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Abstract. The e�ect of present-day and future NOx

emissions from aircraft on the NOx and ozone concen-
trations in the atmosphere and the corresponding
radiative forcing were studied using a three-dimensional
chemistry transport model (CTM) and a radiative
model. The e�ects of the aircraft emissions were
compared with the e�ects of the three most important
anthropogenic NOx surface sources: road tra�c, elec-
tricity generation and industrial combustion. From the
model results, NOx emissions from aircraft are seen to
cause an increase in the NOx and ozone concentrations
in the upper troposphere and lower stratosphere, and a
positive radiative forcing. For the reference year 1990,
the aircraft emissions result in an increase in the NOx

concentration at 250 hPa of about 20 ppt in January
and 50 ppt in July over the eastern USA, the North
Atlantic Flight Corridor and Western Europe, corre-
sponding to a relative increase of about 50%. The
maximum increase in the ozone concentrations due to
the aircraft emissions is about 3±4 ppb in July over the
northern mid-latitudes, corresponding to a relative
increase of about 3±4%. The aircraft-induced ozone
changes cause a global average radiative forcing of
0.025 W/m2 in July. According to the ANCAT projec-
tion for the year 2015, the aircraft NOx emissions in that
year will be 90% higher than in the year 1990. As a
consequence of this, the calculated NOx perturbation by
aircraft emissions increases by about 90% between 1990
and 2015, and the ozone perturbation by about 50±70%.
The global average radiative forcing due to the aircraft-
induced ozone changes increases by about 50% between
1990 and 2015. In the year 2015, the e�ects of the
aircraft emissions on the ozone burden and radiative
forcing are clearly larger than the individual e�ects of
the NOx surface sources. Taking chemical conversion in
the aircraft plume into account in the CTM explicitly,
by means of modi®ed aircraft NOx emissions, a signi-

®cant reduction of the aircraft-induced NOx and ozone
perturbations is realised. The NOx perturbation de-
creases by about 40% and the ozone perturbation by
about 30% in July over Western Europe, the eastern
USA and the North Atlantic Flight Corridor.

Key words. Atmospheric composition and structure
(troposphere ± composition and chemistry) á
Meteorology and atmospheric dynamics (radiative
processes)

1 Introduction

Air tra�c has grown extensively during the last decades
and is expected to grow further over the next 20 years.
During the 1960±1990 period, worldwide aviation travel
increased by about 10% per year. Air travel at present
represents about 10% of the total passenger kilometres
travelled using all forms of modern transportation
(NASA, 1997). Since air tra�c continues to increase
faster than other forms of transportation, this percent-
age is likely to increase. The growth in world air travel is
according to industrial forecasts predicted at about 70%
over the next 10 years and 180% over the next 20 years
(Boeing, 1996; Douglas, 1995); this corresponds to an
increase of about 5±6% per year.

The environmental e�ects of aircraft emissions of
trace gases such as carbon dioxide, nitrogen oxides,
hydrocarbons and sulphur oxides have been the subject
of several studies in recent years (Derwent, 1982;
Johnson et al., 1992; Beck et al., 1992; Schumann,
1994; AERONOX, 1995; Veenstra et al., 1995; Kraus
et al., 1996; Wauben et al., 1997; KoÈ hler et al., 1997;
Stevenson et al., 1997; NASA, 1997; Brasseur et al., 1997;
Schumann, 1997). Aircraft emissions on the global scale
are relatively low compared with other anthropogenic
emission sources. For instance, less than 3% of the
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anthropogenic NOx (=NO+NO2) emissions are due to
aircraft. However, the majority of aircraft emissions are
released at cruise altitudes (i.e., 9 to 13 km), where, with
the exception of the NOx emissions from lightning, no
other sources are present. This part of the atmosphere
encompasses both the upper troposphere and the lower
stratosphere, where the residence times of trace gases are
relatively long and where the emitted trace gases can be
transported over large distances before removal. Aircraft
emissions may therefore contribute to global scale
changes in the atmospheric composition and climate.

This study focused primarily on the present and
future e�ects of aircraft NOx emissions, relative to the
e�ect of other anthropogenic surface sources as road
tra�c, electricity generation and industrial combustion,
on the NOx and ozone concentrations in the atmosphere,
as well as the corresponding radiative forcing. The
emissions of NOx from air tra�c contribute signi®cantly
to the NOx concentrations in the upper troposphere and
the lower stratosphere. Although the direct e�ect of these
emissions on the radiative forcing is negligible (Fortuin
et al., 1995; NASA, 1997), NOx plays an important role
in the ozone chemistry. This leads to an increase of ozone
in the upper part of the troposphere and the lower part of
the stratosphere, where the sensitivity of radiative
forcing to changes in ozone is much greater than near
the Earth's surface (Lacis et al., 1990; IPCC, 1996;
Wauben et al., 1998). A detailed description of the main
chemical processes in the upper troposphere and lower
stratosphere that lead to ozone production from aircraft
NOx emissions can, for instance, be found in AERO-
NOX (1995) and in NASA (1997).

The e�ects of aircraft and surface (e.g. road tra�c)
NOx emissions on the NOx and ozone concentrations in
the troposphere and the lower part of the stratosphere
have been calculated using a three-dimensional chemis-
try transport model (CTM) (Zimmermann, 1984, 1988;
TheÂ , 1997). Since global CTMs, like the one used in this
study, have relatively coarse grid spatial resolution
(hundreds of kilometres), the chemical conversion and
dispersion directly behind the aircraft up to grid scale
cannot be calculated with the CTM. Therefore, a
sensitivity analysis was performed using an aircraft
exhaust plume model that translates the aircraft NOx

emissions into emissions for the CTM. The use of plume
calculations in CTMs is a relatively new approach
(Meijer et al., 1997; Petry et al., 1998) and not often used
in prior aircraft studies. To be able to compare our
results with those of prior studies, the aircraft plume
parametrization was therefore only applied to a sensi-
tivity analysis, described in Sect. 4.4, and not to the
other CTM calculations.

Air tra�c is expected to grow further over the next
20 y, and although the resulting increase in aircraft
emissions is expected to be less due to technically
improved engines, the relative importance of aircraft
emissions relative to the other anthropogenic NOx

emission sources is expected to increase. Therefore
model calculations were performed not only for the
reference year 1990, but also for the 1990±2015 period,
based on emission scenarios for aircraft and ground

emissions. Furthermore, the e�ects of aircraft emissions
for this period on the ozone concentrations and the
radiative forcing were compared with the e�ects of the
three most important anthropogenic NOx surface sourc-
es at northern mid-latitudes (industrial combustion,
electricity generation and road tra�c), as calculated
using present and predicted future emissions.

2 Model description

The chemistry transport model used in this study is the
RIVM version of the MOGUNTIA model (TheÂ , 1997),
originally developed by Crutzen and Zimmermann
(Crutzen and Gidel, 1983; Zimmermann 1984, 1988;
Jacob et al., 1997). The model calculates the monthly
averaged distribution of 46 chemical species, including
ozone, hydrogen oxides, nitrogen oxides, methane and
several non-methane hydrocarbons. Its horizontal reso-
lution is 10° in latitude and 10° in longitude. In the
vertical, the model has 10 layers reaching from the
Earth's surface to the lower stratosphere (50 mbar). In
the upper troposphere and lower stratosphere (between
300 and 50 hPa), the region where most of the aircraft
NOx emissions take place, the model has four vertical
layers. The transport of the species is calculated by using
monthly averaged wind ®elds.

Although the relatively coarse vertical resolution and
the use of monthly averaged wind ®elds in the model
restrict its ability to accurately represent the (upper)
tropospheric transport and chemistry of trace gases like
NOx and ozone, this model was adopted because of the
short computation time needed for simulating a rela-
tively large number of trace gases, which is of special
importance for scenario calculations.

2.1 Transport

Transport is explicity taken into account for species
whose lifetime is larger than a few hours. The transport
of these species is described by the advection-dispersion
equation, discretized horizontally according to the
QUICKEST numerical scheme. QUICKEST is an explicit
third-order-accurate, ®nite-di�erence scheme originally
described by Leonard (1979), and modi®ed by Eke-
bjaerg and Justesen (1992) to a ¯ux scheme in two
dimensions.

The monthly averaged wind ®elds are taken from
ECMWF data. All mixing processes, except for the
monthly averaged circulation and deep convection in
thunder clouds are parametrized in a single dispersion
coe�cient contained in the advection-dispersion equa-
tion. Deep convection cannot be described by the
advection-dispersion equation and is parametrized as a
separate process. The basic concepts used are described
by Feichter and Crutzen (1990). A major di�erence
between their approach and the one used in this model is
that the statistics are based on the ISCCP cloud data set
(TheÂ , 1997) and not on the sparse statistical data used by
Feichter and Crutzen (1990).
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2.2 Chemistry

In the model, the continuity equation for chemical
species is solved using the two-step method (Verwer,
1994; Spee et al., 1997), specially designed to solve
ordinary di�erential equations (ODEs) from atmospher-
ic chemistry. This method provides rapid convergence
with reasonable accuracy in the order of 1%, depending
on the sti�ness of the equations. The method is based on
the second-order backward di�erentiated equation,
commonly used in high-precision implicit solvers, but
is instead applied to a straightforward Gauss-Seidel
iteration.

The chemical mechanism used in the model is based
on a scheme very similar to the EMEP scheme (Simp-
son, 1992). The chemical mechanism contains 46 species
and 95 reactions, of which 16 are photochemical; the
heterogeneous reactions of NO3 on sea-salt particles and
N2O5 on sulphate aerosol have also been included in the
model. All gas-phase reactions rates are updated
according to DeMore et al. (1994). The photolysis rates
are derived from calculations by Kanakidou et al. (1991)
and Kanakidou and Crutzen (1993). Average daytime
photolysis rates are calculated at 15-day intervals from
solar zenith angles with a hourly variation. A detailed
description of the chemical mechanism used in the
model can be found in Valks and Velders (1998).

The dry-deposition rates in the bottom model layer
are calculated for 10 species (O3, NO2, NO, NO3, N2O5,
H2O2, HNO3, CH3OOH, HCHO and PAN) by using
®xed deposition velocities, distinguishing between land
surface, sea and ice/snow. The wet-deposition rates are
calculated for ®ve species (H2O2, CH3OH, HNO3,
CH3OOH and HCHO) from Henry's coe�cients, the
average rainfall, the vertical distribution of the contri-
bution to rainfall and the cloud water content.

3 Emission data

The natural and anthropogenic emission sources of
NOx, methane, CO and several non-methane hydrocar-
bons are included in the CTM. The emissions from the
various NOx sources are of particular interest for the
scenario calculations. Apart from being emitted from
aircraft, NOx is produced by lightning and various
anthropogenic and natural surface sources such as
biomass burning, industry, ground tra�c and soil
microbial activity. These surface emissions can also
contribute to the NOx burden at aircraft cruise altitudes
through vertical transport out of the planetary boun-
dary layer. A description of the NOx sources are given
later. For a description of the methane, CO and non-
methane hydrocarbon emissions in the CTM, see Valks
and Velders (1998).

3.1 Aircraft emissions

The aircraft NOx emission inventory used in this study
was provided by the ANCAT/EC Group (Abatement of

Nuisance Caused by Air Tra�c of the Environmental
Committee of the European Civil Aviation Conference
(ECAC)). This inventory consists of the ANCAT
version 2 emission estimate (Gardner, 1998) for both
scheduled and non-scheduled civil air tra�c and an
emission estimate that accounts for military tra�c,
developed by the AEA (Atomic Energy Authority of the
United Kingdom). It contains the emission estimates for
four months (January/April 1992, and July/October
1991) to account for seasonal variations and is a revised
and improved version of the ®rst ANCAT database
(Gardner et al., 1997). The calculated total NOx emis-
sion for the ANCAT-2 database is 0.55 Tg N y)1, with a
¯eet average NOx emission index of 4.44 g N kg)1 fuel.
The emissions are located mainly at cruise altitudes
between 9 and 13 km and near the surface (from take-o�
and landing).

The future aircraft NOx emissions used in the 1990±
2015 scenario study, are estimated from a projection of
the aircraft emissions to 2015, also produced by the
ANCAT/EC group (Gardner et al., 1998). From the
ANCAT-2 emission estimate for 1991/1992 and the
projection for 2015, the aircraft NOx emissions between
1990±2015 have been calculated assuming a constant
yearly growth. The global total aircraft NOx emission
for 2005 is estimated at 0.80 Tg N y)1; this is an increase
of about 45% compared to the NOx emission for 1990.
For 2015, the global total aircraft NOx emission is
estimated at 1.06 Tg N y)1, an increase of about 90%
compared to 1991/1992. The relatively largest increases
in the aircraft emissions take place over the Paci®c Rim
(more than 150%); other areas with large increases are
found over Western Europe, the USA and the North
Atlantic Flight Corridor (NAFC).

3.2 Surface emissions

The NOx surface emissions from anthropogenic sources
and biomass burnings are based on the EDGAR,
version 2 (Emission Database for Global Atmospheric
Research) inventory for 1990 (Olivier et al., 1996). The
most important anthropogenic NOx sources are indus-
trial combustion, electricity generation and road tra�c.
The emissions from natural sources are based on the
detailed inventory of MuÈ ller (1992, 1993). The total
yearly emissions from the NOx surface source are given
in Table 1.

The future surface emissions of NOx, used in the
1990±2015 scenario study, have been derived from the
Baseline A emission scenario computed by the IMAGE
2 model (Alcamo et al., 1996), an integrated model
designed to simulate the dynamics of the global society-
biosphere-climate system (Alcamo, 1994). The Baseline
A emission scenario is an intermediate scenario with
medium assumptions about population and economic
growth, and economic activity. It uses the estimates of
population and economic growth from the intermediate
IPCC scenario IS92a (IPCC, 1992). The scenario pro-
vides the NOx emissions for 13 world regions up to 2100
and are used to scale the surface emissions of the
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reference year 1990, assuming the same seasonal vari-
ation and yielding surface emission ®elds between 1990
and 2015 that can be used in the CTM calculations.

The global total emissions of the NOx surface sources
for 2005 and 2015 are given in Table 1. The global total
emissions of both anthropogenic sources and biogenic
sources will continue to increase between 1990 and 2015.
The NOx emissions from electricity generation show the
largest increase: global emission in 2015 is twice as much
as that in 1990. Although the total global emission
increases between 1990 and 2015, the changes in the
anthropogenic NOx emissions di�er considerably per
region. In general, the emissions in the developing world
regions increase intensively during the 1990±2015 peri-
od. However, the NOx emissions from industrial com-
bustion and road tra�c decrease between 1990 and 2005
over Western Europe, the USA and Japan, regions
where an important part of the emissions occur. After
2005, the anthropogenic NOx surface emissions increase
in all regions due to the continued increase in energy
consumption and industrial activity. Note that the
relative contribution of NOx emissions from aircraft to
all anthropogenic emissions will increase from 2.4% in
1990 to about 3% in 2015.

3.3 Lightning emissions

The production of NOx following nitrogen ®xation by
lightning ¯ashes is a signi®cant source of atmospheric
NOx. Of all the NOx sources, lightning is especially very
uncertain, with a range of estimates extending from 1 to
over 100 Tg N y)1 (Liaw et al., 1990). Gallardo et al.
(1993) found it unlikely for the global lightning source
strength to be higher than 20 Tg N y)1; however, two
recent studies found best estimates that di�er by more
than a factor of 5 (Lawrence et al., 1995; Price et al.,
1997). Note that these values are much greater than the
NOx emissions from aircraft. In this study, a three
dimensional lightning NOx emission distribution, based
on the parametrization of Price and Rind (1992), was
used. The distribution of lightning is divided into cloud

to cloud and cloud to ground, yielding di�erent results
over oceans and continents and providing a latitudinal
dependence. Vertically, the emissions have been distrib-
uted homogeneously between the surface and the
cloud-top height, derived from ISCCP satellite data.
A lightning production of 5 Tg N y)1 is assumed based
on Kowalczyk and Bauer (1982). The greatest emissions
are found over the continents in the tropics in the
summer period; emissions over the oceans are small due
to the low updraft velocities. The vertical extent of
lightning NOx sources is highest over the tropics and
decreases towards the poles.

4 E�ect of aircraft emissions for the period 1990±2015

4.1 Background concentrations of NOx

and ozone for 1990

The background concentration of NOx and ozone for
the reference year 1990 have been calculated with the
CTM, using all NOx emissions, including the aircraft
emissions. We found that to achieve a quasi-equilibri-
um, a model run of two years, with a realistic initial
distribution of the long-lived species, was su�cient. The
results presented and discussed in this section corres-
pond to the second year of the simulation.

The zonally-averaged NOx and ozone concentrations
for January and July are shown in Fig. 1. Because of the
short photochemical lifetime, the concentration of NOx

shows large spatial variations. The distribution in the
boundary layer and the lower troposphere is strongly
in¯uenced by the anthropogenic NOx emissions from
industry and tra�c, dominating in the northern mid-
latitudes. The calculated zonally averaged surface mix-
ing ratios at 50°N exceed 0.5 ppbv, with the highest
concentrations in January as the result of the slightly
longer lifetime of NOx in winter. The emissions from
biomass burning and soil occur predominantly in the
extra tropics. The NOx concentration in the free,
unpolluted, troposphere is merely in the order of 5±20
pptv, as can been seen in the Southern Hemisphere and
Arctic. In the upper troposphere and lower stratosphere,
the NOx concentrations are dominated by the strato-
spheric ¯ux of nitrogen (mainly in the form of HNO3).

The modelled NOx distribution shows reasonable
agreement with the measurements of STRATOZ III
(Drummond et al., 1988; Ehhalt et al., 1992). The main
features of the modelled NOx distribution described are
also observed in these measurements. Furthermore, the
measurements show a latitudinal gradient in winter from
the North Pole to 40°N in both the lower stratosphere
and the upper troposphere. This is comparable to the
AASE II measurements (Weinheimer et al., 1994). The
modelled NOx concentrations also show this gradient in
winter, with the concentrations in the same range. The
main de®ciency in the modelled NOx distribution is the
low mixing ratios in the upper troposphere and lower
stratosphere, where values of 300±500 pptv are observed
during the STRATOZ III measurements. Other recent
measurements (e.g. Emmons et al., 1997; Brunner, 1998)

Table 1. Global NOx emissions for 1990 and 2015 based on the
EDGAR inventory and the IMAGE Baseline A scenario (for the
surface sources), and the ANCAT-2 emission inventory for 1991/
1992 and the ANCAT projection for 2015 (for the aircraft emis-
sions). The emissions from natural sources (MuÈ ller, 1992, 1993) are
assumed to be constant over time. The values are in Tg N y)1

NOx 1990 2015

Industrial combustion 5.5 8.5
Electricity generation 6.3 12.8
Road tra�c 9.6 12.3
Other 1.6 2.4
Total anthropogenic
surface sources

23 36

Aircraft 0.55 1.06
Biomass burning 8 12
Soil 5 5
Lightning 5 5
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also show higher NOx concentrations in the upper
troposphere and lower stratosphere. The modelled NOx

distribution compare reasonably well with the NOx

distributions obtained with other models (MuÈ ller and
Brasseur, 1995; Wauben et al., 1997).

The ozone distribution depends on the (photo)chem-
ical production and destruction, dry deposition and the
stratospheric ¯ux of ozone. Since the photochemical
production of ozone depends highly on the NOx

concentration, the ozone concentrations are much
higher in the Northern than in the Southern Hemi-
sphere. At the northern mid-latitude boundary layer, the
ozone concentrations are greater in July than in January
due to more intense radiation and photolysis in summer.
Other characteristic features of the ozone distribution
are the increased mixing ratio with altitude from the
surface to the lower stratosphere, the excursion of low
concentrations near the equator towards high altitudes
and the dip near 30°N. These features are also realized
using other model computations (Crutzen and
Zimmermann, 1991; MuÈ ller and Brasseur, 1995; Wau-
ben et al., 1997) and can be seen in observations as well
(Kanakidou and Crutzen, 1995). The ozone-mixing

ratios in the upper troposphere and lower stratosphere
are generally underestimated by the model. It is likely
that the coarse vertical resolution of the model in the
upper troposphere and lower stratosphere, and the use
of monthly average wind ®elds for the calculation of the
advection, contribute to the low ozone concentrations
and the small vertical gradient in the upper troposphere
and lower stratosphere. Recent tracer studies (Jacob
et al., 1997; NASA, 1997) indicate that a vertical
resolution of at least 1 km between 8 and 14 km altitude
may be necessary to resolve the vertical distribution of
aircraft emissions and the resulting NOx and ozone
perturbations.

In Fig. 2, the geographical distributions of the NOx

and ozone concentrations at 250 hPa are shown for
January and July. The geographical distribution at
250 hPa is of particular interest because this is in the
range of cruise altitudes (9±12 km), where an important
fraction of the aircraft NOx emissions occur. The
smallest NOx mixing ratios are found over the equato-
rial regions of the Paci®c and Indian Oceans due to the
absence of NOx sources. The NOx concentrations at
250 hPa are higher in summer than in winter. The
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Fig. 1. Zonally-averaged NOx (pptv) and O3 (ppbv) background concentrations (including the aircraft emissions) for the reference year 1990.
Figures are for January and July
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highest concentrations are found in the Northern
Hemisphere, with maxima in the eastern USA and in
Europe due to the NOx emissions from aircraft. The
ozone-mixing ratios at 250 hPa are more zonally sym-
metric compared to the NOx mixing ratios due to the
longer lifetime of ozone. The low ozone concentrations
over the equatorial regions of the Paci®c and the Indian
Ocean coincide with the local minima for NOx. At
250 hPa, the concentrations generally increase towards
the poles, which is in agreement with the variations in
the altitude of the tropopause, which is lower near the
poles. The highest ozone-mixing ratios are found in the
Northern Hemisphere in July due to the higher photo-
chemical production in summer.

4.2 Perturbation of NOx and ozone concentrations
for 1990

To calculate the impact of the aircraft NOx emissions on
the NOx and ozone concentrations in the troposphere
and lower stratosphere, two model runs have been
performed, one with and one without taking the aircraft

emissions into account. The di�erence between the
results obtained with and without the aircraft emissions
yields the perturbation of the NOx and ozone concen-
trations by aircraft.

The zonally averaged change in the NOx concentra-
tion due to aircraft emissions for 1990 is shown in Fig. 3
(the di�erence between the model results obtained with
and without the aircraft emissions). As expected, the
largest increases in NOx occur in the upper troposphere
and lower stratosphere at the northern mid-latitudes,
where maximum emission occurs. Near 250 hPa, the
NOx perturbation at the northern mid-latitudes is about
10±20 pptv in January and 20±50 pptv in July. The
increase in NOx is much larger in the Northern
Hemisphere than in the Southern Hemisphere and
becomes smaller with decreasing altitude. In the lower
and middle troposphere, the NOx perturbation is
generally less than 1 pptv, except that from the northern
mid-latitudes. The strong spatial di�erences in the NOx

perturbation result from the relatively short lifetime of
NOx, especially in the lower and middle troposphere.
Figure 3 also shows the geographical distributions of
the NOx changes at 250 hPa. The largest increases in

NO concentration (pptv)           January 250 hPax

O concentration (ppbv)           January 250 hPa3

NO concentration (pptv)           July 250 hPax

O concentration (ppbv)           July 250 hPa3

1990
NO concentration (pptv)           January 250 hPax

O concentration (ppbv)           January 250 hPa3

NO concentration (pptv)           July 250 hPax

O concentration (ppbv)           July 250 hPa3

1990

Fig. 2. Distribution of the NOx (pptv) and O3 (ppbv) background concentration (including aircraft emissions) at 250 hPa for the reference year
1990. The ®gures are for January and July
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NOx occur at the northern mid-latitudes: about 20±30
pptv in January (corresponding to a relative increase in
the NOx concentration of 35±50%) and about 45±50
pptv in July over the eastern USA, the North Atlantic
Flight Corridor (NAFC) and Europe (corresponding to
a relative increase in the NOx concentration of about
50%). These maxima coincide with the areas where the
largest aircraft emissions occur. The NOx perturbation
is less than 5 pptv in the Southern Hemisphere. This
shows that as a result of the relatively short lifetime of
NOx, only a small fraction of the aircraft NOx emissions
is transported to the Southern Hemisphere.

Figure 4 shows the change in the ozone concentra-
tion due to aircraft emissions for 1990. The largest
increases in ozone occur in the upper troposphere and
lower stratosphere at the northern mid-latitudes, with
values of about 1±1.5 ppbv in January and 2±3 ppbv in
July. The ozone perturbation is clearly higher in summer
due to the enhanced photochemical activity. The
increase in ozone becomes less with decreasing altitude;
at the surface in the northern mid-latitude values of
about 0.5 ppbv in January and 0.2 ppbv in July are
found. In the Southern Hemisphere the ozone pertur-

bation is less than 0.5 ppbv in January and 1 ppbv in
July and decreases with decreasing altitude. The geo-
graphical distribution of the ozone perturbation at
250 hPa is much more zonally symmetric than the
NOx perturbation, as a result of the longer lifetime of
ozone. In January, the maximum perturbation of ozone
occurs in a wide band between the northern sub-tropics
and mid-latitudes with values of 1.5±2 ppbv (corre-
sponding to a relative increase in the ozone concentra-
tions of 2±3%). Due to the enhanced photochemical
activity in summer, the perturbation of ozone at the
northern sub-tropics and mid-latitudes is higher, with
maximum values of more than 3.5 ppbv in an area
extending from the eastern USA to Europe (corre-
sponding to a relative increase in the ozone concentra-
tions of 4±5%). The increase in ozone is much less in the
Southern Hemisphere: the perturbation decreases from
about 1.0 ppbv at the equator to less than 0.5 ppbv at
the South Pole.

The e�ects of aircraft NOx emissions on the NOx and
ozone burden from the ground to 150 hPa, as well as
from 450 to 150 hPa (in parentheses), are listed in
Table 2. The average changes are given for the area of
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Fig. 3. NOx perturbation for January and July due to aircraft emissions for the reference year 1990. Top shows the zonally-averaged NOx

perturbation (pptv). The lower panels show the distribution of the NOx perturbation at 250 hPa (pptv)
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30±60°N, the Northern and Southern Hemispheres, and
the total atmosphere for the months January and July.
As expected, the relative changes for 30±60°N and for
the Northern Hemisphere are much larger than for the
Southern Hemisphere, with the largest changes occur-
ring in July. Furthermore, as shown in Table 2, the
changes are greatest in the upper troposphere (450±
150 hPa), where maximum aircraft emissions occur.
This is especially the case for the change in the NOx

burden, since the e�ect of the aircraft emissions on the
NOx concentration is very small in the lower part of the
atmosphere, which contains a large fraction of the total
NOx burden. For the ozone burden, the di�erence
between the changes from the ground to 150 hPa and
from 450 to 150 hPa is less pronounced because of the
longer lifetime of ozone and the increasing background
concentration of ozone from the ground to the upper
troposphere.
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Fig. 4. Ozone perturbation for January and July due to aircraft emissions for the reference year 1990. Top ®gures show the zonally-averaged O3

perturbation (ppbv). The lower ®gures show the distribution of the O3 perturbation at 250 hPa (ppbv)

Table 2. Changes in the NOx and O3 burden (%) from the ground
to 150 hPa and from 450 to 150 hPa (in parentheses) caused by
aircraft NOx emissions. The average values for 30±60°N, for the

Northern- and Southern Hemisphere and the global average value
are given for January and July for 1990 and 2015

January July

30±60°N NH SH Global 30±60°N NH SH Global

1990
NOx change 3.9 (23.5) 4.3 (18.6) 1.4 (2.4) 3.5 (11.3) 10.4 (29.5) 9.7 (22.7) 2.1 (5.4) 7.7 (18.6)
O3 change 2.3 (2.4) 2.1 (2.2) 0.6 (0.6) 1.4 (1.5) 2.5 (3.4) 2.4 (3.1) 1.0 (1.1) 1.7 (2.2)

2015
NOx change 5.4 (37.3) 5.8 (28.9) 1.7 (3.3) 4.8 (17.7) 15.1 (45.4) 14.1 (35.3) 2.7 (7.7) 11.0 (28.6)
O3 change 3.3 (3.5) 3.0 (3.2) 0.5 (0.5) 1.9 (2.0) 3.6 (4.7) 3.3 (4.4) 1.3 (1.5) 2.4 (3.1)
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The calculated changes in NOx and ozone concen-
trations due to aircraft emissions for 1990 are generally
less than those determined in the AERONOX assess-
ment (AERONOX, 1995) and in the study of Wauben
et al. (1997). However, the aircraft emissions used in this
study (ANCAT-2 emission database with a total global
emission of 0.55 Tg N y)1) are appreciably lower than
the ANCAT-1 emissions used in these studies, where
total global emission is 0.85 Tg N y)1. In addition, there
is a signi®cant di�erence in the geographical distribu-
tions of the ozone perturbation at 250 hPa in July. The
maximum perturbation of ozone calculated with the
CTMK model, the KNMI chemistry transport model
used in the AERONOX study (see Wauben et al., 1997)
is located at the northern polar region, whereas the
model results in our study show maximum perturbation
of ozone at the northern mid-latitudes. Dameris et al.
(1998a) estimated the perturbation of ozone with the
three-dimensional dynamic-chemical model ECHAM3/
CHEM using the ANCAT-2 emission database. They
found a comparable maximum increase of tropospheric
ozone of 3±4% in the Northern Hemisphere, however,
the calculated ECHAM3/CHEM ozone perturbation is
independent of season in contrast with the model results
in our study. The di�erences between the ozone pertur-
bations calculated with CTMK and ECHAM3/CHEM
models and the model used in this study can be
explained by di�erences in the treatment of transport
and chemical processes in the three models.

The perturbations of NOx and ozone calculated with
the IMAGES model used in the NASA Advanced
Subsonic Technology Program (NASA, 1997), where
the NASA 1992 emission inventory was used (total
global emission of 0.51 Tg N y)1), are fairly similar to
the perturbations reported here, with a maximum ozone
perturbation found at cruise altitudes at the northern
mid-latitudes in July. However, due to the ®ner vertical
resolution in the IMAGES model, the vertical gradients
in the NOx and ozone perturbation found in the NASA
study are larger than in our model results.

4.3 Perturbation of NOx and ozone concentrations
for 2015

Since the aircraft NOx emissions in 2015 are expected to
be 90% higher than in the reference year 1990, the NOx

and ozone perturbations are larger than in 1990.
Figure 5 shows the geographical distribution of the
NOx and ozone perturbation at 250 hPa for 2015.
Between 1990 and 2015, the NOx perturbation due to
the aircraft emissions increases by about 90%. The NOx

increases in January 2015 exceed 50 pptv in the NAFC
and in July 2015 there is a region showing increases of
more than 100 pptv and covering a large part of Europe,
the NAFC and the eastern USA (corresponding to a
relative increase in the NOx concentrations of about
100%). The ozone perturbation due to the aircraft
emissions increases by 50±70% between 1990 and 2015.
Maximum ozone perturbations of more than 2.5 ppbv
are found for January 2015 (corresponding to a relative

increase of the ozone concentrations of 3±4%), while in
July the ozone increases are generally more than 5 ppbv
north of 30°N, with a maximum perturbation of 5.5±6
ppbv (corresponding to a relative increase of the ozone
concentrations of 5±6%). The changes in the NOx and
ozone burden from the ground to 150 hPa and from 450
to 150 hPa (in parentheses) for 2015 are listed in
Table 2. As expected, the changes in the NOx and ozone
burden increases between 1990 and 2015, with the
largest increase in the upper troposphere (450±150 hPa)
in July.

The results of this scenario study can be compared
with other aircraft scenario studies. Veenstra et al.
(1995) have performed scenario studies based on aircraft
NOx emission scenarios by Olivier (1995) and the IPCC
IS92 scenarios (IPCC, 1992) for surface emissions. The
future aircraft emissions used in that study are somewhat
larger than in the study presented here (0.54 Tg N y)1 in
1990 and 1.37 Tg N y)1 in 2015). They calculated the
e�ects of the aircraft emissions using the original
MOGUNTIA model and, as a result of the larger
aircraft emissions, the changes in the tropospheric ozone
burden were somewhat larger than in the study present-
ed here (a yearly average change in the tropospheric
ozone burden of 1.6% in 1990 and 3.4% in 2015). In the
scenario study of Wauben et al. (1995), the same future
aircraft emissions were used as in Veenstra et al. (1995),
also resulting in somewhat larger changes in the
tropospheric ozone burden.

Dameris et al. (1998a, b) have estimated the future
impact of sub- and supersonic aircraft NOx emissions on
ozone with the ECHAM3/CHEM model. They used the
NASA emissions scenario for sub- and supersonic air
tra�c for 2015 (Baughcum and Henderson, 1995) with a
total emission of 1.2 Tg N y)1. The calculated maximum
increase in the ozone concentration in the upper
troposphere and lower statosphere is much larger than
in this study (about 15%). This could indicate that the
ozone increase in the troposphere is signi®cantly in¯u-
enced by supersonic air tra�c as well.

4.4 Aircraft exhaust plume e�ects

Global chemistry transport models have relatively
coarse grids (the model used in this study has a
horizontal resolution of 10° � 10°) and cannot properly
take into account processes on smaller spatial scales.
For aircraft NOx emissions, these sub-grid processes are
important since the chemical regime in the plume of an
aircraft directly after the exhaust gas emissions di�ers
completely from that of the background atmosphere in
which the aircraft ¯ies. For this reason, an aircraft
exhaust plume model was developed to study the
chemical conversions of aircraft emissions in the plume
in the ®rst 24±48 h after the emission occurs (Meijer
et al., 1997). This plume model can be used to make
parametrizations for global 3D models by converting
the exhaust emissions of the engines to e�ective
emissions of the exhaust plume. It includes an up-to-
date chemical scheme identical to the scheme used in the
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CTM, with additional heterogeneous reactions and an
implementation of the Gaussian elliptic ring structure. A
similar method to calculate sub-grid processes in the
plume of an aircraft was used by Petry et al. (1998).
They used a box model and three di�erent plume models
to calculate the chemical conversions of aircraft emis-
sions in the plume, and derived e�ective emission indices
to enable a correction for plume e�ects in global 3D
models.

The calculations with the plume model yield altitude,
latitude and season-dependent conversion factors relat-
ing the aircraft NOx emissions to e�ective nitrogen oxide
emissions of the aircraft plume. These converted emis-
sions do account for the subgrid plume processes and
can be used directly in a CTM. The plume model
calculations show that the conversion of NOx into other
nitrogen species depends strongly on temperature and
photochemical activity. In summer, NOx is much more
rapidly converted to NOy than in winter. In typical
summer conditions, the converted nitrogen oxides con-
sist mainly of HNO3, HO2NO2 and N2O5. In typical
winter conditions, the main NOy fraction is only N2O5.
The formation of other species is suppressed by the low

temperatures in winter. The formation of other nitrogen
species (PAN, NO3 and the organic nitrates) is small and
can be neglected as an e�ective emission product of the
aircraft plume.

To calculate the impact of the modi®ed aircraft NOx

emissions on the NOx and ozone concentrations, a CTM
run with the e�ective aircraft emissions of NOx, HNO3,
N2O5 and HO2NO2 has been performed. The results of
this model run with modi®ed aircraft emissions was
compared to the model run with unmodi®ed aircraft
NOx emissions to estimate the e�ect of the chemical
processes in aircraft plumes on the global NOx and
ozone perturbations. (These modi®ed aircraft emissions
are only used in the model calculations of this section,
not in the other sections).

The di�erences between the NOx and ozone pertur-
bation at 250 hPa of the run with modi®ed and
unmodi®ed aircraft emissions are given in Fig. 6 for
the reference year 1990. The reduction of the NOx

perturbation is largest at the northern mid-latitudes,
with values between 2 and 5 pptv in January: a relative
decrease of 10±20%, compared to the NOx perturbation
calculated with the unmodi®ed aircraft NOx emissions.

NO change for 2015 (pptv)           January 250 hPax

O change for 2015 (ppbv)           January 250 hPa3

NO change for 2015 (pptv)           July 250 hPax

O change for 2015 (ppbv)           July 250 hPa3

1990
NO change for 2015 (pptv)           January 250 hPax

O change for 2015 (ppbv)           January 250 hPa3

NO change for 2015 (pptv)           July 250 hPax

O change for 2015 (ppbv)           July 250 hPa3

1990

Fig. 5. Distribution of the NOx (pptv) and ozone (ppbv) perturbation at 250 hPa due to aircraft emissions for 2015. Figures are for January and
July
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In July, a maximum reduction between 10 and 20 pptv is
found in Europe, the USA and in the NAFC, corre-
sponding to a relative decrease in the NOx perturbation
of about 40%. The reduction in the ozone perturbation
is about 0.2 ppbv in the northern hemisphere in January,
corresponding to a relative decrease of about 15%. In
July, the reduction in the ozone perturbation in the
Northern Hemisphere is much larger: the maximum
reduction is about 1±1.5 ppbv over southern Europe and
the southeast US, corresponding to a relative reduction
of about 30%.

Meijer et al. (1997) have used the same modi®cation
of the aircraft emissions, according to the plume model
simulations, in the KNMI chemistry transport model
(CTMK). They found higher absolute reductions of the
NOx and ozone perturbation due to the use of the
modi®ed aircraft emissions than in this study. However,
this is to be expected since the NOx and ozone
perturbations Meijer et al. (1997) have calculated with
the unmodi®ed aircraft emissions are also larger. The
relative reductions of NOx and ozone perturbation in

both studies are comparable: Meijer et al. (1997) found a
reduction in the NOx perturbation in the NAFC of 15±
55% and a reduction in the ozone perturbation of 15±
25%.

4.5 E�ect of anthropogenic NOx surface emissions

In addition to the calculations of the e�ects of aircraft
emissions, the e�ects of the three most important
anthropogenic NOx surface sources at northern mid-
latitudes (industrial combustion, electricity generation
and road tra�c) on the ozone concentrations were
calculated for the 1990±2015 period. These e�ects have
been calculated in a similar way as the e�ect of aircraft
emissions: the di�erence between the model results
obtained with and without the NOx surface source
yields the e�ect on the ozone concentration of this
individual surface source. This gives a reasonable
approximation of the e�ect of an individual surface
source, however, it should be noted that the total

Reduction of NO perturbation (pptv)           January 250 hPax

Reduction of O perturbation (ppbv)3 January 250 hPa

Reduction of NO perturbation (pptv)x July 250 hPa

Reduction of O perturbation (ppbv)           July 250 hPa3

1990

Aircraft plume effects

Reduction of NO perturbation (pptv)           January 250 hPax

Reduction of O perturbation (ppbv)3 January 250 hPa

Reduction of NO perturbation (pptv)x July 250 hPa

Reduction of O perturbation (ppbv)           July 250 hPa3

1990

Aircraft plume effects

Fig. 6. Di�erence between the perturbation of NOx (pptv) and ozone
(ppbv) at 250 hPa due to modi®ed and unmodi®ed aircraft emissions
for January and July for the reference year 1990. Positive numbers

indicate that the use of modi®ed aircraft emissions lead to a reduction
of the NOx or ozone perturbation
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contribution of the three surface sources to the ozone
changes is larger than the sum of the individual
contributions, since the e�ect of NOx emissions on the
ozone concentrations is strongly non-linear. (In these

calculations only the NOx sources have been changed,
not those of CH4, CO and VOC. Therefore these
calculations may not be compared with a pre-industrial
situation).
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Fig. 7. Contribution of to the NOx emissions from industrial
combustion, electricity generation and road tra�c to the zonally-
averaged ozone concentrations for the year 1990 (the changes in the

ozone concentration due to aircraft emissions are shown in Fig. 4).
Figures are for January and July in ppbv
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The contributions of these three surface sources to the
zonally-averaged ozone concentration are shown for
1990 in Fig. 7. For all three sources, the largest increases
(contributions) in ozone occur at the northern mid-
latitudes, the region with the largest emissions. The
ozone increase is clearly higher in July due to the
enhanced photochemical activity. The maximum increas-
es in the ozone concentrations are found near the surface,
but the increases in the middle and upper troposphere at
the northern mid-latitudes are also relatively large. Since
road tra�c is the most important NOx source, the
increases in the ozone concentrations due to this source
are larger than for the other two sources.

Table 3 lists the contribution of the three anthropo-
genic NOx surface sources to the ozone burden from the
ground to 150 hPa, and from 450 to 150 hPa (in
parentheses), for 1990 and 2015. For comparison, the
changes due to the aircraft emissions are also shown
here. As expected, the changes in the ozone burden due
to the three surface sources from the ground to 150 hPa
are larger than for the upper troposphere (450±
150 hPa); this is because the largest ozone changes
occur in the lower and middle troposphere. For 1990,
the changes in the ozone burden due to NOx emissions
from industrial combustion and electricity generation
are less than the change due to the aircraft emissions.
However, the change in the ozone burden due to NOx

emissions from road tra�c is clearly greater. During the

1990±2015 period, the change in the ozone burden due
to electricity generation increases but remains smaller
than the change due to the aircraft emissions. The
change in the ozone burden due to road tra�c and
industrial combustion shows a decrease during this
period as a consequence of the reduction in these
emissions in Western Europe, the USA and Japan; in
2015, the change in the ozone burden due to road tra�c
is clearly less than the change due to the aircraft
emissions.

5 Radiative forcing

Aircraft emissions can add to the radiative forcing
(IPCC, 1996) through a number of mechanisms which
can be divided into direct and indirect e�ects. Direct
e�ects include the emissions of radiatively active gases
and aerosols, such as carbon dioxide and soot particles,
and radiative forcing by the ice crystals comprising the
contrails in the upper troposphere and lower strato-
sphere. Indirect e�ects are related to the ozone changes in
response to aircraft NOx emissions and alteration of the
formation of clouds by aircraft particle emissions. In this
study, the analyses are focused on the radiative forcing
due to ozone changes. Because the sensitivity of radiative
forcing to ozone changes is largest near the tropopause
(Wauben et al., 1998), the radiative forcing due to

Table 3. Contribution of the anthropogenic NOx sources to the O3 burden (%) from the ground to 150 hPa and from 450 to 150 hPa (in
parentheses). The average percentual changes for 30±60°N, for the Northern- and Southern Hemisphere and the global average are given for
1990 and 2015

January July

30±60°N NH SH Global 30±60°N NH SH Global

1990
Aircraft 2.3 (2.4) 2.1 (2.2) 0.6 (0.6) 1.4 (1.5) 2.5 (3.4) 2.4 (3.1) 1.0 (1.1) 1.7 (2.2)
Industry 1.7 (1.3) 1.5 (1.2) 0.5 (0.4) 1.1 (0.8) 2.0 (1.3) 1.7 (1.2) 0.5 (0.4) 1.1 (0.9)
Electricity 1.9 (1.6) 1.7 (1.3) 0.8 (0.6) 1.3 (1.0) 2.1 (1.3) 1.7 (1.2) 0.6 (0.5) 1.2 (0.9)
Road tra�c 3.6 (2.9) 3.3 (2.6) 1.9 (1.5) 2.7 (2.1) 3.5 (2.1) 3.0 (2.0) 1.5 (1.3) 2.3 (1.7)

2015
Aircraft 3.3 (3.5) 3.0 (3.2) 0.5 (0.5) 1.9 (2.0) 3.6 (4.7) 3.3 (4.4) 1.3 (1.5) 2.4 (3.1)
Industry 1.5 (1.2) 1.4 (1.1) 0.3 (0.2) 0.9 (0.7) 1.8 (1.0) 1.6 (1.0) 0.5 (0.5) 1.1 (0.8)
Electricity 3.0 (2.4) 2.6 (2.0) 0.7 (0.4) 1.8 (1.3) 3.0 (1.6) 2.4 (1.4) 0.7 (0.6) 1.6 (1.1)
Road tra�c 2.7 (2.2) 2.8 (2.2) 1.6 (1.2) 2.3 (1.8) 2.2 (0.8) 2.1 (1.1) 1.8 (1.5) 2.0 (1.3)

Table 4. Contribution to the
radiative forcing by ozone cha-
nges due to the di�erent
anthropogenic NOx sources for
1990 and 2015 calculated with
the radiation model (MacKay
and Khalil, 1991). The average
values for the Northern- and
Southern Hemisphere and the
global average value are given
for January and July in W m)2

January July

NH SH Global NH SH Global

1990
Aircraft 0.022 0.006 0.014 0.040 0.012 0.026
Industry 0.013 0.004 0.009 0.018 0.005 0.011
Electricity 0.015 0.006 0.011 0.018 0.006 0.012
Road tra�c 0.029 0.015 0.022 0.032 0.015 0.023

2015
Aircraft 0.032 0.006 0.019 0.058 0.016 0.037
Industry 0.012 0.004 0.008 0.016 0.005 0.011
Electricity 0.022 0.006 0.014 0.024 0.006 0.015
Road tra�c 0.025 0.015 0.020 0.019 0.017 0.018
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aircraft-induced ozone changes can be relatively impor-
tant. The radiative forcings have been calculated with the
radiation model developed by MacKay and Khalil,
(1991) using the ®xed temperature concept and assuming
clear sky conditions. This means that the instantaneous
change in net downward irradiance at the tropopause is
calculated without taking the indirect in¯uence of
changes in temperature and dynamics into account.

Table 4 lists the radiative forcings by the aircraft-
induced ozone changes and by the contribution of the
three anthropogenic NOx surface sources to the ozone
concentration for 1990 and 2015. For 1990, the radiative
forcing due to NOx emissions from industrial combus-
tion and electricity generation is smaller than the
radiative forcing due to aircraft NOx emissions. The
radiative forcing due to NOx emissions from road tra�c
is larger than the radiative forcing due to aircraft
emissions for January and somewhat smaller for July.
The radiative forcing by the aircraft-induced ozone
changes increases by about 50% between 1990 and 2015.
During this period, the radiative forcing due to the
emissions from electricity generation increases as well,
while the radiative forcing in the Northern Hemisphere
due to industrial combustion and road tra�c decreases,
due to the decrease in the emissions over Western
Europe, the USA and Japan. In 2015, the calculated
radiative forcing due to the aircraft emissions is consid-
erably larger than the radiative forcing due to the other
anthropogenic NOx surface sources.

The radiative forcing by aircraft-induced ozone
changes can be compared with the radiative forcing
due to the other anthropogenic forcing mechanisms
(IPCC, 1995). The total radiative forcing due to changes
in greenhouse gas concentrations since pre-industrial
times is about 2.45 W m)2. This is primarily due to
increases in the concentrations of CO2 (1.56 W m)2),
CH4 (0.47 W m)2) and tropospheric ozone. The esti-
mated annually averaged radiative forcing due to
tropospheric ozone changes since pre-industrial times
is about 0.4 W m)2 (Brasseur et al., 1998). Hence, the
present-day radiative forcing by aircraft-induced ozone
changes is about 1% of the total radiative forcing and
about 7% of the radiative forcing due to increases in the
concentrations of tropospheric ozone. However, it is
important to note that the uncertainties in the calculated
ozone perturbations and radiative forcing are very large.

6 Conclusions

The present and future e�ects of aircraft NOx emissions
on the NOx and ozone concentrations in the atmosphere
and on the radiative forcing have been calculated with a
three-dimensional chemistry transport model using the
ANCAT-2 aircraft emission inventory and a radiation
model. The e�ects of the aircraft emissions have been
compared with the e�ects of the three most important
anthropogenic NOx surface sources: road tra�c, elec-
tricity generation and industrial combustion.

The model results indicate that the present day
aircraft NOx emissions cause an increase in the NOx and

ozone concentrations in the upper troposphere and
lower stratosphere. Since most NOx aircraft emissions
occur above the Northern Hemisphere, the increases in
the NOx and ozone concentrations are much higher in
the Northern Hemisphere than in the Southern Hemi-
sphere. For the reference year 1990, the aircraft emis-
sions result in an increase in the NOx concentration at
250 hPa of about 20 pptv in January and 50 pptv in July
over the eastern USA, the NAFC and Western Europe,
corresponding to a relative increase of about 50%. The
maximum increase in the ozone concentrations due to
the aircraft emissions is about 1.5±2 ppbv in January
and 3±4 ppbv in July over the northern mid-latitudes,
corresponding to a relative increase of about 2.5% in
January and 3±4% in July.

According to the ANCAT projection for 2015, the
aircraft NOx emissions in that year will be 90% higher
than in the reference year 1990. As a consequence of
this, the aircraft-induced NOx perturbations increase by
about 90% between 1990 and 2015, while the ozone
perturbation increases by 50±70%. In 2015, the aircraft
emissions result in an increase in the NOx concentration
at 250 hPa of about 50 pptv in January and 100 pptv in
July over the eastern USA, the NAFC and Western
Europe. The maximum increase in the ozone concen-
trations due to the aircraft emissions is about 2.5 ppbv
in January and 5±6 ppbv in July over the northern mid-
latitudes.

Taking into account chemical conversion in the
aircraft plume by means of modi®ed aircraft NOx

emissions, a signi®cant reduction of the aircraft-induced
NOx and ozone perturbations results. The NOx pertur-
bation decreases by about 40% and the ozone pertur-
bation by about 30% in July over Western Europe, the
eastern USA and the NAFC.

The e�ects of the aircraft emissions have been
compared with the e�ects of the anthropogenic NOx

surface emissions. During the 1990±2015 period, the
perturbations due to the aircraft NOx emissions increase
faster than due to the other NOx surface sources. In
2015, the e�ect of the aircraft emissions on the ozone
burden is clearly greater than the e�ect of the individual
NOx surface sources, especially in July.

The aircraft-induced ozone changes cause a global
average radiative forcing of 0.013 W m)2 for January
and 0.025 W m)2 for July 1990; the radiative forcing
increases to 0.019 W m)2 and 0.037 W m)2, respectively,
in 2015, corresponding to an increase of about 50%. In
1990, the radiative forcing due to NOx emissions from
road tra�c is comparable to the radiative forcing due to
aircraft emissions, while the radiative forcing due to
NOx emissions from industrial combustion and electric-
ity generation is smaller. In 2015, the estimated radiative
forcing due to the aircraft emissions is considerably
larger than that due to the other anthropogenic NOx

surface sources, especially in July.
Major uncertainties exist on the representation of

various dynamic and chemical processes in CTMs.
Furthermore, the coarse vertical resolution and the use
of monthly averaged wind ®elds in the model used in
this study restricts its ability to accurately represent the
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(upper) tropospheric transport and chemistry of trace
gases like NOx and ozone. Although the uncertainties in
the calculated changes of the NOx and ozone concen-
trations due to aircraft emissions are large, the model
can provide estimates of present and future aircraft
perturbations without excessive computation times and
in close agreement to those from more complicated
models.
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