
 

 

 

 

 

Edinburgh Research Explorer 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ground-level ozone in the 21st century: future trends, impacts
and policy implications

Citation for published version:
Fowler, D, Amann, M, Anderson, R, Ashmore, M, Cox, P, Depledge, M, Derwent, D, Grennfelt, P, Hewitt, N,
Hov, O, Jenkin, M, Kelly, F, Liss, P, Pilling, M, Pyle, J, Slingo, J & Stevenson, D 2008, Ground-level ozone
in the 21st century: future trends, impacts and policy implications. Royal Society Policy Document 15/08,
vol. 15/08, RS1276 edn, The Royal Society, London.
<http://royalsociety.org/policy/publications/2008/ground-level-ozone/>

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. Aug. 2022

http://royalsociety.org/policy/publications/2008/ground-level-ozone/
https://www.research.ed.ac.uk/en/publications/5e815520-2441-48c1-8f72-1091ad326c34


Ground-level ozone in the 
21st century: future trends, 
impacts and policy implications

October 2008

Price £39

web royalsociety.org

Science Policy
REPORT 15/08



Cover image: Sunrise over the River Ganges in Varanasi, India showing a sunny and polluted sky, 

characteristic of photochemical smog. Courtesy of Dr Mhairi Coyle, CEH Edinburgh.



Ground-level ozone in 
the 21st century: future 
trends, impacts and 
policy implications



RS Policy document 15/08
Issued: October 2008 RS1276

ISBN: 978-0-85403-713-1
© The Royal Society, 2008

Requests to reproduce all or part of this document should be submitted to:
The Royal Society
Science Policy
6–9 Carlton House Terrace
London SW1Y 5AG
Tel 44 (0)20 7451 2500
Email science.policy@royalsociety.org
Web royalsociety.org

Design by Franziska Hinz, London
Copyedited and Typeset by Techset Composition Limited



Ground-level ozone in the 21st century I October 2008 I iiiThe Royal Society

Ground-level ozone in the 21st century: future trends, 
impacts and policy implications

Contents

Membership of working group vii

Executive summary ix

1 Introduction 1

1.1 What is ground-level ozone and why does it matter? 2

1.2 Sources of ozone emissions and drivers of production now and in the future 2

1.3 Approaches to controlling ozone 3

1.4 Conduct of the study 4

2 The ground-level ozone policy context 5

2.1 Meeting the challenge – the current state of play 6

2.2 The effects of controls to date 7

2.3 International shipping and aviation 9

2.4 The role of science in meeting the ozone policy challenge 9

2.5 Conclusions 9

3 Ozone in the troposphere: processes of ozone production and destruction 11

3.1 Introduction 11

3.2 The lifetime and atmospheric budget of tropospheric ozone 11

3.3 Ozone atmospheric chemistry 11

3.4 Surface ozone destruction processes – dry deposition to the land and ocean 17

3.5 Effects of weather and topography on ground-level ozone 18

3.6 Trends in ground-level ozone 20

3.7 Conclusions 21

4 Natural and anthropogenic emissions of ozone precursor compounds 23

4.1 Introduction 23

4.2 Sources of ozone precursors 23

4.3 Future emissions analysis 23

4.4 Gaps and uncertainties 39

4.5 Conclusions 39

5 Model projections of future ground-level ozone at global, regional and urban scales 41

5.1 Introduction 41

5.2 Global modelling 41



iv I October 2008 I Ground-level ozone in the 21st century The Royal Society

5.3 Regional modelling 50

5.4 Urban modelling 52

5.5 Uncertainties in model projections 54

5.6 Conclusions 54

6 Climate–ozone interactions 57

6.1 Introduction 57

6.2 Effects of weather and climate on background ozone levels 57

6.3 Effects of changes in weather on peak ozone episodes 60

6.4 Tropospheric ozone changes as a driver of climate change 64

6.5 Gaps and uncertainties 64

6.6 Conclusions 65

7 The effects of ozone on human health 67

7.1 Introduction 67

7.2 Mechanisms of ozone effects – how does ozone cause damage to human health? 67

7.3 Measuring and assessing the effects of ozone on human health 67

7.4 Current human health impacts 69

7.5 Future human health impacts: how significant will the effects of ozone on human health be 
over the next century? 73

7.6 Conclusion 74

8 Impacts of ozone on the environment 75

8.1 Introduction 75

8.2 Mechanisms and assessment of ozone effects on vegetation 75

8.3 The impacts of ozone on vegetation 77

8.4 How significant will the global impacts of ozone be on the environment over the next century? 81

8.5 Conclusions 84

9 The policy implications of projected changes in ozone concentrations over 
the 21st century 85

9.1 Emission controls 85

9.2 The implications of climate change for future ozone 86

9.3 Implications of future ozone projections for food security 86

9.4 Improving policy integration 87

9.5 Capacity building 90

9.6 Conclusions 90

10 Research and development 93

10.1 Ozone precursor emissions 93

10.2 Modelling 94

10.3 Evaluating human health impacts 95

10.4 Evaluating environmental impacts 95

10.5 Other research requirements 96



Ground-level ozone in the 21st century I October 2008 I vThe Royal Society

11 Conclusions and recommendations 99

11.1 Ground-level ozone as a global pollutant 99

11.2 Ground-level ozone chemistry – relevance to ozone control 99

11.3 Ground-level ozone in the future 99

11.4 The effects of climate change on future ozone concentrations 100

11.5 Impacts of ozone on human health 101

11.6 The environmental impacts of ozone 102

11.7 Improving ozone policy 102

11.8 Science and research needs 103

Acknowledgements 105

References 107

Annex 1 Glossary and abbreviations 119

Annex 2 Call for evidence response and workshop attendees 123

Annex 3 Specifications for the Royal Society 2050 chemistry–climate simulations 127



vi I October 2008 I Ground-level ozone in the 21st century The Royal Society



Ground-level ozone in the 21st century I October 2008 I viiThe Royal Society

The members of the working group involved in producing this report were as follows:

Chair

Professor David Fowler CBE FRS UK Centre for Ecology and Hydrology, UK

Members

Dr Markus Amann Head of the Atmospheric Pollution and Economic Development Program at the 

International Institute for Applied Systems Analysis (IIASA), Austria

Professor Ross Anderson FMedSci Professor of Epidemiology and Public Health and Honorary Consultant in Public Health 

Medicine, St George’s Hospital University of London, UK

Professor Mike Ashmore Professor of Environmental Science, Environment Department, University of York, UK

Professor Peter Cox Met Office Chair in Climate System Dynamics, University of Exeter, UK

Professor Michael Depledge DSc Chair of Environment and Human Health

Peninsula Medical School (Universities of Exeter and Plymouth) and Member of the 

Royal Commission on Environmental Pollution, UK

Professor Dick Derwent OBE Director, rdscientific, Honorary Professor in School of Geography and Environmental 

Sciences at the University of Birmingham, Part-time Professor in the Centre for 

Environmental Policy at Imperial College London and Visiting Professor in the Faculty 

of Life Sciences, King’s College London, UK

Professor Peringe Grennfelt Scientific Director, IVL Svenska Miljöinstitutet AB. IVL Swedish Environmental Research 

Institute Ltd, Sweden

Professor Nick Hewitt Professor of Atmospheric Chemistry, Lancaster Environment Centre, Lancaster 

University, UK

Professor Oystein Hov Director of Research, Norwegian Meteorological Institute, Oslo, Norway

Dr Mike Jenkin Principle Research Fellow, Faculty of Natural Sciences, Centre for Environment Policy, 

Imperial College, London, UK

Professor Frank Kelly Professor of Environmental Health, Kings College London, UK

Professor Peter Liss CBE FRS Professor in the School of Environmental Sciences, University of East Anglia, Norwich, UK

Professor Mike Pilling CBE Professor of Physical Chemistry, School of Chemistry, University of Leeds, UK

Professor John Pyle FRS Co-Director, National Center for Atmospheric Science and Department of Chemistry, 

University of Cambridge, UK

Professor Julia Slingo OBE Director of Climate Research, National Centre for Atmospheric Science, Walker Institute, 

University of Reading, UK

Dr David Stevenson Senior Lecturer in Atmospheric Modelling, Institute for Atmospheric and Environmental 

Science, University of Edinburgh, UK

Secretariat

Ms Rachel Garthwaite Manager (Environment and Climate Change)

Ms Rachel Newton Policy Officer (Environment and Climate Change)

Ms Beverley Darkin Team Leader (Environment, Energy and Climate Change)

Membership of working group



viii I October 2008 I Ground-level ozone in the 21st century The Royal Society

This report has been reviewed by an independent panel of experts and also approved by the Council of the Royal Society.

Review Panel

Sir David Read FRS Chair of 

Review Panel

Biological Secretary of the Royal Society and Emeritus Professor of Plant Sciences, 

University of Sheffield

Professor Ken Donaldson MRC and University of Edinburgh Centre for Inflammation Research, The Queen’s Medical 

Research Institute

Sir Brian Hoskins CBE FRS Director, Grantham Institute for Climate Change, Imperial College London 

Professor Ivar Isaksen Department of Geosciences, University of Oslo

Professor Terry Keating Office of Air & Radiation (OAR/OPAR), US Environmental Protection Agency

Professor Nino Kuenzli ICREA Research Professor, Center for Research in Environmental Epidemiology (CREAL) 

at Institut Municipal d’Investigació Mèdica (IMIM)

Professor Terence Mansfield FRS Emeritus Professor of Plant Physiology, Department of Biological Sciences, University 

of Lancaster

Professor Denise Mauzerall Associate Professor, Science Technology and Environmental Policy Program, Woodrow 

Wilson School of Public and International Affairs, Princeton University



Ground-level ozone in the 21st century I October 2008 I ixThe Royal Society

Air pollution and ground-level ozone

Clean air is a basic requirement for human health and wellbeing. 

However, in many countries around the world air pollution is a 

serious threat to both human health and the environment.

Tropospheric ozone (O3) is a global air pollution problem and 

an important greenhouse gas. Although not a new issue, 

ground level O3 remains one of the most pervasive of the 

global air pollutants, with impacts on human health, food 

production and the environment. At the global scale, O3

pollution is highest in Central Europe, Eastern China, and the 

Eastern USA. In Europe, the highest O3 levels occur in Central 

and Southern Europe. High O3 levels also occur in the tropics 

and are often associated with biomass burning.

Ozone is a major constituent of photochemical smog. It is a 

powerful oxidant that damages human health and natural 

ecosystems, and reduces crop yields. It is also an important 

greenhouse gas, with a radiative forcing since 1750 third only 

to carbon dioxide (CO2) and methane (CH4). Unlike many 

other air pollutants, O3 is not directly emitted, it is a secondary 

pollutant formed by sunlight driven chemical reactions 

involving carbon monoxide (CO), volatile organic compounds 

(VOC) (including CH4) and nitrogen oxides (NOX). These 

precursors arise from both natural biogenic sources 

and a broad range of human activities. The breadth of sources 

of O3 precursors, the role of natural and physical processes 

in O3 distribution, production and destruction, and complex 

chemistry, mean that control of O3 is not straightforward. The 

only practical management strategy is to control the emissions 

from human activities that lead to O3 formation.

Ozone has been recognised as a significant local and regional 

air quality issue for many years due to the impacts of high O3

episodes on human health and crops. These episodes, during 

which O3 concentrations may peak at 200 parts per billion by 

volume1 (ppb) or more, occur in polluted regions under 

hot and sunny conditions. O3 is also present at background 

concentrations (refer Box 1.1) which vary geographically, 

and throughout the year. Between the late 19th century and 

1980, concentrations of background O3 in the Northern 

Hemisphere mid-latitudes doubled to about 30–35 ppb and 

have since increased by another 5 ppb to 35–40 ppb. Impacts 

on human health and vegetation during high O3 episodes are 

well established; however there is increasing evidence of effects 

at background concentrations leading to concerns about the 

implications of further increases in background O3. The cause 

of the increase in background O3 is not fully understood but is 

thought to be due mainly to increases in emissions in Northern 

Hemisphere countries, from poorly regulated sectors such as 

international shipping and aviation, and possibly also due to 

an increase in O3 from the stratosphere. Ozone can no longer 

be considered a local air quality issue – it is a global problem, 

requiring a global solution.

1 Parts per billion by volume – ppb. A unit commonly used to quantify trace 
gas concentrations in the atmosphere.

This study assesses possible future changes in global and 

regional O3 concentrations to 2050 and 2100 given changes 

in socioeconomic factors, trends in emissions of precursor 

gases and climate change projections. The effect of current O3

precursor emissions controls on global and regional O3 over 

the century is assessed. New modelling work to quantify 

the effects of changes in emissions and climate change on 

future O3 concentrations is presented. The report evaluates 

the potential effects of O3 on human health, the natural 

environment, agriculture, and the climate system, and 

considers the policy implications of these impacts.

Drivers of ground-level ozone change

The main drivers of ground-level O3 concentrations are the 

emissions of the precursor gases NOX, non-methane (nm) 

VOC (nmVOC), CH4 and CO followed by climatic factors 

which regulate the rates of many of the processes in O3

production and destruction.

Over this century, economic growth and an increasing global 

population will drive the processes that lead to emissions of 

O3 precursors. Changes in climate and land use will influence 

the production of emissions from natural sources. Increased 

demand for energy, transport, food and non-food crops and 

other resources will influence emissions arising from human 

activity, and changes in patterns of consumption and production 

will affect the distribution of O3. Although there will be 

an increase in the activities that lead to emissions, the 

implementation of legislation and new technologies which 

reduce precursor emissions, will contribute to decoupling O3

pollution from economic growth.

Climate change is expected to significantly influence future O3

concentrations, as the formation, destruction and transport 

of O3 is strongly dependent on biogeochemical and physical 

processes most of which are affected by climatic factors such 

as temperature, rainfall and humidity. Dry deposition is one of 

the dominant O3 removal processes and is strongly affected by 

temperature and soil moisture conditions. Climate also affects 

the natural production of precursors such as CH4, other VOC 

such as isoprene, and NOX from lightning and soil.

Future ozone in a changing world

Previous modelling analysis has show that with unmitigated 

growth in O3 precursor emissions, O3 will present a serious 

global air pollution problem by the end of the century. The 

results from the new scenario analysis and modelling work 

emphasise the important role of emissions controls for 

determining future O3 concentrations. They also show 

that by 2050, climate change may have significant impacts 

on ground-level O3 at the local and regional scale.

Considering only changes in anthropogenic emissions between 

2000 and 2050, and assuming the full implementation of 

Executive summary
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current global emissions controls, mean O3 concentrations 

during the maximum O3 season are projected to reduce over 

much of the developed world in 2050, but increase over the 

developing world. In the North Eastern USA, Europe and 

Japan, significant reductions are projected in 2050. In regions 

where few legislative controls are currently in place, such as 

Asia and Africa, modest increases in O3 are projected. Analysis 

of changes in urban O3 concentrations suggests that O3 will 

increase in many cities by 2050 despite the implementation 

of O3 controls due to the reduction in the NOX titration 

(refer 3.3.2) of O3 from NOX emission controls.

Considering only changes in climate between 2000 and 2050, 

mean O3 concentrations during the maximum O3 season are 

projected to increase over polluted land regions, and to decrease 

over the tropical oceans. When changes in both emissions 

and climate change are considered the largest increases in O3

concentrations are projected for regions where there are 

major sources of emissions and where emissions controls are 

currently weakest, such as Asia and Africa. In industrialised 

countries, where emissions controls are relatively strong and 

emissions are projected to decline over forthcoming decades, 

O3 concentrations will be reduced although climate change 

will tend to reduce the effectiveness of emission reductions. 

Even if emissions are reduced and background O3 declines, 

it is expected that there will be an increase in the frequency 

of high pollution days globally due to the changes in weather 

expected under future climate change. In the UK and Europe 

there is likely to be an increase in the frequency of summer 

droughts, heat-wave events, and associated high O3 episodes.

Implications of future ozone projections

Northern Hemisphere background concentrations of O3 are 

now close to established levels for impacts on human health 

and the terrestrial environment, raising concerns about the 

global effects of the pollutant.

Impacts of O3 on human health are associated with short-term 

acute effects on the respiratory system, chronic disease and 

death. Health impacts have been observed at around 35 ppb 

and below the current WHO guideline of 50 ppb (daily 8 hour 

average concentration). In the EU, 21,400 premature deaths 

each year are associated with O3 (European Environment 

Agency (EEA) 2007). The total health impact of O3 is now 

understood to be driven more by the days at which O3 is at 

baseline concentrations (refer Box 1.1) than by the occasional 

days during which episodes occur. This has led to recognition 

that efforts to reduce the impacts of O3 on human health and 

the environment must be focused on background as well as 

peak O3. In regions of Africa, Latin America and Asia where 

O3 is projected to rise due to increasing emissions, human 

exposure will increase. Ozone is also projected to increase 

in urban areas due to reduced NOX titration and is expected 

to lead to higher human exposure in these locations. An 

increase in background O3 will exacerbate this increase. 

The human health impacts of O3 in urban areas are expected 

to increase with climate change due to a combination of an 

increase in the number of high O3 episodes, and the reduction 

in NOX titration.

The impacts of O3 on vegetation may lead to long-term 

effects on ecosystem structure and function and impacts on 

the carbon cycle. In addition to reductions in plant growth 

and photosynthesis, O3 can reduce the yield and affect the 

nutritional quality of major crop species, including wheat, rice 

and soybean. Global yields of staple crops are reduced as a 

consequence of current O3 exposure, and this impact is likely 

to increase in some regions even with the full implementation 

of current legislation. In the USA in the 1980s the annual cost 

of loss of arable crop production due to O3 was estimated to 

be $2–4 billion. In the EU in 2000 an estimated ¤6.7 billion 

was lost due to impacts to arable crops. For the same year 

global yield losses were estimated to be $14–26 billion for 

rice, soybean, maize and wheat combined. In some rapidly 

developing regions such as South Asia the impact of O3 on 

the production of some staple crops such as wheat and rice 

may present a significant threat to regional food security.

Impacts of O3 on vegetation may reduce the terrestrial carbon 

sink. This represents a climate effect in addition to the direct 

radiative forcing of O3, and may lead to O3 becoming a more 

important driver of climate change in the future. Future 

increases in atmospheric CO2 concentrations may moderate 

this effect by reducing the sensitivity of plants to O3, although 

the size of this effect varies with species and environmental 

conditions. The implications of O3 impacts for biodiversity are 

less well known, but available evidence shows a similar range 

of sensitivity to O3 in crop plants and native species.

Policy needs

In the EU, Japan and North America, abatement measures 

have been implemented and have been reasonably effective 

at reducing anthropogenic emissions of NOX and VOC 

leading to reductions in peak regional concentrations and 

the frequency of O3 episodes with consequent health benefits 

at the local and regional level. However, these policies have 

not controlled the background concentration of O3, which in 

these regions, has increased at about 2 ppb per decade since 

1980. This background is beyond the ability of any single 

country or region to control. Until policy frameworks are 

developed and implemented to address global transboundary 

O3 concentrations, as well as addressing the regional and local 

level concentrations, national and regional level controls are 

unlikely to achieve their policy objectives. An international 

mechanism is required to globally coordinate the control of 

ground-level O3.

Future O3 concentrations will be determined mainly by emissions 

of O3 precursors and it is the extent to which emissions 

controls are implemented over the next few decades that 

will determine whether O3 is a problem in 2050. Significant 

sources of anthropogenic emissions not yet regulated must 

be integrated into the O3 regulatory process. Of these, 

international shipping and aviation are the most important 

priorities as their emissions are projected to grow rapidly 

in the next decade. Existing emissions controls should be 

implemented as a priority, and as climate change is expected 

to exacerbate any future increases in O3, a key policy objective 

should be to ensure O3 precursor emissions are reduced in the 
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most vulnerable regions within the next few decades. 

Regulation of biomass burning, and stronger NOX and CH4

emissions controls will be required to achieve the level of 

reductions needed.

Unless there is a substantial increase in the capacity of many 

countries outside Europe, North America and Japan to assess 

the science and manage O3, the success of current control 

efforts will be limited. New regionally focused frameworks are 

necessary where they are not already in place and should be 

designed on the basis of best practice and the experiences of 

other regions in developing air pollution control frameworks. 

The linkages between polluting sectors need to be strengthened, 

and emissions controls set to take into account the cumulative 

effects of emissions from these sectors. Capacity building will 

be fundamental particularly in those regions where there 

are limited O3 controls in place. Innovation and technology 

transfer will play a crucial role.

Ozone is an important greenhouse gas, and climate is a key 

driver of O3 production and destruction. Ozone is therefore 

no longer just an issue for air quality. Greater harmonisation 

between the international climate and O3 regulatory 

frameworks should be a priority. Improved policy integration 

would maximise the benefits of air quality control 

measures, reduce impacts on human health and 

the environment, and the climate system. Prevention of 

deforestation and regulation of biomass burning, and 

reduction of CH4 emissions would help to achieve both 

climate change, O3 and other air quality objectives. Biofuels 

provide a good example of an emerging policy issue where 

better integration of energy, climate and O3 policies would 

help to avoid unintended consequences.

Science and research

Recent advances in O3 science have delivered improvements 

in understanding the global dimension of ground-level 

O3 concentrations, responses to changes in emissions of 

precursors and climate change and in quantifying effects 

on human health and the environment. Major gaps remain 

however in understanding how anthropogenic and natural 

emissions may change in the future, the impacts of changes 

in climate and land-use on future O3 concentrations, and 

the implications for human health, the environment and the 

climate system. Poor emission inventories in many countries, 

particularly in developing countries, and inadequate 

understanding of global biogenic nmVOC and NOX emissions 

are a major issue. Methane emissions are another area of 

uncertainty as the global CH4 budget and causes of recent 

changes in global concentrations are not well understood. 

The quality of future O3 projections is limited by what is 

known about the basic processes and feedbacks between 

atmospheric chemistry, climate and ecosystems and the 

interactions between climate change and O3. Limits in 

computing resources restrict the ability of climate and 

chemistry models to capture all of the climate sensitive 

processes which affect O3 production, destruction and 

transport at appropriate scales.

Health impact assessments are limited by a lack of accurate 

baseline data in many countries, and are complicated by 

uncertainty regarding whether there is a threshold of effects 

for O3 in humans, and by current understanding of the 

impacts of acute and chronic effects at the individual and 

population level.

Experimental investigations of the impacts of O3 on native 

plant and crop species, requires a focus on effects outside of 

Europe and North America, in particular in regions of Asia, 

Latin America and Africa, where O3 concentrations are 

projected to increase but there is little information on effects 

on crop production or ecosystem function. The effects of 

background O3 also require further long-term experimental 

studies and mechanistic models used to assess the impacts 

of O3 on vegetation will require further development and 

validation across a wider range of crop and wild species. The 

effects of O3 on global biodiversity are largely unknown. More 

long-term field-based experiments are necessary to reduce the 

uncertainties associated with the interactions between CO2

fertilisation and O3 on plant productivity.

In conclusion, O3 has become a global pollutant responsible 

for widespread effects on human health, crops and native 

plant communities. The controls implemented to date at 

regional scales have not been sufficient to prevent the global 

growth in background O3, which has the potential to become 

a very serious threat to human health, food security and 

ecosystems later this century if insufficient control measures 

are implemented. The technology to solve ground-level O3

pollution is widely available and, among the global 

environmental problems, ground-level O3 is unique in being 

very controllable.
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The 20th century was a period of unprecedented change: 

global population increased from 1.7 billion to 6.1 billion 

(United Nations 2001), global GDP increased 19 fold 

(International Monetary Fund (IMF) 2000), and the consumption 

of fossil fuels rose 15 fold (Smil 2003). This enormous expansion 

in global production of goods and services has allowed the 

world to sustain much larger populations and higher standards 

of living than at any other time in human history. However, 

to support this growth, natural resources have been consumed 

at increasingly unsustainable rates and environmental 

degradation has accelerated.

Air pollution is one of the consequences of this unprecedented 

change. According to the World Health Organization (WHO), 

more than two million premature deaths each year can be 

attributed to the effects of outdoor and indoor air pollution 

(WHO 2006). By comparison, in 2006, 1.7 million people died 

of tuberculosis (WHO 2008) and in 2005, 2.9 million people 

died from AIDS (National Aids Trust 2006). Air pollution is 

clearly a global problem.

The main air pollutants are particulate matter (PM), sulphur 

dioxide (SO2), nitrogen dioxide (NO2) and nitric oxide (NO) 

known together as nitrogen oxides (NOX), CO, O3 and lead (Pb). 

All have important human health and environmental impacts.

The focus of this study is on tropospheric O3 (refer Box 1.1). 

Ozone was selected because it remains one of the most 

important of the global air pollutants in terms of impacts to 

human health, croplands and natural plant communities, and 

may become more important in the future. Despite efforts to 

control O3, background concentrations in the northern 

hemisphere have more than doubled to 35–40 ppb since the 

industrial revolution, and peak values continue to exceed the 

WHO guideline values of 50 ppb in many countries, including 

Latin America, North America, Europe and Africa (WHO 

2006). Climate change over the next century also has the 

potential to influence future O3 levels by modifying the rates 

of O3 production and destruction in the atmosphere and at 

the Earth’s surface, and the processes by which O3 and O3

precursors are transported.

Future O3 concentrations are quantified using chemistry–

transport models operating at global, regional and local scales. 

Projections of future O3 concentrations differ depending on 

the model parameters used. In the Northern Hemisphere, mean 

surface O3 is projected under some high emission scenarios to 

increase by 10 to 30 ppb by 2100, with the largest increases 

occurring at 20–30o N (Prather et al. 2003) where emissions 

are greatest globally. As background O3 concentrations in 

Europe are generally over 30 ppb currently (see Figure 1.1), 

Introduction1

Figure 1.1  Modelled global changes in surface O3 concentrations between pre-industrial times and the present day. Multi-model 

mean surface layer annual mean O3 (ppb) is presented for pre-industrial (PI) times in the top left, and for the present day (PD) 

in the top right. The modelled increase in O3 (PD–PI) is presented in the lower left figure and the percentage of annual mean O3

attributable to anthropogenic sources in the lower right.
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an increase of this magnitude would constitute a major air 

pollution problem and would lead to the regular exceedance 

of safety levels established for the protection of human health 

and vegetation. More recent projections of global emissions 

show that future O3 is closely tied to the level of anthropogenic 

emissions of O3 precursors (Dentener et al. 2006b), and to 

NOX in particular, and is therefore controllable with the 

appropriate legislation.

The objective of this study was to evaluate the importance 

of O3 as a pollutant through the 21st century. To set the 

context for the report a very brief summary is provided of 

the relevant policy landscape in chapter 2. This includes 

a short analysis of how effective past controls have been 

in achieving O3 policy objectives. In chapter 3 the major 

processes responsible for O3 production and destruction in 

the troposphere and at the Earth’s surface are introduced. 

In chapter 4, the main emission sources of O3 precursors 

and new scenario projections of changes in anthropogenic 

emissions of CO, NOX and CH4 over the next few decades are 

described. This is complemented by a discussion of the state 

of knowledge of natural emissions, with a particular focus on 

the influence that environmental changes will have on future 

biogenic nmVOC emissions into the future. These results form 

the basis of the new analysis presented in chapter 5 in which 

models are used to explore changes in O3 concentrations in 

2050 in response to changes in emissions and climate change 

with a focus on global scale modelling. As chemistry–transport 

models are limited in their ability to include all important 

climate or O3 processes and their interactions at the 

appropriate spatial and temporal scales, chapter 6 explores 

these processes in more detail and provides an assessment 

of which may be important for future O3 concentrations 

and the climate system. The implications of these future O3

projections for human health and the environment are 

presented and discussed in chapters 7 and 8 respectively, 

and the policy implications briefly reviewed in chapter 9. 

A summary of the research needs identified is presented 

in chapter 10, and the conclusions and recommendations 

are provided in chapter 11.

While there are inevitable uncertainties associated with 

looking so far into the future, this longer term perspective 

is necessary for assessing the likely interactions between 

climate change (which is expected to be greater in the latter 

half of the century) and O3. This study necessarily focuses on 

what may happen at the global level. However, where the 

appropriate information was available, regional and local 

scale results are discussed.

What is ground-level ozone and 1.1
why does it matter?

Ozone is a secondary pollutant formed in the atmosphere by 

sunlight driven chemical reactions between the O3 precursor 

gases: nmVOC, CO, NOX, and CH4 (see chapter 3). When 

referring to ground-level O3, a distinction is usually drawn 

between baseline, hemispheric background, or peak/episodic 

O3 concentrations (see Box 1.1). Background O3 in the 

Northern Hemisphere is now in the range of 35–40 ppb. 

High O3 concentrations occur episodically throughout the 

year depending on the weather. During such episodes, O3

concentrations can reach as high as 200 ppb as experienced 

in France during the 2003 heat wave (Fiala et al. 2003). Even 

larger values, of up to 400 ppb, were observed during the 

smog episodes in Southern California in the 1960s. In some 

cities in the USA and Latin America (WHO 2006) and in 

metropolitan areas in Asia (Emberson et al. 2003) episodes 

of this magnitude are a common feature.

The long-range transport of O3 and O3 precursors has an 

important impact on O3 concentrations at regional and local 

scales. For example, O3 from Asia and Europe contributes to 

O3 concentrations in North America. Similarly concentrations 

entering Europe from the West are substantial and range 

from 20 to 40 ppb through the year due to emissions of O3

precursors elsewhere in the Northern Hemisphere, notably 

North America and Asia.

Ozone is also an important pollutant at the urban scale. In and 

around urban areas large gradients of O3 can be observed; 

concentrations are generally larger in suburban and rural 

areas than in busy urban centres because of rapid chemical 

interactions between O3 and other pollutants especially nitric 

oxide (NO). The reasons for this are described in more detail 

in chapter 3.

Ozone impacts on human health and the environment are well 

established. It is accepted that impacts on human health occur 

above 50 ppb (WHO 2006), and although it is unclear whether 

there is a threshold for effect in humans, impacts are thought 

to occur at ambient concentrations (around 35 ppb), although 

some individuals are more susceptible than others. Most of the 

human health impacts relate to the respiratory system and 

include reduced lung function, lung irritation and in extreme 

cases, mortality. In Europe it is estimated that O3 contributes 

to 21,400 premature deaths annually (EEA 2007). Impacts on 

vegetation generally occur above 40 ppb, although this is 

species dependent and varies according to environmental 

conditions. Ozone has been shown to damage sensitive 

plant species, to reduce tree growth and carbon sequestration 

and to affect the composition of natural plant communities. 

Ozone also reduces the yield of staple crops. This has clear 

implications for future food security, as increasing O3

concentrations may place further pressure on agricultural 

systems already under stress from climate change, pests and 

diseases, and land degradation. Ozone is also a greenhouse 

gas and therefore has a warming effect on the climate system.

Sources of ozone emissions and drivers 1.2
of production now and in the future

Emissions of O3 precursor gases arise from a wide range of 

sources that are either natural in origin or driven by human 

activities. Energy generation, transport, agriculture, industrial 

processes, biomass burning and land use changes such as 

deforestation are significant sources of O3 precursor gases. 

Socioeconomic and environmental factors are therefore 

important drivers of O3 pollution as they affect either the 
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production of natural and anthropogenic O3 precursor 

emissions, or O3 production or destruction rates. Underpinning 

these drivers are population growth and economic development 

as they lead to increases in demand for resources such as 

land and fossil fuels, and polluting activities such as energy 

production, agriculture and transport. The world’s population 

is expected to reach 9.2 billion in 2050 (UNFPA 2007) and 

increased urbanisation, particularly in rapidly developing 

countries, and the associated growth in transport, industrial 

infrastructure and energy use, are expected to lead to a rapid 

increase in O3 pollution unless regulatory controls and new 

technologies are implemented.

Increased demand for land to support this increasing population 

and economic growth is also likely to be a significant driver 

of future O3 precursor emissions. Between 1950 and 1980 

there was an unprecedented change in land use with more 

land converted to cropland than at any other time since 1750 

(Millennium Ecosystem Assessment (MEA) 2005). This has led 

to changes in emissions of O3 precursors due to biomass 

burning, changes to emission rates from natural vegetation 

and agricultural crops, and increases in emissions from 

fertiliser and fossil fuel use. The demand for food and for 

alternatives to fossil fuels is expected to be an important 

driver of land use change and therefore O3 precursor 

emissions over this century.

Climate change is expected to influence the contribution 

of natural sources of precursor emissions to O3 pollution as 

emissions from vegetation, soil and lightning are affected 

by sunlight, temperature, humidity and rainfall. Changes in 

meteorology will affect transport and mixing, and increasing 

concentrations of CO2 are expected to influence the rate of 

uptake of O3 by vegetation. Efforts to mitigate and adapt 

to climate change are also likely to have an impact on O3

concentrations. For example a shift to production of biofuel 

crops could have a significant impact on VOC emissions.

Approaches to controlling ozone1.3

The USA and Japan have had national level controls in place 

to address O3 since the 1960s, and the EU since the 1970s. 

Controls include regulation of O3 precursor emissions, and 

guidelines to alert vulnerable members of the population and 

polluting industries when O3 concentrations exceed levels that 

may cause significant harm to human health.

Box 1.1 Useful definitions

Ozone

Ozone is a natural constituent of the atmosphere and is present in the stratosphere and troposphere. Although O3 is transported 

between the stratosphere and troposphere, the two are largely separate regimes.

Stratospheric ozone

In the stratosphere, O3 is produced following the photolysis of molecular oxygen. The ‘ozone layer’ acts as a protective layer 

filtering out dangerous UV radiation from the sun.

Tropospheric or Ground-level ozone

Ozone is present throughout the troposphere and at the Earth’s surface (ground-level O3) and is produced through very 

different chemical processes to stratospheric ozone. In the troposphere, ozone is a secondary pollutant generated when 

NOX and VOC react in the presence of sunlight (see Chapter 3). The concentrations of ground-level O3 currently range from 

a few parts per billion by volume (ppb) up to 200 ppb.

Peak ozone concentrations (or episodes)

Peak O3 concentrations occur when high O3 precursor emissions coincide with appropriate meteorological conditions 

(sunshine and high temperatures) resulting in high surface O3 concentrations, often in excess of 100 ppb and sometimes 

more than 200 ppb. The number of O3 episodes occurring each year depends strongly on the weather.

Hemispheric background ozone

Hemispheric background O3 is the remaining concentration once the emissions of anthropogenic ozone precursors from within 

a region are switched off. Hemispheric background O3 comprises O3 produced from natural sources of O3 precursors within a 

region, together with O3 imported into the region derived from all sources (anthropogenic and natural, including the stratosphere). 

The value varies seasonally and with latitude.

Baseline ozone

Baseline O3 is the average measured concentration of O3 within a region and is made up of both the anthropogenic emissions 

produced within a region and the background concentration of O3.
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There are as yet, no measures in place to address the 

hemispheric transport of O3 and its precursors. The emphasis 

of control efforts has historically been at the country level 

and has focused on controlling high O3 peaks as these were 

the periods during which the impacts of O3 were considered 

to be greatest (Organisation for Economic Co-operation and 

Development (OECD) 2008). However, in the United Nations 

Economic Commission for Europe (UNECE) region the 

Convention on Long Range Transboundary Air Pollution 

(CLRTAP) Gothenburg Protocol provides a regional approach 

to O3 control. This is unique globally. There are no other 

equivalent approaches to air pollution management in other 

regions at this scale. The Gothenburg Protocol is also unique 

in that it provides a multi-pollutant, multi-effect strategy for 

managing air pollutants. The protocol recognises the effects 

of control measures across the spectrum of pollutants, and 

potential interactions between pollutants.

Few of the potential interactions between air quality and other 

policy areas have yet to be recognised in policy frameworks.

Technological measures also have an important role to play 

in controlling O3 pollution as they can reduce the emissions 

per unit of production by up to 99% and have the potential 

to rapidly reduce emissions in many areas, particularly in 

developing regions. For example, vehicle technologies such as 

catalytic converters, improved evaporative emissions controls 

and fuel improvements have led to substantial reductions in 

emissions over the last two decades.

Conduct of the study1.4

The Royal Society established a working group of international 

experts in 2007. Chaired by Professor David Fowler FRS the 

group was tasked with synthesising existing knowledge 

of ground-level O3 and its impacts on human health and 

the environment, and evaluating likely changes in O3

concentrations through the 21st century.

A call for evidence inviting written submissions on these 

issues was launched in January 2007. Selected experts 

working on ground-level O3 were also invited to attend a 

workshop held in May 2007 at which issues relating to 

O3 modelling and atmospheric chemistry, O3 and climate 

interactions, and impacts on human health and the environment 

were discussed. The written evidence received is available 

on the Royal Society website at: royalsociety.org/document.

asp?id=1170.

The main focus of this report is on the likely global changes in 

O3 between 2000 and 2050. Previous modelling analysis has 

provided global O3 projections to 2030 and was considered by 

the Intergovernmental Panel on Climate Change (IPCC) during 

their fourth assessment. The objective of this study was to 

extend this analysis beyond 2030 to later in the century when 

the effects of climate change are expected to be greater. To 

do this, previously published emission scenarios were updated 

to reflect legislative changes since 2002. These were then 

used in modelling simulations using global, regional, and 

urban models which had been extended to 2050 or 2100 

where possible, to evaluate the relative importance of changes 

in emissions from human activities and climate change for 

future global O3 concentrations. Additional exploratory work 

was also completed to estimate potential changes in natural 

emissions of O3 precursors as these were not included in the 

emissions scenarios. As the models used do not capture 

all important O3 and climate processes and interactions at 

sufficient temporal and spatial scales, new analyses were also 

undertaken to explore the relative importance of different 

meteorological processes at the regional scale in determining 

future O3 concentrations.

The new research presented here is based on established 

and peer-reviewed methodologies, has been widely reviewed 

within the relevant research communities and will be submitted 

for publication in the scientific literature. The results were 

also discussed in detail at the expert workshop organised 

in conjunction with this study. Where conclusions and 

recommendations based on this new work are presented, 

they are identified as such in the text.

The conclusions in the report are based on peer-reviewed 

literature, evidence submitted for consideration and the 

results of the new work completed for this study. The 

Council of the Royal Society has endorsed its findings.
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The human health and environmental effects of O3 during the 

second half of the 20th century led to the development of 

policies and control measures in a range of countries. In this 

chapter the approaches taken to controlling O3 in Europe and 

the USA and their success at achieving their objectives are 

briefly summarised to set the context for the following chapters. 

A detailed analysis of the effectiveness of control measures is 

beyond the scope of this report; however, the main effects of 

the policies within the countries to which they apply and on 

the global distribution of O3 is considered.

Ground-level O3 pollution impacts were first acknowledged 

in California during the 1950s and were perceived to be 

a local and regional issue (Haagen Smit 1952). Control 

measures were designed to reduce O3 precursor emissions 

and were focused on reducing peak concentrations as these 

were considered to be most damaging to human health 

and ecosystems (Chameides et al. 1997). Damaging O3

concentrations in other parts of North America, in Europe and 

in Japan were gradually recognised through the 1970s, and 

The ground-level ozone policy context2

Box 2.1 Air quality standards and other indices used for ozone

Global measures Human health Vegetation

The World Health Organization 

(WHO) provides guidelines for 

human health that are based on 

a combination of epidemiological 

and human exposure evidence

50 ppb daily 8-h mean N/A

Regional measures

Critical level for human health 60 ppb as 

an 8-h average (expressed as AOT 60 for 

purposes of integrated assessment 

modelling)

(not comprehensive)

Critical level to prevent significant yield loss 

in sensitive arable crops:

AOT40 of 3000 ppb-h over a typical three-

month growing season*

Critical level to prevent significant growth 

reduction in young trees:

AOT40 of 5000 ppb-h accumulated over 

a growing season

EU

The EU Directive on Ambient Air 

and Clean Air for Europe, defines 

targets to 2010 along with longer 

term objectives (timeframe not 

defined)

Target value:

60 ppb not to be exceeded on more 

than 25 days per year averaged over 

3 years (maximum daily 8-h mean) 

(to be achieved by 2010)

Longer term objective: 60 ppb (maximum 

daily 8-h mean) within a calendar year

Target value: 

AOT40 calculated from 1 h values

9000 ppb-h over 3 months (May–July) 

averaged value over 5 years

Long-term objective:

AOT40 calculated from 1 h values.

3000 ppb-h over 3 months (May–July)

EU Alert threshold for O3 Information threshold:

90 ppb per hour

Alert threshold: 120 ppb

N/A

National measures

50 ppb not to be exceeded more than 

ten times a year (8-h mean) (to be 

achieved by December 2005 and 

maintained thereafter)

Target value of 9000 ppb-h based on 

AOT40 (to be calculated from 1 h (May–July) 

and to be achieved by 2010 (averaged over 

5 years). To be achieved by 2010

* Refer to Chapter 8 Box 8.1.

UNECE – Gothenburg Protocol EMEP2 domain only

UK3

2 EMEP is the European Cooperative Programme for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe.
3 From UK AQ Strategy 2007.
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national and regional policies to control precursor emissions 

developed (Box 2.1) in response. No attempt has been made 

to control O3 at the global scale as global background 

concentrations were not seen to be an issue until relatively 

recently (Fiore et al. 2002).

Meeting the challenge – the current 2.1
state of play

Policy-makers have utilised a range of different mechanisms 

to address ground-level O3. These include emissions controls 

for O3 precursors, standards and guidelines which define air 

quality targets, alarm thresholds to advise sensitive sectors of 

the population to move indoors and O3 alarm plans to restrict 

emissions associated with land transport and industry during 

O3 peak episodes. Box 2.1 compares the standards and 

measures in place to protect human health and vegetation 

globally, within the UNECE region, the EU and the UK.

Traditionally, the design of abatement measures has reflected 

the perception that the impacts of O3 to human health were 

limited to periods of elevated O3 concentrations. However, 

it is now known that human health impacts occur below 

these levels, potentially at levels within the ambient range 

(35 ppb) and well below the WHO guideline level of 50 ppb 

(daily 8-h average). It is also clear that the total health impact 

to a population is driven more by the days during which O3 is at 

baseline concentrations, than by the occasional days on which 

episodes occur. Consequently, policy makers have recognised 

the need for policy measures to reduce background O3.

At the international level, the United Nations Framework 

Convention on Climate Change (UNFCCC) provides a framework 

for management of greenhouse gases. As O3 is a greenhouse 

gas, it does, in principle fall under this umbrella. However, 

the mechanism of implementation for the Convention, the 

Kyoto Protocol, does not include O3. Consequently there is no 

global framework in place for the direct management of O3.

The WHO has issued guidelines to policy makers for the most 

common air pollutants, including O3. These are intended to 

provide guidance for the development of policy measures 

aimed at reducing the impacts of air pollutants on human 

health (WHO 2006).

The only international mechanisms in place to control 

ground-level O3 are regional in scope. A regional approach 

to controlling O3 precursor emissions has been in place in the 

UNECE region4 since 1991 when the CLRTAP Sofia Protocol 

to control NOX emissions came into force. This was followed 

by the Geneva Protocol for the control of VOC emissions and 

the Gothenburg Protocol which came into force in 1997 and 

2005 respectively. The Gothenburg Protocol set legally binding 

national emission ceilings for the anthropogenic emissions of 

NOX, VOC, ammonia and sulphur to 2010 for those countries 

who have ratified the protocol. Now ratified by 24 Parties, 

this was the Convention’s first multi-pollutant, multi-effect 

4 The UNECE region includes the EU, non-EU Western and Eastern Europe, 
South East Europe, the Commonwealth of Independent States, North America 
and Canada.

mechanism. National limits for European countries are based 

on scientific assessments of the thresholds of effects on 

natural ecosystems and human health, and the relative cost 

effectiveness of abatement options. The Protocol also defines 

critical levels,5 which together with integrated assessment 

modelling, are used to inform the negotiations on national 

obligations. A number of parties, especially in Eastern and 

South Eastern Europe, have not yet ratified the Gothenburg 

Protocol. In North America, where integrated assessment 

modelling was not used to support negotiations, the USA 

has ratified the Protocol and set emission limits as required; 

Canada has not yet ratified the Protocol.

The EU, in addition to the requirements under CLRTAP, has 

a regulatory framework in place for controlling air pollution, 

including ground-level O3. The Clean Air for Europe (CAFE) 

Strategy specifies EU air pollution objectives and proposes 

measures to achieve them by 2020 (European Commission 

2005). The Directive on Ambient Air Quality and Clean Air for 

Europe integrates previous Directives concerned with ambient 

air quality and sets limit values for air pollutants (SO2, NO2,

NOX, PM, Pb, Benzene, CO), target values and objectives for 

protecting vegetation, and provides for information exchange 

between member states. It also contains target values and 

long-term objectives for the concentration of O3 in ambient 

air and new objectives for fine particles (PM2.5). National 

targets for emissions are set in the National Emissions Ceilings 

(NEC) Directive. Due to be revised in 2008/2009 this sets 

national targets for SO2, NOX, VOC, PM2.5 and ammonia to 

reduce acidification, O3 and eutrophication. Also relevant 

for O3 control is the Integrated Pollution, Prevention and 

Control (IPPC) Directive. The Directive imposes a requirement 

for stationary sources of pollutants from new and existing 

industrial and agricultural sources with high polluting 

potential to be permitted only where certain environmental 

conditions are met. This includes sources associated with 

the energy industries, production and processing of metals, 

mineral industry, chemical industry, waste management 

and livestock farming.

The USA and Canada are parties to the CLRTAP but have their 

own regional agreement in place for managing ground-level 

O3. The Canada–United States Air Quality Agreement makes 

provision for NOX and VOC reductions within a pollution 

emission management area (PEMA) designated within each 

country.6 In Canada, O3 is regulated at the federal level under 

the Canadian Environmental Protection Act (1999). 

The federal government has also established Canada-wide 

standards for O3 limits.

5 Critical level is defined in the Gothenburg Protocol as the concentration 
of a pollutant in the atmosphere above which direct adverse effects of 
receptors, such as human beings, plants, ecosystems or materials may occur 
according to present knowledge. This is used to assess the risk of impacts 
arising from ozone pollution.

6 For Canada, the area of 301, 330 km2 that covers all of the Canadian 
territory south of about the 48th parallel beginning east of Lake Superior 
to the Ottawa River, and south of the corridor that extends from the 
Outaouais Region east to Quebec City. For the USA, the area comprising 
the states of Connecticut, Delaware, Illinois, Indiana, Kentucky, Maine, 
Maryland, Massachusetts, Michigan, New Hampshire, New York, 
New Jersey, Ohio, Pennsylvania, Rhode Island, Vermont, West Virginia 
and Wisconsin, and the District of Columbia.
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In the USA the Los Angeles smogs of the mid 20th century 

led to the identification of O3 as an important air quality issue 

(Haagen Smit 1952) and to the development of control strategies. 

Controls were first introduced in California in 1964–1966 to 

reduce VOC and CO emissions (Wayne 2000). Further control 

measures were introduced across the USA as the geographical 

scale of the problem became clear and were extended to 

NOX emissions in the 1970s. The Clean Air Act (1970 and 

subsequent revisions) sets limits on air pollutants and gives the 

US Environmental Protection Agency (EPA) the authority to limit 

emissions from polluting sources. Each state has in place state 

implementation plans that provide regulations, programmes 

and policies appropriate to the region for pollutant control.

In the UK, the regulatory framework is guided by the 

obligations established in the CLRTAP and by the EU. The 

UK Air Quality Strategy for England, Scotland and Wales 

(Defra 2007) established a framework for ambient air quality 

in the UK. There is no legal requirement to meet the objectives 

in the Strategy except where the limits are set in EU legislation. 

The UK objective for human health is stricter than that 

prescribed by the EU (refer Box 2.1). The Environment Act 

(1995) requires that the Environment Agency and the Scottish 

EPA have regard to the Strategy when exercising their pollution 

control functions. These are prescribed under the Environment 

Protection Act 1990, the Pollution Prevention and Control 

Regulations 2000 and the Pollution Prevention and Control 

(Scotland) regulations 2000. Similar requirements exist in 

Northern Ireland under the Environment (Northern Ireland) 

Order 2002 and the Pollution Prevention and Control 

Regulations (Northern Ireland) 2003.

While the UNECE region is the only region in the world with a 

regional policy framework in place that specifically addresses 

O3 and O3 precursor emissions, other regions, in particular 

Asia, Africa and Latin America, are starting to take a more 

regional approach to managing air quality. None are yet 

focused specifically on reducing O3 pollution, however O3

levels may be affected as a consequence of the controls in 

place. For example in 1998, the South Asian countries signed 

the 1998 Malé Declaration on control and prevention of air 

pollution and its likely transboundary effects for South Asia. 

In 2002, the Environment Ministers of the Association of 

Southeast Asian Nations (ASEAN) group signed a legally 

binding agreement on transboundary haze pollution resulting 

from land and forest fires, and in the African region, the 

Air Pollution Information Network for Africa (APINA) aims 

to improve capacity in African countries to monitor and 

manage air pollution problems.

Additional regional networks, designed to facilitate cooperation 

in management of urban air quality management, are also in 

place. For example, the Clean Air Initiative for Asian Cities 

(CAIA) is a region-wide network which aims to improve air 

quality in cities by improving awareness, supporting the 

development and implementation of air quality standards and 

policies, and strengthening capacity. Similarly, the Clean Air 

Initiative for Latin America and the Caribbean aims to improve 

urban air quality in the region by taking a partnership approach 

to improving air quality and reducing greenhouse gas emissions.

The effects of controls to date2.2

A recent review of the Gothenburg Protocol (UNECE 2007) 

showed that the emissions of the O3 precursors NOX and 

nmVOC have declined substantially as a result of emissions 

controls. In 2005, NOX and nmVOC emissions were 30% and 

38% lower than 1990 levels for the European countries 

within the Protocol (Figure 2.1).

The decrease in NOX and nmVOC emissions in Europe has 

resulted in a reduction in the magnitude of short-term peak 

O3 concentrations during episodes, with declines in daily peak 

concentrations of around 30 ppb. Reductions in peak O3

concentrations have been observed widely in Europe, 

both in urban and rural areas. The temporal pattern of O3

concentration however, reveals several additional changes 

during the period in which emissions of O3 precursors over 

Europe have declined. In particular, the lower percentiles of 

the frequency distribution and even the mean concentration 

at many sites have been growing. These effects are illustrated 

in Figure 2.2a and 2.2b, from Jenkin (2008). This figure shows 

the changes in O3 concentrations at an urban site (Leeds) and 

a rural site (Lullington Heath) in the UK, and show similar 

trends to those observed at other sites across the UK, and 

more widely in Northern Europe.

The concentrations observed at a site are the result of local 

and larger scale processes at the regional (country to 

continent) and importantly also at the hemispheric scale. 

The resulting distribution of concentrations observed at 

any site therefore depends on the relative influence of these 

three contributions at each site. For example, urban sites 

respond to changes in NOX emissions in two ways: the mean 

and low percentiles increase as the local depletion by NO 

declines (see chapter 3, section 3.3.2), and the peak values 

decline in response to regional scale emission reductions 

of O3 precursors. The growing hemispheric background 

contributes to the growth in the mean concentration and 

reduces the magnitude of the decline in the peak values. 

Rural sites are less influenced by effects of reductions of 

local NO concentrations, especially at exposed upland or 

coastal locations, and are more strongly coupled to regional 

emission changes and to the hemispheric background. 

The changes in O3 concentration across the landscape of 

Europe have therefore responded to both the European 

emission reductions and to the increasing hemispheric 

background concentration. These two concurrent changes 

have changed ground-level O3 characteristics in different 

ways in different locations.

Between 1996 and 2004, no change in mean O3 concentrations 

was observed across Europe despite these large reductions 

in NOX and VOC emissions (EEA 2007) and the substantial 

reduction in peak values (Solberg et al. 2005). The background 

O3 has increased by up to 5 ppb per decade since the 1970s 

(CIAM 2007). No marked trend has been observed in impacts 

to vegetation over the period 1990–2006 and current policies 

are not expected to lead to a further reduction in health impacts 

(UNECE 2007). These trends are considered in more detail in 

chapter 3 (section 3.6).
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Figure 2.1  Emissions of O3 precursors in Europe (EEA-32 member countries) from 1990–2005. Source: EEA (2007) reproduced 

with permission from the EEA.
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Figure 2.2  Changes in ground-level O3 concentrations at (a) urban (Leeds centre) and (b) rural (Lullington Heath) sites in the UK, 

showing a decline in peak values and increases in the mean and lower percentiles of the distribution. Trend in hourly mean O3

distributions based on data over the periods 1993–2006 and 1990–2006 respectively. The solid lines are linear regressions of 

data indicating the average trend over the period. Source: Jenkin 2008. Copyright (2008), reprinted with permission from 

Elsevier.
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Similar evidence of reductions in peak O3 concentrations have 

been observed in the USA (refer to EPA 2006 for a detailed 

analysis). The scale of reductions in the USA of emissions of 

O3 precursors by 2005 is of a similar order to those in Europe. 

The measured O3 concentrations, like those in Europe, show a 

marked decline in hourly peak O3 values averaged over all 

national monitoring stations by approximately 20% between 

1980 and 2000 and increases in the lower percentiles of the 

frequency distribution (US EPA 2002). In recent years the 

contribution of the hemispheric background to ground-level 

O3 concentrations has been a particular focus of the analysis 

of O3 in North America (Jacob et al. 1999; Fiore et al. 2002).

The Air Quality Expert Group (AQEG 2008) have recently 

reviewed the progress made towards achieving UK targets 

for O3 control. They report a general increase in annual mean 
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O3 concentrations at urban sites over the last 10 years due to 

the reduction of NOX emissions in urban areas, while peak O3

concentrations have generally decreased at rural sites due to 

the control of regional anthropogenic VOC and NOX emissions 

(AQEG 2008). Implementation of UK emission reductions are 

not expected to result in O3 objectives being met for the 

whole country by 2020 (Defra 2006) and urban O3 levels in 

the UK are expected to rise over the next two decades 

(Williams 2007; AQEG 2008).

International shipping and aviation2.3

Although land-based emissions have been reduced in many 

countries, emissions from international aviation and shipping 

are rapidly increasing. Aviation emissions contribute an 

estimated 2% (Schumann et al. 2000) and international 

shipping an estimated 15%, of global NOX emissions 

(Corbett et al. 2007) respectively. Emissions from these sectors 

are projected to increase as a result of expected growth in 

volume. Global passenger air travel, for example, is expected 

to grow by 5% per year between 2000 and 2020 (Gauss et al. 

2005). In Europe, NOX emissions from shipping are currently 

estimated to be 32% of land-based NOX emissions (Cofala 

et al. 2007a) and are expected to exceed these sources by 

2020 (European Commission 2005; Cofala et al. 2007a).

International aviation emissions are not currently regulated, 

although the International Civil Aviation Organization (ICAO) 

has defined NOX emission limits for engine exhausts during 

the landing and take-off phases of flight. In Europe the NEC 

Directive regulates NOX emissions from aircraft during landing 

and take-off, and emissions associated with airport and port 

infrastructure are subject to national air quality measures. 

The O3 precursors emitted during the cruising phase of flight 

are not regulated but because they are emitted higher in 

the atmosphere have a longer lifetime and therefore 

disproportionate effect compared to emissions at the surface. 

NOX emissions during cruising, for example, are of an order 

of magnitude more important than those emitted during 

landing and take-off (Tarrason et al. 2004). How important 

these emissions are for O3 depends on the altitude at which 

they are emitted. NOX emitted in the upper stratosphere is 

less important for O3 production than when emitted in the 

troposphere or lower stratosphere (Gauss et al. 2005).

While emissions at sea are perceived to have a lower 

immediate impact than when emitted on land, shipping 

emissions provide a dominant source of urban air pollution 

in coastal areas and may be transported large distances 

(Cofala et al. 2007a). NOX emissions from international 

shipping are limited under Annex VI of the International 

Convention for the Prevention of Pollution (MARPOL). 

However, since being adopted in 1997 and entering into 

force in 2005 these regulations have been widely criticised 

for not going far enough. For example, the European Council 

in 2003 called for the adoption of more ambitious measures 

on NOX. This was reiterated in December 2007 when the 

European Commission repeated its commitment by stating 

that it will bring forward proposals for Community measures 

if the IMO fails to deliver sufficiently ambitious proposals. 

Proposals to strengthen the NOX emission controls from engines 

and to introduce measures for VOC will be considered for 

adoption by the IMO in late 2008.

The role of science in meeting 2.4
the ozone policy challenge

Science plays a vital role in the development and 

implementation of ground-level O3 policy. Environmental, 

human health and economic impacts must be identified and 

quantified, and the mechanisms of impact understood so that 

appropriate policy objectives or abatement measures can be 

defined. In the UNECE region, EMEP coordinates national 

monitoring programmes which contribute to the collection, 

analysis and reporting of data, the International Cooperative 

Programmes (ICP) of the UNECE provide underpinning effects 

assessments, and the International Institute for Applied 

Systems Analysis (IIASA) provide integrated assessment to 

identify strategies for maximising the environmental benefits 

of different control options. The results of this work are then 

used to inform the negotiations towards development of new 

protocols within Europe.

The important role of science in policy can be demonstrated 

by the recent development of risk assessment methods in 

CLRTAP. Advances in understanding the mechanisms of 

effects on vegetation have led to the adoption of new critical 

levels within the CLRTAP Mapping Manual. The distribution of 

predicted impacts, and hence the relative benefits of emission 

reductions for O3 precursors, varies geographically across 

Europe depending on whether the flux- or concentration-

based critical levels are used (Lindskog & Sundqvist 2007; 

Simpson et al. 2007) (see chapter 8, section 8.2, Figure 8.1). 

For example; the use of a flux-based approach results in 

predictions of a more widespread spatial distribution of 

O3 effects on arable crops and forests compared to the 

concentration-based approach which predicted O3 impacts to 

be a mainly central and southern European problem. A recent 

synthesis of observational and experimental data within 

CLRTAP (Hayes et al. 2007b) suggests flux-based predictions 

provide a better prediction of observed impacts for crop 

species. This has implications for the economic assessment of 

effects and for the setting of future policy targets that may, 

in some regions, need to be stronger than originally defined. 

Similarly, efforts to improve understanding of whether there 

is a threshold below which O3 is safe for human health have 

also led to a reassessment of policy objectives in Europe and 

by the WHO.

Conclusions2.5

Despite 40 years of controls in North America, Japan and 

Europe, ground-level O3 remains a serious air pollution 

problem. Where they have been implemented, policy 

measures have had demonstrable success at reducing O3

precursor emissions with substantial reductions of NOX

and VOC and consequent declines in short-term peak O3

concentrations of typically 20–30 ppb in Europe. At the same 

time, however, measurements in many regions show that the 
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hemispheric background has been increasing (by typically 

2 ppb per decade since 1980) in the mid-latitude Northern 

Hemisphere over the period during which emission reductions 

have been made in Europe and North America. The increase 

in background O3 is not fully understood, but is thought 

to be due mainly to emission increases in other Northern 

Hemisphere countries and increases in emissions from poorly 

regulated sectors such as international shipping and aviation. 

While less certain, an increase in the stratospheric source of 

O3 may also have contributed to the increasing background. 

The trend in background O3 is very important for two reasons: 

(i) it greatly reduces the benefits of the reductions in peak O3

concentrations; and (ii) the growth in background has made 

ground-level O3 a hemispheric/global issue, as well as a 

regional/national one.

Developments in the science have also led to recognition that 

efforts to reduce the impacts of O3 on human health and the 

environment must target background as well as peak O3.

Regulatory frameworks are key to controlling O3, but to be 

successful, these must be designed to address the specific 

complexities of this pollutant, and that requires measures to 

reduce O3 at the hemispheric /global scales as well as regional/

local scales.
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Introduction3.1

Ozone is a natural constituent of the atmosphere and 

is present in the stratosphere and troposphere. In the 

stratosphere O3 is produced following the photolysis of 

molecular oxygen. The ‘ozone layer’ acts as a protective layer 

filtering out dangerous UV radiation from the sun. Ozone is 

also present throughout the troposphere and at the Earth’s 

surface (ground-level O3) and is produced through very 

different chemical processes to stratospheric O3. In the 

troposphere, O3 is a green house gas. It is a secondary 

pollutant generated through sunlight driven chemical 

reactions between NOX and VOC including CH4, CO and many 

other more complex compounds (Crutzen 1974; Liu et al. 

1980; Atkinson 2000). These gases may be present as a result 

of emissions within a region and also due to transport into 

the region of O3 precursors. The rates of these processes and 

the overall O3 budget depend on meteorological conditions 

such as solar intensity, temperature and pressure, and on the 

concentrations of O3 precursor emissions and water vapour 

in the atmosphere. The other major source of O3 in the 

troposphere is transport from the stratosphere.

This chapter provides an introduction to the processes 

which control the production and destruction of O3. These 

include the chemical production and loss of O3 within the 

troposphere, and the loss of O3 through deposition to 

terrestrial and ocean surfaces. As there is considerable spatial 

variability in O3, the chapter includes a brief description of the 

influences of weather, topography and other geographical 

features. The effects of urban scale processes on surface O3

is discussed in some detail as it is in urban areas that the 

majority of the exposure of the population to O3 occurs. 

The interactions between climate and O3 are considered 

in more detail in chapter 6.

The lifetime and atmospheric budget 3.2
of tropospheric ozone

The lifetime of O3 is determined by removal processes 

(or sinks) which lead to loss of O3 from the atmosphere. The 

average lifetime of O3 in the troposphere has been estimated 

at 22 (o2) days (Stevenson et al. 2006); however, it varies with 

altitude and ranges from 1–2 days in the boundary layer 

where dry deposition (see section 3.4.1) is the major sink, to 

several weeks in the upper troposphere. This, in combination 

with the potential for O3 to be produced from precursors long 

after they have been emitted, makes O3 a global pollutant.

The amount of O3 in the atmosphere, or O3 budget, is 

determined by the rates of O3 production and destruction. 

Ozone production in the atmosphere has been estimated to 

account for approximately 4500 Tg y –1. The net flux of O3

from the stratosphere to the troposphere is approximately 

540 Tg y –1. The O3 budget is closed by two loss processes: 

chemical destruction and dry deposition to the Earth’s surface. 

Chemical loss or destruction in the atmosphere accounts for 

approximately 4100 Tg y –1, and deposition to the surface 

accounts for approximately 1000 Tg y –1 (Gettelman et al. 

1997; Olsen et al. 2001, 2004; Prather et al. 2001; Stevenson 

et al. 2006; Denman et al. 2007; Wild 2007; Wu et al. 2007a). 

Integrated over the whole troposphere, chemical production 

and loss rates are several times larger than the influx from 

the stratosphere and the surface deposition flux. The budget 

values at a global scale are shown in Figure 3.1.

Ozone atmospheric chemistry3.3

The key chemical processes that lead to O3 production and 

destruction are driven by reaction cycles involving free-radical 

intermediates, which are mainly formed from the photolysis 

of O3 itself (reaction (1)). At UV wavelengths shorter than 

about 320 nm, O3 photolysis generates electronically excited 

oxygen atoms, O(1D), which can either react with water 

vapour to form hydroxyl (OH) radicals (reaction (2)), or reform 

O3, following collision with an inert molecule (denoted “M”), 

most commonly nitrogen, N2 (reactions (3) and (4)):

O3  hU l O(1D)  O2 (1)

O(1D)  H2O l OH  OH (2)

O(1D)  M l O(3P)  M (3)

O(3P)  O2  M l O3  M (4)

The conversion efficiency of O(1D) to OH depends on the 

relative rates of reactions (2) and (3). This is mainly determined 

by the concentration of water vapour in air which, in turn, 

depends on the prevailing temperature and relative humidity. 

For example, in air saturated with water at atmospheric 

pressure, the fraction of O(1D) atoms proceeding via reaction 

(2) increases from about 9% at 10nC to about 12% at 15nC.

OH radicals play a central role in tropospheric O3 chemistry. 

As illustrated in Figures 3.2 and 3.3, OH reacts mainly with 

atmospheric CH4 and CO to initiate the reaction cycles which 

produce and remove O3.

Figure 3.2 provides an overview of the key chemical 

processes that lead to the production and removal of O3.

The concentration of NOX is the main factor which determines 

whether O3 is produced or removed in the atmosphere. 

The figure is divided into three regimes (I = Low NOX,

II = Intermediate NOX, III = High NOX), to illustrate the 

changing balance of the free-radical reactions, and their 

impact on O3, as the level of NOX increases. Figure 3.3 

provides an example illustration of the corresponding variation 

of the rate of production or loss of O3 for the three regimes, 

and the concentration of OH radicals, based on simple 

box modelling calculations appropriate to conditions in 

the lower troposphere.

Ozone in the troposphere: processes of ozone 3
production and destruction
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The first regime (regime I: Figure 3.2 and 3.3) corresponds to 

remote regions of the atmosphere, such as the South Pacific 

Region which have very low NOX levels (less than 20 parts per 

trillion (ppt) NOX), and is characterised by net O3 removal. The 

reactions of OH with CH4 and CO lead to the formation of the 

peroxy radicals, CH3O2 and HO2, which are removed by their 

mutual reactions to form methyl hydroperoxide, CH3OOH,

and hydrogen peroxide, H2O2:

CH3O2  HO2 l CH3OOH  O2 (5)

HO2  HO2 l H2O2  O2 (6)

This chemistry constitutes a loss process for O3, because the 

reaction sequence was initiated by O3 photolysis (reaction (1)). 

Some additional O3 removal also occurs because HO2 radicals 

can react with O3,

HO2  O3 l OH  2O2 (7)

leading to the regeneration of OH radicals as part of an O3

depleting OH–HO2 inter-conversion cycle (see Figure 3.2, 

regime I).

As demonstrated in Figure 3.3, the chemistry in regime I leads 

to comparatively small O3 loss rates. However, this has an 

important global impact because it applies to a large 

proportion of the troposphere. More rapid O3 depletion rates 

can occur at specific locations, as a result of chemical cycles 

involving halogen atoms and radicals. This is described below 

in section 3.3.1.

The second regime (regime II: Figures 3.2 and 3.3) is 

characterised by net O3 formation, the rate of which increases 

with increasing NOX concentrations and corresponds to the 

rural areas of most industrialised countries. The reactions 

of the peroxy radical intermediates with NO result in the 

conversion of NO to NO2 (reactions (8) and (9)) with the 

subsequent photolysis of NO2 generating O3 (reaction (10) 

followed by reaction (4)):

CH3O2  NO l CH3O  NO2 (8)

HO2  NO l OH  NO2 (9)

NO2  hU฀l NO  O(3P) (10)

As shown in Figure 3.2 reactions (8) and (9) form part of 

the free-radical propagated O3 forming cycles, which may 

occur a number of times before being halted by a radical 

termination reaction. Under the prevailing conditions (ie 

regime II), NOX levels remain sufficiently low that peroxide 

formation via reactions (5) and (6) continues to be the 

major radical sink. Ozone formation in this regime is often 

referred to as ‘NOX limited’ or ‘NOX sensitive’, because the 

Figure 3.1  A schematic view of the sources and sinks of O3 in the troposphere. Annual global fluxes of O3 calculated using a 

global chemistry–transport model have been included to show the magnitudes of the individual terms. These fluxes include 

stratosphere to troposphere exchange, chemical production and loss in the troposphere and the deposition flux to terrestrial and

marine surfaces. Data source: IPCC Fourth Assessment Report Working Group I Report “The Physical Science Basis“ (Denman et 

al. 2007).
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O3 formation rate increases with increasing NOX

concentrations (see Figure 3.3, regime II). This is a direct 

consequence of the competition between reactions (8) 

and (5) for CH3O2, and reactions (9) and (6) for HO2, such 

that increasing NOX allows a greater number of free-radical 

propagated O3 forming cycles to occur prior to termination. 

In contrast, the O3 formation rate is insensitive to changes in 

the concentration of CH4 or CO and to inputs of other VOC. 

This is because OH reacts with the organics exclusively as part 

of the free-radical propagated O3 forming cycles, with no 

competing radical termination reaction being available under 

the prevailing conditions.

Figure 3.2  Schematic representation of O3 production and loss processes during the free-radical mediated atmospheric oxidation 

of CH4, and CO. The figure is divided into three regimes to illustrate the changing balance of the free-radical reactions as a 

function of NOX level, with the dominant processes shown in black.
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Continued increase of NOX levels, however, brings the 

chemistry into the third regime (regime III: Figure 3.2), where 

reactions (8) and (9) dominate for CH3O2 and HO2, but O3

formation becomes inhibited by further increases in NOX.

This corresponds to the point at which the reaction of OH 

with NO2 to form HNO3 becomes the major termination 

reaction for free radicals:

OH  NO2  M l HNO3  M (11)

Under these circumstances, increasing NOX decreases the 

number of free-radical propagated O3 forming cycles which 

can occur prior to termination via reaction (11), and the 

production rate of O3 decreases. However, elevated emissions 

of CH4 or CO allow the free-radical propagated O3 forming 

cycles to compete more effectively with reaction (11), leading 

to an increase in the O3 production rate. In addition to this, 

inputs of other more reactive nmVOC also compete for OH, 

leading to analogous O3 forming cycles to that shown for CH4

in Figure 3.2. Consequently, emissions of anthropogenic VOC 

(eg from road transport or solvent evaporation) and biogenic 

VOC (most notably isoprene) lead to a general increase in 

the formation rate of O3 (as illustrated in the top panel of 

Figure 3.3). The prevailing conditions in regime III apply to 

locations which are comparatively close to pollution 

sources (eg the urban environment) and correspond to 

the conditions when intense O3 formation rates occur for 

a limited period of time (high O3 episodes). This occurs by 

virtue of inputs of the reactive VOC when NOX levels are 

high, with such conditions often referred to as ‘VOC-limited’ 

or ‘VOC-sensitive’.

The free-radical propagated oxidation of CH4, as described 

above and illustrated in Figure 3.2, leads to the generation 

of the oxygenated product formaldehyde, HCHO. Its further 

Figure 3.3  An example illustration of the NOX dependence of the O3 production and loss rate, and the concentration of OH 

radicals, based on simple box modelling calculations appropriate to average mid-latitude conditions in the lower troposphere. 

The solid line in each panel corresponds to CH4/CO oxidation. The broken curves in the upper panel illustrate the effect of 

additional nmVOC inputs (not based on calculation).
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oxidation is partially initiated by photolysis, which contributes 

to radical generation, as follows:

HCHO  hU l HCO  H (12)

HCO  O2 l HO2  CO (13)

H  O2  M l HO2  M (14)

As a result, the formation of HCHO (and analogous oxygenated 

products of nmVOC oxidation) has an impact on the rates 

of the oxidation cycles described above, through secondary 

radical generation. It should also be noted that HCHO oxidation 

generates CO, with the oxidation of CH4 (via HCHO) being 

the major source of atmospheric CO.

Ozone atmospheric destruction by 3.3.1

halogen-catalysed chemistry

The O3 removal chemistry at low NOX levels, described above 

leads to comparatively small O3 loss rates. Because the chemistry 

is driven by O3 photolysis (reaction (1)) the loss rate decreases 

as O3 is depleted. This mechanism is therefore effectively self-

inhibiting and cannot lead to severe O3 depletion on a short 

timescale. However, over the marine environment a different 

response has been observed. This section describes recent 

research on halogen-catalysed O3 destruction in marine areas, 

in part to bring the chemical processing section up to date but 

also to illustrate the fact that the understanding of some 

aspects of tropospheric O3 chemistry is still developing.

Rapid O3 depletion has been observed in numerous studies 

in the marine atmospheric boundary layer, particularly at high 

latitudes in the spring-time. This is attributed to chemical 

cycles involving halogen atoms and radicals, specifically the 

bromine (Br) and iodine (I) species.

The chemistry is initiated by the production of halogen atoms 

from the photolysis of both organic and inorganic bromine 

and iodine-containing species. These chemical species are 

either emitted from the oceans or released from surface 

reactions on sea-salt aerosol, frost flowers or other ice surfaces. 

The dominant tropospheric reaction for either Br or I atoms 

(denoted ‘X’) is with O3 to form the corresponding halogen 

oxide radical, XO:

X  O3 l XO  O2 (15)

The XO radical can participate in a number of competitive 

reactions to propagate cycles which regenerate X atoms. 

Those cycles involving the reactions of XO with NO and 

NO2 and (in the case of IO) direct photolysis, have no net 

chemistry, with the O3 lost in reaction (15) being regenerated 

in a subsequent reaction step. However, if XO reacts with HO2

or with itself, the subsequent chemistry can regenerate X 

atoms without regenerating O3, therefore leading to net O3

loss, for example as follows:

XO  HO2 l HOX  O2 (16)

HOX  hU l OH  X (17)

[net effect: HO2  O3 l OH  2O2  (15) (16) (17)]

XO  XO l 2X  O2 (18)

[net effect: 2O3 l 3O2       2x(15) (18)]

The propensity of the system to maintain levels of the catalytic 

species, X and XO, in the gas phase is key to the sustained 

depletion of O3. Alternative reactions, or reaction channels, 

do exist for species which participate in these O3 depletion 

cycles. These lead to removal of the halogens from the gas 

phase. For example, the hypohalous acid, HOX (formed in 

reaction (17)), and molecular halogen species formed from 

alternative product channels of reaction (18) can transfer to the 

aerosol phase as part of a rich, multi-phase chemical system. 

This does not necessarily constitute irreversible loss of the 

active halogens, however, as surface and condensed phase 

reactions can re-release photolabile halogen species into the 

gas phase, allowing the reservoir of gaseous phase active 

halogens to be maintained. Considerable progress has been 

made in understanding the details of this complex, multi-phase 

chemistry, although it necessarily remains an active area 

of research. The global implications are still uncertain.

Perhaps the first demonstration of this reactivity was at Alert 

in the Arctic where a clear anti-correlation was seen between 

filterable Br and O3 concentrations in the air, particularly in 

springtime in what are termed rapid surface O3 depletion 

events (Barrie et al. 1988). Very recently Saiz-Lopez et al. 

(2007) have reported measurements of both bromine 

monoxide (BrO) radicals and Iodine monoxide (IO) radicals 

at a coastal Antarctic station, with a strong seasonal cycle, 

values being highest in spring and summer (the spring IO 

concentrations at 20 ppt are the highest ever reported in the 

atmosphere). However, the expected relationship with O3 was 

not clear, possibly due to insufficient time for reaction to 

occur or due to entrainment of O3-rich air from the free 

troposphere at the measurement site.

Atmospheric chemistry models have recently started to 

include halogen chemistry and to predict what O3 depletions 

might be expected. For example, using a global model 

incorporating BrO chemistry, von Glasow et al. (2004) predict 

a reduction in O3 concentration of up to 18% over widespread 

areas and regionally up to 40%, compared to model runs 

without bromine chemistry. Similarly Yang et al. (2005) show 

that inclusion of Br chemistry leads to an O3 loss of 

approximately 5% in the Northern Hemisphere and up to 30% 

in the Southern Hemisphere. Incorporation of IO chemistry in 

models leads to a predicted destruction of up to 13% of 

available O3 per day in marine air masses (McFiggans et al. 

2000). Recent modelling by Saiz-Lopez et al. (2007) predicts 

that inclusion of both BrO and IO (at the high levels they 

observed in Antarctica) leads to a four-fold enhancement in 

O3 depletion compared with the result from a model in which 

only BrO is considered. Finally, very recent observational data 

collected at the Cape Verde Atmospheric Observatory (16ºN, 

28ºW) indicates that within the marine boundary layer 

significant O3 is lost through an approximately equal combination 

of photolysis and halogen chemistry and that the region is a 

very large net sink of surface level tropospheric O3 (Read et al. 

2008). None of the models used for this report and described 

in chapter 5 incorporate any of the new halogen chemistry.
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Ozone in the urban environment3.3.2

At elevated NOX levels, typical of the polluted urban 

environment, and at the upper end of the concentration 

range shown for regime III outlined above, O3 levels can be 

severely depleted locally due to a direct reaction with emitted 

NO. This is known as the ‘NOX titration effect’:

NO  O3 l NO2  O2 (19)

However, because O3 is produced following the photolysis of 

NO2 via reactions (4) and (10),

NO2  hU l NO  O(3P) (4)

O(3P)  O2  M l O3  M (10)

These reactions constitute a well-established chemical null-

cycle which couples the chemistry of O3, NO and NO2 on a 

comparatively short timescale (eg Leighton 1961). Because of 

this strong chemical coupling, the term ‘oxidant’ is sometimes 

used as a collective term for NO2 and O3. This reaction cycle 

partitions NOX between its component forms of NO and NO2,

and oxidant between its component forms of O3 and NO2, but 

conserves both NOX and oxidant. As a result, oxidant derived 

from background O3 entering the polluted urban area is 

partitioned between the forms of NO2 and O3, with a 

progressively greater proportion in the form of NO2 as NOX

increases as a result of emissions.

Monitoring data from urban locations in the UK exhibit the 

general behaviour described above, and such data have been 

used to develop generic empirical expressions which describe 

the partitioning of oxidant into O3 and NO2 as a function 

of NOX on an annual mean basis (Jenkin 2004). Figure 3.4 

shows O3 concentrations as a function of the NOX and 

background O3 concentrations, based on a generic 

partitioning expression which is broadly applicable to UK sites 

not in the immediate vicinity of roads. The background O3

mixing ratio outside the urban area may be influenced by 

chemical processes on global and regional scales, as described 

above. Figure 3.4 provides a general illustration of how O3

levels decrease with increasing NOX levels in urban areas. 

This depletion of O3 is known as the NOX titration effect 

(sometimes referred to as an ‘urban decrement’ or ‘urban 

deficit’) but also demonstrates the potential impact of 

changes in background O3 on the level of urban O3. This 

empirical oxidant partitioning methodology can therefore 

be used to help map current urban levels of O3, and to 

make predictions for the future. The oxidant partitioning 

model, in conjunction with NOX emissions maps and 

projections, forms the basis of empirical modelling 

activities which assess current trends and future levels of 

NO2 and O3 in relation to UK air quality objectives, with 

the full modelling method referred to as a Pollution Climate 

Model (PCM). Chapter 5 (section 5.4) provides an illustration 

of future predictions for an urban centre location in London

using a PCM.

Figure 3.5 shows how the PCM is able to provide a description 

of the variation of annual mean O3 concentrations across the 

UK, for the example years 2003 and 2005, representing a 

warm, relatively dry and high O3 year, and a more normal 

year respectively. The results clearly show the impact of 

NOX-titration in reducing O3 levels in urban areas (eg London), 

but also the impact of generally higher O3 background levels 

in 2003, resulting from regional and global-scale effects.

Figure 3.4  Illustrative annual mean O3 mixing ratios in UK urban areas as a function of annual mean mixing ratios of NOX and 

background O3, determined using an empirically based oxidant partitioning methodology.
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The process of O3 scavenging in the urban environment by 

titration with NOX outlined here gradually declines as NOX

urban emissions are reduced by emission controls. Ozone 

concentrations in urban areas have increased as emissions 

of NO have declined. Further substantial increases in urban 

O3 in the UK will take place as urban emissions of NO 

continue to decline. This is an important effect of control 

measures and will increase urban population exposure to O3

in the coming decade.

Surface ozone destruction processes – 3.4
dry deposition to the land and ocean

Ozone is a very reactive trace gas and is readily deposited 

to most surfaces including soils, vegetation and building 

materials. Deposition rates to water surfaces are much smaller 

as O3 is not very soluble. The deposition of O3 to terrestrial or 

marine surfaces is known as dry deposition (see Box 3.1 and 

Figure 3.6). This is the main removal process for boundary 

layer O3 and limits the lifetime and maximum ground-level 

concentration. Rates of dry deposition to terrestrial surfaces 

are larger than those to ocean surfaces by typically an order 

of magnitude, but given that the oceans occupy approximately 

70% of the Earth’s surface, dry deposition to seawater is an 

important term in the global budget.

Surface ozone destruction – dry deposition 3.4.1

to land

In the terrestrial environment dry deposition occurs as a result 

of reactions with the external surfaces of vegetation and soil 

and uptake by plant stomata (see Figure 3.6). Dry deposition 

rates range from 2 to 15 mm s–1 and are mainly regulated by 

opening and closing of stomata, wind speed and turbulence 

and the presence of surface water on vegetation. The 

aperture of the stomatal pores on the leaf surface is governed 

by plants in response to sunlight, temperature, humidity, 

soil moisture and CO2 concentration. In drought conditions, 

Figure 3.5  Maps of annual mean O3 concentrations (ppb) in the UK, calculated using empirical measurements based on a Pollution 

Climate Model (PCM) for the years 2003 and 2005. Source: AQEG 2008.
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Box 3.1 Dry deposition

Rates of dry deposition are commonly expressed as a 

deposition velocity (vg) given as the (vertical flux) (ambient 

concentration) with dimensions of a velocity (mm s–1). 

As ambient concentrations decline towards the surface, 

deposition velocity also varies with height. Rates of dry 

deposition are commonly parameterised using a simple 

resistance analogy to quantify the components in the 

deposition pathway from the boundary layer to sinks 

at the surface, as illustrated in Figure 3.6.

Aerodynamic
Ra

Atmospheric
resistances

Canopy
resistances

Stomatal
Rc1

‘Laminar’ sub-layer
Rb

Rt = Ra + Rb + (1/Rc1 + 1/Rc2 + 1/Rc3)–1

Flux = 1
Concentration Rt

Soil
Rc3

Cuticular
Rc2

Figure 3.6  A simple resistance analogy for the dry 

deposition of O3 to terrestrial surfaces.
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the closure of stomata to protect plants against desiccation 

reduces stomatal conductance and reduces dry deposition 

of O3. The smaller deposition rates under drought conditions 

are an important factor in enhancing ground-level O3

concentrations. The stomatal flux to sites of damage within 

the leaf represents the main pathway leading to physiological 

damage to vegetation. As discussed in more detail in chapter 

8, cumulative stomatal flux of O3 above a threshold provides 

the most accurate basis for assessing the risk of O3 damage 

to vegetation.

Surface ozone destruction – dry deposition 3.4.2

to oceans

The rate of uptake of atmospheric O3 by ocean surfaces is 

normally parameterised in models using a fixed deposition 

velocity that is independent of physical drivers such as wind 

speed or chemical reactions of O3 with components at or 

close to the sea surface. This is however, simplistic and 

could result in errors in the estimation of the role of the 

oceans in removing O3 from the atmosphere (Ganzeveld & 

Lelieveld 1995).

Deposition velocity is influenced by wind as water-side 

turbulence controls the exchange rate. This makes 

parameterisation of O3 uptake with wind similar to that 

for CO2, dimethyl sulphide and many other weakly soluble 

gases. However, parameterisation of the deposition velocity 

for these gases has uncertainties, particularly at high wind 

speeds where the role of bubbles is poorly understood. 

This leads to an uncertainty of about a factor of two in 

estimating the transfer velocity (Nightingale & Liss 2003).

The situation with incorporating chemical reactivity of O3

with sea surface components introduces further and more 

substantial uncertainty. The two substances most likely to 

react rapidly with O3 at the sea surface are iodide ions 

(Garland et al. 1980; Chang et al. 2004) and dissolved organic 

matter (McKay et al. 1992), however, the rate coefficient 

for O3 reacting with both are poorly known. Notwithstanding 

this uncertainty, limited field measurements of O3 uptake 

by seawater indicate that chemical reactivity appears to 

increase the rate of uptake by approximately a factor of 20 

(Liss 1983).

Effects of weather and topography 3.5
on ground-level ozone

Ozone production varies diurnally, seasonally and interannually. 

As the chemistry of O3 formation requires photolysis of 

a range of species, and the rate of some of the reactions 

increase with temperature, O3 production is generally at 

its maximum during warmer sunny weather. An example of 

the daily variability in ground-level O3 is shown in Figure 3.7, 

which shows the maximum O3 concentrations each day at a 

rural site in Southern England for 1995. The measurements 

show an annual cycle in O3 with a spring to early summer peak 

at about 40 ppb and an autumn minimum at about 25 ppb. 

Superimposed on the annual cycle are substantial variations 

from day to day, with peaks of up to 200 ppb on sunny warm 

days and minima on cold calm winter days when dry deposition 

to the surface exceeds the supply of O3 from aloft.

The strong coupling between rates of dry deposition and 

stomatal conductance also links weather to O3 removal from 

the boundary layer. In hot, sunny conditions, production of 

O3 approaches a maximum and if soils are dry, the soil water 

deficit leads to closure of plant stomata leading to larger 

surface O3 concentrations. The very strong effect of weather 

on O3 production and loss creates much of the observed 

Figure 3.7  A year of surface O3 concentration measurements in Southern England showing maximum hourly values for each day. 

The peak values occur during spring and summer months. An indication of the sources of observed O3 is also shown in the figure.
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variability in concentrations with time. Over longer time 

scales, changes in climate due to greenhouse gas emissions 

are likely to influence the production and loss processes 

for O3, as described in chapter 6.

The concentrations of O3 at any specific location depend 

on topography and meteorology as well as background 

and regional sources of ozone O3. Rural areas, hill tops and 

coastal areas experience larger exposure to O3 because at 

these locations the supply of O3 from higher levels in the 

boundary layer exceeds the rate of depletion by dry deposition. 

By contrast in sheltered valleys the loss by dry deposition, 

especially at night, often leads to a sharp decline in O3

concentrations, in this case dry deposition is depleting O3

faster than transport from above. It is the balance between 

vertical transport and surface deposition that causes the diurnal 

cycle of O3 in rural areas, with small concentrations at night 

and large values in the daytime. The magnitude of the diurnal 

cycle and close link between weather and surface O3 are 

illustrated in Figures 3.8 and 3.9 using monitoring data from 

hill top locations (Dunslair Heights and Great Dun Fell) and 

neighbouring locations on lower ground (Bush and Wharley 

Croft respectively) to show the effects of altitude on vertical 

mixing and transport.

The lower O3 concentrations in urban areas are mainly due 

to reaction with NO, as described earlier in this chapter but of 

course all processes operate simultaneously and dry deposition 

contributes to the decline in urban O3 concentrations at 

night. Wind direction is very important in determining the 

concentrations of O3 precursors within a region. As an 

example, to the west of the UK, the Atlantic ocean represents 

a source of fairly uniform background O3 and with the 

exception of shipping, is devoid of major sources of O3

precursors. The breezy and often cloudy conditions 

associated with westerly airflow limits the magnitude of O3

concentrations over the country in these conditions. Therefore 

Figure 3.8  An illustration of the processes regulating the sources and sinks of boundary layer O3 at rural locations.
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Figure 3.9  The diurnal cycle in ground-level O3 at rural sites in 

the UK illustrating the much larger range in the diurnal cycle 

at (a) low altitude and valley sites (Bush and Wharley Croft) 

relative to (b) hill top locations (Dunslair and Great Dun Fell).
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with westerly winds over the UK, O3 levels are generally 

close to the background. In contrast, easterly winds bring 

continental air with O3 precursors, generally at lower wind 

speeds and often in sunny weather which is associated with 

the anticyclonic conditions. Thus the peak O3 values illustrated 

in Figure 3.7 generally occur in sunny, anticyclonic weather.
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The close link between warm sunny anticyclonic weather 

and episodes of elevated O3 illustrated in Figure 3.7 is an 

important contributor to differences between years, and 

the number of O3 episodes. Any change in the frequency 

of weather suitable for O3 episodes will influence the O3

experienced. The effects of climate change on ground-level 

O3 are discussed in chapter 6.

Trends in ground-level ozone3.6

Ground-level O3 is currently measured throughout rural 

and urban areas of most European countries and in North 

America. Long-term records are available at a few locations 

from the 1970s and 1980s when most networks began. 

In addition, interest in atmospheric O3 in the early 20th 

century provided some European ambient O3 measurements 

by Schonbein (1844 cited by Staehelin & Schnadt Poberaj 

2008). Others interested in these early measurements provided 

a substantial dataset late in the 19th century and early in 

the 20th century. By analysing the methodology and comparing 

it with more modern techniques, Volz & Kley (1988) were 

able to show that rural O3 concentrations had doubled from 

about 10–15 ppb in rural Europe between the end of the 

19th century to 20–30 ppb in the 1980s. Since the 1980s, 

rural O3 concentrations have increased in many areas (Staehelin 

& Schnadt Poberaj 2008) with quite different rates of change at 

different locations.

The trend at mountain sites in the Alps (Figure 3.10) shows 

an upward trend of between 0.2 and 0.5 ppb y–1 over the 

period 1991–2002, in part due to increased stratospheric–

tropospheric exchange (Ordóñez 2006). Trends at 13 rural 

sites in the UK show increases averaging 0.14 ppb y–1 over

the period 1990–2006 (Jenkin 2008). Measurements of the 

vertical profile in O3 concentration at European sonde stations 

show an increase in concentration in the range 5–25% per 

decade over the period 1970–1996 (Logan et al. 1999).

At Mace Head on the Atlantic coast of Ireland it is possible 

to examine the trends in the hemispheric background of 

ground-level O3.

The data presented in Figure 3.11 reveals an increase over 

the monitoring period (1987–2007) at Mace Head. Ozone 

production varies significantly between years due to the 

varying rate of production and destruction, but also shows 

a distinct seasonal cycle, with a summer maximum as shown 

in Figure 3.7. The measurements from this station show an 

increase in the hemispheric baseline O3 of about 5 ppb over 

the period, or an average annual increase of about 0.3 ppb 

per year, over the 20 years of data available, similar in 

magnitude to the trend at the mountain sites. The data also 

show very large intra- and inter-year variability, with peak to 

peak variations of about 15 ppb, caused mainly by variability 

in sources of O3 precursors and weather upwind of the 

monitoring station. In this case having selected the westerly 

uncontaminated sector, eliminating air from European sources 

for air arriving at the site, the footprint is very large, extending 

westwards through a substantial fraction of the northern 

mid-latitudes. The data at Mace Head provide a measure of 

the temporal variability in the hemispheric background (causes 

of this variability are considered in detail by Derwent et al. 

(2008)). The longer term changes in hemispheric background 

O3 are also revealed by ship cruises in the Atlantic over the 

period 1978–2004. These data show increases in surface O3,

with the largest increases being in the latitude range 20–40o N 

(Lelieveld et al. 2004). These examples of long-term surface 

O3 concentrations show that the hemispheric background has 

grown substantially during the last 100 years or so. The direct 

Figure 3.10  Time series of seasonal mean O3 concentrations at three European mountain locations, Jungfraujoch, Zugspitz and 

Sonnblick. Source: Ordóñez 2006.
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measurements show that the hemispheric background in the 

northern mid-latitudes approximately doubled from 10–15 to 

20–30 ppb between 1900 and 1980 and since then has grown 

by a further 5 ppb. During the period 1980–2007 many 

countries have reduced emissions of O3 precursor gases and in 

response the peak concentrations have declined, by typically 

30 ppb in Europe, and in very polluted areas of North America, 

such as California, the decline in peak O3 concentrations has 

been larger, as noted in chapter 2. The steady increase in 

hemispheric background O3 during the last few decades has 

eroded the benefits of the emission reductions as average 

concentrations of O3 have in many areas increased to values 

large enough to represent a threat to human health and the 

health of ecosystems, as described in chapters 7 and 8.

Conclusions3.7

The chemical and physical processes of O3 production and 

destruction are reasonably well understood and show great 

differences between polluted urban areas and remote clean 

air regions of the planet. The relatively long lifetime of O3 and 

some of its precursors in the troposphere allows O3 and O3

precursors to be transported around bands of latitude 

making O3 a hemispheric pollutant. In remote areas it is this 

background O3 that provides the O3 exposure at the surface. 

At the regional scale, if there are substantial sources of O3

precursors within the region, then both the hemispheric 

background and the regional sources contribute. At the local 

scale if there are substantial sources or sinks present, then O3

concentrations are regulated by the hemispheric background, 

regional production and the effects of local sources and sinks 

acting collectively. Chemical production (or destruction) 

of O3 within the atmosphere is regulated mainly by the 

concentration of NOX. At very low concentrations of NOX

(<20 ppt) O3 is destroyed, and this is the main cause of the 

very low O3 concentrations over remote oceans, although 

recent work shows that reactions of O3 with halogen oxides 

is an important sink in some marine areas. In contrast to 

these remote areas, over the polluted continents, in Europe, 

North America and large parts of East and South Asia, Africa 

and South America, there is sufficient NOX to produce O3.

In addition to chemical sinks in the atmosphere, O3 is deposited 

at the Earth’s surface onto soils, vegetation and water. This is 

the pathway leading to effects on crops and natural vegetation. 

Deposition exerts strong controls on ground-level O3 such that 

during drought conditions, when deposition is reduced, 

ground-level O3 concentrations rise appreciably.

The hemispheric background O3 concentration in many areas 

is thought to have roughly doubled between 1900 and 1980 

and has risen further since 1980. Rural O3 concentrations 

have increased in many areas at different rates. In Northern 

Hemisphere mid-latitudes, where the majority of global 

population and food production occurs, the increase in 

background O3 since 1980 was of the order of 5 ppb. 

The cause of the increase appears mainly to be an increase in 

net chemical production in the troposphere, although increases 

in the stratospheric source of O3 may also have contributed.

While NO2 is a key compound in O3 formation, VOC are also 

essential reactants and in some highly polluted areas the 

chemistry of O3 formation is VOC limited. VOC emission 

controls can therefore play an important role in O3 reduction 

strategies. In the urban environment there are typically high 

NOX concentrations leading to local O3 depletion by titration. 

Reductions in NOX concentrations in these areas lead to local 

increases in urban O3 concentrations. Most urban areas have 

shown a pronounced increase in O3 during the period in 

which NOX controls have taken effect, in the UK this is clear 

through the period 1990–2007. Further increases in urban 

O3 will occur in response to further reductions in urban NOX

concentrations.

In the following chapter projected future changes in natural 

and anthropogenic emissions of NOX, VOC and CH4 are 

described, followed by an analysis of changes in future O3.

Figure 3.11  Trends in the monthly mean and 12-month running mean (solid line) baseline O3 concentration from April 1987 to 

April 2007 at Mace Head, Ireland. Source: Derwent et al. 2008.
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Introduction4.1

To inform an assessment of how future O3 concentrations 

may change in the future it is first necessary to review the 

sources of O3 precursors, and to evaluate how these may 

change through the coming century. In this chapter the 

sources of emissions are briefly introduced. The important 

drivers of changes in anthropogenic emissions are reviewed, 

and the current state of knowledge regarding natural 

emissions is presented. Three new emission scenarios are 

used to inform an analysis of how anthropogenic emissions 

may change over the period to 2100, and a new global 

estimate for isoprene, one of the better-studied naturally 

occurring VOC species, is presented.

Sources of ozone precursors4.2

The O3 precursor gases NOX, CO, CH4, and nmVOC are 

emitted from a wide variety of anthropogenic (eg transport, 

solvents, fossil fuels) and natural (eg forests, wetlands, soils, 

lightning) sources.

Globally, anthropogenic sources of NOX are estimated to 

produce 33 Tg y –17 (as N) of emissions (Cofala et al. 2007b). 

Primary sources include fossil fuel combustion from stationary 

sources such as power generation, and mobile sources such 

as road transport. In 2000, road transport accounted for 33% 

of anthropogenic NOX emissions, international marine 

shipping 19%, and energy combustion in power plants 17% 

(Cofala et al. 2007b). Deforestation, savannah burning and 

the burning of agricultural waste account for half of the 

global anthropogenic emissions from CO. Fuel combustion 

in the domestic sector and road transport account for the 

remaining emissions. The majority of CH4 emissions are 

anthropogenic including coal mining, the coal and gas 

industry, landfill, ruminant animals, rice agriculture and 

biomass burning. Each of these activities contribute between 

30 Tg y –1 and 90 Tg y –1. Global anthropogenic nmVOC 

emissions were recorded for 2000 at 140 Tg y –1 (eg Olivier 

et al. 2005) however these estimates are highly uncertain.

The relative contributions of anthropogenic emission sources 

differ across countries, due to differences in the levels of 

economic development and the extent to which emissions 

controls have been applied. Figure 4.1 compares O3 precursor 

emissions on a per-capita basis for the world, the EU-27 

and the UK.

For NOX, road transport constitutes the dominating share of 

emissions in the UK, but makes a much smaller contribution 

at the global level. Similarly, VOC emissions from solvents 

use are an important source in Europe, but less so at the 

7 Emissions are normally presented as emission rates per year 
(in terragrams (Tg y –1, (1 Tg = 1012 g)) to represent the yearly contribution 
of the emission source to the ozone budget (discussed in chapter 3). 

global scale. For CO, the largest global contributions are from 

biomass burning in the domestic sector, while in the UK road 

transport is the largest contributor. It is important to mention 

that the spatial densities of O3 precursor emissions show 

large spatial gradients, which in Europe are mainly driven 

by differences in population densities. For instance, spatial 

emission densities in the north-west of Europe are particularly 

high (Figures 4.2 and 4.3).

NOX emissions are also produced naturally by bacterial and 

volcanic activity and lightning. Global estimates are highly 

uncertain, and range from 10 to 60 Tg N y –1 depending on 

which sources are included. Soil NOX emissions estimates 

range from 7 to 20 Tg NO–N y –1 and are highly uncertain 

(Davidson et al. 1997; Yienger & Levy 1995). One of the most 

uncertain natural sources of NOX is lightning with emissions in 

the range of 2–20 Tg N y –1 (RETRO 2007; Schumann & 

Huntrieser 2007). Open burning of biomass from forest fires, 

savannah burning and agricultural practices account for a 

further 20 Tg N y –1. The primary natural sources of CO are 

vegetation, oceans (Olivier et al. 2005) and wild fires (biomass 

burning). The single largest source of CH4 is wetlands, with 

an emission rate estimated to range from 100 Tg y –1 to 

230 Tg y –1. Globally, natural sources of nmVOC outweigh 

anthropogenic sources. A wide range of species of biogenic 

nmVOC are emitted to the atmosphere by many terrestrial 

plant species. The single most important nmVOC for O3

production is thought to be isoprene (C5H8: 2-methyl-1, 

3-butadiene), due to its very large global emission rate 

(between 500 and 750 Tg y –1) and its reactivity with OH.

Future emissions analysis4.3

An evaluation of future atmospheric O3 concentrations 

requires knowledge of the sources and sinks of both natural 

and anthropogenic emissions and the likely patterns of future 

emissions. Ozone precursor emissions are expected to change 

significantly as a result of population growth, economic 

development, technological progress and uptake, control 

measures, land use change, climate and other environmental 

changes.

Scenarios are often used to analyse how different drivers 

may affect future emission rates and to assess the associated 

uncertainties. These are usually based on a mixture of 

quantitative information and expert judgment, and aim 

at producing an internally coherent picture of how the 

future could develop for a given set of explicit assumptions. 

Scenarios do not attempt to predict the future, since in many 

cases assumptions are associated with significant uncertainties 

that cannot be further resolved. However scenarios present 

a possible range of future developments constructed for a 

plausible range of assumptions. In terms of O3, scenarios 

help to assess the relative importance of different drivers and 

illustrate possible changes over time. For the purposes of this 

Natural and anthropogenic emissions of ozone 4
precursor compounds
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Figure 4.1  Per-capita emissions of the O3 precursors (NOX, nmVOC, CH4, CO) in the year 2000, for the world, the EU-27 and 

the UK.
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study three scenarios have been developed to enable an 

analysis of the most important drivers of changes in emissions. 

This analysis has necessarily been restricted to consideration 

of anthropogenic emissions as it is not yet possible to quantify 

natural emission rates in the future. Section 4.3.2 outlines the 

main factors that are expected to be important for natural 

emissions, and provides a detailed analysis of current and 

future estimate rates for the best understood of the nmVOC; 

isoprene.

Anthropogenic emissions4.3.1

The decisive factor determining the level of future 

anthropogenic emissions is the extent to which control 

measures will be implemented. The new scenarios developed 

for this study explore how the full implementation of 

legislation in place around the world in late 2006 will impact 

on future O3 concentrations.

Figure 4.2  The spatially disaggregated anthropogenic emissions 

of nmVOC in Europe for the year 2000 including land-based 

and shipping emissions. Source: EMEP/Meteorological 

Synthesising Centre-West.
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Figure 4.3  The spatially disaggregated anthropogenic NOX

emissions in Europe for the year 2000 including land-based 

and shipping emissions. Source: EMEP/Meteorological 

Synthesising Centre-West.
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Table 4.1  Estimates of global natural and anthropogenic O3 precursor emissions.

Estimates

Natural emissions Anthropogenic emissions

CH4 100–230 Tg y –1 wetlands

10 Tg y –1 oceans

5 Tg y –1 freshwater

5 Tg y –1 CH4 hydrates

20 Tg y –1 termites

299 Tg y –1

nmVOC (all) – 139 Tg y –1

–nmVOC (isoprene only) ~500–600 Tg y –1

NOX soil 7–20 Tg NO–N y –1 soil (all sources) 31 Tg NOX–N y –1

NOX lightning 2–20 Tg N y –1 lightning

NOX from vegetation 20 Tg N y –1 – forest fires, savannah 

burning and agricultural practices

CO Negligible 549 Tg y –1

Sources: Guenther et al. 1995; Yienger & Levy 1995; Davidson et al. 1997; IPCC 2001; EDGAR-FT2000: Olivier JGJ, Van Aardenne JA, Dentener 
F, Ganzeveld L and Peters JAHW (2005) (available online at http://www.mnp.nl/edgar/); Guenther et al. 2006; Lathière et al. 2006; Duncan et 
al. 2007; Schumann & Huntrieser 2007; Lathière, Guenther, Beerling & Hewitt (unpublished).

While numerous analyses of future emissions are available 

for individual countries, there are very few studies that 

explore the global development of air pollutant emissions 

for the coming decades. For O3 precursor gases, two global 

scenarios have been developed by IIASA. These assess first 

the maximum feasible reductions (MFR) possible through the 

uptake of the most advanced technologies available, and 

secondly the effect of O3 relevant legislation in place globally 

in 2002 (CLE) (Dentener et al. 2005; Cofala 2007b). These 

bottom-up scenarios are based on assumed government 

projections of economic development and extend only to 

2030 (see Box 4.1).

Even fewer studies have investigated how emissions of air 

pollutants may change over the long term (100 years). The 

set of global scenarios for the 21st century developed by 

the IPCC (Nakicenovic et al. 2000) focus on greenhouse gas 

emissions to explore the long-term dynamics of the climate 

system. They pay little attention to the O3 precursor gases 

such as NOX and CO, although CH4 is included. These 

scenarios were recently updated by Riahi et al. (2006) to 

include assumptions about current legislation to reduce 

greenhouse gas emissions (but exclude NOX or CO) 

(see Box 4.2).

Box 4.1 IIASA air pollution scenarios to 2030

IIASA has developed two scenarios of ozone precursor emissions up to 2030 (Cofala 2007b). These scenarios assume 

realisation of the national expectations on economic development and implementation of the current national energy 

policies. They explore the implications of different assumptions on the application of emission control measures.

Maximum Feasible Reduction (MFR)

The MFR scenario explores the consequences if the most advanced technologies currently available were applied to control 

pollutant emissions. As the application of these technologies would involve some cost, the MFR is not expected to be the 

most realistic scenario; it is an example of what could be achieved under a best case scenario. It does not take account of 

practical limitations or the costs of new technologies or policies, or of the benefits of non-technical measures.

Current Legislation (CLE)

The CLE scenario assumes that current national legislation to control pollutant emissions (as of the end of 2002) will be 

enacted and adhered to. It does not however make any assumptions about what additional controls may be put in place. 

The CLE scenario is put forward as the most realistic estimate of future emissions change.
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Box 4.2 IPCC long-term scenarios for changes in emissions over the 21st century

The IPCC, in its Special Report on Emission Scenarios (SRES) (Nakicenovic et al. 2000) developed four different narrative 

storylines to 2100 that describe the relationships between very complex dynamic systems as determined by driving forces 

such as demographic development, socio-economic development, and technological change. Three of these storylines 

(A2, B1 and B2) were recently updated by Riahi et al. (2006). These portray baseline developments without any greenhouse 

gas emissions constraints. Collectively these scenarios provide an indication of the possible range of future development, 

but do not include any assumptions about future emissions controls.

A1 Scenario

The A1 scenario describes a future world of very rapid economic growth, global population that peaks in mid-century and 

declines thereafter, and the rapid introduction of new and more efficient technologies. The scenario develops into three 

groups that describe alternative directions of technological change in the energy system (Fossil intensive (A1FI), non fossil 

energy sources (A1T), or a balance across all sources (A1B).

A2 Scenario

The revised high emission A2 scenario describes a very heterogeneous world with slow convergence of fertility patterns across 

regions resulting in a continuously increasing global population. Economic development is primarily regionally oriented and 

per-capita economic growth and technological change is more fragmented and slower than in other scenarios. The more 

limited rates of technological change that result from the slower rates of both productivity and economic growth translate 

into lower improvements in resource efficiency across all sectors. Energy supply is increasingly focused on low grade, 

regionally available resources (ie primarily coal), with post-fossil technologies (eg nuclear) only introduced in regions poorly 

endowed with resources. 

B1 Scenario

The revised B1 scenario describes a convergent world with low global population growth that peaks mid-century and declines 

thereafter to some 7 billion people by 2100. It assumes rapid changes in economic structures towards a service and 

information economy, with reduction in material intensity and the introduction of clean and resource efficient technologies. 

The emphasis is on global solutions to economic, social and environmental sustainability, including improved equity. It is 

assumed that per capita GDP growth is the highest of the scenarios analysed.

B2 Scenario

The revised B2 scenario anticipates a world in which emphasis is placed on local solutions to economic, social and environmental 

sustainability. It is a world with continuously increasing population at a moderate rate, intermediate levels of economic development 

and diverse technological change. The B2 scenario is characterised by ‘dynamics as usual’ rates of change. This scenario sits 

between the A2 and B1 scenarios.

New emission scenarios

For the purposes of this study Amann et al. (in prep) have 

developed three new scenarios to evaluate possible changes 

in anthropogenic O3 precursor emissions to the end of the 

21st century. These are based on the socioeconomic pathways 

of the revised IPCC A2, B2 and B1 scenarios (Riahi et al. 2006)

and the IIASA CLE (2030) scenario which was updated to 

include legislation adopted between 2002 and late 2006 

(Dentener et al. 2005; Cofala 2007b) and extended to 2100. 

These new scenarios assess the future emissions of NOX, CO 

and CH4 from the human activities considered in Riahi et al. 

2006. As there is very little information available for current 

rates of nmVOC emissions from anthropogenic sources at the 

global scale, and even less information about how these may 

change in the future, nmVOC emissions projections were not 

included in this analysis.

The three new scenarios are as follows:

IPCC SRES (Riahi 2006) B1  IIASA CLE

IPCC SRES (Riahi 2006) B2  IIASA CLE

IPCC SRES (Riahi 2006) A2  IIASA CLE

The objective of this work was to gain insight into the possible 

evolution of O3 precursor emissions by comparing the results 

of the three new scenarios. In these scenarios, assumptions 

are made regarding global population growth, economic 

development, energy consumption, technology development, 

emissions control measures and land use change. There are 

significant uncertainties about how the global economy will 

develop over the next century in quantitative terms. However, 

the available literature on long-term scenarios consistently 

points to strong improvements in the economic wealth of an 



Ground-level ozone in the 21st century I October 2008 I 27The Royal Society

increasing global population, which will boost levels of 

economic activities.

Population growth

Population size determines the demand for economic services 

and other anthropogenic activities that give rise to O3 precursor 

emissions. Over the next century densities and spatial patterns 

of populations are expected to change, for example, in 

developing countries increased urbanisation is predicted 

(UNFPA 2007).

The scenarios presented in Riahi et al. (2006) share the 

assumption that global population will grow by 45–70% 

from 2000 to 2050. For industrialised countries they predict 

an increase of less than 20% up to 2050 while in developing 

countries the population is expected to grow by 50–80%. 

For 2100, these scenarios show large variations ranging 

from a decline to seven billion people to an increase to 

12 billion people ( 100%).

Economic development

Economic development is also a major driver of trends in 

anthropogenic emissions although the relationship between 

development and population growth is not always linear. 

It has been observed that there is a certain threshold in 

economic development beyond which air pollution problems 

are ameliorated. This is because some of the most polluting 

economic activities are associated with industrial development. 

With economic development many of these may be replaced 

by other more advanced, less polluting activities, such as 

information technology.

The scenarios developed by Riahi et al. assume that personal 

economic wealth could increase globally in 2050 by 

200–350% depending on the assumptions that are made 

within the scenarios. By 2100, per-capita incomes may 

grow between a factor of three to ten. Depending on the 

assumptions on global cooperation, different regions may 

experience different growth rates, with the possibility that 

by 2100 all world regions could reach the current European 

level of economic wealth. Together, these factors lead up to 

2050 to an annual growth in the global volume of economic 

activities (measured in GDP) of between 2.2 and 3.2% 

per year, with faster growth in the beginning of the period. 

In 2050, GDP may be three to five times higher than now, 

and in 2100 seven to twelve times higher (see Figure 4.4).

Energy consumption

Historically, energy combustion has been the major source of 

anthropogenic O3 precursor emissions, both in industrialised 

and developing countries (Cofala et al. 2007b). However, 

energy systems are continuously transforming over time. 

Many of these transformations occur ‘autonomously’ as a 

feature of technological progress and as a consequence of 

the shift in economies from focusing on energy-intensive 

basic material industries towards new products with less 

material content. Modern societies have been successful at 

partly decoupling economic growth from energy consumption. 

For example, since 1990, each 1% growth in GDP has been 

accompanied by a 0.5% increase in primary energy 

consumption (International Energy Agency (IEA) 2006). The 

scenarios presented in Riahi et al. (2006) assume that this 

decoupling between GDP and energy use will continue at 

rates between 0.5 and 1.5% per year. However decoupling is 

unlikely to fully compensate for future economic growth and 

the main human activities that lead to emissions, eg power 

generation, transportation, industrial production and 

agricultural activities are likely to intensify in the coming 

decades (IEA 2006; Riahi et al. 2006). The Riahi et al. 

scenarios suggest an increase in primary energy by 130–180% 

by 2050, and by 160–330% for 2100 compared to 2000. 

This is slightly less than the 1.6% increase per year that is 

projected in the Reference scenario of the World Energy 

Outlook of the IEA up to 2030 (IEA 2006).

The three Riahi et al. scenarios and the recent IEA projection 

agree on strong growth in the demand for land and sea 

transport fuels with increases ranging between 150 and 

250% in 2050 and up to a factor of five for the end of the 

century. Currently, international shipping is one of the fastest 

growing sectors of the global economy, expanding at roughly 

two times the rate of GDP (Eyring et al. 2005b). For the 

future, our new scenarios follow the assumptions in Eyring 

et al. (2005b), which suggest that under the economic growth 

pathway in the IPCC SRES B2 scenario, total fuel consumption 

for ships will almost triple between 2000 and 2050.

Figure 4.4  Range of per-capita income of the revised SRES 

scenarios (measured as GDP per capita in market exchange 

rates) (see Box 4.2 for scenarios). Source: Riahi et al. (2006). 

Reprinted with permission from Elsevier.
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Technology development

Technological development will also influence the emissions 

resulting from a given human activity. All scenario work 

suggests that the autonomous structural changes in energy 

consumption (ie switching to cleaner fuels, reducing energy 

consumption through increased efficiency, etc) will not be 

sufficient to reduce present air pollution to levels that are safe 

for human health and the environment (Amann et al. 2007).

A wide range of technological measures have been developed 

that can prevent emissions from being emitted into the 

atmosphere, and advanced technologies that could prevent 

90% of air pollutants from being released to the atmosphere, 

are already available. It is difficult, however, to predict exactly 

how quickly current (and possibly even more advanced future) 

emission control technologies will penetrate the global 

market, including developing countries, during the next 

century as this will rely heavily on political decision making.

Emission control measures

The application of emission control measures is an important 

determinant of future emissions of O3 precursors. Emission 

controls may be regulatory or market driven, and be of a 

technical or non-technical nature. Technical measures 

include add-on control technologies (eg selective catalytic 

reduction (SCR)) and also include measures that are integrated 

into production technology (such as low-NOX design of 

burners). Non-technical measures may include the use of 

different fuels, which produce fewer emissions (eg natural gas 

instead of coal) or initiatives to modify human behaviour 

and consumption patterns through economic incentives, 

education or regulations.

The new scenario extends the previous IIASA scenarios by taking 

into account legislation adopted up to the end of 2006 to 

control NOX, CO and CH4 emissions. CO and NOX controls for 

mobile sources in developing countries in Asia and Latin America, 

in addition to the equivalent legislative status of Europe and 

North America are shown in Table 4.2 and Figure 4.5.

For stationary emission sources the new scenarios include the 

current legal requirements for emission controls as adopted in 

the European Union, North America and Japan. NOX controls 

for stationary sources are currently required mainly in the 

European Union and Japan and to a lesser extent in North 

America, but not in the developing world.

Table 4.2  Emissions control measures assumed in the new B2 CLE scenario. For each world region the table lists the emissions 

control measures that are required by legislation as at the end 2006.

NOX controls

European Union Stationary sources Large plants: Emission limit values according to the EU Large s฀
Combustion Plant directive

Industrial processes: EU IPPC directives฀

Smaller sources: EU IPPC Directives฀

Mobile sources Emission limit values of the EURO-standards for road and non-road s฀
sources as decided by mid-2007

Russia Stationary sources Existing combustion plants and industrial processes: No controlss฀

New large combustion plants: Low NOs฀ X burners

Mobile sources Road vehicles: Legislation according to current governmental plans s฀
(ie step-by-step phasing-in of controls up to Euro 4 for light-duty 

and Euro IV for heavy-duty vehicles)

No controls for non-road sourcess฀

Other European countries Stationary sources Existing combustion plants and industrial processes: No controlss฀

New large combustion plants: Low NOs฀ X burners

Mobile sources Legislation according to current governmental planss฀

China Stationary sources Existing combustion plants and process sources: no controlss฀

New large combustion plants: Low NOs฀ X burners

Limited application of SCR on large power plants in heavily-polluted s฀
areas
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Mobile sources Step-by-step phasing-in of China-wide emission limit values for road s฀
sources as decided by mid-2007 (up to EURO 4 for light-duty vehicles, 

and Euro V for heavy-duty vehicles)

Faster phase-in of controls in some mega citiess฀

Controls for non-road sources in agriculture and construction s฀
(equivalent of Stage 1 and 2 limits in the EU)

India Stationary sources Existing combustion plants and industrial processes: No controlss฀

New large combustion plants: Low NOs฀ X burners

Mobile sources For on-road vehicles: National legislation for road sources (currently up s฀
to Euro 3/III)

For selected cities earlier phase-in of the standards than in the rest of s฀
the country

For off-road vehicles and other sources: No controls฀

Japan Stationary sources Large combustion plants: SCRs฀

Primary measures for all industrial sourcess฀

Mobile sources Japanese emission standards for road- and non-road sourcess฀

South Korea Stationary Existing combustion plants and industrial processes: Combustion s฀
modification

New large combustion plants: Low NOs฀ X burners

Mobile sources National standards on road- and non-road sourcess฀

Other Asia Stationary sources Existing combustion plants and industrial processes: No controlss฀

New large combustion plants: Low NOs฀ X burners

Mobile sources National standards for on-road vehicles (ie in most countries s฀
Euro 3/III or 4/IV)

Off-road sources: No controls s฀

Middle East Stationary No controls on existing combustion plants and process sources. New s฀
large combustion plants equipped with low NOX burners by default

Mobile National standards on road sources (if in force). Non-road sources s฀
remain uncontrolled

Africa Stationary No controls on existing combustion plants and process sources. New s฀
large combustion plants equipped with low NOX burners by default

Mobile No controls for road and non-road sourcess฀

Latin America Stationary Limited implementation of primary measures on existing power plants. s฀
Other combustion and process sources remain uncontrolled. New large 

combustion plants equipped with low NOX burners by default

Mobile National standards for road sources (in the majority of countries s฀
implementation of Euro 3/III and even Euro 4/IV within the next five 

years). Non-road sources remain uncontrolled

USA Stationary National standards, including controls on large sources resulting from s฀
the Clean Air Interstate Rule

Mobile Strict national standards on road sources and non-road sourcess฀

Canada Stationary Primary measures on existing sources, SCR on selected new large s฀
combustion plants. Other new large plants equipped with low NOX

burners by default
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Mobile Standards as in the USA, implemented with up to five years delays฀

Australia and New 

Zealand

Stationary No controls on existing combustion plants and process sources. New s฀
large combustion plants equipped with low NOX burners by default

Mobile National standards on road sources (up to Euro 4/IV). Non-road s฀
sources remain uncontrolled

CO controls

All regions Stationary No CO-specific add-on control measures. Effects of implementing s฀
more efficient coal and biomass stoves in residential sector are 

included. Side effects from implementing controls for other pollutants 

(eg SCR for NOX control) are considered

All regions Mobile Emission limit values according to country-specific legislation on road s฀
and non-road sources

CH4 controls

Industrialised countries in 

Europe, North America 

and Japan 

Short-term policies (till 2030) taken from US EPA survey (US EPA, 2005).s฀

Increased recovery of CHs฀ 4 from coal mining

Reduced pipeline leakage in the gas sectors฀

Productivity improvements in livestock management and agricultural s฀
production

For solid waste, IPCC country-specific mass-balance methodology s฀
modified to reflect long-term trends in waste generation rates, 

recycling, gas recovery, etc

The new scenarios assume that industrialised countries (Europe, 

North America, Japan, Australia, etc) will comply with their 

current legislation on NOX emission controls. In Europe, for 

example, it is assumed that the EURO IV/V and 4/5 standards 

for mobile sources, and the Large Combustion Plant (LCP) and 

IPPC directives for stationary sources, will be implemented. 

For Asia and Latin America full compliance is assumed for the 

recently adopted national environmental legislation for vehicles 

that require for example, catalytic converters and engine 

modifications as well as some measures for stationary sources.

The low cost CH4 measures currently available are now widely 

applied in Europe, North America and Japan but have not 

yet been adopted in developing countries. Where adopted, 

legislation requires low cost mitigation measures for waste 

disposal, wastewater treatment, gas distribution networks 

and coal mines. Such ‘end-of-pipe’ measures make it possible 

to reduce emissions substantially below historic levels even 

with sustained economic growth, and to approach air quality 

conditions that will not give rise to significant damage to 

human health and the environment. The extent to which such 

emission control measures will be applied globally in the future 

will critically determine prospective levels of air pollution.

The new scenarios take the conservative assumption that 

countries will retain and implement legislative and technological 

controls as adopted globally up to the end of 2006 for controlling 

conventional air pollutants to the end of the century (see 

Table 4.2). It is assumed that these measures will be phased in 

according to the timelines foreseen in the legislation and will 

remain in force up to the end of the century. The potential for 

strengthening of current emission standards over this period is 

not considered. No interventions have been assumed for other 

sectors and for emissions from natural sources.

Land use change

Potentially, the cause of the greatest change to biogenic 

emissions in the 21st century will be changes in land use 

due to anthropogenic activities such as population growth, 

shifts in crop types and management systems, and as a result 

of climate change. Deforestation and conversion of land to 

food and biofuel crops will occur in some parts of the world, 

but afforestation or reforestation (for amenity and biofuel 

production) will also occur. Land-use changes will influence 

the release of nmVOC and CH4 emissions from vegetation, 

NOX from the soil, CH4 from agricultural practices, and CO 

and CH4 from biomass burning (including the promotion of 

NO emissions from the soil due to the loss of the plant sink of 

inorganic nitrogen). The revised Riahi et al. scenarios consider 

future competition over land for agricultural and forestry 

purposes and project future land-use patterns as a function 

of current uses and future demand and supply interactions 

(Rokityanskiy et al. 2007). For example, the scenarios include 

assumptions about future changes in biomass burning, livestock 

numbers and manure. Riahi et al. (2006) and the new scenarios 

assume an increase of global livestock numbers in 2050 by 
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30–50%, and a doubling of fertiliser consumption worldwide. 

The effect of land use changes on natural VOC emissions from 

vegetation or soil NOX emissions, are not included.

Projections of future anthropogenic emissions

The three new scenarios are analysed below in terms of 

the contribution of CO, NOX and CH4 to future O3 to 2100. 

The analysis focuses on the central new B2 CLE scenario 

but provides the corresponding numbers for the other two 

scenarios. The difference between values in 2000 is because 

the original IPCC figures were based on 1990’s  data and have 

since been revised upwards.

Nitrogen oxides (NOX)

Figure 4.6 shows the envelope of possible NOX emissions 

from the three new scenarios. The new  B2  CLE scenario 

(in red) is compared to the original 2000 IPCC SRES B2 

estimate (red dotted line), which did not include emissions 

control legislation introduced after the year 2000. The analysis 

shows that while the activity levels of all important emission 

sources of NOX will increase in the future, the actual level of 

NOX emissions will depend critically on the extent to which 

emissions control legislation is implemented.

The scenario analysis suggests a declining trend in global NOX

emissions from human activities over the coming decades. 

Increases in Asian emissions that result from the steep growth 

in power generation and traffic volumes over the next few 

decades will be globally compensated by the decline in emissions 

in industrialised countries achieved through stringent emission 

controls and technologies (see Figure 4.5 and Table 4.2).

An exact quantification of future emission levels depends 

on the underlying assumptions on economic development 

as indicated in Riahi et al. (2006) by the range for the three 

scenarios. It is also noteworthy that this assessment, which 

takes explicit account of recent national emission control 

legislation, arrives at significantly lower projections of global 

NOX emissions than the IPCC SRES estimate (Nakicenovic et al.

2000). This is not unexpected as Nakicenovic et al. (2000) 

does not account for the adoption of emission control 

legislation after the year 2000.

Figure 4.5  Level of automobile emission limits in Asian countries, compared with the European Union. Emission Standards for 

New Light-Duty Vehicles (as of 26 March 2008). The colour bars indicate the temporal penetration of emission control standards 

in the various countries. Euro-1 to Euro-4 refer to the different stages of emission standards of the European Union, while Tier 1 

and 2 refer to US legislation. Source: Clean Air Initiative for Asian cities (CAI-Asia 2008).

Country 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14

European

Union
E1 Euro 2 Euro 3 Euro 4 Euro 5 Euro

Bangladesha Euro 2

Bangladeshb Euro 1

Hong Kong,

China
Euro 1 Euro 2 Euro 3 Euro 4 Euro 5

Indiac Euro 1 Euro 2 Euro 3

Indiad E1 Euro 2 Euro 3 Euro 4

Indonesia Euro 2

Malaysia Euro1 Euro 2 Euro 4

Nepal Euro1

Pakistan No conclusive information available

Philippines Euro 1 Euro 2

PRCa Euro 1 Euro 2 Euro 3 Euro 4

PRCe Euro 1 Euro 2 Euro 3 Euro 4 Beijing only

Singaporea Euro 1 Euro 2

Singaporeb Euro 1 Euro 2 Euro 4

Sri Lanka Euro 1 Euro 2

South Korea Euro4 Euro 5

Taipei, China US Tier 1 US Tier 2 Bin7g

Thailand Euro 1 Euro 2 Euro 3 Euro 4

Viet Nam Euro 2

Key: Italics – under discussion; a – gasoline; b – diesel; c – entire country; d – Delhi, Chennai, Mumbai, Kolkata, Bangalore, Hydrabad, 
Agra, Surat, Pune, Kanpur, Ahmedabad, Sholapur, Lucknow; Other cities in India are in Euro 2; e – Beijing and Guangzhou have adopted 
Euro 3 standards in September 2006 and Shanghai end of 2008; f – Euro 4 for gasoline vehicles and California ULEV standards for diesel 
vehicles; g – equivalent to Euro 4 emissions standards.
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As indicated in Figure 4.7, while NOX emissions are expected 

to decline at the global level in the coming century, emissions 

in developing countries are likely to increase further over 

coming decades despite the control measures that have been 

recently adopted. Therefore, without more stringent control 

measures, NOX emissions are likely to increase in developing 

countries in the next two to three decades and could enhance 

local and regional O3 problems in these regions.

Carbon monoxide (CO)

Figure 4.8 shows the envelope of CO emissions for the three 

scenarios and compares it with the original IPCC SRES B2 

scenario (2000). All projections of future energy use suggest 

a continued and far-reaching replacement of coal and fuel 

wood in the domestic sector by other forms of energy 

production that emit less CO, particularly in developing 

Figure 4.6  Scenarios of global NOX emissions from anthropogenic sources.
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Figure 4.7  NOX emissions from human sources by world region for the new scenario (B2 CLE) compared to the IPCC SRES B2 

(2000) scenario.
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Figure 4.8  Scenarios of global CO emissions from anthropogenic sources.
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countries. In addition, progressive introduction of three-way 

catalysts in vehicles to reduce NOX emissions will also lead to 

significant reductions of CO in the transport sector. Combined, 

these two factors point towards a decreasing long-term trend 

in global CO emissions over the next century.

Figure 4.9 shows the continuing importance of deforestation 

and biomass burning for the global emission rate of CO. 

Emissions from these sources will gain in relative importance 

as anthropogenic emissions will decline due to technological 

measures and changes in fuel consumption structure (ie less 

burning of solid fuels in households). As for NOX, the 

penetration of vehicle emission control technologies considered 

in the scenario analysis leads to a decrease in CO emissions 

over the century. This is significantly different to the trend 

suggested in the original IPCC SRES B2 scenario (2000) which 

projects an increase.

Figure 4.9  CO emissions from human sources by world region for the new scenario (B2 CLE) compared to the original IPCC 

SRES B2 scenario (2000).
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Figure 4.10  Scenarios of global CH4 emissions from anthropogenic sources.
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Methane (CH4)

Figure 4.10 illustrates the envelope of predictions for the 

new scenarios, compared to the original IPCC SRES B2 (2000). 

To assess future trends, policies for CH4 mitigation that have 

been recently adopted in North America, Japan, and the 

industrialised countries in Europe were taken into account 

(see Table 4.2) (US-EPA 2005). Consideration is given to 

gradual technological improvements for energy-related sources, 

such as reduced pipeline leakage, as well as productivity 

improvements in livestock management and agricultural 

production. For solid waste, the scenarios extrapolate long-

term trends in waste generation rates, recycling and gas 

recovery. Higher CH4 emissions that accompany the shift 

from surface to deep coal mining are predicted to be 

balanced by increased recovery of CH4 in coal mines.

However, application of these mitigation measures for CH4

will not be sufficient to prevent a global increase of CH4

emissions throughout the century as demonstrated by 

Figure 4.11. Non-energy related CH4 emissions, especially 

from the agricultural sector in the developing countries of 

Asia, Latin America and Africa, increase by a factor of two 

in the B2 cases and remain about constant for the second 

half of the century. Energy related CH4 emissions in 2050 

grow by 22% relative to the levels in 2000, and by 2100 

CH4 emissions double as compared to the base year. This 

increase is driven by the higher demand for fossil fuel use.

It should be noted that the uncertainties of these projections 

are large after 2050. In contrast to the conventional air 

pollutants NOX and CO, for which stringent emissions 

control measures have been introduced in recent years, this 

assessment for CH4 matches the IPCC SRES estimate (2000).

New scenario results and analysis

It can be seen from the difference in emission trends between 

the new B2  CLE and the original IPCC SRES B2 scenario 

that the implementation of control measures is an overriding 

factor in determining how anthropogenic O3 precursor 

emissions will change in the future. Uncertainties about future 

socioeconomic development (within the ranges analysed by 

the three scenarios) have comparably less impact on future 

emission levels. The results from the new scenarios suggest 

that recent measures to reduce emissions across the globe 

could reverse rising emissions of NOX and CO globally, 

although it should be stressed that this will only be the case 

if all current measures are fully implemented. CH4 emissions 

which are less stringently controlled globally are projected 

to continue to rise due to human activities although there 

is a high level of uncertainty within the envelope of future 

projections. More substantial controls will also be necessary 

across the globe if a more pronounced decrease in emissions 

is to be achieved.

Under these scenarios, there will be substantial increases in 

emissions in rapidly developing regions such as Asia over the 

next few decades. This suggests that more emissions controls 

are needed in these regions. As CH4 is an important 

contributor to O3 concentrations, and yet is not controlled 

in many regions, stronger controls may be necessary. Controls 

on the relatively unregulated biomass burning emissions will 

also be needed in regions where such emissions dominate 

(ie Africa, Asia, Latin America).

However, there are several assumptions within these 

scenarios which will affect the projected outcome, for 

example the socioeconomic pathway followed, or the rate 
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Figure 4.11  CH4 emissions from human sources by world region for the new scenario (B2 CLE) compared to the original IPCC 

SRES B2 scenario (2000).

of technological development. Deviations from, or even within, 

these assumptions will have an effect on the projection of 

future emissions. A major uncertainty in future emissions 

projections is the rate of economic growth and therefore 

energy demand within rapidly developing regions such as 

China and India. Recent estimates of economic growth in 

these regions significantly exceed the assumed short-term 

growth in the IPCC’s scenarios. (IEA 2007; Rapauch et al.

2007). The IEA recently projected in its reference scenario 

(based on current legislation) that China’s primary energy 

demand will more than double from 1742 million tonnes of 

oil equivalent (MToe) in 2005 to 3819 MToe in 2030 

representing a 3.5% increase per year. Thereby China will 

become the world’s largest energy consumer soon after 

2010, although in the longer term demand slows. The 

implications of this observation on long-term development 

need to be further explored. For India primary energy 

demand is also expected to more than double by 2030 

growing at 3.6% a year.

Coal will remain the most important fuel out to 2030, and use 

is projected to triple in this timeframe. If these trends persist 

throughout the coming decades and no stricter emissions 

controls are implemented in these countries, air pollutant 

emissions will grow faster in the next few years than the 

new scenarios predict.

The current growth in shipping emissions, a relatively 

unregulated industry, could also have a major effect on future 

global emissions. The new scenarios employ the growth 

trajectory developed by Eyring et al. (2005b) with an increase 

in sea trade volumes of 2.8% per year up to 2050. While 

this is consistent with the storyline of the IPCC B2 scenarios, 

it is somewhat lower than the 3.3% growth rate of the 

last two decades. In addition, the new analysis adopts the 

‘moderate technology’ scenario TS2 of Eyring et al. (2005b), 

which assumes a 70% cut in NOX emission factors for ships 

for 2050. As these reductions are more ambitious than 

those currently being discussed in the International Maritime 

Organization (IMO), the scenarios represent an optimistic 

view of future ship emissions.

The effect on anthropogenic emissions of a major shift in 

land-use, for example towards biofuel production, could 

have a significant effect on biogenic nmVOC, NOX and CH4

emissions, but has not been considered fully in the new 

scenarios. Similarly, significant changes in natural emissions 

resulting from climate change are not considered in these 

scenarios and could also substantially affect future O3

concentrations (see section 4.5 for more detail).

It is, however important to balance these uncertainties against 

the possibility that emissions reductions could also be greater 

than projected in the new scenarios, due to the conservative 

assumption that no additional control measures will be 

implemented over the century. The implementation of future 

climate change policies will also have a significant effect.

Natural emissions4.3.2

While methods have been developed for estimating global 

emissions of trace gases from all major natural sources, 

uncertainties remain substantial and many sources are poorly 

quantified. Quantifying future trends in natural emissions of 

NOX, CH4, CO or nmVOC is therefore a speculative exercise 

with large uncertainty. Natural emissions from vegetation, 

soil, and lightning, are strongly influenced by a range of 
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environmental factors, including temperature, light, humidity, 

meteorology, vegetation cover, leaf size or plant age. By 

exploring how these may change in the future, it is possible 

to evaluate which interactions may be most important.

Some model studies show an increase in lightning (and 

associated NOX production) as the climate warms (Price and 

Rind 1994; Toumi et al. 1996; EC 2003; Brasseur et al. 2006; 

Schumann & Huntrieser 2007), with increases of up to 60% per 

degree K of global mean surface warming (Lamarque et al. 

2005). Soil NOX emissions, produced from bacterial activity, are 

also likely to increase as the land warms (Granier et al. 2003; 

Hauglustaine et al. 2005; Liao et al. 2006; Wu et al. 2007b). For 

example a 10ºC rise in soil temperature has been shown to 

produce a 2–5 fold increase in NO emission rates (EC 2003). 

However, emissions of NO from soil are highly uncertain and 

the underlying quality of these emission estimates has improved 

little in the last decade. Carbon monoxide emissions from 

biomass burning are expected to change in the future as they 

are closely associated with land-use change and human 

activities. However, an absence of long-term monitoring in 

many regions, and inadequate satellite observations means that 

it is not yet possible to predict the direction or magnitude of 

potential changes. In the case of CH4 emissions, although 

subject to significant uncertainties, the direction of future 

change appears to be upwards. Many studies show that natural 

emissions of CH4 from wetlands are sensitive to temperature. 

Typical responses from peat wetlands show an increase in CH4

emission of a factor of two for an increase in temperature of 

4°C (Hargreaves & Fowler 1998). Given the likely scale of the 

increases in temperature in the high latitude peatland areas, 

substantial increases in CH4 are possible. Temperature changes 

will be important, as will changes in the hydrological cycle, 

which in the case of CH4 emissions, regulates the water table 

and therefore controls whether soils are a sink or a source of 

CH4. Emissions of nmVOC are strongly dependent on 

environmental conditions. Isoprene for example, is strongly 

influenced by the intensity of photosynthetically active light 

(PAR) and temperature (Tingey et al. 1979), and emission rates 

may therefore increase significantly during the 21st century.

To illustrate the potential changes in natural emissions 

that could be possible over the next century due to climate 

change and land-use change, the following sections focus 

on isoprene, as this is the best understood of the nmVOC. 

New current and future emission rate estimates based on 

analysis of the recent scientific evidence are provided.

Future isoprene emissions

Isoprene is probably the single most important natural 

nmVOC with respect to the formation of O3 due to its very 

large global emission rates, and reactivity with OH. Table 4.3 

illustrates the range of factors important for controlling the 

emission rates of VOC from vegetation. In addition to PAR 

and temperature, emissions are also strongly influenced by 

physiological factors. For example, isoprene emission rates 

vary with leaf age (Guenther et al. 1999) and it has recently 

been shown that emissions from some plants are under strong 

Table 4.3  Parameters which can influence biogenic VOC emissions.

Factor
Effects included in latest emissions estimates for 
natural nmVOC for this study (Lathiere et al.
(unpublished data)

Light Yes

Temperature (current and previous) Yes

Ambient CO2 concentration Yes

Losses within the canopy by reaction and/or deposition Yes

Leaf age Yes

Biomass Yes

Plant species (usually by functional type) Yes

Drought Yes

O3 No

Herbivory No

Wind damage No

Fire No

Logging No

Nutrient status No

Circadian control No
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Figure 4.12  Temperature dependency of total isoprene emissions 

from Mediterranean vegetation relative to emission rates at 

20ºC. The figure shows isoprene emission rates measured in 

the field from different isoprene emitting species found at 

various sites in the Mediterranean region (squares), and the 

corresponding isoprene emission rates calculated using the 

Guenther et al. (1995) algorithm G95 using temperature 

and PAR from field measurements (stars). Source: Owen 

et al. (1998). Copyright 2008 American Geophysical Union. 

Reproduced/modified by permission of American Geophysical 

Union.
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circadian control (Wilkinson et al. 2006), leading to hour-to-

hour variations in emission rates that are not accounted for 

in current emissions models. Other biotic and abiotic stresses 

that may potentially affect VOC emission rates, but which 

are not currently accounted for in emissions estimates, 

include herbivory, wind damage, fire, logging, drought 

and nutrient status.

Changes in environmental conditions over the 21st century 

such as increases in mean ambient temperature and the 

frequency and magnitude of high temperature events may 

increase isoprene emission rates significantly (Pyle et al. 2007).

For example, a 1oC increase in the July average temperature 

has been estimated to increase isoprene emissions from Great 

Britain for that month by 14%, and a 3oC increase by about 

50% (Stewart et al. 2003) (see Figure 4.12). The effects of 

increasing frequency and magnitude of short-term extreme 

temperatures on isoprene emissions have not been quantified, 

but are likely to be significant with respect to summertime O3

episodes. This effect is accounted for in emissions estimates 

(see Table 4.3).

However, isoprene emission rates are significantly reduced 

when soil moisture falls to a point at which plants begin to 

wilt (Tingey et al. 1981; Sharkey & Loreto 1993; Fang et al.

1996; Pegoraro et al. 2004; Funk et al. 2005; Brilli et al. 2007) 

and this may restrict the role of isoprene in O3 formation in the 

future. As precipitation patterns and intensity change in the 

coming century in response to increasing CO2 concentrations, 

emission rates may change in some regions of the world, for 

example in Southern Europe where reduced rainfall is predicted 

(see chapter 6, section 6.2.1).

Some studies have observed an increase in isoprene emission 

rates with increased CO2 as a result of the effect of enhanced 

CO2 on plant biomass (eg Wilkinson & Broadmeadow in prep). 

However, experiments have also shown that increasing CO2

concentrations may decrease isoprene synthesis rates, and 

hence emission rates in some plant species (Figure 4.13, 

Centritto et al. 2004; Pegoraro et al. 2004; Possell et al. 2004,

2005). Because of the conflicting direct and indirect effects of 

increasing CO2 concentrations on isoprene emission rates, it is 

difficult to predict with certainty how these will change over 

the next century. However it is possible that they may not 

increase globally in the way predicted by earlier modelling 

studies (Monson et al. 2007).

Isoprene emission rates may also be affected by O3. These 

interactions are complex and are not yet adequately 

accounted for in emissions estimates. In some plant species 

isoprene emission rates have been shown to decrease in 

response to O3 (Velikova et al. 2005; Fares et al. 2006; 

Calfapietra et al. 2007), while in others, O3 exposure has been 

shown to enhance isoprene emission rates (Fares et al. 2006). 

Elevated O3 may also lead to a reduction of net primary 

productivity (Felzer et al. 2004), which will in turn decrease 

biogenic emissions.

Although many of the above factors could lead to an increase 

in isoprene emissions in many regions, changes in vegetation 

cover due to either natural or anthropogenic activities (eg loss 

of the Amazon rainforest) may increase or decrease emissions, 

depending on the nature of the replacement ground cover. 

Land-use change projections are missing from current models 

and most isoprene estimates. Dynamic vegetation models 

project significant but uncertain natural vegetation changes 

Figure 4.13  Dependence of isoprene emission rate on ambient 

CO2 concentration for some plant species: Populus delatoides, 

Arundo donax, Mucuna pruriens, Populus euroamericana and 

Phragmites australis. Source: Possell et al. (2005). Reproduced 

with permission from Global Change Biology (Wiley-Blackwell).
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in the 21st century and human land-use change may have 

an even larger effect on land cover. For example Steiner et al.

(2002) estimated that the conversion of forest to rice crops 

in Eastern Asia has resulted in a 45% reduction in isoprene 

emission rates since the Industrial Revolution. Similarly Lathiere 

et al. (2005, 2006) suggest large reductions in isoprene 

emissions arising from past, current and future tropical 

deforestation. However, Owen et al. (unpublished data) 

predict substantial increases in isoprene (and other VOC) 

emission rates in tropical regions following logging of 

forest, and conversion of forest to plantations. They have 

speculated that the isoprene emission flux potential might 

change from 480 g km–2 h–1 for the current rainforest, to 

1735 g km–2 h–1 for logged forest to 9410 g km–2 h–1 for 

oil palm plantation.

Estimating future isoprene emission rates

Attempts have been made to estimate how isoprene emission 

rates may change in the future. However, the uncertainties 

in estimating isoprene rates are considerable, and our 

understanding of the potential importance of factors such as 

CO2 concentration, climate and land use change, is rapidly 

evolving. Given the nature of these uncertainties, constructing 

a truly accurate bottom-up emission inventory is probably an 

impossible task. Model evaluation using Earth observation 

data is essential, and preliminary steps have been taken in this 

direction (Guenther et al. 2006), suggesting that current estimates 

of global isoprene emissions are probably accurate to within a 

factor of three. An uncertainty analysis for an emission inventory 

for rural Great Britain concluded that the estimates had an 

overall relative error of a factor of four (Stewart et al. 2003). 

Biogenic VOC estimates from urban areas may be equally 

uncertain (Owen et al. 2006). Despite the relatively high 

resolution of the isoprene emission inventory for the UK, it has 

proved difficult to adequately apportion measured isoprene 

mixing ratios during a recent (2003) O3 episode to sources or 

to adequately quantify the role of isoprene and other biogenic 

VOC on O3 formation (Lee et al. 2006).

Guenther et al. (2006) predicted a doubling in global isoprene 

emission rates by around 2100 in response to climate change 

driven changes in the distribution of plant functional types and 

increasing temperature (Table 4.4). Using a similar approach 

Young (unpublished) predicts a similar increase in isoprene 

emission rates to 873 Tg y–1 for a 2100 climate, compared 

with 451 Tg y–1 for the present day. However neither of these 

estimates considered the possible effects of increasing CO2

concentration on emission rates.

For the purposes of this study the effect of multiple 

environmental parameters (see Table 4.3), on isoprene 

emissions has been evaluated (Lathiere, Guenther, Beerling 

and Hewitt, unpublished data). The results of this analysis 

suggests that isoprene emissions could decrease if climate 

change, CO2 effects and land use changes are all included 

in the emissions estimate models. However, it is recognised 

that the estimate presented may be superseded by more 

complete and better estimates in the near future. These new 

emissions estimates have therefore not been used in the 

atmospheric chemistry modelling presented in chapter 5.

Lathiere et al. (unpublished) applied an emission scheme, 

based on the MEGAN model, but incorporating the latest 

isoprene emissions research (including the suppression of 

isoprene emissions under elevated CO2 concentrations), to 

the present day and future environmental conditions. Based 

on a present day climate (Climate Research Unit, Norwich, UK) 

and a potential present day vegetation generated by the 

Sheffield Dynamic Global Vegetation Model (SDGVM: 

Woodward et al. 1995; Woodward & Lomas 2004), 

future climate conditions were simulated with the 

Laboratoire de Meteorologie Dynamique general circulation 

model (LMDz) (Harzallah & Sadourny 1995) to predict 

potential plant functional type distributions and temperatures 

for 2050. These runs did not take into account the change in 

land cover related to change in natural vegetation. To assess 

the impact of crops on isoprene emissions, Lathiere et al. 

combined the potential vegetation maps generated by the 

SDGVM with crop distributions based on Ramankutty & 

Foley (1999) and Goldewijk (2001) as well as on scenarios 

from the IMAGE model for 2050 (De Noblet & Peterschmitt, 

unpublished data). In considering crop type, only one ‘generic’ 

crop type was applied.

Based on the present climate, global isoprene emissions are 

estimated to be 612 Tg y –1 by Lathiere, Guenther, Beerling & 

Hewitt (unpublished data). When the effects of a 2050 

climate and increasing ambient CO2 concentrations (to 

532 ppm in 2050) are included, global isoprene emissions 

of 626 Tg y –1 were estimated for 2050. However, when the 

Table 4.4  Estimates of global isoprene emission rates.

Study Isoprene emission rate (Tg y–1)

Present day Future

Lathiere, Guenther, Beerling & Hewitt 

(unpublished data)

A: 612, B: 532 2050 = A: 626, B: 439

Guenther et al. (2006) ~600 2100 = ~1200

Young (unpublished work) 451 2100 = 873

A = ‘potential vegetation cover’, B = actual land use (including crops).
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distribution of a generic crop type is included, the estimate 

of global isoprene emissions is reduced to 532 Tg y –1 for 

the present-day and to 439 Tg y –1 for 2050. In contrast to 

previous estimates of future isoprene emission rates it is 

possible therefore that isoprene emissions may be smaller in 

2050 than at the present time, and that increasing ambient 

CO2 concentrations may suppress isoprene emissions globally 

by counteracting the increases in emissions projected to occur 

as a result of temperature increases over the 21st century (see 

Table 4.3). This is also suggested at the regional (European) 

scale by Arneth et al. (2008). More research on the relative 

isoprene emission rates from natural vegetation and different 

crop types, and interactions with CO2 is required to inform 

analysis of the effects of changes in land use of future 

isoprene emissions.

Gaps and uncertainties4.4

The evaluation of future changes in emissions of O3 precursors 

is limited by the availability of inventory data, uncertainties in 

assumptions regarding drivers of emissions, and understanding 

of the biogeochemistry and physiology of natural emissions.

Future projections of emissions are also limited by the 

uncertainties inherent in the assumptions on which the 

analysis is based, in particular the socioeconomic pathways 

followed and the rate at which technological advances occur 

and are implemented. In this study important assumptions 

included the rate of economic growth in developing countries, 

particularly China, future coal use, growth rates in shipping 

emissions, the effect of a major shift in land use, for example 

for biofuel production, and the level of implementation of air 

pollution and climate change controls.

Scenario assessments are based on detailed emission inventories 

in different countries. However, inventories are not available 

for all pollutants in all countries, and where inventories are 

available, data collection may not be standardised. For example, 

inventories of anthropogenic emissions in some developed 

countries are of low quality for some pollutants (particularly 

VOC), sources (eg biomass burning) and sectors (eg 

international shipping). Inventories of natural emissions are poor, 

as globally the observational networks are patchy and there is a 

lack of systematic screening and analysis of such emissions. In 

developing countries a lack of emissions measurements and 

observations means that the quality of emission inventories for 

all pollutants is generally poor. This is partly due to a lack of 

expertise and institutions within these regions.

Current emission estimates for most natural O3 precursor 

gases remain however the greatest area of uncertainty in the 

study of O3 formation. There is limited understanding of how 

the complex interplay of environmental influences, such as 

temperature, moisture, land-use and ambient CO2 and O3

concentrations, affect natural precursor emissions. Emission 

estimates for lightning, soil NOX, CH4, and nmVOC from 

vegetation are all important uncertainties which directly 

influence the ability to quantify current and future O3

concentrations. The ability to measure and estimate VOC 

emissions is limited by poor understanding of biogenic 

sources, including CH4 (see below), and speciation of nmVOC 

for different plant functional types. The relative contribution 

of the different nmVOC to O3 formation is also not well 

understood. This is despite the recent development of rapid 

analytical techniques, such as proton transfer reaction mass 

spectrometry and the use of micro-meteorologically based 

flux measurement techniques, which have greatly enhanced 

the observational base on which emission estimates are made, 

and the use of satellite data to verify emissions estimates.

In terms of isoprene specifically, the uncertainties associated 

with estimating isoprene emission rates are considerable, and 

may increase with model domain size as uncertainties in plant 

species distributions, and in the isoprene emitting capacity 

of individual plant species and plant functional types increase. 

The use of taxonomic relationships in the past to assign 

emission rates to unstudied species is also a source of 

uncertainty as this approach may give erroneous results (eg 

Mediterranean oaks produce monoterpenes, while oaks in 

other regions tend to be isoprene emitters). Understanding 

of how isoprene, and the other natural O3 precursor emissions 

will influence future O3 concentrations, would be improved 

by the development of an easily and rapidly manipulated 

Earth systems model which integrates biological and 

atmospheric processes.

There are significant uncertainties associated with estimating 

future trends in CH4. Although the total emissions of CH4

are relatively well known (500–600 Tg y –1), the relative 

contributions to the overall flux of emissions are many and 

uncertain. Methane concentrations increased rapidly from the 

beginning of the industrial revolution to the end of the 1980s 

(700 to 1700–1800 ppb respectively). Since then, atmospheric 

concentrations have fluctuated between years but no longer 

show a clear trend. A detailed discussion of the competing 

hypotheses to explain this decrease in growth rate is provided 

in Denman et al. (2007), however there is no consensus on 

the cause(s) of the recent slowdown in growth.

Conclusions4.5

Emissions of O3 precursors, particularly NOX, are probably the 

primary determinants of future O3 concentrations. The main 

drivers of changes in anthropogenic O3 precursor emissions 

in the future will be population growth, economic growth, 

land use change, new technology developments and the 

implementation of emissions controls. The degree to which 

emissions controls are implemented particularly for road 

transport, biomass burning including deforestation, power 

generation and international shipping and aviation will largely 

determine future anthropogenic O3 precursor emission trends. 

Technology will also play an important role as emission 

reduction technologies are available that, if implemented, 

could reduce emissions by 90%. Natural O3 precursor 

emissions also contribute significantly to O3 concentrations, 

however it is not yet possible to quantify with any certainty 

how they will change in the future in response to multiple 

drivers including changes in land use and climate.

The new anthropogenic emission scenarios presented in this 

chapter make assumptions about how different country’s O3
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precursor emissions will change in the future using current 

trends in economic development and assume that current 

emissions control legislation will be fully implemented. Unlike 

the other precursor gases, nmVOC emissions were assumed 

to remain constant. The results from this analysis should 

therefore be interpreted with these assumptions in mind.

The new scenario projections show that global anthropogenic 

NOX and CO emissions will decline to 2050 provided that 

current emissions controls are fully implemented. Methane 

emissions will continue to increase to 2050. For CH4,

emissions from the agricultural sector, particularly in Asia, 

Latin America and Africa will be important, as will increasing 

demand for fossil fuel use in many regions. While emission 

controls for CH4 are currently applied in Europe, North 

America and Japan, they have not yet been adopted in 

developing countries. The implementation of CH4 emission 

controls in these regions could therefore lead to significant 

future reductions in CH4.

In contrast to reductions from most other regions, the 

scenarios project an increase in NOX emissions from Asia over 

the next few decades due to increases in power generation 

and traffic volumes, although the implementation of current 

emission controls for mobile sources limit further growth of 

emissions from this sector by 2050. NOX emissions are also 

expected to increase in Africa as there are currently no NOX

controls in place for mobile or stationary sources other than 

for new large combustion plants. In Latin America, Africa 

and Asia biomass burning (deforestation, savannah burning, 

agricultural waste) is a significant source of  CO and NOX

with emissions substantially exceeding those from the energy 

production sectors. Emissions are projected to remain high, 

or decline only slightly in these regions due to the poor 

regulation of biomass burning.

Several key factors could affect the scenario projections, 

and the predicted global decline in NOX and CO emissions. 

If left unregulated and without the adoption of significant 

technological changes, NOX emissions from international 

shipping and, to a lesser extent, international aviation will 

outstrip those from land-based transport sectors which 

would significantly increase future global emissions. 

Deviation from the assumed economic growth rates in 

China and India and other developing economies could 

also affect the projections. As current growth rates (eg in 

China) are already exceeding the assumed growth rates 

in the scenario this is an important area that requires 

further consideration.

For natural emissions of O3 precursors it is likely that land 

use change will be the dominant driver of future biogenic 

emissions. Emissions of CH4 and NOX from the biosphere 

are likely to increase in the future in response to changes in 

drivers such as land use and climate. Biogenic emissions of 

nmVOC and isoprene in particular may increase in the future 

as a result of changes in climate although interactions with 

atmospheric CO2 may substantially reduce the magnitude of 

the change. Land use change, specifically the replacement of 

plant species with other species of higher or lower emitting 

potential, will be important.
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Introduction5.1

The ability to quantify changes in future O3 depends on the 

application of models of atmospheric chemistry and climate, 

driven by future emissions projections. These models include 

O3 precursor emissions, atmospheric chemistry, transport and 

removal processes, as described in previous chapters. Models 

can be used to explore interactions between the processes 

that control O3 and the responses to changes in input 

variables, and can be validated against observations (see 

Box 5.1). No single model is able to realistically simulate O3

at global, regional and urban scales. Instead, different models 

that span a wide range of spatial scales have been developed. 

Global models cover the whole troposphere (and generally the 

lower stratosphere) with horizontal resolutions of ~200 km. 

Regional models cover spatial scales of a single continent, 

for example, covering Europe or North America at ~50 km 

resolution. National scale models for smaller countries are 

more detailed, for example, the UK at 5 km resolution. At 

even finer scales, urban models (eg London) at <1 km scales, 

and street canyon models (~1 m) have been developed.

In this chapter projections of future ground-level O3 from a 

variety of models are presented. New modelling work was 

completed to assess possible changes in O3 over the period 

to 2050, including the effects of projected changes in both 

emissions and climate. The results of this new work are 

presented in each section, along with results from the published 

scientific literature. The models presented are driven by the 

emission scenarios discussed in chapter 4, and in some cases 

include projected climate effects (discussed in more detail in 

chapter 6). This chapter also presents several sensitivity studies, 

in which model parameters are changed (eg temperature) to 

elucidate their individual roles in O3 formation. The chapter is 

divided into three main sections: global, regional and urban, 

with an emphasis on the global scale as this integrates the 

wider geographical scales and the future emission projections 

from chapter 4.

Global modelling5.2

The global distribution of ground-level O3 (Figure 5.1) will 

respond to changes in emissions of O3 precursors and to 

Model projections of future ground-level 5
ozone at global, regional and urban scales

Figure 5.1  Seasonal distributions of surface (lowest ~50 m) O3 (ppb) for the year 2000 from the ensemble mean of 26 ACCENT 

PhotoComp models (Dentener et al. 2006b; Stevenson et al. 2006). The top left panel shows the distribution of surface O3 for 

December, January, February (DJF); the top right panel for March, April, May (MAM); bottom left for June, July, August (JJA); and 

bottom right for September, October, November (SON).
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changes in climate. The most comprehensive study which 

evaluates the role of each of these drivers out to 2030 is the 

Atmospheric Composition Change European Network of 

Excellence (ACCENT) PhotoComp intercomparison. Dentener 

et al. (2006b) describe surface O3 results from up to 26 

different global models that participated in the ACCENT 

study. An envelope of three emissions scenarios were 

analysed for the year 2030: the upper case was the original 

IPCC SRES A2 scenario (Nakicenovic et al. 2000). The central 

case was the IPCC B2 IIASA CLE scenario, while the lower 

case was the IPCC B2  IIASA MFR scenario (Dentener et al. 

2005; Cofala et al. 2007b). Descriptions of these scenarios 

are provided in chapter 4. The scenarios were chosen to 

illustrate the range of possible anthropogenic emissions 

in the near future.

The ACCENT PhotoComp study also analysed potential impacts 

of climate change on surface O3 by 2030, using a subset of 10 

models (these impacts are discussed in section 5.2.2). Seasonal 

mean changes (see Box 5.2) in O3 between 2000 and 2030 for 

June, July, August (JJA) from the ACCENT study are shown in 

Figure 5.2. The ACCENT study clearly shows that the evolution 

of anthropogenic emissions will be the main factor controlling 

surface O3 in the near future and therefore that 2030 O3 levels 

are largely under direct human control.

For the purposes of this study several new model simulations 

were performed to evaluate the relative roles of changes in 

emissions and changes in climate further into the future, 

to 2050 (Table 5.1). The ACCENT results were updated and 

extended to 2050 to enable analysis over the period during 

which the effects of climate change should be larger and 

therefore provide responses in the O3 concentration field 

that are more easily detected.

The first simulation was a year 2000 base run (R1), using 

updated emission estimates with respect to the ACCENT study. 

These updates are detailed in Annex 3. In particular, the 

estimates were updated to include a more realistic treatment 

of ship emissions and larger emissions of Asian CO. The latest 

anthropogenic emissions scenario work discussed in chapter 4 

was then used to simulate the effects of projected emission 

changes under the new B2 CLE scenario in 2050 (R2) which 

assumes the implementation of legislation current as at the 

end of 2006. This provides emission projections for NOX and 

CO, but not for nmVOC. The nmVOC emissions were assumed 

to change in line with changes in CO. This assumption 

represents a significant uncertainty in the new analysis. 

A further simulation was performed that included the effects 

of projected climate change in the 2050s combined with 

the new B2 CLE scenario (R3). To achieve this, the climate 

model components of the chemistry–climate models set: 

(i) atmospheric composition to levels prescribed by the IPCC 

SRES A1B scenario in 2050 (Nakicenovic et al. 2000); and 

(ii) sea-surface temperatures and sea-ice distributions to values 

previously calculated by the HadGEM1 climate model forced 

by the A1B scenario. A pre-industrial simulation (R4) was also 

performed together with a 2050 sensitivity study to isolate 

the effects of increases in global CH4 (R5). A subset of up to 

six of the ACCENT global models performed these simulations. 

The multi-model mean results from these models are presented 

here. These model results are referred to in the report as 

the ‘Royal Society 2007’ (RS07) simulations and their key 

characteristics are summarised in Table 5.1. It should be noted 

that these projections are snap-shots of the future for 2050, 

and are not continuous model runs for the period 2000–2050. 

The specifications of the RS07 simulations and participating 

models are detailed in Annex 3.

Box 5.1 Global model validation

Global models are usually validated by comparison with a range of observations. There is an extensive data base of O3

measurements, both at the surface and through the troposphere. In addition a number of surface sites also monitor O3

precursors such as CO and CH4, and some measure surface-deposited species related to O3 chemistry. Space-borne sensors also 

provide important data for validation. Many of these data sets were used to assess the models used in the IPCC Fourth 

Assessment Report (eg O3 (Stevenson et al. 2006), CO (Shindell et al. 2006), column NO2 (van Noije et al. 2006), and surface 

deposition of nitrogen compounds (Dentener et al. 2006a)). In addition, there are multiple campaign datasets, with many related 

chemical species measured simultaneously, which allows validation of some of the processes included in the models.

There are several difficulties in the assessment of model validity using observations. First, the recent multi-model papers show 

that there remain important differences between the different models, and that different models perform well in particular 

comparisons, but less well in others. Secondly, many models obtain a broadly satisfactory comparison with surface O3 data but 

probably for a range of reasons. A good comparison is necessary, but not sufficient, for model validation. Furthermore, the O3

distribution is not a good model discriminator. Campaign data on short-lived species is often difficult to compare against 

specific models because the exact emissions, meteorological conditions and other crucial factors, are imperfectly known. The 

rate of change of O3 depends in a complex, non-linear fashion on the concentrations of NOX and VOC. It seems clear that 

when assessing the future development of surface O3, the model response to a perturbation depends critically on where the 

model O3 production potential lies in this complex NOX–VOC space. It is likely that current models, which nevertheless 

reproduce O3 satisfactorily, represent this space differently. New ways of validating models for prediction need to be developed. 

With these caveats in mind, model projections of future O3 include significant uncertainties. Nevertheless, the current

generation of models are the best and only tools available to assess future O3 exposure.
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Table 5.1  ‘Royal Society 2007’ (RS07) model simulations. ‘Anthropogenic Emissions’ refers to the appropriate year/scenario/

amount for anthropogenic emissions (all natural sources and biomass burning are kept constant in all simulations except R3, 

where some models allowed climate-sensitive natural emissions to vary). In R4 anthropogenic emissions are set to zero. 

In all simulations except R3 a ‘present-day’ (or 1990s) climate is applied. The last column refers to the global mean CH4

concentration (ppb), which is fixed for a given run.

Model run Brief description
Anthropogenic
emissions

Climate CH4/ppb

R1 Year 2000 base case 2000 1990s 1760

R2 2050 emissions and CH4 B2 CLE (2050) 1990s 2363 (B2)

R3 2050 emissions and CH4; 2050s climate B2 CLE (2050) 2050s 2363 (B2)

R4 Zero anthropogenic emissions; pre-industrial CH4 Zero 1990s 700

R5 2050 emissions; 2000 CH4 B2 CLE (2050) 1990s 1760

Figure 5.2  The mean change in surface O3 (ppb) between 2030–2000 for the period June–July–August (JJA) from the ACCENT 

PhotoComp study (Dentener et al. 2006b; Stevenson et al. 2006), for three scenarios (B2 CLE; B2 MFR; and A2), and due to 

2000–2030 climate change. The top left panel shows the mean change in surface O3 under a B2 CLE scenario; the top right 

panel under a B2 MFR scenario; and the bottom left under an A2 scenario. The bottom right panel shows the mean change in 

surface O3 due to climate change.
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Impact of changes in emissions on 5.2.1

surface ozone

Previous modelling studies, including the ACCENT study have 

clearly shown that O3 depends strongly on O3 precursor 

emissions; in particular NOX, but also CH4, CO and nmVOC 

(Figure 5.2). The new model runs to 2050 support this 

conclusion. Figure 5.4 shows the difference between 

simulations R2 and R1, that is the change in seasonal mean 

surface O3 projected under the new 2050 B2 CLE emissions 

scenario, relative to the year 2000. Most regions show reduced 

or near constant O3 concentrations by 2050 due to lower 

future emissions, with improved air quality over much of the 

developed world. Over the North Eastern USA in summer, 

O3 is projected to reduce by up to 15 ppb (an approximate 

reduction of 25% compared to present day levels). There are 

also substantial reductions over Europe and Japan. Ozone is 

generally reduced across most of the Northern Hemisphere 

mid-latitudes by about 5 ppb. One exception is during northern 

winter, when reduced NOX emissions result in higher O3 levels 

over Europe and North America (Figure 5.4). This is due to the 

reduced titration of O3 by NO (see chapter 3). In some parts of 

Asia and Africa where there is very little current legislation in 

place and/or where significant economic growth is projected, 

modest increases in O3 of up to 3 ppb (~7%) are experienced.

Figure 5.5 uses the global annual mean surface O3 values to 

compare the various scenarios and time horizons considered 

in this study, the ACCENT PhotoComp study, and from the 

IPCC Third Asessment Report (Prather et al. 2003). Multi-

model mean values are shown by the dots, while inter-model 

standard deviations are given by the bars, and give an 

indication of model uncertainty. Results from the 2050 

B2 CLE scenario lie between the ACCENT 2030 B2 CLE

and B2 MFR cases.

The B2 CLE and, in particular, the B2 MFR scenarios 

represent relatively successful futures in terms of emissions 

control policies. The IPCC SRES A2 scenario represents a 

policy fail situation which demonstrates that background 

O3 levels will increase through the next century if NOX, CH4,

CO and nmVOC emissions rise (Prather et al. 2003) and 

control legislation is not implemented. This is illustrated by 

the potential range of O3 values in 2100 given in Figure 5.5 

and represents the response of surface O3 to the full range 

of IPCC SRES scenarios, as estimated by Prather et al. (2003).

The high end of this range represents scenarios with very high 

emissions of O3 precursors, such as A2 and A1FI. Conversely 

the low end represents the more optimistic SRES scenarios, 

such as B1 and A1T. It should be noted that the IPCC 

considered each scenario equally likely.

Box 5.2 When is the season of maximum surface ozone at a given location?

There is considerable spatial variation in the season of maximum surface O3 across the globe. This is of prime interest for 

studies of air quality because policymakers need to know when the maximum concentrations of O3 will occur in each region 

to enable an assessment of potential impact. For example, if a crop growing season in a region coincides with maximum 

concentrations the impacts to the crop will be larger than at other times of the year.

Figure 5.3 illustrates the season of maximum O3 for present day conditions which is used in this analyses. As in Figure 5.2, 

studies often only show O3 during June, July, August as this is generally the maximum season in polluted northern mid-

latitudes. However, at other locations O3 reaches a maximum in different seasons. This range of seasonality is due to the 

combination of annual cycles in photochemical production and destruction of O3, and the strength of the stratospheric 

source, all of which vary spatially (eg Monks 2000). In the northern extra-tropics, surface O3 reaches a maximum in spring 

over remote regions. This is in contrast to the southern extra-tropics, where O3 almost universally reaches a maximum in 

austral winter. This is mainly because during summer photochemical destruction of O3 exceeds production in the less polluted 

Southern Hemisphere. In much of the tropics O3 reaches a maximum during the dry season when biomass burning emissions 

of O3 precursors reach a peak.

Season of maximum surface O3 Y2000
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Figure 5.3  The season of maximum surface O3 for the year 2000. Left: season (December, January, February (DJF), March, 

April, May (MAM), June, July, August (JJA), and September, October, November (SON)) of maximum surface O3. Right: 

corresponding maximum season surface O3 values (ppb). Both panels use year 2000 results (see Table 5.1, R1).
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Figure 5.4  Projected change in surface O3 for the four seasons between 2000 and 2050 due to changes in emissions following 

the new B2 CLE 2050 scenario (see Table 5.1). Top left panel: changes in surface O3 for December, January, February (DJF). Top 

right panel: March, April, May (MAM). Bottom left: June, July, August (JJA). Bottom right: September, October, November (SON). 

(The results presented are the mean of 5 models.)
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Figure 5.5  Multi-model global annual mean surface O3 (ppb) for various scenarios from this study (RS07) (red symbols) and the 

ACCENT PhotoComp study (blue symbols). The bars indicate inter-model standard deviations. The three blue dots for 2030 are 

the B2 MFR (lowest value), B2 CLE and A2 (highest value) scenarios. The crosses are model results simulated with a future 

climate, as well as a future emissions scenario (the 2030 emissions scenario is the central one: B2 CLE). These show a small 

negative impact of climate change on global annual mean surface O3 (see section 5.2.2). All other model simulations used a 

year 2000 climate. The bar shown for 2100 is the estimated range of O3 responses to the full range of SRES scenarios 

(Nakicenovic et al 2000), as reported by Prather et al. (2003).
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There are significant regional variations in O3 concentrations 

which will have important implications for future controls. 

These are not evident from the annual mean O3 concentration. 

Regional changes in O3 concentrations are discussed in 

section 5.2.5.

Impact of changes in climate on 5.2.2

surface ozone

Several global modelling studies have shown impacts of 

projected 21st century climate change on surface O3 (eg 

Johnson et al. 2001; Hauglustaine et al. 2005; Liao et al. 

2006; Racherla & Adams 2006). The ACCENT PhotoComp 

study identified a small, but statistically insignificant negative 

feedback of climate change on global annual mean surface O3

in 2030 (Figure 5.5). However, the imposed climate change 

was small in the ACCENT model runs (global mean surface 

warming of ~0.7ºC), and not all the modelled responses were 

consistent. The ACCENT results nevertheless confirm earlier 

studies showing a tendency for climate change to reduce O3

over the very low NOX environment of the tropical oceans. 

This was stimulated by higher absolute humidity associated 

with the warmer future climate (Held & Soden 2006).

Figure 5.6 shows the influence of climate change on surface 

seasonal mean O3 in 2050, as revealed by the difference 

between RS07 simulations R3 and R2 (the combined 2050 

climate and emissions run, and the 2050 emission runs 

respectively). The influence of climate change on future O3

concentrations is spatially and temporally variable, but there 

is a general tendency for climate change to increase O3 over 

polluted land regions and to reduce O3 over the oceans with 

seasonal mean changes up to o5 ppb. The causes of the 

increases over land are not fully understood, but may be 

related to increases in water vapour in comparatively high 

NOX environments, which lead to enhanced net O3 production 

(Isaksen et al. 2005). The increases may also be related to 

changes in meteorology, such as increased sunshine, or an 

increased incidence of stagnation. Increases in O3 associated 

with climate change tend to coincide with tropical land regions 

with major emission sources from biomass burning or lightning, 

although the relationships are not clear. It should be noted 

that in these model experiments, lightning (and associated 

NOX emissions) and biogenic VOC emissions (in two of the 

three models) respond to climate change, while biomass 

burning emissions remain fixed. Ozone–climate interactions 

are discussed in more detail in chapter 6.

Combined impacts of changes in emissions 5.2.3

and climate on surface ozone

Figure 5.7 shows the combined effects of both changes in 

emissions and climate on surface O3, given by the difference 

between simulations R3 and R1 (the combined 2050 climate 

and emissions run, and the base year 2000 run respectively). 

The figure demonstrates that emission changes are the 

main driver of future O3 concentrations in most locations. 

Figure 5.6  Projected change in surface O3 for the four seasons between 2000 and 2050 due to climate change alone (see 

Table 5.1 (R3–R2)). Top left panel: December, January, February (DJF). Top right panel: March, April, May (MAM). Bottom left: 

June, July, August (JJA). Bottom right: September, October, November (SON). The results presented are the mean of three models.
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Figure 5.7  Projected changes in surface O3 for the four seasons between 2000 and 2050 due to the combined effects of 

emission changes and climate change (see Table 5.1 (R3–R1)). Top left panel: December, January, February (DJF). Top right: 

March, April, May (MAM). Bottom left: June, July, August (JJA). Bottom right: September, October, November (SON). The 

results presented are the mean of three models.
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Figure 5.8  A comparison of seasonal mean surface O3 values (ppb) during the maximum O3 season due to changes in emissions, 

climate change and the combined effects of changes in emissions and climate change. Top left: seasonal mean surface O3 values 

(described in Figure 5.3) during the maximum O3 season, for the year 2000 (R1 in Table 5.1). Top right: the projected changes 

in O3 (ppb) during its maximum season by 2050 due to emission changes only (R2–R1). Bottom left: due to climate changes only 

(R3–R2). Bottom right: due to the combined impact of both changes in emissions and climate (R3–R1). The white boxes in the 

first panel refer to the regions in Figure 5.9. The results presented are the mean of three models.
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Where cuts in emissions are substantial, their impact dominates, 

for example over industrialised regions in northern mid-latitude 

summer. However climate change tends to reduce the efficacy 

of cuts in emissions. In an independent study, Wu et al. 

(2007b) found a similar result over North America.

Where projected changes in anthropogenic emissions are 

small, the effects of climate change on O3 are proportionately 

larger. Increases in O3 associated with climate change tend to 

coincide with tropical land regions as discussed in section 5.2.2.

To assess air quality impacts, it is useful to look at the changes 

in O3 during the season of maximum O3 (as discussed in Box 5.2). 

Figure 5.8 distils the results from Figures 5.4, 5.6 and 5.7 to 

show the impacts of: emissions, climate change and emissions 

and climate change combined, respectively, on surface O3

during its maximum season. Many of the impacts of emission 

changes and climate change are increased during the 

maximum O3 season. Figure 5.8 shows that many developing 

world regions, especially large parts of Africa and Asia, 

which already have high ground-level O3 concentrations 

are projected to experience larger O3 concentrations and 

therefore poorer air quality up to 2050, due largely to climate 

change. The climate change signal in these regions is more 

pronounced simply because changes in emissions are relatively 

small. Much of the developed world, where current legislation 

to reduce emissions is comparatively strong, shows improved 

air quality, but nevertheless incurs a ‘climate change penalty’ 

that will tend to reduce the benefits of emission reductions.

Impact of changes in global methane 5.2.4

concentrations on surface ozone

The sensitivity run (R5) assessed the impact of keeping global 

CH4 concentrations fixed at year 2000 levels (1760 ppb) rather 

than rising to the SRES B2 projected value (2363 ppb). Ozone 

values are 1–2 ppb lower in 2050 when CH4 does not rise, as 

shown in Figure 5.9 in the upper panels, with the larger O3

reductions occurring in the more polluted Northern 

Hemisphere, where NOX levels are higher. Methane is clearly an 

important influence on background O3 levels. Several studies 

have found similar results and have highlighted the potential 

co-benefits for both air quality and climate forcing that result 

from CH4 controls (West & Fiore 2005; TFHTAP 2007).

It should be noted that the projected values of CH4 for a 

given scenario, such as the 2363 ppb value for SRES B2 

(IPCC 2001) were derived from relatively simple models. 

The future evolution of CH4 depends on both sources 

(natural and anthropogenic emissions) and sinks. The dominant 

CH4 sink is reaction with OH. The future evolution of OH itself 

strongly depends on the evolution of O3 and its precursors 

such as NOX and CO, so there is a strong non-linear coupling 

between the evolution of O3 and CH4. To produce more 

realistic simulations of this coupled system continuous runs of 

models driven by CH4 emissions rather than prescribed 

concentrations are needed for the period 2000–2050. There 

are few examples of such fully coupled integrations (eg 

Johnson et al. 2001; Stevenson et al. 2005) however as they 

are computationally expensive. The future evolution of CH4,

even for a prescribed emission scenario, therefore remains a 

significant source of uncertainty for future O3 levels.

Regional analysis of global model results5.2.5

Global models provide regional information, albeit at a 

relatively coarse resolution (~200 km). Figures 5.9a and 5.9b 

show spatially averaged seasonal cycles of surface O3 from the 

different simulations discussed above for various world 

Figure 5.9a  The seasonal cycle of modelled surface O3 over Europe under various emission scenarios. The figure compares the 

new RS07 model runs with the ACCENT model runs. The lower panel shows the seasonal cycle in surface O3 for the year 2000 

(thick black line, R1), for ‘pre-industrial’ times (dashed green line, R4), and for the year 2050 using the new B2 CLE scenario 

(solid red line, R2), from the RS07 model runs. The shaded grey region shows the ACCENT 2030 results for three scenarios. 

The upper value is for the A2 scenario. The lower value is for the B2 MFR. The dotted white line shows the B2 CLE scenario. 

The upper panel shows the modelled change in O3 relative to the 2050 B2 CLE scenario for two cases: inclusion of 2000–2050 

climate change (solid cyan line, R3–R2) and for CH4 fixed at year 2000 levels (dotted blue line, R5–R2) for the RS07 model runs.
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Figure 5.9b  The seasonal cycle of modelled surface O3 over a region under various emission scenarios. Each panel shows model 

results averaged over a different region (Europe, North America, East Asia, South Asia, South America, Northern Africa, Southern

Africa and Australia). The different model results represented on the figure are described in Figure 5.9a.
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regions, geographically defined by the boxes shown in 

Figure 5.8. By comparing year 2000 O3 (the thick black line 

in Figures 5.9a and 5.9b) with levels simulated under zero 

anthropogenic emissions, and with CH4 set to pre-industrial 

levels (the dashed green line), the magnitude of the 

anthropogenic impact on surface O3 can be seen 

(Figures 1.2 and 5.9a and 5.9b).

For many regions a significant proportion, typically about half, 

or 20 ppb, of present-day (year 2000) O3 is of anthropogenic

origin and this is consistent with the observed increases in 

ground-level O3 described in chapters 2 and 3. The largest 

anthropogenic increases occur in the industrialised regions of 

the Northern Hemisphere, where maximum monthly mean 

concentrations of O3 currently reach up to about 50 ppb. East 

Asia, South Asia, and Europe, closely followed by North 

America and Northern/Southern Africa, are most at risk from 

very high O3 levels under a ‘policy fail’ SRES A2-type scenario 

(represented by the upper bound of the grey bands in Figure 

5.9b). East Asia, North America and Europe are the regions’ 

most amenable to reductions in O3 concentrations with strict 

emissions controls (the lower bound of the grey bands in 

Figure 5.9b, which represents the maximum reductions 

possible with emissions controls and technological change). 

The RS07 2050 new B2 CLE scenario results consistently fall 

within the 2030 envelope from the ACCENT PhotoComp 

results, with O3 values roughly midway between the 2030 

B2 CLE and B2 MFR results, although closer to the latter in 

North America and South Asia, due to significantly tightened 

legislation in the last few years in these regions. The upper 

panels of each plot show the relative contributions of CH4 and 

climate change in 2050, as discussed above (see sections 

5.2.2 and 5.2.4). The effects of holding CH4 at year 2000 

values (1760 ppb), rather than rising to 2363 ppb in 2050, 

is a reduction in O3 in all regions, of 1–2 ppb with a seasonal 

cycle in the effect, shown as the dotted blue line in the upper 

panels of Figure 5.9b. The effect of climate change is also 

shown in the upper panels in the different regions as the solid 

cyan line. These model runs show enhanced warm season O3

values in the polluted regions of 1–2 ppb O3, and declines in 

the remote regions and in the cool seasons of polluted 

regions, of typically 1 ppb.

Regional modelling5.3

There have been several recent regional modelling studies 

which have considered future O3 levels over Europe (Langner 

et al. 2005; Szopa et al. 2006; Van Loon et al. 2006; Vautard 

et al. 2006), over North America (Hogrefe et al. 2004; Tagaris 

et al. 2007), and over East Asia (Yamaji et al. 2006). These 

studies typically nest regional models in global or hemispheric 

models that can simulate changes at the larger scale. These 

regional studies together with the global model results 

presented above, demonstrate that future changes in surface 

O3 will be spatially heterogeneous, with different drivers in 

different regions and seasons. In some places (eg remote 

locations) changes in background O3 driven by changes in CH4

and hemispheric emissions of O3 precursors subject to long-

range transport will dominate. At other locations (eg polluted 

regions) changes in local anthropogenic emissions, driven 

by legislation and/or changes in socioeconomics will be the 

major control. In addition, any changes in natural emissions, 

chemical processing of O3 precursors, meteorology or 

deposition rates associated with climate change, will exert 

seasonally varying influences in different regions.

Several attempts have been made to investigate the main 

controls on regional scale O3 concentrations associated with 

changes in local emissions and climate, and how these relate 

to the controls at the larger scale to influence background O3

concentrations. Model sensitivity runs, changing key emissions 

and climate-derived parameters (eg. temperature and water 

vapour) which affect the production and destruction rate of O3,

isoprene emission rates (from vegetation) or dry deposition of 

O3 to the surface, are used to test the effects of each of these 

parameters on O3 concentrations. For example, the rate of 

dry deposition of O3 to the surface can be severely affected 

during heat-wave events due to the closure of plant stomata 

in response to temperature, soil moisture and drought, which 

reduces the amount of O3 removed from the atmosphere 

by plants.

Two examples of sensitivity runs are provided here, one by 

Solberg et al. (2008) looking at climate derived parameters, 

and new sensitivity work completed for this study on 

both emissions and climate-derived parameter changes 

out to 2050.

Solberg et al. (2008) used a global chemistry–transport model 

to investigate the way climate related parameter changes may 

affect surface O3 during high pressure weather situations with 

elevated O3 concentrations, focussing on the 2003 European 

heat wave. Figure 5.10 shows the measured maximum hourly 

O3 concentration for 8 August 2003 (at the peak of the 2003 

heat wave) averaged over eight surface measurement stations 

in West and Central Europe. Figure 5.10 compares the 

measured concentrations with O3 values calculated from a 

reference model run, and sensitivity runs with the O3 column 

reduced by 10%, water vapour reduced by 50%, zero surface 

deposition and the temperature decreased and increased by 

10oC inside a sub-domain of West and Central Europe (the 

sub-domain is confined by 10oE to 15.5oW and 36oN to 56oN

and below 3.5 km height).

The effect of parameter changes on O3 production in Solberg 

et al’s work can be ranked in order of importance. Turning 

the dry deposition to zero produces the largest effect during 

heat-wave events. By setting the dry deposition to zero this 

sensitivity run explores the sensitivity of O3 production to 

some stress-induced changes in the uptake of O3 by plant 

stomata, due to drought, soil moisture or high temperatures 

for example (see chapters 3 and 6). Increasing the temperature 

by 10oC produces the next largest effect, followed by reducing 

the water vapour concentration by 50%.

In some areas the enhanced isoprene emission during the 

August 2003 heat wave (see case study in chapter 6) could 

have elevated the peak O3 concentration by as much as 

20 ppb, demonstrating the importance of isoprene 

emissions for O3 production during heat-wave events.
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In this section new regional model results are presented which 

test the effects of climate and emissions related parameter 

changes on regional O3 concentrations, over North-West Europe 

and the southern UK in particular. The importance of a range 

of different factors that influence O3 using a photochemical 

trajectory model over Europe are tested along with some 

simple sensitivity tests. Details of the photochemical trajectory 

model are provided in Derwent et al. (1996). In this application 

of the model, for each day of 2005, thirty 4-day trajectories 

that arrive at the rural location of Harwell in Southern England 

in mid-afternoon were randomly selected. These 10,950 

model runs sampled much of North-West Europe.

In the first sensitivity test which evaluated the effect of 

changes in emissions on future O3 levels, Europe-wide O3

precursor emissions were changed from their base case 

2000 values to values appropriate to the year 2050 by simple 

scaling. NOX and CO emissions were scaled to produce 

across-the-board reductions as indicated in the new B2 CLE

scenario discussed in chapter 4. Details of the model results 

for maximum 1-h and annual mean of the daily maximum 

1-h O3 are presented in Figures 5.11 and 5.12, respectively.

For the sensitivity runs, a substantial decrease (~8 ppb) in 

episodic peak O3 concentrations (maximum 1-h O3) by 2050 

occurs due to reductions in anthropogenic emissions of O3

precursors (compare top two bars of Figure 5.11). The 2050 

annual mean daily maximum O3 concentration across these 

sensitivity runs ranges from 32.5 to 41.5 ppb. This compares 

to the 2050 base case of 35 ppb, and the 2000 base case of 

36.5 ppb. The reduction in the annual mean daily maximum 

O3 concentration (top two bars of Figure 5.12) is anticipated 

to be somewhat smaller (~1.5 ppb) than the reduction in 

episodic peak O3 concentrations because reductions in 

daily maximum O3 during the summertime are partly 

counteracted by increases in this metric during the spring-

time. Additional sensitivity runs involved increasing or 

decreasing baseline O3 levels by 0.3% per year or –0.2% 

per year over the time period 2000–2050. This range of 

baseline trends was taken from earlier global modelling 

work using the B2 CLE, B2 MFR and IPCC SRES A2 

scenarios out to the year 2030 (Derwent 

et al. 2006), and linearly extrapolating to 2050.

Further sensitivity tests were then made, relative to the 2050 

emission case to test the effects of climate derived changes 

on future European O3 concentrations. These tested the 

influence of: a 5oC increase in temperature, switching off 

surface destruction (dry deposition) of O3 due to the effects 

of drought on vegetation, and increasing isoprene emissions 

by a factor of 100. Major influences were found in both 

episodic peak and long-term mean O3 concentrations from 

changes to the surface exchange processes involved with O3

surface destruction (dry deposition) and isoprene emissions 

(lowest two bars of Figures 5.11 and 5.12). For example, 

switching off surface deposition caused a 31% increase 

in episodic peak O3 concentrations and a 19% increase in 

annual mean daily maximum 1-h O3. These results are in 

broad agreement with the global model results of Solberg 

et al. (2008), discussed earlier. They demonstrate that these 

Figure 5.10  Average maximum hourly O3 concentration at eight surface measurement stations on 8 August 2003 as measured 

and calculated in the reference model run with the Oslo CTM2, and in sensitivity runs with the O3 column reduced by 10%; 

water vapour reduced by 50%; zero surface deposition; and the temperature decreased and increased by 10oC inside the sub-

domain confined by 10oE to 15.5oW and 36oN to 56oN and below 3.5 km height. Source: Solberg et al. 2008. NB: for clarity, 

the O3 scale does not extend to zero, thus the largest modelled effect, due to switching off surface deposition, amounts to a 

22% increase in maximum hourly O3. Copyright (2007) American Geophysical Union. Reproduced/modified by permission of 

American Geophysical Union.
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climate-related parameters could lead to elevated O3

concentrations under future climate change, particularly 

during heat-wave events. However, it is clear that more 

research is needed to understand how these processes work 

and to predict how climate change may influence regional O3

concentrations in the future.

Urban modelling5.4

At the urban scale, projected O3 precursor emissions controls 

(especially reductions in NOX emissions) and changes in 

background O3 concentrations will lead to changes in urban 

O3 concentrations, with potentially large increases by the end 

of the century depending on the future scenario. As described 

in section 3.6, the changes in urban O3 concentrations result 

partly from reductions in the titration of urban O3 by reaction 

with emitted NO, but are also influenced by changes in 

background O3 concentrations. This is because the reduction 

in the titration effect increases O3 concentrations up to the 

background level.

Existing urban model runs for the UK only consider the 2020 

time horizon (eg AQEG 2008) and these appear to be the 

only urban model runs available to examine possible 

changes to the end of the century. In this section one 

example of urban modelling work for London (UK) 

projected in the future to 2100 and completed in support of 

this study is presented. This work was done using a Pollution 

Climate Model (PCM) which, as described in section 3.3.2 

and AQEG (2008), is an empirically-based model which uses 

an oxidant partitioning methodology, in conjunction with 

NOX emissions maps and projections, to assess current 

trends and future levels of NO2 and O3 in relation to UK 

air quality objectives. This illustration provides example 

projections of annual mean O3 for an urban centre location 

in central London under two scenarios representing either 

gradually increasing background O3 ( 0.3% per year) or 

gradually decreasing background O3 (–0.2% per year). 

These are based on projected background O3 trends for 

central and southern UK, as described in the sensitivity 

tests in the preceding section. It should be noted that this 

example is for a typical central London location, but is not 

necessarily representative of other locations either within 

London or in other urban areas. However, it does provide 

an indication of the main drivers of O3 change at the urban 

level for an important urban centre locale and how they 

may change in the future under different scenarios.

As indicated above, the new urban modelling work takes 

account of both illustrative changes in the background 

concentrations of O3 and the local NOX titration effect over 

the century. Changes in annual mean O3 concentrations 

(see chapter 3) have been simulated to the end of the 

century with local NOX reductions based on the UK National 

Atmospheric Emissions Inventory (NAEI) projections up to 

2020, and the IIASA B2 projections for Europe from 2020 

to 2100 (see Figure 5.13). The effects of climate change 

on urban O3 concentrations are not considered in this 

modelling work.

The results show that when either the increasing or 

decreasing trend in the level of background O3 is used, 

reductions in local NOX emissions from regional air pollution 

Figure 5.11  Results from simple sensitivity tests carried out with 

a photochemical trajectory model examining the changes in 

maximum 1-h O3 concentrations between 2000 and 2050 

at Harwell. NB: for clarity, the O3 scale does not extend to 

zero, thus the largest modelled effect, due to switching off 

surface deposition, amounts to a 31% increase in maximum 

1-h O3.
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Figure 5.12  Results from simple sensitivity tests carried out 

with a photochemical trajectory model examining the changes 

in the annual mean of the daily maximum 1-h O3 concentrations 

between 2000 and 2050 at Harwell. NB: for clarity, the O3

scale does not extend to zero, thus the largest modelled 

effect, due to switching off surface deposition, amounts to 

a 19% increase in annual mean daily maximum 1-h O3.
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mitigation policies progressively reduce the extent of O3

titration over the period, leading to an increasing O3

concentration at the urban location, and to increased 

population exposure to O3. In the first case, this increase is 

exacerbated by the increasing background O3, such that the 

simulated annual mean O3 at the example central London 

location increases substantially from 12 ppb in 2000 to 30 

ppb in 2100. In the second case, the decreasing background 

O3 has a compensating influence, such that the increase in O3

is effectively halted by 2050 and remains close to 20 ppb for 

the remainder of the century. The results are summarised in 

Figure 5.13 and Table 5.2.

Although these results represent only the effects in the example 

location, they do show that the dominant driver of urban O3

concentrations is the extent of the NOX titration effect and the 

Figure 5.13  Small points indicate illustrative simulated trends in annual mean O3, NOX and NO2 for the London Bloomsbury site 

over the period 1990–2100 using an empirical measurements based Pollution Climate Model (PCM) for projected reductions in 

NOX and two specified trends in background O3 (a) 0.3% per year; (b) –0.2% per year. Large points are observed mixing ratios 

shown for 1992–2006.
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importance of the hemispheric background at these future 

dates. They show that if background concentrations of O3

continue to increase across the globe, this will exacerbate urban 

O3 concentrations. If they decrease, however, this will have a 

reducing influence on urban O3 concentrations.

Uncertainties in model projections5.5

All of the above model projections are subject to uncertainties, 

arising from a variety of sources. The evolution of future 

anthropogenic emissions will be driven by socioeconomic 

conditions, the strength of legislation to manage global air 

quality and the degree to which this legislation is enforced. 

Future emissions from Asia represent a major uncertainty. The 

rapid growth of relatively unregulated sectors such as shipping 

also contribute to the uncertainty surrounding the evolution 

of future emissions, as the future growth and regulation of 

these sectors is currently unclear. These key determinants of 

O3 levels are inherent uncertainties for the future.

The RS07 2050 simulations assume ship NOX emissions will 

fall by 50% from present-day levels by 2050, due to the 

implementation of significant legislation by this sector (see 

chapter 4; Eyring et al. 2005b: scenario DS2-TS2). However, 

this is highly uncertain. Average growth rates in total 

seaborne trade (in ton miles) between 2002 and 2007 have 

been 5.2% y–1, significantly higher than in the past decades 

(Fearnleys 2008; Eyring et al. submitted). Total ship emissions 

are likely to have grown at a similar rate, and given the lack of 

current legislation for this sector, the assumed NOX emissions 

reduction of 50% by 2050 may be too optimistic.

Additional uncertainties arise due to the models used to 

make future projections, which themselves contain many ill-

constrained processes. The bars on Figure 5.5 represent one 

standard deviation from the inter-model results. It is unclear 

if such inter-model ranges represent the full range of model 

parameter uncertainty (Vautard et al. 2006), or if the outlying 

models that expand this uncertainty range should be considered 

invalid and excluded (Stevenson et al. 2006), which would 

reduce the range.

Modelled O3 sensitivities to emissions changes typically show 

less variability between models compared to the abilities of 

models to simulate absolute levels accurately (Stevenson et al. 

2006). As discussed above, it is unclear if this inter-model 

variability is a robust indicator of model uncertainty, but it 

is the only measure currently available. Model O3 sensitivities 

to climate change span a much larger range (and are hence 

more uncertain).

Previous multi-model studies have failed to show a consensus 

on the overall sign of the climate feedback, never mind the 

magnitude (Stevenson et al. 2006). Results from this study 

show a greater degree of agreement, but this is partly 

because a smaller subset of models has been employed 

and partly because the imposed future climate was more 

tightly constrained.

This lack of consensus is unsurprising, and reflects inclusion 

of different parameterisations across the range of models, 

each with varying sensitivities to climate change, across 

both mainly physical processes (such as those that determine 

future surface temperature) and mainly chemical processes 

(such as those that determine future surface O3). In addition, 

many of the key processes of climate–O3 interaction are 

currently not included in models, or only included in very 

rudimentary ways (eg biogenic emission changes, biospheric 

couplings, land-use change). The impacts of climate change 

on O3 at the urban level have not been assessed, but the 

feedbacks seen at the larger scale are also expected to be 

important at smaller scales. These gaps in our knowledge 

and resultant modelling uncertainties with respect to 

climate–O3 interactions are explored more deeply in the 

next chapter.

Conclusions5.6

Global Ozone

Models indicate that the primary influence on ground-level 

O3 concentrations in 2050 will be anthropogenic emissions 

Table 5.2  Summary of inputs and simulated annual mean mixing ratios of O3, NOX and NO2 for the London Bloomsbury site in 

2000, 2050 and 2100.

Example (a)1 Example (b)1

2000 2050 2100 2000 2050 2100

NOX (ppb)2,3 66.0 (58.6) 28.3 24.6 66.0 (58.6) 28.3 24.6

Background O3 (ppb)1 35.0 40.5 47.0 35.0 31.5 28.5

O3 (ppb)3 12.0 (11.0) 25.0 30.0 12.0 (11.0) 20.0 19.0

NO2 (ppb)3 31.9 (30.9) 19.4 19.9 31.9 (30.9) 15.7 12.6

Notes

1 Applied O3 background trend is 0.3% y–1 for (a) and –0.2 % y–1 for (b) (see text and Figure 5.11); 2NOX concentrations normalised to 
measurement in 2003. Trend inferred on the basis of the NAEI (http:www.naei.org.uk) NOX emissions up to 2020 and IIASA B2 for Europe 
from 2020 to 2100; 3Observed mixing ratios are given in brackets, where appropriate. 
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of mainly NOX, but also CH4, CO and nmVOC. The 2050 O3

projections presented in this chapter were based on future 

emissions that combined the IPCC B2 socioeconomic scenario 

with the assumption that emissions control legislation 

adopted by individual countries at the end of 2006 would 

be fully implemented by 2050. Under these conditions, 

O3 concentrations in 2050 are projected to be near constant 

or reduced in most regions during the maximum O3 season

(relative to 2000). During summer, reductions of 5 ppb are 

projected for the Northern Hemisphere mid-latitudes. Over parts 

of North America reductions of up to 15 ppb (an approximate 

reduction of 25% compared to present-day levels) are 

projected. During the Northern Hemisphere winter an increase 

in O3 is projected due to lower NOX emissions and reduced 

titration by NOX. During the maximum O3 season over much 

of the developing world, an increase in O3 of up to about 3 

ppb (approximately 7%) is projected due to rapid economic 

growth in these regions.

The results show that for this particular scenario, emissions 

changes are generally more important for determining 

2050 O3 concentrations than the effects of climate change. 

Nevertheless, climate change will also have an impact. Global 

models indicate that climate effects on surface O3 will be 

regionally variable with impacts during the maximum O3

season in the range of o5 ppb. The sign of the impact 

appears to depend on the underlying NOX regime: climate 

change tends to increase O3 production in already polluted 

environments, while decreasing it in clean environments. 

This can largely be understood in terms of the influence 

of higher levels of water vapour associated with a warmer 

atmosphere on O3 chemistry under different NOX regimes. 

The analysis shows that those developing world regions with 

already high O3 concentrations, such as large parts of Africa 

and Asia, will experience poorer air quality in 2050 largely 

because of climate change. In other regions with stricter 

controls in place, air quality will improve, although climate 

change will reduce the benefits of control measures.

Global modelling also demonstrates the important role 

of CH4 in determining future O3 concentrations. While 

there are expectations of further increases in CH4 emissions, 

uncertainty in current sources and sinks are too large to 

present a confident interpretation of recent trends or 

projections into the future. If CH4 remains at present day 

levels (1760 ppb) rather than rising to levels projected by the 

B2 scenario in 2050 (2363 ppb) the new modelling indicates 

that global average surface O3 levels will be 1–2 ppb lower. 

Controlling CH4 therefore presents an obvious target for 

regulation.

Ozone at the regional scale

Future changes in O3 at the regional scale (100–1000 km scale) 

will vary seasonally and according to the drivers of change in 

each region. At this scale the distribution of O3 is controlled 

by the hemispheric baseline levels of O3 in air masses arriving 

into the region (usually from the west), by O3 production and 

destruction from O3 precursor emissions within the region, 

and by local scale (1–100 km) O3 sources and sinks.

To provide the probable scale of these changes in Europe 

for example, over the UK and North West Europe, reductions 

in O3 concentrations by 2050 are projected under the new 

B2 CLE scenario as a result of NOX and CO emission reductions. 

Sensitivity analyses suggest that episodic peak and long-term 

mean concentrations may be affected by changes in the 

climatic parameters important for dry deposition and O3

production from the oxidation of isoprene. The effects of 

O3 on reductions in dry deposition in particular may be large 

and should be further investigated.

Ozone at the urban scale

The analysis of future changes in O3 concentrations at the 

urban scale suggests that the exposure of urban populations 

to O3 will increase in many cities by 2050 due to reductions 

in local NOX concentrations. The urban modelling shows that 

as NOX emission controls are implemented and emissions 

decline (as recently seen in the UK for example), urban 

O3 concentrations will rise towards the background 

concentrations. An increase in the background will further 

exacerbate O3 increases at a local level, while a decrease 

will have a counteracting effect. In the case of a large 

decrease in the background, less polluted urban areas could 

potentially experience a net reduction in annual mean O3

levels. The effects of climate change on urban O3 were 

not evaluated explicitly and could significantly modify the 

long-term change in O3 concentrations in these areas.
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Introduction6.1

The results presented in the previous chapter suggest that 

future changes in climate may not have a major influence on 

O3 concentrations globally, but that it is more important at the 

regional and local scales. However, many of the climate 

processes which control O3 at these scales are not yet captured 

well within global atmospheric chemistry models. This chapter 

therefore provides a brief evaluation of which climatic 

processes may influence O3 concentrations in the future. It also 

highlights the role of tropospheric O3 as a greenhouse gas.

The production of O3 is controlled by temperature, sunlight 

and humidity, and by the long-range transport of pollutants 

all of which are sensitive to changes in climate. Many of the 

processes creating or destroying O3 or delivering it to ground 

level are influenced by synoptic8 and local weather patterns, 

which also provide the pathways for the long range transport 

and for the ventilation of O3 and its precursors from the 

boundary layer to the free troposphere.

Climate change is inherently coupled to changes in regional 

and local meteorology, which may affect the potential for 

build-up of harmful levels of O3 during episodes in regionally 

polluted areas (eg Western Europe). For example a change 

towards more frequent episodes of stationary high pressure 

systems (anticyclones and blocking) would suppress transport 

of pollutants away from the source area. Local chemistry, 

8 Synoptic refers to weather systems with scales of 100s to 1000s km typical 
of mid-latitude cyclones and anticyclones.

including O3 surface deposition, may be affected through 

changes in mixing, temperature, humidity and rainfall.

This chapter presents the results of new work to examine 

the importance of summertime atmospheric circulation and 

effects on frequency of weather for O3 formation in current 

and future climates. It also briefly considers how ecosystems 

respond to a changing climate and influence both O3

production and destruction, and assesses possible feedback 

processes between surface O3 and the climate system. The 

exceptionally high O3 episode experienced over parts of 

Europe in summer 2003 is presented as a case study to 

highlight the major climate system processes and feedbacks 

that are critical for predicting future O3 levels, especially 

high pollution episodes.

Effects of weather and climate 6.2
on background ozone levels

The processes through which the climate system affects 

tropospheric O3 levels are complex, and involve many 

interactions between the atmosphere, the land surface 

and ecosystems (Figure 6.1). Some of these processes are 

well-understood and are represented in coupled chemistry–

climate models. However, those involving the terrestrial 

biosphere, including biogenic emissions and dry deposition, 

are less well understood, and are only represented simply in 

most models, for example carbon cycle and O3 interactions 

Climate–ozone interactions6

Figure 6.1  Schematic of the interactions between climate, ecosystems and tropospheric O3. Thick solid lines denote processes 

that are generally well understood and represented in coupled chemistry–climate models. Thin solid lines denote processes that 

are understood but for which uncertainties exist and are only partially represented in models. Dashed lines correspond to links

that are emerging as important but not generally included in model projections.
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(indicated in Figure 6.1) have only recently been assessed, but 

may be significant (Felzer et al. 2004; Sitch et al. 2007). The 

importance of interannual to inter-decadal variations in 

climate, that occur whether or not there is human-induced 

climate change, can have a significant impact on background 

O3 levels but are not yet captured within global models.

Changes in climate6.2.1

Temperature, atmospheric humidity and sunshine levels 

influence background O3 levels through the controls they 

exert on the photochemistry of net O3 production. Higher 

temperatures accelerate O3 production (depending on the 

NOX regime – see chapter 3), and especially in summer, are 

also likely to increase biogenic VOC emissions and hence 

lead to higher surface O3 concentrations in high NOX regions 

(Sanderson et al. 2003). Over the next century increasing 

greenhouse gas emissions are expected to warm the planet. 

Temperatures are expected to increase more over the continents 

than the oceans, with greater increases in summer than winter, 

especially over Europe, and during the dry seasons of India 

and China. By the end of this century, it is projected that hot 

summers, such as that of 2003, could become an average 

yearly occurrence over Europe (Schär et al. 2004). There is a 

high level of confidence in modelled increases in mean 

temperatures at global and regional scales and hence on the 

implications of such changes for O3 production (see chapter 5).

Section 3.3 discussed the chemistry of O3 production, initiated 

by reactions of OH with CH4, CO and VOC (see Figure 3.2). 

OH is produced following photolysis of O3 in the presence 

of water vapour, therefore absolute humidity is a strong 

determinant of background O3 levels, and the expected changes 

in atmospheric humidity associated with global warming are 

likely to have complex effects on surface O3. Early studies with 

coupled chemistry–climate models identified humidity as a key 

negative climate feedback on tropospheric O3 (Johnson et al. 

1999, 2001). This finding has been confirmed in more recent 

studies (Murazaki & Hess 2006; Racherla & Adams 2006; 

Stevenson et al. 2006). Over the oceans where the relative 

humidity is predicted to remain constant, absolute humidity 

will increase with temperature and O3 levels are likely to be 

reduced where NOX levels are low. Conversely, over land, 

relative humidity will not remain constant and large changes 

in atmospheric humidity, both positive and negative, are 

possible, associated with shifts in major weather patterns 

and rainfall distributions.

Potential changes in rainfall are far less certain than 

temperature at regional and local levels, especially in the 

tropics and for major developing countries such as India and 

China (Figure 6.2). Nevertheless, a robust signal of reduced 

rainfall (and hence reduced cloudiness) across Southern Europe 

is predicted, which would have major implications for future 

O3 levels. Shifts in rainfall patterns will influence sinks of O3

through changes in dry deposition and increased levels of 

sunlight will contribute to the photochemical production of 

O3 and potentially to higher biogenic emissions through 

higher levels of photosynthesis.

The degree of drying and the ensuing depletion of soil water 

reservoirs will be critical in determining how vegetation will 

respond and what the effects on biogenic emissions and O3

deposition will be. For example, plants under water stress will 

tend to close their stomata reducing dry deposition. Summer 

drying will also lead to an increased incidence of forest fires 

which will have an impact on O3 concentrations, regionally 

and globally, through the emission of NOX, CO and nmVOC. 

Consequently, the distribution of rainfall is a major factor in 

determining future O3 levels, although it remains a significant 

source of uncertainty in regional projections.

The climate controls on the long range (intercontinental) 

transport (LRT) of pollutants are also important in determining 

background O3 levels. Winds associated with weather systems 

and jet streams transport pollutants over large distances, and 

in the last few years a better understanding of the complex 

nature of these transport processes and the chemical 

transformations that can take place (especially in stably stratified 

layers within the lower troposphere), has been gained (eg 

Fehsenfeld et al. 2006; Methven et al. 2006). The extent to 

which climate change will lead to changes in weather systems 

Figure 6.2  Projections of likely shifts in rainfall patterns by the end of the 21st century for an A1B emission scenario. Colours 

show % change in rainfall where more than two-thirds of the models agree on the sign of the change. White areas denote 

regions where no consistent signal is predicted, eg Africa. Source: IPCC 2007b, Figure SPM 7, page 16 of the Working Group 1 

Summary for Policymakers. Reproduced with permission from the IPCC and Cambridge University Press.

Multi-model A1B

%

–20 –10 –5 5 10 20

Multi-model A1BDJF JJA



Ground-level ozone in the 21st century I October 2008 I 59The Royal Society

and shifts in the jet stream, both of which may imply an increase 

in trajectories that traverse areas with large precursor emissions, 

remains uncertain. Pinto et al. (2007) note that some model 

projections show a poleward shift of the Atlantic storm track 

and Lambert & Fyfe (2006) note an overall reduction in the 

total number of winter-time cyclonic events. In terms of 

summertime prevailing winds, changes over the UK and 

Europe will depend strongly on the incidence of anticyclonic 

weather (see section 6.3). In regions in which significant 

emission reductions are projected (eg Europe, North America, 

Japan), increases in background O3 associated with long-

range transport are likely to become a proportionately more 

important component of surface O3 (Szopa et al. 2006).

As noted in chapter 3, the stratosphere provides an important 

source of O3 for the troposphere via stratosphere–troposphere 

exchange processes. These are driven by the Brewer–Dobson 

circulation, a slow vertically overturning movement of air, 

rising at the equator and descending over the pole of the 

winter hemisphere, and by synoptic weather systems that 

create folds in the tropopause and bring stratospheric air, 

irreversibly, into the troposphere. Nearly all of the global 

models detailed in chapter 5 show an increase in the 

stratospheric influx of O3 as a result of climate change, due to 

a stronger Brewer–Dobson circulation, a robust feature seen 

in many previous studies and state-of-the-art climate model 

projections (Butchart et al. 2006). In addition, climate change 

predictions suggest that while the troposphere will warm, the 

lower stratosphere will cool and slow O3 destruction there 

(Zeng & Pyle 2003), allowing O3 concentrations to rise. These 

factors, in conjunction with the recovery of O3 from the 

influence of halogen species, will combine to increase the flux 

of O3 into the troposphere. This tends to increase mid- to 

high-latitude upper tropospheric O3, and in some models (eg 

Zeng & Pyle 2003), this effect dominates over reductions in 

global tropospheric O3 from water vapour increases 

(Stevenson et al. 2006).

Tropospheric background O3 levels are also influenced by vertical 

mixing in the updrafts of strong cumulus clouds, especially in 

the tropics. These provide important pathways taking O3 and 

its precursors from the surface upwards, out of the atmospheric 

boundary layer and into the free troposphere (eg Hegarty et al. 

2007) where they may be transported long distances by upper 

level winds. Lightning in vigorous cumulus convection is also an 

important source of NOX in the free troposphere.

There is debate about whether global warming will lead to 

more vigorous cumulus convection, since the atmosphere 

will be more stable. In fact, Held & Soden (2006) report 

that overall, tropical convection is reduced in 21st century 

climate projections. Recent studies of observed rainfall 

intensity suggest that locally, more intense convective storms 

are occurring (eg Goswami et al. 2006), in line with results 

from climate model projections (eg Allen & Ingram 2002; 

Turner & Slingo 2008).

If more vigorous convection is an outcome of a warmer 

climate then this is expected to provide more mixing from 

the boundary layer to the free atmosphere of both O3 and 

its precursors. However, the overall impact on O3 is unclear 

as two modelling studies show divergent results (Lawrence 

et al. 2003; Doherty et al. 2005). Increased convection may 

also increase lightning, which potentially enhances NOX

production and may increase background tropospheric O3,

although not necessarily concentrations at ground level. Most 

model studies show an increase in lightning as the climate 

warms (eg Brasseur et al. 2006; Schumann & Huntreiser 

2007), with increases of up to 60% per deg C of warming 

(Lamarque et al. 2005). Wu et al. (2007a) go as far as to 

suggest that increases in lightning may be the dominant 

climate-related driver of future tropospheric O3 increases. 

However, Stevenson et al. (2005) found no global trend, only a 

geographical shift from the tropics to mid-latitudes. This shift is 

also observed in the new RS07 model runs.

There is currently no consensus among modelers about what 

the dominant climate feedback on surface O3 globally might 

be, in part because different effects are likely at different 

spatial scales. Stevenson et al. (2006) found that the negative 

feedback associated with increases in humidity dominated 

over the remote tropical oceans and increased O3 over the 

continents, especially where NOX levels were largest. At the 

regional scale, especially over land the effects of changes 

in soil water availability will influence dry deposition and 

feedback into ground-level O3. The increased flux of stratospheric 

O3 was more important in the upper troposphere, rather 

than at the surface. Wu et al. (2007b) found that projected 

increases in lightning over the USA were the dominant driver 

up to 2050. Other studies have indicated that changes in 

the circulation may be important.

Interactions between climate 6.2.2

and ecosystems

Interactions between climate and the terrestrial biosphere 

have an important effect on surface O3 levels since vegetation 

influences both the sources and sinks of O3 (Figure 6.1). The 

aerodynamic and stomatal resistance of vegetation canopies 

(Figure 3.6) control the dry deposition of O3, while vegetation 

type determines the surface flux of isoprene to the atmosphere 

(see chapter 3). Changes in land-cover have the potential 

to change the evolution of near surface O3 (Ganzeveld & 

Lelieveld 2004). Here we consider the impact of changes 

in natural vegetation arising from climate change and 

CO2 increase.

As explained in chapter 4, biogenic emissions from many plant 

species are sensitive to many environmental factors including 

temperature and PAR and hence are strongly controlled by the 

local climate. There are complex sensitivities to the hydrological 

cycle. For example, the atmospheric vapour pressure deficit 

affects stomatal opening and thereby the rate of surface O3

deposition over vegetated landscapes. The availability of soil 

moisture can affect plant biomass and lead to closure of stomata. 

As noted previously, changes in the distribution of rainfall will 

be critical for determining the effects of ecosystems on future 

O3 levels.

There are, as yet, no global modelling studies coupling 

together climate, vegetation and atmospheric chemistry 
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in a fully interactive way. Sanderson et al. (2003) estimated 

the impact of a simulated change in natural vegetation cover 

on isoprene emissions and near-surface O3 concentrations at 

the end of the 21st century, and showed an increase in 

isoprene emissions from 1990 to 2090 of between 26 and 

34% depending on the land cover scenario. However, when 

the emission characteristics of crops is included, which are in 

general lower emitters of isoprene than species of 

semi-natural vegetation they replace, then the isoprene 

emission rates used to support this study show a decrease 

in emissions with the predicted change in land cover (see 

chapter 4). Given the significant dependence of isoprene 

emissions on plant species, modelling studies of this type must 

currently be seen purely as sensitivity studies. However, the 

suggested sensitivity of future O3 to land-cover is indicative 

of an important interaction that needs to be fully integrated 

into climate–chemistry models.

One of the most important feedbacks with climate is through 

temperature induced increased emissions fluxes of O3

precursors, including nmVOC from vegetation, as described 

above but also NO from soils and CH4 from wetlands, all 

of which respond positively to temperature. Limited work 

has been reported on the latter processes, and in most 

cases the work is limited to an exploration of the scale 

of the temperature response rather than a fully interactive 

component of a larger climate model and must be regarded 

as a priority for further research.

Changes in climate variability6.2.3

Climate variability on interannual to inter-decadal timescales 

may have a substantial influence on background O3 levels by 

influencing surface O3 production, stratosphere–troposphere 

exchange (STE) and the long-range transport of pollutants. 

A major question is how climate change will influence these 

modes of variability and what the implications are for regional 

surface O3 concentrations.

On interannual timescales, the El Nino/Southern Oscillation 

(ENSO) is the major mode of natural climate variability, which 

produces large-scale shifts in the location of tropical rainfall 

leading to widespread droughts, shifts in weather patterns 

and major jet streams (Simmonds et al. 2004). In a modelling 

study, Zeng & Pyle (2005) have shown a close relationship 

between ENSO and STE, with anomalously large STE, affecting 

tropospheric O3, following El Nino events. As yet there is no 

consensus among the various model projections concerning 

changes in ENSO in the 21st century (Guilyardi 2006; Le Treut 

et al. 2007).

ENSO also has a major impact on the monsoons of South 

and East Asia. The major El Nino of 1997/98 had substantial 

impacts on air quality across Indonesia and Southern Asia 

due to the very dry conditions and outbreaks of forest fires 

(Doherty et al. 2006). Recent research has suggested that 

there are multi-decadal changes in ENSO characteristics and 

ENSO–monsoon linkages, and these may be critical in 

determining regional pollution levels. One of the potential 

effects of global warming may be to change the behaviour 

of ENSO on multi-decadal timescales (Turner et al. 2007a) 

and thereby, its impact on key regions for surface O3

production, such as the South and East Asian Monsoons 

(Turner et al. 2007b). Current projections of future O3 levels 

tend to be based on a limited number of years and therefore 

do not take account of these potential changes in ENSO 

behaviour.

Within Europe, the North Atlantic Oscillation (NAO) strongly 

influences the wintertime climate, through the path and 

intensity of weather systems and the strength and location 

of the sub-tropical jet (eg Hoskins & Hodges 2002). This 

in turn may affect the LRT and hence the background level 

of O3. Under positive NAO states the UK experiences more 

westerly winds in which maritime air masses prevail, and in 

which the transport of air from continental Europe is reduced. 

Hess & Lamarque (2007) and Li et al. (2002) show increased 

transport of United States emissions to North-West Europe, 

and increased transport of European emissions to the Arctic 

during the positive phase of the NAO.

Over the last three decades there has been a marked 

trend towards very positive NAO states which has been 

unprecedented at least over the last century. The effects 

of this have been to bring milder and wetter winters to the 

UK and drier more settled weather to Southern Europe. The 

extensive drying, currently observed in the Mediterranean 

region can in part be attributed to this inter-decadal change 

in the NAO. A major question is whether this multi-decadal 

shift to positive NAO states is due to climate change or part 

of a naturally occurring multi-decadal mode, known as the 

Atlantic Multi-decadal Oscillation (AMO), linked to variations 

in the strength of the Thermohaline Circulation (eg Sutton & 

Hodson 2005). Most projections show a tendency to more 

positive winter-time NAO states under global warming (eg 

Osborn 2004; Pinto et al. 2007). However, there are large 

inter-decadal variations within this increasing trend, which are 

not accounted for in current projections of future O3 levels.

Effects of changes in weather 6.3
on peak ozone episodes

If emissions are reduced, and O3 concentrations decline, the 

potential changes in weather regimes, especially persistent 

summertime anticyclones and high temperature episodes, 

may still lead to dangerously high (regional or local) O3

episodes. It is important that the future likelihood of these 

episodes is assessed because of the potential effects on 

human health, crop production and ecosystems in general. 

Following the extreme heat and high O3 concentrations 

of 2003, the scientific community has been alerted to the 

possibility that climate change may increase the risk of such 

events in the future (see Box 6.1).
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Anticyclonic weather and 6.3.1

atmospheric blocking

Episodes of poor air quality occur predominantly in summer 

in mid-latitudes and during the dry season in the tropics. 

They tend to be strongly linked with particular weather 

patterns, especially atmospheric blocking and anticyclonic 

conditions. In mid-latitudes, atmospheric blocking events 

describe a disruption of the usual pattern of westerly winds 

and the establishment of prolonged episodes of stagnant air 

with low wind speeds and reduced advective transport of 

pollutants away from the source area. Extended dry periods 

associated with blocking can alter the life times and deposition 

pattern of a range of pollutants, including O3 with a potentially 

profound influence on the frequency and severity of high 

pollution episodes.

Blocking occurs predominantly over the North Eastern Atlantic 

and Western Europe throughout the year with about 15% 

of the days in any one season being blocked. In summer, 

blocking tends to occur further east over the European sector 

and is generally characterised by high temperatures, dry 

conditions and poor ventilation of the boundary layer. In 

addition, anticyclonic weather (in which high pressure, light 

winds and dry sunny conditions prevail) can also influence 

surface O3 production, through its impact on biogenic 

VOC emissions, as described in chapters 4 and 5. Efficient 

photochemical processing of emissions occurs, leading to 

elevated O3 production rates, a consequent accumulation of 

O3 over a period of several days, and the potential to increase 

regional surface O3 levels over the UK and continental Europe 

to dangerous levels.

Various methodologies have been proposed to identify 

blocking events (see Tyrlis & Hoskins 2008 for a review), 

but the focus has been mostly on wintertime events. Very 

little research has so far been done to investigate how climate 

change may affect the types of weather that the UK and 

Europe will experience in the future, especially in summer. 

Here we report on a new study of atmospheric blocking 

and anticyclonic weather in current and future climates 

undertaken for this report (Barnes, Slingo, Hodges & Hoskins 

submitted).9

Based on analyses of climate change scenarios from the Max 

Planck Institute (ECHAM5) and Hadley Centre (HadCM3 and 

HadGEM1) models, Figure 6.3 suggests that summertime 

blocking is likely to decrease very slightly over European 

longitudes by the end of the 21st century (for ECHAM5 and 

HadGEM1) or for a doubling of CO2 (HadCM3).

This result should be treated with caution however since there 

can be large decadal variations in blocking activity which arise 

9 It uses the blocking index of Tibaldi and Molteni (1990) – with a 
longitudinally varying central blocking latitude to represent the regional 
variations in the positions of the maximum synoptic scale activity (Tyrlis and 
Hoskins 2008) – to identify long-lived ( 5 days), synoptic scale ( 15 degrees 
longitude) events.

through natural internal variability; there are also linkages 

between the incidence of blocking and the phases of ENSO 

and the NAO.

Heat waves and soil moisture feedbacks6.3.2

As well as inhibiting the transport and dispersion of pollutants, 

and accelerating the chemical production of O3, blocking 

events also lead to other feedbacks which may act to further 

increase surface O3 levels. Summertime anticyclonic weather 

patterns are frequently associated with clear skies, high 

temperatures and low humidities. When these conditions 

persist, soil drying can lead to positive feedbacks that act to 

elevate temperatures even further, as was the case in 2003 

(see Box 6.1). This provides the conditions (including reduced 

depositional loss of O3 as well as increased photochemical 

production) for extreme pollution events.

In an analysis of a large ensemble of climate change 

projections with the Hadley Centre model, HadCM3, Clark 

et al. (2006) concluded that European heat waves (defined 

as a sequence of days with exceptionally high temperatures) 

will become much more intense by the end of the 21st 

century under a doubling of CO2 concentrations. In the UK, 

heat waves lasting five days or more, as occurred for 

example in July 2006, currently occur approximately once 

every 20 years. By the end of the 21st century these may 

occur almost every year and could even occur several times 

each summer. Similarly the unprecedented high 

temperatures experienced during the August 2003 

heatwave could occur in approximately 1 out of 10 

summers by the end of the century. In agreement with other 

studies, Clark et al. also concluded that soil moisture effects 

are largely responsible for the change in frequency and 

intensity of extreme heat waves.

It is difficult to quantify the effects of climate change on 

weather conducive to high pollution episodes, and although 

the results summarised here suggest little change in the 

incidence of blocking, when this is linked with a general 

increase in temperature and declining summer rainfall, the 

number of days with low wind speeds and high 

temperatures in summer is likely to increase, leading to 

more high pollution episodes of the type experienced in 

2003. A study of potential changes in daily maximum and 

minimum temperatures over Europe by Kjellstrom et al.

(2007; Figure 6.4) suggested that maximum temperatures 

may increase disproportionately for more extreme events, 

especially for the UK, although there remains large 

uncertainty in the magnitude. The severity of high pollution 

episodes is difficult to predict, since no model adequately 

represents the effects of these weather events on, for 

example, biogenic emissions and wildfires.
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Figure 6.3  Impact of climate change on the frequency of seasonal blocking from a range of model simulations for the current 

and future climates.
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Figure 6.4  Changes in the distribution of summer (JJA) daily maximum temperatures in the British Isles (a) and in Eastern Europe (b) 

from a range of regional climate model simulations from 1961–1990 to 2071–2100 under the SRES A2 scenario. The horizontal axis 

gives the percentile of the distribution. The vertical axis gives the changes in each percentile (in degrees C) separately for the ten 

regional climate models. The lines show the median of the projections. Source: Christensen et al. (2007) (based on Kjellstrom et al. 

2007). Reproduced with permission from the IPCC, Cambridge University Press and Springer Science and Business Media.
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Box 6.1 Case study of an extreme high pollution episode: implications for the impacts of climate 

change on future ozone levels

In August 2003, Western Europe, especially Switzerland, France and Southern England experienced a prolonged heat wave 

and very high levels of surface O3. In several locations, temperatures exceeded those previously recorded (see Box Figure 6.5a, 

left panel), and O3 levels were severely elevated both in geographical extent and the duration of the episode. Ozone levels 

exceeded those considered harmful to human health by factors of 2 to 3 (up to 200 ppb in France (Fiala et al. 2003)) (see 

Box Figure 6.5b, right panel). It is estimated that the 2003 heat wave in Europe was responsible for at least 22,000 deaths 

(Schär & Jendritzky 2004) (2.5–85.3% of deaths attributed to O3 across European cities – see chapter 8) and triggered losses 

of an estimated £7bn.

Figure 6.5  (a) Statistical distributions of summer temperatures in Northern Switzerland from observations and a model 

(using recent past 1961–1990, and a greenhouse-gas scenario for 2071–2100). Source: Schär et al. (2004). Reprinted with 

permission from Macmillan Publishers Ltd (copyright 2004). (b) Ground-level O3 concentrations in Europe on the 8 August 

2003. Source: EEA (2007). Reprinted with permission from the European Environment Agency. (Note: 2 g/m3  1ppb.)
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The exceptionally high temperatures in summer 2003 were initiated by anticyclonic atmospheric circulation. However, strong 

sunshine levels and a lack of rain in the months preceding the summer contributed to a rapid loss of soil water, resulted in 

strongly reduced evapo-transpiration and latent cooling during the 2003 heat wave (Fischer et al. 2007), and highlighted the 

potential for soil moisture deficits to be a major factor in summertime extreme events (eg Seneviratne et al. 2006). A recent 

study by Vautard et al. (2007) has confirmed from the observational record that hot summers are preceded by winter rainfall 

deficits over Southern Europe, emphasising the critical role of the water reservoir in the soil of continental Mediterranean 

areas for European climate. Expected reductions in rainfall over Southern Europe under climate change are likely to increase 

further the potential for frequent heat waves similar to August 2003.

Many plant and tree species are high VOC emitters when placed under extreme conditions, although at the highest 

temperatures and conditions of drought stress biogenic VOC emissions decline significantly. The response to temperature 

is likely to be highly non-linear due to concomitant changes in stomatal conductance (which could also have led to a 

significantly reduced dry deposition loss for O3 (see Figure 5.10). It is also highly species-dependent. During the European 

heat wave of August 2003 isoprene was observed at daytime concentrations in excess of 1600 pptv in South-East England, 

concentrations typical of tropical forested regions (Lee et al. 2006). Preliminary source-apportionment analysis was consistent 

with this isoprene, in part being of biogenic origin, although the observed levels cannot be reconciled with current estimates 

of isoprene emissions in that region, partly due to deficiencies in the UK emission inventory for biogenic VOC. This case has 

emphasised the potential for positive feedbacks between temperature, soil moisture deficits and biogenic emissions that may 

interact to produce highly elevated levels of surface O3, which far exceed levels considered safe for plants and humans. It also 

highlights the need for better inventories of natural precursor emissions.
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Tropospheric ozone changes as a 6.4
driver of climate change

This chapter is predominantly concerned with the potential 

impact of climate change on ground-level O3. However, O3

increases also contribute to climate change through both 

direct and indirect routes (see Figure 6.1). Ozone is a 

greenhouse gas and future impacts of changing O3

concentrations should therefore be considered alongside 

those of rising CO2 concentrations. The IPCC estimates that 

tropospheric O3 increases since pre-industrial times have 

contributed somewhere between 0.25 and 0.65 W m–2 to

global radiative forcing (Forster et al. 2007). On the basis of 

this direct forcing, O3 is ranked as the third most important 

anthropogenic greenhouse gas after carbon dioxide 

(1.49–1.83 W m–2) and CH4 (0.43–0.53 W m–2).

It should be remembered that O3 is a secondary pollutant 

(ie it is not directly emitted) formed from a variety of emitted 

precursors (see chapter 3). Control of O3 therefore requires 

control of these precursors. However, the total climate impact 

of these precursor emissions goes beyond their effects on O3.

Emissions of NOX tend to increase levels of OH reducing the 

lifetime of CH4, and hence reducing CH4 concentrations, 

producing a negative radiative forcing. The net impact on 

climate of NOX emissions is believed to be a net cooling 

(Fuglestvedt et al. 1999; Derwent et al. 2001; Wild et al. 

2001), although there is significant dependence on the 

location and season of NOX emission (Stevenson et al. 2004;

Naik et al. 2005; West et al. 2007; Derwent et al. 2008).

However, emissions of CO, CH4 and VOC tend to reduce 

levels of OH, increasing the CH4 lifetime and producing an 

additional positive radiative forcing (Derwent et al. 2001;

Wild et al. 2001; Collins et al. 2002a; Naik et al. 2005;

West et al. 2007).

Increases in O3 will also have an indirect effect on 

global warming by suppressing plant growth, reducing the 

land carbon sink for CO2 and therefore increasing the rate at 

which CO2 increases in the atmosphere (see Figure 6.1). 

Experimental studies have shown that O3 reduces the 

additional carbon storage arising from increased CO2

concentrations, but that elevated CO2 concentrations can 

reduce the negative impacts of O3 on vegetation (see chapter 

8, section 8.4.2). A physiological model linking these 

phenomena has recently demonstrated that the indirect 

radiative effects of O3 via reduced carbon sequestration 

could increase the total radiative forcing due to O3 over the 

period 1900–2100 by at least 70% (Sitch et al. 2007). This 

recent work suggests that tropospheric O3 increases are 

an even more important driver of global warming than 

previously assumed.

Gaps and uncertainties6.5

Many processes and feedbacks come into play when 

considering the interactions between climate and O3 (see 

Figure 6.1) and several global modelling studies have shown 

significant impacts of projected 21st century climate change 

on surface O3 levels (see chapter 5). However there are 

significant uncertainties in the representation of many of 

these processes and feedbacks even in state-of-the-art 

coupled chemistry–climate models, as well as gaps in basic 

understanding. None of the current projections adequately 

account for decadal climate variations. Although these 

variations may not significantly affect the long-term average 

background O3, it is possible that there may be decades with 

regionally enhanced or reduced O3 and more or less frequent 

high pollution episodes.

Table 6.1 summarises the current state of knowledge 

and inclusion of processes in models. A more complete 

understanding of climate change effects on future O3 levels 

will require longer integrations with models which include 

all the appropriate processes and feedbacks between 

atmospheric chemistry, climate and ecosystems, at sufficient 

resolution to represent regional scale processes, weather 

phenomena and ultimately urban scale modifications.

The representation of the water cycle constitutes one of 

the most serious uncertainties in future projections of 

regional climate change. Systematic biases in rainfall patterns 

simulated by current models compromise the projections 

of future changes (see Figure 6.2) and introduce uncertainties 

in background O3 levels, especially over land and where 

NOX levels remain high. They also limit our ability to predict 

changes in the incidence of heat waves and high pollution 

episodes.

Ecosystems are still only represented crudely in climate 

models and the processes through which they interact with 

the climate and surface O3 levels are generally represented 

simplistically. Recent advances in understanding the damaging 

effects of O3 on plants have not so far been included in 

future projections but are likely to lead to positive feedbacks 

that increase O3 levels further.

Critically, many of the processes that affect O3 production 

(eg detailed stratosphere–troposphere exchange processes, 

cumulus convection and mixing, lightning, atmospheric 

blocking) and exposure of terrestrial ecosystems 

(eg topography) operate on spatial scales which current 

coupled chemistry–climate models do not resolve. The 

computational expense of increasing model resolution is 

daunting and currently beyond the capability of existing 

resources, but our inability to represent weather systems 

and landscapes properly in current climate models places 

significant uncertainties on our current projections.
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Conclusions6.6

The global chemistry models used in this report are not yet 

able to simulate all processes regulating ground-level O3 at 

fine geographical scales, in part due to limitations in computing 

resource, but also due to weaknesses in understanding and 

availability of the data required. There are many processes 

contributing to the control of O3 which are sensitive to 

climate, at a range of scales.

These global models suggest that over the 21st century, climate 

change is expected to decrease O3 over the oceans, especially 

in the tropics; to increase O3 over land, particularly in regions 

where NOX emissions remain high; and to enhance the 

transfer of stratospheric O3 into the troposphere. Consequently, 

projected changes in climate are likely to increase regional O3

levels where emissions are high, which are the areas in which 

most people live. These increases may partially offset or 

even overturn some of the benefits derived from reductions 

in emissions.

Table 6.1  Climate-related factors important for O3 and the level of understanding in modelling of the relevant processes in 

coupled climate–chemistry projections.

Driver
Response to increase 
in driver

Increases or 
decreases in O3

levels

Level of 
understanding

Inclusion in 
atmospheric
chemistry
projections

Temperature Faster photochemistry

Increased biogenic VOC and NO 

emissions

Increases (high NOX)

Decreases (low NOX)

Increases

Good

Moderate

Yes

Sometimes

Atmospheric

humidity

Increased O3 destruction Increases (high NOX)

Decreases (low NOX)

Good Yes

Sunlight Increased photo-production

Increased stomatal opening

Increases (high NOX),

Decreases (low NOX)

Decreases

Good

Good

Yes

Yes

Drought Decreased atmospheric humidity 

and higher temperatures

Plant stress and reduced stomatal 

opening

Increased frequency of wild fires

Increases

Increases

Increases

Good

Good

Poor

Yes

Sometimes

No

Blocking, anticyclonic 

weather

More frequent episodes of 

stagnant air

Summertime/dry season heat 

waves

Increases

Increases

Poor

Poor

Yes

Yes

Long-range transport Greater transport of pollutants, 

O3 from remote locations 

Mostly increases Moderate Yes

Strat–trop exchange Increased flux of stratospheric O3 Increases Moderate Yes

Cumulus convection Increased vertical mixing of near-

surface pollutants

Increased lightning and NOX

production

Mostly decreases

Increases

Poor

Moderate/poor

Yes

Sometimes

CO2 Less stomatal opening Increases Good Yes

O3 Less stomatal opening

Damage to plants

Increases

Increases

Moderate

Poor

No

No

Climate variability Greater extremes of major climate 

drivers, regionally

Mixed Poor Insufficient

samples
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Climate change can lead to important feedback processes 

which will affect: the production of O3 precursors such as 

VOC from vegetation; changes in the production of lightning 

NOX, the release of CH4 from wetlands and the melting of 

arctic permafrost, the production of soil NOX; and the uptake 

of O3 by vegetation. Many of these processes are not routinely 

included in models, but they have the potential to substantially 

increase episodic peak and long-term mean O3 concentrations 

under climate change.

Globally, an increase in the frequency of high O3 days due to 

changes in weather and rainfall patterns is expected due to 

climate change. During the 21st century over the UK and 

Europe, for example, an increased frequency of summer 

droughts, heat-wave events and associated high O3 episodes 

is anticipated. By the end of the century it is projected that 

hot summers, (defined in terms of the mean temperature for 

June, July and August), such as experienced in 2003, will 

become an average yearly occurrence and that the incidence 

of extreme hot weather of the type experienced in the 

heatwave of August 2003 will increase and may occur across 

Europe every one in ten summers by 2100. In other parts 

of the world, weather patterns that limit the intensity of 

summertime or dry season peak pollution levels are expected 

to be less prevalent leading to higher pollution levels.

One of the dominant processes controlling ground-level O3

in heat-wave conditions is the dry deposition rate, which is 

reduced in dry conditions by stomatal closure in vegetation 

and was an important contributor to the very high O3

concentrations during the 2003 heat wave in France. Such 

feedbacks are expected to increase as reduced soil water 

availability and hot summers become more common later 

this century.

Climate variability clearly influences ozone concentrations, 

through changes in atmospheric circulation for example. 

Inter-decadal changes in the NAO and ENSO have profound 

effects on regional climate and O3 (Doherty et al. 2006). The 

projected frequency and magnitude of these very important 

features of climate into the future are very uncertain since 

current global climate models still have difficulty in capturing 

phenomena such as ENSO (IPCC 2007a) and it will be some 

time before progress in the underlying science will enable 

more confident projections.

Finally, tropospheric O3 is an important greenhouse gas, 

ranked third behind CO2 and CH4 in terms of its direct 

radiative forcing over the period 1750–2005. Future increases 

in O3 may also lead to significant indirect forcing of the 

climate, by reducing the global land carbon sink and therefore 

amplifying the rate of increase of atmospheric CO2.



Ground-level ozone in the 21st century I October 2008 I 67The Royal Society

Introduction7.1

Ozone (O3) has significant impacts on human health globally. 

In the EU 21,400 premature deaths each year are associated 

with O3 (EEA 2007). This chapter provides an overview of 

the mechanisms by which O3 affects human health. The final 

sections of this chapter discuss the current evidence of human 

health impacts and provide an assessment of how future 

background and peak O3 concentrations may impact on 

human health.

Mechanisms of ozone effects – how does 7.2
ozone cause damage to human health?

Ozone has been associated with a wide spectrum of human 

health effects most of which relate to the respiratory system 

(American Thoracic Society 2000; US EPA 2006; WHO 2006; 

US NAS in press). Ozone can cause direct oxidative10 damage 

to cells or secondary damage by diverting energy away from 

primary cell functions to the production of defence 

mechanisms such as antioxidants.

Ozone reacts with antioxidants, such as ascorbate within 

the lung lining fluid (LLF), which protect the lungs from 

oxidative damage. In those instances when O3 reacts with 

other substrates in the LLF such as protein or lipid, secondary 

oxidation products arise which lead to a number of cellular 

responses within the lung including an influx of inflammatory 

cells. As a consequence, the delicate blood/air barrier is 

damaged and the lung does not function as efficiently 

as it should.

Individuals react differently to O3 exposure and many factors 

affect the amount of O3 taken up by an organism, ie the dose. 

10 Oxidative damage is the extraction of electrons from target molecules 
which leads to a change in their chemical, physical and functional 
characteristics.

This makes the determination of a dose–response relationship 

for the assessment of human health impacts extremely 

complex. The mechanisms that control the balance between 

beneficial and detrimental interactions in the LLF compartment 

are not well established but these may contribute, in part, to an 

individual’s varying sensitivity to O3.

Adverse effects range from small effects on lung tissue 

through to respiratory symptoms and exacerbations of 

pre-existing diseases, such as asthma or chronic obstructive 

pulmonary disease, sufficient to cause hospitalisation or 

death. In the latter instance O3 acts as one of a number 

of factors leading to disease exacerbation in patients with 

reduced lung function. The strongest evidence for effects 

on human health relate to acute effects but there is growing 

evidence that O3 may also cause chronic effects by causing 

permanent damage to the lung (see Table 7.1).

Measuring and assessing the effects 7.3
of ozone on human health

Measurements of the effects of O3 on human health are 

based on either experimental exposure studies or real world 

observational studies (epidemiological studies). These 

measures are then used to assess the impacts of O3 over a 

given area and time period through the use of models and 

an exposure–response coefficient to extrapolate impacts 

from measured effects. The limited number of monitoring 

sites or measured effects in different countries is a serious 

limitation in the use of such models.

For epidemiological studies, there are also a number of factors 

and processes that need to be taken into consideration when 

interpreting and extrapolating the observed effects of O3.

The effects of ozone on human health7

Table 7.1  Human health and pathophysiological effects of O3.

Experimental studies Epidemiological studies

Acute

effects

Reduced lung function

Respiratory symptoms

Airway inflammation

Airway hyperreactivity

Increased airway permeability

LLF antioxidant depletion

Reduced lung function

Respiratory symptoms

Increased asthma medication

School absence

Daily mortality – all cause, respiratory, cardiovascular

Daily emergency hospital outpatient visits – respiratory

Daily hospital emergency room attendance for respiratory diseases

Chronic 

effects

Morphological changes in the airways Reduced lung function in children and young adults

Increased incidence of asthma?

Increased prevalence of asthma?
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These include the effects of temperature and other pollutants 

on human health (see section 7.4.4).

Quantifying the population health impact of O3 is important 

for policy and requires reliable exposure response relationships, 

estimates of population exposure and baseline health data. 

However a number of factors limit the accurate assessment of 

O3 and are likely to lead to an underestimation of the effects, 

including: a lack of accurate baseline health data in many 

countries, the use of mean annual O3 exposures to estimate 

population exposure which could miss important individual 

exposure effects, and the fact that many factors can affect 

the interpretation of epidemiological study results and obscure 

the real exposure–response relationship. This also makes it 

difficult to know whether there is a threshold of effects of 

O3 (see Box 7.1). For this reason it is common practice to 

estimate health impact with and without a threshold 

assumption. In estimating the health impact for the EU Clean 

Air for Europe (CAFE) Strategy the threshold adopted was 

35 ppb (European Commission 2005) and it is important to 

note that the air entering Europe from the Atlantic from 

Box 7.1 Is there a threshold below which ozone has no effect on humans?

The shape of the exposure–response relationship and existence or not of a threshold for effect is critical in estimating the 

health impact of O3 and has an important bearing on the number of deaths, for example, that can be attributed to O3.

There are several reasons why epidemiological studies of daily mortality or hospital admissions might not be expected to 

show a threshold:

There is variation in individual susceptibility to Os฀ 3 and in underlying disease that might be exacerbated by it.

Actual exposure and dose to the lung are likely to vary within an area described by a community monitoring station. s฀
It has been shown that where there is a considerable difference between the mean and individually experienced 

exposure, epidemiological studies using community monitors are unlikely to show a threshold, even if there is one 

at an individual level.

A meta-analysis of 24 h (lags 0 1) O3 and daily mortality based on 98 US cities (Figure 7.1) concluded that any threshold is 

at around background concentrations and much lower than current national air quality guidelines. This is one basis for the 

decision of a European working group to recommend a threshold of 35 ppb (8 h maximum) for health impact assessments. 

With no threshold assumption, the number of health events on peak O3 days is outweighed by the number of events 

attributable to O3 on the more numerous lower O3 days (WHO 2003, 2006).

Figure 7.1  Summary of exposure–response curve for O3 and daily mortality based on 98 US urban communities. Note: 

Percent increase in daily non-accidental mortality at various O3 concentrations using the spline approach. The black line 

represents the central estimate, and the green lines represent the 95% posterior interval. Source: Bell et al. (2006). 

Reproduced with permission from Environmental Health Perspectives.

6

5

4

3

2

%
 In

cr
ea

se
 in

 m
o

rt
al

it
y 

ri
sk

1

0

0 20 40
Average of same and previous day’s O3 (ppb)

60 80



Ground-level ozone in the 21st century I October 2008 I 69The Royal Society

sources elsewhere in the Northern Hemisphere often 

contains larger O3 concentrations than 35 ppb.

Irrespective of whether there is a threshold at the population 

level or not, the important fact is that effects are detectable 

in the ambient range experienced by populations worldwide 

and well below national air quality standards. The extension 

of exposure–response relationships to relatively low levels of 

exposure was a key factor in the recent decision of WHO to 

reduce the O3 Air Quality Guideline from 120 to 100 μg/m3

(8 h) (50ppb). The health implications of current background 

concentrations in many regions are therefore considerable 

and any further increases in background concentrations of 

O3 would have a significant impact on human health (WHO 

2003 and 2006).

Estimates of population exposure to O3 in urban areas are 

based on community background stations. This may not 

adequately represent personal exposure because the population 

spends most of its time indoors, where O3 levels are lower. 

However, it is the exposure basis of most epidemiologically 

derived exposure–response relationships on which impacts are 

based. Exposure coefficients are reported for three averaging 

times (1, 8 and 24 h). Given likely human exposure patterns 

the 8 h maximum is preferred: this is the averaging time used 

frequently in Europe (an estimate of 0.3% of total mortality for 

a 5 ppb increase in 8 h O3 based on a meta-analysis of available 

European city results was used to model the mortality impact 

of O3 on daily mortality for the EU CAFE Strategy) and in the 

revised WHO Global Guidelines (WHO 2006). For wider areas, 

however, it is necessary to rely on models.

Ideally, health impact assessments should use exposure–

response relationships that relate to important health outcomes 

for which a population baseline is available. For acute effects 

this narrows the choice to daily mortality and daily hospital 

admissions. Chronic disease and loss of life years are potentially 

more important health impacts but the evidence is currently 

insufficient for reliable health impact assessments. While the 

baseline lung function of populations is known, the health 

significance of chronic reductions in lung function is uncertain 

(this is discussed further in section 7.4.3).

Current human health impacts7.4

The impacts of O3 on human health can be split into acute 

and chronic effects. There is substantial evidence to support 

the attribution of acute health effects to O3. However, there 

are still considerable uncertainties in the attribution of chronic 

effects (Table 7.1).

Who is most at risk from ozone exposure?7.4.1

There is evidence to suggest that children, asthmatics, and 

the elderly are populations that may be more susceptible or 

vulnerable to the effects of O3. Various factors appear to 

influence an individual’s susceptibility to O3, such as: genetic 

susceptibility, age and pre-existing cardiorespiratory disease.

Controlled human exposure studies demonstrate a large 

variation in sensitivity and responsiveness to O3 in studies 

of healthy subjects, but the specific factors that contributed 

to this variability are yet to be identified (Mudway & Kelly 

2000). Other factors can also lead to enhanced vulnerability 

to O3 related effects, such as heightened exposures or activity 

patterns leading to an increased dose. For example, studies 

have shown that exercising individuals are exposed to much 

higher doses of O3 due to the greater volumes of air entering 

their lungs (Mudway & Kelly 2004).

O3 induced differential responses in lung function and airways 

hyper-reactivity in people with allergic rhinitis suggest that 

asthmatics have greater responses than healthy people with 

exposure to O3, which increase with disease severity. In 

addition, repeated O3 exposure over several days has been 

shown to increase responsiveness to bronchial allergen challenge 

in subjects with pre-existing allergic airway disease, with or 

without asthma. Asthmatics also show significantly greater 

inflammatory responses than similarly-exposed healthy 

individuals (Scannell et al. 1996).

Controlled human exposure studies have shown that lung 

function responses to O3 vary with age, with responsiveness 

generally diminishing after about 18 to 20 years of age. 

As the size and surface area of the airways change with age 

this is most likely due to higher O3 absorption in children 

(Bush et al. 1996).

Various strains of mice and rats have demonstrated the 

importance of genetic make-up for O3 susceptibility. Moreover, 

genetic and molecular characterisation studies in laboratory 

animals identified regions of the genome responsible for 

both sensitivity and resistance. Recent human clinical and 

epidemiologic studies also have shown that genetic variations 

for antioxidant enzymes and inflammatory genes (GSTM1, 

NQO1 and TNF- ) may modulate the effect of O3 exposure on 

pulmonary function and airway inflammation (Chen et al. 2007).

Health effects of short-term (acute) 7.4.2

exposure to ozone

There are substantial human and animal toxicological data 

that support health effects associated with short-term 

exposure to O3 and associations have been observed with a 

wide range of outcomes in epidemiological studies (Table 7.1). 

The evidence to support the main effects such as reduced 

lung function, respiratory symptoms and airway inflammation 

are discussed below.

The effects of ozone on lung function

Controlled O3 exposure studies demonstrate acute reversible 

reductions in lung function in 10–15% of healthy adults. 

However, there is considerable variability in responses between 

individuals, such that some may experience no symptoms at all 

to moderate O3 challenge. Studies show that with repeated 

acute O3 exposures over several days, lung function reductions 

are typically greater on the second day. However tolerance is 
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developed over the subsequent days of repeated exposure 

(Kulle et al. 1984).

In epidemiological studies symptoms in healthy children are 

rarely observed but there is good evidence from many studies 

that small transient decrements in lung function occur. An 

example from panel studies reported for 1 h O3 from the 

USA is shown in Figure 7.2. The results of individual studies 

varied but the summary estimate for average reduction is 5 ml 

(less than 1%) in forced expiratory volume (this is a standard 

measure of lung function and represents the amount of air 

that can be forced out of the lung in 1 second) per 5 ppb 

change in O3. These studies typically observe considerable 

individual variation with some subjects showing no reduction 

and some larger reductions, which might be sufficient to 

cause symptoms in subjects already on the brink of a clinical 

event for other reasons (such as a respiratory infection).

Respiratory symptoms brought on by ozone

A small proportion of healthy adults exposed to O3 exhibit 

symptoms of cough and pain on deep inspiration but these 

symptoms gradually decrease with increasing age. With 

repeated O3 exposures over several days, individuals develop 

a tolerance however this is lost after about a week without 

Figure 7.2  Effect of 1 h maximum daily O3 on daily forced 

expiratory volume in one second (FEV1) in panels of children 

studied during the summer period in the USA. Pooled random 

effects (RE) and fixed effects (FE) estimates. The unit is ml. 

Courtesy of Air Pollution Epidemiology Database, St George’s, 

University of London.
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exposure. There are also positive associations between 

O3 concentrations and emergency hospital admissions or 

emergency room attendance for respiratory diagnoses but, 

overall, the evidence is mixed. More convincing is a lack 

of evidence for associations between O3 and emergency 

admissions for cardiovascular diagnoses.

The effects on airway inflammation

Animal toxicological studies provide extensive evidence 

that acute (1–3 h) low dose O3 exposures can cause lung 

inflammatory responses, damage to epithelial airway tissues, 

increases in permeability of both the lung endothelium and 

epithelium and increases in susceptibility to infectious diseases 

due to the modulation of lung host defences (Gilmour & 

Selgrade 1993; Leikauf et al. 1995). Inflammatory responses 

have been observed in the airway in some individuals following 

O3 exposures even in the absence of O3 induced reductions in 

lung function. There is also evidence that repeated O3 exposures 

over several days results in a reduction in inflammation. 

However, evidence suggests that lung tissue damage 

continues during repeated exposure (Jorres et al. 2000).

Effects on airway responsiveness and allergic reactions

Controlled human exposure studies have found that acute 

O3 exposure causes an increase in non-specific airway 

responsiveness. Ozone has also been shown to further increase 

the airway responsiveness in allergic asthmatic subjects, in 

response to allergen challenges. These effects are supported by 

studies on laboratory animals. The lung lining fluid antioxidant 

status is compromised in asthma and, although the cause of 

the decreased complement of antioxidant defences on the 

surface of the lung is unknown, it is likely that as a consequence 

these individuals will be more susceptible to an oxidative 

challenge. It has also been shown that O3 induced exacerbation 

of airway responsiveness persists longer and decreases more 

slowly than the effects on lung function and respiratory 

symptom responses (Folinsbee et al. 1988; Horstman et al.

1990; Molfino et al. 1991; Peden et al. 1995; Jorres et al. 1996; 

Sun et al. 1997; Kehrl et al. 1999; Roux et al. 1999).

Panel studies have also observed, to a varying extent, 

associations between ambient O3 on the same or prior days 

and symptoms of upper or lower airway irritation, reduced 

lung function, increased asthma symptoms and increased 

medication for asthma. There is considerable inconsistency 

between studies, however, which has not yet been explained 

but may relate to factors such as variations in exposure, level 

of activity and susceptibility.

Effects of ozone on daily mortality

There is good evidence to support an association between O3

and increases in daily mortality from time-series studies 

conducted in many cities throughout the world (WHO 2006). 

To illustrate this, Figure 7.3 shows the association between 8 h 

O3 and all-cause daily mortality (total number of daily deaths 

in a population) for 20 individual cities published up to 2006. 
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The combined estimate for the 20 studies is a 0.22% increase 

in daily deaths for 5 ppb increase in 8 h O3 and, while small, 

this is unlikely to be explained by chance. The corresponding 

estimates for cardiovascular and respiratory mortality are 

0.38% and 0.41%, respectively. Allowing for scaling, equivalent 

results have been found for 1 h and 24 h averaging times 

(WHO 2006).

There is considerable variability between cities, some of which 

is explained by publication bias or post hoc selection of the 

best out of a number of model results, but much of the 

variability is unexplained. To reduce the variability due to the 

methods used, a number of coordinated multicity studies have 

been completed. Of 11 such studies, statistically significant 

positive associations with daily mortality have been observed 

in 7. A large European study of 23 cities, found an association 

only in the warm season (Gryparis et al. 2004). There is no 

direct evidence to explain the mechanism by which mortality 

is affected. It is postulated that these associations are 

explained by O3 affecting individuals who are close to dying 

from some other cause. If this death is inevitable, then the 

role of O3 is to bring the death forward, possibly by only a 

Figure 7.3  Relative risks and 95% confidence intervals of daily 

mortality associated with 5 ppb increase in 8 h O3 and daily 

all-cause, all-age mortality. Pooled random effects (RE) 

estimate 0.22% (95% CI 0.09–0.35). Courtesy of Air Pollution 

Epidemiology Database, St George’s, University of London. 
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few days. If the vulnerability is temporary, it is possible that, 

had O3 not had an additional effect, the individual might have 

recovered, in which case a more substantial loss of life may be 

incurred. It is also thought that O3 influences cardiovascular 

mortality indirectly through placing stress on the respiratory 

system or indirectly through inflammatory mediators released 

by the lung into the blood stream (Bell et al. 2007).

However, correlations between mortality, O3 and various other 

pollutants complicate the interpretation of these associations 

(as discussed in section 7.4.4). Ozone tends to be positively 

correlated with NOX in the warm season and negatively 

correlated in the cool season. In turn, NOX, especially NO have 

a common emission source with PM which also has mortality 

effects. Most studies, however, find that the effects of O3 are 

relatively independent of those of particles (WHO 2006).

Health effects of long-term (chronic) 7.4.3

exposures to ozone

Animal toxicological studies show that chronic O3 exposure 

causes structural changes in the respiratory tract, and 

simulated seasonal exposure studies in animals suggest that 

such exposures might have cumulative effects. The persistent 

nature of these changes raises the possibility of long-lasting 

alterations in human airways in response to chronic O3

exposure, but it is unclear what long-term patterns of exposure 

or O3 concentrations are required to produce analogous 

morphological changes in humans.

Chronic effects on human health can be investigated by 

analysing the relationship between spatial variations in 

long-term exposure to air pollution and health. These may 

be cross-sectional studies in which the data are collected at 

one period of time, or cohort studies in which exposed and 

non-exposed populations are followed over time. The chronic 

health effects observed so far are listed in Table 7.1.

Chronic effects on lung function and growth

The evidence that long-term O3 exposure is associated with 

reductions in lung function is somewhat inconsistent. Cross-

sectional studies of children in Austria and Southern Germany 

(Frischer 1999; Horak 2002; Ihorst 2004) have observed 

reductions but there was some evidence that these effects 

could be reversed over several years. In Southern California, 

however, there was no evidence that O3 exposure was 

associated with reduction in the expected rate of lung 

function growth (Gauderman 2004).

The clinical implications of these effects are unknown. The 

lung has considerable excess capacity and these reductions 

are unlikely to cause symptoms except in individuals who have 

little or no reserve as a result of advanced chronic lung disease 

due to other causes. It has been observed in a number of 

population cohort studies that individuals with lower lung 

function have a reduced life expectancy but because the 

reasons for this are not known, it is not possible to predict 
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with any confidence whether O3 associated reductions will 

have the same effects on life expectancy.

The effects of ozone on asthmatics

Asthma is one of the most important chronic diseases in 

childhood and there is intense interest in the possibility that it 

might be caused by ambient air pollution. A number of reviews 

have concluded that there is little or no evidence that ambient 

air pollution, including O3, cause asthma, although it may play 

a small part in exacerbating existing disease (WHO 2005).

The most comprehensive body of evidence supporting this 

conclusion is based on prevalence studies of respiratory 

symptoms in which a number of areas, usually different towns 

are compared. These studies typically investigate a range 

of both respiratory symptoms and air pollutants which can 

lead to a large number of associations. About half of these 

studies have found associations between O3 and at least one 

symptom, including asthma symptoms, but there is, overall, 

a lack of consistency.

Cohort studies provide direct evidence concerning the 

incidence of disease, but are few in number because of 

the logistical problems of following up large numbers of 

individuals over an extended period of time. A study of non-

smoking adult Seven Day Adventists in California, found that 

long-term exposure to O3 was associated with the incidence 

of doctor diagnosed asthma (Abbey et al. 1991). The study 

of Southern California children referred to above followed 

children without evidence of asthma over 5 years and found 

no increase in risk was in relation to long-term O3 exposure. 

However, in a subgroup analysis, an increase in incidence was 

observed in both boys and girls living in high O3 areas who 

played three or more team sports, suggesting that exercise 

rates are an important factor (McConnell et al. 2002). The 

same study also found small associations between O3 and 

bronchitic symptoms in asthma subjects.

Effects on loss of life years

Potentially, perhaps the most important health effect of O3 is 

a shortening of life. This is best studied by cohort studies in 

which subjects exposed to different long-term concentrations 

of O3 are followed over time to compare mortality rates. Risks 

of death have been investigated in three adult cohort studies, 

all in the USA. The largest cohort found that all cause and 

cardiovascular mortality were positively associated with O3

concentrations in the third quarter of the year (Pope et al.

2002). The other cohorts also found some indications of a 

positive effect but overall, the current evidence is insufficient 

to either confirm or refute an association.

The interaction of ozone with other 7.4.4

pollutants and temperature

Ozone may have significant additive effects on health in 

combination with other environmental factors, such as 

pollutants, allergens or temperature. However, the mechanisms 

for such effects are not well understood. Animal studies have 

provided evidence that supports additive, synergistic and even 

antagonistic effects between these factors.

A few controlled human exposure and animal toxicology 

studies have investigated health effects associated with O3

containing pollutant mixtures at near ambient levels and these 

suggest that interactions do occur between O3 and PM with 

increased lung tissue injury observed with the mixture of PM 

O3 compared to either PM or O3 alone (Bosson et al. 2007).

Controlled human exposure studies indicate that continuous 

exposure of healthy human adults to SO2 or NO2 also 

increases O3 absorption. There is some epidemiological 

evidence that adverse effects of particles are enhanced when 

O3 concentrations are higher (Atkinson et al. 2001).

Controlled human exposure studies suggest that O3 enhances 

the response to allergen challenge, which are supported by 

animal toxicology studies. However, studies in London have 

not been able to confirm that the effects of pollens or mould 

spores on hospital admissions for asthma are modified by 

concentrations of O3, so it is not clear at present whether 

this is important for public health (Anderson et al. 1998).

An interaction between O3 and temperature during hot 

weather is of greater potential importance in view of global 

warming and the predicted increase in heat wave events, as 

experienced in the summer of 2003 (see Box 7.2). Mortality 

increases in hot weather, especially in heat wave conditions 

where there is a sustained high temperature over several days 

(see section 6.3.2). These are conditions in which the rate 

of O3 production also increases so that the population is 

exposed to extremes of both temperature and O3. Heat wave 

conditions may also be associated with an increase in other 

pollutants such as particulates. Apart from heat stroke, the 

mechanisms leading to excess deaths during heat waves 

Box 7.2 The summer 2003 heatwave: estimating 

health impacts of elevated O3

The relative impact of O3 and high temperature 

on mortality during the European 2003 heatwave was 

investigated in nine French cities (Bordeaux, Le Havre, 

Lille, Lyon, Marseilles, Paris, Rouen, Strasbourg and 

Toulouse) (Filleul et al. 2006).

The excess risk of mortality attributable to O3 was very 

heterogeneous, ranging from 2.5% in Bordeaux to 85.3% 

in Toulouse.

Various suggested reasons for this heterogeneity include 

the vulnerability of the population (poverty, age, chronic 

disease burden), differences in the heat island effect, and 

errors relating community measures of temperature and 

O3 to exposure of the population.

These results show that the effect of O3 during heatwaves, 

while generally small in relation to the effects of 

temperature, is likely to constitute an additional health 

impact but that the size of this effect is likely to vary 

considerably from place to place.
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in high O3 conditions are difficult to distinguish. In such a 

complex and extreme situation it is not safe to assume that 

the linear concentration response relationships observed 

across the whole range of O3 concentrations is applicable. 

Limited epidemiological evidence from Belgium in 1994 and 

France in 2003 suggest that in very hot summer conditions 

O3 plays a role in increasing mortality.

Future human health impacts: how 7.5
significant will the effects of ozone on 
human health be over the next century?

Estimating the future impact of O3 requires the estimation of 

future baseline rates for mortality and morbidity, projections 

for future O3 exposure levels, knowledge of the effects of O3

on human health, and use of an appropriate dose–response 

relationship. Much of this information is not currently 

available for many locations. If changes over the next few 

decades are as rapid as in the last, there may be important 

trends over the century in life expectancy, disease prevalence 

and health care utilisation, but these are difficult to predict. 

While improvement in these health parameters will reduce 

the health impact of O3, the relative importance of O3 health 

effects may increase relative to other components of ambient 

pollution, such as PM, which are declining. Future impacts 

will also be influenced by a variety of lifestyle factors that can 

affect the dose of O3 received by the lung. These include the 

amount of physical exercise, balance between time spent 

between indoor and outdoor environments and the way in 

which buildings are ventilated, including use of air conditioning.

An estimate of the future impacts of O3 in 2020 is shown in 

Figure 7.4 (taken from the DOH (2008) in which future O3

concentrations were modelled using emissions and weather 

data). It shows the estimated number of deaths in the UK 

attributable to O3 in 2003 (base) and in 2020 (with or without 

climate change). The overall impact is very sensitive to the 

threshold assumption (see Box 7.1).

If no threshold is assumed, the increase in estimated annual 

O3 concentrations between 2003 and 2020 results in a 15% 

(11272 to 12930) increase in deaths which falls to 8% (11272 

to 12140) if climate is held at 2003 conditions. If a threshold 

of 35 ppb is assumed, the increase is 51% (1582 to 2391), 

which falls to 14% (1582 to 1802) when climate is held at 

2003 conditions. In the no threshold model, about half of 

the increase in health impact is due to changes in UK and 

European emissions (particularly NOX emissions) and the 

remainder to climate change. In the threshold model, most 

of the increase is attributable to climate change. The relative 

importance of trends in climate vs trends in precursor emissions 

on future O3 health impacts is therefore critically dependent 

on the threshold assumption.

Although it is not possible to accurately quantify how the 

impacts of O3 will change over this century due to the 

uncertainties outlined above, it is possible to provide an 

illustrative example of the possible direction of change and 

the potential future health implications using the projected 

urban O3 concentrations presented in chapter 5. Based on the 

projections for an example site in London with an increasing 

background O3 concentration (shown in Table 5.2, chapter 5), 

it can be estimated that, with an assumption of no threshold, 

that daily deaths and respiratory hospital admissions 

attributable to O3 will increase by 71% between 2000 and 

2050 and by 95% between 2000 and 2100. If background 

O3 concentrations decrease, increases in the impacts will still 

occur but at a reduced rate (45% and 40% respectively). 

This suggests that even if background concentrations of O3

decrease the adverse effects of O3 at urban locations will 

increase over the next century due to a reduction in the NOX

titration effect in many cities. This effect will be exacerbated 

by further increases in background O3 concentrations.

These estimates are sensitive to exposure response and baseline 

risk assumptions and do not take account of the effects of 

climate change on future O3 concentrations, such as increases 

in mean summer temperature or the projected increase in heat 

wave events predicted over the century (see chapter 6) which 

will lead to more high pollution episodes of the type 

experienced in 2003 (see Box 7.2). Highly elevated levels of 

surface O3 during such episodes will far exceed levels 

considered safe for human health.

Figure 7.4  UK: deaths attributable to O3 in 2003 and 2020 (with and without a threshold assumption, and under a current and 

future climate) Source: Department of Health (2008). Reproduced under the terms of the click-use license.
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At the regional level, assessments of the current and future 

impacts of O3 have been completed for many regions. A CAFE 

analysis for 25 European countries looks at O3 health effects 

in 2000 and 2020 (European Commission 2005). This analysis 

shows that with current EU legislation, for 2000 and 2020, 

the number of premature deaths is estimated to be 21,400 

and 20,800 respectively. The equivalent estimates for respiratory 

hospital admissions in the 65  age group were 14,000 and 

20,100. The relatively small change in mortality reflects the 

assumption that current EU legislation will be fully implemented 

and complied with, thereby keeping population exposure to 

O3 close to 2000 levels. This estimate is likely to be conservative 

however as it does not include morbidity effects, and is based 

only on days at which O3 concentrations are above 35 ppb.

Due to data limitations equivalent estimates are not available 

in regions such as Asia, Africa, and Latin America where 

emissions of O3 precursors are projected to increase over 

the next two to three decades. In these regions higher O3

concentrations are expected to lead to increased human exposure 

and therefore increased mortality and morbidity impact. 

Conclusion7.6

Ground level O3 affects human health leading to increased 

mortality and respiratory problems.

Current O3 exposure levels in North America and Europe are 

associated with short-term acute effects on the respiratory 

system resulting in increased daily mortality and morbidity in 

already vulnerable individuals. There is also evidence that 

long-term chronic exposure has adverse effects on lung 

function but the significance of these effects for long-term 

health is not yet known.

The health effects of O3 increase with increasing 

concentrations. Health impacts have been observed at around 

ambient concentrations (approximately 35 ppb) and below 

the current WHO guideline of 50 ppb (daily 8 h average 

concentration). The total health impact is now understood 

to be driven more by the days at which O3 is at baseline 

concentrations than by the occasional days on which episodes 

occur. Quantification of the effects of O3 on human health 

now and in the future depends heavily on the assumption 

of whether there is a threshold for effects in humans. 

If no threshold exists, the health impacts of O3 in the 

future will depend largely on trends in hemispheric baseline 

concentrations. If a threshold exists and is close to current 

ambient concentrations, then the health impact will depend 

more on regional and local emissions of precursors together 

with meteorological conditions.

In some regions (Africa, Latin America and Asia) emissions 

of O3 precursors are projected to increase over the next few 

decades leading to increasing O3 concentrations, and increased 

human exposure to O3. In regions where emissions are 

projected to decrease, a reduction in the NOX titration effect is 

expected to lead to increased urban O3 concentrations as NOX

emission controls are progressively implemented. Like most 

urban areas, O3 concentrations in London are expected to 

increase as NOX emission controls take effect leading to 

increased human exposure and substantial increases in daily 

mortality and respiratory hospital admissions in 2100. An 

increase in background O3 will exacerbate this increase while 

a decline in background O3 will partially compensate for 

the NOX titration effect and could lead to a decrease in 

human exposure.

By the end of this century, it is projected that hot summers 

such as that experienced in the Northern Hemisphere in 2003 

and heat waves such as that experienced across parts of 

Europe in 2003 will become more frequent. With an increase 

in the frequency and magnitude of such events, mortality and 

morbidity are also expected to increase.
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Introduction8.1

The most important and well-documented environmental 

effects of O3, are those on terrestrial vegetation. O3 has been 

shown to cause reductions in crop production, tree growth 

and carbon sequestration, and to modify species composition 

(Ashmore 2005; US EPA 2006).

Ozone can also have effects on many organisms other than 

plants, although these are less well documented. The vast 

majority of animal studies relate to the respiratory effects 

of O3 on laboratory mammals, although recent studies 

suggest that O3 can also induce secondary changes in body 

temperature, water balance or oxygen consumption in reptiles 

(Mautz & Dohm 2004). For insects, both positive and negative 

changes in performance have been observed, primarily as a 

result of changes in leaf chemistry (Valkama et al. 2007).

Effects may be mediated through atmospheric reactions of 

O3 with VOC, for example by reducing searching efficiency 

and interference with pheromone signalling of insects. For 

example, McFrederick et al. (2008) recently suggested that 

such effects could reduce the distance over which insect 

pollinators could detect floral scents from kilometres at 

pre-industrial O3 levels to less than 500 m under present 

background concentrations. Both decreases and increases 

in plant fungal diseases have also been observed in response 

to O3. The secondary effects of O3 on both insect pests and 

fungal diseases could have significant implications for crop 

and forest productivity but are not well understood.

Although O3 is used as a disinfectant for water, in sea water 

there is high reactivity of O3 with iodide and dissolved organic 

matter, leading to the rapid destruction of O3. This implies 

that any effect on marine organisms is likely to be minimal, 

except possibly for organisms living on the sea surface. However 

there has been little or no research on this topic.

The sections below provide an overview of the mechanisms 

by which O3 affects vegetation; describe how O3 effects are 

measured and assessed; and evaluate the current and potential 

future impacts of ground-level O3 concentrations. Although 

O3 can also have significant impacts on materials and the 

built environment, an assessment of these impacts is not 

within the remit of this report.

Mechanisms and assessment of ozone 8.2
effects on vegetation

In terrestrial ecosystems, the most important direct effects 

of O3 are those on leaf physiology and plant growth; many 

other indirect effects on ecosystems flow from these primary 

direct effects. A detailed review of the complex mechanisms 

involved in the direct impacts of O3 on leaves is beyond the 

scope of this document, but two of the most important 

factors are the control of the flux of O3 into the leaf and the 

capacity for detoxification and repair processes within the leaf 

(Wieser & Matyssek 2007). The flux into the leaf of O3 from 

the boundary layer above the plant canopy is regulated by 

the atmospheric and leaf surface resistances including the 

stomata, illustrated in Figure 3.6. Since all these resistances 

vary with meteorological conditions, this flux is not constant, 

but varies greatly through time and space even with a 

constant O3 concentration above the plant canopy.

Impacts of O3 within the leaf also depend on the capacity for 

detoxification of the incoming O3 flux, which itself may be 

partly under environmental control. In simple terms, there are 

two possible modes of action of O3 within the leaf. At high 

exposures, O3 flux may overwhelm the detoxification capacity 

and cause a range of direct effects. At lower exposures, O3

may induce a range of defence reactions and gene expression, 

which require energy for regeneration of anti-oxidants and 

de novo synthesis, leading to decreased rates of carbon 

assimilation and plant growth.

A number of key observations related to interactions between 

O3 and other environmental factors can be explained in terms 

of the processes of O3 flux and detoxification. For example, 

increased concentrations of atmospheric CO2 generally decrease 

stomatal conductance, decreasing the flux of O3 into the leaf, 

and can also provide the plant with additional carbon for 

defence and detoxification. As elevated CO2 decreases the 

impacts of O3 in many species, the impacts of scenarios of 

future O3 concentrations must be considered alongside the 

equivalent scenarios for CO2 (Fuhrer 2003).

More generally, assessment of the impacts of O3 during a 

century in which many environmental variables will change 

significantly requires a more process-based approach, linked 

to appropriate models (Ashmore 2005). However, assessment 

and quantification of the impacts of O3 on vegetation still 

relies primarily on empirical exposure–response relationships 

between O3 concentrations and changes in crop yield, or tree 

growth rates, derived mainly from chamber studies. There is 

a need to improve our mechanistic understanding of plant 

responses to O3 and to further develop flux-based models to 

assess the full impacts of O3 on vegetation.

The current empirical approaches used to quantify O3 impacts 

summarise the variable O3 exposures over the growing season 

by using an exposure index. A range of seasonal exposure 

indices have been proposed and used for risk assessment in 

both Europe and North America. In the USA, a detailed recent 

risk assessment by the USEPA (2006) identified that a range 

of adverse effects on vegetation occurred at exposures below 

the current standard, which was based on peak 8 h mean 

concentrations, and recommended a new standard based 

on cumulative seasonal exposure. In this section, three 

seasonal exposure indices have been used (see Box 8.1 

below). Two of these indices include a threshold below which 

adverse effects are not expected, an observation that is 

consistent with the known capacity of plant cells to detoxify 

incoming O3. However, this threshold is not fixed and varies 

between species and genotypes and with environmental 

conditions.

Impacts of ozone on the environment8
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Risk assessments for O3 effects on major arable crops and tree 

species in Europe show that the modelled spatial distribution 

of O3 impacts in Europe is strongly dependent on the 

exposure index used (Simpson et al. 2007) (Figure 8.1). While 

the predicted distribution of impacts based on the AOT40 

concentration index has a strong south–north gradient, 

reflecting the higher O3 concentrations in the Mediterranean 

area, the flux-based approach shows a much more even 

distribution of risk which is consistent with coordinated bio-

monitoring programmes of visible injury throughout Europe 

(Hayes et al. 2007a). The flux-based approach is considered to 

be the most appropriate of the two methods for assessment 

of effects, especially in the context of increasing global 

background concentrations, which are now close to 40 ppb 

(Coyle et al. 2003). However, its application requires flux–

response relationships derived using a parameterised stomatal 

resistance model, which are only available for a few species. 

Furthermore, like other empirical models, it does not 

incorporate the variation in detoxification potential within 

the leaf, which may differ between species, with plant and 

leaf and age, and with environmental conditions. It should 

also be noted that O3 can also affect plants through 

mechanisms other than those described above. In this case, 

a model of the effects of climate and CO2 concentrations 

Box 8.1 Exposure indices for vegetation used in this chapter

Concentration-based approaches:

The seasonal mean daytime concentration typically averaged over periods of 7, 8 or 12 h, originally developed from the s฀
NCLAN experimental programme in the USA (Heck et al. 1988). This is normally expressed as a mean concentration (ppb)

The seasonal accumulated exposure above 40 ppb (AOT40) during daylight hours originally developed to assess data from s฀
open-top chambers in Europe (Fuhrer et al. 1997). This is normally expressed as a cumulative exposure (ppb h or ppm h)

Flux-based approach:

The accumulated stomatal flux of Os฀ 3 above a critical flux threshold, more recently developed in Europe (Pleijel et al. 2004)

to take account of the fact that O3 effects are more closely related to O3 flux into the leaf than to external concentrations. 

This is normally expressed as a cumulative uptake of O3 into the leaf (mmol m –2 leaf area)

Figure 8.1  A comparison of the geographical distribution of the relative risk of impacts of O3 on deciduous forest trees in Europe 

using two different exposure indices. The left hand map shows the distribution using accumulated stomatal O3 flux (AFst) above 

a threshold which for forests is set at 1.6 nmol O3 m
–2 s –1, (AFst1.6) and the right hand map shows the distribution using 

accumulated O3 concentration above a threshold of 40 ppb over an assumed 6 month forest (f) growth period (AOT40f). For 

both indices RCL represents the ratio of modelled flux or exposure to the relevant critical level. Source: Reprinted from Simpson 

et al. (2007). Copyright (2007), with permission from Elsevier.
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in modifying O3 impacts which only includes changes in 

stomatal flux and detoxification would be inadequate.

The impacts of ozone on vegetation8.3

Impacts on crop yield and quality8.3.1

There is a substantial body of evidence from North America 

and Europe, supported by some work in Asia, Africa and 

Latin America, that elevated O3 levels cause reductions in the 

yield of sensitive crop species (Mauzerall & Wang 2001; 

Emberson et al. 2003), and some estimates have been made 

of the economic impacts of crop loss due to ambient O3

levels. The annual cost of loss of arable crop production due 

to O3 was estimated to be $2–4 billion in the USA in the 

1980s, with an equivalent estimate for the EU of €6.7 billion 

(90% confidence interval €4.4–9.3 billion per year) in 2000 

(Holland et al. 2006). This is equivalent to 2% of arable 

agricultural production, but does not account for a range of 

effects, including those on crop quality, visible injury, and 

susceptibility to pests and diseases. The greatest economic 

losses in Europe were predicted to be in Mediterranean 

countries, together with France and Germany, because the 

assessment used a concentration-based exposure index. 

Wheat, tomatoes, vegetables and potatoes were the crops 

with the greatest yield losses. Van Dingenen et al. (in press) 

recently provided the first global estimate of crop yield loss, 

for four major commodities (wheat, rice, maize, soybean), of 

$14–26 billion in the year 2000. This is significantly higher 

than present day losses to crops projected to occur as a 

result of climate change.

All of these estimates are primarily based on data from 

field chamber experiments which may under-estimate the 

real effects of O3 in the field. For example, the decrease in 

soybean yield under open-air conditions in the Soy Free Air 

Concentration Enrichment (FACE) experiment, conducted in 

the USA, was greater than predicted by a synthesis of previous 

chamber studies (Morgan et al. 2006). In one season, this 

was partly because O3 impacts increased the impact of a 

major defoliating hail event. More field release experiments, 

in which O3 is released over a crop which is not enclosed in 

chambers, are therefore needed to reduce the uncertainty 

in future estimates of loss in crop productivity. These need 

to be in a range of locations and to cover different 

cropping systems.

The value of a crop depends on its nutritional quality as well 

as the yield and O3 has also been shown to be important in 

this respect. Experiments on wheat in Europe suggest that 

O3 has a small negative effect on protein yield per hectare 

(Piikki et al. 2007). Effects have been reported for rape seed 

oil and potato quality, and reductions in the nutrient content 

of important Indian vegetable crops, eg the iron content of 

spinach and the beta-carotene content of carrot (Agrawal 

2007) have been observed. Ozone may also have direct effects 

on reproductive structures, for example, reductions in fruit 

quality and increased fruit abortion in peach and peppers 

have been reported.

There are no estimates of the economic impacts of O3

on perennial crops. For managed pasture, studies have 

consistently shown that, while harvested biomass is only 

affected at high O3 concentrations, reductions in the 

proportion of clovers in the mix are observed at moderate 

exposures (eg Nussbaum et al. 1995). This could affect the 

forage quality of the crop depending on the management 

system in place. A range of new crop species and varieties 

may increase in importance over the next decade with 

increased land devoted to biofuels. Some of the proposed 

biofuel crops (eg wheat, willow, poplar, oilseed rape) are 

known to be sensitive to O3, but the response of many new 

biofuel crops (eg palm oil, panicum, miscanthus, phalaris) 

is not known. New work is needed to assess the extent to 

which O3 may constrain future production of biofuel crops.

There is a wide intra- as well as inter-specific variation in 

sensitivity to O3. Although there is evidence of cultivars 

bred in regions with higher O3 concentrations being more 

resistant to O3, there is little evidence that crop cultivars 

have become more O3 tolerant as O3 concentrations have 

risen (Barnes et al. 1999; Biswas et al. 2008). Nevertheless, 

the impacts of increased O3 concentrations on crop yield, 

nutritional quality and food security could, in principle be 

reduced by the use of genotypes with a greater tolerance 

to O3. There is a wide degree of genotypic variation in O3

sensitivity and recent studies have identified some genetic 

loci associated with O3 resistance in wheat, offering the 

potential to target certain genotypes (Barnes 2007; 

Ainsworth et al. 2008).

Much less is known about the effects of O3 on crop yield 

or quality outside of Europe and North America, although 

significant impacts of O3 on crops have been demonstrated in 

individual studies in Africa, Latin America and Asia (Emberson 

et al. 2003). The limited experimental facilities in many 

countries mean that it is difficult to accurately assess the 

impacts of O3 for these regions. The case study below (Box 

8.2) presents an assessment of the impacts of O3 in 

one region – South Asia – providing both the regional food 

security context and a summary of the evidence of effects 

on yields.
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Box 8.2 Case study: ozone and food production in South Asia

South Asia has more than 20% of the world’s population, and 15% of the world’s cropland. Agriculture remains the largest 

source of employment and contributes over 25% of GDP. The countries of South Asia, except Bangladesh, currently have 

a positive food balance, although according to the FAO, the region has the highest number of under-nourished people in 

the world representing about 30% of the total. The population of the region is expected to increase by about 600 million 

between 1995 and 2025, and this, together with other changes in income and lifestyle, will lead to large increases in demand 

for food and other natural resources. However, the potential for increasing the land under production is limited and there 

may be increased competition from biofuel production; for example India has stated it will meet 10% of the needs of its 

growing vehicle fleet with biofuels by 2020. Increasing the yields of existing agricultural land is likely to be the primary 

means by which future food supply needs will be able to be met. Reductions in productivity due to ozone pollution could 

compromise this potential, and may reduce the GDP growth rates for the national economies for which agriculture is a 

major sector.

Rice and wheat, grown in rotation, are major staple crops grown in South Asia, primarily on the Indo-Gangetic Plain. 

A further major production area occurs in China. This system provides staple grain for an estimated 8% of the world’s 

population. Over the 20–30 years to 1990, production increased faster than population, primarily reflecting the impacts 

of the ‘Green revolution’. However, yield increases have slowed, or even reversed, over the last 10–20 years. For example, 

Ladha et al. (2003) analysed the results of 33 long-term experiments on rice–wheat systems in the region, which aim to 

duplicate changes in farming practice, and found that yield of rice and wheat had stagnated in 72% and 85% of the 

experiments respectively, with 22% of the rice experiments and 6% of the wheat experiments showing a significant decline 

in yields. The reasons for these trends are uncertain; long-term nutrient imbalances (Ladha et al. 2003), climate change 

(Pathak et al. 2003), and the combined effect of global warming and atmospheric brown cloud (Auflammer et al. 2006)

have all been proposed as possible causes.

The extent to which O3 might have contributed to these changes in wheat and rice yield is uncertain. However, almost all 

of the experiments on O3 effects in South Asia have been conducted in the Indo-Gangetic Plain and these suggest that 

significant yield losses of local crop cultivars can be caused by ambient O3 concentrations. Evaluation of the impacts 

of O3 on crop productivity in south Asia and the benefits of emission control measures requires regional models which 

can provide more reliable identification of regional areas of concern. A recent study (Engardt 2008) based on South Asian 

emissions inventories reported large spatial variations in modelled values of AOT40. The largest values were found in the 

Indo-Gangetic Plain, with values of AOT40 reaching the critical threshold for effects on crop yield of 3 ppm h throughout 

the year and exceeding 12 ppm h during the period March–May. This further supports the identification of this as a critical 

region where O3 may have a significant impact on future food security.

Two approaches have been taken to evaluating the impacts of O3 on crops in South Asia:

First, a top-down approach links regional or global models of O3 formation to exposure-response relationships to assess the 

effects on the yield of staple crops under different scenarios (eg Wang & Mauzerall 2004; van Dingenen in press). Recent 

global simulations using this approach suggest that yield losses for India overall in 2000, based on 7 h mean or 12 h mean 

ozone indices, were about 13% for wheat, 6% for rice and 19% for soybean (van Dingenen in press). Figure 8.2 shows 

examples of the exposure–response relationships used in this study, which were derived from US data for winter and spring 

wheat (note that in South Asia, wheat is a winter crop), and for rice.

The second approach is to rely on local experimental data, which are limited in many regions. Studies in India and Pakistan 

have reported yield losses due to ambient O3 concentrations (for example 10% for rice, 13–47% for wheat, 24% for spinach 

and 45% for carrot) that are larger than those suggested by the ‘top-down’ approach. Leguminous crops such as pea and 

mung bean, which are vital sources of protein in the largely vegetarian diet of much of India, have shown yield losses of 

about 30% and 20% respectively. Figure 8.2 provides a collation of data from studies in Asia for wheat and for rice, which 

involve either exposure of crops to controlled O3 concentrations, filtration of ambient air pollution, or the use of a chemical 

protectant against O3 (EDU).

Although the results shown in Figure 8.2 reveal differences in the findings using the different experimental methods, there is 

clear evidence that the effect of O3 in local experiments is greater than that predicted by the US-based exposure–response 

relationships, especially at ambient O3 concentrations. These results imply that actual impacts of O3 on the yield of staple 

crops in south Asia may be greater than those estimated in the ‘top-down’ approach using North American data. However, 

this needs more detailed examination, and it is not possible to evaluate whether this is true for other regions of the world due 

to the lack of experimental data. 
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Impacts on tree growth and carbon uptake8.3.2

Ozone can cause significant effects on tree growth and rates 

of photosynthesis. Economic losses from the reduced yield of 

timber for Sweden alone are estimated to be €56 million per 

year (Karlsson et al. 2005). Studies suggest that O3 has a 

cumulative effect on stem growth, although there is a lack of 

long-term studies to properly assess this effect. Species vary 

widely in their sensitivity to O3; for example, studies on silver 

birch showed a 20% reduction in annual stem growth after 

6 years exposure to an AOT40 exposure of 10 ppm h, while 

Norway spruce showed an annual stem growth rate reduction 

of 1% per annum in response to the same exposure (Karlsson 

et al. 2004). It has been suggested that tree species which are 

fast-growing pioneer species, such as birch, aspen and poplar, 

are relatively sensitive to O3 compared to climax species such 

as beech and oak. This has implications for future O3 effects if 

climax species are replaced by fast growing plantation species 

for agro-forestry and bio-fuel production.

These experimental effects on the growth of different tree 

species can be compared with a recent meta-analysis of the 

effects of O3 on photosynthesis (Wittig et al. 2007). In this 

study significant effects on broadleaved species were evident 

at current O3 levels, with maximum rates of photosynthesis 

being reduced by about 10%, but there was no significant 

Figure 8.2  Summary of results of experiments in South, South East, and East Asia on (a) spring and winter wheat and (b) rice, 

plotted alongside dose–response relationships from North American studies. Data are collated from studies exposing plants 

to controlled concentrations of O3 in chambers (fumigation points) from studies comparing yield in chambers ventilated with 

ambient air pollution or filtered air (filtration symbols) or using the O3 protectant chemical EDU at field sites (EDU points). 

The fitted lines are based on experimental data from fumigation studies in North America based on 7 h growing season 

mean O3 exposures. The local ambient pollutant range is also indicated (arrowed vertical lines) based on concentrations at 

the Asian experimental sites. Redrawn from Emberson et al. (submitted).
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effect of current levels on conifers. Hence, the size of the 

terrestrial carbon sink may already have been reduced by O3,

but only for sensitive broadleaved species. A further increase 

in O3 concentrations would cause larger effects in a wider 

range of species. However, a number of factors need to be 

carefully considered before accepting these conclusions.

First, the effect of tree age on the level of O3 damage is a 

major uncertainty, as most studies involve young trees, 

although negative correlations between stem growth and 

O3 exposure in the field have been reported in mature trees 

(Braun et al. 1999; Karlsson et al. 2006). Secondly, current 

models assume that the primary driver of significant O3 effects 

on tree growth is a reduced rate of photosynthesis which 

might not always be the case. For example, exposure of 

branches within a mature beech canopy in Germany showed 

that O3 effects were greater in a strong drought year 

(eg 2003) than a relatively cool, wet summer (eg 2004), 

although stomatal conductance and O3 flux were lower in 

2003. This may reflect a reduced defence capacity of the trees 

under the extreme stress conditions of 2003 (Matyssek et al. 

2007). This study showed no effect of doubling O3 levels on 

photosynthesis or stem growth, but there was evidence that 

elevated O3 had important physiological effects in leaves and 

below-ground, including induction of anti-oxidant genes, 

changes in the levels of key hormones, and an increase in 

fine root development and an increased mycorrhizal diversity. 

Thirdly, there is limited information on which to assess the 

effects of O3 on below-ground processes (Andersen 2003) 

and both increases and decreases in below-ground biomass 

and root respiration have been reported in response to O3.

The complex range of effects on trees caused by O3 also 

highlights the importance of understanding the combined 

effects of O3 and other environmental stressors. The longest 

running study of the effects of O3 on trees is the open-air 

fumigation AspenFACE experiment, which includes an 

elevated CO2 treatment, an elevated O3 treatment and a 

combined elevated O3 and CO2 treatment. This experiment 

shows a 14–23% reduction in total biomass due to increased 

O3 exposure after 7 years (by increasing annual mean from 

37 ppb to 52 ppb) (King et al. 2005). Overall the elevated O3

and elevated CO2 treatments had opposite effects. When 

the two treatments were combined, elevated CO2 generally 

reduced or removed the negative effects of elevated O3 on 

growth and physiology. However, there were exceptions, eg 

the accelerated senescence and abscission of leaves caused by 

O3 was not affected by elevated CO2. Other important effects 

include those on bud-burst; senescence; anti-oxidant gene 

expression; insect herbivory; prevalence of leaf rust disease; 

increased water stress; and increased rates of soil respiration. 

The total soil carbon incorporated into these plots over four 

years was reduced by about 50% in the O3 plus elevated 

CO2 treatment compared with the elevated CO2 treatment 

(Figure 8.3; Loya et al. 2003). Furthermore, a similar effect 

was found in the acid-insoluble fraction of carbon, which 

contains the compounds with the longest turnover times in 

soil. The wider implications of such combined effects of O3

and elevated CO2 for global carbon sequestration are 

considered in 8.4.2.

Ecological impacts8.3.3

There is evidence from short-term studies that individual wild 

plants may be as sensitive to O3 as the most sensitive known 

crop species (Davison & Barnes 1998). However, only a small 

proportion of European wild species have been studied. While 

faster growing species tend to be more O3 sensitive, the most 

detailed meta-analysis for European species (Hayes et al. 2007b) 

showed few significant effects of growth form or habitat 

preference on O3 sensitivity; the only strong effect was the 

greater sensitivity of leguminous species. This reflects the 

high sensitivity to O3 of leguminous crops, such as beans, 

peas and clover.

A number of studies of real and artificial plant communities 

have shown that O3 can modify the outcome of plant 

competition and hence species composition (eg Volk et al. 

2005). However, there is a very limited basis on which to 

predict how species or communities of conservation 

importance may be affected by O3. This is because only a few 

plant communities have been studied for only a limited 

duration and because many of the direct and indirect effects 

of other environmental variables that can modify the long-

term impacts of O3 have not been well studied. The major air 

pollution threat to plant biodiversity in Western Europe is 

anthropogenic nitrogen (N) deposition and assessing the 

combined impacts of these two threats to biodiversity is 

therefore an important priority.

The potential effects of O3 on habitats of conservation interest 

in the UK can be illustrated by two recent studies. In a recent 

risk assessment, the O3 exposure and sensitivity of Priority 

Habitats under the Biodiversity Action Plan were evaluated 

using national distribution maps and the classifications of 

species sensitivity of Hayes et al. (2007b). On this basis, 

Priority Habitats with relatively high O3 exposures, and with 

O3-sensitive positive indicator species, included species-rich 

acid and calcareous grasslands and lowland fens and mires 

(Morrissey et al. 2007). In a recent experimental study 

(Peacock et al. personal communication) the effects of O3

were assessed on mesocosms of upland grassland under 

Figure 8.3  Effects of elevated CO2 alone and elevated CO2

and O3 on the carbon incorporated into soils (g m –2) over 4 

years under aspen and aspen–birch components of the Aspen 

FACE experiment. (a) Total soil carbon incorporated into soils. 

(b) Carbon incorporated into the stable acid-insoluble fraction 

of soils. Source: Loya et al. 2003. Reprinted with permission 

from Macmillan Publishers Ltd: Nature, copyright (2003).
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management regimes being used to restore biodiversity 

under environmental improvement schemes. The data 

(Figure 8.4) show that in this case O3 reduces the proportion 

of the grass Briza media and the legume Lotus corniculatus 

which are both important amenity species. The reduction 

in Lotus is consistent with the high sensitivity of legumes 

highlighted by Hayes et al. (2007b), and may reduce nitrogen 

availability in this grassland system.

How significant will the global impacts 8.4
of ozone be on the environment over the 
next century?

The model simulations discussed in chapters 5 and 6 illustrate 

how peak and background O3 concentrations may change over 

this century, depending on the emission scenarios that are used. 

The long-term consequences of these changes in O3 exposure 

and the associated changes in climate and CO2 concentrations, 

are important elements of any assessment of the impacts of 

O3 over the 21st century. This raises serious challenges as the 

longest recorded experiment on O3 impacts for vegetation is 

10 years and our knowledge of the long-term effects of O3 on 

biodiversity, biogeochemical cycling and ecosystem services is 

very limited. Furthermore, the changes in O3 exposure over 

this century will be accompanied by other global environment 

changes in, for example, temperature, CO2 concentrations and 

rainfall, which will modify the impacts of O3. The discussion 

Figure 8.4  Impacts of simulated present day versus 2050 

UK-upland O3 climate on an upland mesophilic grassland 

community of high conservation importance. Data are 

presented for 2006 (third year of study), averaged across soil 

fertility and management treatments. Coloured segments 

represent the proportion of above-ground harvested biomass 

as different species; for those labelled * the effect of O3 is 

significant. The relative sizes of the two circles indicates the 

effect of O3 on total biomass. Data provided by Dr Simon 

Peacock, University of Newcastle.
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below focuses on the three most significant environment 

impacts of O3 for global ecosystem services and human welfare 

in the future: the effects of O3 on crop production and food 

security; carbon sequestration; and biodiversity. Robust 

quantitative prediction is not possible therefore only preliminary 

estimates of effects on crop production, carbon sequestration, 

and global biodiversity are provided.

Crop production8.4.1

To provide these preliminary estimates of the changing 

impacts of O3 on the yield of staple crops, it is necessary 

to use relationships based on one of the metrics summarised 

in Box 8.1. Unfortunately, these require modelled hourly 

concentrations which were not available from the models 

used for the analysis of changes in O3 concentrations to the 

middle of this century and beyond, as described in chapter 5. 

Predictions to the year 2030 were therefore developed using 

the IIASA 2030 CLE scenario (discussed at the Royal Society 

workshop in May 2007) to provide the preliminary estimates 

below (van Dingenen et al. in press). To do this it is first 

necessary to establish a global baseline of the current impacts 

of O3. Figure 8.5 illustrates results obtained by van Dingenen 

et al. (in press) using the TM3 chemical transport model 

(Dentener et al. 2005) which provides hourly simulations of 

surface O3 concentrations on a 1° grid. The estimates of yield 

loss were based on two different indices: AOT40 and seasonal 

mean concentration. The estimate in the bar chart is based on 

the mean of the two exposure indices, while the error bars 

indicate the range of estimates obtained using different 

exposure indices.

Estimated global yield losses for 2000 using seasonal mean O3

concentrations ranged from 3% for rice to 16% for soybean, 

while those based on AOT40 ranged from 2% for maize to 

12% for wheat. However, these global mean estimates 

conceal large regional differences. For example, the yield loss 

estimates for wheat and rice (but not maize and soybean) in 

India were double the global mean, and wheat in sub-saharan 

Africa is also particularly affected. The high uncertainty in the 

estimates depending on the exposure metric, together with 

that in modelled O3 concentrations and the dose–response 

relationships, means that these yield losses can only be taken 

as indicative of the scale of the global and regional impacts. 

Furthermore, the estimates in Figure 8.5 are based on North 

American and European exposure–response relationships and, 

as noted in section 8.3.1, the impacts on sensitive crops in 

specific regions such as South, East and South-East Asia may 

in fact be greater, with significant effects on local food supply 

and livelihoods.

Figure 8.6 shows the modelled change in yields of these four 

staple crops predicted between 2000 and 2030 under the 

IIASA CLE scenario (van Dingenen et al. in press). It should be 

noted that this 2030 IIASA CLE scenario only assumes the 

full implementation of legislation adopted up to 200211 and 

11 The scenario used in Chapter 5 included legislation adopted between 2002 
and 2006.
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does not make any assumptions about climate change. Under 

this scenario, global yield losses due to O3 increase for wheat 

and rice, but show little change for soybean and maize. 

The increase in India is particularly large whereas a smaller 

increase and even a decrease in relative yield loss is predicted 

for China. This could be due in part to the fact that this 

scenario assumes that only legislation adopted up to 2002 

is implemented. As much of the legislation in place in India 

was adopted after this date it was not included in the scenario. 

In contrast, China had adopted stricter emissions controls 

by 2002 (see Chapter 4 figure 4.5). These results suggest 

that the full implementation of current emissions controls 

could partly reduce the otherwise potentially large crop 

losses in Asia. More detailed assessment of the impacts of O3

further into the future would need to consider its effects in 

combination with key elements of climate change, such as 

temperature, soil moisture and CO2 concentrations.

Carbon sequestration8.4.2

There have been few global modelling studies of the impact 

of tropospheric O3 on plant production and global land 

carbon storage (Denman et al. 2007), but a recent study 

suggests that O3 feedback effects on vegetation could 

significantly amplify the radiative forcing due to increases 

in tropospheric O3, increasing the importance of O3 as a 

significant driver of 21st century climate change. Sitch et al.

(2007) modelled the interactions between the effects of 

CO2 and O3 on plant function using an A2 scenario, which 

produces significant increases in surface O3 over much of the 

globe12 (Gauss et al. 2003). Sitch et al. (2007) predicted a 

12 Sitch et al. (2007) parameterised their model for ‘low’ and ‘high’ plant 
ozone sensitivities; however, since their ‘high’ sensitivity represents the 
most sensitive groups of crops and trees, their ‘low’ sensitivity scenarios 
may be more realistic for global vegetation modelling, and are discussed 
in the body of the text here.

Figure 8.6  Projected changes in relative yield loss by 2030 ‘under implementation of current (2002) legislation’ (CLE scenario) for 

the globe and major world regions. Negative numbers indicate a lower loss. Bars: average of AOT40 and M7/M12 based loss 

estimate. Error bars indicate the range between lowest and highest values.
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reduction in land carbon storage over the period 1900–2100 

of 143 PgC (Figure 8.7a), which is equivalent to a reduction 

of 17% of the terrestrial carbon storage projected to occur 

due to increasing CO2 concentrations over this period. Such a 

suppression of the terrestrial carbon sink results in additional 

anthropogenic CO2 emissions accumulating in the atmosphere 

and, therefore an indirect radiative forcing of climate change 

by O3. Sitch et al. (2007) estimate an indirect forcing by 2100 

of 0.62 W m–2 due to this mechanism (Figure 8.7b), which is 

only slightly lower that the mean direct radiative forcing due 

to tropospheric O3 estimated from 11 atmospheric chemistry 

models, of 0.89 W m –2 (Gauss et al. 2003). Under the more 

moderate B2 scenario, the effects of O3 on land carbon storage 

would be reduced, but the direct radiative forcing due to O3

would also decrease. Therefore the relative importance of 

indirect and direct radiative forcing due to O3 is likely to be 

relatively insensitive to the chosen scenario. Further work is 

needed to confirm the size of this indirect radiative forcing as 

the model used by Sitch et al. (2007) does not include all the 

relevant processes involved in O3/CO2 interactions, and needs 

further validation against experimental data.

This type of large-scale modelling study has significant 

uncertainties, not least because model parameterisation is 

based on a small number of long-term experiments, which 

Figure 8.7  The simulated change in (a) land carbon storage due 

to O3; (b) indirect radiative forcing of O3 relative to 1900. The 

red line is for a ‘high’ plant sensitivity to O3 and the blue line for 

a ‘low’ plant sensitivity. The black symbols and bars are estimate 

of the direct radiative forcing due to O3 in 2000 and 2100 

Source: Sitch et al. 2007. Reprinted with permission from 

Macmillan Publishers Ltd: Nature, copyright (2007).
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do not sample the full range of global plant functional types. 

In particular, the response of non-temperate species is almost 

unknown, even though the greatest effects on carbon uptake 

are predicted in these regions. Reducing the uncertainties 

of future predictions also requires longer-term data on the 

combined effects of O3, CO2, N deposition and climate 

change on land carbon storage, and an improved 

understanding of the mechanisms underlying O3 damage. 

Nevertheless, other studies using different model approaches 

also suggest that there is a significant, and previously 

neglected, indirect effect of O3 via the land carbon sink. 

For example, Felzer et al. (2005) estimated that over the 

21st century O3 will be responsible for a reduction in the 

land carbon sink of up to 0.4 Gt/y which would increase 

the cost of stabilising CO2 at 550 ppm by 6–21%. To date, 

these studies assume all effects of O3 are mediated through 

CO2 fixation, although there is evidence that O3 may also 

modify soil CH4 fluxes from wetland systems (eg Rinnan 

et al. 2003).

Biodiversity8.4.3

The impacts of O3 on biodiversity on a global scale are 

unknown, largely because there are almost no studies of 

the sensitivity of ecosystems to O3 outside North America 

and Europe. To assess the potential future impacts of O3, the 

estimates of changes in global plant productivity (GPP) due to 

O3 over the period 1900–2100 from Sitch et al. (2007) have 

been compared with the location of priority conservation 

regions around the world using a map of the Global 200 

(G200) eco-regions (Olson & Dinerstein 2002). If the threat 

to biodiversity increases in proportion to the modelled 

reduction in GPP, this analysis suggests that the areas of 

greatest risk are in eastern North America, Central Europe, 

the northern half of South America, Central Africa and 

South-East Asia (Figure 8.8); all of these five zones contain 

one or more G200 eco-regions.

In total, 17 of the G200 ecoregions, covering an area of 1.4 

million km2, have a predicted decrease in GPP above 20% 

due to O3. Adverse effects of O3 on sensitive native plant 

species have been demonstrated both in the Appalachian 

mountains of North America, and in the Swiss mountains, 

where this value of a 20% reduction in GPP is exceeded 

(Figure 8.8). However, nothing is known about the sensitivity 

of native vegetation in the forests, grasslands and savannah 

eco-regions in Latin America, Africa and Asia which are 

identified in this analysis as having high risk of O3 impacts, 

and reduction in GPP due to O3 may not necessarily be 

associated with a loss of biodiversity. Comparison with a 

similar exercise, to identify biodiversity hotspots with the 

greatest rates of nitrogen deposition (Phoenix et al. 2006)

shows that some of the hotspots at high risk from O3 effects 

coincide with those at high risk from N deposition, including 

the forests of South-East Asia and South-West China and 

the Cerrado of Brazil. These findings on the risk of O3 impacts 

in different ecoregions also need to be considered in the 

context of the major threats to biodiversity from habitat 

destruction and climate change.
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Conclusions8.5

Terrestrial vegetation is directly impacted by ground-level O3,

although there are large differences in plant sensitivity both 

within and between species. O3 has direct effects on leaf 

structure and physiology and causes visible leaf damage 

and reductions in growth and yield in sensitive plant species. 

These may lead to long-term effects on ecosystem structure 

and function.

The choice of exposure index can dramatically alter model 

predictions of O3 impacts. In the European region the application 

of a deposition flux-based approach has demonstrated a more 

even distribution of impact than other models. This approach 

provides a stronger mechanistic basis for assessing O3 impacts, 

especially in the context of long-term environmental change.

Assessment of O3 effects on ecosystems should consider 

interactions between concentrations of O3, CO2 and other 

factors, such as climate change and N deposition. In particular, 

the future impacts of O3 should be considered alongside those 

of increasing CO2 concentrations as the predicted benefits of 

increased CO2 concentrations in terms of increased carbon 

storage and increased crop yields will be offset or lost if O3

concentrations increase sufficiently. Detrimental effects of O3

on terrestrial carbon uptake will lead to more anthropogenic 

CO2 accumulation in the atmosphere and an indirect radiative 

forcing of climate change that adds significantly to the direct 

O3 forcing, increasing the importance of O3 as a driver of 

climate change.

Global yields of staple crops are already reduced as a 

consequence of current O3 exposure.

The impact of O3 on crop production may increase over the 

next few decades in some rapidly developing regions, 

especially without the full implementation of current 

legislation to reduce emissions. Significantly increased impacts 

of O3 are projected in South Asia where there is evidence both 

of substantial impacts on yield of current O3 levels and that 

the local sensitivity of crops may be greater than in North 

America or Europe. In South Asia, and other developing 

regions, O3 could present a significant threat to national food 

security, although it has received much less recognition than 

the impacts of climate change.

Evidence suggests that wild plant species in Europe and 

North America can be as sensitive to O3 as the most sensitive 

crop species, but very few studies have assessed the long-

term effects of O3 on biodiversity or ecosystem services. 

An analysis of O3 effects on global plant productivity over 

the 21st century shows that significant impacts on production, 

and hence potentially on ecosystem function and biodiversity, 

are predicted to occur under a high emission SRES A2 scenario 

in major eco-regions of high conservation priority, in Latin 

America, Asia and Africa, as well as in parts of Europe and 

North America. The long-term effects of O3 on biodiversity 

are particularly uncertain at lower latitudes where almost 

no research has been undertaken.

Figure 8.8  Assessment of key biodiversity areas at high risk from O3 impacts. The figure shows the projected percent decrease in 

GPP due to O3 within the Global 200 priority conservation areas. Projected O3 concentrations (based on SRES A2 global future 

simulations for the period 1901–2100) are taken from Sitch et al. (unpublished data, used for Sitch et al. (2007) and adapted from 

Crown copyright data supplied by the Met Office). A ‘low’ O3 sensitivity is overlain with the locations of the ‘Global 200’ priority 

conservation areas (adapted from Olson & Dinerstein (2002) with permission from Missouri Botanical Garden Press). The colours 

indicate the predicted decrease in GPP in each eco-region; regions without any colour fall outside the G200 areas. The areas in 

deep purple are identified as regions where the risk of adverse effects of ozone on biodiversity is most significant at a global scale.

% change GPP

No Data

–40 – –20

–20 – –10

–10 – –5

–5 – 0

0 – 15



Ground-level ozone in the 21st century I October 2008 I 85The Royal Society

The preceding chapters show that O3 remains an important 

air pollutant in all populated regions of the world, and despite 

substantial control measures taken over the last few decades 

to reduce emissions, continues to have significant impacts 

on human health and the environment. In many regions, 

including Europe and North America, the hemispheric 

background O3 entering from sources elsewhere in the Northern 

Hemisphere contributes substantially to ground-level O3 in 

the region, and is outside the geographical frame of current 

control strategies. The analysis therefore emphasises the 

importance of ground-level O3 as a global air pollutant, and 

shows that a successful approach to O3 management must 

address the hemispheric scale of the problem, as well as the 

regional and local scale issues.

The objective of this chapter is to highlight the policy relevant 

conclusions from the previous chapters. Three specific aspects 

of policy are also considered in this chapter: O3 and food 

security, policy integration (identifying co-benefits of 

integrated policy development), and capacity building to 

increase the capacity for addressing ground-level O3 issues at 

a global scale.

Emission controls9.1

Emission controls are the primary policy instrument for 

managing ground-level O3. The increasing trend in 

background O3 greatly reduces the benefits of declines in 

peak O3 concentrations achieved through existing emissions 

controls. Emissions controls must therefore be targeted at 

reducing both peak and background O3, and address both 

the local production of emissions, and the contribution of 

hemispheric scale transport of O3 and its precursors in a 

specific location. A new regulatory approach designed to 

address O3 at the global, regional, and local scale is now 

required. Options for an international mechanism to provide 

a globally coordinated approach to air pollution and ground-

level O3 specifically, should be identified and evaluated.

The analysis shows that with the full implementation of the 

legislation considered in the new B2 CLE scenario, that it is 

possible to reduce, or keep constant seasonal mean O3

concentrations globally by 2050 compared with 2000. Future 

O3 concentrations are therefore largely under human control 

and depend on the action taken by national governments 

to implement and enforce emissions controls. The impacts 

of elevated O3 concentrations on human health and 

vegetation are well established, and evidence now suggests 

that significant impacts occur even at ambient concentrations. 

It is probable therefore, that even with the full implementation 

of current controls that O3 effects on human health and the 

environment will continue and may increase in some regions.

Keeping future global O3 close to 2000 concentrations is 

contingent on the assumptions used in the scenario. 

Deviations in growth in emissions from Asia, and from 

shipping were identified as major uncertainties in the analysis. 

Recent estimates suggest that growth in China and India may 

be greater than that forecast in the IPCC scenarios. If this is 

the case, emissions will grow faster in the next few years than 

the scenarios predict and stronger emissions controls will be 

needed.

The current growth in shipping emissions is higher than that 

assumed in the emissions scenario, and the technology 

scenario adopted in this analysis is more ambitious than the 

controls currently being discussed by the International 

Maritime Organization (IMO). Projected increases in the 

volume of ship movements and growth in shipping emissions 

over forthcoming decades are expected to outweigh the 

benefits of existing NOX controls (Cofala et al. 2007b). The 

IMO has demonstrated limited willingness to strengthen 

emission control measures to date although in early 2008, 

new limits for NOX emissions from marine engines were 

agreed and will be submitted for adoption, along with draft 

guidelines for VOC emissions, later in 2008.

Aviation is an increasing source of NOX emissions and is one 

of the fastest growing industrial sectors with growth between 

2000 and 2020 projected to be 5% per annum (Gauss et al. 

2005). Emission reduction technologies and practices are 

under development but their efficiency is currently smaller 

than 50%. The projected growth in air transport over the 

next few decades is expected to overwhelm the benefits 

afforded by these technological improvements.

Rapid, unregulated growth in emissions from these sectors 

will undermine global efforts to reduce ground-level O3 so it is 

important that shipping and aviation are integrated within air 

quality regulatory frameworks, and that research is continued 

into the development of emission reduction technologies. 

The IMO and ICAO should be encouraged to regulate NOX,

CO and VOC emissions as far as is technically feasible and to 

implement agreed emissions controls. To ensure that emission 

reduction policies for these sectors are compatible, links 

should be formally established between the IMO, UNECE and 

UNFCCC to enable the joint consideration of air quality and 

climate change impacts with the objective of reviewing the 

state of play and identifying priorities for future work.

At the regional level, seasonal mean O3 concentrations are 

projected under the new B2 CLE scenario to either increase 

or decrease depending on the emissions profile of the region. 

During summer, reductions of 5 ppb are projected for the 

Northern Hemisphere mid-latitudes, with declines of up to 15 

ppb projected for parts of North America. In other regions 

such as Asia and Africa, increases in emissions will lead to 

higher O3 concentrations in 2050. Stronger emissions controls 

will be needed if further impacts to human health and the 

environment are to be avoided in these regions. The analysis 

shows that it is the changes in mainly NOX emissions, but also 

CO, nmVOC and CH4 that will be the primary influence on O3

concentrations in 2050.

The policy implications of projected changes in ozone 9
concentrations over the 21st century



86 I October 2008 I Ground-level ozone in the 21st century The Royal Society

Increases in power generation and traffic volumes are 

expected to lead to increases of NOX emissions in Asia. The 

implementation of current emissions controls for mobile 

sources is expected to stabilise emissions from this sector by 

2050. However stronger controls will be needed to reduce 

emissions from power generation. In Africa, NOX emissions are 

also expected to increase as controls have not yet been adopted 

for mobile or stationary sources other than the installation of 

new large combustion plants. In Latin America, Africa and Asia, 

emissions from deforestation, savannah burning and 

agricultural waste are double those from energy sources, and 

are therefore significant contributors to CO and NOX emissions. 

As few biomass burning emissions controls are currently in 

place in these regions, emissions from these sources are 

projected to remain high or to decline only slightly by 2050. 

A wide range of low-cost CH4 control options are available for 

waste treatment, disposal, sewage, gas distribution, and coal 

mining and are now widely applied in Europe, North America 

and Japan. These measures have not yet been adopted in 

developing countries but would provide a significant 

contribution to the reduction of CH4 emissions in these regions. 

Implementation of low cost CH4 emission reduction 

technologies should be implemented in the agricultural and 

energy sectors in Asia, Latin America and Africa.

The exposure of urban populations to O3 is projected to 

increase in many cities by 2050 due to reductions in local 

NOX concentrations. As NOX emission controls are 

implemented and emissions decline, as has been observed 

over the last decade in London, urban O3 concentrations 

will increase. The trend in background will also be an 

important factor in determining urban O3 concentrations, 

as an increasing background will contribute to higher urban 

O3 concentrations while a decline will help to counteract 

the reduced NOX titration effect, potentially leading to lower 

exposure. Control of VOC emissions is an effective option 

for reducing the generation of O3 in urban plumes, and is 

therefore especially important as a countermeasure to 

compensate for reductions in the titration effect within 

urban areas. At the regional scale however, where O3

concentrations are more determined by the long-term 

processes that form O3, VOC controls are less efficient. 

The UK is currently an exception to this. In contrast to much 

of continental Europe, regional scale O3 formation is VOC 

limited and VOC emission reductions could also provide a 

useful contribution for controlling O3. Appropriately designed 

VOC emission control measures should therefore be included 

in regional and urban air quality strategies.

The implications of climate change 9.2
for future ozone

Modelling results suggest that climate change will not have 

a major influence on ground-level O3 in 2050 at the global 

scale, but the analysis suggests climate change is important 

at the regional and local scale. The effects of climate change 

should be taken into consideration when O3 control policies 

and emission reduction targets are developed. In urban areas 

for example, emission reductions will need to be strengthened 

and exposure management plans reviewed, to take into 

account the combined effects of climate change and reduced 

NOX titration, and the projected increases in frequency and 

magnitude of conditions conducive to high O3 events. In those 

regions where O3 is projected to decrease due to declines in 

emissions, climate change will reduce the benefits of these 

reductions and stronger emissions controls will be needed to 

achieve the same result. Climate change is expected to 

increase ground-level O3 problems in regions where emissions 

are projected to rise, suggesting that emissions controls will 

need to be significantly strengthened if higher O3 impacts are 

to be avoided.

Implications of future ozone projections 9.3
for food security

Under current O3 concentrations, significant impacts to crops 

in Europe and North America have been observed. Although 

much less information is available in other regions, significant 

impacts on staple crop yield and quality have also been 

demonstrated in experimental studies in Africa, Latin America, 

and Asia. As the modelling projections and scenario analysis 

suggests that emissions and therefore O3 concentrations will 

increase in many regions of these continents to 2050, impacts 

to crops are also likely to increase. These findings must be 

placed into the wider context of future food security, globally, 

nationally and locally.

All of the IPCC SRES socioeconomic scenarios (except A2) 

predict a large decrease in numbers of people at risk of 

hunger over this century, due to an increase in income and 

food production. Climate change scenarios generally reduce 

the extent of this decrease in hunger, but they do not reverse 

it. However, these analyses do not incorporate the effects of 

O3 especially in reducing or reversing the positive direct effects 

of increased CO2 concentrations on crop productivity. Hence 

the key issue in terms of O3 exposure is how far it may further 

delay achievement of critical Millennium Development Goals 

in terms of reducing the estimated 800 million people 

worldwide who are undernourished. Timescale is important in 

this assessment. The primary benefits of climate change 

mitigation measures for agriculture are likely to fall in the 

latter half of the century. In contrast, this report suggests that 

the greatest impacts of O3 are likely to fall in the first half of 

the century. The negative impacts of O3 must therefore be 

minimised before temperatures increase sufficiently to have 

significant negative impacts on global crop yields.

For climate change, and the associated effects of increased 

CO2 concentrations, small beneficial effects of moderate 

warming are predicted for croplands in temperate regions. 

However even moderate temperature increases are predicted 

to have negative effects at low latitudes and in seasonally dry 

regions. Furthermore, many of these sensitive low-latitude 

regions have a lower capacity to adapt to adverse effects of 

climate change. Hence, while the analysis of Easterling et al. 

(2007) predicts that temperature increases of 1–3oC have 

relatively small effects on food supply worldwide, it identifies 

regions, such as sub-Saharan Africa, where climate change 

and socioeconomic conditions may lead to large negative 
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effects on food security. The results presented in chapter 8 

suggest that the future effects of O3 on staple food 

production may be greatest in developing low-latitude 

regions. A key question is therefore whether there are regions 

where both climate change and O3 may have adverse effects 

on the yield of staple crops and hence on food security.

The O3 concentrations projected for 2030 (see chapter 8) 

under a different version of the  B2 CLE scenario are unlikely 

to have major additional impacts on overall global food 

security, although the effects of O3 in negating the positive 

effects of a combination of moderate warming and increased 

CO2 concentrations could be substantial if there was no 

control of precursor emissions. A much greater concern is the 

effect on food security in sensitive regions with high numbers 

of undernourished people where O3 concentrations may 

increase for the next 20–30 years even under the new B2 CLE

scenario. A similar point was made by Wang and Mauzerall 

(2004) who identified that countries in East Asia are on the 

cusp of large decreases in the yield of staple crops due to O3.

It is possible that these impacts of O3 on regional food security 

could be mitigated by measures to reduce the sensitivity of 

local cropping systems. The most obvious approach would be 

the use of genotypic variation in O3 sensitivity especially as 

there is some evidence that recently introduced cultivars are 

more sensitive to O3. For example, a recent study showed that 

an increased yield of winter wheat cultivars introduced over 

the last 60 years in China has been associated with an 

increased sensitivity to O3, partly through higher stomatal 

conductance and a lower anti-oxidative capacity (Biswas et al. 

2008). Currently, successful biotechnology applications come 

from engineering single genes into crops, and this approach 

will be much more difficult to apply to complex traits such as 

responses to O3 stress (Ainsworth et al. 2008). Hence, key 

priorities for the future are to integrate O3 tolerance into 

national breeding and selection programmes and into 

research programmes on the use of biotechnology to increase 

tolerance to stressors such as drought and high temperatures.

Improving policy integration9.4

Improving the integration of O3 policy with policies aimed at 

reducing other air pollutants, and mainstreaming of air quality 

policy into other policy areas such as food, climate and energy 

policy would provide an important contribution to the delivery 

of the emission reductions required to avoid a high O3 future.

To demonstrate the potential benefits of improving integration 

the table below illustrates the interactions between different 

emission control strategies for O3 reduction, and the potential 

implications for a range of different environmental issues.

The table demonstrates a substantial range of potential 

co-benefits arising from O3 precursor controls at different 

scales. This is based on the relative magnitude of effects, and 

should be only taken as indicative of potential cross-benefits, 

as there are many uncertainties involved. This simple analysis 

highlights the following points:

Controlling NOs฀ X emissions has benefits for human health 

as a result of reducing rural O3 concentrations and PM. 

There are also potential benefits to biodiversity due to 

reductions in both N deposition and O3 as NOX emission 

reductions will lead to a significant decrease in 

acidification, and N deposition is a strong factor in 

eutrophication of terrestrial and marine ecosystems. 

As NHX deposition is not affected, the biodiversity 

benefits of NOX control are medium;

NOs฀ X controls also have benefits for visibility by reducing 

PM and O3;

NOs฀ X controls may have a mixed effect on carbon 

sequestration through reductions in N deposition and O3;

ie carbon sequestration could either decrease due to 

reductions in N fertilisation, or increase due to reduced 

O3 impacts. However, since the long-term effects of N 

deposition and O3 on carbon sequestration in different 

ecosystems are uncertain, and may depend on climate, 

soils and future levels of CO2, quantitative comparison 

of these contrasting effects is very uncertain;

VOC controls benefit human health by reducing Os฀ 3 at 

the urban and rural scales. There is also a benefit to C 

sequestration and climate change, as a result of the 

reduction in O3;

CHs฀ 4 controls benefit human health due to the effect of 

reducing rural O3. Methane reduction measures also 

provide other environmental and economic benefits such 

as ground-water protection, and enhanced recovery of 

gas. Lower CH4 emissions will also have climate benefits;

The reduction of Os฀ 3 due to NOX, VOC and CH4 controls 

has benefits for human health, biodiversity, acidification 

and eutrophication, visibility, climate system, and carbon 

sequestration.

Co-benefits may not always be possible, for example, NOX

(NO2, NO, N2O and particles) controls are essential for 

protecting human health and the environment. However, NOX

controls are a primary driver of the increase in O3 concentrations 

in urban areas. Integrated policy making enables the early 

identification of such issues, and action to reduce the potential 

negative consequences. In this case for example, if O3 control 

is also an objective, NOX controls must be accompanied by 

appropriate regional and urban VOC controls.

Integrated assessment models are useful analytical tools 

designed to improve the integration of air quality policies. 

The IIASA Regional Air Pollution Information and Simulation 

(RAINS) model has been widely used to identify cost effective 

strategies to control health impacts from PM2.5 and O3, and 

the vegetation impacts from acidification, eutrophication 

and O3. Control measures from all sources of anthropogenic 

SO2, NOX, PM, NH3, and VOC emissions in all sectors are 

considered (Schopp et al. 1999). This integrated assessment 

model was used in Europe to inform the development of 

the NEC Directive (European Community 2001), and the 

Gothenburg Protocol, and has also been applied in Asia 

with the objective of reducing SO2 pollution. Harmonised 

approaches such as the RAINS model could be particularly 

useful to demonstrate co-benefits in regions where the 

development of environmental policies is still in its early 

stages, particularly in rapidly developing regions where 
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economic growth is the overriding policy priority. This 

analytical framework could be extended to other policy areas 

where there are obvious interactions between objectives. 

For example, improving the integration between agricultural 

and air quality policy, climate change and O3 policies would 

have obvious benefits. The Greenhouse Gas Air Pollution 

Interactions and Synergies (GAINS) model, is one such 

analytical tool, designed to increase the cost effectiveness 

of air pollution and climate strategies (Klaassen et al. 2004).

Climate change and O3 are two policy areas where there are 

obvious co-benefits of improving integration. The interactions 

between climate change and tropospheric O3 include:

COs฀ 2 fertilisation from atmospheric CO2 emissions may 

offset negative O3 impacts in some plant species with 

implications for food security, biodiversity and carbon 

sequestration;

Control of Os฀ 3 precursors may have a climate impact; NOX

tend to increase OH, reducing the lifetime of methane 

(CH4) and reducing CH4 concentrations, producing a 

negative radiative forcing (although this is location and 

seasonally dependent). CO, CH4 and VOC emissions, 

however, tend to reduce OH, increasing the CH4 lifetime, 

producing an additional positive radiative forcing;

Os฀ 3 impacts may reduce biomass and therefore carbon 

sequestration in forests, both in the timber and in soils, 

with implications for timber production, and the climate 

system;

Os฀ 3 is a greenhouse gas with a radiative forcing (since 1750) 

of between 0.25 and 0.65 W m–2;

Climate change impacts on Os฀ 3 production and destruction 

may offset the benefits of emission reductions in polluted 

regions;

Table 9.1  Co-benefits of a far-reaching strategy to control O3 precursor emissions. The table shows how other environmental 

problems (specified in the left column) are influenced by emission reductions of O3 precursors (NOX, VOC and CH4, top row).

Environmental problem NOX control VOC control CH4 control Combined control

Human health

NO2 urban Large Negligible Negligible Large

O3 urban Medium Medium Small Medium

O3 rural Medium Medium Medium Large

PM Medium Small Negligible Medium

Biodiversity

N deposition Medium Negligible Negligible Medium

O3 Small Small Small Small

Acidification and eutrophication

N deposition Medium Negligible Negligible Medium

O3 Negligible Negligible Negligible Negligible

Visibility

PM Medium Small Negligible Medium

O3 Small Small Small Small

Climate change

O3 Medium Negligible Medium Medium

PM direct Small Negligible Negligible Small

PM indirect (cloud) Small Negligible Negligible Small

Carbon sequestration

N deposition Medium Negligible Negligible Medium

O3 Medium Medium Medium Medium
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Climate change driven changes in weather may induce s฀
high O3 episodes events causing significant health impacts 

in regional and urban areas;

The combination of climate change and Os฀ 3 impacts on 

agricultural yields may reduce food (and energy) security 

over the long term.

The international regulatory frameworks are currently 

independent of each other despite the importance of O3

as a greenhouse gas, and the role of climate in O3 production, 

destruction and transport processes. For example, O3 is not 

managed under the UNFCCC umbrella as the Kyoto Protocol 

does not include O3 in the basket of greenhouse gases. 

Recently the policy and research communities (particularly 

within the CLRTAP) have begun to acknowledge the links 

and to consider whether they should be better integrated, 

but this work is still in its infancy.

The primary objectives of both climate and air quality policy 

are to reduce emissions, and as they share many of the same 

drivers and sources (eg agriculture, deforestation, energy 

production and transport), there would be a clear advantage 

in developing coordinated emission reduction strategies. 

Methane for example, is both a greenhouse gas and O3

precursor, and so is an obvious candidate. Reductions in 

emissions of CO and nmVOC would also have climate 

benefits. Similarly, as biomass burning is such a large 

contributor to emissions of O3 precursors and greenhouse gas 

emissions the implementation of policies to reduce or halt 

deforestation, wetland/peatland drainage and biomass 

burning, would have the dual benefit of contributing to 

climate change and O3 policies. There are however examples 

of climate emission reduction strategies which may undermine 

O3 objectives. For example, technologies to reduce NOX

emissions from aircraft engines may increase CO2 emissions, 

and new technologies such as carbon capture and storage 

and alternative energy sources such as biofuels (Box 9.1) may 

provide new sources of precursor emissions. Improved policy 

coordination between air quality and climate policy 

frameworks would, however, reduce the potential for 

conflicting policy outcomes to occur without prior knowledge 

and would allow appropriate action to be taken in advance.

Greater harmonisation between the international climate and 

O3 regulatory frameworks; including the UNFCCC (and Kyoto 

Protocol), the CLRTAP, and the EU, would have significant 

benefits for both climate change and air quality. The CLRTAP 

and UNFCCC could for example work more closely together 

to define coordinated long term goals (to 2050) for the 

reduction of emissions, and greenhouse gases (including O3).

Similarly, the European Commission in its work to revise the 

NEC Directive, and the development of climate change 

adaptation and mitigation strategies should ensure that the 

scientific and policy interpretation of scientific data and 

modelling results are harmonised to support and reinforce 

the work of the CLRTAP.

Box 9.1 Case study: the influence of biofuels on ozone production

Demand for biofuels is rapidly increasing as a result of instability in petroleum producing countries, the rising cost of oil, and 

the adoption of the Kyoto Protocol (CBD 2007). Between 2000 and 2005 bioethanol and biodiesel production increased 

more than three-fold. Over the last few years many governments have supported the development of biofuels to reduce 

emissions and improve energy security (eg the EU Biofuels Directive sets a 2010 target of 5.75%, and 10% increase in use by 

2020). If produced in a sustainable manner biofuels may lead to reduced dependence on fossil fuels and climate change, and 

environmental and social benefits. However, biofuels may also have negative social and environmental impacts, as a result for 

example, of increasing competition for land to grow food crops, the need for enhanced artificial fertiliser, water and pesticide 

inputs, and biodiversity losses arising from the conversion of natural habitats to crop plantations.

Depending on the type of biofuel and the lifecycle of the fuel, biofuels could have substantial effects on air quality in the 

future. Deforestation and biomass burning occurs often as a result of clearance of land to plant new crops, particularly in the 

tropics, and is a major source of O3 precursor emissions as it is not yet well regulated. Some of the preferred biofuel tree 

species (willow, eucalyptus, poplar and palm oil) are also high isoprene emitters (Arneth et al. 2007) and if planted in high 

NOX environments could lead to increased regional O3 production, particularly during heat wave events. Conversion of 

tropical forests to oil palm plantations, for example, could lead to substantial increases in isoprene emissions as a result of 

changes in isoprene flux potential from 480 g km–2 h–1 to 9410 g km–2 h–1 (Owen et al. unpublished data). Ozone precursors 

(CH4, VOC, NOX and PM2.5) are also emitted along the biofuel supply chain and are affected by practices and processes 

including fertiliser use, agronomy, harvesting, conversion and distribution (Royal Society 2008; Crutzen et al. 2007).

The recent Royal Society report on sustainable biofuels (Royal Society 2008) recommends that sustainability criteria be applied 

to different biofuel options (and all land-uses) to ensure that the economic, social, and environmental costs and benefits are 

accounted for. Such criteria should be based on life cycle assessments and take into account the impacts associated with their 

production and consumption, including impacts to local and global air quality, as well as energy efficiency, climate change, 

environment, trade and development policy objectives. Such risk assessment frameworks are required internationally, and 

should be applied to each feed stock on a case by case basis.
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Capacity building9.5

Success in addressing the O3 problem will be constrained 

unless there is a rapid increase in the capacity of countries to 

assess and manage O3, particularly in those regions where 

precursor emissions are projected to increase over forthcoming 

decades. Regional frameworks for cooperation and information 

sharing exist in parts of Asia, Southern Africa, and Latin America, 

however none are focused specifically on reducing O3 pollution. 

Priorities for capacity building in these regions include:

Development of approaches for preparing national air s฀
pollutant emission inventories using a simplified and 

user-friendly framework that is suitable for use in different 

developing and rapidly industrialising countries and which 

is compatible with other major international emissions 

inventory initiatives. This approach has been developed in 

South Asia, and there is growing interest in applying it in 

other regions and linking it to regional O3 models in South 

and South-East Asia;

Use of passive monitoring of Os฀ 3 concentrations in rural 

areas to complement the more detailed monitoring which 

tends to be focussed in major urban centres;

Development of effective and well-parameterised regional s฀
photochemical models. While extensive collaboration on 

model development has occurred in East Asia, there are 

few regional models available for application in South and 

South-East Asia, Africa and Latin America;

Development of capacity for preliminary health impact s฀
assessments and the use of simple experimental studies 

to assess the impacts of O3 on vegetation through 

bioindicator systems;

Development of monitoring programmes to identify s฀
vulnerable ecosystems including natural vegetation and 

crops;

Identification of best available technologies and s฀
prevention strategies for newly built facilities and 

identification of technologies and strategies that can cost 

effectively address air pollution and green house gases;

Development of technical and legal support structures for s฀
the development and preparation of new protocols and 

agreements;

Strengthened partnership programmes for scientific, s฀
political and economic research, and policy development.

Conclusions9.6

Ozone policies have previously been targeted at reducing the 

magnitude and frequency of high O3 episodes and the human 

health and environmental impacts associated with these. 

Emission controls are the primary policy mechanism, and have 

been successful at a regional scale in the USA and Europe at 

reducing peak O3 concentrations. However, background O3

has continued to rise in the mid-latitudes. Until O3 is treated 

as a global pollutant and policy frameworks put in place to 

address the transboundary nature of O3, national and even 

regional level controls are unlikely to achieve their policy 

objectives.

The modelling results suggest that it is possible to reduce or 

keep constant seasonal mean O3 concentrations by 2050 

globally. This future is however critically dependent on the 

actions taken by national governments to implement and 

enforce emissions controls over forthcoming decades. 

Rapid growth in emissions from unregulated sectors could 

undermine these efforts and all significant sources of 

anthropogenic emissions need to be integrated into abatement 

strategies. International shipping and aviation are currently 

poorly regulated in terms of O3 precursors and both sectors 

are projected to become more important sources of emissions 

in the future unless regulation is strengthened and additional 

technology improvements are implemented.

Ozone concentrations are projected to rise between 2000 

and 2050 in Latin America, Africa and Asia, due to 

increasing emissions and here stronger NOX, VOC and CH4

emissions controls will be needed to reduce emissions from 

mobile and stationary sources. Biomass burning is poorly 

regulated but is a more significant source of emissions 

than the energy sectors. Further controls will be required to 

reduce emissions from sources such as deforestation, 

savannah burning and agriculture. The implementation of 

low-cost CH4 reduction technologies in the agriculture and 

energy sectors in these regions should also be a priority.

In urban locations, trends in background O3, climate change, 

and reductions in the NOX titration effect will contribute to 

increased urban O3 concentrations. This combination of 

sources must be reflected in air quality strategies aimed 

at improving air quality in urban locations.

The limited evidence available suggests that under a current 

legislation scenario, O3 concentrations in 2030 will not have a 

significant impact on global food security. There may however 

be significantly increased impacts on food security in 

vulnerable regions such as South Asia. Timescale is important; 

the negative impacts of O3 on food crops must be minimised 

before climate change impacts significantly reduce crop yields. 

The integration of O3 tolerance into national crop breeding 

and selection programmes, and into biotechnology research 

programmes should be a priority.

Climate change and O3 are closely coupled due to the indirect 

and direct radiative forcing effects of O3 on the climate 

system, and the role of climate in O3 production, destruction 

and transport. However, O3 is not yet considered to be a 

climate issue and so is not considered within the appropriate 

international regulatory frameworks. As a failure to implement 

current legislation will lead to a high O3 future, with both 

direct and indirect impacts on the climate system, the 

integration of O3 into this regulatory framework should 

be considered.

Conversely, climate change in 2050 is projected to reduce the 

benefits of O3 precursor emissions controls and will need to 

be factored into future O3 policies.
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Ozone can therefore no longer be considered to be just an 

air quality issue. As O3 and climate change share many of the 

same drivers and sources, the development of coordinated 

emission reduction strategies could make an important 

contribution to reducing both climate change and O3

pollution.

Unless there is a rapid increase in the capacity of many 

countries outside Europe, North America and Japan to 

assess and manage O3, the success of current efforts to 

control O3 will be limited. Greater international collaboration, 

building on the capacity provided by existing regional 

frameworks is required.
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The last few years have seen improvements in scientific 

understanding of tropospheric O3 production and destruction 

processes and impacts to human health and the environment. 

Advanced modelling techniques have been developed that 

have enabled simulation of the combined effects of climate 

change and emission changes on future O3 concentrations. 

However there are still knowledge gaps which limit 

understanding of how changes in anthropogenic and 

natural emissions, climate and land-use will affect future 

O3 concentrations and the impact that such changes will 

have on human health and the environment. This chapter 

identifies research priorities based on the needs identified 

within the previous chapters.

Ozone precursor emissions10.1

Assessments of future projections of ground-level O3

concentrations are currently limited by the availability of emission 

inventory data, uncertainties in assumptions in drivers of 

emissions and understanding of the biogeochemistry and 

physiology of natural emissions.

Identification of the direct and indirect drivers of changes 

in emissions and accurately forecasting changes into the 

future is not straightforward. Improved understanding of how 

different socioeconomic pathways, or growth in particular 

sectors (eg shipping and aviation) could affect O3 precursor 

emissions is needed to inform future air quality projections. 

For example the implications of a doubling in China’s energy 

demand for regional and global O3 concentrations is identified 

in this study as an area requiring further investigation, as is 

the impact that the rapid growth in shipping emissions will 

have on future projections. Improved understanding of the lag 

between implementation of legislation or new technologies, 

and delivery of air quality benefits is needed to improve 

impact assessment for environment and human health and 

the development of air quality policy.

The main anthropogenic sources of precursors are well 

understood, however information is better for some gases 

than others, for example there is poor knowledge regarding 

the magnitude of global anthropogenic VOC emissions, and 

emission inventories are poorer than those for anthropogenic 

NOX emissions. Where inventories are present, data collection 

may not be standardised. In developing countries the quality 

of emission inventories is generally insufficient to support 

the modelling of dispersion, transport and deposition, and 

effects assessment. In some developed countries emission 

inventories remain poor for some sectors (eg international 

shipping) and gases (eg nmVOC). Biomass burning lacks 

long-term monitoring in many regions, and there are major 

uncertainties in emission estimates due to inadequate 

knowledge of the relative contribution of open biomass 

burning to total emissions.

Natural emissions are much less well understood than 

anthropogenic emissions. Although the main sources 

(soils, plants, lightning) are known, the biogeochemistry is 

not well understood. There is limited understanding of 

the interactions between environmental factors such as 

temperature, moisture, land-use, ambient CO2 and O3 and 

effects on natural precursor emissions. There is no globally 

systematic analysis or screening of emissions and consequently 

there are large uncertainties in emission estimates. The ability 

to measure and estimate biogenic VOC emissions for example 

is currently limited by an inadequate network of observational 

sites globally, by poor understanding of the multitude of 

biogenic sources of VOC and the speciation of nmVOC for 

different plant functional types (only a small number of plant 

species emissions have been measured in major source regions 

such as tropical forests). The effects of biotic and abiotic 

stressors such as herbivory, wind damage, fire, logging, 

and nutrient status on VOC emission rates are not well 

understood. This is despite the recent development of new 

analytical techniques, flux-based measurement techniques, 

and the use of satellite data, which have greatly enhanced the 

observational base on which emission estimates are made.

Because of these uncertainties it is not possible to quantify 

how natural emissions may change in the future in response to 

changes in climate, land use change, or other environmental 

factors. The effects of major shifts in land use on local and 

regional air quality as a result of either replacement of plant 

species with high nmVOC (particularly isoprene) emitting 

species such as oil palm (for example) or changes in soil NOX or 

CH4 emissions requires investigation. Current understanding of 

which crop species are high nmVOC emitters is limited to a 

few species, and is particularly poor for the crops likely to be 

important biofuels in the future. Consequently most recent 

emissions estimates and modelling work do not include 

potential changes in natural precursor emissions.

There are substantial uncertainties associated with estimating 

future trends in CH4. The total emissions are relatively well 

known, however the relative contributions of individual 

sources to the overall emission flux is uncertain and the cause 

of large interannual fluctuations in global CH4 concentration 

over the last 15 years is unknown.

What needs to be done:

Analysis of the implications of major deviations in energy s฀
demand from the new B2 CLE scenario in India and 

China for national, regional and global O3 concentrations;

Detailed analysis of the impacts of rapid growth in shipping s฀
emissions on future global and regional O3 projections;

Detailed biogeochemical analysis of the potential impacts s฀
of changes in land use on O3 production and destruction 

processes. Modelling analysis to assess the impacts of 

these changes on local, regional and global O3

concentrations. Case studies might include the conversion 

of forest to biofuels, or the effects of changes in 

agricultural methods such as cropping practices or 

fertiliser use;

Research and development10
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Measurements of VOC and NO emissions from managed s฀
and natural ecosystems are needed to enable the 

preparation of improved global emission inventories;

Improved global inventories for natural and anthropogenic s฀
O3 precursors are needed. Standardised data collection 

and reporting processes of sufficient temporal and spatial 

resolution are required for use in atmospheric chemistry 

models. Special emphasis should be placed on improving 

monitoring and measurement of emissions from biomass 

burning from domestic sources, deforestation, and 

agriculture, to anthropogenic and natural VOC emissions, 

and to international shipping emissions;

Further research into the biogeochemistry of natural s฀
emissions, the influence of biotic and abiotic factors, and 

the combined effects of multiple drivers such as changes 

in atmospheric CO2 concentrations, climate and land use, 

on emission rates is required. Efforts are needed to 

improve understanding of the relative contributions of 

natural emissions to O3 formation;

The IPCC in collaboration with the CLRTAP to undertake a s฀
special study on the biogeochemical interactions between 

climate change, ground-level O3 and other pollutants;

Development of global VOC emission projections for the s฀
period up to 2050;

Establishment of a dedicated research programme aimed s฀
at identifying the causes of the changes in global CH4

emissions over the last 15 years, and the development 

of an improved global emission inventory;

Greater investment in increased capacity for observing, s฀
monitoring and reporting, modelling and assessment of 

O3 impacts to human health and the environment in 

developing countries;

Specific monitoring of the impacts of implementation s฀
of O3 pollution abatement measures on emissions;

Increased investment in the development of low cost s฀
technologies for reducing emissions for rapid 

implementation in regions where emissions are projected 

to rapidly increase, and in sectors projected to be 

important contributors to emissions in the future such as 

international aviation and shipping.

Modelling10.2

Uncertainties in projections of future changes in O3 are due to 

uncertainties inherent in the emission scenarios used to drive 

the model runs, and many poorly-constrained processes 

within the models themselves.

Improved understanding is needed of the basic processes and 

feedbacks between atmospheric chemistry, climate and 

ecosystems. Some of these interactions are complex but poorly 

understood at present, particularly those in the terrestrial 

biosphere. In the marine environment understanding of 

halogen-catalysed chemistry is rapidly developing, however 

the global and regional implications for O3 remain unclear 

and few of the global models yet include this chemistry.

Many of the meteorological and ecological processes which 

affect O3 production, destruction and transport are not yet 

well represented in coupled chemistry–climate models. 

Detailed stratosphere–troposphere exchange processes, deep 

convection and mixing, lightning and atmospheric blocking 

are, for example, rudimentary. Some of these processes may 

not have a significant impact on the long-term average 

concentration of O3, but are important for O3 at the regional 

scale or over shorter time scales. Similarly, interactions between 

climate and surface O3 fluxes, sensitivities of future O3 to land 

cover change, and impacts of O3 and climate on the carbon 

cycle are either not represented or are too simplistic. The 

systematic biases in rainfall patterns simulated by current 

models compromise O3 projections and introduce uncertainties 

in background O3 levels. Improved representation of the water 

cycle, including soil water balance and impacts on dry 

deposition is necessary for improving regional climate 

projections and would help to improve predictions of changes 

in the frequency and magnitude of heat waves and high 

pollution episodes. Fully interactive global modelling studies 

which couple these climate, atmospheric chemistry and 

ecological processes in marine and terrestrial systems are 

needed to represent these basic processes and feedbacks.

What needs to be done:

Further multi-model studies of interactions between s฀
climate change and ground-level O3, targeted at 

informing a range of climate projections are required;

Research exploring the basic processes and feedbacks s฀
between atmospheric chemistry, climate and ecosystems, 

particularly surface deposition processes, is needed, and 

the integration of this information into global climate–

chemistry models is required to improve projections of 

O3 at the global, regional and urban scales;

As computing capacity develops, emphasis is needed on the s฀
development of fully interactive global modelling studies 

which couple climate, vegetation and atmospheric chemistry 

and which enable assessments of O3–climate interactions 

at higher spatial resolution than is currently possible;

Increased consideration in global chemistry modelling s฀
studies of the interactions between large scale and small 

scale processes; including the dispersal and early chemistry 

of plumes as a result of shipping and aviation emissions, 

and the impact of these processes on background O3

concentrations;

Further assessment of the impacts of halogen-catalysed s฀
chemistry on O3 concentrations, and the integration of 

this chemistry into global climate–chemistry models is 

needed to inform the evaluation of potential impacts on 

regional and global O3 concentrations;

Further assessments are needed of the effect that climate s฀
change may have on surface exchange processes for O3

and isoprene in the UK and Europe, and other regions as 

appropriate, by 2050.
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Evaluating human health impacts10.3

Assessment of the population effects of O3 are limited by a 

lack of accurate baseline health data in many countries, the 

use of mean annual exposure which does not capture important 

individual exposure events, and the effect of multiple factors 

on the interpretation of epidemiological study results. Evaluation 

of the health implications of long-term exposure to ambient 

O3 concentrations is complicated by uncertainty regarding 

whether there is a threshold for effects.

The acute impacts of O3 are substantial and reasonably 

well understood, although there is variability in individual 

susceptibility to O3 and variability between regions. The 

mechanism by which mortality is affected is unclear and 

is complicated by correlations between mortality, O3 and 

other pollutants.

Chronic disease and loss of life-years are potentially more 

important for the evaluation of human health impacts than 

daily mortality or hospital admissions. Animal studies suggest 

that seasonal exposures to O3 have cumulative effects however 

the implications of these results for humans are unclear. 

Evidence of chronic effects on reduced lung function and 

asthma symptoms are inconsistent, and where effects are 

observed, the implications for life expectancy are unknown. 

The information available is insufficient for reliable health 

impact assessments at the moment.

Ozone may have additive effects on health in combination 

with other environmental factors such as allergens or other 

pollutants such as particulates, although the importance of 

these interactions for human health is uncertain.

Estimates of future O3 health impacts require the estimation 

of future baselines for mortality and morbidity, projections for 

future O3 exposure levels, knowledge of the effects of O3 on 

human health, and the use of an appropriate dose–response 

relationship: information which is not available for many 

locations.

What needs to be done:

Improved monitoring of Os฀ 3 particularly in developing 

countries;

Further research is required to improve understanding of s฀
the pathophysiological mechanisms by which O3 affects 

human health;

Further research is needed to increase understanding of s฀
the chronic effects of O3. This should include research to 

quantify the effect of O3 on human health in the O3

concentration range 1–50 ppb, and further studies on 

impacts to lung function, respiratory disorders, and life 

expectancy;

Improved experimental and epidemiological s฀
investigations of the exposure response function, 

including thresholds, is needed;

Further research into the combined effects of Os฀ 3 and 

other environmental stressors, particularly temperature, 

on human health is required. This should include an 

evaluation of the impacts of climate change and O3 on 

human health to 2050 in the UK, across Europe and when 

information permits, in Asia, Latin America and Africa.

Evaluating environmental impacts10.4

The majority of studies undertaken to evaluate the impact of 

O3 on the environment have focused on plant taxa of North 

America and Europe. This research has been based mainly 

on chamber experiments and has led to improvements in 

understanding of the mechanisms of direct impact in plants. 

More work is needed to broaden the range of species and to 

extend these studies to other regions. There is also a need to 

focus on natural vegetation, for which less information is 

available than for crop species.

The assessment of effects of O3 on vegetation relies on a 

combination of concentration and flux-based approaches. 

Process models using the flux-based method allow a more 

accurate assessment of the local impacts of O3 on vegetation 

and the regional and global effects of O3 on carbon 

sequestration. However these models are at an early stage 

and require further development and validation across a 

wider range of crop and wild species before they can be used 

for risk assessment exercises. They also need to incorporate 

a wider range of effects above- and below-ground to better 

assess the indirect effects of O3 on plant productivity, and 

to integrate O3 impacts on the terrestrial carbon sink into 

assessments of climate change.

Understanding the impacts of O3 on plant photosynthesis 

and carbon sequestration (in vegetation and soils) is rapidly 

evolving. More long-term field-based experiments are required 

to reduce the uncertainties associated with the combined 

effects of CO2 fertilisation and O3 impacts on plant productivity, 

and the effect of O3 on the net exchange of carbon between 

ecosystems and the atmosphere. These studies are needed for 

a broader range of plant functional types from non-temperate 

regions and to improve estimates of the indirect radiative 

forcing of O3. The results of this work should be linked to 

climate stabilisation research.

Work on the impacts of O3 is critically needed in regions 

outside of North America and Europe. Those regions 

identified in this study as likely to experience increases in O3

concentrations over the next two to three decades (eg Asia, 

Latin America and Africa) should be the priority. There is 

significant uncertainty about the effect that O3 may have on 

future food production, due to a lack of experimental work 

on effects of O3 in these regions, and limited capacity for 

monitoring and modelling of O3 concentrations and impacts 

in key agricultural regions. This work should focus on testing 

the sensitivity of regional varieties of crops to O3, and on 

evaluating the implications of these impacts for food in terms 

of crop yield and nutritional quality, energy security, climate 

change, and biodiversity. Assessments of regional vulnerability 

to food shortages should consider the role that O3 impacts on 

crop yields and nutritional quality may play in exacerbating 

food insecurity.
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Research is needed into mitigating the effects of O3 on the 

yield of food crops, in the context of increasing competition 

for land, for example by identifying or selecting varieties that 

are less sensitive to O3.

This report identifies the potential for significant impacts of 

O3 on biodiversity, as indicated by potential impacts on GPP, 

in high priority regions for global conservation including 

eastern North America, Central Europe, northern South 

America, Central Africa, and South-East Asia. Future assessments 

are needed of the ecological impacts of O3 in the context 

of other threats such as habitat destruction, N deposition 

and climate change. Ozone impact assessments have been 

focused on evaluating effects on plants. However, studies 

suggest that other taxa may also be affected either directly 

or indirectly. Understanding of the ecological impacts of O3

is very poor, with very few studies undertaken on this issue. 

As with assessments of O3 impacts on crops, most ecological 

studies have been conducted in Europe and North America 

and there is an urgent need to evaluate the impacts of O3 on 

wild species in other regions.

Attempts have been made to evaluate the economic impacts 

of environmental O3 effects. However, these are necessarily 

limited by the issues raised above. As understanding of the 

impacts of O3 improves, these economic assessments will 

require updating.

What needs to be done:

Experimental and field studies of the impacts of Os฀ 3

on local species should be established in key regions 

experiencing current O3 problems and where O3 levels 

are predicted to increase significantly over the next 

20–30 years, such as South and East Asia. In situ studies 

are needed to support the development of health and 

environment impact assessments in these regions, and 

to identify effective mitigation and adaptation measures 

to reduce these impacts. Large scale investment in 

standardised facilities and experimental protocols 

across these regions would facilitate assessments of 

regional impacts of O3 as a basis for policy interventions. 

International collaboration is needed urgently if these 

regions are to be able to respond effectively to the O3

concentration increases projected for the next two to 

three decades;

Specific research is needed by the FAO on the implications s฀
of ground-level O3 for regional food security in Asia, 

Latin America and Africa. This should include a focus 

on identification and selection of ozone resistant local 

varieties, and assessments of impact on crop yield and 

nutritional quality. Equivalent research is needed to 

investigate the impacts of O3 on non-food crops;

Further targeted experimental studies are needed to s฀
specifically evaluate the impacts of rising background 

concentrations of O3 and to compare these with the 

effects of episodic peak exposures;

Long-term field studies are needed to assess the s฀
combined effects of O3, elevated CO2 levels, climate 

change and other environmental stressors both on species 

of economic importance and on a range of natural and 

semi-natural ecosystems to improve the evidence base of 

effects on O3, plant productivity, the ability of ecosystems 

to sequester carbon, and biodiversity;

Further development and use of process-models is needed s฀
to improve assessments of the impacts of O3 on crop and 

forest production, the ability of ecosystems to sequester 

carbon, and biodiversity;

Research focused on improving understanding of the s฀
impacts of O3, CO2 and climate change for the carbon 

cycle is urgently needed to inform climate change and 

ground-level O3 projections;

New research is needed into the effects of Os฀ 3 on 

important species for conservation, including research 

on the combined effects of O3 and other environmental 

stressors. This research should focus on ecoregions and 

biodiversity hotspots where future O3 concentrations 

represent the greatest threat. The results of this work 

should be provided to the Convention on Biological 

Diversity (CBD) for their consideration as a new and 

emerging issue of relevance to biodiversity.

Other research requirements10.5

This report recommends a new approach to O3 policy and 

identifies the need for better coordination of air quality 

policy at the international level. Improved understanding 

of the potential synergies and trade-offs between O3

reduction policies and other policies, particularly climate 

change, is required.

What needs to be done:

Options for an appropriate international mechanism s฀
aimed at providing a globally coordinated approach to air 

pollution issues, and O3 specifically, should be identified 

and evaluated and should build on the ongoing activities 

of the UNECE Task Force on Hemispheric Transport of Air 

Pollutants (TFHTAP), and the Global Atmosphere Pollution 

Forum. This should be initiated at the UN level;

Improved understanding of the potential synergies and s฀
trade-offs between O3 reduction policies and other policies, 

particularly climate change, is required. The UNFCCC 

secretariat together with the executive body of the CLRTAP 

should assess the potential interactions between climate 

change and air quality policies, and should evaluate the 

interlinkages between current and future policy and 

technological controls on greenhouse gases and other air 

pollutants over the period 2010–2050 and to 2100;

Further development of integrated policy tools for the s฀
assessment of impacts from O3 and O3 precursors on 

radiative forcing, vegetation and health with respect 

to future sector development, specific geographical 

areas and specific sources. Such tools are important for 

supporting life cycle analysis and strategic environmental 

assessments;
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Assessment by the Rio Conventions’ Joint Liaison Group s฀
of the relevance of ground-level O3 and air pollution more 

generally, to their respective Convention mandates;

Evaluation by the World Trade Organization in s฀
collaboration with the FAO, of the impacts of O3 on 

global food prices and trade to identify vulnerable 

regions over the coming decades. A key policy objective 

in these regions should be to ensure the negative impacts 

of O3 are minimised before substantial climate change 

effects occur.
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Ground-level ozone as a global 11.1
pollutant

Ground-level O3 remains a serious global air pollution problem 

despite the implementation of emission reduction measures in 

industrialised countries over the last 40 years. Anthropogenic 

emissions of NOX and nmVOC have declined in Europe and 

North America over this period leading to reductions in 

short-term peak O3 concentrations of typically 20–30 ppb in 

Europe. Over the same period measurements have shown the 

hemispheric background has increased by 2 ppb per decade to 

35–40 ppb in the mid-latitudes of the Northern Hemisphere. 

The cause of the increase in background O3 is not fully 

understood, but is thought to be due mainly to precursor 

emission increases in Northern Hemisphere countries and 

increases in emissions from poorly regulated sectors including 

international shipping and aviation. While less certain, an 

increase in the stratospheric source of O3 may also have 

contributed to the increasing background. This increasing trend 

greatly reduces the benefits of declines in peak O3 concentrations 

achieved through existing emissions controls. Once considered 

to be a local or regional scale issue, ground-level O3 has emerged 

as a global pollutant. A new regulatory approach designed to 

address O3 at the global, regional, and local scale is now needed.

Recommendation 1:

Options for an international mechanism to provide a globally 

coordinated approach to air pollution issues, and O3

specifically, should be identified and evaluated. This 

should be led by a United Nations body such as the UNECE, 

or UN Environment Programme (UNEP) and should build on 

ongoing activities such as the EMEP, including its TFHTAP, 

and work of the Global Atmospheric Pollution Forum.

Ground-level ozone chemistry – 11.2
relevance to ozone control

The atmospheric chemistry of ground-level O3 shows great 

variability between the polluted urban areas and remote 

relatively clean air regions of the planet. This variability is 

an important consideration for the design of abatement 

strategies for O3:

In remote areas, background Os฀ 3 is the primary contributor 

to surface O3 concentrations;

At the regional scale, the hemispheric background and s฀
regional sources of O3 precursors are the main 

contributors;

At the local scale, Os฀ 3 concentrations are regulated by the 

hemispheric background, regional production and the 

effects of local sources and sinks acting collectively.

NOX concentrations play a critical role in regulating the 

chemical production or destruction of O3 within the 

atmosphere leading to O3 destruction in low NOX (<20 ppt) 

regions and O3 production in more polluted regions where 

NOX concentrations are higher. NOX concentrations are typically 

much larger in the urban environment leading to local O3

depletion so that reductions in NOX concentrations lead to local 

increases in urban O3 concentrations. Concern about the human 

health impact of NOX emissions has led to the implementation 

of NOX controls in many urban centres, leading to a pronounced 

increase in O3. In the UK this is clear through the period 

1990–2007. This is unlikely to change in the near future 

and further increases in urban O3 can be anticipated. In large 

urban areas O3 formation is VOC limited and VOC emission 

controls can therefore be an effective option for limiting 

the increases in O3 formation that occur in such areas from 

NOX emission controls. In the UK, in contrast to much of 

continental Europe, regional scale O3 formation is VOC limited 

and VOC emission reductions could also provide a useful 

contribution for controlling O3. Appropriate VOC emission 

control measures should therefore be included in regional 

and urban air quality strategies.

Recommendation 2:

2.1  The UNECE, European Commission and all national 

governments to target emission control measures to 

reduce peak and background O3 concentrations taking 

into account the relative importance of different 

emission sources at the local, regional and global 

scale as appropriate.

2.2  Decision making bodies responsible for local air quality 

to implement VOC emission controls in large urban 

areas where NOX emission controls are contributing 

to increasing local O3 concentrations.

2.3  UK Government to implement regional scale VOC 

emission controls as part of the national strategy for 

controlling O3.

Ground-level ozone in the future11.3

Future O3 concentrations will be mainly determined by 

emissions of O3 precursors and these will be driven by 

population growth, economic growth, land use change, 

new technology developments and the implementation of 

emissions controls. Anthropogenic emissions are largely under 

human control and will be determined in the future by the 

implementation of emission control legislation and emission 

reduction technologies, which if implemented, could reduce 

emissions by 90%.

The scenario analysis conducted in this study (based on a new 

B2 CLE scenario) projects the decline of anthropogenic NOX

and CO emissions globally to 2050, and an increase in global 

CH4 emissions. The global modelling projections show near

constant or reduced seasonal mean O3 concentrations in 2050 

Conclusions and recommendations11
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relative to 2000, in most regions during the maximum O3

season. During summer, reductions of 5 ppb are projected 

for the Northern Hemisphere mid-latitudes, with reductions 

in concentration of up to 15 ppb (or 25% relative to present 

day levels) projected for parts of North America. During 

winter an increase in O3 concentrations is projected due to 

lower NOX emissions and reduced O3 titration by NOX. During 

the maximum O3 season over much of the developing 

world, a modest increase in O3 of up to about 3 ppb 

(approximately 7%) is projected due to rapid economic 

growth in these regions.

The extent to which the legislation considered within the 

scenario analysis is implemented globally will be critical. 

The global modelling analysis shows that it is the changes 

in anthropogenic emissions, mainly of NOX, but also of CH4,

CO, and nmVOC that will be the primary influence on 

ground-level O3 concentrations in 2050. Projections of 

future trends in CH4 are however very uncertain. If CH4

remains at present day levels (1760 ppb) rather than rising 

to 2363 ppb in 2050 as projected by the B2 scenario, the 

new modelling indicates that global average surface O3

levels will be 1–2 ppb lower. However, increases are 

expected as CH4 emission controls are not yet in place in 

many developing countries and emissions from agriculture, 

particularly in Asia, Latin America and Africa are expected 

to rise. Increasing demand for fossil fuels in many regions 

will also contribute to higher emissions.

In contrast to most other regions, NOX emissions from Asia 

are projected to rise over the next few decades due to 

increases in power generation and traffic volumes, although 

emissions from transport should stabilise by 2050 with the 

implementation of current legislation. Emissions are also 

expected to increase in Africa as there are currently no NOX

controls in place other than for new large combustion plants. 

In Latin America, Africa and Asia, emissions from biomass 

burning (deforestation, savannah burning, agricultural waste) 

are double those from energy sources and are a significant 

contributor to CO and NOX emissions. As these sources are 

poorly regulated, emissions are projected to remain high, or 

to decline only slightly in these regions.

Modelling analysis of future changes in O3 concentrations at 

the urban scale suggests that the exposure of urban populations 

to O3 will increase in many cities by 2050 where reductions in 

local NOX concentrations occur. As NOX emission controls are 

implemented and emissions decline (as recently seen in the UK 

for example), urban O3 concentrations will rise towards regional 

background concentrations. If background O3 increases this will 

further exacerbate O3 increases at a local level (refer 

recommendation 2.2).

Natural O3 precursor emissions also contribute significantly to 

O3 concentrations, however it is not yet possible to quantify 

with any certainty how they will change in the future in 

response to changes in land use and climate. Emissions of 

CH4 and NOX from the biosphere are likely to increase. 

Biogenic emissions of nmVOC and isoprene, in particular, 

may also increase but interactions with atmospheric CO2

may substantially reduce the magnitude of the change.

Recommendation 3:

All national governments to implement current O3 precursor 

emission reduction legislation as a matter of priority. Further 

measures to reduce precursor emissions are required, 

in particular:

3.1  NOX controls need to be strengthened for mobile sources 

in countries outside the EU and Japan. NOX controls for 

large stationary sources should be strengthened 

worldwide;

3.2  Action is needed to reduce NOX and CO emissions from 

biomass burning, particularly in Latin America, Africa and 

Asia where emissions are currently greatest;

3.3  International support should be provided by the (IEA) 

and UN Development Programme (UNDP) for the 

implementation of low-cost CH4 emission reduction 

technologies in the agriculture and energy sectors in 

the Asian, Latin American and African regions.

The effects of climate change on future 11.4
ozone concentrations

The modelling undertaken for this study shows that for the 

new B2 CLE scenario, emission changes are generally more 

important than climate change for determining O3

concentrations in 2050. Climate change will however also have 

important impacts on surface O3, especially at the regional and 

local scale. The climate change effects will be regionally variable 

with impacts during the maximum O3 season in the range of o5

ppb depending on the underlying NOX regime: O3 production 

will increase in already polluted environments, and decrease in 

clean environments. For example in developing world regions 

such as large parts of Africa and Asia where emissions are 

projected to increase, air quality in 2050 will decline, in part 

due to climate change. In other regions with stricter controls 

in place, air quality will improve, although climate change will 

reduce the benefits of control measures. In the UK and NW 

Europe, sensitivity analysis suggests that episodic peak and 

long-term mean O3 concentrations may be affected by changes 

in the climatic parameters important for dry deposition and O3

production from isoprene oxidation. The effects on dry 

deposition in particular may be large.

Global atmospheric chemistry models are limited in their ability 

to simulate all of the important climate sensitive processes and 

climate–ozone interactions that determine surface O3 at 

sufficiently high spatial and temporal scales. Important factors 

that influence O3 and that may change on decadal timescales 

include the NAO and ENSO; production of nmVOC, particularly 

isoprene, from vegetation; production of NOx from lightning 

and soils, release of CH4 from wetlands and permafrost; and 

O3 dry deposition rate. These processes have the potential to 

substantially increase episodic peak and long-term mean O3

concentrations under climate change. For example, dry 

deposition is one of the dominant processes that controls 

surface O3 concentrations and may be inhibited during heat 

waves. This was demonstrated during the 2003 European heat 

wave. The frequency of high O3 episodes is expected to 
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increase in many areas as reduced soil water availability and 

hot summers become more common later this century.

Over the UK and Europe, the frequency of summer droughts, 

heat-wave events and associated high O3 episodes is anticipated 

to increase. Across Europe by 2100 it is projected that hot 

summers such as that experienced in 2003, will become an 

average yearly occurrence and that the incidence of extreme 

hot weather of the type experienced in the August 2003 

heatwave will increase and may occur across Europe every 1 

in 10 summers by 2100. In other parts of the world, weather 

patterns that limit the intensity of summertime or dry season 

peak pollution levels are expected to be less prevalent leading 

to higher pollution levels.

In addition to the impacts of climate change on ground-level 

O3, the impacts of O3 on climate change may also be 

important in the future. O3 is an important greenhouse gas, 

ranked third behind CO2 and CH4 in terms of direct radiative 

forcing of climate between 1750 and 2005. Future increases 

in O3 may lead to significant indirect forcing of the climate by 

reducing the global land carbon sink and amplifying the rate 

of increase of atmospheric CO2.

Better integration between the O3 (UNECE CLRTAP) and climate 

change (UNFCCC) international regulatory frameworks is 

necessary. Improved coordination between ground-level O3

and climate change policy and research initiatives is likely to 

have substantial co-benefits for both ground-level O3 and 

climate change policy objectives. As they share many of the 

same drivers and sources of emissions, there is clear advantage 

in developing coordinated emission reduction strategies. 

Reducing CH4 emissions, or emissions from deforestation, 

are obvious candidates. Climate change mitigation and 

adaptation strategies should be evaluated for their ground-

level O3 impacts, and vice versa.

Recommendation 4:

Improved coordination of O3 and climate change policy and 

research frameworks is required and should include:

4.1  The UNECE, EU, and national governments to review the 

potential impacts of climate change on the achievement 

of medium (eg 2020) and long-term (eg 2050 and 

beyond) O3 policy objectives and revise air quality 

management strategies appropriately;

4.2  An investigation into the policy interactions to be led by 

the UNFCCC secretariat together with the Executive Body 

of the CLRTAP. This should evaluate the mechanisms by 

which the UNFCCC and CLRTAP (and other regional air 

pollution bodies) objectives and targets could be better 

harmonised, and should include a review of the linkages 

between current and future policy and technological 

controls on greenhouse gases and other air pollutants 

over the period 2010–2050 and to 2100;

4.3  A review by the European Commission of how EU 

policy (such as the NEC Directive, and climate change 

adaptation and mitigation policies) can be better 

integrated with the objectives of the CLRTAP;

4.4  A study into the biogeochemical interactions between 

climate change, tropospheric O3 and other pollutants to 

be undertaken by the IPCC and CLRTAP.

Impacts of ozone on human health11.5

Current O3 exposure levels in North America and Europe are 

associated with short-term acute effects on the respiratory 

system resulting in increased daily mortality and morbidity 

in already vulnerable individuals. There is also evidence that 

long-term chronic exposure has adverse effects on lung 

function but the significance of these effects for long-term 

health is not yet known.

Health impacts have been observed at around 35 ppb and 

below the current WHO guideline of 50 ppb (daily 8 h average 

concentration). The total health impact of O3 is now understood 

to be driven more by the days at which O3 is at baseline 

concentrations than by the occasional days on which episodes 

occur. This has led to recognition that efforts to reduce the 

impacts of ozone to human health and the environment 

must be focused on background as well as peak ozone.

Quantification of the effects of O3 on human health now 

and in the future depends heavily on the question of whether 

there is a threshold for effects in humans which is currently 

unclear. If no threshold exists, the health impacts of O3

will depend largely on trends in hemispheric baseline 

concentrations. If a threshold exists, the health impact will 

depend more on regional and local emissions of precursors 

together with meteorological conditions.

In regions of Africa, Latin America and Asia, where emissions 

of O3 precursors are projected to increase over the next few 

decades, human exposure will increase. In regions where 

emissions are projected to decrease, human exposure is 

expected to increase in urban locations due to reductions 

in NOX concentrations and reduced local depletion of O3.

Like many urban areas, O3 concentrations in London are 

expected to increase as NOX emission controls take effect 

leading to increased human exposure and substantial 

increases in daily mortality and respiratory hospital admissions 

in 2100. An increase in background O3 will exacerbate this 

increase while a decline in background O3 will partially 

compensate for the NOX titration effect and could lead 

to a decrease in human exposure.

By 2100 the effects of climate change on the frequency 

and magnitude of hot summers and heat waves such as 

experienced in the Northern Hemisphere in 2003 are expected 

to lead to an increase in mortality and morbidity.

Recommendation 5:

Ozone regulatory frameworks to be strengthened to protect 

human health from background O3 exposure:

5.1  The WHO, US EPA, UNECE and European Commission 

to examine the importance of background O3 effects 

on human health, and to strengthen guidelines and 

standards appropriately;
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5.2  The WHO and other appropriate regional organisations 

to ensure countries that would like to develop strategies 

to achieve reductions in the human health impacts of 

O3 receive sufficient financial and information support 

to do so;

5.3  That existing systems for alerting the public when O3

concentrations exceed certain levels be strengthened.

The environmental impacts of ozone11.6

Among the most important impacts of ground-level O3 on the 

environment are the direct impacts on terrestrial vegetation. 

O3 effects leaf structure and physiology and causes visible leaf 

damage and reductions in growth and yield in sensitive plant 

species. These may lead to long-term effects on ecosystem 

structure and function and impacts on the carbon cycle. 

Impact assessments are strongly dependent on the choice 

of exposure index which can dramatically alter model 

predictions of O3 impacts. The flux-based approach is the 

most appropriate method for risk assessment as it provides 

a stronger mechanistic basis for assessing O3 impacts. In 

Europe the application of this method reveals a more even 

distribution of impact across the region than other methods 

which is consistent with observations of visible injury.

Crops and wild plant species are vulnerable to O3 damage. 

In the USA in the 1980s the annual cost of loss of arable crop 

production due to O3 was estimated to be $2–4 billion. In the 

EU in 2000 €6.7 billion were lost due to impacts to arable 

crops. For the same year global yield losses were estimated 

to be $14–26 billion for the four staple crops; rice, soybean, 

maize and wheat. Ozone impacts on the yield of staple 

crops will increase over the next few decades in some rapidly 

developing regions. Significantly increased impacts of O3 are 

projected in South Asia where there is already evidence of 

substantial impacts on yield from ambient O3 concentrations 

which exceed those predicted from studies in North America 

or Europe. O3 could present a significant threat to national 

food security in South Asia, particularly over the next two to 

three decades when emissions are projected to increase 

rapidly. This may apply to other developing regions, although 

there is less evidence available than for South Asia. A key 

question is whether there are regions where both climate 

change and O3 may have adverse effects on the yield of 

staple crops and therefore food security.

There is evidence that wild plant species in Europe and North 

America show a similar range of sensitivity to O3 as crop 

species. However, there is very little evidence on the long-term 

effects of O3 on biodiversity or ecosystem services. Ozone is 

projected to have significant impacts on global plant productivity 

and potentially ecosystem function and biodiversity under 

a high emission (A2) scenario. Major eco-regions in Latin 

America, Asia and Africa, as well as in parts of Europe and 

North America are projected to be most vulnerable. The long-

term effects of O3 on biodiversity are particularly uncertain at 

lower latitudes where there has been almost no research.

Future impact assessments will need to consider the effects of 

O3 on the terrestrial carbon cycle alongside those of increasing 

CO2 concentrations. In addition to the direct radiative forcing 

of ground-level O3, reductions in the land carbon sink due to 

O3 damage to vegetation will increase the importance of O3

as a driver of climate change.

Recommendation 6:

6.1  Application of the flux-based O3 exposure metric to 

a wide range of staple crops, food species and wild 

species of conservation importance, and use of this 

information to assist assessments of current and future 

O3 impacts in Europe and other regions with high 

O3 exposures. To be led by the UNECE International 

Cooperative Programmes (ICP) for vegetation and 

forests and the Global Atmosphere Pollution Forum;

6.2  That the FAO initiate an assessment of the impacts of 

O3 on food and non-food crops and the implications for 

global and national food security, and identify and 

disseminate policies to reduce these impacts. Regions 

vulnerable to food shortages, and identified in this study 

as vulnerable to increasing O3 concentrations, should be 

the priority for assessment. The potential combined 

impacts of climate change and O3 on economically 

important crops should also be considered;

6.3  That the CBD secretariat undertake an assessment of the 

impacts of O3 and other air pollutants on biodiversity and 

natural ecosystems; this should include an assessment of 

data requirements for an assessment of impacts to wild 

species of high conservation value in the major eco-

regions in Latin America, Asia, Africa, and vulnerable 

regions of Europe and North America.

Improving ozone policy11.7

Ozone policies have previously been targeted at reducing 

the magnitude and frequency of high O3 episodes, and the 

human health and environmental impacts associated with 

these. Emission controls are the primary policy mechanism, 

and have been successful at a regional scale in the USA and 

Europe at reducing peak O3 concentrations. As understanding 

has increased of the impacts from long-term low level exposure 

to O3, the focus has had to shift to also considering ways to 

control background O3 which presents a greater challenge 

due to the international nature of the problem.

Ozone is not yet treated as a global pollutant, however 

until policy frameworks are put in place to address the 

transboundary nature of O3, national and even regional level 

controls are unlikely to achieve their policy objectives and 

the increasing trend in background O3 is likely to continue. 

All significant sources of anthropogenic emissions need to be 

integrated into abatement strategies. International shipping 

and aviation are currently poorly regulated in terms of O3.

Both sectors are projected to undergo rapid increases 

in growth in the future and to become more important 

contributors to O3 pollution unless regulation is 

strengthened and additional technology improvements 

implemented.
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Ozone can no longer be considered to be just an air quality 

issue as the human health, environmental, economic and 

climate effects are now well established. Improved integration 

of O3 policy with policies aimed at reducing other air pollutants 

and mainstreaming of air quality policy into other policy 

areas such as climate, food, and energy policy is needed. The 

indirect and direct impacts of O3 on the climate system, and 

the role of climate in O3 production, destruction and transport 

processes, strongly support the need for better links between 

the UNFCCC, CLRTAP, and European Community climate 

change and O3 regulatory frameworks. Prevention of 

deforestation and regulation of biomass burning would make 

an important contribution to reducing both climate change 

and O3 pollution. Reductions in CH4, CO and nmVOC would 

deliver both air quality and climate change policy objectives. 

Where co-benefits are not possible, improved policy integration 

enables the early management of risk. Climate change 

mitigation policies are driving demand for development and 

implementation of biofuels which may, in some locations, 

contribute to poor air quality. Integrated assessment models 

are useful tools for improving policy integration.

Unless there is a rapid increase in the capacity of many 

countries outside Europe, North America and Japan to assess 

and manage O3, the success of current efforts to control O3

will be limited. Greater international collaboration focused on 

reducing ground-level O3 is required.

Recommendation 7:

7.1  All significant sources of anthropogenic emissions must 

be added to the current mix of abatement measures. The 

IMO and ICAO must agree to regulate NOX, CO and VOC 

emissions from international shipping and international 

aviation respectively as far as technically feasible, to 

implement agreed emissions controls, and to continue 

research into the development of emission reduction 

technologies for these sectors;

7.2  Formal links between the IMO, UNECE and UNFCCC 

should be established to ensure that the emission 

reduction policies for shipping and land-based transport 

emissions are compatible, so that climate change and air 

quality impacts are considered together. A body similar to 

the Joint Liaison Group of the Rio Conventions should be 

convened with the objective of reviewing the state of play 

and identifying priorities for future work;

7.3  UNECE and European Commission to review opportunities 

for improving O3 policy integration into other relevant 

policy areas including energy, climate, food, development 

and biodiversity policy; this should include a review of 

how long-term (2050) targets for air pollutants and 

greenhouse gases should be defined so as to maximise 

benefits for air quality and climate policy objectives;

7.4  Integrated assessment frameworks and other policy 

options to be further developed and applied in regions 

where they are not yet in place, for example in Latin 

America, Africa and across Asia. This should be 

coordinated by the UNECE;

7.5  The CLRTAP to strengthen existing capacity building 

programmes to focus on the Eastern Europe, Caucasus 

and Central Asia region, and rapidly developing regions. 

This should be developed in coordination with the 

relevant regional development agencies and national aid 

programmes for developing countries. Programmes 

should include:

Assessessment of the economic, human health and s฀
environmental impacts of O3 and other air pollutants 

in countries in Asia, Latin America and Africa;

Analysis of the economic benefits of Os฀ 3 precursor 

controls in these regions;

Guidance for the development of national emission s฀
inventory programmes, implementation of monitoring 

networks, and the development of regional photo-

chemical models.

Science and research needs11.8

Despite rapid improvements over recent years in knowledge 

of O3 production and destruction processes and impacts to 

human health and the environment, many gaps remain. 

Assessments are limited by the quality of emission inventory 

data, which are not globally available or standardised. 

Understanding of the biogeochemistry and physiological 

processes of natural emissions is not as advanced as for 

anthropogenic emissions and uncertainties remain regarding 

how drivers of emissions will change in the future. The 

implications of a doubling in China’s energy demand for 

regional and global O3 concentrations, and impacts of rapid 

growth in shipping emissions, on future projections require 

further evaluation.

Modelling techniques have been developed that have 

enabled the simulation of the combined effects of changes in 

climate and emissions on future O3 concentrations. However, 

understanding of some of the basic processes and feedbacks 

between atmospheric chemistry, climate and ecosystems, is 

still developing, and limits in computing power mean that 

it is not yet possible to capture all of the important climate 

sensitive processes which affect O3 production, destruction 

and transport at appropriate scales. Uncertainties in the 

emission scenarios and poorly constrained processes within 

the models are important determinants of the accuracy of 

future projections.

The evaluation of impacts to human health has been focused 

in the past on the impacts of short-term exposure to very 

high concentrations. However, it is now clear that health 

impacts are driven more by long-term exposure to baseline 

concentrations. Impact assessments are limited by a lack of 

accurate baseline data in many countries, and are complicated 

by uncertainty regarding whether there is a threshold of 

effects for O3 in humans. Information regarding the chronic 

impacts of O3 are insufficient for reliable health assessments 

and, although the impacts of acute effects are better 

understood, the mechanism by which mortality is affected 

is unclear.
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Understanding of environmental impacts is based largely 

on plant species of economic value, with very little research 

conducted on wild species, or the ecological impacts of O3,

particularly outside of Europe and North America. The 

interactions between CO2, climate change and O3 impacts 

to vegetation require urgent investigation and the combined 

implications for food security, of O3 and climate change need 

to be evaluated.

Information for developing countries is very restricted due to 

limited capacity to undertake emission monitoring, modelling 

assessments and impact evaluation.

Recommendation 8: 

Significant new investment in tropospheric O3 research 

is required by national governments and international 

agencies to improve the ground-level O3 evidence base. 

This will require international cooperation and should 

as a priority:

8.1  Address the gaps in understanding of natural emissions 

and the influence of land use, climate and other global 

change parameters on emissions; in particular nmVOC, 

NOX from soils and CH4. This should be led by the 

UNECE in collaboration with the International Geosphere–

Biosphere Programme;

8.2  Review anthropogenic and natural emission inventories, 

identify what is needed to improve modelling projections 

and impact assessments, particularly in developing 

countries, and enhance infrastructure and capacity as 

necessary. These activities should be regionally coordinated 

but led by the UNECE;

8.3  The IEA and UNDP to enhance implementation of 

low-cost technologies for reducing emissions in regions 

where emissions are projected to rapidly increase and 

in sectors projected to be important contributors to 

emissions in the future;

8.4  Focus on the urgent need to substantially increase 

computing power to enable the development of higher 

resolution, more complex models to improve the 

simulation of relevant climate, O3 and ecological processes 

at spatial and temporal scales that resolve the time and 

space variability of the most important processes.

8.5  Strengthen and encourage current initiatives to measure 

and monitor the regional and global health burdens of O3.

This will require targeted research studies on the toxicology 

of O3 and, in particular, the effects of chronic exposure; 

increased epidemiological research of acute and chronic 

effects in developing countries, and on chronic effects in 

other regions; and improved monitoring of ambient O3

where required;

8.6  Establish long-term field studies for the assessment of 

the combined effects of O3, elevated CO2, climate change 

and other environmental stressors both on species of 

economic importance and on a range of natural and 

semi-natural ecosystems to improve the evidence base 

of effects on O3, plant productivity, the ability of 

ecosystems to sequester carbon, important crop and 

forest species and biodiversity;

8.7  Initiate research into the effects of O3 on important 

species for conservation, including the combined effects 

of O3 and other environmental stressors. This research 

should focus on ecoregions and biodiversity hotspots 

where future O3 concentrations represent the greatest 

threat. The results of this work should be provided to 

the CBD for their consideration as a new and emerging 

issue of relevance to biodiversity.
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Abscission The natural detachment of leaves, branches, flowers, etc

ACCENT Atmospheric Composition Change European Network of Excellence

AMO Atlantic Multi-decadel Oscillation

Anti-cyclonic Having a sense of rotation about the local vertical opposite to that of the Earth’s rotation; that is, 

clockwise in the Northern Hemisphere, counter-clockwise in the Southern Hemisphere, undefined 

at the equator.

Anticyclone – a high pressure system in which air descends to give calm conditions and clear skies. 

Associated with summer heat waves and winter frosts and fog.

AOT40 Accumulated exposure over a threshold of 40 ppb during daylight hours for a relevant period

AOT60 Accumulated exposure over a threshold of 60 ppb during daylight hours for a relevant period

AQEG The UK’s Air Quality Expert Group

Atmospheric blocking Atmospheric blocking events are sustained, vertically coherent, and quasi-stationary synoptic-

scale high-pressure systems whose amplitude is such that they disrupt the prevailing westerly 

circumpolar flow (eg Barriopedro & Garcia-Herrera 2006). The normal eastward progression of 

synoptic disturbances is obstructed leading to episodes of prolonged extreme weather conditions, 

accompanied by significant temperature and precipitation anomalies

Background O3

(hemispheric)

Hemispheric background O3 is the remaining concentration once the emissions of anthropogenic 

O3 precursors from within a region are switched off. Hemispheric background O3 comprises O3

produced from natural sources of O3 precursors within a region, together with O3 imported into 

the region derived from all sources (anthropogenic and natural, including the stratosphere). The 

value varies seasonally and with latitude

Baseline O3 Baseline O3 is the average measured concentration of O3 within a region and is made up of both 

the anthropogenic emissions produced within a region and the background concentration of O3

Biogenic Produced by the actions of living organisms

Boundary layer The bottom layer of the troposphere that is in contact with the surface of the Earth

Br Chemical symbol for bromine

Brewer–Dobson 

circulation

A slow vertically overturning movement of air, rising at the equator and descending over the pole 

of the winter hemisphere

bVOC Biogenic Volatile Organic Compounds

ºC Degrees Celsius

CAFE Strategy EU Clean Air for Europe Strategy

C5H8: 2-methyl-

1, 3-butadiene

Chemical symbol for isoprene

CH4 Chemical symbol for methane

CH3OOH Chemical symbol for methyl hydroperoxide

CH3O2 Chemical symbol for methyl peroxide radical

CLRTAP Convention on Long-range Transboundary Air Pollution

CO2 Chemical symbol for carbon dioxide

CO Chemical symbol for carbon monoxide

Convection In general, mass motions within a fluid resulting in transport and mixing of the properties of that fluid

Cumulus clouds A principal cloud type (cloud genus) in the form of individual, detached elements that are generally 

dense and possess sharp non-fibrous outlines. These elements develop vertically, appearing as rising 

mounds, domes, or towers, the upper parts of which often resemble a cauliflower

Annex 1 Glossary and abbreviations
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Cyclonic events Having a sense of rotation about the local vertical the same as that of the Earth’s rotation: that is, 

as viewed from above, counterclockwise in the Northern Hemisphere, clockwise in the Southern 

Hemisphere, undefined at the equator; the opposite of anticyclonic

Deposition Processes by which trace gases or particles are transferred from the atmosphere to the surface 

of the Earth

Dry deposition Dry deposition is the direct deposition of gases or particles to terrestrial or marine surfaces

EMEP European Cooperative Programme for Monitoring and Evaluation of Long-range transmission 

of air pollutants in Europe

Emission scenario A plausible and often simplified description of how the future may develop based on a coherent 

and internally consistent set of assumptions about driving forces and key relationships. Scenarios 

may be derived from projections, but are often based on additional information from other 

sources, sometimes combined with a narrative storyline

ENSO The El Nino-Southern Oscillation. El Nino is a warm water current which periodically flows along 

the coast of Ecuador and Peru. This oceanic event is associated with a fluctuation of the 

inter-tropical surface pressure pattern and circulation in the Indian and Pacific oceans, called 

the Southern Oscillation. This coupled atmospheric–ocean phenomenon is collectively known 

as the ENSO. During an El Nino event, the prevailing trade winds weaken and the equatorial 

counter current strengthens, causing warm surface waters in the Indonesian area to flow 

eastwards to overlie the cold waters of the Peru current. This event has great impacts on the 

wind, sea surface temperature and precipitation patterns in the tropical Pacific. It has climatic 

effects throughout the Pacific region and in many other parts of the world. The opposite of 

an El Nino event is called La Nina.

Epidemiology The study of the incidence and distribution of diseases, and of their control and prevention

Episodic (or peak) O3 Peak O3 concentrations or episodes occur when high concentrations of O3 precursor emissions 

coincide with appropriate meteorological conditions and produce large surface O3 concentrations 

(often in excess of 100 ppb). The number of O3 episodes occurring each year depends strongly on 

the weather

Flux The rate of emission, absorption, transfer or deposition of a substance or energy from one 

reservoir to another. Often expressed as the mass or energy per unit area and per unit time

Frontal systems Front: In meteorology, generally, the interface or transition zone between two air masses of 

different density

Genotype The genetic constitution (the genome) of an individual

h Scientific notation for electromagnetic radiation (light), generally at a specific wavelength and 

specifically a photon

Halogen Halogen elements are a series of non-metal elements comprising fluorine, F; chlorine, Cl; bromine, 

Br; iodine, I; and astatine At

HCHO Chemical symbol for formaldehyde

HNO3 Chemical symbol for nitric acid

HO2 Chemical symbol for peroxy radical

H2O Chemical symbol for water

H2O2 Chemical symbol for hydrogen peroxide

ICAO International Civil Aviation Organization

IMO International Maritime Organization

IPCC Intergovernmental Panel on Climate Change

IPPC Directive Integrated Pollution, Prevention and Control Directive

K Kelvin

LCP Directive Large Combustion Plant Directive
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M Chemical symbol for an inert molecule

g Microgram; one millionth of a gram

g/m3 Micrograms per cubic metre of air. A unit for describing the concentration of air pollutants in the 

atmosphere, as a mass of pollutant per unit volume of air

mg m–2 h–1 Milligrams per metre squared per hour

mm s–1 Deposition rate – vertical flux/ambient concentration, with dimensions of a velocity

Mixing ratios In a given volume of air, the ratio of the number of molecules of a particular trace gas to the 

number of molecules of all the other gases present

Mycorrhiza A symbiotic association of a fungus and the roots of a plant

NAO North Atlantic Oscillation

N2 Chemical symbol for nitrogen gas

NEC Directive National Emissions Ceiling Directive

NH3 Chemical symbol for ammonia

nm Nanometre 10–9 metres

nmVOC Non-methane volatile organic compounds

NO Chemical symbol for nitric oxide

NO2 Chemical symbol for nitrogen dioxide

NOX NOX is a generic term for mono-nitrogen oxides (NO and NO2)

NOX titration effect Where high concentrations of NO locally scavenge O3, a process leading to the formation of NO2.

Close to the sources this titration process can be considered as an O3 sink. In addition, high NO2

concentrations deflect the initial oxidation step of VOC by forming other products (eg nitric acid), 

which prevents the net formation of O3. Because of these reactions, a decrease in NOX can lead to 

an increase in O3 at low VOC/NOX ratios, as is the case in cities

NOy NOy (reactive odd nitrogen) is defined as the sum of NOX plus the compounds produced from the 

oxidation of NOX which include nitric acid and peroxyacetyl nitrate

O2 Chemical symbol for oxygen gas

O3 Chemical symbol for ozone

O3 precursor gas Gases which lead to the formation of O3 in the presence of sunlight: carbon monoxide (CO), 

volatile organic compounds (VOC) (including CH4), and oxides of nitrogen (NOX)

O(1D) Chemical symbol for electronically excited oxygen atoms

OH Chemical symbol for the hydroxyl radical

Oxidant A species having a greater oxidation potential than does molecular oxygen. Also a species that 

readily accepts electrons. Also a collective term for NO2 and O3

Oxidant partitioning The partitioning of oxidant into O3 and NO2 as a function of NOX

Oxidative damage The extraction of electrons from target molecules which leads to a change in their chemical, 

physical and functional characteristics

PAR Photosynthetically-Active Radiation

Peak O3 See episodic O3

Photolysis The decomposition of molecules following the absorption of light

Photosynthesis The process in which the energy of sunlight is used by green plants to synthesise carbohydrates 

from carbon dioxide and water

PM Particulate Matter

ppb or ppbv Parts per billion by volume. A unit commonly used to quantify trace gases in the atmosphere
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ppm Parts per million. The concentration of a pollutant in air in terms of molar ratio. A concentration of 

1 ppm means that for every million (106) molecules in a volume of air, there is one molecule of the 

specified pollutant present. For practical purposes in ambient air, the molar ratio and volume ration 

(the volume occupied by the pollutant gas within a given volume of air) are identical

ppt Parts per trillion (parts in 1012 by volume)

Radiative forcing Radiative forcing is the change in the net, downward minus upward, irradiance (expressed in W m–2)

at the tropopause due to a change in an external driver of climate change, such as, for example, 

a change in the concentration of carbon dioxide or the output of the sun

Rhinitis An inflammation of the mucous membrane of the nose

Scavenging Removal of pollutants from the air

Sequestration The process of increasing the carbon content of a carbon reservoir other than the atmosphere. 

Biological approaches to sequestration include direct removal of carbon dioxide from the atmosphere 

through land-use change, planting forests, reforestation, and practices that enhance soil carbon in 

agriculture. Physical approaches include separation and disposal of carbon dioxide from flue gases or 

from processing fossil fuels to produce hydrogen (H2) and carbon dioxide-rich fractions and long-

term storage underground in depleted oil and gas reservoirs, coal seams and saline aquifers

Sink Any process, activity or mechanism which removes a pollutant or precursor gas from the atmosphere

SO2 Chemical symbol for sulphur dioxide

Source Any process, activity or mechanism which releases a pollutant or precursor gas to the atmosphere

SRES Scenarios Special Report on Emissions Scenarios (SRES). Emission scenarios developed by the IPCC

STE Stratosphere–Troposphere Exchange

Stomata Tiny pores on the surface of plant leaves that can open and close to take in and give out water 

vapour and other gases such as CO2 and O2

Stratosphere The highly stratified region of the atmosphere above the troposphere extending from about 20 km 

(ranging from 9 km in high latitudes to 16 km in the tropics on average) to about 50 km

Synoptic Weather systems with scales of 100s to 1000s km typical of mid-latitude cyclones and anticyclones

T Temperature

Tg Teragram. 1012 grams. Equal to 1 million metric tons

Tg y–1 Teragrams per year

Trace gas Refers to a gas or gases which make up less than 1% by volume of the Earth’s atmosphere, and 

therefore includes all gases except nitrogen (78.1%) and oxygen (20.9%)

Troposphere The lowest part of the atmosphere from the surface to about 10 km in altitude in mid-latitudes 

(ranging from 9 km in high latitudes to 16 km in the tropics on average) where clouds and 

‘weather’ phenomena occur. In the troposphere temperatures generally decrease with height

Tropopause The boundary between the troposphere and the stratosphere

UNCLOS United Nations Convention on the Law of the Sea

UNECE United Nations Economic Commission for Europe

Urban decrement or 

urban deficit

Equivalent to NOX titration, see above

UV light Ultraviolet light

Vg Symbol for deposition velocity

VOC Volatile Organic Compounds

WHO World Health Organization

X Symbol to denote halogen

XO Halogen oxide radical

Source: AQEG (2008), EEA (1998), Glickman (2000), Graedel and Crutzen (1993), IPCC (2007), TFHTAP (2007).
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Annex 2  Call for evidence response and 
workshop attendees

To inform the study an open call for evidence was issued in January 2007. This was  followed by a workshop for experts to 

discuss modelling and atmospheric chemistry and the impacts of O3 on human health and the environment. One oral evidence 

session was also held. We are grateful to those who responded to this call and to those who provided additional information at 

the request of the working group.

Written evidence

Camilla Anderson, Magnuz Enghardt, Valentin 

Foltescu, Joahim Langner

Swedish Meteorological and Hydrological Institute (SMHI) and Stockholm 

University

Dr Almut Arneth Lund University

Nicole Augustin University of Bath

Professor John Ayres Liberty Safe Work Research Centre

Simon Bareham Joint Nature Conservancy Committee Air Pollution Network

Professor Michelle Bell Yale University

Simon Birkett Campaign for Clean Air in London

Dr Mark Broadmeadow Forest Research and Forestry Commission (England)

Dr Keith Bull UNECE

Dr Helen Clayton Research Councils UK

Dr P Cristofanelli Institute for Atmospheric Sciences and Climate – National Research 

Council (ISAC–CNR)

Dr Lisa Emberson, E Arone, P Buker, G Krugr, 

A Kaoya, AB Mashingaidze, V Sghitumbanuma, 

AM van Tienhoven, M Zunckel

Air Pollution Crop Effect Network

Dr F Fehsenfeld National Oceanic and Atospheric Admninistration (NOAA), USA

Dr Marco Ferretti Universita degli Studi di Siena

Professor Jurg Fuhrer Agroscope Reckenholz-Taebikon ART

Frans Fierens and Gerwin Dumont Belgian Interregional Environment Agency – Flemish Environment 

Agency (IRCEL–VMM)

Zita Ferenczi Hungarian Meteorological Service

Dr Laurens Ganzeveld Wageningen University 

Dr Jean-Pierre Garrec Laboratoire Pollution Atmosphérique, INRA – Centre de Recherche 

de Nancy

V Gerasopoulos, P Zanis and C Zerefos National Observatory of Athens and Academy of Athens

Phil Gervat ARMO project

Dr Rasa Girgzdiene Institute of Physics, Lithuania

Alun Hodgson Alun Hodgson Consulting

Professor Stephen Holgate Southampton General Hospital

Per Erik Karlsson and Anne Lindskog, Håkan Pleijel 

and Jenny Sundberg, Lin Tan, Deliang Chen and 

Kristin Piikki

Swedish Environmental Research Institute and Gothenburg University

Professor David Karnosky Michigan Technological University
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Professor Andrew Leakey University of Illinois

Dr Alistair Lewis, Dr L Carpenter, Dr L Lee University of York

Dr AR MacKenzie Lancaster University

Professor R Matyssek Technische Universität München

Dr J McQuaid University of Leeds

Dr Gina Mills, Dr Harry Harmens and Felicity Hayes Centre for Ecology and Hydrology

Janice Milne Scottish Environment Protection Agency (SEPA)

Dr Paul Monks University of Leicester

Dr Elena Paoletti Istituto Protezione Piante

Professor Stuart Penkett University of East Anglia

Professor J Penuelas and Dr A Ribas Centre de Recerca Ecologica I Aplicacions Forestals (CREAF)

Andre Prevot Paul Scherrer Institute

Motoshi Hiratsuka EANET (Acid Deposition Monitoring Centre in East Asia)

Dr Michael Raupach CSIRO

Dr Riikka Rinnan Lund University

Michael G. Sanderson, Stephen Sitch, David 

Thomson, William J Collins, Alison Redington and 

Olivier Boucher

The Met Office

Martin Shultz Institute für Chemie und Dynamik der Geosphäre (ICG), Germany

Dr Stephen Simukanga Air Pollution Information Network for Africa (APINA)

David Simpson Norwegian Institute of Meteorology

Dr Cristoph Walter Unilever

Asst Professor Jason West University of North Carolina

Dr Oliver Wild Cambridge University

Martin Williams DEFRA

Paul Young University of Cambridge

Oral evidence

Dr Keith Bull UNECE

Workshop attendees

Professor Madhoolika Agrawal Banaras Hindu University, India

Dr Markus Amann IIASA, Austria

Professor Ross Anderson FMedSci St George’s Hospital University of London, UK

Professor Mike Ashmore University of York, UK

Professor Jonathon Ayres University of Aberdeen, UK

Professor Jeremy Barnes University of Newcastle, UK

Dr Mark Broadmeadow Forest Research, UK

Dr Simon Brown UK Meterological Office, Hadley Centre
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Professor Peter Cox University of Exeter, UK

Dr Mhairi Coyle Centre for Ecology and Hydrology, UK

Professor Michael Depledge Peninsula Medical School, UK

Professor Dick Derwent OBE rdscientific, UK

Dr Lisa Emberson University of York, Stockholm Environment Institute, UK

Professor David Fowler CBE FRS Centre for Ecology and Hydrology, UK

Professor Peringe Grennfelt IVL Swedish Environmental Research Institute, Sweden

Professor Nick Hewitt University of Lancaster, UK

Dr Mike Jenkin Imperial College, London, UK

Professor David Karnosky Michigan Technological University, USA

Professor Frank Kelly Kings College, London, UK

Dr Andrew Leakey University of Illinois, USA

Professor Peter Liss CBE FRS University of East Anglia, UK

Dr Gina Mills Centre for Ecology and Hydrology, UK

Dr Paul Monks Leicester University, UK

Professor Mike Pilling CBE University of Leeds, UK

Professor John Pyle FRS University of Cambridge, UK

Dr Mike Sanderson UK Meteorological Office

Dr Martin Schultz Institut für Chemie und Dynamik der Geosphäre (ICG), Germany

Dr David Simpson DNMI Norwegian Meteorological Institute, Norway

Dr Stephen Sitch UK Meteorological Office, Hadley Centre

Dr John Stedman AEA Technology, UK

Dr David Stevenson University of Edinburgh, UK

Dr Rita van Dingenen European Commission Joint Research Centre, Italy

Dr Twan Van Noije Royal Netherlands Meteorological Institute (KNMI)

Dr Heather Walton Health Protection Agency, UK

Dr Clare Whitfield Joint Nature Conservation Committee, UK

Dr Oliver Wild University of Cambridge, UK

Dr Martin Williams UK Department for the Environment, Food and Rural Affairs

Dr Paul Young University of Cambridge, UK

Dr Guang Zeng University of Cambridge, UK
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Background

As part of the Royal Society’s study into ground-level O3

in the 21st century, new simulations were performed to 

complement the ACCENT intercomparison study (Dentener 

et al. 2006b), specifically to look slightly further ahead than 

the 2030 timeframe, and to focus on possible interactions 

between climate change and O3. Compared to the ACCENT 

2030 study, the applied level of climate change in 2050 will 

be larger and produce a clearer signal. In addition to this 

focus, new global emissions of O3 precursors are also available 

for 2050 (see chapter 4).

Emissions

IIASA provided ozone precursor (NOX, CO) emissions for 

11 world regions for present-day (2000) and projections at 

decadal intervals out to 2100, following the B2 CLE scenario, 

described in detail in chapter 4. For use in global models, 

these emission projections were further spatially disaggregated. 

Global gridded (1º x 1º) emissions were produced using the 

ACCENT year 2000 anthropogenic emission distributions 

as a base.

Updated year 2000 emissions were produced. The IIASA 

regional totals included emissions from international shipping 

and aviation; these were removed from the regional totals and 

added back later using a different approach, as in the models 

these emission sources need to be distributed along shipping 

and air routes. The base emissions were then scaled to match 

the adjusted IIASA regional totals. Ship emissions were 

included in the ACCENT base case, using EDGAR estimates, 

but these were updated using more comprehensive ship 

traffic distributions (Corbett & Kohler 2003) and emission 

totals (Eyring et al. 2005a). Ship emissions are only really 

significant for NOX and SO2; they were included in the CO 

and nmVOC distributions, but only for completeness.

Figure A1 compares the global NOX emission distributions for 

2000 from the ACCENT study with new emissions used here 

(called IIASA 2000). NOX emissions are higher in most regions 

(by nearly 20 Tg(NO2) y–1 in total), with the exception of the 

United States and Eastern Europe/Russia. The new treatment 

of ships spreads emissions out from the previous very localised 

shipping lanes, and also includes emissions on large lakes 

(eg the North American Great Lakes).

Figure A2 shows the equivalent plot for CO emissions, which 

are 15% higher globally compared to those used in the 

ACCENT study, with particularly strong increases in East Asia 

(although there are modest decreases in Eastern Europe and 

North Africa/Middle East). Analysis of CO in the ACCENT 

intercomparison showed that Northern Hemisphere emissions 

were probably too low (Shindell et al. 2006); these new 

emissions were considered a more accurate estimate for 

the year 2000.

Regional scaling factors from IIASA were similarly applied to 

projected 2050 emissions. For ships, projections for 2050 were 

taken from Eyring et al. (2005b) – specifically for the DS2–TS2 

scenario – this corresponds to economic growth as in SRES 

B2, but with the assumption of quite strong technological 

advancements in emission control. For example, ship NOX

emissions fall by about 50%, despite an assumed GDP growth 

of 2.8%/y. There is little current legislation concerning 

emissions from international shipping, so the assumption 

of significant uptake of emission control technology by 2050 

represents a major uncertainty. Global differences (2050–2000) 

in NOX and CO emissions are shown in Figure A3.

The IIASA scenario did not specify projections for nmVOC, SO2

or NH3 (the latter two are not thought to be important for O3,

but were considered for completeness). The ACCENT 2000 

nmVOC distribution was kept (with a minor adjustment for 

ships), and the IIASA CO regional scaling factors applied to the 

ACCENT base nmVOC distribution to project to 2050. This 

represents a significant uncertainty, as in many sectors, 

nmVOC behave differently to CO.

For SO2, the ACCENT 2000 distribution was used, but updated 

with the ship emissions as described above. For 2050, the 

2030 MFR distribution (Dentener et al. 2006a) was used, 

but again updating the ships. For NH3, in the absence of 

better data, the ACCENT 2000 and 2030 CLE distributions 

were used for 2000 and 2050 respectively.

For aircraft NOX emissions, modelers were recommended 

to use their present-day distribution, with totals of 0.8 TgNy–1

for 2000 and 1.7 TgNy–1 for 2050. The 2050 value is the 

2030 value used in ACCENT.

Biomass burning produces large amounts of O3 precursor 

emissions, in particular CO and NOX, but also nmVOC. The 

ACCENT Photocomp work used satellite-derived monthly 

mean emission distributions averaged over the period 

1997–2002 (van de Werf et al. 2003), with ecosystem-specific 

emission factors (Andreae & Merlet 2001) for different trace 

gases. This approach was also used in the Royal Society runs, 

with biomass burning kept fixed in all runs.

Methane emissions were not used, rather a global constant 

CH4 concentration was imposed to avoid requiring models 

to perform spin-ups of several years. For 2000, the models 

used 1760 ppb; for 2050, the SRES B2 value of 2363 ppb 

was used.

Emissions data, at 1º x 1º resolution, are available at: http://

xweb.geos.ed.ac.uk/~dstevens/Roy_Soc_AQ_WG/emissions/

Annex 3  Specifications for the Royal Society 2050 
chemistry–climate simulations
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2000
ACCENT 2000 NOx (Gg y–1) Total: 91.4 Tg y–1

IIASA 2000 NOx (Gg y–1) Total: 111.2 Tg y–1

IIASA 2000-ACCENT 200 NOx (Gg y–1) Total: 19.8 Tg y–1
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Figure A1  Anthropogenic NOx emissions for year 2000 from the ACCENT study, this study, and the difference. Units (Gg(NO2) y–1

1º x 1º grid square).
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Figure A2  Anthropogenic CO emissions for year 2000 from the ACCENT study, this study, and the difference. Units (Gg(CO) y–1

1º x 1º grid square).
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Figure A3  Projected changes in anthropogenic NOX and CO emissions between 2000 and 2050 under the IIASA scenario. 

Emissions generally reduce (blue). Units as Figures A1/A2.
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IIASA 2050-2000 CO (Gg y–1) Total: 109.4 Tg y–1

IIASA 2050-2000 NOx (Gg y–1) Total: –44.7 Tg y–1

Simulations

Modelers performed at least 1 year spin-up in all runs, 

to insure that results were not strongly affected by initial 

conditions. The longest-lived compounds after CH4 are 

species such as ethane and CO, with typical lifetimes of 

a few months. Table 5.1 summarises the simulations.

Participating models

Six modelling groups participated in the study (Table A1). All 

of these models, in essentially the same format, took part in 

the ACCENT Photocomp study, and further details of results 

and validations of individual models can be found in Dentener 

et al. (2006a,b), Stevenson et al. (2006), Shindell et al. (2006),

van Noije et al. (2006) and Ellingsen et al. (2008).
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