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Executive Summary
The objective of the present report is to provide an updated assessment of the
particulate matter concentrations in 2004, made available through observations
and modelling.
In 2004, 12 and 8 countries measured PM10 and PM2.5 at their EMEP sites, which
is two and one more country respectively than in 2003. In total there are 39 PM10
sites, 23 of these measure PM2.5 as well. Furthermore, three of the sites reported
concentrations of PM1, which is one more than for 2003. Although the number of
countries and sites that reports concentrations of particulate matter increase year
by year, there are still large gaps in the geographical coverage. The EU annual
limit value of 40 μg m-3 of PM10 was not exceeded in any of the stations. The limit
value for daily averages of PM10 was exceeded for more than 35 days at the Ispra
station in Italy. The concentration level of PM was in general lower in 2004
compared to 2003, but there is no significant long-term trends over the period
1999–2004 for most of the EMEP stations, though the inter-annual variability of
PM10 and PM2.5 is large for this period. Different seasonal patterns for PM were
observed at the individual stations. In Italy and Central Europe, the PM levels are
generally higher during winter than in the summer, while in Spain the highest PM
concentrations are during summer and spring. In Scandinavia, the PM concentrations are highest during spring, August, January and December. The sites in
central and northern Europe generally experience their highest concentrations
associated with air masses from south-eastern and southern directions,
representing significant source areas of atmospheric emissions.
Furthermore, data from the EMEP network and the AIRBASE database have been
examined with the objective to compare urban and rural PM concentration levels
in Europe. As expected, higher PM concentrations were observed at urban sites
compared to rural site. It is interesting to note that annual average concentrations
of PM10 in several countries exhibit the same temporal variation for the period
1997–2004 at urban, rural and traffic stations. A more detailed investigation
regarding this issue has been undertaken for the Swiss network (NABEL) where
extensive long-term parallel measurements of PM10, PM2.5 and PM1 from sites of
various categories have been conducted. At all sites, the daily concentrations of
the different size fractions were highly correlated. Unless strong and variable local
sources of coarse particles are present, parallel measurements of PM1, PM2.5 and
PM10 seem to provide only limited additional information. Therefore, parallel
measurements can be restricted to a few carefully selected sites in a monitoring
network. Also the correlation of daily PM values from sites at some distance often
shows quite high correlation. The analysis indicates that this primarily has
meteorological reasons. Even distant sites show good correlations if they are
situated in an area with similar meteorological conditions.
Chemical speciation of the particulate matter shows that the major compounds
contributing to the mass concentrations are sulphate, nitrate and ammonium.
Sulphate contributes between 9–23% of the PM10, while nitrate and ammonium
between 3–16% and 3–8% respectively. Base cations (K, Ca) are measured at
three sites only but the contribution to the PM10 is small, below 2%. But these
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results are not representative for southern Europe. Sea-salts (mainly Na, Cl, Mg)
may in coastal areas contribute significantly to the particulate mass concentrations. Most EMEP sites are however located at some distance from the coast to
avoid direct contributions from sea-spray. Still only few sites report sea-salt
concentrations; on the regional scale this contribution is typically lower than 2%
for inland site. In more costal areas, the contribution is higher, i.e. 15% at the
Birkenes site (NO0001). In total, the inorganic fraction contributes between
20–60% of the PM10 mass across Europe.
The remaining aerosol mass mainly consists of carbonaceous compounds and
water. The measurements of carbonaceous matter are still very scarce, and a
complete chemical speciation is therefore only possible at a couple of sites. In
2004, the carbonaceous fraction was a major contributor to PM10 both at Birkenes
(28%) and at Ispra (47%).
Different sampling approaches and analytical methods are used for measuring
carbonaceous matter, and this hampers the comparison of EC/OC data. Due to
artefacts related to sampling and analysis of elemental carbon (EC) and organic
carbon (OC) it is difficult to use the monitoring data to establish a reliable picture
of the air pollution situation in Europe. This is a challenge not only troubling
EMEP but the entire scientific community, thus development of standardised
protocols for sampling of OC and analysing EC and OC is of a high priority.
Developing, validating and establishing a standardized protocol for sampling of
OC and analysis of EC and OC is one of the main focus areas within the EU
funded EUSAAR (European Supersites for Atmospheric Aerosol Research)
project. Recent results from this project shows that the positive artifact may
account for 10–50% of the total carbon (TC) at the EMEP site Ispra during winter,
and that the positive artifact is most severe during less polluted periods. Testing
of a sampling prototype has provided positive results, reducing the positive
artifact down to 2–10%. If correspondingly positive results are obtained for all
seasons, the sampling train will be proposed for validation by the end of 2006.
Further, the analytical method is also being improved to achieve a high quality
split between OC and EC in particulate matter samples. Interim recommendations
for EC/OC sampling and analysis is given while awaiting the final protocol from
EUSAAR.
In the EMEP EC/OC campaign (2002-2003), where the same method was applied
for all the sites, a North-to-South gradient for EC, OC and TC in PM10 for Europe
was observed, with the higher concentrations reported in the central eastern and
southern regions of Europe compared to the northern and western regions. On an
annual basis, the EC fraction by mass of PM10 was 3.6 ± 1.2%, whereas the
corresponding percentage for the OM (Organic Matter) fraction was 26 ± 8%.
Without exception, levels of EC were higher in winter than in summer. A similar
seasonal cycle was observed for OC, with the exception of Scandinavia, where
concentrations were 1.5 times higher in summer compared to winter.
The modelled annual mean concentration of PM ranged from 5 to 20 μg m-3 for
PM10 and from 5 to 15 µg m-3 for PM2.5 for most of Europe in 2004. The annual
mean concentrations of primary PM2.5 were estimated to be between 1 and
3 μg m-3, reaching 3-5 μg m-3 in several big cities. Annual mean concentrations of
primary coarse PM were a factor 4-5 lower than that of primary PM2.5. Calculated
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annual mean concentrations of secondary inorganic aerosols (SIA) varied from
5 to 10 μg m-3 for continental Europe, whereas in the Scandinavian countries,
Ireland, Scotland and northern Russia, SIA concentrations were below 3 µg m-3 in
2004. Concentrations of natural primary PM ranged between 0.5 and 5 μg m-3 in
most of Europe. However, concentrations of natural dust exceeded 15–20 μg m-3
in many of the southern parts of Europe. Sea-salt concentrations approached
5–7 μg m-3 along the seacoasts. Comparison of model results with observations
has shown that in general the EMEP model manages to reproduce regional
concentrations of PM10, PM2.5 and SIA. However, there are still significant
uncertainties associated with model calculations of natural PM and particle water
due to uncertainty/lack of in the input data, parameterisation deficiency and lack
of measurements. Further, the calculation showed that the annual EU limit value
for PM10 was not exceeded in 2004, except for southern parts of Europe due to the
influence of natural dust. Anthropogenic PM10 concentrations exceeded the daily
EU limit value for more than 35 days in only three grid cells representing a region
in Belgium, the Milan area, and the Moscow area. However, the exceedances of
PM10 limit for more than 35 days occurred in the very south of Spain, south of
Ukraine, Russia and Kazakhstan, caused by the influence of natural dust.
A large number of factors makes it difficult to conduct a true verification of
modelled versus observed concentrations for BC and OC. The challenges
associated with measurements are described above, and in addition several
challenges remain with respect to modelling. It is clear that the modelling of
secondary organic aerosols (SOA) is still a research area, and no robust scheme is
available for implementation in the EMEP model. There is good evidence,
however, that in summertime biogenic sources makes up a large fraction of
primary carbonaceous matter (PCM) over Europe. Although many different
mechanisms have been proposed as explanations of SOA formation, they are
essentially all driven by photochemistry, often initiated through ozone reactions.
Although biogenic sources themselves are not very amenable to emission control,
it seems very likely that actions to reduce NOx emissions and ozone concentrations will also reduce SOA over Europe.
An assessment of uncertainties in primary PM emission inventories is done, and it
is clear that there are still a number of uncertainty-related issues that affect the
overall quality of PM inventory data. A major issue at the European level
continues to be the incomplete reporting. Reporting of PM emissions has been
required under the LRTAP Convention since 2000. In 2004, only 28 of 49 Parties
reported at least some PM data in the required NFR reporting format. Of the
reporting countries, there is strong evidence indicating that not all Parties report
emissions from all sectors in which releases of PM are likely. Some of these
sectors for which non-reporting appears common (e.g. agriculture) may be
significant sources with respect to national totals. A general under-reporting of
emissions to LRTAP from these sectors seems likely. There is also a noticeable
difference in the number of sectors for which PM emissions are reported in
western and eastern European countries. Comparison of Party-reported PM values
with values obtained from the IIASA RAINS model also indicates significant
differences in PM emission estimates. In a number of instances the differences
exceed 100%, although at an aggregated ‘European’ level the differences in
estimated emissions across countries tend to cancel somewhat. In addition to the
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problem of incomplete inventories, other important sources of uncertainty arise
from the emission factors used to develop the emission estimates. Emissions from
natural sources are of high uncertainty and further work to improve their
estimation would contribute to lowering the overall uncertainty of total PM
emissions in Europe. A number of recommendations are suggested that to reduce
the uncertainty and develop robust and unbiased PM emission estimates.
Finally, there is an analysis of the main uncertainties in the assessment of
transboundary PM. The amount and quality of the compiled information on
emissions and measurements of PM has steadily increased in the last six years,
after such information began to be regularly compiled within EMEP in year 2000.
Also the Unified EMEP model has undergone an extensive development with
respect to PM representation in the last few years. Since the time of the review of
the Unified model in 2003, the EMEP model has been systematically developed
and new aerosol components and processes have been introduced in the model.
Although the model performance for total PM mass is improving with the
introduction of new aerosol processes and components, there are still considerable
uncertainties related to the description of the individual components of PM. For
regulatory purposes, the description of PM ambient levels should be complemented with reliable understanding of the origin of its individual chemical
components. The reliability of the current understanding of the different components of PM and their origin is largely variable. Model calculations show a
considerable transboundary contribution of 40–80% in the regional background
PM2.5 air concentrations. For primary fine particle concentrations the transboundary contribution is slightly lower, and for primary coarse particles it varies
from 20% to 60%. The current understanding of the transport distances of
different sizes of PM is well established, so the conclusion of PM as a transboundary problem is robust. The EMEP model is capable of reproducing the
transboundary concentrations of SIA. Remaining uncertainties are related to the
formation of nitrate. For the anthropogenic primary PM the accuracy of model
calculations depend to a large degree on the quality of PM emission data. There is
a strong evidence for a need of revision of the current primary PM emissions.
Further efforts should also be addressed to determining the chemical speciation of
primary PM emissions, in particular the share between elemental and organic
carbon. For SOA, the most basic problem is that we still do not know the sources
and mechanisms behind SOA formation in the atmosphere. There are increasing
evidence for a host of heterogeneous reactions, sometimes involving species,
which until recently were never considered as possible precursors of SOA. The
natural sources of primary PM have the most uncertain estimates at the moment,
mostly because of the lack of input information and reliable speciated
measurements across Europe. Uncertainties are lower for sea-salt. Nevertheless,
more extensive validation of sea-salt concentrations, both in air and precipitation
is needed. Model results for natural dust are rather uncertain at present. The
calculated concentrations of wind blown dust are extremely sensitive to a number
of practically unknown parameters (e.g. micro-meteorological and soil
characteristics). Verification of natural dust calculations is hampered by the lack
of measurements. The same applies to natural sources of primary carbon from
wild fires and biomass burning and from primary biological aerosol particles
(PBAP).
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1. Measurement of particulate matter in Europe: Status in 2004
1.1

Concentrations, trends and exceedances of PM10, PM2.5 and PM1

1.1.1 Introduction
Airborne particulate matter (PM) is a complex mixture of many different chemical
species originating from a variety of sources. Composition, morphology, physical
and thermodynamic properties of PM vary with respect to time and location and
quite typically have a seasonal variability (IPCC, 2001; Finlayson-Pitts and Pitts,
1986; Seinfeld and Pandis, 1998; EPA, 2003; CAFE, 2004; EMEP, 2005b).
In Europe, PM measurements are performed mainly in urban areas for the purpose
of monitoring human PM exposure. Monitoring of PM in rural areas is not as
extensive as seen for urban areas. Despite this, results presented in the recent
Position paper on PM (CAFE, 2004) for the period 1997 to 2001 show that the
gap between concentrations of PM10 at rural and urban sites in Europe can be
quite narrow. In addition, the annual variation of the PM concentrations for these
two site categories is similar for the period 1997 to 2001. Hence, the regional
contribution seems to be highly important for the concentrations of PM10 observed
in urban areas. Also the level of PM10 at traffic-influenced sites in Europe follows
the annual variation observed for urban and rural areas, although its concentration
level is considerably higher. At present, the number of measurement sites
reporting PM concentrations in Europe does not allow a comprehensive geographical overview of the rural PM levels. Especially in eastern Mediterranean
region the site distribution is scarce. This part of Europe is situated on the
outskirts of the domain area of the EMEP model, and receives a significant part of
its particulate matter loading from outside Europe. Thus, these measurements
provide important information concerning the particulate matter levels advected to
the European continent and what are their sources and seasonal variation.
Monitoring of aerosol particles within the framework of the EMEP Programme
was included in 1999. The main goal of this activity within EMEP is to monitor
long-range transport of aerosols in Europe and its long-term trends. The
motivation for including long term particulate matter measurements in the EMEP
programme was the need of adoption and validation of abatement strategies due to
their effects on the environment (Andreae and Crutzen, 1997; Charlson et al.,
1992; Tegen et al., 1997) and the association of exposure to particles through
inhalation to adverse effects on human health by many epidemiological and
toxicological studies (e.g. Pope et al., 1995; Schlesinger, 1995; Neuberger et al.,
2004). More specifically, health effects caused by inhaled particles are pulmonary
function decrements, respiratory symptoms, neurological dysfunction, cardiovascular dysfunction, morbidity and mortality (Rombout et al., 2000; EPA, 2003;
Pope et al., 1995; Dockery et al., 1993; Schwartz, 2000; Pope and Dockery,
2006). Therefore, measurements of PM10, PM2.5, and recently PM1 are conducted
at selected EMEP stations, the number of which increases every year.
In this chapter, monitoring data of ambient particulate matter from the available
measurements during the year 2004 are presented. An interpretation of the annual
and seasonal trends of particulate matter concentrations has been performed and
the effect of the air mass trajectories on the concentrations measured at each
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station is examined. Specific examples from the Swiss PM measurements are
provided to illustrate the temporal and spatial variations of the different size
fractions in rural and urban areas.
1.1.2 Data availability and methods
In addition to the data reported to EMEP, data from the AIRBASE database for
the year 2004 are presented mainly for the purpose of comparing urban/street PM
concentrations with rural PM data. The European Air Quality monitoring Network
(EuroAirnet) has been developed in close cooperation between the European
Environmental Agency (EEA) and the European countries. Data from EuroAirnet
are reported to AIRBASE (http://etc-acc.eionet.eu.int/databases/airbase.html), a
database managed by the European Topic Centre on Air Quality and climate
change under contract to EEA. The AIRBASE includes data on gaseous pollutants
and particulate matter concentrations from stations in Europe reported by
countries to EEA (European Environmental Agency) (Larssen and Lazaridis,
1998; Larssen and Hagen, 1999). The stations included in the AIRBASE database
are classified into three main station types, traffic, background and industrial, and
according to the type of the area where they are situated, into urban, suburban and
rural (Larssen et al., 1999). For the rural background sites reported to AIRBASE
there are some overlaps with the EMEP sites. The EMEP siting criteria
(EMEP/CCC, 1996) is stricter than the definition of rural background sites, which
might be situated relatively close to local emission sources. These groups of sites
are therefore not directly comparable to the EMEP site. However if one select out
those sites defined as EMEP also for other components than PM, it should in
principle be comparable. A few countries report PM data from some EMEP sites
only to AIRBASE. It might be a good reason for that, since a site can be rural (by
EMEP definition) for some components but not for others. It may also be that the
methodology used is not recommended by EMEP. This is probably the case for
several Austrian and German EMEP sites where only a subset of their PM
measurements in rural background is reported to EMEP. For other sites, like in
GB, FI and CZ it can be lack of reporting routines for PM measurements to
EMEP. We have assigned those sites defined as EMEP sites for other components
(e.g. ozone or inorganic components) reporting PM data to AIRBASE but not to
CCC as EMEP2.
Different sampling methods for measuring mass concentrations are used. Most of
the EMEP sites are using gravimetric methods, but a few is also using automatic
systems like TEOM (tapered element oscillating microbalance), i.e. in SE, CY,
and b-attenuation in GR. The measurements reported to AIRBASE is usually from
automatic systems. The different methods can give substantial systematic biases
do to both positive and negative artefacts. However, each country has to provide
equivalent measurements to gravimetric methodology and standards. Details on
methods and equipment for particulate matter measurements used at the EMEP
stations for 2005 can be found in Fjæraa (2006), as well as on the web pages.
The number of countries that reported PM10 mass concentrations directly to
EMEP increased to 12 in 2004. Cyprus (CY0002) and Greece (GR0002) are the
new countries reporting PM10 concentrations in addition to the 10 countries
reporting the preceding years. PM10 data was reported directly to EMEP for
39 stations, whereas data for 23 more EMEP stations in five countries was
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retrieved from the AIRBASE database, these are defined as the EMEP2 dataset.
For 2004, there were eight countries reporting levels of PM2.5 for 23 sites. There
were two new stations reporting PM2.5 in 2004, namely the Iskrba station in
Slovenia (SI0008R) and the Zoebelboden in Austria (AT0048R). For 2004, PM1
data was added for one more site, namely Langenbrügge (DE0002R) in Germany.
A significant fraction of the ambient particulate matter is secondary particulate
matter in the form of sulphate, nitrate, ammonium and organic aerosol particles
formed by the oxidation of sulphur dioxide, nitrogen oxides and organic gaseous
species. Daily measurements of inorganic constituents in aerosols are performed
within the EMEP framework but mainly sulphuric and nitrogen species, very little
measurements of base cations and sea-salts in air are measured in Europe. This is
also the case for carbonaceous material that is only reported for a very few sites in
EMEP. For 2004, only IT0004R and NO0001R reported levels of EC and OC.
EC/OC data is and will be, available through various measurement campaigns
conducted in recent years, such as the EMEP EC/OC campaign conducted during
2002–2003, and the EMEP intensive measurement campaign, which took place in
June 2006 and will continue in January 2007.
1.1.3 PM mass concentrations and exceedances
The annual mean concentrations of PM10, PM2.5 and PM1 for 2004 are presented
in Table 1.1, whereas the spatial coverages of PM10 and PM2.5 are presented in
Figure 1.1. In the table averages for sites with poor data capture are presented
with a note of the time period they are valid. These data are not included in the
maps.
The EMEP sites reporting concentrations of ambient air particulate matter to
EMEP and/or AIRBASE are not uniformly distributed across Europe. Of the
62 stations reporting concentrations of PM10 in 2004, 32 were concentrated in
central Europe, 16 in southern Europe, 7 in Northern Europe and 7 in Western
Europe. No PM10 measurements are reported for EMEP stations in Eastern Europe
for 2004, although it can be argued that Slovakia is part of Eastern Europe as well
as Central Europe.
From Figure 1.1 it can be seen that stations in the Central and the continental part
of Western Europe have higher annual mean concentrations of PM10 than stations
in Great Britain and in the Scandinavian countries during 2004. Country annual
mean PM10 concentrations ranged from 5.3 μg/m3 for Norway to 32.1 μg/m3 for
Belgium. The high levels can be attributed to the local anthropogenic emissions
(traffic, industries) in Western and Central Europe whereas for Southern Europe
this can rather attributed to biogenic emissions, resuspended dust from local
sources and also Saharan dust events. A similar spatial distribution of PM10
concentrations for Europe was observed during 2003. During 2004, the annual
limit value of 40 μg/m3 of PM10 has not been exceeded in any of the EMEP
stations.
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Table 1.1:

Annual mean concentrations of PM10, PM2.5 and PM1 at EMEP sites
for 2004 (concentrations in μg/m3).

Code

PM10

PM2.5

PM1

Code

PM10

AT0002R

24.5

19.1

14.0

DK0005R

20.3

AT0004R

12.6^

Jan - March

DK0041R*

22.0

AT0005R

10.4

ES0007R

24.4

11.1

AT0030R*

23.0

ES0008R

16.4

9.6

AT0040R*

13.9

ES0009R

13.3

8.4

AT0042R*

20.9

ES0010R

21.1

12.8

AT0043R*

16.3

ES0011R

18.6

10.7

AT0047R*

20.6

ES0012R

17.2

8.3

AT0048R

10.9

BE0033R*

32.1

CH0002R

20.0

CH0003R

19.4

CH0004R

11.2

9.2
14.9
8.1

6.5

ES0013R

13.3

8.5

ES0014R

22.3

12.6

ES0015R

15.9

8.2

ES0016R

13.3

9.1

FI0007R*

13.2

CH0005R

11.9

GB0006R*

10.4

CY0002R

29.9

GB0036R*

18.6

CZ0001R*

22.0

GB0043R*

13.0

CZ0003R*

26.1

GR0002R

23.2

DE0002R

17.5

13.3

IT0001R

29.0

DE0003R

10.4

7.2

IT0004R

34.7

MK0007R*

15.8

NL0007R*

25.6

7.5
^

DE0004R

18.1^

14.0

DE0005R

12.3^

Jan -July

Jan -July

PM2.5

^

Sept - Dec
28.3

DE0007R

13.8

NL0009R*

24.6

DE0008R

10.3

NL0010R*

24.3

DE0009R

15.2

NO0001R

5.3

3.3

DE0012R*

17.7

SE0011R

13.7

9.8

DE0016R*

22.3

SE0012R

10.5

7.0

DE0017R*

31.4

SE0035R

7.8

DE0026R*

13.5

SI0008R

14.4

DE0035R*

14.4

SK0004R

13.7

DE0039R*

20.1

SK0005R

17.9

PM1

^

^

4.4

Jan -April

12.8^

Nov/Sept -Dec

DE0041R
19.1
SK0006R
16.4
*: Data obtained from the AIRBASE database, but the stations are defines as EMEP for other
components, EMEP2
^: Data capture < 50%; data given in italic
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Figure 1.1: Annual mean concentrations of PM10 (left) and PM2.5 for 2004
(μg/m3).
The majority of the sites reporting PM2.5 concentrations during 2004 were
concentrated in Spain, Central and Western Europe. From Figure 1.1 it can be
seen that the annual mean concentrations of PM2.5 increased from northern to
southern parts of Europe, and that the highest concentrations were reported for the
two central European sites Ispra (IT0004R) (28.3 µg m-3) and Illmitz (AT0002R)
(19.1 µg m-3). Hence, the US EPA annual limit value of 15 µg m-3 was exceeded
at both these sites. During 2003, four stations exceeded the US EPA annual limit
value, and the maximum concentration of 28.6 µg m-3 was reported for Ispra, as
for 2004. The annual mean concentration of PM1 did not exceed 15 µg m-3 at any
of the sites stations reporting this parameter in 2004.
The number of days for which the daily PM10 limit value was exceeded during
2004 is presented in Table 1.2, showing that most exceedances are observed at
stations in Austria, Belgium, the Czech Republic, Cyprus, Italy, the Netherlands
and Spain. The Italian site Ispra was the only site violating the daily limit value
for PM10 (50 µg m-3 > 35 days) for 2004. However, a decline in the number of
exceedances was observed for 2004 (71 days) compared to 2003 (87 days) for this
site. In fact the daily limit value was exceeded on fewer days in 2004 than in 2003
for the majority of the stations. This decline was particularly obvious for the
Austrian site Illmitz (AT0002R), where the number of exceedances was reduced
from 49 days in 2003 to 28 days in 2004. The sites experiencing an increased
number of exceedances in 2004 compared to 2003 were mainly situated in Spain.
Especially, the exceedances experienced at the Viznar station during 2004 are
associated with southern air masses, which suggest frequent intrusions of Saharan
dust. Table 1.2 also shows the number of exceedances for each station with
respect to season. Although a common seasonal pattern cannot be associated to all
the EMEP stations in each part of Europe, some common features are observed
for stations with more than 15 exceedances. In particular, there is a prevalence of
exceedances during winter in Central Europe and Italy. In Netherlands
exceedances are observed during winter and spring. In addition, examination of
PM10 data for the period 1997-2004 for the stations AT0002R, AT0047R,
CH0002R, CH0003R, DE0007R, IT0001R and IT0004R, depicted the prevalence
of exceedances during winter and/or spring. The above remarks indicate that

EMEP Report 4/2006

16
exceedances at stations in Central Europe and Italy are possibly associated with
enhanced emissions from anthropogenic sources during winter. On the other hand,
exceedances of the daily limit value at the Spanish sites occur mainly during the
summer and autumn during the period 2001-2004 due to dry conditions, which
lead to resuspension of dust.
Table 1.2:

Number of exceedances of the daily PM10 limit value (50 μg/m3)
during 2004.

Northern Europe

Western
Europe

Southern Europe

Central Europe

Code
AT0002R
AT0004R (Jan – 20. Mar)
AT0005R
AT0030R*
AT0040R*
AT0042R*
AT0043R*
AT0047R*
AT0048R
CH0002R
CH0003R
CH0004R
CH0005R
CZ0001R*
CZ0003R*
DE0002R
DE0003R
DE0004R (Jan – 1 July)
DE0005R (Jan –1 July)
DE0007R
DE0008R
DE0009R
DE0012R*
DE0016R*
DE0026R*
DE0035R*
DE0039R*
DE0041R
CY0002R
ES0007R
ES0008R
ES0009R
ES0010R
ES0011R
ES0012R
ES0013R
ES0014R
ES0015R
ES0016R
GR0002R (Sept – 31 Dec)
IT0001R
IT0004R
SI0008R (Nov – 31 Dec)
MK0007R*
GB0006R*
GB0036R*
GB0043R*
BE0033R*
NL0007R*
NL0009R*
NL0010R*
DK0005R
DK0041R*
NO0001R

Total
28
1
1
22
2
2
0
2
1
9
7
0
0
10
20
5
2
2
0
2
0
5
6
12
5
3
6
6
28
25
1
10
1
8
9
4
15
10
2
4
22
71
0
1
0
0
0
46
19
15
25
3
10
0

SE0011R

0

SE0012R
SE0035R
FI0007R*

0
0
0
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Number of exceedances of the daily limit value for PM10
Winter
Spring
Summer
Autumn
17
4
1
6
1
1
14
5
3
1
1
1
1
2
7
3
1
8
3
1

1
2
4
5
8
2
1
2

4
4

1
6

1

2
3
5
2
5
1
7

1
1
5
8
3
4

2
14
1
1

3
2
2
2
3
1

5
5
2
2
4
1

4
13

7
1

11
8
5

1

5

10
43

2
6
3
4
1
14
1

21
8
4
14
4

15
9
11
10
3
4

10
2
1
1

1
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Annual mean concentration ratios of PM2.5-to-PM10, PM1-to-PM10 and PM1-toPM2.5 during 2004 are summarized in Table 1.3, showing that stations in central
Europe and Italy have a rather high PM2.5/PM10 ratios compared to stations in
Spain and Northern Europe. This difference is probably associated with the high
contribution of anthropogenic emissions to PM10 concentrations in central Europe.
In addition, the PM10 concentration in Spain is (considerably) influenced by
resuspended dust (and biomass burning emissions), whereas for certain
Scandinavian sites the influence by marine aerosols (sea-salt) can be important.
Hence, this could be possible explanation for why a larger fraction of the particles
in Spain and in the Scandinavian countries is found in the PM2.5-10 fraction.
However, there are exceptions to this general spatial pattern as observed for the
Vavihill (SE0011R) station in Sweden and the O Savinao (ES0016R) station in
Spain where the PM2.5-to-PM10 ratios were 0.72 and 0.68, respectively.
For the three sites measuring PM10, PM2.5 and PM1 (AT0002, CH0004R and
DE0002R), there are only small variations in the PM2.5-to-PM10 ratio reported,
whereas a considerably lower PM1-to-PM2.5 ratio, and hence PM1-to-PM10 ratio, is
observed for the DE0002R site, compared to the two other sites. A detailed
discussion on the PM mass concentration data in the EMEP stations is addressed
in the “Analysis of time series for PM mass concentrations at EMEP stations”
section of this report.
Table 1.3:

PM concentration ratios during 2004.

Northern
Europe

Southern Europe

Central Europe

Code

PM2.5/PM10

PM1/PM10

PM1/PM2.5

AT0002R

0.77

0.57

0.74

AT0048R

0.84

CH0002R

0.75

CH0004R

0.72

0.58

0.80

DE0002R

0.76

0.43

0.56

DE0003R

0.69

ES0007R

0.45

ES0008R

0.59

ES0009R

0.63

ES0010R

0.61

ES0011R

0.58

ES0012R

0.48

ES0013R

0.64

ES0014R

0.57

ES0015R

0.52

ES0016R

0.68

Italy

IT0004R

0.82

Norway

NO0001R

0.62

SE0011R

0.72

SE0012R

0.42

Austria
Switzerland
Germany

Spain

Sweden
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1.1.4 Comparing the EMEP and the AIRBASE networks
PM10 concentrations reported for the EMEP rural background stations were
compared with concentrations of PM10 measured at other stations in Europe
retrieved from the AIRBASE database. The data presented in Figure 1.2 to
Figure 1.3 were obtained by averaging concentrations of PM10 for all stations of
each station category, or area category, for the countries that reported PM10 data
either to the AIRBASE or the EMEP database.
From Figure 1.2 it can be seen that the PM10 concentration was higher at traffic
stations and at stations situated in urban areas compared to rural sites and the
EMEP1 and EMEP2 sites in all countries where this comparison were possible.
The annual limit value of 40 µg m-3 was exceeded at 208 of 1801 stations
included during 2004. Most of these were background (52) and traffic (92) sites
situated in urban areas, particularly in Spain (51) and Italy (49). The annual limit
value for PM10 was also violated at seven rural background stations. Concentrations of PM10 measured at EMEP sites were typically lower than concentrations
reported for background, industrial and traffic sites situated in rural areas, for all
countries assessed (Figure 1.3). The only exceptions were seen for Spain and Italy
where the annual mean concentrations of PM10 at the EMEP stations were higher
than those at the traffic influenced rural sites and the background sites in rural
areas, respectively. For Spain this is probably associated with Saharan dust
intrusions, whereas in Italy it is due to the high concentrations measured at the
Ispra station located at the northern part of the country.
It is also observed that EMEP2 stations experience higher concentrations than
stations reporting PM10 data directly to EMEP and rural stations in each country.
This is because some of these background stations are situated in urban and
suburban areas (e.g. stations in Belgium) rather than rural. The concentrations at
these stations were in fact higher than the annual mean concentration at industrial
and background suburban stations in Finland and the Netherlands.
Further, the temporal variation of the annual mean concentration of PM10 at the
EMEP stations were compared with that reported for traffic stations and stations
situated in urban and rural areas for each country. It is observed that the annual
mean concentrations of PM10 at EMEP stations exhibit the same variability over
time as traffic sites and sites situated in urban and rural areas for several countries.
This finding is exemplified in for Switzerland in the next chapter, but was also
obvious for the countries Austria, Germany, the Czech Republic and the United
Kingdom.
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EMEP and AIRBASE PM 10 data
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Figure 1.2: Annual mean concentrations of PM10 in European countries for
2004, based on data from EMEP and AIRBASE.
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Figure 1.3: Annual mean concentrations of PM10 at rural areas of European
countries for 2004, based on data from EMEP and AIRBASE.

1.1.5 Concentrations of particulate matter (PM10, PM2.5, PM1) in Switzerland
1.1.5.1 Introduction
Extensive long-term parallel measurements of PM10, PM2.5 and PM1 have been
performed at several sites with different site categories within the Swiss National
Monitoring Network (NABEL). Measurements of PM10, which is considered to
represent the thoracic fraction of the ambient particles (ISO, 1995), have been
performed within NABEL already since 1997. Due to the increasing public
interest for the finer alveolar fraction (PM2.5), the measurement programme of the
network has been extended to include PM2.5 measurements at seven sites in 1998.
A preliminary comparison of these parallel measurements has already been
published (Gehrig and Buchmann, 2003). From 2003, also PM1 measurements
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were added to the measurement programme. This fraction provides, better than
PM2.5, information on the particle sources, as PM1 represents in reasonable
approximation combustion particles and secondary aerosol, while PM10-1 can be
attributed to mechanically produced and geogenic particles. Long-term data sets
of parallel measurements of the different PM fractions are still scarce if not
lacking for Europe. Therefore, the Swiss data set forms a unique data basis for
investigating the temporal and spatial behaviour of PM1 and PM2.5 compared to
PM10.
Figure 1.4 lists the seven sites where the parallel PM measurements have been
performed, including their site category. The PM concentration recorded at the
two rural sites, Chaumont and Payerne, are reported to EMEP.
Basel

Suburban

Bern

Kerbside, street canyon

Chaumont

Rural, 1140 m a.s.l.

Härkingen

20 m from motorway

Lugano

Urban background

Payerne

Rural, 490 m a.s.l.

Zürich

Urban background

Basel

Härkingen

Zürich

Chaumont
Bern
Payerne

Lugano

Figure 1.4: Characterisation and positions of the Swiss measurement sites.
1.1.5.2 Comparison of PM10, PM2.5 and PM1 concentrations
Figure 1.5 shows at a glance the annual mean concentrations of the measured size
fractions. From Table 1.4 it can be seen that the variability of the long-term
PM2.5/PM10 as well as the PM1/PM10 ratios is very low. The only exception is the
street canyon site Bern, where the local traffic forms a considerable source of
coarse dust, which results in clearly lower ratios Figure 1.6 shows the seasonal
variations of the mass concentrations for the period 2003-2005. It can be seen that
for all sites, with the exception of the elevated site of Chaumont, a characteristic
seasonal variation can be observed for all mass fractions with elevated concentrations during the cold season. The reasons for this are not primarily caused by
seasonal fluctuations of the emissions, but rather by meteorological effects. This
is already well known from similar variations of other parameters such as sulphur
dioxide and nitrogen oxide (frequent inversions during winter and good vertical
mixing during summer). In contrast, Chaumont shows the lowest values in winter.
This also shows the dominating influence of the meteorology. The site is situated
on an altitude of 1140 m a.s.l. and, therefore, during wintertime most of the time
above the inversion layer, thus protected from the emissions of the lowlands of the
Swiss basin. From April to September the variations at Chaumont follow that of
the other sites, though on a lower concentration level, due to the better vertical
mixing of the lower atmosphere during the warmer season.
Table 1.4 shows, that there is a high correlation of PM10 with PM2.5 at all sites.
With the exceptions of the still high correlations at Bern (r=0.92) and Chaumont
(r=0.91), all correlations were 0.95 or higher. The lower correlation at Bern
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reveals that the traffic induced coarse particles from abrasion and resuspension
contained in PM10 follow different temporal emission patterns than PM2.5 and
PM1, which are dominated by exhaust pipe emissions. This is plausible because
mechanically produced particles, and in particular resuspension, depend not only
on the vehicle frequency but also on the condition of the road surface (e.g.
clean/dirty, wet/dry). At the site of Chaumont, the lower correlation can be
explained with the generally lower concentrations and the correspondingly higher
relative measurement uncertainties. The correlation coefficients between PM1 and
PM10 are similarly high. For the reasons already explained, also here with
somewhat lower values at Bern and Chaumont.
PM2.5
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Figure 1.5: Annual mean concentrations of PM10, PM2.5 and PM1.
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Table 1.4:

Mean PM2.5/PM10 and PM1/PM10 ratios and the Pearson correlation
coefficient (r) for PM10 vs. PM2.5 and PM10 vs. PM1 (daily values).
Pearson correlation
coefficient

Mean ratios
PM2.5/
PM10

PM1/
PM10

PM2.5

PM1

Basel (Suburban)

0.76

0.60

0.95

0.92

Lugano (Urban background)

0.74

0.59

0.95

0.92

Zürich (Urban background)

0.75

0.97

Payerne (Rural, 490 m a.s.l.)

0.75

0.97

Chaumont (Rural, 1140 m a.s.l.)

0.75

0.63

Härkingen (Motorway)

0.91

Bern (Kerbside, street canyon)

0.61

0.92

0.49

0.92

PM10

0.88

PM2.5
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Figure 1.6: Seasonal variations of monthly means for PM10, PM2.5 and PM1 for
the period 2003-2005.
1.1.5.3 Spatial variability of PM10, PM2.5 and PM1 concentrations
Interesting information about the spatial variability of PM concentrations can be
obtained from an analysis of the correlations of the PM concentration data
between the different sites of the NABEL network. Pearson correlation
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coefficients for the comparison of the daily values of different sites have been
calculated. Further details are found in the EMEP/CCC PM report (Yttri and Aas,
2006). The correlation coefficients for all mass fractions (PM10, PM2.5 and PM1)
between the sites situated north of the Alps at moderate altitude (Basel, Bern,
Payerne and Härkingen) are quite high, i.e. in the range of 0.84-0.92. This
indicates that the variability of the daily concentrations is not primarily influenced
by local events and sources, but is rather determined by meteorological
conditions. Chaumont, which is often situated above the inversion layer and
Lugano, which is separated by the Alps show (not surprisingly) much lower
correlations. This is elaborated in some more detail with the following three
examples, which differentiate between summer (June-August) and winter
(December-February).
Figure 1.7 (left) shows the correlation for PM10 between the sites Basel and
Payerne. Though the distance between these two sites is 95 km and they are
separated by the 600-800m high Jura Mountains, good correlation can be
observed in particular in winter, but also during summer. Comparing Basel, north
of the Alps with Lugano, south of the Alps, no correlation can be observed during
wintertime. During summertime the correlation is somewhat higher, but still very
low. This shows clearly that the high mountains of the Alps form an efficient
obstacle for the distribution and homogenisation of fine particles. Figure 1.7
(right) shows a comparison of the two sites Payerne and Chaumont for PM2.5. The
sites are located quite close together (distance 24 km) but on different altitudes.
Chaumont is situated 650 m higher than Payerne. A high correlation can be
observed during summertime when the vertical mixing of the lower atmosphere is
generally good and the absolute concentration level of the mountain site is only
about 20% lower than at Payerne, which is situated within the Swiss basin in a
rural environment. However, during wintertime, when the meteorology is
characterised by frequent inversions, the observed PM2.5 levels are largely
decoupled. The correlation is very low and the absolute concentration level at the
mountain site Chaumont reaches only about 25% of that of Payerne.
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Figure 1.7: Scatterplot and linear regression of the daily values (1998-2005) of
PM10 (µg/m3) at Basel and Payerne (left) and Chaumont and
Payerne (right) during summer (June to August) and during winter
(December–February). Dotted line: winter; solid line: summer.
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1.1.5.4 Conclusions
From the presented analysis of long-term parallel measurements of PM1, PM2.5
and PM10 concentrations in Switzerland the following conclusions can be drawn:
•

At all sites the concentrations of the different size fractions were highly
correlated on the level of daily values. Unless strong and variable local sources
of coarse particles are present, parallel measurements of PM1, PM2.5 and PM10
provide only limited additional information. In order to make efficient use of
the financial and personal resources, such parallel measurements can be
restricted to a few carefully selected sites in a monitoring network.

•

Also the comparison of daily PM values from different sites often show quite
high correlation. The analysis of the Swiss data indicates that this has
primarily meteorological reasons. Even distant sites show good correlations if
they are situated in an area with similar meteorological conditions. However,
the correlations drop drastically if this is not the case i.e. if the sites are
divided by high topographical obstacles (Alps) or by an inversion layer.
Particle transport modelling shows clearly the relevance of long-range
transport of fine particles, though robust quantification still seems to be
difficult (Chapter 5). Therefore, high correlations of PM at even distant sites
could be expected due to a relatively homogenous distribution of long-range
transported PM over large areas. However, the high daily variability of the PM
concentrations cannot be explained with long-range transport because on a
regional scale the daily variability of the PM emissions is quite small. In fact,
no matter whether the particles are locally emitted or long-range transported, it
is mainly the meteorology (wind speeds, turbulence, vertical mixing,
inversions etc.), which causes more or less effective dilution of the emitted
pollutants and thus the daily fluctuation of the concentrations.

1.1.6 Annual Trends for Particulate Matter Mass
For 2004 the concentration of PM10 was found to be higher at only 11 sites
compared to 2003. Measurements for more than four years have been conducted
at 43 of the 62 EMEP sites listed in Table 1.1. Annual trends have been examined
for the 26 sites, which reported PM mass concentrations directly to EMEP for four
full years. Statistical significant trends were observed for four of stations, namely
DE0001R, DE0004R, ES0016R and IT0004R.
At the Deuselbach (DE0004R) station in Germany the annual mean concentration
of PM10 exhibited an increasing trend for the period 1999–2003, whereas for
PM2.5 an increasing trend was observed for the period 2000–2003 (Figure 1.8).
The annual mean concentrations for 2004 have been excluded from the analysis
because the data capture for this year was less than 40%. Nevertheless, the annual
mean concentration of PM2.5 slightly increased for 2004 compared to 2003,
whereas the PM10 concentration for 2004 was lower than for 2003. For the period
1999–2003 PM10 concentrations at background and industrial sites in rural and
suburban areas in Germany (data retrieved from AIRBASE) exhibited an
increasing trend and were correlated with the values measured at Deuselbach.
This might indicate that the variations in PM10 concentration at Deuselbach are
attributed to regionally transported PM.
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Figure 1.8: Time trends for annual mean concentrations of PM10 and PM2.5 at
the Deuselbach (DE0004R) station, in Germany, for the period
1999-2004. Trends calculated for 1999-2003.
Negative trends were observed for the PM2.5 concentrations at the O Savinao
station in Spain (Figure 1.9) and the Ispra (IT0004R) station in Italy (data not
shown) for the period 2001-2004.
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Figure 1.9: Time trends for annual mean concentrations of PM2.5 at the
O Savinao (ES0016R) station in Spain for the period 2001–2004.
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At the other EMEP sites the annual average concentrations of PM10 and PM2.5
typically had a large variability and no significant trends have been observed.
1.1.7 Temporal patterns of PM concentrations at EMEP stations
A seasonal pattern has been observed for a number the EMEP stations where PM
concentrations were increased during the summer and were lower during the
winter period or the opposite. More specifically, PM concentrations have been
higher during the winter period at stations in Central Europe and Italy. There is a
tendency that sites reporting elevated PM levels in these regions experience
elevated PM concentrations during winter. Figure 1.10 presents as an example
data of mean monthly PM10 concentrations for the Tänikon station (CH0003R) in
Switzerland. The seasonal pattern for PM10 concentrations is similar for the year
2004 and the period 1997–2004. This is comparable with the other Swiss sites
seen in Figure 1.6
In southern Europe, there is no characteristic seasonal variation for the PM
concentrations common for the entire region. A seasonal pattern is observed in
Spain where PM concentrations were higher during summer and spring. In Italia
the concentrations are generally higher during the summer at the Montelibretti,
whereas for the Ispra station in northern Italy the concentrations have the same
variation as for stations in central Europe. In Cyprus PM10 concentrations ranged
from 28–45 µg/m3 during the warm period, which is extended for a longer period
than in central Europe, while during the winter the mean value was approximately
15 µg/m3. A seasonal pattern was also evident in Northern Europe and specifically
in Scandinavian countries where PM concentrations are generally higher during
spring, August, January and December.
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Figure 1.10: Mean monthly concentrations for PM10 at the Tänikon (CH0003R)
station in Switzerland for 2004 and during the period 1997-2004.
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The daily variation of particulate matter concentrations has also been examined.
At each station the concentrations were averaged with respect to the days of the
week. The analysis did not reveal any characteristic weekly pattern common for
the majority of the stations.
1.1.8 Analysis of air mass trajectories
In this section, time series of PM concentrations are explored with respect to
common temporal patterns in countries or regions of Europe. In addition, the
effect of the air mass trajectories reaching each station on the measured PM
concentrations has been examined. The 2D Trajectories from the EMEP/MSC-W
available at http://www.emep.int/Traj_data/traj2D.html have been used in the
analysis. Available data include calculated 96h trajectories, daily sector values
and trajectory crossings for all EMEP stations from 1985 to 2004. The aim of this
analysis was to explain the observed variations of PM mass concentrations and
PM concentration ratios. An overall conclusion regarding air mass trajectories
during 2004 is that particulate mass concentrations (for PM10, PM2.5 and PM1) at
the EMEP sites are increased when the air masses arrive at the stations from
south-eastern locations. This has been exemplified in Figure 1.11 for concentrations of PM10 at the Aspvreten (SE0012R) station in Sweden in 2004. The figure
clearly shows that the daily PM10 concentrations are enhanced when the air
masses arrived to the station from south-eastern and southern directions after
passing over continental and industrial areas and the generation of SIA
(Secondary Inorganic Aerosol). The minimum concentrations were observed
when air masses originated from the north-west (mainly marine areas).
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Figure 1.11: Concentrations of PM10 averaged by sector of air mass origin for
2004 at the Aspvreten (SE0012R) station in Sweden.
At Illmitz (AT0002), the highest PM10 concentrations were observed when air
masses arrived at the station from the eastern directions with the arrival of air
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masses from SW (industrialized northern Italy and Czech Republic), W (traffic
and industrial areas in Austria, central and western European countries) and NW
(Germany) directions. In addition, the concentration of K+ was found to be
increased during winter (probably due to biomass burning for heating) compared
to summer, whereas the concentration of SO42- was approximately the same for
both periods. However there is no experimental evidence that the relative
contribution of PM2.5, PM1 mass and SIA (Secondary Inorganic Aerosol)
increased during elevated PM10 concentrations. This indicated that the variations
of PM concentrations measured at the Illmitz station might be attributed to local
anthropogenic sources. Further details on this study is found in the EMEP/CCC
PM report (Yttri and Aas, 2006).
1.1.9 The inorganic fraction of the particulate matter
Airborne particulate matter is a complex mixture of many different chemical
species originating from a variety of sources. At EMEP stations, speciation of the
ambient particulate matter is mainly focused on determination of the secondary
inorganic aerosol constituents, sulphate (SO42-), nitrate (NO3-) and ammonium
(NH4+). Sulphate is determined at the majority of the EMEP sites, ammonium and
nitrate are reported as the sum of ammonia and ammonium, and the sum of nitrate
and nitric acid, respectively, but occasionally also separately. However these
measurements are mainly done using the filter pack method, which is a biased
method to separate gaseous and particulate nitrogen species. Another uncertainty
is the undefined cut off for the filter pack measurements, but since most of
ammonium sulphate and ammonium nitrate is found in the fine fraction it is
possible to use these measurements as an estimate of the content in the PM10
fraction. The carbonaceous content of the aerosols are only measured at a very
few stations, but has been extensively addressed during measurements campaign,
such as the EMEP EC/OC campaign. In this chapter, we have focussed on the
available measurement data of PM and SIA obtained during 2004. Carbonaceous
matter is discussed in Chapter 1.2.
Previous studies have shown that total particulate sulphate and nitrate are
dominant constituents of the PM mass, with ammonium nitrate prevailing in
Western Europe and sulphate (mainly as ammonium sulphate) prevailing in
Eastern Europe (Lazaridis et al., 2002; Van der Zee et al., 1998; Zappoli et al.,
1999).
Inside the EMEP monitoring network extensive studies of chemical speciation of
ambient particulate matter have been performed during 2004. The measurements
are described in EMEP/CCC data report (Fjæraa, 2006). The stations measuring
sulphate during 2004 are concentrated in the central, Western and Northern
Europe. In Southern and Eastern Europe measurements of sulphate ions are less
widespread. Country averaged concentrations ranged from 0.74 μg/m3 for Norway
to 3.62 μg/m3 for Hungary. The lowest concentrations are reported for the
Scandinavian countries, whereas the highest concentrations are recorded in the
central and southern part of Europe (this difference can be attributed to the local
anthropogenic emissions). The highest nitrate concentrations are observed in the
central and southern parts of continental Europe. Higher concentrations of
ammonium were measured at stations in Italy, Netherlands, Poland and Hungary,
probably due to agricultural inputs, whereas lower concentrations were found for
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stations in Norway. There are also limited nr of data for soluble base cations and
sea-salt ions making it difficult to draw conclusions regarding their spatial
distribution in Europe.
The chemical speciated aerosol data reported from the EMEP stations during 2004
include only inorganic components, with the exception of two sites (NO0001R
and IT0004R). Therefore, it was not possible to perform a full mass closure for
the majority of the sites. A complete aerosol mass closure requires measurement
of the PM carbonaceous content, and this remains a high priority objective in the
EMEP Framework. Previous studies have shown that there is relatively good
correlation between observed concentrations of particulate matter and concentrations of (aerosol) sulphate (and nitrate) at many of the EMEP sites, even if the
sulphate and nitrate concentrations account for 20%-40% of the aerosol mass
(Lazaridis et al., 2002). The current measurements Table 1.5 support the results
from these previous studies and also show that ammonium sulphate and
ammonium nitrate are important components of the atmospheric particulate
matter. Sulphate contributes between 9-23% of the PM10 while nitrate and
ammonium between 3-16% and 3-8% respectively. Base cations (K, Ca) are
measured at three sites only but the contribution to the PM10 is small, below 2%.
But these results are not representative for southern Europe. Sea-salts (mainly Na,
Cl, Mg) may in coastal areas contribute significantly to the particulate mass
concentrations. Most EMEP sites are however located at some distance from the
coast to avoid direct contributions from sea-spray. Still only few sites report seasalt concentrations; on the regional scale this contribution is typically lower than
2% for inland site. In more costal areas, the contribution is higher, i.e. 15% at the
Birkenes site (NO0001). In total, the inorganic fraction contributes between
20–60% of the PM10 mass across Europe.
Pearson correlation coefficients obtained from correlating the inorganic aerosol
constituents (NO3-, NH4+ and SO42-) with particulate matter mass (PM10 and
PM2.5) are presented in Table 1.6. As PM measurements are available at a limited
number of EMEP sites only, it is difficult to obtain a complete picture for all
geographical regions. The results showed that there was a rather high correlation
both between ammonium and PM2.5 and ammonium and PM10 at four of the sites
(see Table 1.6), but at the Italian site Montelibretti (IT0001R) it was much lower
(R = 0.39) than for the other stations.
Correlation coefficient between sulphate aerosols and PM10 ranged from
0.34–0.91. Low correlations were observed for the Italian and Slovakian stations.
Correlation coefficients between nitrate and PM10 ranged from 0.28–0.86.
Correlations were generally better between the concentration of the inorganic
species and the PM2.5 mass.
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Table 1.5:

Contribution in per cent of nitrate, ammonium, sulphate, marine
(Na+, Cl- and Mg2+), base cations (K, Ca) and total inorganic
aerosols to PM10 concentrations during 2004.

Station
AT0002R
CH0002R
CH0005R
CZ0001R*
CZ0003R*
DE0003R
DE0004R1
DE0007R
DE0009R
DE0041R
ES0007R
ES0008R
ES0009R
ES0010R
ES0011R
ES0012R
ES0013R
ES0014R
ES0015R
ES0016R
GB0006R*
IT0001R
IT0004R
NL0009R*
NO0001R
SE0011R
SI0008R1
SK0005R
SK0006R

Nitrate
(NO3 )
2.8

9.0
9.9
8.7
11.5
6.8
11.6
9.9
12.3
9.7
7.9
0.4
10.4
15.9
15.0

11.4
7.4

Ammonium
(NH4+)
3.4

3.1
7.2
8.3
6.5
7.1

Sulphate
(SO42-)
10.0
10.5
12.6
11.2
10.4
16.8
(16.3)
18.9
17.3
12.7
9.9
21.7
12.7
18.6
13.4
17.5
16.2
17.7
11.9
23.0
8.5
11.4
9.8

Marine
aerosols
0.5

Base cations
(K, Ca)
1.2

Inorganic
aerosols
17.9

19.6
11.9
(14.3)
16.8
17.2

14.6

1.8

58.0

(1.2)

(1.5)

1 Data capture less than 50%.
* EMEP2 (PM10 and PM2.5 data from AIRBASE).
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Table 1.6:

Correlation between nitrate, ammonium and sulphate aerosol
concentrations and PM10, PM2.5 during 2004.
Nitrate
(NO3 )

Station
AT0002R
CH0002R
CH0005R
CZ0001R*
CZ0003R*
DE0003R
DE0004R1
DE0007R
DE0009R
DE0041R
ES0007R
ES0008R
ES0009R
ES0010R
ES0011R
ES0012R
ES0013R
ES0014R
ES0015R
ES0016R
GB0006R*
IT0001R
IT0004R
NL0009R*
NO0001R
SE0011R
SI0008R1
SK0005R
SK0006R

PM10
0.56

PM2.5
0.59

0.39
0.48
0.57
0.37
0.36
0.51
0.28
0.55
0.40
0.42

0.55
0.47
0.60
0.48
0.59
0.62
0.38
0.70
0.47
0.35

0.50
0.86

0.85

0.44

0.47

0.69
0.43

Ammonium
(NH4+)
PM10
PM2.5
0.73
0.77

0.39
0.77
0.78
0.64

0.73
0.77

Sulphate
(SO42-)
PM10
PM2.5
0.58
0.59
0.76
0.69
0.83
0.45
0.76
0.50
0.84
0.74
0.71
0.91
0.73
0.48
0.51
0.63
0.82
0.79
0.52
0.70
0.65
0.69
0.47
0.66
0.67
0.73
0.46
0.68
0.65
0.66
0.64
0.71
0.71
0.81
0.62
0.39
0.45
0.42
0.68
0.64
0.83
0.49
0.34

0.76
0.67
0.45

1 Data capture less than 50%.
* EMEP2 (PM10 data obtained by AIRBASE).

1.1.10 Conclusions
The European Monitoring and Evaluation Programme (EMEP) aims to provide a
basis for a quantitative assessment of the long-range transported aerosol
component, and their concentration to the rural levels. During 2004 39 stations
have reported PM10, PM2.5 and PM1 data to the EMEP database. The data were
mainly for concentrations of PM10 and PM2.5.
During 2004, the annual limit value of 40 μg/m3 of PM10 has not been exceeded in
any of the stations. Furthermore, the annual limit value of 15 μg/m3 of PM2.5 was
exceeded only at 2 stations during 2004. In addition, the limit value for daily
averages of PM10 has been exceeded for more than 35 days only at the Ispra
station in Italy. There were a general decrease in number of days with
exceedances for most of Europe compared to 2003, but one should notice that
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2003 had special meteorological conditions with very warm summer in most of
Europe.
Trend analysis has been performed for the particulate matter concentrations in the
EMEP stations for the period 1999-2003. No significant trends were observed and
in most of the EMEP stations the variability of PM10 and PM2.5 was large in the
above period. However, during 2003 higher PM values were observed in most of
the stations compared to the 2004 values. A seasonal pattern has been observed
for some of the stations where concentrations of particulate matter were increased
during the summer and were lower during the winter period or the opposite.
Furthermore, the analysis did not reveal any weekly pattern for any of the stations
but daily changes have been observed with lower PM values during the weekend.
In addition, the effect of the air mass trajectories reaching each station on the
measured PM concentrations has been examined for the period 1997 to 2004. The
majority of the EMEP stations are in central and northern Europe and for these
stations south-eastern and southern directions are correlated with elevated PM
levels since the air masses pass over continental and industrial areas, this includes
primary PM as well as secondary aerosols. The minimum concentrations have
been measured when air masses reaching the stations originated from north-west
locations (mainly marine and pollution free areas).
Furthermore, data from the EMEP network and the AIRBASE database have been
retrieved for the year 2004 with the objective to compare urban/rural PM
concentration levels in Europe. As expected, higher PM concentrations were
observed at urban sites compared to rural site. It is interesting to note that annual
average concentrations of PM10 at several countries (such as Austria, Belgium,
Switzerland, Germany and United Kingdom) exhibit the same time variation for
the period 1997–2004 at urban, rural and traffic stations.
Particulate matter chemical speciation for inorganic ions has been performed in
several EMEP stations. The major inorganic components are ammonium sulphate
and ammonium nitrate. These chemical components correlate in several cases
with the particulate matter mass. Finally, it is recognised that the organic
speciation of ambient aerosols is additional information, which is needed for
performing chemical mass closure studies in the EMEP stations.
1.2

Monitoring of EC and OC within EMEP

1.2.1 Introduction
The environmental relevance of the carbonaceous aerosol comprises a number of
important topics, such as human health, direct and indirect climate forcing, and
air-quality. The high number of organic molecules reported to be associated with
ambient fine aerosols have a wide range of different physical and chemical
properties, of which impact on human health and cloud formation largely remains
unknown. Furthermore, black carbon is the principal light absorbing species in the
atmosphere, significantly affecting the Earth’s radiative balance (Penner et al.,
1998).
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Attempting to quantify the carbonaceous content of the ambient aerosol on the
basis of single molecules is, however, an insurmountable task due to their sheer
number, their various chemical and physical properties and the complex aerosol
matrix. Thus, operational definitions of bulk carbonaceous material, such as
elemental carbon (EC) and organic carbon (OC), have been established (Birch and
Cary, 1996).
In Europe, long-term monitoring data of EC and OC is not yet available on the
regional scale, although the importance of such data has been emphasized by e.g.
Kahnert et al. (2004). Monitoring of EC and OC needs to rely on both robust and
cost-efficient techniques, but at the same time a satisfactory quality of the data
must be maintained. It has long been recognized that significant artefacts can be
introduced during filter sampling of particulate matter for subsequent analysis of
OC (McDow and Huntzicker, 1990), which can both grossly over and
underestimate the samples content of OC. Furthermore, great analytical
challenges are associated with splitting the aerosols content of EC from OC
(Schmid et al., 2001). The challenges associated with sampling of OC and the
separation of EC and OC is more thoroughly discussed in chapter 1.4.
1.2.2 Status of sampling and measurement, and quality of data
According to the EMEP monitoring strategy, quantifying the aerosols content of
EC and OC is regarded as a level 2 activity. In Table 1.7, the only three countries
that have ever reported these parameters pr 2004 are listed; not accounting for the
EMEP EC/OC campaign conducted during the period 2002–2003. These sites are
Birkenes (NO0001R) in Norway, Illmitz (AT0002R) in Austria, and Ispra
(IT0004R) in Italy. The longest data record is seen for Birkenes (NO0001R),
which has reported concentrations of EC and OC in PM10 and PM2.5 since 2001.
At Ispra (IT0004R), measurements of EC and OC in PM10 and PM2.5 were started
in 2002, whereas for Illmitz (AT0002R) measurements of EC and OC were
reported for a period of one year starting in October 1999 and lasting until
October 2000. As for Birkenes and Ispra, EC and OC was quantified in both PM10
and PM2.5.
Table 1.7:

Sites reporting EC and OC to the EMEP database, including size
fractions and sampling period.

Site (Country)

EC

OC

PM2.5

PM10

Birkenes (Norway)

x

x

x

x

2001, 2002, 2003, 2004

Illmitz (Austria)

x

x

x

x

1999, 2000, 2002

Ispra (Italy)

x

x

PM1

x

x

Period
1)

1)

2002 , 2003, 2004

1. EMEP EC/OC campaign

Table 1.8 shows the sampling time and frequency, the filter face velocity, the
sampling technique, and the analytical instrumentation used at the three sites
listed in Table 1.7. These parameters are the most crucial concerning the
magnitude of the sampling artefact of OC and the split between EC and OC. The
two sites reporting concentrations of EC and OC in 2004 used samplers that
operated according to different sampling time and sampling frequency. The
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sampler at Birkenes (NO0001R) operated at a filter face velocity of 54 cm s-1,
which was substantially higher than for the sampler used at Ispra (IT0004R)
(20 cm s-1). Neither of the samplers operated according to a sampling technique
that corrects for, or quantifies, both the negative and the positive artefacts. At
Ispra (IT0004R), a denuder was applied to account for the positive artefact,
whereas at Birkenes (NO0001R) only a single filter was applied, accounting for
neither the positive nor the negative artefact.
Table 1.8:

Sampling equipment and analytical approach used at the various
sites reporting EC and OC to the EMEP database.

Site (Country)
Birkenes (Norway)
Illmitz (Austria)
Ispra (Italy)

Sampling
time/frequency

Filter face
velocity

(6+1) days, weekly

54 cm s

th
Every 6 day

24 hr, daily

-1

54 cm s-1
-1

20 cm s

Sampling
equipment
Single filter
(no correction)
Single filter
(no correction)
Denuder
(pos. artifact)

Analytical
approach
Sunset TOT
(quartz. par)
VDI 2465
part 1
Multi-step
flash heating1)

1. Two aliquots were analysed: one from the plain filter, the other one after baking for 2 hours in
He/O2 carrier gas at 340°C. Charring-free EC determined from the latter.

Different analytical approaches were used to quantify the samples content of EC
and OC at the two sites in question. At Birkenes (NO0001R) optical correction
was used to correct for charring during analysis, whereas the approach used at
Ispra baked one out of two aliquots of the sample for two hours in order to prevent
charring and to provide charring free EC. According to Schmid et al. (2001) only
methods that correct for charring during analysis, or that prevent charring to take
place, should be recommended when it comes to splitting TC into EC and OC.
Hence, both the approach used at Birkenes (NO0001R) and at Ispra (IT0004R)
meet this requirement.
The differences between the two sites regarding sampling and analytical
approach, pinpoints the great challenges associated with monitoring of EC and
OC with respect to get comparable results. This lack of comparability make the
data less suited for model validation, for validation of the effectiveness of
implementation of current air pollution legislations, and for the work to revise and
improve current policy. Still, the scientific shortcoming of separating the
anthropogenic and natural contribution to the aerosol content of EC and OC is
probably more important in this aspect. Despite that the results are not likely
comparable, they still provide valuable information concerning seasonal variation,
mass closure of PM, and time-trends at the respective sites.
1.2.3 EC and OC levels in Europe
The lack of comparable data makes it necessary to turn to the EMEP EC/OC
campaign in 2002/2003 to address the spatial and temporal variation of EC, OC,
and TC at European background sites (Figure 1.12) (Yttri et al., 2006b). This
dataset is quite comprehensive, and has the great benefit that all samples were
analysed using the same instrument and the same temperature program, making it
somewhat easier to compare the results obtained at the various sites.
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Figure 1.12: Sites participating in the EMEP EC/OC campaign conducted during
the period 1 July 2002–1 July 2003.
The EMEP EC/OC campaign reported a North-to-South gradient for EC, OC, and
TC in Europe for PM10. Higher concentrations were reported for EC, OC and TC
in the central, eastern and southern regions of Europe compared to the northern
and western parts. This finding seems reasonable, taken into account the
population density and number of sources in central Europe compared to e.g.
Scandinavia. On an annual basis, the EC fraction by mass of PM10 appeared to be
3.6 ± 1.2%, whereas the corresponding percentage for the OM (Organic Matter)
fraction was 26 ± 8% (Table 1.9). Without exception, levels of EC were higher in
winter than in summer. A similar seasonal cycle was observed for OC, with the
exception of Scandinavia, where concentrations were 1.5 times higher in summer
compared to winter. The study nicely demonstrated how the influence of massive
wildfires could explain parts of the observed seasonal variation, although their
sources were located more than 1000 kilometres away. Non-published results
indicate that a substantial part of the summertime increase of OC in PM10, at least
for parts of Scandinavia, could be attributed to primary biological aerosol particles
that most likely have a local origin, and that mainly reside in the coarse fraction
(Yttri et al., 2006a).
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Table 1.9:

Relative contribution of EM (EC x 1.1)1, OM (OC x 1.4 – 1.7)2, and
TCM (Total Carbonaceous Matter = EM + OM) to PM10 on annual
basis (1 July 2002–1 July 2003).
Site

EM/PM10 (%)

OM/PM10 (%)

EM+OM/PM10 (%)

Aspvreten (SE012)

3.0

32

35

Birkenes (NO01)

1.9

26

28

Braganza (PT01)

4.4

37

42

Ghent (BE02)

5.4

20

25

Illmitz (AT02)

3.6

31

34

Ispra (IT04)

5.0

31

36

Kollumerward (NL09)

2.7

17

20

Košetice (CZ03)

4.6

25

30

Langenbrügge (DE02)

2.7

28

31

Mace Head (IE31)

1.1

8.9

10

Penicuik (GB46)

3.8

16

19

San Pietro Capofiume (IT08)

3.9

24

28

4.3
3.5
3.6 ± 1.2

32
31
26 ± 8

36
35
29 ± 8

Stará Lesná (SK04)
Virolahti (FI017)
Mean ± SD

1. A conversion factor of 1.1 is used to account for hydrogen associated with EC
2. The conversion factors are based on the relative contribution of WSOC and WINSOC at the
respective sites

1.2.4 EC and OC levels at the Norwegian site Birkenes (NO0001R)
The Birkenes atmospheric research station (58° 23’N, 8° 15’E, 190 m asl) is a
joint supersite for EMEP and GAW and situated approximately 20 km from the
Skagerrak coast in the southern part of Norway (see Figure 1.12). The site is often
influenced by episodes of transboundary air pollution from continental Europe
and has frequently been used to study long-range air pollution. The station is
located in a boreal forest with mixed conifer and deciduous trees. The station has
been operational since 1971.
Figure 1.13 a-c shows the annual mean concentrations of EC, OC, and TC in
PM10, PM2.5 and PM10-2.5 at Birkenes for the period 2001–2005. For this period,
OC in PM10 ranged from 0.8 µg m-3 to 1.1 µg m-3, whereas the corresponding
range for OC in PM2.5 was 0.6–1.0 µg m-3. For PM10-2.5 the annual mean
concentration of OC ranged from 0.1–0.3 µg m-3. For PM10 and PM2.5, the annual
mean concentrations of EC ranged between 0.1–0.2 µg m-3 for the period in
question. For PM10-2.5 the annual mean concentration of EC did not exceed
0.03 µg m-3.
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Figure 1.13: Annual mean concentrations of EC, OC and TC in PM10 (a), PM2.5
(b) and PM10-2.5 (c) at the Norwegian site Birkenes (NO0001R.)
The concentration of OC in PM10 is always higher during summer compared to
winter for the period 2001–2005 at Birkenes. This can be attributed to increased
levels of OCPM10-2.5 during summer. For PM2.5, there is no consistency whether
concentrations of OC are higher in summer or in winter, and the difference is
typically very small when comparing the seasonal mean concentrations. For EC,
the concentration tends to be higher in winter compared to summer for both PM10
and PM2.5, but this is not a consistent pattern.
From Table 1.10 is can be seen that OC always is the dominant sub fraction of TC
at Birkenes, regardless of size fraction. For the period 2001–2005, OC accounted
for 89 ± 2% of the TC fraction in PM10, whereas the corresponding range for EC
was 11 ± 2%. Only minor differences were observed for PM2.5 with respect to the
relative contribution of EC and OC to TC.
Table 1.10: Relative contributions of EC-to-TC and OC-to-TC for PM10 and
PM2.5 at the site Norwegian site Birkenes (NO0001R) and at the
Italian site Ispra (IT0004R).
Site
Birkenes (NO01) (2001 - 2005)
Ispra (IT04) (2003, 2004)

PM10

PM2.5

EC/TC (%)

OC/TC (%)

EC/TC (%)

OC/TC (%)

11 ± 2

89 ± 2

13 ± 2

87 ± 1

17 ± 0.5

83 ± 0.6

16 ± 0.3

84
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Fine (PM2.5) OC is the dominant carbonaceous sub fraction, accounting for 67%
(2005) to 88% (2001) of OC in PM10. The relative contribution of coarse
(PM10-2.5) OC to OC in PM10 ranges from 11% (2001) to 33% (2005). Coarse OC
typically makes a larger contribution during summer and fall at Birkenes, and
there are strong indications based on analysis of tracer compounds that it can be
attributed to primary biological aerosol particles (Yttri et al., 2006a). The finding
that as much as 30% of OC in PM10 (2005) might be attributed to natural primary
sources is substantial and should be explored further, including at other EMEP
sites. It also emphasizes the importance of monitoring OC in both PM2.5 and
PM10, as well as performing additional analysis to improve current understanding
of which sources are contributing.
Birkenes (NO0001R) is the only EMEP site that has a time series of EC, OC, and
TC, for five years. The time series presented in Figure 1.13a (PM10) and
Figure 1.13b (PM2.5) show that the concentrations of OC and TC have been
decreasing for both PM10 and PM2.5 for the period 2001 to 2005. The decrease has
been most substantial for PM2.5. From 2001 to 2005 the concentration of TC in
PM2.5 dropped by 35%, whereas the corresponding reduction for OC was 36%.
For PM10, TC fell by 14% and OC by 18%. The less reduction for PM10 can be
attributed to the fact that OC in PM10-2.5 has increased by a substantial 164% from
2001 to 2005 (Figure 1.13c). It could be speculated that the increased concentrations of OCPM10-2.5 could follow from climatic changes, such as dry and windy
conditions and reduced snow cover, which would promote resuspension of coarse
OC from the ground.
Unlike TC and OC, the trends for EC are somewhat less clear. While experiencing
reduced concentrations of EC in PM10 from 2001 to 2004, the highest annual
mean so far was reported for 2005. An increased annual mean concentration of
EC was also reported for PM2.5 in 2005 compared to 2004.
Characteristic for EC, OC, and TC in PM10 and PM2.5 is the significant drop in
concentration observed for 2004. This reflects what has been observed for PM10,
PM2.5 and PM10-2.5, as well as for the major inorganic constituents at Birkenes
(Figure 1.14), and also for several other EMEP sites measuring PM.
8
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1,6
SO42-

PM2.5
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PM10-2.5

NH4+
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Figure 1.14: Annual mean concentration of PM10, PM2.5 and PM10-2.5 (a), and
SO42-, NO3- and NH4+ at the Norwegian site Birkenes (NO0001R).
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For the period 2001–2005, the relative contribution of TCM-to-PM10 at Birkenes
has decreased steadily from 34% in 2001 to 26% in 2005 (Figure 1.15a). The
decline is in accordance with the reduced concentrations of OC and TC observed
in the same period. The relative contribution of TCM to PM2.5 follows the same
pattern as for TCM-to-PM10, accounting for 47% in 2001 and 30% in 2005. The
relative contribution of TCM to PM2.5 is somewhat higher than for PM10, as the
carbonaceous material mainly is associated with the fine aerosol. The relative
contribution of TCM to PM10-2.5 ranged from 9–21% for the period in question,
and there is an increasing trend corresponding to the major increase in OCPM10-2.5
shown in Figure 1.15c.

a
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TCM/PM10

b
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(%)

Compared to SO42-, NO3- and NH4+, TCM accounts for the greatest contribution
of mass to PM10 at Birkenes (Figure 1.15c).
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Figure 1.15: Relative contribution of TCM (Total Carbonaceous Matter) to PM10,
PM2.5 and PM10-2.5 (a) and relative contribution of TCM (Total
Carbonaceous Matter), SO42-, NO3- and NH4+ to PM10 (b).
1.2.5 EC and OC levels at the Italian site Ispra (IT0004R)
The other site reporting levels of EC, OC and TC for 2004 was the Italian site
Ispra (IT0004R). The Ispra atmospheric research station (45° 49’N, 8° 38’E,
209 m asl) is an EMEP station situated in the Po Valley in the northwestern part
of Italy. The site is representative for the rural parts of the densely populated
central Europe and has been operational since 1985.
For 2004 the annual mean concentration of OC at Ispra was 9.0 µg m-3 for PM10
and 8.6 µg m-3 for PM2.5, whereas the corresponding levels of EC were 1.8 µg m-3
(PM10) and 1.6 µg m-3 (PM2.5) (Table 1.11). The annual mean concentration of
total carbon (TC) was 10.8 µg m-3 for PM10 and 10.2 µg m-3 for PM2.5. For
PM10-2.5 the annual mean concentration of EC, OC and TC was 0.14 µg m-3,
0.42 m-3 and 0.56 µg m-3, respectively.
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Table 1.11: Annual mean concentrations of EC, OC, and TC in PM10 and PM2.5
at the Italian site Ispra (IT0004R) for the years 2003 and 2004
(µg m-3).
PM10

Year
2003
2004

PM2,5

PM10-2.5

EC

OC

TC

EC

OC

TC

EC

OC

TC

1.7
1.8

8.3
9.0

10.1
10.8

1.3
1.6

6.6
8.6

7.8
10.2

0.46
0.14

1.8
0.42

2.3
0.56

The concentrations of EC, OC and TC, observed for PM10 and PM2.5 in 2004,
were all higher than for 2003. For PM10 the increase was less than 10% for the
three fractions, whereas it was between 20% and 30% for PM2.5. This finding
contradicts that observed for PM10, PM2.5, and the secondary inorganic constituents SO42-, NO3- and NH4+ at Ispra, for which the concentrations decreased
going from 2003 to 2004. This might indicate some kind of systematic error in the
dataset. For PM10-2.5 the concentrations of EC, OC and TC decreased by a factor
3–4 from 2003–2004. This is in agreement with the reduced concentration
observed for PM10-2.5.
For 2004 the levels of EC and OC had an obvious seasonal variation with higher
concentrations during winter compared to summer, both for PM10 and PM2.5
(Figure 1.16). This is in agreement with what was observed at Ispra during the
previous year (2003). There are indications of a similar seasonal variation for OC
in PM10-2.5, in particular during 2004, but not that pronounced for 2003
(Figure 1.16).
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Figure 1.16: Monthly mean concentrations of OC in PM10, PM2.5 and PM10-2.5 at
the Italian site Ispra (IT0004R) during 2003 (a) and 2004 (b).
From Table 1.10 is can be seen that OC was the dominant sub fraction of TC at
Ispra for the period 2003–2004, accounting for 83±0.6% of TC in PM10 and for
84% of TC in PM2.5. The corresponding percentages for EC were 17±0.5% (PM10)
and 16±0.3% (PM2.5). The low standard deviations, although for two years only,
indicate that there is a very low interannual variation for the EC-to-TC and OC-toTC ratios.
The majority of the carbonaceous material was associated with fine aerosols
(Table 1.12). However, a surprisingly low PM2.5/PM10 ratio was observed for EC
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(68±0.1%) compared to OC (84±0.9%) and TC (84±0.3%), of which there is no
obvious explanation. It should be mentioned though, that only days where data for
both EC and OC existed, were included in the annual mean ratio. In addition, days
with higher levels of EC, OC, and TC in the fine fraction compared to PM10 were
excluded, which were quite a few.
Table 1.12: Annual mean ECPM2.5/ECPM10, OCPM2.5/OCPM10, and TCPM2.5/TCPM10
ratios at the Italian site Ispra for the years 2003 and 2004 (%).
Year

ECPM2.5/ECPM10

OCPM2.5/OCPM10

TCPM2.5/TCPM10

2003

68

84

84

2004

68

83

84

Mean ± SD

68 ± 0.1

84 ± 0.9

84 ± 0.3

For 2004 the annual mean concentration of TCM accounted for 47% of PM10 at
Ispra (Figure 1.17). For PM2.5 the contribution was somewhat higher (55%), as the
carbonaceous material mainly is associated with fine aerosols at this site. These
estimates are rather high in general, and considerably higher than for 2003 and
than the estimate reported for TCM-to-PM10 for Ispra (36%) during the EMEP
EC/OC campaign conducted in 2002/2003. TCM made only a small contribution
to PM10-2.5 during 2004, accounting for 14%. While the relative contribution of
TCM-to-PM10 and PM2.5 increased from 2003 to 2004, TCM-to-PM10-2.5
decreased from 29% to 14%. A conversion factor of 1.6 was used to convert OC
to OM for all size fractions at Ispra, whereas a factor of 1.1 was used to account
for hydrogen associated with EC (Kiss et al., 2002). The conversion factors for
OC reported in literature range from 1.2–2.6, depending on the origin of the
aerosols and to what extent they have been aged in the atmosphere (Turpin and
Lim, 2000). For the EMEP EC/OC campaign, conversion factors for OC ranging
from 1.4–1.8 was calculated for the sites participating based on the relative
contribution of WSOC and WINSOC to OC at the various sites (Yttri et al.,
2006b). Without doubt, the use of such wide range conversion factors might
introduce a significant level of uncertainty to the TCM-to-PM estimates.
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Figure 1.17: Relative contribution of TCM (Total Carbonaceous Matter) to PM10,
PM2.5 and PM10-2.5 (a) and relative contribution of TCM (Total
Carbonaceous Matter), SO42-, NO3- and NH4+ to PM10 (b).
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TCM accounted for the majority of the mass concentration of PM10 at Ispra in
2004, followed by SO42- (10%), NO3- (16%) and NH4+ (7%). Whereas the relative
contribution of TCM to PM10 increased significantly from 2003–2004, only minor
changes were observed for the inorganic aerosol constituents. This collaborates to
the indication that the levels of carbonaceous material might have been
erroneously high for 2004.
1.3

Development and validation of standardised protocols for sampling OC
and analysing OC+EC for the EMEP network

1.3.1 Introduction
The EMEP monitoring data is supposed to provide high quality data to establish a
reliable picture of the air pollution situation in Europe, for model validation, for
validation of the effectiveness of implementation of current air pollution
legislations, and for the work to revise and improve current policy.
At present, there is little doubt that several of these requirements are not fully met
with respect to sampling and analysis of elemental carbon (EC) and organic
carbon (OC). This is a challenge not only troubling EMEP, but the entire
scientific community, thus development of standardised protocols for sampling of
OC and analysing EC and OC should be of high priority.
The development and validation of such a protocol is currently taken place within
the frame of EUSAAR (European Super-sites for Atmospheric Aerosol
Research), an EC-funded Integrated Infrastructure Initiative, which gathers
20 stations, of which nine are EMEP aerosol supersites. The participation of
EMEP sites is particularly important with respect to subsequent implementation of
the protocol to the EMEP monitoring network, and because sampling of
particulate OC seems to pose particular challenges in areas with low aerosol
loadings. The objectives of EUSAAR relative to the carbonaceous aerosol issues
were listed as follows:
1. Deliver a sampling train for particulate carbonaceous matter, well
characterised with respect to particle trapping efficiency, positive and
negative artefact assessment, lifetime, running cost, maintenance, etc.
2. Define a standardised thermal programme for the thermal-optical analysis of
EC and OC.
3. Assess the comparability of this standard analytical method with the other
methods used within the network and periodically check their consistency
(intercomparisons).
4. Design a standardised method for analysing back up sorbents.
5. Get the overall standardised procedure for EC+OC determination adopted by
the EMEP task force on measurements and modelling and the WHO Global
Atmospheric Watch scientific advisory group.
The workplan involves of course primarily the EUSAAR partner participating to
the “carbonaceous aerosol” activity. However, additional EMEP stations might be
included to the testing and inter comparison activities at an early stage if they
wish so.
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1. Based on the experience gained in the USA over the two last decades and in
Europe over the last few years, a sampling train prototype is to be tested at
JRC-Ispra. When satisfactory results are achieved, JRC will propose the first
sampling train (denuder – filter – sorbent) to be tested at various sites of the
EUSAAR network.
2. Tests including simultaneous sampling with various denuder – filter – sorbent
combinations will be performed over different seasons at the various sites of
the network participating to this activity. Feedbacks from the test stations will
lead to the definition of the best affordable sampling train, which will be fully
characterised in term of efficiency, positive and negative artefacts, lifetime,
running cost, maintenance, etc.
3. Standard Operational Procedures for the validated sampling train will be
edited and disseminated within the EMEP community, beyond the EUSAAR
network. Technical training sessions for using this sampling train will be
organised.
4. A harmonised procedure for the thermo-optical analysis of particulate
elemental carbon (EC) and organic carbon (OC) will be defined, based on the
experience of the EUSAAR partners participating to this activity, and on
crossed analysis of aerosol standards.
5. Periodic intercomparisons of all the instruments used for EC and OC analyses
within the EUSAAR network, will be carried out by circulating selected
aerosol filters and standards among EUSAAR partners. This activity might
also include other EMEP stations where EC+OC measurements are
performed.
6. A standardised analytical procedure for analysing volatilised OC from the
back-up sorbent will be decided upon, based on the results of concerted
investigations performed by the EUSAAR partners participating to this
activity.
1.3.2 Status
Recommendations for sampling and analysing EC/OC were put forward during
the TFMM meeting in Helsinki (April 2006). This set of recommendation should
be regarded as a first step towards the definition of a standardised method for the
measurement of carbonaceous aerosol within the EMEP network, and has not yet
been approved by the EMEP steering body. These recommendations are based on
a literature survey and on the experience we gained during the last years. They
aim at getting a better grip on the quality of the carbonaceous aerosol data
collected within EMEP, and to ensure a certain level of comparability among
sites. These recommendations include:
1. Sampling time: not more than 24 hrs.
To avoid as far as possible drastic changes in weather and air chemistry
conditions and to be consistent with other EMEP filter sampling activity to allow
for comparisons (mass closure).
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2. Sampling substrate: back-to-back pre-fired quartz fibre filters (except if
denuder is available).
The back-to-back filter sampling technique has proved to lead to comparable
results as sampling techniques including denuders. This is the only simple
technique to address sampling artefacts currently available.
3. Daily calibration of TC with external (traceable) standards.
Checking the instrument calibration with external standards is a common practise,
which should be applied to the measurements of carbonaceous aerosols within
EMEP.
4. EC/OC split quality assurance using standards (pure organics and organic
mixtures should be detected as 100% OC, pure EC should be detected as > 95%
EC).
This is an essential requirement for defining an acceptable method for EC and OC
analysis. However, there is no guarantee that methods fulfilling these
requirements would lead to comparable results when applied to atmospheric
samples.
5. Every year comparison of the EC/OC split among laboratories reporting EC
and OC data to EMEP, based on test filter samples distributed by NILU.
This would simply be an extension of the standard exchange practise taking place
within EMEP to the analysis of carbonaceous aerosols.
These recommendations will be tested and refined in the framework of EUSAAR,
but also in the connection with the EMEP intensive measurement periods (June
2006 and January 2007).
Within EUSAAR a sampling train prototype has already been tested during winter
conditions at the Italian site Ispra. If the performance of the currently tested
sampling train is satisfactory for all seasons, it is expected that it will be proposed
for validation to the EUSAAR partners by the end of 2006. The work dedicated to
the design of a standard method for EC/OC analysis is also in progress. A recent
achievement is the development of a temperature programme, which can achieve
recommendation number four listed above. Preliminary results on carbonaceous
sampling and analyses are presented below.
1.3.3 Preliminary results
Sampling train
Based on previous experience, it was decided to first test a sampling train made
up of:
1. a Carbon honey comb monolith denuder (commercially available), included to
remove the volatile organic compounds (VOCs) from the air stream, which
otherwise would condense on the quartz fibre filter and on the Carbonimpregnated glass fibre back up filter (see 3)
2. a quartz fibre filter, which is currently the substrate universally used to collect
aerosols for EC/OC analyses (impactor foil excepted)
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3. a C-impregnated glass fibre filter (formerly commercially available) to trap
the particulate OC volatised from the quartz fibre filter
The denuder efficiency has been assessed operating several samplers with
different configurations in parallel (simultaneous sampling). The results from this
testing showed that the positive artefacts accounted for 10% to 50% of the total
carbon collected on a plain quartz fibre filter, with a maximum contribution
during the less polluted periods (Figure 1.18). The denuder reduced the amount of
VOC collected by the quartz fibre filter by 65 to 85% (median = 78%). The
poorest performance was observed when the TC concentration was low (below
3 µg/m³). However, the use of this denuder would have reduced the contribution
of the adsorbed VOC (positive artefact) to the amount of C collected by the quartz
fibre filter to 2–10% for the whole range of concentrations observed, which is a
very promising achievement This result is to be confirmed in summertime
conditions.
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Figure 1.18: Concentrations of carbon collected with a PM2.5 inlet on quartz fibre
filters (green), and by quartz fibre filters sampling particle-free air
without (brown) and with (gold) a C-monolith denuder.
It was shown that the positive artefact mainly was due to the most volatile OC
fractions, which evolved at T < 300°C, and that these were the fractions most
efficiently removed by the Carbon-honey comb denuder.
The use of a denuder is expected to increase the negative artefacts, as air depleted
in VOC passes through the filter where particulate organic matter is collected.
Assessing the amount of carbon lost from this filter by volatilisation is therefore
even more essential when a using a denuder. Thus, carbon-impregnated glass fibre
filters (CIG) were tested as sorbents during March 2006 at Ispra. Figure 1.19
shows that the Carbon-honey comb monolith denuder removed 55% to 75% of the
VOCs, which was trapped by the CIG filters. It was found that the efficiency of
the CIG filters to collect the VOCs going through the denuder was quite low, only
11% on average. Experiments have been carried out to determine the efficiency of
CIG filters in trapping C volatilised from a Quartz filter, but the samples have not
yet been analysed.
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Figure 1.19: Concentrations of carbon measured from C-impregnated glass fibre
filters sampling particle-free ambient air (brown) and particle free
ambient air through the C-monolith denuder (gold and yellow for the
fist and second CIG filter, respectively).
Analytical method
There have also been carried out tests using the thermal-optical EC/OC analyser
from Sunset Laboratory in order to develop an artefact free analytical
methodology for analysis of EC and OC. This instrument offers the possibility of
monitoring variations in the sample reflectance and transmittance simultaneously
during the analysis. This feature is used to correct for generation of artificial EC
generated due to charring of OC during the analysis.
We observed that both the reflectance and transmittance of samples collected at
Ispra generally increased when the oven temperature overpassed 550°C while the
career gas was still pure He. This can be interpreted as combustion of photon
absorbing material (EC), perhaps catalysed by other constituents of the articulate
matter collected on the filter. It was shown by analysing pure EC synthesised in
the instrument itself that 20% of the EC could evolve in He already at 850°C
(Figure 1.20). This fraction dropped to 2.5% at 650°C, and to 0% (below
detection limit) at 550°C.
It was also observed that humic and fulvic acids, which are among the less
volatile organic molecules, completely evolved at 550°C in He. However, other
molecules such as poly-acids might not evolve at 550°C. Indeed, it is observed
that a larger amount of OC was measured in samples collected at Ispra when
shifting the last temperature plateau from 550°C to 650°C. The best compromise
for volatilizing as much OC as possible without burning EC during the He phase
seems therefore to be 650°C for the time being.
Regarding the choice between the use of transmittance or reflectance for charring
correction, there is currently no reason to believe that either of the two provides a
more correct estimate of the split point than the other. We have observed though
that EC determined using reflectance is in general better correlated with the
equivalent Black Carbon determined by an Aethalometer™ than EC determined
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using transmittance. Charring correction using reflectance generally leads to
higher EC values than charring correction using transmittance.
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Figure 1.20: Thermogram of synthetic EC showing evolution of EC in He at
850°C
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2. Model assessment of particulate matter in Europe: Status in
2004
2.1

Introduction

In this chapter, we present model assessment of the transboundary air pollution
with respect to particulate matter (PM) in Europe in 2004. The concentrations
have been calculated with the Unified EMEP model using the recently updated
emissions from the EMEP database.
Calculated maps of annual mean transboundary concentrations of PM2.5 and PM10
and the individual aerosol components for 2004 are presented. The PM
constituents include primary PM and secondary inorganic aerosols (SIA) from
anthropogenic emissions, natural aerosols of sea-salt and wind blown dust and
particle water. Validation of model results through comparison with EMEP
observation data in 2004 is provided. A specific attention is given to the
reconciliation of model calculations of elemental carbon (EC) concentrations with
measured EC concentrations in Europe.
In this chapter, we also present calculated exceedances of the current EU limit
values and the recently updated WHO guideline values by transboundary PM10
and PM2.5.
2.2

Methods

2.2.1 Emissions
In the latest model runs we have used the recently updated emission data from the
EMEP database. The emission data in the EMEP database is a mixture of
emissions officially reported by countries and expert estimates (in the cases of
missing or unreliable reported data). The officially reported emissions of particle
gaseous precursors (SOx, NOx and NH3) and of primary PM10 and PM2.5 have
recently undergone a thorough revision and quality control on regarding their
consistency and comparability (EMEP, 2006).
Chemical composition of PM10 and PM2.5 emissions is not reported by countries.
To make a chemical speciation of PM emissions we have used the inventory of
primary emissions of fine carbonaceous particles developed at the International
Institute of Applied Systems Analyses (IIASA) (Kupiainen and Klimont, 2004).
EC fractions in PM2.5 emissions were derived using IIASA submicron EC
emissions for 2000. We have applied these fractions to emissions of PM2.5 from
the EMEP database for the years 2000 to 2004 to obtain EC emissions for model
calculations. Emissions of coarse BC were derived using preliminary BC fractions
in coarse PM emissions also provided by IIASA.
EC emissions from forest fires have been accounted for using data from the
Global Fire Emission Database (GFED2) (Van der Werf et al., 2005). The GFED
database provides monthly emissions from biomass burning on a global scale
(1x1º) over the period of 1997–2004. Forest fires emissions in Europe are
confined to the warm season and on average smaller than anthropogenic EC
emissions. The major wildfire EC emissions are associated with large forest fires
in Portugal, the Mediterranean countries, Kazakhstan, northern and north-western
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Russia, the Baltic countries, and Byelorussia. In some of these areas, wildfire
emissions of EC can be comparable to anthropogenic EC emissions.
The injection height of wildfire emissions is a crucial parameter for modelling
transport of the smoke plume. As a first approximation, the wildfire emissions
have been equally distributed between the model vertical layers up to the altitude
of about two boundary layer heights.
2.2.2 Modelling
Transboundary concentrations of PM10 and PM2.5 presented here have been
calculated with the Unified EMEP model for the year 2004. The description of the
model and documentation of its later development can be found in EMEP (2003),
EMEP (2004b) and EMEP (2005a). The meteorological data for 2004 used to run
the model was produced with the HIRLAM-PS Weather prediction model.
An extended version of the EMEP model, allowing for description of the chemical
composition of primary PM has been used in this work (EMEP, 2003; EMEP,
2005a; Tsyro, 2005).
In the model we assume that 20% of the emitted EC is hydrophilic, while 80% is
hydrophobic (Cooke and Wilson, 1996). The model accounts for so-called EC
ageing processes, i.e. the change of EC’s hygroscopic properties. While freshly
emitted EC is mostly hydrophobic, aged EC have a more hydrophilic character.
This can be attributed to aging during atmospheric transport, which follows from
coating of hygroscopic material, condensation of low-pressure vapours and
coagulation of EC with hygroscopic particles.
A series of sensitivity experiments have been performed testing various EC aging
rates suggested in scientific articles (Cooke and Wilson, 1996; Riemer et al.,
2004). In several studies the best match between modelled and measured EC
concentrations were obtained for EC ageing rates corresponding to a half-life of
hydrophobic EC of about one day (Croft et al., 2005; Park et al., 2005; Hendricks
et al., 2004). Riemer et al. (2004) simulated soot ageing by coagulation and
condensation in an industrialised environment (in Germany), dominated by fossil
fuel combustion. On the basis of modelling results they constructed a simple
parameterisation, providing soot-ageing rates dependent on the season, time of the
day and altitude. In the present work, we have used EC ageing rates based on the
results from Riemer et al. (2004).
Hydroscopic properties of EC determine the efficiency of its wet scavenging and
dry deposition. We assumed that hydrophobic EC is not washed out from clouds.
For hydrophilic EC we used a scavenging ratio of 0.5·106, which is about a half of
that for sulphate. Also the dry deposition of hydrophobic EC is slower that that of
internally mixed hydrophilic EC, as hydrophobic particles do not experience
hygroscopic growth.
2.3

Concentrations of PM10 and PM2.5 in 2004

Model calculated annual mean concentrations of PM10 and PM2.5 in 2004 are
presented in Figure 2.1. Calculated PM10 and PM2.5 include primary PM and
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secondary inorganic aerosols (SIA) from anthropogenic emissions, natural
aerosols of sea-salt and wind blown dust and particle water. Particle water has
been included in the calculated PM concentrations in order to account for the
water in PM mass measured with gravimetric methods according to the CEN
standard. Particle water mass have been calculated as documented in EMEP
(2005b).
The calculated annual mean concentration of transboundary PM ranged from 5 to
20 μg/m3 for PM10 and from 5 to 15 µg/m3 for PM2.5 for most of Europe. The
overall levels of PM concentrations in 2004 were somewhat lower than those
calculated for the previous year of 2003 (EMEP, 2005a). As explained in EMEP
report 1/2005 and EMEP report 4/2005, the enhanced PM concentrations in 2003
occurred due to specific meteorological conditions experienced in various parts of
Europe that year.
Similar to 2003, the highest calculated annual mean PM concentrations for 2004
were found for the Benelux countries, the Po Valley in Italy, the Mediterranean
countries and southern parts of Ukraine and the Russian Federation. In these
areas, the annual mean concentrations of PM2.5 exceeded 20 μg/m3, whereas
concentrations of PM10 exceeded 25-30 μg/m3. The lowest concentrations of PM10
and PM2.5 were calculated for the Scandinavian countries and the north of Russia,
and were typically below 5 µg/m3.
ug/m3

ug/m3

20
15
10
5
1

20
15
10
5
1

PM10 in 2004 (incl. nat. dust and water)

PM2.5 in 2004 (incl. nat. dust and water)

Figure 2.1: Annual mean transboundary concentrations of PM10 (left) and PM2.5
(right) in 2004, calculated with the Unified EMEP model. PM
includes primary PM, SIA, sea-salt, dust and water.
2.4

Concentrations of PM constituents in 2004

Annual mean concentration maps of primary PM2.5, primary coarse PM, SIA and
natural particles are shown in Figure 2.2.
Primary PM. As expected, the distribution of primary PM (PPM) concentrations
(Figure 2.2a) reflects the distribution of PM emissions. The hotspots of annual
mean concentrations of primary PM2.5 coincide well with the locations of major
European cities with large emissions from traffic and residential and commercial
combustion. In many big cities, the calculated annual mean transboundary
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concentrations of primary PM2.5 are 3-5 μg/m3. Enhanced primary PM2.5 concentrations from shipping are seen in the Gibraltar and in the English Channel. In
most of the European rural regions, the annual mean concentrations of primary
PM2.5 are between 1 and 3 μg/m3.
The annual mean concentrations of primary coarse PM are generally a factor of
4-5 lower than primary PM2.5 (Figure 2.2b). The concentration ratio of coarse
PPM to PPM2.5 decreases from about 0.4 in cities to 0.1-0.2 in rural areas and
below 0.05 in remote areas. This is because of a much shorter atmospheric
residence time of coarse PM compared to fine PM, as coarse particles are very
efficiently removed by dry deposition and gravitational sedimentation. Hence,
primary PM2.5 makes a larger contribution to the transboundary PM air pollution
in Europe than coarse PPM.
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Figure 2.2: Calculated annual mean concentrations of (a) primary PM2.5 and (b)
primary coarse PM, (c) SIA and (d) natural particles, including seasalt and wind blown dust in 2004.
SIA. Being secondary pollutants, SIA concentration field are rather smooth over
Europe. Calculated annual mean concentrations of secondary inorganic aerosols
vary from 5 to 10 μg/m3 for continental Europe, whereas the corresponding range
for the Scandinavian countries, Ireland, Scotland and northern Russia is below
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3 µg/m3 (Figure 2.2c). The largest SIA concentrations are found in the Benelux
countries, the Po Valley in Italy, Germany, the Czech Republic, Hungary and
Ukraine. Enhanced SIA concentrations in the Mediterranean Sea and the English
Channel are due to the large SOx and NOx emissions from shipping.
Natural PM. Concentrations of natural PM, comprising sea-salt and wind blown
dust, lie mostly between 0.5 and 5 μg/m3 (Figure 2.2d). The influence of dust
from African deserts is pronounced for the southern parts of Europe. Concentrations ranging from 10-15 μg/m3 are calculated for the south of Spain, Italy and
Greece, whereas they exceed 20-30 μg/m3 in the southern parts of Russia, in the
Caucasus countries and in Kazakhstan. It should be noted that model calculated
concentrations of natural dust are still rather uncertain and that this should be kept
in mind while interpreting them.
Sea-salt concentrations are largest in the vicinity of sea coasts, especially along
the North Atlantic coast, where they can approach values of 5-7 μg/m3. However,
sea-salt concentrations decrease rather fast as moving away from the coasts areas.
Particle water. Calculated annual mean concentrations of particle water, which
represents the mass of water in gravimetrically measured PM concentrations,
ranged from 0.5 to 2 μg/m3 in Europe in 2004. This accounted for 5 to 15% of the
PM10 mass and about 5 to 20% of the PM2.5 mass. However, these results should
be regarded as provisional as model calculations of particle water have not yet
been properly validated.
Elemental carbon (EC). Elemental carbon is a minor component of the ambient
PM. EC is a primary aerosol, originating from anthropogenic and natural
combustion of carbon containing fossil and biomass fuels. Figure 2.3 (left panel)
presents model calculated annual mean concentrations of EC in 2004 using
recently updated official emissions of primary PM. Being a primary pollutant the
spatial distribution of EC concentrations reflects the distribution of primary
(anthropogenic) PM emissions. The highest EC concentrations (1-2 μg/m3) are
associated with areas characterised by major emission sources such as the big
cities of Paris, Milan, Moscow and Istanbul, Belgium, southern and central parts
of Poland, eastern and central Ukraine, and in the Gibraltar due to the emissions
from shipping. The calculated annual mean concentrations of EC vary between
0.2-0.6 μg/m3 in most of Europe. The lowest concentrations of EC (0.2 μg/m3) are
calculated for the northern parts of Europe (the Nordic countries, the Republic of
Ireland and Scotland). The highest contribution of EC to PM2.5, reaching 7-10%,
was calculated for areas experiencing high PM emissions from traffic and
residential heating (cities) and from ships (Figure 2.3, right panel). On an annual
basis, the EC fraction by mass of PM2.5 ranged from 2 to 5% in Europe in 2004.
Model results show that on an annual basis, the areas influenced by forest fires
emissions are rather limited. The calculated EC concentrations from forest fires in
general are much lower compared to anthropogenic EC. It should be noted that
2004 was quite a modest year with respect to forest fires in Europe. For areas such
as Kazakhstan, Portugal and Bulgaria, which were influenced by major forest fires
in 2004, the calculated annual mean concentrations of EC typically ranged from
20-50 ng/m3, whereas they were well below 10 ng/m3 for most of Europe
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(Figure 2.4, left panel). The annual mean contribution of EC from forest fires to
the total EC concentration in PM2.5, were generally below 3% in 2004 (Figure 2.4,
right panel). Only in regions close to the forest fires did the relative contribution
reach 10-15%. During 2003, when southern Europe experienced one of its most
severe forest fire seasons, the contribution of EC from fires to the total EC
concentrations reached 5-15% in the Balkan countries and it even exceeded 20%
in Portugal on an annual basis (EMEP, 2006).

Figure 2.3: Annual mean concentrations of EC (left panel) and EC contribution
to PM2.5 (right panel) in 2004 calculated with the EMEP model.
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Figure 2.4: Calculated annual mean concentrations of EC from wildfires (left
panel) and its contribution to the total EC concentration (right
panel) in 2004. Fires emissions are from the GFED database (Van
der Werf et al., 2005).
2.5

Validation of model results

This chapter provides results of the evaluation of model results for PM through
comparison with observations within the EMEP monitoring network in 2004.
Table 2.1 summarises the statistics of comparison of modelled concentrations of
PM10, PM2.5, SIA and some individual aerosol components with observations at
all EMEP sites where measurements were available in 2004. The number of
stations with measurements of the relevant components in 2004 is shown in the
second column (Nsite) of Table 2.1.
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Table 2.1:

Component

Summary of the comparison statistics between model calculated and
measured annual mean concentrations for PM10, PM2.5, SIA, SO42-,
NO3-, NH4+, and Na+ at EMEP stations with observations in 2004.
Nsite

Obs

Mod

Bias

RMSE

Corr

PM10

35

16.73

12.14

-27

6.17

0.76

PM2.5

22

10.87

8.67

-20

4.05

0.76

SIA

16

3.61

3.85

6

1.42

0.86

SO42-

54

1.82

1.53

-15

0.57

0.84

-

23

1.37

1.86

35

1.00

0.82

+

19

0.80

0.92

14

0.38

0.86

7

0.60

0.68

14

0.21

0.94

NO3
NH4
Na+

On average, the model calculated annual mean concentrations of PM10, PM2.5 and
all considered aerosol components are within 35% of the measured values. The
coefficients of spatial correlation between calculated and observed concentrations
for all components are quite high, lying between 0.7 and 0.94. In the following
subsections we present more detailed verification results for PM10, PM2.5 and their
associated inorganic constituents.
2.5.1 PM10 and PM2.5
Scatter-plots for annual mean modelled and measured concentrations of PM10 and
PM2.5 are shown in Figure 2.5.
The model underestimates observed PM10 concentrations by 27% and observed
PM2.5 concentrations by 20%. A significant part of the current underestimation is
because Secondary Organic Aerosols (SOA) has not been accounted for in the
EMEP Unified model. The progress of SOA modelling is reported in Chapter 3.
The spatial correlation between calculated and measured concentrations is 0.76
for both PM10 and PM2.5.

Figure 2.5: Scatter-plots for modelled versus observed annual mean
concentrations of PM10 and PM2.5 at EMEP stations for 2004.
Comprehensive statistics of the comparison of model calculated daily PM10 and
PM2.5 concentrations with measurements at individual EMEP sites are provided in
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Table 2.2 and Table 2.3. The examination of the scatter-plots in Figure 2.5 and the
statistics tables (Table 2.2 and Table 2.3, last two columns) shows that model
calculated concentrations are within 35% of the measured concentrations at 24 of
35 stations for PM10 and at 16 of 21 stations for PM2.5.
The largest model underestimation of PM10 (by more than a factor of 2) is found
for the Swedish site SE35 and the Austrian site AT02. We do not have yet any
good explanation for the model considerable underestimation of PM10 at SE35
(Vindeln). It can be noted that differently from most EMEP sites using
gravimetric methods for PM mass determination, hourly PM10 concentrations
were measure with automated instruments at Swedish sites. The possible reason
for model underestimation at AT02 will be discussed below. The other sites where
the model underestimates PM10 by more than 35% are the Swiss stations Payerne
(CH02) and Tänikon (CH03), the two Italian sites Ispra (IT04) and Montelibretti
(IT01), the Swedish stations Vavihill (SE11) and Aspvreten (SE12), and the
Spanish stations Barcarrota (ES11) and Els Torms (ES14). The model also
considerably underestimated the PM2.5 concentrations at several of these sites, i.e.
at AT02, IT04, CH02 and SE12.
The effect of model topography. The accuracy of the model reproduction of
observed concentrations depends among other factors on how well the grid
average topography in the model reflects the actual elevation level of the
measurement site.
As an example, the two Swiss sites Payerne (CH02) and Chaumont (CH04) are
located just about 20 km from each other, but they are separated by more than
600 m in elevation above the sea level (their altitudes are 510 and 1130 m,
respectively). Measurements from the national monitoring network NABEL,
presented at the 7th TFMM meeting, showed that the summer PM concentrations
at these two stations were very similar. On the other hand, the mean winter PM
concentration at the mountain site Chaumont was much lower than in Payerne
because Chaumont was typically situated in the free troposphere most of the
wintertime. These two stations are located in the same EMEP grid cell. Therefore,
in the model calculations they are assigned the same elevation of 886 m, which
corresponds to the grid average topography height. Thus, the model predicts the
same PM10 concentrations for both Payerne and Chaumont.
Further examination suggests that a probable reason for the consistent model
underestimation of PM10 and PM2.5 concentrations at the Swiss sites CH02 and
CH03 and at the Austrian site Illmitz (AT02) might be that the average grid
topography is higher than the actual elevations of those sites (highlighted in bold
Italic in Table 2.2 and Table 2.3). Consequently, the sites are assigned the PM
concentrations calculated for the model levels above the actual sites’ altitudes.
Given a general decrease of PM concentrations with height, these calculated
concentrations will be lower than observed values.
Mountain sites. The model tends to predict relatively higher PM10 concentrations
than observed at most of the elevated stations (stations located above 900 m are
shaded grey in Table 2.2 and Table 2.3). This is principally due to the model
overestimation of PM10 in winter, when those sites are often above the boundary
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inversion layer. However, due to a relatively coarse grid resolution the model
cannot resolve the sub-grid topography variations. Therefore, the mountain sites
are often placed at lower heights than their actual altitudes and thus they may be
situated more often within well-mixed layer in winter in the model.
The effect of model grid average topography on the model prediction of PM
concentrations at mountain sites is illustrated in Figure 2.6. The figure shows
scatter-plots for calculated versus observed PM10 separately for “winter” (January
and February) and “summer” (May–September). The agreement between model
calculated PM10 concentrations and observations varies depending of how well the
grid average topography corresponds to the altitude of the sites. Figure 2.6 shows
that the largest model overestimation of mean winter PM10 concentrations is found
in at DE03, DE05, DE08 and AT48. These are the sites which actual elevation is
larger than the grid average topography height (highlighted in bold in Table 2.2
and Table 2.3), thus they get assigned higher concentrations calculated for the
lower model levels.
On the other hand, there are several mountain sites for which the average grid
topography height is larger then their actual elevation above the sea level. For
those sites, the model tends to underestimate (as at AT05 and CH05) or to predict
close to the observations (as at AT04) PM10 concentrations. For the sites, which
real elevation is close to the average grid topography in the model, the model
predicts winter PM10 concentrations generally closer to the observations (ES07,
ES09, ES12, ES13 and ES15). The same can be found for the model results for
PM2.5 concentrations at mountain sites (highlighted in bold in Table 2.3).

Figure 2.6: Scatter-plots for modelled versus observed concentrations of PM10
for the “summer” period (May-September) (left) and the “winter”
period (January-February) for all PM sites (middle) and selected
sites (right) in 2004.
Further, Table 2.2 and Table 2.3 compares the model results for PM10 and PM2.5
with observations, as more components are consecutively included in calculated
PM. We consider tree cases: 1) dry anthropogenic PM (primary PM and SIA),
2) dry PM including anthropogenic and natural (sea-salt and wind blown dust)
particles and 3) PM including anthropogenic and natural particles and particle
water. By accounting for natural dust, the model performance with respect to
PM10 and PM2.5 generally improves. The positive effect of accounting for natural
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dust is especially pronounced for PM10 as the model underestimation decreases
and the temporal correlation increases at practically all of the stations.
For PM2.5, including natural dust also resulted in a decrease of the model
underestimation and better temporal correlation at most of the sites. However,
somewhat decreased temporal correlation at some sites (e.g. Spanish Els Torms,
Cabo de Creus and Viznar and Austrian sites) indicates that modelling of wind
blown dust needs further testing and verification. Further, accounting for particle
water in gravimetrically measured PM concentrations, brings the model calculated
PM10 and PM2.5 concentrations even closer to the observations.
Table 2.2:

DE02
DE03
DE04
DE05
DE07
DE08
DE09
DE41
DK05
CH02
CH03
CH04
CH05
AT02
AT04
AT05
AT48
IT01
IT04
NO01
ES07
ES08
ES09
ES10
ES11
ES12
ES13
ES14
ES15
ES16
SE11
SE12
SE35
CY02

Comparison statistics between model calculated daily
concentrations of PM10 and EMEP observations for 2004 *).

Langenbrügge
Schauinsland
Deuselbach
Brotjacklriegel
Neuglobsow
Schmüke
Zingst
Westerland/Tinnum
Keldsnor
Payerne
Taenikon
Chaumont
Rigi
Illmitz
St. Koloman
Vorhegg
Zoebelboden
Montelibretti
Ispra
Birkenes
Viznar
Niembro
Campisabalos
Cabo de Creus
Barcarrota
Zarra
Penausende
Els Torms
Risco Llano
O Savinao
Vavihill
Aspvreten
Vindeln
Ayia Marina

Obs
17.48
10.45
18.13
12.27
13.79
10.35
15.19
19.12
20.31
19.97
19.43
11.28
11.98
24.52
12.66
10.44
10.88
28.99
34.65
5.35
24.44
16.4
13.25
21.11
18.6
17.24
13.26
22.28
15.91
13.29
13.83
10.51
7.83
29.85

Dry
anthropogenic
Mod
R
10.58
0.57
8.35
0.22
13.13
0.62
10.85
0.51
8.56
0.53
9.11
0.25
10.57
0.55
14.13
0.61
15.46
0.65
7.06
0.47
7.54
0.51
7.08
0.3
6.05
0.39
9.01
0.55
9.71
0.57
5.36
0.34
8.4
0.37
9.05
0.5
13.33
0.24
3.53
0.54
4.78
0.33
8.03
0.36
4.92
0.21
10.13
0.51
5.08
0.24
6.95
0.38
5.58
0.16
7.75
0.48
6.01
0.18
7.08
0.6
7.6
0.41
4.22
0.38
1.88
0.57
12.25
0.24

Dry anthrop. +
natural
Mod
R
10.97
0.57
9.57
0.31
13.73
0.63
11.41
0.56
8.97
0.53
9.67
0.26
10.83
0.55
14.45
0.61
15.76
0.66
9.05
0.47
8.86
0.51
9.12
0.4
7.37
0.38
10.29
0.47
11.17
0.63
7.13
0.31
9.97
0.39
13.44
0.5
15.5
0.24
3.67
0.55
21.77
0.43
12.82
0.27
7.55
0.62
13.09
0.54
9.56
0.29
11.28
0.55
7.97
0.3
11.48
0.46
10.57
0.52
9.28
0.58
7.78
0.43
4.89
0.48
1.99
0.54
24.84
0.33

Wet anthrop. +
natural
Mod
R
12.57
0.57
10.84
0.31
15.6
0.63
13.29
0.56
10.24
0.53
11.07
0.27
12.21
0.56
16.01
0.61
17.61
0.67
10.07
0.48
10.12
0.52
10.14
0.41
8.3
0.4
11.77
0.49
12.66
0.64
8.0
0.33
11.2
0.42
14.93
0.51
17.82
0.23
4.14
0.56
22.7
0.44
14.21
0.32
8.38
0.63
14.49
0.55
10.49
0.31
12.46
0.57
8.92
0.31
12.78
0.48
11.52
0.53
10.63
0.62
8.72
0.45
5.43
0.48
2.34
0.53
27.18
0.34

*) Shaded cells mark elevated (above ca. 900 m) sites. In bold are the sites where the average grid
topography height is considerably lower than the actual site altitude. In bold and Italic are the
sites where the average grid topography height is considerably higher than the actual site altitude.
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Table 2.3:

Comparison statistics between model calculated daily
concentrations of PM2.5 and EMEP observations for 2004 *).
Obs

DE02
DE03
DE04
CH02
CH04
AT02
AT48
IT04
ES07
ES08
ES09
ES10
ES11
ES12
ES13
ES14
ES15
ES16
NO01

Langenbrügge
Schauinsland
Deuselbach
Payerne
Chaumont
Illmitz
Zoebelboden
Ispra
Viznar
Niembro
Campisabalos
Cabo de Creus
Barcarrota
Zarra
Penausende
Els Torms
Risco Llano
O Savinao
Birkenes

13.28
7.23
14.03
14.85
8.17
19.12
9.19
28.17
11.09
9.64
8.42
12.78
10.69
8.32
8.47
12.61
8.25
9.14
3.29

Dry.anth
Mod
R
9.17
0.59
7.69
0.26
11.93
0.7
6.11
0.52
6.15
0.34
8.09
0.56
7.25
0.37
11.97
0.28
3.71
0.42
5.3
0.43
4.22
0.25
6.53
0.58
4.08
0.41
5.67
0.5
4.56
0.34
6.06
0.5
4.9
0.27
5.21
0.73
2.53
0.66

Dry+dust
Mod
R
9.44
0.59
8.55
0.3
12.28
0.7
7.29
0.5
7.33
0.36
9.01
0.5
8.25
0.33
13.19
0.28
11.65
0.39
7.38
0.42
5.71
0.47
8.33
0.53
6.35
0.48
8
0.49
5.85
0.37
8.19
0.41
7.24
0.45
6.29
0.69
2.67
0.68

Total
Mod
R
11.02
0.59
9.84
0.33
14.15
0.69
8.32
0.5
8.36
0.38
10.48
0.51
9.48
0.36
15.49
0.27
12.59
0.41
8.76
0.47
6.57
0.5
9.73
0.55
7.28
0.5
9.17
0.52
6.82
0.41
9.51
0.44
8.2
0.48
7.67
0.72
3.15
0.69

*) Shaded cells mark elevated (above ca. 900 m) sites. In bold are the sites where the average grid
topography height is considerably lower than the actual site altitude. In bold and Italic are the
sites where the average grid topography height considerably higher than the actual site altitude.

Seasonal verification. Table 2.4 presents a summary of the validation of model
results in different seasons. The model underestimates PM10 and PM2.5
concentrations in all seasons. One on the main reasons of model underestimation
of PM10 and PM2.5 through the whole year is not accounting for secondary organic
aerosols (SOA) in these calculations.
Table 2.4:

Seasonal verification of model calculated PM10 and PM2.5 with
EMEP observations for 2004.

Daily
JANFEB
SPRING
SUMMER
AUTUMN

N sites
31
31
31
28
28

N obs
9936
1721
2553
2449
2388

PM10
Obs
17.09
16.94
17.35
18.06
16.43

Mod
12.15
12.29
12.74
10.01
12.69

Bias
-28
-27
-26
-44
-22

RMSE
14.12
16.33
12.35
15.63
11.85

Corr
0.48
0.42
0.58
0.46
0.54

Daily
JANFEB
SPRING
SUMMER
AUTUMN

N sites
17
17
17
16
16

N obs
5462
879
1381
1403
1350

PM2.5
Obs
12.02
13.77
12.16
12.11
11.01

Mod
9.53
9.78
10.03
8.14
9.9

Bias
-20
-28
-17
-32
-10

RMSE
10.56
15.21
9.92
8.09
8.39

Corr
0.44
0.39
0.53
0.46
0.53

The model underestimation of both PM10 and PM2.5 is largest in summer. The
lesser model underestimation of PM10 and PM2.5 in the cold period is partly
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because the model overestimates SIA concentrations in cold months, while in
summer the model slightly underestimates SIA (see SIA verification). Another
reason is the model overestimation of winter PM concentrations at several
mountain sites, as discussed above.
2.5.2 SIA
Comparison of model calculated concentrations of SIA with observations is
presented for the sites where concurrent measurements of all SIA components
(SO42-, NO3- and NH4+) were available for 2004. The model overestimates SIA
concentrations by 6% on average (Figure 2.7). The model tends to underestimate
SIA concentrations in remote regions represented by Norwegian sites, while it
overestimates closer to the main emission areas, such as for sites in Eastern
Europe (Latvia and Poland) and in western parts of Russia. The spatial correlation
between calculated and measured SIA is 0.86.
Scatter-plots for the individual SIA components, SO42-, NO3- and NH4+, are
displayed in Figure 2.7. Note that the scatter-plot for SO42- is shown for selected
sites (those with SIA measurements) to make the picture more discernible. For
NO3- and NH4+, all sites with measurements of these components are included in
the scatter-plots.

Figure 2.7: Scatter-plots for calculated versus measured concentrations of SIA,
SO42-, NO3- and NH4+ for 2004. Here, scatter-plot for SO42- is for
EMEP sites with complete SIA measurements.
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The model tendency to underestimate SIA concentrations at remote sites and
overestimate at more polluted sites, are also reported for all the individual
components SO42-, NO3- and NH4+. On average, the concentrations of SO42- are
underestimated by 6% by the model at the SIA sites, while NO3- and NH4+
concentrations are overestimated by 35% and 14% respectively. The spatial
correlation is very good for all of the SIA components: 0.89 for SO42-, 0.82 for
NO3- and 0.86 for NH4+.
Table 2.5 shows that model performance for SIA is fairly good for all seasons,
with a bias lying within 24% and spatial correlation coefficient between 0.62 and
0.67. The model tends to slightly overestimate SIA concentrations in winter and
underestimate in summer. As it is seen in Figure 2.8, the model underestimation
of summer mean SIA concentrations is due to slight model underestimations all of
the three SIA components, SO42-, NO3- and NH4+. While the model overestimation
of SIA concentrations in winter is due to its considerable overestimation of NO3and some overestimation of NH4+ concentrations in the cold period. The overprediction of NO3- and NH4+ by the model was also documented in the previous
EMEP reports. The main reason for that that the simplified equilibrium aerosol
model EQSAM used to calculate these components tends to partition too much
nitrate and ammonium to aerosol phase under lower temperatures. We envisage
testing other thermodynamic models (e.g. ISORROPIA, EQUISOLV) in the
EMEP model.
Table 2.5:
Period
Daily
JANFEB
SPRING
SUMMER
AUTUMN

Seasonal verification of model calculated concentrations of SIA and
the individual SIA components with EMEP observations for 2004.
N sites
16
15
16
16
16

N obs
5098
813
1417
1243
1210

Obs
3.81
4.58
4.24
3.2
3.3

Mod
4.07
5.71
4.32
2.53
3.7

Bias
6
24
1
-20
12

RMSE
3.86
5.18
3.87
2.3
3.26

Corr
0.66
0.63
0.69
0.62
0.67

Figure 2.8: Time-series of calculated (dashed curves) and measured (solid
curves) monthly mean concentrations of SO42- (red), NO3- (blue) and
NH4+ (black) in 2004 (only sites with concurrent measurements of
these three SIA components are included).
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2.5.3 Sea-salt
Only few measurements are available to validate modelled concentrations of
ambient PM sea-salt concentrations. Model calculated concentrations of Na+ have
been compared with observations at eight EMEP stations. Figure 2.9 (left panel)
presents a scatter-plot of annual mean calculated and observed Na+ concentrations
in air. Note that a site-outlier Zeppelin situated on Spitsbergen is not shown in the
scatter-plot, but discussed in the text.
The scatter-plot in shows a good general agreement between calculated and
measured concentrations of Na+ concentrations, with a mean model average
overestimation of 14%, and a spatial correlation of 0.94 for seven Nordic sites.
When NO42 (Zeppelin) is also included, the model overestimation of Na+
concentrations increases to 38%, while the spatial correlation decreases to 0.76.
As Table 2.6 show, the model overestimates measured Na+ air concentrations by
more than a factor of 6 at NO42. Model overestimation of also other gaseous and
aerosol components was reported before. One of possible reasons for that could be
the underestimation of the site’s altitude, which is 474 m above the sea level,
while the average grid topography height is 268 m. This probably makes the
largest effect on the model calculations of sea-salt concentrations at this site as
sea-salt aerosols are emitted from the sea surface and their concentrations
decrease faster with the altitude.
Concentrations of Na+ in precipitation are considerably underestimated by the
model (Figure 2.9, right panel). So far we do not seem to have any good
explanation for this large underestimation. We investigated one possible reason
that wet scavenging of sea-salt aerosols was too small in the model. A number of
sensitivity tests were performed changing wet scavenging ratios from 1·106 to
2·106. The tests showed that Na+ concentrations in precipitation first increased and
then decreased as the scavenging ratio was increasing from 1·106 to 2·106. For our
model calculations we currently adopted the scavenging ratio value of 1.6·106.

Figure 2.9: Scatter-plots for calculated versus EMEP measured concentrations
of Na+ in air (left panel) and precipitation (right panel) for 2004.
Another plausible explanation of the model underestimation of concentrations of
Na+ in precipitation could be the contribution of particles larger than 10 μm in the
measured Na+ wet concentrations, whilst the model deals with particles with
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diameters smaller than 10 μm. Even though the larger particles are efficiently
removed from the air through gravitational sedimentation so that their travel
distances are limited, a small number of them in precipitation could increase
significantly Na+ wet concentrations.
Temporal correlation coefficients between calculated and measured daily air
concentrations of Na+ are mostly above 0.6 at the sites with measurements
(Table 2.6). The best correlation is at Danish sites (0.74 and 0.78). The lowest
correlation coefficient of 0.27 is at Zeppelin.
Table 2.6:

Comparison statistics for model calculated Na+ air concentrations
with EMEP observations in 2004.
obs

mod

Bias

Corr

NO01

Birkenes

0.37

0.29

-23

0.6

NO08

Skreådalen

0.36

0.82

129

0.7

NO15

Tustervatn

0.3

0.38

27

0.56

NO39

Kårvatn

0.21

0.25

22

0.43

NO42

Spitsbergen. Zeppelin

0.2

1.28

547

0.27

NO55

Karasjok

0.19

0.23

19

0.6

DK03

Tange

1.04

0.88

-15

0.74

DK08

Anholt

1.7

1.91

13

0.78

2.5.4 Wind blown dust
Calculation of wind blown dust is currently the most uncertain part of aerosol
calculation with the EMEP model. Firstly, this is because of the lack of adequate
input information, e.g. soil types and morphology, soil moisture, micro-roughness
parameters, etc.. Secondly, the currently available parameterisations of dust
production, including the parameterisation implemented in the EMEP model,
contain a number of empirical parameters which values are practically unknown
for the European area. Those are parameter are specific to particular soils and
meteorological conditions and include e.g. so-called, sandblasting efficiency,
availability of erodible soil elements, soil crust formation etc. The calculated
production of erosion dust is very sensitive to the input of meteorological
parameters (wind speed, friction velocity, precipitation) and soil properties data. It
is particularly sensitive the choice of empirical parameters. Presently, the values
of most of the parameters are taken from scientific literature. Those parameters
are based on measurements carried out mostly in African deserts and southern
Spain (e.g. Gomes et al., 2003) and it is not verified to what extent they are
applicable for the European soils. The adopted parameters were calibrated to
provide the best fit between modelled and observed levels of PM concentrations.
To account for wind blown dust originating from the African deserts Sahara and
Sahel outside the EMEP grid, we used boundary conditions for natural dust. The
data employed for boundary conditions were monthly mean concentrations of fine
and coarse dust for 2000 from the global chemistry transport model of the
University of Oslo.
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No appropriate measurements were available for validation of model calculated
dust concentrations in PM. A number of EMEP sites measured concentrations of
Ca2+, Mg2+ and K+ in 2004, but these mineral components make up only a minor
part of natural dust. The major components of natural mineral dust, Si and Al, are
not measured at present. In order to make use of the measurements of Ca2+, Mg2+
and K+ concentrations in the validation of modelled mineral dust we intend to
further develop the model to calculated explicitly the chemical composition of
mineral dust.
A preliminary validation of calculated concentrations of wind blown dust can be
done through the comparison of PM concentrations calculated with and without
natural dust with observations (see Table 2.2 and Table 2.3). It was shown that
model calculated PM10 and PM2.5 concentrations in general are closer to and better
correlate with measured values when natural dust is accounted for. A particular
notable improvement in the model results was achieved for PM10. These results
suggest a reasonable reproduction of ambient dusts concentrations by the model.
On the other hand, accounting for natural dust somewhat decreased the temporal
correlation between modelled and measured PM2.5 at some sites (see
Section 2.5.1). That points to the necessity of continuing the work in order to
improve parameterisation of wind blown dust in the model. In particular, the
description of size distribution of eroded dust needs further attention.
An illustrative example of how accounting for natural dust influences the model
performance with respect to calculating PM10 concentrations is given below.
Figure 2.10 shows time-series of measured (observed) concentrations of PM10
(red curve) and different calculated PM10 concentrations: anthropogenic PM10
(blue curve) and PM10 including both anthropogenic particles and natural dust
(black curve) for the Cypriot site Ayia Marina (CY02) in 2004. Accounting for
natural dust brings the annual mean calculated PM10 concentration closer to the
observed value and increased the temporal correlation between calculated and
measured PM10 from 0.24 to 0.33.

Figure 2.10: Time-series for measured PM10 (red) and calculated PM10:
anthropogenic PM10 (blue) and anthropogenic PM10 including
natural dust (black) for the Cypriot site Ayia Marina (CY02) in
2004.
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The model manages to reproduce a number of observed PM10 episodes, occurring
on 22 January, 4 March, 7-10 May, and the 18 November. These PM10 episodes
are not seen for calculated concentrations of anthropogenic PM10, only when
natural dust is accounted for. Thus, the model calculations suggest that those PM10
episodes are due to dust advections.
However, the model does not predict all of the observed PM10 episodes correctly.
For example, the observed PM10 episodes on 28 April, 27-29 October and
3 November do not appear in the model results. In addition, the model calculates
two PM10 episodes caused by natural dust in the beginning of January, which did
not occur according to measurements. It should be pointed out that even a small
number of such failed model-predictions of PM10 episodes might significantly
worsen the temporal correlation due to very large PM10 values.
Another African dust episode was registered on February 22, 2004 in Saxony,
Germany. Then the concentration of Saharan dust was estimated to contribute
with about 40 μg/m3 to PM10 (Gerwig, 2005). As displayed in Figure 2.11, the
model calculates the dust intrusion from Africa to Europe in the period
19-22 February, with maximum dust concentrations occurring in Italy and France.
However, calculated dust concentrations in Germany do not exceed 4 μg/m3. One
possible explanation of the too low calculated dust concentrations in Central
Europe could be that monthly averaged dust concentrations from the African
deserts outside the EMEP grid were used as boundary conditions in the model
calculations. Therefore, in order to predict the actual natural dust episodes the
model should use dust boundary conditions with a better time resolution.
These results indicate that there are still significant uncertainties associated with
model results for natural dust. The uncertainties concern both the time and the
location of the dust emissions and the magnitude of erosion dust produced. The
use of daily boundary conditions for Saharan dust with a finer resolution (at least
daily) is needed for accurate predictions of the dust intrusion episodes. Then, the
use of appropriate input information, such as the distribution of soil types and
morphology, soil moisture and micrometeorological parameters, is crucial for
accurate model calculations of wind blown dust. Finally, verification and further
improvement of model calculations of wind blown dust relies on the availability
of appropriate measurements.
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Figure 2.11: Model calculated concentrations of natural dust for the period from
18 to 24 February 2004.
2.5.5 Elemental Carbon (EC)
Elemental carbon (EC) is a minor component of the ambient PM, typically
accounting for 2-7% of PM10 and PM2.5 on average (Putaud et al., 2004; Puxbaum
et al., 2003; EMEP, 2005b). Albeit crude, EC can be used, as a tracer of primary
PM emitted from combustion sources. This is particularly important, as there are
still significant uncertainties associated with emissions of primary PM. A series of
model tests with the aim to explain the disagreements and reconcile calculated EC
concentrations with observations have been carried out during the last year. Most
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of results are included in a manuscript recently submitted for publication in a
special journal issue of the CARBOSOL project (Chapter 2.5.5) and therefore
cannot be fully reproduced in this report. However, we will give a brief overview
of main test results and summarise the main conclusions and recommendations. In
this report, the latest model EC calculations performed with the recently revised
EMEP emission data are included. This is different from the work presented in the
submitted manuscript (Chapter 2.5.5) where IIASA’s revised CAFÉ emission
estimates were used (IIASA, 2005). Thus, slight differences can be found in the
results, whereas the main conclusions are still valid.
The sensitivity experiments performed earlier in order to reconcile calculated and
observed EC concentrations showed the following:
•

Accounting for EC ageing has only limited effect on model calculated EC
concentrations in most parts of Europe. Compared to calculations for
internally mixed EC, accounting for EC transformation from externally to
internally mixed particles resulted in the increase of model calculated EC
concentrations by 1% to 4% on average. This allowed reducing the model EC
underestimation by about 3% compared to the results for hydrophilic EC;

•

The effect of emissions from forest fires had also a rather limited effect: the
achieved decrease in the model EC underestimation was only 2%;

•

The largest effect on calculated EC concentrations was gained from changing
of the EC in-cloud scavenging efficiency, e.g. decrease of scavenging ratio
from 0.7·106 to 0.2·106 (which are close to the upper and lower value ranges of
measured scavenging ratios for EC) resulted in the decrease of model EC
underestimation by 10%.

Model calculated EC concentrations have been compared with EC observations
available from two measurements campaigns, carried out within the EMEP
network and the CARBOSOL project. During the EMEP EC/OC campaign,
sampling of PM10 was done at 14 stations distributed over 13 European countries
in the period from 1 July 2002 to 1 July 2003. (see Chapter 1) The scatter-plot
presented in Figure 2.12 compares model calculated EC concentrations with EC
measured averaged over the whole measurement period in the mentioned EC/OC
campaign. The model is doing quite a good job in reproducing the observed
regional EC gradients, as the spatial correlation coefficient between calculated
and measured EC concentrations is 0.85. This indicates in general a fairly
reasonable description of the distribution of EC emissions in Europe, except for
Norway and Portugal. Compared to the measurements, the model underestimates
EC concentrations by 34% on average. However, there are significant differences
in the model results for individual stations (see also Table 2.7).
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Figure 2.12: Scatter-plot for calculated vs. measured EC concentrations from the
EMEP EC/OC campaign, averaged for the measurement period from
June 2002 to July 2003.
Table 2.7:

Verification statistics for model calculated EC concentrations using
officially reported PM emissions as compared with data from the
EMEP EC/OC campaign.
Measurement period: 1.07.2002-1.07.2003. *)

Station

YEAR

SUMMER

WINTER

N

Obs

Mod

R

Bias

N

Obs

Mod

R

Bias

N

Obs

Mod

R

Bias

NO01

49

0.17

0.29

0.67

69

23

0.15

0.24

0.52

56

21

0.22

0.40

0.69

82

Mace-Head

IE31

50

0.19

0.12

0.77

-36

27

0.17

0.09

0.57

-44

18

0.25

0.18

0.93

-27

Aspvreten

SE12

48

0.29

0.30

0.38

4

24

0.24

0.21

0.58

-14

19

0.39

0.46

0.26

18

Virolahti

FI17

51

0.36

0.35

0.40

-3

25

0.30

0.28

0.50

-8

21

0.43

0.48

0.37

13

Penicuik

GB46

50

0.50

0.40

0.22

-21

24

0.38

0.33

0.20

-12

21

0.61

0.49

0.19

-19

Kollumerwaar

NL09

50

0.63

0.61

0.58

-3

25

0.40

0.46

0.59

16

21

0.81

0.77

0.41

-5

Langenbrügge

DE02

50

0.63

0.46

0.47

-28

25

0.38

0.28

0.76

-26

20

0.89

0.66

0.16

-26

Braganza

PT01

50

0.79

0.23

0.43

-71

26

0.60

0.23

0.39

-61

21

1.09

0.23

0.69

-79

Stará Lesná

SK04

51

0.80

0.40

0.48

-51

20

0.63

0.28

0.63

-55

21

1.05

0.57

0.25

-46

Košetice

CZ03

36

1.06

0.56

0.48

-48

13

0.92

0.31

0.11

-66

18

1.26

0.79

0.42

-37

Illmitz

IT02

51

1.01

0.56

0.63

-45

25

0.82

0.36

0.26

-56

21

1.20

0.78

0.77

-35

Aveiro

103

1.00

0.52

0.34

-48

51

0.65

0.48

0.31

-25

43

1.41

0.57

0.27

-60

K-Puszta

77

1.15

0.56

0.61

-51

39

0.74

0.38

0.54

-50

34

1.64

0.77

0.26

-53

45

1.83

1.17

0.55

-36

23

1.03

0.90

0.61

-13

19

2.68

1.46

0.35

-46

Birkenes

Ispra

IT04

*) In the Table, “summer” is defined as the period from April to September and “winter” is from
November to March. Shaded rows mark the sites where the model underestimates EC more in
summer than in winter. The sites where model EC underestimation is larger in winter are written
in bold. Shaded cells mark elevated (above ca. 900 m) sites. In bold are the sites where the
average grid topography height is considerably lower than the actual site altitude.
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Further, Figure 2.12 and Table 2.7 reveal that the model tends to underestimate
EC concentrations at more southern sites in central and southern Europe, whereas
it overestimate or slightly underestimate EC concentrations at more northern sites
Consequently, the model somewhat under-predicts the observed north-to-south
gradient in EC concentrations. The greatest underestimation of the observed EC
concentration was by 71% (factor of 3.5) at the Portuguese site PT01, while the
largest model overestimation compared to the observed EC concentration was
69% at the Norwegian site NO01. The overestimation of EC concentrations at
NO01 (Birkenes) is partly because of wrong spatial distribution of EC emissions
in Norway. This is because EC emissions from gas flaring on the oil platforms are
allocated to SNAP sector 9 (Waste) according to the CORINAIR Guidelines.
Then these emissions distributed spatially based on the population distribution.
Thus, the emissions from gas flaring in oil extraction industry are misplaced from
offshore oil platforms to the major urban/suburban areas (which happen to
influence the site NO01).
The results are rather mixed with regard to temporal correlation at the individual
sites. Averaged over the whole measurement period, correlation coefficients range
widely: from 0.22 at GB46 site to 0.77 at IE31. The average for all of the sites
temporal correlation is 0.51.
Seasonal analysis. The main sources of EC emissions are residential/commercial
combustion, road transport and off-road mobile sources and machinery,
contributing respectively with 33%, 28% and 27% to the European total EC
emissions (Kupiainen and Klimont, 2004). However, cold and warm seasons
differ with respect to the main emission sources of EC particles. While emissions
from traffic are distributed relatively evenly over the year, the emissions from
residential and commercial combustion are very low in warm months. Therefore a
separate analysis of the results for cold and warm periods could hopefully give
some indications regarding the consistency of emission data from different
sources. Table 2.7 also provides verification statistics for calculated EC in
‘summer’ (from April to September) and ‘winter’ (from November to March).
The table reveals that:
•

the model underestimation of EC is considerably higher in winter compared to
summer for three of the sites (bold);

•

the model underestimation for EC is higher in summer compared to winter for
seven of the sites (shaded);

•

there is no significant differences between seasons with respect to underestimation of EC for four of the sites.

From these results follows that possible underestimation of EC emissions from
residential combustion (which are rather uncertain at present) cannot be
responsible for the model EC underestimation alone. It could explain the model
EC underestimation in winter, but not in summer. This suggests that emissions
from on road traffic and off-road mobile sources are likely to be underestimated,
which would affect the model EC underestimation both in winter and summer.
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Further investigation of the seasonal model results at the individual sites together
with results for levoglucosan – a tracer of wood burning emissions (Chapter 3 in
this report) have shown the following:
1. At the Nordic sites (NO01, SE12 and FI17) the model considerably overestimates EC concentrations during winter. At the same time, the model
considerably overestimates levoglucosan concentrations at these three sites. In
these countries, emissions from the residential/commercial combustion sector
dominate the total EC emissions, especially in winter. This suggests a
probable overestimation of the EC emissions from residential/commercial
combustion sector in the Nordic countries.
2. At the more southern sites in Portugal, Italy and Hungary, the model EC
underestimation is larger in the winter period than in the summer period. At
these sites, the model significantly underestimates levoglucosan, which
indicates a probable underestimation of wood-burning emissions in these
countries. The contribution from residential/commercial combustion sector to
the EC emissions is considerable in Portugal and Hungary, though less so in
Italy.
Figure 2.13 illustrates what have been discussed above. The Figure compares
time-series of measured and calculated EC concentrations and shows the
calculated contribution of different emission sources to the EC concentrations at
Aspvreten (SE12) and Braganza (PT01). There is some inconsistency between
calculations presented in the time-series and in the source-apportionment plots,
which is due to the use of different emission data. The time-series are based on the
latest calculations using EMEP emissions of primary PM, while the source
contributions are from the earlier calculations using IIASA PM emissions (EMEP,
2006).
Figure 2.13a shows that the model overestimates EC at Aspvreten in the cold
period. From Figure 2.13b, showing the calculated source apportionment of EC at
Aspvreten, it becomes evident that EC concentrations from the emissions by on
and off-road mobile sources are enhanced in the cold period due to inhibited
dispersion during conditions of stable atmosphere in winter. However, the
contribution from wood burning totally dominates the EC concentrations most of
the time from September through May.
Conversely, there is a considerable underestimation of EC by the model in winter
at Braganza (Figure 2.13c). Clearly, mobile sources are the dominant contributor
to the EC concentrations at Brazanza through the whole year (Figure 2.13d). The
contribution from residential wood combustion to the EC concentrations is much
lower than the contribution from mobile sources, but still noticeable in some
periods between November and April. The results for levoglucosan suggested that
the emissions from residential wood burning may be underestimated in Portugal.
Note quite a good temporal correlation of 0.69 at Braganza in the winter period.
This indicates that the model manages to hit the occurrence of EC episodes, while
severely under-predicting the peak EC concentrations (e.g. on 14 January), which
may be because of the underestimated emissions or unaccounted sources. The
submitted manuscript EMEP (2006) gives a more in-depth analysis of the EC
results at the individual sites.
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Figure 2.13: Time-series of measured (blue columns) and calculated (red curve)
EC concentrations (a, b) and calculated contribution of different
emission sources to the EC concentrations (c, d) at Aspvreten (SE12)
and Braganza (PT01) from 1 July 2002 to 1 July 2003. Note some
inconsistency between the upper and bottom pictures due to the
difference in used emissions (see details in text).
Summarising the above discussion we can propose some preliminary conclusions:
1. The results from model tests suggest that the general model underestimation
of EC concentrations at most of the sites is probably due to the underestimation of anthropogenic EC emissions
2. Underestimation of EC emissions from residential combustion could explain
the model EC underestimation at central and south European sites in winter,
but not in summer.
3. Overestimation of EC emissions from residential combustion is a probable
reason of the model EC overestimation at Nordic sites in winter.
4. Underestimation of EC emissions from on and off-road mobile sources might
explain parts the model EC underestimation both in winter and summer.
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5. Underestimation of EC emissions could either be due to underestimated
emissions of PM2.5 and coarse PM or because applied EC fractions in PM
emissions are too low.
Influence of forest fires
Our model calculations have shown the sites most influenced by emissions from
forest fires are those situated in the Nordic countries, in Eastern Europe and in
Portugal. Two episodes of high EC concentrations from forest fires are very
pronounced at both Aspvreten and Braganza in August 2002 (Figure 2.13, c and
d). The time-series of measured EC concentrations show enhanced EC
concentrations occurring on the same days at Aspvreten and Braganza in August
2002 (Figure 2.13, a and b).
As far as the whole measurement period is concerned, the average effect of
accounting for wildfires on calculated EC concentrations is relatively small. Yet,
the temporal correlation between calculated and measured EC concentrations gets
slightly better at most of the sites when forest fires are included.
However, in the summer period when most of forest fires occur, the effect on EC
concentrations is more evident. The results presented in the study by EMEP
(2006) showed that by accounting for forest fires the model underestimation of
EC concentrations was reduced by 4 to 15% in summer. This improvement was
particularly evident for the Portuguese sites, but also for sites in Scandinavia and
central Europe. Yet, what is particularly worth noticing is an improvement of the
temporal correlation at most of the sites affected by fire emissions. A significant
increase in the correlation coefficient for the summer period was found at SE12
(from 0.46 to 0.56), FI17 (from 0.20 to 0.47), DE02 (from 0.52 to 0.71) and SK04
(from 0.44 to 0.49). At the Portuguese sites, PT01 and Aveiro, and at K-Puzta and
NO01, the temporal correlation decreased. The decrease of temporal correlation
might be explained as a consequence of using monthly fire emissions in the
calculations.
Summarizing, our results indicated the importance of accounting for the emissions
from wild vegetation fires for accurate model calculations of ambient EC
concentrations in some parts of Europe. They also emphasised the importance of
using wildfire emissions with a better time resolution (e.g. daily) in order to
predict accurately the episodes of BC transport from large forest fires.
2.6

Transboundary PM exceedances of limit values in 2004

The First Daughter Directive establishes air quality standards for PM10 to be met
by member states by 1 January 2005 (Council Directive 1999/30/EC (EC, 1999)).
The Directive requires that annual mean PM10 concentrations should not exceed a
limit value of 40 μg/m3 and that daily PM10 concentrations should not exceed
50 μg/m3 more than 35 times a calendar year. Model results for transboundary
PM10 concentrations have been used to estimate the exceedances of EU limit
values for PM10 laid down in the Council Directive 1999/30/EC. When looking at
the model calculated PM10 exceedances it should be taken in to consideration that
PM concentrations calculated with the EMEP model represent the regional
background PM levels, whereas the EU air quality standards should apply
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everywhere where the exposure of population occur, in particular in urban
agglomerates.
2.6.1 Annual mean exceedances
On the annual mean basis, calculated transboundary PM10 concentrations did not
exceed the annual mean limit value of 40 μg/m3 in 2004 (not shown here). The
only exception was the southern parts of Kazakhstan and Caucasus where annual
mean PM10 concentrations exceeded 40 μg/m3 due to the large influence of natural
dust from the African and Asian deserts.
2.6.2 Daily exceedances
Maps showing the number of days with calculated PM10 concentrations exceeding
the daily limit value of 50 μg/m3 in 2004 are presented in Figure 2.14. The
number of exceedance days has been calculated for two cases: for PM10 including
both anthropogenic and natural particles (left panel) and for anthropogenic PM10
only (right panel). Transboundary daily anthropogenic PM10 concentrations
exceeded 50 μg/m3 for more than 35 days in only three grid cells representing a
region in Belgium, the Milan area, and the Moscow area (Figure 2.14, right). In
addition, the PM10 limit of 50 μg/m3 was exceeded for more than 35 days in the
very south of Spain, south of Ukraine, Russia and Kazakhstan caused by the
influence of natural dust (Figure 2.14, left). The latter result should be regarded as
provisional because of the significant uncertainties in the natural dust
concentrations calculated by the model.
Exceedance days for PM10

Exceedance days for anthropogenic PM10

Figure 2.14: Calculated number of days with transboundary PM10 concentrations
exceeding the EU limit value of 50 μg/m3 in 2004: for PM10
including both anthropogenic and natural particles (left panel) and
for anthropogenic PM10 concentrations (right panel).
Compared to 2003 the number of calculated PM10 exceedances was lower for
2004. This is only partly due to the reduced emissions of SOx, NOx and PM10, and
to a larger extent due to the effect of various meteorological conditions
experienced in 2004 compared to 2003 (EMEP, 2005a; and Section 5.1.1 in this
report).
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2.6.3 Revised air quality guidelines
Recently, WHO Air Quality Guidelines (AQGs) have been revised, and updated
guideline values have been proposed for PM10 and for PM2.5 (WHO, 2005). WHO
has proposed AQGs for PM, which are more stringent than the present EU limit
values. This is because an increasing range of adverse effects were linked to PM
air pollution at ever-lower concentrations. However, as WHO stresses, epidemiological findings imply that the new guidelines cannot provide complete protection
against adverse health effects, as thresholds below which health effects do not
occur have not been identified.
The updated WHO air quality guidelines are:
for PM10:

20 μg/m3 annual mean,
50 μg/m3 24-hour mean (99th percentile or 3 days per year)

for PM2.5:

10 μg/m3 annual mean,
25 μg/m3 24-hour mean (99th percentile or 3 days per year).

The AQGs should apply for all locations where population exposure occurs.
Figure 2.15 presents the maps showing where calculated transboundary PM10 and
PM2.5 concentrations exceeded the WHO annual mean guideline values of
20 μg/m3 and 10 μg/m3 respectively in 2004. The calculated annual mean PM10
concentration exceeded 20 μg/m3 in Belgium, parts of the Netherlands and also in
the very south of Europe (Figure 2.14, left panel). The calculated annual mean
PM2.5 concentrations exceeded 10 μg/m3 in Benelux, Germany, several East and
South European countries and in the south of Russia and Kazakhstan.

PM10 exceeding 20ug/m3 in 2004
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Figure 2.15: Calculated exceedances of the updated WHO guideline values for
annual mean concentrations by transboundary PM10 (left) and PM2.5
(right) concentrations in 2004 (only grid cells with exceedances are
shown in colours).
According to the updated AQGs, daily guideline values should not be exceeded
more than 3 days in a calendar year. Figure 2.14 shows that calculated
transboundary PM10 concentrations exceed the daily guideline value of 50 μg/m3
more than 3 days in most of Europe in 2004.
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The situation was even worse for PM2.5. Our calculations show that in 2004, the
transboundary PM2.5 concentrations exceeded the daily guideline value of
25 μg/m3 in more than 3 days all over Europe except for the Scandinavian
countries, Scotland and northern Russia (Figure 2.16). In many parts of Europe,
the AQG was exceeded for more than 30 days and more during 2004. Thus, model
calculations for the conditions of 2004 indicate that severe exceedances of the
updated AGQs occurred for the transboundary concentrations of PM10 and PM2.5.
Exceedance days for PM2.5 (new AQG)

Figure 2.16: Calculated number of days with transboundary PM2.5 concentrations
exceeding the WHO updated 24-hour guideline value of 25 μg/m3 in
2004.
2.7

Summary

In this chapter, we present model assessment of the transboundary air pollution
with respect to particulate matter (PM) in Europe in 2004. The concentrations
have been calculated with the latest version of the Unified EMEP model using the
recently updated emissions from the EMEP database.
The calculated annual mean concentration of transboundary PM ranged from 5 to
20 μg/m3 for PM10 and from 5 to 15 µg/m3 for PM2.5 for most of Europe in 2004.
The annual mean concentrations of primary PM2.5 were ranged between 1 and 3
μg/m3, reaching 3-5 μg/m3 in several big cities. Annual mean concentrations of
primary coarse PM were a factor 4-5 lower than that of primary PM2.5. Calculated
annual mean concentrations of secondary inorganic aerosols varied from 5 to 10
μg/m3 for continental Europe, whereas in the Scandinavian countries, Ireland,
Scotland and northern Russia, SIA concentrations were below 3 µg/m3 in 2004.
Concentrations of natural PM ranged between 0.5 and 5 μg/m3 in most of Europe.
However, concentrations of natural dust exceeded 15-20 μg/m3 in many of the
southern parts of Europe. Sea-salt concentrations approached 5-7 μg/m3 along the
seacoasts.
Further, the calculation showed that the annual EU limit value for PM10 was not
exceeded by transboundary PM10 concentrations in 2004, except for southern
parts of Europe due to the influence of natural dust. Transboundary daily
anthropogenic PM10 concentrations exceeded the daily EU limit value for more
than 35 days in only three grid cells representing a region in Belgium, the Milan
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area, and the Moscow area. However, the exceedances of PM10 limit for more
than 35 days occurred in the very south of Spain, south of Ukraine, Russia and
Kazakhstan, caused by the influence of natural dust. It was stressed that the latter
result should be regarded as provisional because of the significant uncertainties in
the natural dust concentrations calculated by the model. Also we showed that
model calculated transboundary PM10 and PM2.5 concentrations considerably
exceeded the recently updated (more stringent) WHO daily guideline values
almost all over Europe in 2004.
Main results of the validation of model PM calculations for 2004 are outlined
below:
•

The model underestimates PM10 concentrations by 27% and PM2.5
concentrations by 20% compared to EMEP measured concentrations in 2004.
The model reproduces quite well the annual mean regional gradients of PM,
spatial correlation with measurements being 0.76 for both PM10 and PM2.5. A
significant part of the current underestimation is because Secondary Organic
Aerosols (SOA) has not been accounted for in the EMEP Unified model.

•

Particle water has been included in the calculated PM10 and PM2.5
concentrations in order to account for the water in PM mass measured with
gravimetric methods according to the CEN standard EN 12341 (CEN, 1998).
Accounting for particle water brings model result closer to the observations.
However, these results should be regarded as provisional as model
calculations of particle water have not yet been properly validated.

•

The model is doing quite good job in calculating secondary inorganic aerosols.
It overestimates annual mean SIA concentrations by 6%, and the spatial
correlation is 0.86. The model still has problems to calculate winter
concentrations of NO3- and NH4+, which are overestimated. It is envisaged to
test also other parameterisations for gas-aerosol partitioning in the EMEP
model.

•

Model results for natural particles (sea-salt and mineral dust) are still
associated with significant uncertainties, mostly because the lack of measurements hampers their verification.

•

The model reproduces well the measured Na+ air concentrations available at a
limited number of EMEP stations. For eight sites, the model overestimates
Na+ concentrations by 14% and the spatial correlation is as high as 0.94.

•

As to wind blown dust, also the lack of appropriate input data to the
parameterisation of dust production is a large source of uncertainties in the
calculated dust concentrations. Therefore, the availability of measurements for
verification of mineral dust calculations is even more crucial for improving
model dust calculations.

A series of model tests with the aim to explain the disagreements and reconcile
calculated EC concentrations with observations have been performed. We have
used EC as a tracer of primary PM emitted from combustion sources. Comparing
model calculated EC concentrations with observations we have attempted to make
a preliminary evaluation of the quality of primary PM emissions.
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The main findings and conclusions are as follows:
•

the effect of accounting for EC ageing (instead of assuming internally mixed
EC) is an increase of calculated EC concentrations by only from 1 to 4% on
average;

•

the choice of EC scavenging ratio has a appreciable effect on model calculated
EC concentrations;

•

the average effect of EC emissions from forest fires on the calculated EC
concentrations is within 3%, but it can reach 10-20% on an annual basis in the
areas severely affected by forest fires on;

•

EC emissions from residential combustion are likely to be underestimated in
several countries in central and southern Europe (e.g. Portugal, Italy,
Hungary);

•

EC emissions from residential combustion are likely to be overestimated at
Nordic countries;

•

EC emissions from on road traffic and off-road mobile sources are probably
underestimated in several European countries.
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3. Modelling carbonaceous aerosol
3.1

Introduction

This chapter briefly discusses some recent findings concerning organic aerosols,
and our ability to model especially secondary organic aerosol (SOA) formation.
Particulate carbonaceous matter (PCM) is believed to contribute to around 30% of
PM10 levels at rural and natural background sites in Europe (Yttri et al., 2006b;
Putaud et al., 2004). Understanding of the sources of PCM is severely limited, not
just in Europe but throughout the world (Gelencsér, 2004; Turpin et al., 2000).
The chemical composition is largely unknown, with less than 20% typically
identifiable using GC/MS methodology (e.g. Turpin et al., 2000). There have been
very few direct measurements that allow for a determination of how much of
PCM is from anthropogenic versus biogenic sources, or from primary emissions
versus from secondary organic aerosol (SOA) formation. Recent reviews have
highlighted the complexity of carbonaceous aerosol both in terms of known
composition and formation mechanisms (Baltensperger et al., 2005; Donahue et
al., 2005; Fuzzi et al., 2006; Gelencsér, 2004; Kanakidou et al., 2005; Pöschl,
2005).
However, over the last few years some measurement results have become
available which have started to shed light on the important sources of PCM in
Europe. For example, Szidat et al. (2006) used 14C-analysis to attribute the
sources of aerosol in Zurich, Switzerland to either ‘fossil’ carbon (from coal, oil)
or ‘modern’ carbon (from recent vegetation, either by combustion or emissions).
They found that fossil-fuel combustion accounts for ca. 30% of OC throughout
the year, even in the city centre. Biomass burning in wintertime and SOA in
summertime seem to account for the majority of the remaining OC. Using a
network of Nordic sites measuring number distributions, combined with extensive
trajectory analysis, Tunved et al. (2006) has shown a very good relationship
between accumulated terpene emissions and particle mass changes, suggesting
that in clean-air conditions at least the build-up of PM can be interpreted almost
entirely in terms of biogenic precursors.
3.2

EMEP EC/OC and CARBOSOL campaigns

During 2002-2004 two measurement campaigns were conducted in Europe, in
order to provide abetter characterisation and understanding of PCM. The EMEP
EC/OC campaign measured EC, OC, TC and PM10 at 14 sites. The majority of
these sites have complementary measurements of other species that could improve
the interpretation of the data. In addition, some of the samples from the EMEP
campaign have been analysed with respect to levoglucosan (Yttri, 2005). Details
of the EMEP EC/OC campaign have been reported previously (Schaug, 2004;
Yttri, 2005) and a publication is under preparation (Yttri et al., 2006b).
The EU CARBOSOL Project (Carbonaceous Aerosols over Europe, http:
//www.vein.hu/CARBOSOL, combined weekly measurements of EC, OC,
inorganic ions, elemental composition, levoglucosan and radioactive tracers
across a network of six sites in southern-central Europe.
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One of the main features of the CARBOSOL project was the sampling of many
tracer species. Levoglucosan was used as a tracer of organic carbon from
biomass-burning (OCbb), BC as a tracer (albeit crude) of primary OC emissions
from fossil-fuel (OCff). Measurements of cellulose were used to determine the
contribution of primary biogenic sources (OCbio). Pooled filter-samples from
summer and winter periods were also analysed for C, in order to determine the
percentage of modern carbon versus carbon from fossil-fuel sources. Gelencsér et
al. (2006) combined all of these sources of information in an effort to calculate the
relative contributions of the primary sources of carbon (OCbb, OCbio, OCff,
ECbb, ECff) and of the secondary sources, denoted SOAnf (SOA from non-fossil
fuel sources, which included condensation of SVOC from biomass-burning as
well as BSOA, as used here) and SOAff (SOA from fossil-fuel sources, equivalent
to ASOA, as used here).
14

Each step of this analysis, e.g. to estimate OCbb from levoglucosan, is of course
very uncertain, so Gelencsér et al. (2006) defined both a central best-estimate
value for each factor with a plausible range of uncertainty. A form of Monte-Carlo
analysis was used to explore all possible combinations of these uncertain factors.
In most cases, the results turned out to be rather robust, e.g. that SOAnf
dominated TC levels at most sites in summertime, and that OCbb was often a
major contributor in wintertime.
3.3

Modelling

During 2005/2006 an extensive series of calculations and tests has been carried
out with the EMEP photo-oxidant model, in order to investigate the consistency of
current emissions and SOA schemes when compared to the results of the
CARBOSOL project and to the EMEP EC/OC campaign. Modules for secondary
organic aerosol formation based upon Andersson-Sköld and Simpson (2001),
Chung and Seinfeld (2002), or various plausible modifications of these, were used
within the EMEP model. This work has been submitted for publication
(Chapter 3) as part of a special journal issue of the CARBOSOL project. Here we
provide some illustrative examples from this work. Details of the modelling of BC
will also be presented in the CARBOSOL collection of papers , and are discussed
briefly in Chapter 2.5.5.
The model used in this work is an extended version of the EMEP MSC-W3-D
photo-oxidant model (EMEP, 2003; EMEP, 2004a). The extended model has a
number of semi-volatile organic gases, which are assumed to be able to condense
onto (or evaporate from) pre-existing organic matter (OM) using the standard
gas/particle partitioning ideas developed by Pankow (1994b,a) and Odum et al.
(1997). These SOA schemes have been described previously by Andersson-Sköld
and Simpson (2001) and EMEP (2004b). Two versions of the model will be
referred to here, namely the Kam-2 and the Kam-2X versions. The Kam-2 version
uses the gas/particle scheme, as developed by Andersson-Sköld and Simpson
(2001). The advantage of this scheme compared to others available in the
literature is that it was evaluated against smog-chamber experiments covering a
wide-range of conditions, with α−pinene concentrations from 20 ppb to 900 ppb,
NOx from 0 ppb to 240 ppb, and temperatures from 11 ºC to 49 ºC.

EMEP Report 4/2006

81
A second SOA module, Kam-2X has identical chemical reactions, but with
increased partitioning coefficients, which leads to significantly great SOA
formation in some areas – particularly Northern Europe, where cold temperatures
encourage condensation.
3.4

Emissions

For the work performed under CARBOSOL, and summarised here, we have used
a new inventory for annual national BC and OC emissions developed by
Kupiainen and Klimont (2005) and Kupiainen and Klimont (Primary Emissions of
Fine Carbonaceous Particles in Europe, submitted 2006). Estimates of BC, OC
and PM1 emissions were based upon an extensive review of the literature. For BC
and OC the approach differs between stationary and mobile sources. An important
advantage of this inventory is that it includes details for a very large number of
sources. In particular, we were able to extract the emissions from wood-burning
sources separately, which allowed for a verification against the levoglucosan
measurements performed within the EMEP and the CARBOSOL projects.
3.5

Modelling results

A large number of results are presented in the submitted manuscript (Chapter 3),
and these cannot be reproduced here. However, we show some results for sites not
dealt within detail in that paper. As noted above, the EMEP model was run with
two versions of the SOA chemical mechanism, denoted Kam-2 and Kam-2X, with
the latter giving a higher partitioning from gas to aerosol phase. Figure 3.1 gives
examples of the model results for total carbon (TC=OC+EC) for sites in Sweden,
Slovakia and Italy, using both of these SOA schemes. We compare with TC rather
than OC, as this is the most robust measurement parameter, avoiding the problems
of defining the OC/EC split (Schmid et al., 2001; ten Brink et al., 2004). In
practice, OC levels are much greater than BC at these sites, so that OC and TC
levels (and hence model performance compared to these) are very similar.
In Northern Europe the model reproduced observed TC levels to a fair degree,
although with a tendency to over-predict in winter. In south-central Europe the
model severely under-predicts observed TC levels. The Kam-2X module (or,
equivalently, the assumption of greater condensation rates) sometimes improves
model performance in summertime, but can exacerbate problems in winter.
Levoglucosan is a useful marker of the wood-burning contribution to observed
levels of PCM. Results for levoglucosan at the three sites are shown in Figure 3.2.
In these plots the modelled levoglucosan (assumed to be 10% of organic matter
(OM) emissions from wood-burning), is given together with lines covering an
uncertainty range of factors of two (representing assumptions that levoglucosan
was 5% or 20% of emitted OM from wood-burning). This range of uncertainty is
used because of the known wide variability in the emission fraction of
levoglucosan compared to OM (e.g. Fine et al., 2002; Simoneit, 2002; Yttri et al.,
2006a).
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Figure 3.1: Modelled and observed Total Carbon results (μg/m3) using two
versions of the EMEP SOA model, for Aspvreten (Sweden), Stará
Lesná (Slovakia), Ispra (Italy).
For Aspvreten the model results show levoglucosan levels that seem to be
significantly higher than the observed levels. This suggests either that the woodburning contribution in the emissions inventory is too high in this region, or that
the levoglucosan/OM ratio in the observations is lower than we have assumed.
Neither possibility can be excluded at this stage, but these results do suggest that
the model+inventory does not underpredict the wood-burning contributions in this
part of Sweden. Similar results were found at other Nordic sites (Chapter 3).
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Figure 3.2: Modelled and observed Levoglucosan results (ug/m3) for Aspvreten
(Sweden), Stará Lesná (Slovakia), Ispra (Italy). Bars indicate
observations. Model results given as central value with dotted lines
indicating factor of two range.
For Stará Lesná and Ispra the modelled and observed levoglucosan levels are
rather similar. Although more observations are needed to confirm these
conclusions, the results for these sites seem to show that the underprediction of
levoglucosan and wood-burning contributions found at the CARBOSOL sites
cannot be generalised to all parts of Europe. These results also show the value of
tracer compounds like levoglucosan, which can be used to estimate the
contribution from a specific and important source of OM, namely wood-burning.
The modelling work conducted over the last years suggests that:
•

The EMEP model does a good job of reproducing concentrations of pollutants
with well-know emissions and chemistry, for example of sulphate.

•

In Northern Europe the model predicts TC levels, which are in line with
measured values, especially with the Kam-2X scheme. These predictions are
dominated by modelled BSOA.

•

In south and central Europe, including the CARBOSOL sites, both versions of
the model significantly underpredict TC levels, especially in wintertime.
Comparison with the results of Gelencsér et al. (2006) suggests that the model
under-predicts both the biomass burning and SOA components of the
measured TC at these sites.
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•

At all sites, the contribution of BSOA far exceeds that of ASOA. The relative
contribution of BSOA compared to primary organic aerosol (POA) and
background components varies significantly across Europe though, and at
different times of year.

•

Model results regarding SOA are extremely sensitive to assumptions about
unknown variables, such as the vapour pressure and activity coefficients of the
different organic compounds, the characteristics of the organic matter in
aerosol into which compounds are assumed to absorb, the rates and
mechanisms of heterogeneous reactions, and even assumptions as to which
compounds lead to SOA.

•

The major uncertainties associated with modelling of PCM lie with the
inventories and modelling of biomass-burning emissions, and with SOA
modelling.

3.6

Discussion

A large number of factors make it difficult to conduct a true verification of
modelled versus observed concentrations for BC and OC. One major problem has
always been that measurements of OC actually contain thousands of different and
largely unidentified molecules, usually with no information on the proportion of
primary, secondary, anthropogenic, or biogenic sources. Without such a
distinction model verification will always be severely limited. The use of
sampling equipment and analytical methodology that fails to account for the
severe artefacts associated with sampling of OC, and the generation of artificial
EC during analysis, contributes to/enforces this.
Within CARBOSOL we have been able to extract estimates of the relative
contribution of primary versus secondary sources, and of modern versus fossilfuel sources of carbon. The main conclusion from this comparison was that the
model and inventory seem to do adjacent job of reproducing primary fossil fuel
EC and OC sources, although possibly with a tendency to under-predict observed
levels.
The most notable feature of the CARBOSOL comparisons was the strong underprediction of (1) the biomass-burning components for the two surface sites KPuszta (Hungary) and Aveiro (Portugal, and (2) the SOA components, especially
for SOAff. So far we have only been able to perform a detailed component
analysis for the CARBOSOL sites, which are all situated in south-central Europe
(latitude < 47 ºN). However, we can conclude from the analysis of levoglucosan,
BC and TC from the EMEP sites that different conclusions might be drawn for
other parts of Europe. In particular, there is no evidence of a substantial underprediction of wood-burning emissions at the Nordic sites. Further, the EMEP
model tends to over-predict TC at these Nordic, suggesting that this scheme may
generate too much rather than too little SOA in these areas.
The possible reasons for problems in modelling SOA, biomass-burning and other
emissions are discussed in detail in Chapter 3, but outlined briefly below:
1. SOA mechanisms. As noted in the introduction, recent reviews have
highlighted the complexity of carbonaceous aerosol both in terms of known
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composition and formation mechanisms (Baltensperger et al., 2005; Donahue
et al., 2005; Fuzzi et al., 2006; Gelencsér, 2004; Kanakidou et al., 2005;
Pöschl, 2005). Indeed, Donahue et al. (2005) commented that the
understanding behind SOA formation from α-pinene, the most well-studied
and best understood monoterpene, was in ‘it’s infancy’.
2. Tests with the EMEP model, and by others (e.g. Pun et al., 2003; Tsigaridis
and Kanakidou, 2003) have shown that modelled SOA formation is very
sensitive to a wide range of parameters that are not well known.
3. Many alternative pathways to SOA formation, involving some heterogeneous
reactions, have been presented (Ervens et al., 2004; Gelencsér, 2004; Jang et
al., 2002; Limbeck et al., 2003; Kalberer et al., 2004). Modelling systems to
explore these latter pathways are even further from validation than those for
the gas-phase.
4. There may be a problem with anthropogenic emission inventories, in that
some semivolatile compounds maybe too heavy to register with GC/MS for
inclusion in current VOC inventories, but still volatile at the point (and
usually high temperature) of emissions, and thus not registered in PM
inventories. Makar et al. (2003) showed that condensation of even a small
percentage of anthropogenic VOC can have significant effects on OC
formation.
5. Wood-burning emissions clearly make a very large contribution to some areas
in wintertime, but emissions from such sources are extremely difficult to
quantify accurately, and to implement in models.
6. Uncertainties in other anthropogenic emissions sectors are also significant.
The literature shows a widespread in values for emission factors of PCM, and
little has been done in the way of emissions validation in Europe.
7. Many studies point to the importance of biogenic VOC as a major source of
SOA in summertime, but emission inventories for these compounds are still
subject to very large uncertainties (Simpson et al., 1999; Stewart et al., 2003).
A major problem in the modelling of PCM is that too many steps in the
calculation process are very uncertain, and there are too few constraints. With so
many free variables, it is quite likely that judicious (or unscrupulous!) tuning of
the various parameters can result in a model version that would fit the
measurements quite well. It is clear that much more work is needed to constrain
the various steps of the PCM modelling process, including:
•

Evaluation of the emissions of BVOC. Modelled concentrations of various
monoterpenes can in principle be validated against measured concentrations,
but very few data are available. Further, the short lifetime of many terpene
species (and especially of sesquiterpenes) makes such comparisons tricky.
Still, given the importance of BVOC to SOA formation, and the fact that
emissions validation is possible with today’s measurement methods, this step
alone would significantly improve the most important input for PCM
modelling.
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•

Evaluation of the emissions of PCM from anthropogenic sources. Mobile
sources as well as residential combustion emissions are still highly uncertain,
but very amenable to near-source validation experiments.

•

Evaluation of the emissions of heavy VOC from anthropogenic sources. A
fraction of the non-primary TC, classified as SOAnf or SOAff by Gelencsér
et al. (2006), may consist of high-molecular weight compounds, which are
still volatile at the point and temperature of emission, but which quickly
condense to the particle phase. These VOC may fall outside the scope of both
VOC and PM inventories, but still contribute to the measured TC.

•

Further use of tracers, such as 14C, levoglucosan and markers of primary
biological aerosol particles (e.g. cellulose, sugars). Such tracers offer much
greater possibilities to understand the sources of observed OC than
measurements of simply the total OC or TC.
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4. A summary of issues surrounding uncertainties in primary
PM emission inventories in Europe
4.1

Introduction

The objective of this summary is to describe key sources of uncertainty in
European particulate matter (PM) emission estimates, and to describe the key
issues that have historically affected the reliability of particulate emissions data.
Until relatively recently PM emissions inventories have mainly been produced for
PM10 (particles having a nominal size of less than 10 μm. However in recent
years, the increasing interest in the correlation between PM2.5 and health
indicators has resulted in many countries having developed and improved their
PM2.5 national emission estimates. Total suspended particulates (TSP) is the other
measure of particulate matter commonly reported by countries. There are a large
number of sources of primary particulate matter, of both anthropogenic and
natural origin.
As for any pollutant, the uncertainty in emission inventory estimates of primary
particulate matter occurs for a variety of reasons. These may be broadly
categorised into three classes:
1. Uncertainty introduced at the institutional/national level as a result of
a) incomplete reporting and b) variability in the way that countries interpret
and use the reporting system (e.g. the Reporting Guidelines and the
Nomenclature for Reporting (NFR) codes). With respect to the latter, this may
occur as a result of a lack of technical knowledge and the consequent need to
make assumptions, simplifications etc., when compiling data and distributing
it into NFR source sectors;
2. Uncertainty in process measurements from which emission factors are
developed at the individual facility level i.e. emissions determined at an
individual facility level may be based on measurements or a measurementderived emission factor. Such measurements are subject to uncertainties
introduced through sampling errors, the size distribution of particle emissions,
analytical errors etc;
3. Uncertainty in aggregated emission factors and activity data i.e. the
uncertainty associated with application of an ‘average’ emission factor or
activity statistic in order to determine a estimate emissions from a specific
sector within a country.
As a simple illustration of the typical magnitude of uncertainties associated with
estimates of PM emissions in national inventories, an example is shown below
from work undertaken in the United Kingdom, which has attempted to quantify
the uncertainties in the national emission estimates (Dore et al., 2005). Table 4.1
outlines the estimated magnitudes of the uncertainty for the various size
fractionations of particulate matter included in the UK inventory, and for the PM
precursor gases NOx, SO2, NH3 and NMVOCs. The quantitative estimates of the
uncertainties in emission inventories are based on calculations made using a direct
simulation technique, which corresponds to the IPCC Tier 2 approach
recommended for greenhouse gases and also the methodology in guidance given
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in the EMEP CORINAIR Guidebook (EEA, 2005). This work is described in
more detail by Passant (2002).
Table 4.1.

Uncertainty estimate for selected pollutants in the UK air emission
inventory.

Pollutant
PM10
PM2.5
PM1.0
PM0.1
Sulphur Dioxide
Oxides of Nitrogen
NMVOCs
Ammonia

Estimated Uncertainty
(%)
-20 to +50
-20 to +30
-10 to +20
+/- 10
+/- 3
+/- 8
+/- 10
+/- 20

The estimated uncertainties for PM10 are clearly significantly larger than for the
precursor pollutants NOx, SO2 and NMVOCs. These uncertainties stem from
uncertainties in the emission factors themselves, the activity data with which they
are combined to quantify the emissions and the size distribution of particle
emissions from the different sources. In the UK inventory, the approach adopted
for estimating emissions of the smaller particle sizes often involves an assumed
emission fraction of smaller particles with respect to the level of PM10 or TSP
emission. Thus high uncertainties occur as a result of both the number of
assumptions required and the fact that the emissions for the sub-PM10 fractions are
often dependent on the PM10 or TSP emission estimates which themselves have
high uncertainties.
Perhaps surprisingly, the inventories for the smaller particles are less uncertain
overall than the PM10 inventory. This is because the most uncertain PM10
emissions are those that arise from the industrial processes, quarrying and
construction sectors and these sources emit very little of the finer particles, road
transport dominating instead. Although the table above reflects specific
uncertainties for the United Kingdom, they are probably broadly indicative of the
typical uncertainties in other national inventories. This is because the estimation
of particulate matter around Europe will draw on similar emission factors that
have similar levels of associated uncertainty.
4.2

Uncertainties in European emission estimates due to incomplete
reporting

Two main issues contribute to the uncertainty in PM emission inventories, which
arises as a result of institutional or national circumstances. These are:
1. Incomplete international reporting by countries i.e. countries either do not
report PM emissions or only report an incomplete number of sectors;
2. The presence of significant emission sources that are not included in national
reporting requirements, but which contribute to ambient PM concentrations
and hence potential exposure.
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A discussion of each of these respective issues is contained in the following
sections.
4.2.1 Incomplete international reporting by countries
The reporting of PM inventories is a relatively new requirement at a European
level. For example, countries were only formally required to report PM emissions
data under the UNECE LRTAP Convention from 2000. Currently, there is no
requirement within EU legislation to report data on national PM emissions,
although this situation may change in the future as a result of the review of the
Gothenburg Protocol and the European Commission’s review of the National
Emissions Ceiling Directive (NEC Directive). Emission estimates for regulated
industrial processes are reported under the requirements of the IPPC Directive and
EPER/PRTR. Therefore, the estimation techniques, and particularly the use of
emission factors, have not been researched or developed to the same extent for
PM as has arguably been the case for other main pollutants.
A further factor to note is that a number of European countries may not have the
same levels of experience or resources to be able to deliver a complete inventory
on an annual basis for the different PM size fractions (i.e. TSP, PM10 and PM2.5)
for which reporting is required under the LRTAP Convention. Not all national PM
inventories are subsequently complete when reported to EMEP under CLRTAP.
In 2006, 31 of 49 Parties to the LRTAP Convention reported data in time for it to
be included in the EMEP WEBDAB air emissions database 1. Of these 31 Parties,
29 reported emissions data for at least one of the three PM pollutants in the
required NFR reporting format for 2004 (the last year for which reporting was
required). For years prior to 2004 there are fewer countries reporting PM
emissions and the data tends to be even less complete. The following tables
provide an illustration of the completeness of PM reporting from the 2006
reporting round of the LRTAP Convention.
Inspection of the data in Table 4.2 clearly shows there is a large variation in the
number of sectors for which countries report PM data. It must of course be noted
that not all processes/sectors will be relevant to each Party, and so therefore some
degree of variation in the number of sectors for which emissions are reported is
naturally to be expected. Nevertheless, such analysis does help inform on the
likely non-reporting of emissions from likely PM-emitting sources by countries.
It can be seen that, in general, western European countries tend to report PM
emissions from a greater number of sources than do eastern European countries.
Given most emission sources will be common to both regions this difference
perhaps may reflect the lower level of resources that are typically available in
such countries and which may be hindering the development and reporting of
more complete inventories. An exception to this general trend is for Ireland,
which reports only around half the number of values of other western European
countries; the reason for this low number of PM sectors is not known.
One feature in Table 4.2 that is encouraging is that countries tend to report a
similar number of sectors for the three respective PM components i.e. there is no
1

http://webdab.emep.int
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clear evidence that countries concentrate on reporting one fraction of PM at the
expense of others.
Table 4.3 shows selected NFR sectors corresponding to fuel combustion activities
for which emission estimates for the inventory year 2004 were reported by Parties
in 2006. Also shown is the range of minimum, mean and maximum percentage
contributions made by each sector relative to the total reported emission for an
individual country. As noted above, different countries will have a different mix
of industry and processes occurring, and so variation in the contribution that a
given sector makes as a percentage of the reported national total is to be expected
between countries. Nevertheless, such analysis performed at a country level can
be informative in terms of highlighting potential uncertainties in the national
inventories. For example, situations where countries report a percentage
contribution for a given sector that is very much higher than the average may
indicate that not all relevant emitting sectors have been included in the inventory
and/or the emission factor for that sector may be significantly different to that
used by other countries.
Table 4.2.

Number of NFR sectors for which Parties to the LRTAP Convention
reported PM emissions data for inventory year 2004. Sectors where
notation keys or zeros were reported are not included in the analysis.

Party
AT
BE
BY
CA
CH
CY
CZ
DE
DK
EE
FI
FR
GB
HU
IE
LT
LV
MC
MD
MK
NL
NO
PL
PT
RU
SE
SI
SK
UA
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PM2.5
47
47
10
39
54
11
26
41
36
38
55
65
56
22
25
28
31

PM10
47
49
11
41
59
11
26
43
36
39
55
66
57
22
25
28
37

23

23

54
57
37
40
8
55
26
33
25

54
58
37
42
8
55
27
33
30

TSP
47
49
15
41
49
11
26
45
36
43
56
67
25
25
37
32
6
23
18
55
58
37
43
8
56
40
33
32
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Table 4.3.

Number of Parties reporting PM emissions for the selected NFR
energy combustion sectors, and the minimum, mean and maximum %
contribution made by each sector relative to the total reported
emission for an individual country. Sectors where notation keys or
zeros were reported are not included in the analysis.

Sector
Data
1 A 1 a - Public Electricity and Heat Production No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 1 b - Petroleum refining
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 1 c - Manufacture of Solid fuels and Other No. of values reported
Energy Industries
Min % contribution
Mean % contribution
Max % contribution
No. of values reported
1 A 2 - Manufacturing Industries and
Construction
Min % contribution
Mean % contribution
Max % contribution
1 A 3 a ii (i) - Civil Aviation (Domestic, LTO)
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 3 a ii (ii) - Civil Aviation (Domestic, Cruise) No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 3 b - Road Transport
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 3 c - Railways
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 3 d ii - National Navigation
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 3 e - Other, Transport below 1000 (please No. of values reported
specify)
Min % contribution
Mean % contribution
Max % contribution
1 A 4 a - Commercial / Institutional
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 4 b - Residential
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
1 A 4 b i - Residential plants
No. of values reported
Min % contribution
Mean % contribution
Max % contribution

PM2.5
27
0.2%
9.8%
47.8%
18
0.1%
1.1%
6.8%
18
0.0%
1.4%
15.6%
25
0.6%
9.3%
22.1%
11
0.0%
0.1%
0.4%
10
0.0%
0.1%
0.2%
25
1.2%
19.3%
53.2%
24
0.1%
1.0%
3.2%
21
0.0%
0.7%
2.2%
16
0.0%
1.9%
12.8%
24
0.1%
3.3%
22.2%
22
5.8%
32.1%
75.2%
24
5.8%
32.2%
74.6%

PM10
27
0.2%
11.3%
48.8%
19
0.1%
0.9%
6.8%
18
0.0%
1.7%
13.9%
25
0.7%
8.5%
19.3%
12
0.0%
0.1%
0.3%
11
0.0%
0.2%
2.1%
26
1.1%
16.5%
55.5%
24
0.0%
0.8%
2.8%
21
0.0%
0.5%
1.7%
16
0.0%
1.3%
10.2%
24
0.1%
3.7%
19.3%
23
2.0%
25.1%
67.7%
24
2.0%
27.2%
67.1%

TSP
28
0.2%
12.3%
48.4%
20
0.0%
0.6%
5.7%
17
0.0%
1.4%
10.9%
25
0.6%
7.3%
25.7%
11
0.0%
0.1%
0.3%
9
0.0%
0.0%
0.0%
25
1.3%
19.9%
61.2%
24
0.0%
0.6%
2.3%
20
0.0%
0.4%
1.2%
15
0.0%
0.8%
4.3%
24
0.0%
4.3%
29.5%
23
0.7%
19.1%
53.7%
24
0.7%
21.1%
53.2%
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Table 4.3, cont.
Sector
1 A 4 b ii - Household and gardening (mobile)

1 A 4 c - Agriculture / Forestry / Fishing

1 A 5 a - Other, Stationary (including Military)

1 A 5 b - Other, Mobile (including military)

1 B 1 - Fugitive Emissions from Solid Fuels

1 B 2 - Oil and natural gas

Data
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
No. of values reported
Min % contribution
Mean % contribution
Max % contribution
No. of values reported
Min % contribution
Mean % contribution
Max % contribution

PM2.5
11
0.0%
1.4%
11.3%
19
0.1%
5.6%
17.9%
7
0.0%
0.1%
0.4%
7
0.0%
1.8%
11.6%
12
0.0%
0.8%
3.3%
10
0.0%
1.0%
6.6%

PM10
11
0.0%
0.9%
6.6%
19
0.1%
4.3%
17.4%
7
0.0%
0.1%
0.5%
8
0.0%
5.6%
31.3%
13
0.2%
1.3%
6.7%
11
0.0%
0.8%
6.9%

TSP
11
0.0%
0.8%
7.0%
19
0.2%
3.4%
21.9%
7
0.0%
0.1%
0.6%
8
0.0%
10.7%
68.3%
13
0.1%
1.8%
8.7%
12
0.0%
0.7%
6.8%

Inspection of the data in Table 4.3 illustrates the general observations about the
completeness of reporting from countries and which consequently leads to
uncertainties in the European PM inventories.
The number of values reported by Parties clearly varies by sector. In some
instances this is to be expected i.e. of the countries for which data is available a
large number report emissions from sector 1A1a (Public Electricity and Heat
Production) but fewer for 1A1b (Petroleum refining). In this instance the lower
number of reported values will simply reflect the absence of this sector in certain
countries. In contrast however, the number of emission values reported for the
sector 1A4bii (Household and gardening (mobile)) is also low, but in this instance
this activity is likely to occur in all countries, is of a reasonable size in terms of its
average contribution made to national emissions (ca. 10%) and yet is not reported
by a substantial number of countries. A similar observation occurs for emissions
reported from NFR4 sectors (Agriculture) where again the number of countries
reporting values is low, with only around 15 countries reporting emissions from
these sectors. This again is expected to be a sector that is expected to occur in the
vast majority of countries yet again is not fully reported. In some countries the
reported emissions from agricultural sectors are a highly significant source of PM
(contributing around 20% of total emissions in 2004), and hence the underreporting of PM emissions in Europe from the agriculture sector appears likely.
Some sectors exhibit a very wide range in terms of the contribution made to
national totals e.g. 1A1a (Public Electricity and Heat Production), where the
reported emissions contribute anything from 0.2% to 49% of national PM
emissions.
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Cross-comparison of Inventory Data
EMEP (2002) published a detailed comparison of the differences in available
emission information for four different countries (Austria, France, the Netherlands
and the United Kingdom) for the year 1995 from national submissions, the
Co-ordinated European Programme on Particulate Matter Emission Inventories,
Projections and Guidance (CEPMEIP) project and estimates provided from the
Regional Air Pollution Information and Simulation (RAINS)-model of the
International Institute for Applied Systems Analysis (IIASA). This evaluation
showed large differences for several source categories and was intended as an
illustration of the need for a harmonised European-wide PM emission inventory.
For example, even for countries for which estimates of the national totals were
similar, such as Austria, large differences were seen for the different sectors (for
some sectors larger than a factor of three). Currently, main sources like
resuspension of road dust, semi-anthropogenic and natural sources like forestry,
natural soil dust emissions and soil dust emissions from agriculture and biological
pollen emissions are not considered in all inventories.
Table 4.4 illustrates an updated comparison of inventory estimates of national
totals for the year 2000. The table shows the differences between data officially
reported by Parties under the LRTAP Convention (where this is available) and
that from the IIASA RAINS model.
Table 4.4.

Country
AT
BE
CZ
DK
EE
FI
FR
DE
IE
IT
LV
NL
NO
PT
RO
SK
SI
ES
SE
CH
GB

Comparison of PM national totals for the year 2000 reported by
countries under the LRTAP Convention and as estimated in the
RAINS model (tonnes).
LRTAP
25881
35241
22924
37663
341592
115091
10996
28806
58416
95062
26000
6501
139481
46053
9387
108236

PM2.5
RAINS
30260
38460
62826
15711
21926
22403
253191
172076
13050
159651
23182
33273
59828
77403
148106
29874
12804
158646
32959
9435
140627

% diff
17%
9%
-31%
-41%
-26%
50%
111%
16%
2%
-19%
15%
97%
14%
-28%
1%
30%

LRTAP
44265
66415
30869
48240
549499
192915
13573
192548
13543
48022
64471
119099
40000
8738
208279
67837
19573
180354

PM10
RAINS
42114
62751
84063
25599
42165
29246
333883
263153
20430
215232
27243
54363
67147
125548
202895
42033
18581
225551
40398
12079
216473

% diff
-5%
-6%
-17%
-39%
-39%
36%
51%
12%
101%
13%
4%
5%
5%
113%
8%
-40%
-38%
20%

LRTAP
87596
285965
57973
42510
78689
73587
1463941
238506
15758
56952
79959
271949
154568
63000
19750
321903
88339
21343
-

TSP
RAINS
74609
150502
120413
47254
73648
47984
546832
490061
35465
392675
36152
98332
81656
240435
299818
65849
26690
370194
60858
20229
408383

% diff
-15%
-47%
108%
11%
-6%
-35%
-63%
105%
129%
73%
2%
-12%
94%
5%
35%
15%
-31%
-5%
-
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While for some countries differences between the two estimates are very small,
for many countries there are clearly large differences (some exceeding 100%)
between the values reported by countries and those estimated by the RAINS
model (which employs a common methodology to estimate emissions for all
countries). Differences are not systematic, in that both positive and negative
percentage differences are observed.
At an aggregated (European) level the percentage differences between the two
estimates tend to some extent to cancel. Taking only the countries for which
emission estimates from both the two data sources are available, the difference
between LRTAP and RAINS totals is 0.3% for PM2.5, that for PM10 is –5% (i.e.
the LRTAP sum exceeds the RAINS estimate sum by 5%) and for TSP –17%.
However, clearly for many countries reported data for the year 2000 is not
available under the LRTAP Convention.
4.2.2 Significant emission sources that are not included in national reporting
requirements
With respect to uncertainty in PM emissions derived from incomplete reporting,
there are two main emission sources that are not routinely included in national
reporting requirements but which potentially may make significant contributions
to ambient PM concentrations – PM resuspension and emissions from natural
sources. Thus uncertainty is introduced with respect to knowledge of total PM
emissions (which will for example require consideration for purposes of air
quality modelling).
Resuspension
Resuspension is a term used to refer to PM that having been deposited after its
initial release is subsequently returned to the air as a ‘secondary emission’
following disturbance. Such estimates are not regularly included in the official
reported estimates, largely to avoid double counting but which need to be
considered in reconciling air quality concentration data with emissions.
The road transport sector is generally considered the main source of resuspended
particles. Other important sources of resuspension of particles are agriculture (this
resuspension source is treated as an integrated part of the agriculture PM source,
see elsewhere in this chapter) and wind blown dust, treated as part of the natural
sources (see following section). In the road transport sector, the particles originate
from suspension of instantaneously generated particles from wear of the road
surface, or from resuspension of particles that have been previously deposited on
the road surface, originating either from the sources on the road itself or deposited
from external emission sources.
The level of resuspended PM generated from road transport depends on many
different parameters, including the traffic density, road surface material, state of
the road, maintenance of the road, driving patterns, fleet composition and climatic
factors (CAFE, 2004). Between, and even within, countries there may be large
differences in all these parameters, and so there is no set of commonly accepted
emission factors that are applicable to the wide range of different situations under
which resuspension will occur.
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Studies reported in literature and emission models give emission factors varying
over several orders of magnitude, from < 100 to several 1000 mg PM/veh-km for
passenger vehicles, and up to several 10,000 mg/veh-km for heavy duty vehicles,
dependent upon which PM fraction is considered, the traffic speed, type of road,
etc. There is therefore a very high uncertainty in estimating levels of PM
resuspension. Some studies have resulted in estimates of average emission factors
for resuspension particles, valid for the road traffic activity of a country as a
whole. In the UK, estimates are made of the resuspension from road transport
(although as noted earlier this estimate is not included in the official reported
estimates to avoid double counting). In 2003, the reported PM10 emission from
UK road transport (combustion and tyre and brake-wear) was estimated to be
37 ktonnes (Dore et al., 2005). The estimated value for re-suspended PM10 was
21 ktonnes i.e. around 15% of the national total reported in that year. Therefore in
summary, resuspended PM clearly has the potential to be a significant source of
ambient PM. Methods for calculating the magnitude of resuspended emissions are
highly uncertain, and it is typically not considered for inclusion in national totals
due to the need to avoid ‘double counting’ of emissions.
Natural Sources
Natural sources of PM emissions are not routinely quantified in emission
inventories which tend to be focused only the estimation of anthropogenic-related
emissions. Included in the report by the CAFE Working Group on Particulate
Matter (CAFE, 2004) is a discussion of the main natural sources of PM10; the
summary that follows is taken from that report.
The main sources of natural PM emissions include wind-blown dusts and soil
particles, sea-spray and assorted biological material such as pollens and fungal
spores. Other sources of a more intermittent nature that may occur in certain
countries include forest fires and volcanoes. The particles generated by these
sources mostly arise from mechanical attrition and are thus relatively large i.e.
they are generally greater than 2.5 μm. Breaking waves produce sea-spray, which
can dry and yield salt particles in the atmosphere, though these tend to be large
and short-lived. A more significant source of sea-salt particles are the minute
bubbles that burst at the ocean surface. As this happens the film from the cap of
the bubble shatters giving salt particles 1.5-8 μm across. These droplets from the
ocean are mostly sodium chloride with traces of other salts, but there is potential
for other substances to be incorporated as the bubble forms.
Biological particles in the atmosphere vary in size significantly. Most pollen
grains are well in excess of 10 μm diameter, and it is considered that few intact
pollen grains are likely to be sampled within PM10. There is clear evidence,
however, that pollen grains can break up whilst in the atmosphere generating
fragments in the PM10 range extending right down to below 1 μm. Many fungal
spores also exceed 10 μm in diameter, but spores of some abundant species do
extend in size into the 5-10 μm range, and hence contribute to coarse particle mass
in the atmosphere. There is a typical seasonal pattern in fungal spore abundance
with a maximum in the summer and a minimum in the winter. There are large
uncertainties associated with quantifying the levels of emissions from natural
sources.
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4.3

Uncertainty attributable to emission factors

The PM emission factors contained in sources of inventory guidance (e.g. the
EMEP CORINAIR Guidebook – EEA (2005)) that assists country experts in
compiling national inventories are typically based on a relatively few number of
measurements on an emitting source, which is assumed to be representative of the
behaviour of all similar sources. Many sources of particulate matter are diffuse or
fugitive in nature e.g. emissions from coke ovens, metal processing, or quarries.
These emissions are difficult to measure and in some cases it is likely that no
entirely satisfactory measurements have ever been made. In other cases, emission
estimates for PM10 are based whenever possible on measurements of PM10
emissions from the source, but sometimes measurements have only been made on
the mass of total particulate matter and this has been converted to PM10 based
either on the size distribution of the sample collected or, more usually, on size
distributions given in the literature.
Uncertainty associated with the variability in process measurements exists at
various levels: between plant variance, within plant variance, and uncertainties
associated with the analytical methodology itself. Table 4.5 provides a simple
illustration of the variability in emission factors that occurs from between plant
variance; Table 4.6 shows some of the factors that affect the methodological
uncertainty.
Table 4.5.

Example of uncertainties in emission factors arising from between
plant measurement variancea.

Description
Power plant 180 MW

Power plant 119 MW

raw brown coal

Power plant 1000 MW

hard coal

Power plant 1000 MW

hard coal

Combustion plant 10 MW
Combustion plant 10 MW
Combustion plant 10 MW
Combustion plant 10 MW
Combustion plant 20 t/h
steam
Combustion plant 270 MW
Combustion plant 270 MW

heavy oil
heavy oil
heavy oil, urea
heavy oil, urea

Abatement
ESP horizontal, scrubber
ESP horizontal, drying
desulphurisation
ESP horizontal, desulph.,
NOx removal
ESP, desulphurisation,
NOx removal
ESP, desulphurisation,
NOx removal
additive
additive
additive, SNCR
additive, SNCR

heavy oil

SNCR

1.38

g/GJ

heavy oil
heavy oil

NOx removal
additive, NOx removal

4.69
4.15

g/GJ
g/GJ

Power plant 146 MW

a

Fuel
dry brown coal
brown coal
briquette

PM2.5 EF
1.20

Unit
g/GJ

1.09

g/GJ

4.15

g/GJ

0.26

g/GJ

0.23

g/GJ

10.30
9.18
12.21
13.12

g/GJ
g/GJ
g/GJ
g/GJ

Data kindly provided by C. Ehrlich, Saxony Anhalt State Environmental Protection Agency
Germany; S. Win Lee, CANMET Energy Technology Centre-Ottawa, Natural Resources Canada;
Ive Vanderreydt, Vito, Belgium.
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Table 4.6.

Example of elements affecting measurement uncertainty.

Element
Characteristics of the particulate material being
measured
Equipment used for sampling
Measurement standards used
Measurement uncertainty

Parameter
E.g. particle size (TSP, PM10, PM2.5), particle
number, composition etc.
E.g. In-stack impactor, in stack cyclones, out of
stack particle size classifier etc
E.g. EPA 202, VDI 2066 pt 10
E.g. repeatability, 95% confidence limit,
upper/lower confidence limit etc

In terms of the calculation of emission factors themselves, biases can arise in
emission factors, and hence also in emission estimates, from two key areas:
1. As a result of assumptions made about the abatement used. For example, the
CEPMEIP programme emission factors used by many countries as default
emission factors in national inventories are now relatively old. More recent
measurement work shows that they tend to overestimate emissions from
industrial processes subject to more modern industrial emissions regulation
(Table 4.7). However they are still representative for older plant, small plant,
or for poorer fuels;
2. From assumptions about the relationship between TSP and PM10/PM2.5. The
technical literature is comprehensive for TSP and the data quality can be good
if measurements have been made using the international standard methods that
are available. A variety of methods are used for particle size fractionation and
as yet there are no harmonised international standards to ensure comparability.
EU Member States are required to report PM10 emissions for certain industrial
processes covered by the IPPC Directive but estimation-based methods are
allowed. Published measurement data for PM10 is sparse, that for PM2.5
emissions more so. An added complication is that the methodology for the
determination of TSP differs from that of PM10 and PM2.5 and so the two need
not correlate directly.
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Table 4.7.

Plant

Illustration of CEPMEIP default PM2.5 emission factors with
updated emission factors based on recent measurement data at
regulated industrial combustion facilitiesb.
Size

Coal Fired

Oil Fired

Wood Fired

Fuel

Abatement Measures

PM2.5 EF

Units

ESP horizontal, scrubber
ESP horizontal, desulph.,
NOx removal
ESP, desulphurisation, NOx
removal
ESP
ESP
ESP
additive
additive
additive, SNCR
SNCR
NOx removal
additive, NOx removal
cyclone
cyclone
cyclone
multi-cyclone

1.20

g/GJ

CEPMEIP
Factor
14.00

4.15

g/GJ

14.00

0.26

g/GJ

12.00

8.30
1.20
30.24
10.30
9.18
12.21
1.38
4.69
4.23
28.10
71.66
65.47
90.13
91.92

mg/MJ
mg/MJ
3
mg/Nm
g/GJ
g/GJ
g/GJ
g/GJ
g/GJ
g/GJ
mg/MJ
g/GJ
g/GJ
g/GJ
g/GJ

3.00
3.00
17.00
10.00
10.00
10.00
11.00
2.50
2.50
10.00
55.00
55.00
55.00
55.00

cyclone

80.80

g/GJ

55.00

ESP

5.49

g/GJ

55.00

ESP

1.95

g/GJ

55.00

17.25

g/GJ

55.00

1.85

g/GJ

55.00

180 MW

dry brown coal

119 MW

raw brown coal

1000 MW

hard coal

120 MW
10 MW
10 MW
10 MW
20 t/h steam
270 MW
270 MW
1.4 MW
0.8 MW
3 MW
2.3 MW

sub-bituminous coal
lignite
Powdercoal
heavy oil
heavy oil
heavy oil, urea
heavy oil
heavy oil
heavy oil
residual oil
saw chips, saw dust
saw chips, saw dust
hogged wood
rest of chipboards
piece of wood, saw
chips
wood, wood chips
hogged wood, rest
wood, wood chips

1.1 MW
7.9-9.5 MW
15 MW
1.5 MW

hogged wood

31 t/h steam matured wood
Cement

Glass

brown coal dust, waste
oil, natural gas...
brown coal dust, waste
85 t/h clinker
oil, natural gas...
brown coal dust, raw
334 t/h
meal
brown coal dust, raw
325 t/h clink.
meal
raw meal, coal, waste
41 t/h clinker
oil, used tyre
223 t/d
cullet, batch, natural gas
508 t/d
cullet, batch, natural gas
46 t/d
cullet, batch, natural gas
46 t/d
cullet, batch
87 t/h clinker

chimney gas condensation,
multi-cyclone
cyclone, fabric filter, NOx
removal
ESP horizontal

12.10

ESP horizontal

0.73

ESP horizontal

4.11

ESP horizontal

6.42

ESP

14.76

lime-sorption, ESP
desulphurization (lime), ESP
fabric filter
fabric filter

2.02
2.62
0.99
0.06

g/tonne
clinker
g/tonne
clinker
g/tonne
clinker
g/tonne
clinker
g/tonne
clinker
g/tonne
g/tonne
g/tonne
g/tonne

300.00
300.00
300.00
300.00
300.00
24.00
24.00
24.00
24.00

b

Data kindly provided by C. Ehrlich, Saxony Anhalt State Environmental Protection Agency
Germany; S. Win Lee, CANMET Energy Technology Centre-Ottawa, Natural Resources Canada;
Ive Vanderreydt, Vito, Belgium.

4.4

Conclusions and recommendations

In considering whether national PM inventories can be considered sufficiently
robust to provide useful input for European policy purposes, it is clear that there
are still a number of uncertainty-related issues that affect the overall quality of
PM inventory data.
A major issue at the European level continues to be one of incomplete reporting.
Reporting of PM emissions has been required under the LRTAP Convention since
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2000. In 2004, only 28 of 49 Parties reported at least some PM data in the
required NFR reporting format. Of those countries that did report, there is strong
evidence indicating that not all Parties report emissions from all sectors in which
releases of PM are likely. Some of these sectors for which non-reporting appears
common (e.g. agriculture) may be significant sources with respect to national
totals, and so a general under-reporting of emissions to LRTAP from these sectors
seems likely. There is also a noticeable difference in the number of sectors for
which PM emissions are reported in western and eastern European countries. It is
suggested that the typically lower level of resources available to inventory
compilers in eastern European countries may contribute to the reporting of less
complete PM inventories. Comparison of Party-reported PM values with values
obtained from the IIASA RAINS model also indicates significant differences in
PM emission estimates. In a number instances the differences exceed 100%,
although at an aggregated ‘European’ level the differences in estimated emissions
across countries tend to cancel somewhat.
It is noted that there are a number of initiatives presently underway with the aim
of improving inventory quality and assisting inventory experts in the compilation
of robust national inventories. Such initiatives include:
•

The revision of the EMEP CORINAIR Guidebook to update information on
PM methodologies and emission factors for inventory compilers;

•

The development of an EU25 PM2.5 emission inventory for the year 2000,
focussing on completeness and comparability to ensure consistent emission
estimates are available for each country;

•

The work of UNECE, EMEP and the Task Force on Emission Inventories and
Projections (TFEIP) to revise the LRTAP Reporting Guidelines including
strengthening reporting requirements, encouraging countries to follow the
guidebook and improving transparency by requesting Parties to submit
Informative Inventory Reports etc;

•

The annual review of inventory quality performed under the auspices of the
TFEIP Expert Panel on Review. This review provides countries with an
annual assessment of the quality of their officially submitted inventory data
and aims to improve inventory quality and reduce uncertainties in data by
identifying potential inconsistencies in reported data, documenting reasons for
changes and trends in emission values, increasing transparency of submissions
etc;

•

The European NATAIR project that aims to quantify emissions of air
pollutants from natural sources.

In addition to the problem of incomplete inventories, other important sources of
uncertainty arise from the emission factors used to develop the emission
estimates. Uncertainty associated with emission factors arises from variability in
process measurements due to between plant variance, within plant variance, and
uncertainties associated with the analytical methodology itself.
Emission factors may be subject to systematic bias. Comparison of emission
factors from the CEPMEIP programme (which many countries will still be using
as default factors in their national inventories) with updated monitoring
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information reveals that in modern industrial plants regulated under regulatory
mechanisms such as the IPPC/LCP Directives etc., the CEPMEIP factors tend to
over-estimate actual emissions by up to an order of magnitude. Emissions of PM
from such sectors are therefore likely to be lower than is currently estimated in
many national inventories. However the CEPMEIP factors are still representative
for older plant, small plant, or for combustion of poorer fuels.
Recommendations
A number of recommendations are suggested that have the aim of reducing
uncertainty and developing robust and unbiased PM emission estimates. These
recommendations also draw on those highlighted in CAFE (2004).
1.

Parties to the LRTAP Convention should be strongly encouraged to submit
complete PM inventories. Presently many countries either do not report or
report incomplete sectoral emission estimates leading to high uncertainties of
PM emissions at a European level. Countries should be encouraged to sue
available sources of guidance such as the EMEP CORINAIR Guidebook;

2.

Ensure that the reporting requirements in the Reporting Guidelines are
suitable in providing criteria against which inventory quality (including PM
data) may be reviewed. In particular there should be a requirement for
countries to prepare an informative inventory report that transparently
describes how the data comprising the response to each NFR sector has been
assembled and justification of why emissions have not been reported for
certain sectors if these occur in for example other similar countries.

3.

Further measurements of particulate emissions are recommended to allow the
development of more robust, country-specific emissions factors. Particular
attention is also required to improve the emission factors for PM2.5, to
improve the quality of inventory reporting for this pollutant. Introduction of
standardised methodologies for the determination of emission factors at both
plant and aggregated levels; relating TSP to PM10:PM2.5; and the determination of PM10, or PM2.5. It is noted that ongoing work developing a PM2.5
EMEP CORINAIR Guidebook chapter will help make such information
available to inventory experts;

4.

Introduce a mechanism for ensuring that the emission factors used in EMEP/
CORINAIR Guidebook continue to be well-founded, up to date, and
representative of current technologies;

5.

Data on chemical composition of PM emissions is still scarce and is needed
for source apportionment and validation of PM emission inventories and
models using monitoring data. Therefore, typical source profiles should be
established for the main sources of primary PM;

6.

Resuspension estimates (where they exist) are known to be of very high
uncertainty. As resuspension sources are an important source of roadside PM
(and may contribute a significant fraction of the national total) efforts should
be put into better quantification of this source.

Similarly, emissions from natural sources are of high uncertainty and further work
to improve their estimation would contribute to lowering the overall uncertainty
of total PM emissions in Europe.
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5. Main uncertainties in the assessment of transboundary PM
There is ample evidence that present ambient concentrations of Particulate Matter
(PM) cause adverse health effects (WHO, 2006). PM is not presently among the
pollutants addressed within the framework of the Gothenburg Protocol.
PM concentrations will probably decrease to a certain extent due to the reductions
of secondary inorganic aerosols concentrations (sulphate, nitrate and ammonium)
provided by the control of SO2, NOx, NH3 emissions under the Gothenburg
Protocol. However, there is still a considerable fraction of PM (primary particles,
secondary organic aerosols from both anthropogenic and biogenic sources, natural
particles) that remains unaddressed.
This chapter analyses to what extent PM is a transboundary problem, which
would justify the need to address PM concentrations in a future revision of the
Gothenburg Protocol under the Convention for Long-range Transboundary Air
Pollution. It further establishes the main uncertainties in the current model
estimates of transboundary PM in order to support the discussions on a possible
revision of the Protocol.
5.1

PM as a transboundary problem

Calculations with the Unified EMEP model show that regional background
concentrations of anthropogenic PM have a considerable transboundary contribution, both for primary and secondary PM.
The travel distance of pollutants is determined by their residence time in the
atmosphere. For PM, residence times depend mainly on their dry Lagrangian path,
that is, the time particles can be transported in the atmosphere without being
removed by precipitation. The residence time of PM in the atmosphere ranges
from 1–6 days, depending mostly on the size of the particles and their chemical
composition. For instance, coarse particles have shorter residence times than fine
particles because they are more effectively removed by dry deposition.
Typical travel distances are about 3000–4000 km for secondary inorganic
aerosols, about 2000–3000 km for primary fine particles and 500–1000 km for
primary coarse particles. The fact that PM can travel over such long distances
implies that pollutants emitted in one European country can affect PM
concentrations in neighbouring countries and even countries far away from the
source. An example is provided in Figure 5.1, showing the area of influence of
German anthropogenic emissions of primary PM and precursor gases. Emissions
of fine primary particles in Germany can be traced to the Czech Republic, France
and the United Kingdom, affecting PM levels in these countries. Note here that
PM of biogenic and geogenic origin is also transported over long distances
although it is not included in the current analysis of transboundary contributions
that is centred on the anthropogenic components of PM.
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Figure 5.1: Average concentrations of secondary inorganic aerosols (blue),
primary fine particles (pink) and primary coarse particles (yellow)
over different countries following a 1-kilotonne emission of German
precursor gases and primary PM emissions in the projected
chemical situation in 2010 CLE and using 1997 meteorological
conditions for the pollution transport (units: ng/m3).
Over Europe in general, regional background PM2.5 levels have a considerable
transboundary contribution, between 40–80% of the PM2.5 concentrations in air
from neighbouring countries. For primary fine particle concentrations, the transboundary contribution is slightly lower, and for primary coarse particles it varies
from 20% to 60%. The size of the country, its geographical position and the size
of emissions in neighbouring countries compared to its own determine the extent
of the contribution from transboundary PM levels in a particular European
country.
Figure 5.2 presents an overview of the contribution of transboundary PM in
different European countries and regions. The calculations were carried out with
the unified EMEP model for the meteorological conditions of 1997 and for
emission levels in Europe corresponding to 2010 emissions following Current
Legislation (CLE) plans. Emissions from each country were studied separately to
identify the contribution of each of them to total PM levels. The transboundary
contribution is largest over sea areas, since there are few indigenous pollution
sources over the seas, and for Eastern European countries, down flow from the
main pollution areas in central Europe. The smallest contribution from
transboundary PM2.5 (about 40%) is found for large countries with significant
indigenous emissions and for countries, which are affected by particular
atmospheric transport conditions, such as Italy, the Russian Federation, Spain and
Turkey.
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Figure 5.2: Relative contribution of anthropogenic transboundary pollution to
PM concentrations in different European countries and regions.
The transboundary contribution to PM in the different countries is made up of a
large number of small contributions. Typically, the contribution from one country
to immediate neighbouring areas ranges from 3% to 15%. For longer transport
distances, contributions from individual countries are usually below 3%.
Nevertheless, as indicated in Figure 5.3, the sum of small individual country
contributions can add up to 30% of the calculated PM2.5 levels, as seen for
Norway. Figure 5.3 also shows that individual country contributions vary from
year to year according to meteorological conditions. Meteorological variability
can imply changes in PM levels of 15–25% (EMEP, 2005a) and it affects also the
transboundary exchange between countries. For this reason, it has been
recommended to consider averages over different meteorological years when
considering the contribution of regional transboundary pollution.
1996

Figure 5.3:

2000

Contributions from individual countries to predicted PM2.5 levels in
Norway by 2010. Note: Individual contributions below 3% are placed
together under “Other”. The right-hand pie corresponds to contributions
under the meteorological conditions in 2000 while the left-hand pie is for
the meteorological conditions in 1996. Units: ng/m3 per 15% emission
reduction of PPM, SOx, NOx, NH3 and VOC.
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5.1.1 To what extent can we trust model calculated PM10 and PM2.5?
Since year 2000, information on emissions of primary particles and observed
levels of particulate matter have been regularly compiled and reported under the
LRTAP Convention. The amount and quality of the compiled information has
steadily increased during these six years. Also the Unified EMEP model has
undergone an extensive development with respect to PM representation in the last
few years.
The review of the Unified EMEP model in 2003 concluded that although the
EMEP model was state-of-art for secondary inorganic aerosols, it still had to be
further developed specially with respect to the primary components of PM. The
review also recognised that the model development was hampered to a large
extent by the lack of reliable emission information and by the lack of
measurements of PM across Europe.
Since the time of the review, the EMEP model has been systematically developed
and new aerosol components and processes have been introduced in the model.
Main developments of the model involve, among other, the implementation of
sea-salt and wind blown dust particles, the inclusion of particle water in
calculations of PM concentrations and the revision of particle dry deposition
parameterisation. Detailed documentation on the model description and
development can be found in the EMEP reports EMEP (2003), EMEP (2004b)
and Tsyro (2005).
The performance of the EMEP model for PM over the last few years has been
improving accordingly. This is illustrated in Table 5.1. When the model included
only anthropogenic primary and secondary PM, it underestimated significantly the
measured PM10 and PM2.5 concentrations. The implementation of natural particles
of sea-salt and wind blown dust in the model and accounting for particle water in
PM concentrations, have reduced the model underestimation of PM10 and PM2.5
and in general improved the spatial correlation. However, the model still
underestimates concentrations of PM2.5 by 17% and concentrations of PM10 by
25% on average. A main reason for the remaining model underestimation of PM10
and PM2.5 concentrations is that Secondary Organic Aerosols (SOA) has not yet
been included in the model. The implicit uncertainties in each of the calculated
components of PM may also contribute to this underestimation.
The most updated model version, using the latest information on emission
estimates has been used to evaluate model performance for PM10, PM2.5 for the
years from 2000 to 2004. The emission data for SO2, NOx, NH3 and primary
PM2.5 and PM10 used for the calculations are presented in the Appendix A. The
performance of the model for the different years is summarised in Table 5.2. The
main conclusion is that the newest model version has a rather constant
performance level. This indicates that the model is quite robust with respect to
calculations of PM10 and PM2.5 concentrations.
Further, the performance of the model seems to improve somewhat from 2000 to
2004. One of the reasons for the improved model performance is the increase in
the number of EMEP stations with measurements of PM concentrations from
2000 to 2004. The increased number of measurement sites provides a more

EMEP Report 4/2006

105
significant and robust model verification, as it allows validation of model with
measurements in new geographical locations and under different chemical
conditions.
Table 5.1:

Component
PM10

PM2.5

Table 5.2:

Changes in the model performance in the period 2000-2004 due to
the progress in model development: implementation of new PM
components and processes starting from only SIA and primary PM
and including sea-salt (SS), natural dust (DU) and accounting for
water in gravimetric PM measurements
Obs
17.35

SIA+PPM10
SIA+PPM10 +SS
SIA+PPM10 +SS+DU
SIA+PPM10+SS+DU+water
SIA+PPM2.5
SIA+PPM2.5+SS
SIA+PPM2.5+SS+DU
SIA+PPM2.5+SS+DU+water

11.93

Mod
8.02
8.98
11.39
12.88
6.55
6.67
8.36
9.8

Bias
-53
-48
-34
-25
-44
-43
-29
-17

RMSE
10.72
9.89
7.52
6.28
6.59
6.51
5.37
4.39

Corr
0.56
0.54
0.70
0.72
0.79
0.79
0.77
0.79

Comparison statistics of model calculated and measured PM10 and
PM2.5 at EMEP sites for the years 2000 to 2004.

Component

Ns

Obs

Mod

Bias

RMSE

Corr

PM10

16

15.28

11.30

-26

5.66

0.59

PM2.5

7

10.71

8.81

-17

3.6

0.75

2000

2001
PM10

27

16.54

12.43

-24

6.06

0.73

PM2.5

18

12.12

9.78

-19

4.45

0.82

2002
PM10

28

16.88

12.10

-28

6.71

0.70

PM2.5

18

11.81

9.39

-20

4.71

0.79

2003
PM10

30

18.90

14.01

-25

6.81

0.71

PM2.5

18

12.53

10.63

-15

4.50

0.80

2004
PM10

35

16.73

12.14

-27

6.17

0.76

PM2.5

22

10.87

8.67

-20

4.05

0.76

Model calculations show that the average concentration levels of PM10 and PM2.5
change relatively little for the period from 2000 to 2004. Annual PM10 and PM2.5
are relatively constant (Figure 5.4). Concentrations vary between -8% to 13%
relative to the main concentration level for the considered period. The most
pronounced feature is enhanced PM10 and PM2.5 concentrations in the year of
2003. This is the case for European wide averages. Differences are larger for
different areas and regions.
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The changes in PM concentration levels are driven by changes in emissions and in
the meteorological conditions.
Figure 5.5 shows that the total European emissions for all of the pollutants
changed very little in this 5-year period, except for SO2 emissions, which
decreased by about 18% from 2000 to 2004. It should be pointed out that emission
changes in the individual countries could differ from the general changes in the
total European emissions. In Figure 5.5 the emissions of SO2, NOx, NH3 and
primary PM2.5 and PM10 in EU countries between 2000 and 2004 are also shown.
Unlike the total European emissions, NOx emissions in the EU countries decrease
from 2000 to 2004 and they are considerably larger than SO2 emissions. It is
relevant to show the emissions in the EU area separately, as measurements of PM
concentrations used further in this chapter were taken from EMEP sites situated
within this area.

Figure 5.4: Calculated and observed changes in the annual concentrations of
PM10 (left) and PM2.5 (right) between 2000 and 2004 (averaged over
sites with measurements of PM10 and PM2.5 respectively). Calculated
concentrations of SIA and primary PM2.5 and PM10 are also shown.
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Figure 5.5: Changes in the emissions of SO2, NOx, NH3, primary PM2.5 and PM10
between 2000 and 2004 for the whole Europe (left) and for the EU
countries (right).
The effect of meteorological conditions should also be taken into consideration in
order to explain the changes in PM concentration levels. The higher levels of
PM10 and PM2.5 concentrations in 2003 was to a large extent due to special
meteorological conditions that year, as discussed in EMEP (2005a). The year of
2003 was characterised by exceptionally hot and dry summer, which caused the
elevated PM10 and PM2.5 concentrations in central and southern Europe. On the
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other hand, relatively low temperatures favoured a larger formation of NO3- and
NH4+ in Eastern Europe and Russia in early spring. Together with small amounts
of precipitation, this brought about enhanced concentrations of SIA, PM2.5 and
PM10 in 2003 in those areas.
An evaluation performed by the EMEP model to explain changes in PM
concentrations observed in AIRBASE stations from 1997 to 2003 showed a
general increase in PM10 and PM2.5 concentrations between 1999 and 2003, which
mainly could be explained by changes in meteorological conditions (ETC/ACC,
Larssen et al., 2006). This is illustrated in Figure 5.6, which shows the annual
mean concentrations of PM components averaged over AIRBASE stations for the
period from 1997 to 2003. The model calculations presented in this picture used
constant emissions so that the changes in concentrations are caused solely by the
meteorological variability between 1997 and 2003. On average, the concentrations
of SO42- and primary PM increased by about 15% and concentrations of NO3- and
NH4+ increased by more that 20% from 2000 to 2003 due to the influence of
meteorology. This dependence of concentrations on the changes in meteorological
conditions describes the situation in central Europe, where the most of AIRBASE
stations with long timeseries of PM data are located.
Further, Figure 5.7 shows that changes in meteorological conditions impose also
quite significant variations in the yearly distribution of PM2.5 over Europe. On
average, the changes in PM2.5 concentrations are about 15–20% of average
conditions, while there are significant regional differences. The calculations show
that the changes in annual mean PM2.5 concentrations due to meteorological
variability can vary between -35% and +35% in different parts of Europe (EMEP,
2005a). This indicates the relevance of the physical location of stations when
analysing changes and trends.
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Figure 5.6: Ratio of the yearly values and average over the whole period for a
number of components in PM10 using constant 2010-CLE emissions
(AIRBASE sites).
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Figure 5.7: Relative changes in PM2.5 air concentrations due to meteorological
conditions in the years 2001 and 2003, calculated with the Unified
EMEP model.
Units: per cent of the 8 year average from 1995 to 2002.
5.2

Main uncertainties in model calculated PM

Although the model performance for total PM mass is improving with the
introduction of new aerosol processes and components, there are still considerable
uncertainties related to the description of the individual components of PM. For
regulatory purposes, the description of PM ambient levels should be complemented with reliable understanding of the origin of its individual chemical
components.
The reliability of the current understanding of the different components of PM and
their origin is largely variable. In this section we analyse the current uncertainties
related to the main individual components of PM. The different individual components are presented here in terms of increasing uncertainty, so that the components
analysed in the first place are those considered to be best understood, while the
components analysed last are those with the largest degree of uncertainty.
5.2.1 Secondary Inorganic Aerosol
The evaluation of the model performance for secondary inorganic aerosol
components SO42-, NO3- and NH4+ with measurements has regularly been performed at MSC-W/EMEP for several years. Comparison of EMEP model results
with observations and results of other models, showed that the EMEP model is a
state-of-the-art model with respect to the secondary inorganic components (van
Loon et al., 2004).
Table 5.3 provides a summary of the comparison statistics for calculated SIA
concentrations and the concentrations of SO42-, NO3- and NH4+ with EMEP
measurements averaged for the period from 2000 to 2004. On average, the model
overestimates SIA concentrations by 7% in the period from 2000 to 2004. In the
same period, the model underestimates mean SO42- concentrations by 14% and
overestimates mean NO3- concentrations by 24% and NH4+ concentrations by
26%. The spatial correlation coefficients between calculated and measured
concentrations of all SIA components are quite good, ranging between 0.77 and
0.85.
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The largest uncertainties in SIA are those associated with nitrate, in particular
with its gas-to-particle partitioning. The overestimation of NO3- and NH4+
concentrations in cold period has been repeatedly documented in previous EMEP
reports. For calculating gas-aerosol partitioning, we use a simplified equilibrium
aerosol model EQSAM (Metzger et al., 2002), which main advantage is the
calculation efficiency. However, the EQSAM model appears to calculate too
much NO3- and NH4+ at lower temperatures, as compared with observations.
Testing of alternative, more sophisticated thermodynamic models in the EMEP
model is envisaged in 2006. Also description of the formation of coarse nitrate on
sea-salt and particles will be revised in the model.
Table 5.3:
Component
SIA
SO42NO3NH4+

Averaged statistics of comparison between model calculated SIA
components and EMEP observations in the period 2000-2004.
Ns
20
90
41
33

Obs
4.78
2.12
1.73
0.89

Mod
5.16
1.81
2.14
1.12

Bias(%)
7
-14
24
26

RMSE
2.26
0.75
1.15
0.5

Corr
0.85
0.77
0.81
0.84

5.2.2 Primary PM
The uncertainties in modelling transboundary primary PM are primarily related to
uncertainties in the emission data. In this section, uncertainties in primary PM
emission data are considered. Conclusions from bottom-up evaluation from
emission experts coincide quite well with top-down evaluation by the EMEP
model.
Uncertainties in Primary PM emissions: initial issues from bottom-up
evaluation
When considering whether national PM inventories are sufficiently robust to
provide useful input for European policy purposes, it is clear that there are still a
number of uncertainty-related issues that affect the overall quality of PM
inventory data. The key issues with regard to uncertainties in current primary PM
emission inventories in Europe are discussed in Chapter 4 in this report.
As pointed out in Chapter 4, a major issue at the European level continues to be
that of incomplete reporting. In 2006, only 28 of 49 Parties reported at least some
PM data in the required NFR reporting format. Compared to the emissions of
gaseous pollutants covered by the Gothenburg Protocol, fewer countries report
emissions of primary PM. Officially reported data by the countries constitutes
only about 40% of the PM emissions in the EMEP database (38% for PM2.5 and
33% for PM10), while the remaining more than 60% of PM emissions is expert
estimates. The corresponding figures for NOx and SOx emissions are 57% whereas
it is 41% for NH3 and 4% for NMVOC.
As already mentioned, there is a strong evidence indicating that of those countries
that did report PM emission not all Parties reported emissions from all sectors in
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which releases of PM are likely. Some of these sectors in which non-reporting
appears common (e.g. agriculture) may be significant sources with respect to
national totals, therefore a general under-reporting of PM emissions to LRTAP
from these sectors seems likely. It was also pointed out that there is a noticeable
difference in the number of sectors for which PM emissions are reported in
western and eastern European countries.
In addition to the problem of incomplete national inventories, the emission factors
used to develop the emission estimates represent serous sources of uncertainties.
Uncertainty associated with the use of recommended emission factors arises from
variability in process measurements due to between plant variance and, within
plant variance, and uncertainties associated with the analytical methodology itself.
Emission factors may also be subject to systematic bias, such as those due to
assumptions made about the abatement measures used or about the relationships
between TSP and PM10 and PM2.5.
There is a significant range of variability of the uncertainty estimates between the
individual countries. The largest uncertainty in PM emission estimates is reported
in Denmark: 432% for PM10 and 445% for PM2.5 emissions. In the United
Kingdom, the estimated uncertainty in PM10 emissions is (-20)–(+50)% and in
PM2.5 emissions is (-20)–(+30)%. In Finland, the reported uncertainty of the 2003
emissions is (-24)–(+25)% for both PM10 and PM2.5 emissions. The reported
uncertainty in TSP emissions in France is about 100%. For the individual sectors,
the largest uncertainties in the PM emission inventories are reported to be due to
fugitive emissions from industrial processes (e.g. metal production), quarrying,
agriculture (agricultural soils, manure management etc.), constructions etc.
Emission estimates for fuel combustion in transport, power production, industrial
and commercial sectors are generally considered more reliable. However, significant uncertainties are associated with PM emissions from biofuel combustion in
the residential sector.
Additional uncertainties of PM2.5 emissions can be due to the uncertainties in
particle size distribution when PM2.5 emissions are derived as a fraction of the
correspondent PM2.5 emissions. However, the overall uncertainties of PM2.5
emissions can be smaller than for PM10 emission inventories, since much of PM2.5
is emitted from fuel combustion sources (mobile sources, residential/commercial
and industrial combustion). From those sectors, the estimates of traffic emissions
are believed to be more reliable than e.g. the emissions from residential heating.
Emissions of coarse PM are associated with rather significant uncertainties due
to a larger contribution of fugitive emissions of coarse PM from industrial
processes, constructions and agricultural activities, which are difficult to measure.
Also coarse PM emissions from residential combustion are still highly uncertain.
Uncertainties in primary PM emissions: conclusions from top-down analysis
Validation of the current primary PM emissions can be performed through
validation of their individual components, i.e. elemental carbon (EC), primary
organic carbon (POC) and various mineral components. Albeit crude, EC can be
used as a tracer of primary PM emissions from combustion sources. On the other
hand, because of the lack of measurement quantification of the ambient
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concentrations of POC and mineral dust in Europe, EC appears currently to be the
only primary PM component, which can be directly compared to measurements.
As presented in Chapter 2.5.5, the EMEP model has been used to establish the
relation between the emissions of primary PM and ambient concentrations of EC.
The intention was to compare model calculated EC with measured EC
concentrations in order to make a preliminary evaluation of the quality of primary
PM emissions. Based on the results of EC modelling, the following preliminary
conclusions with regard to the uncertainties in EC (PM) emissions have been
suggested:
•

EC emissions from residential combustion are likely to be underestimated in
several countries in central and southern Europe;

•

EC emissions from residential combustion are likely to be overestimated for
the Nordic countries;

•

EC emissions from on road traffic and off-road mobile sources are probably
underestimated in several European countries.

The results identified above for EC emissions maybe directly related to the
calculation of PM primary emissions, but can also be related to the underlying
assumptions on the chemical composition of PM emissions, that is, the share of
EC in PM from different sectors.
Finally, it should be noted that the definition and measurement of EC poses many
problems, since different analysis methods can produce very different values for
EC from the same sample Schmid et al. (2001) and Turpin et al. (2000). Thus,
EC/OC ratios measured in emission tests may be very different from the EC/OC
ratio measured from the same source in the atmosphere. This brings additional
significant uncertainties to the analysis of the chemical speciation of primary
anthropogenic PM emissions.
5.2.3 Anthropogenic and Biogenic SOA
Most modelling studies show that biogenic SOA formation dominates over
anthropogenic (Andersson-Sköld and Simpson, 2001; Schell et al., 2001;
Tsigaridis and Kanakidou, 2003). Further, recent measurements using 14C analysis
also seem to support these results. For example, Szidat et al. (2006) used
14
C analysis to attribute the sources of aerosol in Zurich, Switzerland to either
‘fossil’ carbon (from coal, oil) or ‘modern’ carbon (from recent vegetation, either
by combustion or emissions). They found that fossil-fuel combustion accounted
for ca. 30% of OC throughout the year. Biomass burning in wintertime and SOA
in summertime seemed to account for the majority of the remaining OC. The
results from the CARBOSOL project (Chapter 3) largely confirm these findings.
The modelling of SOA is however very uncertain, for the simple reason that the
mechanisms behind SOA formation are still speculative. Whereas SOA formation
in controlled smog-chamber experiments is understood to a fair degree, SOA
formation in the atmosphere may involve heterogeneous reactions between 1000s
of semivolatile organic species. Recent reviews have highlighted the complexity
of carbonaceous aerosol both in terms of known composition and formation
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mechanisms (Baltensperger et al., 2005; Donahue et al., 2005; Fuzzi et al., 2006;
Gelencsér, 2004; Kanakidou et al., 2005; Pöschl, 2005).
5.2.4 Natural sources of primary PM
Sea-salt
The calculation of sea-salt aerosol production in the EMEP model is based on two
widely-used empirical parameterisations (Monahan et al., 1986; Mårtensson et al.,
2003). Production rate and size distribution of sea-salt particles crucially depend
3.14
on the surface wind velocity (proportional to U10
m ). Therefore, the calculated
sea-salt concentrations are very sensitive to the input wind data.
Few observations of sea-salt components are available from the EMEP monitoring
network: air concentrations of Na+ have been measurements only at 8-9 Danish
and Norwegian EMEP stations. In average, the model reproduces well the
observed air Na+ concentrations with a slight bias of 7% and a high spatial
correlations of 0.93 (Figure 5.8, left panel). Additional validation against data
from the national measurement campaigns in Spain and Austria has shown that
the model in general manages to predict Na+ and sea-salt concentrations
reasonably well, with temporal correlations lying between 0.50 and 0.65 (EMEP,
2005b).
On the other hand, concentrations of Na+ in precipitation are considerably
underestimated by the model (Figure 5.8, right panel). So far we do not seem to
have any good explanation for this large underestimation of concentrations in
precipitation. A possible reason is that that wet scavenging of sea-salt aerosols is
presently too small in the model. Sensitivity experiments showed, however, that
Na+ concentrations in precipitation first increased and then decreased, as the
scavenging ratio was increased from 1x106 to 2x106. Another plausible
explanation could be the contribution of particles larger than 10 μm in the
measured Na+ wet concentrations. Even though the larger particles are efficiently
removed from the air through gravitational sedimentation, a small number of them
in precipitation could increase significantly the observed Na+ wet concentrations
whilst the model deals only with particles with diameters smaller than 10 μm.
Summarising, the model reproduces well the levels, spatial and temporal variation
of observed air concentrations of Na+ from sea-salt aerosols at a limited number of
stations. More measurements of concentrations of sea-salt components in air are
needed for better evaluation of model calculations of the sea-salt aerosol. There is
still a considerable unexplained underestimation of sea-salt concentrations in
precipitation by the model.
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Figure 5.8: Scatter-plots for calculated vs. observed concentrations of Na+ in air
(left) and precipitation (right) averaged over 2000-2004.
Natural dust
Modelling of wind blown dust is currently associated with very large
uncertainties. Firstly, this is because of the lack of adequate input information,
e.g. soil types and morphology, soil moisture, micro-roughness parameters, etc.
Secondly, current parameterisations of dust production, including the one in the
EMEP model, contain a number of empirical parameters (e.g. sandblasting
efficiency, availability of erodible soil elements, soil crust formation etc.), which
values are practically unknown for the whole European area.
The calculated production of erosion dust is very sensitive to the input of
meteorological parameters and soil properties data. It is particularly sensitive the
choice of empirical parameters. Presently, the values of most of the parameters
used in EMEP are taken from the scientific literature. Those values are based on
measurements carried out mostly in African deserts and southern Spain (e.g.
Gomes et al., 2003) and it is not established to what extent they are applicable for
other European soils.
In addition, the validation of model calculated air concentration of natural dust is
presently hampered due to the lack of measurements. Air concentrations of some
mineral cations (Ca2+, Mg2+, K+ and Na+) are measured at several EMEP sites but
these cations originate both from anthropogenic and natural dust sources and also
from sea-salt. The major components of natural dust, Al and Si, are not measured
at present within EMEP.
Summarizing, there are currently considerable uncertainties in modelled
concentrations of natural dust, both with respect to the time and the location of
dust emissions and to the magnitude of erosion dust produced. The availability of
appropriate input information, such as the distribution of soil types and
morphology, soil moisture and micro meteorological parameters, is crucial for
accurate model calculations of wind blown dust. Finally, verification and further
improvement of any model calculation of wind blown dust relies on the
availability of appropriate chemical speciated measurements.
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Natural primary sources of OC
Unfortunately, our knowledge about the natural fraction of OC and its magnitude
is rather limited. Further insight has been hampered by the lack of suitable
analytical methodology able to distinguish the ambient aerosols content of natural
OC from that of anthropogenic origin. This shortcoming has also excluded the
possibility to validate model performance.
Being able to quantify the aerosol content of biogenic OC would indeed be a great
step forward. Still, our knowledge about the relative contribution from various
sources remains scarce. Natural primary sources of organic carbon contributing to
ambient particulate matter can be divided into: Primary biological aerosol
particles (PBAP) and carbonaceous aerosols originating from wildfires/biomass
burning.
Primary biological aerosol particles (PBAP)
According to Matthias-Maser (1998) primary biological aerosol particles (PBAP)
can be defined as airborne solid particles (dead or alive) that are or were derived
from living organisms, including micro-organisms and fragments of all varieties
of living thing (e.g. viruses, bacteria, algae, spores, pollen, plant debris, parts of
insects, human and animal epithelial cells etc.). Particular interest is devoted to
this fraction, as certain PBAP are causes of allergenic reactions of humans,
animals and plants. Another aspect for investigating PBAP is the part they play in
cloud physics. While most particles need temperatures < –10ºC, certain PBAP
have ice-nucleating (IN) capacity at temperatures about –4ºC, making it possible
to initiate cloud forming processes even though the surroundings are super cooled
(Matthias-Maser, 1998).
Little is known about the sources contributing to the PBAP fraction and their
source strength, and what are the seasonal and temporal variations. Currently,
PBAP are included in the Background-OC (BGND-OC) fraction of the EMEP
model, which is supposed to account for the numerous sources of OC, which are
not accounted for in the model. The BGND-OC concentrations are currently
treated as reservoir species, with a constant concentration of 0.5 μg m-3 all year
around, regardless of the geographical situation of the site.
There is no common way to quantify the level of PBAP in aerosol samples.
Matthias-Maser (1998) used a combination of electron microscopy techniques
(typically SEM) and certain staining schemes. This approach is, however, very
time consuming and suitable only for a very limited number of samples. Studies
performed in recent years have demonstrated that the aerosols content of sugars
and sugar alcohols can be used to trace certain PBAP (Graham et al., 2003) and
that cellulose can be used to estimate the contribution of decaying leaf litter. Only
a very few studies have reported concentrations of such molecules in aerosols in
Europe.
PBAP has typically been considered a minor source of primary particles, and for
the year 2000 bioaerosols (> 1 micron in size) were thought to account for only
56 Tg/year compared to 3300 Tg/year for sea-salt and 2000 Tg/year for mineral
dust (IPCC).
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In the study by Szidat et al. (2006), plant debris accounted for 1-8% of OM
(Organic Matter) in PM10 at a European urban background site, whereas the
corresponding range for plant debris-to-biogenic OM was 2-19%. The estimates
were based on the samples content of cellulose. Quite similar estimates for plant
debris-to-OM were obtained for rural areas (2-10%) in the recent CARBOSOL
project and for an urban site in Vienna (8%) (Puxbaum and Tenze-Kunit, 2003),
based upon the same approach.
Based on light and scanning microscopy, and staining of the samples content of
PBAP, it has been reported that approximately 22% of the total aerosol volume of
aerosols with a radius 0.2 to 0.50 micron was attributed to PBAP at a rural
influenced urban site (Matthias-Maser, 1998), 10% for a marine environment
(Matthias-Maser et al., 1999), and 30% for a remote continental environment
(Matthias-Maser et al., 2000).
In a recent study, O’Dowd et al. (2004) showed that 65% of the mass of
submicron marine aerosols at Mace Head could be accounted for by TOC (Total
Organic Carbon) during the period of the year with high biological activity (high
concentration of chlorophyll) in the North-Atlantic (spring-autumn). The
corresponding percentage for the period with low biological activity (low
concentration of chlorophyll) (winter-spring) in the North Atlantic was 15%. This
TOC material was suggested to be of primary origin, originating from biological
material enriched in the oceanic surface layer, and transferred into the atmosphere
by bubble bursting processes. They also found that the relative contribution of
TOC was enriched with respect to decreasing particle size.
Most studies tend to show that PBAP are in the coarse fraction, however PBAP
range in size from a few tens of nanometers to millimeters, hence this can vary
considerably depending on the sources of PBAP that contribute. The studies
reporting size distributions of sugars, sugar alcohols and cellulose tend to show
that they are associated primarily with the coarse fraction (Carvalho et al., 2003;
Yttri et al., 2006a), although occasions of the opposite have been reported
(Carvalho et al., 2003); Puxbaum and Tenze-Kunit, 2003).
Jaenicke (2005) has argued that there seems to be no apparent seasonal cycle for
the PBAB fraction as a whole, suggesting that this could be attributed to
resuspension during the non-vegetative season (Matthias-Maser, 1998). Only a
few studies have addressed the seasonal cycle of PBAP by quantifying the
aerosols content of sugars and sugar alcohols. However, these results show a clear
seasonal variation, with increased concentrations during summer compared to
winter by a factor 2 -9 (Pashynska et al., 2002; Yttri et al., 2006a) for the sugars
and sugar-alcohols reported.
Biomass burning/forest fires
Vegetation fires are a major source of carbonaceous aerosol in many world
regions including Europe. On the global or hemispheric scale, European fire
emissions are relatively low, but European air quality can be influenced by smoke
plumes advected from large forest fires in North America or Siberia. There is less
influence on particle concentrations over Europe from tropical fires, although
smoke plumes from Southern Asia (and occasionally from Africa) can be
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advected into the Mediterranean region (in contrast to the aerosol effects, other
gas-phase pollutants emitted from fires can also influence the global or
hemispheric background concentrations of ozone and its precursors, so that there
may be an additional impact of fires from other world regions). Quantitative
estimates of primary and secondary aerosol formation from fires is still very
uncertain, and until now model studies have been inconclusive as to how much
aerosol is produced from fires in Europe or advected into the region from fires
outside Europe.
On the global scale, source estimates for average black carbon (BC) emissions
vary by a factor of 5, while organic carbon (OC) emission estimates fall somewhat
closer together (factor of 3). One of the major uncertainties is the emission factor,
determining how much BC or OC is emitted per unit of dry fuel matter burned.
While burned area statistics are rather complete for (Western) Europe, there is
also considerable uncertainty (factor of 2 at least) about the area burned annually
in boreal forest and tundra regions, particularly in Siberia. Existing estimates
based on satellite data are often inconsistent, and aerial surveillance is far from
complete. Further complications for accurately estimating aerosol emissions from
fires in the northern hemisphere arise from the large inter-annual variability of
these fires (about a factor of 10 variation of burned area from one year to the
next), and from difficulties in estimating the fuel load and combustion efficiency
correctly. A major factor in this respect is understory fires consuming large
amounts of organic soil carbon. Assessing the impact of fire emissions with
modelling tools faces other challenge besides obtaining accurate emission
estimates: for example, the injection height of a fire plume is a critical parameter
determining the subsequent spread and transport of the plume, and this parameter
is very poorly known at present. Considering the impact of fire emissions in the
future, one must be aware of the fact that many fires are of human origin (on
purpose, by arson, or accidentally), and fire severity can also be largely influenced
by human behaviour (i.e. the increase in fuel load in North American forests after
1960 due to strict fire prevention programs). Climate change is also expected to
play a role, in particular for boreal forests, where recent studies indicate a
significant increase in future burned areas due to less rainfall and additional
warming in higher latitudes.
5.2.5 Particle water
The model calculates particle water at a temperature of 50ºC and a relative
humidity of 50% in order to account for the water in PM mass measured with
gravimetric methods according to the CEN standard EN 12341. Particle water is
calculated in each advection time step using the simplified equilibrium aerosol
model EQSAM (Metzger et al., 2002), as documented in Tsyro (2005). Calculated
annual mean concentrations of particle water ranged from 0.5 to 2 μg/m3 in
Europe in 2004. This accounted for 5 to 15% of the PM10 mass and about 5 to
20% of the PM2.5 mass.
As shown in Table 5.1, accounting for particle water significantly decreases the
model underestimation of PM10 and PM2.5 and slightly increases the spatial
correlation between calculated and observed concentrations. It also increases the
temporal correlations between modelled and measured PM10 and PM2.5 concentrations at most of the stations, as documented in EMEP (2005b).
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However, these results should be regarded as highly provisional as model
calculations of particle water have not yet been properly validated.
5.3

Conclusions and recommendations

The amount and quality of the compiled information on emissions and
measurements of PM has steadily increased in the last six years, after such
information began to be regularly compiled within EMEP in year 2000. Also the
Unified EMEP model has undergone an extensive development with respect to
PM representation in the last few years.
Since the time of the review of the Unified model in 2003, the EMEP model has
been systematically developed and new aerosol components and processes have
been introduced in the model. Although the model performance for total PM mass
is improving with the introduction of new aerosol processes and components,
there are still considerable uncertainties related to the description of the individual
components of PM. For regulatory purposes, the description of PM ambient levels
should be complemented with reliable understanding of the origin of its individual
chemical components. The reliability of the current understanding of the different
components of PM and their origin is largely variable. The main conclusions and
recommendations are summarised below, where the different components are
organised in increasing order of uncertainty.
•

PM is transboundary: Model calculations show a considerable transboundary contribution of 40–80% in the regional background PM2.5 air
concentrations. For primary fine particle concentrations the transboundary
contribution is slightly lower, and for primary coarse particles it varies from
20% to 60%. The current understanding of the transport distances of different
sizes of PM is well established, so that the conclusion of PM as a
transboundary problem is robust;

•

SIA: The EMEP model is capable of reproducing the transboundary concentrations of SIA. Remaining uncertainties are related to the formation of nitrate;

•

Anthropogenic Primary PM: The accuracy of model calculations of the
primary anthropogenic PM concentrations depend to a large degree on the
quality of PM emission data. There is a strong evidence for a need of revision
of the current primary PM emissions: emissions from agricultural sources,
residential combustion and even road and off-road traffic need reconsideration. Further efforts should also be addressed to determining the chemical
speciation of primary PM emissions, in particular the share between elemental
and organic carbon;

•

SOA: The most basic problem is that we still do not know the sources and
mechanisms behind SOA formation in the atmosphere, with increasing
evidence for a host of heterogeneous reactions, sometimes involving species,
which until recently were never considered as possible precursors of SOA.
Thus, although there is good evidence from several studies that at least
summertime SOA is dominated by ’modern’ carbon (identified by 14C
analysis), suggesting a strong influence of either biogenic emissions or
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biomass-burning, the processes cannot be modelled with any accuracy until
the mechanisms and precursor gases are identified;
•

Particle water: Model calculations of particle water seem to provide
reasonable results, but they need to be validated with measurements, presently
non-available;

•

Natural sources of primary PM: These are the most uncertain estimates at
the moment, mostly because of the lack of input information and reliable
speciated measurements across Europe. Uncertainties are lower for sea-salt.
Still, more extensive validation of sea-salt concentrations, both in air and
precipitation, with measurements is needed. Model results for natural dust
are rather uncertain at present. The calculated concentrations of wind blown
dust are extremely sensitive to a number of practically unknown parameters
(e.g. micro-meteorological, soil characteristics). Verification of natural dust
calculations is hampered by the lack of measurements. The same applies to
natural sources of primary carbon from wild fires and biomass burning and
from primary biological aerosol particles (PBAP);

The basic recommendation is to work further with the compilation of necessary
emission and input data and with speciated chemical measurements of PM in
order to reduce the present uncertainties. In particular, it is strongly recommended
to establish long-term monitoring of particulate nitrate, OC and EC, including
source-resolving analyses such as 14C and tracers like levoglucosan. If natural
sources of PM are to be allocated, a full new set of input information on soil
characteristics will be necessary to validate and a new set of speciated chemical
measurements need to be compiled.
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APPENDIX A
National emissions and projections

This Appendix contains the national emission data used throughout this report for
main pollutants and primary particle emissions. The 2010GP values indicate the
Gothenburg protocol values. Where no Gothenburg protocol values were
available, projections for a 2010 baseline with climate policy scenario values
derived by IIASA have been used.
The actual gridded emission data used in the EMEP Unified model calculations
will be available in autumn 2006 on http://webdab.emep.int.
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Table A.1:

Emissions of sulphur used for modelling at the MSC-W (Gg of SO2
per year).
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Table A.2:

Emissions of nitrogen oxides used for modeling at the MSC-W (Gg of
NO2 per year).
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Table A.3:

Emissions of ammonia used for modeling at the MSC-W (Gg of NH3
per year).
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Table A.4:

Emissions of non-methane volatile organic compounds used for
modeling at the MSC-W (Gg of NMVOC per year).
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Table A.5:

Emissions of carbon monoxide used for modeling at the MSC-W
(Gg of CO per year).
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Table A.6:

Emissions of particulate matter used for modeling at the MSC-W
(Gg of PM2.5 per year).
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Table A.7:

Emission of particulate matter used for modeling at the MSC-W
(Gg of PM10 per year).
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