
Ministry of Environment and Energy
National Environmental Research Institute

The Background
Air Quality in Denmark

1978 - 1997
NERI Technicval Report No. 341

78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97

20

15

10

5

0



[Blank page]



Ministry of Environment and Energy
National Environmental Research Institute

The Background
Air Quality in
Denmark

1978 - 1997
NERI Technical Report No. 341
2000

Niels Zeuthen Heidam
Department of Atmospheric Environment



Data sheet

Title: The Background Air Quality in Denmark 1978 - 1997

Author: Niels Zeuthen Heidam
Department: Department of Atmospheric Environment

Serial title and no.: NERI Technical Report No. 341

Publisher: Ministry of Environment and Energy
National Environmental Research Institute 

URL: http://www.dmu.dk

Date of publication: December 2000
Referees: Ruwim Berkovicz & Jes Fenger
Layout: Anne Nymann
Drawings: Niels Zeuthen Heidam
Cover illustration: Acidic deposition at the station Tange (p. 142).

Please cite as: Heidam, N. Z. (2000): The Background Air Quality in Denmark 1978 - 1997. National Environ-
mental Research Institute, Denmark. 192 p. – NERI Technical Report No. 341

Reproduction is permitted, provided the source is explicitly acknowledged.

Abstract: “The Background Air Quality in Denmark 1978 – 1997” presents 20 years of results from the
national Background Air Quality Monitoring Programme. Data are reported for sulphur and
nitrogen compounds in rural air and precipitation, a number of elements in aerosols including
heavy metals, and ozone and nitrogen dioxide.
Background air pollution in Denmark is under considerable influence from the European con-
tinent. Because of atmospheric transport from Europe pollutant concentrations in both air and
precipitation are larger in the southern than in the northern part of the country. During the two
decades concentrations have fallen by factors of 2 – 10 times because of reduced emissions
throughout Europe, and the number and severity of air pollution episodes have also decreased.
But the levels of the nitrogen compounds emitted from agricultural activities and from traffic
remain almost unchanged. Quite similar conclusions can be drawn for the wet depositions; also
here very considerable decreases can be followed through the two decennia.
Concentrations in air and precipitation as well as depositions are shown to be approximately
log-normally distributed.
The main foreign contributions to the general pollution level in Denmark originate from West
Europe although concentrations are largest in winds from East Europe. A major part of the
depositions of both sulphur and oxidised nitrogen have a foreign origin, domestic sources con-
tribute only 20 %. Nevertheless Denmark is a net exporter of air pollution, but the contributions
to depositions in other countries are small.

Keywords: Air quality, precipitation quality, background concentrations, depositions, monitoring, trends,
deposition export, deposition import, transport, sources.

Editing complete: December 2000

ISBN: 87-7772-589-1
ISSN (print): 0905-815x
ISSN (electronic) 1600-0048

Paper quality and print: Cyclus Office, 100 % recycled paper.  Grønager’s Grafisk Produktion AS.
This publication has been marked with the Nordic environmental logo "Svanen".

Number of pages: 192
Circulation: 250
Price: DKK  190,- (incl. 25% VAT, excl. freight)
Internet-version: The report is also available as a PDF-file from NERI’s homepage.

For sale at: National Environmental Research Institute
PO Box 358
Frederiksborgvej 399
DK-4000 Roskilde
Denmark
Tel.: +45 46 30 12 00
Fax: +45 46 30 11 14

Miljøbutikken
Information and Books
Læderstræde 1
DK-1201 Copenhagen K
Denmark
Tel.: +45 33 95 40 00
Fax: +45 33 92 76 90
e-mail:  butik@mem.dk
www.mem.dk/butik



Contents

Preface   5

1 The Background Air Quality  Monitoring Programme   7
1.1 Introduction   7
1.2 Measurement network   8
1.3 Measurement programme   11
1.4 Experimental methods and quality control   13
1.5 Air quality criteria and critical levels and loads   14
1.6 Notation and units   16

2 Air Quality   19
2.1 Overview and statistics   19
2.2 Geography   39
2.3 Trends   49
2.4 Periodicities   62
2.5 Episodes and Exceedances   73

3 Precipitation Quality   81
3.1 Overview and statistics   81
3.2 Geography   89
3.3 Trends   101

4 Depositions   111
4.1 Overview and statistics   111
4.2 Geography   119
4.3 Trends   131
4.4 Total deposition   145

5 Transport and Sources   155
5.1 Origins and directional transport sectors   155
5.2 Depositions from domestic and foreign sources   164

6 Concluding summary   175

References   181

Danish Summary - Dansk resumé   185



[Blank page]



5

Preface

This report gives a general overview of the air quality in the back-
ground areas in Denmark in the last couple of decades. It is com-
posed of selected, but typical, results from a variety of stations and
aims to illustrate some main features of the development of the state
of the atmospheric environment in this period. The idea of the report
is primarily to present the observational view of the Danish back-
ground air quality and it is therefore based mainly on results of
measurement , and model results are only used where necessary. The
report does not aim to give a complete description of the occurrence
of all air pollutants everywhere. In consequence complete data cov-
erage has not been attempted and methods for sampling, analysis,
and quality control are only treated in a cursory fashion, detailed
descriptions of these subjects can be found in the references.

The term ‘background air’ warrants a commentary. In this report the
term refers to air in rural areas that may be somewhat but not di-
rectly influenced by local sources whether industrial, agricultural or
urban, e.g. traffic. The background air quality thus defined should
therefore be considered as representative of the typical state of pollu-
tion in the lower troposphere in such a densely populated country as
Denmark.

The report is organised in five main chapters and a concluding sec-
tion in both English and Danish.

The first chapter presents the general context of the atmospheric
monitoring activities in Denmark and gives an overview of the de-
velopment of the network and the measurement programme from its
early start in the late 1970’s to its present extent.

The following two chapters present the results from the measure-
ments of airborne pollutant concentrations and the precipitation
contamination. These chapters include overviews of the statistical
distributions of the data, typical results from selected stations and the
temporal developments on both a short-term and long-term basis.
Subsequently the deposition of pollutants to Danish rural areas are
presented based on the precipitation results and supplemented by
calculated values to obtain the total deposition.

The final chapter attempts to put the Danish background air quality
into a European context. The atmospheric transport of pollution is
illustrated by the pollution levels that are typical for various wind
directions and estimates of the contributions from pollution sources
inside and outside the country are presented and discussed.

The Background Air Quality Monitoring Programme is run by the
Department of Atmospheric Environment (ATMI) of the National
Environmental Research Institute (DMU) in Denmark. The results
from this programme constitute the combined and dedicated efforts
of a great number of people through many years. The author grate-
fully acknowledges the efforts of all persons, both presently and for-
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merly employed, who have contributed to the success of the pro-
gramme. This goes for both the local personnel that has manned
the stations all over the country, the staff of the analytical labo-
ratory and that of the PIXE laboratory that have untiringly
analysed a very large number of samples year after year and
controlled and corrected the results. The technical staff has also
managed the exchange of exposed and unexposed samples with
the stations, and the staffs at the workshop and the monitor
laboratory have kept the equipment operational. The author is
also greatly indebted to the Department’s scientific staff that
has not only ensured the quality of the results and their proper
use in many scientific projects but also constantly has striven to
improve and develop the programme. In particular the author
wishes to thank those national and international colleagues
who have actively helped to produce this report, either by giv-
ing permission to present their results or by supplying new ta-
bles and figures. The author also wishes to acknowledge the
great amount of work that has gone into the establishment and
maintenance of the vitally important databases where the re-
sults are stored and from where they can be retrieved. Finally
he also expresses his thanks to the administrative staff that over
the years somehow managed to make things hang together.
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1 The Background Air Quality
Monitoring Programme

1.1 Introduction

Surveillance of the air quality in rural areas of Denmark has been
carried out since 1978 and started at a few stations as regular meas-
urements of sulphur and nitrogen compounds in air and precipita-
tion. Over the years the activities have grown steadily both with re-
spect to components and geographical coverage. This growth fol-
lowed from increasing demands from both national and international
obligations which led to establishment of a number of separate
monitoring programmes each aimed at fulfilling a specific set of re-
quirements.

The national Background Air Quality Monitoring Programme, which
will be referred to by its Danish acronym BOP  (BaggrundsOver-
vågningsProgrammet), has now replaced these ad hoc programmes
as a national framework programme that gives a wide geographical
coverage of a basic set of air pollutants. The purposes of BOP are to
give as complete a description as possible of the state and of the de-
velopment of the atmospheric environment over the land and sea
areas of Denmark. That includes assessments of trends and geo-
graphical differences and identification of the sources and the trans-
port routes. Also the fate of this pollution as deposition of acidifying,
eutrophying or otherwise harmful substances to ecosystems in Den-
mark or abroad should be assessed. To meet these purposes BOP is
conceived as a continuous and long-term nationwide monitoring
programme that is constantly being developed in order to incorpo-
rate new and better methods for sampling and analysis. The data
provided by the programme also serves as a basis for research proj-
ects in these fields.

The BOP programme is a framework programme that covers first of
all the general obligations of DMU to monitor the atmosphere in
Denmark and in addition also the obligations from the following set
of projects

• VMOP, the Monitoring Programme of  the Danish Action Plan for
the Aquatic Environment;

• IONBAL, the Ion Balance programme for studies of air pollution
effects in forests;

• EMEP, the European Monitoring and Evaluation Programme un-
der the UN-ECE Convention of Transboundary Air Pollution in
Europe, CLRTAP (Convention on Long Range Transport of Air
Pollution);

Monitoring since 1978

BOP - A national
programme

National and International
Obligations
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• HELCOM, the air monitoring programme under the Helsinki
Commission for the Convention on Protection of the Marine Envi-
ronment in the Baltic Sea;

• OSPARCOM, the air monitoring programme under the Oslo-Paris
Commission for the Conventions on Protection of the Marine En-
vironment of the North Sea and North Atlantic.

Various parts of the results obtained in BOP have been published
earlier (Ellermann et al. 1996; Hertel and Hovmand 1991; Heidam
1987, 1989, 1993; Hertel and Frohn 1997; Hovmand et al. 1994), nota-
bly in the series of annual VMOP-reports (VMOP_89 - VMOP_97).
This report represents, however, the first attempt to give a compre-
hensive overview of the air quality in Denmark since the start of the
programme.

1.2 Measurement network

In BOP continuous and synchronous collection of data on pollutant
concentrations in air and precipitation takes place at a number of
representative sites. In order to ensure that data are comparable and
reliable the sampling techniques are standardised and the analytical
methods are all well documented and tested (EMEP Manual 1996).
After analysis the data are subjected to a set of quality control proce-
dures before they are finally stored in the database. The measure-
ment network is composed of a set of 6 main stations with an exten-
sive measuring programme supplemented with a number of satellite-
stations for geographical coverage and territorial representativity.
The locations of the stations shown on the map in Figure 1.2.1 have
accordingly been chosen in various types of background areas, suffi-
ciently remote so as to be under moderate to small influence from
major anthropogenic pollution sources in the area. Of the coastal sta-
tions Husby, Anholt, Keldsnor, and Pedersker the former three are
under marine influence. It should be mentioned that originally the
three stations at Ulborg, Lindet, and Frederiksborg were set up in
relation to the forest programme and they are therefore placed on
towers in the forest. Although elevated to levels above the tree can-
opy some results, e.g. on ozone, may not be truly representative of
values in the open land.

It should also be mentioned that it has not been found necessary to
report results from all stations. A station at Lille Valby has been in
operation in recent years, partly as a background station for the Ur-
ban Monitoring Programme and partly as an experimental station for
BOP. Results from this station are not included here. Also bulk pre-
cipitation results from the satellite stations Hansted_1, Hansted_2,
and Almindingen are not included.

The stations in this report, their acronyms, their locations and sur-
roundings and potential local sources are listed in Table 1.2.1. In the
figures and tables the stations will often be referred to by their acro-
nyms. Bulk sampling at two of the main stations is, for reasons of
representativity and quality of data, represented by nearby satellite
stations.

A network of 6 stations
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Table 1.2.1  BOP network stations.

At the main stations samples of gases and aerosols are collected con-
tinuously on a diurnal basis by a filterpack-sampler. Wet-only sam-
pling of precipitation also takes place at all main stations, generally
on a ½-monthly basis, but one sampler operates on a weekly basis,
and 2 collectors operate on a diurnal basis. At both the main stations
and at the substations bulk precipitation samples are collected on a
semi-monthly basis. After exposure all samples are returned to the
laboratory for analysis. An overview of the network and its devel-
opment over the years is shown in Table 1.2.2.

 Husby
 Ulborg

 Tange

 Sepstrup S.

 Lindet

 Anholt

 Bagenkop

 Keldsnor

 Frederiksborg

 Almindingen

 Pedersker

 Hansted 1

 Hansted 2

 Ll Valby

Figure 1.2.1  Map of the BOP stations in Denmark in 1996 - 1997. • Main stations
with measurements of gases and aerosols and wet-only collection of precipitation. 
° Substations with bulk sampling of precipitation.

Name Acronym Latitude N Longitude E Surroundings Sources

Ulborg ULBG 560 18’  80 26’ forest few

Husby HUSB 560 18’  80 09’ coast few

Tange TANG 560 21’  90 36’ rural, lake agriculture

Sepstrup SEPS 560 05’  90 25’ forest, heath few

Anholt ANHO 560 42’ 110 34’ coast few

Frederiksborg FRBG 550 57’ 120 21’ forest town

Lindet LIND 550 09’  80 53’ forest agriculture

Keldsnor KELD 550 44’ 100 43’ coast, forest agriculture

Pedersker PEDE 550 01’ 140 57’ coast few

Sampling frequencies
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It is seen that the network expanded in the latter half of the 1980’s
from the original two stations, Tange and Keldsnor, to become a na-
tionwide monitoring network. The results since 1978 will mainly be
considered in the framework of the total period of 20 years but at
times also in the context of 3 subperiods, consisting of the initial 7-
year period 1978 - 1984, the middle 6 years 1985 - 1990 and the recent
7 years 1991 - 1997.

1) Satellite station
2)  Limited programme 1978-1988.
3) Weekly from 1996

Network history

Table 1.2.2  Overview of network stations in operation.

Station Measurement Averaging time Operational Stops

ULBG Filterpack 24 h 8505-

NO 2 24 h 8910-

Ozone ½ h 8509-

Wet-Only ½ month 9002- [9104-9505]

Husb1) Bulk ½ month 8901-

TANG Filterpack 2) 24 h 7804-

NO2 24 h 9002-9106

Wet-Only 24 h 7801-

Seps1) Bulk ½ month 9001-

ANHO Filterpack 24 h 8810-

NO2 24 h 8911- [1992]

Ozone - -

Wet-Only ½ month/week3) 8903-  [9304-9504]

Bulk ½ month 8809-

FRBG Filterpack 24 h 8505-

NO2 24 h 8906-9109

Ozone ½ h 8807-

Wet-Only ½ month 9605-

Bulk ½ month 8506-

LIND Filterpack 24 h 8810- [8904-8912]

NO2 - -

Ozone - -

Wet-Only ½ month 9507-

Bulk ½ month 8804-

KELD Filterpack 2) 24 h 7804-

NO2 24 h 9002-9103

Ozone ½ h 9501-

Wet-Only 24 h 7801- [9112-9203]

Bulk ½ month 9001-

PEDE Bulk ½ month 8906-
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1.3 Measurement programme

The components measured in BOP comprise sulphur and nitrogen
compounds in air and precipitation, elements in airborne aerosols,
and ozone. They may all have both indigenous and foreign origins.
The components have been selected so as to enable a description of
the anthropogenic (man-made) impact on the background air quality
in Denmark and also to be in accordance with the national and inter-
national obligations on atmospheric monitoring. A short overview of
the various compounds is given below and details of the sampling
programme are shown in Table 1.3.1.

Sulphur occurs in air as SO2, a gas that mainly derives from combus-
tion of fossil fuels, and in aerosol particles. SO2 is oxidised in the at-
mosphere to form particulate sulphur, S mainly in the form of sul-
phuric acid, H2SO4 or as various sulphate salts, SO4

= that are incorpo-
rated in aerosol particles or in water droplets. In this case the par-
ticulate sulphur is said to be a secondary pollutant in contrast to pri-
mary sulphate particles that derive from sea-spray aerosols. The oxi-
dation time of SO2 is of the order of one day, so the particulate sul-
phur may have originated as SO2 several hundred kilometres away
whereas the gas SO2 may be of both local and remote (foreign) origin.
In precipitation sulphur occurs mainly as sulphate, and it may be of
anthropogenic origin or it may derive naturally from sea-spray. This
sea-salt component often has a rather well defined ratio to other sea
salt components such as Na, Mg, or Cl. These minor constituents can
therefore be used to estimate and correct for this component, leaving
a non_sea-salt component, NSS_S that is dominantly of anthropo-
genic origin.

Nitrogen occurs in air and precipitation as both oxidised and reduced
compounds, and in air it is found in both gases and aerosol particles.
The oxidised nitrogen gases, NO and NO2, derive from combustion
processes, notably in motor vehicles and power plants. It is mainly
emitted as NO that is oxidised to NO2, often very quickly by means of
the reactive ozone. NO2 may be further, but much more slowly oxi-
dised to various nitrate salts, NO3

-, that may occur both in atmos-
pheric aerosols and in precipitation. Most of the oxidised nitrogen is
therefore of a secondary nature and can be of both local and remote
origin. In reduced form nitrogen is mainly released from agriculture
as ammonia, NH3, a very reactive gas that is quickly transformed into
various ammonium salts, NH4

+. These salts may contain sulphate or
nitrate and can occur both in atmospheric aerosols and in precipita-
tion. Most of the reduced nitrogen is therefore of a secondary nature
and can be of both local and remote origin.

A large number of elements occur in atmospheric aerosols. In BOP a
fair number of these elements are determined, comprising usually Na,
Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Br, Cd, and Pb. They
may derive from a number of sources, either natural such as Na, Cl
and S (sulphate) from sea-spray or anthropogenic sources, such as
combustion or industrial processes, e.g. NSS_S and Pb. Several of the
metals may be emitted as vapours that subsequently condense.

Pollutants measured

Sulphur compounds

Nitrogen compounds

Elements in aerosols
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1) Heavy metals, see below, are collected in monthly bulk samples at the stations Ulborg, Tange, Anholt, Frederiksborg,
Husby, and Pedersker.
2) See preceding paragraph.

The heavy metals that occur in precipitation are normally of anthro-
pogenic origin and may be of both local and remote origin. Monthly
bulk samples are collected at several stations (cf. table 1.3.1 footnote)
and analysed for the heavy metals Cr, Ni, Cu, Zn, As, Cd and Pb. The
samples have been analysed by AAS - and in later years by ICP-MS at
RISØ National Laboratory and NILU in Norway. These results are not
included here as they will be reported elsewhere (Hovmand and
Kemp, 1999).

Tropospheric ozone is a secondary pollutant that is formed by photo-
chemical reactions involving both hydrocarbons and NO2. The for-
mation rate is strongly dependent on solar radiation, on the concen-
trations of NO and NO2 and on the abundance of hydrocarbons that
may be of both natural and anthropogenic origin. In background ar-
eas ozone may build up by photochemistry or be supplied by long
range atmospheric transport, whereas in cities ozone is normally de-
composed due to the high abundance of the other pollutants men-
tioned above. Ozone may therefore be of both local and remote ori-
gin.

Table 1.3.1  Components sampled in precipitation and air.

PRECIPITATION AIR

Sampling Wet-only Bulk Bulk Filterpack Monitor

Frequency Daily, Weekly &
Semi-monthly

Semi-monthly Monthly Daily ½-hour

Ozone, O3 X

Nitrogen dioxide, NO2 X

Ammonium, NH4

+ X X X

Ammonia, NH3 X

Nitrate, NO3

- X X

Nitrate + Nitric acid,
NO3

- + HNO3

X

Sulphate, SO4

2- X X

Sulphur dioxide, SO2 X

Chloride, Cl- X X

Sodium, Na+ X X X

Magnesium, Mg2+ X X X

Potassium, K+ X X X

Calcium, Ca2+ X X

Hydrogen ions, H+/pH X X

Elements Heavy Metals 1) X 2)

Heavy metals in
precipitation

Ozone
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1.4 Experimental methods and quality control

All airborne components containing sulphur and nitrogen are sam-
pled over 24 hours on 4 sequential filters in a filterpack-sampler that
automatically switches to new filters at pre-set times every day. The
first filter is used for collecting particulates, and the subsequent 3
filters are specially impregnated to catch the gaseous components
(Fuglsang 1986a, b; Ellermann et al. 1996). The filters are subse-
quently analysed in the laboratory by well-documented and reliable
methods (EMEP Manual 1996). However, depending on ambient
conditions some degassing from the deposit of nitrogen-containing
particles on the first filter may occur during sampling, particularly
for oxidised nitrogen. Whereas such gas components are not lost but
collected downstream this phenomenon does mean that an accurate
distinction between particulate and gaseous nitrogen is not always
possible (Andersen and Hilbert, 1993). For this reason it is preferred
to consider the phase sums of particles and gases rather than the
separate phases, at least for oxidised nitrogen. However, for both
oxidised and reduced nitrogen the particulate phase is usually the
dominating one.

A central section of the particle filter is used for analysis by PIXE
(Proton Induced X-ray Emission spectroscopy) for detection of ele-
ments in aerosols, from Al and all heavier elements. These results
constitute a very large amount of data but in this report the main focus
will be on S and Pb.

NO2 is sampled for 24 hours on specially impregnated glass filters
(EMEP Manual 1996) in a separate semiautomatic sampler
(Ellermann et al. 1996).

Ozone is measured continuously by an ozone monitor and the results
are at regular intervals transmitted automatically to the laboratory as
½-hour mean values.

Precipitation is collected in either single wet-only samplers or in
multiple (typically 2-3) parallel bulk collectors in ½-monthly sam-
pling periods (Ellermann et al. 1996). The wet-only samplers that
operate on a basis of 24 hours, 1 week or ½-month, only allow sam-
pling during precipitation and thus are well suited for estimation of
the wet deposition. The bulk samplers are on the other hand open
constantly and will therefore give an estimate of both the dry and
wet deposition. It is a draw back for bulk samplers that they are eas-
ily contaminated by e.g. bird droppings and that the long sampling
time may cause evaporation of precipitation, which in turn will lead
to higher concentrations. However, in principle, the deposited
amount of material is not affected.

As noted all sampling and analysis is carried out using well-
documented, proven and internationally approved methods (EMEP
Manual 1996). All results from BOP are subjected to quality control
procedures, including those recommended by EMEP, that involve i.a.
comparison with historical data, comparison of results among sta-
tions, comparison of selected ratios of pollutant concentrations, and
in the case of precipitation also control of the ion-balance. In addition

Gases and phase-sums

Elements in aerosols

Nitric dioxide

Ozone

Precipitation samplings

Quality control
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the sampling and analytical methods are controlled annually through
international intercomparisons and intercalibrations both in the field
and in the laboratory (EMEP_CCC 1995; 1996). Upon approval the
results are stored in relational databases.

1.5 Air quality criteria and critical levels and loads

The air quality of a given region should be evaluated with respect to
the possible detrimental effects of air pollutants on human health,
materials, vegetation and ecosystems in general. To this end a num-
ber of limit and/or guideline concentration values, below which such
effects are expected to be absent or negligible, have been defined and
enforced or recommended by EU or WHO. The Danish limit values
are presented in Table 1.5.1 below. In relation to BOP, where most
results are obtained as 24h averages, it should be noted that the ma-
jority of the limit values refer to the normally higher concentrations
averaged over 1h.

Ozone has been found to be harmful to human beings and to many
plants. The ozone limits shown in Table 1.5.1 refer to the protection
of vegetation. However, effects on plants often depend on the accu-
mulated exposure to high concentrations of ozone as well as on the
plant species. Such critical levels are measured in units of ppb· hours,
which denotes the sum of ozone concentrations above a certain
threshold over the number of hours this threshold is exceeded in a
year. The species dependent critical levels introduced by UN_ECE
are shown in Table 1.5.2 (Kärenlämpi and Skärby, 1996). The critical
levels are named AOT40 (Accummulation Over Threshold) where
the number indicates the concentration threshold of 40 ppb (for
ozone 1 ppb (v) ~ 2 µg/m3). A different set of critical ozone levels
relating to human health and named AOT60, presently used on a
tentative basis in EMEP-models, may later acquire official status.

For deposition the criteria are expressed as critical loads with respect
to either acidification or eutrophication (excess nutrient) effects.
These effect-related critical loads are defined as limiting depositions
of one or more pollutants to (specified elements of) an ecosystem
below which no harmful effects have been observed. Critical loads
are complex concepts that depend not only on the type of effect and
type of ecosystem in question but also on the combination of pollut-
ants (Posch et al. 1997). Some critical loads are shown in Table 1.5.3
and the units of acidic keq have been chosen so as to accommodate
combinations of acidifying pollutants (Holten-Andersen et al. 1998).
The critical loads are exceeded by atmospheric deposition in large
parts of Europe. Because of their complexity the concepts of critical
loads are most often used in conjunction with model calculations of
depositions. The models perform calculations relative to a spatial
system of grid elements. Since these grid elements in the period of
concern to this report may be up to 150 km on the side they contain a
fairly large number of ecosystems, each with its own critical load. A
grid square therefore covers a range of critical loads and to avoid any
harmful effects in this grid the deposition should ideally be reduced
to a value lower than the minimum value in this range. In many
cases, however, a few of the ecosystems have so low critical loads

Limit values

Ozone thresholds

Critical loads
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that it is both economically and practically impossible to attain such
small depositions. Instead it is common practice to consider the lower
5%-percentile (the pentile) of this range as target depositions to be
reached by emission reductions. If the pentile critical load is not ex-
ceeded then it is fair to say that at most 5% of the ecosystems in the
grid element may suffer damage, the rest go free.

0) The whole molecular mass. 1) 95-percentile (P95).2) EU limit, not introduced in Denmark

Table 1.5.2  Critical AOT40 levels for O3. Concentrations above 40 ppb are
cumulated during daylight hours. The AOT40 values should be averaged
over 5 years.

Table 1.5.1  Overview of Danish Limit Values for concentrations of air pollutants, measured0) in µg/m3.

Compound and limit type Median (P50) Mean Annual 98- percentile (P98) Maximum

Period Year Winter Year Year Year

Sulphur Dioxide

Limit for 1h averages 80 130 250

Nitrogen Dioxide

Limit for 1h averages 200

Guide for 1h averages 50 135

Ozone

Limit for 1h averages 200

Limit for 8h averages 110

Limit for 24h averages 65

Suspended Particles

Limit for 24h averages 150 300 1)

Lead

Limit 2 2)

Vegetation and effect AOT40 Remarks

Long term Critical Level for tree spe-
cies (annual increment)

10.000 ppb ⋅hr Cumulated for 6 months
(April-October)

Long term Critical Level for  crop
species (yield) and natural vegetation

3.000 ppb ⋅hr Cumulated for 3 months
(May-July)

Short term Critical Level for crops
(Visible injury)

500 ppb ⋅hr For high vapour pressure
deficit over 5 days

200 ppb ⋅hr For low vapour pressure
deficit over 5 days
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1.6 Notation and units

The units used for concentrations are mass per volume and for depo-
sition mass per area (and time). The concentration units for the air-
borne components are µg/m3 (STP), except ozone, O3 that is given in
ppb(v).

For the components in precipitation the concentrations are given in
mg/l (µg/ml) and deposition is measured in kg/km2 (mg/m2) with
deposition rates or fluxes specified as deposition per day, month, or
year as the case may be. For results from the multiple bulk samplers
at each site a precipitation weighted average value is used as the re-
sult from that site.

Except for ozone the mass entry in these units usually refers to the
atom or element in question, unless specified otherwise. In the case of
sulphur dioxide for instance the concentration refers to the sulphur
content SO2-S and is given in µg S/m3, even if the reference in the text
or table entry has been given as SO2. The particulate sulphur may be
referred to as SO4, meaning SO4-S, or just S.  A similar notation also
applies to the compounds in precipitation or deposition, e.g. µg
N/ml for NH4-N denoting the nitrogen content of the ammonium.

The sum of gaseous and particulate phases of oxidised sulphur is
sometimes of interest. It is referred to as total (oxidised) sulphur and
labelled TSOx which is defined as TSOx= (SO2[g] + SO4[p]). The con-
centrations are in µg S/m3 and refer to TSOx-S.  The sums of gaseous
and particulate phases of oxidised or reduced nitrogen in air are
termed total nitrate and total ammonium and labelled TNO3 (or
TNOy) and TNHz, respectively. They are defined as TNO3=
(HNO3[g]) + NO3[p]) and TNHz= (NH3[g] + NH4[p]). The concentra-
tions are in µg N/m3 and refer to TNO3-N and TNHz-N.

In both air and precipitation sulphur usually occurs as sulphate and
may be of both anthropogenic and natural origin. The natural frac-
tion derives mainly from sea-salt and may be calculated by means of
the atmospheric or precipitation concentrations of the marine tracers.
In this report we use the average contribution from all three tracers
(0.084· Na + 0.702· Mg +0.047· Cl)/3, where the coefficients are the

Table 1.5.3  Critical loads for acidification and eutrophication in
various types of ecosystems. The loads are given in keq·ha-1·yr-1

where 1 acidic keq corresponds to 16 kg S or 14 kg N (from Hol-
ten-Andersen et al. 1998).

Ecosystem Acidification Eutrophication

Planted Oak and Beech

Coniferous forests

0.8 - 2.7

1.4 - 4.1

17 - 28

7 - 15

Fenlands

Raised Bogs

Water Meadows, poor

15 - 20

5

5 - 10

Commons 0.9 - 2.4

Airborne pollutants

Pollutants in precipitation

Atomic mass concentrations

Abbreviations

Non-sea-salt sulphur
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ratios in seawater of sulphur to each tracer. When subtracted from
the total sulphur in sulphate we arrive at the anthropogenic non-
seasalt sulphur component, which is labelled NSS_S.

For precipitation and deposition it is often of interest to know the
total content of nitrogen because in the context of eutrophication it
acts as a nutrient. For this purpose a combined variable, termed total
nitrogen and labelled TOT_N is introduced. It is defined as TOT_N=
( NO3

- + NH4

+ )-N.

Please note that in some figures and tables it has been necessary to
use a simplified chemical notation, such as SO2 instead of SO2 or
NH4 for NH4

+.

Total nitrogen in
precipitation

Simplified notation.
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Figure 2.3.8  Trends for monthly medians of particulate Copper, Arsenic, and Lead at Keldsnor. For expla-
nation see caption of Figure 2.3.5.
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Figure 2.3.9  Trends for monthly medians of NO2 and O3. For explanation see caption of Figure 2.3.5.
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2.4 Periodicities

Here we shall pursue the question of recurrent behaviour of ambient
atmospheric concentrations, which was introduced previously in
connection with the autocorrelation functions (section 2.1). On the
basis of multiannual datasets the average patterns on an annual, a
weekly, and a diurnal basis are calculated and described.

The average variations through the year at the two stations Tange
and Keldsnor are illustrated for 3 subperiods by monthly concentra-
tion medians in Figures 2.4.1. - 2.4.3. For each subperiod the ratios of
the monthly to the annual medians have been averaged to remove
trends and multiplied with the total median value for that subperiod.
The figures also include these subperiodic median concentrations 1).

                                                     

1) Formally the method can be represented as {MD50}P= <(MD50 /M50)Y>P ·M50;P ,
where MD and M represent, respectively, monthly and yearly medians of
daily values for the year Y, and < * >P represents a mean value over the (sub-
) period P.

Table 2.3.1  Significant trends of monthly medians of air concentrations. Trend values are average annual
percentage changes relative to the grand means of the 50-percentiles, measured in µg·m-3 for the sulphur and
nitrogen compounds, in ng·m-3 for the elements and in ppb for O3.

Component Grand-mean
Median

Trend
Pct per year

Std. dev.
relative

Grand-mean
Median

Trend
Pct per year

Std. dev.
relative

Trend
Pct per year

TANGE 1978 - 1997 KELDSNOR 1978 - 1997 EMISSIONS
in EMEP

SO2 -S 1.87 -10.8 0.10 2.69 -8.65 0.10 -4.20

S 1.39 -3.73 0.13 1.79 -3.30 0.15 -

NH4

+-N 1.88 -2.24 0.25 2.30 -1.75 0.29 -

NH3 -N 1.38 - - 0.90 - - -2.15

TNO3-N 0.80 - - 1.14 -4.32 0.34 (-1.8)

Cr 1.90 -2.64 0.17 2.20 -3.75 0.14 -

Ni 2.13 -5.90 0.11 2.79 -4.19 0.13 -

Cu 2.03 -3.26 0.14 2.47 -5.61 0.11 -

Zn 22.2 -5.67 0.13 26.80 -6.23 0.13 -

As 2.62 -9.74 0.08 3.84 -10.20 0.11 -

Cd 1.66 - - 1.95 -2.02 0.21 -

Pb 21.4 -11.2 0.06 25.50 -10.20 0.08 -

ULBORG 1989 -1997 ANHOLT 1989 -1997

NO2 -N 1.42 7.48 0.27 1.75 - - -1.8

ULBORG 1985 - 1997 FREDERIKSBORG 1985 - 1997

O3 28.8 - - 23.9 - - -

Average patterns

Average annual cycles
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The average annual cycles for SO2 and S are shown in Figure 2.4.1 for
each of the 3 subperiods 1978-1984, 1985-1990, and 1991-1997. As can
be seen the annual variations of the primary gaseous component SO2

which in the beginning was dominated by large concentrations in the
winter, caused i.a. by domestic/district heating, has diminished con-
siderably as a result of regulations imposed on the emissions and the
use of cleaner fuel. In contrast the particulate phase of sulphur,
which is a secondary pollutant that contains a larger part of aged
pollutants and which therefore has a more remote (i.e. foreign) origin
has not changed so drastically, cf. also Figures 2.3.5-6 and Table 2.3.1.
For both compounds the diminished annual variations are centred on
the steadily reduced subperiodic medians.

The monthly medians of TNHz and its components and of TNO3 are
shown in Figure 2.4.2 for the periods since 1985. The annual variati-
ons of TNHz are dominated by high winter levels of NH4

+, a seconda-
ry pollutant that may be of foreign origin and associated with sulp-
hate or nitrate, and by high midyear levels of ammonia, NH3 from
domestic agricultural activities. As already demonstrated earlier in
Figures 2.3.2, 2.3.5, 2.3.6 and Table 2.3.1 particulate ammonium has
fallen somewhat whereas there is no trend for NH3. The annual vari-
ations for TNO3 shown in Figure 2.4.2 are dominated by high con-
centrations values in spring and autumn, most pronounced at Keld-
snor which is more exposed to transport form the European conti-
nent. It is a secondary pollutant deriving from emissions from traffic
and probably dominated by particulate nitrates of foreign origin. In
the absence of national trends (Figure 2.3.3 and Table 2.3.1) only re-
sults from the most recent subperiod are shown.

For lead in particles - Pb, deriving mainly from traffic emissions both
at home and abroad, the average year in the early 1980s was, as
shown in Figure 2.4.3, dominated by high winter levels that diminis-
hed considerably in the second half of that decennium to reach al-
most negligible levels in the 1990s. It is noted that the annual mini-
mum has shifted from midsummer to September, a similar shift can
be observed for SO2 (Figure 2.4.1).

The average annual cycles of ozone concentrations are shown in Fi-
gure 2.4.4 as monthly median daytime (9-17) concentrations for the
period 1991 - 1997 at Ulborg & Frederiksborg. The seasonal variation
is considerable with the highest concentrations occurring in the
summer period where higher temperatures and enhanced solar radi-
ation induce photochemical production of ozone from NOx and hy-
drocarbons. The concentrations are typically higher than the mean
annual median from March to September with a tendency for the
highest concentrations to appear in April - May with a smaller se-
condary maximum in August.

Sulphur cycles

Nitrogen cycles

Pb cycles

Ozone cycles
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Figure 2.4.1  Average annual behaviour of the sum of monthly median concentrations of sulphur com-
pounds in 3 subperiods. Particulate phases are shaded. Results from station Tange at left and from Keldsnor
at right. The component medians of each subperiod are shown as horizontal lines.
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Figure 2.4.2  Average annual behaviour of monthly median concentrations of reduced (summed) and oxidi-
sed nitrogen compounds in two subperiods. Particulate phases are shaded. Results from station Tange at left
and from Keldsnor at right. The component medians of each subperiod are shown as horizontal lines.
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Figure 2.4.3  Average annual behaviour of monthly median concentrations of lead in aerosols in 3 subperi-
ods. Results from station Tange at left and from Keldsnor at right. The medians of each subperiod are
shown as horizontal lines.
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In this section we investigate whether the background air concentra-
tions exhibit any systematic variation on a weekly basis. In a back-
ground area this is not á priori expected to be very pronounced since
the whole idea of a background station is to obtain data that are not -
or only minimally - influenced by activities in the local area and local
community. On the other hand, the autocorrelation functions clearly
revealed a memory effect extending over roughly a week.
Notwithstanding, systematic weekly variations can be expected to
depend on the time of the year, which has been divided into the four
seasons Spring (March-May), Summer (June-August), Autumn (Sep-
tember - November), and Winter (December - February).

Figure 2.4.4  Average annual behaviour of monthly median daytime (9-17)
concentrations of ozone 1991 - 1997 and the medians of the subperiod shown
as horizontal lines.

Average weekly cycles
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To reveal any weekly pattern the calculations proceed in a manner
similar to that which was used above for the average annual variati-
ons. For each year in a subperiod the ratio of the concentration medi-
an for a particular weekday to the median of all weekdays in the
particular season of that year is calculated. This ratio is then averaged
over all the years of the subperiod to remove trends and multiplied
with the median of the whole set of seasonal concentrations in the
period 2). Finally a selection based on the standard errors of the mean
ratio and of the total seasonal median is made. Only systematic cases
with at least one weekday differing significantly (5%) from the ave-
rage seasonal median are considered.

The investigation has been limited to the stations Tange and Keld-
snor in the subperiod 1985-1990. This middle subperiod has been
preferred over the most recent one where concentrations may have
fallen to such low levels that any variation through the week could
be purely spurious. Nevertheless, the cases with indications of a sy-
stematic weekly behaviour constitute a rather odd and incoherent
selection of compounds and seasons that in several cases exhibit
patterns which defy explanation. Despite the significance criterion
applied it seems that the à priori expectation that these patterns are
purely spurious is confirmed.

Almost all the cases with significant weekly patterns are presented in
Figures 2.4.5 -2.4.6. Most of the weekly variations are related to
smaller concentrations during weekends (by ~10%) where commu-
nity activities are low. This is the case for Lead on summer Sundays,
shown in Figure 2.4.5 but note that in winter, which has only been
included for comparison, no weekdays differ significantly from the
overall median. The remainder of the cases are difficult to explain in
terms of recurrent community activities. It is thus not obvious why
TNHz in Figure 2.4.5 at Keldsnor is high on Fridays in the spring but
low on Thursdays in the fall and why the minimum at Tange falls on
Saturdays in the spring but on Sundays in the fall. Similarly, for
TNO3 at Tange, shown in Figure 2.4.6 the maximum shifts from
Thursdays in the spring (why a maximum here?) to Saturdays in the
winter whereas at Keldsnor the minimum in winter mysteriously
occurs on Mondays.

Ozone is measured on a 10 min to ½-hourly basis and it is therefore
possible to see the detailed behaviour of this reactive gas. The avera-
ge seasonal variations in 1991-1997 of hourly concentrations with
time of day are shown in Figure 2.4.7. The calculations proceed in an
analogous manner with hourly and particular hours replacing daily
and particular weekday values above.

The diurnal variations are most pronounced in spring and summer.
Peak values are generally attained in the afternoon caused by a build-
up from photochemical reactions and/or influx from aloft. Ozone

                                                     

2) Formally the method can be represented as {WD50;S}P= <(WD50;S/D50;S)Y>P

·D50;S;P , where WD and D represent daily medians for, respectively, a parti-
cular and all weekdays. Subscripts S, Y, and P refer to season, year and
(sub-)period, respectively and < * > represents a mean value.

Pattern identification

Spurious weekly behaviour

Patterns defy explanation

Average daily ozone cycles

Ozone cycles by season
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decreases during the night because of the absence of photochemistry
and the normally stable meteorological conditions that reduce the
influx from above. In winter the variations with time of day are in-
significant. The seasonal median concentrations are somewhat higher
at Ulborg than at Frederiksborg whereas variations through the day
are higher at Frederiksborg.
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Figure 2.4.5  Apparent weekly patterns: Average seasonal medians of reduced nitrogen compounds and
lead in 1985-1990. Only cases with seemingly significant weekly variations are shown. Horizontal lines indi-
cate the seasonal median values for daily concentrations.
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Figure  2.4.6  Apparent weekly patterns: Average seasonal medians of sulphur and oxidised nitrogen com-
pounds in 1985-1990. Only cases with seemingly significant weekly variations are shown. Horizontal lines
indicate the seasonal median values for daily concentrations.
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Figure 2.4.7  Daily patterns of ozone 1991 - 1997: Average seasonal medians of hourly concentrations at 2
stations with 4 seasons at one station (upper figures) and 2 seasons at the other (lower figures). Horizontal
lines indicate the seasonal median values for all hours.
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2.5 Episodes and Exceedances

The atmospheric pollutant concentrations in rural areas in Denmark
are generally fairly low and usually do not give rise to concern re-
garding possible health effects. However, in short periods and under
special circumstances the concentrations do reach abnormally high
levels - the so-called episodes.

The conditions that favour the occurrence of episodes usually fall in
two categories:

• Stagnant weather conditions where local pollution concentrations
build up because there is very little dispersion in the atmosphere.

• Stable conditions accompanied by a steady flow from the SE - SW
wind sectors carrying pollutants from major source areas in Euro-
pe.

Quite often the episodes occur as a mixture of both types and the
situations may be aggravated by the existence of a low inversion lay-
er that prevents vertical dispersion.

Episodes that lead to a nation-wide build-up of high concentrations
of atmospheric pollutants occur 3-8 times a year. In the background
areas they are most often observed in midwinter and they are usually
also observed in urban air. A number of severe episodes since 1985
have been observed and reported in various reports from DMU.

One example is an episode in January 1985 in the coldest winter in
Denmark since 1942. (Heidam 1987). It extended all the way to Frank-
furt a. M. and was extensively documented in a German study
(Umwelt 1986). Another episode in January - February 1987 (Heidam
1989, Palmgren et al. 1987) was part of a widely distributed system of
mainly local episodes all over Northern Europe. Other episodes,
mostly urban in character, occurred in 1989 (Palmgren et al 1990), in
1994, and in 1995 (Kemp et al 1996a, 1996b).

Here we present data on two episodes not mentioned above.

The first one is shown in Figure 2.5.1. It occurred early in the history
of the BOP-programme in February- March 1979 and was observed at
both the existing stations Keldsnor and Tange. In this episode 20- 30
% of the SO2, SO4

= , and NH4

+ concentrations were higher than the 95-
percentiles for the 7-year subperiod 1978-1984 and 10-15 % were hig-
her than the corresponding 99-percentiles. It should be noted that
this subperiod exhibits the highest percentiles compared to later sub-
periods.

The second episode is illustrated in Figures 2.5.2 - 2.5.3. It occurred in
November 1993 and was observed at all 6 main stations. In all the
cases shown the concentrations exceeded the nation-wide 99-
percentiles for the period 1991-1997.

Episodes controlled by
meteorology

Sulphur, nitrogen and
heavy metals

Well described episodes

Early episode

Recent episode
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The frequency and severity of episodes have been decreasing over
the years in step with the steadily diminishing concentrations. This is
illustrated in Figures 2.5.4 - 5 where the occurrence of all episodes at
Tange and Keldsnor of sulphur compounds, ammonium, lead and
zinc is shown. Episodes have been selected among the upper 5% of
data that span at least 4 consecutive days and contain at most two
consecutive non-episodic results. The frequency of episodes have
fallen from about 7 per year in the early 1980s to about 3 per year in
the period 1991-1997. The severities of the episodes, defined as the
sum of concentrations over the episode, have as can be seen also fal-
len considerably.

For ozone high concentration episodes usually occur in the summer
period and may be aggravated by constant sunshine and stagnant
weather or constant atmospheric transport from Central Europe. In
these and other instances critical levels may be exceeded at the Da-
nish stations. As can be seen from the tables below that happens
quite often.

The annual number of exceedances of the Danish critical levels for
vegetation, 1 hour maximum of 200 µg/m3 (100 ppb) and 24 hour
mean of 65 µg/m3 (32.5 ppb), are shown in Table 2.5.1 for each year
since 1985. The limit on the daily mean value is being transgressed
two - six times a week as an average for the summer season where
exceedances usually occur. In Denmark this is mainly due to LRTAP
of ozone from the south. These high ozone levels may cause substan-
tial losses of crop yield but unfortunately it is quite a normal situati-
on at most European ozone stations. However, the limit on the
hourly values is only rarely exceeded, it happened only 16 times in
the 13 years shown in the table.

The accumulated AOT40 values of UN_ECE are listed in table 2.5.2
and it can be seen that the critical levels for crops of 3000 ppb·hours
for May-July and for trees of 10 000 ppb·hours for April-October were
exceeded in almost all years. The only real exception occurred at Ul-
borg in 1990 since the other two cases at Frederiksborg in 1988 and
Ulborg in 1985 were probably caused by measurements being started
fairly late in those years.

It is estimated that the exceedances of the AOT40 limit value lead to
crop losses that amount to several hundred million Danish kroner
each year (Dimov 1999). However, in this context it should be menti-
oned that the estimated AOT40 values for Denmark could be very
uncertain. This is because Denmark is located in a transition zone
where ozone concentrations often are very close to the limit value of
40 ppb (see Figures 2.4.4 and 2.4.7). The number of hours that contri-
bute to AOT40 is therefore highly dependent on the meteorological
conditions.

Decreasing episode
frequency and severity

Ozone

Exceedance of critical levels

Exceedance in AOT40

Uncertain consequences
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Figure 2.5.1  Episode in February 1979 at Tange and Keldsnor. Concentrations of total and particulate (sha-
ded) phase on a day-by-day basis. Horizontal lines are the nation-wide 99-percentiles for particulate and
total phases in 1978-1984.
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Figure 2.5.2  Episode in November 1993 with enhanced sulphur concentrations at all stations. Concentra-
tions of total and particulate (shaded) phase on a day-by-day basis. Horizontal lines are the nation-wide 99-
percentiles for particulate and total phases in 1978-1984.
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Figure 2.5.3  Episode in November 1993 with enhanced concentrations of reduced nitrogen, lead and zinc.
Concentrations of total and particulate (shaded) phase on a day-by-day basis. Horizontal lines are the nati-
on-wide 99-percentiles for particulate and total phases in 1978-1984.
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Figure 2.5.4  Episodes of sulphur compounds and ammonium at Tange and Keldsnor, 1978 - 1997. The epi-
sode severity is shown vertically as the sum of episode concentrations.
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Figure 2.5.5  Episodes of lead and zinc at Tange and Keldsnor, 1978 - 1997. The episode severity is shown
vertically as the sum of episode concentrations.
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Table 2.5.1  Annual number of exceedances of ozone limits (see Table 1.5.1).

Site ppb 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

FRBG 32.5 14 100 28 40 94 60 70 60 85 66

100 6 3

KELD 32.5 131 141 200

100

ULBG 32.5 22 102 96 99 99 40 148 149 143 156 172 97 65

100 2 5

Table 2.5.2  AOT40: Annually accumulated daytime (9-16) ozone concentrations above 40 ppb in the growth
seasons (see Table 1.5.2). Units: ppm·hours.

Site ppm.hr 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997

FRBG 3 17.7 7.4 9.5 24.2 11.9 14.4 9.3 7.1 8.0

10 0.3 29.5 14.2 16.2 31.6 18.0 21.9 18.0 17.9 17.7

KELD 3 9.4 7.8 19.6

10 15.9 16.7 37.5

ULBG 3 13.4 13.1 19.9 19.5 5.7 16.5 21.4 16.6 16.1 16.2 8.7 5.4

10 1.8 20.0 22.1 28.7 26.7 9.2 26.1 30.6 25.2 27.1 27.1 17.6 10.7


