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Abstract. During the last twenty-five years European emis- processesThe majority of European countries have reduced
sion data have been compiled and reported under the Coopetheir emissions by more than 60% between 1990 and 2004,
ative Programme for Monitoring and Evaluation of the Long- and one quarter have already achieved sulphur emission re-
range Transmission of Air Pollutants in Europe (EMEP) asductions higher than 80%. At European level, the total sul-
part of the work under the UNECE Convention on Long- phur target for 2010 set in the Gothenburg Protocol (16 TQg)
range Transboundary Air Pollution (LRTAP). This paper has apparently already been met by 2004. However, still half
presents emission trends of S@eported to EMEP and of the Parties to the Gothenburg Protocol have to reduce fur-
validated within the programme for the period 1980—-2004.ther their sulphur emissions in order to attain their individual
These European anthropogenic sulphur emissions have be@ountry total emission targets for 2010. It is also notewor-
steadily decreasing over the last twenty-five years, amountthy that, contrasting the Gothenburg Protocol requirements,
ing from about 55 Tg S®in 1980 to 15Tg SQ in 2004. a growing number of countries have recently been reporting
The uncertainty in sulphur emission estimates for individualincreasing sulphur emissions, while others report only minor
countries and years are documented to range between 3%arther decreases. The emission trends presented here are
and 25%. The relative contribution of European emissions tosupported by different studies of air concentrations and de-
global anthropogenic sulphur emissions has been halved dupositions carried out within and outside the framework of the
ing this period. Based on annual emission reports from EuroLRTAP Convention.

pean countries, three emission reduction regimes have been
identified. The period 1980-1989 is characterized by low
annual emission reductions (below 5% reduction per year

and 20% for the whole period) and is dominated by emis-1 Introduction

sion reductions in Western Europe. The period 1990-1999

is characterised by high annual emission reductions (up tdvuch attention has been given to the abatement of sulphur
11% reduction per year and 54% for the whole period), mostdioxide (SQ) emissions since the 1970s, when the trans-
pronounced in Central and Eastern Europe. The annual emidoundary character of air pollutants was first robustly es-
sion reductions in the period 2000-2004 are medium to lowtablished and documented (e.g. OECD, 1977; Eliassen and
(below 6% reduction per year and 17% for the whole pe-Saltbones, 1983; Menz and Seip, 2004; Grennfelt and Hov,
riod) and reflect the unified Europe, with equally large re- 2005). In order to control these emissions, international co-
ductions in both East and West. The sulphur emission reducoperation was deemed indispensable and to that purpose,
tion has been largest in the sec@wmbustion in energy and the United Nations Economic Commission for Europe (UN-
transformation industrigsbut substantial decreases are also ECE) Convention on Long-range Transboundary Air Pollu-
seen in theNon-industrial combustion plantegether with  tion (LRTAP) was established in 1979. Today, the LRTAP

the sectorgndustrial combustiorand Industrial production ~ Convention has fifty-one Parties, forty-seven of which are
European. At present, there are three international Protocols

Correspondence tov. Vestreng from the LRTAP Convention in force to reduce sulphur diox-
(vigdis.vestreng@met.no) ide emissions. While the first Protocol, the 1985 Sulphur
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Protocol, adopted a flat rate approach (reduction of national While the attention traditionally was directed towards the
annual sulphur emissions by at least 30% between 1980 anthcid rain” environmental problem of sulphur compounds
1993), the two succeeding Protocols, the 1994 Sulphur Prodescribed above, the emphasis today tends to be more on the
tocol and the 1999 Multi-effect Protocol (Gothenburg Proto- climate and human health impacts of the particulate phase of
col), are effects based (UNECE, 2004). This means that thegulphur. The most severe effects in terms of overall health
aim at efficiently reducing sulphur emissions where environ-burden of air pollution are associated with the long-term
mental effects are most severe. In addition to the UN Proto-exposure to particulate matter. A significant reduction in
cols, several European Union (EU) Directives are regulatinglife expectancy of the average population by a year or more
sulphur emissions, the most recent one being the 2001 Ndhas been estimated if present levels are to continue (WHO,
tional Emission Ceilings (NEC) Directive, 2001/81/EC (EC, 2006). In this context, the latest update of the World Health
2001), presently under revision. The NEC Directive estab-Organization (WHO) Air Quality Guidelines (WHO, 2005)
lishes emission ceilings to be attained by 2010 for sulphurreflects the need to provide a larger degree of protection
dioxide, nitrogen oxide, volatile organic compounds and am-against SQ emissions than preceding documents (WHO,
monia for the 25 EU Member States. Targets for the Member2000). Hence the limit values of 20gm~2 for 24 h aver-
States that joined the EU in 2003 are specified in the Treatyage exposure and 5@@m3 for a 10-min average are much
of Accession (EU, 2003). In general, the sulphur emissionmore stringent than in the 2000 revision of the Guidelines
targets for 2010 in the NEC Directive are more ambitiouswhere the limit was 125gm—2 as a 24 h average (WHO,
than those in the Gothenburg Protocol. 2005). However, if SQ emissions should be reduced to lev-
The main anthropogenic source of sulphur dioxide emis-els which are certain to be associated with no effects, the
sions is the sulphur content of fossil fuels released¢dy-  levels would have yet to be much lower than in the current
bustion In addition, some sulphur arises from petroleum guidelines (WHO, 2005, and references therein).
refining the smelting of sulphidic ores in tigroductionof SO is an aerosol precursor and can be converted to sul-
heavy metals, in the production of sulphuric acid, paper andgohate aerosols. Both sulphur dioxide and sulphate have life
sulphur. Natural fluxes of sulphur originate from volcanoes,times of less than a week, hence the influence of sulphur
and biological and photochemical production in the oceangeleases is mainly of regional character. Sulphate aerosols
of volatile sulphur gases, notably dimethyl sulphide (DMS). are shown to have a significant direct aerosol effect (Hay-
Comparably small amounts of sulphur are also emitted fromwood and Boucher, 2000; Schulz et al., 2006) and are an
forest fires, soils and vegetation, sulphur springs and sea sailinportant contributor to indirect aerosol effects (Haywood
(Simpson et al., 1999). and Boucher, 2000; Ramanathan et al., 2001; Lohmann and
Sulphur emissions influence the level of acidification of Feichter, 2005). The direct and indirect aerosol effects due
soils and freshwater ecosystems (e.g. Stoddard et al., 1999 sulphate lead to a negative radiative forcing and thus a
Schpp et al., 2003), climate change (e.g. Haywood andcooling effect on climate. Myhre et al. (2004) showed that
Boucher, 2000; Ramanathan et al., 2001) and have impactsmission changes of S®etween 1985 and 1996 impact the
on human health (e.g. WHO, 2003, 2005, 2006). The acid-geographical distribution of the radiative forcing of the di-
ification situation has been serious in large parts of northrect aerosol effect substantially. Global anthropogenic sul-
ern Europe in the 1970s, mainly in the Fenno-Scandia regiophur emissions have been shown to increase rather steadily
also due to slow weathering of soil and bedrock. Significantup to about 1980, but with a more uncertain trend after that
exceedances of critical loads were observed over large par@oucher and Pham, 2002; Smith et al., 2004; Stern, 2006).
of central Europe, southern parts of Scandinavia and NorthThe global trend is uncertain over the last decades since it
Western Europe (@vblad et al., 2004). Emission and suc- consists of large reduction over North America and Europe
cessive deposition of sulphur have caused material, soil andnd a large increase over Asia. Several authors have stud-
forest damage (e.g. Nellemann and Goul Thomsen, 2001ied the possible impact on sulphur deposition due to changes
Akselsson et al., 2004) and surface water acidification. De-n regional climate (e.g. Mayerhofer et al., 2002; Langner et
creased pH and accompanying increase of aluminium comal., 2005; Sanderson et al., 2006). Changes in weather pat-
pounds is fatal to fresh water fish, and in many lakes e.g. intern, temperature and precipitation has been found to both
the southern part of Scandinavia the whole fish populationincrease and to decrease acidification, imposing changes of
was completely exterminated by 1986 (e.g. Henriksen et al.about+5% in sulphur deposition patterns depending on lo-
1989; Rohde et al., 1995; Yakovlev, 2001; Gunn and Sandgycation.
2003; Skjelkale et al., 2003). A thorough review and as- In order to trace the progress in controlling transbound-
sessment of air pollution trends and their effects was carriedary air pollution and its related effects, the founding Pro-
out with the occasion of the Convention’s 25 years anniver-tocol under the LRTAP Convention in 1979 agreed on the
sary in 2004 (Sliggers and Kakebeeke, 2004), complementedxchange of information by countries on emission data and
by studies from the EMEP programmeditblad et al., 2004)  on transboundary fluxes. The compilation of both emission
and by the Working Group of Effects under the LRTAP Con- data and information on transboundary fluxes has been car-
vention (WGE, 2004) . ried out under the Cooperative Programme for Monitoring
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and Evaluation of the Long-range Transmission of Air Pol- NFR categories in the reporting templatetg://www.emep.
lutants in Europe, also named the EMEP programme. Everynt/emis2007/reportinginstructions.hfmincluding both de-
year since the start of the programme, EMEP has publishethiled categories (e.g. Residential plants, Passenger cars
the officially submitted information on emissions and trans-and Iron and Steel, in addition to Public Electricity and
boundary fluxes, in recent years as well online in the EMEPHeat Production) as well as the associated aggregated lev-
emission databasétfp://www.emep.intand http://webdab. els (e.g. Residential, Road Transport and Manufacturing
emep.in}. Industries and Construction) to facilitate reporting under
This paper presents the twenty five year trends for sul-the Convention also for Parties with less resources avail-
phur emissions in the EMEP area as estimated withinable for emission estimation and reporting. Reporting ac-
the EMEP programme and documents the sulphur trendording to NFR mostly applies for the 1990 and onwards
by country and sector in time and space. Special fo-emission data. The 1980s are still dominated by emis-
cus is given to the post 1990 development and the presersion data reported in the eleven SNAP (Selected Nomen-
2004 emissions are compared with the ceilings for 2010clature for Air Pollutants) source sectors as defined in the
in the LRTAP 1999 Multi-effect Protocol (Gothenburg Pro- EMEP/CORINAIR Guidebooktttp://reports.eea.europa.eu/
tocol). Emission targets in the NEC Directive are not EMEPCORINAIR4/ed, i.e. less detailed information is
included, as the emission reporting requirements, henc@vailable for this time period. The national inventories are
the national total emissions reported, differs on severabased on national statistics and country specific, technol-
points between the LRTAP Convention and the NEC Di- ogy dependant emission factors. National experts are re-
rective. In addition, final NEC emission data is only com- quested to estimate their national emissions according to
plete for the EU-15 total emissions for four years (2001-the EMEP/CORINAIR Emission Inventory Guidebook. The
2004) fttp://reports.eea.europa.eu/technieglort2006 8/ Guidebook offers a three Tier approach for emission esti-
en/technicakeport2006.8.pdf); hence analysis of long-term mation fttp://www.ipcc-nggip.iges.or.jp/public/2006igr a
trends, which is the focus in this paper, cannot be underdefinition of Tiers). By moving from a lower to a higher
taken. Emissions included here are only anthropogenic naTier, more specific emission factors, more detailed activity
tional emissions. Natural sources of sulphur are not condinformation, specific abatement strategies and other relevant
sidered here and neither are sulphur emissions from interngechnical information is required. The Tier approach allows
tional shipping and international aviation. Although emis- all Parties to apply the Guidebook for their emission estima-
sions from international air and sea transport may provetion irrespectively of resources and or detail of information
to contribute significantly to European air pollution assess-available for emission estimation, as emissions can be esti-
ments, these are beyond the scope of the present paper. Thizated on different levels of complexity. If country specific
is the first time that the 25 years of sulphur dioxides emis-methodologies are applied, these should be documented sep-
sions reported under EMEP are presented and analysed @rately. This documentation is rather scars for the 1980s, as
peer reviewed literature. In this paper, we first discuss qualit is only the past few years that the requirements for national
ity aspects of EMEP emissions data and how we work to-emission data have become more transparent and guidelines
wards a complete validation of the EMEP inventory through on emission reporting, requesting also Informative Inventory
annual review processes and by top-down assessments. TiReports (lIRs), have become available (UNECE, 2003). In
emission improvement program under EMEP has increasedddition, new routines and standards for validating emission
the transparency and confidence in official submission and islata have recently been adopted (UNECE, 2005).
a main reason to support for the first time the publication of Whenever there is a lack of reported data, or the offi-
the EMEP trends. At the end of the paper, we discuss als@ially reported data fails to pass the quality control estab-
the uncertainty ranges in the EMEP inventory and how thelished in the annual review (UNECE, 2005) described in
EMEP trend compares with other independent estimates anthore detail below, the sector emissions are either gap-filled
the European emission contribution to global anthropogenicor replaced by independent estimates and by linear inter-
sulphur inventories. polation and extrapolation. The main source of informa-
tion for the independent estimates is emission data from the
RAINS (Regional Air Pollution INformation and Simula-
2 Emission sources and methodology tion) model (Amann, 2005a, b). RAINS data is currently
the preferred choice, since the datasets have been thoroughly
The main source of emission data used under the LRteviewed with national experts through the Clean Air For
TAP Convention is national official emission reportgtp: Europe (CAFE) programme and proved to be largely con-
/lwebdab.emep.intbth version). Every year, emission data sistent and comparable with officially reported data. The
per sector from Parties to the LRTAP Convention is compiledmethodology used to derive the RAINS emission estimates
at national level and are reported through the EMEP pro-is well documentedhttp://www.iiasa.ac.at/rains/cafe.hjml
gramme. The emission data are reported in the Nomenclai no data has been submitted under the LRTAP Conven-
ture For Reporting (NFR) source categories. There are 102ion, and RAINS data is not available, EDGAR emission
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data fttp://www.mnp.nl/edga)/has been used instead, as 2. Stage Il evaluates key sources (IPCC, 2000) and estab-
these inventories to our knowledge are the only readily avail- lishes thecompleteness, consistencgmparabilityand
able emission inventories which covers several years of SO transparencyof reported data, and
sector data information for all European countries. In some
cases, when sector data for a particular year and a particular
country is missing, but data for other years are available from
the country, interpolation of the values is used instead. Ex-
trapolation of country trends is seldom required, and mostlyAnnual Stage | and Il emission data reviews are performed
used for the latest year when a Party has failed to submit dathy a review team of experts. These reviews have been per-
in time. formed by EMEP since 2004 in collaboration with ETC-
For the scope of this study, the emission sector data is preACC and the UNECE secretariat, covering both data reported
sented according to SNAP source sectors as defined in thender the NEC Directive and under the Convention on LR-
EMEP/CORINAIR Guidebookttp://reports.eea.europa.eu/ TAP. Each Member State and Party is provided with a coun-
EMEPCORINAIR4/el. Sulphur emission trends prior to try specific review report three months after the data submis-
1980 are taken according to Mylona (1996, 1997). Thesion, summarizing conclusions from the review and the bi-
source of projected emissions data for 2010 is the emissionkiteral discussions with individual country emission experts
ceilings as stated in the Gothenburg Protocol (UNECE, 2004necessary for clarification of certain aspects of the emission
supplied with RAINS scenario data (Amann, 2005a, b). data. Countries are encouraged to give explanations for or
correct data within the next reporting round. Meanwhile, if
an explanation is not found, a replacement of country data

3. Stage Il involves an in-depth review by individual
countries which aims at establishing the aca@uracy
of the emission estimates.

3 Validation of the EMEP emission data by independent estimates is undertaken. As mentioned also
in Sect. 2, replacements might simply consist of linear in-
3.1 The review process terpolation between two adjacent years. Whenever outliers

are identified several places in the inventory, it is necessary

For the last three years, new routines to evaluate and imto replace the whole time series by independent estimates,
prove the quality of emission data officially reported under as the latter rarely will be fully consistent with the emis-
the Convention on LRTAP and the National Ceilings Di- sion data provided by the country itself. General conclusions
rective (NEC) have been established under the EMEP profrom the review are subsequently documented in an annual
gramme in collaboration with the European Environmentaljoint EMEP/EEA review report (e.g. Vestreng et al., 2006a).
Agency (EEA) and its European Topic Centre on Air Qual- In addition, well organized reporting routines have proven
ity and Climate Change (ETC-ACC). The review is based onto be crucial in the work of inventory improvement under
the key parametefBransparency, Consistency, Comparabil- EMEP. Thus, upfront the annual submission of data, report-
ity, Completeness and Accuraag defined in the Emission ing instructions detailing the requirements as laid down in
Reporting Guidelines from UNECE (2003). the Emission Reporting Guidelines (UNECE, 2003) together

The estimation and validation of European emissionwith template files for reporting are made available online.
data is first facilitated through the continuous devel- Further to that, an online QA/QC tool, REPDAB (Vestreng,
opment of the EMEP/CORINAIR Guidebook. The 2003), checking theompletenessnd consistencyof re-
Emission Inventory Guidebookftp://reports.eea.europa.eu/ ported emission data has been developed and made available
EMEPCORINAIR4/el assists the national experts in their to countries for quality control of data before submission.
emission estimation work and is intended to reflect the best Despite the short time since the initiation of the new emis-
available knowledge on methodology and choice of emissiorsion data review routines, there has been considerable im-
factors for all components and sectors required for reportingprovement in the quality of the reported emission estimates.
Whenever updates of the Guidebook become available thathe results from Stage | reviews indicate that from 2004 to
may affect the estimation of a certain pollutant, the Parties2006 the number of reports submitted within deadline has
are requested to recalculate the whole emission time serigigcreased by 50%, thus improving thienelinessof the in-
in order to secure methodologicattpnsistenemission time  ventory. Itis also an achievement that emission data are now
series. The use of a common methodological framework als#eported to EMEP in the agreed file structure and according
aims to assureomparabilitybetween national emission in- to the agreed Nomenclature For Reporting (NFR) formats.
ventories, and adds to the transparency of the inventories. Aggregated sectors are generally consistent with the more

The review of the national emission estimates is presentlydetailed categories reported. This is thought to be mainly
organised according to recent routines established in UNECEIue to the set up of the reporting routines, the availability

(2005). The review of emission data consists of three stagesand use of REPDAB and the review team’s increased focus
on the importance of consistency for the review process. The

1. Stage | checks thetimelinessand format of submis-  improvements made under the Stage | review facilitate con-
sions; siderably the review tasks under Stage Il below.
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The transparency and the availability of additional infor- For SQ about 30% of the reported sector data for each
mation concerning the compilation of the national emissionyear has to be replaced by independent estimates and about
inventories has dramatically increased thanks to the active in10% of the required emissions are not submitted. This im-
volvement of national experts in the review. The number ofplies that officially reported and accepted sector emissions
Informative Inventory Reports (IIR) with detailed informa- cover only 60% of the total sulphur trend time series from
tion on the methodologies used to compile emissions and jus1990 until present (Vestreng et al., 2006b). Completeness
tification of changes with respect to the EMEP/CORINAIR in the 1980s has not yet been quantified, but is known to be
Guidebook has increased threefold in the last three yeardower (e.g. Vestreng et al., 2005). The completeness of the
Also the number of bilateral consultations with national ex- time series varies also spatially across Europe, with a larger
perts and the number of replies to the country specific redack of officially reported data in Eastern Europe, Central
view reports has considerably increased. This means thaAsia and Caucasus countries. This is indicated in Table 1
thetransparencyf emission data as defined in the Emission where countries are presented in four groups ranging on the
Reporting Guidelines (UNECE, 2003), has greatly improvedlevel of completeness of the reported and reviewed times se-
over a relatively short time period. ries of SQ emission data. The first group is highlighted in

Differences amongst countries due to differences in emisgrey and corresponds to the nineteen countries that have a
sion estimation methodologies and reporting guidelines are&eomplete and consistent official report of sulphur emissions
assessed through fie@mparabilitytests in the Stage Il re- for all years since 1980. The second group of countries rep-
view. The tests include recalculations, inventory compar-resents the countries where data has been reported for most
isons (NEC or United Nations Framework Convention on of the sectors and years but with gaps that needed to be
Climate Change (UNFCCC) reported data versus LRTAPfilled. These are a total of thirteen countries and are indi-
data comparisons), implied emission factor (IEF) and crossated with bold italics. The third group of countries have not
pollutant checks, as well as the basis for transport emisteported any or only fragmentary official estimates and for
sion calculations (fuel used versus fuel sold). Results whichthese RAINS estimates, interpolation or extrapolation have
fall outside the empirical ranges of averages are identifiecdbeen used instead. These are Albania, Bosnia and Herzegov-
as outliers by the review team of experts, thus possibly arina, Luxembourg, the Russian Federation, Serbia and Mon-
error, which could however well be explained by national tenegro, The Former Yugoslav Republic (TFYR) of Macedo-
and source-specific circumstances not familiar to the reviewnia and Turkey, a total of seven countries indicated in Table 1
team. The review team seeks to find explanations for definedvith stars behind the country names. The last group of coun-
outliers in the submitted IIRs, based on knowledge withintries are those that have not reported any or very little official
the expert review team and through country replies to its re-estimates and for which RAINS data estimates are not avail-
view reports. The conclusion so far is that most countriesable, so that EDGAR data have been used instead. These
follow the methodologies in the EMEP/CORINAIR Guide- are: Armenia, Azerbaijan, Georgia, Iceland and Kazakhstan,
book although different Tiers are used in different countries,a total of five countries indicated in Table 1 in normal font.
implying that the quality and comparability of the inventories It is worth noting that replacements are never used for
are not fully homogenous throughout the whole EMEP area.compliance checking performed under the LRTAP Conven-

The consistencyandcompletenessf reported time series tion, but merely to assist in atmospheric transport calcula-
of emission data per sector is crucial in trend studies of airtions and impact assessments. Feedback from the national
pollution. As stated before, Parties are encouraged to subexperts themselves and from the review team of experts indi-
mit complete inventories and recalculate the whole time se-cate that the emission data improve through the review pro-
ries of emissions whenever new information becomes availcess, but so far it has been difficult to directly quantify the im-
able. However, sometimes only the latest years or data backrovements, mainly because the Emission Reporting Guide-
to 1990 are recalculated by applying best available methodlines (UNECE, 2003) does not give clear guidance regarding
ologies and emission factors, while the remaining part of thewhat criteria to review against, and in addition, some of the
time series may consist of data reported according to SNAReview tests have been altered or added from one year to the
source categories. The fact that an inventory consists of renext. The review is done for each reported pollutant, and
ported data in different formats does not necessarily mearior some pollutants like particulate matter and pesticides, the
that the data are not consistent according to the emission daBMEP/CORINAIR Guidebook does not provide sufficient
review. The review team analyses the consistency of all thenformation. Conclusions on the review of reported persis-
reports by testing the behaviour of the time series for eachient organic pollutants can be found for example in Breivik
particular sector in each individual country. Outliers are de-et al. (2006).
fined as dips and jumps in the time series depending on sector Additionally to the sector totals, spatially distributed emis-
and pollutant and flagged for potential replacements necessions are necessary for modelling the dispersion of sulphur
sary to be performed in order to guarantee consistency ovepollution. The completeness of official reports of spatially
time. distributed sector data is lower than for the sector totals.

Gridded sector data is requested in five-yearly intervals from
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Table 1. Sulphur trends per European country 1980-2004 (Unit: Gg)SOountries highlighted in — Grey: Officially reported data. Bold
italics: Reported data completed by independent estimates. Stars: RAINS data, interpolation and extrapolation. Normal: EDGAR data,
interpolation and extrapolation

1980 1985 1990 1995 2000 2004

Albania* 72 73 74 14 32 32
Armenia 141 100 86 15 11 8
Austria 344 179 74 47 32 29
Azerbaijan 603 543 615 262 162 130
Belarus 740 690 888 344 162 97
Belgium 828 400 361 262 171 154
Bosnia and Herzegovina* 482 483 484 360 420 427
Bulgaria 2050 2314 2007 1477 918 929
Croatia 150 164 178 70 60 85
Cyprus 28 35 46 41 51 45
Czech Republic 2257 2277 1876 1090 264 227
Denmark 450 333 176 133 27 23
Estonia 287 254 274 117 96 90
Finland 584 382 259 95 74 83
France 3216 1496 1333 968 613 484
Georgia 230 273 43 6 7 5
Germany 7514 7732 5289 1708 630 559
Greece 400 500 487 536 493 537
Hungary 1633 1404 1011 705 486 240
Iceland 18 18 9 9 9 9
Ireland 222 140 186 161 131 71

Italy 3437 2045 1795 1320 755 496
Kazakhstan 639 575 651 528 506 425
Latvia 96 97 97 47 10 4
Lithuania 311 304 263 92 43 40
Luxembourg* 26 26 26 7 4 4
Malta 29 29 29 33 26 17
Netherlands 490 258 189 127 72 66
Norway 136 91 53 34 27 25
Poland 4100 4300 3278 2381 1507 1286
Portugal 266 198 317 332 306 203
Republic of Moldova 308 282 175 94 13 15
Romania 1055 1255 1310 882 727 685
Russian Federation* 7323 6350 6113 3101 2263 1858
Serbia and Montenegro* 406 478 593 428 396 341
Slovakia 780 613 542 239 127 97
Slovenia 234 241 198 127 99 55
Spain 3024 2542 2103 1809 1479 1360
Sweden 491 266 117 79 52 47
Switzerland 116 76 42 28 19 17
TFYR of Macedonia* 107 109 110 93 90 87
Turkey* 1030 1345 1519 1397 2122 1792
Ukraine 3849 3463 3921 2342 1599 1145
United Kingdom 4838 3714 3699 2343 1173 833
Grand Total 55340 48448 42896 26282 18263 15162

1990 onwards, but only twelve Parties to the LRTAP Conven-These countries represent 24% of the emissions and 25%
tion have reported gridded sector data of any vintage in theof the area covered by the Parties listed in Table 1. EMEP
50x 50 kn? EMEP grid by 2006tttp://www.emep.int/grig/ is thus required to account for the spatial distribution of
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emissions for a large part of Europe by applying its own average reductions in SOmeasurement concentrations at
methods. The methodology for allocating S€missions is  national sites to correspond well. Both measurements and
mainly dependent on the distribution of large point sources,emissions changed around 90% for countries like Germany,
but additional information is also necessary on vertical andUnited Kingdom, Sweden, Austria, Finland and Denmark.
temporal variation of emissions (Tartaset al., 2004). Re- For Czech Republic, Italy, Latvia, Lithuania and Switzerland
view of gridded sector data is also performed under EMEPdifferences between the reductions in the national EMEP
but is at present not formalized to the same extent as for th&0, emission inventories and the change in average SO
emission totals and is out of the scope for this study. concentrations was in the order of 5%. A somewhat larger
difference was found in Belarus and Slovakia (emission re-
3.2 Validation of European SOemission trends using ductions of 80-85%, average $@oncentration reductions
measurements and modelling of 60—65%), possibly due to the location of the sites. Mea-
surement sites situated at high altitudes, near large sources
In addition to the review of emission data mentioned above,n neighbouring countries or downwind of large indigenous
top-down assessments that use both measurements and magurces do not necessarily show the same trend as the na-
elling of air concentrations and depositions are of significanttional emission. In general, however, agreement between na-
importance to increase the confidence in emission data. It isional emission reductions and concentrations at sites in a
well known that the sulphur components can be transported¢ountry for the primary component SQ@re better than for
over long distances, thus the validation of emission trendghe secondary component, sulphate, that are transported over
cannot be judged by comparing measurements in a regiofonger distances. For sulphate, the decrease was found to
with local emissions. Moreover, the processes that determinge less than for SO(typically 50-70%), consistent with the
the distribution between the different sulphur componentshigher conversion rate to sulphate during this period as dis-
(e.g. sulphur dioxide, sulphate and the amount of sulphur deeussed above. The same pattern was found for oxidized sul-
posited dry and wet) may change depending on the chemiphur in precipitation, probably because sulphate particles are
cal composition of the atmosphere as well as meteorologicathe main contributor to oxidized sulphur in precipitation. In
conditions. For instance, the oxidation of sulphur dioxide conclusion, the trend in the measurement data was found to
to sulphate depends on the availability of oxidants, and insupport the reported trend in emissions.
the late 1970s to early 1980s when Sémissions peaked, Model simulations can also be used to validate emission
the amount of oxidants was a limitation for the conversion changes indirectly through comparison with measurements,
of SO, to sulphate, especially in winter (Fagerli et al., 2003; however, only a few studies aiming at comparing long term
Roelofs et al., 1998). At present, larger proportions 0b SO trends in measurements with modelled trends have been per-
are converted to sulphate. This has led to a smaller decreagermed. Berglen et al. (2006) modelled 1985, 1995 and 2000
in sulphate concentrations than in 5€missions. Moreover, using the EMEP and Smith et al. (2004) inventories, together
whilst SG; emissions have decreased dramatically, ammoniawith the combined GEIA fttp://geiacenter.o))EDGAR
emissions have remained at the same level (Vestreng et al(http://www.mnp.nl/edgafAerocom (Dentener et al., 2006)
2005). As a consequence the dry deposition of 8&s be-  dataset. They were able to reproduce the sulphate trends to
come more efficient over the years, as the surface acidity to @ large extent, although the model showed a slightly smaller
large extent governs the resistance to dry deposition (Fowletecrease (52%) than the observations (59%) for the 1985 to
etal., 2001). Finally, year-to-year variations both in air con- 2000 period using the EMEP inventory. Sulphur dioxide was
centrations and wet deposition are large, e.g. of the order oincreasingly overestimated over the years from 122% (mod-
20% for sulphate (van Loon et al., 2005), and thus long timeelled concentrations are in average more than twice as large
series are needed in order to detect trends in observations. as observed) in 1985 to 349% in 2000. Although the mod-
In order to use measurements to validate the emissiorlled and measured decreases for sulphate 1985-2000 cor-
trends, it is important to know in what direction and to what respond within a few percent, indicating that the trend in
extent the trends derived from measurements could be exthe emission data is reasonable, it is difficult to conclude
pected to deviate from the emission trends. Furthermoremore specifically on the quantity of the emission trend, as
model simulations may indirectly be used to validate emis-the trends in the primary component S@hich are closely
sion trends by comparing the model output to measurementsglated to the emission changes) are not very well reproduced
providing that they incorporate the important processes. SOin their model simulations.
and sulphate background concentrations have been moni- Evaluation of sulphur trends in air and precipitation using
tored in Europe at several sites since around 1980, for inthe EMEP Unified model have also been carried out using the
stance through the EMEP Programmévhlad et al. (2004) EMEP inventory (Fagerli et al., 2003). In this study, 9 dif-
assessed the trends in EMEP emissions and measured dérent years were calculated (1980, 1985, 1990, 1995-2000),
mospheric concentrations and deposition of sulphur com+taking into account also the annual meteorological variabil-
pounds in Europe from the end of the 1970s until 2000. Fority. The sulphate trends were well reproduced, with a de-
SO, they found national reductions in $@missions and viation between model results and EMEP measurements (on
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Fig. 2. Total sulphur dioxide emission trend (Unit: Tg $Cand

Fig. 1. Historical development of sulphur dioxide emissions in Eu- : ey i ;
relative annual European emission reduction 1980-2004 (Unit: %).

rope (Unit: Tg SQ).

average) between10% and 6% for the different years. Sim- creasing slowly but steadily from 5 to 19Tg &@s a re-

ilar to Berglen et al. (2006), the decrease in,S@ncentra- sult of increase in power generation from solid fuels. The
tions between 1980 and 2000 was too low Compared to th@missions decreased to World War | level during the World
decrease in observations. Whilst modelled,@@ncentra-  War II, but thereafter grew steeply to about 55 Tg,S®the
tions in 1980 were in good agreement with the observationdate 1970s due also to the availability of liquid fuel to sat-
(on average overestimated by 4%), the model simulationdsfy the increase in energy demand. During the last twenty-
overestimated SOby 39% in 2000. In the EMEP Unified five years, European S@missions have decreased rapidly
model, a parameterisation of the so-called co-deposition of0 15 Tg SQ, and have in 2004 reached the same level as 70
NH3 and SQ is implemented in the dry deposition module Years ago. Figure 2 (grey bars) presents a closer look at the
(Simpson et al., 2003). If this effect is not taken into ac- last twenty-five years of sulphur reduction in Europe. The
count, the overestimation of S@round 2000 is even larger reduction since 1980 has been significant (73%). The rea-
(around 80%), whilst it has little effect around 1980 when sons for these considerable reductions are a mixture of the
SO, emissions peaked (H. Fagerli, personal communication©conomic situation, implementation of abatement technolo-
2007). Thus, a part of the increasing overestimation of SO dies, restructuring of energy sources at national level and in-
as calculated by Berglen et al. (2006) can be explained byreased awareness of the need to reduce sulphur emission
the rather simple dry deposition scheme in their model. Itthrough existing international instruments as the Protocols to
is not clear Why the EMEP model still Overestimatezgm’ the LRTAP Convention discussed in some detail below. The
recent years. However, the major part of the reduction in theemission trends per country as tabulated in Table 1 indicate
SO, concentrations are captured by the model simulationsthat while the European S@mission trend has been contin-
hence the trend in the EMEP $@mission inventory does Uously decreasing during the whole period 1980-2004, the

correspond to the observed decreases ip &Dcentrations.  emission trends vary considerably between individual coun-
tries. In each one of the five-years periods listed in Table 1,

there are countries with nearly constant emissions, countries

4 Results which increase their emissions and others with emission de-
creases. There are also large variations in the size and loca-

4.1 Historical changes in sulphur emissions tion of the emission changes, and these differences are anal-
ysed here.

The EMEP inventory’s twenty-five years of sulphur dioxide  The key sources for SQOare the sector€ombustion in
emission decreases are presented below in a long-term peenergy and transformation industrieslon-industrial com-
spective. Emission data from Mylona (1996, 1997) is in- bustion plantsCombustion in manufacturing industriaad
cluded prior to 1980 since these emission where comparaProduction processesin Fig. 3 we have plotted the trends
ble with the EMEP inventory for overlapping periods. The in emissions from these sectors from 1990 to 2004. The
historical development of sulphur emissions since 1880 aresector trends are gradually decreasing and flattening out to-
presented in Fig. 1, based on Mylona (1996, 1997) for thewards 2004. Largest reductions have been obtained from
period 1880 to 1975 and on the EMEP inventory which is Combustion in energy and transformation industyiésl-
based on official reported emission data, from 1980 and onfowed by Non-industrial combustion plantand Combus-
wards. From the pre-industrial area to the outbreak of thetion in manufacturing industriesThe relative contribution
Second World War the European S®missions were in- to total SGQ emission from theCombustion in energy and
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transformation industriefas increased slightly on behalf of 4

o

R ) B B Production processes
the Non-industrial combustion plantsector. However the 40 & Combustion in manufacturing industries
key sectors remain the same during the whole period. 3 - ONen-industrial combustion plants
Figure 2 displays both absolute and relative annual Euro- 4 | & Combustion in energy and transformation industries

pean emission reductions. Largest relative reductions (black
curve) took place in the beginning of the 1990s, with a maxi-
mum in 1994-1995 (11%). Largest absolute reduction (grey
bars) is seen between 1990 and 1991. The annual reduc
tion was smallest in absolute terms between 2000 and 2001
while the relative reductions were only 1% between multiple
years in the 1980s. Based on the annual relative emissior
reductions, we have identified three emission regimes. The
annual sulphur reduction is shown to be below 5% in 1980—_ . .
1989 (Low reduction regime) and largest (up to 11%/year)ggéo3'£gztol3 tfe_”TdS ;Or of sulphur dioxide emission key sources
for 1990-1999 (High reduction regime). The downward B (Unit: Tg S9.
emission trend has flattened out from 2000 onwards, and an-
nual reductions for the five year period, 2000—2004 (below . . . .
6%lyear), are almost back to 1980s level (medium-low re_technolloglcal ability 'go |mplemept the required measures,
duction regime). In the first reduction regime, 1980-1989,2nd this is reflected in the relatively low European reduc-
the total European reduction was 11 Tg or about 20%. Totaf'oNs between 1980 and 1999. This situation was dramati-
reduction in the second ten year period was more than twic&2lly changed in the following ten year period where one sul-
as large (23 Tg or about 54%). In the last 5 year period gPhur protocol already was in p_Iacg, the second Protocol was
reduction of only 3 Tg (17%) could be observed. adopted, and work was ongoing in order to prepare for the
The spatial disaggregation of emissions for the three re_Gothenburg F_>rotocol. While the Wester_n European c_ountnes
duction regimes is presented in the difference maps 19g0.continued to implement new technologies _and f_u_els in o_rder
1990, 1990-2000, 2000-2004 in Fig. 4. The picture showd© meet Protocol targets and_reduce t_he |.dent|f|ed environ-
that the countries responsible for the emission reduction durmental problems, the economic recession in Eastern Europe,
ing the low reduction regime (Fig. 4a), were mainly West- resulting in a Qro_p in actw@y level, had a larger oyerall ef-
ern European, notably Germany, France, Italy, United King_fect on the emission reductions. From 1995 the activity level

dom and Spain. Some of the Eastern European countrie!
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i many Eastern European countries stabilized and started

like the Russian Federation, Poland, Hungary and Czecﬁ"o""'y to increase. However the emissions kept dropping as

Republic, did also reduce their emissions, but characterMeasures, in particuldflue Gas Desulphurizatio(FGD),

istic for this period is the Eastern European increase 01but also ext.ensive fuel switches from soIid/quuiq to gaseous
emissions (Fig. 4a). Western European countries were relUels were implemented. Lately, the tendency is towards an
sponsible for about 75% of total European emission reducNcréase in activity level in both East and West, but the total
tion in this reduction regime. During the high reduction €Missions have not increased yet due to the high penetration
regime (Fig. 4b), most Eastern European countries decreased] mission control technology.
their emissions considerably, notably the Russian Federation, We have analyzed further our three reduction regimes by
Ukraine, Czech Republic, Poland, Bulgaria and Belarus.comparing trends in fuel consumption with emission trends.
The Eastern European countries were responsible for about should be noted that, while Parties to the LRTAP Con-
80% of total European reductions during the high reductionvention are reporting activity data which is linked to the re-
regime. Only Turkey continued to substantially increase theported emissions on a five-yearly basis from 1990 onwards,
sulphur emissions in this period. Finally, the most recent re-fuel consumption data post 1990 consistent with the reported
duction regime reflects the unified Europe with about equal €missions have not been readily available for this study. For
and medium to small reductions in both Western and Easterhe period 1980-1990 we have studied trends in international
Europe as shown in Fig. 4c. Slight increases are seen also iptatistics of solid fuels (UNECE, 1983, 1985b, 1990, 1992).
this period in the Former Yugoslavian countries, Greece, thé\either of these sources of fuel consumption data is as com-
Republic of Moldova, Bulgaria and Finland. plete in terms of temporal resolution and coverage as are the
The three reduction regimes defined above are closely conemission data, and a comprehensive analysis by country and
nected to the individual countries’ political and economical sector of the causes for the emission reduction pattern data is
development. In the early 1980s, when the environmentanot attempted here.
problems connected to acidification were confidently high- In Eastern Europe, we find that the changes in solid fuel
lighted, no supranational instruments were in place to helpconsumption and emissions follow each other closely be-
policy makers forming long-term strategies to abate emistween 1980 and 1990, while the picture is more dispersed
sions. In addition few countries had the economical andin Western Europe. In Western Europe, emission reductions

www.atmos-chem-phys.net/7/3663/2007/ Atmos. Chem. Phys., 7, 36832007



3672 V. Vestreng et al.: Twenty-five years of S€mission reduction in Europe

B 1 1500
1 100
= 500

z
TN IR N BN SN R
N B RN B AN R
III|III|III|III|III|II

I} 20 40 60 80 100 120 @ 0 20 40 60 a0 100 120 (b)
100 — —
B —; ~ |— 1500
1 - |— 1000
B — f—
1 [ s00
40_ —
] L e
20 L
i L I-ﬁm
] e e L o e e P B ae o v o
0 20 40 50 80 100 120 (c)

Fig. 4. Difference maps presenting the three Europeap &Dission reduction regimes. Reductions between 1980 and a98per left),
reductions between 1990 and 20@0 Upper right) and reductions between 2000 and 2@08¢6ttom). Unit: Mg SGQ/grid cell.

have been possible also thanks to policy regulations alreadyeduction in solid fuel consumption were compensated by
from the early 1980s, leading to implementation of advancedncreased consumption of gas, renewable and nuclear energy
emission control technologies such as Flue Gas Desulphumparticularly in the last part of this period.

ization (FGD) (mainly in power generation), together with  The emission abatement strategy in Former East Germany
fuel switch (e.g. from coals with a high sulphur content to gas(GDR) and Former West Germany (FRG) is a good example
and or nuclear power) and increased sulphur removal fronpn how policies, implementation of measures and structural
refined petroleum products, and not because the demand f@hanges are closely linked to the emission reduction pattern
sulphur producing activities (energy and heat production, in-and how it has been possible to decrease German (GDR and
dustrial and residential combustion) has ceased. Hence, BRG) emissions by 18% in the 1980s (1980-1989) and by
clear decoupling of Semissions from the trend in activi- 8504 in the ten year period (1990-1999) following the re-
ties has been observed already in the first reduction regim@nification. In the FRG the reduction of S@missions was
in Western Europe. forced by the implementation of the Federal Emission Pollu-
The period between 1990 and 2000 was dominated by théion Control Act in year 1974 and by several following Fed-
Eastern Europe socio-political changes and resulting in thesral Emission control ordinances. These regulations caused
transition from a centrally planned economy to a free-marketa wide spread implementation of highly efficient emission
economy. The structural changes were accompanied by aontrol technologies, as well as a switch from solid fuels like
significant drop in industrial production, hence also energycoal and lignite to oil and gas, and increased use of low-
consumption. The resulting decrease in energy productiorsulphur heating oil, and resulted in a gradual drop in FRG
is directly reflected in corresponding emission reductions ofsulphur dioxide emissions already from 1974 onwards. On
sulphur in countries with the largest reductions during thisthe opposite side, and due to financial restrictions, the econ-
period like Poland and the Czech Republic, as is also pointe@my in the GDR was based to the extent possible on the use
out by Mill (2006). Both in Eastern and Western Europe, the of domestic lignite (e.g. in 1989 more than 70% of the total
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primary energy consumption was based on the combustion 1
of lignite). In the years leading up to 1990, there was no 1w
specific regulation for the use of domestic lignite and — be- /\
sides a few very small tentative facilities and, started in 1987, £ A /\ / \
one power plant in Berlin — no advanced emission control //' \\ / Y% \
technologies were in place in the GDR. Hence, the sulphur \/

dioxides emissions in the three largest sectors in GDdRn-
bustion in energy and transformation industries, Combustion s
in manufacturing industrieand,Non-industrial combustion 2
plants,increased until the end of the 1980s. Since the Ger-
man reunification in 1990, the reduction of S€mission has

been dominated by the replacement of old facilities by new
ones with the best available technology and regulation for
desulphurisation of flue gases in large combustion plants irFig. 5. Number of countries with emissidancreasesrom one year
the eastern part of Germany together with a fuel switch fromto another.

solid to gaseous and liquid fuels. Since 2001 the national

government encouraged the consumption of low-sulphur fuel

in the road transportation by a tax discount. 4.2 Comparison of 2004 SCemission data with targets
given by the Gothenburg Protocol
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Many countries have already taken necessary steps to sub-

stantially decrease their emissions of sulphur. Table 2 Show%able 2 shows the level of attainment in 2004 of the Gothen-

that by 2004, more than half of the countries have reduceq) - . -
rg Protocol 2010 emissions ceilings. Officially reported
their emissions by 60% or more of the 1990 values, and trd 1SS! "ing cially rep

ter of th tries h duced emissi b emissions for 1990 and 2004 completed as outlined in
one quarter of the countries have reduced emissions by Morgq 4 3 1 5re listed, together with the 2010 emission ceilings,
than 80%. Only two countries report increases in the emis

ion level (Turk 4G hich b lained b the percentage reduction from 1990 attained by 2004, and in
sion level (Turkey and Greece), which can be exp aned Dyipe |ast column, the percentage emission reductions between

df The absol ducti btained b She 1990 base year emissions and the 2010 ceilings as listed
mand for energy. The absolute reductions obtained between, . ;¢ rmation purposes in the Protocol. The table groups

1990 and 2004 are largest for Germany, the Russian Fede h

. . . . . ' the European countries in three different groups depending
ation, United ngdom and Ukraine. Reduct.|0n5 esﬂmatedon their status relative to the Gothenburg Protocol (UNECE,
for these countries are larger than the reductions from all th

. e2004) and presents the reductions obtained by Parties to the
. . MBrotocol (i.e. those eighteen European countries which had
pact on the sulphur deposition pattern in Europe as shown Matified the Gothenburg Protocol by summer 2006), Signa-
Fagerli et al. (2006). tories and “Other” countries. While Parties and Signatories
It should be noted, however, that there is now an increasingo the Protocol together with Belarus and Cyprus have 2010
number of countries reporting increased emissions from onemissions ceilings listed in the Protocol, we have included in
year to another to EMEP. The development from the earlyTable 2 the 2010 estimates from the RAINS model (Amann
1990s when the reductions were largest, and up to presergt al., 2005b) for remaining countries, including the Russian
is shown in Fig. 5. The overall trend is clearly increasing, Federation which only has ceilings for its Pollutant Emis-
despite some fluctuation. More than 30% of the Europearsions Management Area (PEMA) listed therein.
countries reported increased emissions of sulphur from 2002 On a European level the target for gf@duction set by the
to 2003. This is more than three times as many as ten year&othenburg Protocol has apparently been attained in 2004.
earlier. Some of Europe’s largest emitter countries have in-As shown at the bottom of Table 2, the total European emis-
creased their sulphur emissions from 2000 onwards for thesions in 2004 were about 15 Tg $Qvhile the sum of 2010
first time since the mid eighties. For most countries, notablyemission targets is 16 Tg SO Reductions by individual
the Eastern European countries in which the economy is noveountries are however still expected to be achieved, as half
recovering, the increase is due to increased public electricityof the Protocol Parties have to reduce their emissions further
and heat production. The Scandinavian countries, howevetpo attain the 2010 target established by the Gothenburg Pro-
report increases in emissions from national shipping. Thetocol (Table 2). Likewise, both the Signatories and “Other”
stabilization of the European emission trend (Figs. 2 and 4)countries groups have already attained their total 2010 tar-
the large reductions already achieved by many countries (Tagets of 3.9 and 7.3 Tg SQespectively. Based on a compari-
bles 1 and 2) and the growing number of countries reportingson between 2004 emissions and Protocol Parties’ targets for
annual emission increases (Fig. 5), is a worrying develop-2010, the largest near future European reductions should take
ment of the sulphur emission trend in Europe, and it needs tglace in the Western part of Europe, notably in Spain and the
be closely monitored and further assessed. United Kingdom since these two countries alone must reduce
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Table 2. Level of attainment in 2004 of the Gothenburg Protocol 2010 emission ceilings. Officially reported emissions for 1990 and 2004
are listed, together with the 2010 emission ceilings, the percentage reduction from 1990 attained by 2004, and the percentage emissior

reductions between the 1990 base year emissions and the 2010 ceilings as listed for information purposes in the Protocol.

1990 2004 2010 2004-1990 2010

GgSO® GgSG GgsSOo % %
Parties to the Gothenburg Protocol
Bulgaria 2007 929 856 -53.7 -57.0
Czech Republic 1876 227 283 -87.9 -85.0
Denmark 176 23 55 -86.9 -70.0
Finland 259 83 116 —68.0 -55.0
Germany 5289 559 550 —-89.4 -90.0
Latvia 97 4 107 -95.9 -10.0
Lithuania 263 40 145 -84.8 -35.0
Luxembourg 26 4 4 —-84.6 —-73.0
Netherlands 189 66 50 —-65.1 -75.0
Norway 53 25 22 -52.8 -58.0
Portugal 317 203 170 -36.0 -53.0
Romania 1310 685 918 —-47.7 -30.0
Slovakia 542 97 110 —-82.1 -80.0
Slovenia 198 55 27 -72.2 -86.0
Spain 2103 1360 774 —-35.3 —-65.0
Sweden 117 47 67 -59.8 -44.0
Switzerland 42 17 26 —-59.5 —-40.0
United Kingdom 3699 833 625 —-775 -83.0
Total Parties 18563 5257 4905 -71.7 -74.0
Signatories to the Gothenburg Protocol
Armenia 86 8 73 —-90.7 0.0
Austria 74 29 39 -60.8 -57.0
Belgium 361 154 106 -57.3 -72.0
Croatia 178 85 70 -52.2 -61.0
France 1333 484 400 —63.7 —-68.0
Greece 487 537 546 10.3 7.0
Hungary 1011 240 550 —-76.3 —-46.0
Ireland 186 71 42 -61.8 -76.0
Italy 1795 496 500 -724 -70.0
Poland 3278 1286 1397 —60.8 -56.0
Republic of Moldova 175 15 135 —-91.4 -49.0
Total Signatories 8964 3405 3858 —62.0 -56.0
Other countries
Albania 74 32 30 —-56.8 —-59.5
Azerbaijan 615 130 15 —-789 -97.6
Belarus 888 97 480 —-89.1 -25.0
Bosnia and Herzegovina 484 427 411  -11.8 -151
Cyprus 46 45 17 -22 -15.0
Estonia 274 90 44 —-67.2 -83.9
Georgia 43 5 9 —-88.4 -—-79.1
Iceland 9 9 29 0.0 2222
Kazakhstan 651 425 237 —34.7 -63.6
Malta 29 17 12 —-414 -58.6
Russian Federation 6113 1858 2464 —69.6 —-59.7
Serbia and Montenegro 593 341 277 —425 -53.3
TFYR of Macedonia 110 87 82 -20.9 -255
Turkey 1519 1792 1708 18.0 12.4
Ukraine 3921 1145 1457 —-70.8 -—-48.0
Total other countries 15369 6500 7272 -57.7 -48.0
Grand Total 42 896 15162 16 035 —64.7 -61.0
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their emissions by 794 Gg SOA closer look at those coun- al., 2006b, and references therein) and of RAINS estimates
tries with remaining reduction obligation towards 2010 re- (Schopp et al., 2005). Uncertainty estimates of air pollu-
veals that individual Parties to the Gothenburg Protocol aregants calculated by Parties rely on the IPCC Good Practice
further away from attaining their emission ceilings than the Guidance (IPCC, 2000) adopted for LRTAP gases by Pulles
Signatory countries and countries without commitments to-and van Aardenne (2001). Two different methods for un-
wards the Protocol. The total emission reductions requireccertainty quantification are recommended therein; a Tier 1
by the Parties (956 Gg) is more than five times higher thanerror propagation approach and a Tier 2, stochastic simula-
the sum of the reductions still required by the Signatoriestion (Monte Carlo) analysis. A Tier 2 approach would make
(176 Gg) as indicated in Table 2. “Other” countries will also more sense for the quantification of uncertainty ino®is-
have to reduce their emissions substantially towards 2010 isions as significant dependencies and correlations may exist
order to obtain the targets as listed in Table 2 (553 Gg), butparticularly for fossil fuels (IPCC, 2000). However, Van Gi-
we must take into account that neither these countries nor thswijk et al. (2004) show that for the Netherlands there were
Signatories have firm binding obligations under the Gothen-no substantial differences between Tier 1 and Tier 2 results
burg Protocol. for SO,. Seven Parties have published their uncertainty esti-
mates. Finland, Norway and United Kingdom have applied
Monte Carlo analysis while Denmark, France and Czech Re-

5 Discussion public rely on the Tier 1 approach. The Netherlands pro-
vide both Tier 1 and Tier 2 estimates. The officially reported
5.1 Evaluation of uncertainties uncertainty estimates in total S@missions in the Western

European countries is rather low and of the order of 3—7%.

In general, the uncertainty of SGemissions in the East- Uncertainty in the Czech Republic however was estimated to
ern European countries is larger than for Western Europeabe about five times larger (Vestreng et al., 2006b). In order to
countries because the level of reporting and resources avaitomplete the EMEP inventory, modelled emission estimates
able for in-country quality control is more limited. An addi- from the RAINS modellfttp://www.iiasa.ac.at/rainsare in-
tional factor to consider when determining the uncertainty ofcluded, particularly for some of the Eastern European coun-
the emission trends presented in this paper is that the qualityries. The uncertainty in the modelled SQAINS emission
of the data varies also in time as some countries only recalcuestimates are calculated based on methods specifically devel-
late their time series back to 1990 when improvements in eseped to analyse the uncertainties in RAINS estimates, con-
timation and measurement methodologies become availablgidering also the uncertainties in the model parameters them-
In addition, the review and the work on completing the time selves. Generally higher uncertainties are found for RAINS
trends has up to now mostly focussed on post 1990 emisestimates than for the officially reported data, and with a typ-
sions. Emissions before 1990 might therefore be attributedcal range of 10 to 15% (Séipp et al., 2005). According to
higher uncertainty than more recent data. Schbpp et al. (2005), data for some Central and Eastern Euro-

The increased reporting by countries on air pollutant un-pean countries are more uncertain than for the EU-15 coun-
certainties in their Informative Inventory Reports (lIR) in tries, but the uncertainty do not excee&3% for any coun-
combination with uncertainty analysis of LRTAP gases pub-try. We therefore conclude that the uncertainty in the post
lished elsewhere, encouraged a first tentative quantificatiord 990 emission estimates for individual countries included in
of the uncertainty in the EMEP SOnventory. Uncertainty the EMEP inventory lies between 3% and 25%, implying
assessments of greenhouse gases (GHG) for the EU-15 couthat the uncertainty in the EMEP inventory as such is lower.
tries were combined (based on Tier 1 estimates from 13Emission data before 1990 might be subject to higher un-
Member States) for the first time in the European Commis-certainties as indicated above. Uncertainty in RAINS sector
sion National Inventory Report (NIR) 2005 (EC, 2005). The emissions is about twice as large as for the national total due
overall uncertainty for all GHG was shown to be 4-8% mea-to the more limited potential for error compensation &g
sured as 95% confidence intervals. Lowest uncertainty waet al., 2005).
found for stationary fossil fuel combustion (1%). The EMEP In recent years, the lowermost uncertainty level is equally
inventory is also a compilation of emissions from different large to the annual European sulphur reduction (Fig. 2).
sources as pointed out in Sect. 2. The largest part of thétill, even with their inherit uncertainty, the twenty-five years
EMEP inventory consists of emission data officially reported trends presented here are supported by both models and mea-
under the Convention on LRTAP complemented by RAINS surements, and has been accompanied by reported improve-
emission estimates. We do not have as good coverage ahents and recovery of adverse effects. Fagerli et al. (2006)
individual countries’ uncertainty analysis of air pollutants shows that there has been a major reduction in the risk
as is available for the GHG, and are not attempting to pro-damage of acidification to ecosystems all over Europe from
vide a complete uncertainty analysis of the EMEP inventory.1990-2004. While 40% of Parties to the Gothenburg Pro-
We present here a compilation of relevant published uncertocol had their ecosystems at risk in 1990, the unprotected
tainty estimates of both officially submitted data (Vestreng etarea has decreased to 20% in 2004 (Fagerli et al., 2006).
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45 2001) as presented in Fig. 6. The EMEP inventory is the only
40 of these inventories covering the whole time span of interest
a5 Z\ X (1980-2004), so the comparison is carried out there where
- i} \ * data from the other inventories is available. For the period
- \\ % 1980 to 1990 the annually resolved inventory from Lefohn
3 * et al. (1999) and the ten yearly resolved data per region
s e = from van Aardenne et al. (2001) are included in the com-
1 o Lomas. 0o ~ parison. Between 1990 and 2000, the five yearly resolved
10 R EDGAR inventory (Olivier and Berdowski, 2001) were in-
5 cluded. The two latter inventories are related as they are both
0 , : , : based on the same constant 1990 &@issions factors pro-
1980 1985 1820 1e88 2000 vided by J. Berdowski as personal communication (Aardenne

Fig. 6. Comparison of S@ inventories for Europe 1980-2000 e.t al., 2001) in addmon to mterna‘upnal statistics. Thg emis-
(OECD Europe and Eastern Europe, excluding former USSR coun>'ON factors provided by Berdowski are country-specific and
tries, Turkey and Cyprus) (Unit: Tg S@ based on the sulphur contents of different fuels and metal
' ores and country-specific sulphur recovery by smelters, re-

fineries and FGD in power generation (J. Olivier, personal

Skjelkvale et al. (2005) report also widespread improvementcommunication, 2007). Lefohn et al. (1999) base their cal-
in surface water chemistry since 1990. Last but not least, th&ulation on national and international statistics for the ex-
increased effort by the Parties to the LRTAP Convention totraction and production of sulphur bearing fuels and metals,
develop good in-country QA/QC systems, followed by en- Sulphur content in those fuels and varying degree of Flue Gas
hanced transparency in emission estimation methods and uiesulphurization (FGD) control. In contrast, the EMEP in-
certainties documented in the 1IRs, together with the ongoing/entory is based on country specific technology dependent
emission review process, allows for an improved confidenceemission factors and both national and international activity
in the officially reported emissions used for air quality and Statistics. In order to make sure that we compare emissions
health impact modelling. from identical areas, we decided to exclude emissions from
the territory of the Former USSR, Turkey and Cyprus, and
5.2 Comparison with other anthropogenic S€mission  concentrate the comparison on the areas “OECD Europe”
estimates and “Eastern Europe” as defined in EDGAR.
A year by year comparison between the EMEP inventory
The share of European emissions (EMEP inventory) to globaknd Lefohn et al. (1999) inventories (not shown in Fig. 6) be-
anthropogenic emissions has been reduced from 40% in 198flveen 1980 and 1990 shows that these two inventories com-
to 18% in 2000. This implies that the European contribu- pare well in level and trend up to 1984, Lefohn et al. (1999)
tion to global anthropogenic sulphur emissions has more thamstimating around 5% lower emissions. Thereafter Lefohn
halved over the last two decades. The global estimates reet al. (1999) estimate an increase in emissions between 1984
ferred to here are those compiled and estimated by Sterand 1986 and coincide with the EMEP inventory in 1985.
et al. (2006). It should be noted that while estimates ofLefohn et al. (1999) emissions are relatively constant be-
global sulphur emission estimates compare well in level andween 1986 and 1989 and decrease with the same gradi-
trend up to 1950, relatively larger differences may occur par-ent as the EMEP inventory between 1989 and 1990. Both
ticularly after 1980 (e.g. Lefohn et al., 1999; Olivier and Lefohn et al. (1999) and the EMEP inventory show an over-
Berdowski, 2001; Smith et al., 2001). A comparison betweenall emission decrease between 1980 and 1990, but the Lefohn
the most recent global total sulphur inventories by Smith etet al. (1999) emission reduction is rather small compared to
al. (2004) and Stern (2006) between 1980 and 2000 showEMEP (Fig. 6). The difference between the inventories is
however that they compare surprisingly well taken into ac-three times larger in 1990 than in 1980, and might be at-
count the differences in estimation methodology applied intributed to difference in applied emission control, a factor
most areas. The global total estimates of sulphur emissionvhich becomes increasingly important with time for the ac-
differ by less than 5% between 1980 and 1992 while the dif-curacy of emission estimates.
ferences increase to 12% (6.5 Tg 5@ 2000, Stern (2006) Van Aardenne et al. (2001) indicate an increasing trend
estimating lower emissions than Smith et al. (2001). Bothin sulphur emissions between 1980 and 1990, opposing the
Smith et al. (2004) and Stern (2006) include the EMEP in-trend in both Lefohn et al. (1999) and the EMEP inventory
ventory for Europe and are hence excluded from the follow-(Fig. 6). The reason for this is an increase in emissions in
ing comparison with this inventory. Eastern Europe. Since the emission factors are kept con-
Our comparison is therefore focussed to the three invenstant, this increase should be due mainly to increases in the
tories of Lefohn et al. (1999), van Aardenne et al. (2001)consumption of solid fuels, as discussed in Sect. 4. The
and EDGAR version 3.2 inventory (Olivier and Berdowski, main difference between the inventories seems to be that the
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1990 emission factors applied to estimate the van Aardenn&999, characterised by high emission reductions (54%). The
et al. (2001) 1980 emissions were low compared to those apunification of Europe has lead to a more equally spread re-
plied in the EMEP and Lefohn et al. (1999) inventory. duction pattern, with low-medium reductions all over Eu-
We see from Fig. 6 that for the year 1990 all the invento- rope, and a total reduction of 17% in the first half of the
ries included in the comparison have relatively similar emis-2000s.
sions estimates. The difference between the EDGAR and Our analysis of the reasons behind the emission changes
the EMEP inventories is 28%, while the van Aardenne etin Europe shows that the policy development plays an im-
al. (2001) and Lefohn et al. (1999) total European estimateportant part in order to reduce emissions. While the Eastern
for 1990 coincide. The comparison made between the varEuropean changes in fuel consumption is directly reflected in
Aardenne et al. (2001) and Lefohn et al. (1999) global inven-the sulphur emissions during the first reduction regime, the
tories in the paper by van Aardenne et al. (2001) shows thatWestern European emissions are already decoupled from the
also the 1990 global total estimates are the same. Possibleel consumption thanks also to policy regulations already
explanations for this similarity in emission estimates at bothfrom the early 1980s, leading to implementation of advanced
global and regional scale are not discussed in van Aardennemission control technologies and changes in the fuel mix
et al. (2001), and it is not possible for us either to concludenotably from coal to oil and gas. During the second reduc-
if this is a mere coincidence or an indication of a better accu-tion regime, the economic recession in Eastern Europe and
racy in these estimates. Best comparability was anticipated taccompanying drop in activity level, had a factor 1.5 larger
be found between the EDGAR and the van Aardenne (2001gffect than policy measures taken in the western part on the
emission estimate for 1990 since the emission factors used ibverall European sulphur reduction. Recent increases in fuel
these inventories are the same. It seems however that e.g. difonsumption in the recovering economies in Eastern Europe
ference in the activity data and or the more refined sector spliand also in Western Europe, is mainly from fuels which do
in EDGAR give higher 1990 emissions for Europe than vannot contain appreciable amount of sulphur. In addition, pen-
Aardenne et al. (2001). Between 1990 and 2000 both thestration of control technology all over Europe is reflected in
EDGAR and the EMEP emissions for Europe are stronglya small but continuous decrease in European sulphur emis-
reduced, but the trends are flattening out towards year 200Gions.
The EDGAR emission estimates are highest throughout the The amount of officially reported emissions to EMEP
whole ten year period. The difference between the inventowhich can be confidently used in trend studies vary both in
ries increases with time, and particularly the last five yearstime and space and this is reflected in the uncertainty of the
Attention should be paid to the fact that by the year 2000EMEP inventory. Eastern European emission inventories and
the difference in S@emission estimates between the two in- emission estimates prior to 1990 are consider to have asso-
ventories is as large as the EMEP total European emissionsgiated the highest uncertainties. Further, we tentatively con-
The increasing difference between the inventories may be atelude that the uncertainty in the total $@®missions is be-
tributed to the lack of technology dependent emission factorsween 3% and 25% for individual countries and years com-
in the EDGAR inventory, and the comparison with our work prising the EMEP inventory, implying that the uncertainty
tentatively quantifies the importance of this dependence toin the EMEP inventory as such is lower. The EMEP emis-
wards year 2000. sion data is subject to national QA/QC documented in Infor-
mative Inventory Reports, external annual inventory reviews,
and has in addition been validated by models and measure-
6 Conclusions ments that support the reported trendévblad et al., 2004;
Fagerli et al., 2003). The sulphur emission reductions have
The emissions estimates presented here are compiled anfken accompanied by a widespread improvement in surface
validated under the EMEP programme as part of the work unwater acidity and exceedances of critical [0 GE, 2004;
der the Convention on Long-range Transboundary Air Pollu-Skjelkvale et al., 2005; Fagerli et al., 2006). The reduced sul-
tion (LRTAP). They conclude that European S€missions  phate concentrations over Europe have lead to a reduction in
have dropped by 73% between 1980 and 2004. Reductionhe cooling effect of sulphate aerosols. Local responses to a
of sulphur emissions have been largest in@wenbustion in  radiative effect are yet uncertain (Hansen et al., 2005). How-
energy and transformation industrisgctor, and reductions  ever, with such a strong reduction in the S@nissions it is
have been obtained both due to policy regulation followed byjikely that this has contributed to a warming of Europe.
implementation of measures, and to economic recession. It according to the EMEP estimates, the European contribu-

is shown that the sulphur emission reductions were largest ijon to the global anthropogenic sulphur emissions has more
the 1990s. Three distinct emission regimes have been iden-

tified. During the first period from 1980 to 1989 emission  1the pasic idea of the critical load is to balance the deposition
reductions were generally low (20%), and largest in Westernyate to an ecosystem with its long-term capability to buffer the input
Europe. The highest emission reductions were reported iror to remove it without harmful effects inside or outside the system
Eastern European countries during the second period, 199QHettelingh et al., 2001; UBA, 2004)
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than halved over the last two decades. The EMEP inventoryhe International Institute for Applied Systems Analysis (IIASA)
has been compared with other independent estimates prder providing the RAINS data. This work was also supported
vided by Lefohn et al. (1999), van Aardenne et al. (2001)by the European Commission's Fifth Framework program by
and EDGAR version 3.2 inventory (Olivier and Berdowski, e CARBOSOL Project (contract No. EVK2-2001-00067) and
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