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Abstract

This paper provides the current status of knowledge regarding the impact of aviation on the atmosphere.
The growth of the aviation industry is likely to continue in the future and at present there are significant con-
cerns that this will adversely affect climate, and local air quality in the vicinity of airports. Indeed, it is possi-
ble that air quality may become a constraint to increased capacity of some large hub airports. Currently the
radiative forcing impacts from aircraft emissions, other than CO,, are not accounted for in the International
Civil Aviation Organization emission trading scheme proposals. Taking only this approach, emissions trading
could, in theory, increase the radiative forcing, rather than decrease it. The study of improved ‘environmen-
tally friendly’ flight is still in its infancy; however, any proposed and actual new developments, in terms of

technology and operational practice, should include an environmental assessment.
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Executive summary

Aviation’s impacts on the atmosphere include effects on local air quality and climate. In this paper we review
the state of knowledge of these impacts.

Aviation has undergone remarkable growth, at a rate exceeding increases in global gross domestic product.
This growth, over long time periods, is expected to continue averaging approximately 5% per year, despite
the recent economic downturn. Commensurate with this growth has been a pressure upon the environmental
performance of aviation: significant progress has been made on increasing overall fuel efficiency, thus reduc-
ing carbon dioxide emissions, through both technology and operational management. Levels of other pollut-
ants such as nitrogen oxides, smoke, hydrocarbons and carbon monoxide have also been reduced through
technological advances. Historically, environmental pressures on aviation came from local air quality con-
cerns—oprincipally health driven—and also concerns over damage to the stratospheric ozone layer from
propositions in the early 1970s for the development of a large fleet of supersonic aircraft. Over the last 20
years or so, these pressures have changed to concerns over the current (and future) subsonic fleet’s poten-
tial effects on climate change. These concerns led to the Intergovernmental Panel on Climate Change’s
(IPCC) major assessment report ‘Aviation and the Global Atmosphere’ (IPCC,1999). Since then, air quality
concerns have increased because of growth in the aviation sector that is no longer matched by the earlier
rates of improvements in emissions at ground level: we review the state of knowledge and conclude that cur-

rent air quality models have limited capability and development of more appropriate models is essential.

Substantial progress has been made since the IPCC report, addressing some of the major questions that
were posed. Recent climate modelling studies have shown that the formation of tropospheric ozone, a pow-
erful greenhouse gas, from aviation emissions of nitrogen oxides remains an issue. There are significant
questions over this effect that require more study. The formation of contrails and enhancement of cirrus
cloud coverage were also highlighted by the IPCC as having a potentially large radiative forcing. EU Re-
search programmes are currently underway to address the basic physics of these processes. Recent model-
ling of contrail radiative forcing has shown divergent results from those given by the IPCC. This indicates the
strong level of uncertainty remaining over contrail radiative forcing and more research should be devoted to
this area.

Questions are being posed on the extent to which aircraft traffic management has the potential to ameliorate
some of the effects of aircraft emissions: initial studies to address this issue are in progress within EU re-
search programmes. Recent technological developments, such as the ‘Sonic Cruiser’ re-open issues upon
stratospheric impacts on climate forcing. International aviation emissions of carbon dioxide (CO,) are not
covered by the Kyoto Protocol. However, it remains clear that aviation’s impact on climate is quantitatively
more than that from its CO, emissions alone. Currently favoured policy developments of CO, emissions trad-
ing do not address these other effects, as only CO, is covered under the Kyoto Protocol. Without addressing
this deficiency, emissions trading has the potential to exacerbate the problem rather than ameliorating it.
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INTRODUCTION

The effects of civil aviation emissions on the atmosphere have been under discussion in recent
years and there is a growing body of evidence that future growth in air traffic might result in sig-
nificant impacts on local air quality and climate. Local air quality concerns usually arise from po-
tential impacts on human health, from high concentrations of gaseous or particulate species over
a relatively small area (tens of square kilometres, depending on the pollutant concerned). Global
concerns relate to potential impacts of emissions on climate change. Other than carbon dioxide
(COy,), the emission regime of the so-called ‘Landing/Take Off cycle’ (LTO) relates to air quality

concerns whilst emissions during climb, cruise and descent relate to climate impacts.

Aviation has undergone spectacular growth, outstripping GDP as globalization of industry and
commerce has increased. Aviation is a fundamental part of business and commerce, and is a
wealth-creator. In some senses, the ‘spotlight’ has been turned on aviation because of its own
success. Considering aviation growth, there are many forecasts available for the future growth of
civil aviation traffic. Aerospace companies, aircraft manufacturers and airlines provide forecasts
for business projections. The UK Department of Trade and Industry provides its own market
forecasts, which are used to inform UK government policy. Most aviation growth forecasts rely
upon assessments of global economic trends, as global GDP growth and aviation traffic growth
are closely linked. Passenger fraffic is expected to grow — averaging around 5.3% annually over
the next 20 years (see Figure 1-1). Capacity growth (i.e. seats offered) is expected to expand at
a slower rate if passenger load factors maintain their improving trend over the long term. The in-
creased global capacity will be provided by around 14,000 new aircraft between 1999 and 2018.
About half of this demand for new aircraft is derived from the replacement of existing aircraft re-
tired from the fleet, with the other half generated by anticipated traffic growth. Over the next five
years about 1,500 retirements are expected as a result of increasing environmental constraints.
The environmental performance of civil aviation maintains a growing profile in social awareness
and imposes pressures on the aviation industry to which it will need to respond over the long

term.

The industry is, of course, susceptible to external economic and social factors. Reducing eco-
nomic growth in 2001 has begun to lead to reduced traffic growth and airline profits. Compound-
ing this the tragic events of September 11, 2001, and the current conflict in Afghanistan have
precipitated a further more dramatic downturn in traffic. Operational fleets have been reduced by
the early retirement or temporary storage of many older, less economic aircraft and some orders

for new aircraft have been put on hold. The Gulf conflict in the early 1990s had a somewhat simi-
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lar although less dramatic effect, but afterwards, growth picked up quickly and returned to the
long-term trend within a few years. Once again, the aviation industry is expected to revive from
this most recent decline, but it remains too early to predict the timeframe by which this might be

achieved. Accordingly, the original forecasts of growth have been retained for this paper.
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Figure 1-1 Aviation growth in terms of global SKO (1 0° seat kilometres offered) between 1960 and 2020
(source: DTI data)

There are differing views as to the possible composition of a future aircraft fleet. These views are
driven as much by manufacturer ambition and long-term plans, as by the aviation industry’s pos-
sible response to future demand, but they tend to be polarized into the ‘fragmentation’ and the
‘consolidation’ market views. Both models bring environmental implications at the global and air-

port levels.

The fragmentation view suggests that passenger preference for direct flights between individual
city pairs, avoiding the necessity to route through major hubs, will imply a fleet comprising a large
number of relatively small aircraft. This implies the need for possibly more airports into which
these aircraft can operate. Whilst the fragmentation model implies lower noise levels and possibly
lower emissions levels from individual aircraft, their greater number could counteract this effect.
An increase in airport numbers would introduce noise and emissions into areas that had hitherto

avoided this particular problem.
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The consolidation view suggests that major hubs will be an enduring feature of the aviation scene
and will be supplied by the larger aircraft of the future. The consolidation model suggests more
emissions being concentrated around fewer sources, and it is feasible that aircraft emissions af-
fecting air quality within the airport boundary may increase at a rate greater than traffic increase
as aircraft become larger. This may be at least partially addressed by continuing technological
developments; nonetheless, the environmental implications of these trends need to be better un-
derstood.

It is difficult to assess which view will be the more successful over the long term. However, it is
clear that the economies of scale in aircraft operation are achieved by the use of larger aircraft,
and larger aircraft allow lower fares; not least because of their fuel consumption characteristics
and productivity. Lower fares imply continued - and probably enhanced - traffic growth and a

concomitant effect on environmental impact.

An effect of the remarkable growth in air traffic has been to focus attention upon the potential en-
vironmental effects. Early turbojets emitted highly visible dark plumes on take-off, principally
from soot particles, and were associated with high noise levels. Noise from aircraft is a separate
issue and not dealt with here, although it is noted that stringent noise limits have vastly improved

the noise levels of today’s modern turbofan engines.

The emissions during the landing and take-off cycle (LTO) gave rise to concern over local air
quality, prompting the US Environmental protection Agency (USEPA) to legislate against aircraft
emissions. This early legislation, local to the US, later gave rise to the engine emission certifica-
tion requirements of the International Civil Aviation Organization (ICAO, 1981™": most recent up-
date ICAO, 1995(2)) on unburned hydrocarbons (HCs), nitrogen oxides (NO, where
NO,=NO+NO,), and carbon monoxide (CO). It is worth reinforcing what these regulations are:
they are design and manufacturing standards, not an in-service compliance regime. There is evi-
dence, albeit limited, that the emissions performance of aircraft engines deteriorates between
major overhauls. Overhauls are generally conducted on a time schedule basis, or when the fuel

performance characteristics or exhaust gas temperatures fall outside specification margins.

Whilst local air quality was the driver for aviation emissions regulations, the initial focus on global
atmospheric effects originated in the 1970s from concern that NO, emissions in the upper atmos-
phere from a proposed fleet of supersonic aircraft would significantly deplete stratospheric ozone
(O3) (Johnston, 1971®: Crutzen, 1972)™, resulting in increased exposure of harmful ultra violet

(UV) radiation at the earth’s surface. In the event, only a limited fleet was developed by the
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United Kingdom and France in the form of Concorde and the large fleets envisaged were never
built.

Interest in the potential effects of subsonic aircraft emissions ensued in the late 1980s and early
1990s (Schumann, 1990)®. This interest arose because of the growing realization that the upper
troposphere and lower stratosphere, where subsonic aircraft cruise, is a rather sensitive region of
the atmosphere in terms of both atmospheric chemistry and climate sensitivity. Initially, attention
was focussed upon the potential effects of aircraft NO, emissions on tropospheric O3 production.
Whereas O; in the mid to upper stratosphere (~15-20 km) provides a protective ‘shield’ against
harmful UV radiation, O3 in the upper troposphere and lower stratosphere acts as a powerful
‘greenhouse gas’, warming the surface. More recently, other effects such as those of contrails
(condensation trails) have been studied intensively. Contrails are line-shaped ice clouds caused
by the emission of water vapour and particles from the aircraft exhaust. Depending (principally)
on the particular conditions of temperature and humidity, contrails may be very short-lived or per-
sistent, sometimes spreading by wind-shear, sedimentation and diffusion into cirrus-like clouds
that are ultimately unrecognisable as having been caused by aircraft. Other effects on climate
from associated particle emissions and the enhancement of cirrus clouds have also been investi-

gated.

Research into the effects of aviation on climate and O; depletion was synthesized in a Special
Report of the Intergovernmental Panel on Climate Change — Aviation and the Global Atmosphere
(IPCC, 1999)(6). This was a landmark in that it was the first sectoral examination by the IPCC
and estimates of radiative forcing of climate from various aircraft emissions and their effects were
made. However, the IPCC was not the first assessment: other assessments and syntheses had
previously been made, e.g. Schumann (1994)”, Wahner et al. (1995)®, Fried! et al. (1997)®,
Brasseur et al. (1998)"%.

This introduction would be incomplete without some overall policy backdrop. In terms of local air
quality, it is often the case that aircraft emissions are a smaller fraction of the total (transporta-
tion) emissions in and around an airport. However, with increasingly stringent air quality limits
and continued growth of air traffic, this situation may change in the future, particularly for large
hub airports close to urban centres. In terms of climate, only domestic emissions of CO, are
covered under the Kyoto Protocol (i.e. departure and arrival locations situated within the same
country). International emissions of CO, from aviation are not currently covered, although
ICAQO’s Committee on Aviation Environmental Protection (CAEP) are currently considering how

these emissions may be incorporated into the Protocol.
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In this paper, we aim to provide the readership with an overview of the issues; a review of the
impacts of aircraft on local air quality and climate, more recent results relating to climate impacts
that post-date the IPCC report; and to discuss what measures may be possible in mitigating
against climate impacts. Where necessary, background material is provided. In structuring the
paper, Section 2 deals with aircraft engines, their generation of pollutants and estimations of
emissions. Section 3 discusses the impacts on local air quality. Section 4, by necessity the
longest, provides tutorial material on the atmosphere to establish the context, and discusses the
chemical and physical influences that aircraft emissions exert on the global atmosphere. The ef-
fects of aircraft emissions on global climate and the difficulties in modelling this are discussed in
Section 5. In Section 6 we discuss future developments and possible mitigation approaches, and
report some preliminary findings on such options. Finally, we draw overall conclusions in Section
7. In describing some of the more technical details, we have used ‘boxes’ to provide detailed in-

formation, should the reader be interested in a particular aspect.
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AIRCRAFT EMISSIONS

Aircraft engine emissions

For reasons of economy of operation, range and market demand, there has been a constant
drive towards more fuel-efficient aircraft designs. Since the introduction of civil jet aircraft ap-
proximately 40 years ago, fuel consumption per passenger-km has been reduced by approxi-
mately 70%. Most gains have been achieved through engine improvements that have exceeded
the gains from airframe advancements by a ratio of 3/2. Further improvements in efficiency are

forecast to continue into the future at the same rate.

Early research on aircraft emissions focused upon the improvements in combustor technology
needed to meet the emerging LTO regulations aimed at controlling the products of inefficient
combustion at low power, and NO, and smoke at high power. Today, the focus has widened be-
yond the boundaries of the airport to include emissions at higher altitude. Improvements to all
aircraft components are required to meet these emerging concerns. These include: the airframe;
engine; operating cycle; engine components (including the inlet and compression system); the
hot section consisting of combustor, turbine and exit nozzle; airframe-engine integration; and air-

craft support systems.

Gas turbine exhausts contain concentrations of CO,, water vapour (H,O), NO,, sulphur com-
pounds (SO,) — originating from sulphur in the fuel — and trace amounts of numerous chemical
species. All of these emissions can be reduced by reducing the amount of fuel burnt, although in
some cases fuel reduction through greater engine efficiency can exacerbate the combustion con-
ditions that produce NOx. However, combustion efficiency is already > 99.95% at high power
conditions such as cruise and take-off. Therefore, fuel efficiency can only be improved by im-

proving the cycle efficiency.

In general, emissions of NOx, CO, HCs and particles are relevant to local air quality issues and
CO,, H,0O, NO,, SO, and particles are of most concern in terms of climate perturbation. The pro-
duction and control of these emissions is described below.

Oxides of nitrogen (NOXx)

Emissions of NO, arise from the oxidation of atmospheric nitrogen in the high temperature condi-

tions that exist in the engine’s combustor, although a small amount comes from the nitrogen con-
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tent of the fuel. Its production is a complex function of combustion temperature, pressure and
combustor design. These emissions primarily comprise NO but are quickly converted to NO, in
the atmosphere. The elimination of NO, in the combustion process is virtually impossible and the
control of its production to meet regulatory limits requires careful combustor design. Nitrogen ox-
ides at the engine exit plane consist primarily of NO. The percentage of NO, to NO is estimated
to be 1-10%, with an uncertainty of several percent. Much work, internationally, is in progress to
reduce NO, levels, with major programmes in the USA and Europe. These programmes focus
upon goals well beyond in-service emission reduction capabilities, striving for NO, reductions in
the range of 60 to 70% of today's CAEP 2 regulatory NO, standard based upon existing LTO cer-
tification requirements. The approaches being explored range from combustor sub-component

performance improvements to the evolution of new and complex multi-staged combustors.

The interrelationships between NO,—CO, are complex. The extent of tradeoffs between these
two emissions depends upon the severity of operating conditions and the combustor emission
technology. National programmes exist in Europe and USA to reduce both NOyx and CO, simul-

taneously.
Soot

The ICAO database ‘Smoke Numbers' (ICAO, 1995)? define large soot particles that affect
plume visibility. A fleet average emission index for soot of 0.04 g/kg fuel burned has been esti-

mated with a large uncertainty, at best a factor of 2 (Dopelheuer et al., 2001)""".

These large
soot particles are thought to have only a minor direct impact upon climate (see). Of greater con-
cern are aerosols originating in the combustor as well as those produced by the sulphur in the
fuel. Measurements of aerosol emissions from aircraft, engines and combustors have been
made for particles in the 3 nm to 4 ym aerodynamic diameter size range. The soot aerosol size
distribution at the engine exit has been found to be log.-normal in shape with number concentra-
tions peaking in the 40-60 nm range. Emission indices fall within the range of 10" soot aerosol
particles/kg fuel for current advanced combustors and to 10" for older engines (Petzold et al.,

1999)\"?),
Trace species

At present, there is a high degree of uncertainty about the concentrations of minor trace constitu-
ents in the exhaust gases. Most of the S in the fuel (see below) is expected to be emitted as sul-
phur dioxide (SO,) (Miake-Lye et al., 1993)(13). However, it is thought that some oxidation
through to S"' (e.g. SOs, H,S0,) is possible within the engine itself (Lukachko et al., 1998)"%.
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The fraction of total gaseous S in the engine exit plane is estimated to be up to 5% SY: however,
this estimate is highly uncertain. However, the emission of S species is thought to be important
for volatile particle formation from sulphuric acid (H,SO,): gas-phase H,SO,4 has been detected in
the wake of aircraft by Curtuis et al. (1998)""®. Hydroxyl radicals (OH) are produced as a part of
the combustion process and may control the oxidation of NO, and S species to their oxidized
forms. Very few measurements of OH have been made, despite its importance (e.g. Hanisco et
al., 1997)"®. Tremmel et al. (1998)"" used measurements of other odd N species to infer OH
concentrations of 1 ppmv or less. However, recent static measurements using Laser Induced

Fluorescence (LIF) indicate concentrations of 100 ppbv or less (Bockle et al., 1999)(18).

Clearly,
given the importance of OH, more measurements are needed to provide upper limits for oxidation

of various species within the plume.

Emissions of nitrous (HONO) and nitric (HNO3) acids are estimated to be less than a few percent
(Arnold et al., 1992)"® but emission indices are rather uncertain. More measurements are

needed to better quantify this speciation.

The high temperatures involved in combustion of kerosene within aircraft gas turbines produces
gaseous ions by chemiionisation of free radicals, often termed ‘chemi-ions’ (Cls). First meas-
urements of negative ions (HSO,H,SO,, HSO,HNO;) were made behind an aircraft engine at

ground level by Frenzel and Arnold (1994)“%.

Subsequently, other measurements have shown
the presence of negative Cls in the plume of an aircraft exhaust (Arnold et al., 1999)?", and posi-
tive Cls (Wohlfrom et al., 2000)%?. It is thought that Cls may promote formation and growth of

charged droplets (Yu and Turco, 1997)%%.
Fuels

Kerosene-based fuels such as those presently used in aircraft appear to be the only viable option
out to the year 2050. The fuel sulphur content of aviation kerosene averages 400 to 600 ppm, al-
though today’s specifications allows for up to 3000 ppm. Removing the sulphur associated com-
pounds from kerosene would lead to increased production costs and a small increase in CO,
production, because of the additional energy required to make the hydrogen used to de-
sulphurize the fuel. The process to reduce the sulphur content also degrades the quality of the
fuel’s natural lubricity and this can cause problems with engine fuel pumping and distribution sys-
tems. Bio-kerosene, can have zero sulphur and aromatics which may help reduce emissions, but
work is required to ensure the operation and integrity of the fuel system will not be compromised

by its use.
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Long-term options include cryogenic fuels such as liquid methane and hydrogen. However, the
use of cryogenic fuels would require revolutionary changes in aircraft design and implementation
of a vast new infrastructure for supplying these fuels. Additionally, hydrogen is currently manu-
factured in large quantities from fossil fuels. The manufacturing process produces more CO,

than if the fossil fuel were used directly.
Aircraft emissions — characterization and global emissions

Recent estimations of global aviation emissions have been conveniently summarized by Hender-
son et al. (1999)(24). The most recent emissions estimations are for the early 1990s and three
data sets are in common use: the ANCAT/EC2 dataset (Gardner et al., 1998)%; the DLR-2 data
set (Schmitt and Brunner, 1997)(26); and the NASA data set (Baughcum et al., 1996)(27). Here, we
focus upon the ANCAT/EC2 data set as an example (note however that the other data sets are

not so very different).

That such data sets are out of date is self-evident; however, there is currently a European Union-
funded research project underway, AERO2K, which will compile global emissions for the 2001

timeframe'. This project is due to report in 2003.

For future global emissions estimations, there are emission forecasts available for 2015 (Gardner
et al., 1998*Y; Baughcum et al., 1998%®)) and scenarios for 2050 (FESG, 1998%; Newton and
Falk, 1997°%).

All the aforementioned emission data sets provide 3D gridded data and by necessity have simpli-
fying assumptions. The essential components of an inventory include: an aircraft movements da-
tabase; a representation of the global fleet in terms of aircraft and engines; a fuel-flow model;

calculation of emissions at altitude from fuel flow; and landing and take-off emissions data.

Estimations of global fuel and NO, for 1991/92, 2015 and 2050 are given in Table 1. The esti-
mated global emission of NO, (as NO,) from civil and military aviation for the base-year of
1991/1992 is 1.81 Tg N yr'1 and the fuel burnt 131 Tg yr'1. Military emissions, although more un-
certain than the civil estimates, are approximately 11% of the total. For climate effects other than
CO,, military aviation is less important as most emissions are at much lower altitudes than those

from civil aircraft. The spatial and vertical structure of emissions is shown in Figures 2-1 and 2-2,

! http://www.cordis.lu/fp5/projects.htm
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respectively. It can be seen that much of the emissions occur in the Northern Hemisphere and at
altitudes of 10 to 12 km.

Table 2-1 Fuel, CO, NOyx and EINOy for 1991/92, 2015 and 2050 gridded data sets

Dataset Fuel CO; NOyx (as NO2) EINOx Reference
Tg yr'1 TgC yr'1 Tg yr'1
ANCAT/EC2 — 1991/92  131.3 113 1.81 13.8  Gardner et al., 1998%°
ANCAT/EC2 - 2015 286.9 247 3.53 12.3  Gardner et al., 1998%°
DTI — 2050 633 545 4.43 7 Newton and Falk, 199747
Fa1 — 2050 471.0 405 7.2 15.2  FESG, 1998%)
Fa2 — 2050 487.6 419 5.5 114  FESG, 1998%)
Fc1— 2050 268.2 231 4.0 150  FESG, 1998%)
Fc2 — 2050 277.2 238 3.1 11.3  FESG, 1998%)
Fe1 - 2050 744.3 640 11.4 15.3  FESG, 1998
Fe2 — 2050 7721 664 8.8 114  FESG, 1998
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Figure 2-1 Spatial distribution of ANCAT/EC2 1991/92 emissions of NOy from civil aviation, vertically inte-
grated between ground and 16 km (kg NO; m? yr"). Source: Gardner et al. (1 999)(25) and Lee et al.
(2002a)*?
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Figure 2-2 Vertical Distribution of emissions of civil aviation NOy, 1991/92. Source: Gardner et al. (1 998)(25)
and Lee et al. (2002a)*?

By 2015, it is forecast that emissions of NO, (as NO,) from civil aviation will have grown by a fac-
tor of nearly 2, to 3.53 Tg N yr'1 with a fuel burn of 287 Tg yr'1. It is important to discriminate be-
tween forecasts and scenarios. Here, we adopt a definition of a forecast being a situation that is
the result of extrapolation of current and foreseen technologies and aviation growth. For scenar-
ios, the assumptions are greater and the approach, whilst similar in some respects, tends to be

driven ‘top-down’.

For 2050, the most commonly used gridded data sets are those generated by the Forecasting
and Economic Sub Group of the ICAO (FESG, 1998)®®. These scenarios were based upon a re-
lationship between revenue passenger kilometres and GDP. The GDP scenarios were the IPCC
1S92a, ¢ and €’ scenarios (Leggett et al., 1992)* ¥ In addition, two technology scenarios for
fuel and NO, were assumed, one ambitious, one less so, giving six scenarios in total. The no-

menclature adopted was, by example: Fa1—FESG 1S92a Technology Scenario 1. Fuel usages

2 Note that the IPCC 1S92 scenarios have subsequently been replaced by the ‘SRES’ scenarios, see IPCC (2000)**
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ranged from 268 to 772 Tg yr'1 and NO, emissions by 3.1 to 11.4 Tg NO, yr'1; these estimates

equate to factors of approximately 2 to 6 on fuel and NO, emissions over early 1990s data.

228 This potential dramatic increase is illustrated in Figure 2-3. By 2050, it is clear that assumptions
in GDP growth are critical to the overall emission, the technology assumptions having a second-
order effect. In contrast to this overall pattern, the DTl 2050 scenario assumes a fuel usage
(from traffic growth) between the Fa and Fe scenarios (mid and upper growth scenarios, respec-
tively) but an aggressive NO, reduction, resulting in a global NO, emission closer to the Fc sce-
nario (lowest growth of the FESG scenarios). For the DTI 2050 scenario, the global fuel con-
sumption was estimated to be 633 Tg, with 4.43 Tg of NO, (as NO,) produced as a consequence
of a fleet EINO, of 7.
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Figure 2-3 Development over time of fuel usage and NOx emissions from aviation. Data source: IP%Q)
(1999)

2.3 Aircraft emissions in relation to other sources

2.31 The emissions from aircraft that can be easily compared to those from other sources are NO,,
CO,, CO and HCs. Global particle sources are not well understood but there are indications that
aircraft may be a significant source in the upper troposphere and lower stratosphere (UT/LS)
(Anderson et al., 1999)‘36) and may influence cirrus-cloud coverage (see Section 4.4).

2.3.2 In terms of NO, emissions, global emission budgets have been summarized by Lee et al.

(1997)%” and Holland et al. (1999)*®. These two estimations were applicable for the late
Page 24

Unlimited



2.3.3

234

Unlimited

1980s/early 1990s. These estimates were updated for 2000 by Prather and Ehalt (2001)° for
the recent Third Assessment Report of the IPCC. Aircraft, according to the Prather and Ehalt
(2001)°? assessment, represent only 1.3% of global NO, sources to the global troposphere.
However, this low fraction should not be misunderstood as having a negligible effect on the
global tropospheric O3 budget, as sources of NO, at altitude (including lightning NO,), exert a
more powerful effect, proportionately, on O3 production and Oj; radiative forcing than surface

sources of NO, (see Section 4.3).

Prentice (2001)“? recently analysed the global CO, budget and estimate fossil fuel emissions of
CO, as being of the order 6.3 Pg C yr'1 for the 1990s. Based upon the ANCAT/EC2 estimation of
global aviation fuel usage, this results in a CO, emission of 113 Tg C yr'1, approximately 2% of
global emissions. For the mid-range Fa1 2050 scenario, this would rise to ~3%. However, once
again, this figure taken in isolation is misleading: under the Fa1 2050 scenario, aircraft would
contribute 5% of the total anthropogenic radiative forcing, of which aircraft CO, emissions repre-
sent 38% of the aircraft total radiative forcing (IPCC, 1999).

The aircraft contribution to atmospheric CO and HC emissions is insignificant: 0.2 Tg yr'1 of CO
(Hendersen et al., 1999)?* in 641 Tg from fossil and domestic fuel (Bergamaschi et al., 2000);
and 0.3 Tg yr”" of HCs in 161 Tg from fossil fuel (Prather and Ehalt, 2001)®.
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EFFECTS ON LOCAL AIR QUALITY

Background issues

As discussed in Section 1, the air transport industry is a major economic generator (OEF,
1999“?: Thomas and Raper, 2000“%) and airports bring a wide range of social and economic
benefits to the communities they serve, ranging from job creation to access to the global market.
Evidently, the forecasted growth of the industry (see Section 1) will only be met by a significant
increase in airport capacity. Consequently, many airports in Europe and North America are de-
veloping new infrastructure including runways and terminals in order to meet this expected in-

crease in demand (e.g. in the UK, Heathrow Terminal 5 and Manchester 2" Runway).

Concomitant to this growth, concerns over consequential degradation in air quality are increasing
(e.g. Tunstall-Pedoe et al., 1996)(44). To address wider local air quality concerns, legislators
within Europe and the UK have developed local air quality management as a tool to meet in-
creasingly stringent air quality standards. The EU has promulgated a Framework Directive on
Ambient Air Quality Assessment and Management (96/2/EC), commonly referred to as the Air
Quality Framework Directive (Table 3.1). The UK has developed a National Air Quality Strategy,
which builds upon the Framework Directive, requiring that all Local Authorities undertake an air

quality assessment. Similar initiatives exist in other European countries.

Airports are major intermodal transport hubs and as such, they are the focus of surface transport
networks, including road and rail and are generally located close to, or within, the urban fringe. In
terms of local air quality, this produces a complex problem of determining the effects or impacts
of aviation generated emissions on an environment that is impacted by a wide range of other
emissions both in source and strength. Figure 3-1 provides a good example of the strengths and
spatial coverage of emission sources around Manchester Airport. A wide range of studies has
been undertaken to assess the air quality impacts of airports, particularly associated with future

developments and a recent example in the UK is Stansted Airport (BAA, 2001)(45).
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Emissions of Oxides of Nitrogen from all sources (tonnes)
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Figure 3-1 Annual emissions of NOyx at Manchester Airport and in the Greater Manchester region

Table 3-1 European Union Framework Directive and UK National Air Quality Strategy air quality limits

Pollutant EU Framework Directive UK National Air Quality Strategy

Limit value Time-frame Limit value Time-frame
Benzene - - 16.25 pg/m3 (5 ppb) running annual mean
1,3 Butadiene - - 2.25 ug/m® (1 ppb) running annual mean
Carbon monoxide - - 11.6 mg/m3 (10 ppm) running 8 hour mean
Lead 0.5 pg/m® annual mean 0.5 pg/m>* annual mean

Nitrogen dioxide

Particles (PM1o)

Sulphur dioxide

200 pg/m® (105 ppb)
40 pg/m? (21ppb)
30 pg/m®

Stage 1

50 pg/m®

Stage 2
40 pg/m?®
50 pug/m®

20 pg/m®

350 pg/m® (132 ppb)

125 ug/m® (47 ppb)

1 hour mean not to be ex-
ceeded more than 18 times
per year

annual mean

annual mean for the protec-
tion of vegetation

24 hour mean not be ex-
ceeded more than 35 times
a year

annual mean

24 hour mean not be ex-
ceeded more than 35 times
a year

annual mean

1 hour mean not to be ex-
ceeded more than 24 times
a year

24 hour mean not to be

exceeded more than 3 times

a year

200 pg/m® (105 ppb)

40 pg/m?® (21ppb)
50 pg/m3

40 pg/m®

350 pg/m® (132 ppb)
125 ug/m® (47 ppb)

266 ug/m® (100 ppb)

1 hour mean not to be ex-
ceeded more than 18 times
per year

annual mean

24 hour mean not be ex-
ceeded more than 35 times
a year

annual mean

1 hour mean not to be ex-
ceeded more than 24 times
a year

24 hour mean not to be
exceeded more than 3 times
a year

15 minute mean not to be
exceeded more than 35
times a year
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Key pollutants

Numerous pollutants are emitted from aviation fuel combustion and other airport activities. The
most important of these are NO,, HCs (also referred to by the broader term volatile organic com-
pounds—VOCs—which includes carbon in combination with elements other than hydrogen), CO

and particulate matter.

Oxides of nitrogen

The most important oxidized N species in terms of air quality terms is NO,. Nitrogen oxides are
emitted from aircraft and fuel combustion processes including vehicles and fixed plant. Within
airport environs, the major sources of NO, are motor vehicles, stationary plant and aircraft en-

gines.

Carbon monoxide

The major sources of CO within airport environs are petrol and diesel engine motor vehicles, sta-
tionary plant and aircraft engines. The emission of CO represents fuel combustion inefficiency
and in aviation, as a consequence of the economic loss such inefficiency creates, there has been
sustained pressure to reduce CO emissions by enhancing the fuel economy of aircraft. The di-
rect environmental impacts of carbon monoxide are considered less important than those of NO,

in Europe, although this may not be the case elsewhere, e.g. the United States.

Hydrocarbons

Hydrocarbons, or VOCs, are an increasingly important component of air quality concerns relating
to amenity and health. The major emission sources in the airport environs are motor vehicle and
aircraft emissions, and releases associated with refuelling and fuel storage. Many of these com-
pounds are odorous; indeed the typical airport smell of unburned or partially burnt kerosene is
evidence of this. There is a wide range of hydrocarbon species emitted from combustion sources
at airports, which includes a number of carcinogenic species. For example, formaldehyde
(HCHO) is both directly emitted and formed by photochemical reactions. Aircraft engines have a

particularly high emission index for HCHO, in comparison to other combustion sources.

Particulate matter

Particulate matter is not a single pollutant but can have varying chemical composition in many

different particle sizes and originate from a wide range of natural and man-made sources. The

Unlimited



3.3

3.3.1

3.3.2

3.3.2.1

Unlimited

term ‘PMy,’ is used for particulate matter that has an aerodynamic diameter of less than 10 ym.
Airborne PM;, can be further divided into course and fine fractions. However, the terminology is
fraught with difficulties: ‘fine particles’ is often used in an atmospheric science context of meaning
sub-micron, whereas in air quality management terms (i.e. the regulatory perspective), fine’ is
operationally defined by particular measurements, meaning < 2.5 ym. Within the airport environs,
the major source of fine particles is fossil fuel combustion i.e. road vehicles, aircraft and station-
ary plant. In terms of particles from aircraft engines, these divide into two types, soot (mainly
carbon) and volatile particles. The volatile particles are thought to arise from condensed sul-
phuric acid and possibly condensable organic species. Aircraft engines do not emit any signifi-
cant amounts of ‘coarse’ particles, and these typically are composed of oxides of crustal ele-

ments and are mainly fugitive dust from roads, industry and construction activity.
Airport sources

Emissions from airports can be categorized according to the following broad source groups in-
cluding those identified below. For a detailed description and tutorial on calculating gaseous
emissions from airport sources the reader is directed to the US FAA web site:

http://www.aee.faa.gov/aee-100/aee-120/agp/agp1.htm, which provides a comprehensive hand-

book on calculating emissions from civilian airports.
Aircraft

Emissions from aircraft are primarily confined to the process of fuel combustion by aero engines
and auxiliary power units. The magnitude of emissions from aero engines is largely dependent
upon load. Low load settings are synonymous with engine inefficiency and are primarily charac-
terized by emissions of CO and HCs. Higher load settings, such as during take-off and climb out,
are associated with the optimization of engine performance, and are generally characterized by
emissions of NO,, through the oxidation of atmospheric N. Emissions during the whole of the
LTO cycle are generally assumed to form part of the pollution burden associated with airports
(Figure 3-2). However, it should be acknowledged that the times in mode promulgated by ICAO
(ICAO 1993)(46) are not particularly representative of how aircraft are operated. For further infor-
mation on how aircraft are operated within the LTO cycle the reader is directed to the findings of

Bjornstom et al. (2001)**”. Emissions from auxiliary power units (APU) can also be significant

3 http://www.nlr.nl/public/hosted-sites/aerocert/ACframes.htm
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and are largely dependent upon a number of factors including length of use and load factor
(Webb, 1995)“®).

Approach,
descend
from 3000 ft

‘ Climb to
3000 ft

Take-off

Tend in ‘\ _,;‘)“‘ \-‘\. i
e e \_ e

Taxdi out

~

Figure 3-2 The landing/takeoff cycle

Airside vehicles and ground support equipment

Airside vehicles are potentially a major emission category within airports. Such vehicles include
e.g., tugs, coaches, tankers, catering trucks and baggage trolleys. The operation of these vehi-
cles is often characterized by relatively small distances travelled at low speeds and long periods
of use. Emissions from such vehicles typically contribute 5-10 % of total airport NO,. Ground

support equipment includes for example mobile generators, and air start compressors.

Landside vehicles

This category of emission sources includes all road vehicle movements outside the airport opera-
tional area. Vehicles include cars, taxis, coaches, HGV, LGV, light rail and heavy rail. All the
sub-categories of landside vehicles have emissions profiles and the strength of the source is de-
pendent upon many factors including size of engine, speed and duration of use. Typically, emis-
sions from landside vehicles on roads within the immediate airport environs (e.g. access roads

and car parks) contribute about 10% to the airport NO, budget.

Stationary power generation

Airports generally will own and operate a number of power generation plants that are typically
fuelled by gas or diesel. These sources can have a local importance and may for example con-
tribute in the order of up to 5% of the total NO, budget
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Minor sources

There are a number of minor sources within airport environs that emit a wide range of pollutants;
these include fire training exercises, aircraft maintenance and engine testing and de-icing (glycol
has a number of pathways into the environment). Fuel storage and handling can be a significant
source of hydrocarbon emissions at an airport. Emissions are generally categorized as working
and handling losses.

Ambient air quality at airports

Ambient air quality monitoring data collected at sites within and close to airports generally sug-
gests that pollutant concentrations are similar to, or even lower, than the urban areas they serve.
Typically, monitoring data show compliance with standards prescribed in the European Frame-
work Directive and in the UK the National Air Quality Standards except for possibly NO, at some
of the largest airports (e.g. Heathrow). However, due caution should be used in reviewing air
quality data from monitoring sites and attention should be paid to location, proximity and

strengths of emission sources.

Air quality at airports is influenced by emissions from a range of sources — local, regional, na-
tional and transboundary (Lindley et al., 1999)(49). Determination of the relative contribution of

such sources within an airport can only be achieved by modelling (Owen et al., 1999)®°.

Figures
3-3a and 3-3b show the modelled impact of airport NO, sources on local air quality at Manchester
Airport for 1999 (before the second runway was opened). Figure 3-3a only considers aircraft
emissions from the ground up to 200 m and Figure 3-3b considers aircraft emissions up to 1000
m. It is interesting to note that local ground level impacts of NO, from aircraft emissions is not
particularly sensitive to emissions above a height of about 200 m. This observation has been de-
scribed by others, e.g. Wayson and Fleming (2000)®". Consequently, although it is conventional
to calculate and report emissions attributable to airports for all stages of the LTO cycle, e.g. air-
craft operations up to 3,000 feet (~1000 m) only a proportion of these emissions, particularly NO,,

have an impact on local air quality.

However, the modelling of aircraft emissions on local air quality is at a relatively primitive stage.
Conventional small-scale models are usually of a Gaussian structure, which determines disper-
sion under specified meteorological conditions (see Pasquill and Smith, 1983)(52). Whether the
Gaussian approach is adequate is an open issue, as such models were originally developed to
represent point sources and line sources, not complex 3D emission sources such as an airport.

Unfortunately, there is little active research and development in this area and whilst airports and
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regulators have an urgent need for an ‘off-the-shelf’ modelling solution, although some are avail-
able, they have significant shortcomings. For example, most such models do not represent at-
mospheric chemistry, being simple passive tracer dispersion model. Given that a large fraction of
the direct emission is NO, not NO,, the NO to NO, conversion is oxidant limited and dispersion
models are worst-case, assuming complete instantaneous conversion to NO,. Whilst such an
assumption might be ‘precautionary’ it will not suit all stakeholders, nor is it good science. Oxi-
dant limitation was found in the vicinity of Frankfurt Airport by Jung (2000)®®, who used a com-
plex Lagrangian model, which included a good description of atmospheric chemistry. Moreover,
Jung’s simulations also showed a small increase of O; and NO, at some distance from the airport

as a consequence of the airport’s emissions.

Thus, modelling airport and aircraft emissions for the determination of air quality can be shown to

be a complex issue, requiring consideration of pollutant contributions beyond the near vicinity of

the airport.
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Figure 3-3 Predicted annual average NOy concentrations associated with emissions from all sources at Man-
chester Airport - including aircraft emissions to 223 m (a) and 1000 m (b)

Airports are generally located on urban fringes and are usually large intermodal transport hubs.
Therefore, it is reasonable to expect that emissions from a wide range of sources contribute to
local air quality. Figure 3-4 illustrates the predicted NO, concentrations within the local environs
of Manchester Airport, during 1999, when all sources within Greater Manchester and North
Cheshire are considered in the simulation. This exercise clearly illustrates the importance of

sources external to the operation of the airports on local air quality.
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Figure 3-4 Predicted annual average NOy concentrations associated with emissions from all sources at
Manchester Airport - including aircraft emissions to 200m and sources within Greater Manchester and North
Cheshire

Within communities in close juxtaposition to airports, air quality issues are frequently manifested
by complaints to the airports authority about odour or oil spotting. A frequent misconception is
the association of aircraft fuel dumping or venting with the natural formation of contrails under
certain weather conditions. The community response to local air quality is complex and difficult
to disentangle from other issues such as noise disturbance and third party risk, and is beyond the
scope of this paper. However, for airport authorities, all environmental complaints are important
but it is interesting to note that Manchester Airport receives about 5000 — 6000 noise complaints
per annum and only 20 air quality complaints; similarly Disseldorf Airport received approximately
3000 noise complaints in the year 2000 and only 10 odour complaints.

Aircraft, as sources, are not regulated as such. The ICAO emission limits are manufacturing
standards to ensure engines achieve regulatory compliance and do not reflect the normal moni-
tored emissions of other sources subject to environmental regulations. Nonetheless, if ambient
air quality standards are breached, then the onus is upon the Local Authority (in the UK) to de-
termine what source is responsible and to take appropriate action. As airport growth continues,
then there is the real possibility that local air quality standards may represent a constraint to

growth. This concern is reflected in the ICAO emission limits, which are constantly under review.
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EFFECTS ON THE GLOBAL ATMOSPHERE

Characteristics of the global atmosphere

The atmosphere below 50 km (see Figure 4-1) can be characterized by two distinct regions: the
troposphere and the stratosphere, which are separated by the tropopause at roughly 10 km. The
temperature structure and composition of these regions depends on chemistry, radiation and dy-

namics as well as emissions.
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Figure 4-1 Generalized temperature and pressure structure of the atmosphere by height

The troposphere (approximately 0 to 10 km altitude) is rich in water vapour and poor in O, with
O3 chemistry dependent upon the levels of NO, and HCs. Vertical transport, associated with
mid-latitude weather systems and convection, is more rapid in the troposphere than in the strato-
sphere. Since the early 1900s Oj; in the troposphere has more than doubled (Staehelin et al.,
2001)®". This is almost certainly a result of increasing emissions of gases, such as NOx and
CO, which are largely produced by human activities (e.g. vehicles, power stations and aircraft)

(see Section 2.3).
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In contrast, the stratosphere (approximately 10 to 50 km altitude) can be characterized as a re-
gion of slow vertical transport, rich in O3 and poor in water vapour, with O3 loss chemistry domi-
nated by catalytic destruction cycles (WMO, 1999)®®. Above the tropopause, convection is inhib-
ited as the temperature of the stratosphere generally increases with altitude. This increase in
temperature is a result of the radiative energy budget of the stratosphere, and is caused by
shortwave heating, due to O3 absorption. The thermal structure, and indirectly the dynamics, is
therefore dependent upon the concentration of O;. Observations from satellites and balloons
have revealed that O; concentrations have dramatically decreased in the polar stratosphere
since the early 1980s (e.g. SORG, 1996®%; 1999°"). This is almost certainly because of the

presence of man-made chlorine and bromine compounds in the atmosphere.

In determining the general circulation of the atmosphere (see Figure 4-2), the behaviour of long-

®9  These

lived atmospheric constituents was examined by Dobson (1930)(58) and Brewer (1949)
observations revealed a general upwelling of air in the tropics, where tropospheric air enters the
stratosphere, and downwelling at middle and high latitudes, which results in the high values of O3
found in the extratropical lower stratosphere. Conservation of mass is maintained by the gradual
movement of air poleward in the stratosphere. This circulation of air is responsible for the ob-
served distribution of O3 and other chemical species and is referred to as the Brewer-Dobson cir-
culation. A review of the discovery and description of the stratosphere is given by Labitzke and

van Loon (1999)(60).

The composition of the atmosphere is dominated by nitrogen (N;) and oxygen (O,), representing
99% of the volume of dry air. However, the chemistry of the atmosphere is dominated by, rela-
tively speaking, small concentrations of various reactive species. In terms of the overall chemis-
try of the atmosphere, it is an oxidizing environment, dominated by thermal and photolytic reac-
tions. The trace chemical species introduced to the atmosphere can have lifetimes ranging from
fractions of a second to millions of years, depending upon the physical and/or chemical removal
processes that pertain to them (see examples in Table 4-1). Many of these species have distinct
global biogeochemical cycles, some of which are only very poorly understood. In terms of spe-
cies that are radiatively active, or have perturbed the stratospheric O3 layer, man-made sources
of various chemical species have often perturbed the relevant biogeochemical cycles, or intro-
duced non-naturally occurring species. Simple summaries of the controlling features of the

chemistry of the troposphere and the stratosphere are given in Boxes 2, 3 and 4.
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Figure 4-2 Latitudinal representation of the general circulation of the troposphere and stratosphere indicat-
ing transfer timescales: inter-hemispheric: 1 year; surface to tropopause: 1 week; convective venting of
planetary boundary layer to free troposphere: tens of minutes; stratospheric circulation: 6 years

In terms of aircraft emissions of the current subsonic fleet, and their effects on chemical composi-
tion, these are injected into a particularly complex region of the earth’s atmosphere, the upper
troposphere and lower stratosphere (UT/LS). New insights into the dynamics of the UT/LS region
between 6 and 20 km, combined with an increase in constituent measurements, have resulted in
a better understanding of the structure and composition of this region. It is no longer satisfactory
to think of the tropopause as a sharp boundary. New measurements have shown that the com-
position of the UT/LS region has, on different occasions, characteristics of either the troposphere,
stratosphere, or a mixture of both. Accordingly, the dominant chemical processes in this region
are not necessarily those normally associated with either the stratosphere or the troposphere.
This complexity means that predicting the temporal evolution of composition is conceptually more

difficult than previously thought.
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Table 4-1 Mean concentration of selected gases in the troposphere and their typical lifetimes (source: compiled from

4.2

421

422

Brasseur et al., 1998(70); Seinfeld and Pandis, 1998(67)

Species Formula Volume mixing ratio Lifetimet
Nitrogen N 0.781 1.5x 10" yr
Oxygen (o) 0.209 4000 yr
Carbon dioxide CO, 355 ppm 50-200 yr
Methane CH, 1.73 ppm 8-10 yr
Hydrogen Hy 0.58 ppm
Ozone O3 5-50 ppb (surface) week

100 ppb (tropopause) months
Carbon monoxide CcO 50-200 ppb (surface) 8 weeks

50-100 ppb (tropopause) 3 weeks
Nitrous oxide N.O 313 ppb 130 yr
Nitrogen oxides NO4 (NO + NO,) 0.01-1 ppb (surface) days

0.05-0.5 ppb (tropopause) weeks
Water H.0 (surface) days

10 ppm (tropopause) weeks
Hydroxy! radical OH 35 ppt 1-5s
Hydroperoxy radical HO, 170 ppt 10s

T the lifetime of many of the shorter-lived species, is highly dependent on local conditions, from emissions or the presence of other gases.

Aircraft, climate and the concept of radiative forcing

For over 100 years it has been known that the natural ‘greenhouse effect’ of water vapour and
carbon dioxide in the Earth's atmosphere keep its surface temperature some 34 °C warmer than
it would otherwise be (IPCC, 1995)®®. As a result of industrialization there has been an undis-
puted 36% rise in levels of carbon dioxide (CO,) over the last 150 years, which is expected to
have led to an increase in the Earth's temperature. This science is based on increases in CO,
perturbing the Earth's energy balance by trapping (absorbing and re-emitting) more of the outgo-
ing terrestrial radiation. For CO,, this absorption can be measured in the laboratory and recently
a study of historic satellite data has, for the first time, detected a change in the outgoing terrestrial
radiation during 1970-1997 (i.e. a perturbation to the Earth's energy balance) which is directly at-

tributable to the CO, increases (Harries et al., 2001)®.

Despite this understanding in the role of CO, there are still large uncertainties in attempting to
attribute the 0.6+ 0.2 °C increase in the globally averaged temperature over the last 100 years
(e.g. IPCC, 2001)® to a human cause and predict future temperature changes. Two of the larg-
est sources of uncertainty arise from an incomplete knowledge of the various feedbacks in the
Earth-Atmosphere system (see Section 5) and uncertainties in the quantification of the other cli-

mate change mechanisms.
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Assessing the role of aircraft is a good example of the difficult but important task that is faced in
predicting future climate change. Given that much recent discussion has focussed upon the es-
timates of radiative forcing from aircraft effects given by IPCC (1999)® for 1992 and 2050, it is
pertinent to introduce some of the basic concepts of climate change. In Section 5, the details of

aircraft effects on climate are dealt with in more detail.

‘Climate’ is, of course, different from ‘weather’; weather being the more-or-less instantaneous
meteorological conditions whereas climate describes weather conditions typical of a region or site
(e.g. Mcllveen, 1992)®® . Climate change is a long-term systematic change of climate, usually
measured by surface temperature. However, as it is extremely difficult to simulate or predict
changes in surface temperature except with highly sophisticated three-dimensional climate mod-
els (for an overview, see McGuffie and Henderson-Sellers, 1997°%; IPCC, 1997”) other quanti-
ties are used to compare climate-change mechanisms (see below). Climate change negotiations
take place under the aegis of the United Nations Framework Convention on Climate Change
(UNFCCC). In order to provide authoritative international statements of scientific opinion on cli-
mate change, the World Meteorological Organization and the United Nations Environment Pro-
gramme jointly established the Intergovernmental Panel on Climate Change (IPCC). The IPCC

has delivered major reports on the science of climate change in 1990, 1995©? and 2001©%.

In order to quantify effects of radiatively active gas emissions, the concepts of ‘Global Warming
Potentials’ (GWPs) and radiative forcing are widely used (e.g. IPCC, 1990)®®. The Global
Warming Potential is an index that allows the climate effects of emissions to be compared, rela-
tive to those of e.g. CO,. They are a measure of the relative radiative effect of a gas or sub-
stance integrated over a specified time horizon (e.g. 20, 100 and 500 years in IPCC, 2001)®* -
see Box 1. Global Warming Potentials are suitable for long-lived gases such as carbon dioxide
(CO,), methane (CHj,), nitrous oxide (N,O) and the halocarbons. For shorter-lived gases, their
usage is more problematic. The usage of GWPs for indirect effects, such as NO, emission on O,
production, is difficult because, for example O3 production and abundance is dependent on at-
mospheric chemistry, the background atmosphere and other physical conditions. For shorter-
lived species and indirect effects that are difficult to quantify via GWPs the related concept of ra-

diative forcing is usually employed to compare competing effects.
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Radiative forcing may be defined as a measure of the importance of perturbations to the plane-
tary radiation balance and is measured in Watts per square metre (W m'z). One of the main rea-
sons for its use as a convenient metric is that there is an approximately linear relationship be-
tween the change in global mean radiative forcing (AF) and the global mean surface temperature

change (ATy), i.e.:

AT, ~ MAF (1

where A is the climate sensitivity parameter (K (W m'z)'1) (e.g. Shine and Forster, 1999)(69).

It is worthwhile putting values of radiative forcing in context. Figure 4-3 summarizes the energy
balance of the earth’s atmosphere system. This shows that incoming and outgoing radiation is
balanced (as a global average) at 240 W m™. Climate change in UNFCCC usage refers to per-
turbations of climate from human activities, either directly or indirectly, and is that in addition to

natural climate change.

Incoming solar Net outgoing infrared
radiation radiation

@ 343 Wm-2 ﬁ 240 W m2

Some solar radiation is
) reflected by the earth’s
ol surface and the atmosphere

ﬁ 103 W m-=2

Solar radiation Some of the infrared
passes through the ATMOSPHERE radiation is absorbed
clear atmosphere and re-emitted by the

greenhouse gases.
The effect of this is to
warm the surface
and the troposphere

Most solar radiation is absorbed .Infrarved EGIELER
is emitted from the

by the surface and warms it EARTH Caie e

Figure 4-3 The Radiative Energy Balance of the Earth’s Atmosphere

The recent Summary for Policymakers of the Third Assessment Report (SPM-TAR) of the IPCC,
Working Group 1 (IPCC, 2001)®" provides the most up-to-date assessment of radiative forcing of

climate that may be conveniently given in one figure, shown in Figure 4-4.
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This figure shows the radiative forcing from different components: the aircraft ‘contrails’ and ‘en-
hanced cloudiness’ are simply picked out as they are signatures unique to aviation, other aviation
effects being subsumed into the other radiative forcing bars. It is incorrect to simply sum the ra-
diative forcing values because of shorter or longer lasting effects. The radiative forcings are from
a number of agents since 1750, expressed as global annual means. Some species are more
long-lived than others; thus, if emissions of a long-lived species stopped tomorrow, the effect
would continue for centuries. Other effects, such as that of sulphate aerosol would cease within
approximately one or two months under the same hypothetical scenario of the complete cessa-
tion of emissions. Nonetheless, it is useful to point out a total radiative forcing of approximately
2.5 W m? from the long-lived greenhouse gases in the first bar (i.e. CO,, CH4, N,O, CFCs). It
should therefore be appreciated that relatively small perturbations can make measurable and
significant impacts on climate. It also needs to be remembered that aircraft radiative forcings
have grown over a far shorter timescale than those from other sources, so such a figure showing

integrated changes since 1750 somewhat downplays the role of aircraft,

The global mean radiative forcing of the climate system for the year 2000, relative to 1750
3
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Figure 4-4 Global Annual Mean Radiative Forcings (W m'z) from a Number of Agents for the Period from the
Pre-industrial (1750) to the Present (2000). Source: IPCC (2001)

Before moving on to estimates of radiative forcing from aviation, it is worth considering the ques-

tion of what this total perturbation of climate means. The SPM-TAR states that the increase in
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global average surface temperature over the 20" Century was 0.6 + 0.2 °C. From a range of
emissions scenarios and model assessments, globally averaged surface temperature is projected

to further increase by between 1.4 to 5.8 °C from 1990 to 2100, for a range of scenarios.

Having set the scene with the overall influences on climate and radiative forcing, we move on to
illustrate the effects of subsonic aviation in 1992 and 2050, as estimated by the IPCC (1999)(6)
and shown in Figure 4-5. Here, we see an overall forcing of 0.05 W m?in 1992, approximately
3.5% of the overall radiative forcing (as estimated in the IPCC’s Second Assessment Report:
IPCC, 1996)*®, and an overall forcing of 0.19 W m™ in 2050, 5% of all climate forcings for a cen-
tral scenario. The full range of 2050 scenarios studied imply forcings of 0.13 to 0.56 W m? ie.
2.6 to 11 times the value in 1992. Figure 4-5 shows the large uncertainties associated with con-
trail and cirrus effects (the two being linked) the latter having no best estimate associated with it.

Radiative Forcing from Aircraft in 1992

o
S

Radiative Forcing from Aircraft in 2050

o
wn

51h)

°
2

o

&
o
e

=
a
§ 7
£
a0 0.04 s
£ <
2 =3
& 0.02 =)
£ |f| Direct g 02
CH, l Sulhle =
E 0.00 4 == ﬁ [
5 o, 0. Contrails Cimus = Dlrsct Total ° 0.1 '
5 Clouds Soot (without z H -
< -0.02 cirrus g 1 Direct
4 clouds =5 " Sulfate
, ) g 0o e
004 & 11() Contrails Cirrus Direct Total
N——rt Clouds Soot (without
-0.06 from NO_ 0.1 cirrus

clouds)

N —

good fair poor poor fair very fair fair fmmNO\

poor

s
S

good poor poor poor fair very fair fair
poor

Figure 4-5 Global Annual Mean Radiative Forcings from A/rcraft Emissions for 1992 (a) and 2050, scenario
Fat1 (b) (Wm" ) Source: IPCC (1 999)(6) and DLR web-site

Chemical effects of subsonic aircraft on the global atmosphere

Emissions of NO, result in the catalytic production of tropospheric O3 via a number of complex
chemical processes (see Boxes 2 and 3). Essentially, oxidation of methane (CH,), carbon
monoxide (CO) and non-methane hydrocarbons (NMHCs) results in the production of the peroxy
radicals (RO;). This RO, then reacts with NO to form NO,, which may subsequently photodisso-

ciate, re-forming NO and liberating the highly reactive atomic oxygen (O). Atomic oxygen reacts

with O,, forming O;. This chemical process occurs in the natural atmosphere but the introduction
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of extra NO, catalytically enhances the production rate of O3. This is summarized in Figure 4-6,

in which the catalytic role of NO, is shown, forming and recycling OH and RO..

CH,, NMHC

N A /ég

NO OH

mlo,
O,

Figure 4-6 Representation of the Production of Ozone from Methane, Carbon Monoxide and Non-Methane
Hydrocarbons

4215 The production of O3 at altitudes at which subsonic aircraft typically fly (10-12 km) is rather effi-
cient and it is not so readily removed from the atmosphere as at the ground, and thus has a resi-
dence time of weeks to months. Moreover, due to variations of ozone and temperature with alti-

tude, the surface temperature response for a change in Oj is altitudinally dependent, as show in

Figure 4-7.
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Figure 4-7 Dependence of the surface temperature response on the height and type of O3 perturbation; (a)
shows the sensitivity to a constant absolute change (10 DU), while (b) shows the sensitivity to a constant
percentage change (10%). From Forster and Shine (1 997)(70)
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Using 3D inventories of aircraft emissions, such as that shown in Figure 2-1, it is possible with a
3D chemical transport model (CTM) of the global atmosphere to calculate the perturbation in-
duced by aircraft. Such a model typically divides the global atmosphere into grid-boxes in three-
dimensional space; wind-fields from global climate models are used with a typical time interval of
6 hours to transport the source gases around, over which period chemical reactions are calcu-
lated over shorter time-periods, typically 5 to 30 minutes. Such a model is described as ‘off-line’
as the chemical perturbations modelled do not feed back on atmospheric dynamics. More ad-
vanced ‘fully-coupled’ models are being developed, which meld a simplified description of the
chemistry of the atmosphere within a global climate model (e.g. Hein et al,, 2001)(71) but these
are in their infancy. In practice, either CTMs or combined CTM/GCMs tend to be a compromise
of either physical effects (coupling) or complexity of chemistry because of the vast computational

resources required to run such models.

Perturbations attributable to aviation NO, emissions and the resultant O; formed are shown from

our own modelling studies in Figures 4-8a and 4-8b (Lee and Raper, 2002)(72).

These figures
show the enhancement of NO, and O3 for 1992 emissions and a sample 2050 scenario at cruise
altitudes for July conditions using a simplified description of tropospheric chemistry (the NO,—
HO,—~CO-CH4,—03 system). The NO, concentrations, unsurprisingly, show a marked resem-
blance to the pattern of NO, emissions, with some smoothing. By contrast, the O3 perturbation
shows a much more ‘smeared out’ pattern, varying across the Northern Hemisphere where much
of the emissions occur, with tongues of ozone being transported across the hemispheres be-

cause of the long residence time.
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Figure 4-8 Modelled nitrogen dioxide concentrations in ppt (a) and ozone in ppb (b) from aircraft at cruise
altitudes for 1992 and a 2050 scenario (Fe1)

Ozone chemistry in the troposphere has been shown in modelling studies to be non-linear (e.g.
GroobR et al., 1998)(73), i.e. with addition of NO, over a critical concentration, O3 production actu-
ally decreases. In field measurements, however, this theoretical relationship has been elusive,
although careful analyses of in situ data have shown an approach of NO,-saturated conditions
over the North Atlantic (Jaeglé et al., 1999)"®. However, in common with other global model
studies (e.g. Chapter 2 IPCC, 1999%; Grewe et al., 1999"%), we have found that increases in
global aircraft NO, emissions result in an apparently linear increase in global O3 (Figure 4-9a).
However, if the data are plotted for different regions, different responses are shown (Figure 4-9b).
In the Southern Hemisphere (i.e. 90°S to 20°S), where NO, concentrations are currently rather
low, O3 production increases much more strongly than in the tropics, or in northerly latitudes be-
cause of the non-linearity of the chemistry.
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Figure 4-9 Global increase in Oz inventory for June conditions vs increase in aircraft NOx emissions under
various scenarios (a) and regional increases in O3z inventory for June conditions vs. increase in aircraft NOx
emissions under various scenarios—green indicates latitudes 90°S to 20°S; blue indicates 20°S to 20°N;
red indicates 20°N to 90°N (b)
From similar simulations undertaken for the IPCC (1999)(6) report (see Chapter 4 of IPCC,
1999)(6), it was found that the aircraft NO, emissions resulted in a chain of chemical reactions that
reduced ambient concentrations of methane (CH,), which is emitted from other sources; CH, be-
ing a greenhouse gas. This effect is rather complex and the magnitude of it was something of a
surprise, as previous simulations with 2D chemical models of the atmosphere (latitude by height)
had demonstrated this effect but at a much smaller magnitude (e.g. Fuglestvedt et al., 1996)7°.
Essentially, aircraft NO, emissions result in an enhancement of OH concentrations, which then
reduce CH,4 concentrations via several chemical reactions and transport processes. Thus, air-
craft NO, emissions ultimately result in an enhancement of O3 in the source regions—primarily the
Northern Hemisphere—and an almost even reduction in CH4 concentrations across both hemi-
spheres. The enhancement of O; results in a positive globally averaged radiative forcing and a

reduction in radiative forcing from reduced CH, concentrations (reduced by approximately 2—4%).

That the globally averaged Oj; radiative forcing has an approximately equal and opposite magni-
tude to the reduction of CH, radiative forcing has resulted in the erroneous conclusion in many
quarters that there is no climate effect (e.g. Ewins, 2000)(77); despite the fact that the IPCC report
clearly stated otherwise (IPCC, 1999, Section 6.5.1)®. It would be more correct to postulate a
partial cancellation of the CO, radiative forcing induced by aircraft as at least both CO, and CH,
are more or less well mixed across the hemispheres because of long atmospheric lifetimes. This

is a theme picked up in the concluding section of this paper.
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Contrail effects of subsonic aircraft on the global atmosphere

One of the impacts of aircraft on climate that has stimulated much interest and recent research is
that of contrails and cirrus clouds. Contrails effects on climate were discussed as far back as the
late 1960s (e.g. Appleman, 1966%; Chagnon, 198179); however, these studies did not receive
much attention. The potential effects of contrails were then discussed by Schumann and Wend-

ling (1990)(80) and the efforts made towards the IPCC report really brought this issue to the fore.

Contrails form on particles that are emitted directly from the engine, such as soot and sulphate
particles that form in the plume, and perhaps in the engine itself (Tremmel et al., 1998""; Trem-
mel and Schumann, 1999®"). Of this mixture of particles, the particle number density of sulphate
particles is approximately 1 to 2 orders of magnitude greater than that of soot particles in the
plume (Anderson et al., 1998®?: Schroder et al., 1998%%).

The formation of contrails arises from the increase in relative humidity that occurs during the mix-
ing of the warm and moist exhaust gases from the aircraft engines with the colder and less humid
ambient air, which condenses on engine exhaust particles and subsequently freeze. A contrail
forms when saturation with respect to liquid water is reached or surpassed in the plume. For
contrails to be persistent, the air mass through which the aircraft flies needs to be supersaturated
with respect to ice. Thus, the critical factors in persistent contrail formation are: water vapour and
particles from the engine exhaust; and particular conditions of temperature and humidity. In ef-
fect, since the engine exhaust conditions are not so variable, it is the environmental parameters
that dictate whether a persistent contrail will form or not. Reviews of contrail formation and their
dependencies have been provided by Schumann (1996)®, Karcher (1999)®, and IPCC (1999,
Chapter 3)©.

The review and synthesis efforts associated with the IPCC report showed that the radiative ef-
fects of persistent contrails and the enhancement of cirrus cloudiness were potentially large (see
Figure 4-5). Sausen et al. (1998)(86) computed potential persistent contrail coverage for 1991/92
and Gierens et al. (1999)®” for 2050. These coverages were utilized by Minnis et al. (1999)®® to
calculate radiative forcing using a simple radiative transfer model for these two time-lines. The
globally averaged radiative forcing from line-shaped contrails was shown to be ~0.02 W m? in
1992 and ~0.1 W m™ in 2050 for the central Fa1 scenario (Minnis et al.,1999)®®.

The other issue associated with contrails is the enhancement of cirrus clouds. Cirrus clouds can
have a powerful effect on surface temperatures (Liou, 1986®?; Lohmann and Roeckner, 1995°%)

and are a major source of uncertainty on global climate modelling studies. The above-mentioned
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estimation of radiative forcing is for line-shaped persistent contrails only. Persistent contrails may
spread by diffusion and wind-shear to give a cirrus-like cloud coverage that cannot be ultimately
recognized as have originating from contrails. Moreover, contrails and cirrus clouds (in common
with all clouds) must nucleate on particles, typically sub-micron in size, Aircraft introduce such
particles from soot and sulphate particles in the plume. It is possible that these condensation nu-
clei can trigger cirrus cloud formation long after the aircraft has passed, perhaps when tempera-

ture and ice-supersaturation conditions are more favourable for cirrus formation.

Boucher (1999)°" showed a correlation between increases of air traffic in the North Atlantic
Flight Corridor (NAFC) and increases in cirrus cloud coverage. A possible relationship between
the two was postulated but it was acknowledged that other causes could be contributory.
Extending analyses of possible cirrus cloud increases, IPCC (1999, Chapter 3)(6) concluded that

“...a possible relationship between air traffic and cirrus formation” may exist.

However, the uncertainties were so large in the IPCC’s analysis that a best estimate of radiative
forcing could not be given, only an uncertainty estimate that ranged from 0 (no effect) through to
~0.04 W m” for 1992.

There are several major sources of uncertainty in the radiative forcing estimates for line-shaped
persistent contrails and enhanced cirrus cloudiness: contrail coverage calculations, optical depths

of the clouds and ice crystal size distributions are all critical factors (Lee et al., 2000)?.

More recently, two different estimations of contrail radiative forcing have been made. The first,
by Ponater et al. (2001)°* utilized a revised estimation of contrail coverage and found a smaller

radiative forcing—this is discussed in more detail in Section 5.2.
Effects of supersonic aircraft on the global atmosphere

It has been suggested over the past 30 years or so that a significant fleet of supersonic trans-
ports (SSTs) would become economically and technically feasible. Most recently, the NASA High
Speed Civil Transport (HSCT) research programme investigated technological and environmental
possibilities and constraints. Ambitious technological goals were set in the HSCT programme,
including an overall EINO, of 5, based on the supposition that the principal environmental effect

would be stratospheric O3 depletion via NO, chemistry.

Any injection of trace species from aircraft into the stratosphere has the consequence that their
residence time is longer than in the troposphere. Subsonic aircraft currently fly in the lower

stratosphere for a significant portion of the time at northerly latitudes. Supersonic aircraft (current
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or proposed) generally fly rather higher, ~15 to 20 km. At such altitudes, the residence time of

emissions will be even longer, of the order of several years.

In an examination of the potential effects on the stratosphere, hypothetical fleet and emissions
scenarios were prepared that included different SST fleet sizes (500 and 1000) and SO, to parti-
cle conversion efficiencies (IPCC, 1999 Chapter 4)(6). The aircraft were assumed to cruise at alti-
tudes of approximately 17 to 20 km. Although sulphur is only present in fuel at very low concen-
trations (see Section 2.1), much of it is thought to be converted to SO,, which subsequently oxi-
dizes to H,SO,, forming particles. Heterogeneous chemistry on these aerosol particles is highly
dependent upon the surface area density. As such, future SO, emissions from a supersonic fleet
may increase the surface area density and therefore possibly lead to further O3 loss via hetero-

geneous processes (Hofmann, 1990)“%.

As with subsonic aircraft, emissions of NO, from supersonic aircraft participate in a wide range of
chemical processes in the stratosphere (see boxes 2 and 4). In particular, the primary loss
mechanism for Oj in the middle and upper stratosphere (at altitudes between 30 — 40 km) in-
volves NO, radicals. Thus, the transport of emissions from supersonic aircraft into the middle
and upper stratosphere has a direct effect on the distribution of O;. In contrast, NO, radicals in
the lowermost stratosphere (at altitudes below 25 km) moderate O; loss due to other chemical
processes involving the radicals of hydrogen oxides (HO,), chlorine oxides CIO,) and bromine ox-
ides (BrO,). Thus, the addition of emissions in the lower stratosphere can either increase or de-
crease Ogj in this region, depending upon the relative balance among the radicals. Results from
the University of Cambridge 3D stratospheric chemical transport model (SLIMCAT, see Rogers et
al., 2000%%), shown in Figure 4-10, reveal the change in O; for June 2015 arising from a fleet of
500 supersonic aircraft with an EINO, of 5. The relative importance of meteorological interannual
variability to the overall impact of supersonic aircraft on the atmosphere has been shown by
Rogers et al. (2000)

Unlimited



445

446

Unlimited

O, perturbation (%)

)
latitude

H,O perturbation (%)

Figure 4-10 Calculated percentage contribution (latitude vs. altitude) of a hypothetical fleet of 500 SSTs (El-
NOy of 5) to O3, NO, and H0O calculated using the SLIMCAT model

The stratosphere is very dry in comparison to the troposphere and emissions of water vapour
from supersonic aircraft injected directly into the stratosphere will have a significant impact. Re-
sults from the IPCC (1999) revealed a possible increase in water vapour in the lower strato-
sphere by about 0.5 ppmv (parts per million by volume), due to a projected fleet of 500 super-
sonic aircraft. This perturbation equates to a change in water vapour of approximately 10-15%,
compared with the background atmosphere (Figure 4-10c). Water vapour is a source of HO,
radicals in the stratosphere and therefore plays a pivotal role in stratospheric chemical ozone

loss processes.

Ozone chemistry in the polar stratosphere is dominated by heterogeneous chemistry on Polar
Stratospheric Clouds (PSCs). These PSCs form in the polar atmosphere at heights of 15-25 km
where temperatures drop to <195 K during the polar night, allowing the very small concentrations
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of water vapour to combine with HNO3 and/or H2SO, (Type | PSCs, ~190-195 K threshold of
formation) or ice clouds to form (Type Il PSCs, ~188-190 K threshold of formation) (see e.g.
WMO, 1999)®®. The microphysical properties of aerosols and PSCs are highly dependent upon
the ambient water vapour, HNO; and H,SO,4 concentrations. Both HNO3; and H,SO, are products
of aircraft emissions of NOx and SO, and as such supersonic aircraft may directly affect the oc-
currence of PSCs during the polar winter. Additional water vapour from supersonic aircraft emis-
sions also increase the heterogeneous reactivity on PSCs and may thus influence the concentra-
tions of radical halogen species. These radicals are responsible for the large seasonal O3 loss

during polar winter, commonly referred to as the ‘ozone hole’.

Emissions of sulphur, nitrogen oxides and water vapour therefore impact on the chemical proc-
esses in the stratosphere, the microphysical properties of aerosols and the radiative energy
budget.
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EFFECTS OF AIRCRAFT ON GLOBAL CLIMATE
Quantifying climate impacts

This section introduces ways of assessing climate impact, then goes on to specifically discuss
the role of aircraft. Owing to uncertainties in the climate sensitivity (see below) radiative forcing
has been used extensively in the IPCC process to compare and contrast different climate change
mechanisms (see Section 4.2) and the metric is built into the quota system of the Kyoto Protocol.
However, for assessing the effect of aircraft the concept may not be as useful due to: 1) the local-
ized nature of aircraft flights and some of their climatic consequences and 2) the indirect nature
of some of the mechanisms involved. For example, it is unclear how to model the indirect effects
of aircraft on cirrus clouds using this metric. Despite these difficulties, it is still invaluable in pro-

viding a first-order estimate of competing effects (Shine and Forster, 1999).

For small perturbations, climate model experiments (e.g. IPCC, 1995?: Hansen et al., 19977,
Forster et al., 2000°") indicate that the equilibrium global-mean surface temperature change
(ATs) is approximately linearly related to the change in radiative forcing (AF), as discussed in
Section 4.2). The value of the climate sensitivity parameter (A) is governed by a number of feed-
backs, including changes in water vapour, sea-ice and clouds. Despite a vast improvement in
climate models over the last twenty years the quantification of these feedbacks remain little im-
proved with current estimates for the value of A ranging between 0.3-1.1 K (W m'z)'1 (IPCC,
2001). It is this uncertainty in A that is often used by climate-change sceptics to denounce cli-

mate model predictions (e.g. Lindzen et al., 2001).

Early climate model experiments (see IPCC, 1995)® found that, provided the radiative forcing
was appropriately defined, the value of A remained roughly constant, irrespective of the forcing
mechanism. Hansen et al. (1997)° found that A varied by no more than 40% for a wide range of
different mechanisms and Forster et al. (2000)®” showed that A remained constant to within 30%

when the geographical location of the radiative forcing was varied.

It is known that in order for A to remain roughly constant, the radiative forcing needs to be defined
as the change in radiative flux at the tropopause after allowing stratospheric temperatures to ad-

62
)( ).

just to a new equilibrium (IPCC, 1995 For stratospheric O; depletion this ‘stratospheric ad-

justment’ is particularly important, changing the sign of the radiative forcing from positive to nega-

tive: i.e. although an instantaneous loss of stratospheric O3 would let more solar radiation through
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to the surface, which would be expected to warm the troposphere, there is also a reduction of the
absorption of thermal radiation in the stratosphere, causing it to cool; this reduces the downwards
thermal irradiance at the tropopause, leading to a net negative radiative forcing and a tropo-
spheric cooling. Usually, an approximation such as fixed dynamical heating works well at deter-
mining the stratospheric temperature response (e.g. Ramaswamy et al., 2001)*%, allowing this
‘adjusted forcing’ to be accurately gauged. This fixed dynamical heating approximation is also a

useful way of estimating how different mechanisms affect stratospheric temperatures.
Role of aircraft

The total radiative forcing of aircraft emissions was estimated by IPCC (1999)® to be 0.05 W m
for early 1990s conditions (see Figure 4-5). This estimate had a large uncertainty and excluded
the effects of cirrus cloud formation, which was deemed too uncertain to quantify. Although this
represents only about 3.5% of the total anthropogenic forcing, the radiative forcing from aircraft
has been predicted to increase by up to a factor of 11 (by 2050) compared with a predicted in-
crease of roughly a factor of two in the total anthropogenic forcing (IPCC, 1999)(6). At present, it
is impossible to detect the effect of aircraft emissions alone in climatic observations and it may
take several decades of sustained increases in aircraft emissions before this is possible. The
largest areas of uncertainties were reported to be the interaction of NO, with CH,4 reduction (see
Section 4.3), contrail formation and the indirect effects of aviation on cirrus clouds (Section 4.4).

This section details important advances in our understanding since the IPCC (1999)(6) report.
Carbon dioxide

The present emissions of CO, from aircraft (700 Tg yr'1, EC, 2001(100)) are roughly 2% of that
from the total anthropogenic emissions and contribute a smaller fraction of the total CO, radiative
forcing, although this fraction is expected to increase over the next 100 years. These emissions
will probably have only a small effect on surface temperature: for example, Sausen and Schu-
mann (2000)!"°", using a simple linear model, predict a rise in surface temperature of 0.05 K by
2100. These findings are similar to those quoted in IPCC (1999)®©.

Water vapour

Although stratospheric water vapour concentrations have been increasing (SPARC, 2000)"%

current subsonic aircraft emissions account for less than 5% of the water vapour increase (Dani-
lin et al., 1998)(103). This has been shown to have an insignificant radiative forcing (Schumann et
al., 2001)(104). Furthermore, Marquart et al. (2001)(105) have shown that even if all aircraft burnt a

hydrogen fuel their forcing from water vapour (not contrails) would remain insignificant. However,
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if there were a large increase in supersonic transport, which injected large amounts of water va-
pour into the stratosphere, this could potentially have a large effect on climate (e.g. Manabe and
Wetherald, 1967)""%.

Ozone

Several studies have found that the climate sensitivity may be different for O3 changes than for
other well-mixed greenhouse gas changes (Ponater et al., 1999 Hansen et al., 1997
Forster and Shine, 1999"'%; Christiansen, 1999"'"% Bintanja et al., 1996""%: Stuber et al.,
2001""™). For this reason some authors are reluctant to quantify aviation effects in terms of their
radiative forcing. However, there is still no clear mechanism, or indeed even a sign, for this dif-
ference. For example, Stuber et al. (2001)(”1) find that the climate sensitivity for a upper tropo-
spheric O3 change is enhanced by about 60% through a feedback with stratospheric water va-
pour compared to that of carbon dioxide, whereas Hansen et al. (1997)° find a smaller en-
hancement due to cloud feedbacks and Christiansen (1999)""* find a reduced climate sensitivity
for tropospheric O; changes. We would therefore argue that until there is some uniformity be-
tween experiments, using different climate models, radiative forcing remains the most useful met-

ric for assessing climate change.

An increase in supersonic transport would potentially deplete stratospheric O; and give a small
negative radiative forcing (partially offsetting the effects of stratospheric water vapour, discussed
above) and lead to a reduction in stratospheric temperatures (IPCC, 1999)(6). For subsonic air-
craft, Karlsdottir et al. (2000)"'? and Myhre et al. (2000)""® have estimated the tropospheric
ozone changes and their radiative effect between 1980-1996. Schumann et al. (2001)"'* scaled
their findings with aircraft fuel consumption indices to estimate a 0.03—-0.04 W m™ radiative forc-
ing in 2000. These numbers are only slightly higher than those estimated in IPCC (1999)®. Po-
nater et al. (1999)(107) estimated the equilibrium temperature response to tropospheric ozone
changes until 2015 and found a global warming of 0.06—0.09 K which would account for up to
30% of the total effect of anthropogenic tropospheric ozone increases (IPCC, 2001)*. Finally,
Sausen and Schumann (2000)"®" show that converting to a new combustion technology that re-
duces NOyx emissions, at the cost of increased fuel consumption, reduces the predicted global

warming, as the O; radiative forcing is reduced by more than the CO, forcing is enhanced.
Methane

A reduction in the methane lifetime from increases in aircraft NOy, acts as a negative radiative

forcing. IPCC (1999)® estimated methane concentrations would be 2% higher without aircraft
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emissions. This gives a negative forcing of approximately 0.01 W m? (IPCC, 2001)®". Recent
experiments have indicated that aircraft induced methane loss may only be 0.6-1.2% (EC,

2001)"% which suggests an even smaller forcing value for the methane loss.
Contrails and cirrus clouds

Contrails are usually thought of as thin cirrus clouds effecting both the shortwave and longwave
radiation. Previous modelling studies have generally found that the extra trapping of longwave
radiation usually dominates over the increased reflection of solar radiation, although this has not

") Their radiative effect is influ-

necessarily been confirmed by observations (Sassen ,1997)(
enced by several factors including 1) the time of day they form, 2) the altitude at which they form,
3) the shape and size of the ice crystals 4) the surface they form over, including the effects of any
underlying clouds. Previous studies of the contrail radiative forcing have therefore necessarily
had to make many important assumptions. IPCC (1999)(6) used the value of global radiative forc-
ing found by Minnis et al. (1999)® of 0.02 W m™ as their best estimate for 1992. Since then,
measurements of contrail optical depths over the USA and Europe suggest that the value of 0.3
used by Minnis et al. (1999)(88), although representative of the USA (Minnis et al., 2000)(”5) may
be too high over Europe, where observations showed optical depths averaging 0.1 (Meyer et al.,

2001)1"9).

Ponater et al. (2001)°¥ incorporated a contrail parameterization into a climate model and found a
similar difference in optical depth between the two continents, with even smaller values of optical
depth over Europe (averaging 0.06). Partly as a result of this and partly as a result of contrails
forming at different altitudes, Ponater et al. (2001)®® estimated a smaller forcing (0.004 W m™)
compared with the assessment of Minnis et al. (1999)® of 0.02 W m™, adopted by IPCC
(1999)® this would be reduced still further if the contrail coverage data used in the climate mod-
els were updated using the data of Meyer et al. (2001)""®. Myhre and Stordal (2001)"""" found a
value of 0.01 W m? and showed, by hypothetically moving aircraft flights closer to sunrise and

sunset, that a zero radiative forcing is obtainable.

Gierens et al. (1999)®” and Sausen et al. (2001)""® have predicted changes in contrail coverage
until 2050, with increases in air traffic. Gierens et al. (1999)®” predicted that global contrail cov-
erage could increase to 0.75% by 2050 — a roughly 7-fold increase from the present. Sausen et
al. (2001)""® found smaller increases in contrails as they included the effects of global warming
and found that less contrails form in a future (warmed) climate. They estimate a contrail cover-
age of 0.3% in 2050, which would very roughly imply a 2050 radiative forcing value from contrails

of about 0.3 W m?, approximately 10% of the expected total anthropogenic CO, forcing at that
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time. These results will, however, be model dependent and further evaluations are required us-
ing other models.

The effects of aircraft aerosol emissions and contrails on cirrus cloud formation is still unknown.
Although aerosol emissions from aircraft are expected to have a negligible direct radiative forc-
ing, their indirect effect could be significant by altering the chemistry of the atmosphere (particu-
larly in the stratosphere — see Section 4.5) and altering cirrus clouds. A study by Rind et al.
(1996)""9) arbitrarily increased cirrus cloud by 1% in their model and found a very large effect on
surface temperature — a warming of 0.4 K. However, several important assumptions were made
in this study and they found a very large climate sensitivity to cirrus clouds, which was 4 times
larger than their greenhouse gas sensitivity. These findings would need to be verified by other

models before any firm conclusions can be drawn.
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FUTURE DEVELOPMENTS: TECHNOLOGY AND ATMOSPHERIC IMPACTS

Recent technological developments

That the IPCC report ‘Aviation and the Global Atmosphere’ was a landmark, there can be no
doubt. Since — and during — its writing and publication, there have been a number of significant
events both in terms of airframe development and scientific research programmes. NASA has
ceased support of the HSCT research efforts as Boeing withdrew its intention to develop a large
SST. At the same time, NASA dramatically reduced its funding of research into subsonic effects
in its SASS (Subsonic Assessment) research programme. In Europe, however, there has been a
strong research effort put into place by the European Commission both in the environment and
technology areas, particularly into the areas of emissions, particle and contrail effects, and poten-
tial tradeoffs in effects®. Other recent events in technology development include the intention of
Airbus Industries to develop and build the A380, a competitor product to the Boeing 747, and
Boeing’s announcement of the proposed development of the ‘Sonic Cruiser’. The impacts of

such developments have yet to be assessed.

The A380 is a high-capacity subsonic aircraft and will carry around 600 passengers and is not
anticipated to fly at significantly different altitudes to other similar large subsonic aircraft. The
Boeing ‘Sonic Cruiser’, however, is being designed to fly at 45,000 — 50,000 feet (approximately
14 — 15 km) at Mach 0.95 — 0.98 (although Boeing have hinted at supersonic capability) and will
thus spend a significant fraction of its time in the lower stratosphere, especially at more northerly
latitudes (see Figure 4-2). Whilst O3 depletion is unlikely to be a significant issue, because of the
relatively low cruise altitude compared with previously assumed hypothetical SST cruise alti-
tudes, it may be that the regime of the atmosphere is still conducive to significant O3 production.
For the same reasons of assumed cruise altitude, the water vapour introduced into the strato-
sphere may also have a radiative forcing effect somewhere between the IPCC assessments of
subsonic and hypothetical supersonic fleets. Contrails, could be formed at equatorial latitudes
but are less likely at northerly latitudes (when the aircraft is in the stratosphere). These effects
are speculative, based upon experiences of previous assessments, and a full and careful as-
sessment of various effects is required. Critical, of course, is the assumed fleet size, although it

has been speculated that market uptake could be in the 1000s.

4 see http://www.ozone-sec.ch.cam.ac.uk/clusters/Corsaire_Website/corsaire_index.htm
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There are technology opportunities that can be pursued to effect an overall efficiency improve-
ment in aircraft engines. These can be grouped into (a) improvements to current simple cycle
bypass designs or (b) new, more complex engine cycles. It is clear that there will be no alterna-

tive to gas turbines for the foreseeable future.

Evolutionary engineering changes to the combustor have minimized increases in NOy levels of
more fuel-efficient engines and, in some cases, have led to reductions of 20% or more of the
CAEP/2 standards. More significant reductions approaching 50% of CAEP/2 standards are un-
der development and appear attainable within the next decade. Such reductions are being
sought through, for example, the optimization of single-stage combustor technology, further im-
provements in fuel injection, enhanced fuel-air mixing, reduction in combustor liner coolant flow,

with more air being made available for combustion, and decreases in hot-gas residence time.

Further reductions in NO, to the ultra-low levels of 50 to 70% of the CAEP/2 standard may well
require the use of the 'staged combustion concept'. Such an approach represents a revolutionary
change in combustor design. Concepts of this type permit local temperature and residence time
in the combustor to be controlled and optimized for each engine operating condition to minimize
the amount of NO, and other pollutants produced under all engine operating conditions. Large
reductions of up to 90% of the CAEP/2 standard have been demonstrated in supersonic engine
cycles. However, these do not readily translate to subsonic engines because of the higher com-

bustor operating pressures that are likely with future high pressure ratio subsonic engines.

Advanced subsonic combustor approaches that show promise for low NOx, are multiple burning
zones (as described above), variable geometry to control local fuel air ratios, and catalytic coat-
ings on hot section parts to help initiate combustion and/or extend flammability limits of the pri-
mary combustion zone at low or intermediate engine power.

Recently, a study of the climate impacts of hypothetical aircraft design has been undertaken
(GBD T-S, 2001; Greene, 2002)'® 2" |n this study, the novel metric ‘greenhouse effect’ was
devised and used to rank aircraft design. Moreover, a relationship between globally averaged
radiative forcing (and summed from all effects) and engine bypass ratio was derived. Underlying
the ‘greenhouse metric’ is the usage of GWPs for NO, and water vapour for one particular lati-
tude band and summer conditions, ignoring the effects of contrails. The use of GWPs for NO, is
inappropriate (IPCC, 1995)®?. A relationship between engine bypass ratio and globally averaged
total radiative forcing from all aircraft effects may be derived, but is erroneous as bypass ratio
does not determine radiative forcing owing to NO, nor resultant O;. Nor does it determine contrail

radiative forcing, as temperature and ice-supersaturation are the principal determinants of con-

Page 57

Unlimited



6.1.7

6.2

6.2.1

Page 58

Unlimited

trail formation, bypass ratio only having a second-order effect, through its influence on exhaust
temperature. A fuller discussion of the determination of GWPs and radiative forcing in relation to

aircraft effects in determining aircraft design and operation parameters is given in Box 1.

A radical longer-term proposition is the development of a fleet of liquid hydrogen (LH,)-fuelled
aircraft. Experimental aircraft have been built and a major European Commission Research Pro-
gramme ‘CRYOPLANE’ is examining the technological feasibility and potential environmental im-
pacts. If engines were to run on LH,, they would emit no CO, or particles and a smaller amount
of NO, than conventional kerosene engines. However, despite the fact that no particles would be
emitted, theoretical studies show that contrails would still form on background particles (Schu-
mann 1996®Y; Karcher et al., 1998(122)). A first study of RF of a hypothetical fleet of cryoplanes

)% who analysed two scenarios for 2015: the first,

from has been made by Marquart et al. (2001
a conventional kerosene fleet which stayed constant in size; the second in which the fleet was in-
stantaneously changed from kerosene to LH, powered in 2015 and then stayed constant. The
instantaneous radiative forcing in 2015 is larger for the LH, powered fleet because of the differing
optical properties of the contrails formed, however, by 2100, the LH, fleet has a smaller radiative
forcing than the conventional fleet, because of the long-lasting effects of CO, from kerosene
combustion. The two scenarios represent an unrealistic situation but the study is a parametric
one. The environmental benefit would depend on the scenario adopted and, obviously, the out-

come has very large uncertainties.
Policy responses, outstanding issues and options for mitigation

Proposals for a policy response to the IPCC report are currently effected through ICAO’s Com-
mittee on Aviation Environment Protection (CAEP) work programmes because of aviation-
specific issues. Normally, CO, emissions would come under the aegis of the UNFCCC. Cur-
rently, only domestic aviation emissions of CO, are accounted for in greenhouse gas emission
inventories and therefore in the Kyoto Protocol. However, the Kyoto Protocol makes allowance
for inclusion of international aviation and the UNFCCC, through its Subsidiary Body on Scientific
and Technological Advice (SBSTA), has requested that ICAO’s CAEP look at methods by which
international aviation may be brought under the Kyoto Protocol. One favoured route is through

CO, emissions trading (Gander and Helme, 1999)/'?%

. However, this ignores the fact that avia-
tion has effects other than CO, on climate (see Figure 4-5) and that purchases of CO, permits by
the aviation industry may increase total radiative forcing, not decrease it (Lee and Sausen,
2000)"® It has been shown in Section 5.3 that even ignoring contrail effects (which are highly
uncertain), aircraft radiative forcing is twice that from its CO, emissions alone, and including con-

trail effects it is a factor of 3: both these multipliers ignore potential effects on cloudiness.
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In parallel to the issue of emissions trading is that of emissions allocations. Since aviation is by
its nature, international, the allocations of emissions is not straightforward although a number of
allocations methodologies have been suggested by UNFCCC (1996)"*®. Before emissions of
CO, can be traded, there must be some sort of allocation. Presently, these allocations are not

)"?®), which shows that approximately

known although initial work has started on this (Lee, 2002
40 per cent of global civil aircraft emissions in 1992 were domestic and 60 per cent, international.
Attribution by country by two of the commonly accepted allocation methodologies is also reported

in this work.

Contrails and cirrus cloudiness remain an important issue. More research is currently being
committed to understanding the basic physics of contrail formation through measurement pro-
grammes such as the EC Project INCA® and the German project ‘PAZI’®. The formation of parti-
cles in the plume and the engine itself are only incompletely understood and the EC Project
PARTEMIS’ is specifically dealing with this issue. As elaborated in Section 5, significant uncer-
tainties remain over contrail radiative forcing: although one of the more recent assessments of
radiative forcing from line-shaped contrails indicates that the radiative forcing may be much
smaller than calculated for IPCC (1999)®.

Returning to one of the issues that initiated much of the research into the effects of subsonic
aviation, NO, emissions and O3 production, this is still an issue with much uncertainty. The fal-
lacy of O3 positive radiative forcing ‘cancellation’ by negative CH, forcing from aircraft NO, emis-
sions has already been referred to. Radiative forcing by O3 tends to be strongest in the Northern
Hemisphere whilst negative forcing (i.e. a reduction in overall forcing) from CH, is spread across
all latitudes. The real climate impact of opposing homogeneous and inhomogeneous forcings is
not known. Remembering that radiative forcing is a proxy for climate change, it is necessary to
understand the limits of its applicability. The IPCC (1999)® report broached the underlying issue,
that of the adequacy of radiative forcing as a metric for aircraft climate impacts. There are two
issues relevant to this discussion on O; radiative forcing: firstly, the temperature response to in-
homogeneous forcings and; secondly, the temperature response to O3 forcings at different alti-

tudes.

° see http://www.pa.op.dIr.de/inca/

® see http://www.pa.op.dIr.de/pazi/ - for more details of aviation-related EU and National research projects see http://www.ozone-

sec.ch.cam.ac.uk/clusters/Corsaire _\Website/corsaire _index.htm

7 see http://www.cordis.lu/fp5/projects.htm
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There is much work yet to be done before we can have higher confidence in assessments of the
impacts of aviation on climate and establish methods by which these effects might be amelio-
rated. Tradeoffs between the different effects are the theme of a major European Commission
research effort. In this project (TRADEOFFS), climate impacts are being examined together with
those resulting from simple changes in operational methods. For example, it has already been
shown by Sausen et al. (1998)®® that flying 1 km lower or higher affects contrails in different
ways, increasing contrail coverage for a 1 km downwards shift in parts of Eurasia and the NAFC
but decreasing it in the tropics and North America. However, the effects on fuel efficiency and
NO, emissions were not considered. It has been calculated that a 2 km shift downwards may in-
crease CO, and NO, emissions by approximately 4.5 per cent (Lee et al., 2002b)"?". This in-
crease in CO, and NO,, increases further by approximately 10% for a 3 km shift down and 20%
for a 5 km shift downwards. A downward shift in cruise altitudes may decrease O3 production,
and thus its radiative forcing (Grewe et al., 2002)""?®; however, contrails at lower altitudes may
have stronger radiative properties because of their higher water content (Meerkotter et al.,
1999)1%9),

A recent operational development is the opening up of polar routes. Until recently, very little traf-
fic crossed the north polar region, a situation which is rapidly changing. This region is potentially
rather sensitive, even to current subsonic aircraft, as the tropopause is at its lowest during polar
night. Temperatures can fall to very low values and a so-called polar vortex can be established
in which any deposited pollutants may be removed only very slowly. A build-up of particles, NO,
and H,O emissions from aircraft may have deleterious effects on stratospheric ozone as PSC
formation could possibly be enhanced. The increased sensitivity of climate effects to high lati-
tude forcings (Hansen et al,, 1997%; Forster et al., 2000(97)) will also play an important role in de-
termining the atmospheric impact of polar routes. Such effects are however speculative, with

preliminary studies being performed within the TRADEOFF project.

Thus, it can be seen that operational changes have complex environmental responses, which are
not yet fully understood, let alone verified. It is premature to even begin thinking through the
economic and technological consequences of changing operational practices for environmental

purposes until studies are scientifically defensible and robust (Lee et al., 2000)°?.

® see http://www.ozone-sec.ch.cam.ac.uk/clusters/CorsaireWebsite/corsaire euproj.htm
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CONCLUSIONS

e The growth of the aviation industry and air travel/transport is likely to continue in the future and
environmental concerns will increase, not decrease, as technological improvements in emissions

will be outstripped by growth of the global fleet.

e There are significant concerns that future growth in aviation will adversely affect climate and local
air quality in the vicinity of airports. The impacts of aircraft on climate have been studied inten-
sively but many scientific uncertainties and open questions remain. Assessments of aircraft
emissions on local air quality are poorly developed and the available modelling tools are, in gen-

eral, inadequate.

e Whilst air quality concerns from aircraft emissions predate those over effects on global climate,
the issue is re-emerging as air quality standards become more stringent and airport growth be-
comes an issue. It is more common to expand existing airports than to build new ones in order to
cope with increased demand, a situation that tends to exacerbate air quality problems for a given
regional capacity. It is possible that air quality may become a constraint to increased capacity of

some large hub airports.

e The current metric for comparing effects of different emissions and sources on global climate is
radiative forcing, expressed in Watts per square metre (W m'2). At present, the impact of aircraft
represents 0.05 W m?, or 3.5% of total anthropogenic radiative forcing, an estimate which ex-
cludes the possible forcing arising from enhanced cirrus cloud formation from aircraft emissions.
By 2050, according to a mid-range scenario, the radiative forcing from aircraft will be 0.19 W m?,

or 5% of the total radiative forcing from anthropogenic activities.

o Aircraft have approximately three times the radiative forcing impact that would be expected from
their CO, emissions alone. This factor would be increased if the effects on cirrus are verified.
Depending upon the emission scenario employed, by 2050 aircraft could account for over 10% of
the CO, radiative forcing and up to a third of the tropospheric O; radiative forcing. This unique
property of aviation emissions of having a larger radiative forcing than implied by their CO, emis-
sions alone is not currently accounted for in emissions trading scheme proposals being devel-
oped by the International Civil Aviation Organization. By considering only CO, emissions from
aviation, emissions trading could, in theory, increase total anthropogenic radiative forcing, rather

than decrease it.

Page 61

Unlimited



Page 62

Unlimited

¢ Significant uncertainties remain in quantifying aircraft effects on radiative forcing. The effects of

line-shaped contrails remain very uncertain although smaller values of radiative forcing have re-
cently been calculated. Nonetheless, there does not appear to be any convergence of results.
No reliable estimate of the potential radiative forcing effect from aircraft-induced cirrus cloud has
yet been made.

The effects of aircraft NO, emissions on tropospheric O3 radiative forcing remain a significant is-
sue, despite its concomitant effect of reducing concentrations of CH,4, another radiatively active
gas. In fact, there is growing evidence that the northern hemisphere bias of aircraft-induced tro-
pospheric O3 forcing has a stronger climate effect than equivalent homogeneous forcing from
CO..

The study of more ‘environmentally friendly’ flight through changed cruise altitudes, radical tech-
nological changes and changed routings is in its infancy. These studies require complex quanti-
tative modelling and assessment tools and the results, at present, are likely to have large uncer-
tainties. Nonetheless, such studies are required with parallel effort committed to refining such
tools, in order to ultimately aid future aircraft design and produce more definitive assessments of
aircraft impacts on climate. Neither the science nor the modelling tools are well enough devel-
oped to quantify environmental effects into aircraft/engine design parameters, other than the ef-
fects of CO..

A number of proposed and actual new developments in terms of technology and operational
practice require environmental assessment. A recommendation of this paper would therefore be
to conduct an audit of the current and planned UK and European aerospace research pro-
grammes and objectives, in order to assess the extent to which they address the environmental
concerns raised in this paper.
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9 GLOSSARY
Acronym/Unit Description
APU Auxiliary power units
BrOy Bromine oxides
CAEP Committee on Aviation Environmental Protection
CH, Methane
Cls Chemi-ions
CIOy Chlorine oxides
CO Carbon monoxide
CO; Carbon dioxide
CTMs Chemical transport models
DLR Deutsches Zentrum fur Luft- und Raumfahrt
DTI Department of Trade and Industry
DU Dobson Unit
EC European Commission
EINO« Emission Indices of NO, — amount of NO, emitted (in grams) per kilogram of fuel burnt
EORCU European Ozone Research Coordinating Unit
FAA Federal Aviation Administration
GCMs General circulation models
GDP Gross domestic product
GWPs Global Warming Potentials
H, Hydrogen
H.0O Water
HCHO Formaldehyde
HCs Hydrocarbons
HNO3 Nitric acid
HO, Hydroperoxy radical
HONO Nitrous acid
HOy (OH + HO,) Hydrogen oxides
HSCTs High speed civil transports
ICAO International Civil Aviation Organization
IPCC Intergovernmental Panel on Climate Change
LH, Liquid-Hydrogen
LTO Landing/take off cycle
N2 Nitrogen
N2O Nitrous oxide
NAFC North Atlantic Flight Corridor
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Acronym/Unit Description

NASA National Aeronautics and Space Administration

NMHCs Non-methane hydrocarbons (strictly, only C-H compounds)
NO Nitric oxide

NO, Nitrogen dioxide

NO4 (NO + NO,) Nitrogen oxides

O, Oxygen

O3 Ozone

OH Hydroxyl radical

Pg C yr" Petagrams (10'°g) of Carbon per year

PMyo Particulate matter that has an aerodynamic diameter of less that 10 ym
ppbv Parts per billion by volume

ppmv Parts per million by volume

PSCs Polar stratospheric clouds

RF Radiative forcing

RO, Peroxy radicals

SASS Subsonic assessment

SBSTA Subsidiary Body on Scientific and Technological Advice
SKO Seat kilometres offered

SO, Sulphur dioxide

SPM-TAR Summary for Policymakers of the Third Assessment Report
SSTs Supersonic transports

Tg Cyr’ Teragrams (10'%g) of Carbon per year

Tg N yr” Teragrams (10'%g) of Nitrogen per year

UNFCCC United Nation Framework Convention on Climate Change
USEPA United States Environmental Protection Agency

UT/LS Upper troposphere/ Lower stratosphere

uv Ultra violet

VOCs Volatile organic compounds (NMHCs plus other organics, e.g. oxygenates)
WMO World Meteorological Organisation

A Climate sensitivity parameter (K (W m?)™)
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A Box 1 Global Warming Potentials

The GWP is defined as the ratio of the time-integrated radiative forcing arising from the instantaneous re-

lease of 1 kg of a trace substance, relative to that of 1 kg of a reference gas (IPCC, 1990), i.e.:

a [x(2)}dt
GWP =-4—
a[r(t)jat

where TH is the time horizon over which the calculation is made, a, is the radiative efficiency arising from a
unit increase in atmospheric abundance of the substance (x) in question (in W m* kg'1), [x(1)] is the time-
dependent decay in the abundance of the instantaneous release of the substance, and r refers to the refer-
ence substance in the denominator (IPCC, 2001). Thus, the GWP represents the integrated forcing of a
pulse of a substance relative to the same mass emission pulse of a reference gas over the same time-
horizon (typically CO,). The radiative forcings are based upon infrared radiative transfer models that utilize
laboratory measurements. Thus, GWPs are suitable for long-lived gases such as CH,, N,O and the halo-
carbons. In the case of aircraft emissions, it is not possible to derive GWPs for particles or their effects. In
the case of NO, emissions, the effect is upon O; and is thus indirect. The O3 thus produced is a result of
complex atmospheric chemistry and is dependent upon the presence of a range of other chemical species;
moreover, the radiative property of O; and atmospheric lifetime of O; and NO, is height-dependent. This

gives rise to large uncertainties in NO, and O3 GWPs.
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B Box 2 Chemical production of ozone in the stratosphere and the Chapman Cycle

In the stratosphere, ozone is constantly being formed and photolysed in the Chapman cycle (Chapman,
1930)"%. At altitudes at above about 30 km, oxygen molecules photodissociate from solar UV at wave-

lengths less that 242 nm:
0,—250(C P)+0( P) [1]

The ground-state atomic oxygen formed, O(SP), reacts rapidly with O, in the presence of a third molecule (M)

to form Og:
OCP)+0,+ M——0, +M [2]

This is effectively the only reaction that forms Oj either in the troposphere or the stratosphere. In the strato-
sphere, the O; formed from [2] can strongly absorb UV radiation in the wavelengths > 310 nm, reforming O,
and OCP):

0,—2-0(CP)+0, [3]
Further, the O3 from [2] can react with O(3P) to regenerate two molecules of O,:
0, +0(’ P)——20, [4]

These preceding 4 reactions describe Chapman’s mechanism for stratospheric production of Os.
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C Box 3 Chemical processes involving ozone in the troposphere

In Box 2, we saw that the main reaction that creates Os is the reaction of atomic O with molecular O, in a
third-body reaction. In the stratosphere, the photolysis of O, is the principal source of atomic O. In the tro-
posphere, however, the main source of O(3P) is from the photolysis of NO.:

NO,—~5NO+0(’ P) [5]
Ozone can then be formed by subsequent reaction of O(*P)(see also Box 2) with O, i.e.:
OCP)+0,+ M——0, +M [6]
which may then be destroyed by reaction with NO to reform NO.:

NO+0O;,——NO, +0, [7]

These reactions [5, 6, 7] constitute a ‘null cycle’ with no net O; production and are said to be in steady state,
given no extra sources. In order to produce O3, an alternative reaction to [7] that produces NO,, without de-
struction of Oj is required. For this, the production of the hydroxyl radical is necessary, OH. The hydroxyl
radical is formed from the formation of excited atomic oxygen, O(1D), by photolysis of O; at wavelengths <

310 nm, and its subsequent reaction with water vapour, i.e.:
0,—Y—0('D)+0, [8]

Most of the O(1D) atoms formed in [8] collide with O, or N,, removing the excess energy quenching it back to
its ground state O(SP), which forms O3 again through [6]. However, as small fraction of O(1D) reacts with

water vapour to form OH:
O(' D)+ H,0——OH + OH [9]

Overall, this is the main source of OH in the atmosphere. However, in the upper troposphere and lower
stratosphere, where the atmosphere is poorer in water vapour, photolysis of acetone may be important
(Singh et al., 199531 Wennberg et al., 1998(132)).

Reaction of OH with CO, CH,4 and other non-methane hydrocarbons (NMHCs) can then go on to form the

hydroperoxy radical, HO,; e.g. CO from natural and man-made sources reacts with OH to HO,:
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OH + CO——H+CO, [10]

H+0,+M——>HO, + M [11]

This HO, may then react with NO to form NO, which is subsequently photolysed to reform NO, and produce
O(SP), which may then participate in reaction [6]:

HO, + NO——NO, + OH [12]

Thus, we have gained a molecule of NO,, without loss of Os. In addition, CH, and other NMHCs may also

contribute to the formation of HO,:

CH, +OH——CH, +H,0 [13]
CH, +0, + M——CH,0, +M [14]
CH,0, + NO——CH,0 + NO, [15]
CH,O +0,——HCHO + HO, [16]

NMHCs can also participate as in [13]-[16], where, by convention, the NMHC is designated ‘RH’, taking the
place of CH, and its derivative species above. The formaldehyde (HCHO) thus formed can also react with

OH to form HO, and its photolysis products contribute towards HO, formation:

HCHO + OH(+0,)——HO, + H,0 + CO [17]
HCHO—Y—%H, +CO [18]
and,

HCHO +20,—% };2HO, + CO [19]

Ozone is lost from the system, either by dry deposition at the earth’s surface, or by chemical destruction,
principally from photolysis to form atomic O, i.e. reactions [3, 8]. Two other major routes of chemical destruc-

tion of O; are reaction with OH and HO,

0, +OH ——HO, +0, [20]
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0, + HO,——OH + 20, [21]

However, any injection of NO competes for the HO, therefore reduces the rate of loss of O3 by HO,
(OH+HO,). Evidently, any NO, present in the chemical system acts as a catalyst for O; production. Nitric
oxide also reacts with O3 to form NO,, but since the NO, is photolysed during the day [5], no net formation of
O; results on the time-scale of ~1 day except in polar winters. The catalysis is terminated when NO, is re-

moved from the system, which can occur either in the day by reaction with OH:
NO, + OH tM——HNO, +M [22]

or by night to form HNO3 which is absorbed on existing aerosol:

NO, +0,——NO, +0, [23]
NO, +NO,——N,0, [24]
N,O, + H,0—2HNO, [25]

However, NO, may be regenerated by photolysis of HNO3:

HNO,—~—>NO, +OH [26]
or by reaction with OH,

HNO, + OH—~—H,0+ OH [27]

and subsequent photolysis of NO3,

NO,—5NO+0, [28]
or: NO,—23NO0, +0 (P) [29]
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The role of HO, is obviously critical. In addition, as mentioned above, acetone ((CH3),CO), hydrogen perox-
ide (H,O,) and other peroxides may provide additional sources of HO, (Wennberg et al., 1998)(132). Peroxy

radicals are removed from the system by three main pathways:

HO, +HO, —Y>H,0, +0, [30]
OH +H,0,——H,0+HO, [31]
Net: OH +HO,——H,0+0, [32]
OH +NO, —%-5NO, [33]
OH +HNO, ——H,0+NO, [34]
Net: 20H +NO,——H,0+NO, [35]
HO, +NO, —5HNO, [36]
OH +HNO,——H,0+NO, +0, [37]
Net: OH +HO,——H,0+0, [38]

This Box attempts to describe the basic background photochemistry of the troposphere. There are, how-
ever, many more reactions, especially involving organic species that contribute towards the overall control of
the oxidising capacity. Such chemistry may be found in standard reference texts such as Seinfeld and Pan-
dis (1998)©".
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D Box 4 Chemical processes involving ozone destruction in the stratosphere

Atmospheric ozone is formed by combination of atomic and molecular oxygen:
oC’P)+0,—2-0, [39]

Where M is a third body required to carry away the energy and momentum released in the combination reac-

tion.

At altitudes above 20 km, the next O atoms results almost exclusively from photodissociation of molecular O,
by short wavelength UV radiation:

0, =¥ _,0+0 [40]

At lower altitudes, especially in the troposphere, O atom formation from photodissociation of NO, by long

wavelength UV radiation is more important:
hv <400nm 3
NO, ———NO +O('P) [41]

In the lower atmosphere, there is a strong coupling between ozone and nitrogen oxides, and ozone produc-

tion occurs through the reactions discussed in the tropospheric chemistry section.

Ozone in the stratosphere is destroyed predominantly by catalytic cycles involving homogeneous gas-phase

reactions of active free radical species

X+0,——X0+0, [42]
X0 +0——>X +0, [43]
Net: O+ O0,——0, +0O, [44]

Where the catalyst X is H, OH, NO, Cl and Br.

The balance between the production and destruction of ozone is established rapidly on time scales of less
than 1 day in the upper stratosphere. At lower altitudes the chemical processes slow down and below alti-

tudes of 25 km the local concentration of ozone is determined primarily by transport.
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In the lower stratosphere and the troposphere, coupling of the NO chemistry with HO, chemistry and CO oxi-

dation, gives rise to the net production of Os:

HO, +NO——NO, + OH [45]
OH +CO +(0,)——CO, +HO, [46]
NO, —~3NO+0 [47]
0+0,—-0, [48]
Net : CO+20, —>CO, + O, [49]

The change from net Oz production to net ozone destruction resulting from NO, chemistry, occurs in the low-
ermost region of the stratosphere. The location of this changeover however is dependent upon latitude and

season.

Interaction between the radicals can result in the formation of reservoir species. For example, the HO, and

NO, families are coupled through the reaction:
OH +NO, —“ 5 HNO, [50]

Active nitrogen species are slowly regenerated by photolysis or reaction with OH:

HNO, —50H +NO, [51]
OH +HNO, ——H,0 +NO, [52]

Similar mechanisms for the formation of reservoir species occurs between the HO,, NO,, CIO, and BrO,

species.

Emissions of NO, from aircraft may therefore act to decrease the efficiency of ozone loss by accelerating the

formation of reservoir species.
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