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Abstract. European scale harmonized monitoring of atmo- phur emissions, sulphate still remains one of the single most
spheric composition was initiated in the early 1970s, andimportant compounds contributing to regional scale aerosol
the activity has generated a comprehensive dataset (avaithass concentration. Long-term ozone trends at EMEP sites
able athttp://www.emep.int which allows the evaluation show a mixed pattern. The year-to-year variability in ozone
of regional and spatial trends of air pollution during a pe- due to varying meteorological conditions is substantial, mak-
riod of nearly 40yr. Results from the monitoring made ing it hard to separate the trends caused by emission change
within EMEP, the European Monitoring and Evaluation Pro- from other effects. For the Nordic countries the data indi-
gramme, show large reductions in ambient concentrationgate a reduced occurrence of very low concentrations. The
and deposition of sulphur species during the last decadesnost pronounced change in the frequency distribution is seen
Reductions are in the order of 70-90 % since the year 1980at sites in the UK and the Netherlands, showing a reduction
and correspond well with reported emission changes. Alsdn the higher values. Smaller changes are seen in Germany,
reduction in emissions of nitrogen oxides (N@re reflected  while in Switzerland and Austria, no change is seen in the
in the measurements, with an average decrease of nitrogeinequency distribution of ozone. The lack of long-term data
dioxide and nitrate in precipitation by about 23 % and 25 % series is a major obstacle for studying trends in volatile or-
respectively since 1990. Only minor reductions are howeverganic compounds (VOC). The scatter in the data is large, and
seen since the late 1990s. The concentrations of total nitratsignificant changes are only found for certain components
in air have decreased on average only by 8 % since 1990, anand stations. Concentrations of the heavy metals lead and
fewer sites show a significant trend. A majority of the EMEP cadmium have decreased in both air and precipitation dur-
sites show a decreasing trend in reduced nitrogen both in aiing the last 20 yr, with reductions in the order of 80-90 % for
and precipitation on the order of 25% since 1990. Deposi-Pb and 64—-84 % for Cd (precipitation and air respectively).
tion of base cations has decreased during the past 30 yr, anthe measurements of total gaseous mercury indicate a dra-
the pH in precipitation has increased across Europe. Largenatic decrease in concentrations during 1980 to about 1993.
inter annual variations in the particulate matter mass concenTrends in hexachlorocyclohexanes (HCHs) show a signifi-
trations reflect meteorological variability, but still there is a cant decrease in annual average air concentrations. For other
relatively clear overall decrease at several sites during theersistent organic pollutants (POPs) the patterns is mixed,
last decade. With few observations going back to the 1990sand differs between sites and between measurements in air
the observed chemical composition is applied to documentersus precipitation.

a change in particulate matter (PM) mass even since 1980.

These data indicate an overall reduction of about 5pgm

from sulphate alone. Despite the significant reductions in sul-
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1 Introduction sessment modelling including projections to develop cost

efficient measures. This supports legally binding protocols
A European network of monitoring sites to quantify input of aiming to reduce environmental impacts on ecosystems, hu-
nutrients to agricultural areas was established in 1947 (Egman health and materials. The EMEP protocol (one of the
ner et al., 1955; Rohde and Granat, 1984). Swedish scieneight protocols under CLRTAP, see Fig. 1) specifies commit-
tists later discovered that the observed acidity in precipita-ments of its parties including the funding of technical centres
tion gradually increased and posed the hypothesis that anvhich support the activities defined by the workplan. Parties
thropogenic emissions of sulphur could adversely impactare further obliged to implement the monitoring program as
natural ecosystems even distant from source regionerfQd defined by the EMEP monitoring strategy (UNECE, 2009).
1968). This formed the basis for a coordinated research efAn introduction to the history and the activities undertaken
fort during the period 1972-1977 to study long range trans-by CLRTAP can be found in UNECE (2004b). The mon-
port of air pollutants. The activity was coordinated through itoring concept established by EMEP is similar to what is
a project funded by the Organisation for Economic Co- serving similar monitoring efforts outside the European re-
operation and Development (OECD, 1977). A new measuregion, including North America (NADP, IMPROVE, CAP-
ment station network was established and, combined withMoN and others), South East Asia (EANET), Africa (Debits)
emissions inventories (Semb, 1978) and model calculationgind South Asia (Male Declaration) (Tgrseth, 2008). These
(Eliassen, 1978), transboundary fluxes of acidifying pollu- regional programs are contributing to the WMO Global At-
tants were proven to be significant. Political consensus wasnosphere Watch (GAW) programme. In December 2004, the
reached on the need for an international coordinated actioEMEP Task Force on Hemispheric Transport of Air Pollu-
and this subsequently led to the establishment of the Contion (TF HTAP) was established as a response to the in-
vention on Long Range Transboundary Air Pollution (CLR- creasing scientific evidence of the importance of intercon-
TAP) in 1979. The network of monitoring sites established tinental transport of air pollutants. Since its first meeting in
for the OECD project was later continued under the Euro-June 2005, the TF HTAP has organized a series of projects
pean Monitoring and Evaluation Programme (EMEP), andand collaborative model experiments designed to advance
the program itself was extended to include a wide range otthe state-of-science related to the intercontinental transport
substances which are subject to atmospheric transport acrosd ozone, particulate matter, mercury, and persistent organic
national boundaries. pollutants (HTAP, 2010).

The main objective of EMEP is to provide governments Since EMEP was established, knowledge about air pol-
with information of the deposition and concentration of air lution has greatly increased, and as a result of legislation,
pollutants, as well as the quantity and significance of theeconomical and technological changes, emission source dis-
long-range transmission of air pollutants and their fluxestribution and source strengths have undergone significant
across boundaries (UNECE, 2004a). The EMEP observaehanges. Independent measurements are still required to as-
tions include measurements of species linked to acidificasess atmospheric pollution in general and the effect of abate-
tion, eutrophication, photochemical oxidants, heavy metalsment measures in particular. In addition to monitoring trends,
persistent organic pollutants, and particulate matter. Most ofnformation on atmospheric processes is of key importance
the substances included in the EMEP monitoring programto validate and further develop models (e.g. Simpson et al.,
are also fundamental for improving the knowledge of climate2012; Travnikov et al., 2012). Certain EMEP sites operat-
change and both local and urban air quality. Obviously, theing advanced instrumentation have documented their impor-
measurements need to be made in a comparable way at dknce as a distributed research infrastructure and have thereby
sites and consistent in time to allow the assessment of temqualified for support from the EC and from national research
poral and spatial trends. The Chemical Coordinating Centrecouncils. Examples of such infrastructures projects include
EMEP (EMEP-CCC) was established at NILU (Norwegian the European Supersites for Atmospheric Aerosol Research
Institute for Air Research) in 1977 to harmonize these ef-(EUSAAR) addressing aerosols (Philippin et al., 2009), the
forts. An overview of the development of the main EMEP Aerosols, Clouds, and Trace gases Research InfraStructure
measurement program is illustrated in Fig. 1. The measureNetwork (ACTRIS) addressing aerosols and reactive gases
ments are widely used by the scientific community, and havehttp://www.actris.nét and the Integrated non-GQsreen-
served as a basis for an extensive number of scientific studidsouse Gas Observing System (InGOS) for nor,@@een-
during nearly 40yr. A major objective of this paper is thus house gaseshftp://www.ingos-infrastructure.eu/In these
to present and document the EMEP observation network an&U-projects, support is given to improve methodologies and
how it serves as a lead programme for addressing air qualitysupport access to sites and distribution of data to broad user
atmospheric composition change and transboundary fluxesommunities. This is an important link to scientific commu-
of harmful substances. nities and contributes to further development of the EMEP

The monitoring activity is supplemented with develop- program. The basic monitoring however is founded in obli-
ment of emission inventories, modelling of atmospheric gations to the international conventions CLRTAP/EMEP and
chemistry transport and deposition, and with integrated asWMO-GAW, and relies on national funding.
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Fig. 1. Development of the measurement programme. Bars represent the number of parties/countries submitting data according to the level-1
and level-2 monitoring requirements, respectively. Lines indicate the number of sites for which measurements of the various variables have
been measured (g gaseous, (af aerosol, AN= NH3+NHI and/or HNG+NO; .

This paper gives an overview of the monitoring within site criteria are defined in the EMEP manual (EMEP/CCC,
EMEP and presents main findings from the program. Re-2001), and the sites are classified as regional or global. Al-
sults are presented and discussed in the following chapterthough the goal is to avoid that local sources unduly affect the
according to the themes addressed by CLRTAP. We docuebservations, this can not be realized in an absolute sense.
ment the main development of the monitoring program with The major focus has been to avoid influence from signifi-
focus on selected spatial and temporal trends. EMEP has resant industrial or transport related sources resulting in a net-
cently started the preparation of an assessment report studyork of rural sites (the siting criteria was originally based
which will be aimed at analyzing the links between observedon recommendations outlined by WMO, 1974). Sites will to
trends and emission changes. National experts will be givera varying degree be influenced by local and regional agri-
a major role in that study whereas in the present paper weultural activities, various natural sources as well as other
have a broader and more subjective perspective. As a backecal sources (i.e. ammonia, pesticides, carbonaceous ma-
ground we refer to the previous EMEP assessment repotterial, mineral dust etc.). A site which has a large spatial
(Lovblad et al., 2004) which presented an analysis of therepresentativity for one given chemical compound may thus
first 25yr of measurement data. In Table 2 we list a num-have low representativity for another variable. For an up-
ber of recent publications addressing regional scale trenddated discussion on site representativity we refer to Henne
of European air pollution. This paper is based on the data reet al. (2010) and references therein. In general one can as-
ported to the EMEP database. These data have been validatedme that EMEP sites in general do represent the regional
through a quality assurance/quality control process involvingscale atmospheric composition, but for more in-depth studies
the individual institutions responsible for the different sites of individual datasets, we recommend to also take additional
and the EMEP-CCC as documented by the reports availablenetadata information into account. The observational data
in the EMEP-CCC seriesMwvw.emep.int. Other papers in  are reported to the EMEP-CCC every year with a time lag
the present EMEP ACP Special Issue present more in-deptbf 1.5yr (e.g. Hjellbrekke and Fjeeraa, 2011, and references
analysis of specific datasets. therein).

The EMEP monitoring focuses on species and parame-
ters which are important for understanding the sources and
2 Observational network and quality assurance exposure/fluxes of pollutants as well as to understand atmo-
spheric processes in general. Data for more than 600 differ-
The EMEP monitoring sites are located such that significaniant variables have been reported to the EMEP database at
local influences (local emission sources, local sinks, topoEmEP-CCC bttp://ebas.nilu.np and the number is contin-

the data should be representative for a larger region. The
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Table 1. General overview of the EMEP monitoring program for the period 2009-2020, (UNECE, 2009).

Level-1 Level-2 supersites

— Main inorganic components in precipitation — PM composition (EC/OC, mineral dust)

and in air — Aerosol physical and optical properties
— Heavy metals in precipitation —CHy
—Ozone — Tracers (CO and halocarbons)

— Gas particle nitrogen ratios (low cost) — POPs in air and precipitation
— PMjgand PM 5 mass — Heavy metals in air
— Meteorology -VocC

—+ all level-1 components

available, and new environmental challenges are identifiedTable 2. Overview of some recent publications that have used
The EMEP monitoring obligations are defined by the EMEP EMEP data to assess air pollution trends in Europe. In addition there
monitoring strategy (UNECE, 2009). The monitoring pro- are a large number of studies which have made assessments based

gram is now built on activities assigned to three so-calledon national networks or individual measurement sites.

levels. Level-1 consists of basic, well-established methods

Regional scale trend assessments  Subject

such as the monitoring of S- and N-deposition, ozone con-

centrations etc. Level-1 variables are measured at a fairly Konovalov et al. (2008)

large number of sites. More advanced measurements are car- Fagerli and Aas (2008)

ried out at a subset of the sites, the so-called level-2 super- Hole etal. (2009)

sites, and is normally undertaken by scientific institutions. Dayan and Lamb (2005)

The level 2 sites are normally also part of the Global Atmo- ~ Baldsano etal. (2005)

sphere Watch program. An overview of the mandatory mon- Lovblad et al. (2004)

o . . - Barmpadimos et al. (2012)

itoring programme of EMEP is given in Table 1. In addition, Wilson et al. (2012)

EME_P makes use of data frqm research campaigns (level-3 ;. iairo et al. (2012)

monitoring) and other specific data relevant for understand- cojette et al. (2011)

ing atmospheric processes. These research campaigns are of-gga (2009)

ten coordinated through the EMEP intensive measurement Jonson et al. (2006)

periods (Aas et al., 2012). The EMEP Task Force on Mea- Vautard et al. (2006)

surements and Modelling plays a central role in involving Oltmans et al. (2006)

national experts in the development of the EMEP operational Ordofiez et al. (2005)

activities, including the monitoring strategies. Solberg et al. (2005)
Ideally, the spatial density of sites should reflect the gradi-  Solberg etal. (2001)

ents in the air concentrations and deposition fluxes. The im- Ha_rmgps etal. (2010)

. L Heimbirger et al. (2010)
pIementanqn .of an adequate _momtormg program h_as how- Pacyna et al. (2009)
ever been difficult in some regions. At .present thereis a Par- \wangberg et al. (2007)
ticular need for more sites in the Mediterranean area and in kg et al. (2005)
the EECAA (Eastern Europe, Caucasus and Central Asia) re- sjemr and Scheel (1998)
gion. Furthermore, a sufficiently short time resolution of the  Schuster et al. (2011)
measurements is needed to allow an assessment of the at- Hung et al. (2010)
mospheric sources and processes. Hourly data are seen asSchuster et al. (2010)
ideal and feasible for some species (like ozone) whereas Becker etal. (2008)
daily samples are requested for other variables where such Dvorska etal. (2008)

a high time resolution is not realistic for economic or prac-  Holoubek, etal. (2007)
tical reasons (like aerosol chemical composition and wet de- gudbronet(zloogz)os
position of N and S). A time resolution longer than one day arberetal. ( )

Nitrogen oxides
Sulphur and nitrogen
Sulphur and nitrogen

Deposition

Air quality

All subjects

Particulate matter mass
Ozone

Ozone

Ozone, NOPM
Ozone

Ozone

Ozone

Ozone

Ozone

Ozone
Formaldehyde

Heavy metals
Trace metals

Mercury, lead, cadmium

Mercury

Mercury

Mercury

PCBs, PBDEs
POPs

PCBs

HCHs

POPs

POPs
Benso(a)pyrene
Hexachlorobenzene

will normally inhibit process studies and the establishment
of source-receptor relationships since the origin and history

of the air masses will be masked. Some species or paransoming available (Laj et al., 2009), and EMEP’s strategic
eters are however expensive to measure and a longer sargoal is to take benefit from such developments by encour-
pling time may be acceptable. As the technology is devel-aging researchers to take part in the monitoring programme.
oped, measurements with improved time resolution are be- The monitoring methods used in EMEP are chosen based
on a compromise between several criteria: a sufficient
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precision is needed at low concentration levels, and theor the previous EMEP assessmenbyblad et al., 2004). In
method should be robust and simple to apply in the field. I MAKESENS a two tailed test is used for four different sig-
adequate international standards are available from @omitnificance levels¢: 0.1, 0.05, 0.01 and 0.001). In this work
Europeen de Normalisation (CEN) or WMO, EMEP seeks to we have included all these confidence levels when defining
apply the same criteria. There are some exceptions, for exwhether the trend is significant or not. The average per cent
ample if CEN standards are mainly targeting measurementshange and standard deviation are calculated for all the sites,
of air quality in urban areas, the methods may be inade-and not only for those with a significant trend.

quate at EMEP sites having low concentrations. Where ref- In estimating the per cent change per decade for sulphur
erence methods are not available, EMEP has developed itsompounds (see Fig. 2), we first estimated representative val-
own methodologies through the competence of national exues for each of the years 1980, 1990, 2000 and 2009. These
perts contributing to the programme. In addition to appliedvalues were then used to calculate a percent change from one
reference methods and standard operation procedures, EMERference year to another. Only sites with measurements for
conducts laboratory- and field intercomparison of most com-the whole period and in all media (gas, aerosol and precipita-
ponents defined by the monitoring programme. Some specieion) were included, 14 in all. The estimated concentrations
are tested annually, i.e. sulphur, nitrogen (Uggerud and Hjellwere calculated using the following approach:

brekke, 2011a), heavy metals (Uggerud and Hjellbrekke,
2011b) and EC/OC (Cavalli and Putaud, 2011), while others
are intercompared more sporadically, i.e. POPs (Schlabach
etal., 2011). Field intercomparisons are an important part of — Xi990 Sen’s slope estimate based on the
the quality assurance programme in EMEP to document the  period 1990-2009.

overall uncertainty in the methods used; i.e. for main compo-
nents in air (Aas et al., 2007) and deposition of heavy metals

— X980 Sen’s slope estimate based on the
period 1980-2009.

— Xo000 Average of the measured values for the three

(Aas et al., 2009). years 1999-2001.
— X2009: Sen’s slope estimate based on the
Data analysis and statistical methods period 1990-2009.

The data used in this work is based on public data avail-A similar procedure was used for reduced- and oxidized ni-

able in the EMEP databaskt{p:/ebas.nilu.np The EMEP trogen, but due to less data available during the 1980, the
database web interface also offers additional meta infor-2nalysis was based on data from 1990 only. In contrary to
mation related to the individual data sets available in theSulPhur, there are relatively few sites with concurrent mea-
database. This study has focused on time series and sité&rements of reduced and oxidized nitrogen in both air and
which offer consistent long-term information and a data cap-Precipitation (Fagerli and Aas, 2008), and for decadal trends
ture satisfying criteria listed below. Coordinates for sites W& have chosen to use measurements from all long term mea-
specifically presented in this study are given in Appendix A. surement sites even if there are only measurements in either

For continuous measurements a data capture of 75% on a@" Of Precipitation.
annual basis has been required to calculate annual statis- All emission changes referred to were calculated from the

tics; for non-continuous measurements such as heavy megfficial EMEP emission data which also are used as input for
als, VOC and POPs, the requirement is that at least ninéh® EMEP models (EMEP/CEIP, 2011). Only emission data
months with data are available. Annual means of componentffom the previous EMEP geographical domain (the domain
in precipitation are volume weighted, and concentrations beWas extended in 2008 as describechttp://www.emep.int/
low the detection limit have been set equal to one half Ofgrld/gr|ddescr.htrr)lhas bef—:-n used_to ensure comparable data
the actual limit. Further details on how the data are treated®" the complete time period. Emissions data used for trend
are found in the annual data reports (i.e. Hjellbrekke and@nalysis are presented in Appendix B.

Fjeeraa, 2011). For the statistical analysis, the non-parametric
“Mann-Kendall Test” has been used on annual means forg
detecting and estimating trends (Gilbert, 1987). The Mann-
Kendall test has become a standard method when missing.1 Introduction

values occurs and when data are not normally distributed. In

parallel to this, the Sen’s slope estimator has been used tMajor inorganic compounds include about 30 different
quantify the magnitude of potential trends. Thus, the Sen’ssulphur-, nitrogen- containing compounds, base cations and
slope is used to estimate the percent reduction in the consea salts present as gases, particles or dissolved in precipita-
centration level while the Mann-Kendall test is used to in- tion. Their effects on the environment occur through a range
dicate the significance level of the trend. Statistical calcu-of processes including acidification (sulphur, nitrogen and
lations have been carried out using the MAKESENS soft-base cations), eutrophication (nitrogen), impact on materi-
ware (Salmi et al., 2002) which was developed to be usedls and human health (particulate matter). The observations

Major inorganic compounds
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Fig. 2. Average observed reduction in sulphur and nitrogen components compared to the emission reductions in Europe for the different ten
years period from 1980 for sulphur and 1990 for nitrogen. Sulphur trends are calculated from the 14 sites with measurements of all three
components since 1980, while for nitrogen the same number of sites, as shown in Table 3, are used, and it is not necessarily the same sit
used for all the components.

of inorganic compounds remain a key activity of EMEP, and 3.2  Spatial distribution
time series now extend over nearly 40 yr. Measurements are
made of both air and precipitation samples. The monitoring network within the OECD project only cov-
Sulphur and nitrogen deposition causing acidification andered parts of central Europe, UK and Scandinavia. Sulphur
eutrophication of ecosystems, rivers and lakes is well docuwas measured at all sites, whereas other components were
mented in the literature throughout the last four decades (Otmeasured only at less than one third of the sites. By 2009 the
tar et al., 1984; WGE, 2011; Slootweg et al., 2010; Lorenznetwork covered the whole of Europe as well as areas in Cen-
and Granke, 2009; Skjell&le et al., 2005). The excess de- tral Asia and Caucasus. Still, the number of monitoring sites
position above the critical load for acidity (defined as “A in Eastern Europe is considered inadequate (e.g. Tarseth and
gquantitative estimate of an exposure to one or more polluHov, 2003; UNECE, 2009). The development in the number
tants below which significant harmful effects on specified of sites as well as the change in measured concentrations can
sensitive elements of the environment do not occur accordbe seen in Fig. 3. In 2009, 127 sites reported data for at least
ing to present knowledge”) has been significantly reducedone component in air or precipitation, and 90 of these per-
since 1980. The European area at risk of acidification waformed measurements of main ions in precipitation.
11% in 2000 (Slootweg et al., 2010) and is expected to drop The highest concentrations of non-sea-salt (nss) sulphate
to 4% by 2020 based on current legislated emission reduc{sulphate corrected for the contribution from sea salt) in pre-
tion targets (WGE, 2011). Parts of Scandinavia are likely tocipitation in 2009 were 0.7-1.0 mg St in Serbia and East-
be exposed to acidic deposition at a level requiring contin-ern Europe. The lowest concentrationsq.1 mg St?1) were
ued liming of fresh water systems in order to avoid fish deathobserved in Scandinavia (Hjellbrekke and Fjeeraa, 2011). The
unless further reductions are agreed. Eutrophication on thepatial patterns of nss S concentration in precipitation and
other hand will continue to be a major environmental prob-wet deposition in Europe are fairly similar. However, oro-
lem in Europe. The risk of eutrophication will affect about graphic effects lead to distinct local maxima in wet depo-
40 % of the natural area in Europe in 2020 under the currensition. Sites in southern Norway and the region around the
baseline scenario (WGE, 2011, Slootweg et al., 2010). A Eu-Alps typically experience high wet deposition due to high
ropean nitrogen assessment was recently published (Suttcennual precipitation amounts. The concentrations of &4
et al., 2011), describing the various nitrogen sources and thsoﬁ‘ in air are similar to the distribution of sulphate in pre-
cascade of effects ranging from pollution of air, water and cipitation although somewhat more heterogeneous (airborne
soil to climate change and reduction of biodiversity. Further-concentrations of Sﬁ) have not been corrected for the sea
more, even if acidification due to sulphur is being reduced,salt contribution since the measurement programme only re-
sulphur remains an environmental problem since sulphate isently has been extended to include the determination of
a major aerosol constituent, which is important for humanNa*, Mg?+ or CI~ allowing such corrections). The high-
health and climate forcing. est levels of sulphate in aerosols in 2009 were observed in
Austria, Poland, Hungary and Lithuania. Relatively high lev-
els were also found at sites in Spain, the Netherlands and
Cyprus. Furthermore, very high levels of S@ere mea-
sured in Macedonia and Serbia with concentration levels of
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The air concentrations of NOare highest around the
major emission sources, and during 2009, levels exceeding
4 ug N nm3 were seen in the Benelux area, ltaly and Greece,
whereas levels of the order of 3 ug N‘fwere observed in
southeast UK (Hjellbrekke and Fjeeraa, 2011). Relatively low
concentrations of N@are seen in Spain, and the lowest lev-
els (less than 0.5 pg NTi) are observed in Scandinavia. The
air concentrations of the other gaseous and particulate nitro-
gen compounds show a more scattered pattern. The highest
sum of nitric acid+ nitrate (above 1 pg N r?) was observed
at sites in France, Austria and Switzerland, while for sum of
ammonia+ ammonium concentrations above 2 ug Nhare
seen in Switzerland, Czech Republic, Italy, Austria, Hungary
and France (Hjellbrekke and Fjeeraa, 2011).

Knowledge of the nitrogen dry deposition fluxes is im-
portant for understanding the observed ambient trends. Fur-
ther, in order to quantify effects on ecosystems, one clearly
needs to quantify the dry deposition flux (e.g. Sutton et al.,
2011). Monitoring of dry deposition fluxes is however a re-
cent addition to the EMEP monitoring program, and has so
far mainly been made in relation to research projects. In par-
ticular, the European Union integrated project NitroEurope,
has established a network of advanced flux measurements at
a few selected sites together with a regional scale network of
low cost denuders (Skiba et al., 2009). These measurements
have been combined with various inferential models to cal-
culate the dry deposition (Flechard et al., 2011). The results
from these models show large differences in dry deposition
flux estimates: whereas some methods gave values exceed-
ing 30—40 kg N hal yr—! over parts of the Netherlands and
Belgium, others gave- 20kgN halyr—! at the same sites
Fig. 3. Annual mean concentrations of%Oin aerosols from 1974  (Flechard et al., 2011). These large differences illustrate the
to 2009. Unit: ug Sm2. challenge in estimating the dry deposition of nitrogen in Eu-

rope.
Mineral dust is an important component with respect to
7-9 ug S 3 which is four times higher than typically found critical load since it counterbalances the acid deposition.
at sites in Central Europe (Hjellbrekke and Fjeeraa, 2011). The wet deposition of calcium in Europe is significantly in-

The highest concentrations of total inorganic nitrate ionsfluenced by Saharan dust. Wet deposition rates exceeding
in precipitation in 2009 were in the order of 1-2mgN|  10kgCahalyr—! are observed at sites in Spain, Portugal,
(Hjellbrekke and Fjeeraa, 2011). These levels are typicallyltaly, Serbia and Croatia (Hjellbrekke and Fjeeraa, 2011).
seen in regions with high population density and associatedbites with high precipitation amounts located close to the
emissions from traffic or power generation (EMEP/CEIP, sea also experience high rates of wet deposition due to sea
2011), like sites in Germany, Czech Republic, Poland andsalt calcium. In Belarus the wet deposition of calcium ex-
Denmark. The lowest concentrations @.4 mgN 1) were ceeds 10 kg N hat yr—1 which may largely be due to anthro-
observed in the outskirts of Europe, i.e. Scandinavia, Irelangogenic emissions. It should be noticed, though, that the site
and Portugal. Wet deposition of nitrogen ranged from lessin Belarus uses a bulk collector (daily sampling), and thus
than 1kgNhalyr—! to more than 20kgNha yr~1. On  a significant amount of dry dust deposition may be included
average, the reduced and oxidized nitrogen contribute api the site is influenced by local Ca emissions. On the low
proximately with equal amounts to the total N deposition. end of the scale several sites in Scandinavia receive less than
However, in the Benelux area and in Ireland, the contribution1 kg Ca ha®yr—! (Hjellbrekke and Fjeeraa, 2011).
of ammonium deposition exceeds that of nitrate, reflecting The pH value reflects the balance between acidic ions and
regional agricultural sources of ammonia. In contrast, wetbase cations. The lowest pH in Europe is observed in the
deposition of oxidized nitrogen is generally somewhat higherEastern part of the continent which has a relatively high
than reduced nitrogen in Scandinavia and the Mediterranearsulphate deposition and a low base cation deposition. The
except for a few sites influenced by nearby agriculture.
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Table 3. Average trends in concentration of major components in air and precipitation and the number of sites with significant trends in
accordance to Mann Kendall test for the periods 1980—2009 and 1990-2009 compared to the emission trends in Europe (EMEP/CEIP, 2011)

No. of sites  Sites with sign. Trend  Trendsinconc  Emission

Comp decrease increase Avg. SD trends
Trends 1980—-2009

SO, 19 100 % 0% —-92% 6%

SOy air 19 95% 0% —-70% 20% —73%
nss SQ in precipitation 21 100 % 0% —80% 11%

NO» 8 88% 0% —-48% 26% 31 %
NOj3 in precipitation 18 83% 0% —-30% 16% B 0
NHyg4 in precipitation 18 67 % 6% —27% 38% —32%
Ca in precipitation 10 80 % 0% —47% 29%

pH (as H) in precipitation 22 91% 0% —74% 20%

Trends 1990-2009

SO, 31 90 % 0% —-75% 25%
SOy air 30 87 % 0% —-56% 16% —65%
nss SQ in precipitation 36 100 % 0% —64% 11%
NO», 28 68 % 11% —-23% 39%
sum NG; air 19 42% 5% -8% 30% —-31%
NOj3 in precipitation 36 69 % 0% —25% 13%
sum NH; air 20 75% 15% —-24% 56% 299
NHyg4 in precipitation 35 54 % 3% —25% 31% B 0
Ca precip 34 35% 3% —26% 42%
pH (as HF) in precipitation 37 68 % 0% —76% 55%

highest pH is observed in Spain and parts of Italy (Hjell- ysis for major ions in air and precipitation for the periods

brekke and Fjeeraa, 2011). 1980-2009 and 1990 to 2009. Figure 2 shows the trends in
. _ measurements for various sulphur and nitrogen components
3.3 Temporal trends in concentration for different decades. As seen from Table 3 and Fig. 2, Eu-

) ) . rope has experienced large reductions in S emissions during
During the OECD project (OECD, 1977), eleven participat- y,q |55t decades. In the late 1970s, emission control programs

ing countries with totally fifty sites measured major ions in g ey including a number of measures like installation of

precipitation, and S@and sq in air, during 1972-1975. 4,6 gas desulphurization units at power plants and reduction
These data are included here together with the EMEP dat@ yhe gyiphur content of fuel. The large reductions resulted

which started in October 1977. however also from the changes in political and economical

21 of the sites in operation during 2009 have time Seriessituation in Eastern Europe @kblad et al., 2004; Vestreng
extending back to 1980, while 36 extend back to 1990. Forgt 41 2007).
measurements of SCand SG" in air there are a similar - tpe renorted emission reductions in sulphur dioxide and
number of stations. Nitrogen has been continuously mea‘sulphate (Appendix B) were 73% and 65% from 1980 to
sured as ammonium and nitrate in precipitation at 18 site52009 and from 1990 to 2009, respectively (EMEP/CEIP,
from 1980, while NQ has bgen measured only at 8 sites. 2011). The EMEP monitoring results of sulphate in air and
Measurements of gaseous nitrate and ammonium started latf)'iecipitation reflect the emission changes throughout Eu-

and about 20 sites have continuous time series extendinpOpe (Table 3). For S§ trends indicate even larger reduc-
back to 1990. Figure 4 illustrates the long-term data series Ofions than reported emission reductions, and a suggested ex-
daily observations throughout this period. Figure 3 shows an-

; _ ) lanation has been that the oxidizing capacity of the atmo-
nual averages of sulphate in aerosols during the period fm"[é)phere may have remained unchanged while the amount of
1974 to 2009. Table 3 gives an overview of the trend anal-
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Fig. 4. Time series of daily air concentrations (@f) SO2 (unit: ugSm nT3) at Birkenes, Norwayb) NO> (unit: pgNm 3) at Westerland,
Germany andc) sum HNG+NO3', and(d) NH::,JrNHJr (unit: ug N n3) at Vavihill, Sweden.

SO, available for oxidation has become smallebyblad et  are of growing concern since they are not regulated in cur-
al., 2004). Further, the SQdry deposition rates may have rent protocols, and thus have a potential to counteract the re-
changed with time due to changes in the ambient ammonialuced land-based emissions (Dore et al., 2007; Cofala et al.,
concentrations (Fowler et al., 2009 and references therein2007 and Eyring et al., 2010). In 2009, the ship emissions
Data show that the average concentrations as well as the frexccounted for about 15% of the total sulphur emissions in
quency and magnitude of sulphur peak episodes have dezurope (EMEP/CEIP, 2011).

creased. The trend is dominated by the trend in concentra- There have also been quite substantial reductions in emis-
tions during winter (Bvblad et al., 2004). sions of nitrogen oxides during the last decades (Vestreng et

Presently, the largest emission source of oxidised sulal., 2009; EMEP/CEIP, 2011). The variation from country to

phur in Europe is power generation (Vestreng et al., 2007 country is however larger for nitrogen compounds compared
EMEP/CEIP, 2011). Emissions from international shipping to sulphur (lovblad et al., 2004). The total NCGemissions
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were fairly constant between 1980 and 1990, although darger. Furthermore, nitrate has also been reduced. At the 22
slight increase occurred in the land based emissions due tsites with long term pH measurements from 1980 to 2009 the
increased traffic (Vestreng et al., 2009ublad et al., 2004). average decrease irHHconcentration was 74 %, Table 3.
From 1990 to 2009 the NOemissions in Europe decreased
by 31 %, Table 3 (EMEP/CEIP, 2011) and most of this reduc-
tion occurred in the first decade (Fig. 2). The reductions wereq  Particulate matter
mainly caused by a change from burning of coal and gas to
nuclear power (bvblad et al., 2004). The economic recovery 4.1 Introduction to particulate mass measurements
in Eastern Europe led to increased Némissions from road
traffic in this area after 2000 (Vestreng et al., 2009). On theAerosols remains a major challenge to atmospheric science
other hand, N@emissions from traffic in Western European due to their detrimental health effects and influence on the
decreased, even though fuel consumption increased. Earth’s radiative balance, and thus climate. On a worldwide
The European trend of NOemissions are reflected in basis, the annual number of premature deaths caused by car-
the measurements (Table 3). From 1990 to 2009, nitrogemiovascular and pulmonary diseases following ambient air
dioxide and nitrate in precipitation decreased, on averageparticulate matter (PM) exposure is estimated to be in the or-
by 23% and 25 %, respectively. Most of these changes ocder of 800 000 (World Health Organization (WHO), 2002).
curred in the first decade between 1990 and 2000 (Fig. 2)Furthermore, light-scattering aerosol such as sulphate masks
Interestingly, the concentrations of total airborne nitrate de-the observed warming from greenhouse gases with an un-
creased on average only 8 %, and fewer sites show a signifiknown strength over the industrial era resulting in high un-
cant change (Table 3). These differences in trends can partlgertainty in the climate sensitivity (e.g. the temperature re-
be explained by a shift in equilibrium towards more par- sponse of a doubling of CQ (Forster et al., 2007). During
ticulate ammonium nitrate relative to nitric acid caused bythe last years, short-lived climate forcers, especially tropo-
a reduction in sulphur dioxide emissions (Fagerli and Aas,spheric ozone and black carbon — a light absorbing aerosol
2008). A more rapid oxidation of NOmay also have con- component — have received increased attention. There is sci-
tributed (Monks et al., 2009). The total reduction in observedentific confidence that mitigation and control of black carbon
concentrations of oxidized nitrogen compounds from 1980 toparticles and tropospheric ozone will have benefits both for
2009 is somewhat larger than from 1990 to 2009. A similarhealth and climate change. Black carbon and tropospheric
trend is not seen in the emission data, but the discrepancgzone have substantial regional and global climate impacts.
may partly be explained by significant changes in the num-According to a recent integrated assessment (UNEP/DEWA,
ber and location of sites when comparing the 1980s with the2011), reducing black carbon and tropospheric ozone start-
more recent years. ing now will slow down the rate of climate warming signif-
The total European ammonia emissions decreased by 29 %antly within the first half of this century, with particular
from 1990 to 2009 (Table 3) (EMEP/CEIP, 2011), though importance for changes in the Himalayan and Arctic regions
with large regional differences. A majority of the EMEP sites (UNEP/DEWA, 2011). The assessment indentifies a set of
show a decreasing trend both in air and precipitation, on avimeasures, and full implementation of these would reduce fu-
erage 24-25%. It should be noted that some EMEP sitesure global warming by 0.5C (0.2—0.7C). This further em-
are, due to their location in rural districts, partly affected by phasises the importance of long term measurements and un-
local ammonia emissions. Concentrations were fairly con-derstanding of these variables and their precursors, also in
stant from 1980 to 1990, consistent with the small reportedthe future. CLRTAP recently established a “Working Group
changes in emissions during that period. The observed downen Black Carbon” to address the inclusion of BC as a com-
ward trends were somewhat larger during the period 1990-ponent of PM in the process of the revision of the Gothen-
2000 compared to the period 2000—-2009 (Fig. 2). burg Protocol. EMEP observations include both elemental
The deposition of base cations also decreased during thearbon (EC) (based on thermo-optical analysis, giving a mea-
past 30 yr (Table 3). A majority of the EMEP sites showed sure of the mass concentration) and “black carbon” (based on
a decreasing trend of calcium in precipitation with an av- the absorption of light using spectroscopic methods, giving a
erage decrease of 47 % from 1980 to 2009 and 26 % fronmeasure of the aerosol optical properties). EC measurements
1990 to 2009 (Table 3). In the early 1990s, the closing ofhave been part of the level-2 programme since 2004, and
many lignite-fired power stations, iron and steel smelters aBC measurements were introduced at level-2 in 2010 (this
well the implementation of effective abatement technologieswas previously a level-3 activity) albeit time series extend
for sulphur caused a reduction also in the emissions of bas@urther back. While aerosol chemistry had been a key vari-
cations (lovblad, 2004; Hellsten et al., 2007). able of EMEP since its initiation, an increased concern about
Since 1980, large areas have experienced an increase public health led to the first strategic discussions of includ-
pH in the order of 0.5-0.6 pH units, corresponding well with ing particulate mass measurements at a joint EMEP/WMO
sulphur trends. Even though there has been a decrease in battorkshop in 1997 (EMEP-WMO, 1997), and which was fol-
sulphate and base cations, the sulphate reductions have belwed up with a more in depth workshop in Interlaken in
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1999 (EMEP-WMO, 2000; Lazaridis et al., 2002). The need
for more detailed optical and physical characterisation of
aerosols in order to address their impact on the radiative bal
ance and climate system is essential and was adopted (Ka
nert et al., 2004) by EMEP and included in monitoring strat-
egy for 2004—-2009. The measurements of physical and opti
cal parameters — including those of BC — will however not be
discussed here.

The guidelines for particle mass measurements in EMER ;- »
have been harmonized with what has been specified in the’
EU’s air quality directives (EU, 1999, 2008) and the stan- _. . o .
dards developed in CEN (1999, 2005). The initial priority of :;I%o%géa?]?tﬁaﬁ; :;%!.dlsmbuuon of Pb (left) and PMo (right)
EMEP was to measure Pl and the oldest aerosol mass
measurements in EMEP from Switzerland, Czech Republic

and Great Britain started in 1996 and 1997. In addition, atthe annual mean regional background fMoncentrations
several sites mainly in Germany and Switzerland, there argyre pelow the EU limit value of 40 ugma (EU, 2008) all
very old measurements for total suspended particulate matsyer of Europe, but a few sites exceed the WHO recom-
ter (TSP) all the way back to 1977 (additional data are avail-mended air quality guidelines (WHO, 2005) of both RM
able from national networks, but here only data from back-5nq pp, 5, which are set to 20 and 10 pgthfor the annual
ground sites being reported to EMEP are considered). Thgnean. respectively. A comparison of the regional back-
methodologies for these measurements are poorly describegd;oynd measurements of EMEP with the urban background
and the size cut off is unknown, and therefore these data argpy, . data reported the European Air Quality Database
difficult to use for quantification of the mass load, but these_ ajBase bttp://mww.eea.europa.eu/data-and-maps/data/
measurements are valuable indicators of temporal changes Eﬁirbase-the-european-air-quality-databa}?e-ﬁﬁows that
PM mass concentrations. _ more than 60% of the urban background concentration is
The number of sites measuring RMand PMs has kel to be attributed to the rural background contribution
steadily increased throughout the last decade. For 2009, maggMmEP, 2011; Putaud et al., 2010).
concentrations of PM are reported for 65 regional or global  The relative contribution of fine and coarse particles how-
background sites (61 for Pig; 40 for PMys and 6 for PM)  ever varies across Europe. BMPMig ratios are available
(Fig. 1, Hjellbrekke and Fjeeraa, 2011; EMEP, 2011). Evengt 32 sites for the year 2009. The relative contribution of the
though the number of sites has increased during the lasfne fraction in PMg is largest in central Europe (0.6-0.8).
years, it is worth noticing that several sites have unsatishjs is predominantly due to anthropogenic sources, but also
factory data coverage, and different methodologies are usefipgenic secondary organic aerosols (BSOA) can contribute
hampering the comparability across the network, thus im-g;pstantially, in particular during summer (Gelencser et al.,
provements in data quality for mass measurements is a prior2007)_ The fraction of fine PM is on average smaller (0.4—

ity for the years to come. 0.6) at the sites in southern Europe, where windblown dust
S _ has a large influence (Querol et al., 2009). Relatively low

) coast due to the presence of coarse sea salt particles. As well
The lowest measured concentrations of fgMre generally a5 BSOA, primary biological aerosol particles (PBAP) are
observed in the northern and north-western parts of Eufound to be a major contributor to the Scandinavian sites dur-

rope, i.e. the Nordic countries, remote areas of the Britishing the vegetative season (Yttri et al., 2011a, b) contributing
Isles, and for high altitude sites on the European mainlandg the 1ow PM s to PMy ratios.

reflecting both population density and distanse to major

anthropogenic sources (Fig. 5, EMEP, 2011; Putaud et al.4.3 Chemical speciation of particulate matter

2010). The highest levels are seen in the southern parts of

Europe due to influence by both anthropogenic sources a€hemical analysis of the ambient aerosol provides essen-
well as dust outbreaks (Putaud et al., 2010; Querol et al.tial information about the various sources contributing to the
2009). The regional variation in P)d and PMy 5 are quite  aerosol loading, as well as about chemical and physical pro-
similar as illustrated in Fig. 5. The mean Pjtoncentration  cesses taking place in the atmosphere. The chemical com-
for all EMEP sites was about 15pugtin 2009 (range 4 position is generally quite different across Europe: on av-
to 30 ug nm3), while the mean concentration of BMwas  erage there is more carbonaceous matter indiM Cen-
about 10pugm?® (range 3 to almost 20 ugm™) (EMEP, tral Europe, more nitrate in North-western Europe, and more
2011). The annual mean concentration of Pfdnges from  mineral dust in southern Europe (EMEP, 2011; Putaud et al.,
3to 12 pug n? for the six sites with measurements in 2009. 2010). A problem in assessing the chemical speciation is that
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the necessary diversity of chemical species is rarely availobserved in Scandinavia, Eastern Mediterranean sites and at
able for a full year, but rather for a few selected sites duringcertain high altitude sites (0.6—1.8 ug C# (EMEP, 2011).
research campaigns and the EMEP Intensive Monitoring peAt sites in Eastern Europe, UK, and northern Italy, the annual
riods (Aas et al., 2012). mean OC concentration ranged from 2.3-6.8 pg € rityp-

Some species are however measured continuously. Sedcally the sites experiencing the lowest carbonaceous aerosol
ondary inorganic aerosols (SIA) have been monitored forloading have higher levels during summer. Increased summer
decades, however not with artefact free methods to differtime concentrations of OC have typically been associated
entiate the gas/particle partitioning of semi-volatile nitrogenwith formation of secondary organic aerosol (SOA), both
species. In 2009, concurrent measurements of sulphate arfdom anthropogenic and natural precursor gases. It has also
PMio were performed at a total of 38 sites, while 27 and 18 been shown that primary biological aerosol particles (PBAP)
sites reported nitrate and ammonium respectively. At the maeontribute to increased levels of OC in summer (Yttri et al.,
jority of these sites, SIA is collected using a sampler with 2007, 2011a, b). In winter, biomass burning is usually the
an undefined cut-off whereas at a few sites a sampler with anain source, with sizable additional contribution from fos-
PMjg inlet is applied. By assuming that these ions are genersil fuel combustion (Gelencser et al., 2007; Gilardoni et al.,
ally found in PMyg size range, the average relative contribu- 2011).
tion of SIA to PMyg are 13 +3 % for S@‘; 14+8%for NGy Mineral dust is even more sparsely monitored than car-
and 7+3 % for Nl-glL during 2009 (EMEP, 2011). The high- bonaceous matter in Europe even though it typically consti-
est contribution of SIA is in central Europe, with the highest tute up to 5-20% of the ambient Rylmass (Denier van
level of sulphate and especially ammonium during summerder Gon et al., 2010). Dust outbreaks may greatly increase
and nitrate having increased levels during the cold seasorthe ambient air levels of PM, especially in Southern Europe
particularly in the Mediterranean area. The contribution of (Querol et al., 2009; Perrino et al., 2008). During dust out-
sea salt to aerosol mass is highly dependent on distance toreak events, the P}d concentration may exceed the EU
the sea, i.e. from about 0.5% at some continental sites antimit value of 50 ugn73 for the daily mean concentration
around 15 % at sites close to the coast. (Querol et al., 2009). In addition, dust from natural regional

The carbonaceous matter is a significant component of thée-suspension, and a number of anthropogenic sources, in-
atmospheric aerosol mass, accounting for 10-40 % of theluding agricultural, industrial and construction sources may
PMyo at the EMEP sites (Yttri et al., 2007). The EMEP pro- contribute significantly to the ambient Riylevels in Europe
gram includes measurements of elemental carbon (EC) an¢(Putaud et al., 2010; Denier van der Gon et al., 2010). Putaud
organic carbon (OC) at 10 sites in 2009. Previously, few ob-et al. (2010) also show that average contributions of mineral
servations of the carbonaceous fraction were available, andust to PMo and PM s during the period 1996-2007 range
further has there been a lack of comparable observations dfom about 4% in the north-western regions to about 15 %
EC/OC data. Due to the high importance of EC/OC for bothin southern Europe. In the Mediterranean specific study by
climate and health issues, EMEP performed a dedicated canfRuerol et al. (2009), they show that mineral dust is the major
paign to derive the first European wide coordinated monitor-component of PN in both western and eastern parts of the
ing effort of EC and OC (Yttri et al., 2007). Similarly, the region, with highest levels in the east (38 % of R
CARBOSOL (Legrand and Puxbaum, 2007; Pio et al., 2007,
Simpson et al., 2007a) and EUCAARI projects (Kulmala et4.4 Temporal trends in particulate matter
al., 2009) have offered important information on the regional concentrations
occurrence of EC/OC. An increased number of countries and
sites have started reporting data of EC and OC. The harmo24 EMEP sites have long term measurements ofif(@—
nization of methodology has improved through the efforts 13 yr) including the year 2009. Most sites have 11 yr of ob-
made within the EUSAAR project (Cavalli et al., 2010), and servations, while Vorhegg (Austria) and Penausende (Spain)
this will continue within the EU project ACTRIS. have 9yr of data. The longest time series of PM mass con-

Annual mean concentrations of EC (both for Rjvand centration data reported to EMEP goes back to 1996, and
PM,5) vary by a factor of 15 from the lowest with reveals large inter annual variations in the concentration lev-
0.09 ug C 13 at Birkenes, Southern Norway, to the highest els reflecting meteorological variability. Selected time series
annual mean concentration at Ispra in Italy with 1.4 pgCm  of PMz 5 and PMg are shown in Fig. 6.
(EMEP, 2011). All the high-EC-loading sites show an in- In particular the year 2003 represented an extreme case
crease in the EC concentration during winter. These in-with significantly higher levels compared to the rest of the
creased levels are likely to reflect both increased emissiongeriod. Despite the inter-annual variability, there is a rel-
(influence of wood burning emissions in winter), as well as atively clear overall decrease in the mass concentration at
meteorological conditions preventing dispersion of the airseveral sites. Trend analysis is performed as described in
pollution by frequent temperature inversions and reducedSect. 2.1, for the period 2000-2009. Sites with data for at
boundary layer height. As for EC, the lowest levels of OC areleast nine of the ten years are included, 24 for;gMnd

13 for PMp5 (Table 4). There is a statistically significant
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Fig. 6. Time series of PMs (left) and PMg (right) at selected a cross, and negative numbers indicate a decrease.
EMEP sites.
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decrease at about 50 % of the sites in both size fractions,
whereas none of the sites showed an increasing trend. The av
erage reductions are 18 % and 27 % for i3nd P\ 5 re- 1
spectively, corresponding to an average change in mass of 2.!
and 3.7 ug m2 over the same period. When considering the
effect this may have on potential exceedances of limit values, , :
it is worth noticing that the maximum reduction in absolute ~ ** o2
mass was 8 g i for PMyg at the Austrian site and as much W
as 11ug m?3 for PM, 5 at the site in Northern Italy, while
6 ug 3 reductions occurred at several other sites. The re-
cent analysis on European PM trends (Barmpadimos et al., 02001 2002 2003 2004 2005 2006 2007 2008 2009 2010
2012) using selected EMEP data corrected by meteorologi- ] ) ) )
cal variability show similar results as those presented here. 7'9- 8. Time series of EC and OC in P and PM at Birkenes

The geographical distribution of the relative decrease in(Nom)’ Southern Norway.

geograp

per cent (as given in Table 4) is shown in Fig. 7 for £M
and PM. The downward trend in the observed annual mean
concentration of PM mass corresponds to the reported re- Since there are no P} or PMy 5 measurements extend-
duction in the emissions of primary PM and precursors toing over decades, it is difficult to quantify the changes in
secondary PM during the actual period. The SIA precursoranass for a longer time perspective. The measurement data
SO, NOy and NH; have been reduced with 28 %, 9% and on total suspended particulate matter (TSP) since 1977 show
12 % respectively in EMEP from 2000-2009 (EMEP/CEIP, a large reduction in mass concentration. For the fourteen
2011). Primary PMs emissions have decreased by 20 % in Swiss, German and Hungarian sites with data from 1980
the same period (EMEP/CEIP, 2011). There is a tendencyto 1995, the average mass decrease in TSP of 71igar
though not very significant, that the BMIPMy ratio has  the ten year period 1980-1990 and 14 pgfnfior the pe-
decreased from 0.70 to 0.63, indicating that the fine fractionriod 1980-1999 (data not shown). For major ions however,
may have decreased relatively more than the coarse fractiothe observed chemical composition documents a change also
(Table 4). in PM mass since 1980. The changes in mass derived from

It is more challenging to assess changes in the content ofhemical composition data, shown in the major ions chap-
carbonaceous matter. Regular continuous measurements tédr above, indicate that the sulphate trend corresponds to a
EC/OC with a long-term goal started in 2001, and are avail-reduction of about 5 g n¥. Trends in nitrogen since 1990
able only at two stations across Europe (in Norway and Italy),correspond to a reduction of about 1 ughfor nitrate and
and only the Norwegian site has data for EC/OC in both the2 pg n73 for ammonium. Despite the significant reductions
PMjgand PM 5 size fractions. Figure 8 presents the time se-in sulphur emissions, sulphate still remains one of the sin-
ries of EC and OC at the Norwegian site, indicating a slightgle most important compounds contributing to regional scale
reduction in concentrations, although there is a large interaerosol mass concentration. From an air quality perspective,
annual variability. Note that there was a change in the analytthis calls for even further measures towards decreased sul-
ical protocol for EC/OC measurements in 2008. phur emissions to reduce aerosol loadings, even though there

o
>

uHgc(oC)m3
ugC(EC)m3

www.atmos-chem-phys.net/12/5447/2012/ Atmos. Chem. Phys., 12, 546484, 2012



5460 K. Tarseth et al.: Introduction to the European Monitoring and Evaluation Programme (EMEP)

Table 4. Trend analysis of EMEP sites with Rlgland PM 5 measurements from 2000-2009 (at some sites time series were initiated in
2001).

# sites  Sites with sign. trend  Per cent change Annual average conciﬁ)g m

Comp decrease  increase Avg. SD 2000(1) 2009 change pryear
Trends 2000(1)-2009

PMyq 24 50 % 0% -18% 13% 164 135 —0.29

PMy 5 13 46 % 0% —-27% 12% 13.2 9.5 -0.37
PM1g—PMs 5 11 18% 9% —4% 24% 497 4.87 —-0.01

PM, 5/PM1g 11 27% 0% —-9% 9% 0.70 0.63

are concerns that this may accelerate future warming because Figure 9 shows the number of years with data for all the
of the cooling effect of sulphate. ozone and N@ stations which have been in operation dur-
ing the 20 yr period 1990-2009. Clearly, certain parts of Eu-
rope are much better covered and have a significantly longer
5 Photooxidants and precursors history than other parts. For ozone, the longest monitoring
history is found in the UK, central Europe and the Nordic
5.1 Introduction to ozone and precursor measurements  countries while a shorter history is seen in France and Spain.
Few sites are located in the east and southeast part of the
Until the 1970s photochemical ozone pollution was mainly continent. For 2009, a total of 27 countries reported ozone
regarded as a local problem confined to certain regions charidata from 130 stations. The network for N(Fig. 9) shows
acterized by heavy loads of pollution and a sunny and warna somewnhat better coverage in the southeast than for ozone,
climate such as e.g. California. It was not until the beginningwhereas the number of sites measuring VOC is much lower
of the 1980s when ozone measurements from some Eurahan for ozone and Nfas seen by Fig. 10.
pean countries became available (Grennfelt and Schjoldager, The maps in Fig. 9 and Fig. 10 include all EMEP sites
1984; Grennfelt et al., 1989), and when the first calculationsyhich have been in operation during the 20 yr period 1990—
with a preliminary EMEP model were made (Eliassen et al.,2009. Since the network has changed considerably with time,
1982), that a potential large-scale ozone problem in Europehe station maps in Fig. 9 and Fig. 10 are not directly compa-
was demonstrated. Biologists have found indications of rerable to the present situation. Particularly for VOC the sites
duced growth and damages on plants due to the ambiemiave changed with time. The present status (data for 2009)
ozone concentration level (e.g. Karlsson et al., 2004; Mills etjs that 11 sites perform measurements of light hydrocarbons
al., 2011). In recent years, the role of ozone for climate hasgnd only 3 sites have carbonyl compounds, shown in Fig. 11.
gained interest. Tropospheric ozone is the third most impor-  All ozone measurements within EMEP are done by UV
tant anthropogenic greenhouse gas with a radiative forcing omonitors following the guidelines in the EMEP manual. In-
about 0.35 W m? (Forster et al., 2007). This is around 20% formation about the ozone data quality, calibration and main-
of the forcing of CQ since pre-industrial time. Ozone and tenance procedures have been collected from the participants
aerosols are thus the main short-lived climate forcers. (Aas et al., 2001). Furthermore, questionnaires have been
Ozone measurements became part of the EMEP prodistributed to the countries requesting information about the
gramme in EMEP’s third phase (1984-1986), continuing theroutines for calibration and maintenance of the UV moni-
OECD programme OXIDATE (Grennfelt et al., 1989). The tors. The most recent overview was compiled in 2007 and
1998 NQ protocol was the first protocol to abate emissionsis available in electronic form on the EMEP web palép:
of ozone precursors, although the original focus of that pro-//www.nilu.no/projects/ccc/emepdata.htrilihe question of
tocol was acid deposition. In the first years most of the 0zonespatial representativity — recently discussed by Henne et
monitoring stations was located in the UK, the Nordic coun- al, (2010) — is, however, equally important as the operation
tries and central Europe (Germany, Switzerland and Aus-of the instrument for ozone measurements. Ozone concentra-
tria). Gradually the network has expanded to the south andion near the ground is influenced by several factors, such as
east. EMEP’s monitoring programme for VOC was initiated |and use and topography, both affecting the surface dry de-
in 1989. Regular measurements of light hydrocarbons (gralposition, as well as NQsources in the vicinity leading to
samples) and carbonyl compounds (8 h samples) started atijnmediate ozone destruction. The importance of these pro-
few European sites in 1992-1993. The monitoring networkcesses normally varies through the day, following the diurnal
for VOC has changed considerably with time, and the num-cycle of the planetary boundary layer and the vertical mix-
ber of sites has varied between 5 and 17 (Solberg et aling. Thus, the representativity of an 0zone monitoring station
2001).
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Fig. 11. The EMEP VOC monitoring stations in operation in 2009
(adopted from Solberg, 2011).

Fig. 10.Number of years with EMEP monitoring data during 1990— 5.2 Spatial distribution of ozone and precursors
2009 for light hydrocarbons (left) and carbonyl compounds (right).
Surface ozone is closely linked to the meteorology. Thus,

_ o large regional differences are seen in Europe, reflecting dif-
does not only depend on the distance to emission sources bgrent climate conditions. The conditions range from a po-
also to the “inhomogeneity” of the surrounding area. Areasar climate in the far north to a moist marine climate in the
with strong gradients in topography and land use will lead\yestern part to the warm, dry and sunny conditions in the
to a poorer representativity of the 0ozone measurements thagoth. Furthermore, the dominant westerly wind flow causes
e.g. aflat desert. a gradual build-up of continental emissions and ozone as air
~ Measurements of hydrocarbons are mostly done by canmgyes across the continent. The topography of the Alps has a
ister grab samples followed by GC analyses in the laborasiyong influence in that sites at different altitudes are exposed
tory. The ;amples are collected twice per week except for thg, very different ozone levels (Loibl et al., 1994), and some-
French sites where they are collected once per week. At §mes the mixing between the boundary layer and the free
few sites a continuous GC monitor at the station is used. Cartroposphere act as an effective means of transporting man-
bonyls are measured by sampling in DNPH (Dinitrophenyl- made o0zone and precursors from populated valleys into the
hydrazine) cartridges for 8 h (08:00-16:00 UT). As for the free troposphere (Furger et al., 2000; Giidz et al., 2005).
hydrocarbons, the carbonyls samples are collected tw|ce Pekiready the EUROTRAC project TOR showed that there is
week. The QA procedures for the VOCs are described iny spatial gradient across Europe with ozone increasing from
the EMEP manual (EMEP/CCC, 2001) and technical de-nqrthwest to southeast in summer and an opposite gradient

tails are given in the EMEP annual data reports (Solbergjn inter (Scheel et al., 1997). This reflects the switch from
2011, and references therein). The measurements of VOCgo, reducing ozone in winter to photochemical ozone for-

and NQ/NOy will be further developed within the frame yation in summer.

of ACTRIS both with respect to frequency, harmonization  fje year mean values (2005-2009) of AOT40 (Accumu-

o_f measurements and measurement protocols and number gfiaq exposure Over a Threshold concentration of 40 ppb)

sites. and summer 99 percentilepdo) based on hourly EMEP
ozone data for the summer half year are shown in Fig. 12.
The AOT40 values shown here are based directly on the mea-
surements which normally are taken at 2—-3 m above ground.
The correct AOT40 value to be used for the assessment of
damage to crops should refer to 1 m above ground accord-
ing to UNECE (see discussion in Simpson et al., 2007b). An
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spatial differences also in that season. winter 2009 (January, February, November, December). The mark-
] ers indicate the 10-, 25-, 50-, 75- and 90-percentiles. Mean values
5.3 Long-term trends in ozone and precursors are indicated by a cross. The dashed line connects the median values

for clarity. Unit: ppt(v).
The issue of long-term trends in 0zone has received increased
attention during the last years. Many publications report an
apparent mismatch between the trends in the anthropogenic
emission of precursors and the observed trends (or lack of A recent study by the European Environment Agency
trends) in ozone (e.g. Colette et al., 2011; Wilson et al.,(EEA) concluded that the reductions in emission of anthro-
2012). The European anthropogenic emissions of Id@d  pogenic ozone precursors are not reflected in the observed
NMVOC have been reduced by 31 % and 46 % (EMEP/CEIP,annual average ozone concentrations, which do not show a
2011), respectively, from 1990 to 2009. As these are the maiownward trend in Europe between 1999 and 2009 (EEA,
precursors for ozone, one would expect clear changes in th2011). The study found that the number of exceedances of
European ozone concentration levels. However, due to théhe 120 ug m® target value (8-h mean) went down in the
strong coupling between ozone and weather regimes and thgears after 1992, but stabilized later. In a previous EEA study
substantial hemispherical background level, trends in ozon€EEA, 2009) trend analyses indicated significant reductions
are often difficult to detect without very long time series. in 0zone concentrations at British and Dutch stations (falling
The recent study by Colette et al. (2011) showed very goodduring the 1990s and levelling off thereafter). For the Aus-
agreement between observed and modelled B@ls in Eu-  trian and Swiss stations, no significant trends were identified.
rope, whereas they comment that “ozone trends turned out tdhe EEA, 2011 report used all the EEA sites, including urban
be much more challenging to reproduce”. Nevertheless, theyand suburban ones. Its focus is on describing the current air
found that the suite of models included in their work were quality situation and has less attention to addressing trends.
able to capture the trends at the majority of the sites. The EEA ozone trend study of 2009 (EEA, 2009) used only
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sites classified as rural background in Airbase, and as a re
sult of the fact that national agencies use their EMEP sites tc
also report for the European Commission Air Quality Direc-

tive, these datasets have a large overlap. No urban or subu
ban sites were included in the analysis and the study looke
at single stations individually (mainly for the period 1995—

2006) and included also results from regional scale photo
chemical modelling.

Smidt et al. (2010) found that at forest sites in AustriggSO
and NQ concentrations decreased after 1990 whereas no’
significant ghanges are seen in the ozone AOT40 values anlt_jig_ 14. Ten years mean of the 6-months' AOT40 (April-
95-percentiles. Chevalier et al. (2007) lOOked, at ozone d,at%eptember) for the years 1990-1999 (left) and 2000-2009 (right).
from the French EMEP network and from high mountain ;. ppb h.
sites. They found no change in concentration levels at the sta-
tion Pic-du-Midi (2877 ma.s.l.) since the early 1990s, while
for some stations in the Alps they saw increasing ozone lev
els. Vautard et al. (2006) compared European EMEP ozon
measurements for the period 1990-2002 with chemical tran
port model calculations. They found indications of reduced

@ 5000 — 10000
® < 5000

level. They argued that for central/northern Europe the emis
sion reductions given in the official EMEP data may be too
optimistic.

A study of long-term EMEP model and measurement data ; ::-
was published by Jonson et al. (2006). They also studied datd -
from the period 1990 to 2002 and found a mixed picture for _ )
ozone. At most sites a downward trend in the 98 percentiIeJ{'g' 15.Ten years mean of the annual 99 pergentlmx based on
was found, but they comment that the inferred trends coul ourlyldata f{ogwgtr:efsum?%galfzyé%%r (Aphrnl—ﬁept.er%gsr) for the
be biased by the selection of start year. According to their S0 > 990-1999 (lef) an 0~ (right). Unit: kg
analyses long-term ozone changes were a combined result
of reduced precursor emissions and increased ozone back-
ground levels. The results indicated that the reductions irof long-term ozone data is a major obstacle for identifying
NOy emissions have been less effective in summer comparedignificant trends in Europe today.
to winter. Solberg et al. (2005) analysed EMEP ozone mea- Model runs are not included in the present work and to re-
surements from the Nordic countries during the 1990s andluce the effect of inter-annual variability we have calculated
estimated a reduction in the 99 percentiles of the order ofL0-yr mean values for 1990-99 and 2000-2009, respectively.
15 pg n3 for southern Norway and southern Sweden. TheThe length of the period is a compromise between climate
scatter in the data was large, making the analysis uncertainjariability (10 yr is a short period in that sense) and emission
and according to the model results larger reductions shouladhange within the period.
have occurred. Figures 14 and 15 show the results for the summer 6-

In general, long-term ozone trends at EMEP sites show anonths AOT40 and 99 percentilepgp), respectively. In
mixed pattern. Several studies report reduced peak concettarge regions of the continent the change in monitoring net-
trations, mainly during the 1990s, followed by stable ozonework and lack of long-term data prevents any trend assess-
concentrations during the 2000s. Results depend criticallyment. Many countries did not have ozone stations for a suffi-
on the parameter used in the statistical analyses (high peeient number of years during the 1990s while in other coun-
centile, annual mean, AOT40 etc.). Furthermore, the yeartries the station network has changed from the 1990s to the
to-year variability in ozone due to varying meteorology is 2000s. Despite this, certain patterns are seen. The results in-
substantial, making it hard to separate the trends caused hyicate a clearer reduction ipgg than in the AOT40. This
reduced emissions from other effects. Thus, trend analyseis in line with the expectations, as AOT40 is highly sen-
based on measurement data alone is difficult and chemicaitive to the general background level whereas fhe is
transport model (CTM) calculations are often needed for themore strongly linked to the number and extent of photo-
evaluation. Simpson et al. (1997) estimated that if one atchemical episodes. Reductions in the are seen in Eng-
tempts to identify emission trends by the ozone monitoringland, Benelux countries, Germany and the Czech Republic
data alone one would need of the order of 30yr of data. As(Fig. 16). For Switzerland and Austria it is difficult to see
noted by the EEA ozone trend study (EEA, 2009) the lackany clear changes. A slight increase is seen in Spain, but the

www.atmos-chem-phys.net/12/5447/2012/ Atmos. Chem. Phys., 12, 546484, 2012



5464 K. Tarseth et al.: Introduction to the European Monitoring and Evaluation Programme (EMEP)

107" 107"

Fl10009
1072 1072

107°F 1070 1077

107* 107*

\ 1078 \ 1078
0 50 100 150 200 250 0O 50 100 150 200 250 0 50 100 150 200 250 O 50 100 150 200 250

~

107" 107"k GBO00O2 3 107"k

DKO0031 Ec031 1 107'f GB0036 1
107 1077 107%E / 1 107%F 1
\\,
107 1070 107 1 0t N ]
V \. 2

\ \
107 107*E \ 1 107%E \. 1 107* S
\ V\\ \
107° 107° \ 107° \ 107° !
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
107 cBoozs | T0TTE_ BE0D32 107 — NLOOTO 107 DEQOO1

1072 1072 1072 1072

107 1070 1077 1077

107 107 107* \ 1 1074

107° 107° 107° 107° L
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
—1 —1 —1 —1

10 DECO02 1 107E \ DECO03 1 107¢ ATO002 10 ATO041

1072 1072k 1072 1072
107 1077 107k 1077
107 ‘ 107*E 107%E 107*
107° L/ 107° 107° V 107° !
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250

-1 -1 —1
107" cHooo2 3 10T czoocoz 3 10 IT0004 510032
1072 1072 1072
107k 107k 107°F
107k 107k 107k A
107 / 107 & 107°

0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250 O 50 100 150 200 250

Fig. 16. Frequency distribution of hourly ozone concentrations for selected EMEP sites (Appendix A) (arranged by region from north to
south) for the periods 1990-1999 (red) and 2000-2009 (blue). X-axis:*ﬁgyraxis: frequency. Binsize: 6 ugTﬁ.

change in station network makes it difficult to evaluate thisresenting an ozone source is more difficult to predict. Annual
further. mean values are therefore of little value for evaluating ozone
The changes in AOT40 are smaller (Fig. 14). Reductionstrends. Reduced NQemissions should instead give rise to
in England and Benelux countries are seen, whereas for othex narrower frequency distribution of ozone. The number of
parts of the continent the pattern is more mixed. These resultboth the low and the high ozone concentrations should go
indicate fairly stable AOT40 values in Switzerland, Austria down as explained above if the N@missions are reduced.
and the Czech Republic. To look for such changes we have calculated the frequency
As mentioned above, the type of indicator (mean, per-distribution of hourly ozone concentrations based on the
centile, AOT40, etc.) is critical for the estimated trend. The same two 10-yr periods as mentioned above (1990-1999 and
reason for this is that ozone is a secondary pollutant whicl2000-2009). Figure 16 shows the distributions for selected
depends on the emissions of VOC and )Ni® a non-linear  stations which have a nearly complete 20-yr time series. Un-
way. On a European scale, N@cts as an ozone sink in fortunately, not many sites have such a long monitoring his-
winter and an ozone source in summer. Thus, reducegd NOtory. There are more EMEP sites with sufficiently long time
emissions will lead to increased ozone in winter and reducederies than shown in Fig. 16, but we made a selection taking
ozone in summer at rural background sites. At more pollutednto account the geographical coverage to avoid e.g. a bias
sites the NQ titration of 0zone may last longer into the warm towards certain countries.
season and the switch from representing an ozone sink to rep-
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The frequency plots show a mixed picture. For the Nordic 20

countries the data indicate a slight reduction in the number g o

of very low values. On the other hand, the highest percentiles ¥ « p0 ]
are reduced at some Nordic sites and increased at others. / oF o« 7 * i
clear reduction in the highest values is apparent at Vavihill ;ﬁ(ﬁ . g
(SE0011) in southwest Sweden, whereas a very small chang: e 5 M i} X x p9s ]
is seen at Prestebakke (NO0043) in southeast Norway. The O — .
reason for these differences is not clear. .

* %

The most pronounced change is seen at sites in the UK., g
and the Netherlands, showing a reduction in the frequency € —10-
of higher values. Also at Mace Head (IE0031) at the Irish 2 F *
west coast the data show a narrowing of the frequency dis- g 1
tribution. Compared to this, surprisingly small changes are 20| .
seen in Germany, Switzerland and Austria. For the two lat- F . 1
ter countries, no change is seen in the frequency distribution 1
of ozone. At the German sites a slight reduction in the high- —30F ]
est ozone values are found. The change is not large though b * 1
and applies only to the extreme right tail of the distribution. L 1
As opposed to this, a marked narrowing of the distribution —40E. R - N )
is seen at Svratouch (Cz0001), Ispra (ITO004) and Krvavec 0 o0 100 ,; o0 200 290
(S10032). Hgm

The reason why the changes in ozone frequency dIStrIbui:ig. 17. The change in ozone percentiles from the 10-yr period

tion vary that much across Europe is not clear. The reSUItS_LQQO—1999 to 2000-2009 as a function of the percentile values in

are, however, in fine with the previously mentioned trend 5,00_5009 for the 20 stations shown in the previous figure. The
studies. The lack of change in ozone distribution at Swisseqor codes indicate the type of percentiles.

and Austrian sites is particularly surprising. These countries
are located in central Europe and are receivers of pollutants

from all directions. Thus, we would expect a clear signal of The |ack of long-term running stations is a major obstacle
the reduced N@and VOC emissions. The effect of the Alps  giso for studying trends in VOC at EMEP sites. The change
causing a vertical mixing combined with a possible rise injn vOC network (change in stations and in measurement fre-
the hemispheric ozone baseline level has been proposed agency) since the start of the programme in 1992-1993 re-
an explanation (e.g. Oddlez et al., 2005). It has however not g ces the number of sites suitable for trend studies to a min-
been proven that this effect is sufficiently large to completelyjmuym. Figure 18 shows the annual medians based on data
counteract the effect of the reduced European emissions. Aom four winter months for the period 1995 to 2009. Note
shift in the fleet of personal vehicles from petrol fuelled to that the sampling frequency at FR0013 (Peyrusse Vieille) has
diesel fuelled cars leading to an increasedRMDy emis-  peen reduced from twice a week to once per week. The win-
sion ratio has also been proposed to contribute to a change igr medians could be used as a proxy for the emission source
the photochemistry (Jenkin et al., 2008). strength, whereas in summer the oxidation by OH will mask
Figure 17 shows the differences in the measured perthe concentration levels at a varying degree, depending on
centiles as a function of the, (2000s) for the same stations the chemical life time.
asin Fig. 16, i.ep,(2000s)— p,(1990s)x = [1, 10, 50, 90, The linear Sen trend slopes are shown in Table 5. The scat-
95, 99, 99.5]. The results do show a slight increase in theer jn the data is large, and significant changes are only found
lowest percentiles and a decrease in the high percentiles. ¥r certain components/stations. Furthermore, no consistent
is only for the two extreme percentileggo and poag, thata  picture is seen. While a marked decline is apparent for all
systematic reduction is seen, and even for these indicators Wgompounds at Kéetice (CZ0003), the other slopes are actu-

find increases at some sites. @ there is no strong pos-  a|ly positive, indicating a rise in the concentrations.
itive or negative bias for these stations when taken together.

The annual mediarpgo) is increased at most of these sites.
Itis important to keep in mind that the results in Figs. 16 6 Heavy metals
and 17 are strongly biased by the selection of monitoring
sites and should not be regarded as representative for thg1 Introduction to heavy metal observations
EMEP region in general. The sites cover only certain regions
of the continent and for the east, southeast and southwesieavy metals are of major environmental concern due to
parts of Europe there are no sites with sufficiently long timetheir persistence, ability to bio-accumulate and their negative
series to carry out this analysis. effect on human health and the environment (Pacyna et al.,

I
*
|
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Table 5. Sen’s non-parametric slope estimator of the annual trend [p‘ﬂﬂ yor measured light hydrocarbons. Only statistically significant
trends are shown.

Years ethane ethene ethyne propane Butane isobutane pentane isopentane benzene toluene
FI0096 96-09
DE0002 1998-2009 68
DEOOO8 2000-2009 174 70 58 32 17
CZ0003 1995-2009 -—-33 -94 —-83 -32 -21 -10 -9 -17 —-22 -16
FRO013  1999-2009 13
. ethane oo ethene . 1984). Therefore regulation of these elements has been a pri-
ool ool e ority both on a regional (CLRTAP) and global scale (UNEP).
ol oy P Heavy metals were included in EMEP’s monitoring program
S 1R ] in 1999. However, earlier data are available and have been
ook NE:}/;/\H& ] ok CINFENN included in the EMEP database. Thus, Fhe database includes
o \/, Y \/\/° . et T measurements back to 1976 for a few sites, although most of
1995 2000 2005 2010 19952000 2005 2010 the time series start around 1990. During the seventh phase
1000 sthyne - 2200 propane of EMEP (EB.AIR/GE.1/1998/8) it was recommended that
ool L 2000 L the future work under the Convention should concentrate on
1600f eight priority elements: lead (Pb), mercury (Hg), cadmium
& 2000 & reoop - A ] (Cd), chromium (Cr), nickel (Ni), zinc (Zn), copper (Cu) and
1o00f ] oot N}x/;\“/gt%g arsenic (As), and particular attention was paid to the first
I siGihaaacs 3 ] three elements. The Aarhus Treaty, signed in 1998 by nearly
e e e e e e all European countries, targets Cd, Pb and Hg and commit-
1000 outone 600 ablene ted the Parties to reduce their emissions for these three metals
a0l 1 500 compared to 1990.
. " o Mercury differs from the other trace elements by hav-
. A % o0 A7 ] ing a longer residence time in the atmosphere, changing its
400p . \’“&\ﬁ/&%i/ ] 200 #/ \,7/\ \y i chemical form (gaseous elemental mercury as well as reac-
2 . . 100 i A tive gaseous and particulate mercury), and having the pos-

Fig. 18. Annual winter (January, February, November, December)
median concentrations of hydrocarbons at Pallas (FI96), Waldho
(DEO02), Schricke (DE08), K&etice (CZ03) and Peyrusse Vieille
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sibility for re-emission to the atmosphere after deposition.
Consequently, mercury has a higher potential for long-range
transport. Mercury is therefore of a more global concern, and
even though the European emissions have decreased during
the last decades, the impact of increased Asian emissions are
significant both in Europe and in the Arctic (UNEP, 2008;
HTAP, 2010; AMAP, 2011).

To document and harmonise the analytical as well as the
field procedures a joint working group consisting of rep-
resentatives from HELCOM (Convention on the Protection
of the Marine Environment of the Baltic Sea Area), EMEP,
OSPARCOM (The Convention for the Protection of the ma-
rine Environment of the North-East Atlantic) and AMAP
(Arctic Monitoring and Assessment Programme) initiated a
plan for regular laboratory intercomparisons, starting in 1994

I(Berg and Semb, 1996; Uggerud and Hjellbrekke, 2011a),

and field intercomparison starting at Deuselbach in 1995
(Winkler and Roider, 1995). The EMEP methods are har-
monized with air and deposition measurements defined in
EU (EU, 1999, 2004, 2008; Aas et al., 2009; EMEP/CCC,
2001). There are several challenges with respect to data qual-
ity of the heavy metal measurements. Contamination of the
samples is a large risk if the standard operating procedures
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Fig. 19.Average concentrations of Pb in aerosols in 1990 and 2009Fig. 20. Average concentrations of Cd in aerosols in 1990 and 2009
(unit ng Pb nT3). (unit ng Cd n13).

are not followed (EMEP, 2001). Furthermore, the concen-(Aas and Breivik, 2011). The lowest concentrations of Pb
tration levels are relatively low (especially in the last years)and Cd during 2009 were found in the Nordic countries and
and the analytical methods used are not always adequate. i Great Britain. The highest Cd levels in precipitation were
common problem is that the detection limit is often too high found in Slovakia and the Czech Republic with concentra-
compared to the general concentration level at the site. Furtions around 0.2 ngi* while the highest levels in aerosols
ther, the data capture is also in general much poorer than e.gvere observed in the Benelux countries and in Slovakia, with
for main components especially for components in air whichannual averages exceeding 0.2 ng C¥m

are often sampled only one or two days a week. The spatial pattern of lead and cadmium is confirmed by
S the European moss surveys (Harmens et al., 2010). The low-
6.2 Heavy metals spatial distribution est concentrations of metals in mosses are found in Scan-

dinavia, the Baltic States and northern parts of the UK,

Maps showing the annual average concentrations of Pb angjpjje the highest concentrations are observed in Belgium and
Cdin aerosols in 1990 and 2009 are presented in Fig. 19. Thgyth-eastern Europe.

monitoring network has been extended to a larger area of Eu- The gpatial distribution of elemental Hg in air and precip-
rope in the last decades. The obligations given by the EMERation does not follow the same pattern as the other heavy
monitoring strategy (UNECE, 2009) and EU's air quality di- metals; the highest annual average in 2009 was observed in
rectives (EU, 2004, 2008) have clearly improved the site cov-g\yeden and the lowest in the UK and Eastern Europe. The
erage the last years, although there still is a lack of measurereason why the Hg concentration pattern differs from the pri-
ments in some parts of Europe. The Mediterranean regionary Hg emission pattern is that Hg has a long residence
and the most eastern part of Europe are more or less lackingme in the atmosphere and also that re-emission from soil
measurements of heavy metals. In 1990, Pb was measureghq ocean may affect more distant sites (e.g. Strode et al.,
at 42 sites. At only two of these sites were concurrent airp0g7). The concentration distribution of Hg in aerosols show
and precipitation measurements carried out. In 2009, meay more scattered pattern, but earlier studies have indicated
surements of heavy metals in both air and precipitation Wergyigh concentrations of total particulate Hg (TPM) near the
carried out at 36 sites. Totally 71 measurement sites for heavyq rce areas in Germany and lower towards the north (Wang-
metals were in operation. Mercury in either form (air or pre- perq et al., 2003; Munthe et al., 2003). For the other elements

cipitation) was measured at 26 sites and 12 of these had daldeasured we refer to the annual EMEP data reports (e.g. Aas
for both air and precipitation (Aas and Breivik, 2011). and Breivik, 2011).

The concentrations of heavy metals in air and precipita-
tion resembles the emission distribution (see Pacyna et alg.3 Heavy metals temporal trends
2009) fairly well showing high values in Central Europe and
lower concentrations in Northern Europe (Figs. 19 and 20).The maps for 1990 and 2009 presented in Figs. 19 and 20
The lowest concentrations are generally observed in northerolearly show that the Pb and Cd concentrations in both air and
Scandinavia, Greenland, Iceland, and the westernmost part gfrecipitation have decreased during the last 20 yr. Figure 21
Europe. The concentration and deposition levels increase tshows trend plots of Cd, Pb and Hg in both air and precip-
the southeast, but not homogeneously. Certain “hot spots” aréation from selected sites. Only Sweden has time series of
seen for some elements. For Pb in precipitation, the highestlg extending back to the early 1980s. The concentrations of
levels in 2009 were observed in Italy and Hungary with con- Pb and Cd during the last two decades can be compared with
centrations exceeding 2 ngl, while for Pb in aerosols the the emission changes for these compounds (Table 6). The re-
highest levels were observed in the Benelux countries andluctions in measured Pb are between 80 % (in precipitation)
Slovakia where concentrations reached almost 10 ngPbm and 90 % (in aerosols). The emission reduction is in the same
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Table 6.Change in Cd and Pb concentrations in air and precipitation, compared to emission changes from 1990 through 2009.

No. of sites  Sites with significant trend Trendsin conc. Emission

Comp decrease increase Avg. SD trends

Trends 1990-2009

Pb air _ 11 100 % 0% —90% 7% _84%
Pb precip. 7 100 % 0% —80% 22%
Cd air _ 8 100 % 0% —-84% 14% 540
Cd precip. 9 89 % 0% —64% 53%
T — cgntral and Northern Eu'rop.e, there are some gdditional sites
o N \ ooiR | | with long term data confirming the large reduction of Pb and
. \k DKO3R Cd in Europe. In a study based on measurements from the
Ewo A o ] north-western Mediterranean Sea, a 90 % decrease in the Pb
?zo o concentrations in air between 1986 and 2008 was found. In
the same study a reduction of Cd concentrations by 54 % was

found (Heimlirger et al., 2010). In a study measuring trace

2008
2009

~~~~~~~~~~~~~~~~~~~~~ SERSRRER elements in mosses, the observed trend was similar to that

3 — shown from EMEP observation data, and with reductions in
\ cosn Pb and Cd levels by between 52 and 72 % during the period

2 eoln from 1990 to 2005 (Harmens et al., 2010).

1 \—\/\ N o A major decline of the European Hg emissions occurred
S 7 at the end of the 1980s and around 1990 (Pacyna et al 2009).
I g \)‘\3\,\\_ Figure 21 indicates there are no major changes since 1990

o L e  — S and this is confirmed by a Mann-Kendall statistical test for
FER23838383388RR8R8R8RBRRAIRR both air and precipitation measurements. However, at the

5 _— 5 Swedish site with long term measurements of gaseous el-
" . —raepreap ||, emental mercury there has been a reduction of about 60 %
,/\ o bemoterecie) since 1980, and most of this occurred before 1992 (Fig. 21).

30 y4 \ '\ rhear I In other studies a downward trend is found also for the Hg

DEO9 air 2 %‘:

- measurements in precipitation.afgberg et al. (2007) ob-
10 - N7 . served a reduction in deposition between 10% and 30%
when comparing the periods 1995-1998 and 1999-2002 for
g various sites in OSPARCOM/EMEP. However, the concen-
: trations reveal a significant inter-annual variability and the
Fig. 21. Change of Pb (top) and Cd (middle) concentration in Choice of time period may determine if a trend is detected.
aerosol and mercury in air and precipitation (bottom) at selected The measurements of total gaseous mercury (TGM) for
EMEP stations. Note that it is not necessarily the same sites thathe period from 1980 to about 1993, indicate a dramatic de-
have time series in both air and precipitation. crease of about 60 % in ambient concentrations. Concentra-
tion changes reflect the emission change in Europe during the
same period (EMEP/CEIP, 2011; Pacyna 2007, 2009). TGM
range (EMEP/CEIP, 2011), mainly due to the use of unleadethas been monitored at the summit of the Wank Mountain
gasoline and the introduction of efficient dust-removal instal-in the Bavarian Alps in the first half of the nineties (Slemr
lations in industrial plants (Pacyna et al., 2007, 2009). Theand Scheel, 1998) and the decrease in concentrations was
reduction in measured cadmium is also significant, betweembout 22 % from 1990 to 1994. Their study confirms the quite
64 % (in precipitation) and 84 % (in aerosols). dramatic change in mercury emissions during this period on
One should keep in mind that the sites with long term both regional and global scale. Reduced emissions in Europe
measurements are situated in central and Northern Europénd the long lifetime of Hg have resulted in an increased fo-
and that their average decrease may be higher than for theus on non-European sources (HTAP, 2010).
EMEP domain as a whole. The emission reduction of Cd in
the EU15 countries is 68 % compared to 54 % for the whole
region (EMEP/CEIP, 2011). In addition to the EMEP sites in

precipitalon, ng Hg L 1
)
S
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7 Persistent organic pollutants
7.1 Introduction

POPs are organic chemicals identified as being toxic, bio-
accumulative, persistent and prone to long-range transport
Recognition of long-range atmospheric transport of POPs to
remote areas such as the Arctic from the 1980s and onward
(e.g. Ottar, 1981; Wania and Mackay, 1993) contributed to
the adoption of the Aarhus Protocol on POPs in 1998 and
initially included 16 substances/substance groups. In 2009y 22 spatial patterns for pyrene in air (left) at EMEP stations in
seven additional substances were amended to the Protocgbog, and (right) measured using passive air samplers across Euro-
(ECE/EB.AIR/99/ADD.1). POPs in air and deposition have pean background stations in 2006 (from Halse et al., 2011). Unit:
been reported to EMEP since 1999, yet the EMEP databaseg m—3.

now contains historical monitoring data from 1991 onwards

(see Fig. 1).

For most other air pollutants covered by CLRTAP, concen-shows the spatial pattern of pyrene from EMEP sites in 20009.
trations in air tend to decline with distance from source re-Pyrene belongs to the group of polycyclic aromatic hydrocar-
gions due to dispersion, dilution, degradation and depositiorbons (PAHS), which are mainly formed during incomplete
(Wania, 1999). However, for some POPs, surprisingly highcombustion of carbonaceous material (e.g. Breivik et al.,
concentrations have been measured far from major emis2007; Zhang and Tao, 2009). While PAHs also are subject to
sion regions (Wania, 1999). A characteristic feature of manylong-range atmospheric transport to remote areas (e.g. Hal-
POPs, unlike most other air pollutants, is their potentialsall et al., 2001), model calculations indicate that their long-
to undergo reversible atmospheric deposition (e.g. Larssomange atmospheric transport (LRT) potential is often more
1985; Nizzetto et al., 2010). Therefore, air concentrationslimited than that of many other legacy POPs (Beyer et al.,
measured today might be caused by either recent primary a003), which in turn suggest that a large spatial variability is
mospheric emissions or attributed to re-volatilization of theseto be expected — and indeed observed (Jaward et al., 2004b).
persistent and semi-volatile substances from contaminate@hus, the “true” spatial pattern for such contaminants may be
surface reservoirs (soil, water, vegetation, snow, etc.) in condifficult to rationalize based on a limited number of EMEP
tact with the atmosphere. This feature not only complicatesstations (Fig. 22a). To illustrate this, we also show the spa-
predictions of source-receptor relationships (Malanichev etial pattern in European background air during the summer of
al., 2004), but is also an important factor to consider when2006 in Fig. 22b, measured using passive air samplers (PAS)
interpreting air and deposition measurements, including spa¢Halse et al., 2011). PAS are cost-efficient sampling devices
tial and temporal trends. This is also why complementarywhich typically integrate air concentrations over longer time-
measurements of additional environmental surface media arperiods (weeks, months, years) (Harner et al., 2006; Shoeib
desirable in the context of POP monitoring to better under-and Harner, 2002), and which have become popular both for
stand and predict air-surface exchange (e.g. Ruzickova elemporal (Schuster et al., 2011) and spatial surveys (Pozo
al., 2008). In the following, selected data from the EMEP et al., 2009). From these data, it becomes evident that rela-
database on POPs are presented, which both may serve t@e large differences in observed air concentrations of pyrene
highlight some of the data contained therein as well as keyare measured between adjacent stations in e.g. central parts
features controlling the spatial and temporal trends of seof Europe. Halse et al. (2011) found that the max/min ratio
lected POPs in air. We refer to the literature for a more de-for measured air concentrations varied fref80 (8-HCH)
tailed account of EMEP data containing more detailed analto 5 (HCB), illustrating that what may be considered ade-
yses of specific sites and/or contaminants (e.g. Biamstr  quate spatial coverage for some POPs may not be sufficient
Lundén et al., 1994; Eckhardt et al., 2009; Dvorska et al.,for others. This study also included a direct comparison of
2008; Holoubek et al., 2007; Hung et al., 2010; Wania andPAS results with EMEP data, highlighting that coordinated

Haugen, 1999). PAS campaigns have the potential to serve as a valuable inter-
comparison resource, both within EMEP and beyond, which
7.2 Spatial patterns of selected POPs complements insights from interlaboratory intercomparisons

alone (e.g. Su and Hung, 2010).
Although the number of POP monitoring stations has grad-
ually increased over the last decade, the number of sites i3.3 Temporal trends of select