
editors
Frank Raes
Jens Hjorth

Answers to 
the Urbino Questions

ACCENTs FIRST POLICY-DRIVEN SYNTHESIS

Answers by the atmospheric chemistry and air pollution research community
to questions posed by the policy maker regarding the robustness of the analysis 
leading to the European Commissions 2005 Thematic Strategy on Air Pollution

5
.0

6



editors
Frank Raes
Jens Hjorth

Answers to 
the Urbino Questions

ACCENTs FIRST POLICY-DRIVEN SYNTHESIS

Answers by the atmospheric chemistry and air pollution research community
to questions posed by the policy maker regarding the robustness of the analysis 
leading to the European Commissions 2005 Thematic Strategy on Air Pollution

Answers to 
the Urbino Questions

Published by the ACCENT Secretariat
Università di Urbino
Istituto di Scienze Chimiche
P.za Rinascimento 6
61029 Urbino (PU)
ITALY
Ph: +39 0722 303316
Fax: +39 0722 303311
E-mail: project.office@accent-network.org
Web-Site: www.accent-network.org

ISBN 92-79-02413-2

9789279024139 



editors
Frank Raes DG JRC, European Commission
Jens Hjorth DG JRC, European Commission

lead authors
Isabelle Bey EPFL, Lausanne (CH)
Peter Builtjes TNO, Apeldoorn (CH)
David Fowler CEH, Edinburg (UK)
Gerard Jennings National University of Ireland, Galway (IRE)
Paul Monks University of Leicester (UK)
Colin O’Dowd National University of Ireland, Galway (IRE)
David Stevenson University of Edinburg (UK)

contributors with text and/or comments
Markus Amann IIASA, Laxenburg (AU)
Peter Borrell P&PB Consultants, Newcastle-under-Lyme (UK)
Fabrizia Cavalli DG JRC, European Commission
Kees Cuvelier DG JRC, European Commission
Frank Dentener DG JRC, European Commission
Richard Derwent rdscientific (UK)
Maria Cristina Facchini ISAC/CNR, Bologna (IT)
Johannes Feichter MPI, Hamburg (DE)
Caroline Forster NILU, (NO)
Sandro Fuzzi ISAC/CNR, Bologna (IT)
Peringe Grennfelt IVL (SE)
Hans-Christian Hansson University of Stockholm (SE)
Roy Harrison University of Birmingham (UK)
Nick Hewitt University of Lancaster (UK)
Jan-Eiof Jonson DNMI, Oslo (NO)
Maria Kanakidou University of Crete, Heraklion (GR)
Nicolas Moussiopoulos University of Thessaloniki (GR)
Eiko Nemitz CEH, Edinburgh (UK)
Spyros Pandis Carnegie-Mellon University, Pittsburg (USA)
Joseph Prospero University of Miami, Miami (USA)
Jean-Philippe Putaud DG JRC, European Commission
Xavier Querol Instituto de Ciencias de la Terra, Barcelona (SP)
Michel Rossi EPFL, Lausanne (CH)
Guenther Seufert DG JRC, European Commission
David Simpson DNMI, Oslo (NO)
Douw Steyn University of British Columbia (Canada)
Andreas Stohl NILU, Oslo (NO)
Martin Schultz FZ Julich (DE)
Rob Swart MNP, Bilthoven (NL)
Philippe Thunis DG JRC, European Commission
Rita Van Dingenen DG JRC, European Commission
Wilfried Winiwarter ARC Systems Research, Vienna (AU)
Karl Espen Yttri NILU, Oslo (NO)
Andre Zuber DG ENV, European Commission

with thanks to
Michela Maione and the ACCENT Project Office at Urbino University 
the ACCENT Management Committee

Answers to
the Urbino Questions



EXECUTIVE SUMMARY
5

1. The Thematic Strategy on Air pollution launched by the European Commission on 21 Sept 2005
(ec.europa.eu/environment/air) aims to substantially reduce the effects of air pollution to human
health and the environment in Europe by 2020. The strategy is based on Integrated Assessment
Modelling through which environmental and human health effects are linked to emissions and
emission controls in order to achieve given environmental objectives at the least cost. The model
system includes the best available knowledge, and was considered “fit for purpose” in several
reviews.

2. At the time of preparing the Strategy, however, there were potentially important issues regard-
ing atmospheric transport and chemistry, about which the scientific understanding was not fully
developed and which could only be included in the analysis through rough assumptions. These
issues relate in particular to 
> the contribution to air pollution in Europe from sources outside Europe,
> the contribution from regional and local sources to air pollution in cities,
> the contribution to air pollution from natural sources,
> the contribution of secondary organic aerosols to particulate matter (PM) 
> the changes in the above mentioned contributions over the next 20-30 years, including the 

effect of climate change.

3. At the first ACCENT Symposium (Urbino Sept, 2005), the Environment Directorate-General of the
European Commission, responsible for developing the Strategy, posed a number of policy relevant
questions related to the issues above.The ACCENT community was asked to evaluate the latest sci-
entific knowledge, in order to provide answers from which the robustness of the analysis leading
to the Strategy could be further assessed, and to make suggestions for improving future analyses.

4. The answers to the so called “Urbino questions” were prepared by an ACCENT study group
between January and June 2006. This report gives the short version of the answers. An accompa-
nying report is available on the ACCENT web page (www.accent-network.org) and gives the sup-
porting material, including the references to the scientific literature.

5. The report concludes that with respect to the issues about which the scientific understanding
was not fully developed at the time of preparing the Strategy, the analysis leading to the Strategy
took a cautious approach by using simple but reasonable approaches to deal with the scale issues,
and by not considering natural emissions and secondary organic aerosols. In doing so, the analy-
sis avoided overestimating the absolute levels of ozone and of anthropogenic and total PM2.5.This
does not necessarily mean that the calculated reductions of ozone or PM2.5 concentrations result-
ing from proposed emission controls are underestimated.

6. The report also indicates where future analyses could already make use of progress made by the
scientific community. The report states that:
> The contribution of ozone derived from sources outside Europe (hemispheric ozone) is now
better assessed. Depending on socio/economic developments, its trends up till 2030 are estimat-
ed to be between – 1 and + 2 ppbv/decade.The role and policy relevance of methane (CH4) as pre-
cursor of hemispheric  ozone is also better understood.The role of carbon monoxide (CO) deserves
more attention.
> It is qualitatively well understood that people in cities are exposed to air pollution that has
sources both in- and outside the city. To quantify the relative contribution of these sources to lev-
els of urban pollution, models with grid resolution down to 1x1 km2 are required. Such models do
exist.
> Specialized studies show in a quantitative way that there is a significant contribution of natu-

ral sources to the levels of surface ozone and particulate matter. The quantification of this contri-
bution based on routine measurements remains difficult.
> On an annual basis, the fraction of PM2.5 that is derived from volatile organic compounds (i.e.
secondary organic aerosols), both biogenic and anthropogenic, is estimated to be 20-30% in urban
areas. Of this, about half can be of biogenic origin.
> Process understanding and observations, e.g. during the 2003 heat wave in Europe, indicate
that global warming will have an effect on future emissions and levels of air pollutants. The quan-
tification of these effects remains a major scientific challenge.

7. The report further identifies a number of dedicated studies which could be completed during
the next 3-4 years. These would provide more quantitative answers than what has been possible
in the present report.

8. The consensus of this study group is that the highest priority should be given to the further
improvement of an infrastructure for making high-quality long-term measurements of air pollu-
tants and for better reporting of the results. The objective should be the consistency of the proce-
dures used across spatial and temporal scales.

9. In the past, the atmospheric chemistry and air pollution research community has produced at
regular times a synthesis of its results.These syntheses were science-driven and written mainly for
a scientific readership. This report is ACCENTs  first policy-driven synthesis written by scientists for
and to some extent in collaboration with the policy-maker.

ACCENT, Atmospheric Composition Change the European Network of Excellence, is funded by the
European Commission under 6th Framework Programme 6, in the area Global Change and Ecosystems.
It runs from 2004 till 2009.

ACCENT’s goals are to promote a common European strategy for research on atmospheric composition
change, to develop and maintain durable means of communication and collaboration within the
European scientific community, to facilitate this research and to optimise two-way interaction with pol-
icy-makers and the general public.
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1.1 How much and for what reasons have background ozone levels in Europe changed dur-
ing the last decades?

1. Background ozone has increased by up to 5 ppbv/decade over the last 20 to 30 years, accord-
ing to measurements at sea level and on mountain tops that are less influenced by European
sources. This has been attributed to the worldwide increase in anthropogenic activities, including
growth in ozone precursor emissions from industry, road, air and ship transport, households and
agriculture. In addition to an upward trend, background ozone also shows considerable year-to-
year variability, partly due to varying precursor emissions, such as from forest fires, but also due to
meteorological variability, which can alter the efficiency of long-range transport from particular
sources.

1.2 Is there a latitude dependence in background ozone levels over Europe?

1. Yes. Models and observations suggest a strong latitudinal gradient in background ozone levels
over Europe (see Fig. 1). Typically, surface annual averaged background ozone over the
Mediterranean basin is about 30 to 35 ppbv while it ranges from 20 to 25 ppbv over Northern
Europe. The latitudinal variation reflects gradients in ozone photochemistry, in transport patterns
of ozone and some of its precursors into Europe, and also the higher removal by dry deposition on
land than on sea (in this case the Mediterranean Sea).

1.3 Which changes can be anticipated for the coming 20 to 30 years? How certain are we
about these changes? 

1. Changes in surface background ozone over Europe will be controlled by emission changes
throughout the northern hemisphere due to economic growth combined with air pollution and
climate change policies. Changes in natural sources in Europe or changes in the input from the
stratosphere will be less influential.
2. The following statements are based on the ensemble average of 26 global models which calcu-
lated ozone concentrations averaged over Europe for the years 2000 and 2030. When considering
presently planned emission controls in the world, the models project an average ozone increase
over Europe of 0.6 ppbv/decade. For a more optimistic scenario in which all possible technical con-
trol options are implemented, an ozone reduction in Europe of - 0.9 ppbv/decade is possible.
However, under a more pessimistic high growth scenario of the Intergovernmental Panel on
Climate Change ozone increases by 1.3 ppbv/decade over Europe.
3. In specific areas that better represent background conditions, such as over the Atlantic Ocean
off the coast of the European continent, the changes can be up to 1.3, -1 and 2 ppbv/decade for
the three scenarios described above.
4. The model uncertainty associated with these results is about 0.7 ppbv/decade. Additional
uncertainty arises when from climate change effects are included in the analysis.

1.4 Is the increase of 1.2 ppbv per decade in Europe, assumed in the analysis leading to the
Strategy, reasonable?

1. Yes. Based on the model results presented in Question 1.3, trends for the period 2000 to 2030
ranging from – 1 ppbv/decade to + 2 ppbv/decade are forecast. On the other hand, observations
of ozone over the last 2-3 decades indicate a trend of up to + 5 ppbv/decade. Given the uncertain-
ties in calculated and measured trends, and the lack of firm knowledge concerning climate change
effects, the assumption of a future + 1.2 ppbv/decade rate of increase is not unreasonable.

BACKGROUND OZONE OVER EUROPE

WHAT CONSTITUTES THE OZONE (*) BACKGROUND OVER EUROPE?
(*) we mean ozone between 0 and 10-12 km altitude, hence  tropospheric ozone

If all continental European man-made emissions of gases leading to the production of ozone
(O3) were switched off, there would still be ozone over Europe. That ozone is referred to as
background ozone. It is derived from natural sources of ozone precursors in Europe, intrusions
of ozone from the stratosphere, and from long-range inter-continental transport of ozone
and its precursors formed from natural and anthropogenic sources in various regions of the
world. European anthropogenic emissions generally lead to an increase of the ozone levels
compared to the background levels. However, close to sources of nitrogen oxide (NO), ozone
is reduced largely due to reaction of NO with O3.

It is important to notice that ozone is the third most important anthropogenic greenhouse
gas after carbon dioxide (CO2) and methane (CH4).

Figure 1. Annual mean ozone at the Earth’s surface, for 1997, simulated by the GEOS-CHEM
model. The top panel shows ozone from all sources; in the lower panel anthropogenic emissions
on the European continent have been switched off, to reveal background ozone levels over Europe.
(source: Isabelle Bey, EPFL Lausanne)
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BACKGROUND OZONE OVER EUROPE

However the consideration of an upper limit trend of + 5 ppbv/decade would be advisable in
future analyses.

1.5 How much would such changes in background levels influence (long-term) health- and
vegetation-relevant metrics of surface ozone?

1. We focus here on that part of the background ozone that is transported into Europe, most often
from the west, and whose future trend will be controlled by changes in emissions throughout the
northern hemisphere. This part of the European background ozone is referred to as “hemispheric
ozone”.
2. The largest impact of hemispheric ozone on ozone levels over Europe is obviously expected
during meteorological conditions when such transport into Europe occurs.
3. High (peak) ozone levels (e.g. >80 pbbv) over Europe are typically found during stagnant con-
ditions during which transport into Europe is less important and emissions in Europe are the
major contributor to the ozone formation.
4. Over the last decade, observations have shown that high (peak) ozone concentrations have sig-
nificantly decreased because of the reduction in European emissions of ozone precursors.
5. Often used health- and vegetation-relevant metrics are SOMO35 and AOT40, which are inte-
grals in time of surface ozone concentrations greater than 35 or 40 ppbv respectively.
6. The decrease in SOMO35 and AOT40 due to the decrease in high (peak) ozone levels will be off-
set by the increase of background ozone. This will particularly be true in the Mediterranean area
where the present background ozone values are already 30 - 35 ppbv.
7. In conclusion: the increase of hemispheric ozone is not expected to have an important effect on
high (peak) ozone levels, but it will increase the long-term exposure metrics such as AOT40 and
SOMO35.

1.6 What are the important precursors for background ozone, and how will they change in
the next  20 to 30 years?

1. The most important precursors of background ozone are methane (CH4) and carbon monoxide
(CO), which are long-lived gases, and nitrogen oxides (NOx) and non-methane volatile organic
compounds (NMVOC), relatively short-lived species. The mix of these short- and long-lived gases
will be a critical factor in future trends.
2. Model calculations indicate that half of the increase of tropospheric ozone since pre-industrial
times is due to the summed increase of CH4, CO and NMVOC emissions (ca. 25 % for CH4, and 25 % for
CO + NMVOC). The other half is due to changes in the chemistry of  the atmosphere induced by
the increase in NOx.

1.7 Are these findings robust enough to justify additional emission control requirements in
Europe?

1. Yes. Reductions of NOx and VOC emissions in Europe will further reduce high (peak) ozone levels
over Europe and will also reduce Europe’s contribution to  hemispheric ozone. Clearly, an effective
control of hemispheric ozone, and its contribution to background ozone, will require the reduction
of the emissions of NOx, NMVOC, CH4 and CO also in other regions in the northern hemisphere.
2. Much attention has been paid to the effectiveness of methane emission reductions on future
ozone and global warming. Methane emission reductions are relatively cheap. Because of the 8-9
years lifetime of CH4 in the atmosphere, emission reductions would show effects on its global con-
centration and hence on ozone concentrations already within the period up till 2030, with benefits
for both air quality and climate.

3. Less attention is paid to carbon monoxide (CO) emission reduction, to how it is linked to carbon
dioxide emissions, and to its potential to influence background ozone levels and global warming.
Emissions of CO in the industrial regions of the northern hemisphere are substantially underesti-
mated and, when used in models of atmospheric transport and chemistry, do not account for the
observed CO concentrations.

1.8 Is there a link to be expected between climate change and the change in the emissions
and concentrations of ozone precursors? 

1. Yes. Clear links have been identified, and some quantitative modelling studies have been per-
formed. These include effects related to changes in chemistry (via changes in temperature or
water vapour), emissions (e.g., biogenic VOC, lightning and soil NOx, wetland methane, and wild-
fires), and dynamics (e.g., convective mixing, precipitation, stratosphere-troposphere exchange,
and boundary layer ventilation). It is difficult to assign a single universal trend in background
ozone due to climate change, and it is as yet not clear if the overall impact of climate change will
be an increase or decrease of background ozone.

1.9 Are there biases (i.e. systematic  under- or overestimations) introduced in the analysis
leading to the Strategy, due to the lack in scientific understanding discussed above? 

1. The assumption of a 1.2 ppbv/decade increase in background ozone over Europe, made in the
current analysis, is in the range of the  recent projections/scenarios up to 2030, which range from
– 1 to + 2 ppbv/decade. It is therefore not unreasonable and does not introduce a major bias in
the prediction of future ozone levels. Nonetheless, it would be prudent to include an upper limit
trend of + 5 ppbv/decade in future analyses, to reflect the observed trends of the past decades.

1.10 Which research within the next 3-4 years could improve future analyses?

1. There is room for multi-model ensemble calculations of hemispheric and global ozone, dedicat-
ed to the issue of what constitutes and influences the ozone background over Europe (and other
world regions). It is possible to systematically validate models with monitoring data, in particular
with remote sensing data that are increasingly becoming available.
2. It is possible and desirable to better link global socio/economic scenario modeling with global
emissions and air pollution modeling. Future trends in hemispheric ozone depend primarily on
future economic development and the implementation of air pollution, climate and other policies
throughout the world.

1 



2.1 What is the observed change of air pollution levels between rural and urban areas? 

1. The observations presented in Fig. 2 show that yearly averaged PM10 concentrations general-
ly increase when moving from rural areas to open areas (i.e out of street canyons) within a city,
with increments ranging from a few µgm-3 to nearly 20 µgm-3.These urban increments appear to
be relatively low in highly polluted areas such as Belgium/Holland and the Po Valley. This seems
to indicate that in these areas emissions in urban centres largely influence the regional back-
ground.
2. When moving from open areas within cities to hotspots (e.g. at kerbsides or in street canyons)
yearly averaged PM10 concentrations increase once again, with increments of 5 to 20 µgm-3.
There seems to be no obvious relationship between these street increments and the level of
regional or urban background PM10 pollution.
3. The few data available for yearly averaged PM2.5 concentrations show smaller absolute incre-
ments. The data further show that the relative contribution of PM2.5 to PM10 decreases when
moving towards urban hotspots.
4. The observed decrease of surface O3 within urban areas is largely (but not solely) explained by
the reaction of O3 with NO emitted from traffic (O3+NO → NO2 + O2). Consistently, the gradients
in Ox=NO2+O3 are much smaller than of either O3 or NO2.

2.2 How well can we model the observed change in air pollutant levels between rural and
urban areas? 

1. If we talk about the relative changes, the answer is: rather well if the model has the right hori-
zontal resolution. Models of transport and chemistry of air pollutants over Europe, used in policy
development, typically use a horizontal grid-resolution of 50x50 km2. Some of these models can
zoom down to a resolution of 1x1 km2.When reducing the grid from 50x50 km2 to 1x1 km2 over
a specific urban area, such models calculate higher concentrations of PM10 more in agreement
with the observations in that  urban area.
2. In urban areas the calculated PM10 concentrations still increase substantially when going from
5x5 km2 to 1x1 km2 provided that urban specific meteorological fields are used, and not simply
interpolated fields from the larger grid.
3. In order to understand pollutant fields at the hot-spot scale, i.e. below 1x1 km2, different mod-
eling approaches must be used. They do exist, but are not further discussed in this report.
4. The confidence in modeling absolute concentrations of O3 is high, except for low ozone condi-
tions, e.g during nights and during winter.
5. The confidence in modeling absolute concentrations of NO2 and especially PM is limited.
Models generally have an incomplete description of PM chemistry and dynamics. Natural
sources (see Question 3), resuspension of dust, abrasion products of vehicles and secondary
organic aerosol formation (see Question 4) are usually not considered. This leads to a general
underestimation of PM levels both in rural and urban environments, but most likely for differ-
ent reasons.

2.3 What is the current understanding of apportioning air pollution in urban areas to
sources inside and outside these areas?

1. There is a solid qualitative understanding, based on observations and model calculations, that
the concentrations of urban O3 and PM are indeed determined by sources inside and outside the
urban area. (see Fig. 3 for some definitions).
2. PM10 sampled at a kerbside consists of mineral particles, primary organic particles and second-
ary inorganic particles that can qualitatively be attributed to respectively local resuspension of

Figure 2 a) From research projects: annual average PM10 concentrations at various sites ordered
in the abscissa according to geographical location in Europe (Scandinavia, Western, Central, and
Mediterranean) and subsequently according to measurement site type (remote, rural, near-city,
urban background, kerbside). Box-whiskers show 5, 25, 50 (median), 75 and 95% percentiles.

b) From monitoring networks: annual average PM10 concentrations ordered in a simi-
lar way as in Fig. 2a. Grey lines connect rural, near-city, urban background and kerbside sites that
belong to the same urban area.
(source: Jean-Philippe Putaud, JRC, and  EEA/AIRBASE)

LINKING REGIONAL AND URBAN SCALES

2 OBSERVATIONS OF PARTICULATE MATTER: FROM REGIONAL TO URBAN



road dust, combustion throughout the urban area, and sources like traffic, power plants and agricul-
ture tens to hundreds of kilometers away from the sampling point.
3. Secondary aerosols (see Figure 5 for a definition of primary and secondary aerosols) such as sulfates,
nitrates and secondary organic aerosols accumulate in the PM2.5 fraction,which is more subject to long
range transport. Hence secondary aerosols tend to dominate the regional PM2.5 background which
invades urban areas.There is however no observational evidence that secondary PM2.5 produced from
local urban sources adds in a significant way to the PM2.5 mass concentration in that very same urban
area.
4. The observed wide ranges in urban increments (see Question 2.1) show that the share between
inside and outside sources to urban particulate matter differs greatly between cities.

2.4 What is the confidence in the current methods for modelling the contribution of sources
inside urban areas in a Europe-wide assessment?

1. Models of transport and chemistry of air pollutants over Europe that zoom down to a resolution of
1x1 km2 over a city in principle allow for source apportionment of PM10, PM2.5, NO2 and O3, not only
with respect to sectors, but also with respect to locations in and outside the city. For example, such
analyses have been especially useful for showing the major impact of local heavy duty traffic to urban
PM.
2. In practice, such a source apportionment is hampered by poor regional and urban emission invento-
ries, and in the case of PM also by the inadequate measuring and modeling of PM (see Question 2.2).

2.5 Are there biases introduced in the analysis leading to the Strategy due to the lack in scientif-
ic understanding? 

1. The current analysis is based on a model with a 50x50 km2 grid resolution. As such, PM concentra-
tions calculated for a grid in which there is a city, will be lower than what is expected within that city
(unless the city covers the whole 50x50 km2 grid).
2. To overcome this problem,the current analysis adds an urban increment (see Fig.3) to the 50x50 km2

grid concentrations,which is derived from an off-line analysis with 5x5 km2 grid urban models,accord-
ing to the so called City-Delta approach.
3. This approach of calculating urban increments is only applied to primary PM2.5,as there is no obser-
vational evidence of a significant production of secondary PM2.5 mass from local sources.The approach
relies on 5x5 km2 grid models, which are believed to represent mean population exposure to PM.
However, such models do not capture the true complexity of the urban background and local/hotspot
atmosphere occurring at the finer scale (see Question 2.1), which might explain why the modeled con-
centrations of PM2.5 within the current analysis are lower than the observed data, in the few cases
where such data are available.

2.6 Which research within the next 3-4 years could improve future analyses?

1. Further analysis and possible improvement of the City Delta approach for PM2.5 must be performed.
Further research into a City-Delta type approach for ozone is required.
2. The observations of PM, NO2 and ozone must continuously be improved, documenting in a consis-
tent way the transition from rural to urban environments.An analysis of the representativeness of obser-
vations, including meteorological observations within the urban environment, can be performed.
3. There is room for further model intercomparison studies and multi-model ensemble calculations to
determine model uncertainties.
4. The reduction of uncertainties in the assessment of concentration fields of air pollutants can be
attempted by assimilation of observations in model calculations.

Figure 3. Various concepts used in describing the relationship between regional and urban pollution.
The figure should be read as a one-dimensional map (in the x-axis), showing the PM concentrations (in
the y –axis).

In the case of particulate matter (PM) a qualitative scheme can be easily drawn as PM derived from
sources inside and outside the city add up very much in a linear way.

In the case of ozone a simple qualitative picture cannot be easily drawn. Depending on the meteoro-
logical conditions a hemispheric background of ozone might exist (see Question 1.5), and close to
sources of nitrogen oxide NO (i.e. traffic), ozone is reduced largely due to reaction of NO with O3. Hence
instead of street and urban increments, decrements are observed for ozone.

LINKING REGIONAL AND URBAN SCALES
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ON THE MEANING OF ‘ANTHROPOGENIC’ AND ‘NATURAL’ IN THIS REPORT

The major biogeochemical cycles on Earth, those of carbon, sulfur and nitrogen, have been
extensively influenced by human activity. Hence, there is a contribution from human activity
to most of the chemical species involved in the issues considered here, and in the processes
creating them.

For the purposes of this report, which is focused on policy development to improve air qual-
ity in Europe through to 2020, anthropogenic emissions refers to those emissions that are pro-
voked by man himself and that are amenable to practical and direct control. Natural emissions
are those directly caused by natural processes (e.g. lightning, wind, biological processes such
as plant respiration, etc. ) which are not amenable to control. Natural emissions caused by bio-
logical processes are also called biogenic emissions.

Figure 4. A Saharan dust plume on 2 March 2002 covering the Mediterranean basin from Spain
to Turkey. Also visible is the high pollution over Northern Italy. Desert dust plumes have mostly a
natural origin.They are lifted to an altitude of several thousand meters where they can travel long
distances. Saharan dust is known to contribute to PM10 mass concentrations; e.g. in Barcelona by
up to 25-35%, in the Po Valley by up to 5-10%  on an annual average.
(source: SeaWIFS project NASA / GSFC ORBIMAGE, through Joseph Prospero, and Jean-
Philippe Putaud)

NATURAL EMISSIONS AND AIR POLLUTION
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3.1 What are the contributions of natural aerosol and gaseous species to levels of particu-
late matter, ozone and other pollutants over Europe?

Aerosols
1. The natural contributions to annual average PM10 concentrations in Europe can range from 5 %
to 50%. The largest values are found in southern Europe because of Saharan dust transport (see
Fig. 4), and in coastal regions of western Europe  and northern Europe where large concentrations
of sea salt aerosols do occur. In both cases these natural aerosols lead to high levels (above 50
µg/m3 during a number of days per year) and contribute to exceedances of EU limit values.
2. The oxidation of biogenic volatile organic compounds, emissions from vegetation wild fires,
pollen and biological debris (pieces of insects and leaves), produce particulate matter of biogenic
nature. Recent work has quantified relationships between number and mass concentration of fine
particles on the one hand, and accumulated up-wind emissions of terpenes on the other, in clean
air masses over the boreal forests.
3. Some recent specialised short-term studies in clean and polluted European cities, have report-
ed the unexpected result that biogenic particles can contribute 41% to 60% of the total organic
fraction of PM10. In rural areas the contribution rises to 45-75 %. These values refer to measure-
ments during summer time.

Gases
4. Soil emissions of nitrogen oxide (NO) are estimated to represent only 7% of the total NO source
strength in Europe.
5. Current scientific understanding suggests that natural emissions of ammonia (NH3,) contribute
approximately  4% of the total European NH3 source strength. Uncertainties in natural source
strength estimates and especially missing sources may in the next decade result in the natural
source term being revised upwards significantly.
6. A significant fraction, 20 – 60 %, of European volatile organic compounds emissions is of bio-
genic origin. The wide range reflects the large uncertainties in measuring these emissions. Over
the coming few decades the effects of climate change will most likely lead to an increase in these
emissions due to increasing temperatures.

3.2 How well can we separate the natural aerosol and gaseous species from the anthro-
pogenic ones? 

1. Only in a few cases can this separation be done on the basis of routine measurements that
could be used in regulatory monitoring networks.
2. It is possible for sea salt aerosols, for instance. However, distinguishing between desert dust and
resuspended road dust already requires measurements of elements (like Ca, Al, Si, Fe, …) that are
not common in routine monitoring programs. Analysis of the origin of  the air mass (e.g. by back-
trajectories) can help in the analysis
3. Specialised techniques such as functional grouping, C14 analysis and molecular speciation are
developing to separate biogenic from anthropogenic organic aerosols. They will not be available
for routine monitoring in the foreseeable future.
4. Comparing pre-industrial with present day concentrations gives an estimate of the anthro-
pogenic contribution. For example, the O3 concentration in the northern hemisphere was at most
15 ppbv in pre-industrial times as compared to 20 – 35 ppbv today.
5. Models of atmospheric transport and chemistry can in principle be used to separate the con-
tribution of anthropogenic and natural emissions (see e.g. Fig. 1), however, in the case of aerosols
in particular, such analyses are hampered by poor emission inventories, the incompleteness of the
PM description in such models (see Question 2.2) and the lack of measuring data for validation.
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3.3 To what extent do natural emissions interact with emissions from anthropogenic
sources? 

1. There are indeed a number of direct interactions between natural emissions and anthro-
pogenic emissions.
2. The most important interactions are those linked to VOC- NOx- O3 chemistry: e.g. biogenic and
anthropogenic VOCs both interact with NOx to produce O3. Ozone, in turn, transforms biogenic
VOC into secondary organic aerosol (SOA, see Question 4).
3. Also, the more SOA mass is present the more organic condensable material can dissolve from
the gas into the aerosol phase (see Question 4, Fig. 6). Hence an increase in anthropogenic (or bio-
genic) SOA will be “amplified” by the dissolution of more biogenic (or anthropogenic) com-
pounds.
4. Another potentially important indirect interaction is the anthropogenic emission of CO2, lead-
ing to global warming, which in turn might affect natural emissions (see Question 3.4) 

3.4 How well can we quantify expected changes in the contribution of natural emissions
during the next 20 to 30 years, e.g., due to climate change?

1. It is expected that global warming and the resulting changes in local temperature, precipita-
tion, winds, suitability for growth of species, etc …will have an effect on natural emissions. The
effects observed in the biosphere-atmosphere system during the summer of 2003 have been an
indication of this. The magnitude and sign of such climate effects depend on the specific emis-
sion. In general, predictions of such climate effects are afflicted by large uncertainties.
2. Evidence suggests that present-day desert dust emissions and the subsequent long-range
transport are largely driven by natural meteorological processes coupled with climate conditions
in the source areas. The currently observed inter-annual variability of  dust transport is largely
due to the variability in these conditions. There is however no scientific consensus on the effect
of climate change on future emissions of dust and the consequent transport.
3. Increases in temperature will enhance NH3 emissions from soils by approx 20% per deg C, the
soil NO emissions are enhanced by approx 10% per deg C. It seems likely that these emissions, as
well as those of biogenic VOCs, will increase over the coming decades. The expected response to
climate of natural marine source of volatile sulfur compounds is small, less than 5% up to 2100.
4. Land-use change is also expected to have an effect on natural emissions due to changes in veg-
etation. Soil disturbance (e.g., through agriculture, grazing, etc) coupled with increased aridity
could lead to increased dust mobilization, with substantial local and regional impacts.

3.5 Are there biases introduced in the analysis leading to the Strategy due to the lack in sci-
entific understanding? 

1. For estimating health impacts from PM, the current analysis does not consider the emissions of
natural aerosols such as dust and sea salt, nor those derived from the oxidation of biogenic VOCs,
biomass burning and biological debris. Hence the absolute PM2.5 concentrations and the risk to
human health in the baseline scenario might be underestimated.
2. Whether the exclusion of biogenic VOC emissions in the current analysis leads to a significant
bias in ozone levels, is less clear. Here the VOC/NOx/O3 system is much more non-linear and nat-
ural and anthropogenic emissions of VOCs much more inter-twined.

3.6 Which research within the next 3-4 years could improve future analyses?

1. A better quantification of the contribution of biogenic VOCs  to the overall VOC emissions in

Europe is both highly desirable and feasible.
2. It is time to develop strategies to account for anthropogenic and natural PM in epidemiologi-
cal studies so as to reduce the uncertainties in such studies. In fact a large uncertainty in the
assessment of the health effects of PM relates to the question whether different types of natural
and anthropogenic particles are equally harmful.
3. One can perform a first analysis of the effects of reductions of anthropogenic emissions on
ozone and PM concentrations, using models that either include or exclude natural emissions.
Such an analysis would shed light on the importance of considering natural emissions in the
development of air pollution abatement strategies
4. Operational forecast models can be further developed to include desert dust and forest fires
events and their impact on air pollution. These forecasts should be systematically tested against
measurements.
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4 AEROSOL FORMATION  FROM VOLATILE ORGANIC COMPOUNDS

Primary aerosol particles such as sea salt and dust are emitted directly into the atmosphere.
Secondary aerosol particles consist of condensable material produced by chemical transfor-
mation of gases emitted in the atmosphere. Sulfates and nitrates in PM derive from sulfur
dioxide and nitrogen dioxide respectively Secondary organic aerosols (SOA) derive from
volatile organic compounds (VOCs) that can either be natural or anthropogenic.

Figure 5. An illustration on how complex the formation of secondary organic aerosols can be.
Shown is the chemical mechanism proposed in the scientific literature to describe the transforma-
tion of alpha-pinene (in green) into a  wide range of condensable compounds (in red).
(source: Winterhalther et al., 2003)

4.1 Which anthropogenic and natural sources contribute to the formation of secondary
organic aerosols (SOA)? 

1. Anthropogenic sources of SOA relate to transportation, fossil fuel and biomass combustion
processes. From these processes, the dominant SOA precursors are volatile organic com-
pounds (VOC) in the form of aromatics (toluene, xylenes, trimethylbenzenes, etc).
2. Natural sources are biogenic and relate to terrestrial vegetation and marine biota. From ter-
restrial biota, predominantly forests, the important SOA precursors are VOCs such as isoprene,
terpenes, sesquiterpenes as well as some partially oxygenated compounds. From marine
biota, evidence exists about precursor emissions; however, understanding and quantification
of the processes and resulting SOA formation is largely unknown.
3 In general, biogenic VOCs are more reactive and are transformed more efficiently into con-
densable compounds than anthropogenic VOCs.

4.2 How could the contribution of SOA to PM change over time? 

1. A strong seasonal cycle is expected in emissions and in photochemical processes leading to
both natural and anthropogenic SOA.
2. Policy measures to reduce anthropogenic VOCs in order to control ozone formation will
also reduce SOA formation.
3. Over longer time scales climate change and land-use change are expected to impact on
biogenic emissions leading to SOA (see Question 3.4).

4.3 How well can the SOA contributions to levels of PM be quantified, for different
source regions in Europe?

1. Poorly. There are no routine monitoring techniques that distinguish SOA from total ( i.e. pri-
mary + secondary) particulate organic matter (POM). In fact there are no accepted monitoring
techniques for POM.
2. A compilation of research projects in which particulate matter (PM), particulate organic
matter (POM) and elemental/black carbon (EC/BC) were measured indicates that in the urban
environment SOA might contribute up to about 20% in both PM10 and PM2.5.
3. According to the same compilation, the chemical composition of a significant fraction of
PM10 and PM2.5, about 25 and 15 % respectively, remains un-identified. Part of this fraction
might also consists of  SOA. Hence the final upper limits for the SOA contributions to PM10
and PM2.5 might be higher than 20%.
4. Models of transport and chemistry of the atmosphere attempt to evaluate the SOA contri-
bution to POM and PM levels. However, the SOA concentrations calculated by the available
models typically differ by a factor 3 to 4.

4.4 Are there biases introduced in the analysis leading to the Strategy due to the lack in
scientific understanding? 

1. The current analysis does not consider secondary organic aerosols from natural and anthro-
pogenic VOC emissions. Hence the absolute PM2.5 values in the baseline scenario are under-
estimated. Reduction scenarios for anthropogenic VOCs are considered because of their role
in ozone formation, but their potential effect on the anthropogenic part of SOA is not consid-
ered. Hence the PM2.5 reductions calculated in the policy scenarios will also remain underes-
timated.



4.5 Which research within the next 3-4 years could improve future  analyses?

1. There is enough research in this area to engage in an intercomparison of existing reaction and
gas-aerosol partitioning schemes used in chemical transport models to calculate secondary
organic aerosol formation. Testing such schemes against laboratory data remains a requirement.
2. Progress can be made in developing, testing and applying measurements of secondary and pri-
mary organic aerosols, including robust techniques that can be deployed in routine monitoring
networks.

Figure 6. Volatile organic compounds react in the atmosphere, with ozone for instance, and are trans-
formed into condensable products. The latter products will partition themselves between the gas
phase and the particle phase. The lower the vapour pressure of the condensable compound the more
of it will end up in the particle phase. It has also been shown that the more organic aerosol mass is
already present (also from other sources !), the more of the condensable compounds produced is able
to condense and dissolve in the particle phase.
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