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EXECUTIVE SUMMARY  
• Aviation produces several different emissions that 

have an impact on the climate, the most notable being 
carbon dioxide (CO2). The main non-CO2 impacts 
associated with aviation are related to oxides of 
nitrogen (NOx), condensation trails (contrails) and 
cirrus cloud formation.  

• There is a lower level of understanding of the chemical 
and physical processes involved in these non-CO2 
impacts and there is currently no consensus on a 
metric that accounts for their very different lifetimes. 
As a result, there is still considerable uncertainty on 
how to account for their climate change effect.  

• Many of the measures being developed to reduce CO2 
emissions will also lead to reductions in other 
emissions. Progress is being made in the design of 
engines that emit less NOx, in parallel with 
improvements in fuel efficiency.  

• Contrail formation could be reduced or avoided by 
adopting different flight patterns, in particular lower 
cruise altitudes.  However, this could have the adverse 
effect of increasing CO2 emissions. 

• The impacts of non-CO2 emissions should be 
addressed separately from CO2 and on an individual 
basis, rather than be expressed and treated as 
equivalent CO2 emissions. 

 

1.    Introduction 
Combustion of fuel in aircraft engines results in 
emissions including CO2, oxides of nitrogen (NOx

1), 

water vapour, soot and sulphate particles.  The range 
of altitudes over which these emissions occur will 

depend on the duration of a flight, but a substantial 
proportion of emissions from medium and long-haul 
flights will occur at cruise altitudes. Some non-CO2 

effects apply at all altitudes, some are more effective at 
cruise altitudes and some only exist at higher altitudes. 

Carbon dioxide is a greenhouse gas that alters the 
balance of incoming and outgoing radiation to and 
from the earth’s surface and contributes to warming 
of the Earth system. The impacts of CO2 emissions 
are well understood [1, 2]. CO2 has an atmospheric 
residence time that ranges from decades to 
thousands of years, so ends up well mixed in the 
atmosphere no matter where it is emitted. 
Consequently, aviation emissions of CO2 have the 
same effect on climate as terrestrial emissions from 
power stations, industry or other transport sources. 
Many ground-based sources also emit other 
greenhouse gases, such as methane. 
 

For aviation, as for most other fossil fuel burning 
activities, CO2 is the main greenhouse gas emitted.  

However, the focus of this paper is the effects of 
aviation’s non-CO2 emissions as these effects are more 
complex and less well understood than the effect of 

CO2.  For other aspects of the Sustainable Aviation 
Strategy and programme see [3].  
 

Sustainable Aviation Climate Change Goal: 
Aviation incorporated into a global policy 

framework that achieves stabilisation of 
greenhouse gas concentrations in the 
atmosphere at a level that would prevent 

dangerous man-made interference with the 

climate system. 
 

1. The two gases referred to as NOx are: nitric oxide, NO, and nitrogen dioxide, NO2 
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2.    Non-CO2 impacts explained 

2.1 Oxides of nitrogen (NOx). Scientific 

understanding of NOx emissions and their impacts is 
still developing. However, it is generally agreed that, 
through a complex set of reactions involving sunlight, 

the release of NOx at cruise altitude and below 
increases the amount of ozone in the atmosphere. 
NOx emissions are more effective at enhancing ozone 

levels at cruise altitudes than at ground level, with 
the exact increase dependant on a number of factors 
including altitude, location, and season. Increases in 
ozone at these altitudes are also more effective in 
causing warming than at lower altitudes [1].  

 
NOx also leads to the destruction of methane. As 
ozone and methane are both greenhouse gases, the 
two effects due to NOx somewhat oppose each 

other.  
 
 

 

 
 
However, as ozone has a shorter life than methane, 

the warming due to increased ozone is concentrated 
around areas of high aviation activity (northern mid-
latitudes, see Figure 1), whereas the cooling due to 

the destruction of methane is spread throughout the 
global atmosphere. It is believed that, globally, the 
warming effect caused by increased ozone is greater 

than the cooling effect due to reduced methane and so 
a net warming results [1, 2]. 
 
The amount of NOx produced depends on the quantity 
of fuel burned and the conditions in the engine. 
Therefore airframe characteristics and operational 
practices can influence NOx emissions by affecting the 
total amount of fuel burned by the aircraft’s engines 

during a flight. However, the principal factor is the 
design of the engines themselves.  
 

 

Figure 1. Geographical distribution of aviation activity - 2005.  For CO2, with a long lifetime, mixing is 
effectively global but for the non-CO2 emissions with shorter lifetimes effects are local or regional.  (Source 
2005 SAGE emissions inventory report (FAA-EE-2005-02).  
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At any particular level of combustion technology, 

engine design involves a degree of compromise 
between fuel burn and NOx emissions. Fuel efficiency 
can be improved by raising the operating 

temperatures within the core of the engine. However, 
this can have a detrimental effect on NOx emissions 
depending on the length of time that air is exposed to 

very high temperatures in the combustor.  
 

 
 
Overcoming or bypassing this trade-off through 

innovative design is a key element of progress in 
engine technology.2 
 

2.2 Contrails and Cirrus cloud formation. Water 
vapour is an important greenhouse gas. Emissions of 
water vapour from aviation are small compared with 

quantities involved in natural inputs to the climate and 
are believed only to have a minor direct warming 
effect [1].  

Table 1. Climate change impacts of aviation emissions – summary 
Climate Effect Nature of Impact Scientific Understanding 

C CO2 generation 

 

• Has the same impact wherever it is emitted. 
• Lasts in the atmosphere for up to thousands of 

years
3
.   

• The effect is global. 
• Warming. 
 

“Good” [1, 2]. There is widespread 

acceptance that research has provided a 
robust understanding of the scale and climate 

impacts of aviation-related CO2. 
 

Tropospheric ozone 
generation 
 

• Emissions of NOx during cruise generate 
tropospheric ozone (which can cause climate 

warming). The extent of the ozone effect also 
depends on altitude, location and atmospheric 

conditions. 
• The lifetime of ozone is weeks. 
• The warming effects are regional rather than global. 
 

Methane reduction • Emissions of NOx result in the reduction of ambient 
levels of methane (from other sources) in the 
atmosphere, which results in cooling.  

• The lifetime is around 8-12 years.  
• The effects are global. 
 

 
 
 
 
 
“Fair” [1, 2]. There is uncertainty over the 
extent of the impact. The IPCC notes that 

changes in tropospheric ozone levels are 
mainly in the Northern Hemisphere, while 
those of methane are global in extent. Given 
this, the net regional radiative effects 
do not cancel. 
 
 

Contrails and cirrus 
cloud formation 
 

• Contrails only form at altitude in very cold, humid 
atmospheric conditions. Ambient temperature and 

the level of ice-supersaturation regulate the lifetime 
of a contrail, which may vary from seconds to hours. 
Contrails may in turn lead to the formation of cirrus 
clouds.  

• The warming effects are highly dependent on 
altitude, location and atmospheric conditions. The 
extent of enhanced cirrus that arises from aircraft 

contrails and particle emissions is not well quantified, 
although there is some evidence of a correlation 
between cirrus trends and air traffic. 

 

“Fair” for contrails, but “poor” for 
Cirrus [1, 2]. Generally, the role of clouds, 
including cirrus, in climate change is 

one of the least well understood aspects. 
 

Soot and aerosols • Effects are more pronounced at altitude than at 
ground level.  

• Soot traps outgoing infrared radiation and has a 
small warming effect.  

• Sulphate aerosols reflect solar radiation and have a 
cooling effect 

• The lifetime of both is brief.  
• The effects are regional. 

Understanding is “Fair” [1,2]. 

 

2 Because of the higher thrust levels during take-off, NOx emissions per kg of fuel burned are proportionately greater during take-off.  However, this period is much 
shorter than the rest of the flight, during which NOx emissions are much lower per unit of fuel burned. Estimates of NOx emissions for the Landing and Take-Off cycle 
(which only assesses emissions below 3000ft) should not be used as the basis of calculating NOx emitted at higher altitudes or for the whole flight cycle.. 
3  According to IPCC “while more than half of the CO2 emitted is currently removed from the atmosphere within a century, some fraction (about 20%) of emitted CO2 
remains in the atmosphere for many millennia “ – see http://ipcc-wg1.ucar.edu/wg1/Report/AR4WG1_Print_FAQs.pdf  
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However, in certain atmospheric temperature and 
humidity conditions, hot moist exhaust air combines 
with water-vapour already present in the atmosphere 
to form trails of ice-crystals known as condensation 
trails (contrails). Most of the ice crystals in a contrail 
come from existing water vapour in the atmosphere. 

Although contrails typically last only a few hours, on 
occasions they may persist and spread, developing 
into cirrus-like clouds which may last a few days. 

However, because these lifetimes are relatively short, 
the impact of contrails and cirrus is local, or at most 
regional, in nature (see Figure 1 for the global 

distribution of aviation activity). Aviation emissions 
generally and especially soot may also modify 
naturally occurring clouds. Both contrails and cirrus 
are believed to have warming effects.  Scientific 
understanding of the climate-change impacts of 
aviation-induced cirrus-like clouds is poor and large 
uncertainty remains.  For contrails there is still a great 
deal to be learned and the level of understanding can 
only be considered to be fair [see, for example, 2, 4]. 
 
Commercial jet engines have become progressively 

more fuel-efficient.  This has resulted in cooler 
exhaust air issuing from modern engines, increasing 
the potential for contrails to form over a wider range 
of atmospheric conditions than was possible for older 
engines with warmer exhausts. This is considered to 
be a minor effect. 
 
Contrails can only form when the atmosphere is very 
moist and cold and are therefore rarely found at lower 
altitudes. Condensation trail formation may be avoided 
by flying at higher or, more probably, lower altitudes. 
However, flying at lower altitudes, where the air offers 
greater resistance, leads to greater fuel burn, and 
increased emissions of CO2.  During daylight hours 
condensation trails reflect incoming radiation, thus 
significantly reducing the warming effect. 
 
2.3 Soot and aerosols. In addition to their role in 
contrail formation, sulphate aerosols and soot also 
have small direct temperature effects on the 
atmosphere. Traces of sulphur are present in 
kerosene, and, as a result of fuel burn, form aerosols 
of sulphate compounds.  

 

These reflect incoming solar radiation back into space 
and so have a small cooling effect.  Conversely, small 
soot particles produced from combustion trap 

outgoing infrared radiation within the atmosphere and 
so have a small warming effect [1, 2].These effects 
are both poorly quantified but are believed to be small 
effects that roughly cancel each other out.  The 
residence time of these particles is thought to be 

generally brief [5]. 

3. Quantification of impacts 

3.1 Metrics 
Radiative Forcing (RF). RF is the metric commonly 
used to measure the warming or cooling effect arising 

from past emissions. RF assesses the impact that an 
external agent such as a greenhouse gas has on the 
radiative energy budget of the earth’s climate system. 
A positive value implies a warming effect; a negative 
value implies a cooling effect.  
Global Warming Potential (GWP). The 
accumulated effect on temperature (global mean 
surface temperature) of this (RF) energy imbalance 
over a given time period; it is well suited for 
greenhouse gases that mix well in the atmosphere4 
but can also be applied to shorter lived species. 

Radiative Forcing Index (RFI). RFI has been 
developed as an extension of the concept of radiative 
forcing and is the ratio of the total radiative forcing of 
a gas compared to that of CO2 alone. This is a 
backward looking metric, which means that it 
accounts for all the effects of processes that have 
happened in the past.   
 

Discussion.  RFI, which compares the RF of one 

gas relative to another (normally CO2), has been 
used by some commentators and policy makers to 
develop a multiplying factor for non-CO2 emissions.  
In the case of aviation, RFI attempts to combine the 
effects of long and short lived emissions. Its value 

will vary with time as the relative concentrations of 
short- and long-lived gases change. Because of this 
and the varied lifetimes of the gases (see Table 1), 

RFI is not an appropriate metric to use to account 
for the non-CO2 effects of aviation emissions.   

 

4 A different metric sometimes used is the Global Temperature Change Potential (GTP, [6]) and represents the temperature change at a given time due to a pulse emission of 
a gas (GTPP); another is GTPS and represents the effect of a sustained emission change.  Both GTPP and GTPS are presented as relative to the temperature change due to a 
similar emission change of a reference gas, here taken to be carbon dioxide. 
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Moreover, the use of a RFI that lacks scientific 
certainty could even harm the climate. For example, 
CO2 emitted by aircraft has a much smaller initial RF 

than contrails, but will remain in the atmosphere 
many times longer and continue to have a warming 
effect for 100 years or more, whereas other non 

CO2 impacts last for hours to a few years. Hence, 
using RFI as a basis for future action, such as flying 

at lower cruise altitudes to reduce contrails and RFI 
at the expense of increased CO2 emissions, will 
actually exacerbate climate change in the longer 

term.  The use of RFI in previous assessments 
should be reconsidered in the light of this new 
consensus. 

 

Sausen and  Schumann, [7]  “A scientifically 
sound solution for the inclusion of non 
CO2 effects in an emissions trading scheme (or 
other approach) would eventually call for something 
other than a simple multiplication factor.  Such a 
simple multiplication factor would weaken 
incentives to reduce the total climate impact 
beyond a reduction of the fuel consumption, which 
is to say there would be no benefit in reducing non-
CO2 effects” 
Forster et al., [8] “.... we specifically argue that 
use of Radiative Forcing Index for comparing 
emissions from different sources is inappropriate 
and that there is currently no metric for such a 
purpose that is likely to enable their inclusion in the 
near future” and ibid “RFI is a misapplication of 
science as it fails to account for resident timescales 
of emissions, which attributes a larger fraction of 
climate change emissions to aircraft than is 
currently justifiable”.  See also [9].  For a recent 
discussion  see http://www.omega.mmu.ac.uk/non-
co2-impacts-on-aviation-seminar-presentations.htm 
  

 

4.  What is being done  
While quantification of the impact of CO2 emissions 
from aviation is relatively simple, quantification of the 

non-CO2 impacts of aviation emissions on the climate 
is clearly complex. Sustainable Aviation works closely 
with OMEGA [10], a knowledge transfer programme, 

to understand and address non-CO2 effects through 
atmospheric research, technology improvements and 
economic assessments, and to ensure that academic 

science research is linked with the aviation industry.  

 

Sustainable Aviation has specifically requested that 
OMEGA assesses the non-CO2 climate impacts of 

aviation.  However, this work, along with related 
programmes in other countries, is not likely to yield 
clear results within the next 5 years. OMEGA held a 

seminar on aviation non-CO2 effects in September 
2008 and the presentations given at the event can be 
found on the OMEGA website [10].  

 
Non-CO2 effects from aviation likely warm the climate 
(adding to the CO2 warming) although the magnitude 
of this warming effect remains uncertain. Global 
emission metrics such as GWP and GTP (but not RFI) 
can be used to account for these non-CO2 effects.  

However, compared with the use of these metrics for 
long-lived gases, the results for aviation will be a 
cruder estimate of its climate impact due to a number 

of factors. The two most important are: 
• there remain inherent uncertainties in the non-

CO2 impacts of aviation, and; 

• regional emissions of these non-CO2 species 
and contrails have climate impacts that vary 
considerably with location, depending on the 
intensity of aviation activity (Figure 1). For 
example these global metrics give emissions of 
NOx from Europe and Asia equal weight, 
whereas in fact Asian emissions have a larger 
impact [11].  

 
ATC (Air Traffic Control) organisations are currently 
concentrating on reductions in CO2 emissions, pending 

better understanding of the science of the non-CO2 
impacts.  Efforts to improve understanding include 
evaluating the results of programmes such as the Low 
Environmental Effect Aircraft study (LEEA). LEEA [see 
12], funded by Airbus and the UK’s Department of 
Trade and Industry (forerunner of DBERR -  
Department  for Business, Enterprise and Regulatory 
Reform), examined the relationship between an 

aircraft’s cruise altitude and the climate effect of its 
emissions. This work suggested that flying lower could 
reduce climate impact despite fuel consumption 

increasing and that flying higher may also reduce 
climate impact. Significant further work is required to 
validate, improve and extend the results of LEEA 

before conclusions from this study can be used to 
design an aircraft with the lowest possible climate 
impact. This work also showed sensitivity to the 
particular climate metrics selected (eg Global Warming 
Potential or Global Temperature Potential) and the 

time horizon chosen for these metrics. 
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Over the last few decades the aviation industry has 

achieved significant reductions in fuel-burn per tonne 
kilometre while at the same time complying with ever-
tightening NOx emission standards. Further 

improvements in emissions of NOx are underway. 
ACARE (the Advisory Council for Aeronautics Research 
in Europe) has set a target of reducing NOx emissions 
by 80 % by 2020 compared to 2000, for new aircraft 
entering service. Current evidence is that 

manufacturers are on track to deliver this 
improvement (see Figure 2).  
 

 
 
Historically emissions of soot have also been 

addressed through the International Civil Aviation 
Organisation (ICAO), largely in advance of concern 
over potential impact on climate.  Through 

improvements in fuel efficiency, engine sulphate 
emissions per tonne kilometre are also reduced 
although this has to be balanced against variations in 
the sulphur content of kerosene.  
 

Further research is clearly necessary to improve 
understanding of the non-CO2 effects, in particular 
those related to contrails, cirrus clouds and NOx. 

 

Figure 2.  Progress towards the ACARE NOx target (ACARE, Advisory Council for Aeronautics 
Research in Europe; Source: Rolls-Royce). The CAEP/6 standard – set by ICAO (the International Civil 

Aviation Organisation) applies to all new engines certified from  1st January, 2008 

 
 

5.   Implications for policy 

Aircraft contribute to climate change through CO2 

emissions and other effects in the atmosphere. CO2 
emissions are well understood.  However, methods to 

account for the climate effects of non-CO2 emission 
impacts have still to be established, and further 
research must be undertaken to reduce uncertainties. 

In particular, multipliers derived from RFI are currently 
inappropriate for accounting for aviation’s non-CO2 
effects in emissions trading.  
 

 

 
 
These factors are subject to considerable uncertainty 

and should not be relied upon for the purposes of 
making decisions with industry-wide consequences.  

The use of a single multiplier such as RFI fails to 
account for the residence timescale of emissions and 
implies that the magnitudes of CO2 and non-CO2 

effects are somehow linked. This is not the case. The 
ratio of the impacts of these emissions can depend on 
factors such as time of day, time of year, cruise 

altitude, atmospheric conditions encountered during a 
flight, and the technology level of the particular 
aircraft and engines involved.   
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It is highly desirable that the respective impacts of CO2, 
NOx and contrails be considered separately, rather than 
being treated as equivalent CO2 emissions.

 Appropriate 
emission metrics such as GWP and GTP can be used to 
assess the impact of the non-CO2 emissions on climate 
but their evaluation still has considerable uncertainties. 
Regulatory measures should focus on CO2, pending 

greater understanding of the non-CO2 impacts. 
Sustainable Aviation’s airline and airport signatories 
support practical and equitable open emissions trading 

for CO2.
   

 

CONCLUSION 

Knowledge of the non-CO2 effects of aircraft is limited 
and there is a clear need for further research although 
it is likely they cause additional climate warming. The 
impacts of NOx and contrails should be considered 

separately from the impact of CO2, rather than being 
treated as equivalent CO2 emissions.  
 

Sustainable Aviation supports an approach that 
addresses all the climate change impacts of air 
transport based on robust science and sound 
economics. The ongoing development of non-CO2 
climate science is a necessary step in guiding the 
aviation industry in the right direction to find 
genuinely sustainable solutions for the future.  
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About Sustainable Aviation (SA) 

 
SA is an initiative from a coalition of industry partners: 

 

• The Airports Operators Association (AOA) 
• The British Air Transport Association (BATA) 

• NATS 
• The Society of British Aerospace Companies (SBAC) 
 

These four bodies and some of their constituent companies developed the strategy in 2004-5, with input from a 
range of stakeholders including representatives of Government, Academia, non-governmental organisations 
and the industry.  The strategy contains 8 over-arching goals and 34 commitments to drive towards these 
goals.  SA is committed to ongoing consultation with key stakeholders and publishes regular biannual progress 
reports with the second such report due in early 2009.  SA’s work is overseen by a Council, composed of senior 
representatives of the industry associations and ‘signatory’ companies.  A number of specific task groups report 
through the Sustainable Aviation Working Group (SWAG).  Currently the work is concentrated on climate and 
noise issues.  New groups have recently been established to look at airport CO2 emissions and the social impact 
of the industry, particularly on communities close to airports and the main facilities of airlines and 
manufacturers.  For more, see www.sustainableaviation.co.uk.  
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