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Aviation and the Global Atmospheric Environment

Foreword
The Intergovernmental Panel on Climate Change (IPCC) was jointly established by
the World Meteorological Organization (WMO) and the United Nations Environment
Programme (UNEP) in 1998 to: (i) assess available information on the science, the impacts,
and the economics of, and the options for mitigating and/or adapting to, climate change and
(ii) provide, on request, scientific/technical/socio-economic advice to bodies such as the
Conference of the Parties (COP) to the United Nations Framework Convention on Climate
Change (UNFCCC).
In accordance with these terms of reference, the Special Report on Aviation and
Global Atmosphere was prepared by the IPCC in 1999, following a request from the
International Civil Aviation Organization (ICAO) and the Parties to the Montreal Protocol on
Substances that Deplete the Ozone Layer. The potential effects of aviation on both
However,
stratospheric ozone depletion and global climate change were covered.
environmental impacts of aviation at local level were not addressed.
Based essentially on the Special Report, this booklet summarises the authoritative
assessments of the effects of aviation emissions on the global atmospheric environment. The
aviation industry is an integral and vital part of modern society, and its expected growth
makes it imperative to highlight the current and possible future impacts of aircraft on the
atmosphere.
In view of the long-term impacts of the potential climate change on the world
population, ecology and economy, a balance needs to be reached between economic
interests and the need for long-term sustainable development. We believe that an openminded discussion of the emerging scientific evidence amongst all stakeholders is essential
in showing the way forward to the development of aviation in harmony with sustainable
development. Collaboration between the International Civil Aviation Organisation (ICAO),
UNEP, WMO and other relevant bodies will be essential in improving understanding and
awareness of the impacts of aircraft emissions on the global atmospheric environment.
It is against this background that we commend this publication as a concise guide to
what is currently understood about the impacts of aviation on the global atmospheric
environment - since a thorough appreciation of the issues is the necessary first step to
success in tackling them. However, it is understood that awareness is only a first step and
that implementation of more proactive measures to achieve the necessary reduction of
impacts need to follow. We therefore look forward to concrete action in addressing these
issues.
We would like to express our thanks to all those who devoted time and efforts to
produce this booklet and in particular to Dr _H. puempel (Austria), the Co-Chair of the
Commission for Aeronautical Meteorology (CAeM) Open Programme Area Group on
Training, the Environment and New Developments in Aeronautical Meteorology, and to Mr _N.
~abogal, former Senior Scientific Affairs Officer at the Ozone Secretariat of the UNEP in
Nairobi, Kenya, who took the lead in the preparation of this booklet.
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1

Introduction

The eleventh session of the Commission for Aeronautical Meteorology (CAeM), held in
March 1999, established the CAeM Working Group on Training, the Environment and New
Developments (TREND) in Aeronautical Meteorology. The terms of reference of the group
included, among other tasks, to keep under review the impact of aviation on the environment
and to encourage airlines to contribute to the global database of information enabling an
ongoing assessment of the impact of aviation on the environment. The Thirteenth Congress
session in 1999 approved the Aeronautical Meteorology Programme for the next four years,
including the development of a booklet on aviation and the environment that would focus on
authoritative assessments of the effects of engine emissions on the atmosphere.
Following the publication in 1999 of the Special Report on Aviation and the Global
Atmosphere by the Intergovernmental Panel on Climate Change (IPCC), the TREND
Working Group agreed that this Special Report could form the basis for the preparation of a
booklet on Aviation and the Global Atmospheric Environment in line with its terms of
reference and the wishes of Congress. The booklet was prepared by Mr Dr H. Puempel
(Austria), the Chairman of TREND, Mr N. Sabogal, Senior Scientific Affairs Officer at the
Ozone Secretariat of the United Nations Environment Programme in Nairobi, Kenya, and Mr
N.T. Diallo from the World Meteorological Organization Secretariat, in close collaboration
with the President of CAeM, Dr N. Gordon (New Zealand). Care was taken to follow as
closely as possible the text of the IPCC Special Report, with emphasis on its findings
relevant to climate change, its causes, including the depletion of the ozone layer, and options
to reduce aircraft emissions and impacts. Authors thank all those involved in the preparation
of this booklet, as well as those who reviewed the draft booklet.
This booklet is written to provide a short guide to the environmental impacts of aviation on
the global atmospheric environment, in particular on climate change, ozone depletion and
possible options to reduce aircraft emissions and their impacts. The booklet is aimed at the
aeronautical meteorological community, a scientific audience, and is thus not too restrained
by political and economic considerations. It is essentially based on the Special Report on
Aviation and the Global Atmosphere, hereafter referred to as the Special Report, published
by the Intergovernmental Panel on Climate Change (IPCC) in 1999 in response to a request
from the International Civil Aviation Organization (ICAO) and the parties to the Montreal
Protocol on Substances that Deplete the Ozone Layer. Results of the latest research on the
impacts of contrails and cirrus clouds have also been introduced in the booklet to ensure that
the information provided is up to date.
The objective of the Special Report was to provide accurate, unbiased and policy-relevant
information to serve the aviation industry and the expert and policy-making communities.
Drawn up with the full cooperation and involvement of technical experts from the aviation
industry, including airlines, airframe and engine manufacturers, alongside atmospheric
scientists, the report was the product of the efforts of 107 lead authors, over 100 contributing
authors and over 150 reviewers. 1
The Special Report considers all the gases and particles emitted by aircraft into the
atmosphere and the role they play in modifying its chemical properties and initiating the
formation of contrails. It analyses how these processes can modify both the radiative
properties of the atmosphere, leading to climate change, and the ozone layer, leading to
changes in the levels of ultraviolet radiation reaching the earth. The Special Report also
considers how potential changes in aircraft technology, air transport operations, and
institutional, regulatory, and economic frameworks might affect emissions in the future, and it
1

The Special Report is available on the IPCC website at www.ipcc.ch.

4

Aviation and the Global Atmospheric Environment

covers socioeconomic issues associated with mitigation options. It is the most
comprehensive assessment currently available of the effects of aviation on the global
atmosphere.
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2

Aviation and Climate Change

While the importance of carbon dioxide (C0 2) in radiative forcing and potential global
warming is not under dispute, the contribution made by other agents has recently become a
hot topic of debate. These include other greenhouse gases, such as methane (CH4),
chlorofluorocarbons (CFCs), tropospheric ozone (0 3 ) and nitrous oxide (N20); changes
resulting from human activities that produce aerosols and alter cloud and land cover; and
natural phenomena such as changes in the intensity of solar radiation and the production of
volcanic aerosols.
The gases and particles emitted by aircraft alter the concentration of several greenhouse
gases, including carbon dioxide, ozone, and methane, trigger the formation of condensation
trails and may increase cirrus cloudiness, all of which contribute in turn to climate change.
This section looks first at greenhouse gases, and then at aerosols and cloudiness.

2.1

Greenhouse gases

Carbon dioxide

Carbon dioxide (C0 2) is the most important greenhouse gas, accounting for about half of the
warming experienced over the last fifty years. Carbon dioxide concentrations are increasing
in the atmosphere primarily as the result of the burning of coal, oil and natural gas for energy
and transportation, and are now about 30% above what they were 150 years ago.
Emissions of carbon dioxide from aircraft totalled 114 megatonnes of carbon (MtC) during
1992 representing about 2% of total anthropogenic carbon dioxide emissions, or 13% of
carbon dioxide emissions from all transportation sources. The range of scenarios considered
in the IPCC Special Report projects carbon dioxide emissions from aircraft to continue to
grow, reaching 0.23 - 1.45 GtC per year by 2050, between 1.6 and 10 times the value in
1992.

Aviation Share of World Transport C0 2 Emissions
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Figure 2.1: Aviation share of the world transport C02 emissions
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Table 2-1: Fuel consumption and C02production of civil aviation.

Total Fuel
Consumption
(Mt)

Total Fuel
Consumption
(%World)

C02
Emissions
(Mt C)

International Services
Scheduled
Non-scheduled

53
10

40.0
7.5

45
9

Domestic Services
United States
Russian Fed.
Other

38
15
17

28.6
11.3
12.8

33
13
15

World Total

133

100

114

Methane
Atmospheric methane (CH 4 ) contributes to anthropogenic climate forcing, both directly,
through absorption of terrestrial infrared radiation, and indirectly, through its influence on
atmospheric chemistry and the lifetimes of other greenhouse gases. Its direct climate effect is
known to contribute about 0.5 W/m 2 of forcing, or 20% of the direct anthropogenic radiative
forcing.
Aircraft emissions of nitrogen oxides (NOx) addressed later in this section, however, act to
reduce the concentration of methane in the atmosphere, which in turn cools the surface of
the earth, mitigating the warming effect.
Ozone
Ozone (0 3 ) is an important atmospheric greenhouse gas. It is formed naturally, ·and can be
found throughout the atmosphere but 90% of it occurs in the stratosphere, where it is
produced by the action of solar radiation on oxygen. Changes in ozone levels cause radiative
changes by influencing both solar and infrared radiation.
In the troposphere, ozone is produced from various precursor gases that may be released by
human activities through photochemical reactions. Current global concentrations of
tropospheric ozone appear to have increased significantly since the Industrial Revolution,
enhancing radiative forcing. However, the abundance of stratospheric ozone has declined
since the mid-1970s as a result of ozone-destroying chlorine and bromine compounds (such
as CFCs) transported to the stratosphere from anthropogenic releases. The annual Antarctic
ozone hole is a da-Agerous consequence of this destruction.
As with methane, nitrogen oxide (NOx) emissions from aircraft affect levels of tropospheric
ozone. In 1992, NOx emissions from subsonic aircraft are estimated to have increased ozone
concentrations at the cruise level in northern mid-latitudes by up to 6% compared to an
atmosphere without aircraft emissions. This is projected to increase to 13% by 2050 in one of
the Special Report's reference scenarios. Increases of ozone will, on average, tend to warm
the surface of the earth
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Water vapour

Water vapour is itself an important greenhouse gas, but in addition it is the main energy
buffer of the atmospheric heat engine and plays a crucial role in the overall exchange of
energy between the land surface, the oceans and the atmosphere. Alterations in atmospheric
water vapour concentrations as other greenhouse gases increase may add to or offset the
effects of these rises. For example, as the atmosphere grows warmer as a result of carbon
dioxide emissions, its capacity to hold water vapour increases, which could further increase
warming. Moreover, changes in rainfall patterns and amounts, and in the frequency of
intense precipitation events linked to a possibly accelerated water cycle, are expected to be
amongst the most visible manifestations of climate change. Such changes in rainfall pattern
may furthermore affect the capacity of rainforests to store large amounts of carbon in their
biomass.
Most subsonic aircraft water vapour emissions are released in the troposphere, where they
are removed by precipitation within one to two weeks. A smaller fraction of water vapour
emissions is released in the lower stratosphere where it can bu ild up to larger concentrations.
Overall, however, the effect of subsonic aircraft water vapour emissions is smaller than those
of other aircraft emissions such as carbon dioxide and NOx.
Nitrogen oxides (NOx)

Nitrogen oxides (NOx) are a by-product of combustion , created by the oxidation of nitrous
oxide (N 2 0) in the air. Normally, the higher the temperature and pressure in the aircraft
engine, the higher the amount of NOx that is produced. NOx emissions at lower altitudes tend
to increase the formation of ozone, thus potentially affecting local air quality. At higher
altitudes, aircraft exhaust provides an additional source of NOx. but there is no evidence that
this has appreciably altered the concentration of stratospheric NOx. The net effect of
subsonic aircraft appears to be an increase in column ozone and a decrease in ultra-violet
(UV) radiation, mainly due to NOx emissions.
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Figure 2-2: Impacts of aviation on the atmosphere
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Table 2.2: Species contributing to climate and ozone change.
Emitted Species

Role and Major Effect at Earth's Surface

Troposphere and Stratosphere
Direct radiative forcing c> warming
Troposphere
Direct radiative forcing c> warming
Increased contrail formation c> radiative forcing c> warming
Stratosphere
·
Direct radiative forcing c> warming
Enhanced PSC formation c> 03 depletion c> enhance UV-B
Modifies 03, chemistry c> 03 depletion c> enhanced UV-B
NOx

Troposphere
0 3 formation in upper troposphere
c> radiative forcing c> warming
c> reduced UV-B
Decrease in CH 4 c> less radiative forcing c> cooling
Stratosphere
03 formation below 18-20 km c> reduced UV-B
03 formation above 18-20 km c> enhanced UV-B
Enhanced PSC formation c> 03 depletion c> enhanced UV-B
Troposphere
Enhanced sulfate aerosol concentrations
Direct radiative forcing c>cooling
Contrail formation c> radiative forcing c> warming
Increased cirrus cloud cover c> radiative forcing c> warming
Modifies 03 chemistry
Stratosphere
Modifies 03 chemistry

Soot

Notes:
1)
2)

3)

4)

5)

Troposphere
Direct radiative forcing c> warming
Contrail formation c> radiative forcing c> warming
Increased cirrus cloud cover c> radiative forcing c> warming
Modifies 03 chemistry
Stratosphere
Modifies 0 3 chemistry
Positive radiative forcing will tend to warm the Earth's surface; negative forcing will tend to cool the
Earth's surface.
Any warming at the Earth's surface caused by increases in atmospheric C02 will be accompanied by a
cooling of the stratosphere.
Any decrease in ozone, whether in the troposphere or stratosphere, will tend to enhance UV-8 radiation
and cool the Earth's surface. Conversely, any increase in ozone will tend to reduce UV-8 and heat the
Earth's surface. This dual effect is shown in this table only for tropospheric ozone.
Chemi-ions and metal particles are also emitted from aircraft. They may play an important role in contrail
and enhanced cirrus formation, in which case their emission would lead to a tendency to warm the
Earth's surface.
Hydrocarbons and CO are also emitted and contribute in a minor way to tropospheric ozone formation.
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2.2

Net impact

The climate impacts of different anthropogenic emissions can be compared using the
concept of radiative forcing. The best estimate of the radiative forcing in 1992 by subsonic
aircraft is 0.05 W/m 2 , or about 3.5% of total radiative forcing by all anthropogenic activities.
The Special Report's reference scenario assumes 3.1 % air traffic growth per year and 1. 7%
average annual growth rate of fuel burn from 1990-2050, and 2.9 % economic and 1.4%
population average annual growth rate for 1990-2025. This would lead to air traffic in 2050
being 6.4 times 1990 levels, and fuel burn of 2. 7 times 1990 levels. In this scenario the
radiative forcing in 2050 is 0.19 W/m 2 , approximately four times the value in 1992. According
to the range of scenarios considered in the Special Report, the forcing is projected to grow to
0.13 - 0.56 W/m 2 in 2050, from 2.6 to 11 times the value in 1992.
The combined fleet, assuming that 1,000 supersonic aircraft would replace 11 % of the
2
existing (1997) 12,000-strong subsonic civil aircraft fleet, is projected to add 0.08 W/m (42%)
2
to the 0.19 W/m radiative forcing of the reference scenario in 2050. Most of this additional
forcing is due to accumulation of stratospheric water vapour.

2.3

Aerosols, contrails and clouds

Aerosols

Atmospheric aerosols are inhomogeneous mixtures of solid and liquid airborne particles,
derived from both natural and anthropogenic sources. They range from sea salt and lofted
mineral dusts to smoke, industrial emissions and particles produced by photochemical
reactions within the atmosphere.. From a climate perspective, the anthropogenic component
is of most concern, and whilst urban-industrial emissions and smokes are obvious culprits,
changes to mineral particle emissions by land misuse and climate-induced changes in
natural processes, such as the marine sulphur cycle, are also potentially important.
Considerable effort has gone into quantifying the role of atmospheric aerosols on the global
climate. Direct effects, overall, are moderately cooling (around -0.5 W/m 2 ). Indirect effects
are more difficult to determine and represent the greatest single uncertainty in deriving global
climate forcing, lying between 0 and -1.5 W/m 2 .
Aerosol particles and gaseous aerosol precursors are emitted by aircraft engines into the
upper troposphere and lower stratosphere, potentially affecting air chemistry and climate.
Soot and metal particles are also directly emitted by aircraft engines. Liquid aerosol
precursors include water vapour, oxidized sulphur in various forms, chemi-ions (charged
molecules), nitrogen oxides, and unburned hydrocarbons.
In the exhaust plume of an aircraft large numbers of small volatile particles are found. These
particles initially originate from water vapour, sulphuric acid, and chemi-ions; they increase in
size by coagulation and uptake of water vapour and other condensable gases.
Aircraft jet engines directly eject solid soot particles. Soot includes all primary carboncontaining products from incomplete combustion processes in the engine. Besides the pure
(optically black) carbon fraction, these products may also contain non-volatile (grey) organic
compounds.
Emissions of aircraft injected directly at 9-12km altitudes are more important than similar
surface emissions because of longer atmospheric residence times in the upper troposphere.
The impact of present aircraft emissions on the formation of polar stratospheric clouds is
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much smaller than what would be expected for a projected fleet of supersonic aircraft. Some
regional enhancements in concentrations of aircraft-produced aerosols have been observed
near air traffic corridors.
The future aerosol impact of aviation will increase with fuel consumption. The trends depend
on future fuel-sulphur content, engine soot emissions, and the efficiency with which fuel
sulphur is transformed into aerosol behind the aircraft. Aerosol microphysical and chemical
processes are similar in subsonic and supersonic aircraft plumes. Aerosol properties will
differ because soot emission levels, aerosol formation potential, and plume dilution properties
vary with engine type and atmospheric conditions at cruise altitudes. Significant increases in
stratospheric aerosol are expected for the operation of a large fleet of supersonic aircraft, at
least for non-volcanic periods.
Contrails

Condensation trails (contrails) are visible line clouds that form behind aircraft flying under
certain thermodynamic conditions in sufficiently cold air, as a result of water vapour
emissions. Contrail formation can be accurately predicted for given atmospheric temperature
and humidity conditions. In the future, aircraft with more fuel-efficient engines will reduce
specific fuel consumption and, consequently, emissions, but contrails may increase due to
lower exhaust temperatures.
Persistent contrails often develop into more extensive contrail cirrus in ice-supersaturated air
masses. Ice particles in such persistent contrails grow by uptake of water vapour from the
surrounding air. The area of the earth covered by persistent contrails is controlled by the
global extent of ice-supersaturated air masses and the number of aircraft flights in those air
masses. Present contrail cover will increase further as air traffic increases.
The properties of persistent contrails depend on the aerosol formed in exhaust plumes.
Regions of ice-supersaturation vary with time and location and are estimated to cover an
average of 10-20% of the earth's surface at mid-latitudes. Ice-supersaturation in these
regions is often too small to allow cirrus clouds to form naturally, so aircraft act as a trigger to
form cirrus clouds.
The mean coverage of line-shaped contrails, representing artificially induced cirrus clouds , is
currently greatest over the US, Europe, and the North Atlantic; it amounts to 0.5% on
average over central Europe during the daytime. The mean global linear contrail coverage
represents the minimum cbar.ige in-cirrus cloud coverage from air traffic; its present value is
estimated to be 0.1 % (possibly 0.02-0.2%). Latest model results indicate the optical
thickness of contrails over Europe to be about 1/3 lower than previously estimated. A future
increase in this effect may also be further limited by a higher saturation threshold expected in
an already warm troposphere. Continued uncertainty exists, however, in the extent of cirrus
cloudiness changes induced by contrails and aerosols.
Contrails cause a positive mean radiative forcing at the top of the atmosphere. They reduce
both the solar radiation reaching the surface and the amount of long-wave radiation leaving
the Earth to space. Contrails reduce the daily temperature range at the surface and cause a
heating of the troposphere, especially over warm and bright surfaces. The radiative effects of
contrails depend mainly on their coverage and optical depth.
For an estimated mean global linear contrail cover of 0.1 % of the earth's surface, and contrail
optical depth of 0.3, radiative forcing is computed to be 0.02 W/m 2 , with a maximum value of
0.7 W/m 2 over parts of Europe and the US. Radiative forcing by linear contrails is uncertain
by a factor of about 3-4 (range 0.005-0.06 W/m 2 ), reflecting uncertainties in contrail cover
(x2) and contrail mean optical depth (x3).
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In the current atmosphere, the direct radiative forcing of accumulated aircraft-induced aerosol
is smaller than that of contrails. The optical depth of aircraft-induced aerosol is less than
0.0004 in the zonal mean and is much smaller than that of stratospheric aerosol from large
volcanic eruptions or mean tropospheric aerosol abundance.
In the future, contrail cloudiness and radiative forcing are expected to increase more strongly
than global aviation fuel consumption because air traffic is expected to increase mainly in the
upper troposphere, where contrails form preferentially, and because aircraft will be equipped
with more fuel-efficient engines. More efficient engines will cause contrails to occur more
frequently and over a larger altitude range for the same amount of air traffic.
For the three-fold increase in fuel consumption by 2050 calculated for one scenario in the
Special Report (Fa1 ), a five-fold increase in contrail cover and a six-fold increase in radiative
forcing are expected . The contrail cover would increase even more strongly if the number of
cruising aircraft increases more than their fuel consumption. For other 2050 scenarios (Fc1
and Fe1 ), the expected cirrus cover increases by factors of three and nine, respectively,
compared to 1992. Higher cruise altitudes will increase contrail cover in the subtropics; lower
cruise altitudes will increase contrail cover in polar regions. Future climate changes may
cause further changes in expected aircraft-induced cirrus cover.
Cloud cover

Aviation-induced aerosol present in exhaust plumes and accumulated in the background
atmosphere may indirectly affect cirrus cloud cover or other cloud properties throughout the
atmosphere. Observations and models are not yet sufficient to quantify the aerosol impact on
cirrus cloud properties.
Satellite and surface-based observations of seasonal and decadal changes in cirrus cover
and frequency in main air traffic regions suggest a possible relationship between air traffic
and cirrus formation. Cirrus changes in main air traffic regions suggest global cirrus cover
increases of up to 0.2% of the earth's surface since the beginning of jet aviation, in addition
to the 0.1 % cover by line-shaped contrails. Observed cirrus cover changes have not been
conclusively attributed to aircraft emissions or to other causes.
Indirect radiative forcing is caused by aviation-induced cirrus produced in addition to lineshaped contrail cirrus. This forcing is likely to be positive and may be larger than that from
·i1r1e-sflaped ·contrails. Radiative forcing from additional cirrus may be as large as 0.04 W/m 2
in 1992. Indirect forcing from other cloud effects has not yet been determined and may be
either positive or negative.
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3

Aviation and the Ozone Layer

The depletion of the stratospheric ozone layer is another major environmental issue which
may have potentially important consequences for aviation . Nitrogen oxides, water vapour,
sulphur oxides and soot (these last two both examples of aerosols) emitted by aircraft play
both direct and indirect roles in ozone chemistry as well as in climate change.
Subsonic aircraft fly in the upper troposphere and lower stratosphere (at altitudes of about

9-13 km), whereas supersonic aircraft cruise several kilometres higher (at about 17-20 km),
in the stratosphere. As noted in section 2, ozone in the upper troposphere and lower
stratosphere is expected to increase in response to increases in NOx emissions, and
methane is expected to decrease.
At altitudes higher than 13 km, increases in NOx levels lead to decreases in levels of
stratospheric ozone. Ozone lifetimes increase with altitude; hence perturbations to ozone by
aircraft depend on the altitude of NOx injection, and vary on a regional scale in the
troposphere and on a global scale in the stratosphere.
Aircraft sulphur and water emissions in the stratosphere tend to deplete ozone, partially
offsetting the NOx-induced ozone (tropospheric) increases. The degree to which this occurs
is, as yet, unquantified. The Special Report concluded that the impact of subsonic aircraft
emissions on stratospheric ozone requires further evaluation.
One possibility for the future is the development of a fleet of second-generation supersonic
aircraft, projected to cruise at an altitude of about 19 km, about 8 km higher than subsonic
aircraft, and expected to emit carbon dioxide, water vapour, NOx, sulphur oxides (SOx) and
soot into the stratosphere. Supersonic aircraft emissions of NOx, water vapour, and SOx will
all contribute to changes in stratospheric ozone, and the effect of introducing a civil
supersonic fleet of 1,000 aircraft, considered in one scenario and referred to earlier, is to
. · reduce the levels of stratospheric ozone impacts. In addition, emissions from supersonic
aircraft in the northern hemisphere stratosphere may be transported to the southern
hemisphere where they also cause ozone depletion.
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4

Reducing Emissions and Impacts

The Special Report presents a wide range of options to reduce the impacts of aviation
emissions on the atmosphere. These are summarised here, using, in some cases, the same
question-and-answer format employed in the report.

4.1

Changes in aircraft and engine technology

What are the principal technological factors that determine the nature and scale of
emissions from aircraft at altitude?
The overriding technological consideration in the design of aircraft today is safety. Given that
prerequisite, aircraft are designed to provide an efficient and environmentally acceptable
system of transport from ground level to the demanding conditions associated with highspeed flight at high altitudes. To achieve high efficiency, fuel consumption must be minimized
by reducing the weight and drag of the aircraft. This requirement also ensures that there is a
constant drive toward the highest levels of energy conversion efficiency from the engine.
Together, these factors ensure that carbon dioxide and water vapour outputs are minimized.
The most fuel-efficient engines for today's aircraft are high-bypass, high-pressure-ratio gas
turbine engines. No known alternatives are in sight. These engines have high combustion
pressures and temperatures; although these features are consistent with fuel efficiency, they
increase NOx formation rates, especially at high-power take-off and at altitude cruise
conditions.
Current low-sulphur fuels minimize SOx emissions. Small amounts of fuel-bound sulphur
(400-600 ppm) and associated organic acids provide important lubricant properties for
critical fuel system components. Processing to remove all traces of sulphur would remove
important organic acids, so sulphur-free fuels are unlikely to be adopted in the short term.
Sulphur removal would also result in a small net rise in carbon dioxide emissions.
At present there is only limited knowledge about the formation and~ behaviour of minor trace
species and aerosols found in the exhaust plumes of engines. Even less is known about how
they are influenced by engine features and characteristics.
What progress has been made to date in reducing emissions, and how may new
advances in aircraft and engine technology help reduce them further in the future?
In the past forty years, aircraft fuel efficiency has improved by 70% through improvements in
airframe design, engine technology, and rising load factors. More than half of this
improvement has come from advances in engine technology. These trends are expected to
continue, with airframe improvements expected to play a larger role through improvements in
aerodynamic efficiency, new materials, and advances in control and handling systems. New,
larger aircraft with, for example, a blended-wing body or double-deck cabin offer prospects of
further benefits by relaxing some of the design constraints attached to today's large
conventional aircraft. Because of the very long total lifetimes of today's aircraft (up to 50
years), however, replacement rates are low, and the fuel efficiency of the whole fleet will
improve only slowly. Rising market demand will ensure that this trend is maintained,
however.
The intrinsic link between lower carbon monoxide and rising levels of NOx is being
successfully countered with relatively simple strategies in state'.".o.f-:th~-an combustors. These
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combustors have achieved 20-40% reductions in NOx. Consolidation of these improvements
to broaden their applicability to newer, even more fuel-efficient engines demands further
improvements in combustor technology. Major research programmes are under way to do so.
Although the use of hydrogen as a fuel offers a way to eliminate carbon dioxide and further
reduce NOx from aircraft, widespread use of hydrogen fuel presents major design problems
for aircraft and would entail global changes in supply, ground handling, and storage (see
further below in section 4.2). Hydrogen would also substantially increase water vapour
emissions from aircraft. Thus, kerosene-type fuels are considered to be the only viable option
for aircraft within the next 50 years (to 2050).

What data exist about actual emissions from aircraft? What is being done and what
needs to be done to improve our understanding of and our ability to predict the scale
and nature of these emissions?
The International Civil Aviation Organization (ICAO) engine emissions databank is a
substantial and growing source of reliable information that is now being used to develop
aircraft emissions inventories and to analyse specific emissions. The databank - which
includes information on smoke, hydrocarbons (HC), carbon monoxide (CO), and NOx emitted
during a defined landing and take-off cycle - is collated with prescribed correction
procedures to guarantee consistency and comparability. There is no comparable source of
data relating to sulphur compounds (SOx) and minor trace species or aerosols from engines.
Such data are emerging from individual research programmes, but much more must be done
to increase the breadth and depth of knowledge about the formation, nature, and scale of
these potentially important aircraft emissions.
Important progress has been made in the measurement and observation of the transier1t
behaviour of minor and trace species in engines. Again, further work is needed · before
conclusions can be drawn that might offer clues concerning their control and reduction in
future engines.

How are emissions from aircraft currently regulated, and how do these regulations
influence emissions at altitude?
Present aircraft emissions regulations apply only to the landing and take-off cycle up to an
altitude of 900m. However, these regulations exert a controlling influence on emissions from
aircraft at cruise altitudes because design changes to achieve lower NOx at take-off are
equally beneficial at medium-power cruise conditions. Methods have been developed to use
the ICAO databank to predict aircraft emissions at altitude cruise conditions. These
predictions are accurate to within 5-10% for a modern, high bypass ratio engine.

What performance might we expect from new aircraft entering the fleets in 2015 and
2050?
The emerging effects of research and technology programmes on airframes and engines will
influence future fleets orsuosonic aircraft. A group of aerospace industry experts has
developed technology projections relating to fuel efficiency and NOx emissions of aircraft by
the years 2015 and 2050. According to these scenarios, average fuel efficiency of new
production aircraft in the scheduled commercial fleet may improve by 20% between 1f\97 and
2015. The corresponding scenarios for improvement between 1997 and 2050 involve two
different technology scenarios to take account of trade-offs between fuel efficiency and low
NOx in aircraft designs. In the first case, with fuel efficiency taking priority, a 40-50%
improvement in the fuel efficiency of new production aircraft was projected. In the second
case, where NOx reductions took priority, a 30-40% improvement in fuel efficiency was
envisaged.
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Some related web pages
http://www.ipcc.ch
http://www. icao. int/
http://www.grida.no/climate/ipcc/aviation/088.htm
http://www.wmo.ch
http://www.unep.ch/ozone
http://www.unep.org/ozone
http://www.iata.org/
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