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Abstract—The AERONOX project investigated the emissions of nitrogen oxides (NO,) from aircraft
engines and global air traffic at cruising altitudes, the resultant increase in NO, concentrations, and the
effects on the composition of the atmosphere, in particular with respect to ozone formation in the upper
troposphere and lower stratosphere. The project was structured into three subprojects: Engine exhaust
emissions, physics and chemistry in the aircraft wake, and global atmospheric model simulations. A com-
plementary program of work by aviation experts has provided detailed information on air traffic data
which was combined with data on aircraft performance and emissions to produce a global emissions
inventory. This summary gives an overview of the results of this project. Further details are given in the
following papers of this issue and the final project report of 1995.

The work resulted in improved predictive equations to determine NO, emissions at cruise conditions
based on available data for aircraft/engine combinations, and NO, emission measurements on two engines
in cruise conditions. This information was combined with a traffic database to provide a new global NO,
emissions inventory. It was found that only minor chemical changes occur during the vortex regime of the
emission plume; however, this result does not exclude the possibility of further changes in the dispersion
phase. A variety of global models was set up to investigate the changes in NO, concentrations and
photochemistry. Although aviation contributes only a small proportion (about 3%) of the total global NO,
from all anthropogenic sources, the models show that aviation contributes a large fraction to the
concentrations of NOX in the upper troposphere, in particular north of 30°N. © 1997 Elsevier Science Ltd.

All rights reserved.
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ACRONYMS AND ABBREVIATIONS

AERONOX EU-project “The impact of NO, emissions
from aircraft upon the atmosphere at flight
altitudes 8—15 km”

ANCAT Abatement of Nuisances Caused by Air
Transport, a technical committee of the
ECAC

EC European Commission

ECAC European Civil Aviation Conference

ICAO International Civil Aviation Organisation

NASA National Aeronautics and Space Adminis-
tration

WSL Warren Spring Laboratory

1. INTRODUCTION

Emissions from aircraft engines include carbon diox-
ide (CO,), water vapour (H,O), nitrogen oxides
(NO, = NO + NO,), various sulphur oxides (SO,),
carbon monoxide (CO), various non-methane hydro-
carbons (NMHC), and other gases and particles.
Such emissions from global subsonic air traffic may
contribute to anthropogenic climate changes by

increasing ozone and cloudiness in the upper tropo-
sphere, and by enhancing the greenhouse effect
(Schumann, 1994). At present, the exhaust emissions
from aircraft are small compared to anthropogenic
surface emissions. Nearly 6% of all petrol products
are burned as aviation fuel. Relative to the total an-
thropogenic emissions of carbon dioxide, aviation
contributes about 2.6%. With respect to NO, the
contributions from aviation amount to about 3% of
all anthropogenic sources. Nevertheless, the unique
location of aircraft emissions in the upper atmosphere
and the predicted growth of air traffic demand require
that particular attention is given to the effects of these
emissions.

At cruise altitude, the greenhouse effect of emitted
water and of additional ozone (due to emissions of
nitrogen oxides) is potentially large compared to that
caused by the same emissions near the Earth surface.
This is because of relatively larger residence times at
flight altitudes, low background concentrations, low
temperature, and large radiative efficiency (Briihl and
Crutzen, 1988; Johnson et al., 1992; Beck et al., 1992;
Mohnen et al, 1993; Fortuin et al, 1995, WMO,
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1995). Air traffic is increasing globally by about 5-6%
per year, and fuel consumption by about 3%. The
relative importance of these growth rates depends on
the growth rates of other anthropogenic emissions.
The climatic changes due to air traffic may enhance
other environmental problems originating, e.g. from
anthropogenic carbon dioxide or methane emissions.
Hence, air-traffic-induced emissions are of growing
importance.

Subsonic air traffic is thought to affect the present
state of the atmosphere mainly by its emissions of
NO, at high altitudes. Over the North Atlantic, about
40% of all aviation fuel (on an annual mean basis) is
burned by aircraft flying above the tropopause
(Hoinka et al., 1993), i.e. in the lower stratosphere, the
remainder being consumed in the upper troposphere.
The zonally averaged mean concentration increase of
NO, in the upper troposphere due to aircraft emis-
sions is expected to be of the order of 30% (Ehhalt
et al., 1992), but more than 100% over regions with
heavy traffic such as Europe, the USA and in the
Northern Atlantic flight corridor (Schumann, 1994).
Models predict that these increases, in turn, cause an
increase of around 10% to ozone in the upper tropo-
sphere {e.g. Beck et al., 1992). It has been suggested
that present air traffic may have caused a major part
of the observed ozone increase (Fehsenfeld and Liu,
1994; Schumann, 1994) in the upper troposphere.
However, ozonesonde observations suggest trends in
tropospheric ozone increases (Logan, 1994) which are
not fully correlated with the trends in aviation emis-
sions. Hence, the quantitative effects of aviation on
tropospheric ozone have not yet been observed from
climatological data.

Until fairly recently, the environmental effects re-
sulting from aircraft exhaust emissions were a minor
item in the general debate on the environment. How-
ever, the growing awareness on global climate
changes has brought about a discussion, especially in
Europe and North America, and aircraft emissions
are now perceived as a far more relevant issue than
a decade ago (Schumann and Wurzel, 1994). 1n the
early 1970s, the potential effects of emissions from
a proposed fleet of supersonic transports (Harrison,
1970; Johnston, 1971; Crutzen, 1971, 1972) were inves-
tigated in an extensive study (CIAP, 1975). Several
independent assessments were also carried out in
Europe (COMESA, 1976; COVOS, 1976). Economi-
cal reasons prevailed when it was decided at that time
that such a fleet of SST (supersonic transport) aircraft
should not be built in the U.S.A. Recently, there has
been renewed interest in the development of faster
aircraft for international passenger flight, both in the
US.A. (NRC, 1994), Europe (ANAE, 1994; EAC,
1995), and other countries. The question how far such
a system is environmentally acceptable with respect to
ozone, climate, noise, fuel consumption and other
questions triggered the High-Speed Research Pro-
gram by NASA in 1990 (Stolarski and Wesoky, 1993;
NRC, 1994; Thompson et al., 1996).
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Relatively few studies have addressed specifically
the impact of subsonic aircraft on the environment,
and most previous investigations concentrated on air-
craft noise and regional pollution effects near major
airports. In 1987, a meeting at the Evangelische
Akademie Tutzing in Germany, see Held (1990), in-
itiated an intense discussion, at least national, on the
impact of global air traffic, which has become a major
topic of parliamentary discussions; see e.g. Deutscher
Bundestag (1994). In view of the rapid growth of air
traffic and the growing awareness of global climate
changes, the discussion has become worldwide.

The civil aircraft industry also has a keen interest in
ensuring that its products are environmentally accept-
able. It is looking to a future, where a doubling of air
traffic is expected to occur within the next 10 to 20
years causing an increasing demand for new aircraft.
New technologies may be developed to reduce the
specific fuel consumption and the NO, emissions
while keeping the aircraft technically sound, safe and
economical. In view of the long development times
and high investment requirement for new technolo-
gies, industry and regulators need early information
on the expected impact of future aviation and re-
quired regulations. Therefore, the aviation industry
has an existential interest in learning about the emis-
sions impact on the atmosphere and supports related
thorough research.

In 1990, an international Colloquium provided an
overview on the state of knowledge with respect to the
impact of global air traffic on the atmosphere
(Schumann, 1990). It appeared from the beginning
that aviation causes neither dominant nor negligible
effects on the atmosphere, but there were few more
definite statements. Hence, at that time, the state of
knowledge was far too incomplete for conclusive as-
sessments of the impact of aviation on the environ-
ment.

Therefore, the AERONOX project was set up to
determine the emissions of NO, from aircraft engines
and global air traffic at cruising altitudes, the resultant
increase in NO, concentrations, and the effects on the
composition of the atmosphere. The project addressed
the following questions: (1) What are the aircraft en-
gine emissions throughout the entire flight cycle? (2)
What is the chemical composition in the wake of
aircraft when it reaches the grid size of the atmo-
spheric models? (3) How are NO, emissions distrib-
uted from the aircraft to the global scale, what are the
resultant concentration increases, and what are the
consequences of these emissions with respect to the
photochemistry of the troposphere and lower strato-
sphere? For this purpose, the project was structured
into three major subprojects. SP1, Engine exhaust
emissions; SP2, Physics and chemistry in the aircraft
wake; SP3, Global atmospheric model simulations. In
addition, ANCAT, a European group of aviation ex-
perts, with support by the European Commission
(EC), prepared an emissions data base for this project.
The data flow is illustrated in Fig. 1.
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Fig. 1. Data flow within the AERONOX project and with
the ANCAT/EC group.

The objectives of the individual subprojects were:

SP1: (a) to generate internationally acceptable ref-
erence data on aircraft engine emissions throughout
the entire flight cycle up to 15 km altitude; (b) to make
exploratory measurements of minor species to enable
the evaluation of their contribution to plume chem-
istry. SP2: (a) to model the fluid dynamic and chem-
ical kinetic processes in the jet and wake regimes; and
(b) to understand the mechanisms of interaction. SP3:
(a) to determine the three-dimensional (3D) NO, con-
centration change due to aircraft; (b) to estimate the
impact on the chemical composition (ozone, etc.); and
(c) to determine the sensitivity to model differences.
Finally, the objective of the ANCAT/EC working
group was to collect civil air traffic data and estimates
of military fuel consumption and to combine these
data with aircraft performance and emissions esti-
mates to produce a global emission data base for NO,
from air traffic in 1991/92.

The project lasted from August 1992 till October
1994 and included contributions from 16 partners
from France, Germany, Great Britain, The Nether-
lands, Norway, and Sweden (see Schumann, 1995).

2. METHODOLOGY

The project made use of the following methods and re-
search tools.

2.1. Engine exhaust emissions (SP1)

Semi-empirical functions predicting NO, emissions:
Such equations, usually called “correlations,” predict NO,
emissions at flight conditions as a function of ambient tem-
perature, pressure, humidity, speed of aircraft, engine para-
meters, fuel flow, and surface-based emission measurements.
The equations approximate chemical kinetics based mainly
on reaction temperature and residence time in the combus-
tion zone.

Emissions measurements in altitude test chambers:
Measurements were made of emissions from Rolls Royce
RB211 and from Pratt and Wittney PW305 turbofan engines
in altitude test-chambers at Pyestock and Stuttgart with
full-scale engines, using standard emissions measurements
technology. The high thrust RB211 engine is used on modern
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wide body aircraft. The smaller PW305 engine is used on
long range, high altitude business jets. The test chambers can
simulate the pressure, air speed and temperature which are
typical of cruise conditions up to a height of about 15 km
altitude.

Emissions measurements of these engines on combustor test
rigs: Tests were run with variable inlet conditions, spanning
more than the typical range of cruise conditions, both for the
RB211 and PW305 combustors. A combustor is that part of
an engine in which part of the compressed air is mixed with
fuel, where the combustion takes place, and where the result-
ant hot effluent is mixed with colder air to reduce the temper-
ature to levels acceptable for the following turbo-fan engine
section.

Trace species measurements: Gas probes were collected
from the engine jets in test chambers and analysed in labor-
atory instruments to determine the contents of methane
(CH,), nitrous oxides (N,O), and some NMHC and car-
bonyl compounds (the sum of aldehydes and ketones).

2.2. Physics and chemistry in the aircraft wake (SP2)

Jet-flow models including thermodynamics and turbu-
lence: Three models were used to compute and compare the
jet flow from the engine exits up to a distance of about
30 m after the engines, using two-dimensional (2D) axisym-
metric models and which include various forms of turbulence
closure assumptions.

A 3D computational jet-vortex fluid dynamics model. The
dynamics of the aircraft-induced vortices, and jet mixing
interaction was modelled with a newly developed code. The
model started from initial condition representing a super-
position of a simple vortex flow and the jet flow results after
about 30 m. The vortex model accounted for the induced
trailing vortices from the wings. The model used structured
grids of variable resolution and covered the exhaust plume
up to about 1 km after the aircraft (4 s ptume age). The model
was applied mainly for a B767 aircraft with RB211 engines.
A B747 aircraft with the same engines was also investigated.

Nucleation and particle growth model for contrail analy-
sis: The models were based on temperature and humidity
values along trajectories provided from the vortex model.
The models followed a box along the trajectories mixing with
the ambient air at a rate as given by the vortex model. Within
the box, the model computed the growth of particles starting
from a given aerosol spectrum. The model was applied for
B767/RB211 conditions at relatively low ambient humidity.

Photochemical air chemistry gas-phase box model: The box
model followed the same trajectories as the nucleation
model, and computed the photochemistry of exhaust emis-
sions. As an essential free parameter, the initial concentra-
tion of hydroxyl radicals (OH) was varied parametrically.

Laboratory  instruments  for  gasfsoot  interaction
studies: Soot samples were placed in a heated reactor filled
with NO gas. At both room temperature and high temper-
ature (up to 1100 K), the evolution of NO and the formation
of other gases were monitored and soot samples were ana-
lysed.

A new large aerosol chamber for the study of nighttime
chemistry (preliminarily applied without aerosols). At time
scales of days, the interaction of NO, with O, at various
water vapour (H,0) background levels in air was investi-
gated for nighttime conditions at room temperatures, to
determine relevant kinetics parameters.

2.3. Global atmosphere model simulations (SP3)

A global NO, emissions database was set up. Emissions
data were collected for NO, emission from aircraft, biomass
burning, industry and surface traffic, microbial soil produc-
tion, lightning, and stratospheric sources (Lee et al., 1996).

A hierarchy of models was provided. The models included
2D (latitude-height or longitude—height) and 3D and time-
dependent models, without chemistry for passive transport
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studies, with simplified (linear) chemistry for comparisons of
various emissions, and with detailed (nonlinear) chemistry
for ozone assessments. The models were based on either
predefined meteorological conditions, analysed meteorologi-
cal fields, or used self-computed meteorology with realistic
climatology. Some models analysed the air chemistry along
trajectories or for a large set of Lagrangian particles trans-
ported by observed 3D wind fields.

Four 2D chemistry models were used which treat either
latitude-altitude or longitude-altitude cross-sections of the
global atmosphere, with simple flow and mixing models, but
extensive air chemistry models. The impact of the various
model assumptions was determined by comparison of the
different model results, using the same NO, emissions scen-
ario in each model. The longitude-altitude model allowed for
analysis of zonal variations along a fixed northern zonal
band covering the continents and ocean areas. The other
models assumed zonal symmetry but allow for meridional
exchange.

Four 3D chemical transport models were applied. The
models used prescribed windfields, varying at different time
and space scales and included parameterizations for sub-
grid-scale transport mechanisms. Moreover, the models de-
scribed the photochemistry to various degrees. The models
were used first to study the transport of NO, as if it behaves
as a passive tracer with a fixed exponential decay law. The
decay half-times were varied between 4 and 20 days. These
studies identified the importance of various transport pro-
cesses for the resultant concentration fields. Thereafter, one
of the models was applied with simplified chemistry, in which
the NO, concentration is a linear function of the emissions.
The calculations quantified the relative contributions from
various sources to the concentration level of the NO, within
the atmosphere. Finally, the models were applied with
a more detailed nonlinear photochemistry in order to com-
pute the impact of aviation NO, emissions on ozone and
other atmospheric constituents.

Two 3D atmospheric general circulation models were
used. The models computed their own wind fields from the
general dynamics of the atmosphere. Hence, these models
will ultimately enable investigation of the feedback between
chemistry and climate dynamics. Here, the models were used
as chemical transport models for passive tracer and linear
chemistry calculations. The results were compared with the
other model results.

A trajectory/chemistry model was also used. Trajectories
were computed following analysed 3D and time-dependent
windfields, starting from various positions within the main
flight corridors for a time period of about ten days. There-
after, the chemistry was investigated for a box floating along
the trajectories. The model allowed the concentration cha-
nges in air parcels to be related to the history of the air
parcel.

3. RESULTS

In the following we list the major results and con-
clusions with respect to the various subprojects’ ob-
jectives: For details we refer to Schumann (1995) and
various publications which resulted from this project
as cited below.

3.1. Engine exhaust emissions (SP1)

3.1.1. Data on aircraft engine emissions. Existing
equations for prediction of NO, emissions at cruise
conditions were reviewed. The variability between the
predictions of emissions at cruise was + 18% for the
nine equations considered, when they were referenced
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Fig. 2. Emission index of NO, in g(NO;) kg ™! vs combus-
tor inlet temperature for the RB211 engine. The range of
typical inlet temperatures at cruise altitude is indicated.

to ground-level certification NO, emission data. The
variability was much larger without such adjustments.

Engine emissions measurements were carried out
on an RB211 and a PW30S5 engine over a range of
conditions from sea level up to aircraft cruise altitude,
using altitude test cells. For example, Figs 2 and
3 show the measured emission indices (EL in g(NO,)
per kg of fuel) vs the combustor inlet temperature at
various altitudes. The emission index decreases with
altitude and increases with inlet temperature. Typical
EI values at cruise are between 11 and 14 for the
RB211, and 6 and 10 for the PW305. The measure-
ments indicated that virtually all (98 + 2%) of the
NO, is emitted as NO. This appears to be typical for
modern civil engines.

Emissions measurements were also made over
a matrix of conditions of pressure, temperature, fuel
and air mass flows using RB211 and PW305 combus-
tors in test rigs. New prediction equations were de-
rived from these data. These new NO, equations were
compared with the existing equations and some newer
fuel-based prediction equations. These were found to
be in good agreement. The prediction equations are
sensitive to engine design variations between engine
types or families. Nevertheless, for development of
global inventories, the general application of an equa-
tion will give results having an uncertainty typically
within 15--20%, which is likely to be smailer than
other sources of error. The NO, emissions increase by
about 12% when corrected with respect to environ-
mental humidity from reference sea level values to
actual atmospheric values at typical cruise altitudes.

3.1.2. Exploratory measurements of minor species.
Initial surveys identified OH radicals, reactive nitro-
gen oxides (NO,), sulphur compounds (SO,), different
hydrocarbons including carbonyl compounds, and
soot particulates as the most important minor species
to be studied in future projects. Some preliminary
measurements of unregulated trace species (N,O,
CH,, and carbonyls) were performed on the engines
and combustors. For N,O and CH,, the results from
the combustor test were comparable to the data from
the engine tests. It was shown that air traffic does not
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Fig. 3. Same as Fig. 2 for the PW305 engine.

contribute significantly to the global budget of N,O
and CH, (Wiesen er al., 1994). The emission index for
N,O varied between 0.09 to 0.55gkg™ ' for the
RB211, growing with thrust. The CH, concentration
in the exhaust is below ambient values for most condi-
tions except at very low power settings. Measure-
ments of carbonyl compounds showed lower levels on
the combustor rig than the engine test. The emissions
indices for carbonyls were not determined but the
greatest emissions were obtained at the highest altitude.

The potential for making in-flight emissions
measurements was studied. The use of conventional
intrusive sampling techniques does not appear to be
realistic. Other groups are preparing remote sensing
methods (see reports in Schumann and Wurzel, 1994)
or use in-situ measurements in the plumes some kilo-
meters after the aircraft (Arnold et al., 1992; Schulte
and Schlager, 1996). The insight gained in SP1 was
used to specify the objectives for a follow-on program,
aimed at the measurement of other important trace
species from aeroengines.

In summary, altitude test chamber emissions
measurements were made for cruise conditions for the
first time on modern engines. Although limited to
only two engines, the data base is very important in
the validation of emission prediction equations.
Cruise NO, emissions from engines can now be esti-
mated with a higher degree of reliability than before.

3.1.3. Emissions data base. In November 1992 the
ANCAT group provided to SP3 an interim data base
based upon the work by the Warren Spring Laborat-
ory (WSL) (Mclnnes and Walker, 1992). This data
base provided the NO, emissions on a global 3D grid
(altitude, latitude and longitude). It clearly showed
that the highest NO, emissions per grid volume occur
over North America and Europe. A significant pro-
portion of NO, emissions was also found at cruise
altitudes within the North Atlantic flight corridor.

In April 1994 ANCAT released the first version of
its own database for aircraft NO, emissions (available
from DLR, FF-VL, Postfach 906058, D-51140 Koln,
Germany). The data base is more detailed than the

WSL version, accounts for nearly all of the traffic, and
is based upon new methodologies, most importantly
the establishment of a movement data base which
incorporates air traffic control records of actual flights
for four selected months over a year to record sea-
sonal variability (Gardner et al., 1996). About 92% of
all NO, emissions from aviation occur in the North-
ern Hemisphere, 40% of all are emitted over North
America, 25% over Europe, 10% over Asia, and
65% of all emissions are within the altitude
range 11-13 km. Calculated total NO, mass is
2.78 Tg(NO,) yr~ ! (1 Tg = 1 Mt) for a 12 month pe-
riod (mid-1991 to mid-1992) and the fleet average
NO, emission index is 16.8 g(NO,) (kg fuel) ™, see
Table 1. The values are larger than those of the com-
parable NASA emissions data set (Stolarski and
Wesoky, 1993).

The WSL, NASA and ANCAT data bases provide
the scientific community with the opportunity to
assess the sensitivity of the atmosphere to varying
amounts of aircraft emissions. The first version of the
ANCAT inventory revealed a close agreement be-
tween calculated fuel consumption and published
data on total refined jet fuel, as provided by 1EA
(1993), which was considered to be a suitable check for
consistency, see Table 1. For modelling purposes, the
three data bases were used alternatively within SP3
but all have been scaled to match the same total fuel
consumption. This matching turned out to be prob-
lematic.

Under the auspices of the work programme of the
ICAQO environmental committee (CAEP) the data
base produced by the ANCAT group has been com-
pared with the NASA 1990 dataset (Stolarski and
Wesoky, 1993). The obviously large differences trig-
gered further investigations, Differences arise from
two main sources: the movement data bases and the
emission calculation methodologies. First, the data
bases cover different time periods—the 2 yr gap will
account for a difference in movement levels. Second,
the ANCAT data base uses actual aircraft movements
recorded by ATC where available which includes
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Table 1. Comparison of emission inventories

WSL NASA ANCAT ANCAT revised

Base year 1989 1990 1991/92 1991/92
Fuel, Tgyr~* 85.6 126 165 130
Effective EI(NO,), g(NO,) (kg fuel)~* 11.6 10.9 16.8 14.6
NO,, Tg(NO,) yr~ ! 10 137 278 1.89
NO,, Tg(N) yr~ ' 0.30 042 085 0.57
Fuel match, % 51 76 99 —
Scaled NO,, Tg(NO,) yr™! 1.9 1.9 2.8 —
Scaled NO,, Tg(N) yr ! 0.58 0.59 0.85 -

Note: The fuel match is the fuel consumption covered by the emissions database divided by the global
supply of aviation fuel of 166.34 Tgyr ! reported by IEA (1993) for the year 1992. The last two rows list the
emissions scaled to 100% fuel match as used in the modelling projects within AERONOX. The revised
ANCAT data are preliminary results provided by A. Schmitt, DLR (personal communication, June 1996).

many non-scheduled movements while the NASA
data base is constructed using timetable data and
a specific assessment of charter flights. The difference
in approach will generally lead to more movements
being recorded by ANCAT. Third the ANCAT data
base includes significant doublecounting of move-
ments within Europe (the NASA 1990 data base also
contained a few double countings, Baughcum et al.,
1996). A further difference is introduced through the
emissions calculation methodology. NASA used
a fuel-based approach drawing upon engine manufac-
turers” data whilst the ANCAT work is based upon
a generic engine performance model which simulates
engine operation conditions.

After completion of the present project, it was
found that the aviation fuel values reported by TEA
appear to overestimate the actual amount of fuel used
by aircraft. The IEA figures cover jet fuel which satis-
fies the specification that allow its use in aircraft, but
part of that fuel is used for ground vehicles, engine
testing, and other uses (Thompson et al., 1996; Baugh-
cum et al., 1996). Particularly in the winter, jet fuel is
often purchased to mix with fuel oil to lower its
freezing point since jet fuel has a low freezing point. In
some years, monthly reports of refinery output show
strong spikes in the winter that correspond more to
the temperature than to any changes in air traffic
(S. L. Baughcum and A. Momenthy, personal com-
munication, 1996). Hence, there is no perfect data base
with which to validate or evaluate the jet-fuel con-
sumption data (Baughcum et al., 1996).

The ANCAT/EC group is in the process of produ-
cing a revised and improved data base using a fuel-
flow-based methodology and accounting for changes
to the movement data base carried out in the light of
validation work (Gardner et al., 1996). A preliminary
result is included in Table 1. The NASA 1992 version
gives slightly larger values than the first 1990 version,
with fuel consumption and NO,-emissions of 134 and
1.46 Tgyr~*, respectively (Thompson et al., 1996, p. 24),

3.2. Physics and chemistry in the aircraft wake (SP2)

3.2.1. Fluid dynamic and chemical kinetic processes
in the jet and wake regimes. Models were developed

and applied for the jet and vortex phases. The codes
computed (in two spatial dimensions and time or in
three spatial dimensions) the flow, the thermodyn-
amical fields, the concentrations of a tracer which
characterizes the degree of mixing between the jet and
the environment, and trajectories. The application has
been limited to a 4 s time period, so that the con-
clusions are limited to the potential transformations
occurring during the first 1 km behind the aircraft.

In the jet, large temperature fluctuations occur
which may be important for particle formation pro-
cesses. In the jet/vortex transition, after 4 s, the jet
is well mixed with the vortex, strongly diluted by
environmental air, and most species are close to
background levels except the NO, family. The OH
emission rate is essential for the formation of nitric
acid (HNO;), nitrous acid (HNO,), sulphuric acid
(H,S0Oy), and dinitrogen pentoxide (N,O5) formation
during the jet phase and possibly for other species of
the NO, family which have not been taken into ac-
count in the chemical scheme. However, the com-
puted reduction in NO, levels due to formation of
HNOj; remains small (less than 1%) except at ex-
tremely large OH emission rates (Garnier et al., 1996).

Models were also developed for computing the ice
formation and chemistry within a box travelling along
trajectories. The condensation model started from
soot with a typical size distribution and computed the
size distribution and equivalent surface area for the
ice crystals forming along the trajectory. The chemical
box model also evaluated the evolution of hydroxy
radicals (HO,) in the wake. It was shown that the OH
concentration is growing slowly during the vortex
phase.

For undersaturated environmental humidities, the
condensation of ice on soot particles is ephemeral and
the heterogeneous N,O; reaction with water has
a negligible impact on the HNO; production within
the first 4 s of plume age. The precise form of the size
spectrum of soot is unimportant under these condi-
tions.

3.2.2. Mechanisms of interaction. Laboratory in-
vestigations were performed to determine parameters
of gas/soot interactions and nighttime chemistry. The
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gas/soot interaction results in conversion of NO into
N, at high temperatures. However, the magnitude
appears to have negligible effects for aircraft jets,
because these reactions are important only at high
temperature and long time scales which are not
relevant for exhaust jets. The HNOj solution interac-
tion with soot, at room temperature, results in non-
negligible conversion into N,O, but the rate is too
slow to affect the concentrations over the limited 4 s
period. For nighttime chemistry, revised reaction co-
efficients were determined.

In summary, the amount of NO, in the plume
remains essentially at a constant level from the engine
exit to 1 km, at least under the conditions studied. The
processes are, however, very complex and the behav-
iour of aged plumes beyond 4 s and persistent con-
trails have not yet been investigated. Based on this 4 s
of simulation, the conclusion from SP2 suggests that
the original emissions data base from SP1 can be used
for SP3 calculations.

3.3. Global atmosphere model simulations (SP3)

3.3.1. The 3D NO, concentration change due to
aircraft. Considerable progress was made in model-
ling the physical and chemical properties of the upper
troposphere and lower stratosphere. A hierarchy of
models was provided or specially developed to in-
vestigate the impact of the NO, emissions from avi-
ation on the chemical state of the atmosphere, based
on the emissions data bases of ANCAT, NASA, and
the preliminary data base of WSL. The models in-
clude both 2D and 3D representations of the atmo-
sphere, without chemistry for passive transport stud-
ies, with simplified (linear) chemistry for comparisons
of various NQO, emissions, and with more detailed
(nonlinear) chemistry for ozone assessments (e.g. Col-
lins et al., 1996).

Because of the 3D emission pattern and a residence
time shorter than the zonal mixing time, the NO,
increase due to aviation emission deviates strongly
from a zonal 2D mean field and shows high temporal
variability (Sausen and Kéhler, 1994; Velders et al.,
1994; Wauben et al., 1996; van Velthoven et al., 1996).
The NO, emitted into the corridors is transported
mainly eastward and downward. There are strong
differences between winter and summer conditions.
Interhemispheric transport of aircraft emissions is
small. The NO, concentration increase due to aircraft
is at a maximum at cruise altitudes.

Although many of the sources and transport paths
of NO, are uncertain, it was shown that aviation
contributes a large fraction to the total concentration
of NO, in the upper troposphere, in particular north
of 30" N; see Table 2. In January, aircraft are respon-
sible for most of the NO,, concentration to be found in
the Northern hemisphere extra-tropics at cruise alti-
tudes (Kohler et al., 1996).

3.3.2. The impact on the chemical composition. Be-
cause of the longer lifetime of ozone, the change in
ozone from aircraft NO, emissions is much more
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Table 2. The contribution of individual nitrogen oxide sour-

es to the atmospheric burden of nitrogen oxides at the region

30-60°N and 200-300 hPa, based on runs with the global

circulation model ECHAM (Kohler et al., 1996) and the

GISS-chemical transport model (Kraus et al., 1996) with
linear chemistry

January July
Surface sources 23-28% 54.-57%,
Lightning 2-5% 15-17%
Stratospheric sources < 35% 1-7%
Aircraft emissions 40-67% 20 25%

Table 3. Calculated maximum relative changes of zonal

mean values of various air constituents at northern mid-

latitudes near 200 hPa due to aircraft emissions, in 1989,

based on the chemical transport model CTMK (Wauben
et al., 1996)

Constituent January July
NO, 53% 34%
0, 4% Yo
HNO, 28% 32%
OH 32% 18%%

zonally symmetric than the NO, concentration. How-
ever, the NO, emissions also influence the zonal vari-
ations due to the diurnal solar cycle of some of the
short-lived species, e.g. OH. Aviation NO, generally
causes increases in tropospheric ozone. The maximal
zonal mean O3 change is found in the Northern hemi-
sphere at latitudes of the main flight corridors with
increases of up to 10% of the concentration which is
calculated without aircraft emissions; see Table 3.
Some of the results are presented and discussed in
further detail in Kraus et al. (1996), Stevenson et al.
(1996), and Wauben er al. (1996).

The efficiency by which NO. causes ozone produc-
tion due to photochemical reactions with background
CO, CHa, and other hydrocarbons is highest for low
NOy concentrations but smaller in more polluted air.
Therefore, the ozone production rate per unit of addi-
tional NO, is largest in areas remote from the conti-
nents and the tropics and remote from the major air
traffic corridors. Typically, the ozone production per
molecule of NO, ranges between 1 and 40. Sensitivity
studies show a maximum in the ozone production rate
as a function of the NO, concentration. In some
highly polluted areas, e.g. over the North American
continent or over Europe, the NO, concentration is
already so high that additionally released NO, reduc-
es the effective O3 production rate (Ehhalt and Roh-
rer, 1995). The exact NO, level at which the O3
production rate achieves its maximum is rather model
dependent (see also Flatoy and Hov, 1996; Brasseur et
al., 1996). Further studies are required to understand
fully the consequences of these nonlinearities. Despite
this complication, all of the models simulated similar



1730

ozone increases due to aircraft NO, emissions, even in
regions with a high background concentration.

Except for one model which computes small ozone
changes in the lower tropical stratosphere, the models
show no reduction in lower stratospheric ozone from
the emissions of the subsonic traffic.

3.3.3. Sensitivity to model differences. With respect
to NO, concentration increase, the results of the
various models which were used show a rather good
agreement, though detailed differences may be noted.
In particular, the passive tracer experiments, which
were performed with identical experimental designs,
gave similar results with respect to interhemispheric
exchange and transport into the stratosphere {except
for models with a coarse vertical resolution). Differ-
ences were found in the meridional transport (to the
North Pole) by the transient parts of the circulation,
e.g. by cyclones.

The results obtained with simplified chemistry are
also similar. Differences mainly result from different
dynamics of the two models. Large differences are
found with respect to the simulated ozone change.
Here the results only show a qualitative agreement
and further investigations are needed to understand
the differences. The model output strongly depends on
the approximations used for the nonlinear chemistry.
Differences also arise from internal variability. In par-
ticular for 3D models with rather sophisticated chem-
istry, the simulation time was too short. Within the
current project the reasons for these differences could
not all be quantified, and this open question has to be
postponed to a follow-up project.

3.3.4. Remarks. At the conclusion of the project, it
has to be kept in mind that all the models are still far
from being fully validated by comparison to observa-
tions. In particular, the emission values of SP1 should
be tested by independent means, possibly by inflight
measurements. The jet and vortex results of SP2 need
to be extended to a much wider range of atmospheric
and aircraft conditions and should be compared in
more detail with observational data. Also the global
model predictions of photochemical changes and
ozone formation within SP3 have not yet been com-
pared to observed trace gas distributions in detail, in
particular to those of NO, and ozone, and their
trends. In general, there are insufficient observations
to permit adequate model validation. Recently, avail-
able data have been compiled into a first version
of climatologies of tropospheric NOx and NO, and
applied to test global chemical transport models
(Emmons et al., 1996).

With respect to conclusions for general environ-
mental policy, the limitations in the scope of the
AERONOX project objectives, the amount of work
performed, and the stated uncertainties in the results
have to be taken into account. The project did not
address all emissions nor all consequences of the in-
duced changes. In particular, the project did not in-
vestigate the effects of contrail formation, which may
have a climatological effect of the same order as the
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induced ozone changes (Ponater et al., 1996). Besides
water and CO,, the NO, emissions appear to be the
most important emission species to be considered,
whereas other emissions (such as carbon monoxide
and hydrocarbons) are of only secondary importance.
The effect of sulphur, soot and other particle emis-
sions on aerosol and cloud formation and atmo-
spheric chemistry is yet largely unknown. More
emphasis has to be put on investigating the impact of
chemical conversion of emissions at scales between
the vortex regime and the global scale. There are
indications from model calculations (see e.g. Sections
6 and 7 in Schumann and Wurzel, 1994), but no
observational evidence, that these changes can be
substantial enough to generate long-lived reservoir
gases that significantly change the impact of NO,
emissions on the global photochemistry. Future pro-
jects still have to determine the climatological changes
caused by aircraft emissions compared to changes by
other climatic disturbances, both natural and anthro-
pogenic. It is expected that the aviation effects are
larger than measured in terms of the carbon dioxide
emissions but still small in comparison to many other
climate disturbances, at least at the present level of
emissions. The long-term trends are such that this
topic will remain highly relevant in the future. With
respect to emissions inventories, it would be helpful if
the aviation industry would monitor and publish the
actual fuel consumption, data on fuel composition
(e.g. with respect to sulphur), emission relevant prop-
erties of the engines used, and flight conditions (such
as altitude, engine parameters, etc.) of the aviation
fieets.

4. CONCLUSIONS

The amount of aircraft emissions throughout the
entire flight cycles up to 15km altitude has been
determined mainly with respect to NO, emissions,
resulting in a total of 0.85 Tg(N) yr~ ! and an aver-
age emission index of 16.8 g(NO,) kg™ ! for 1991/92.
After completion of the AERONOX project, the
ANCAT group reevaluated the data resulting in
slightly smaller values: 0.57 Tg(N) yr~! total NO,
emissions with an average emission index of
15.3 g(NO;) kg™ !. These values are still slightly lar-
ger than the values provided by the NASA emission
database for 1990. The chemical composition in the
wake of the aircraft has been determined up to about
1 km behind one aircraft. The NO, emissions remain
essentially unchanged up to that distance. The later
dispersion phase has not been investigated. The NO,
distribution from aircraft on the global scale was
computed with 3D models. During winter months,
aircraft are the dominant source for NO, found at
around 200 hPa in the Northern hemisphere mid-lat-
itudes. In summer, because of stronger upward trans-
port and lightning sources, the relative contribution
from aviation is smaller. The NO, emissions by air-
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craft cause an increase in the tropospheric and
lower stratospheric ozone concentrations by a few
percent on average, with a maximum in the summer
months. Locally, the 3D ozone concentration
changes at global model grid scales show increases of
up to 10%. This result is very sensitive to the back-
ground values of nitrogen oxides, and to details of the
models.

The results obtained in this study corroborate pre-
vious predictions that aviation is a major contributor
to NO, disturbances of the atmosphere. It is con-
firmed that, on average, NO, emissions from subsonic
aviation cause ozone increases. The impact per unit
NO, emission of these disturbances on ozone is stron-
gest in relatively clean air. A doubling of aviation
emissions in the northern hemisphere will cause less
than a doubling of present aviation’s contribution to
tropospheric ozone increase.

Several questions remain open with respect to emis-
sions, transport and chemistry, climate, and valida-
tion:

Emissions: (1) How reliable are the emissions inven-
tories and what are the emissions inventories for other
trace substances, in particular H,O, S, HCs, and soot?
What are the daily and seasonal cycles, what was the
emission trend in the past (e.g. since 1982 or even
earlier) and how will it develop in the future (say up to
2015 or 2050)? (2) What are the emission rates for
NO, from other sources than aviation, in particular
from lightning? (3) Are the current prediction
methods valid for aeroengines incorporating radically
different combustors, e.g. double annular, axially
staged, lean premixed-prevaporised, and rich burn-
quick mix-lean-burn concepts (Joos and Pellischek,
1995)?

Transport and chemistry: (1) Can one confirm that
the NO, conversion due to chemical reactions in the
early jet/vortex regime is negligible? (2) What are the
effects of emission conversions in the plume from the
end of the vortex regime up to scales resolvable by
global models and how can this be modelled? (3)
What are the background concentrations for NO,,
OH, and ozone in the mid- and upper troposphere
and lower stratosphere? (4) What are the detailed
transport mechanisms for surface emissions and for
stratospheric sources towards the tropopause region?
(5) Can it be confirmed that the emissions from sub-
sonic aviation do not get transported in any signifi-
cant quantity to the mid-stratosphere with its ozone
maximum and do not cause any essential ozone re-
ductions there? (6) What is the impact of a hypotheti-
cal future supersonic transport system? (7) What is the
spatial distribution of changes in radiatively active
gases (mainly ozone, but also methane and others)
and particles caused by aviation for the present situ-
ation and in the future?

Climate: (1) How and how often do contrails form
and what are their effects on plume chemistry? (2)
How do changes in atmospheric chemistry affect radi-
ation (UV, visible and infrared) and climate? (3) How
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do contrails affect radiation and climate? (4) What
feedbacks are to be expected from changes in climate
to air chemistry and vice versa?

Validation: (1) Can one verify the transport and
chemistry of the emitted quantities at various scales
from jet exit to global scale, in special cases and
climatologically? (2) How reliable are the computed
changes in air chemistry due to aviation? Can this be
validated by comparison to observed concentration
fields (e.g. Emmons et al., 1996) and their decadal
trends? (3) Are the climate models sufficiently ad-
equate for such coupled studies, ¢.g. with respect
to those parameters which affect chemistry of short-
lived compounds, such as temperature, humidity,
transport, washout, dry deposition, photolysis, etc.?

Most of these problems are of a complexity which
require major research efforts. Several follow-on pro-
jects were initiated from the results of AERONOX.
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