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1 Summary

This report presents the results of the project “Services to assess the reasons for non-compliance
of ozone target value set by the EU Air Quality Directive 2008/50/EC (the Directive) and potential
for air quality improvements in relation to ozone pollution” commissioned by the General Directorate
(DG) Environment of the European Commission in December 2011 with the overall objective to
support the review of the implementation of the Directive 2008/50/EC.
The Directive largely consolidates the provisions of EU Directive on ozone in ambient air,
2002/3/EC which established two target values for ozone, one based on the protection of human
health (120 µg/m3 as maximum daily 8-hour mean, not to be exceeded more than 25 days per year
averaged over three years) and another for protection of vegetation (AOT40 (Accumulated Ozone
over a Threshold of 40 ppb) 18,000 µg/m3-h averaged over five years). The target values are levels
to be attained where possible. They are in effect from January 2010, which means that data from
the year 2010 is the first dataset to be used to evaluate compliance over the following three or five
years relatively for the two target values. The Directive also established long-term objectives for the
protection of health (120 µg/m3 as maximum daily 8-hour mean and no exceedences) and
vegetation (AOT40 of 6,000 µg/m3-h) while not indicating the date for achieving these objectives. In
addition, the Directive also set an information threshold of 180 µg/m3 and an alert threshold of
240µg/m3 (both hourly averages). The alert threshold requires exceedences to be measured or
predicted for three consecutive hours to invoke the requirement short-term action plans under
Article 24 of the Directive. Neither the target values nor the alert and information thresholds have
been amended since they were first established in the Directive on ozone in ambient air
(2002/3/EC).
Ground-level ozone
Ozone is a secondary pollutant formed through complex atmospheric chemical reactions of
precursor gases nitrogen oxides (NOx), non-methane volatile organic compounds (NMVOCs),
carbon monoxide (CO), and methane (CH4). The relationship between precursor emissions and
formation of ground-level ozone is highly non-linear and is influenced by timescales for ozone
formation and the transboundary nature of the pollutant and its precursors. All these complex
factors make the management of ground-level ozone pollution challenging.
Due to local and regional ozone chemistry, the highest concentrations of ozone are found in rural
areas and the lowest in urban areas where NOx emissions are highest. The exceptions to this are
episodic events of high ozone concentration in cities with certain topography (valleys) and very low
wind speeds in summer time. The highest ozone concentrations are generally found in southern
Europe and the lowest in northern Europe due to a complex combination of emissions, ozone
chemistry, transport and deposition.
The current situation for precursor emissions, ozone concentrations and human exposure
The general increasing trend in background ozone concentrations registered at least since the year
2000 is a global phenomenon, the main causes being increased global precursor emissions
(especially NOx ) and increased input from the stratosphere (estimated contribution in the order of
10%). The evidence points towards human activities as a major reason for the increasing trend in
background ground-level ozone, but the source attribution of these increases remains uncertain.
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Emission control legislation in Europe has achieved reductions between 30 and 60% in ozone
precursor emissions over the last two decades (1990-2010), but the monitoring data indicates
continuing difficulties in achieving target values among Member States.
The main reductions in ozone precursor emissions happened in the first decade of this period, while
the rate of decrease slowed considerably in the later years. The distribution between source sectors
has changed for some of the ozone precursors (NMVOC and CO) and for NOx the well-known,
efficient measures such as low-NOx burners, DeNOx and three-way catalysts have now largely
been implemented. In order to achieve further emission reductions, additional measures will have to
be implemented in sectors other than those traditionally attracting the attention emission regulation
e.g. small scale combustion (‘NOx, NMVOC and CO), solvent use (NMVOC) and for CH4, the
agricultural sector will probably be the key sector for future reductions.
There is no clear single trend that can be detected in all metrics for ozone concentrations from
1996-2010 across Europe although concentrations in north-west Europe have tended to increase,
and in central-eastern Europe and Scandinavia to decrease. Decadal mean concentrations (20012010) tend to be highest in southern and eastern Europe, whereas the highest 1-hour and 8-hour
mean concentrations tend to show a different pattern with the highest concentrations mainly lying in
a north-south band across central Europe. There is a tendency for ozone concentrations to have
increased in areas of lowest decadal mean concentration (north-west Europe) and decreased in
areas of highest decadal mean concentration (southeast Europe). When also considering
exceedence statistics (information and alert thresholds, target value, long-term objective and
AOT40) patterns of trends become even more complex. There is a discernible downward trend in
some exceedence statistics (particularly target value and AOT40), but year-to-year variations in
meteorological conditions disturb this picture. The years 2003 and 2006 appear as unusually high
ozone years primarily due to meteorology those years with long periods of high pressure, low
advection and high temperatures. Similarly there are also unusually low ozone years due to
opposite meteorological factors, e.g. 2007, 2008 and 2009.
Analyses covering the period 2004-2010 estimate that around 12 % of the European population is
exposed to exceedences of the target value, two thirds to exceedences of the information
threshold, and over 99% of the population exposed to exceedences of the long-term objective. In
terms of number of people exposed to exceedences, urban exposure is higher (in terms of number
of exposed people) for all considered metrics than for the rural population. If urban and suburban
areas are grouped, it is clear that in terms of human health, ozone pollution poses a
disproportionate burden on ‘non-rural’ populations in terms of number of people affected. Therefore,
although rural concentrations are in general the highest, fewer people are exposed to these levels
Table 2: Maximum exposure to exceedences of Thresholds/Objective/Target Value (2004-10) by ‘Degree
of Urbanisation’ (DegUrba) Classification
Urban Exposure

Informatio
n
Threshold
Alert
Threshold
LongTerm
Objective
Target
Value

Suburban Exposure

Rural Exposure

% of
Urban
Population

Population
Exposed
(millions)

% of
Suburban
Population

Populatio
n
Exposed
(millions)

% of Rural
Populatio
n

Population
Exposed
(millions)

% of Total
Populatio
n

134.9

67.4

112.5

70.7

87.7

61.3

335.1

66.7

12.9

6.4

7.6

4.8

2.4

1.7

22.9

4.5

199.2

99.4

158.3

99.5

142.6

99.7

500.0

99.5

22.2

11.1

23.9

15.1

13.1

9.1

59.2

11.8

Monitoring and modelling precursors and ground-level ozone
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Total Exposure

Population
Exposed
(millions)

The analysis found that the data quality objectives of 90% data capture for ozone and NO2 were
fulfilled for 81 and 77% of the measurement sites respectively, whereas data capture for benzene
was only 39%. A weakness in the Directive appears to be that, except for benzene, monitoring of
non-methane volatile organic compounds is mandatory, but the substances listed are only
recommended, and not mandatory.
This study identifies the poorly covered organic precursors of ozone, for which the current analysis
has shown measurements to be characterised by a very low data capture, as a major weakness in
fulfilling the provisions of the Directive with regard to ozone. Monitoring of organic precursors of
ozone is central to the understanding of ozone formation in urban and suburban environments as
well as in the background atmosphere. It is recommended that assessment of some of the 30
recommended substances is made mandatory, i.e. the medium-chain hydrocarbons (C5-C9
substances), which can be analysed using the automated instrument (GC “BTEX monitors”) or
laboratory instrument (GC-MS analysis of adsorbed substances). Other species with high ozone
formation potential, e.g. short-chain hydrocarbons and oxygenated substances such as
formaldehyde, are suggested to be made mandatory at a later stage.
However, issues related to data gaps do not appear to be a significant problem. A data gap
analysis made in this study demonstrated that unless the data gaps were dominated by longer
periods with no data, e.g. whole weeks, it is unlikely that the reported annual average
concentrations, 8-hour running averages and 1-hour averages, or NOx concentrations would be
significantly affected.
Moreover, the study concluded through an analysis of the European context that use of model
calculations are useful and should be further encouraged, and within this context it should be
considered to what extent fixed site measurements could be substituted by modelling results. The
aim would be to reduce the number of monitoring sites at locations where these do not provide any
value-added information (e.g. when concentration gradients are small). A better spatial and
temporal coverage of the information on organic precursor emissions and concentrations would
however be an important precondition for this goal, to ensure as far as possible accurate air quality
modelling of ozone and its precursors. Both the opinions of Member States, and the findings of the
literature review support the need to investigate and define an appropriate cost-efficient
combination of modelling and monitoring of ozone and precursors.
Management of ozone pollution
Rising ground-level ozone in Europe reflects rising background tropospheric concentrations
throughout the Northern Hemisphere, caused by increased emissions of the precursors of ozone
formation (NOx and VOCs) in all regions in the hemisphere. Once formed, ozone can be
transported far between regions and across the whole northern hemisphere. Local and regional
management of precursor emissions is reported to have resulted in a reduction in the magnitude
and frequency of peak ozone episodes across Europe (Royal Society, 2008; UNEP, 2011; Wilson
et al., 2012; HTAP, 2010; EEA, 2012). However, the influence of hemispheric background ozone
and the transboundary nature of ozone and its precursors have resulted in mean and ‘background’
(5th percentile) ozone concentrations remaining more or less constant or even, in some cases,
increasing. This explains the continued exceedences of target values.
There is limited consistent or comparable information on Member States’ policy responses to ozone
exceedences. This may be due to the absence of coherent reporting requirements for ozone in the
Directive. The policy focus on reducing precursors to manage ground-level ozone without
considering the full picture of ozone chemistry appears to be inadequate, taking into consideration
specific local and regional conditions and the complex nature of ozone chemistry in urban areas.
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Measures to achieve the NEC Directive (2001/81/EC) NOx ceilings may even result in increased
ozone concentrations in some urban areas, where public exposure is greatest. It has therefore
been suggested, in accordance with Monks et al. (2012), that a more holistic approach to NOx/NO2
and ozone management is pursued. Also, the views and experience of Member States suggest
that national measures are not sufficient to tackle the issues related to the ozone precursors given
their potential transboundary effects. Although international co-operation efforts were reported by
some Member States there was little evidence of successful implementation of such co-operative
measures, and it was pointed out that efforts to reduce background ozone in Europe are also
hampered by the increasing hemispheric concentrations.
The reasons for Member States failing to meet the target values are hence complex and diverse.
The increasing transboundary background ozone concentrations can often reach or exceed the
target value, yet mitigation is beyond the control of Member States. In conclusion, there is a need
for improved global/hemispheric co-operation between countries and within regions for widespread
implementation of precursor emission management measures to effectively limit ozone
concentrations. Existing legislation is focussed on addressing peak ozone episodes, while the
NECD is designed to limit NOx and VOC emissions and consequently baseline ozone
concentrations there is less emphasis on policy measures to address hemispheric background
concentrations. Furthermore, the regulation of ozone includes a "non-statutory" target value and
therefore the level of priority it is given by Member States may not be sufficient to ensure significant
action. While such a binding limit value would give more focus to Member States activities, a
binding limit value is not seen as either achievable or desirable by many Member States. Evidence
from literature and discovered during this study also indicates that ozone target values and longterm objectives are not technically attainable without disproportionate cost at the Member State
level due both to the transboundary nature of the ozone pollution and the increasing global
background concentrations.
Given the nature of ozone formation, efforts by Member States to manage NO2 concentrations (via
limiting NOx emissions) to meet the EU NO2 limit values may have a detrimental effect on mean
and background (5th percentile) ozone concentrations in urban areas where large populations are
exposed. In order not to increase ozone concentrations, NOx emission controls need to be
counterbalanced by sufficient VOC emission controls. This does not appear to be currently
happening.
Article 24 of the Directive 2008/50/EC requires Member States to prepare a Short Term Action Plan
where alert thresholds for ozone are exceeded, but only where there is significant potential to
reduce the risk, duration or severity of the exceedence. Given the complex nature of ozone as a
secondary pollutant and the influence of transboundary background ozone concentrations, it can be
questioned if there are any actual benefits to the development of Short Term Action Plans. There is
no evidence of Short Term Action Plans being developed so far of being successful in the mitigation
of ozone pollution and these therefore could be considered a legislative weakness and distraction
from more effective long-term actions.
International experiences on ozone management
Learning from other countries is important. Experiences from US, Japan, India and China provide
some lessons for consideration.
The US sets strict requirements for the contents of State Implementation Plans (SIPs), and this
approach may be considered as a model for more stringent EU requirements for planning to
address zones that do not meet air quality standards. The enforcement mechanism between the
federal government and states used in the US (withholding transport infrastructure grants) also
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deserves attention. Though it may not fit in the EU budget practices, this form of conditionality
between air quality measures and funding could be a valuable lever for action also in the EU. In
addition, the US also has a voluntary approach to encourage states to go beyond attainment of air
quality standards and support the preparation of more stringent future standards. A similar initiative
might be considered for the EU. The US provisions to address cross-state ozone transport, while
under revision, also merit close attention as cross-border transport is an important issue in parts of
the EU.
An interesting Chinese approach to addressing air quality in general is that standards are
implemented in a step-wise fashion – first addressing large urban and industrial areas, where air
pollution problems are the most serious. Such a priority setting approach could be considered in the
EU for non-legislative actions: for example, focusing attention (and possibly, pilot programmes) on
local air pollution plans in large urban areas with high ozone levels and directing EU structural fund
resources to these areas. Due to the transport of ozone and its precursors, these measures may
need to be addressed at wide areas, possibly across several regions and Member States (e.g. the
northern Italian plain, Benelux and perhaps surrounding regions), but likewise the benefits may also
be felt more widely.
In addressing the sources of emission, Japan uses a voluntary approach to encourage the
reduction of VOC emissions from industry, supplementing legal requirements. This programme is
articulated at both regional and local levels. While this approach also reflects a specific Japanese
policy context, it could be considered as a supplement to EU legal mechanisms. Japan and the US
both have stringent standards on precursor emissions from motor vehicles – in the US, there are
now standards also for low emissions vehicles – and these bear attention in setting EU standards of
similar nature.
In general, the results for all four countries also highlight the importance of monitoring and scientific
assessments of ozone trends and transport. Japan’s plans to further assess non-anthropogenic
sources of VOCs and non-identified VOCs may have lessons for the air quality management in
other parts of the world, including the EU.
Japan and the US are also strongly focusing on research, including the development of new
modelling systems to understand the formation of ozone and its transboundary movements, in
order to take the adequate counter measures on ozone precursors. The EU might consider similar
investments in ozone modelling and in cooperating with research in Japan and the US in this field.
Options for further reductions in ozone concentrations over Europe
The conclusion of this study is that the optimal strategy in Europe for reducing ozone
concentrations in Europe is to continue reducing NOx and VOC emissions. This has already had a
significant impact during the last ten years. According to modelling studies, if these ozone precursor
emissions had not decreased in Europe, then ozone concentrations in Europe would have
increased significantly instead of being approximately steady state or slightly increased. As
mentioned above, the reason for the limited reduction in ozone is that the expected effect of
precursor emission reductions in Europe has been counterbalanced by the increased precursor
emissions elsewhere and increased hemispheric ozone concentrations.
The other two ozone precursors: CH4 and CO have relatively long life times: 9-10 years and 2-3
months, respectively. Their effect on ozone is therefore primarily on the hemispheric scale and not
on the European scale. Therefore, reducing emissions of CH4 and CO in Europe will have a limited
immediate effect on ozone concentrations within Europe.

9

The increase in the hemispheric background levels of ozone is primarily due to increased NOx and
VOC emissions on the hemispheric scale and this increase in emissions is especially seen in parts
of Asia. Also increased CH4 and CO emissions contributes to the higher hemispheric background
ozone concentration, however, the increase observed in these species can only partly explain the
overall increase in the hemispheric background ozone concentrations. Since ozone has a lifetime in
the atmosphere of about 21 days, ozone produced in the Northern Hemisphere can itself be
transported by the wind around the globe. In conclusion, in order to decrease overall hemispheric
background concentrations of ozone, the greatest potential thus lies within emission reductions of
NOx and VOC in Asia.
Assuming that the implementation of the revised National Emissions Ceilings directive (NEC-II) will
continue the reduction of NOx and VOC in Europe towards 2020 and beyond, there is likely to be a
positive effect of this in Europe with respect to the future ozone concentrations. Model studies have
previously been conducted using the DEHM model (Brandt et al., 2013a; b), comparing the ozone
concentrations in the years 2000 and 2007 (using emissions reported to EMEP for the respective
years) with 2020 (using agreed emission reduction commitments for 2020 in the amended
Gothenburg Protocol). These studies showed a significant and considerable decrease in ozone
concentrations, with related positive health impacts in 2020 over Europe.
In this context, it is important to improve the knowledge on which regions in Europe are NOx- or
VOC-sensitive (or sensitive to both) for optimizing an emission reduction strategy. In some specific
regions in Europe, the optimal strategy is to reduce VOCs, while small or no effects may be seen
from reducing NOx. If the opposite is done (e.g. reducing NOx in VOC limited areas), there will be
no or little effect on ozone (or even the risk of opposite effect of increasing ozone concentrations).
In some regions both NOx and VOC emission reductions are required to reduce ozone. If
information is missing on the exact locations of the NOx and VOC sensitive areas in Europe, both
precursors have to be reduced across the whole of Europe, which is not always cost effective.
The ideal solution for finding an optimal and cost effective emission reductions strategy in Europe
with respect to ozone is hence to identify the NOx and VOC sensitive areas and reduce emission of
either NOx or VOC or both species simultaneously in these areas in accordance with this strategy.
Since the NOx/VOC sensitive regimes vary over Europe and evolve over time, to reduce both VOC
and NOx in all regions would most likely not be the optimal strategy. Reducing in a non-optimal way
can even result in increases in ozone concentrations. For the purpose of establishing a solid and
robust ozone strategy models will have to be used that allows both identification of the main options
as well as the study of sensitivities in NOx/VOC reductions. Model sensitivity studies should
preferably use a number of different models conducting the same emission reduction scenarios to
produce a kind of ensemble and thereby reducing, or at least clarifying, model differences and
uncertainties. Emission reductions at the European level are very costly and therefore using stateof-the-art modelling to identify the NOx and VOC sensitive areas and to calculate reliable impacts
from proposed emission reductions is recommended.
The same applies for CO and CH4. Model studies are needed in order to quantify the impacts from
emission reductions of CO, CH4, VOC and NOx, both individually and simultaneously, in order to be
able to estimate the impacts of emission reductions both on ozone mean concentrations as well as
daily maximum concentrations.
Studies with global/hemispheric models are also necessary to improve understanding of the
sources and processes contributing to the positive trend in the ozone background concentrations
on the hemispheric scale. The studies should focus on analysing the contribution from CO, CH4,
VOC and NOx emissions in different regions of the Northern Hemisphere and on identifying the
important chemical and physical atmospheric processes to further understand the source allocation
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from both anthropogenic and natural sources and their contribution to the general increase in the
hemispheric background.
The current European modelling strategy used to identify optimal ozone precursor emission
reduction strategies has some shortcomings. It is based on using the GAINS model to find the
optimal reduction strategy utilising EMEP simulations to extract linearised source-receptor
relationships. Since the VOC/NOx/CH4/CO/ozone chemistry is highly non-linear, the extracted
source-receptor relationships used in the GAINS model are applicable to the specific scenarios they
have been estimated for (e.g. a specific year though accounting for weather variations using five
meteorological years, a specific chemical regime over Europe, a specific emission reduction from a
single country) and not necessarily applicable for multi-year, multi-species and multi-country
emission reduction assessments. It is therefore recommended that the emission reduction strategy
is compared to other state-of-the-art regional air pollution models, in order to assess the robustness
of the strategy and whether the expected and desirable effect from the emission reduction strategy
is obtained.
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2 Introduction

2.1

Background

The EU is presently reviewing its air pollution policy. This will include reviews of the 2005 Thematic
Strategy on Air Pollution, the EU Air Quality Directive 2008/50/EC (the Directive), the 4th Daughter
Directive 2004/107/EC and the National Emission Ceilings Directive 2001/81/EC (NEC D), which
according to plans are to be completed by 20131.
The Directive established two target values for ozone, one based on the protection of human health
(120 µg/m3 as maximum daily 8-hour mean, not to be exceeded more than 25 days per year
averaged over three years) and another for protection of vegetation (AOT40 (Accumulated Ozone
over a Threshold of 40 ppb) 18,000 µg/m3-h averaged over five years). The target values are levels
to be attained where possible. They are in effect from January 2010, which means that data from
the year 2010 is the first dataset to be used to evaluate compliance over the following three or five
years relatively for the two target values. The Directive also established long-term objectives for
health (120 µg/m3 as maximum daily 8-hour mean (no exceedences)) and vegetation (AOT40 of
6,000 µg/m3-h) but no achievement date were defined. The Directive also set an information
threshold of 180 µg/m3 and an alert threshold of 240µg/m3 (both hourly averages). The alert
threshold requires exceedences to be measured or predicted for three consecutive hours to invoke
the requirement short-term action plans under Article 24 of the Directive. Neither the target values
nor the alert and information thresholds have been amended since they were first established in
2002.

2.2

Tropospheric ozone

Tropospheric, or ground-level, ozone (O3) is formed as a so-called secondary pollutant in complex
photochemical reactions in the atmosphere. Its formation involves nitrogen oxides (NOx = NO +
NO2), carbon monoxide (CO), methane (CH4), as well as both anthropogenic and biogenic volatile
organic compounds (VOC).
Ozone is strongly coupled to nitrogen oxides. In the troposphere (the lowest layer of the
atmosphere) photo-dissociation of nitrogen dioxide by sunlight is the only source of ozone (in a twostep reaction where oxygen radicals are formed that reacts further with molecular oxygen forming
ozone). Close to sources of nitrogen oxides, ozone is depleted in the reaction with nitrogen
monoxide leading to formation of nitrogen dioxide. These chemical reactions are sufficiently fast to
take place even during the very short residence time inside urban streets (typically seconds to
minutes).
In rural areas, chemical reactions that are degrading hydrocarbons lead to the formation of peroxy
radicals that in turn convert nitrogen monoxide to nitrogen dioxide without depletion of ozone.
These reactions are the causes of elevated ozone concentrations in the troposphere. However, the
chemical processes leading to the formation of these peroxy radicals are generally too slow to take
1

12

The new air pollution strategy was communicated the 18th December 2013.

place inside the urban domain (Hertel and Goodsite, 2009). The exceptions are episodic events of
very low wind speeds in summer time with strong solar radiation in urban areas of e.g. southern
Europe; episodes that may be favored by topography e.g. locations inside valleys and including sea
breezes – as is known from Athens or the Los Angeles photochemical smog episodes.
Under certain conditions, influx of stratospheric ozone may also take place, and this contribution
has previously been estimated to contribute 27% of the concentration in remote high northern
latitudes during summer (Mauzerall et al., 1996). In general, long-range transport of ozone and
formation of new ozone related to reactions within biomass burning plumes, both play major roles
for the levels of tropospheric ozone.
Since ozone is a secondary pollutant formed through complex atmospheric chemical reactions the
relationship between precursor emissions and ozone concentrations is highly non-linear and
influenced by timescales for ozone formation and the transboundary nature of the pollutant and its
precursors. As a consequence of its complex formation, ozone levels often behave in an opposite
manner compared with levels of those pollutants that are directly emitted into the atmosphere. As
an example the primary anthropogenic pollutants show the highest abundance in or close to urban
areas where sources such as traffic and industry prevail, and the lowest levels in low emission rural
and remote areas. For the ozone levels, the opposite distribution is often observed.
On a larger European scale, tropospheric ozone levels are generally highest in the south and
decrease towards the north; a pattern that is a result of differences in incoming sunlight in
combination with differences in the emission densities of ozone precursors. On a regional scale the
highest concentrations of ozone are generally measured at rural stations. Somewhat lower levels
are usually found at urban background stations, and the lowest concentrations are generally
measured close to industrial and heavily trafficked sites, where the fast reaction with NO effectively
removes ozone. Because of this chemical depletion, measurements of ozone levels at heavily
trafficked urban street stations, primarily serves validation and research purposes, and not the
purpose of being part of monitoring in relation to evaluation of the compliance with ozone target
values in the protection of human health.
In urban and regional areas in southern Europe, reactive VOCs contribute largely to ozone
formation, e.g. aromatic compounds from anthropogenic sources and isoprene and alkenes mainly
originating from vegetation. The NOx/O3cycle is catalytic and fuelled by VOCs. However, the
formation of tropospheric ozone is not linearly dependent on the concentrations of NOx and VOCs.
Rather, the initial concentrations of NO2 and VOCs as well as the NOx/VOC ratio, the identity of the
abundant VOCs, photochemical aging, including cloud cover, humidity, sunlight and meteorological
dispersion, determine the yield of tropospheric ozone (Sillman, 1999). Depending on the actual
conditions, the chemistry is VOC sensitive or NOx sensitive. In the VOC sensitive regime, a
reduction (or increase) in NOx can have little or no effect on tropospheric ozone formation. In fact, a
reduction in NOx in a VOC sensitive regime can in some cases increase tropospheric ozone
formation. Still, ambient ozone can be reduced only by reducing emissions of its precursors. A
reduction in VOC (and CO) is sometimes the only available means of abatement in the short term,
which would typically be the case in central locations of larger cities. On the other hand, rural areas
appear to be predominantly NOx sensitive, though there are exceptions related to season and large
urban plumes. A decrease in NOx may therefore likely cause a reduction in the background
tropospheric ozone on the northern hemisphere. An increase in NOx is expected to impact
tropospheric ozone formation.
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2.3

The current ozone situation

The European data show that even though substantial reductions in emissions of most
anthropogenic ozone precursors have been seen this is not reflected in the observed annual
average ozone concentrations, which do not show a clear downward trend in Europe between 1999
and 2010 (EEA, 2012). The differences in measured concentrations reported at different station
types (rural, urban, high and low altitudes) illustrate the effects of ozone depletion close to local NO
sources, with traffic stations reporting the lowest concentrations and rural stations the highest.
Ozone levels are typically lower at rural stations at altitudes below 500 m (rural — low) than at
mountainous stations at higher altitudes (rural — high). There is no clear trend (1999-2010) in the
annual mean at any of the station types, although at rural stations there is a slight decreasing
tendency since 2006 (EEA, 2012).
A 2012 report by the European Environment Agency (EEA, 2012) found that the long-term objective
to protect human health (maximum daily eight-hour mean concentration of 120 µg/m3) was
exceeded in all EU Member States and in most of the other reporting European countries at least
once during summer 2010. For the first time in four years, the information threshold (a one-hour
average ozone concentration of 180 µg/m3) was exceeded in northern Europe. In total 17 Member
States are facing difficulties in meeting the target value for protecting human health. In all these
countries, the maximum daily eight-hour mean ozone concentration of 120 µg/m3 was exceeded on
more than 25 days during summer 2010. A very obvious demarcation in concentrations was found
between northern (low concentrations) and southern (high concentrations) Europe.
An analysis of historical ozone records (Wilson et al., 2012) indicates that tropospheric ozone levels
in both hemispheres have increased by a factor of 3-4 over recent centuries. During the past 100
years, tropospheric ozone concentrations in the northern hemisphere have increased two to three
fold because of the increase in anthropogenic emissions of its precursors (UNEP, 2011).
EEA (2012) highlighted that in the last decade (2001-2010), due to the implementation of emission
control legislation, precursors emissions have fallen significantly in the EU27:
•

Carbon Monoxide (33% reduction),

•

Non-methane VOCs (27% reduction),

•

NOx (26% reduction) – however, 2010 NOx emissions remained 12% above the National
Emission Ceiling Directive ceiling. (2001/81/EC)

•

Methane emissions slowed after 1990 but since 2007atmospheric measurements suggest that
emissions have started to rise again (Dlugokencky & Bruhwiler, 2009).

The secondary nature of ozone as a pollutant, the transboundary nature of ozone and its
precursors, the complex atmospheric chemistry and the multitude of precursor sources makes the
management of ozone challenging. In general, the north-western high-emission area of Europe is
VOC sensitive and the southern areas are NOx sensitive. However, large deviations from this
overall rule are seen on the local scale. For example, the high NOx emission areas in Europe in the
north-western part are also NOx sensitive with respect to ozone production from NOx titration.
Furthermore, the relationship between the NOx and/or VOC emissions and ozone concentrations is
in general highly nonlinear (Bastrup-Birk et al., 1997). Since the chemical regimes have changed in
Europe over the last 1-2 decades due to changed emission patterns and magnitude, it is very
difficult to identify the current impact from emission changes on the NOx and/or VOC sensitive
regions based on the sensitivity studies from the 1990ties and therefore on the future ozone
concentrations.
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This study and the structure of the report

2.4

Any revision of existing EU legislation will need to carefully evaluate its effectiveness and make
recommendations for improvements. Any review and revision of the target values for ozone must
consider the existing air quality situation and the potential for reductions of emissions and
concentrations in the Member States, as well as the overall progress made in the implementation of
EU air pollution reduction measures.
This project “Services to assess the reasons for non-compliance of ozone target value set by
Directive 2008/50/EC and potential for air quality improvements in relation to ozone pollution” is a
project running from December 2011 commissioned by the General Directorate (DG) Environment
of the European Commission to support the review of the implementation of the Directive
2008/50/EC, focusing specifically on ozone.
In addition to providing the overall situation for ozone there as a need for a better understanding of
the exceedences of target values, the current overall ozone exposure as well as the environmental
and health impacts across the EU, as well as reasons for Member States' difficulties or failure to
comply with the ozone standard. Further, it was important to indicate how the compliance situation
may likely evolve over time and discuss measures that would be important to implement in order to
meet both the target values as well as the long term objectives.
The study was structured in 6 tasks:


Task 1: Assessment of current air quality situation in the Member States and Croatia for
ozone



Task 2: Review of assessment methodologies for ozone and its precursors, with particular
emphasis on measurement and modelling practices



Task 3: Information on Member States' responses to ozone exceedences on their territory



Task 4: Assessment of the factors responsible for any projected non-compliance with air
quality target values for ozone (O3) by the dates foreseen in Directive 2008/50/EC



Task 5: Comparison with international assessment and management regimes for ozone
(O3)



Task 6: Developing future objective(s) for ozone (O3)

Task 1 provided inputs and information to several other tasks in particular Task 3 on ozone
exceedences, Task 4 on factors for non-compliance and Task 6 on future objectives. The Tasks
1-5 are fundamental for Task 6.
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3 Assessment of current air quality situation
in the Member States for ozone

Objective and method

3.1

The primary aim of Task 1 was to undertake an assessment of the current air quality situation in the
Member States for ozone including its effects on environment and health. This Task includes the
following outputs:


An evaluation of the historical trends in the main sources of emission of ozone precursors
for all zones and Member States;



A determination of historical trends in concentrations of ozone and ozone precursors for all
defined ozone management zones in the Member States;



An evaluation of the levels of ozone and ozone precursors in ambient air to identify if, and
why, there is current and projected non-compliance with the target values;



An estimation of ozone exposure for urban, suburban and rural populations in Member
States and the enlarged EU to concentrations exceeding the long term objectives, the
target and alert values.

Analysis of ozone precursor emissions
The trend analysis for the emissions of ozone precursors covers all EU Member States. It analyses
the trend in emissions of methane (CH4), nitrogen oxides (NOx), non-methane volatile organic
compounds (NMVOC) and carbon monoxide (CO). Emissions of these pollutants are analysed for
the time period 1990-2010. In addition to the overall trend analysis, the most important source
sectors (e.g. road transport, enteric fermentation etc.) are identified and the trends in these
subsectors are analysed and discussed separately.
Historical trends in ozone and ozone precursor concentrations
The analysis of monitoring data for ozone and nitrogen oxides considers measurements available
in the

AirBase database

(v6 to the

end

of 2010

http://www.eea.europa.eu/data-and-

maps/data/airbase-the-european-air-quality-database-6). A dataset was established considering
data quality (missing data, step changes, negative/extreme values), data coverage (at least 10
years of data) and selecting only rural/background stations in order not to get interference from
local conditions e.g. high, local emissions of NOx. This resulted in selection of 286 rural background
monitoring stations across 22 countries, over a 15 year period between 1996 and 2010. The
methodology used for estimating trends is based on that used by Wilson et al. (2012) and uses the
Openair software package (Carslaw and Ropkins, 2012a and 2012b). Openair is based upon the R
statistical platform package (www.r-project.org) and employs methods which are statistically more
advanced than the standard linear regression commonly used. In particular, Openair provides the
functionality to ‘deseasonalise’ the data to account for differences between summer and winter
concentrations.
The analysis was based on an aggregation of data to monthly averages, and only accounted for
those months where there was >75% data capture. The trend analyses were undertaken for
monthly mean, 95th percentile and 5th percentile concentrations, the latter being indicative of peak
and ‘background’ concentrations respectively (the latter being a term used by Wilson et al. 2012).
Significance values were calculated for all trends at individual monitoring stations, and results have

16

been marked as significant where p<0.1. Mean trends across all monitoring stations within each of
the countries have also been calculated.
An assessment has been carried out of trends in the other key ozone precursors concentrations,
carbon monoxide (CO) and volatile organic compounds (VOCs). Unlike with nitrogen oxides, there
is little relationship between the monitoring sites reporting these and those rural background sites
that have been used for the ozone, with the majority of sites for these pollutants in Airbase (v6)
being classed as ‘urban, ‘traffic’ or ‘industrial’ sites. Due to the small number of sites available with
long-term datasets, trend analysis has only been undertaken for the 10-year period from 2001 to
2010.
Analysis of monitoring data with respect to objectives, target values, and thresholds
Analyses on the 10-year ozone datasets for 2001-2010 at the 286 rural background monitoring
stations considered trends in the following statistics calculated on an annual basis:
•

Number of days with maximum daily 8-hour mean exceeding 120 µg/m3 (target value for
protection of human health)

•

Number of days where one or more hours exceeds the information threshold (180 µg/m3)

•

Number of hours exceeding the information threshold (180 µg/m3)

•

Number of days where one or more hours exceeds the alert threshold (240 µg/m3)

•

Number of hours exceeding the information threshold (240 µg/m3)

•

AOT40 (Accumulated Ozone exposure above a Threshold of 40ppb (80 µg/m3) between the
hours of 08:00 and 20:00 between May and July)

•

Number of hours above the 40ppb (80 µg/m3) threshold between the hours of 08:00 and 20:00
between May and July

The analyses are presented in the Task 1 report as time series plots showing the total number of
days and hours where the target, information, alert and AOT40 thresholds were exceeded and
grouped into two sets. The first is showing patterns over the 15-year period from 1996-2010 (based
on 138 sites with limited spatial representation), and the second showing patterns over the larger
set of 286 sites for the 10-year period from 2001 to 2010. These time series provide some
indication of changing patterns in elevated ozone concentrations over the whole of Europe. Maps
are shown indicating the trends for exceedences of the various thresholds for the individual sites.
These have only been provided for the 2001-10 period due to the better spatial coverage of the
sites.
Exposure assessment
The exposure assessment of the population across Europe to exceedences of a range of ozone
thresholds (information threshold; alert threshold; long-term objective; target value) is based on
three principal data sources:
•

Assessment of exceedences, based on hourly model output from the 50 km x 50 km resolution
EMEP ozone chemistry model for 2004-2010

•

1 km x 1 km resolution gridded population data from Geostat representing 2006

•

Eurostat ‘Degree of Urbanisation’ (DegUrba) classifications for LAU2 administrative areas for
EU-27.

These datasets have been combined in order to estimate the overall exposure to the various
exceedence thresholds across Europe, as well as a country-by-country breakdown, and by whether
the exposed population can be classified as urban, suburban or rural (based on the Eurostat
DegUrba classification). Within the analysis both population and ‘Degree of Urbanisation’ have
been kept constant, so that any variation in exposure from year to year can be attributed to
variation in (modelled) ozone concentrations. The assessment has been undertaken for 31
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countries that are covered by all 3 datasets (population, urbanisation, and modelled ozone). The
31 countries are: Andorra, Austria, Belgium, Bulgaria, Switzerland, Czech Rep., Germany,
Denmark, Estonia, Spain, Finland, France, Greece, Hungary, Ireland, Iceland, Italy, Lichtenstein,
Lithuania, Luxembourg, Latvia, Malta, Netherlands, Norway, Poland, Portugal, Romania, Sweden,
Slovenia, Slovakia and the UK.

3.2

Trend analysis for ozone precursor emissions

The overall trend in ozone precursors for EU27 (Table1) shows that the main reductions in
emissions happened in the first part of the time series while the rate of decrease slowed
considerably in the latest years of the time series.
Table 1: Total CH4, NOx, NMVOC and CO emissions (Gg) from the EU27
EU27

1990

1995

2000

2005

2006

2007

2008

2009

2010

CH4
NOx
NMVOC
CO

28 112
17 143
16 740
65 670

25 422
14 712
13 211
50 677

22 870
12 644
10 698
38 928

20 502
11 587
8 831
29 683

20 188
11 275
8 591
28 478

19 858
11 006
8 312
27 576

19 653
10 136
7 913
26 631

19 242
9 293
7 378
24 091

19 081
9 162
7 412
24 908

Reduction
19902010
32.1 %
46.6 %
55.7 %
62.1 %

For NMVOC and CO the transport sector has achieved such large reductions that the share of total
emissions has been greatly diminished. Even though emission reductions in the transport sector will
continue, measures will have to be implemented in other source categories e.g. small combustion
for NMVOC and CO and solvent use for NMVOC if the rate of decrease for the total of all sectors is
to be maintained. The share of total NMVOC emissions for small combustion doubled from 1990 to
2010. Also, the share for solvent use increased by almost 50 %. For CO, the largest source by far is
now small combustion, where emissions have only been reduced by 13 % from 1990 to 2010
compared to the 79 % reduction achieved for the transport sector.
For CH4 the agricultural sector has increased its importance due to a decrease in the emissions
from coal mining and handling. The dominant source categories therefore continue to be agriculture
(enteric fermentation and manure management) and solid waste disposal on land. In many
countries measures are enacted to limit (or even banning) the landfilling of organic degradable
waste. That combined with increased attention on recovering the CH4 and either flaring it or using it
for energy production will lead to a continued decrease in the emissions from solid waste disposal
on land. The reduction in other sectors will probably mean that agriculture will have an even higher
share of emissions in future years despite any reduction measures implemented in the sector.
For NOx the sectoral distribution is largely consistent between 1990 and 2010. This is the case for
energy industries, manufacturing industries and transport. This combined with the significant
reduction in emissions indicates that efficient measures have been implemented for all these
categories, such as low-NOx burners, DeNOx and three-way catalysts. It is expected that these
measures to a large degree have been implemented and therefore will provide a more limited
reduction potential in future years.

3.3

Analysis of trends in monitoring data for ozone

The findings of the initial analysis of trends in monitoring data for ozone are based on an analysis of
286 rural background monitoring stations covering the 10 year period 2001-2010 and 138 of these
stations covering an additional 5 years covering in total 15 years from 1996 to 2010.
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Reduction
20002010
16.6 %
27.5 %
30.7 %
36.0 %

Reduction
20052010
6.9 %
20.9 %
16.1 %
16.1 %

In general there are no clear patterns across the whole of Europe that are observable over the full
15 years covered by this study and there is no clear, single trend in ozone concentrations. There
are however a number of features that can be identified. These include:
•

Overall trends over the 15 year period 1996-2010 are somewhat unclear. However,
concentrations in north-west Europe (UK, Germany, Netherlands) have tended to increase,
whilst concentrations in central Europe and Scandinavia (Czech Republic, Sweden, Finland)
have tended to decrease.

•

De-seasonalised monthly mean concentrations tended to increase over the period 1996-2005,
whilst decreasing 2001-2010. When the period is split into two (overlapping) decadal periods,
1996-2005 and 2001-2010, a clear difference in observable trends is revealed, with the earlier
period showing a general tendency for concentrations to increase, whilst the latter shows a
general tendency for concentrations to decrease. There is a possibility that this is an effect
generated by the very high concentrations experienced in 2003. A sensitivity test has been
carried out with respect to this, and it appears the effect of high concentrations in this year tend
to considerably increase trends for the 1996-2005 period, but have much less effect on the
second 2001-2010 period. Discounting 2003, there is a general pattern for sites that have an
upward trend in the first period to also have an upward trend in the second, and those with a
downward trend in the first to also have a downward trend in the second.

•

During this latter period, de-seasonalised monthly mean and 5th percentile (background)
concentrations tended to reduce, but widespread reduction was less clearly demonstrated for
95th percentile (peak) concentrations.

•

Monitoring stations recording the highest 10/15 year mean ozone concentrations (>60 µg/m3)
tended to show the greatest downward trends over the whole 15 year period.

•

Trends are not consistent over the whole of Europe, and there is a tendency for trends to have
increased in the areas of lowest 10/15 year mean concentration (northwest Europe), and to
have decreased in the areas of highest 10/15 year mean concentration (southeast Europe).
There are notable exceptions to the general downward trend from 2001 to 2010, which include
Spain, the UK, northern Germany and northern Italy.

•

Highest mean concentrations over the 10/15 years period tend to be in southern and eastern
Europe, with the continent divided by a line running approximately from northwest Poland to
the western end of the Pyrenees on the basis of mean concentrations and trends. However,
highest maximum 1-hour and 8-hour concentrations tend to show a different pattern, and are
orientated along a perpendicular line from the south coast of the UK and the Netherlands,
down towards Italy. Generally trends in mean and maximum concentrations tend to be
inversely related with mean concentrations increasing where maximum concentrations are
decreasing.

3.4

Analysis of monitoring data with respect to objectives, target values, and
thresholds

When moving beyond analysis of simple concentrations into exceedence statistics, patterns
become much more complex and there is a wider range of criteria for judgement. Some of the
patterns, which can be identified from the analyses, include the following:
•

Whilst there is a discernable downward trend in some of the exceedence statistics (especially
the target value and AOT40), this appears to be relatively insignificant in the context of year-toyear variations due to changing meteorological conditions between years.

•

The extent to which trends are evident is highly dependent on the chosen metric, e.g. average
concentrations or exceedences of particular thresholds.
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•

Whilst most of the time series plots show 2003 as the most extreme year, it is notable that in
certain cases 2006 appears worse. This is particularly the case with respect to exceedences of
the alert threshold (at 286 sites) and the AOT40 concentrations, but not for days where
maximum 8-hour mean exceeds target value, exceedences of information threshold and
exceedences of the alert threshold (at 138 sites). The difference between the pattern in alert
thresholds when considering the 286 and 138 site groups highlights the care that needs to be
taken with regard to the representativity of any of the samples.

•

Whilst there has been a general downward trend across most of Europe in terms of both
exceedences of the target value and AOT40 concentrations, the pattern is much less strong for
exceedences of the information threshold.

It should also be noted that whilst 2003 and 2006 clearly appear to be unusually high years (due
primarily to meteorology), it should also be considered that there will similarly be unusually low
years. Taking this into consideration, it could be possible that 2007, 2008 and 2009 represent low
years due to meteorological conditions rather than any reduction in emissions.

3.5

Population exposure assessment

The analysis showed that there is a significant level of ozone exposure across Europe, with two
thirds of the European population being exposed to exceedences of the information threshold, and
over 99% of population exposed to exceedences of the long-term objective. About 12% of the
population across Europe has been exposed to exceedences of the target value in a year in the
2001-2010 period.
Urban exposure in terms of number of people exposed to exceedences is higher for all four metrics
than for rural population, and particularly if urban and suburban areas are grouped, it is clear that in
terms of human health, ozone pollution poses a disproportionate burden on ‘non-rural’ populations
considering the number of people affected. This is found even though the rural concentration level
in general is the highest.
The year 2006 was the worst year for the numbers of people affected by exceedences of the
information threshold for all three Urban/Suburban/Rural (USR) classifications. The same was the
case for exceedences of the alert threshold, both overall and in urban and suburban areas, but not
in rural areas, where exceedences affected more people in 2005 and 2008.
Romania is the main country affected by exceedences of the alert threshold, but Switzerland,
Portugal, Romania, Bulgaria, Italy and France also have notable populations exposed to
exceedences of the alert threshold.
The difference in having the permitted exceedences days (<=25 exceedences averaged over 3
years) between the long-term objective and the target value has a very significant impact on
exposure – from almost universal exposure to exceedences of the long-term objective, to
comparatively very low exposure to exceedences of the target value, except for Italy and to a lesser
extent Switzerland, Slovenia, France, Greece, Austria and Malta.

3.6

Conclusion

The EU total emissions of ozone precursors have decreased substantially in the range of 30-60%
from 1990 to 2010. The main reductions happened in the first decade of this period, while the rate
of decrease slowed considerably in the later years. The distribution between source sectors has
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changed for some of the ozone precursors. In order to achieve further reductions, additional
measures will have to be implemented in sectors other than those traditionally regulated.
Mean concentrations (2001-2010) tend to be highest in southern and eastern Europe, whereas the
highest 1-hour and 8-hour mean concentrations tend to show a different pattern with the highest
concentrations mainly lying in a north-south band across central Europe.
There is no clear single trend in ozone concentrations for all considered metrics from 1996-2010
across Europe, though concentrations in north-west Europe have tended to increase, and in
central-eastern Europe and Scandinavia to decrease. There is a tendency for ozone concentrations
to have increased in areas of lowest mean concentration (north-west Europe) and decreased in
areas of highest mean concentration (southeast Europe).
When also considering exceedence statistics, patterns of trends become even more complex.
There is a discernible downward trend in some exceedence statistics (particularly target value and
AOT40), but year-to-year variations in meteorological conditions disturb this picture. The years
2003 and 2006 appear as unusually high years primarily due to meteorology those years, but
similarly there are also unusually low years, which might be due to opposite meteorological factors
e.g. 2007, 2008 and 2009.
Analyses covering the period 2004-2010 estimate that around 12 % of the European population is
exposed to exceedences of the ozone target value in force since 2010, two thirds to exceedences
of the information threshold, and over 99% of the population exposed to exceedences of the longterm objective. In terms of number of people exposed to exceedences, urban exposure is higher for
all considered metrics than for the rural population. Therefore, although rural concentrations are, in
general, the higher than urban concentrations, fewer people are exposed to levels considered in the
Directive.

21

4 Assessment methodologies for ozone and
its precursors - measurements and
modelling practices

Objective and methods

4.1

The primary aim of Task 2 was to undertake a review of assessment methodologies for ozone and
its precursors, with particular emphasis on measurement and modelling practices. This Task
includes the following outputs:


A review of information provided by Member States in their annual reporting on current
levels of ground-level ozone and precursors.



An evaluation if the Data Quality Objectives (DQO) for monitoring and modelling are met
for ground-level ozone.



An assessment if the DQO are sufficient and sound for the correct implementation of the
ozone provisions of the AQ Directives.



A compilation and analysis of the difficulties encountered by the Member States with
regard to siting criteria, number of stations, quality assurance and quality control.



An analysis of the weaknesses and strengths of the current reference methods.



An assessment of the continued relevance of reference measurement techniques in
relation to requirements for near real time public dissemination of air quality information.

Compliance with DQO was evaluated on the basis of statistics derived from the measurements
stored in Airbase database (v6 to the end of 2010 http://www.eea.europa.eu/data-andmaps/data/airbase-the-european-air-quality-database-6), and the results of this analysis were
combined with information obtained from what the Member State reported in a questionnaire
survey.
Monitoring of ozone levels are mainly carried out on half-hourly or hourly time resolution at rural
locations as well as in urban background. In order to assure appropriate and harmonized
monitoring of ozone levels, as well as in order to properly support the understanding of its sources
and sinks, EU Member States are obliged to apply the Directive 2008/50/EC on ambient air quality
and cleaner air for Europe. For a forthcoming revision of the Directive, it would be important to
evaluate to what extent the particular objectives of this Directive have been fulfilled including the
relevant annexes.
In the work presented in this report, this was evaluated by means of:
•

Information obtained from Airbase, the EU database on air quality. Data capture and related
parameters were calculated from extracted data. The data capture analyses have been
performed on all data available in Airbase 6. Furthermore, a data gap analysis was carried out
on basis of full datasets for specific measurement stations selected to be representative for
southern, central and northern parts of EU.

-

A literature survey of measurements techniques including reference methods was conducted
for ozone and ozone-related NO, NO2, and organic ozone precursors VOCs.

-

A Questionnaire distributed to the Member States was prepared aiming at obtaining
information concerning their experienced difficulties with siting criteria, zones and number of
sites, data quality objectives (DQO), and their experience with the use of modelling results for
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ozone, ozone-related NOx and organic precursors. The survey was intended to complement
the information derived from Airbase and the literature survey. The questionnaire was
distributed to the point of contacts in the Ambient Air Quality Committee representing the EU
Member States in March, 2012. About 60% of the questionnaires were returned.
The effect of data gaps on ozone annual mean, AOT40 and 8-hour running average was evaluated
by use of rural background data from Denmark, Austria and Spain. The selection of the three
stations aimed at representing the ozone situation in South, Central and North European rural
background. The measurement stations selected for the gap analysis were characterised by data
captures around 95%. In order to study the effect of imposed data gaps, it was necessary to fill the
gaps prior to introducing synthetic data gaps of 5, 10, 15, 20 % and whole months of no data. By
use of this gap-filling procedure, three complete datasets were created. In the following step,
random data gaps were introduced in the datasets according to three different scenarios for data
loss. First February, then July data was removed from the datasets to evaluate the effect of
extreme data loss, i.e. a month with low and high ozone concentrations. In the next two scenarios,
one-hour values and whole weeks were omitted corresponding to 5, 10, 15 and 20% data loss.
Three repetitions of this calculation procedure were performed to evaluate the variation in the
modelled outcomes.

Compliance with data quality objectives

4.2

The analysis on Airbase extractions indicated that a data capture of 90% was not met at all sites.
However, in this analysis it was not possible to accurately determine the number of measurement
stations not in compliance with the required data capture for the following reasons:
1)

Information about the time spent on calibration and routine maintenance, which the
directives allow to compensate for when calculating data capture, was not available for the
analysis;

2)

No information was available on the identity of measurement stations, which were
discontinued or established in 2010.

However, the analysis showed that on average 81% and 77% of the EU measurement sites for
ozone and NO2 fulfilled the requirement of 90% data capture. Data capture for organic precursors
of ozone is not specified in the Directive as it only provides a list of recommended compounds to be
measured. Only 39% of the measurement sites met the requirements 90% data capture for
benzene, which is a regulated carcinogenic substance in addition to being an organic precursor of
ozone that the Member States are obliged to measure. The corresponding number for the organic
ozone precursor isoprene was 7%. Organic precursors of ozone are poorly covered and in general
characterized by a low data capture. This situation could probably be greatly improved in case the
list of recommended organic ozone-precursors in Directive was replaced at least partly by a
mandatory list.
The Airbase analysis had limitations due to the lack of a notation key for precise characterisation of
the type of measurement site for the stations in the data-base. The lack of a key that could be used
to separate the stations into different measurement site categories meant that this analysis had to
be performed with all available sites included in one single batch. Furthermore, the tools in Airbase
did not provide options for extraction of data separated into monthly or season-wise datasets. For
this reason, it was not possible to account for the fact that the Directive specifies lower data capture
requirements for winter seasons. The analysis of extractions from the Airbase has thus been
performed for overall data coverage regarding the entire year and for all types of measurement
sites.
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In the questionnaire survey, the Member States were requested to specify wishes in relation to the
revision of the Directive. According to the survey, only a few of the Member States have
experienced difficulties with siting criteria. Among the improvements requested by Member States
was a more clear definition of exactly where and when model calculations could substitute fixed site
measurements in air quality assessment. Furthermore Member States suggested that modelling
should be accepted as a substitute for the high number of fixed measurement sites in large and
sparsely populated areas.

4.3

Use of air quality modelling

Only seven Member States reported that they are using modelling data for (at least) ozone. A
conclusion supported by the Member States is that the use of model results as a substitute for fixed
site measurements may be justified in large areas with low population density and fairly uniform
ozone concentrations. This is especially expected to work well in areas with rather uniform
emissions and meteorological conditions. This is suggested as a way to reduce costs for currently
required measurements.
Concerning use of air quality models, the Directive states that: “The results of modelling and/or
indicative measurements shall be taken into account for the assessment of air quality with respect
to limit values”. According to the FAIRMODE (Forum for air quality modelling in Europe) community,
this formulation is “rather vague”. The role of computational models in air quality assessment is thus
not very clear in the Directive, and this may be one of the main reasons why only few Member
States

are

making

use

of

modelling

data

in

their

air

quality

assessment

reports

(http://fairmode.ew.eea.europa.eu/).
In general the evaluation of the uncertainty associated with the use of modelling results appears to
be at a preliminary stage. The accuracy of model calculations depends heavily on the available
input of relevant measurements of atmospheric species. One prerequisite for more accurate model
calculations could be extended measurements of organic precursors of ozone. The observed poor
coverage as well as poor data capture is, however, a problem in this regard. For this reason,
improved characterization as well as quantification of emissions, including those related to natural
sources from e.g. vegetation and wildfires, is strongly encouraged.
A conclusion that can be drawn from reviewing several modelling studies is that the regional
models may serve particularly useful in assessment of the highest exposures to ozone
concentrations for which models show the best accuracy, as well as in source apportionment and
impact assessment of reduction strategies. Naturally models serve as strong tools in assessment of
ozone levels where measurements are not available. Ensemble models are likely to play stronger
roles in the future and so is the use of data assimilation.

4.4

Measurement uncertainty and data gaps

Regarding uncertainty values for ozone measurements in the EU derived from the available
‘Intercomparison Exercise’ reports for the time period 2007-11, it can be concluded that there are
no significant problems in terms of meeting the requirements for ground-level ozone. For benzene
and isoprene, expanded measurement uncertainties were evaluated based on the returned
questionnaires. All responding Member States reported uncertainties lower than or equal to 25%,
but the actual number of responses is insufficient to conclude upon in a general EU wide
perspective.

24

An analysis of how data gaps may affect the annual average ozone concentration showed that the
annual average, 8-hour running average and AOT40 were only to a minor degree affected by data
loss up to 20%. In contrast to this, most parameters changed significantly if the data loss
corresponded to complete absence of data in July, where the highest ozone concentrations were
observed. It should here be noted that the Directive accounts for this issue by specifying higher
data capture during summer. The way data loss is compensated for in the calculation of AOT40,
may furthermore increase the reported AOT40 during periods characterised by low ozone
concentration.
Under the assumption that data loss is mostly in the form of shorter time duration, and unlikely to be
dominated by whole weeks, the majority of observed data captures for ozone are not expected to
significantly affect annual averaged concentrations, ozone-related 8-hour continuous average and
AOT40. The same is true for the average concentrations of NO and NO2. As long as the annual
data capture is better than 80% and better than 90% during the summer month, measures related
to NO, NO2 and ozone are unlikely to be affected. On the other hand, the poor data capture, which
in general is reported for organic precursors of ozone, are most likely to affect the annual averages.

4.5

Methods and reference methods

For the measurement of ozone and NOx about 90% of the instrumentation is based on the
reference method.
In connection with warnings of the public during episodes of high ozone concentrations it is
important that the method used can provide data fast enough. It is estimated for 2010 that for ozone
93% of the measurements in EU are based on the reference method. In principle the application of
the reference method for ozone by ultraviolet photometry at monitoring stations can provide fast
results for the purpose of warning the public. The required calibrations can be performed
automatically and the measurement data can be transferred electronically directly to the different
public authorities at best within a few minutes after the actual measurement has been taken. These
quickly transferred data have often not undergone full QA/QC procedures, which are also part of
the reference method. Therefore these data are typically presented to the public with higher
uncertainties than data where all the QA/QC and post processing have been performed.
Adjustments of data for automatic (zero and span) calibrations will however typically only cause
minor corrections (typically within 5% estimated from experiences in the Danish AQ monitoring
programme) for the final ozone data as ozone monitors based on ultraviolet photometry in general
are very stable. This means that the use of the reference method for ozone measurements with
regard to near real time dissemination of data to the public during episodes of high ozone
concentrations (according to the Directive 2008/50/EC article 26 and annex XVI) can relatively
easily be achieved. It is therefore recommended to use the reference method for this purpose.
While no reference methods are specified for measurements of organic precursors of ozone, no
less than four reference methods are available for the measurement of benzene, as this is a
regulated carcinogenic compound. Dynamic sampling followed by thermal desorption or solvent
extraction, either automated or off-line analysis with a time resolution not exceeding 24 hours, or
PTR-MS (Proton Transfer Reaction mass spectrometry) are therefore recommended for analysis of
organic precursors of ozone.
An analytical system for monitoring VOCs relevant as ozone precursors must meet low detection
limits, high accuracy and precision in addition to being reliable for daily usage. Furthermore, the
required time resolution dictates whether automated systems or off-line systems are applicable.
Based on these considerations, systems with detection limits exceeding 0.1-1 µg/m3 appear to be
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of limited use. Furthermore, passive sampling techniques with a time resolution exceeding 24 hours
may be adequate for benzene in some cases, but insufficient when it comes to monitoring ozone
organic precursors and their trends for checking the consistencies of emission inventories and the
efficiency of emission reduction strategies. With respect to the latter issue, VOCs should be
differentiated into single species and not integrated measures such as non-methane VOC
(NMVOC) or total VOC (TVOC).

4.6

General recommendations

The use of model calculations should be encouraged, and within this context it should be
considered to what extent fixed site measurements could be substituted by modelling results.
The poorly covered organic precursors of ozone, for which the current analysis has shown
measurements to be characterised by a low data capture, are identified as a major weakness in
fulfilling the ozone organic precursor monitoring provisions. Such monitoring is central in the
understanding of ozone formation in urban and suburban environments as well as in the
background atmosphere.
Furthermore, a better spatial and temporal coverage of emission and concentration of organic
precursors of ozone is a prerequisite for accurate air quality modelling of ozone.
A weakness in the directive appears to be that, except for benzene, monitoring of listed organic
precursors of ozone is only recommended, and not mandatory. In this study, it is recommended to
at least partly replace the recommended list of organic precursors of ozone in Directive 2008/50/EC
by a mandatory list of compounds to be measured: i.e. the C5-C9 substances, which can be
analysed using the automated GC (“BTEX monitors”) or laboratory GC-MS analysis of adsorbed
substances. Other species with high ozone formation potential, e.g. short-chain hydrocarbons and
oxygenated substances such as formaldehyde, are suggested to be made mandatory at a later
stage.
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5 Information on Member States' response
to ozone exceedences on their territory

Objective and methods

5.1

The primary aim was to assess available information on Member States’ response to ozone
exceedences on their territory. This Task includes the following outputs:


An assessment of measures taken by Member States to reduce ozone concentrations,
including implementation of programmes prepared pursuant to Article 6 of Directive
2001/81/EC or air quality plans under Directive 2008/50/EC.



Consideration of compliance with the obligation in Article 19 of Directive 2008/50/EC on
information of the public in case of exceedence of the information and alert thresholds
specified in Annex XII of the Directive, together with an assessment of best practice in
information.



Consideration of compliance with the obligations in Article 24 of Directive 2008/50/EC on
short-term action plans in case of exceedence of the alert thresholds specified in Annex
XII of the Directive.



An assessment of the number and nature of initiatives on transboundary co-operation
pursuant to Article 25 of Directive 2008/50/EC.

Through a search of the EIONET Central Data Repository, reports held by the Commission, internet
searches, and direct communication with Member States, a total of 51 reports were identified for
review covering nine Member States. Seven of the reports were deemed of definite interest, 25 of
possible interest and the remainder unlikely to be of interest. All reports deemed definitely likely to
contain action plan measures, and all English reports that were of possible interest, were appraised
using an information pro forma checklist, and information relevant to the contract was extracted into
a database. Non-English reports were translated with the assistance of online translation tools,
however there were problems encountered where file sizes and types precluded translation in this
way. Non-English language reports that were not able to be translated (two Belgian, two Spanish
and one Slovak) were sent to linguists at Milieu and DCE in order to complete the checklists.
Information from all of the checklists was then collated into a database and a summary document
for each Member State produced. Out of the nine Member States for which reports were had been
acquired, only seven reports were identified as being considered relevant for to ozone (Belgium,
France, Germany, Malta, Slovakia, Spain, Sweden).

The reports were analysed in terms of

Measures taken, Long-term effectiveness, Short-term effectiveness, Background effectiveness,
Hotspot (urban) effectiveness, Estimated cost, Public alerts, Short-term action plans, and
Transboundary cooperation.

5.2

Reports and information

The reports obtained via EIONET, the Commission, direct contact with Member States and internet
searches represent a sample of just 26% of the EU-28 Member States, but with a widespread
geographical coverage. It is not clear whether the low number of Member States represented is due
to the lack of accessibility of reports, their non-existence, or the failure of Member States to
cooperate in sending requested information. However, either way, caution must be used in drawing
representative conclusions from this small sample.
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Overall there was found to be little consistency in the existence or content of reports across
Member States, which may be due to the absence of coherent reporting requirements or
assessment and follow-up by the Commission where reports are submitted. Findings of the review
suggest a division of opinion between Member States as to the significance and nature of ozone
problems. At one extreme there are Member States that do not currently experience significant
exceedences and who believe that the requirements of the National Emission Ceilings Directive are
likely to maintain this situation; at the other there are those that experience regular exceedences
and attribute these, at least in part, to both extreme meteorological conditions (in terms of
temperature and insolation) and exposure to significant transboundary transport of pollution (either
ozone or its precursors).

5.3

Measures, actions and plans

There is little evidence for the existence of sophisticated management strategies for ozone. Most
reported actions rely on the reduction of precursors (either in the short-term or long-term) with no
significant analysis of the effects. This focus on precursors appears in many cases to lead to
potential or actual increases in local ozone concentrations, particularly in urban locations.
Of the reports reviewed most measures were traffic-related and based simply on reduction of
overall ozone precursors with little or no consideration of chemistry or source attribution. The
reports covered a wide range of dates (2002-2011) making it difficult to draw comparisons between
their reported temporal and spatial effectiveness. Information on the costs of measures was
extremely limited with three Member States providing partial or aggregated data only.
The role of transboundary pollution is strongly recognised by Member States, and intentions to
cooperate in this area were widely stated. However, little evidence was identified to suggest that
much significant activity was actually occurring.
Most of the Member States included in this study reported moderate short-term effectiveness of
measures to reduce ozone. However, there appeared to be a strong opinion from Member States
that long-term targets (up to 2020) would not be achievable within the current legislation due to the
transboundary nature of ozone and its precursors and increasing hemispheric background
concentrations. In urban areas, however, the focus on reducing emissions of ozone precursors was
reported as resulting in an upward trend in ozone due to the reduction in NO from traffic.
The response to the requirement to instigate public alerts and short-term plans in the event of alert
threshold exceedences varied widely across the Member States reviewed. Belgium and France
(e.g. Strasbourg) reported stringent measures that would be implemented in the event of a severe
ozone episode. However, Germany and Spain have not developed any plans as they assume that
the risk of exceedences of the alert threshold is low, and that measures already implemented in
response to the NEC Directive will maintain this situation (in contrast to exceedences of the target
value and long-term objective).

5.4

Conclusion

In summary, this review found that there is little consistent or comparable information on Member
States’ responses to ozone exceedences. The policy focus on reducing precursors to manage
ozone appears to be inadequate taking into consideration the complex nature of ozone chemistry in
urban areas, which suggests evidence that measures to achieve the NEC Directive may even result
in leading to increases in urban ozone concentrations (where public exposure is greatest). Member
States also appear to experience that national measures are not sufficient to tackle these
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precursors given their transboundary effect, though international co-operation efforts were cited,
and that efforts to reduce background ozone are hampered by increasing hemispheric
concentrations.
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6 Assessment of the factors responsible for
any projected non-compliance

6.1

Objectives and methods

The primary objective of this Task is to identify, describe and where possible quantify the reasons
or factors responsible for projected non-compliance with air quality target values for ozone. This
task considered technical issues and factors such as:
• Failures of source-based emission control legislation;
• Structural weaknesses in air quality legislation; and
• Structural deficiencies in Member States approaches to air quality management
The Task includes the following outputs:
• An assessment of whether the target values and long-term objectives are technically attainable
without disproportionate action costs.
• Consideration of any systematic short-comings in the Directive, which lead air quality managers
and/or competent authorities to be poorly prepared.
• Consideration of any systematic short-comings in how Member States organise their
administrative management structures which have led to insufficient action being taken.
• An assessment of any short-comings in EU source legislation to deliver the expected levels of air
pollutant emissions reductions.
• An assessment of the short-comings in international conventions to deliver the required levels of
air pollutant emissions reductions.
The task has been delivered using a research triangulation methodology utilising the expertise of
the Project Team, a literature review specifically focussed on the task objectives and six Member
State case studies to understand the reasons or factors responsible for non-compliance. The
observations of the Project Team and the findings of this literature review are considered against
the outcomes from Tasks 1, 2 and 3 and the case study interviews undertaken with selected
Member States. The case studies were chosen to identify any systematic differences between
Member States’ experiences and therefore it was important to ensure that the selected case studies
were:
a) Geographically diverse;
b) Influenced differently by transboundary ozone and precursors; and
c) Had differing levels of capacity, capabilities and air quality management frameworks.
The six case study Member States chosen include:
• Western Europe – Ireland (IE)
• Northern Europe – Sweden (SE) and Lithuania (LT)
• Southern Europe – Malta (MT) and Croatia (HR)
• Central Europe – Austria (AT)
The following information has been used in performing this Task:
• Air quality plans and programmes prepared by Member States and those involved in air quality
management in the Member States (Task 3);
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• The UNEP integrated assessment of black carbon and ozone;
• Documentation on ozone produced by the Task Force on Hemispheric Transport of Air Pollution
under the Long Range and Transboundary Air Pollution Convention;
• The UK Royal Society Report on Ozone (Royal Society, 2008);
• Relevant peer-reviewed and "grey" literature;
• Contractor's expertise and familiarity with EU ambient air quality and source legislation and
Member States management practices; and
• Consultations with relevant stakeholders (including those involved in air quality management)
and open literature.

6.2

Failures of source based emission control legislation

Emission control legislation in Europe has achieved substantial reductions in ozone precursors over
the last two decades but the issues of non-compliance with the target value among Member States
continue. The key observations and factors for non-compliance are as follows.
The local / regional management of precursor emissions appear to have resulted in a reduction in
the magnitude and frequency of peak ozone episodes across Europe. However, the influence of
baseline hemispheric ozone and the transboundary nature of ozone and its precursors has resulted
in mean and background ozone remaining constant or in some cases increasing across Europe
hence the continued exceedences of target value.
The increasing transboundary background ozone concentrations can be approaching or exceeding
the target value but mitigation is beyond the control of Member States.
In conclusion there is a need for improved global/hemispheric co-operation between countries and
within regions for widespread implementation of precursor emission management measures.

6.3

Structural weakness in air quality legislation in relation to Ozone

Existing legislation is focussed on addressing peak ozone episodes with less emphasis on policy
measures to address hemispheric baseline concentrations.
Ozone is regulated by a non-statutory target value and therefore the level of priority it is given by
Member States may not have been sufficient to ensure significant action. The implementation of a
binding limit value would give more focus to Member States activities but a binding limit value is not
seen as possible to achieve or desirable by many Member States.
Given the complex nature of ozone as a secondary pollutant and the influence of transboundary
baseline ozone concentrations, it needs to be considered if there are any actual benefits to the
development of Short Term Action Plans, if their implementation actually results in the reducing of
the ozone exceedence risk or if they are just burden on Member States that actually chose to
develop them?

There is no evidence of Short Term Action Plans developed so far of being

successful in the mitigation of ozone and therefore could be considered a legislative weakness. The
local/regional management has as stated above resulted in ozone precursor emission reductions,
but there is no evidence that this can be attributed to Short Term Action Plans.
Given the nature of ozone pollution, the race by Member States to manage NO2 concentrations (via
NOx emissions) may have a detrimental effect on mean and background ozone concentrations in
urban areas where large populations are exposed. NOx emission control needs to be
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counterbalanced by sufficient VOC emission control. This does not appear to be currently
happening.
Evidence from the Task 4 review indicates that the ozone target value and long-term objective are
not believed by Member States to be technically attainable without disproportionate action costs at
a national level (see case study interviews in Task 4 report).

6.4

Structural deficiencies in Member State approaches to air quality
management in relation of Ozone

The investigations and analyses did not identify any structural deficiencies in Member States’
approaches in relation to management of ozone, However, this is based from indicative evidence
on a limited number of case studies interviews across 6 Member Statements.

6.5

Conclusions

Emission control legislation in Europe has achieved substantial reductions in ozone precursors over
the last two decades, but the issues of exceeding target value among Member States continue. The
key observations and factors are as follows.
•

The local / regional management of precursor emissions appears to have resulted in a
reduction in the magnitude and frequency of peak ozone episodes across Europe. However,
the influence of background hemispheric ozone and the transboundary nature of ozone and its
precursors has resulted in mean and background ozone remaining constant or in some cases
increasing across Europe hence the continued exceedences of target value.

•

The increasing transboundary background ozone concentrations can be approaching or
exceeding the target value but mitigation is beyond the control of Member States.

•

Evidence suggests that there is a need for improved global/hemispheric co-operation between
countries and within regions for widespread implementation of precursor emission
management measures.

•

Existing legislation is focused on addressing peak ozone episodes with less emphasis on
policy measures to address hemispheric background concentrations.

•

Ozone is regulated by a non-statutory target value and therefore the level of priority it is given
by Member States may not be sufficient. The implementation of a binding limit value would give
more focus to Member States activities but a binding limit value is not seen as possible to
achieve or desirable by Member States.

•

Given the complex nature of ozone as a secondary pollutant and the influence of
transboundary baseline ozone concentrations, it needs to be considered if there is any actual
benefits to the development of Short Term Action Plans, if their implementation actually results
in the reducing of the ozone exceedence risk or if they are just a burden on Member States
that actually chose to develop them. There is no evidence of Short Term Action Plans
developed so far of being successful in the mitigation of ozone and therefore could be
considered a legislative weakness and a distraction from more long-term actions.

•

Given the nature of ozone pollution, the race by Member States to manage NO2 concentrations
(via NOx emissions) may be having a detrimental effect on mean and background ozone
concentrations in urban areas where large populations are exposed. NOx emission control
needs to be counterbalanced by sufficient VOC emission control. This does not appear to be
currently happening.

•

Evidence indicates that the ozone target value and long-term objective are not technically
attainable without disproportionate action costs at a Member State level.

32

7 International comparison

7.1

Objective and methods

The objective of this task was to prepare overviews of ozone management regimes in four countries
outside of Europe: China, India, Japan and the United States. The case studies address the
following topics:
• Legislative framework for assessment and management of ozone;
• Current status of air quality on ozone;
• Reasons for compliance/non-compliance;
• Trends in policy on ozone;
• Lessons to be learned for EU policy.
Information was gathered through desk research, together with phone interviews of experts for
each country. At least two interviews were sought for each of the four countries: one official in a
national authority and one representative of a stakeholder, such as an NGO or research institute
working on ozone issues.
Several issues were encountered in the preparation of the case studies. For China and Japan, it
was difficult to identify national officials and experts who could be interviewed in English. As a
result, both interviews for China and one interview for Japan were made with experts from other
countries who studied air pollution in China or Japan. For India, although several experts and
officials were identified in the inception phase, it was not possible to obtain their assent to
interviews; as a result, this case study in particular has suffered from a lack of information. In
contrast, the US case study faced the opposite problem – a large number of reports are available,
and information gathering tried to focus on those that appeared most valuable.
The results are synthesised in four country case studies, found in sections 2 to 5 below. Each of
these sections provide a brief summary of each case study, and then presents a common set of
conclusions regarding lessons learned for EU policy.

7.2

China

The legislative framework to address air pollution in general and ground-level ozone in particular is
under development. China’s 1995 law on air pollution does not refer to ozone; new air quality
standards for ozone were introduced in February 2012. These standards are being phased in, first
in major urban/industrial areas and are accompanied by plans to develop ozone monitoring system
all over China. Other recent legislation seeks to reduce emissions of ozone precursors, in particular
nitrogen oxides (NOx) from industrial facilities and motor vehicles. Air pollution, though not ozone
specifically, is also addressed in the country’s 12th five-year plan, which sets a target to cut national
NOx emissions by 10%, from 2010 to 2015 (reduction targets are also set for SO2 and NH3).
A comprehensive overview is not yet available for the current air quality status concerning ozone
levels, as monitoring for this pollutant is incomplete. Scientific studies have nonetheless identified
ozone as a major concern in the highly populated and industrialised Eastern areas of China.
While information is not currently available to determine compliance with the newly introduced
ozone standards, scientific studies identify industrial and transport emissions of NOx as the major
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sources of ozone, in particular as both sectors have grown rapidly in recent years. Assessments
and controls on VOCs are an area where policy attention is only starting.
Overall, in terms of policy trends, a framework for ozone management is being put in place now. In
general, air pollution policy in recent years has focused priority attention on ‘key’ cities and regions
that face high air pollution levels.

7.3

India

India has not put in place a comprehensive ozone management policy or legislative framework. The
Air Prevention and Control of Pollution Act, adopted in 1981 and last amended in 1987, sets
general requirements and measures to reduce air pollution. In 2009, national air quality standards
were adopted for several pollutants, including ozone. Some measures have been taken to reduce
emissions of ozone precursors, in particular at local level.
India has not set in place a monitoring system for ground-level ozone; as a result, a comprehensive
overview of the current air quality status concerning ozone is not available. Nonetheless, from the
available monitoring data it can be concluded that the air quality in many urban areas is poor.
Furthermore, international studies underline that the Indian sub-continent may suffer significant
increases of ozone concentrations with impacts on health and food security, if current policy trends
are not changed and ozone pollution not more effectively tackled.

7.4

Japan

Japan has a comprehensive legislative framework, built on the Air Pollution Control Law enacted in
1968 and developed extensively in the subsequent decades. Japan’s legislation sets a countrywide air quality standard for photochemical oxidants (including ozone) as well as monitoring
requirements and emissions controls for ozone precursors (including NOx and VOCs) from fixed
installations and transport. Voluntary agreements between government and industry are a hallmark
of policy making in Japan: recent agreements have included actions to reduce industrial VOC
emissions.
Despite a range of measures that have reduced emissions of ozone precursors, air quality status
for ozone in Japan has not improved in recent decades and indeed has seen a worsening trend.
The reasons for this trend, and recent compliance problems, are not fully clear. Scientific studies
and modelling suggest that a share of current ozone concentrations in Japan is due to rising ozone
transport from East Asia, in particular China.
Recent policy trends include the strengthening of the monitoring station network to determine the
mechanism of formation of photochemical pollutants and to identify its transboundary movement as
well as greater attention to industrial emissions of VOCs. Japan is also considering further research
on photochemical oxidants and their precursors, including VOC sources not yet identified as well as
non-anthropogenic VOCs.

7.5

United States

The United States has a comprehensive legislative framework to address air pollution, centred on
the Clean Air Act (CAA), originally passed in 1970 and since amended several times. Moreover, the
CAA is implemented through extensive secondary legislation: detailed ‘rules’ prepared by the
Environmental Protection Agency (EPA). These include restrictions on emissions of ozone
precursors from industrial and transport sources. Since air quality standards were first introduced in
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1971, the United States has steadily set more stringent limit values on ozone levels; in 2010, a
further change was proposed. A key element of the US policy framework is that the states are
required to address air pollution issues in their territories through State Implementation Plans
(SIPs). While the Federal government cannot fine states for not attaining national air quality
standards, it can impose sanctions (in particular, withdrawing grants for highway construction) if a
SIP does not adequately address the problems.
In terms of air quality, ozone concentrations in the main monitoring sites (in particular urban areas)
have steadily decreased over the past three decades. These improvements are tied to the fall in
emissions of major ozone precursors: carbon monoxide (CO), NOx and VOCs. Nonetheless, ozone
concentrations remain high in several large urban areas.
Reasons for non-compliance include motor vehicle emissions and VOC emissions. In addition,
transport among the states is an issue, and hemispheric transport from Asia may have an influence,
in particular on the Pacific Coast.
Recent policy trends include more stringent requirements for motor vehicle emissions, as well as
stronger national approaches to address cross-state transport of air pollution: since 1990, an Ozone
Transport Commission made up of state representatives advises the EPA, and a 2011 EPA rule set
requirements on states to reduce emissions that contributed to non-attainment of air quality
standards in other standards (the rule is being revised following an adverse court judgement). The
EPA has also introduced a system of voluntary agreements with states that have attained existing
standards: the goal is to support further improvements in air quality, in anticipation of more stringent
future standards for ozone.

7.6

Key lessons and opportunities for EU policy

The US and Japan case studies provide the clearest lessons for EU policy. Fewer lessons are seen
in China and India, where air pollution measures are still in development. The US sets strict
requirements for the contents of State Implementation Plans (SIPs), and this approach may be
considered as a model for more stringent EU requirements for planning to address zones that do
not meet air quality standards. The enforcement mechanism between the federal government and
states used in the US (withholding transport infrastructure grants) also deserves attention; though it
may not fit in the EU budget practices, this form of conditionality between air quality measures and
funding could be a valuable lever for action also in the EU. The US also has a voluntary approach
to encourage states to go beyond attainment of air quality standards, also in preparation of more
stringent future standards, and a similar initiative might be considered for the EU. The US
provisions to address cross-state ozone transport, while under revision, also bear close attention as
cross-border transport is an important issue in parts of the EU.
One lesson for consideration from the Chinese approach is that standards are implemented in a
step-wise fashion – first addressing large urban and industrial areas where air pollution problems
are the most serious. Such a priority setting approach could be considered in the EU for nonlegislative programmes.
In addressing emissions from sources, Japan uses a voluntary approach to encourage the
reduction of VOC emissions from industry, supplementing legal requirements. This programme is
articulated at regional and local levels. While this approach also reflects a specific Japanese policy
context, it could be considered as a supplement to EU legal mechanisms.
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Japan and the US both have stringent standards on precursor emissions from motor vehicles – in
the US, there are now standards also for low emissions vehicles – and these bear attention in
setting EU standards of similar nature.
Japan and the US are also strongly focusing on research, including the development of new
modelling systems to understand the formation of ozone and its transboundary movements, in
order to take the adequate counter measures on precursors. The EU might consider similar
investment in ozone modelling and in cooperating with research in Japan and the US in this field. In
general, the four case studies highlight the importance of monitoring and scientific assessments of
ozone trends and transport. Japan’s plans to further assess non-anthropogenic sources of VOCs
and non-identified VOCs may have lessons for the air quality management in other parts of the
world, including the EU.
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8 Reasons for increasing background ozone
concentrations and recommendations for
future objectives for ozone

8.1 Objectives and methods
The first objective for Task 6 is to explain the reasons for increasing background ozone
concentrations based on a literature study and to make recommendations for future objectives for
abatement strategies related to ozone pollution in the troposphere (the lower part of the
atmosphere).
The background for the objective is related to answering the following question; why is it so that
while ozone precursor emissions have decreased in Europe, the background ambient air ozone
concentrations have increased, diminishing the expected positive effects on the ozone level of the
existing policy on reduction of precursor emissions in Europe?
The challenge lies within finding the optimal policy options that will ensure abatement of the
increasing background ozone concentrations in a situation where the chemical response to
emission reductions has changed since the 1990’s. This requires more knowledge about the
impacts from changed emissions of the precursors (VOC, NOx, CO and CH4), both in Europe and
on the entire Northern Hemisphere.
While results for Europe can provide running emission reduction scenarios, the increase in
background concentrations is very complex, and more research is unquestionably needed in this
area.
This is also the main conclusion from the Task Force on Hemispheric Transport of Air Pollution,
acting within the framework of the Convention on Long-range Transboundary Air Pollution. This
Task Force has for nearly a decade worked on improving the understanding of the intercontinental
transport of air pollutants across the Northern Hemisphere. Following several years of science
cooperation of experts across the northern hemisphere the report “Hemispheric Transport of Air
Pollution 2010, Part A: Ozone and Particulate Matter, Air Pollution studies No. 17, was published
(HTAP, 2010). It contains a state-of-science assessment with respect to intercontinental transport
of ozone and particulate matter and to some extent tries to quantify possible reasons for increasing
background ozone concentrations.
The present project provides a summary of the synthesis of the reasons for increasing background
ozone concentrations and recommendations for future objectives for ozone based on a review of
existing literature, review papers and results identified in the HTAP report is provided below.
Our synthesis is structured by considering 7 central hypotheses related to what may be the main
reasons for increasing background levels of ozone:
1.

Increased global emissions of the precursor CH4.

2.

Increased global anthropogenic precursor emissions of VOC/NOx.

3.

Increased global natural pre-cursor emissions of VOC (vegetation) / NOx (soil) e.g. due to
climate change (increased temperature).
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4.

Changes in the tropospheric chemistry e.g. due to changes in global radiation,
temperature or humidity.

5.

The reductions in European urban NOx emissions have led to increased ozone levels due
to reductions in ozone titration by NO (NO/NO2/O3 chemistry). This can lead to higher
ozone concentrations locally in urbanized areas but lower ozone levels in more remote
areas, depending on the chemical regime.

6.

Increased ozone input to the troposphere from the stratosphere.

7.

Changes in dry deposition of ozone due to changed land cover (less vegetation) or
humidity.

The outcome is an overview of present knowledge related to the above mentioned topics.
A second objective is to outline policy options for how to best address the long term challenge of
increasing ozone background levels through strengthening the existing strategy to reduce the
precursor emissions (VOC, NOx and CH4), on the main presumption that the status and value of the
existing ozone air quality standard will not change. The work was based on studies carried out at
IIASA/JRC/EMEP. Results from these institutes/organizations are included directly in this final
report.
A third objective is to propose measures to improve the monitoring networks, siting criteria and
siting density to better detect long and short term changes and trends in ozone concentrations.
The work addressing the third objective was partly based on discussions and brainstorming at a
partner workshop and partly on a literature study to ensure that all kinds of measures are
considered. The workshop focused on proposing measures to improve the monitoring networks,
siting criteria and siting density to better detect long and short term changes and trends in ozone
concentrations in Europe. Experts in monitoring of ozone as well as experts in atmospheric
modeling of ozone were invited. In particular harmonisation in siting, frequency and coverage and
how this may be considered to improve the performance to detect trends and assess ozone
exposure (both to humans and ecosystems) was assessed. Considerations towards the use of data
assimilation through combinations of models and monitoring will be included.

8.2

Global anthropogenic emissions

The background tropospheric ozone concentrations at northern mid-latitudes have increased about
1% per year (see also chapter 4). This is also supported by Parrish et al. (2012) who concludes that
ozone has increased at all background sites in the northern hemisphere in all seasons at
approximately 1% per year relative to the site’s 2000 year.
It is striking that background measurements of tropospheric ozone around the world show
approximately the same rate of increase. This is a strong indication that the increase in ozone
background concentrations is a global phenomenon.
On a global scale, ozone precursor emissions have since the year 2000 increased for NOX (2.3
%/year), NMVOC (1.6 %/year), CH4 (2.5 %/year), and CO (2.5 %/year). These global increases can
easily explain the general increase in ozone background concentrations of 1% per year.
According to HTAP (2010), the transport of ozone from other source regions (North America, South
Asia and East Asia) contributes together some 43% to ozone levels in Europe. The contributions
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from North America, Asia and Europe observed in Europe are expected to have nearly equal
weight. However, the increase in ozone pre-cursor emissions is strongest in Asia and especially the
increases in NOX emissions from Asia have potentially the strongest influence on the increasing
ozone background levels in the Northern Hemisphere.

8.3

Changes related to the atmospheric chemistry of ozone

Tropospheric ozone depends on a number of parameters related to the chemistry and physics of
ozone production, which may increase or decrease the future background ozone concentration. Not
all these effects are known or fully understood, and in particular how these parameters influence
each other, i.e. negative and positive feed-back. For example, CO and some volatile organic
compounds have decreased significantly in USA and Europe over the past years, while CH4 has
increased. From rural and remote monitoring stations in Denmark and Switzerland, NO2 appears to
have decreased over the last two decades, which is most likely due to mitigation initiatives.
However, global NOx emissions have increased. In particular, NOx has increased dramatically over
industrialized regions in China up to at least 2005.
On a global scale, the chemistry which leads to ozone formation is mostly expected to be NOx
sensitive, for which reason increasing NOx emissions are expected to exert a substantial impact on
tropospheric ozone formation. In addition, NOx emitted from microorganisms is also expected to
increase in a future warmer climate (see e.g. Brasseur et al., 2006). An increase in the NOx
background concentration will generally have a larger effect on ozone formation than an equal
increase in the VOC concentration due to the already large natural emission of VOC’s and CH4 as
well as CO. Furthermore, an increase in the background NOx may shift the chemical regime from
being ozone-degrading to ozone-forming.

8.4

Changes related to chemical regimes in Europe

Ozone concentrations are strongly linked to NOx concentrations. In urban streets and urban
background the recent year’s reductions in NOx emissions from mainly road traffic have led to slight
increases in annual mean ozone concentrations, although these tendencies at least for Danish
conditions are not yet statistically significant. Both Danish and German measurements show that
rural background annual mean ozone concentrations are slightly increasing although also these are
not statistically significant. Reducing NOx emissions in Europe can result in increased ozone
concentrations in the highly urbanized areas of the central and northwestern parts of Europe (the
VOC sensitive areas), including e.g. Germany, The Netherlands, Belgium and the UK.
More information is needed concerning the present chemical regimes in Europe with respect to
NOX and VOC sensitive areas. The latest larger studies of this were carried out in the mid-nineties.
Since then, the concentration levels over Europe have changed and therefore also a change in the
location of the chemical regimes – e.g. NOx or VOC sensitive regions. It was recently found that a
future decrease in anthropogenic emissions in Europe assuming the RCP4.5 scenario leads to an
increase of up to 10% in ozone concentrations in the NOX limited areas of Europe (central and
western parts of Europe) (Hedegaard et al., 2013).

8.5

Changes related to stratospheric tropospheric exchange

Both measurement- and model-based studies points towards an impact on tropospheric ozone
levels both regarding inter-annual variability and long terms trends from the stratosphere. Both a
recovering of ozone levels in the lower stratosphere as well as an increased flux from the
stratosphere to the troposphere possibly due to changes in the general circulation patterns, can
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explain an increased input from the stratosphere. The impact also seems to be significant in the
European area.
Direct quantifications of the impact is hard to estimate due to the complexity of the involved process
ranging from mesoscale transport processes to hemispheric scale circulations as well as
photochemistry. Recently published work used a climate model to estimate an increase in the
ozone input of 50 (+/- 6 standard error) Tg/yr for the years 2000-2035, which is an increase of
~10% compared to the total estimated transport from the stratosphere of 552 +/- 168 Tg/yr.

8.6

Changes related to dry deposition of ozone

Dry deposition is a main removal process for ozone in the lower troposphere. Changes in land
cover, especially deforestation of areas to agricultural or urbanised application and changes in
meteorological conditions over the years can be an important factor for changes in ozone
concentrations. However, the changes in land cover as well as the governing processes are
relatively slow, and it is not likely that a change in dry deposition of ozone over Europe or globally is
the main driver for increasing ozone background concentrations.

8.7

Modelling of the observed ozone trends, source allocation and future
scenarios

Global climate models seem to better match observed data when looking at the variability (seasonal
and regional) under investigation. The models have problems to foresee the surface ozone
concentrations on small temporal and spatial scales. This means that formation processes on local
scales are not well represented in the models. The models also have substantial problems to match
the observed data especially in remote locations where they (largely) underestimate the measured
values. Global models are not well suited yet to quantify trends or source allocations for ozone at
regional or local scales.
There is evidence that human activities are a major reason for the increasing trend for surface
ozone, but the source attribution of these increases remains very uncertain. Furthermore, further
research using chemistry transport models is needed in order to enhance the understanding of the
governing processes for the observed ozone trends.
It is estimated that over 50% of tropospheric ozone may be attributed to anthropogenic sources.
About half of this anthropogenic component originates from sources over the region itself and the
other half is transported from sources outside the region. Another 20-25% of ground-level ozone
originates from the stratosphere, and a similar proportion is formed from natural precursor sources:
lightning, soils, vegetation and fire, and from oxidation of natural hydrocarbons. Modeling indicates
that emissions changes in the other source regions are about half as important as the same
domestic emissions change. Furthermore, controlling CH4 is suggested of major importance in
limiting increases in baseline surface ozone, and has additional benefit for climate.
Langner et al. (2012) found a robust pattern among five CTMs with an increase in ozone levels in
southern Europe towards 2050. However, the size of the projected change in ozone only due to
climate change differed by up to a factor of two between the models. It turned out that this
difference mainly was related to differences in the emissions of isoprene and differences in the
sensitivity of these to changes in climate. Recent modelling studies on future ozone trends found
that natural emissions of isoprene are crucial for the models in terms of ozone and the sensitivity of
these emissions to changes in the forcing parameters needs to be better understood. Also,
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modelling studies found that at surface level the ozone concentration is projected to increase due to
climate change in the areas where substantial amounts of ozone precursors are emitted. Elsewhere
a significant decrease is projected at the surface. In the free troposphere a general increase is
found in the entire Northern Hemisphere except in the tropics, where the ozone concentration is
decreasing. In the Arctic the ozone concentration will increase in the entire air column, which most
likely is due to changes in atmospheric transport.
Changes in temperature, humidity and the naturally emitted VOCs are governing the changes in
ozone. A modeling study, where the relative importance of the climate signal and the signal from
changes in anthropogenic emissions were studied found that in large parts of Europe both future
climate change and future reductions in anthropogenic ozone precursors (especially NOX)
contributes to increases in future ozone levels in Northwestern Europe (Hedegaard et al., 2013).

Policy options for the long term challenge of increasing background levels

8.8

The objective of Priority 2 was to identify options and recommendations for how to best address the
long term challenge of tackling increased background ozone concentrations by strengthening the
existing EU strategy of reducing emissions of precursors NOx, VOC and CH4 etc., in order to meet
the current ozone target values. Of particular interest is to learn more about possible measures on
CH4 and CO emissions. The work in priority 2 is based on a review of two reports made available
by IIASA and Metno/EMEP.
The results in the Metno/EMEP report includes some emission reduction scenarios where all
anthropogenic emissions are reduced by 20% and the impacts on maximum daily ozone
concentrations are assessed. As the emission reduction scenarios are not divided into the
individual ozone precursors, it is not possible to distinguish the impacts from possible measures on
CH4 and CO emissions separately. Neither is it possible to assess the impacts from individual NOx
or VOC emission reductions as all reductions are conducted simultaneously. The report mainly
contains a preparatory study with focus on the TF HTAP work, which will be conducted in 2013,
with focus on the intercontinental transport between Europe, North America and South East Asia.
The IIASA (TSAP #10) report includes studies on future emission scenarios with focus on the
impacts from the MTFR and CLE scenario in 2025 compared to the year 2005. The impact with
respect to ozone (p. 24) is described by the number of premature deaths related to ozone
estimated for the two scenarios. A decrease is predicted from app. 24600 cases of premature
deaths in the year 2005 to app. 18200 and app. 15400 for the CLE and MTFR scenarios,
respectively. The report does not contain further information applicable to identify options and
recommendations for how to best address the long term challenge of tackling increased
background ozone concentrations by strengthening the existing EU strategy of reducing emissions
of precursors NOx, VOC, CO and CH4.

Measures to improve the monitoring networks, siting criteria and siting
density

8.9

A workshop was conducted to address these issues and the following the prioritized list of
recommendations was agreed:
1.

To continue the measurements at sites already representing long time series. The value of
the individual measurement stations increases with the age of the station. Furthermore, to
continue the quality assurance of measurements following the CEN standards.

2.

To conduct an analysis of the representativeness of all measurement sites in Europe
considering issues such as the individual foot prints (meaning the extent of the

41

geographical area, which the specific measurement station represents) of the
measurement sites, their location within the zones and chemical regimes the sites are
representing, whether there are any systematic changes over time that can be explained
by changes in local conditions, the density of the network, the use of super sites in the
network, etc. The analysis should be divided into the zones and agglomerations already
defined in the air quality directive, but also dividing Europe into overall zones depending
on the chemical regimes (NOx/VOC sensitive areas). One result from this analysis is
defining the optimal networks for detecting trends and assessing exposure, based on
subsets of the existing network for the specific purpose (e.g. trends in the rural
background or human exposure in VOC limited areas).
3.

To develop an overall European strategy for the number and density of supersites,
measuring both ozone and precursors and to formalize the use of super sites in the
monitoring network is recommended, including an analysis of the optimal density of the
super sites in a European perspective and with a detailed description of minimum
chemical and physical parameters measured. The strategy should include a common
analysis of the optimized number of super sites versus the need for ordinary monitoring
stations, measuring ozone only. A better understanding of chemical and physical
processes important for ozone could decrease the need for a dense ozone monitoring
network.

4.

To develop an overall European strategy for measuring ozone precursors and especially
VOCs is needed. Considerations could be given to have a higher density of measurement
stations of VOCs in VOC limited areas, as e.g. in Southern Europe. To extend the
requirements for measuring VOCs not only in urban and suburban areas but also in the
rural background.

5.

To include the expertise of the AQUILA and FAIRMODE networks for optimizing the
monitoring networks e.g. for further development and evaluation of air pollution models.

6.

To make it mandatory to conduct integrated monitoring combining both measurements
and models results for understanding the chemical and physical processes governing
trends and exposure (Hertel et al., 2007). The use of integrated monitoring has the
potential for decreasing the need for ordinary ozone monitoring stations significantly.

7.

To initiate the use of chemical data assimilation to make analysed fields (combined
measurements and model results) covering Europe over a long time period (> 20 years).
The analysed fields are optimal for assessing exposure to humans and ecosystems, and
are an important supplement for detecting and understanding trends. The analysed fields
could be produced by an extension of the MACC project (Monitoring Atmospheric
Composition and Climate; http://www.gmes-atmosphere.eu/) with all the major modelling
groups in Europe, representing state-of-the-art modelling systems, including data
assimilation.

8.

To introduce formalized measurements of vertical profiles of ozone and precursors, to
increase the understanding of processes contributing to ozone formation.

9.

To improve the emission inventories for ozone precursors, with special focus on the VOCs
– both anthropogenic and natural emissions. It is recommended to establish a European
working group (with experts within monitoring, modelling and emissions) to identify which
species to measure to improve emission inventories and modelling of natural emissions.

10. To further exploit the results from an optimized network, it is important to have focused
research projects with the purpose of increase the understanding of chemical and physical
processes leading to ozone formation and loss, understanding the role of the individual
precursors separately and together in different parts of Europe, and identifying the
different chemical and physical regimes in Europe, as the different regimes require
different regulatory actions.
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8.10 Reasons for increasing ozone background concentrations
The work in this report is based on a literature study reviewing the recent work of the TF HTAP and
open literature on the topic. The conclusions in the report show that it is presently not possible to
provide firm and conclusive answers to the main reasons for increasing background levels of
ozone. According to the results obtained within the Task Force (HTAP, 2010), there is not an
unequivocal reason for the increased background levels and the Task Force stresses that more
research is needed in this area.
According to TF HTAP (2010) over 50% of the ozone background concentrations in the HTAP
regions may be attributed to anthropogenic sources and the other half to natural sources. About
half of the anthropogenic component originates from sources over the region itself and the other
half is transported from sources outside the region. Nearly half of the natural sources originate from
the stratosphere, and the other half is formed from natural precursor sources: lightning, soils,
vegetation and fire, and from oxidation of natural hydrocarbons.
The work in this report addressing the seven hypotheses points towards the following major
reasons for increasing ozone background concentrations, since the year 2000 in the European
area:
1.

Increasing global emissions of ozone pre-cursors. Especially the increase in NOX
emissions, which to a large extend takes place in Asia. The lifetime for ozone in the
background is sufficiently long for the air masses in the whole Northern Hemisphere can
be long-range transported to Europe.

2.

On a global scale, the chemistry which leads to ozone formation is mostly expected to be
NOX sensitive, for which reason increasing NOX emissions are expected to exert a
substantial impact on tropospheric ozone formation.

3.

The reductions of NOX emissions in Europe since the year 2000 can explain some of the
increases of ozone levels in the central and north western parts of Europe.

4.

There are indications that the input from the stratosphere is increasing, both due to the
recovering ozone layer and due to climate change, increasing the flux from the
stratosphere to the troposphere. However, over a ten year period, this process is
assessed to have minor impact on the observed ozone trends.

5.

The increase in CH4 concentrations also contribute to the increasing ozone levels,
According to HTAP (2010), the anthropogenic sources of CH4 are estimated to contribute
to about 5 ppbv to global mean surface ozone. However, from the present literature, it is
impossible to quantify the importance of the increasing background CH4 concentrations.

6.

Future scenarios point towards an increase in ozone concentrations due to climate change
(the climate penalty), which has to be taken into account in future regulations.

8.11 Conclusions
EU has decreased overall emissions of ozone precursors since 1990. The impact on ozone
concentrations is especially due to reductions in NOx and VOC, since these species are relatively
short lived. Reducing emissions of these species in Europe has an effect within Europe before the
“effect” is blown with the wind out of Europe. Methane and CO have relatively long life times – 9-10
years and 2-3 months, respectively. Their effect on ozone is therefore primary on the hemispheric
scale and not on the European scale. Therefore, reducing emissions of CH4 and CO in Europe will
not have any immediate effect within Europe but rather globally.
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Ozone should, in principle, have decreased in Europe due to the decreased emissions of NOx and
VOC in Europe. However, the expected effect in Europe is at the same time counterbalanced by
the increased ozone concentrations in the hemispheric background.
The increase in the hemispheric background level of ozone concentration is most probably due to
increased NOx and VOC emissions on the hemispheric scale and this increase in emissions is
especially seen in Asia. Since ozone has a lifetime in the background of ~21 days, the ozone
produced anywhere in the Northern Hemisphere will be transported by the wind around the globe.
In conclusion, to decrease hemispheric background concentrations of ozone, the greatest potential
lies within emission reductions of NOx and VOC in Asia.
The optimal strategy in Europe for reducing ozone concentrations in Europe is to continue reducing
NOx and VOC emissions. This has already had a significant impact during the last ten years.
According to modeling studies, the ozone concentrations in Europe would have increased
significantly instead of being approximately steady state or slightly increased, if these ozone
precursor emissions had not decreased in Europe. However the long term objectives for ozone
can't be met without additional action worldwide on VOCs and NOx and on the CO and CH4
emissions.
Further reductions in NOx and VOC in Europe towards 2020 assuming implementation of NEC-II
will definitely have a positive effect in Europe with respect to the future ozone concentrations.
Model studies have previously been conducted using the DEHM model (Brandt et al., 2012),
comparing the ozone concentrations in the year 2005 (using EMEP emissions for 2005) with 2020
(using NEC-II emissions for 2020 from the Gothenburg Protocol) and these studies showed a
significant and considerably decrease in ozone concentrations in 2020 over Europe.
In this context, it is important to improve the knowledge on which regions in Europe are NOx or
VOC sensitive (or sensitive to both) for optimizing an emission reduction strategy in Europe. In
some, specific regions in Europe, the optimal strategy is to reduce VOCs as small or no effect may
be seen from reducing NOx and vice versa. In some regions reductions in both NOx and VOC
emission are required. If the opposite is conducted (e.g. reducing NOx in VOC limited areas), there
would be no or little effect on ozone (or even the opposite effect of increasing ozone
concentrations). If information is missing on the exact locations of the NOx and VOC sensitive areas
in Europe, both precursors have to be reduced in the whole of Europe, which may not be cost
effective.
The current modelling strategy used to identify optimal ozone precursor emission reduction
strategies has some shortcomings. It is based on using the GAINS model to find the optimal
reduction strategy for reducing VOC/NOx emissions, since the VOC/NOx/CH4/CO/O3 chemistry is
highly non-linear and linear source-receptor relationships are assumed in GAINS. Even though
polynomials are used for approximating the source-receptor relationships for ozone, they are still
linearized assumptions of the highly non-linear problem. It can therefore only be applied to the
specific scenarios, which they have been estimated for (e.g. a specific year though accounting or
weather variations using five meteorological years, a specific chemical regime over Europe, a
specific emission reduction from a single country) and are not applicable for multi-year, multispecies and multi-country emission reduction assessments. It is recommended that the emission
reduction strategy is compared to other state-of-the-art regional air pollution models, in order to
assess the robustness of the strategy and whether the expected and desirable effect from any
emission reduction strategy is likely to be obtained.

44

The ideal solution for finding optimal and cost effective emission reductions strategy in Europe with
respect to ozone is to identify the NOx and VOC sensitive areas and reduce emission of either NOx
or VOC or both species simultaneously in these areas in accordance with this. Since the NOx/VOC
sensitive regimes varies over Europe and evolves over time, it is most likely not an optimal strategy
to reduce both VOC and NOx in all regions. Reducing in a non-optimal way can result in increases
in ozone concentrations. For the purpose of establishing a solid and robust ozone strategy, models
will have to be used that allows both identification of the main options as well as the study of
sensitivities. Model sensitivity studies should preferably use a number of different models
conducting the same emission reduction scenarios to produce a kind of ensemble and thereby
reducing, or at least clarifying, model differences and uncertainties. Emission reductions at the
European level are very costly and therefore using state-of-the-art modelling to identify the NOx and
VOC sensitive areas and to calculate reliable impacts from proposed emission reductions is
recommended.
The same applies for reductions of CO and CH4. Model studies are needed in order to quantify the
impacts from emission reductions of CO, CH4, VOC and NOx, both individually and simultaneously,
in order to be able to quantify the impacts of emission reductions both on ozone mean
concentrations as well as daily maximum concentrations.
Studies with global/hemispheric models are necessary to analyse emission reduction scenarios and
study the important chemical and physical atmospheric processes to further understand the source
allocation from both anthropogenic and natural sources and for understanding the sources and
processes contributing to the positive trend in the ozone background concentrations on the
hemispheric scale.
Studies on the European scale are necessary to understand the European ozone trends, which are
very much dependent on the chemical regimes, whether it is VOC or NOx sensitive. Due to the
substantial non-linearity in ozone chemistry it is important to carry out new modelling studies to
locate and quantify the VOC/NOx sensitive regions in Europe for optimal regulation strategies.
Furthermore, it is necessary to conduct emission reduction scenarios for CO and CH4 in order to
assess the sensibility of ozone concentrations to all ozone precursors.
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