to three times the effect of
forestry. But further north, where the fallout is less, forestry practices may add
just about as much acid to the soil as comes from the air.

Acidification of lakes and streams
The effects of acidification on freshwater life have so far been mostly evident
in Norway, Sweden, Finland, and Scotland, as well as in some parts of eastern
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North America. Signs that a lake is becoming acidified are clearer water and
declining fish populations. The clearness is primarily due to that the humic
substances, that normally colour the water, precipitate and settle on the lake
floor. The main reason for fish stocks declining, both overall and in number of
species, is failure to reproduce in acidic water. Many other biological changes
occur when the water becomes acidified.
The number of species of phytoplankton diminishes rapidly. Whereas in lakes
that are poor in nutrients, and have a pH value of more than 6, there would normally
be about 50 species, in an acidified lake there are generally fewer than 10. Among
the plants that thrive in an acidified environment is bog moss, while some species
that grow at the water’s edge, such as lobelia, quillwort, and shoreweeds, will be
pressed back, partly because of becoming smothered with carpets of bog moss.
Acidification will also result in fewer species of freshwater fauna. The first to
be affected will be animals living in running water or along lake shores, where the
pH values often become unsettled even in the early stages of acidification.
Eventually, however, the effects will be seen throughout the whole waterbody.
Generally speaking, it is the roe and fry of aquatic species that are most
sensitive to acidification. The adult fish of a species can often continue to live,
but it will only be a question of time before the entire species disappears. Among
the freshwater groups that are easily affected by acidification are shrimps, snails,
mussels, some ephemerids, and fish.
Acid water is however not always the direct cause of extinctions. Aluminium
in ion form, which can harm fish as well as some other aquatic animals, occurs
in raised concentration as a result of acidification. At some pH values, the
aluminium ions precipitate and attach to the gills of fish, preventing the uptake
of oxygen from the water. The result may be an acute fish kill.
The disappearance of fish has widespread repercussions on other animal
and plant life in a lake. Some large insects, for instance, on which the fish
normally feed and therefore keep their numbers down, will show a marked
increase, and that will in turn affect the incidence of smaller insects, plankton,
and so forth.
The melting snow in spring, but also heavy autumn rains, can cause the pH
value of the water in streams and lakes to drop markedly during a brief period.
The sudden onrush of great volumes of water, containing accumulated acid
from the precipitation, can by itself have an effect equal to year-round
acidification. Although the acid flush may only last for a couple of days, many
species will be hard hit. Many fish, for instance, can suddenly die. Acid flushes
may also occur and have a lethal effect even in areas with a limestone bedrock,
which had long been thought to be immune to acidification.

Figure 11.6. Acidification of lakes. Lakes in areas
with low buffering capacity suffer badly from acid rain.
When pH values go below 5 higher life disappear and
after a period the lake becomes devoid of higher life
and completely transparent. (Photo: Inga-May Lehman
Nådin.)

Figure 11.7. Phases of acidification processes in
lakes. During acidification of lakes three main phases
can be distinguished. In the first phase pH is kept high
and buffering systems prevent acidification. The
second is more dramatic as the pH is strongly fluctuated
throughout the year and causes serious killing of fish.
In the last stage, when pH is very low underwater life
is strongly reduced and fish are killed. The process is
explained by a decreasing buffering capacity as strong
acid (SOx) is added, that is a titration of bicarbonate.
(Modified after Mason, 1991.)

Many causes of forest decline
In the natural world the plants and animals are continually being subjected to
various kinds of stress. And so it is with the trees. Besides shortages of water
and nutrients, competition from other individuals and attack by other species
are among the forms of natural stress to which they may be exposed.
Tree damage is thus nothing new. But air pollutants constitute an additional
factor, coming on top of the natural ones. Trees will therefore be more
sensitive, in a polluted environment, to high natural stress, such as occurs
for instance under extreme weather conditions with long periods of drought.
Stressed trees will moreover be less resistant to attacks from fungi and
insects. Extensive pest attacks may often be a successor phenomena,
occurring after air pollution.
It is impossible to attach responsibility for forest damage to any one air
pollutant. Three outstanding general causes are here given, the effects of which
may vary from place to place, depending on the accompanying stress factors:
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•

Symptoms of forest decline
•
•
•
•
•

browning of leaves,
loss of needles or leaves,
decreased growth rates of trees,
morphological changes of leaves, and
premature deaths.

•

•

Direct damage from gases and acid substances coming into direct contact
with leaves and needles. The most widespread damage of this kind is probably
that which comes from ground level ozone.
Soil acidified through atmospheric deposition. Nutrients are leached out
and/or bound more firmly in the soil. Raised concentrations of metals in the
soil water give rise to root damage. The processes of decomposition in the
soil slows down, and mycorrhizal development is hindered.
Nutrients in imbalance from additions of airborne nitrogen. Nitrogen is
normally in deficiency, and the additions make for faster tree growth. But
there may then arise shortages of other nutrients, especially if the soil is
acidified. The greater volume of foliage resulting from the extra nitrogen is
thought, too, to increase the risk of desiccation. Large additions of nitrogen
make the trees more sensitive moreover to frost, and a further disturbing
effect of nitrogen deposition is the diminishing of mycorrhizal fungi.

Extensive forest damage has been recognized in Europe since the late 1950s,
especially in the mountain region of central Europe where the boundaries
of Poland, Germany, and the Czech Republic converge. But it was not until
the beginning of the 1980s that the connection between air pollutants and
forest decline was taken seriously. From 1986 onwards there has been an
all-European program for continuous assessment of the damage. This is
confined to measuring the loss of foliage (leaves and needles), sample trees
being assessed in a five-degree scale, in which up to a 25% loss is considered
to be within natural variation. The survey for the year 2000 reported that
about one out of four trees showed a defoliation of more than 25%, i.e. were
classified as damaged (UN ECE/CEC, 2001).
Scientists disagree as to whether the degree of defoliation is an altogether
reliable measure of the state of the trees’ health. The effects of air pollutants
may perhaps be better read off from the balance of nutrients in the leaves or
needles, although that is more difficult to measure.

Plant and animal life
The diversity of life is threatened in many ways. In most parts of the world
the greatest threat – at least in the short term – comes from land use,
especially in agriculture and forestry. But added to that is the chemical
restructuring of nature through a steady acidification of the soil, direct effect
of gases (such as sulphur dioxide and ozone), and continued nitrogen
fertilization. Further threats to diversity, the effects of which can as yet
only be guessed, include the change of climate that is brought about by
greenhouse gases, and the possible symbiotic effects of climate warming,
thinned ozone layer, and air pollutants generally.
Plant species that can tolerate acidic conditions – including high
concentrations of aluminium ions – increase, as do those that thrive on an
abundance of nitrogen. There will be a decline, on the other hand, in those
species that need high pH values and/or a high degree of base saturation in
the soil, as well as in general for species that cannot compete in a nitrogenrich environment.
Fungi of the kinds that exist in symbiotic association with higher plants
have proved to be sensitive both to acidification and nitrogen input. Their mycelia
act as extended root systems helping the plants to take up water and nutrients.
In exchange they obtain carbohydrates which the plants have manufactured by
using sunlight for photosynthesis. In the longer term large changes in the
ecosystems can be caused through the disappearance of the mycorrhizal fungi,
since a large number of higher plants, including all forest trees, have this
mycorrhizal association.
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The extra nitrogen is probably a greater threat to the diversity both of fungi
and higher plants than soil acidification. The composition of natural ecosystems
is determined to a large extent by the availability of nitrogen, which is usually
in deficiency. The addition of nitrogen to a nitrogen-poor system will enable
some few species to expand at the expense of others, and the whole ecosystem
will be transformed.
Some bird species, such as divers, osprey, and dipper, which obtain their
food from the water, have become fewer in acidified areas. Birds as well as
animals generally are also affected indirectly when their habitats become altered.
Thinning of the foliage in spruce, for instance, reduces the living space for
numbers of spiders and other insects that inhabit the branches, thus affecting
the birds that live in coniferous forests and feed on them, such as coal tit and
goldcrest.
Plants can be damaged by gaseous substances in the air. The visible signs
are discolourings and dead areas on leaves and needles. There is a mixture of all
sorts of substances, known and unknown, in polluted air. Critical concentrations
have been determined for a few plant species and a few air pollutants. These
mark the limits beyond which damage is likely to arise.
Among the gases that have received most attention, ozone is the one where
concentrations regularly attain or exceed the levels at which damage occur.
Like other photochemical oxidants, ozone has a marked tendency to react with
other substances. By entering a plant through the stomata (the minute pores in
the leaves) ozone can disrupt important cell functions, leading to some of the
cells dying. Dead patches can then be seen on the surfaces, but long before that
has happened serious damage will have been done to the plant’s photosynthesis
and hasten its ageing.
In some parts of Europe the concentrations of sulphur dioxide are higher
than sensitive plants, for instance some lichens, can tolerate without suffering
damage. High levels of nitrogen oxides can also occur locally in urban areas
and along heavily trafficked roads. The occurrence of several gases in

Figure 11.8. Forest dying after acid rain in Izierskie,
the Sudety Mountains, in 1995. The area, in the socalled black triangle bordering Poland, Czech
Republic, and Eastern Germany, was especially badly
hit by acid rain in the period up to mid 1990s. (Photo:
Pawel Migula.)

Causes of forest decline
•

•
•
•
•
•
•
•
•
•

improper management
(overexploitation) or techniques
used,
ageing of forests,
long-term climatic changes,
climatic accidents (fire, frost,
drought, floodings),
mineral deficiencies,
increased penetration of pathogens
(insects, fungi, slugs, viruses),
air pollutants,
acid rain and aluminium,
heavy metals, and
pesticides.
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Air pollutants
and human health
Air pollutants seriously affect human
health. Gaseous compounds and very
small particles cause direct effects.
Indirect effects occur e.g. when, as a
result of acidification, toxic metals
become increasingly mobile and enter
the body in water and food. A large part
of humanity now has to breathe noxious
air. The situation is worst in large cities,
where innumerable motor vehicles emit
fumes containing thousands of different
substances directly into an environment
that is crowded with people (see further
Chapter 13).

Figur 11.9. Car exhaust is one of the worst
environmental health problems. (Photo: Inga-May
Lehman Nådin.)
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combination can boost their individual effects and make them cause more
damage at lower concentrations than they would on their own.

Damage to human health
Air pollutants also affect human health. Gaseous compounds and particles cause
direct effects (EEA/WHO, 1997). Indirect effects occur when, as a result of
acidification, more toxic metals enter the body. Many of these metals become
increasingly mobile as the soil and water become more acidic.
The most serious damage of the direct effects are mostly caused by very fine
particles – usually referred to as PM10 or PM2.5 (particulate matter smaller than,
respectively, 10 or 2.5 microns). Some of these particles are formed and released
as a result of combustion processes, while some of them are so-called secondary
particles – sulphates and nitrates formed by chemical reactions in the atmosphere.
The precursors to these secondary particles are sulphur dioxide, nitrogen oxides
and ammonia, i.e. the same pollutants that are responsible for acidification.
A large number of studies, both in the USA and Europe, show that when the
concentration of small particles in air rises, even from low levels, there is a rise
in mortalities from respiratory, cardiac and circulatory diseases and more people
seek hospital care for bronchitis and asthma. It is not yet known exactly how
these particles cause damage, but it is likely that they induce and aggravate
inflammations of the airways.
Even exposure to low levels for long periods is considered harmful, partly
due to the increased risk of cancer. The long-term effects have not yet been
particularly well researched, but living in regions where there are high
concentrations of particles is believed to reduce life expectancy.
Elevated levels of ozone also constitute a significant health problem over
large parts of Europe, especially in the summer (Jol & Kielland, 1997). Other
health-damaging pollutants – but usually more on a local scale – include
hydrocarbons (many of which are carcinogenic), sulphur dioxide, and nitrogen
oxides. In contrast to particles, however, concentrations of these other pollutants
are in most places gradually – but still much too slowly – declining.
As regards indirect health effects, the main problem is acidification. Water
infiltrating the soil reaches the groundwater after one or a few metres, in some
cases even less. When the soil becomes acidified, acidification of the groundwater
might reasonably be expected as a consequence. The main reason for the
acidification of groundwater being a cause of alarm is that it increases the
mobility of many harmful metals.
Aluminium is one of the commonest metals in the Earth’s crust. When water
becomes acidified, there will be a marked increase in the levels of aluminium in
various ion forms, which are extremely poisonous for aquatic organisms.
Whether they affect humans is however uncertain.
In Sweden the concentrations of cadmium in groundwater have been shown
to be three times higher, on an average, in water with a pH value under 5,
compared with water with a pH more than 6. The concentrations of cadmium to
which some sections of the population are exposed are already close to the
levels that can cause kidney damage. Smokers are especially at risk.
Water pipes are often made of copper. If water becomes acid, it can
dissolve the material in the pipes. High concentrations can cause chinaware
to become discoloured and children to suffer diarrhoea. In Britain many of
the water pipes are made of lead, which is a much more poisonous metal
than copper. Five million people are estimated to be drinking water with a
higher lead content than the EU recommends. Lead can damage the nervous
system, especially in children.
Why fish with high levels of mercury should be found particularly in
acidified lakes is something of a mystery. There is nothing to show that the

Case

Acid rain destroys the cultural monuments of Latvia

Box 11.1

The monuments
In Latvia many historical monuments rank among the most
remarkable in the Europe.
Among the most outstanding is the architecture in Old Riga,
the heart of the city, with treasures in Art Nouveau or Jugend
style. In total 150 buildings are classified as architectural
monuments. The famous Latvian sculpturer K.Zale in the 1930s
created the Brethren Cemetery in Riga and the Monument of
Freedom – the symbol of freedom of all three Baltic states.
Different types of natural stone have been used among them
limestone, sandstone and marble. Tuffa, a locally found greyish
rock mainly containing calcite together with calcified compounds
of dead plants, which is a dominant material, is quite soft.
The status of the monuments is today bad. The stone surface
is gradually covered with black crust, which cracks and peels
off, and disintegrates. The cultural property of Latvia is an integral
part of the world’s cultural inheritance and our aim is to maintain
this value for the next generations of Latvia as well as to the
whole world. Of course we cannot restore the vanished stone
surfaces. The most important thing is to stop the fast stone
deterioration process.

The damages
In the end of the 1990s a survey was made on the damages of
the monuments. The CaCO3 on the surfaces of the sculptures
was dissolved and a layer of gypsum (calcium sulphate) had
developed. The gypsum crust usually is 0.02-0.20 mm thick, dark
coloured and solid. The dark pigmentation of this layer may form
either compounds containing soot or heavy metals which catalyses
the formation of gypsum.
Two properties of gypsum cause the rapid deterioration of the
stone. First the calcium carbonate expands as it is converted to
calcium sulfate. This disrupts the limestone. Secondly the gypsum,
since it is much more soluble in water than calcium carbonate, is
rapidly weathered by rainwater.
The dark coloured layer of stone contains a high concentration
of iron oxide (0.11%-0.65%). There is a correlation between the
amount of gypsum and the total concentration of iron in the
corroded surface layer.

concentration of SO2 in the atmosphere in Riga in recent years
has been 6 microgramme/m3. The humidity of the atmosphere,
together with SO2, form acid rain causing stone weathering. The
average rainfall in Riga it is 617 mm/year. The total amount of
acid rain (so called acidity) in Latvia is 32.9 meq/m2/year.
Air pollution originates from domestic heating systems, from
intensive traffic and industrial enterprises. One of the largest
sources of air pollution in Latvia is the Latvenergo power station
TPP-1 located near the Brethren Cemetery.

Rate of erosion
We have estimated that the present erosion rate of porous stone,
such as tuffa, it is close to 25 micrometer/year. After 10 years the
loss of stone material will be approximately 0.4-1.0 mm and
correspondingly 4-10 mm will be worn away after a century.
A linear relation was found between the weathering rates of
stone monuments and SO2 during the period from 1880 to 1980.
10 mm of fine grain marble will be worn away every century for
every part per million of SO2 in the air.

Conservation
Further heavy damage on the monuments can be restricted only if
countermeasures are taken to reduce air pollution. According to
Lindborg, (1990) and Cowling (1982) the critical load limits for
architectural heritage (winter half-yearly averages) in an urban
environment are
SO2
NO2
Ozone
Particles (soot included)

5 mg/m3
10 mg/m3
50 mg/m3
10 mg/m3

Table 11.1. Critical load limits for architectural
heritage. Winter half-yearly averages. (Cowling, 1982.)

Heritage conservation today is necessarily complex, requiring
expertise from several disciplines. and can only be achieved through
a national conservation policy defined and co-ordinated by the state
but calling upon private and individual contributions as well.

Air pollution
Air pollution with SO2 is the main reason of the corrosion processes
in Riga, but also NOx play an important role. The average

Andris Spricis and Daina Indriksone

input of acid to the soil should increase the outflow of mercury to the water.
Even if the pH value in the soil should drop, mercury remains bound to the
humus particles, contrary to the behaviour of many other metals. Changes in
the ecosystem when a lake becomes acidified seem to be a more likely reason
for noticeable levels of mercury in fish.
As far as is known, aquatic organisms are not directly affected by mercury.
Highest on the food chain is however man, for whom the frequent consumption
of fish with a high mercury content can be dangerous. In Sweden pregnant
women and nursing mothers are recommended to desist entirely from eating
fish from inland waters, because even in a small dose, mercury can cause brain
damage in the foetus and new-born child. A survey in western Sweden has also
revealed a high content of mercury in the unhatched eggs of another fish-eater,
the red-throated diver.
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Corrosion to buildings and materials
Although every kind of material will be eroded, sooner or later, by the effects of
climate, air pollutants will accelerate the process. Buildings, vehicles, metal
structures, statues, rock carvings, water pipes, cables, and so forth, all may
suffer. Things made of limestone and some kinds of sandstone are especially
sensitive to attack from acidic substances, and metals become corroded more
quickly in an acid environment.
The worst pollutant is sulphur dioxide, which is corrosive both in gaseous
form and after conversion to sulphuric acid. Nitrogen oxides can also have a
damaging effect, partly by forming nitric acid, partly by intensifying the corrosive
effect of sulphur dioxide. Ozone and oxidants generally, which easily react with
other substances, aid the disintegration of textile materials, leather, and rubber.
A particular problem is the damage caused to our cultural heritage which
can usually neither be repaired nor measured in terms of money.

Figure 11.10. Acid rain corrodes sculptures. Effects
of acid rain on a sculpture in Chorzow Culture Park in
Silesia, Poland in 2002. The chalk in the stone is
dissolved by the sulphuric acid and slowly disappears.
(Photo: Malgorzata Scheiki-Binkowska.)

NUCLEAR POWER
AND RADIOACTIVE POLLUTION
The atmosphere, radioactivity, and nuclear power

The attack on the softer limestone is
particularly evident and was probably the
subject of one of the earliest scientific
investigations of air pollution damage. This
study was undertaken in the last century
in England and described the corrosion of
a church built of limestone (calcium
carbonate). Although the stone was of the
highest purity, year by year a thick darkcolored crust built up on the stone. The
crust was highly soluble and proved to be
more than 50% calcium sulfate. This
showed that the polluted conditions had
converted the calcium carbonate into
calcium sulfate (gypsum). The gypsum
crust usually is 0.02-0.20 mm thick, dark
colored and solid. The chemical
investigations shows that approximately
100 different substances could be
presented in this crust on stone surfaces
due to the local pollution level. Modern
studies of very old building stones from
the colleges at Eton have shown that the
pollutant sulfur has penetrated about 5 mm
into the stone (Brimblecombe, 1987).
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Man-made radioactivity in the atmosphere was first spread from atmospheric
nuclear bomb tests. The first test was conducted in the desert in New Mexico,
USA in July 1945. Only a few tests followed up to 1948. In the 1950s, the USA
conducted tests of hydrogen bombs in the Pacific, and Soviet tests were conducted
in the Arctic in Novaja Zemlya and later in Semipalatinsk. The fallout from these
tests spread all over the entire northern hemisphere. The Sami population in the
Norwegian, Swedish, Finnish and Russian areas were especially hit as radioactive
caesium from these tests accumulated in reindeer meat. In 1962, atmospheric nuclear
bomb tests were outlawed after the limited test bomb treaty, but radioactivity from
the period of atmospheric testing still contaminates the soil in the area (see below).
Nuclear power was introduced in the Baltic Sea region in the 1970s and is
today a widely used energy source in the region. Eight countries have nuclear
power plants: the Czech Republic, Finland, Germany, Lithuania, Russia,
Slovakia, Sweden, and Ukraine. Together these countries have 11 nuclear power
plants and 33 reactors in the Baltic Sea drainage basin. Three main reactor
types are in use: boiling water reactors (BWR), pressurized-water reactors (PWR)
and graphite-moderated reactors (RBMK). The RBMK reactor was developed
in the Soviet Union. It was a RBMK reactor that exploded in Chernobyl in
1986. In the Baltic Sea basin there are two nuclear power plants with RBMK
reactors: Sosnovij Bor outside St. Petersburg and Ignalina in Lithuania.
Lithuania is extremely dependent on nuclear power. In 1994, Ignalina
accounted for approximately 80% of the country’s electricity production. The
two nuclear plants that are located in north-western Russia contribute about
50% of this region’s electricity production. Totally, Russia has nine nuclear power
plants with 29 reactors. In Germany, nuclear power accounted for about 30% of
total electricity production in 1994. The country has 15 nuclear power stations, of
which seven are located in northern Germany. Finland’s four nuclear reactors
provide 30% of the country’s electricity production. Sweden has four nuclear power
stations which are in charge of half of Sweden’s electricity production. The Swedish

parliament has decided to phase out nuclear power. The first reactor was closed in
1999 and the second is scheduled to be closed in 2003. A similar decision on
phasing out nuclear power was taken by Germany in 2000.
There is an opposite trend in energy policy in other countries. Russia is
considering a large expansion of nuclear energy. In Finland there is an active
debate about building one more reactor. In Poland a significant increase of energy
consumption is predicted, and use of nuclear energy is considered an option.
The main environmental concerns of nuclear power are the risk of radioactive
contamination and fallout after an accident at a power station, pollution from
uranium mining, leakage from storage of spent nuclear fuel, and accidents during
the transport of nuclear fuel. Reprocessing of spent nuclear fuel to separate the
plutonium is also an activity with high risk for radioactive contamination. There
are no reprocessing plants in the Baltic Sea region. There are two reprocessing
plants in Europe, Sellafield in England and La Hague in France.
According to the proponents of nuclear power, the risk of an accident in a
reactor or during transport of spent fuel is not high, but consequences from
such an accident may be devastating. We are thus in a situation where we need
to evaluate the combination of a low risk with huge consequences, an ethically
difficult challenge. It seem that a large fraction of the population in the region is
not willing to take the risk, although polls turn out very differently depending
on the time passed since the latest accident or incident. The Chernobyl accident
in Ukraine in 1986 however will remain in the mind of many people for a
long time. It had catastrophic consequences for Ukraine where it occurred
and even more so for neighbouring Belarus which was hit even harder by
the fallout and also for, e.g. far away Sweden, where there was considerable
radioactive fallout due to existing weather conditions. Large areas in
Ukraine and Belarus are still evacuated. The economic consequences still
remain to be evaluated. As a consequence, the radiation environment in large
areas has been changed for a very long time to come, with the long-lived caesium
isotope dominating.
In addition, there are a very large number of nuclear reactors in the Murmansk
region where the Russian Northern Fleet has its home harbour for nuclear
submarines. Obviously, there are also a considerable number of nuclear warheads
in the area. Bellona, a Norwegian organisation, has documented the situation in
Murmansk, including the considerable risk of radioactive leakage.
Also during normal operation a nuclear power plant releases some
radioactivity to air and water with tens of radioactive isotopes. Outflow of

Figure 11.11. Nuclear power and uranium mining.
To the left: Forsmark nuclear power plant in Sweden,
and right: Rabbit Lake open pit uranium mine, northern
Saskatchewan, Canada. The nuclear reactors in Finland and Sweden are fuelled with uranium from,
amongst other places, the Rabbit Lake mine in Canada. Uranium mining is a CO2 intensive industry and
severely pollutes the surrounding land and water. (Left
photo: Hans Blomberg, courtesy of Vattenfall AB.
Right photo: Miles Goldstick, 1985.)
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Figure 11.12. Nuclear power plants in the Baltic Sea
region. Each triangle is a reactor, and each group of
reactors is a power plant. White triangles denote reactors
that have been shutdown or cancelled (Source: International Nuclear Safety Centre, http://www.insc.anl.gov)

Radioactivity
Radionuclides
A radionuclide is an atom with an unstable
nucleus which spontaneously disintegrates and emits either alpha
particles , beta particles or gamma
radiation, either by themselves or in
combination with the others. They all
induce ionization, and are therefore called
ionizing radiation, and may lead to injuries
in living matter.
Units of radioactivity and decay
Becquerel (Bq) is the new international
system (SI) unit of radiation activity equal
to one nuclear disintegration per second.
Curie (Ci) is the former unit of activity
and is equal to 37 billion disintegrations
per second.
1Bq = 3.7x10-10 Ci
Units of dose
Gray (Gy) is SI unit of radiation dose
expressed in terms of absorbed
energy per unit mass of tissue, equal
to one joule of energy absorbed by one
kg of tissue. The former unit is the rad
= 0.01 Gy (0.01 J/kg or 100 erg/g).
Sievert (Sv) is the SI unit for dose
equivalent, equal to one joule of energy
absorbed by one kg of tissue. It
measues damage to living organisms
for the same energy from different
types of particles (1 mSv = 0.001 Sv).
The former unit is the rem = 0.01 Sv .
The dose equivalent of one chest Xray is about 0.1 mSv.
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water from the cooling system affects the aquatic environment by an
increased heat and chemical load. In higher temperatures contaminants are
more easily absorbed by organisms. On the other hand, higher water
temperatures may increase the survival of animals during the winter period.
Another risk associated with nuclear power is the spread of nuclear weapons.
Materials used and produced in civilian nuclear reactors can be used for making
nuclear explosives. The world has limited resources of uranium. Known uranium
resources would last about 80-90 years at current rates of consumption and without
plutonium recycling. This implies that a high dependency on nuclear power on a
long-term basis would require breeder reactors and plutonium recycling as a means
of improving the utilization of uranium. With breeder reactors, where the isotope
uranium-238 is converted to fissile plutonium, known resources would last 50-60
times longer. It is, however, difficult to imagine human institutions capable of
safeguarding the large quantities of plutonium that would be produced.
In the longer term, nuclear fusion may emerge as an important source of nuclear
energy. However, the safety and environmental aspects remain to be solved. Further,
nuclear fission has the inherent disadvantages of being both a capital intensive and
centralised option.

Radioactivity in the environment
Radioactivity is defined as the radiation that originates in the nucleus of an
atom. Natural radiation continually comes from outer space (cosmic rays),
rocks and soil, food and water, and parts of our body. Sources of manmade
radiation are medical treatment and use, research reactors, nuclear power plants,
conventional uranium ammunition, and nuclear weapons testing. Pollution from
radionuclides may also come from their production, use and transport, as well
as leakage of waste dumps. A main source of natural radiation is radon gas.
Radionuclides are especially dangerous because we are not able to detect them
using our senses.
The four main types of radiation each have different penetrating power,
although all are able to penetrate human skin. Alpha particles, which loose
energy within a short distance, are the most powerful; thin layers of metal can
stop beta particles. Thick layers of lead can stop gamma radiation. Neutron
radiation comes generally from nuclear discharges with the production of free
neutrons. The neutrons produced when an atomic nucleus break into two
fragments (so-called spontaneous fission) are highly penetrative. The half-life
of a radioactive substance is the time needed for half of its nuclei to decay to
another species. More active isotopes have shorter half-lives. As a rule of thumb,
after 10 half-lives (see Table 11.2) the level of radioactivity is 1,000 times
lower. Some radionuclides are of special concern because they biomagnifying
in food chains, or function the same as important nutrients, and are highly
toxicity.
The primary fuels for nuclear reactors are uranium dioxide enriched to
about 2-3% uranium 235 (235U) and thorium 232 (232Th). Fission of nuclear
fuel and neutron activation produces more than 200 radionuclides with a wide
range of half-lives, many of which may escape to the cooling system and may
be released into liquid and gaseous effluents, or into the atmosphere if there is
an accidental release. Spent fuel is stored in surface ponds and tanks waiting
for treatment or development of new storage facilities. Improper storage is
also a source of environmental contamination with radionuclides. The
radionuclides that are of concern as a result of fission of uranium, either in a
reactor or in a nuclear bomb – it is essentially only the time the differs – are
iodine, caesium, and possibly strontium isotopes. Iodine isotopes (a mixture
of several are produced) are dangerous because they accumulate in the thyroid
and thus hit one organ hard, but they have short half-lives and are gone after a

Radionuclide

3

H
P
K
90
Sr
131
I
137
Cs
226
Ra
238
U
32
40

Half-life

12.4 years
14.3 days
1.3 x 109 years
227.9 years
27.1 day
27.2 years
1 622 years
4.5 x 109 years

Place of
accumulation
whole body
bones
whole body
bones
sthyroid glands
whole body
bones
lungs, kidneys

Primary type of radiation
Alpha
Beta
Gamma

*

*
*

*
*
*
*

Table 11.2. Selected radionuclides, their half-lives,
and places of accumulation in the human body.

*
*
*
*

few weeks. Caesium (137Cs) on the other hand stays in the environment for
several decades. Strontium (90Sr) appears in lower amounts but accumulates
in bone and is therefore a concern.
Radioisotopes used in medical contexts and scientific research include
phosphorus (32P), Tritium (3H), and cobalt (60Co). These are also dangerous if
accidentally released into the environment.
The most important natural background radionuclides are tritium (3H),
potassium (40K), and radon (222Rn). Radon, which is by far the most significant
of these, comes from uranium and its decay products and is thus emitted from
certain uranium-containing minerals. Its presence thus varies greatly between
areas. It is found in high concentrations is some building materials. It is a noble
gas and thus chemically unreactive. Radon (222Rn with t1/2 = 3.82 days and
220
Rn with t1/2 = 55.6 s) has no known stable isotope and decays into the socalled “radon daughters”, which release alpha and beta particles and are highly
dangerous to life forms.
The radioactivity monitored as total alpha and residual beta (without 40K)
radiation in large European rivers since 1984 ranged between 0.04 and 0.4 Bq/l.
The highest activity in surface waters was measured in Ukraine and Czech Republic,
up to 0.8 Bq/l, and the lowest in northern Finland (CEC, 1989).
Before the Chernobyl accident the average concentration of 18 Bq/m3 was
estimated for the Baltic Sea proper and was even lower than in the Norwegian
or Barents Seas (Camplin and Aarkog, 1989). The amount of deposition of
radioactivity in the Baltic Sea after the Chernobyl accident was the highest in
northern European waters, with 137Cs and 133Cs dominating. Measurement of
surface waters two years after the accident indicated average values from 120
Bq/m3 in the Baltic Sea proper to 320 Bq/m3 in the Bothnian Sea, and the
maximum concentration of 137Cs increased up to 40 times compared to preaccident values. Surface water concentrations of strontium (90Sr) in 1991 was
16-17 Bq/m3 (Yablokov et al., 1993). The increase of radioactivity in some
rivers was even more dramatic. Radiation values in Dniepr reached the level
of 3,500 Bq/l. Nearly similar levels were indicated in rivers in southern Finland.
In the air the background concentration is 10-6Bq/m3 for 137Cs which
originates from nuclear discharges. Radon contributes about 2 Bq/m3 (1.4 mSv
for a person breathing the air).
Radionuclides in the soil are unevenly distributed. It has been calculated that
on average in the one meter top layer of soil there is about 20 tonnes of radioisotopes/
km2, mostly 40P, 232Th, and 238U, which gives an average dose of 0.1 – 1 mSv for
persons living on the soil. The largest part of this dosage comes from 40P.
Isotopes of 3H, 14C, 106Ru, 131I, and 137Cs are easily assimilated in cells since
they are either essential to them or behave as if they were. Caesium behaves
like potassium, which plants accumulate as a nutrient. This fact explains much
of its biological impact. The radioisotopes are thus taken up by plants, which
are eaten by animals, and in this way they travel along food chains. 137Cs is
transferred from water to sediments (or soil) where it is available to detritivores
and bottom feeders, and further to phytoplankton, where it continues in the
food chains (Table 11.3).
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Methods

Detecting and measuring radioactivity

Box 11.2

Radiation

Radioactivity is measured to monitor radioactive contamination in the environment. The same measuring techniques
are used to monitor radioisotpes in numerous medical and
biological applications, where radiation is kept to a minimal
level if safe precautions are respected.
Radioactivity is measured as equivalents of
disintegrations per second (d.p.s.) or per minute (d.p.m.) in
becquerels (Bq). Measuring instruments need to be
calibrated with a known radioactive source in order to give
accurate results, and background radiation needs to be taken into account.

Detector
Voltage
pulses
Amplifier

Film detectors

Pulse height
analysis

Photographic films are sensitive to radioactivity. Ionising radiation
causes the film to darken. In the film detector a sensitive emulsion
covers the surface of the film. This autoradiographic technique is
used in personal detectors. The signal is accumulative and thus it
is possible to develop the film after a period to measure the total
dose. Autoradiography is also used to localize radioactive tracers
in biological material.

Gas ionisation detectors
Ionising radiation may also change a gas molecule into an
ion. In gas ionisation detectors such gases as argon or
methane, or mixtures of argon with methane or neon, are used
in closed tubes as absorbers of electrons. The Geiger-Müller
counter consists of a gas tube, a hollow cathode and a wire
anode in its centre. Ionizing particles that pass through the
window of the tube produce ions accelerating in the voltage
gradient. By collision, further ionizations appear and the
electric pulse generated is recorded, or produces a
proportional noise through connection with a loudspeaker.
Geiger-Müller tubes are used as hand held devices for routine
checking of contamination.

Scintillation counters
These detect scintillations, light pulses produced when the
radiation interacts with fluors. Penetrating radiation can be

Data
output

Figure 11.13. Measurement of radioactivity. In equipment for
measuring radioactivity, a signal in a detector is amplified, analysed,
and represented in an output device.
measured by recording of light pulses in a solid crystal of
fluorescent material. This is used e.g. to record the presence of
radioactive caesium.
Liquid scintillators are used mostly to detect beta decay.
This method needs a solvent (toluene is mostly used), in which
the fluor is dissolved. The radiation interacts at first with the
solvent and then the energy produced goes to the fluors which
produce a detectable light. Produced light pulses are turned to
electronic pulses with the magnitude proportionate to the energy
produced by the radioactive substance. The light impulse is
detected by a photomultiplier which generates a signal. The
spectrum of light is used to characterise the radioactivity.

Biological effects of radiation

Table 11.3. Concentration factors of 137Cs compared
to surrounding water content. (After Mason, 1991.)

Algae
Molluscs
Crustaceans
Fish

Freshwater

Marine

500
100
100
2,000

10
10
50
30
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Ionising radiation is known to have harmful health effects on people also at low
levels. The mechanism by which this damage occurs, and the relationship
between dose and time and effect, is not entirely understood. Exposure to high
concentrations of radionuclides over short periods of time causes obvious acute
toxicity. An individual who absorbs 10-50 Gy of radioactivity suffers from
extensive damage of the digestive tract with diarrhoea and vomiting, and changes
in the central nervous system with tremors and convulsions, and may die after
a few days. Blood-forming cells in the bone marrow are strongly affected by
exposure to radioactivity and individuals surviving a high dose will suffer from
a decrease in blood cell production.
Exposure to radioactivity in lower doses leads to genetic damage such as
chromosomal aberrations. If DNA in somatic cells is damaged it may result in
various cancers (see further Chapter 14). According to one hypothesis, the
incidence is proportional to the dose, expressed in Sv, regardless of the size of
the dose at a given time and the rate of exposure (Moriarty, 1993). Estimated

risk factors per Sievert of radiation for induced cancer is highest for the testes
and ovaries (4 mSv) and breasts (2.5 mSv). The risk is age and gender dependent,
all other factors being equal.
DNA damage in reproductive cells may be expressed in consecutive
generations as mutations or genetic disorders.
The highest annual dose recommended by the International Commission on
Radiological Protection (ICRP) equals 50 mSv (except eye lens for which the
limit is 300 mSv).
Radon [222Rn] gas is an alpha emitter with a half-life of 3.8 days. Since it is
a gas it can breathed in and result in internal exposure. However, the greatest
danger of radon is it’s decay products, the four so-called radon daughters. When
radon is in the lungs, within about 30 minutes, five radioactive disintegrations
take place that are especially dangerous because of their high energy and close
proximity to living tissue. This is a main reason for the incidence of lung cancer
among uranium miners.
The lifetime risk of lung cancer at an annual dose of 1 mSv and 10 mSv
have been calculated as 1 in 300 and 1 in 30 respectively (NRPB, 1990). The
most severely endangered professional group is uranium ore miners. In Polish
hard coal mines the risk from radon emissions is also high. The average dose
from radon calculated for miners was in 1992 about 1.9 mSv with a maximum
of 13 mSv. The average doses from various natural and artificial sources of
radiation to Polish inhabitants are shown in Figure 11.14.
Radon easily passes to indoor spaces and accumulates in closed buildings.
Measurements done in Poland indicated high differences ranging from 4 to 600
Bq/m3. The critical value for new buildings is regulated by law and may not
exceed 200 Bq/m3. Similar highest permitted concentrations of radon have been
established in other countries as well.
Aquatic invertebrate fauna is more resistant to radiation than vertebrates.
Sensitivity of fish is similar to terrestrial mammals but depends on the age and
stage of development. Generally, the adverse effects of chronic low-level
irradiation on aquatic organisms in their natural environment is not well
understood. However, genetic changes in many organisms have been well
documented. Acute lethal doses to various groups of organisms, mostly studied
in laboratory experiments, are shown in Figure 11.15.

Effects of Radiation
Radiation (depending on dose, rate, type,
and duration of exposure) gives:
⇒ no observable effects ⇒ genetic
changes ⇒ physiological changes (in
hemopoietic [blood cell-forming] system,
reproductive organs, respiratory organs,
and nervous system) ⇒ growth and
development impairments ⇒ cancer ⇒
death
Indications of radiation are:
•
•
•
•

effects on hemopoietic, blood
forming, system,
subcellular and cellular lesions,
reproduction and growth rates, and
frequency of chromosomal
aberrations in bone marrow and
lymphocytes

The Chernobyl nuclear accident
Inadequate control and bad protection systems of the pressure tube reactors in
the former USSR were the main reasons for the accident at reactor No. 4 at the
Chernobyl power station, 100 km north of Kiev on 26 April 1986. The nuclear
reactions in the 1,000 MW water-cooled graphite-moderated reactor accelerated

NATURAL SOURCES - 2.36 mSv
internal radiation - 1.61
(including radon - 1.22)

ARTIFICIAL SOURCES - 0.82mSv
internal radiation
- 0.61
post-Chernobyl effect - 0.008
medical diagnostic
- 0.05

external radiation - 0.75

internal radiation
- 0.75
post-Chernobyl
- 0.015
Roentgen diagnostic
- 0.73
nuclear waepons testing - 0.002

Figure 11.14. Effects of radiation received by an
average inhabitant of Poland. The data is from
1994. Natural sources dominate. (Modified from
Lebecka, 1997.)
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Figure 11.15. Acute, lethal doses of radioactivity
to various groups of organisms. (Modified after
Whicker and Schultz, 1982.)

Figure 11.16. Radiation fallout in Belarus after
the Chernobyl accident. (Redrawn from Walker
et. al., 2001.)
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out of control, the temperature increased and caused a reactor core melt down,
which caused an explosion and the reactor roof blew off. A mixture of 131I and
long-lived radioactive fission products, estimated to be 12x1018 Bq, were
continuously released from the destroyed reactor into the atmosphere for
10 consecutive days. The fire that followed dispersed radioactive gases and
solid particles widely in various directions. These became a serious source of
contamination of soil, water, and biota over large parts of Northern Europe. In
comparison to the nuclear bomb dropped on Hiroshima, the Chernobyl disaster
released 400 times more radioactive material into the atmosphere.
The initial public report on the accident came from Sweden on 28 of April, two
days after the accident, but official information was not released by the Soviet
Union until after another two days. Thus, the preventive action against contamination
from 131I was insufficient, as was protection of the inhabitants and workers from
the most endangered areas.
The radioactive cloud was first blown in the north-western direction but then
turned south and reached the Mediterranean countries. The distribution of fallout
was not uniform and depended on wind direction and rainfall. Heavy rains caused
deposition of radionuclides in practically all central Europe, northern Scandinavia,
Britain, and Ireland. Radioactivity from 131I was especially hazardous during the
initial period (see below). More dangerous in the longer term was the deposition of
137
Cs, which, behaving as potassium, was widely (but unevenly) distributed in
various ecosystems. The amounts of radioactive caesium varied from less than
1,000 Bq/m2 in France and Spain to more than 100,000 Bq/m2 in Scandinavia and
Austria. Measurements in Germany, done between the May 5th and 7th, indicated
beta and gamma radiation between 15,000 and 240,000 Bq/m2. Radiation dose
equivalents in Belarus are presented in a generalised map in Figure 11.16.
By November 1986 the destroyed reactor was covered by a specially built
“sarcophagus” but still some radioactive emissions were identified from the reactor.
The day after the accident the inhabitants from Pripyat, a town with
45,000 inhabitants 3 km from the reactor, were evacuated and a week later the
people living within the 30 km distance were also evacuated, the area that later
became the exclusion zone. The consumption of food products grown within
the exclusion zone was banned and land use for agricultural purposes was stopped
there. The abandoned area was intensively decontaminated for several months
in order to prevent wider distribution of radionuclides to larger rivers (Pripyat
and Dniepr) and into the Kiev reservoir, which would have caused contamination
of food and drinking water in the city of Kiev, with a population of about a
million. In Ukraine, Belarus, and Russia in the years following the accident,
210,000 people were evacuated from badly contaminated areas.
The accident seriously affected the health of people. Many of the workers
in the first group active in the rescue teams died or show strong clinical evidence

of radiation diseases. At least 33 deaths soon after the accident were reported
(exact figures differ in various sources). About 200,000 people involved in
rescue activity received an average total dose of radiation exceeding 100 mSv,
i.e. five times more than the maximum annual dose limit. Of this group, 10%
received a dose 2.5 times higher. Immediately after the accident 131I was one of
the most hazardous of the emitted components as it is easily transferred through
the pasture-animal-milk pathway to humans and eventually is concentrated in
the thyroid glands. The physical half-life of 131I is eight days, but it is quickly
excreted from the body and has a biological half-life of about one day. As
radioiodines accumulate in the thyroid glands this organ is also irradiated from
the inside. Thus a substantial increase of the number of thyroid and blood
cancer incidences, especially in Belarus and Ukraine, have been identified,
mostly among children. Serious negative effects are still measurable in children
born in 1985-87 in the endangered areas. In 1995, 800 cases of thyroid cancer
were reported in children under 15 years old (Figure 11.17).
Purely statistical facts would lead us to conclude that several tens or even
hundreds of thousands of individuals will be hit by cancer caused by radioactivity
from the accident over the entire period concerned, that is 2-3 generations. Since
cancer normally takes more than 10 years to develop we only start to see these
effects in full scale in the beginning of the 2000s. It will however be very difficult
to separate the effects of the accident from other sources. In the West, cancer
causes close to one-third of all deaths. Still, a Swedish report from spring 2001,
based on correlation found between databases of radiation and cancer
respectively, indicates that the effect is visible in the hardest hit areas.
As the result of the accident, serious psychological health disorders were also
identified, including mental distress, anxiety, or depression (IAEA, 1997).
The economic consequences have not been reviewed entirely. It is however
clear that they are immense. In the countries hit by the radioactive clouds huge
volumes of milk contaminated with radioactive iodine were thrown away,
contaminated hay for the animals was discarded, contaminated reindeer meat
was discarded for several years, hunting was inhibited as game and fish were
contaminated, and collecting mushrooms and berries was abandoned. The
authorities set up large campaigns to inform the public of the consequences of
the accident, and obviously many millions of individuals on the entire European
continent were deeply affected by the accident through both practical, economic,
and psychological consequences.

Effects of the Chernobyl fallout on ecosystems
During the first few weeks after the accident, short-lived radionuclides were
the most dangerous, but very soon caesium, with a half-life of almost 40 years,
became the most relevant nuclide. An area 30,000 km 2 in size was
contaminated with 137Cs, mostly as deposits on the ground. Up to 90% of
the radioactivity has been identif ied in leaf litter. Lichens and fungi
efficiently absorb airborne particles with radiocaesium and became the most
radioactive biotic elements. Reindeer became important in the transfer of
radioactivity to humans, as lichens constitute an important part of their diet. In the
Sami community in Sweden, where effects of the accident were severe, the average
level of 137Cs in reindeer exceeded 40,000 Bq/kg dry weight with the highest values
in January when lichens constitute up to 60% of the reindeer diet. Radioactivity
dose of the reindeer was calculated to be some 200 mSv/year. Lichens contained
30,000-50,000 Bq/kg dry weight and various fungi 500 – 445,000 Bq/kg dry weight.
During summer the reindeer consume more grasses and herbs, which accumulate
less caesium. Radionuclides are easily passed to the foetus. This was the reason for
declined survival rates of calves in some Norwegian reindeer herds. More recently
the level of contamination has deceased slightly. For comparison, the maximum
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Figure 11.17. Cases of thyroid cancer in Belarusan
children under 15 years born in 1985-1987. (After
IAEA, 1997.)
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Table 11.4. Radioactive caesium (137Cs) in some bird,
fish, and crayfish species from Sweden three months
after the Chernobyl accident. (Petersen et al., 1987.)
Species

Bq/kg body weight

Trouts (Salmo trutta)
Perch (Perca fluviatilis)
Pike (Esox lucius)
Rainbow trout (Salmo gairdneri)
Roach (Rutilus rutilus)
Herring (Clupea harrengus)
Canada goose (Branta canadensis)
Mallard duck (Anas platyrhynchos)
Diver (Gavia sp.)
Signal crayfish (Pacifastacus leniusculus)
Crayfish (Astacus astacus)

18,700
14,240
4,690
6,280
980
81
3,840
1,290
107
2,280
1,180

Figure 11.18. Mushrooms often eff iciently
accumulate radioactive caesium. One of the
pathways for radioactive caesium is thus from fallout
to soil, to mushrooms, then to animals that eat the
mushrooms. (Photo: Inga-May lehman Nådin.)
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permissible level for contamination in meat for human consumption is less than
1,000 Bq/kg. (Walker et al., 2001).
In an area within 7 km distance from the reactor the coniferous forest died
after receiving a dose of 80-100 Gy, and the trees were cut down and buried in
one spot. Most animals from the area died, and animals that survived the accident
were hypothyroidic (i.e. with decreased production and excretion of thyroid
gland hormones: T3 – triiodothyronine and T4 – thyroxine) with restricted growth.
Pine trees that had received a dose of 8-10 Gy indicated nearly a 100%
necrotization of young shoots.
Radioactive deposits washed to streams, rivers and lakes were easily
transferred to bottom feeding animals, mostly invertebrates, fish and aquatic
birds. Levels of 137Cs measured in some aquatic animals after the accident are
shown in Table 11.4. The level of accumulated radionuclides depends on the
feeding behaviour of the species. Elevated content of 137Cs were observed mainly
in young fish specimens. The concentration of 137Cs in freshwater fish from
Swedish lakes and rivers declined in the years following the accident but
remained above the levels permissible for consumption. It was calculated,
however, that a critical group of people eating more than 100 kg fish from the
Baltic Sea annually would receive a dose below 0.08 mSv (Campling and
Aarkrog, 1989). The danger is greater for animals which are exclusive fish
eaters, such as otters or seals. In the vicinity of Chernobyl about 90% of the
rodents died in areas receiving 60 Gy and nearly 50% in areas exposed to lower
doses. Some years later this population recovered by intensified migration.
Generally, populations of the most sensitive groups showed signs of recovery
a year after the accident. However, it will take several decades to see the full
effects of the disaster, particularly genetic abnormalities and affects on growth
and reproduction.
After the political changes and dissolution of the USSR an agreement
between the Commission of European Union, Ukraine, Belarus, and the Russian
Federation was signed in order to collaborate in the evaluation and mitigation
of the consequences of the accident. Ukraine finally received financial support,
mostly form the US, needed to close the other reactors, and in December 2000
the Chernobyl nuclear power station was finally closed entirely.
There is no doubt that the effects of the Chernobyl accident will stay with us
for a long time. The distribution of ionising radiation in Europe shows the
importance of all safety measures that may reduce the danger from another 25
nuclear reactors in the areas of the former USSR. The main concern is not that
governments should react more rapidly the next time to inform neighbouring
countries. We should ensure that such an accident never happens again. As a
result of Chernobyl there have been an increasing number of public
demonstrations against nuclear power developments and as a result investments
for several stations under construction in the former Soviet Union have been
discontinued. Regrettably, the Russian Federation announced its intention in
2001 to build a new series of nuclear reactors for energy production.

MANAGING AIR POLLUTION
The state of acidification in Europe – slow recovery
European emissions of sulphur are now almost two-thirds less than they were
in 1980. The depositions of sulphur are also much lower as they have decreased
along with the emissions. The acidification of soil and water nevertheless remains
a serious problem.
The main reason for this is that depositions are still exceeding nature’s ability
in many places to neutralize the additions of acid. As long as that goes on, so
will the process of acidification. Then, too, there are the depositions of nitrogen
compounds, and the emissions of nitrogen oxides and ammonia have not declined
to the same extent as those of sulphur.
Recovery is also delayed by the fact that the soil has accumulated great
amounts of sulphur as a result of many decades of heavy depositions – and it
will take many more decades to get back to normal. It will take still longer,
too, for the soil to regain its quantum of easily available base cations, the
essential plant nutrients that have been “washed out” of the soil in the process
of acidification. Consequently, sulphur (in the form of sulphate) and hydrogen
ions continue to leak out of the soil, delaying in turn the recovery of freshwaters.
The sooner emissions are reduced to the level where acidifying depositions
no longer exceed what nature can withstand, the less will be the damage from
acidification and the quicker the recovery.
Below we will describe how to evaluate the changes needed in reduction of
several of the most severe air pollutants through the critical loads approach.
We will also explain how the costs of air pollution and the costs of abatement
measures can be compared, a subject that is further treated in Chapter 19. The
measures taken to reduce air pollution are mainly agreed on in the international
co-operation under the Convention on Long-Range Transboundary Air
Pollution. Today, under this regime, monitoring, modelling, and evaluation of
the effect of air pollution is pursued. International co-operation to reduce
environmental impact is further discussed in Chapter 23.
The measures that need to be undertaken to achieve a difference are twofold.
The technical means to abate air pollution are treated in Chapter 16, such as by
cleaning flue gases, making combustion processes less polluting, or through
fuel exchange. Alternatives to the present energy systems are discussed in
Chapter 10 and in Chapter 25.

The limits of tolerance: critical loads and levels
Much research has been devoted to calculating how much in the way of any
pollutant nature can withstand (UBA, 1996). This information can be applied,
for instance, in the international negotiations for reducing emissions. The term
critical load refers to the amount of a pollutant that the environment can tolerate,
most often as fallout from the air; and critical level refers to the corresponding
concentration in the air.
It should be noted that critical loads and levels differ from the limits imposed
for medical reasons in that they do not allow any margin of safety. It may be
assumed that, as knowledge increases and technologies improve, the figures
will be lowered.
The international definition of a critical load is an exposure below which
significant harmful effects on sensitive elements of the environment do not
occur according to current knowledge. Although this gives room for
interpretation, the idea is that the limits shall be set so as to protect even the

Critical load
The international definition of a critical load
is an exposure below which significant
harmful effects on sensitive elements of
the environment do not occur according
to current knowledge.
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Figure 11.19. Lichen are used as indicators of
air pollution. Lichen on a pine tree by the coast
just north of Hudiksvall, Sweden. (Photo: IngaMay Lehman Nådin.)

most sensitive organisms and ecosystems. The critical loads that have so far been
worked out are for acid deposition (acidification) and nitrogen addition
(eutrophication) (Posch, 2001).
Acid deposition: The critical load for forest soil is determined by its buffer
capacity; that is, the rate at which the soil minerals weather and so neutralize
the additions of acid. The most sensitive soils are found in areas where the
bedrock consists predominantly of gneiss, granite, or other slow-weathering
rock. In such places the critical load for forest soil is often less than three
kilograms of sulphur per hectare and year. Where the rock is of a more easily
weathered type, such as limestone, the soil can take considerably more. The
critical loads for surface waters and groundwaters usually parallel those of the
soil, since their sensitivity to acidification has much to do with the characteristics
of the local soil.
The above figures for critical load assume sulphur to be the only acidifying
agent. If nitrogen is also acting, they will have to be lower, as they also will if
the acidifying effect of forestry is to be taken into account.
Wherever the acid depositions exceed the critical loads, there will sooner or
later arise problems from acidification. It has been estimated that in 1990, the
critical loads for acid were being exceeded in 15%, or 87 million hectares of
European ecosystems.
The depositions vary however greatly in amount. Whereas they may range
from 10 to 40 kilograms of sulphur per hectare and year over large areas of
central Europe, in some hot spot areas depositions of more than 100 kg/ha have
been recorded. In northern Scandinavia they are no more than 2-3 kilograms.
Nitrogen additions: As noted, besides its acidifying effect, nitrogen also causes
eutrophication. This double effect is one reason why it is difficult to determine the
critical load. Further, the critical load depends on many factors, including the
composition of the ecosystem and the activity of the soil’s micro-organisms.
Computer modelling has shown that forest soil can accept three to 20 kilograms
of nitrogen per hectare per year, depending on the degree of productivity, before
nitrogen begins to leak out of the system. In untouched virgin forests, the limit
would be 1-3 kilograms.
More details on critical loads are given in Box 11.4. on pages 350-351.

Combating air pollution is cost-efficient
The damage caused by air pollutants has already been noted, and shown to be
extensive. Over the years attempts have been made, too, to assess it in terms of
money, for instance by making cost-benefit analyses when proposing measures
for reducing emissions.
It is often quite easy to estimate the cost of the measures, especially when it
is essentially a matter of technical change, such as installing equipment for
flue-gas desulphurization in a power plant. It has proved harder on the other
hand to determine the benefit accruing from reduced emissions in monetary
terms, for several reasons:
•

•

•
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The damage attributable to air pollution often comes from the combined action
of several different pollutants and other, more or less natural, factors. It is
therefore difficult to say how much of a certain kind of damage is due to one
particular pollutant – and consequently very often difficult to prove a connection
between exposure to some pollutant and damage to the environment.
Some kinds of damage, such as diminished biological diversity or corrosion
of cultural objects, are obviously difficult, and sometimes impossible, to
value in terms of money.
Sometimes emissions may be reduced in order to lessen the risk of future
damage. In such cases it will be a matter of assessing the risks rather than
the possible cost of damage.

Review

The Convention on Long Range Transboundary Air Pollution

Box 11.3

Agreeing on reductions – The Convention on
Long Range Transboundary Air Pollution
When Sweden and Norway asserted, early in the 1970s, that the
acidification of lakes in their countries was caused by air
pollutants transported from afar, there were many that expressed
doubts. But shortly after, in mid-decade, facts came to light that
confirmed the theory, and after a period of negotiating, in 1979
about 30 nations signed the Convention on Long Range
Transboundary Air Pollution. This is a convention that was worked
out within ECE, the UN Economic Commission for Europe, where
all the countries of Europe are members as well as the United
States and Canada (UN ECE, 1996).
In a very general text it is stated it that the signatories
shall “endeavour to limit and, as far as possible, gradually
reduce and prevent air pollution,” and in order to fulfil that
aim shall “use the best available technology that is
economically feasible.” The Convention came into force in
1983, after ratification of the required two-thirds of the
signatory states.

The Sulphur and Nitrogen Oxides Protocols
Of more interest than the Convention itself are the succeeding
protocols. First to come was that on sulphur in 1985, by which
the signatories committed themselves to reducing their
emissions of sulphur to the air by at least 30% between 1980
and 1993. Some countries, such as Great Britain, Poland, and
Spain, chose however not to sign. As it turned out, all those
that had signed fulfilled their commitments, and several of
those that had not – including the three just mentioned – and
did in fact cut their emissions by more than 30% (UN ECE,
1999). Those that succeeded best were Austria, Sweden, and
Finland, all of which attained 80% reductions.
The next was the protocol on nitrogen oxides of 1988,
signed by 25 countries agreeing to restrict their emissions to
1987 levels after 1994. As an expression of dissatisfaction at
the weakness of this protocol, 12 countries issued an
independent declaration promising to reduce emissions of
nitrogen oxides by 30% by 1998, as from the levels of any
year between 1980 and 1986. The figures for 1994 show that
several countries did not manage to fulfil even the commitment
to freeze their emissions. Of the 12 that were aiming at a 30%
reduction, only three or four succeeded. It should perhaps be
noted that no penalties are laid down, either in the Convention
or in the protocols, for failure to live up to commitments.

Volatile organic compounds
A protocol on the limitation of volatile organic compounds was
ready in 1991. Signed by 23 nations, this protocol allows
several options. Most countries have agreed to reduce their
emissions of hydrocarbons by 30% by 1999 from what they
were in 1988 or any other year between 1984 and 1990. Three
countries with low emissions need only to ensure that their
figures do not exceed 1988 levels. Recent emission statistics
show that eight of the countries that signed for a reduction of
30% have failed to live up to their commitment.

The second sulphur protocol
The second sulphur protocol was signed in 1994 by 27
individual countries as well as the EU. This protocol used a
new approach – the so-called critical loads concept – where
computer models were being applied to indicate the likely cost
and the possible effects of assumed future emission scenarios.
This effects-based approach resulted in the differing
requirements set for each country – the aim being to attain
the greatest effect for the environment at the least overall cost.
Some not very rigorous requirements for large combustion
plants are also included in this protocol. If all the signatories
keep to their undertakings, Europe’s total emissions of sulphur
can be expected to have fallen by somewhat more than 50%
by 2000, and 58% by 2010, compared with 1980 figures.

Heavy metals and POP
In 1998 two new protocols were added to the Convention.
The one aiming at reducing emissions of heavy metals
concentrates initially on cadmium, lead, and mercury. The aim
of the other is to control, reduce, or eliminate emissions of
persistent organic pollutants (POPs) to the environment.
Sixteen substances are the declared target of a first step,
although – as in the case of heavy metals – new ones can be
added later.

The multi-effect protocol
The most recent agreement under the Convention is the
Protocol to Abate Acidification, Eutrophication and Groundlevel Ozone – also called the multi-effect protocol, which aims
to cut emissions of four pollutants: sulphur dioxide, nitrogen
oxides, volatile organic compounds, and ammonia, by setting
country-by-country emission ceilings to be achieved by the
year 2010. It was formally adopted and signed by 27 countries
in Gothenburg, Sweden, in December 1999 (UN ECE, 2000).
Dealing with several environmental effects and several
pollutants in a coordinated manner, in a single protocol, should
boost overall cost-effectiveness. Provided that the signatories
to the protocol actually stick to the ceilings set for them, and
that the emissions in the non-signatory countries do not
increase, overall European emissions of sulphur dioxide may
be expected to fall at least by 63%, nitrogen oxides and volatile
organic compounds by 40%, and ammonia by 17%, between
1990 and 2010 (Amann et al., 1999).
While the agreed emission reductions provide another
important step in the right direction, they are far from sufficient
for achieving the environmental quality targets for 2010 that
were agreed by European countries in January 1999.
Compared with what will be needed to come up to the
internationally agreed long-term aim – no more exceeding of
the critical loads for pollutants anywhere – they are of course
even more inadequate. The Gothenburg protocol is scheduled
for review and revision around 2004.
Christer Ågren and Per Elvingsson
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Review

The limits of tolerance – critical loads and levels for air pollutants

Box 11.4

The critical loads approach
In the late 1980s, the Convention on long-range transboundary air
pollution (CLRTAP) decided to develop a common understanding
of the critical loads approach and to evolve abatement strategies
based on that approach. The essence of the critical loads approach
is that reductions of emissions are to be negotiated with a view to
the effects of air pollutants, rather than by setting an equal
percentage of reduction for all countries. The aim is to reduce, in a
cost-effective manner, the emissions of air pollutants to levels where,
ultimately, the critical loads will no longer be exceeded.
It was a general understanding that because of economic,
technological, and other constraints, the agreed reductions might
not be attainable everywhere, or in one step. An approach involving
several steps was therefore likely to be needed. So far this approach
has been applied for developing two protocols under the CLRTAP
(the 1994 second sulphur protocol, and the 1999 multi-effect
protocol). It was also used for working out the acidification and ozone
strategies for the European Union, and the resulting EU directive
on national emission ceilings, adopted in 2001.
The following shows in rough outline how the critical loads
approach is being used in working out agreements for reducing
emissions of air pollution.
How to estimate critical loads and levels
Taking current and projected emissions together with monitoring
data, estimates are made for the current and projected loads and
levels of various pollutants. This is done by using computer models
such as RAINS, developed by IIASA, the International Institute for
Applied Systems Analysis (Amann, 1999).
Each country has to make maps depicting the critical loads
and levels for various areas, receptors, and pollutants in its own
territory. This process is steadily going on, so that by 2001 twentyfour countries had produced and submitted critical-load maps for
acidification and eutrophication. The resulting data is being
assembled by the Convention’s Coordination Centre for Effects,
and used in the production of maps for the critical loads all over
Europe (Posch, 2001). Data on the current depositions are
subsequently used to make maps showing where and by how much
the critical loads are being exceeded.
Agreements
Computer models for integrated assessment, such as RAINS,
enable comparisons to be made of the cost and effectiveness of
various strategies for achieving specified interim targets for
environmental quality. Such targets can take the form of specified
levels of protection for ecosystems from depositions in excess of
the critical loads, either in specific countries or in Europe generally.
Agreements on the reduction of emissions are arrived at by
negotiating the levels for interim targets, strategies for the abatement
of emissions, and the way reductions are to be allocated among
the various countries. The main outcome of such agreements will
be the setting of varying, usually intermediate, ceilings for emissions
from each country, which must be observed by a specified year.
The analyses moreover provides guidance on the cost-effectiveness
of various specific abatement measures, and can therefore be used
as the basis for introducing other types of legislation, such as
emission standards for large combustion plants, or fuel standards.
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Figure 11.20. Critical loads for acid deposition in Europe. The values
are in equivalent acid per ha and year. Soils with little buffering capacity,
such as in the NW Baltic Sea region, have low critical loads and are
easily acidified (Source: EMEP Coordination Centre for Effects/RIVM).
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Figure 11.21. Critical loads for eutrophication in Europe. The values
are in equivalent acid per ha and year. Soils with low biological
production, such as north Europe, have low critical loads and are easily
eutrophied (Source: EMEP Coordination Centre for Effects/RIVM).

Review

The limits of tolerance – critical loads and levels for air pollutants

Box 11.4

The results
Most of the critical limits that have been established for natural
ecosystems have been based on observed changes, such as in the
composition of species. Since this means however that the limits
will already have been exceeded, in reality they should be set lower,
if undesirable effects are to be avoided. The critical load for bogs
and shallow soft-water bodies is estimated in this way to be 5 to 10
kilograms of nitrogen per hectare per year.
The average deposition of nitrogen over central Europe amounts
to 30-40 kilograms per hectare per year. On forest ground in southern
Sweden the deposition is up to 20-30 kilograms a year, but in the
Netherlands it may locally be more than 100 kilograms.
Sulphur dioxide
dioxide: The critical level for forest trees has been set
at 10-20 micrograms per cubic metre of air (µg/m3) as a yearly
average. The most sensitive organisms are thought to be some
species of lichen, which can suffer damage at an average annual
concentration of 10 µg/m3. In hot spot areas of central and eastern
Europe the critical levels are being exceeded by a wide margin.
Nitrogen oxides
oxides: Because the toxicity of nitrogen oxides is
considered to be relatively low, the critical level is for its combination
with sulphur dioxide and ozone. The level has been set at 30 µg/m3
as a yearly average, with 95 µg/m3 as a peak value (average for
four hours). These values are usually only exceeded in urban
environments and along heavily trafficked roads.

Ammonia
Ammonia: The critical levels are 8 µg/m3 as a yearly average
and 3,300 µg/m3 for one hour. These concentrations are at present
only being exceeded locally in places where extensive animal
husbandry is being carried on.
Ozone
Ozone: The critical level is expressed in terms of the length
of time and the extent by which the concentration in the air may
exceed a threshold value of 40 ppb (=80 µg/m3). The limit is
determined by multiplying the number of hours during which a
concentration of 40 ppb is exceeded by the number of ppbs above
40 ppb (one hour with 50 ppb makes 10 ppb-hours). The critical
exposure for sensitive crops has been set at 3,000 ppb-hours
during a three-month growing season from May to July, with
allowance for a 5% harvest loss. Although the effects on natural
vegetation have been less well researched, the figure for farm
crops is considered applicable for natural vegetation too. As a
critical exposure for forest trees, 10,000 ppb-hours above 40
ppb has been chosen (counted under a six-month growing
period). During summertime the critical levels are exceeded
almost all over Europe.
It should be noted that critical levels have usually been set for
only one pollutant at a time. The air consists however of a cocktail
of substances, any of which can increase the effects of others (socalled synergistic effects). This means the levels should be set lower
if the combined effects are to be taken into account.
Christer Ågren and Per Elvingsson

Despite the difficulties, various attempts have been made to estimate the
cost of damage from air pollution, often expressed as the benefit that can be
obtained from reducing emissions to some given extent (Holland, 1999) (see
further Chapter 19).
Most of the studies to this end have concerned sulphur or nitrogen oxides.
There have been far fewer attempts to evaluate the damage arising from
ground-level ozone and volatile organic compounds. The damage has
usually been considered under five headings: health, buildings and materials,
forests, farm crops, and water – with the greatest costs coming for the most
part under the first three. The following are examples of some of these
cost-benefit studies.
•

•

The gains in the form of reduced corrosion in modern buildings throughout
Europe that would result from a lowering of the emissions of sulphur were
estimated by researchers at Imperial College, London, in 1994. The
assumption was that the 1994 sulphur protocol under the Convention on
Long Range Transboundary Air Pollution would be adhered to and lead to
the emissions of sulphur being reduced by some eight million tonnes between
1990 and 2010, at a cost of about US$13 billion a year. The gain from lower
corrosion costs alone was put at US$9.5 billion a year.
A review of several European cost studies, made within the Convention on
Long Range Transboundary Air Pollution in 1995, showed that every tonne
of sulphur dioxide emitted to the atmosphere would cause damage within a
range of £1,500 to £3,800, and every tonne of nitrogen oxides within a range
of £1,200-3,000 – without any account being taken of the latter’s contribution
to the formation of ground-level ozone and the consequent damage.
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•

A study made in the autumn of 1996, in connection with the development
of an EU strategy for dealing with acidification, revealed the great economic
gains that would follow even from far-reaching (and expensive) reductions
of emissions (CEC, 1997). Reducing the European emissions of acidifying
substances as far as can be done by technical measures alone would, it
said, cost 73 billion euros a year. But the gain, in terms of better human
health and less damage to structural materials and crops, would come to
still more: 91 billion euros a year. But there would also be other gains to
which no price could be attached. The problems of acidification in Europe
would, for instance, have practically vanished.

Because of the difficulties of estimating environmental damage in terms of
money, the gains from reducing emissions almost always tend to be
underestimated (Ågren, 2000). There are moreover often gains from a reduction
of the emissions of sulphur and nitrogen oxides that are not accounted for in the
estimates. Switching fuel from coal to gas or biomass will also, for instance,
bring reduced emissions of heavy metals and carbon dioxide. Similar gains will
follow from a more efficient use of energy, and with less road traffic there will
be less noise, less congestion, and fewer accidents. Being difficult to foresee
and calculate, these secondary gains seldom appear in cost-benefit analyses.
But the opposite is more likely to be the case when it comes to estimating
the cost of reducing emissions (Ågren, 2000). Such estimates are almost without
exception based on previous experience with purely technical measures. In
practice, however, it is usually the least expensive ones that are taken first –
which often means fuel switching, more efficient use of energy, and other socalled structural measures. However, even where a traditional technical measure
such as cleaning of the flue gases has been applied, the tendency has been for it
to become more efficient and cheaper as time passes.
One sure conclusion that can be drawn from all this is, however, that although
it may cost a considerable amount to reduce emissions of air pollutants, to do
nothing is likely to cost still more.

REVIEW QUESTIONS
1.

List 10 main categories of air-borne pollutants.

2.

Describe the factors that cause acid rain.

3.

Give a brief overview of the history of emissions of acidifying gases in Europe from the 1970s. How has it
been possible to reduce the emissions?

4.

What are the main environmental impacts of acid rain?

5.

Describe the three outstanding causes of forest damage from air pollution.

6.

Describe the environmental impact of some air pollutants other than acid rain that are of particular
importance in cities.

7.

Describe the ways nuclear power can cause radioactive pollution, especially in the atmosphere.

8.

Give a short summary of the 26 April 1986 Chernobyl nuclear reactor accident and its consequences.

9.

Summarize the dangers connected with radon contamination of air and radioactive caesium contamination of
soil in the Baltic Sea region.

10.

Why is it difficult to measure the economic effects of air pollution?
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INTERNET RESOURCES
AMAP - Arctic Monitoring and Assessment Programme
http://www.amap.no/

IAEA - International Atomic Energy Agency
http://www.iaea.org/worldatom/

BAFF - BioAlchohol Foundation
http://www.baff.nu

IICPH - International Institute of Concern for Public Health
http://www.iicph.org/

Bellona Foundation, Norway
http://www.bellona.no

INSC - International Nuclear Safety Centre
http://www.insc.anl.gov/

CIFOR - Center for International Forestry Research
http://www.cnie.org/nle/nrgen-15.html

IGC - Institute for Global Communications
http://www.igc.org/acidrain/

CLRTAP - Convention on Long-range Transboundary Air Pollution
http://www.unece.org/env/lrtap

NCSE - The National Council for Science and the Environment; Acid
Rain, Air Pollution, and Forest Decline
http://www.cnie.org/nle/nrgen-15.html

Convention on Long-range Transboundary Air Pollution (LRTAP)
http://www.unece.org/env/lrtap
Environment Directorate of the Commission of the European Communities
http://www.europa.eu.int/comm/environment/air/index.htm
European Environment Agency
http://www.eea.eu.int
European Monitoring and Evaluation Programme
http://www.emep.int
Greater Vancouver Regional District; Air - air pollution
http://www.gvrd.bc.ca/services/air/pollution/pollution.html
Hydrogen Cars
http://www.h2cars.de
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Swedish Environmental Protection Agency
http://www.environ.se
Swedish EPA; Acidification and liming
http://www.internat.environ.se/index.php3
Swedish NGO Secretariat on Acid Rain
http://www.acidrain.org
UNSCEAR The Chernobyl Accident
http://www.unscear.org/chernobyl.htm
US EPA; Air now
http://www.epa.gov/airnow/
World Nuclear Association; Chernobyl and Soviet Reactors
http://www.world-nuclear.org/info/chernobyl/inf07.htm

GLOSSARY
acid rain

Geiger-Müller counter

acid precipitation caused by emissions of sulphur dioxide (SO2), nitrogen
oxides (NOx), and ammonia (NH3), of which sulphur emissions are the
primary source

detector consisting of a gas tube, a hollow cathode and a wire anode in its
centre, in which ionizing particles cause an electric pulse recorded that is
recorded or produces a proportional noise through connection with a
loudspeaker; Geiger-Müller tubes are used as hand held devices for routine
checking of contamination

acidification of lakes and streams
most evident in Norway, Sweden, Finland, and Scotland; seen as clearer water
and declining fish populations, due to the precipitation of humic substances,
and failure of fish to reproduce in acidic water

nuclear fusion
fusing of hydrogen nuclei to form heavier nuclei emitting at the same time a
large amount of energy; not a harnessable form of energy at present

acidification of soil
depends on the size of the acid depositions, and the buffering capacity (ability
to resist pH changes) of soil and water

caesium-137 (137Cs)
one of the most dangerous radionuclides emitted from nuclear fission; it has
a half-life of about 30 years; the most relevant nuclide of longterm concern
in the fallout from the 1986 Chernobyl accident; it is absorbed by lichens
and fungi

nuclear power
a widely used energy source in the Baltic Sea region, introduced in the 1970s,
that primarily depends on fission of uranium to produce nuclear energy

photochemical oxidants
air pollutants formed under the influence of sunlight; ozone usually accounts
for more than 90% of the photochemical oxidants

pollutant fallout
Chernobyl accident
the 26 Aprile 1986 nuclear reactor melt down in the Chernobyl nuclear power
plant in the Ukrainian that caused a massive amount of radioactive fallout
that spread into Western Europe, and the rest of the world

pollutants reaching the ground either in their original or a transformed state,
wet or dry deposition

radioactive half-life
time for half an amount of a radioactive substance to disintegrate

Convention on Long-Range Transboundary Air Pollution
International agreement from 1979 to reduce and control air pollution in
Europe

radioactivity

critical loads

radioiodines 131I

an exposure below which significant harmful effects on sensitive elements
of the environment do not occur according to current knowledge, the limits
should be set so as to protect even the most sensitive organisms and
ecosystems; critical loads have been worked out for acid deposition
(acidification) and nitrogen addition (eutrophication)

radioisotope with a half-life of eight days that accumulates in the thyroid
glands and can cause thyroid and blood cancer

dry deposition

radon

pollutants coming down in the form of gases and particles, falling directly on
vegetation, buildings, or other surfaces

eutrophying air pollution
air pollution mainly caused by nitrogen oxides and ammonia

film detectors
radiation detectors that use photographic film with a sensitive emulsion, that
covers the surface of the device, and is darkened by ionising radiation

forest decline
damage seen as discolouring and dead areas on leaves and needles, and
defoliation (loss of leaves); older trees are more hard hit than the younger
ones; trees in mountain regions have as a rule suffered more damage than
those in low-lying parts, coniferous and deciduous species are about equally
affected

radiation that originates in the nucleus of an atom

radionuclides
a nuclide that is radioactive

a gaseous element that decays into the “radon daughters,” which release alpha
and beta particles and are highly dangerous to life forms, especially when
inhaled

scintillation counters
detector in which ionizing radiation cause scintillations, light pulses, produced
when the radiation interacts with fluors measured by recording of light pulses
in a solid crystal of fluorescent material

wet depositions
pollutants coming down in rain, snow, or other forms e.g. fog

volatile organic compounds (VOCs),
hydrocarbons of which the alkenes, aldehyds, and aromatics are most effective
in contributing to the formation of ground-level ozone.

gas ionisation detectors
radiation detectors that use such gases as argon or methane, or mixtures of
argon with methane or neon, in closed tubes as absorbers of electrons; ionising
radiation may change a gas molecule into an ion
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