
EUROCONTROLEUROCONTROL

Omega, Manchester Metropolitan University
MetOffice

January 2009

“Challenges of growth” environmental
update study





Environmental technical report   14 January 2009 3

Contents

Foreword  5

Executive summary  8

Background  10

Purpose and outline of the document 12

1. Introduction  13

2. Air transport and the challenge of sustainable development 14

2.1 Aviation’s economic contribution 14

2.2 Regional economic benefits 15

2.3 Social and cultural benefits 15

2.4 Past and future trends 16

3. Air transport and climate change 17

3.1 The climate change challenge 17

3.2 The impacts of air transport on the climate 21

3.3 Aviation responses to the climate challenge 22

3.4   Potential climate change impacts on European ATM 28

3.5 The implications of climate change for the European air transport system 30

4. Air transport and local environmental issues 37

4.1 Aircraft noise 37

4.2 Local air pollution 38

4.3 Energy 39

4.4 Water resources 40

4.5 Ecological and habitat impacts  40

5. Conclusion  41

6. Recommendations 42

7. References   44

Annex 1: Climate change – key messages 50
Annex 2: Impacts associated with a changing climate 53
Annex 3: The implications of aviation for climate change 73
Annex 4: Aviation and local air quality 87





Environmental technical report   14 January 2009 5

FoReWoRD

the purpose of the technical report was to consider the 
range of environmental issues which may need to be 
addressed by the aviation industry. this ranged from local 
issues such as aircraft noise and air pollution to global 
issues such as the potential contribution of aviation to 
climate change. Within these topics consideration was 
given to the various associated operational, policy and 
regulation, economic and social factors which may need 
to be addressed; for example local community opposi-
tion to airport expansion on both environmental and 
social grounds was identified as an increasingly sensitive 
issue. Regulatory and public responses to the climate 
change challenge were also identified as a potential 
limiting factor in the short-to-medium term as both 
national governments and international bodies such as 
the UnFCCC and ICAo seek to introduce policy measures 
to limit aviation’s emissions.

nevertheless, the aviation industry is very aware of its 
potential impact on climate change and, whatever its 
proportionate contribution to global emissions may be, is 
working hard to reduce its emissions footprint. Initiatives 
are under way to reduce carbon emissions by means 
of reducing fuel burn by investing in cleaner techno- 
logies, reducing aircraft weight, improving AtM efficien-
cies through more efficient flight profiles and ground 
operations, and through the development of alternative 
fuels such as algae-derived biofuels. Aviation industry 
stakeholders are also highly aware of other potential 
aviation-related environmental impacts such as noise 
exposure and local air quality issues, and are continuously 
striving to address those to the greatest extent possible. 
However, the study identified that these efforts may 
need to be intensified to meet the growing challenges 
of both airport expansion and increased local community 

responses, as well as any potential new regulations. 
Increases in nox emissions, through both increases in air 
traffic and trade-offs with fuel efficiency, were identified 
as a particular area for action. 

the report also highlighted a potential new environmental 
and business impact, seemingly lacking in previous or 
comparative research. this was the potential impact of 
climate change on aviation (rather than vice versa). such 
was the interest in this that, although the review process 
collected feedback on many aspects of the draft report, 
it formed the main focus of the stakeholder consultation. 
this foreword is intended to present the feedback resul-
ting from that consultation with a focus on the Climate 
Adaptation element of the report, a topic which is identi-
fied as a potential issue for further research in sesAR1 WP 
16, transversal Areas.
 
‘Climate adaptation’ is not about tackling the contribu-
tion of aviation to climate change – a challenge which is 
already being addressed - but rather of tackling the poten-
tial economic and operational impacts of climate change 
on aviation. this is based on an increasingly widely-held 
view that global climate change will now occur to some 
extent regardless of society’s commitment to reduce 
emissions. this is due to the effects of previous emissions 
which can take time to have an impact on natural systems, 
for example heat received at the ocean’s surface can take 
many years to reach and warm its depths. If correct, as 
seems likely, such a trend would be entirely independent 
of aviation’s efforts to become more efficient2. 

According to the Intergovernmental Panel on Climate 
Change (IPCC)3, greenhouse gas-induced changes in the 
global climate are projected, amongst other things, to 

The “Challenges of Growth” environment technical report was originally prepared as part of the EUROCONTROL 
“Challenges of Growth” (CG08) work. The aim was to establish the extent to which environmental constraints 
might affect the industry’s ability to meet an increasing demand for traffic in the short, medium and longer-
term. Prior to general publication the environment technical report was sent out to aviation stakeholders for 
comment. This was carried out in July and August 2009. This foreword is intended to reflect the comments 
received during this consultation period. 

1 http://www.sesarju.eu/
2 Given that aircraft contribution to anthropogenic emissions is less than 3% and that it seems that some degree of climate change will now 

occur even if society can agree on and deliver an 80% reduction in carbon emissions.
3 IPCC (2007) Summary For Policymakers in Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change, M.L. Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden and C.E. 
Hanson, Eds., Cambridge University Press, Cambridge, UK, 7-22.
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FoReWoRD

instigate increases in global mean surface temperatures, 
sea-level rise, and instances of extreme weather such as 
severe convection. this could prove to be important for 
aviation and for AtM given both our industry’s sensiti-
vity to weather and climate and the long lead-in time for 
significant infrastructure changes.

the CG08 study identified the potential for this to impact 
on AtM infrastructure and aircraft operations in various 
ways. For example: temperatures may warm beyond the 
point of comfort for tourists at certain resorts during the 
summer peak season, possibly altering seasonal demand 
patterns, and consequently airspace design and infrastruc-
ture requirements; rising sea-levels may threaten many 
coastal and low-lying airports in the long-term; or an 
increase in severe weather events may impact on network 
capacity, punctuality and flexibility, possibly in the short 
or medium term. the study also sought to characterise, to 
the degree possible given its limited funding, the extent, 
timing and certainty of these impacts.

of course, despite what may be considered a good scien-
tific understanding of the potential effects of climate 
change on a global scale, knowledge of specific loca-
lised impacts remains limited, as a result of which the 
relevant findings have been couched in deliberately 
prudent language. It should also be noted that, having 
been prepared by a UK-based research team, much of 
the report is based on english-language literature and UK 
examples. Moreover, it should be noted that at this stage 
the report is intended as a scoping document only and it 
may be that further in-depth and AtM-specific research is 
required if it is felt that there is sufficient risk posed. the 
findings of this report are mirrored by studies conducted 
on behalf of other weather or climate critical industries; 
and, by work in the insurance and investment sectors 
which also need to understand their potential exposure to 
such force majeure risk. notably, since the CG08 work was 
completed (2008) several projects, both eU-funded and 
independent, have been set-up to look more closely at the 
possible implications of climate adaptation for aviation. 
the issue has also now been recognised by international 
aviation bodies such as ICAo, eAsA and ACI-WoRLD as 
having the potential to impact on the aviation industry 
and thus needing further research. Additionally, several 

eCAC states have now initiated national or ministerial 
studies with a view to planning local mitigation strategies, 
some of which will cover aviation. 

the initial CG08 environment technical report stakeholder 
consultation was initiated through correspondence 
and face-to-face meetings, followed by a peer review 
workshop. A key objective of the dialogue was to consider 
whether climate change adaptation is indeed a matter 
which the AtM community needs to consider as a poten-
tial risk to future operations, and if it is, how things should 
be taken forward, and by whom. 

on the basis of this series of consultations it was gene-
rally agreed that, although many sectors of the industry 
may not be at immediate risk from any of the potential 
climate change impacts discussed in the report, these 
may become a risk to some, principally airports. However, 
sector-wide impacts remain an issue to be considered 
in long-term planning. It was consequently agreed that 
more dialogue on climate adaptation is required between 
aviation experts and climate experts in order to better 
understand specific potential AtM impacts and the 
possible implications for longer-term AtM planning acti-
vities such as sesAR. 

Additionally, current global scientific understanding of 
climate change needs to be translated into more regional 
or local potential effects to allow an assessment of 
possible direct and indirect impacts on AtM. For example, 
a more detailed study of time-scales, certainties and the 
geographical extent of potential temperature increases 
could then be translated into possible influences on 
passenger demand. Alternatively, more localised analysis 
of sea-level rise could pinpoint specific threats facing 
airports that are potentially sensitive to flooding, and the 
potential AtM network effects that may ensue from these.  

Future work was seen to be highly research-oriented and 
the majority view was that the european Commission 
should take a more active role, through sesAR or specific 
research funding, or both. Indeed, as mentioned above, 
since the workshop was held two eU-funded projects 
‘eWent’ and ‘WeAtHeR’ have begun research into related 
issues. the need for links with ACARe4 was identified as 

4 http://www.acare4europe.com/
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was the requirement for an ongoing dialogue between 
climate scientists and aviation operational stakeholders 
so as to increase mutual understanding and to put the 
climate sector in a position to provide better advice on 
potential adaptation options. the following were also 
identified for potential further study: the financial impli-
cations of climate impacts such as the need to assess the 
potential cost repercussions of adaptation options; the 
possible requirement for market analyses to aid business 
planning, for example considerations resulting from issues 
such as insurance liability, passenger demand, operational 
costs and the possible position of the finance industry 
towards aviation’s climate change issues. 

the importance of continued funding for research 
into technological and operational solutions to reduce 
aviation’s contribution to climate change was also empha-
sised. It was recognised however, that whilst important, 
this is separate from AtM’s interest in climate adaptation 
itself, the cause of which is not significantly driven by avia-
tion activities.

It was acknowledged that the aviation industry is working 
steadily to address climate change mitigation and 
other environmental impacts such as noise, for instance 
through improving fuel efficiencies and the adoption of 
new operational techniques. It was consequently broadly 
agreed that the short-term priority should remain that 
of addressing such AtM-related environmental impacts, 
as these are understood and must be acted upon now. 

However, it was also broadly agreed that climate adapta-
tion and its possible implications for AtM, should not be 
ignored. Further research into this topic should therefore 
be carried out, but through appropriate funding channels 
and with the oversight necessary to establish the extent 
and time-scales of any possible risk and consequently 
what mitigation strategies should be included in long-
term AtM planning and capability development.

In view of this, the CG08 environment technical Report 
will be an important contribution to sesAR WP 16.3.4: 
options to Mitigate Future environmental Risks to AtM 
Capacity, which identifies the impacts of climate change 
as a potential risk to be considered. this work package 
is intended to keep sesAR abreast of both scientific 
understanding and risk assessment of relevance to AtM. 
eURoContRoL has been appointed to lead this work and 
will therefore continue to liaise with stakeholders on the 
topic, and develop links with the research community, to 
ensure that knowledge is as up-to-date as possible such 
that any potential implications for the european AtM 
system can be assessed. 

Andrew Watt
Alan Melrose

Rachel Burbidge

EUROCONTROL September 2010

Note to readers: This document was prepared as part of the EUROCONTROL Challenges to Growth (GG08) work. It should therefore be 
borne in mind, when reading the document at a later date, that it is a representation of the aviation environmental situation as at the 
end of 2008 and that there may have been developments with regard to some of the issues since that time. The exceptions to this are the 
paragraphs on the European Union Emissions Trading Scheme (EU ETS)(part of section 3.3.6) and the International Civil Aviation Organisation 
(ICAO) goals (part of section 3.5.1) which were both updated in March of 2010. 
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exeCUtIve sUMMARy

Concerns about aviation environmental impacts are 
already acute and are becoming more pressing as the 
demand for air transport grows. Furthermore, climate 
change now represents a critical business risk to aviation 
which could significantly affect the growth and deve-
lopment of the industry. the latest Inter-Governmental 
Panel on Climate Change (IPCC) report states that climate 
change is already happening and that scientists around 
the world have a 90% confidence level that human 
activities are causing it. even if world governments imme-
diately restrict the production of greenhouse gases, some 
climate change will continue to occur and this will impact 
on aviation. Realistic scenarios of changes in greenhouse 
gas production suggest that significant climate change 
will occur and that this will have serious consequences 
for the way in which we conduct our lives in europe. 
this report summarises the potential impacts of climate 
change on AtM (both in general and on sesAR specifi-
cally). this could have profound implications for demand, 
aircraft performance and operations, airport infrastructure 
and forecasting requirements.

Many examples of the direct impacts of climate change 
on AtM are presented in this report. For example, 
increased local temperature could result in reduced 
aircraft performance, changing runway length require-
ments on takeoff (potentially reducing the size of aircraft 
which could operate from a runway of a given length) and 
climb performance (requiring modifications to airspace 
and standard operating procedures). Global temperature 
increases are likely to cause significant sea level rises which 
may impact on european coastal airports. this could 
result in the closure of airports or require very expensive 
sea defences to be put in place to enable operations to 
carry on safely. Changes to the tropopause, jet stream 
and winds could affect aircraft during cruise operations 
in terms of optimal routing, altitudes and speeds for 
the most efficient trajectories which minimise environ-
mental impacts. AtM operations could more frequently 
be disrupted by adverse weather, especially increased 
intensity or changed location of convective weather acti-
vity, winter storminess, severe turbulence, wind shear and 
occurrence of snow, ice and fog. Meteorological factors 
may cause aircraft diversions and may result in aircraft 
being grounded and airports closed.

In addition to the direct impacts of climate change on 
AtM, other effects are likely to arise from institutional 
responses to this environmental issue. the economic 
implications of regulatory and industry responses to 
climate change, coupled with the increasing cost of fuel, 
could significantly influence the price of air transport and 
hence passenger and air freight demand. It may also result 
in a closer link between ticket prices and distances flown, 
based on fuel consumption (and hence on emissions). 
such factors, when coupled with changing weather 
conditions in various parts of europe, could dramati-
cally affect patterns of demand – especially for leisure 
travel – and could require radical revisions to forecasts 
of demand. However, given the uncertainty associated 
with projections of climate change impacts and of their 
consequences for AtM, sesAR implementation plans 
need to be capable of producing a system which can not 
only meet the forecast growth in traffic but also adapt 
to climate change as and when it occurs. thus climate 
change imposes an urgent requirement on AtM service 
providers to develop highly adaptable yet robust systems. 
In all cases, flexibility in AtM system operation without 
major loss of performance will be of critical importance.

the air transport industry is already proactively engaged 
in the management of its environmental impacts. 
However, climate change raises the possibility of new 
impacts which have not previously been addressed. At 
present, government efforts to curb aviation climate 
change emissions are focused on facilitating technolo-
gical and operational improvements, promoting aviation’s 
inclusion within the eU emissions trading scheme (eU 
ets) and in some countries promoting the use of carbon 
offsetting by air travellers. However, there is increasing 
momentum behind moves to include international avia-
tion in the successor agreement to the Kyoto Protocol, 
and increasing pressure on policymakers to curb avia-
tion climate change emissions. Concern about climate 
change is rapidly becoming the pre-eminent constraint 
on the growth of all industrial sectors, including aviation. 
Although air transport is particularly exposed because 
of the lack of an immediate technological solution to its 
continuing reliance on carbon-based fuels, on a more 
positive note, much progress is now being made in the 
development of sustainable biofuels. 
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this report signals the need to accelerate the pace of 
work with regard to the detail of the environmental 
challenges to growth, taking the long view and invol-
ving a broad range of expertise and interests. A structure 
is needed to systematically analyse and monitor the 
core issues and indicators, to understand the poten-
tial of various response options, and to develop both 
primary and contingency plans to address the perceived 
threat. Understanding of climate impacts of human acti-
vity is growing rapidly and significant climate effects 
on the sector are getting ever closer. Risk manage-
ment in relation to environmental effects on aviation is 
now considered to be critical for the AtM community. 
A programme of knowledge acquisition, scenario 
testing and capability building is needed to allow robust 
strategic planning to deal with this challenge to growth.   
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BACKGRoUnD

It has been known for a long time that environmental 
impacts associated with aviation, especially aircraft noise 
disturbance and local air quality, can give rise to opera-
tional restrictions which have resulted in constraints to 
growth at airports (eURoContRoL 2003). over the last 
decade, climate change has, however, emerged as an 
even more significant concern, with very far-reaching 
implications for the future growth and development of 
the whole european air transport system.

there is now substantial evidence that the global 
climate is changing and widespread international action 
is required to prevent its worst effects. Dramatic reduc-
tions in Co2 emissions planned by governments across 
the world, but particularly in europe, are likely to have 
very significant implications for economies and societies. 
It is difficult to overstate the magnitude of the challenge 
or the extent to which life and economic activity are 
likely to change over the coming half-century as a result 
of either regulatory responses to climate change or the 
implications of climate change itself. this is significant 
in the context of eURoContRoL’s forecasting activities, 
because of the difficulty of quantifying the magnitude 
and speed of climate change and its full implications for 
air transport.

Climate change is likely to affect demand (especially 
for leisure travel) as weather patterns in various parts of 
europe alter and certain holiday destinations become less 
or more attractive. It may give rise to a significant increase 
in AtM system delays and congestion owing to extreme 
weather events. It is likely to constrain the ability of some 

airports to respond to future demand and require signi-
ficant investment in adaptation of the existing airport 
infrastructure to a changing climate. In the very long 
term, the sea level rises that are predicted to result from 
climate change could potentially threaten a number of 
airports across europe.

the response to the climate challenge is also likely to 
have significant implications for aviation development 
and growth as well as for the cost of air travel. It is likely 
to require radically new aircraft technologies, far more 
efficient operational practices and systems, infras-
tructure changes at airports and even new business 
models.

the ability of the aerospace sector to deliver radically 
new technologies could in the longer term (50 years 
and beyond) determine the very model of the global 
society/economy in which we live, when the implications 
of climate change are considered alongside forecasts of 
the future availability of conventional fuels. Meanwhile, 
despite the advances being made in biofuel technology, 
there are no step changes in aerospace technology on the 
horizon which can be guaranteed to fully address these 
threats, suggesting that aviation will be a legacy user of 
carbon-based fuels and producer of climate change emis-
sions for the foreseeable future.

Against this background, the industry is planning for its 
future growth and development:

n the aerospace industry is currently delivering aircraft 
which will be operating beyond 2030.

n Airports are developing master plans with similar 
time-horizons and are investing in new infrastructure 
(e.g. terminals) which will be in operation well beyond 
that date.

n the european Union has committed billions of euros 
to the sesAR programme, which is designed to im-
prove the european air traffic system.

Although this massive investment is being made with 
only a limited understanding of the full implications of 
climate change for the future of air travel, environmental 
improvements are nevertheless a key driver seeking to 
deliver substantial efficiencies over time. 
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eURoContRoL is committing  resources to forecas-
ting aviation growth to 2030 through the stAtFoR 
programme. the output from this work will inform not 
only sesAR, but also airline and airport strategic plan-
ning as well as regulatory responses. It is therefore critical 
that appropriate information relating to climate change 
forecasting, the implications of future regulatory and 
demand responses, the need for adaptation and particu-
larly the rate of aerospace technological development are 
included in forecasting models.

our current understanding of climate change is based on 
many years of atmospheric and meteorological research 
and the development and testing of very complex 
climate forecasting models. While there has been exten-
sive research into the implications of aviation for climate 
change, there has been little focus on the implications of 
climate change for the future growth and development 
of aviation.

this is likely to require modelling, monitoring and assess-
ment of a much wider range of technological, sociological, 
economic, business and regulatory issues than have thus 
far been considered.

this document reports the results of a desk-top study 
undertaken by leading UK academic institutions and 
the Met office into environmental concerns associated 
with the air transport industry. It pays particular attention 
to the implications of aviation for climate change, but 
most importantly the potential consequences of climate 
change for the future development and growth of the 
european air transport industry.

this report has been drawn from english language 
literature and makes significant reference to research 
undertaken in the UK. In part, this is simply because of the 
leading role being played by the UK government and its 
agencies in addressing the climate change threat, which 
has given rise to a considerable body of material in this 
field.

the document is intended to appraise readers of the 
significance of climate change for future eURoContRoL 
air traffic forecasting and thereby identify areas for future 
work in this field.
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PURPose AnD oUtLIne oF tHe DoCUMent

the purpose of this document is to provide an inte-
grated assessment of the scientific literature relating 
to environmental matters associated with air transport, 
paying particular attention to the question of climate 
change and especially the implications of climate 
change for the future growth and development of 
european aviation.

this exercise has been undertaken in order to inform 
and update the eURoContRoL Challenges of Growth 
(CG08) report in the light of recent and topical envi-
ronmental developments. this document represents 
the final, fully referenced technical report incorporating 
expert assessments of a range of aviation environ-
mental issues, including the rapidly evolving question 
of climate change.

this report begins by considering the role of the air 
transport industry in modern society, and in so doing 
sets the scene for consideration of the sustainable 
development of aviation. It then goes on to address the 
subject of global climate change, including its implica-
tions for the future growth and development of the air 
transport industry. Finally, it considers how local envi-
ronmental concerns have the potential to constrain 
aviation growth at airport.
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1. IntRoDUCtIon

Air transport is an important component of modern 
economies and societies, and generates many economic 
benefits including employment, trade, tourism, invest-
ment, knowledge transfer, increased productivity, 
improved competitiveness, greater mobility and a wide 
range of multiplier effects. Air transport also offers impor-
tant social benefits, such as faster and easier access to 
relatives and friends, to a wider range of leisure expe-
riences, to international educational opportunities, and 
to cultural and sporting events. Air transport is therefore 
regarded as an important engine of social and economic 
development and has become a popular, rapidly growing 
industry (Dft 2003a, 2003b; oeF 1999, 2002, 2006).

However, aviation also has adverse environmental 
impacts which impose costs on society and the economy 
and threaten to constrain the growth of the air transport 
industry itself. this fact, together with increasing public 
awareness of environmental matters in general, means 
that in some parts of the world (e.g. europe and north 
America) there are now unprecedented levels of political, 
popular and scientific concern about the environmental 
impacts of air travel. 

Concerns about aviation environmental impacts are already 
acute and are likely to become yet more pressing as demand 
for air transport grows. Consequently, environmental issues 
in general – and climate change in particular – constitute a 
significant business risk for aviation which could affect the 
growth and development of the industry. the proactive 
engagement of the air transport industry with the manage-
ment of its environmental impacts is a matter of self-interest 
if (as the President of an international aircraft manufacturer 
indicated in a 2007 speech on climate change) the industry 
is not to lose control over its future development to regu-
lators. there is now a better understanding and greater 
recognition of the magnitude of the climate change threat, 
and therefore of the extent of the policy response required. 
this is likely to have implications for the whole of the air 
transport industry in terms of both policy and planning 
responses and changes in public attitudes.
 
In addition to constraints arising from aviation’s global 
climate effects, local environmental impacts arising from 
air transport also threaten to constrain the operational 
capacity of airports and their potential for future growth 
(eURoContRoL 2003; Upham 2001; Upham et al. 2003, 
2004). Limited environmental capacity primarily occurs 
when aircraft noise and emissions exceed regulatory 
limits, planning agreements or tolerance within surroun-
ding communities. the problem is that the benefits 

offered by improvements in aircraft noise technology are 
being offset not just by the effects of growth but also 
by increasing ‘sensitivity’ in communities surrounding 
airports (e.g. AnAse 2007), suggesting that this issue will 
remain an important constraint to growth in the future. At 
the same time, the issue of local air quality continues to 
impact on airport operations and growth (as evidenced 
by the current debate over a third runway at London 
Heathrow) and there are indications that air quality legis-
lation (in europe at least) will be tightened in the future. 
the availability of energy and water can similarly limit 
airport operational capacity, and further infrastructure 
growth can be restricted by sensitive habitats or buildings 
in the vicinity of airports (eURoContRoL 2003). Factors 
which affect the cost of air travel such as policy responses 
to environmental impacts (e.g. the introduction of an eU 
emissions trading scheme), the costs of new technolo-
gies and of environmental mitigation, coupled with the 
increasing price of limited resources (energy and oil) may 
also impact on demand and airport and airline econo-
mics. similarly, delays and schedule unreliability arising 
from restricted airport capacity may also affect demand.

this document provides an overview of environmental 
issues of relevance to the air transport industry, and a 
commentary on how these might influence its growth and 
development to 2030. First, the significance of aviation for 
economic and social development is considered, inclu-
ding its role in supporting globalisation and international 
tourism. this provides the background against which the 
sustainable development of aviation is considered. 

While access to international air transport markets is an 
important aspect of many national and regional deve-
lopment strategies, the environmental consequences of 
air transport growth could have the unintended effect of 
blighting development. In this document, the sustainable 
development dilemma faced by the air transport industry is 
emphasised, as is the need to balance economic, social and 
environmental considerations, with both current and future 
generations in mind. A range of responses to this challenge 
are discussed in section 3, including various technological, 
operational and policy approaches. this section also focuses 
on the regulatory, market-based and voluntary measures 
which can be used to mitigate the environmental impacts 
of aviation, and assesses the likely direction of future policy 
approaches. section 4 considers environmental issues 
of concern at local (airport) level and their potential to 
constrain aviation growth. the conclusions of this report are 
presented in section 5 followed by recommendations for 
further research in the field (section 6).
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2. AIR tRAnsPoRt AnD tHe CHALLenGe oF 
sUstAInABLe  DeveLoPMent

several key studies have indicated that air transport makes 
a significant contribution to economic development, to 
the extent that aviation is regarded as a strong driver of 
economic growth (Boon and Wit 2005; Dft 2003a: 5; oeF 
1999, 2002, 2006). In their review of policies for sustai-
nable aviation, Bishop and Grayling (2003: 5) stated that 
there are ‘sizeable economic and social benefits asso-
ciated with air transport’, including the contributions to 
economic prosperity made by business travel and air 
freight operations. Bishop and Grayling (2003: 18) summa-
rised the economic benefits of aviation in terms of access 
to markets, specialisation, economies of scale and foreign 
direct investment (FDI).

When considering the economic benefits of aviation, 
Boon and Wit (2005: 1) acknowledged that the conti-
nued growth of environmental impacts in the vicinity of 
european airports has generally been justified ‘largely on 
economic grounds’.

2.1 Aviation’s economic contribution 

Aviation plays a particular and specific role in supporting 
the socio-economic development of various states in 
europe. For a variety of geographic, economic and histo-
rical reasons, some economies are highly dependent on 
air transport (e.g. the Mediterranean tourism industry). 
this will influence national and regional responses to avia-
tion development in the context of climate change and 
interpretations of what sustainable development means.

A case study of the UK provides a useful illustration of 
the role which aviation plays in supporting social and 
economic development in one european state. the UK’s 
reliance on air transport arises from a variety of factors 
including:

n its location, the UK being an island community on the 
geographic periphery of europe;

n its political and trading history;
n the history of its aviation and aerospace industries;
n its multicultural community;
n its inbound and outbound tourist industries.

In an authoritative series of studies, oxford economic 
Forecasting (oeF 1999, 2002, 2006) found that the air 
transport industry makes a substantial economic contri-
bution to society – primarily through its impact on the 
performance of other industries and through supporting 

their growth. the oeF (1999) study found that aviation also 
makes a substantial contribution to the UK economy in 
its own right, in the following ways: (a) by adding £10.2 
billion to GDP, 1.4% of the total; (b) by directly employing 
180,000 people, 0.8% of the total; (c) by supporting up 
to 540,000 additional jobs indirectly, through the supply 
chain, induced effects and jobs depending on inbound 
and outbound travellers; (d) by promoting high produc-
tivity, generating around 2.5 times as much value added 
per capita as the average UK industry; (e) by exporting 
£6.6 billion of services, 11% of UK service exports by value 
and 3% of total UK exports by value; (f ) by transporting a 
further £35 billion of goods, 20% of total UK goods exports 
by value; (g) by contributing at least £2.5 billion in taxes; 
and (h) by investing £2.5 billion during the period 1995-
1999, 3% of total UK business investment (oeF 1999: 5).

the oeF study argued in addition that aviation is a key 
component of the transport infrastructure on which other 
parts of the economy depend, and that ‘investments in 
that infrastructure boost productivity growth across the 
rest of the economy’. this occurs in several ways. First, 
better transport links can expand markets, which in turn 
allow greater economies of scale, increased specialisation 
in areas of comparative advantage, and stronger competi-
tive pressures on companies to achieve greater efficiencies. 
Air transport in particular allows those markets to be 
expanded to the global scale, supporting both inward and 
outward FDI – frequently accompanied by technological 
improvements. second, improved transport links stimulate 
innovation, thanks to more effective networking and colla-
boration over longer distances (oeF 1999: 6).

Aviation thus boosts the rate of economic growth for 
several reasons: (a) because it is a rapidly growing sector 
in its own right, (in the UK) increasing at four times the 
rate of the economy as a whole during the period 1990-
1999; (b) because the economic sectors which are most 
likely to support future economic growth are the ones 
which depend heavily on aviation; and (c) because effi-
cient transport links are a key factor influencing where 
international companies choose to invest, and good air 
transport provision is believed to be critical in order to 
attract inward investment in high-technology sectors 
(including electronics and life sciences) and in key 
functions (including head office and research and deve-
lopment). Consequently, the UK economy as a whole (like 
others across europe) was projected to become more 
dependent on aviation in the future (oeF 1999: 6-7).
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In an updated study, oeF (2006) identified the following 
key aspects of that contribution: (a) in 2004, aviation 
directly added £11.4 billion to UK GDP, 1.1% of the total; 
(b) in the same year, aviation directly employed 186,000 
people in the UK, and over 520,000 UK jobs in total 
depended on aviation; (c) visitors arriving by air add over 
£12 billion annually to the UK tourism industry, genera-
ting an additional 170,000 jobs; (d) 55% by value of UK 
manufactured exports to countries outside the eU are 
transported by air; (e) air services are particularly impor-
tant for UK trade with fast-growing emerging economies, 
such as China, and for trade in high-value goods and 
services; (f ) air services are vital for the growth sectors on 
which the future economic success of the UK is believed 
to depend, such as high-tech industries and financial and 
business services; (g) air services improve the competiti-
veness of almost all aspects of companies’ operations; (h) 
air services expand markets and stimulate innovation and 
efficiency; (i) a quarter of UK companies report that access 
to air services is important in determining their choice of 
location; (j) increased business use of air services could 
generate wider economic benefits from improvements in 
productivity throughout the economy, generating addi-
tional GDP of over £13 billion annually (in 2006 prices) by 
2030 with a net present value of £81 billion; (k) conges-
tion costs have been rising more rapidly than air transport 
capacity, with the result that congestion costs to airlines 
and passengers were estimated to be £1.7 billion in 2005 
and could exceed £5 billion (in 2006 prices) by 2015 if 
recent trends continue; and (l) the economic benefits of 
providing additional air transport infrastructure are consi-
derable even after the climate change costs of additional 
emissions have been taken into account (oeF 2006: 2, 5).

2.2 Regional economic benefits 

In an assessment of the regional economic benefits of UK 
aviation, oeF (2002: 4) argued that the benefits of direct 
employment due to aviation did not occur only in the 
regions where the jobs are located, but also extended to 
other regions. the study claimed that indirect employ-
ment was more evenly distributed across the UK than 
direct employment, because large airports support supply 
chains which may extend to other parts of the country. 
However, oeF (2002: 5) acknowledged that substantial 
regional differences exist in both the rates of producti-
vity growth and the contribution of aviation to GDP. the 
regions with the most extensive air transport links – both 
within the UK and to other parts of the world – were 

projected to display the strongest effects on regional 
economic growth, through improved productivity, and by 
enlarging markets and encouraging innovation, competi-
tion and economies of scale (oeF 2002: 26).

Another investigation of the contribution of aviation to 
regional economic development was commissioned by the 
Dft (2003a). this study emphasised the potential role of air 
transport in supporting connectivity, competitiveness and 
the growth of core cities. specifically, the study acknowle-
dged that aviation provides direct and indirect employment, 
travel time savings and broader catalytic effects, including 
the advantages of attracting international headquarters to 
regional locations, the benefits of export and import trade, 
inbound tourism, knowledge transfer, and positive effects on 
investment decisions (Dft 2003a: 2, 5, 10-11).

2.3 Social and cultural benefits 

As well as economic benefits, air transport has many 
social benefits, although they may be difficult to quan-
tify. Bishop and Grayling (2003: 18) summarised the social 
benefits of aviation in terms of employment, travel for 
leisure, cultural exchange, consumer choice, and visiting 
family and friends. In particular, air transport offers 
increased personal mobility to an increasing population 
of consumers, which in turn facilitates a range of oppor-
tunities: increased contact with relatives and friends who 
may be widely dispersed, education and research, leisure 
and recreation, cultural and sporting events, cultural 
exchange and development, and social inclusion (see 
Caves 2002; DCMs 1999; Graham 2002; Grieco 2002; Horak 
and Weber 2000; Hoyer and noess 2001; Lethbridge 2002; 
shaw and thomas 2006; Urry 2002). As Caves (2003: 39) 
has acknowledged, ‘[t]he social advantages of aviation are 
more readily apparent in developing countries, in promo-
ting cultural unity within a country and allowing cultural, 
ethnic and educational links with the industrialized world.’

other social benefits provided by aviation include increased 
capacity to support disaster relief, medical evacuation, law 
enforcement, international diplomacy and environmental 
monitoring (Caves 2003: 39). Given such potential bene-
fits, the Un has acknowledged that air transport has a 
vital role to play in promoting sustainable development, 
and that air services should be affordable and accessible 
in order to ensure mobility on an equitable basis to all 
sectors of society (UnCsD 2001; UnCtAD 1999a, 1999b, 
1999c). In particular, UnCtAD (1999a: 10-16, 1999b: 
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4, 1999c: 3-4, 7) emphasised the importance of aviation for 
developing countries, highlighting their need for greater 
and more equitable participation in air transport markets 
(see Campling and Rosalie 2006). Air transport is there-
fore regarded as an important tool for social – as well as 
economic – development (see Goldstein 2001; Miller and 
Clarke 2007; Raguraman 1995; Rhoades 2004).

2.4 Past and future trends 

Given the importance of air transport for economic and 
social development – and the increasing popularity of air 
travel – the aviation industry has experienced a consis-
tently high level of growth (Bailey 2007: 249), primarily 
as a result of significant growth in GDP levels around 
the world. Aviation growth over the past half-century 
has both driven and been driven by the evolution of the 
global economy. this has created new trading patterns 
and far greater mobility for employment, a factor 
which has significantly influenced economic migration 
patterns. It has resulted in a major change in the diver-
sity of societies, with all the benefits this brings in terms 
of cultural understanding and consumer choice. this in 
turn has driven growing demand for air travel to maintain 
increasingly dispersed social and family networks, to meet 
religious or family commitments and to enable expatriate 
communities to enjoy a ‘taste of home’. the value of avia-
tion cannot, however, be measured in terms of job and 
wealth creation alone. It plays a much wider role in society, 
allowing access and thereby facilitating the full participa-
tion of remote and island communities at national and 
regional levels and in the global society/economy. over 
the past 50 years, air transport has become accessible 
to an increasing proportion of the population in every 
region of the world, even in developing economies. 

Globalisation is now acknowledged to be a complex 
process which is responsible for profound economic, envi-
ronmental and social transformations worldwide (Hettne 
2008). Communication between some places is now 
almost instantaneous, global transport is commonplace, 
the world economy has become increasingly integrated, 
the influence of multinational organisations has expanded, 
and the autonomy of most nation-states has diminished. 
Air transport has been important in facilitating the 
process of globalisation, although globalisation has in turn 
increased demand for air travel (young 1997: 38).

Global tourism is an industry which is highly dependent 
on the availability of rapid, long-distance air services 

(Cabrini 2005). Globally, tourism, like aviation, is an 
important economic driver and is projected to expand 
rapidly – at an average rate of 4%  per year until at least 
2020. Projections by the United nations World tourism 
organization (UnWto) indicate that international tourist 
arrivals (ItAs) will double between 2005 and 2020 
and are expected to reach 1.6 billion by the latter year 
(UnWto 2007). All of these factors combine to suggest 
that sustained growth in global demand for air transport 
– of around 3-5% per year – is likely to continue until at 
least 2030 (Bows et al. 2005, Bows et al. 2006: 15-18; Dft 
2003b: 9; IPCC 1999: 4-6; Airbus 2007; Boeing 2007; see 
also Bieger et al. 2007).

the air transport system therefore delivers very substantial 
economic and social benefits and has made a signifi-
cant contribution to the structure and operation of the 
global economy and society of the 21st century. Many 
major sectors of the european economy (e.g. tourism) are 
highly reliant on air transport, and in the current global 
economic system, world-class air route networks are 
required to support regional competitiveness. Aviation 
does, however, give rise to major environmental costs, 
as described below, which are significant enough to 
threaten its growth. In the longer term, the climate 
implications of air transport, coupled with the future avai-
lability of conventional fuels, could in theory constrain 
aviation’s ability to support socio-economic development 
in its current form 

the industry therefore faces a sustainable development 
dilemma: how to deliver vital economic and social benefits 
whilst limiting, mitigating or even reducing its environ-
mental impacts. Addressing that dilemma presents a 
formidable challenge, a task which is made more difficult 
by the ongoing strong growth in demand, the strong links 
between air transport service provision and economic 
growth, the high abatement costs of the sector, and the 
limited potential for radical technological solutions to be 
found in the short to medium term (Dft 2004). 

success in meeting the aviation sustainability challenge 
depends on the formulation and implementation of 
effective policy, which is especially difficult for this global 
industry, as it is regulated by a multitude of bilateral air 
service agreements (AsAs). In addition, policy measures to 
mitigate the environmental impacts of air transport must 
negotiate sensitive issues of equity – both intra-genera-
tional and inter-generational – in balancing a range of 
economic, social and other environmental considerations.  
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3. AIR tRAnsPoRt AnD CLIMAte CHAnGe

this section introduces climate change, including our 
current understanding of the issue and forecasts of a 
changing climate. It considers the implications of air 
transport for climate change, and current regulatory and 
industry responses. Importantly, it addresses, for the first 
time in any depth, the potential consequences of climate 
change for the future development and growth of the air 
transport industry and the european air transport system.

3.1 The climate change challenge

the challenge of climate change is substantial and 
urgent (stern 2007), with impacts projected to be both 
widespread and profound (IPCC 2007). Climate change 
requires careful definition, since climate varies naturally 
over all temporal and spatial scales (seinfeld and Pandis 
2006, p. 1027). Climate may be defined as the condition 
of the atmosphere over many years: ‘the mean behaviour 
of the weather over some appropriate averaging time’, 
which is conventionally taken to be 30 years (seinfeld 
and Pandis 2006, pp. 4, 1026). Climate change may be 
defined in various ways. the Intergovernmental Panel on 
Climate Change (IPCC) has defined climate change in the 
following terms:

Climate change [...] refers to a change in the state 
of the climate that can be identified (e.g. using 
statistical tests) by changes in the mean and/or 
the variability of its properties, and that persists for 
an extended period, typically decades or longer. It 
refers to any change in climate over time, whether 
due to natural variability or as a result of human 
activity. (IPCC 2007: 30)

In this IPCC definition, climate change is acknowledged 
to have both natural and human components: climate 
change may result from natural internal processes or 
external forcings, as well as from persistent anthropo-
genic changes such as changes in the composition of the 
atmosphere or in patterns of land use (IPCC 2007: 78).

In contrast, the United nations Framework Convention 
on Climate Change (UnFCCC), in its Article 1, adopted a 
narrower view, defining climate change as:

A change of climate which is attributed directly or 
indirectly to human activity that alters the compo-
sition of the global atmosphere and which is in 
addition to natural climate variability observed 
over comparable time periods. (UN 1992: 3)

the UnFCCC thus makes a distinction between climate 
change, which is regarded as a purely anthropogenic 
phenomenon (due to human activities’ altering the 
composition of the atmosphere), and climate variability, 
which is attributable to natural causes (cf. IPCC 2007: 78; 
Un 1992: 3). the UnFCCC is concerned only with anthro-
pogenic effects on climate.

In the view of the IPCC, climate variability – like climate 
change – has both natural and anthropogenic compo-
nents. the IPCC has defined climate variability as follows:

Climate variability refers to variations in the mean 
state and other statistics (such as standard devia-
tions, the occurrences of extremes, etc.) of the 
climate on all spatial and temporal scales beyond 
that of individual weather events. Variability may 
be due to natural internal processes within the 
climate system (internal variability), or to varia-
tions in natural or anthropogenic external forcing 
(external variability). (IPCC 2007: 79)

the IPCC thus regards climate change and climate varia-
bility as related phenomena, both of which may have 
human and natural causes.

Climate change has multiple dimensions, including varia-
tions in solar radiation, atmospheric circulation, clouds, 
ocean currents, snow and ice, which are interconnected 
in complex and chaotic ways (seinfeld and Pandis 2006, 
p. 4). the most fundamental climate variable is the 
global annual mean surface temperature, although other 
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variables such as the frequency and amount of rainfall 
can also be taken into account, together with related 
effects such as sea level rise. significantly, climate change 
involves not only changes in the mean values of these 
variables but also changes in their variances (seinfeld and 
Pandis 2006, p. 1026). In characterising climate, it is also 
important to distinguish between climate forcing and 
climate response. Climate forcing refers to a change in 
the planetary energy balance, which has the potential to 
alter global temperature, such as variations in the orbit 
of the earth or in the abundance of a greenhouse gas in 
the atmosphere. Climate response refers to the meteo-
rological outcome of those forcings, such as changes in 
global temperature, precipitation, sea level and the occur-
rence of extreme weather events (seinfeld and Pandis 
2006, pp. 5, 1027).

3.1.1 Drivers of climate change

Climate change – at least as it has been defined by the 
IPCC – has natural and anthropogenic drivers (IPCC 2007: 
36). natural drivers of climate change include the changes 
in the amount of solar energy received by the earth, 
which occur because of fluctuations in the solar output 
associated with the 11-year sunspot cycle, to variations 
in the earth’s orbit, and to various particles and gases 
released during volcanic eruptions. such natural forcing 
mechanisms have been responsible for dramatic climate 
variability in the past, including the onset of ice ages 
(seinfeld and Pandis 2006, p. 1027).

Anthropogenic climate change occurs for several reasons: 
the emission of greenhouse gases, the emission of aero-
sols, and changes in land cover. Greenhouse gases such as 
carbon dioxide (Co2), released by various human activities 
including the combustion of fossil fuels, absorb outgoing 
infrared radiation from the earth’s surface and help to 
retain heat in the atmosphere. the greenhouse gases 
covered by the Kyoto Protocol are carbon dioxide (Co2), 
methane (CH4), nitrous oxide (n2o), hydrofluorocarbons 
(HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride 
(sF6) (Un 1998: 19). the last three types of gas in this list 
(HFCs, PFCs and sF6) are known as halocarbons since 
they contain fluorine, chlorine or bromine (IPCC 2007: 37). 
the effect of greenhouse gases is partially concealed by 
the effect of other pollutants, known as aerosols (such 
as soot particles), which scatter and absorb incoming 
solar radiation, enhance cloud formation, and can have a 
cooling effect on the atmosphere. Changes in land cover 

are significant for several reasons: the reflectivity (albedo) 
of the earth’s surface is modified, the capacity of vege-
tation to absorb Co2 from the atmosphere is reduced 
(by deforestation), and land is converted to uses which 
release greenhouse gases. overall, the anthropogenic 
forcing of climate is dominated by the increase in green-
house gas emissions, resulting in the net warming of the 
atmosphere.

Human and natural factors therefore influence climate 
by altering the radiative properties of the atmosphere 
by which energy is scattered, absorbed and re-emitted. 
Changes in those factors are known as radiative forcing. 
the radiative forcing due to various natural events and 
human activities can be quantified. the response of the 
climate system to sustained radiative forcing is measured 
by the equilibrium climate sensitivity, which is defined as 
the equilibrium global average surface warming following 
a doubling of Co concentration (IPCC 2007: 38). the 
precise climate response to a particular radiative forcing is 
complicated by the existence of feedbacks in the climate 
system, which will amplify or dampen that response. For 
example, rising global average temperature results in an 
increase in water vapour in the lower atmosphere (the 
troposphere). since water vapour is a greenhouse gas, 
its increasing concentration will tend to exacerbate the 
temperature rise. Another feedback associated with rising 
temperature is the reduced capacity of land and ocean 
sinks to absorb Co2, with the result that anthropogenic 
Co2 tends to accumulate in the atmosphere more rapidly 
(IPCC 2007: 38).

3.1.2 Past and current impacts of climate change

Climate change is characterised primarily by an increase 
in global annual mean surface temperature. the warming 
of the climate system is now acknowledged to be 
unequivocal: increases in global average air and ocean 
temperatures have been observed, widespread melting 
of snow and ice has occurred, and rises in global average 
sea level have been recorded. the increase in tempera-
ture is widespread, at global scale, although it is more 
pronounced at higher northern latitudes. Areas of land 
have warmed more rapidly than have the oceans (IPCC 
2007: 30; see also seinfeld and Pandis 2006, pp. 1028-1030).

As a result of increasing temperature, a variety of other 
effects have been observed including the thermal expan-
sion of the oceans and decreases in snow and ice extent 
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(owing to the melting of glaciers and ice caps, and to 
the disintegration of polar ice sheets). those effects 
have contributed to the observed rise in global average 
sea level. In addition, rising temperature has resulted in 
changes in the frequency and amount of precipitation, 
with some areas receiving significantly more rainfall 
and others experiencing declining rainfall and greater 
incidence and severity of drought. the occurrence and 
severity of extreme weather events has also changed: 
cold days, cold nights and frosts have become rarer over 
most land areas, whilst hot days, hot nights and heat 
waves have become more prevalent. the occurrence of 
heavy precipitation events has generally increased, as has 
the incidence of extreme high sea level events. Intense 
tropical cyclone activity has also increased – an effect 
which is particularly apparent in the north Atlantic area 
(IPCC 2007: 30).

the increase in global average surface temperature and 
the associated changes in snow, ice, sea level, precipi-
tation and extreme weather events have already had 
multiple effects on natural and human systems. With 
increased temperature and altered patterns of precipita-
tion, soil moisture characteristics have changed, and this 
has affected the growth of natural vegetation as well as 
crop planting and early growth periods. Changes in soil 
moisture have therefore altered the productivity of land. 
Alterations have occurred in the spatial extent and thic-
kness of snow, ice and permafrost, resulting in increases 
in the number and size of glacial lakes, changes in 
ground stability, and ecological changes in polar envi-
ronments. Hydrological systems have experienced 
increased runoff and earlier spring peak discharges in 
glacier- and snow-fed rivers, and changes in the thermal 
structure and water quality of lakes and rivers have been 
observed. Rising sea level has led to the erosion of coast-
lines, the saltwater inundation of coastal water supplies, 
and the loss of coastal land. terrestrial ecosystems are 
experiencing earlier timing of spring events, as well as 
latitudinal and altitudinal changes in the distribution 
and range of species. Marine and freshwater ecosystems 
have been affected by changes in algal, plankton and 
fish abundance, together with variations in ice cover, 
salinity, oxygen levels and circulation patterns (IPCC 
2007: 32-33; seinfeld and Pandis 2006, p. 5).

the effects of climate change have already had impor-
tant implications for human activities and health. 
Agricultural and forestry management, especially at 

higher latitudes in the northern hemisphere, have 
been affected by rising temperature, resulting in the 
earlier spring planting of crops, variations in the length 
of growing seasons, changes in the number and 
timing of harvests, and changes in forests in relation to 
fires and pests. Human health has also been affected 
by climate change as a result of heat-related mortality, 
changing patterns of infectious disease vectors, and 
the increased production and wider distribution of 
allergens. some specific human activities have been 
disrupted by rising temperature, including subsistence 
economies in the Arctic, which rely upon hunting and 
travel over snow and ice, and mountain-sport indus-
tries in lower-elevation alpine environments (IPCC 
2007: 33). In addition to these direct effects, many 
other secondary effects on human activities have been 
observed which are due to changes in the distribution 
and behaviour of biological resources and in the func-
tioning of ecological habitats.

3.1.3 Projected future impacts

In addition to the present-day observed effects of 
climate change, more profound effects are expected 
to occur in the future. A range of possible future 
conditions has been investigated by means of emis-
sions scenarios, which incorporate various projected 
changes in population, economic growth and tech-
nological development (IPCC 2000: 44). the use of a 
range of emissions scenarios indicates that significant 
anthropogenic warming and sea level rise will continue 
throughout the 21st century and beyond, even if emis-
sions of greenhouse gases are severely curtailed (IPCC 
2007: 45-47). the long time-scales involved in the 
climate response are due to a variety of factors. since 
Co2 has a long residence time and is well mixed in 
the atmosphere, the radiative effects of Co2 emissions 
persist for many decades. some studies indicate that 
anthropogenic Co2 remains in the atmosphere on a 
millennial time-scale and may influence the climate 
system for hundreds of thousands of years (Archer 
et al. 2005; Lenton et al. 2007). In addition, response 
time-scales are affected by the slow rates of some 
atmospheric and oceanic transport processes. However, 
whilst projections of climate change have been made 
with considerable confidence for the global scale, 
greater uncertainty exists about the projected effects 
of climate change at regional and local levels, owing to 
limitations in climate modelling at those scales.
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3.1.4 Adaptation and mitigation strategies

Climate change presents an immense challenge to human 
activities, since it threatens to disrupt economies, socie-
ties and environments in complex and interconnected 
ways worldwide. How should societies respond to this 
challenge? the human response to climate change takes 
two forms: adaptation and mitigation. Adaptation involves 
societies’ modifying their activities in order to cope with 
those impacts of climate change which are already 
inevitable owing to the long time-scales over which the 
climate system adjusts to perturbations. Mitigation refers 
to the specific actions which societies can take to limit 
the rate and magnitude of climate change, primarily by 
reducing emissions of greenhouse gases. the capacity of 
societies to develop and implement adaptation and miti-
gation strategies depends on their socio-economic and 
environmental circumstances, and on the availability of 
appropriate information and technology, and is distributed 
unevenly both across and within societies (IPCC 2007: 56).

Human vulnerability to climate change can be exacer-
bated by other factors including existing environmental 
hazards, poverty, food insecurity, economic globalisation, 
conflict and disease. Adaptation to climate change can 
reduce vulnerability, both in the short and the long term, 
and societies have long adapted to the various impacts 
of weather- and climate-related events (such as floods, 
droughts and storms). However, the scale of projected 
climate change and variability will require societies 
to develop additional adaptation measures, even if 
mitigation measures are implemented. the IPCC has 
acknowledged that a wide range of adaptation options 
is available, although they have associated barriers, 
limitations and costs (IPCC 2007: 56). Given that many 
adaptation options, such as improved water storage and 
conservation techniques, have multiple co-benefits and 
are embedded within broader sustainable development 
initiatives, they can often be implemented at low cost (or 
with high benefit-cost ratios). one important point in this 
respect is that higher benefit-cost ratios may be achieved 
by implementing adaptation measures at an early stage, 
rather than by attempting to retrofit infrastructure at 
a later date. Adaptation measures are both vital and 
beneficial, although there are many constraints to their 
implementation and effectiveness – and even those 
societies with a high adaptive capacity could remain 
vulnerable to climate change, variability and extremes 
(IPCC 2007: 56).

However, adaptation alone is not enough to cope with 
all the projected effects of climate change, especially in 
the long term (as many of the impacts of climate change 
are projected to increase with time). Mitigation of climate 
change is also required. the IPCC has acknowledged that 
substantial economic potential exists for the mitigation of 
greenhouse gas emissions, and some mitigation opportu-
nities may even have net negative costs (IPCC 2007: 58). 
Mitigation options may have substantial co-benefits (such 
as reduced levels of local air pollution, or reduced rates 
of deforestation) and they may also have synergies with 
sustainable development strategies. However, realising 
those opportunities requires implementation barriers to 
be overcome, which in turn calls for adequate policies 
to be put in place. no single technology can provide all 
of the mitigation potential in any sector. However, the 
adoption of mitigation technologies in some sectors is 
particularly critical. In particular, investment decisions 
about future energy infrastructure will have profound 
impacts on greenhouse gas emissions, owing to the long 
lifetimes of energy plants and other infrastructure. the 
IPCC has also acknowledged that the widespread diffu-
sion of low-carbon technologies may take decades, even 
if early investments in those technologies are promoted 
(IPCC 2007: 58).

one concern related to adaptation and mitigation is that 
of carbon leakage: the fact that requirements to invest in 
clean technologies in one part of the world could simply 
induce the most polluting industries to move elsewhere. 
success in responding to the challenge of climate change 
therefore depends on international cooperation and 
on the development of effective international climate 
change agreements (IPCC 2007: 59, 62). such agree-
ments are necessary in order to achieve a given emission 
trajectory for the stabilisation of greenhouse gas concen-
trations in the atmosphere. In particular, it is crucial 
that the international community develops an effective 
carbon price signal, in order to realise significant mitiga-
tion potential across sectors (stern 2007). Policies which 
create a real or implicit price of carbon could generate 
incentives for producers and consumers to invest in low-
carbon products, technologies and processes. In general, 
the human response to climate change will necessarily 
involve a wide range of policies and instruments to encou-
rage changes in behaviours and lifestyles: for example, 
changes in consumption patterns, the provision of better 
education and training, and the introduction of transport 
demand management (IPCC 2007: 59). Although a wide 
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variety of national policies and instruments is available to 
governments to create the incentives for mitigation, their 
applicability depends on national circumstances and on 
an understanding of their interactions. Any given policy 
instrument has advantages and disadvantages. In addi-
tion, synergies and trade-offs exist between the various 
adaptation and mitigation options (IPCC 2007: 61).

some key messages in relation to the science, key features 
and projected impacts of climate change are presented in 
Annexes 1 and 2.

3.2 The impacts of air transport on the
 climate

Aviation makes a small but significant – and rapidly 
growing – contribution to climate change (IPCC 1999; Lee 
2004). the impacts of aviation on climate have received 
scrutiny from a range of commentators (Bishop and 
Grayling 2003; Cairns and newson 2006; Forster et al. 
2006; IPCC 1999; Lee 2004; Lee and sausen 2000; RCeP 
2002; sausen et al. 2005; stordal et al. 2005). those impacts 
include the effects of both aircraft and airports. Whilst the 
climate impacts of aircraft far exceed those of airports, the 
latter are nonetheless significant – not least because they 
may be easier to mitigate in the short term.

the impact of aircraft on climate results from two main 
effects: (a) direct effects due to the emissions of green-
house gases and aerosols; and (b) indirect effects due to 
the influence of pollutants in prompting other, secondary 
radiative effects (such as the production of tropospheric 
ozone, the depletion of methane, and the formation of 
contrails and cirrus). Aircraft emit Co2 in direct proportion 
to the quantity of fuel burned. Co2 emissions can also 
be attributed to airports as a result of the operation of 
stationary plant, ground support vehicles and passenger 
surface transport vehicles. Aviation currently generates 
around 2-3% of all anthropogenic Co2 emissions, but 
that proportion could potentially increase to around 10% 
by 2050, depending on the scenario adopted. In the UK, 
aviation will account for much a higher share of national 
Co2 emissions by that year (Dft 2004; Lee 2004: 13; RCeP 
2002; Rogers et al. 2002). since aviation Co2 emissions 
scale linearly with fuel consumption, they depend on the 
fuel efficiencies achieved by aircraft operators, which in 
turn depend on aircraft and engine type, aircraft loading, 
atmospheric conditions, cruising levels, flight duration, 
cost index, aircraft maintenance history, and a variety of 

other technological and operational factors. However, 
aviation’s share of the emissions total will also be 
influenced by consumer choice: how often and to where 
people choose, or choose not, to fly.

In addition to the impact of Co2 emissions, aircraft have 
other, non-Co2, effects on climate. emissions of oxides of 
nitrogen (nox) lead to the catalytic production of tropos-
pheric ozone (o3) and the destruction of CH4 – both of 
which act as powerful greenhouse gases at cruising levels. 
the radiative effect of aircraft nox emissions are in some 
cases positive (owing to tropospheric o3 formation) and 
in others negative (owing to CH4 destruction). However, 
the former effect does not cancel out the latter, because 
tropospheric o3 has a much shorter residence time than 
CH4, with the result that its radiative influence is concen-
trated in the northern hemisphere whilst that of methane 
occurs globally (Lee 2004: 14).

In addition to nox, aircraft also emit sulphate and soot 
particles, both of which have distinct but relatively small 
effects on climate. sulphate particles are aerosols, which 
reflect incoming solar radiation, producing a cooling 
effect on the atmosphere. In contrast, soot particles 
absorb solar radiation and cause a local heating effect. 

A further, direct impact of aircraft on climate occurs 
through the formation of contrails and cirrus clouds, 
although scientific uncertainty about these phenomena 
remains substantial. Contrails form in very cold condi-
tions (typically –35 to –60°C) where air is supersaturated 
with respect to ice. they may persist for periods ranging 
from seconds to hours, and they can spread to produce 
cirrus clouds which are indistinguishable from naturally 
occurring cirrus (Lee 2004: 15-16; stordal et al. 2005). An 
increase in cirrus cloud cover of approximately 1-2% per 
decade due to aircraft traffic has been identified, and the 
net radiative effect of contrails and aircraft-induced cirrus 
clouds is positive (i.e., it causes atmospheric warming) 
– especially on a regional scale (stordal et al. 2005: 
2155-2156). sulphate and soot particles also facilitate 
the formation of contrails and cirrus clouds by acting as 
condensation nuclei.

Further research is in progress to quantify the non-Co2 
effects of aviation on climate – especially the climate 
effects of contrails and cirrus clouds – with greater preci-
sion (Amanatidis and Friedl 2004; De Leon and Haigh 
2007). overall, the non-Co2 climate effects of aviation 
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were estimated by the IPCC (1999: 8-9) to be greater than 
those of Co2 emissions alone by a factor of 2–4, although 
that ‘radiative forcing factor’ has since been revised to 
approximately 1.9 times the effect of aviation Co2 emis-
sions alone (sausen et al. 2005). It is worth emphasising 
that time-scale is an important consideration, given that 
some climate effects of aviation (such as Co2 emissions) 
are very long-lived (decades to centuries) whilst others 
(such as the effects of contrails) may be much shorter-
lived. this  is considered in further depth in Annex 3.

3.3 Aviation responses to the climate
 challenge

3.3.1 Introduction

the role of aviation in climate mitigation is briefly 
addressed by the IPCC (in 2007b), which considered 
climate change mitigation technologies and strategies as 
well as the role of climate policies. this section considers 
some aviation industry responses to the climate chal-
lenge. technological responses include improvements in 
aircraft design and performance, and the development 
of alternative fuels. operational responses involve diffe-
rent methods of loading, manoeuvring and maintaining 
aircraft, and the use of revised air traffic management 
(AtM) procedures. Policy responses embrace regulatory 
measures (standards), market-based measures (such 
as fuel taxes, emissions charges, subsidies and tradable 
permits) and voluntary measures (such as carbon 
offsetting).

It is noteworthy that the financial implications of tech-
nological development and fleet modernisation, of new 
operational procedures and other policy responses to 
climate change could impact on both the costs of air 
travel and the ability to deliver additional airport capacity. 
Climate change could also impact on airport and airline 
operations, with a resultant loss of capacity or increased 
operating costs.

the management of aviation environmental performance 
also requires trade-offs to be made between conflic-
ting impacts. A typical trade-off is a noise-mitigation 
procedure routeing aircraft away from noise-sensitive 
areas but requiring longer track routes and generating 
more Co2 emissions. Decisions about the environmental 
benefits of AtM procedures involves balancing various 
environmental impacts which are unevenly distributed 

and have consequences of varying severity according to 
their nature and location. this complexity illustrates one 
aspect of the challenge faced by aviation in addressing 
the demands of sustainable growth. In particular, climate 
and meteorological effects need to be taken into account 
in making such trade-offs and in strategic planning for 
AtM. More broadly, though, the issue of climate change 
could profoundly alter the economies, societies and envi-
ronments of europe and will probably transform the way 
in which industries operate – both directly and through 
the effects of mitigation and adaptation strategies (IPCC 
2007a; stern 2007). the air transport industry should plan 
carefully for these changes.

In the recent past there has been a sea change in the 
language being used by the aviation industry in connec-
tion with the climate change challenge. IAtA has proposed 
a long-term strategy to reach carbon-neutral growth 
by 2020 and a vision to make air transport completely 
carbon-free within the next 50 years. ACI europe, at its 
2008 Annual Congress held in Paris, adopted a policy on 
the need for airports to achieve carbon-neutral status. 
these statements indicate a more proactive stand and 
an acknowledgement by the air transport industry that 
it has to be ‘part of the solution’ to climate change and 
not simply driven by regulatory requirements. In doing so, 
they recognize the extent of the climate change challenge 
and the fact that governments cannot deal with it alone.

3.3.2 Technological responses

technological responses have focused on making impro-
vements in aircraft design and performance, and on 
developing alternative fuels (thomas and Raper 2000). 
efforts to achieve the former have centred on maximising 
the fuel efficiency of aircraft, both by reducing the weight 
and drag of airframes and by maximising the energy 
conversion efficiency of engines. over the last 40 years, 
aircraft fuel efficiency per passenger has improved by 
around 70% thanks to improvements in airframe design 
and engine technology, and to increased load factors 
(IPCC 1999:217; Lee et al. 2001). Further improvements 
in airframe performance are anticipated as a result of 
increases in aerodynamic efficiency, the use of advanced 
materials, innovation in control and handling systems, and 
the development of radical aircraft designs (such as the 
blended-wing body). Improvements in engine technology 
appear to be less promising: currently, the most efficient 
aircraft engines are high-bypass, high-pressure-ratio gas 
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turbine engines, and viable alternatives remain elusive. 
significantly, current engines are optimised for fuel effi-
ciency (and hence for Co2 reduction) rather than for 
minimising nox emissions (IPCC 1999: 219). technological 
improvements in aviation fuels have resulted in the 
development of low-sulphur fuels (which, in turn, have 
reduced aviation sox emissions) and work is in progress 
to investigate the potential for biofuels or hydrogen to 
supplement or replace kerosene (IPCC 1999). overall, 
however, technological responses – both those relating 
to aircraft design and performance and those relating 
to fuels – require substantial investment and are likely 
to yield benefits only in the long term. Limited potential 
exists for radical technological solutions to be found in 
the short to medium term.

In europe, the eU Advisory Council for Aeronautics 
Research in europe (ACARe) programme has set challen-
ging targets of a 50% reduction in Co2 (per passenger 
km), an 80% reduction in nox emissions, and a halving 
of perceived aircraft noise (ACARe 2004). Attempts to 
achieve those objectives will probably involve a range 
of economic and regulatory measures, yet even with the 
most optimistic forecasts for technological improvements, 
it will be challenging to meet the ACARe goals.

3.3.3  Operational responses

operational responses are based on the principle of 
maximising fuel efficiency: by reducing aircraft weight, 
increasing load factors, ensuring high levels of aircraft 
maintenance, minimising route distances, optimising 
cruising speeds and levels, and manoeuvring aircraft effi-
ciently (IPCC 1999). Loading aircraft efficiently involves 
a combination of (a) minimising the weight of the 
aircraft before its payload is stowed (e.g. by minimising 
the carriage of unusable fuel), and (b) maximising the 
payload. High levels of aircraft maintenance – especially 
engine maintenance – ensure that acceptable fuel effi-
ciency is maintained throughout the service life of the 
airframe and engine. the remaining operational impro-
vements are generally achieved or proposed through 
the use of revised AtM procedures: sesAR; improved 
communications, navigation and surveillance and air 
traffic management (Cns/AtM) systems; arrival mana-
gement (AMAn) and departure management (DMAn) 
systems; continuous-descent approaches (CDAs) and 
low-power, low-drag (LP/LD) approaches, which are desi-
gned to minimise aircraft emissions and/or noise during 

descent; noise-abatement departure procedures (nADPs) 
and noise-preferential routes (nPRs), which are intended 
to reduce noise exposure in the vicinity of airports; expe-
dited-climb departure procedures, which are designed 
to allow aircraft to climb rapidly to their optimal cruising 
levels; and the use of fixed electrical ground power (FeGP) 
in preference to auxiliary power units (APUs) (Dobbie 
and eran-tasker 2001; ICAo 2004; Morrell and Lu 2006). 
However, despite the many ways in which operational 
procedures could be revised, they have limited potential 
to reduce the environmental impacts of aircraft. ‘[t]hese 
kinds of operational measures will not offset the impact 
of the forecast growth in air travel’ (DtI 1996: 10).

As indicated above, it is sometimes necessary in prac-
tice to make trade-offs between various environmental 
impacts. For example, when designing arrival and depar-
ture routes, there is a need to balance noise disturbance 
against increased emissions arising from a longer flight 
path. Research into the trade-offs between fuel efficiency 
and other climate-related factors (contrails and cirrus) 
suggests that cruising levels and speeds could be altered 
to bring climate change benefits (Fichter et al., 2005).

environmental sustainability has been defined as one of 
the five key performance areas (KPAs) for AtM in europe. 
It includes sub-areas related to climate change, noise, 
third-party risk, land use, local air quality, water quality, 
human travelling time, airborne flight efficiency and fuel 
use (eURoContRoL 2006: 49; 2007: 2). AtM can poten-
tially influence environmental performance in most of 
these sub-areas by imposing or relaxing constraints on 
the lateral routes, vertical profiles and cruise speeds of 
aircraft in flight, and on the operations of aircraft on the 
ground whilst under their own power. While AtM may 
have limited direct influence over constraints imposed 
by airport infrastructure, it is the means to deliver opera-
tional capacity from available infrastructure and can have 
a significant influence on what infrastructure is provided 
(e.g. in respect of both airside and airspace design). the 
role of AtM in resolving trade-offs and exploiting synergies 
between the various ICAo KPAs is worthy of examination.

3.3.4 Policy responses

the challenge with respect to climate change is signi-
ficant. It is estimated that a 50% reduction in Co2 
emissions over 1990 levels is required globally over the 
next 40 to 50 years in order to avoid dangerous climate 



24

3. AIR tRAnsPoRt AnD CLIMAte CHAnGe

change. to address this challenge, a number of european 
Governments have set Co2 reduction targets ranging 
from 75% by France to 80% by Germany and the UK. this 
is likely to have very significant implications for the whole 
of the economy and society, and therefore for the aviation 
industry.

the stern Review (stern 2007) identifies three elements of 
policy which are required for an effective response:

n Carbon pricing – through taxation, emissions trading 
or regulation, so that people are faced with the full so-
cial costs of their actions. the aim should be to build 
a common global carbon price across countries and 
sectors. This could significantly impact on the cost of air 
transport.

n technology policy – to drive the development and 
deployment at scale of a range of low-carbon and 
high-efficiency products. For aviation, this means step 
changes in airframe and engine design and alternative 
fuels.

n Action to remove barriers to energy efficiency and 
to secure the engagement of individuals. Fostering a 
shared understanding of the nature of climate change, 
and its consequences, is critical in shaping behaviour, 
as well as in underpinning both national and interna-
tional action. This could influence public attitudes to air 
transport.

Given the high abatement costs of the aviation sector, 
the fact that the industry is technologically mature, the 
long lead-in times involved in developing aviation infras-
tructure, and the long in-service lifetimes of aircraft, there 
is limited potential for radical technological progress to 
be made in the short to medium term – although those 
options may be far more promising in the long term (Dft 
2004). similarly, operational measures require conside-
rable investment to be made – including major revisions 
of airspace and of AtM systems and procedures – if they 
are to drive substantial improvements in environmental 
performance, although some improvements in efficiency 
can be achieved in the short to medium term. the limita-
tions of technological and operational options mean that 
success in meeting the challenge of sustainable aviation 
growth depends on the formulation and development 
of effective policy – although progress in this area has 
hitherto been limited (see, for example, Pastowski 2003: 
180).

numerous policy instruments are available to policy-
makers, and many of these have received scrutiny from 
a wide range of stakeholders; those instruments may 
be categorised as regulatory, market-based and volun-
tary approaches. Proposals to cap aviation emissions, to 
impose taxes and emissions charges, to use or remove 
subsidies, to issue tradable permits for aviation emis-
sions and to encourage the use of voluntary agreements 
have received scrutiny from commentators (Bishop and 
Grayling 2003; IPCC 1999; Pastowski 2003). such proposals 
have individual strengths but they are also problematic 
for a variety of reasons. Regulatory approaches face the 
problem that air transport is an international industry 
which spans national jurisdictions – and nations have 
varying capacity to monitor and enforce environmental 
standards. Market-based approaches must address issues 
related to the varying competitiveness of air transport 
service providers. voluntary approaches – such as carbon 
offsetting and voluntary codes of conduct – face the 
criticism that they are too weak to catalyse the profound 
behavioural change which is required to ensure that air 
transport is compatible with the requirements of sustai-
nable development.

3.3.5 Regulatory policy instruments

Regulatory approaches involve the imposition of stan-
dards; this approach is frequently used in environmental 
management, especially where pollutants pose a risk to 
human health (e.g. as discussed in section 4.2, eC Air 
Quality Legislation). International aviation is subject to 
regulatory standards during the ICAo engine certifica-
tion process, in which emissions of hydrocarbons, Co, 
nox and smoke must not exceed specified values. this 
provides a starting point for the management of avia-
tion impacts on local air quality (IPCC 1999: 343). Aircraft 
noise is also regulated by ICAo, which has defined stan-
dards for aircraft noise performance. these, if exceeded, 
preclude aircraft from operating in many airports. the 
most recent noise certification standard (known as 
‘Chapter 4’, referring to the definition of the standard 
in Annex 16, volume I to the Chicago Convention) was 
adopted by ICAo in 2001 and was introduced on 1 
January 2006. In relation to climate change, international 
aviation is currently exempted from any fixed limits or 
caps of its greenhouse gas emissions under the Kyoto 
Protocol. Consequently, limited progress has been made 
in managing the greenhouse gas emissions of the sector 
since the Kyoto Protocol was signed (Faber et al. 2007: 
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13). Article 2.2 of the Kyoto Protocol states that Annex I 
nations should ‘pursue limitation or reduction of emis-
sions of greenhouse gases not controlled by the Montreal 
Protocol from aviation [...] bunker fuels, working through 
the International Civil Aviation organization [...]’ (Un 1998: 
2; see also yamin and Depledge 2004: 85-87). Discussions 
are in progress to determine the potential for aviation to 
be subject to emissions limits in an international post-
2012 climate agreement, although it is unclear whether 
such an approach will be politically acceptable, given 
the importance of growing demand for international air 
transport for the economic development of nations (The 
Economist, 10 June 2006: 10).

3.3.6 Market-based policy instruments

Market-based approaches are based on the principle 
of creating economic incentives and disincentives for 
particular activities. Under such approaches, polluters 
are not prohibited from causing environmental damage, 
but they incur financial penalties for doing so and 
hence are encouraged to bring environmental impacts 
within the scope of their decision-making. Conversely, 
market-based approaches may be used to make environ-
mentally desirable courses of action more advantageous to 
polluters. Market-based policy instruments include a 
range of incentives and disincentives. the main types 
used in environmental management are taxes, charges, 
subsidies and tradable (or marketable) permits. All of 
these types of policy instrument are either already 
in use or under consideration as a response to the 
environmental impacts of aviation, and some will almost 
certainly form part of future policy frameworks. However, 
implementing market-based mechanisms is not easy: 
complex issues must be negotiated, such as the varying 
competitiveness of air transport service providers, and 
the need to facilitate access to international air transport 
markets on an equitable basis between nations whilst 
also addressing the varying costs of pollution – and of 
pollution abatement – between nations.

the idea of fuel taxation has prompted fierce debate 
within the aviation industry, given the sensitivity of air 
transport to kerosene prices. the Chicago Convention 
precludes the taxation of fuel in transit. Whilst individual 
nations may implement their own environmental fuel 
charges, few have done so for domestic aviation, and 
the fuel used in international aviation remains untaxed 
(Cairns and newson 2006; Carlsson and Hammar 2002: 

366; IPCC 1999: 345; Mendes and santos 2008; Pearce and 
Pearce 2000: 3; seidel and Rossell 2001: 28-29; Wit et al. 
2004). the introduction of a tax on fuel used for interna-
tional flights is also hindered by the complexities involved 
in creating the necessary legal framework: fuel taxation 
is precluded by the several thousand existing bilateral 
air service agreements (AsAs) between nations. Further 
issues might also emerge if aviation fuel taxes were not 
implemented widely and consistently, as economic 
distortions could create an incentive for airlines to uplift 
cheaper fuel – by tankering – in countries where the tax 
did not apply, with the net effect that aviation emissions 
could increase and the original purpose of the tax would 
be negated (Wit et al. 2004: 43). similarly, airlines may 
change their routeing to take advantage of hub airports 
in untaxed regions. other forms of taxation could be 
used to restrain demand for air travel and thereby curb 
emissions. For instance, imposing value added tax (vAt) 
on international air tickets, which are currently vAt-free 
(although this option is regarded as logistically complex) 
or through increases in the air passenger duty (APD) (an 
option which is regarded as a ‘blunt instrument’; Cairns 
and newson 2006: 78, 83). the level of any tax is critical: 
Cairns and newson (2006: 53) acknowledged that ‘very 
large increases in fares would be needed to make a 
difference to demand’ and that such increases would be 
politically unacceptable.

emissions charges offer an alternative to fuel taxation 
and represent a straightforward means of increasing 
the cost of environmentally detrimental practices. 
emissions charges face fewer legal obstacles than fuel 
taxes as they are not explicitly precluded by legally 
binding agreements. Additionally, if emissions charges 
were introduced on an en route basis, there would 
be a smaller likelihood that tankering would occur in 
response (IPCC 1999: 346; Wit et al. 2004).

subsidies are another type of market-based instrument 
designed to provide direct incentives for environmental 
protection. subsidies have been widely used in attempts 
to control pollution and to mitigate the financial impacts 
of regulations, by helping polluters to meet the costs of 
compliance; they may take the form of grants, loans or 
tax allowances. In aviation, subsidies could be used to 
accelerate fleet replacement or to promote the deve-
lopment and use of alternative fuels (as well as other 
technologies) to reduce the environmental impacts of 
aircraft (Lambert 2008; RCeP 2002).
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tradable (or marketable) permit schemes represent 
another market-based policy instrument used for aviation, 
and provide polluters with incentives to reduce pollution 
by creating a new market with defined property rights 
(Gander and Helme 1999; seidel and Rossell 2001: 29). 
tradable permit schemes operate on a simple principle: 
(a) a total level of pollution is defined for a specific region; 
(b) permits equalling that level are subsequently distri-
buted among polluters in the region; (c) those permits can 
then be traded, either among polluters or between the 
operational sites of individual polluters. Hence tradable 
property rights are assigned to polluters. the overall level 
of emissions for the industry is fixed (as with a regulatory 
standard), but once the market is operating, the distribu-
tion of permits – and thus of emissions – is determined by 
the polluters trading in the market. the trade in permits 
should in theory result in a concentration of emissions 
reductions at those sources where they can be achieved 
at least cost. Polluters faced with high abatement costs 
can purchase permits from polluters who have achieved 
emissions reductions, as that course of action is cheaper 
than incurring abatement costs.

For aviation, which would incur high abatement costs for 
its impacts on climate, the possibility of buying additional 
emissions permits from other sectors could offer a way of 
enabling growth despite increased constraints on emis-
sions at national or international levels (assuming that 
sufficient emissions reductions can be achieved by other 
sectors; Dft 2004).

Under the Kyoto Protocol, the use of tradable permits 
within emissions trading schemes is evolving as an impor-
tant element of international climate policy. the largest 
scheme in the world is the eU emissions trading scheme 

(eU ets), now in its second trading period. Aviation was 
not included in the initial round of the eU ets. However, in 
november 2008 eU Directive 2008/101/eC was published 
amending the original ets Directive to include aviation 
activities (eC 2008). 

the implications of this are that from 1 January 2012, 
all non-exemptible aviation activity arriving to or depar-
ting from an eU-27 Aerodrome will be covered by the 
ets. Prior to this, 2010 will act as a ‘benchmarking’ year, 
such that aircraft operators who submit verified tonne-
kilometre monitoring reports by 31 March 2011 will be 
eligible to receive a proportionate share of the available 
carbon allowances. some logistical issues are still being 
resolved, such as procedures for verification, and while 
the historical emissions cap based on 2004-2006 avia-
tion emissions remains to be set, this is expected to be 
announced by Autumn 2010. 

From 1 January 2010, the scheme was expanded to 
include the european economic Area countries norway, 
Iceland and Liechtenstein, whose aviation-related emis-
sions will also have to be included in the cap-setting 
exercise. It remains to be seen whether the eU ets may 
eventually form the basis for a global scheme (eC 2010), 
any guidelines for which would be expected to emerge 
from the UnFCCC processes. 

As with direct fare increases, the carbon price in a 
trading scheme would have to be very high before 
aviation demand and emissions started to reduce 
significantly (tol 2007) owing to that alone. there are 
many other factors to consider which determine ticket 
prices and drive operational efficiency. However, as with 
any cap and trade scheme, the eU ets is expected to 
drive efficiency measures, although to what extent and 
what the overall costs will be for operators remain to be 
seen and will be dependent on how the market price of 
carbon develops. 

3.3.7 Voluntary policy measures

Policy approaches based on voluntary measures rely on 
organisations’ and individuals’ making decisions which 
take account of environmental concerns even in the 
absence of direct regulatory requirements or economic 
incentives. such voluntary decisions may be motivated 
by a variety of concerns. Polluters may believe that 
working cooperatively with regulators is more likely to 
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lead to sympathetic regulation of their operations, or 
they may perceive greater opportunities to influence 
the regulatory process if they can demonstrate subs-
tantial voluntary efforts to improve their environmental 
performance. Polluters may also adopt voluntary 
measures in anticipation of stricter regulation in the 
future, especially if early adoption offers them a compe-
titive advantage. they may voluntarily adopt cleaner 
processes in order to standardise their operations 
across countries or regions, and they may seek to maxi-
mise their access to worldwide markets by adopting 
processes which would comply with the environmental 
regulations of the strictest country. Ultimately, organi-
sations may voluntarily improve their environmental 
performance if they believe that consumer expecta-
tions require such action, and in order to improve their 
consumer relations and brand images by demonstra-
ting corporate responsibility, either environmentally 
or socially. voluntary measures currently focus on the 
use of carbon offsetting, on commitments to achieve 
carbon neutrality, and on the adoption of a range of 
broader corporate responsibility initiatives.

Carbon offsetting has become a widespread response to 
the challenge of climate change. In 2006, an estimated 
1.5 million people in the UK paid to offset the emissions 
of a flight (New Scientist, 24 February 2007: 35; see also 
Bayon et al. 2007; Gössling et al. 2007; Jardine 2005; 
Rousse 2008). there are many issues associated with 
carbon offsetting, especially in relation to aviation. these 
relate mainly to the measurement of emissions and to 
the cost, permanence and credibility of offsets. the 
main areas of concern are that offsetting is not a suffi-
cient measure to address climate change, as it does not 
address all of the climate impacts of aviation; it requires 
accurate measurement of the emissions generated and 
those saved elsewhere; it requires an appropriate price 
to be put on one tonne of Co2e (carbon dioxide equi-
valent, i.e. including the effects of non-Co2 greenhouse 
gases); it requires demonstrating additionality, which 
represents a considerable challenge; offsetting schemes 
are unregulated, may be overpriced and are vulnerable 
to fraud; schemes can be inefficient; offsets may not be 
permanent; schemes may create problems of carbon 
leakage; projects may have mixed sustainable develop-
ment co-benefits; and schemes may be a distraction 
from the real challenge of reducing emissions, and so 
could delay the transition to a low-carbon economy. 
Given these concerns, offsetting is now acknowledged 

to be a highly problematic response to the challenge 
of climate change (see Brouwer et al.2007; DeFRA 2007; 
Friends of the earth 2006; The Guardian, 16 June 2007: 
15, Hooper et al. 2008).

nevertheless, the use of carbon offsetting increasingly 
forms an element of corporate commitments to achieve 
carbon neutrality. Within the aviation industry, such 
commitments are now being made by some airport 
operators. However, those commitments involve subtle 
questions of definition and coverage. Airport opera-
tors define their spheres of responsibility and influence 
in various ways, and in particular they differ in their 
‘ownership’ of aircraft emissions in the vicinity of the 
airport. some airport operators accept responsibility 
for aviation emissions produced throughout the aircraft 
landing and take-off (Lto) cycle, whilst others restrict 
their responsibility to those emissions generated while 
aircraft are parked at the gate or are manoeuvring on 
the apron and taxiways. such differences in coverage 
have potentially major implications for the magnitude 
of the carbon burden to be mitigated, and for the possi-
bility that some emissions may not be apportioned to 
any particular polluter. However a given airport’s sphere 
of responsibility may be defined, airport operators have 
a much larger sphere of influence over airlines and, in 
addition to demonstrating carbon neutrality for their 
own operations, could focus greater efforts on encou-
raging airlines to achieve emissions reductions – for 
example by accelerating their fleet renewal processes 
(Hooper et al. 2008).

the costs of meeting the IAtA vision of carbon-free 
aviation within 50 years will be very significant indeed 
and require significant investment by the aerospace and 
airline industry, as well as governments and the users 
of the air transport industry. Within this framework, 
the payment of carbon offsets is problematic for two 
reasons, firstly because such action does not assist the 
industry to develop new technologies, but, more impor-
tantly, because it diverts funds which could be used to 
support aerospace technological development in other 
sectors. there is thus an argument for the global air 
transport industry to develop its own carbon offset (or 
more correctly carbon compensation) fund to support 
the radical step change in aircraft propulsion which is 
needed by the industry.
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3.4 Potential climate change impacts on
 European ATM

Climate change now represents a critical business risk to 
aviation, which could significantly affect the growth and 
development of AtM. there is an emerging consensus 
and a high level of confidence on likely large-scale future 
changes in some european weather parameters, such as 
temperature, rainfall, snow and frost. In other respects, 
such as future jet stream strength, the exact effects of 
climate change remain uncertain owing to the limited 
number of studies and the resolution of the current 
generation of climate models. these changes and their 
potential impacts on AtM (both in general and on sesAR 
specifically) are summarised in the following table and 
described in more detail in Annex 2.

Demand is usually modelled as a function of several 
variables, with the most important typically being popu-
lation and GDP or average income in the origin and 
destination regions, cost (ticket price and/or value of 
time) and specific parameters relating to the region being 
served (e.g. as a tourist, business or administrative  desti-
nation or capital city). As can be seen from the following 
table, climate change has the potential to affect many 
of these variables, and hence air transport demand. For 
example, higher mean temperatures could adversely 
affect tourism demand in some traditional summer (e.g. 
Mediterranean) and winter (e.g. ski resort) destinations, 
but it also could prolong the length of tourist seasons and 
hence increase demand in other more temperate regions. 
similarly, changes in precipitation, local water supply 
and flooding could not only affect a location’s tourism 
potential, but also population and income levels of local 
residents in the affected regions (e.g. where local industry 
is based on agriculture), as well as airport availability and 
access.

these and other climate change impacts may also 
influence aircraft operations, and hence AtM in the 
future as well. Increased local temperature levels would 
result in reduced aircraft performance, changing runway 
length requirements on take-off (potentially reducing the 
size of aircraft which could operate from a runway of a 
given length) and climb performance (requiring modifi-
cations to airspace and standard operating procedures). 
Changes in the tropopause, jet stream and winds would 
affect aircraft during cruise operations in terms of optimal 
routeing, altitudes and speeds for most efficient trajecto-
ries which minimise environmental impacts.

one of the major causes of disruption to AtM operations is 
adverse weather, especially increased intensity or changed 
location of convective weather activity, winter storminess, 
severe turbulence, wind shear and occurrence of snow/
ice/fog. Projections indicate that extreme weather events 
are likely to occur more frequently – and may also be 
more severe – as a result of climate change the increased 
frequency and severity of extreme weather events may 
present an even greater threat to aviation than the higher 
summer temperatures and water scarcity which are also 
projected to occur in parts of europe owing to the chan-
ging climate (see Annexes 1-2). Meteorological factors 
may cause aircraft diversions and may result in aircraft 
being grounded and airports closed. these issues place 
even greater importance on weather forecasting capabi-
lities to provide robustness of system performance in the 
face of adverse weather, or to allow system resources to 
be maximised when weather conditions are favourable 
(e.g. with reduced fog days).

3.4.1 Impacts on SESAR implementation plans

Historically, european airspace has been fragmented 
along country borders, with each nation having their 
own air traffic management (AtM) system. As traffic levels 
and pressures for greater economic and environmental 
efficiency have increased, the limitations of this airspace 
structure and lack of full system integration have become 
increasingly apparent and a constraint to further system 
improvement. this has led to programmes to form a 
smaller number of functional airspace blocks (FABs), which 
harmonise the airspace design and integrate systems in 
a wider geographic region, with the ultimate objective 
of forming a full set of harmonised FABs under a “single 
european sky” by 2020. to make this vision a reality, the 
single european sky AtM Research (sesAR) initiative has 
high-level goals, by 2020, of:

n providing three times the current capacity;
n reducing the environmental impact of each flight by 

10%;
n cutting AtM costs in half;
n improving safety by a factor of ten.

sesAR will need to meet these goals in the face of fore-
cast continued growth in demand for air transportation 
services. However, the potential climate change effects 
identified here could also have a major impact on the way 
in which air traffic needs to be managed in europe in the 
future and hence affects sesAR implementation plans if 
targets are to be achieved. 
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Potential effect Primary climate 
change effects Confidence ATM impacts SESAR impacts

Temperature change n	 Higher mean tempe-
ratures, especially in 
winter for N. Europe and 
summer for S. Europe

n	 Higher, colder tropo-
pause

High - long observational record of temperature increases, all 
studies considered concur on further increases and in patterns 
of regional and seasonal change.

n	 Demand re-distribution
n	 Aircraft performance changes
n	 Optimal cruise altitude 

changes

n	 Distribution of capacity 
requirements

n	 Terminal and en route 
airspace design

n	 Standard operating pro-
cedures

n	 Traffic flow management 
strategies

Snow & frozen 
ground

n	 Fewer days of snow/
frost (especially Alps, 
Scandinavia, N. Baltic)

High - Medium - all regional models considered showed same 
broad-level response, but are driven by the same global model. 
Regional model projections concur with independent studies. 

n	 Demand re-distribution
n	 Reduced de-icing and snow 

clearance requirements

n	 Distribution of capacity 
requirements

n	 Airport infrastructure requi-
rements

n	 Increased importance of 
forecasting

Precipitation & 
water supply

n	 Increased precipitation 
in N. Europe: winter 
flooding

n	 Decreased precipitation 
in S. Europe: summer 
water shortages

High - Medium - all studies considered agree on large-scale 
regional and seasonal patterns of precipitation change but 
not on exact magnitude. All studies considered indicate future 
increases in intensity and frequency of droughts for Southern 
Europe. Exact magnitude of change remains uncertain owing 
to concerns over soil parameterisation in regional climate 
models.

n	 Demand re-distribution
n	 Airport availability

n	 Distribution of capacity 
requirements

n	 Airport access, infrastructure 
& availability

Jet stream n	 Jet stream changes: 
movement poleward 
and upward

Medium - Low - 11 of the 15 models considered agree on 
continued poleward movement of storm tracks. Exact changes 
in storm frequency and intensity remain uncertain owing to 
uncertainties in the detailed model physics needed to repre-
sent these changes accurately. 

n	 Changes in storm tracks and 
hence location of possible 
weather disruption

n	Wind strength and direction 
changes at surface and in-
flight

n	 Increased importance of 
forecasting 

n	 Optimal flight routeing 
changes

n	 Airport operations in cross-
winds

Convective weather n	 Increased intensity of 
precipitation events, 
lightning, hail and 
thunderstorms

Medium – Low - severe convection results derived from 
changes in occurrence of related phenomena, such as intense 
precipitation events. Uncertainty surrounding modelling of 
convection and a limited number of studies give low confi-
dence in exact magnitude of change.

n	 Increased convective weather 
disruption

n	 Increased importance of 
forecasting

n	 System robustness to 
weather disruption

Sea level n	 Increased mean sea 
level

n	 Increased impacts 
of storm surges and 
flooding

High – Medium – all studies considered concur that European 
sea levels will continue to rise. Questions remain over exact 
local extent of sea level rise due to regional influences such 
as El Niño. Confidence in changes to extreme water levels is 
lower than that for sea level projections owing to fewer studies 
and the dependence on changes in the storm track, which are 
uncertain.

n	 Demand re-distribution
n	 Demand re-distribution

n	 Demand re-distribution
n	 Demand re-distribution

Visibility n	 Decrease in winter days 
affected by fog

Low - fog and haze are boundary-layer features not well re-
presented by climate models owing to their coarse resolution. 
There are no studies outside those of the Met Office Hadley 
Centre, so although results from a single model study are 
plausible, they are not necessarily reliable and should not be 
generalised.

n	 Fewer capacity restrictions 
due to reduced visibility

n	 Increased importance of 
forecasting
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Most climate change effects are highly uncertain, and 
hence so too are the consequences for AtM. sesAR 
implementation plans will therefore need to be capable 
of producing a system which can not only meet the 
forecast growth in traffic, but also adapt to climate 
change factors (if and when they occur) as they impact 
on the high-level goals of the programme. For example, 
any change in demand distribution will similarly affect 
the distribution of capacity enhancements required to 
be delivered by sesAR in the future. this would affect 
how airspace in the european region is allocated in the 
future, and regions which have high relative demand 
today may have lower relative demand in the future, 
and vice versa.

Airspace may also need to be configured to account 
not only for the wider range of performance of new 
and old aircraft types present in the system over the 
coming decades, but also for performance variability 
introduced by climate change effects. to meet envi-
ronmental targets, it will be necessary to permit aircraft 
to operate as often as possible along their optimum 
routeing, altitude and speed trajectories (which in turn 
will be affected by climate change as indicated above). 
As traffic levels increase in the future, the impact of 
off-nominal operations, caused for example by adverse 
weather events, will have greater potential to cause 
massive system disruption, increasing the importance 
of support systems such as weather forecasting and 
airspace/airport demand and capacity forecasting 
technologies.

In all cases, flexibility in ATM system operation without 
major loss of performance will be of critical importance. 
sesAR already includes plans for major improvements 
in system technology and integration, centred on 
the use of advanced communication, navigation and 
surveillance technologies integrated to permit strategi-
cally de-conflicted four-dimensional optimal trajectory 
control. However, these technologies and new opera-
ting paradigms must be capable of accounting for the 
(uncertain) impacts of climate change discussed above, 
if the capacity, environment, cost and safety targets of 
sesAR are to be met. 

3.5 The implications of climate change for
 the European air transport system

Forecasting air traffic demand is a complex process which 
relies on a significant number of dynamic variables. 
Historically, demand growth has primarily been driven by 
rising levels of wealth and population, and a decrease in 
real terms in average fares. Policy levers aimed at redu-
cing demand growth typically involve some form of fare 
increase. Airport capacity constraints may also impact on 
demand by increasing airline costs (which may or may 
not be passed on to passengers) and delays. this raises 
the generalised cost to passengers (i.e. the fare plus cost 
of travel time via the value of a passenger’s time) of travel-
ling. environmental factors of importance were, in the 
past, those which generated airport capacity constraints, 
especially aircraft noise and local air quality, although a 
study by eURoContRoL in 2003 revealed ecological 
concerns, energy and water availability as potential addi-
tional constraints. over the past 5 to 10 years, however, 
climate change has rapidly emerged as the most signifi-
cant environmental threat from and to the future growth 
and development of european aviation.

3.5.1 Future regulatory responses to the climate 
challenge

Climate change poses a significant challenge for govern-
ments, businesses, civil society and the air transport 
industry alike. the pace of governmental response is 
accelerating, with europe taking the lead, although a 
growing number of other countries are adjusting their 
policy positions to reflect the climate challenge. the 
imminent change in the Us administration is likely to 
result in international actions to control emissions, and 
this could rapidly alter the political climate affecting the 
air transport sector. It is therefore reasonable to suppose a 
move towards greater regulatory intervention in aviation 
with the objective of mitigating its climate impacts.

Although currently only responsible for a small percentage 
of emissions from human activities, aviation is particularly 
exposed because it is likely to be a legacy user of carbon 
fuels and emitter of greenhouse gas emissions and also 
because these emissions are growing while other sectors 
are likely to reduce theirs.
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the eC and its member states remain supportive of the 
continuing growth of air transport, even in the context 
of climate change. At the present time, government 
efforts to constrain aviation climate change emissions 
are focused on encouraging and supporting delivery of 
technological and operational improvements, promo-
ting aviation’s inclusion in the eU emissions trading 
scheme (eU ets) and in some countries promoting the 
use of carbon offsets by air travellers. emerging science 
is, however, suggesting that climate change could be 
happening more rapidly than previously believed (e.g. 
Garnauld 2008; stern 2008), suggesting that a more 
robust response from regulators could be forthcoming. 
evidence of this may be found in the following:

n the agreement made by eU member states on 12 De-
cember 2008 on a 20% reduction in Co2 emissions by 
2020.

n the UK government announcement, in november 
2008, that it was increasing the Co2 reduction target 
in its Climate Change Bill from 60% to 80% by 2050 
(at the same time it signalled its  intention to  include 
international aviation and shipping).

n the report of the UK Commission on Climate Change 
published in December 2008, which reinforced this 
position and proposed that radiative forcing be used 
as an indicator of climate change emissions. this 
could have important implications for aviation.

n A French government policy review which envisages 
more stringent infrastructure development hurdles as 
well as growth in market and fiscal instruments which 
will affect the aviation sector.

n there is significant momentum behind moves to in-
clude international aviation emissions in the future 
successor agreement to the Kyoto Protocol.

n More than one european government is considering 
Co2 emissions limits for airports (as exist in sweden) 
linked to an emissions trading scheme.

n Proposals are being discussed for ‘personal annual 
carbon allowances’ which could result in individuals’ 
having to allocate a high proportion of their ‘bud-
get’, or purchase carbon credits, in order to be able 
to fly.

At the same time, although there is already considerable 
evidence of the need for additional airport capacity across 

the european air transport network, the issue of climate 
change is being used to argue against further airport 
infrastructure development:

n Recent reports by the UK government’s sustainable 
Development Commission and IPPR concluded that a 
new evidence base, establishing the true benefits and 
impacts of aviation, must be created before any fur-
ther decisions on major airport expansion take place 
(see Bishop and Grayling 2003; RCeP 2002).

n A recent presidential review in France concluded that 
no further major airport infrastructure development 
should take place at airports unless environmental 
benefit could be demonstrated.

n environmental nGos argue that increases in aircraft 
emissions could prevent the achievement of climate 
change reduction targets and that planning approval 
for future airport infrastructure (e.g. a third runway at 
Heathrow) should therefore be refused. such groups 
are promoting public awareness through protest and 
court action, and are finding synergy with local com-
munity groups opposing airport development.

Regulatory decision-making will not only be influenced 
by external factors such as the current financial down-
turn, but also by political changes both within the eU and 
further afield (for example, the UsA).

At global level, both ICAo and industry stakeholders 
working through AtAG (the Air transport Action Group) 
are responding to the climate challenge in various ways. 
In the run-up to the UnFCCC CoP 15 in December 2009, 
a high-level group established a set of goals including 
fuel efficiency targets and plans to develop a global 
Co2 standard for aircraft. Based on the work of the ICAo 
Group on International Aviation and Climate Change 
(GIACC), these were developed in an effort to secure 
international agreement on aviation emissions reduc-
tion measures which met the broader expectation of 
the Un community. AtAG, whose members include 
IAtA, CAnso, ACI and ICCAIA,  also developed a set of 
similar goals, positioning aviation as one of the few, if 
not the only, industry to be tackling climate change as a 
united sector. ICAo now has a deadline of the UnFCCC 
Cop 16 in December 2010 to devise a more detailed 
strategy. 
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Any failure to deliver may give rise to more stringent pres-
sures from the Un Framework Convention on Climate 
Change to take international aviation emissions under their 
control. either way, it is to be anticipated that within a few 
years the international aviation sector will be increasingly 
expected to adopt tougher action at operational level 
as well as through technological advancement, which 
may lead to increasingly stringent emission standards for 
aircraft. It should be noted that ICAo is now looking into 
the development of an engine Co2 standard. Although, 
the introduction of market-based measures at global level 
cannot be ruled out as another element within an envi-
ronmentally-driven regulatory framework, there is little 
support for that at this stage.

3.5.2 The effect of climate change on public
 attitudes to air travel

the engagement of the general public (as well as industry) 
is seen by governments as being critical if climate change 
reduction targets are to be met. Climate change now 
features regularly in media reports and advertising in 
some parts of europe. opinion polls confirm an increasing 
awareness of, and concern about, climate change. only 5 
years ago, this was focused on forecasts of future changes 
in the climate and there was still a degree of scepticism 
amongst the general public. today we are beginning to 
see the effects of climate change happening, and this is 
likely to affect public attitude. ‘Climate shocks’ (whether 
real or perceived), such as the unprecedented heat wave 
experienced in europe in 2003, or summer melting of 
the Arctic ice cap, could also significantly change atti-
tudes and could not only impact on demand but also 
facilitate greater intervention. While surveys confirm that 
individuals still give considerable priority to flying, a small 
but growing number indicate that they will fly less in the 
future. It is, however, difficult to predict how widespread 
such attitudinal change could become over the next 2 to 
3 decades.

3.5.3 Climate change impacts on the air transport 
industry 

the economic implications of regulatory and industry 
responses to climate change, potentially coupled with an 
increasing cost of fuel, could significantly influence the 
price of air transport and hence passenger and air freight 
demand. It may also establish a closer link between ticket 
prices and distance flown (fuel consumption/emissions). 

these factors, when coupled with changing weather 
conditions in various parts of europe, could affect 
patterns of demand (especially for leisure travel). typically, 
short-haul flights carry a higher proportion of business 
travellers, who are less sensitive to ticket price increases 
than leisure travellers (e.g. Bhadra 2003). If, in addition, 
these flights attract lower emissions charges because of 
the shorter distance flown, this could lead to an increase 
in the proportion of short-haul flights relative to long-haul 
ones. However, environmental policies affecting other 
transport modes may also have significant effects on air 
transport demand. In particular, investment in high-speed 
rail connections between cities may reduce demand for 
air transport on those routes.

the need to better match supply and demand and so 
minimise climate change emissions and capacity use 
may affect airline route competition, fleet scheduling 
and alliances, as well as route network development. the 
climate change implications of hubbing as opposed to 
point-to-point operations have yet to be fully assessed. An 
analysis by Jamin et al. (2004) for the Us suggested that 
the picture is complex and involves trade-offs between 
cruise and local airport area emissions.

the long-term operational capacity of airports could 
also be constrained if infrastructure is not developed to 
take account of the future climate as well as noise and 
air quality pressures. Capacity stagnation represents a 
significant threat to AtM efficiency through ‘knock-on’ 
gate-to-gate efficiency losses and related en-route delays. 
Furthermore, as indicated above, increasing incidence of 
extreme weather, either locally or en route, could result 
in airline delays, re-routeing and congestion, with conse-
quences for airport capacity requirements. However, 
capacity constraints arising from demand growth in 
combination with political reluctance to expand airports 
may prove a more significant constraint in the short to 
medium term.

3.5.4 The impact of climate change on aviation 
markets

How climate change – both in general and in its consti-
tuent components – will impact on aviation markets is 
a matter of speculation and informed debate. What little 
literature there is on the topic suggests that there is as 
yet little consensus as to what changes might result, or 
whether those changes will be forced on the aviation 
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industry, led by the industry, or, more likely, a combina-
tion of the two (Doganis 2008; Mason & Miyoshi 2008; 
Aviation strategy 2008; Flouris & oswald 2006).

there are two main issues to identify here: firstly, in what 
ways climate change may force the industry to make 
changes to its business models and strategies, either 
through gradual readjustment (e.g. fleet replacement 
resulting from deteriorating aircraft operational perfor-
mance with increasing temperatures) or policy regulation 
(e.g. fleet replacement following the pressures resulting 
from the eU’s ets); and secondly, in what ways climate 
change may be seen to present new business oppor-
tunities (e.g. the opening of new tourism markets in 
north-eastern europe in a warmer and extended summer 
season) and with it the potential for new and as yet 
untried business models and/or reinvigorated strategies 
(e.g. developing the inclusive tour business in those new 
markets). Whereas the former is an essentially reactive stra-
tegic response, seeking to minimise risk and uncertainty 
where possible, the latter is inherently more transforma-
tive, seeking to exploit that risk and uncertainty in novel 
ways.

the most obvious illustration of where these two 
approaches come together is in the impact of energy 
supplies (specifically the relative price of aviation fuel) on 
airline operations and the ways in which aircraft fuel burn 
shapes business models and strategies (schlumberger 
2008). It is clear that in recent years the gradual coming-
together of a concern for climate change with changing 
business models has coalesced around the price of aviation 
fuel and its impact on the cost-base of aircraft operations. 
For example, there is some evidence to suggest that both 
easyJet and Ryanair have in recent years reconfigured 
their business strategies around the need to reduce fuel 
burn – and aircraft purchasing and replacement policies, 
together with decisions about power plants, have been 
key drivers. Whether there is the potential for the long-
term development of a ‘green-gold coalition’ here is a 
matter for argument and debate (Goodwin 1993) and 
beyond the scope of the present study. suffice it to say 
that it is not impossible to imagine such a shared focus of 
attention bringing climate change mitigation strategies 
together with a profitable business model.

Quite clearly, aircraft purchasing and fleet replacement 
policies reflect huge long-term capital investment deci-
sions which, once made, have a massive impact on shorter 

term operational strategies – essentially how to fly indivi-
dual aircraft, where, when and with what frequency. It is 
here that aircraft fuel burn shapes business models and 
strategies, leading to variations on a theme rather than 
to paradigm shifts. In earlier years, the rise of the low-cost 
carriers was seen as an illustration of a paradigm shift in 
airline business models. today, partly as a strategic response 
by the network or legacy airlines, european aviation is 
dominated by a hybrid business model (i.e. variations on 
the theme of lower-cost/higher-value services), where the 
constant pressure to lower the cost base is shared with the 
need to enhance revenue streams, wherever possible, by 
pricing the individual elements of a service (such as credit 
card, desk check-in and baggage surcharges, plus value 
add-ons such as hotels, car hire and airport parking). the 
increasing dominance of price-based competition across 
europe can only partly guarantee an airline’s survival if it 
is accompanied by a ruthless and constant focus on redu-
cing the cost-base and maintaining some quasi-monopoly 
presence at at least one or more major base airports. Also, if 
the cost of aviation fuel is becoming ever more significant 
in the longer term (and discounting the current short-run 
collapse in oil prices due to impending global recession 
and the threat of losing that quasi-monopoly airport status), 
then the ability to exploit or minimise risk and uncertainty 
begins with the ability to manage an airline’s future fuel 
bills. to give an indication of the significance of this for one 
major airline, in the year 2007/08, British Airways’ fuel bill 
amounted to £2,055 million, against total revenue of £8,753 
million. For 2008/09 it is expected to exceed £3,000 million. 
to put these numbers into perspective, a recent estimate of 
its market capitalisation as a Ftse100 company has valued 
BA at just £1,840 million.

the ways in which many if not most airlines in europe 
currently cope with fluctuations in the price they pay 
for aviation fuel compared with the spot price for oil is 
through a complex process of hedging – and in parti-
cular what is referred to as a dynamic hedging strategy 
based on ‘over-the-counter’ derivatives (Cobbs & Wolff 
2004). otC derivatives are traded directly between airlines 
and investment banks, with most airlines contracting 
with three or four different banks to diversify risk and 
get the best pricing possible. the ability to customise 
these contracts greatly facilitates the implementation of 
a dynamic hedging strategy, which is successfully used by 
southwest, and, to a lesser extent, JetBlue. this strategy 
is based on the presumption that the oil price cycle is a 
‘mean-reverting process’, or that it moves in cycles rather 
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than consistently in one direction. Given this characte-
ristic, it is possible to implement a hedging strategy which 
enables airlines to lock in prices at the low point in the 
cycle while capping prices at the high end to take advan-
tage of eventual price declines. the ability to identify the 
low points and high ends of this cycle and then negotiate 
price is therefore critical to the success or otherwise of 
what to all intents and purposes is high-risk gambling on 
the global oil trading futures market. 

to illustrate how this process works, it is interesting to 
follow the example of Lufthansa. the hedging strategy 
is based on internal forecasts of its need for aviation fuel 
24 months in advance, rolled forward each month. each 
month, 5% of that fuel requirement is bought in advance, 
on the basis of the prevailing price negotiated with one 
or more of its financial partners. By month 20, all aviation 
fuel will have been purchased, the assumption being 
that purchasing such relatively small increments reduces 
risk and uncertainty even if, at the end of the period, the 
average price paid is marginally higher than at times in 
the preceding 19 months. 

Given that the international market for aviation fuel is 
universally priced in Us dollars, all european airlines face 
the problem of coping not only with fluctuations in the 
oil price but also those in local currencies traded against 
the Us dollar. In the eU eurozone, this requires airlines to 
operate an additional dynamic hedging strategy based 
on a further high risk gamble, this time against the global 
Us$/euro futures market. For non-eurozone countries like 
the UK, this means gambling against the global Us$/local 
currency futures market. the key to survival and success 
clearly lies in an individual airline’s ability to second-guess 
both the global oil trading futures market and the global 
currency futures market simultaneously and to synchro-
nise both hedging strategies to their advantage.

this discussion may seem a long way from the issues asso-
ciated with climate change impacts on aviation markets 
but if it achieves nothing else it should serve to demons-
trate and reinforce the significant role which aviation fuel 
– its supply, price and use - plays in today’s aviation markets 
– a role which could potentially become more important in 
the long-term future. It is tempting to speculate that avia-
tion fuel will play a crucial role not only in brokering future 
links between climate change mitigation and airline opera-
tions but also in determining the success or otherwise of 
individual airlines operating within europe.

one approach to assessing the risk associated with the 
long-term future of aviation markets is to consider the 
way in which the sector is assessed by financial institu-
tions in the advice they offer their corporate investors. A 
conventional way of assessing such risk is through rating 
the creditworthiness of, in this case, an individual airline. 
For example, British Airways has offered the capital market 
a bond valued at £250 million with a return of 7.25% due 
to mature in 2016. For the financial institutions, it is impe-
rative that they have an understanding of BA’s ability to 
repay that debt in full and on time. standard & Poor are a 
specialist corporate credit rating agency and their rating 
for this BA offer is BB+. What s&P call their ‘investment 
grade’ ranges from AAA to BBB- and their ‘non-invest-
ment grade’ ranges from BB+ to C, in descending order 
with increasing risk. In other words, s&P currently rate this 
BA bond as on the borderline between invest and non-
invest. In s&P’s terminology, this rating means that there 
is an additional risk element associated with this offer: 
although it has less near-term vulnerability to default 
than other speculative issues, BA could face ongoing 
uncertainties or exposure to adverse business, financial or 
economic conditions, which could influence its ability to 
meet timely interest and principal payments come 2016. 
this also explains s&P’s BB+ ratings for two other BA bond 
issues due to mature in 2032.

For some time now, credit rating agencies like s&P have 
come to regard aviation as a sector with an increasing risk 
profile relative to other sectors competing in the capital 
markets and so advise their clients accordingly. In their 
ratings reports, they often refer to the long-term fragility 
of the industry, attributed in part to its dependence on 
future diminishing oil supplies and the impact aviation 
has on climate change – an illustration of those ‘ongoing 
uncertainties or exposure to adverse business, financial 
or economic conditions’ noted above. For example, s&P 
in 2007 gave Deutsche Lufthansa AG, Lufthansa’s corpo-
rate body, a credit rating overall of BBB. the justification 
was based on LH’s dominant market positions, impro-
ving operating performance and healthy balance-sheet 
structure but constrained by the high-risk and cyclical 
airline industry and aggressive competition from low-cost 
carriers in a decentralised home market. ‘High oil prices 
and intense competition from low-cost carriers on short-
haul routes, particularly outside the group’s main hubs 
at Frankfurt and Munich, remain challenges which limit 
the likelihood that we will revise the outlook to positive 
in the near term. A slowdown in demand, rise in adjusted 
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debt levels, or significant acquisition activity resulting 
in weakened credit measures could lead to downward 
pressure on the ratings.’ (Lufthansa 2008) It is perhaps 
not surprising then that, following Lufthansa’s agreement 
to purchase Austrian, s&P recently cut the airline’s credit 
rating to BBB- (the lowest investment grade) owing to the 
perceived increase in LH’s debt leverage position.

the significance of climate change mitigation for the 
ability of airlines to raise capital in the long-term capital 
markets should not be underestimated. Although it is 
tempting to focus on AtM matters and the ability for 
sesAR to deliver long-term changes in airspace mana-
gement which reflect increasing concerns with climate 
change, the result will be academic if airlines cannot 
access capital. there will simply be fewer airlines as 
a result of this evolutionary competitive struggle for 
survival. Put crudely, on the one hand we will have 
airlines coping with the financial stresses arising from 
the need to replace their fleet, and on the other hand 
increasing costs associated with new-generation 
aircraft which will reflect the internalising of those 
external costs associated with minimising their contri-
butions to climate change. one important long-term 
consequence will be the development of new aviation 
business models of the likes yet to be been seen in 
europe or elsewhere. these will bring about structural 
changes in all elements of the air transport system – 
including airline-airport relationships and network 
connectivity, with important implications for the future 
organisation of congested airspace and airport capa-
city. A key driver behind this future behavioural change 
is reflected in the current processes resulting in ever-
increasing consolidation of the airline sector into fewer 
larger pan-european aviation businesses – characte-
rised by mergers and acquisitions or partnerships. the 
recent corporate behaviour of major european airlines 
like Air France/KLM and Lufthansa, as well as, to a lesser 
extent, BA/Iberia and Ryanair’s attempts to take over Aer 
Lingus, may be interpreted as indicative of this struc-
tural trend toward greater market consolidation. one 
consequence, however, of this trend is the likely crea-
tion of new business opportunities resulting from the 
freeing-up of the market space left trailing behind these 
emerging corporate colossuses. It is in this context that 
the partnership agreement between Lufthansa and 
JetBlue and the more recent tie-up between two iconic 
north American LCCs - southwest and WestJet - can 
be judged. such space will be both geographic (e.g. 

pockets or islands of potential) and economic (e.g. indi-
viduals and businesses with a positive propensity to fly) 
resulting in new network potentials (e.g. connectivity 
between the two) and thus the creation of new aviation 
solutions (e.g. airlines operating what may currently be 
thin- and/or low-density routes).

Perhaps the evolving strategy of low-cost airlines in the 
intra-european market provides some insight into this 
system evolution. Within 10 years, these carriers have 
grown from accounting for less than 15% of capacity to 
almost 50% of the market. In contrast, network carriers’ 
shares fell from 65% in 1997 to less than 35%. Much of this 
growth can be attributed to these airlines’ stimulating new 
markets, having recognised the potential which existed 
in the market space left behind by the network carriers 
and their hub-dependent route structures by operating a 
different and innovative business model (e.g. faster turna-
rounds, extra rotations, high load factors and seating 
density, as well as point-to-point networks). Led in europe 
by Ryanair and easyJet, the LCCs have literally redrawn the 
european aviation landscape, but their evolution has not 
stopped there. For example, easyJet’s long-term network 
development strategy is to move away from base-depen-
dent point-to-point routes to what they call a distributed 
network of lattice-like structure. they see scalability 
through ‘joining the dots’ as integral to their future success, 
offering a more customer-focused strategy targeted at four 
key groups (business people; vFR (visiting Friends and rela-
tives), second-homers and commuters; short breakers; and 
long breakers) based on low fares, convenient airports and 
flight times with high frequency to a range of destinations 
at lowest cost (brought about by increasing aircraft utilisa-
tion and lowering crew costs) (easyJet 2007).

the connection between easyJet’s long-term business 
strategy and climate change issues is reflected in their 
pursuit of what they term ‘shaping a greener future for 
aviation’ coupled with ‘environmental efficiency’ in the air 
and on the ground (essex 2008). As they put it, ‘in order 
for air transport to have a sustainable future, it must: 

n move beyond a dependency on kerosene – technology 
must and surely will provide the long term solution;

n meanwhile, adapt to a carbon constrained world and 
utilise kerosene in the most efficient way; and

n engage in the regulatory process to ensure environ-
mental efficiency is incentivised and technology in-
vestments are made.’ (essex 2008)
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When it comes to linking aircraft operations to business 
strategy and thence to climate change issues, the final 
piece in the jigsaw relates to the way in which airlines 
decide to fly their aircraft – now and into the long-term 
future (thomas 2008). this is clearly linked to AtM matters 
and so will not be discussed further here. However, in 
europe there are currently strong moves towards deve-
loping ICt systems which integrate flight planning 
with operational considerations that focus on minimi-
sing operational costs and improving flight efficiency. 
For example, eURoContRoL’s Performance Review 
Commission has identified the crucial role they play in 
improving their performance in achieving both flight 
efficiency and environmental targets (eURoContRoL 
2008). In terms of commercial airline-based systems, the 
market leader is perhaps the impressive ‘Lido operations 
Center’ developed by Lufthansa systems (LH systems 
2008). It is hardly surprising to discover that minimising 
fuel burn and fuel cost plays a crucial role in the opti-
misation process, which in turn is based on optimised 
minimum cost tracks. In the interactive flight planning 
module, flight planners are presented with options 
which seek the most efficient results using minimum 
fuel burn, minimum time and minimum costs (inclu-
ding AtC charges) as operational criteria. As a result, it is 
probably also hardly surprising to discover that the Lido 
oC system is currently being implemented by many of 
the major airlines across europe and around the world. 
the potential for this system to be developed further 
to embrace and integrate climate change targets and 
objectives more explicitly in aircraft operations is enor-
mous – and with it the possibility to explore and exploit 
a variety of ‘green-gold’ benefits which are both transpa-
rent and deliverable.

In conclusion, this section has attempted to explore 
the complex relationships which exist between climate 
change and their impacts on aviation markets. the discus-
sion has been largely strategic and speculative because 
of the nature of the evidence and its interpretation. It has 
sought to establish a critical link between the competing 
business strategies of key players in the intra-european 
aviation markets – notably airlines and their behaviour 
– and climate change impacts through the dynamic inte-
raction of two key variables: aviation fuel (especially its 
price) and aircraft operations (particularly fuel efficiency). 
It is the argument here that, taken together, these may 
hold the potential for the devising of mitigation strate-
gies which have the potential to develop ‘green-gold’ net 

benefits and help smooth the path towards a more sustai-
nable form of aviation over the long term. As Goodwin 
(1993) puts it, ‘there does seem to be a case for expec-
ting those with a commercial and economic motivation 
in the attractiveness and competitiveness of an area 
(like aviation) to find common cause with those driven 
by aspirations for environmental improvement. this 
common cause does not need to derive from or depend 
on a common ideology or philosophy. It arises because 
there are potential net benefits to be shared. Hence the 
importance of the axiom – if these benefits exist, there 
must be some sharing of them which can produce a 
lobby powerful enough to secure implementation, by 
outvoting or compensating those who would lose.’ 
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4. AIR tRAnsPoRt AnD LoCAL envIRonMentAL 
IssUes

As indicated above, climate change has the potential to 
limit airport capacity and growth in a variety of different 
ways by affecting both the supply and the demand side. 
A variety of other environmental factors also have the 
potential to act as constraints to growth at local (airport) 
level as detailed in an earlier study by eURoContRoL 
(2003). Local environmental capacity constraints arise 
primarily as a result of: 

n the exceeding of regulatory limits (noise, local air quality,) 
or tolerance within local communities;

n resource (energy, water) constraints, which limit the 
ability of the airport to meet demand or impact on 
the source of that demand (e.g. water availability 
could limit the operational capacity of an airport or 
the capacity of a tourist location which it serves); and

n sensitive habitats or residential districts in surrounding 
areas, which prevent the construction of additional in-
frastructure.

Despite significant efforts by the industry, communities 
in the vicinity of airports are increasingly able to chal-
lenge, constrain or delay airport expansion and airspace 
changes through public relations campaigns, direct 
action, lobbying, resource to the courts and engagement 
in the planning process. Current delays in the provision 
of additional capacity at Prague, London Heathrow and 
other major airports across europe are linked to environ-
mental concerns.

these local environmental issues are briefly reviewed in 
the following section.

4.1 Aircraft noise

the disturbance caused by aircraft noise to residents 
of communities surrounding airports and along their 
approach and departure routes remains the highest-
profile local environmental impact associated with 
aviation, despite ongoing improvements in airframe and 
engine technology. this is due in part to traffic growth 
and in part to the fact that sensitivity to aircraft noise is 
increasing with growing affluence, as the recent AnAse 
study by the UK Department for transport illustrates 
(AnAse 2007). It is important to differentiate between 
noise exposure and perceived noise nuisance. noise 
nuisance is a matter of perception and therefore related 
to multiple physical, biological, psychological and socio-
logical processes. the relevant physical factors include 

those associated with noise generation: number of 
movements, aircraft type, timing and mode of operation, 
and the resulting noise levels. other critical elements 
are the human factors associated with hearing and the 
psychological processes involved in interpreting those 
signals. the latter can interact with factors such as health 
status, socio-economic status, cultural differences, lifes-
tyle, annoyance and stress (Hume et al. 2003; Hume and 
Watson 2003: 99).

Furthermore, although individuals may complain about 
the ‘noise’ of aircraft, a variety of other factors – such as 
fear of air accidents or nuisance caused by other airport-
related activities – may also contribute to the underlying 
annoyance (Moss et al. 1997). the level of annoyance 
is therefore only partly a function of the noisiness and 
frequency of aircraft movements. As a result, airport 
community relations programmes are often used along-
side noise management to engender tolerance and 
therefore reduce opposition to aircraft noise. It is for this 
reason that regulatory responses in many countries focus 
on the need to address noise concerns at local (airport) 
level.

exposure to aircraft noise can give rise to a range of human 
impacts: by causing or exacerbating sleep deprivation, by 
generating stress, by interfering with speech commu-
nication, by disrupting learning, and by other cognitive 
and performance effects. exposure to aircraft noise thus 
degrades physical, mental and social well-being (Hume 
and Watson 2003: 99). the total noise impact of a parti-
cular airport is a function of the sound generated by 
individual movements, the total number of noise events, 
and the density and distribution of population in the 
surrounding areas. numerous technological, operational 
and regulatory measures have been employed to reduce 
noise exposure. these include the phasing-out of older, 
noisier aircraft and their replacement with significantly 
quieter models; the use of noise-abatement departure 
procedures (nADPs) and noise-preferential routes (nPRs); 
and the development of continuous-descent approaches 
(CDAs) and low-power, low-drag (LP/LD) procedures 
(Clarke 2003; Connor 1996; Depitre 2001; ICCAIA 2004; 
ollerhead and sharp 2001). Land use planning plays an 
important role in noise control, although there is consi-
derable variation across europe in the level of rigour with 
which planning controls are employed or enforced. As a 
result of such efforts, the number of people exposed to 
noise around many airports has actually declined over the 
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past 10 to 20 years despite traffic growth, as illustrated 
by data from London Heathrow Airport, shown in the 
following figure:

( h t t p : / / w w w. d f t . g ov. u k / a b o u t / s t r a te g y / w h i te -
p a p e r s / a i r / a v i a t i o n p r o g r e s s r e p o r t s e c t i o n /
aviationprogressreport?page=4)

For a variety of reasons, it is becoming increasingly diffi-
cult to secure ongoing improvements in aircraft noise 
technology, although the eU ACARe programme (ACARe 
2004) has set challenging targets for noise reduction by 
2020. As a result, some forecasts indicate that the number 
of people exposed to aircraft noise will grow again in 
the future, especially at airports where the rate of fleet 
renewal and of technological and operational improve-
ments is exceeded by the rate of traffic growth (skogö 
2001; smith 1992) or where the construction of new 
runways or revisions to approach and departure routes 
significantly increases in the number of people exposed 
to noise.

this is important because it would run contrary to the eC 
strategic goal that there be no increase in the number 
of people at and around its airports seriously affected by 
aircraft noise and its longer term objective to reduce the 
population exposed to higher levels of noise across the 
Community (Sixth Community Environment Action Plan for 
2001-2006 (6eAP). Further, it would create new challenges 
for airports, because those people are likely to be less 
tolerant of disturbance: levels of noise which were consi-
dered acceptable in the past may not be in the future (see 
AnAse 2007). Meanwhile, increasing democratisation is 
likely to give rise to increasing levels of active community 

opposition to airport development. Consequently, aircraft 
noise is likely to continue to present a major challenge to 
aviation growth for the foreseeable future (Collins et al. 
2006; May and Hill 2006; nero and Black 2000).

4.2 Local air pollution

Humans can be adversely affected by exposure to air pollu-
tants, and the european Union has therefore developed an 
extensive body of legislation which establishes health-based 
standards and objectives for a number of pollutants in air. of 
the air pollutants regulated by the eU, nitrogen dioxide and 
particulate matter are considered to be the most important 
in terms of air quality in areas near to airports, and indeed in 
many urban areas in general (Dft 2006; eeA 2008). In view of 
the regulatory control of local air quality in europe and the 
risk of exceeding the limit values in a number of urban areas 
of europe including areas near to airports, air quality can act 
as a genuine capacity constraint to airport growth. Across 
europe there are examples of airports which are subject to 
actual or potential local air quality constraints, e.g. Zurich, 
schiphol and Heathrow.

Local air quality in the vicinity of airports is a function of 
emissions from aircraft engines and other airport activi-
ties such as refuelling and on-site energy generation, as 
well as emissions from road traffic and other emission 
sources in nearby urban areas. thus, concentrations of 
local air pollutants are difficult to manage from an airport 
perspective alone as they depend on many other sources 
apart from airport activities. 

Aircraft nox emissions predominantly comprise nitric 
oxide (no), which is rapidly converted to nitrogen dioxide 
(no2) in the atmosphere, although some emissions of 
primary no2 occur (Lee and Raper 2003: 84). Questions 
as to whether airport expansion could result in local air 
quality regulatory limits for no2 being exceeded have 
generated considerable concern, for instance in rela-
tion to proposals to  develop a third runway at London 
Heathrow Airport (Dft 2006).

Aircraft, airport stationary plant, ground support vehi-
cles and passenger surface transport vehicles also emit 
particulate matter. Aircraft particle emissions are relatively 
diverse: particles are emitted as a result of (carbon) brake 
and tyre wear as well as from main engines and auxiliary 
power units (APUs) (Underwood et al. 2001: 6-7). In fact, 
most particles emitted by aircraft are very fine (PM2.5), and 
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these are of greater concern than larger particles in terms 
of their effects on human health. emissions of particulate 
matter from aviation sources are more uncertain than 
those of nox emissions (Dft, 2006), but the contribution 
of airport sources to ambient concentrations of particu-
late matter in areas neighbouring airports tends to be 
smaller than that of nox.

Many technological and operational factors affect emission 
levels from aircraft, including the aircraft type, the extent of 
engine deterioration, the power setting used during take-
off, the actual times in mode, the use of reverse thrust, the 
use of APUs, and the condition of brakes and tyres, (Dft 
2006: 94; see also schürmann et al. 2007). 

An assessment of future trends in local air quality has 
been made as part of this technical review process. nox 
emissions from road transport in the eU decreased by 
38% between 1990 and 2005 (eeA 2006). set against this 
reduction, nox emissions from international aviation in 
the eU almost doubled in this period (eeA 2006).

Improving aircraft engine nox emissions through design 
changes requires testing to ensure compliance with 
safety and reliability requirements. Moreover, trade-offs 
between fuel efficiency and noise performance also 
need to be considered. Fuel efficiency savings have been 
sought by airlines from the aircraft and engine manufac-
turers for economic and environmental reasons, and fuel 
efficiency savings have indeed been achieved through 
the use of higher pressure ratios in engines. However, 
this development route has increased combustor tempe-
ratures, tending to increase emissions of nox (and also 
particulate matter), and this imposes design and perfor-
mance challenges. the trade-off between fuel efficiency 
and nox emissions has meant that nox emission indices 
(nox per mass of fuel used) have generally increased over 
the last twenty years, and the large increase in passenger 
demand has led to the increase in nox emissions from 
air traffic in this period. Growth in air passenger demand 
continued to be strong between 2005 and 2008 (average 
per annum growth in passenger kilometres of 6%; ICAo 
2008) and without any immediate improvements in 
emission control technology from aircraft (in terms of 
noxemission per passenger kilometre) this upward trend 
in nox emissions is likely to continue.

In the longer-term, the aeronautical industry, through the 
ACARe body (Advisory Council for Aeronautics Research 

in europe), has published a set of environmental goals 
for the industry, proposing an 80% cut in nitrogen oxide 
emissions of new aircraft in 2020 (compared with new 
aircraft in 2000), equivalent to a 60% reduction in the 
nox emission index (i.e. nox emitted per mass of fuel 
used; ACARe 2004). ICAo (the International Civil Aviation 
organization) through its Committee on Aviation and 
environmental Protection (CAeP) has also set some long-
term technology goals requiring the stringency of current 
nox emission certification standards to be increased 
considerably, to 45% below current certification levels 
by 2020 and 60% below current certification levels by 
2030 (ICAo/CAeP 2006). However, the aviation industry 
has very long lead-in times for new technology and these 
targets are acknowledged to be ambitious (ICAo/CAeP 
2006). the speed at which these technology goals are 
achieved and, in view of the long average lifetime of an 
aircraft, the rate at which the new aircraft technology is 
absorbed into the fleet will determine the rate at which 
the emission reduction benefits are shown in real terms. 
Local air quality is therefore likely to continue to act as a 
potential capacity constraint on the growth of a number 
of airports across europe in the near- to mid-term for 20 
years at least. Annex 4 provides more in-depth considera-
tion of the subject of aviation and local air quality. 

4.3 Energy

Historically, economic growth has been linked to increasing 
energy consumption. Growing demand for global energy 
supplies is leading not only to significant increases in 
energy costs but also to incidences of network failures 
(e.g. in the UK, Italy, new york, California). the ability of 
airports to grow in response to demand is dependent 
on their being able to ensure an adequate, secure and 
economic supply of energy. the climate change impera-
tive may in the future require that the supply comes from 
renewable or low/no-carbon sources. the recent call from 
ACI for airports to strive for carbon-neutral operations 
(ACI 2007) reflects increasing investment in low-energy 
infrastructure, energy conservation measures and on-site 
and off-site renewable energy generation. In the future, 
the energy requirements of an airport could act as an 
operational capacity constraint if failure of supply results 
in aircraft delays or constrains airport expansion. It is 
noteworthy in this context that the changing climate in 
some parts of europe will lead to greater energy demand 
and therefore competition between airports and other 
energy consumers.
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4.4 Water resources

Another potential constraint on airport growth arises 
from the resources needed to deliver adequate customer 
services, and to provide for the normal operation of the 
airport and the maintenance of its infrastructure. In a 
survey undertaken in 2002, some european airport opera-
tors expressed concerns that they might be unable to 
ensure adequate and secure supplies of water – including 
drinking water – in the medium- to long-term future. this 
would occur as a result of growing competition for water 
resources between local residents, agricultural interests, 
the tourism industry, and airport operators. this factor 
could also impact on patterns of air transport demand, 
particularly in areas such as Mediterranean islands, where 
water availability acts a constraint on tourism growth and 
where climate change forecasts indicate reduced rainfall 
in the future.

4.5 Ecological and habitat impacts

the majority of environmental impacts associated with 
airports relate to their operations. the loss of, or distur-
bance caused to, habitats or particular species of plants 
and animals is primarily a consequence of the construc-
tion of new airport infrastructure designed to deliver 
additional capacity or operational improvements. 

Airports, by their very nature, require large areas of land 
and create zones which are either hostile to wildlife 
(paved and built) or are ecological monocultures (mown 
grassland). on the other hand, areas surrounding airports 
may be of considerable ecological value, particularly if 
the airport is located in a ‘green belt’ surrounding a major 
urban area – as is often the case. the ability of an airport 
operator to extend the airport boundaries or even to 
build on parts of its own land may be curtailed by the 
ecological value of the habitats threatened. this problem 
is most acute where sites are protected by national or 
international conventions (e.g. sssI (nCC 1989), RAMsAR 
(Ramsar Convention Bureau 1996). Habitat and species 
translocation and mitigation schemes have been success-
fully employed (e.g. at Manchester, Heathrow and stansted 
Airports in the UK). However, such action can potentially 
come into conflict with aviation safety if it creates envi-
ronments which are attractive to birds and are therefore 
hazardous to air transport operations.

Given the commitments to protect biodiversity made in 
1992 by nations at the Un Conference on environment 
and Development (the earth summit) in Rio de Janeiro, 
such constraints are likely to become more stringent in 
the future, even in developing countries (Baker 2006: 
55-59; Grubb et al. 1993). 

the threat offered by climate change to sensitive habitats 
could enhance their status (either in regulatory or political 
terms) for protection, thereby making airport develop-
ment, in particular, more difficult. 
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5. ConCLUsIon

As is evident from the above, it is very difficult to forecast 
on what scale, at what speed, or in what way environ-
mental issues, and particularly climate change, will impact 
on air transport demand, traffic growth and operational 
capacity across europe, in the short to medium term. 

Forecasting for the longer term (50 years plus) is even 
more challenging. In part, this is simply because it is 
difficult to assess whether the speed and magnitude of 
aerospace technological development will be sufficient 
to offset both the effects of growth and the rate of envi-
ronmental change. this suggests two radically different 
visions of air travel 50 years in the future: one which is 
carbon-constrained and one in which carbon-free flight 
(an aspiration of IAtA) becomes a reality. each would have 
radically different implications for traffic forecasting.

this review of literature provides an introduction to the 
many ways in which environmental concerns represent an 
actual or potential constraint to the development of the 
air transport industry. It has emphasised the sustainability 
dilemma for aviation: the need to address the environ-
mental impacts of aircraft and airport operations without 
blighting the economies and societies which depend on 
the industry. that task presents a formidable challenge to 
policymakers, air transport industry representatives and 
researchers – especially because of the projected rapid 
growth in demand for air transport, the high abatement 
costs of the sector, and the limited potential for radical 
technological or operational solutions to be found in the 
short to medium term.

this review has outlined the most pressing environ-
mental issues: the fact that although the aviation industry 
is proactively working to reduce its climate impact, its 
relative contribution may increase owing to growth in 
traffic and the emissions reductions achieved by other 
sectors of national economies; the fact that nox and 
particle emissions from aircraft could prevent infras-
tructure development at major airports close to major 
urban areas; and the fact that aircraft noise exposure in 
the vicinity of airports is increasing owing to the growth 
in air traffic, even though the sound levels of individual 
aircraft movements have generally decreased. Added to 
these are a range of other environmental factors – such 
as ecological modification, energy and water use – which 
could present significant management challenges at 
particular airports, depending on local circumstances. 

For all of these reasons, this review of the literature indicates 
that the continued development and implementation of 
effective and appropriate aviation environmental policy is 
urgently required. In section 3, various policy approaches 
relating to climate change were considered, but varia-
tions in the complexity and political acceptability of those 
options mean that no single policy instrument appears to 
be ideal, and a combination of regulatory, market-based 
and voluntary approaches is the best option for future 
aviation environmental policy.

Analysis of the literature also indicates that – whilst local 
responses are required to manage local environmental 
matters in the vicinity of airports – the global issue of 
climate change is likely to dominate future debates about 
aviation environmental impacts and about the growth of 
the industry. national commitments to achieve reduc-
tions in greenhouse gas emissions (in the case of the 
UK and Germany, an 80 per cent reduction in Co2 emis-
sions by 2050) are likely to have profound implications 
for entire economies and societies (stern 2007). Meeting 
such commitments may require fundamental changes in 
the distribution and use of energy; in the development 
and availability of fuels; in infrastructure, business models, 
technologies and operating practices; and in the ways in 
which services are delivered.

the air transport industry faces an immense challenge 
in adapting its activities to this changing context. In the 
short to medium term, policy approaches are likely to 
focus on the inclusion of international aviation in emis-
sions trading schemes (initially, at least, via the eU ets) 
and on encouraging voluntary agreements within the 
industry (involving carbon offsetting and commitments 
to achieving carbon neutrality). However, subsequent 
measures to limit the environmental impacts of aviation 
which may arise from either environmental or political 
pressures could mean the imposition of more stringent 
emissions limits, the wider use of emissions charges, fuel 
taxes and other levies, and ultimately the use of demand 
restraint measures. such measures would be extremely 
unpopular, and so in the long term, the sustainable 
growth of the air transport industry depends above all on 
finding technological and operational solutions to miti-
gate the impact of aircraft on climate.
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this research has identified the fact that environmental 
concerns in general and climate change in particular are 
likely to have a significant and varied impact on the future 
growth and development of the global and european air 
transport systems. the speed and nature of such change 
is difficult to forecast since it depends on disparate areas 
of expertise including atmospheric science, climate forecas-
ting, aerospace technology, airline economics and business 
practices, changing tourist demand and public attitudes, 
and rapidly emerging international and national regulation. 
these factors are all subject to change dependent upon the 
perceived climate threat and urgency of response required. 
the document has identified a number of issues which need 
to be addressed and also broad areas for further research 
likely to deliver results which will inform eURoContRoL’s 
forecasting systems and its planning. the recommendations 
are as follows:

n Ensuring a pan-European perspective

n this report, as indicated above, has been
produced by UK researchers on the basis of a 
review of english-language literature. there would 
be value in seeking peer review of its contents 
from other parts of europe to identify areas of 
commonality and agreement, and areas where 
differences of approach, policy or philosophy exist 
across the eURoContRoL area.

n the anticipated role of air transport in current 
and future economies in various parts of europe 
is another area worthy of examination, in par-
ticular the relationship between aviation, tourism 
and climate change – forecasts of changing pat-
terns of travel and tourism and hence air transport 
demand in various parts of europe.

n As aviation is an important facilitator of economic 
and social development, the implications of cli-
mate change for the sector have potential geo-
political significance. Macro-economic assessment 
of scenarios reflecting ‘climate change futures’ 
would be an important indicator of the depen-
dence of europe on a sector which is able to grow. 
It would also identify whether, and if so what, risks 
exist for the functioning of national economies 
and of europe as a coherent economic entity.

n Aviation and climate research 

n Further research is required into climate physics, 
chemistry and modelling, particularly in respect 
of the conditions which favour contrail and cirrus 
cloud formation.

n the value of airborne measurement campaigns 
(MoZAIC, CARABIC and now IAGos) which build 
up an understanding of atmospheric composition 
and trends could be enhanced through closer 
integration with AtM planning, forecasting and 
modelling capabilities.

n Climate forecasting 

n Defining effective mitigation or adaptation strat-
egies would be strengthened by a better un-
derstanding of the climate impacts of different 
aviation growth scenarios at global and regional 
level. this suggests an assessment of a range of 
scenarios through modelling, using full chemistry 
transport (CtM) and meteorological models.

n Regulatory responses

n Governments across europe are developing cli-
mate change mitigation and adaptation strategies 
designed to respond to national and international 
Co2 reduction goals. there would be value in 
monitoring the nature of emerging national poli-
cies relating to climate change and their implica-
tions for aviation.

n Identifying the global, european and national 
regulatory and policy obstacles to optimal AtM 
efficiency under sesAR plans and for climate-
change-induced scenarios in the future. Identify-
ing and allowing the required level of operational 
and policy dexterity needed to react to a rapidly 
changing climate threat.
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n Technological and operational responses

n A rolling assessment of the rates of technologi-
cal development and operational improvement 
within the air transport industry in relation to the 
forecast rates of growth. What can reasonably be 
expected? A ‘risk assessment’ of whether the ‘sus-
tainability gap’ for aviation is likely to widen or 
close.

n A study of the implications for aircraft operations, 
fuel consumption, emissions and capacity of air-
line business models and route competition and 
network development.

n An improved understanding of AtM system 
and airline operational tolerances in relation to  
climate change effects and the frequency of 
extreme weather conditions. How might tole- 
rances change with the introduction of new 
technologies or practices?

n Airport environmental capacity

n Development of a toolkit to enable airports to as-
sess the implications of climate change and other 
environmental questions for their future growth, 
capacity and development.

n An appraisal of actual and potential environ-
mental capacity constraints at airports across the 
european air transport system, building on previ-
ous work in this field by eURoContRoL.

n Devising and testing adaptation scenarios on 
more severe climate change futures, working such 
scenarios through the implications for airport 
capacity across the european air transport 
system.

n Trade-offs

n A study into the trade-offs emerging in techno-
logical, operational and policy responses 
between local and global environmental impacts 
(e.g. noise and climate change) and between 
different climate impacts (e.g. achieving optimal 
cruise conditions to balance contrails and engine 
emissions).

n Widening networks

n A review of international knowledge in this field 
and research being carried out by other govern-
ments, industry and academic bodies, and the 
process by which eURoContRoL engages with 
such organisations to allow collaboration and to 
avoid duplication.

n A closer interface with airlines on meteorologi-
cal matters, including instrumentation, data ac-
quisition, operational flexibilities and tolerances, 
dynamic green route planning, examination of 
response options, etc. the establishment of a 
standing multi-disciplinary Met effects task Force 
could be considered.

Funding

A variety of sources are potentially available to fund such 
research, from ICAo, through the european Commission 
(or the eC Framework programmes) to nation-states (e.g. 
those reliant on aviation-based tourism). there are also indi-
vidual sectoral interests (airports, the airline industry and the 
tourism industry).
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A1.1 Sea level rise

A1.1.1 Recent historical changes

n the rate of sea level rise has increased between the 
mid-19th and mid-20th centuries.

n the average rate of sea level rise was 1.7 ± 0.5 mm/yr 
for the 20th century, 1.8 ± 0.5 mm/yr for 1961 to 2003, 
and 3.1 ± 0.7 mm/yr for 1993 to 2003.

n sea level rise is projected to continue well into the 
next century, even if emissions are stabilised, as the 
ocean possesses substantial thermal inertia.

A1.1.2 Projections of European sea level rise

n Along most european coastlines, sea levels are
predicted to rise in line with global averages, 
with some areas experiencing an increased rate, 
although some studies suggest that the european 
sea level rise will be up to 50% greater than global 
projections.

n Previously glaciated areas, such as northern scotland 
and scandinavia, may see a relative drop in sea level 
as the land rebounds.

n on a longer time-scale, studies have shown that a 
slowing or cessation of the thermohaline circulation, 
albeit highly unlikely over the next 100 years, could 
result in significant rises in sea level, up to 1 metre 
above projected levels.

n In areas already prone to coastal erosion, such as east 
Anglia in the UK, rates of destruction of coastal land 
may increase as sea levels rise.

n there is a possibility that an additional 1.6 million
people living in the Mediterranean area and in 
northern and western europe may experience coastal 
flooding by 2080.

n Coastal retreat rates are currently 0.5 m/yr to 1 m/
yr for the regions of the Atlantic most affected by 
storms. these levels are projected to increase with sea 
level rise.

n the potential impact of tsunamis and storm surges 
will increase in regions subject to coastal subsidence 
and tectonic activity.

n Fewer yet more extreme surge events are projected 
for the Baltic sea and southern north sea, with impli-
cations for low-lying airports, e.g. London City.

n Increases in extreme water levels are projected to
occur owing to storms.

n sea level rises of between 0.18 and 0.59 m are expect-
ed across europe by 2090-2099, relative to 1980-1999.

n However, this range of sea level rises (sLRs) does not 
include some key uncertainties:
n the melt rate of the Greenland ice sheet - possibly 

adding up to 0.2 m to global sLR by 2090-2099.
n the role of Antarctic ice sheets - expected, on

balance, to contribute negatively to sea levels.
n the destabilisation of the West Antarctic ice sheet 

(WAIs) - possibly leading to a rapid rise in sLR of 
up to 6 m.

A1.1.3 Impact of sea level rise on airports

n A basic study reveals that around 34 major european 
airports are located on coastlines or river flood-plains 
within the tidal limit.

n some (e.g. Marseille) have runways constructed on
artificial or reclaimed land stretching out into the sea.

n those on flood-plains (e.g. London City) could be at 
risk in the future, as rivers experience tide-locking 
(where high-fluvial flows and high tides coincide) 
higher up their course as a result of sea level rise.

n smaller domestic airports situated in coastal and 
flood-plain areas may also be at risk. these airports 
often provide a vital communication route for the 
local population and are unlikely to be as well 
defended against flooding and erosion as more major 
airports.

n Additionally, many airports are accessed by coastal 
roads and other communication links which may 
prove equally (if not more) vulnerable to sea level rise.

A1.2 Rising temperatures

A1.2.1 Overview

n european temperatures are rising.
n In northern europe, it is thought that winter tempera-

tures will continue to rise faster than summer tempera- 
tures, whereas in central and southern europe the 
opposite is thought to be true.

n the yearly maximum temperature in the Mediterra-
nean area is predicted to increase much more than in 
northern europe.

n A large increase in annual mean summer temperature 
is predicted for the southwest of europe under certain 
greenhouse gas emission scenarios by 2099.
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A1.2.2 Present-day temperatures

n the temperature increase in europe over the last 100 
years is about 0.90°C, slightly higher than the global 
average.

n Recent years have seen a rise in the rate of tempera-
ture increase, with the period 1979 to 2005 exhibiting 
a 0.41°C per decade warming.

n the mountainous areas of europe, along with higher 
latitudes and continental areas, have seen a greater 
degree of warming than the coastal or Mediterranean 
regions.

n the warming has been greatest in north-west Russia 
and the Iberian Peninsula.

n In line with the global trend, temperatures are increa-
sing in winter more than in summer, resulting in 
milder winters and a decreased seasonal variation.

A1.2.3 Mean temperature projections

n there is a high degree of confidence that mean 
temperatures are very likely to increase over the 
21st century.

n over northern and eastern europe, most of this 
warming will occur in the winter months, where-
as over the Mediterranean and central and west-
ern europe, the greatest temperature increases are 
projected for the summer. the Iberian Peninsula and 
south-west France may see the greatest degree of 
warming over the 21st century, possibly exceeding 
6°C.

n For the UK, there is high confidence that, by 2100,
average annual temperatures will increase by 1 to 5°C 
relative to the 1961 to 1990 averages, with winters up 
to 4°C and summers up to 6°C warmer.

A1.2.4 Extreme temperature projections

n Heat waves and drought are likely to become more 
frequent, possibly by up to 50 per cent in France and 
central europe.

n For the UK, prolonged hot periods during the summer 
are likely to increase.

A1.2.5 Potential impact of temperature rises

n the impact of these temperature rises on AtM within 
europe is likely to be wide-ranging.

n the primary impact is likely to be on airport opera-
tions and flight:
n Milder winters will change each airport’s require-

ment for de-icing and snow clearance services.
n With higher summer extreme temperatures, 

payload lift is likely to be affected, necessitating 
longer runways.

n Higher average temperatures will affect take-off 
trajectories.

n extreme summer temperatures may necessitate
revisions in design of airport buildings and runways.

n Demand for flights will change as holiday patterns 
change, and as GDP is affected by the agricultural 
productivity of areas of europe as a result of both 
temperature and precipitation changes.

A1.3 Regulation

n environmentally driven regulation is becoming ever 
tougher.

n Concerns over adverse health impacts from airport 
pollution and noise are driving eU and state regula-
tions to increase the stringency of standards.

n the move from PM10 to PM2.5 and potentially PM 
emission controls signifies the general trend.

n these pressures affect current airport capacity and 
the potential to expand to accommodate increasing 
demand.

n Allied to increasing climate pressures on the ability 
of airports to expand, the net effect of regulation 
will be to accentuate the ‘bottleneck’ effect at key 
congested airports, with knock-on effects on on-
route efficiency.

A1.4 Droughts

n According to the Intergovernmental Panel on Climate 
Change’s Fourth Assessment Report, there is a 6690% 
probability that climate change will have an impact 
on european water resources

n the regions most at risk from this are the Mediterra-
nean and parts of central and eastern europe.

n More frequent and intense droughts are expected 
across the Mediterranean and in parts of central 
europe, particularly in the summer.

n some models estimate that by the 2070s, a 100-year 
drought of today’s magnitude would return, on 
average, more frequently than every ten years in parts 
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of spain and Portugal, western France, the vistula 
Basin in Poland and western turkey.

n Droughts will have a less direct impact on aviation, 
although in combination with population density 
they contribute to water stress, which is projected to 
increase in the future.

n Drought increases competition for resources amongst 
consumers and increases the cost of water.

n Also, since water is a finite resource essential for 
life, access to it could become restricted in areas of 
extreme water stress.

n Drought will also impact on local economies through 
reduced agricultural production and hydroelectric 
power generation.

n Drought and water stress are likely to significantly
impact on current patterns of tourism.

n Increased precipitation is expected in northern
europe during the summer.

A1.5 Floods

n the increase in flooding risk is likely to impact on air-
port operations in two ways, both causing temporary 
disruption.

n Firstly, it represents a risk to the airport itself, secon-
darily it could create access problems for passengers 
and staff trying to get to airports which themselves 
are not flooded.

n Flooding can also affect other support services, such 
as the supply of electricity if substations are threa- 
tened, or contaminate water supply..
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Annex 2: Impacts associated with a changing
  climate

A2.1 Introduction

since the beginning of the 20th century, the earth’s climate 
has warmed rapidly, with the rate of warming increasing 
significantly over the last 25 years. there is strong evidence 
that warming is attributable to human activities, in particular 
to the emission of greenhouse gases, and that warming is 
highly likely to continue. other climatic parameters such 
as precipitation are also likely to change in the future. this 
report looks at how these changes are expected to impact 
on the aviation industry in the future. some of the poten-
tial changes to the climate which could affect aviation are 
not yet well understood, although climate impacts are a 
growing area of research. this report will highlight areas in 
which uncertainty is high and more research needs to be 
done, as well as areas in which there is widespread agree-
ment amongst scientists over the expected changes and 
their impacts.

A2.2 Effects of climate change on European
 temperature trends

A2.2.1 Present-day temperatures

the temperature increase in europe over the last 100 years 
is about 0.90°C (Jones & Moberg, 2003 & Alcamo et al., 
2007), slightly higher than the global average. Recent years 
have seen a rise in the rate of temperature increase, with the 

period 1979 to 2005 exhibiting a 0.41°C per decade warming. 
the mountainous areas of europe, along with higher lati-
tudes and continental areas, have seen a greater degree of 
warming than the coastal or Mediterranean regions. the 
warming has been greatest in north-west Russia and the 
Iberian Peninsula (Parry, 200; Klein tank et al., 2002). In line 
with the global trend, temperatures are increasing in winter 
more than in summer (1.1°C  in winter, 0.7°C  in summer), 
resulting in milder winters and a decreased seasonal varia-
tion (Jones & Morberg, 2003).

A2.2.2 Mean temperature projections

there is a high degree of confidence in projections of tempe-
rature across europe, and mean temperatures are very likely 
to increase over the 21st century. over northern and eastern 
europe, most of this warming will occur in the winter 
months, (Figure 1; table 1), whereas over the Mediterranean 
and central and western europe, the greatest tempera-
ture increases are projected for the northern-hemisphere 
summer (Giorgi et al., 2004; Christensen & Christensen, 2007). 
the Iberian Peninsula and south-west France may see the 
greatest degree of warming over the 21st century, possibly 
exceeding 6°C (Alcamo et al., 2007). For the UK, there is high 
confidence that, by 2100, average annual temperatures will 
increase by 1 to 5°C relative to the 1961 to 1990 averages 
(Jenkins et al., 2002), with winters up to 4°C and summers 
up to 6°C warmer.

Prepared by Kirsty Lewis, Climate Change Consultant, Met Office Hadley Centre

Additional input from Rachel McCarthy, Climate Change Consultant, and Felicity Liggins, Climate Change Consultant, Met Office 
Hadley Centre

Date: 23/05/2008

This report was prepared in good faith. Neither the Met Office, nor its employees, contractors or subcontractors, make any warranty, 
express or implied, or assumes any legal liability or responsibility for its accuracy, completeness, or any party’s use of its contents.

The views and opinions contained in the report do not necessarily state or reflect those of the Met Office.
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Figure 1: Annual mean, DJF and JJA temperature change between 1980-1999 and 2080-2099 averaged over 21 models under
 the A1B scenario (Meehl et al., 2007)

Temperature region Season Range of projected change (°C)

Northern Europe

DJF +2.6 to +8.2

MAM +2.1 to +5.3

JJA +1.4 to +5.0

SON +1.9 to +5.4

Annual +2.3 to +5.3

Southern Europe & Mediterranean

DJF +1.7 to +4.6

MAM +2.0 to +4.5

JJA +2.7 to +6.5

SON +2.3 to +5.2

Annual +2.2 to +5.1

Table 1: Projected changes in median annual average temperature for the period 2080-2099, relative to 1980-1999, for Europe
 from the MMD SRES A1B simulations (IPCCa, 2007)
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A2.2.3 Extreme temperature projections

Increases in the annual maximum temperature are 
very likely across europe, but in particular around the 
Mediterranean and central europe (Räisänen et al., 2004 & 
Alcamo et al., 2007). similarly, an increase is predicted in 
the minimum temperatures observed across europe. there 
is also expected to be an increase in average night-time 
temperatures across europe, as was seen in 2003 (Beniston 
& Díaz, 2004), an increase in the number of consecutive hot 
days, and a decrease in the number of consecutive cold 
days/nights. Consequently, heat-waves and drought are 
likely to become more frequent, possibly by up to 50% in 
France and central europe (Good et al., 2006), although the 
actual increase in their occurrence is debated in a number 
of studies (e.g., Polemio & Casarano, 2004 & Lenderink et 
al., 2007). For the UK, there is medium confidence that, 
even with a low emission scenario, prolonged hot periods 
during the summer experiencing temperatures 3°C or more 
above the average, such as August 2003, will become more 
common (Jenkins et al., 2002). A significant decrease in the 
number of winter cold spells is also expected.

A2.2.4 Potential impact of temperature rises

the impact of these temperature rises on AtM within 
europe is likely to be wide-ranging. the primary impact is 
likely to be on airport operations and flight. Milder winters 
will change each airport’s requirement for de-icing and 
snow clearance services. the way in which winter tempera-
tures and snowfall will change is addressed in detail below.

Payload lift is likely to be affected by the higher summer 
extreme temperatures, particularly in southern europe. As 
temperatures increase, air density will decrease, and take-off 
distances will also increase. there may be a reduction in the 
number of runways able to take the largest aircraft in the 
highest summer temperatures.

one impact of higher tropospheric temperatures (along 
with stratospheric cooling through ozone depletion) is 
that the height of the tropopause will on average increase, 
with a corresponding decrease in tropopause temperature. 
some change in the tropopause height and temperature 
has already been observed. A study in tropopause height 
trends over 1980-2004 using radiosonde data found an 
estimated global trend of +64 ± 21 m per decade and 
a corresponding temperature decrease of 0.41±0.09°C 
per decade (seidel and Randel, 2006). santer et al. (2003) 

documented a 120-m change in the height of the tropo-
pause from a Global Climate Model (GCM) study and a 
190-m change from nCeP reanalysis since 1979. A higher, 
colder tropopause would increase the opportunity to 
improve fuel efficiency.
 
Consideration also needs to be given to materials used in 
airport buildings and runways. extreme summer tempera-
tures will be higher than the original design specification 
for runways, but airport buildings may also need to be 
re-examined to assess their ability to maintain comfortable 
ambient temperatures during very hot summers.

Finally, the pattern of temperature change across europe 
will have an impact on the demand for flights, as holiday 
patterns change, and as GDP is affected by the agricultural 
productivity of areas of europe as a result of both tempe-
rature and precipitation changes. this potential impact is 
discussed below.

In summary, european temperatures are rising. In northern 
europe, it is thought that winter temperatures will continue 
to rise faster than summer temperatures, whereas in central 
and southern europe the opposite is thought to be true. 
the yearly maximum temperature in the Mediterranean 
area is predicted to increase much more than in northern 
europe. A large increase in annual mean summer tempera-
ture is predicted  by 2099 for south-western europe under 
certain greenhouse gas emission scenarios.

A2.3 Effects of climate change on levels of
 snow and frozen ground

A2.3.1 Recent historical changes

the annual extent of snow cover over the northern hemis-
phere has declined by nearly 10% since the early 1970s 
(Walsh et al., 2005). Continuous satellite measurements have 
recorded a notable reduction in spring snow cover of 2% 
per decade since 1966, with decreases in most regions in 
every month bar november and December. A high corre-
lation has been reported between temperature in the 
40°n-60°n band and northern hemisphere spring snow 
cover (updated from Brown 2000). From 1901 to 2002, 
the maximum extent of seasonally frozen ground in the 
northern hemisphere decreased by approximately 7%, with 
a spring decrease of up to 15% (Lemke et al., 2007).
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eurasia has seen a persistent five- to six-day-per-decade 
increase in the duration of snow-free conditions over the 
past three decades (Dye, 2002). there has been a reduc-
tion in snow-residence times, primarily in spring (e.g. ye 
and ellison, 2003). Lowland areas of central europe have 
shown reductions in annual snow cover of approximately 
1 day per year (e.g., Falarz, 2002). trends towards greater 
maximum snow depth but shorter snow season have been 
noted in Finland (Hyvärinen, 2003) and declines in snow 
cover documented in the mountains of slovakia (vojtek et 
al., 2003) and sweden (e.g. scherrer et al., 2004). Decreases 
prove greatest at lower elevations, for example a 50% 
reduction in snow depth at an elevation of 440 m has been 
noted in the swiss Alps (Laternser and schneebli, 2003).

Fewer frost days (i.e. days with a minimum air temperature 
<0°C) have been seen over the course of the twentieth 
century (Frich et al., 2002; Kiktev et al., 2003). A shorte-
ning of the frost season (the number of days between the 
first and last frost) has also been observed in some areas 
(Kunkel 2004). the onset dates of the spring thaw and 
autumn freeze have advanced five to seven days in eurasia 
from 1988 to 2002 (Lemke et al., 2007). the northernmost 
permafrost regions of europe have displayed warming 
through the latter half of the 20th century of up to 1ºC 
in places (Harris et al., 2003). exceptions, with negligible 
tendencies or trends in the opposite direction, have mainly 
been observed in mountains, such as parts of the swiss 
Alps (scherrer et al., 2004) and in cold areas with abundant 
snow such as north-eastern Poland (Falarz, 2004) and some 
areas of Russia (Bednorz et al., 2004).

A2.3.2 Projected future changes

the results of a study analysing changes in indices related 
to frost and snow in europe by 2100 have recently been 
published (Jylhä et al., 2008). the study predicts fewer 
days of snow and frost, and shorter frost seasons by 2100, 
along with a widening of areas experiencing no frost. 
Importantly, these results were produced by all simula-
tions, irrespective of the future greenhouse gas emission 
scenario included or the climate model used, so confi-
dence in these results is high.

A2.3.2.1 Frost

For western and south-western europe, models show that 
the length of the frost season will decrease more than 
the number of frost days, suggesting that a larger propor-
tion of predicted frost days will occur during a shorter 
season (i.e. frost seasons are predicted to become more 
concentrated). Conversely, more diffuse frost seasons are 
projected for the northern and eastern regions, with the 
number of frost days decreasing more than frost season 
length. Decreases in the number of frost days are most 
apparent in Alpine and scandinavian regions and the 
northern Baltic region (Figure 2). seasonally, the decreases 
in northern, western and southern europe coincide with 
spring and autumn. Regions showing the largest inter-
annual variation at the moment are predicted to have 
the largest percentage decrease in the number of frost 
days. throughout europe, fewer severe frost days are 
projected.

Figure 3: Annual number of frost days over Europe: (a) observed means for 1961-1990. Dots based on European Climate
Assessment daily station data (ECA&D) (Klein Tank et al., 2002, Klein Tank and Können, 2003), contours from mean of 
seven RCM control simulations driven by HadAM3H; (b) projected multi-model mean changes for the period 2071-2100 
relative to 1961-1990, based on seven RCM experiments driven by HadAM3H for the SRES A2 scenario. Units: days 
(Source: Jylhä et al, 2008)
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A2.3.2.2 Snow

Winter precipitation is projected to increase in northern 
and central europe (e.g. Christensen and Christensen 
2007), but owing to the predicted decrease in the 
number of days with sub-zero temperatures, days with 
snow cover are also expected to become rarer.

the Jylhä et al. (2008) study predicts absolute changes in 
snow cover (decreases in the region of 60 days per year) 
for the western slope of the scandinavian mountains, the 
Alps and the northern Baltic sea region by 2100, mirro-
ring the regions showing the greatest reduction in the 
number of frost days (Figure 3). Duration of snow cover in 
the Alps at middle elevations is set to decrease by several 
weeks for each degree of temperature rise (Martin and 
etchevers, 2005).

Jylhä et al. (2008) predict the greatest percentage 
decrease in snow cover to be for western and southern 
european regions. they also predict an increase in the 
proportion of snow days consisting of only a thin cover 
of snow. their predictions of higher instances of partial 
melting agree with a previous global prediction of an 
increase in the future number of rain on snow events 
(Putkonen and Roe, 2003). the projected changes in snow 
cover found by Jylhä et al. (2008) for northern and central 
european correlate with increases in winter maximum 
temperatures, an increase of 1°C roughly corresponding 
to a decrease of 10 to 15% in days with snow cover.

A2.4 Effects of climate change on
 precipitation and water supply

A2.4.1 Recent historical changes

Precipitation trends across europe show more spatial 
variability than the temperature trends already discussed 
(Alcamo et al., 2007). According to the eeA (Klein tank et 
al., 2002; european environment Agency, 2004), annual 
precipitation trends in europe for the period 1900–2000 
show a contrasting picture between northern europe 
(10–40% wetter) and southern europe (up to 20% drier 
in the east, no significant change in the west (norrant 
& Douguédroit, 2006)). Changes have been greatest in 
winter in most parts of europe.

For the UK, there have been no significant changes in 
annual mean precipitation amounts since records began 
in 1766 (Jenkins et al., 2007). However, the proportion of 
this rainfall falling in the winter-time has increased, espe-
cially as part of high-intensity events, whereas summer 
rainfall has decreased across most of the country.

A2.4.2 Projected changes in precipitation

Mean annual precipitation is likely to increase across 
northern europe and decrease at lower latitudes, as 
shown in Figure 4 (Meehl et al., 2007) and table 2 
(Alcamo et al., 2007). A number of studies (Giorgi et al., 
2004 & Räisänen et al., 2004) have shown that precipi-
tation is very likely to increase substantially (15 to 30%) 
across northern and central europe during the winter-
time, mainly because of increased cyclonic circulation, 
and at the same time decrease over the Mediterranean 
with the associated increase in anti-cyclonic activity. 
During the summer-time, precipitation is projected to 
decrease significantly (up to 70%) across southern and 
central europe (Räisänen et al., 2004; Giorgi et al., 2004).

Figure 4: Annual mean, DJF and JJA precipitation change between 1980-1999 and 2080-2099, averaged over 21 models under 
the A1B scenario (Meehl et al., 2007)
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A2.4.3 Flooding

Changing patterns of precipitation and an increase in 
the retreat rates of glaciers are likely to impact on river 
discharge across europe. By the 2070s, annual average 
run-off is expected to increase by 9 to 22% across 
northern europe, while southern europe will see a 
decrease in run-off of between 6 and 36% (Alcamo et al., 
2007). these changes will be reflected by lower summer 
flows across much of the continent, while winter flows 
are likely to increase. Fluvial flooding may as a result 
become more frequent and/or severe. Intensified precipi-
tation events may also lead to an increase in the number 
of flash floods experienced, particularly in steep-sided 
valleys and urbanised areas.

A2.4.4 Projected changes in water supply

According to the Intergovernmental Panel on Climate 
Change’s Fourth Assessment Report there is a 66-90% 
probability that climate change will have an impact on 
european water resources (Alcamo et al., 2007). the risk 
of drought is expected to increase. Decreasing summer 

precipitation accompanied by rising temperatures (see 
above) is expected to lead to reduced soil moisture in 
summer (Douville et al., 2002) and hence to more frequent 
and intense droughts. the regions most at risk from this 
are the Mediterranean and parts of central and eastern 
europe, where groundwater recharge is projected to 
decrease (e.g. Krüger et al., 2002) and hence the demand 
for irrigation water to rise (Döll, 2002, Lehner et al., 2006).

some models estimate that by the 2070s, a 100-year 
drought of today’s magnitude would return, on average, 
more frequently than every ten years in parts of spain 
and Portugal, western France, the vistula Basin in Poland 
and western turkey, (Lehner et al.) (see Figure 5).

Good et al. (2006) suggest there will be a rapid increase in 
drought length towards the end of the century and that 
dry spells will become a much more regular feature of 
the western european climate.
  
A study based on projections by the Met office Hadley 
Centre indicates that between 16 million and 44 million 
additional people in the eU15 (plus switzerland and 

Precipitation region Season Range of projected change (%)

Northern Europe

DJF +9 to +25

MAM +0 to +21

JJA -21 to +16

SON -5 to +13

Annual 0 to +16

Southern Europe & Mediterranean

DJF -16 to +6

MAM -24 to -2

JJA -53 to -3

SON -29 to -2

Annual -27 to -4

Table 2: Projected changes in median annual average precipitation for the period 2080-2099, relative to 1980-1999, for
 Europe from the MMD SRES A1B simulations (IPCCa, 2007)
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norway) will be living in water-stressed areas by the end 
of the century (schröter et al., 2005).

studies show an increase in winter flows and a decrease 
in summer flows in the Rhine (Middelkoop and Kwadijk, 
2001) and the volga (oltchev et al., 2002). summer low 
flow is projected to decrease in central europe by up 
to 50% (eckhardt and Ulbrich, 2003) and by up to 80% 
further south (santos et al., 2002).

It is noted, however, that some of the projections made 
concerning droughts may be overestimated owing to 
the parameterisation of soil moisture in regional climate 
models (Lenderink et al., 2007).

Figure 5: Change in the recurrence of 100-year droughts, based on comparisons between climate and water use in 1961-1990 
and simultaneously for the 2020s and 2070s (based on the ECHAM4 and HadCM3 Global Climate Models, the IS92a 
emissions scenario and a business-as-usual water-use scenario.) Values calculated with the model WaterGAP 2.1 (Lehner 
et al., 2006)
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A2.4.5 Impacts of changes in precipitation and 
water supply

A2.4.5.1 Flooding and drought

the increase in flooding risk is likely to impact on airport 
operations in two ways, both causing temporary disrup-
tion. Firstly, it represents a risk to the airport itself, and 
secondly it could create access problems for passengers 
and staff trying to get to airports which may not them-
selves be flooded. Flooding can also affect other support 
services, such as the supply of electricity if substations 
are threatened, or contaminate water supplies.

Droughts will have less direct impact on aviation, 
although, combined with population density, they contri-
bute to water stress, which has a number of impacts. 
Drought increases competition for resources amongst 
consumers, and increases the cost of water. Also, as water 
is a finite resource, essential for life, access to it could 
become restricted in areas of extreme water stress.

A2.4.5.2 Pollution

It is not only the availability of water which could be 
affected by climate change. Higher water temperatures, 
increased precipitation, and longer periods of low flows 
are expected to exacerbate many forms of water pollu-
tion. this will also affect water system reliability and 
operating costs.

the presence of pathogens in water supplies has been 
related to extreme rainfall events (e.g. Hunter, 2003). Recent 
studies of changes in european precipitation extremes 
agree that the intensity of daily precipitation events will 
predominantly increase everywhere but in the south (Giorgi 
et al 2004, Räisänen et al., 2004, Kundzewicz et al., 2006).

A2.4.5.3 National economic impacts

Increasing water stress also leads to concern over 
energy generation and supply. Hydropower is a key 
renewable energy source in europe, comprising 19.8% 
of the electricity generated (Bates et al., 2008). By the 

2070s, hydropower potential for the whole of europe 
is expected to decline by 6%, with a 20-50% decrease 
around the Mediterranean, a 15-30% increase in northern 
and eastern europe and a stable hydropower pattern for 
western and central europe (Lehner et al., 2005).

Another economic impact of changes in precipitation, 
combined with changes in temperature, is the effect 
these will have on agricultural productivity. Although the 
results are highly uncertain, for a number of reasons, it 
is thought that in mid- to high-latitude regions such as 
europe, moderate to medium local increase in tempera-
ture (1 °C to 3 °C) across a range of Co2 concentrations 
and rainfall changes can have small beneficial impacts on 
the main cereal crops. Further warming has increasingly 
negative impacts. this decrease in productivity is exacer-
bated for areas where there is a corresponding decrease 
in precipitation, such as southern europe and the 
Mediterranean region.

A2.4.5.4 Migration and security

Increased drought and water shortages have been iden-
tified as stresses which may lead to migration (schneider 
et al., 2007). It is difficult to gauge the role of climate 
change alone in migration patterns, as the relationship is 
closely interwoven with other concerns. this is especially 
true when considering migration between regions where 
movement may also have many social, political and 
economic factors. It is also necessary to remember that 
the ability to migrate as an adaptive strategy to climate 
change is not equally accessible to all.

In summary, changes in precipitation are expected across 
europe as a result of climate change. these changes 
combine with changes in temperature to increase the 
potential impact, particularly in southern europe and 
the Mediterranean. Whilst increased precipitation is 
expected in northern europe during the summer, more 
frequent and intense droughts are expected across the 
Mediterranean and in parts of central europe, particularly 
in the summer. Water stress is projected to increase in 
the future and could impact on the aviation industry in a 
number of ways.
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A2.5 Effects of climate change on the jet 
stream

A2.5.1 Recent historical changes

observations of jet streams are difficult to make, and 
these technical difficulties mean that the historical record 
of jet stream strength and position are relatively short. 
However, a number of recent studies have reported a 
poleward and upward shift of all jet streams, including the 
northern hemisphere polar front jet. the range of average 
latitudinal change during 1979 and 2005 is thought to 
be between 1 degree,(Fu et al., 2006) and 0.4 degrees 
(Archer & Caldeira, 2008). the northern hemisphere 
polar front jet has been observed to have weakened by 
about 0.16 to 0.18 m/s per decade. However there has 
been no corresponding observation of changes to the 
storm climate of the north Atlantic region, which shows 
some decadal variability, but which has remained relati-
vely stable during the last 100-200 years (Bärring and von 
storch, 2004).

A2.5.2 Projected future changes in storm track
 location and storm intensity

A further poleward shift and intensification of storm 
tracks is suggested in a study by yin (2005). All but four 
of the fifteen GCMs in the study find a poleward move-
ment of the northern hemisphere storm track in winter 
by 2100. yin (2005) finds the track to primarily weaken in 
summer, although nine GCMs also concur on a poleward 
shift. A number of other investigations are consistent with 
these results (e.g., Fisher-Bruns et al., 2005, Leckebusch et 
al., 2004, 2006, and Lambert and Fyfe 2006). the regional 
study by Lechbusch et al. (2004) also finds an increase in 
storm intensities over western europe under scenarios of 
high greenhouse gas emissions.

However, a number of other studies find no indication 
of more intense storms in the future, suggesting instead 
a minor reduction in the number of weaker storms, (e.g., 
Carnell and senior, 1998, and Bengtsson et al., 2006). In 
agreement with earlier studies (e.g., Geng and sugi, 2003), 
Bengtsson et al. (2006) find an overall reduction (4%) in 

the future number of storms in the northern hemisphere 
winter, the largest reduction being in the number of 
weaker storms. In the northernmost parts of the Atlantic 
ocean and norwegian sea, they predict a reduction in 
both storm numbers and intensities. Bengtsson et al.. 
(2006) also project an overall reduction in the number of 
high-intensity storms over the Mediterranean.

the Met office Hadley Centre climate change expe-
riments show some evidence of poleward shifts in 
storm tracks in the future climate, but not over the 
north Atlantic during autumn or winter (McDonald, 
2008). McDonald (2008) suggests that there will be 
more cyclones north-west of the UK and fewer around 
Ireland and the Mediterranean in the future, but little 
change in overall cyclone frequency for the British Isles. 
the most important finding of the McDonald (2008) 
study is a 10% increase in the frequency of intense 
cyclones around the UK, accompanied by more severe 
gales by the end of the 21st century. However this 
result remains uncertain.

A2.5.3 Uncertainties

Contradiction about changes in storm intensity in the 
studies reviewed above is likely to be due to differing 
model physics. Different models represent physical 
processes slightly differently, for example ocean circu-
lation or cloud formation. Results from a single model 
study, although plausible, are not necessarily reliable and 
should not be generalised.

A weakening of the polar jet stream and a reduction in 
the number of intense cyclones could be attributable to 
larger temperature increases at the poles in relative to 
lower latitudes, which is expected as a result of climate 
change (see above). this would result in a reduction in 
baroclinicity across the jet stream. However, a warmer 
climate will also hold more moisture, which will result in 
an increase in latent heat release and potentially increase 
the intensity of storms (Bessington et al. 2006). the 
conflict between these two process, and others which 
affect storm frequency and intensity, partially accounts 
for the uncertainty of future projections.
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A2.5.4 Projected changes in wind strength and 
direction

one further consequence of changes to the jet stream 
and changes in storminess is changes in surface wind 
patterns. owing to the to the high uncertainty surroun-
ding the modelling of storminess, there is a corresponding 
uncertainty in wind projections.

Projecting changes in mean wind speed is difficult using 
global or even regional models. some studies show mean 
wind speed increasing over northern and/or central 
europe by about 8% over the 21st century, particularly 
during winter and early spring when the pressure gradient 
is at its largest (Alcamo et al., 2007),  and decreasing over 
the Mediterranean (Räisänen et al., 2004).

the limited number of investigations into extreme winds 
across europe have found an increase in extreme wind 
speed across western and central europe (Rockel & Woth, 
2007 & Leckebusch & Ulbrich, 2004) over the next century, 
while Beniston et al. (2007) shows increased extreme 
wind speeds between 45°n and 55°n, apart from over 
the Alps. several studies into Mediterranean cyclones 
indicate a decrease in the total number of cyclones per 
year (Lionello et al., 2002 & Pinto et al., 2006), although 
changes in intensity are ill-defined.

A2.5.5 Impacts of changes to the jet stream

the position and strength of the northern hemisphere 
polar jet front are important for aviation for a number of 
reasons. Primarily, the jet stream is important in routeing 
aircraft, and an average poleward shift of the jet will make 
a difference to the average routeing of aircraft, particu-
larly between europe and north America. However, the 
scale of the changes, both observed and projected, is 
small, with an average poleward shift of no more than 
around 1 degrees per decade expected, so any impact 
will be minimal.

the uncertainty surrounding changes in the strength of 
the jet stream and subsequent changes in storminess 
over europe mean that there is no clear consensus on 
the change expected. However, although uncertainty 
is high, there is little evidence that any changes will be 
large in scale, and this is supported by the fact that the 
storm climate in the north Atlantic is unlikely to have 
changed much in the last 100 years, whilst other climate 
change indicators have shown marked trends.

the lack of confidence in projections for changes in 
wind speed and direction again make an assessment of 
the impact difficult. However, it is expected that wind 
direction will change, as the position of the jet stream 
and storm track changes. the result will be that runways 
built to lie along the locally prevailing wind direction are 
likely to experience more cross-wind in the future, as 
that prevailing direction changes. the full extent of this 
increase in cross-wind depends not only on changes in 
direction, but also changes in wind strength, which are 
difficult to quantify.

In summary, the only clear consensus over the majority 
of model runs considered is of a several-degree poleward 
shift of the northern hemisphere polar front jet stream. 
there is lack of agreement over the exact nature and 
magnitude of changes in cyclone characteristics and jet 
stream location. Future changes are variable and uncer-
tain, but seem relatively modest when expressed as a 
fraction of historical values. However, this is an active area 
of ongoing research, and modelling capability continues 
to improve.

A2.6 Effects of climate change on severe 
convection

A2.6.1 Recent historical changes

observations of severe convection are limited, and are 
restricted to observations of related phenomena such 
as hail, lightening, extreme precipitation and tornados, 
all of which are indicators of severe convection. the 
density of observing stations on the surface is too 
coarse to capture all occurrences of small-scale severe 
weather phenomena. Remote sensing allows for the 
detection of thunderstorms but cannot uniquely iden-
tify severe weather events coming from them (Doswell 
et al., 2005).

In many european countries, the number of tornado 
reports has increased considerably over the last decade. 
this increase is considered to be attributable to advances 
in detection and reporting capability. the current yearly 
average of tornadoes over europe from observations 
is 169 ± 9 (Dotzec, 2003). the true value is expected to 
be higher than owing due to under-reporting. similar 
under-reporting is found for lightning, hail and extreme 
precipitation, all of which tend to be localised. It is there-
fore difficult to identify a trend in the pattern of severe 
convection events.
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A2.6.2 Projected changes in severe convection

Global temperature is rising. As the atmosphere warms, it 
is able to hold more moisture. In line with this, the average 
intensity of individual precipitation events is expected 
to increase. A recent Met office Hadley Centre (MoHC) 
report on projected changes in heavy rainfall suggests 
an increase in the proportion of future UK summer rain 
falling as heavy downpours (Kennett et al., 2007). this 
paper also finds evidence for greater increases or smaller 
decreases in rainfall for the more intense events in both 
winter and summer.

Importantly, this tendency is robust over two different 
driving Global Climate Models (GCMs), which show 
quite different large-scale future changes. Kennett et al. 
(2007) also find an increase in the ratio of extreme to 
mean precipitation in UK summer. this suggests that a 
greater proportion of future events may be convective 
in nature.

A study by Buonomo et al. (2007) suggests that greater 
increases in rainfall for the rarest and shortest-duration 

extremes (i.e. the most intense multi-annual events) are 
expected across europe.

Another study, using the Goddard Institute for space studies 
GCM, projects an increase in lightning activity as global 
temperature rises (Price and Rind, 1994). Price and Rind (1994) 
find a 30% increase in lightning activity in a 2xCo2 climate, 
with the changes greatest in the northern hemisphere 
summer (Figures 6-7). this increase approximates to a 5-6% 
change in global lightning frequencies for every 1°C rise.

A global analysis by Reeve and toumi (1999) suggests 
there is a statistically significant relationship between light-
ning frequency and wet-bulb temperature. they show that 
with a 1°C increase in global wet-bulb temperature, there 
is a 40% increase in lightning activity, with larger increases 
over northern hemisphere land areas (56%).

Boorman et al. (2003) find a dramatic increase in the 
number of hail days in both spring and summer across 
the UK in the future climate (Figure 8). they predict a 
28% increase in summer hail days for a 1°C rise in mean 
minimum temperature. 

Figure 6: Percentage changes in lightning events in 
2xCO2 climate (Price and Rind, 1994)

Figure 7: Percentage changes in lightning events in 
2xCO2 climate (Price and Rind, 1994)

Figure 8: Percentage change in days with hail: (a) spring – MAM; (b) summer – JJA
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A2.6.3 Impacts of changes in severe convection

there are a number of problems with projections for 
severe convection, not least the lack of observation 
evidence for recent trends. Convective cells are also 
small-scale features, which relatively coarse resolution 
climate models are unable to resolve. However, there 
are some indications that, overall, an increase in the 
amount of convection is likely across europe as tempe-
ratures increase. Most of the studies carried out have 
investigated the UK, but even then not a great deal is 
known about the scale of those changes. Large super-cell 
convective systems can have significant impacts on avia-
tion, causing long delays, re-routeing and the diversion 
of aircraft. there is little evidence to suggest that these 
super-cells will be as large a factor over europe as they 
are at some locations at particular times of the year in the 
Us. However, slightly more disruption due to convective 
activity might be expected.

In summary, the limited studies of changes in severe 
convection indicate an expected increase under climate 
change. However, the uncertainty involved in modelling 
convection, and the lack of robust observational data 
mean that confidence in this result is low. Again, this is 
an area of active ongoing research, as the importance of 
understanding these small-scale events is high in terms 
of the impact of climate change.

A2.7 Effects of climate change on sea level 
rise

A2.7.1 Recent historical changes

Geological observations and long-term instrumental 
records give a clear indication that the rate of sea level 
rise has increased between the mid-19th and mid-20th 
centuries. the average rate was 1.7 ± 0.5 mm/yr for the 
20th century, 1.8 ± 0.5 mm/yr for 1961 to 2003, and 3.1 
± 0.7 mm/yr for 1993 to 2003 (Bates et. al., 2008). sea 
level rise is projected to continue well into the next 
century, even if emissions are stabilised, as the ocean 
possesses substantial thermal inertia (Meehl et. al., 2007; 
Wigley, 2005).

A2.7.2 Projection of European sea level rise

Along most european coastlines, there is high confi-
dence that sea levels will rise in line with global averages 

(Jenkins et. al., 2002), with some areas experiencing an 
increase. In the north-east Atlantic, the sea level exhibits 
a clear relationship with air pressure and wind changes 
(Bindoff et. al., 2007), both controlled in part by the 
north Atlantic oscillation (nAo). Any changes to the 
nAo as a result of climate change (as yet unquantified) 
may result in changes to sea levels along the coastlines 
of western europe. those areas previously glaciated, 
such as northern scotland and scandinavia, may see 
a relative drop in sea level as the land rebounds. on a 
longer time-scale, Levermann et. al. (2005) have shown 
that a slowing or cessation of the thermohaline circula-
tion, albeit highly unlikely over the course of the next 
100 years, could result in significant rises in sea level, 
up to 1 metre above projected levels. Around the UK, 
sea levels have risen by about 1 mm a year throughout 
the 20th century. this rate increased to nearly 2 mm a 
year during the 1990s and 2000s and is projected to 
continue into the 21st century (Jenkins et. al., 2007). 
In areas already prone to coastal erosion, such as east 
Anglia in the UK, rates of destruction may increase as 
sea levels rise.

It is suggested that such regional influences as the nAo 
and el niño could result in european sLR being up to 
50% greater than global projections, (Woodworth et. 
al., 2005). An estimate based on sRes A1FI indicates 
that up to an additional 1.6 million people living in the 
Mediterranean, northern and western european may 
experience coastal flooding by 2080 (nicholl, 2004). For 
the Baltic and Arctic coasts, sea level rise projections 
under some sRes scenarios indicate an increased risk 
of flooding and coastal erosion after 2050 (Johansson 
et. al., 2004, Meier et al. 2004, Kont et. al 2007). Coastal 
retreat rates are currently 0.5 m/yr to 1 m/yr for the 
regions of the Atlantic most affected by storms. these 
levels are projected to increase with sea level rise 
(Cooper and Pilkey 2004; Lozano et. al., 2004).

sea level rises of between 0.18 and 0.59 m are expected 
across europe by 2090-2099, relative to 1980-1999. 
However, this range of sea level rises does not include 
some key uncertainties (solomon et. al., 2007). there 
is considerable uncertainty surrounding the rate of 
melting of the Greenland ice sheet, which is expected 
to contribute positively to sea levels (van de Wal et. al., 
2001; Gregory and Huybrechts, 2006), possibly adding 
0.1 m-0.2 m to global sea level rise by 2090-2099 (Meehl 
et. al., 2007). the Antarctic ice sheets are expected, 
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on balance, to contribute negatively to sea levels. A 
range of studies indicate that the Antarctic continent 
will receive increased snowfall in the future, with little 
loss through warming (e.g., Wild et. al., 2003; Krinner 
et al., 2007). However, recent satellite observations of 
the Antarctic ice sheets show an increased number of 
ice streams across the continent. Destabilisation of the 
West Antarctic ice sheet (WAIs) could lead to a rapid 
rise in sLR of up to 6 m, with the potential for greater 
rise from melting of the remaining ice sheets (Bindoff 
et. al., 2007).

A2.7.3 Sea level rise and extreme water levels

one effect of increases in mean sea level will be changes 
in extremes resulting from the passage of storms. In 
regions subject to coastal subsidence and tectonic 
activity, such as the low-tidal-range Mediterranean and 
Black sea, sea level rise significantly increases the poten-
tial impact of tsunamis and storm surges (Gregory et al., 
2001). experiments by the Met office Hadley Centre 
predict fewer, yet more extreme, surge events for the 
Baltic and southern north sea (e.g. Meier et al., 2004; 
Lowe and Gregory 2005).

A recent study shows that along the east coast of the 
north sea and into the skagerrak, the annual 99-percen-
tiles of significant wave height and storm surge residual 

(defined as the water level minus the astronomical tide) 
increase 6-8% and 8-10% respectively (Debernard and 
Røed, 2008). Importantly, these results are robust across 
their various choices of global models and greenhouse 
gas emission projections.

In many locations, the risk of extreme high sea levels is 
poorly characterised owing to insufficient tide gauge 
networks and low measurement frequency. trends, 
where detectable, are highly dependent on local 
conditions (Woodworth and Blackman, 2004). the 
magnitudes and patterns of change in extreme water 
levels remain largely uncertain.

A2.7.4 Impacts of sea level rise

A basic study reveals that around 34 major european 
airports are located on coastlines or river flood-plains 
within the tidal limit. some (e.g. Marseille) have 
runways constructed on artificial or reclaimed land 
stretching out into the sea. those on floodplains (e.g. 
London City) could be at risk in the future, as rivers 
experience tide-locking (where high-fluvial flows and 
high tides coincide) higher up their course as a result 
of sea level rise. smaller domestic airports situated 
in coastal and flood-plain areas may also be at risk. 
these often provide a vital communication route for 

Figure 9: Local sea level change (m) relative to the global 
1980-1999 level during the 21st century. Avera- 
ged over an ensemble over 16 AOGCM’s 
forced with the SRES A1B scenario (Source: 
extracted from global plot, Meehl et al., 2007)

Figure 10: Increases in the height (m) of the 50-year extreme 
water level around the UK for the A2 scenarios in 
the 2080s (L = London, H = Hamburg) (Source: 
adapted from Lowe and Gregory 2005)
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the local population and are unlikely to be as well 
defended against flooding and erosion as more major 
airports. Additionally, many airports are accessed by 
coastal roads and other communication links which 
may prove equally (if not more) vulnerable to sea level 
rise.
 
In summary, global sea levels are rising. european 
sLR could be significantly greater than global projec-
tions. It is thought that northern european coastlines 
will become at increased risk of flooding and coastal 
erosion. More extreme storm surges are expected in the 
future climate, although the full extent of this risk also 
depends on changes in the storm tracks, which are very 
uncertain (see above).

A2.7 Effects of climate change on visibility

A2.8.1 Recent historical changes

no studies of changes in visibility or fog records have 
been carried out, and it is likely that the climate record 
for visibility is poor.

A2.8.2 Future changes in fog

very little study has been carried out into changes to 
visibility as a result of climate change. Much of this 
is because reductions in surface visibility, as a result 
of both haze and fog, are low-level boundary layer 
features. Climate models have course resolutions and 
do not model the boundary layer well. Additionally, 
climate models struggle to accurately represent the 
persistence of high-pressure blocking systems, the 
synoptic conditions required for the development of 
both fog and haze.

However, one study has been carried out by the Met 
office Hadley Centre for the UK, looking at changes in 
fog occurrence (Boorman et al., 2003). this study indi-
cates a consistent decrease in the number of future fog 
days (defined as days on which the maximum relative 
humidity at 1.5 m exceeds 0.5 at some point during the 
day) in autumn and winter (table 3). Central scotland 
in autumn and the southeast of england in winter are 
expected to have the greatest percentage decreases in 
the number of fog days (Figure 11).

Fog Days UK NI/Scotland N. Eng./ N. Wales S. Eng./ S. Wales

Autumn - SON -17 -17 -17 -17

Winter - DJF -17 -17 -17 -17

Table 3: Summary of percentage change in number of days with fog for the UK (Boorman et al. 2003)

Figure 11: Percentage change in number of days with fog: (a) autumn – SON; (b) winter – DJF
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Boorman et al. (2003) find that generally over the UK, the fog amount marginally increases in autumn and decreases 
in winter. they determine this by modelling the change in fog fraction, the fraction of the model grid box with fog 
(table 4).

Fog Days UK NI/Scotland N. Eng./ N. Wales S. Eng./ S. Wales

Autumn - SON 8 2 12 11

Winter - DJF -9 -9 -13 -9

Table 4: Summary of percentage change in fog fraction for UK regions (Boorman et al. 2003)

the biggest autumn increases are seen in central and northern england and Wales. Winter sees some increases in the 
north of scotland and at a few coastal points (Figure 12).

Figure 12: Percentage change in fog fraction with days of fog: (a) SON; (b) DJF

A2.8.3 Impacts of changes in fog

It is not possible to give a likely impact of climate change on airport operations as a result of changes in visibility owing 
to the lack of study carried out in this area. However, indications that there might be a reduction in the occurrence of fog 
seem reasonable in the light of temperature increases across europe, particularly the increase in winter temperatures (see 
above). If further study supported this change, then the result would mean greater operational capacity for many conti-
nental airports currently plagued by fog problems in the winter, and a reduction in the number of diverted aircraft during 
the winter.

In summary, there is some indication that climate change will result in a reduction in the number of fog days across the 
UK at least. However, the uncertainty in this result is high, and more research needs to be conducted to establish a firm 
projection of changes in fog.
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Annex 3: Implications of aviation for climate
  change

A3.1 Overview

the civil aviation industry currently contributes approxi-
mately 2-3% to global carbon dioxide emissions, with 
subsequent impacts on greenhouse gas concentrations 
and global warming. However, in addition to emissions 
of carbon dioxide, there are a host of other aviation-
related emissions which impact on air quality and/or 
drive climate change. Aircraft emissions of no and no2 
(nox) in the upper troposphere and lower stratosphere 
are responsible for increased tropospheric and lower stra-
tospheric ozone with consequences on climate. similarly, 
primary emissions of aerosol particles such as soot, or 
secondary emissions of gases such as sulphur dioxide 
which form sulphate aerosol or volatile organic carbon 
aerosols can also contribute to climate change. these 
particles are frequently grouped into atmospheric parti-
culate matter of less than 2.5 μm aerodynamic diameter 
(PM2.5) or less than 10 μm aerodynamic diameter (PM10). 
stringent local and national legislative targets are set for 
levels of these air pollutants. Airports act as central hubs 
for freight, tourists and business travellers, and hence 
road transportation to airports is an important contri-
butor to air pollution.

In addition to emissions of carbon dioxide and other 
pollutants, aviation is uniquely responsible for contrail 
formation, and may contribute significantly to the forma-
tion of cirrus ice clouds. Both of these mechanisms can 
lead to further warming of the climate system although 
considerable uncertainty is associated with these mecha-
nisms (e.g. Boucher, 1999) and the subsequent climate 
response. there have been several studies of the impacts 
of aviation on climate over the last decade. the first 
comprehensive study dedicated to the impacts of avia-
tion on climate was that of the Intergovernmental Panel 
on Climate Change (IPCC, 1999). In addition to assessing 
aircraft technology and operations in relation to emis-
sions, IPCC (1999) analysed the impacts of aircraft on the 
chemistry of the atmosphere, contrail and induced cirrus 
cloud formation, and the potential impact on the climate 
of the earth via the concept of radiative forcing. IPCC 
(1999) introduced the concept of the Radiative Forcing 
Index (RFI) to account for aircraft emissions of nox, stra-
tospheric water vapour, contrails and cirrus cloud in 
addition to emissions of carbon dioxide.

since IPCC (1999), there has been significant further 
research on both the applicability of radiative forcing as 
a measure of the potential climatic impact and updates 
of the radiative forcing due to aviation activities. In the 
following sections, we present the definition of radiative 
forcing as defined by IPCC (1999) and provide updated 
estimates of the radiative forcing from aviation emissions. 
We also use the latest studies to assess the applicability 
and limitations of radiative forcing as a potential climate 
change indicator, and provide alternative metrics which 
are more appropriate for inhomogeneous and short-lived 
climate forcing mechanisms such as that due to contrails.

A3.2 Radiative forcing as a potential
 climatic change indicator

Radiative forcing (RF) has been used throughout the last 
two decades as a useful indicator of climate change. It is 
formally defined (e.g. Forster et al., 2007) as follows:

“The radiative forcing of the surface-troposphere 
system due to the perturbation in or the introduc-
tion of an agent is the change in the net irradiance 
at the tropopause AFTER allowing for stratospheric 
temperatures to readjust to radiative equilibrium, 
but with surface and tropospheric temperatures 
and state held fixed at the unperturbed values.”

Radiative forcing is normally evaluated as the difference 
between present-day and pre-industrial conditions. 
Radiative forcing has proved a useful concept over the 
last couple of decades because the global mean near-
surface temperature response, dTglobal, to a particular 
radiative forcing, RFglobal, may be related to climate sensi-
tivity, λ, via the relationship:

dTglobal = λ RFglobal                                  (1.1)

Generally, studies suggest that this relationship appears 
to be approximately independent of the forcing mecha-
nism (e.g. Meehl et al., 2004; Matthews et al., 2004), which 
means that the relative importance of many different 
forcing mechanisms may be quantified and compared.

Prepared by: Olivier Boucher and Jim Haywood
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While λ is approximately independent of forcing mecha-
nism, it may be quite strongly model-dependent. 
Additionally, some recent studies have suggested that λ 
may not be entirely independent of forcing mechanism 
as the latter may induce different feedbacks, which may 
lead to a modification of equation (1) via the climate effi-
cacy, εi (e.g., Joshi et al., 2003):

dTglobal = εi λCO2RF                                  (1.2)

Where εi is defined as λi/λCO2 and is frequently called the 
climate efficacy. the inter-forcing mechanism differences 
in εi appear to be greatest for absorbing aerosols where 
absorption of solar radiation induces the so-called ‘semi-
direct effect’, but large-scale dynamical feedbacks differ 
in the models used in assessing εi, resulting in values 
which are either larger (e.g., Jacobson, 2001) or smaller 
(e.g., Roberts and Jones, 2004; Hansen et al., 2005; Jones 
et al., 2007) than unity, with values typically ranging from 
0.7 to 1.3 (Forster et al., 2007). there has not been a syste-
matic investigation of εi for aviation emissions.

It is important to realise that in order to diagnose an indi-
rect radiative forcing which may be compared to other 
forcing mechanisms, it is the global radiative forcing 
which is related to the global temperature change 
in equation 1 and 2. A local radiative forcing does not 
correspond to a local temperature change because of 
the myriad of local, regional, and global-scale feedback 
processes, which differ for different regions of the earth.

now that the IPCC (2007) definition of radiative forcing 
has been presented, we present the findings of IPCC 
(1999) and show how these estimates have changed in 
the light of recent updates.

A3.3 IPCC (1999) estimates of the radiative 
forcing from aviation and the origin 
of the Radiative Forcing Index (RFI)

the first comprehensive assessment of the potential 
impact of aviation emissions on climate was that of IPCC 
(1999). Figure 1 shows the radiative forcing for aviation 
emissions assessed for the year 1992 as presented in IPCC 
(1999). 

At the time, IPCC (1999) determined that the contribu-
tion to aircraft emissions of carbon dioxide in 1992 was 
approximately 2% of the total global anthropogenic 
emissions or approximately 13% of emissions from all 
transportation sources. the radiative forcing for 1992 
from carbon dioxide was assessed to be +0.018 Wm-2 
with a qualitative uncertainty range of ±30%.

other radiative forcing agents include those from 
tropospheric ozone and methane owing to aircraft nox 
emissions. Aviation emissions of nox increase levels of 
upper tropospheric and lower stratospheric o3 (and 
tropospheric oH) leading to a positive radiative forcing. 
However, this positive forcing is offset to some extent 
by reduced levels of CH4 owing to the increased oH 
concentrations.

stratospheric water vapour, and soot and sulphate 
aerosol direct effects all exert relatively minor radia-
tive forcings in comparison with that of Co2. However, 

Figure 1: The radiative forcing in Wm-2 for aircraft emis-
sions for 1992 as presented in IPCC (1999). The 
total radiative forcing including all components 
except for aviation-induced cirrus clouds is 
shown by the bar on the extreme right-hand 
side of the diagram. The panel at the bottom 
represents the somewhat subjective level of 
scientific understanding (LOSU). The error bars 
are estimates of 1 standard deviation and there-
fore of the 67% likelihood in the range. (Source: 
reproduced from IPCC, 1999)
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contrails were assessed as exerting a significant radiative 
forcing of +0.02 Wm-2, with an uncertainty of a factor of 
three and a fair level of scientific understanding (LosU). 
the effect of aviation on cirrus cloud formation could 
also have a significant contribution when compared with 
the radiative forcing of aviation carbon dioxide emissions, 
and was assessed as being in the range 0 to 0.04 Wm-2, 
with a very poor LosU.

IPCC (1999) warns against the use of Global Warming 
Potentials (GWPs) for aviation emissions and points to a 
number of flaws: contrails are not related to emission of 
a specific gas, but rather to aircraft activities in ambient 
environments which support contrail formation; ozone 
production from nox emissions is dependent on the 
location and season; GWPs do not account for evolution 
of the atmosphere, in particular the future oxidising capa-
city of the atmosphere and the saturation of the carbon 
dioxide absorption bands as atmospheric concentrations 
increase.

Despite these limitations, it is now believed that if used 
carefully, GWPs can also be useful to quantify the climate 
effect of short-lived species and contrails (see sections 
1.6 and 1.8). IPCC (1999) introduced the Radiative Forcing 
Index (RFI) to account not just for aviation emissions 
of Co2 but for other aviation emissions such as nox 
emissions, and the formation of contrails and aviation-
induced cirrus. Formally, the RFI for aviation emissions is 
therefore defined as:

RFIaviation = (1.3)

Where the summation accounts for all other aircraft 
emissions which exert a radiative forcing. For aviation, the 
contributions from contrails, contrail-induced cirrus, and 
ozone and methane from nox emissions are typically 
accounted for in deriving a RFI, as those due the direct 
aerosol effects are relatively minor. the total radiative 
forcing shown in Figure 1 (excluding aviation-induced 
cirrus) is +0.05 Wm-2 while the radiative forcing from avia-
tion emissions of Co2 alone is 0.018 Wm-2, leading to a 
RFI inferred from Figure 1 of 0.05/0.018 ≈ 2.8, indicating 
that aircraft emissions may exert a stronger impact on 

climate per unit emission of Co2 than those from other 
transport sectors, owing to the significant contribution 
from contrails and to a lesser extent from nox emissions.

the importance of contrail formation is therefore of 
central relevance to any assessment of the impacts of 
aviation emissions on climate change. Contrails exert a 
radiative forcing through two mechanisms, via reflection 
of sunlight back to space (leading to negative radiative 
forcing, and a cooling of the climate) and via absorption 
and re-emission of thermal infra-red radiation in a manner 
similar to greenhouse gases (leading to positive radiative 
forcing, and a warming of the climate). obviously the 
effect on sunlight is only relevant during daylight hours, 
while the effect on thermal infra-red radiation occurs 
independently of sunlight, leading to a diurnal cycle 
in the radiative forcing due to contrails. this has led to 
suggestions that flights during daylight hours do not 
have as significant a climatic impact as those during the 
night, and similarly that flights during summer do not 
have as significant an impact as those during winter (e.g. 
Myhre and stordal, 2001; stuber et al., 2006).

A3.4 Updated estimates of the radiative 
forcing from aviation

since IPCC (1999), there have been two full assess-
ments made up of Working Groups I-III dealing with a) 
science of climate change (WGI), b) impacts and adap-
tation (WGII), and c) mitigation (WGIII). these reports 
do not cover aviation emissions in as much detail as 
IPCC (1999). However, the tRADeoFF project (sausen et 
al., 2005) has provided a further comprehensive assess-
ment of the effects of aviation on the radiative forcing 
of climate.

WGI of IPCC (2001) presented the radiative forcing due to 
contrails and aviation-induced cirrus as separate forcing 
mechanisms in their radiative forcing bar chart, while 
the radiative forcing from other aviation emissions were 
induced implicitly with those from all other emissions 
(Figure 2). Rather than attempting to assign a specific 
statistical rigour to the error bars, in IPCC (2001) they are 
simply based on the range of estimates which are avai-
lable in the literature. note also that the radiative forcing 
in IPCC (2001) continues to be based on aircraft emis-
sions for the year 1992.

RFCO                 + Σ RF i aviation  2 aviation

n

i=o

RFCO  2 aviation
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the tRADeoFF project (sausen et al., 2005) provides a 
more comprehensive update of the radiative forcing due 
to aviation emissions. Importantly, they account for the 
growth in air traffic between the period 1992 and 2000. 
sausen et al. (2005) provide two forms of update to the 
radiative forcing of aviation emissions. the first is a simple 
scaling of that from IPCC (1999), adjusted for increases 
in air traffic activities between 1992 and 2000 by linear 
interpolation (open bars in Figure 3). the second is a 
full assessment of the radiative forcing using updated 
emissions and formulations of the radiative forcing (red 
bars on Figure 3). this later approach is considered the 
most robust. As expected, the radiative forcing due to 
aviation emissions of Co2 increases slightly from 0.018 
Wm-2 to 0.025 Wm-2. the radiative forcing from nox 
emissions via ozone production decreases slightly from 
0.023 Wm-2 to 0.022 Wm-2, while the offsetting methane 

radiative forcing weakens from 0.014 Wm-2 to -0.010 
Wm-2. However, the most significant change in the radia-
tive forcing estimates is from contrail radiative forcing 
which is halved from +0.02 Wm-2 to +0.01 Wm-2 owing 
to updated estimates (Sausen et al., 2005, and references 
therein). the resulting total radiative forcing estimate is 
approximately 0.048 Wm-2, leading to a significant reduc-
tion in the RFI from 2.7 for IPCC (1999) to 1.9 for Sausen 
et al. (2005). Again, it should be noted that the contribu-
tion to aviation induced cirrus is not accounted for in the 
RFI, because this effect is judged to be too uncertain for 
inclusion.

Figure 2: The radiative forcing for all quantifiable components presented by IPCC (2001). 
Aviation-induced contrails and cirrus clouds are assigned their own bars, while 
aviation emissions from the other aviation components are implicitly included 
in other bars. (Source: reproduced from IPCC, 2001)
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Figure 3: The radiative forcing for IPCC (1999), which is for 1992 aviation emissions (blue bars), updated linearly scaled estimates 
from IPCC (1999) to account for increased aviation activities for the year 2000 (open bars), and fully updated estimates 
including changes to aviation emissions and changes to estimates of the radiative forcing for the year 2000 (red bars) 
(Source: reproduced from Sausen et al., 2005).

WGI of IPCC (2007) follows the work of sausen et al. 
(2005) in assigning a radiative forcing due to contrails of 
+0.01 Wm-2, but goes further in assigning an estimated 
90% confidence interval ranging from 0.006 Wm-2 to 0.03 
Wm-2 (Figure 4). If the radiative forcing due to contrails 
lies at the weakest end of this estimate, that would mean 
a RFI of 1.7, while if at the highest end, it would mean a 
RFI of 2.7.

the radiative forcing estimates for contrails from the 
various assessments are presented in table 1.
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Figure 4: The radiative forcing for all quantifiable components presented by IPCC (2001). The estimate of the error bars is based 
on 90% confidence levels (1.65 standard deviations) (Source: reproduced from IPCC, 2007).

Reference Best estimate for 
contrails Comment

IPCC (1999) +0.02
(0.007 to 0.06Wm-2) 1992 emissions. Uncertainty represents one standard deviation.

IPCC (2001) +0.02
(0.007 to 0.06Wm-2)

1992 emissions. Uncertainty not defined – guided by the range of
estimates available in the literature.

TRADEOFF
(Sausen et al., 2005) +0.01 Wm-2 2000 emissions. No range suggested.

IPCC (2007) +0.01
(0.003 to 0.03Wm-2)

2000 emissions. Uncertainty represents 90% confidence intervals
(1.65 standard deviations).

Table 1: A summary of the radiative forcing due to contrails from various sources in the literature
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A3.5 The radiative forcing from aviation 
compared to other transport sectors

the radiative forcing from aviation in comparison with 
other transport sectors has also been investigated 
recently by Fuglestvedt et al. (2008), who consider the 
radiative forcing from aviation, road, shipping and rail 
and deduce the net radiative forcing for year 2000 emis-
sions. As seen in Figure 5, road transport is the dominant 
sector in contributing to the majority of forcing agents 
(the contribution from the blue bars in panel A), but the 
significant contribution from contrails from aviation emis-
sions are again highlighted here. Fuglestvedt et al. (2008) 
also show the net radiative forcing in Figure 5B, but the 
relatively high contribution to the net forcing from avia-
tion could be challenged because of the inclusion of 
aviation-induced cirrus, when IPCC (2007) considered 
the contribution from aviation-induced cirrus to be too 
uncertain to be included in their radiative forcing bar 
charts (Figure 5).

A3.6 Alternative climate metrics

In addition to radiative forcing and the RFI concept (see 
above), a limited number of other climate metrics have 
been proposed in the literature.

Radiative forcing underlies the concept of equivalent 
carbon dioxide. equivalent carbon dioxide (Co2e) is 
the concentration of Co2 which would cause the same 
level of radiative forcing (relative to the year 1750) as a 
given mix and concentrations of greenhouse gases. A 
concentration of say 550 ppm Co2e can correspond to 
different atmospheric mixes of carbon dioxide, methane 
and nitrous oxide. there is sometimes confusion around 
the concept of equivalent carbon dioxide, because some 
authors include some short-lived species (sulphate aero-
sols in particular) in its definition, while others restrict the 
concept to long-lived and therefore well-mixed green-
house gases.

Global warming potential (GWP) is a measure of how 
much a given mass of greenhouse gas emitted today is 
estimated to contribute to global warming in the future. 
the absolute GWP is defined as the integral of the radia-
tive forcing caused by the pulse emission of 1 kg of a 
chemical species over a time-horizon t, which results 
in a unit of W m-2 kg-1 yr. GWP is a relative scale which 
compares the emission of 1 kg of the gas in question to 
that of the same mass of carbon dioxide (whose GWP is 
by definition 1). Both absolute GWP and GWP depend 
on the atmospheric decay time and radiative efficiency 
of the chemical species. GWP is usually reported for 
periods of 20, 50, 100 and 500 years. GWP is sometimes 
quoted without a time-horizon, which strictly speaking is 
meaningless, although in practice a time-horizon of 100 
years is generally assumed. Although GWPs can tech-
nically be defined for short-lived species as well, their 
usage is not well established and there is little scientific 
literature on GWPs for short-lived species.

GWPs are used to weight the emissions of various long-
lived greenhouse gases and trade them against each other 
under the Kyoto protocol, as it underpins the concept of 
carbon dioxide equivalent. Carbon dioxide equivalent 
is a quantity which describes, for a given mixture and 
amount of greenhouse gas emissions, the amount of Co2 
emissions which would have the same absolute GWP 
when measured over a specified time-horizon (generally 

Figure 5: (A) The radiative forcing from the different 
transport sectors for various different radiative 
forcing agents. (B) The total net radiative forc-
ing from the various transport sectors (noting 
that the aviation contribution includes that of 
aviation-induced cirrus. (Source: reproduced 
from Fuglestvedt et al., 2008)
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100 years). It is important to note that carbon dioxide 
equivalent is different from equivalent carbon dioxide 
concentrations. Carbon dioxide equivalent reflects the 
time-integrated radiative forcing of emissions, rather than 
the instantaneous value described by Co2e.

shine et al. (2005) introduced the concept of a global 
temperature change potential (GtP), which is further 
discussed in shine et al. (2007). the absolute GtP is 
defined as the change in global surface temperature at 
a given time-horizon induced by a pulse emission. It has 
a unit of K.kg-1. GtP is a relative scale which compares 
the gas in question with that of the same mass of 
carbon dioxide. GtP can be reported for a period of 

100 years, although shine et al. (2007) proposed using 
a variable time-horizon as we approach a particular 
target year.

We now present a strength-weakness-opportunity-threat 
(sWot) analysis of the four different climate metrics 
discussed above. It is clear from the sWot analysis that 
global temperature change potentials offer a promi-
sing alternative to global warming potentials in order 
to compare different climate change mechanisms. 
However, further work is needed to establish GtPs on a 
more robust footing in order to obtain a wider accep-
tance of the concept in the scientific and policy-making 
communities.

Strengths

Is a well-established quantity. Is well understood by policy- 
makers. Is a useful quantity to compare the role of different 
forcing agents in observed climate change. Relates approxima-
tely linearly to equilibrium global surface temperature change.

Weaknesses

Does not factor in the climate efficacy of different climate forcing agents. 
Is a cumulative measure of past emissions for long-lived species, but a 
measure of present-day emissions for short-lived species. Does not mean 
much for non-monotonic forcings (such as for increasing then decreasing 
emissions and concentrations of sulphate aerosols). Cannot be used for 
non-radiative forcings. Cannot be used to weight emissions of different 
species. Cannot be regionalised in a meaningful way. As it is defined as 
the change since pre-industrial times, the importance of radiative for-
cings which have appeared only recently (such as contrails) can be un-
derplayed.

Opportunities

Can be extended to the future for particular socio-economic sce-
narios. Climate models can be used to investigate the regional 
climate response to regional radiative forcing.

Threats

Is so well established that it may be difficult to move away from it even if 
there is consensus for a better concept.

(a) Radiative forcing

Strengths

Can be easily computed from radiative forcing calculations. 

Weaknesses

Relies on the concept of radiative forcing and therefore shares its 
weaknesses. Has not been applied to many socio-economic sectors.

Opportunities

Can be extended to the future for particular socio-economic sce-
narios.

Threats

Credit given by IPCC (1999) and media attention makes it a popular 
concept despite its many weaknesses. 

(b) Radiative Forcing Index
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Strengths

Is a well-established quantity. Can be computed accurately 
for long-lived species. Is well understood by policy-makers 
and other stakeholders. Is a useful quantity to compare future 
climate change induced by present-day emissions of long-lived 
species..

Weaknesses

Somehow depends on the underlying emissions scenarios (e.g. CO2 RF 
per unit emission depends on CO2 atmospheric concentrations and CO2 
airborne fraction depends on ocean uptake). Is not very appropriate for 
short-lived species, as it does not factor in the memory of the climate 
system. Does not factor in the climate efficacy of different climate forcing 
agents.

Opportunities

Can be used as a starting point to introduce more appropriate 
climate metrics such as global temperature change potential.

Threats

Is often used for an arbitrary time-horizon without understanding of the 
sensitivity to time-horizon. Can be misused if extended to short-lived 
species. Is so well established that it may be difficult to move away from 
it even if there is consensus for a better concept.

(c) Global warming potential

Strengths

Is formulated in terms of global surface temperature change 
which is a more relevant quantity to policy-makers. Is a more 
appropriate metric than global warming potential to compare 
the climate impact of long-lived and short-lived species. Can 
factor in the climate efficacy of different climate forcing agents. 
Can handle non-radiative forcings. Is traceable to GWP for long-
lived greenhouse gases.

Weaknesses

Is not as robust as the global warming potential, as it is dependent on the 
adjustment time-scales and the climate sensitivity of the climate model 
used. Is not widely accepted and has received little support from IPCC 
so far. 

Opportunities

Climate models can be used to investigate the global tempe-
rature change potential to pulse regional radiative forcing. Can 
be parameterised. Can be extended to regional temperature 
change potential for short-lived species. Can be used to assess 
the climate impact of complicated options involving radiative 
and non-radiative forcings in a comprehensive and integrated 
way (e.g. avoided deforestation and fossil-fuel use versus defo-
restation and biofuel production with associated changes in sur-
face albedo and use of fertilisers). 

Threats

May be used for an arbitrary time-horizon without understanding of the 
sensitivity to time-horizon.

(d) Global temperature change potential
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A3.7 Proposed legislative control of
 aviation emissions

International aviation is not currently bound to the Kyoto 
protocol and carbon trading markets. However, the 
european Commission recently adopted a proposal for 
legislation to include aviation in the eU emissions trading 
scheme (CoM/2006/0818). the proposal provides for 
aviation to be brought into the eU emissions trading 
scheme in two steps. It has been proposed that, from 
the start of 2011, emissions from all domestic and inter-
national flights between eU airports will be covered. one 
year later, at the start of 2012, the scope will be expanded 
to cover emissions from all international flights which 
arrive at or depart from an eU airport. other non-euro-
pean countries may follow later and include aviation in 
their existing or forthcoming national emissions trading 
scheme. Alternatively, most airlines and travel agen-
cies provide voluntary carbon offsetting schemes for 
their passengers. It is out of the scope of this Annex to 
investigate the implications which carbon pricing will 
have on aviation growth. However, we address here two 
particular aspects of the question of how mitigation of 
climate change may affect aviation and air traffic mana-
gement. First, we address the question of whether or not 
a non-Co2 multiplier should be used to better quantify 
the effects of aviation on climate, which is relevant for 
both voluntary offsetting of carbon emissions or manda-
tory participation of aviation in carbon trading markets. 
second, we discuss the long-term implications for air 
traffic management of a direct reduction (voluntary or 
mandatory) of the non-Co2 effects of aviation.

A3.8 Multiplier factors and their limitations 
in accounting for non-CO2 aviation 
emissions

As discussed earlier in this report, aviation contributes 
to climate change through a variety of climate agents 
(carbon dioxide, tropospheric ozone with indirect impact 
on methane, linear persistent contrails, induced cirrus, 
stratospheric ozone, stratospheric water vapour, aero-
sols) with a large range of time-scales. the objective of 
non-Co2 multipliers is to factor in these non-Co2 climate 
effects into an equivalent-Co2-alone effect. 

the initial proposal from the european Commission 
does not recommend taking into account the non-Co2 

impacts of aviation (CoM/2006/0818). Likewise, the 2008 
ICAo guidance paper on the use of emissions trading for 
aviation recommends “starting with an emissions trading 
scheme that includes Co2 alone (article 2.3.7)”. It further 
says that “this does not preclude states from considering 
the inclusion of other aircraft emissions that contribute to 
climate change in a trading scheme, as scientific unders-
tanding evolves about the effects of non-Co2 aircraft 
emissions (article 2.3.8)”. 

However, there have been many calls to introduce a multi-
plier factor based on previous work by the IPCC (1999). 
For instance, in their first reading of the eC proposal, 
the european Parliament requested an amendment for 
“a multiplier to take into account non-Co2 impacts of 
aviation”. even though this amendment will probably not 
be adopted, it is likely that there will be increasing poli-
tical will to legislate on the non-Co2 impacts of aviation. 
Multipliers are also used somewhat arbitrarily in some 
flight carbon calculators. 

In this context, we review the origin of the concept of 
the multiplier factor and discuss its relevance in the 
context of the participation of the aviation sector in 
carbon markets. It is usual to measure the contribu-
tion to climate change in terms of radiative forcing (RF) 
relative to pre-industrial times. Radiative forcing is a 
measure of the perturbation of the radiation balance 
of the earth due to a climate change mechanism. It 
was applied to the aviation sector as part of the IPCC 
special Report on Aviation and the Global Atmosphere 
published in 1999. this is where the concept of 
Radiative Forcing Index (RFI) finds its origin. RFI has 
been defined as the ratio of the total RF due to aviation 
to that due to Co2 alone (see section 1.3 and equation 
A3.3). the original IPCC (1999) estimate of an aviation 
RFI of 2.8 has been revised down by sausen et al. (2005) 
to 1.9. It is important to note that a RFI of say 2 means 
that, as of now, the non-Co2 climate change mecha-
nisms associated with aviation have roughly doubled 
the climate warming due to Co2 emissions from 
aviation alone. this is different from saying that the 
non-Co2 effects associated with aviation will double 
the amount of climate change expected in a century 
from the Co2 alone emitted now. Because RF is a 
backward-looking rather than forward-looking measure 
of climate change, RFI should not be used as a multi-
plier of Co2 emissions to estimate the total climate 
impact in the future of today’s emissions from aviation. 
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If a multiplier is to be used, global warming potentials 
(GWPs) or global temperature change potentials (GtPs) 
provide a better basis to estimate the amount of future 
global warming expected from the non-Co2 climate 
effects. Current estimates of GWP and GtP show that 
the non-Co2 multiplier for aviation should be smaller 
than the RFI suggests, if the focus is to stabilise the 
climate on the time-scale of a century. However, if the 
time horizon is shorter – of the order of a few years to a 
few decades – then the importance of non-Co2 climate 
effects increase, and the multiplier might be larger than 
the RFI suggests. this is illustrated in Figure 6 using 
methodology developed in Boucher and Reddy (2008). 
We assume here a RFI of 2 for the sake of this argument; 
such a value is consistent with the latest estimate from 
sausen et al. (2005). If only contrails and induced cirrus 
are included as non-Co2radiative forcings, a RFI of 2 
would translate into a 100-year GWP of 1.35, a 100-year 
GtP of 1.05, a 50-year GtP of 1.10, a 20-year GtP of 2.3 
and a 10-year GtP of more than 8. this clearly shows 
that the multiplier depends on both the climate metric 
and the time-horizon which are considered. these in 
turn depend on our target for climate mitigation. It 
can be argued that the multiplier should be small now 
– as the target for climate stabilisation is still in the 
distant future – but should progressively increase as we 
approach the climate stabilisation target.

A3.8 Mitigation of non-CO2 effects of
 climate change

A small multiplier (as discussed above) is not a valid 
reason for not mitigating the non-Co2 aviation effects, if 
this can be done in a way which is beneficial to climate. 
For instance it has been suggested that some of the 
non-Co2 climate effects of aviation, such as contrails, can 
be mitigated by making adjustments to aircraft cruising 
altitude and air traffic management. A lot of the research 
and development currently going on into engine and 
aircraft design to minimise fuel consumption and Co2 
emissions may also have consequences for contrail 
formation because of the likely effect on the optimal 
cruising altitude.

First of all, it is important to note that non-Co2 climate 
effects can vary enormously from flight to flight. there 
are indeed many factors why two different flights can 
have different climate impacts: technological factors 
(optimum flight altitude, engine efficiency, nox emission 
factor), operational factors (flight latitude and altitude, 
time of the year, time of the day) and environmental 
factors (temperature, humidity, tropopause height). 
Contrail formation can be minimised by adjusting the 
flight route and altitude; this can decrease the overall 
impact of a flight on climate if it is done at little or no 
fuel penalty.

Measurements show that regions of the upper tropos-
phere which are supersaturated with respect to ice 
(which is necessary for the formation of persistent 
contrails) are relatively thin and patchy. Rather than syste-
matically adjusting the flight altitude to altitudes less 
prone to contrail formation at a large fuel cost, it makes 
more sense to modify the flight altitude in an adaptive 
way. this would minimise the fuel penalty but would 
mean more numerous (small) changes in cruising alti-
tudes, hence complicating air traffic management.

Contrail radiative effects can also be minimised by 
increasing the fraction of day-time flight in regions prone 
to contrail formation. some of the new aircraft expected 
in the coming decades are likely to have a range of 
optimal cruising altitudes which are different from the 
existing fleet. As the fleet of aircraft is renewed, there 
will be opportunity to deploy the aircraft on the various 
routes in a way which minimises the overall potential for 
contrail formation.

Figure 6: Illustration of how the non-CO2 multiplier for 
aviation would vary with the chosen climate 
metric and time-horizon
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Incentivising the reduction of non-Co2 as well as Co2 
emissions for individual flights would be one way to 
provide more leverage to minimise the climate impacts 
of aviation. However, as briefly discussed above, this 
would have consequences for air traffic management. 
While adjustments to airline operations and air traffic 
management other than those related to fuel efficiency 
are unlikely to occur without some legislative framework, 
the possibility of this happening should not be ruled out 
in long-term planning studies of air traffic management, 
given the significant scientific evidence on the climate 
effects of contrails and the public perception.

A3.10  Summary

While radiative forcing and the radiative forcing index 
have been widely used in assessing the impact of aviation 
on climate, the use of forward-looking climate metrics 
suggests a smaller non-Co2 multiplier. However, it can 
be argued that a non-Co2 multiplier should progres-
sively increase as we approach a predefined target for 
climate stabilisation. Moreover, it might be more effective 
to minimise the total climate effect of aviation than its 
Co2 climate effect only. For this, the right climate metric 
needs to be used to trade Co2 and non-Co2 emission 
reductions. this is particularly relevant to contrails which 
can be avoided, but generally at a penalty on Co2 emis-
sions. Minimising contrail formation, if seen as a viable 
option to decrease the overall impact of aviation on 
climate, would probably result in more complications for 
air traffic management
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Annex 4: Aviation and local air quality

Humans can be adversely affected by exposure to air 
pollutants in ambient air, and the european Union has 
consequently developed an extensive body of legislation 
which establishes health-based standards and objectives 
for a number of pollutants in air. these standards and 
objectives apply over differing periods of time, because 
the observed health impacts associated with the various 
pollutants occur over different exposure times. of the 
air pollutants regulated by the eU, nitrogen dioxide and 
particulate matter are considered to be the most impor-
tant in terms of air quality in areas near to airports, and 
indeed many urban areas in general (Dft 2006; eeA 2008). 
the relevant eU objectives and standards for these pollu-
tants are provided in the table below. Particulate matter 
or ‘particulates’ are typically defined by their aerodynamic 
diameter (PM10 refers to particulate matter of 10 microns 
or less in diameter; PM2.5 refers to smaller particles of 
2.5 microns or less in diameter). the eU limit values for 
no2 become mandatory from 2010, although proposals 
recently published by the Commission suggest that there 
may be limited room for securing compliance up to 2015 
for the annual limit value in certain circumstances.

In view of the regulatory control of local air quality in 
europe, and the risk of exceedance of the limit values 
in a number of urban areas of europe including areas 
near to airports, air quality can act as a genuine capa-
city constraint to airport growth. Across europe there 
are examples of airports which are subject to actual or 
potential local air quality constraints, e.g. Zurich, schiphol 
and Heathrow.

Local air quality in the vicinity of airports is a function of 
emissions from aircraft engines and other airport activities 
such as refuelling and on-site energy generation as well 
as emissions from road traffic and other emission sources 
in nearby urban areas. estimating the contribution made 
by airport activities to measured pollutant concentra-
tions is not straightforward. emission inventory data can 
be used as a guide to the relative strength of airport and 
other urban emission sources, but dispersion models are 
required to estimate the relative contributions to ambient 
concentrations at locations where exposure may occur. 
Dispersion models are, however, subject to high levels 
of uncertainty. A study for the european Commission to 
assess population exposed to high levels of air pollution 
close to major european transport infrastructure esti-
mated that air traffic would contribute approximately 3% 

to no2 concentrations at a generic large airport boun-
dary (as a % of no2 quality standard, 40 μg/m3) (entec 
UK Limited 2006). However, other airport sources (inclu-
ding air traffic) at London Heathrow were estimated to 
contribute approximately 30% to concentrations of total 
nox at a measurement site at the airport boundary 
(Dft 2006). emissions of particulate matter from airport-
related sources are subject to a much higher degree of 
uncertainty than nox emissions.

Concentrations of local air pollutants are difficult to 
manage from an airport perspective alone, as they 
depend on many other sources apart from airport acti-
vities. the fairly significant reductions witnessed in 
total nox emissions in many urban areas over the last 
decade have not been associated with similar decreases 
in concentrations of no2. this is because of the secon-
dary nature of no2, which is formed by oxidation of no 
(the majority of nox is in the form of no when emitted), 
involving among other species ozone.

As discussed above, concerns about local air pollution 
due to aviation have focused primarily on emissions of 
nox and particulates, although other pollutants are also 
emitted in relatively small quantities, including oxides of 
sulphur (sox), carbon monoxide (Co) and volatile organic 
compounds (voCs). Aircraft nox emissions predo-
minantly comprise nitric oxide (no), which is rapidly 
converted to nitrogen dioxide (no2) in the atmosphere, 
although some emissions of primary no2 occur (Lee and 
Raper 2003: 84).

In addition, nox is responsible for the catalytic production 
of tropospheric o3 – another critical local air pollutant 
owing to its effects as a respiratory irritant (DetR 2000: 
48-51). In relation to air transport, nox emissions are 
greatest in the vicinity of the runways, taxiways and 
aprons of airports, as well as close to major roads, and 
recent work has demonstrated that exhaust pollutants 
may be transported to the ground far more effectively 
by aircraft wakes than by ambient atmospheric disper-
sion alone (Graham and Raper 2006a, 2006b; Peace et 
al. 2006; schürmann et al. 2007; Underwood et al. 2001). 
Consequently, questions about whether airport expan-
sion could result in local air quality regulatory limits 
for no2 being exceeded have generated considerable 
concern, for instance in relation to proposals to  develop 
a third runway at London Heathrow Airport (Dft 2006).
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Aircraft, airport stationary plant, ground support vehicles 
and passenger surface transport vehicles also emit particu-
late matter. Aircraft particle emissions are relatively diverse: 
particles are emitted from (carbon) brake and tyre wear as 
well as from main engines and auxiliary power units (APUs) 
(Underwood et al. 2001: 6-7). In fact, most particles emitted 
by aircraft are PM2.5, which are of greater concern than 
larger particles in terms of their effects on human health. 
emissions of particulate matter from aviation sources 
are more uncertain than those of nox emissions (Dft, 
2006), but the contribution of airport sources to ambient 
concentrations of particulate matter in areas neighbouring 
airports tends to be smaller than that of nox.

Highest concentrations of particles occur close to 
runways, taxiways, aprons and major roads. Furthermore, 
as with nox, particles can be effectively transported to 
the surface by aircraft wakes (Graham and Raper 2006a, 
2006b; Peace et al. 2006). Again, airport infrastructure 
development can potentially be constrained if airport 
expansion could result in local air quality standards for 
PM10 being exceeded (Dft 2006). However, given that 
measures can be taken to ensure that particle emissions 
are minimised from many airport sources – for example, 
by the conversion of ground support vehicles to use 
liquefied petroleum gas (LPG) fuel instead of diesel – and 
that the airport contribution tends to be lower, the air 
quality standards for particles may represent less of a 

constraint than those for nox. other local air pollutants 
emitted by aircraft include sox, Co and voCs, which 
are also emitted by other airport sources. Whilst these 
are significant pollutants in general terms, they are not 
regarded as major outputs of aircraft operations and 
they do not represent factors which currently constrain 
aviation growth – nor can the health impacts of avia-
tion-derived emissions of these pollutants be readily 
distinguished from those occurring under ambient 
conditions (Hume and Watson 2003: 67). 

Many technological and operational factors affect emission 
levels from aircraft, including the aircraft type, the extent 
of engine deterioration, the power setting used during 
take-off, the actual times in mode, the use of reverse thrust, 
the use of APUs, and the condition of brakes and tyres (Dft 
2006: 94; see also schürmann et al. 2007). 

overall, concerns about local air pollution due to aircraft 
and airport operations are focused on emissions of nox 
and particulates. of the local air pollutants discussed 
here, those are the species most likely to constrain the 
expansion of major airports – and of smaller airports 
located in major urban areas (where air quality standards 
are already likely to be exceeded at times).

the relevant eU air quality regulations are presented in 
the following table:

Pollutant Concentration Averaging period Legal nature
Permitted
exceedances 
each year

Fine particles (PM2.5) 25 µg/m3*** 1 year

Target value enters into force 
1.1.10
Limit value enters into force 
1.1.15

n/a

Nitrogen dioxide 
(NO2)

200 µg/m3 1 hour Limit value enters into force 
1.1.10 18

40 µg/m3 1 year Limit value enters into force 
1.1.10* n/a

Particles (PM10)
50 µg/m3 24 hours Limit value enters into force 

1.1.05** 35

40 µg/m3 1 year Limit value enters into force 
1.1.05** n/a

* Under the new Directive, the Member State can apply for an extension of up to five years (i.e. maximum up to 2015) in a specific zone. Requests 
are subject to assessment by the Commission. In such cases, within the time extension period, the limit value applies at the level of the limit value 
+ the maximum margin of tolerance (48 µg/m3 for the annual NO2 limit value).

** Under the new Directive, the Member State can apply for an extension until three years after the date of entry into force of the new Directive (i.e. 
May 2011) in a specific zone. Requests are subject to assessment by the Commission. In such cases, within the time extension period, the limit value 
applies at the level of the limit value + the maximum margin of tolerance (35 days at 75 µg/m3 for the daily PM10 limit value, 48 µg/m3 for the 
annual PM10 limit value).

*** Standard introduced by the new Directive.
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Under eU law, a limit value is legally binding from the date 
it enters into force, subject to any exceedances permitted 
by the legislation. A target value is to be attained as far as 
possible by the attainment date and so is less strict than 
a limit value.

the new Directive is introducing additional PM2.5 objec-
tives targeting the exposure of the population to fine 
particles. these objectives are set at national level and 

are based on the average exposure indicator (AeI). AeI 
is determined as a 3-year running annual mean PM2.5 
concentration averaged over the selected monitoring 
stations in agglomerations and larger urban areas, set 
in urban background locations to best assess the PM2.5 
exposure to the general population.

the additional PM2.5 objectives and some of their charac-
teristics are presented in the following table:

Title Metric Averaging period Legal nature
Permitted
exceedances 
each year

PM2.5 exposure
concentration
obligation

20 µg/m3

(AEI)
Based on 3-year 
average

Legally binding in 2015 (years 
2013, 2014, 2015) n/a

PM2.5 exposure reduc-
tion target

Percentage reduction* 
+ all measures to reach 
18 µg/m3 (AEI)

Based on 3-year 
average

Reduction to be attained where 
possible in 2020, determined 
on the basis of the value of 
exposure indicator in 2010

n/a

* Depending on the value of the AEI in 2010, a percentage reduction requirement (0, 10, 15 or 20%) is set in the Directive. If the AEI in 2010 is assessed 
to be over 22 µg/m3, all appropriate measures need to be taken to achieve 18 µg/m3 by 2020.
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An assessment of future trends in local air quality has 
been made as part of this technical review process. 
nox emissions from road transport in the eU decreased 
by 38% between 1990 and 2005 (eeA 2006). this was 
achieved despite the general increase in activity within 
this sector over the period. the emission reductions were 
primarily achieved as a result of fitting catalysts to vehicles 
(driven by the legislative «euro» standards). Projections 
assuming implementation of existing and agreed policies 
and measures are for a 53% decrease in nox emissions 
from road transport between 1990 and 2010. set against 
this reduction, nox emissions from international aviation 
in the eU have almost doubled in this period (eeA 2006).

Improving aircraft engine nox emissions through design 
changes requires testing to ensure compliance with 
safety and reliability requirements. Moreover, trade-
offs between fuel efficiency and noise performance 
also need to be considered. engineering and environ-
mental performance trade-offs often impose constraints 
on the improvements being sought. Fuel efficiency 
savings have been sought by airlines from the aircraft 
and engine manufacturers for economic and environ-
mental reasons, and fuel efficiency savings have indeed 
been achieved through the use of higher pressure 
ratios in engines. However, this development route has 
increased combustor temperatures, tending to increase 
emissions of nox (and also particulate matter), which 
imposes design and performance challenges. other 
developments, such as gearing the drive to the engine 
fan (from which most of the engine’s thrust is derived) 
to optimise its speed differently from its driving turbine, 
may also assist fuel efficiency and emissions reductions 
in the future. the trade-off between fuel efficiency and 
noxemissions has meant that nox emission indices (nox 
per mass of fuel used) have generally increased over the 
last twenty years. this trend, taken in conjunction with 
the fuel efficiency savings achieved, means that emis-
sions of nox per passenger kilometre over the whole 
flight remained fairly stable between 1994 and 2005 
(Giannouli et al., 2005). However, the large increase in 

passenger demand led to the increase in nox emissions 
from air traffic in this period. Aviation passenger trans-
port volume in terms of revenue passenger kilometres 
(RPK) grew at an average rate of 5.2% per annum over 
the period 1992 to 2005, despite world-changing events 
such as the first Gulf War, the World trade Center attack 
and outbreaks of severe Acute Respiratory syndrome 
(sARs) (ICAo 2008). Growth in air passenger demand 
continued to be strong between 2005 and 2008 (average 
per annum growth in passenger kilometres of 6%; ICAo 
2008) and without any immediate improvements in emis-
sion control technology from aircraft (in terms of nox 
emission per passenger kilometre), this upward trend in 
nox emissions is likely to continue.

For the longer term, the aeronautical industry, through 
the ACARe body (Advisory Council for Aeronautics 
Research in europe), has published a set of environmental 
goals for the industry proposing an 80% cut in nitrogen 
oxide emissions of new aircraft in 2020 (compared with 
new aircraft in 2000), equivalent to a 60% reduction in 
the nox emission index (i.e. nox emitted per mass of fuel 
used; ACARe 2004). ICAo (the International Civil Aviation 
organization) through its Committee on Aviation and 
environmental Protection (CAeP) has also set some 
long-term technology goals, requiring the stringency 
of current nox emission certification standards to be 
increased considerably, to 45% below current certifica-
tion levels by 2020 and 60% below current certification 
levels by 2030 (ICAo/CAeP 2006). However, the aviation 
industry has very long lead-in times for new technology 
and these targets are acknowledged to be ambitious 
(ICAo/CAeP 2006). the speed at which these techno-
logy goals are achieved and, in view of the long average 
life-time of an aircraft, the rate at which the new aircraft 
technology is absorbed into the fleet will determine the 
rate at which the emission reduction benefits are shown 
in real terms. the issue of local air quality is therefore 
likely to continue to act as a potential capacity constraint 
on growth of a number of airports across europe in the 
near to mid-term for 20 years at least.



ABOUT OMEgA

Omega is a one-stop-shop providing impartial world-class academic expertise on the environmental issues facing 
aviation to the wider aviation sector, Government, NGOs and society as a whole.  Its aim is independent knowledge 
transfer work and innovative solutions for a greener aviation future. Omega’s areas of expertise include climate 
change, local air quality, noise, aircraft systems, aircraft operations, alternative fuels, demand and mitigation poli-
cies.  

Omega draws together world-class research from nine major UK universities.  It is led by Manchester Metropolitan 
University with Cambridge and Cranfield.  Other partners are Leeds, Loughborough, Oxford, Reading, Sheffield 
and Southampton.  Launched in 2007, Omega ((Omega= Opportunities for Meeting the Environmental Challenge 
of the Growth in Aviation) is funded by the Higher Education Funding Council for England (HEFCE).

www.omega.mmu.ac.uk

Report prepared by

Draft reviewed/checked by

Project Leader: Professor Callum Thomas

Alan Melrose

© Copyright MMU 2008



EUROCONTROL

September 2010 - © European Organisation for the Safety of Air Navigation (EUROCONTROL)

This document is published by EUROCONTROL for information purposes. It may be copied in 

whole or in part, provided that EUROCONTROL is mentioned as the source and it is not used for 

commercial purposes (i.e. for financial gain). The information in this document may not be modified 

without prior written permission from EUROCONTROL.

www.eurocontrol.int


