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Abstract

Within the EU-project TRADEOFF, the impact of NOx (=NO+NO2) emissions from
subsonic aviation upon the chemical composition of the atmosphere has been cal-
culated with focus on changes in reactive nitrogen, ozone, and the chemical lifetime
of methane. We apply a 3-D chemical transport model that includes comprehensive5

chemistry for both the troposphere and the stratosphere and uses various aircraft emis-
sion scenarios developed during TRADEOFF for the year 2000. The environmental
effects of enhanced air traffic along polar routes and of possible changes in cruising
altitude are investigated.

In the reference case the model predicts aircraft-induced maximum increases of10

zonal-mean NOy (=total reactive nitrogen) between 156 pptv (August) and 322 pptv
(May) in the tropopause region of the Northern Hemisphere. Resulting maximum in-
creases in zonal-mean ozone vary between 3.1 ppbv in September and 7.7 ppbv in
June. The lifetime of methane is calculated to decrease by 0.71%, inducing a radiative
forcing of −6.4 mW/m2.15

Enhanced use of polar routes implies significantly larger zonal-mean ozone in-
creases in high Northern latitudes during summer, while the effect is negligible in winter.

Lowering the flight altitude leads to smaller ozone increase in the lower stratosphere
and upper troposphere, and to larger ozone increase at lower altitudes. Regarding
total ozone change, the degree of cancellation between these two effects depends on20

latitude and season, but annually and globally averaged the stratospheric decrease
dominates, mainly due to washout of NOy in the troposphere, which weakens the tro-
pospheric increase.

Raising flight altitudes increases the ozone burden both in the troposphere and the
lower stratosphere, primarily due to a more efficient accumulation of pollutants in the25

stratosphere.
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1. Introduction

Driven mainly by continuing economic growth and reduced fares, passenger traffic is
estimated to grow at an average annual rate of nearly 5 percent during the period 2001–
2020 (Airbus Global Market Forecast, 2002), making civil aviation one of the fastest
growing industrial sectors. Emissions of aircraft include carbon dioxide (CO2), water5

vapor (H2O), nitric oxide (NO), nitrogen dioxide (NO2), carbon monoxide (CO), a variety
of hydrocarbons (HC), sulfur oxides, soot and other particles. Different aspects of the
impact of aircraft emissions on the atmosphere have been identified, including changes
in greenhouse gases, particles, contrails, and cirrus cloud formation (e.g. Fabian and
Kärcher, 1997; Brasseur et al., 1998; Penner et al., 1999; Schumann et al., 2000;10

Isaksen et al., 2003). The main threat of aviation to the wider environment is believed
to lie in its contribution to climate change.

The present study deals with the impact of NOx emissions from aircraft, which, al-
though representing only 1–2% of the total emissions of NOx from man-made and
natural sources in the early 1990s (Lee et al., 1997), may have a pronounced impact15

on the chemical composition of the atmosphere. During the last three decades numer-
ous studies have focused on the different implications of NOx emissions from aircraft
(e.g. Hidalgo and Crutzen, 1977; Johnson et al., 1992; Schumann et al., 1997; Dameris
et al., 1998; Kentarchos and Roelofs, 2002; Grewe et al., 2002a, b). Most importantly,
NOx emissions from aircraft are expected to increase ozone in the upper troposphere20

and lower stratosphere region (UTLS).
In contrast to all other major anthropogenic emission sources, aircraft emit their ex-

haust products directly into the UTLS, where pollutants have a much longer lifetime
than at Earth’s surface, allowing excess nitric oxide and ozone to accumulate to larger
and more persistent perturbations than at Earth’s surface. These factors, combined25

with the relatively large radiative forcing caused by ozone increases occurring in the
UTLS (Wang and Sze, 1980; Lacis et al., 1990; Hansen et al., 1997), make aircraft
NOx emissions disproportionately important to the total O3 radiative forcing from all
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sources. On the other hand, additional NOx and ozone enhance the concentration
of the hydroxyl radical (OH), whereby the chemical lifetime of methane (CH4), which
is lost primarily through the reaction with OH, is reduced. The degree, to which the
positive radiative forcing from ozone increases and the negative radiative forcing from
methane reductions cancel each other, has long been under investigation (Penner et5

al., 1999). It is clear, however, that the two effects cannot be easily compared as they
act on spatially different scales (Isaksen et al., 2001). Due to the relatively long life-
time of methane its aircraft-induced increases are well-mixed throughout the globe and
exert radiative forcing mainly in low and mid latitudes. Ozone, on the other hand, is
a short-lived greenhouse gas, with the largest perturbations and concomitant radiative10

forcing near the aircraft emission source in high northern latitudes.
The implication of NOx emissions for ozone levels depends strongly on the altitude

of the emissions for both chemical and dynamical reasons. As aircraft emissions occur
near the tropopause, only small shifts in flight altitude will lead to large changes in the
fraction of emissions released into the stratosphere, where pollutants accumulate more15

efficiently due to less vertical mixing and the absence of washout processes. Secondly,
the chemical production of ozone per emitted NOx molecule is a non-linear function of
ambient levels of NOx (Brasseur et al., 1998; Jaeglé et al., 1998, 1999) and the avail-
ability of hydrocarbons (Brühl et al., 2000; Kentarchos and Roelofs, 2002), which in
turn largely depend on altitude. In the sunlit troposphere and lower stratosphere, NOx20

leads to efficient ozone production through oxidation of carbon monoxide, methane,
and higher hydrocarbons. At higher altitudes in the stratosphere this source becomes
less important due the limited availability of hydrocarbons, while catalytic ozone deple-
tion cycles involving NOx (Crutzen, 1970; Johnston, 1971) gain importance, and the
injection of NOx actually destroys ozone rather than producing it.25

The study presented in this paper has been performed within the EU-project TRADE-
OFF, funded by Framework Programme 5 of the European Commission. One of the
main goals of TRADEOFF has been to study how the environmental impact of aircraft
depends on flight routing and flight altitude. Model experiments using different aircraft
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emission scenarios were designed to provide an input for decision making on how to
reduce aircraft impact in the future through change of air traffic patterns.

Here we present results from the Oslo CTM-2, a three-dimensional global chemical
transport model for the troposphere and the lower stratosphere. The particular strength
of this model is the joint application of two comprehensive and well-tested chemistry5

schemes for the troposphere and the stratosphere, respectively. This, combined with
the use of a highly accurate advection scheme and a relatively high vertical resolution in
the mid- to high-latitude tropopause region, makes the model suitable for assessing the
impact of aircraft emissions. In the following section the model tool is briefly described
and evaluated against position data from MOZAIC (Measurement of Ozone and Water10

Vapor by Airbus In-Service Aircraft). Section 3 deals with the aircraft scenarios used in
this study and their implementation in the Oslo CTM-2, while a detailed presentation of
results is given in Sect. 4, followed by brief conclusions and future directions in Sect. 5.

2. The Oslo CTM-2

All simulations presented in this paper have been performed with the Oslo CTM-215

model (hereafter ‘CTM2’), a global three-dimensional chemical transport model (CTM)
for the troposphere and the lower stratosphere, driven by real meteorology from
ECMWF (European Centre for Medium range Weather Forecasts). The CTM2 ver-
sion focusing on tropospheric chemistry has been tested and applied in various papers
(e.g. Bregman et al., 2001; Kraabøl et al., 2002; Grini et al., 2002; Isaksen et al.,20

2005), while the version including both tropospheric and stratospheric chemistry (used
in this study) has been used in studies on the impact of water vapor emissions from air-
craft (Gauss et al., 2003a) and radiative forcing due to future changes in tropospheric
and lower stratospheric ozone (Gauss et al., 2003b). The model is run in 5.6×5.6
degrees horizontal resolution and with 40 sigma-pressure hybrid layers between the25

surface and 10 hPa. The vertical resolution in the tropopause region varies between
about 0.8 km in high latitudes and about 1.2 km in low latitudes. Advective transport
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uses the highly-accurate and non-diffusive Second Order Moments scheme (Prather,
1986). Transport through deep convection is parameterized applying the Tiedtke mass
flux scheme (Tiedtke, 1989), whereas boundary layer mixing is treated according to
the Holtslag K-profile scheme (Holtslag et al., 1990). The calculation of dry deposition
follows Wesely (1989), while wet deposition and washout are calculated based on the5

ECMWF data for convective activity, cloud fraction, and rainout and on the solubility
of the species in question. Both large scale and convective washout processes are
represented.

For the chemical integrations two comprehensive modules are used, which cover
tropospheric and stratospheric chemistry, respectively. The tropospheric chemistry10

scheme calculates the evolution of 51 species taking into account 86 thermal reac-
tions, 17 photolytic reactions, and 2 heterogeneous reactions. The module includes
detailed hydrocarbon chemistry and has been thoroughly tested in the Oslo CTM-1
model (Berntsen and Isaksen, 1997). The stratospheric chemistry solver was devel-
oped by Stordal et al. (1985) and Isaksen et al. (1990) and has been extensively used15

and validated in a stratospheric 3-D CTM (Rummukainen et al., 1999). 158 reactions
(104 thermal, 47 photolytic, and 7 heterogeneous) involving a total of 64 species (in-
cluding 7 families) relevant for the stratosphere are integrated. The model version used
in this study applies the scheme of Carslaw et al. (1995) to calculate rate coefficients
for heterogeneous reactions occurring on sulfate aerosols and/or polar stratospheric20

clouds. Sulfate aerosol area densities are retrieved from SAGE satellite measure-
ments for 1999. Both the tropospheric and stratospheric chemistry schemes apply the
Quasi Steady State Approximation (QSSA) (Hesstvedt et al., 1978), using gas phase
reactions rates from JPL evaluations (DeMore et al., 1997; Sander et al., 2000). Pho-
todissociation rates are calculated on-line once every model hour applying the Fast-J225

method (Bian and Prather, 2002). The tropospheric and stratospheric chemistry mod-
ules are, respectively, called below and above the tropopause, which is determined
from the NCEP (National Center for Environmental Prediction) reanalysis. It has to be
stressed, however, that each transported species is advected throughout the model
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domain.
Anthropogenic emissions of source gases (CO, NOx, Methane, VOC compounds)

are the same as in the OxComp model intercomparison study of IPCC-TAR (Prather
et al., 2001), based on an extrapolation of the EDGAR 2.0 database (Olivier et al.,
1999) to year 2000 conditions. Natural emissions are taken from the Global Emissions5

Inventory Activity (GEIA, http://geiacenter.org) and Müller (1992). The lightning source
is based on zonal-mean data given by Price et al. (1997a, b), scaled to a global out-
put of to 5 Tg(N)/year. Monthly and zonally integrated emission are distributed among
all grid cells and meteorological time steps based on local cloud top height and con-
vective activity, following two formulas given by Price et al. (1997a) for continental and10

marine areas, respectively. The vertical distribution of lighting emissions within a col-
umn is computed following Pickering et al. (1998). Aircraft emissions are taken from
TRADEOFF inventories as will be described in more detail in Sect. 3. The conver-
sion of emitted NOx into HNO3 and other nitrogen reservoir species within the aircraft
plume is taken into account following the approach of Kraabøl et al. (2002) using the15

NILU aircraft plume model (Kraabøl et al., 1999).
The model has been evaluated in a number of earlier publications dealing with differ-

ent chemical components (e.g. Brunner et al., 2003, 2005; Gauss et al., 2003a; Isaksen
et al., 2005; Stevenson et al., 2005). For an additional model evaluation focusing on
the UTLS region, where aircraft emissions usually occur, Fig. 1 shows comparisons of20

CTM2 modeled ozone with MOZAIC aircraft measurements for a selection of flights at
different times of the year. The flights have been selected to be representative for the
model performance, showing both strengths and weaknesses, and to cover different
seasons of the year. Although, due to the rather course spatial and temporal reso-
lutions compared to the dense spacing of MOZAIC measurements, the variability of25

the MOZAIC measurements on very short time scales is not resolved, the comparison
reveals a good overall performance of the model. There is a slight tendency of overes-
timating ozone in the upper troposphere, which is probably due to too large downward
flux of stratospheric ozone and missing loss mechanisms, such as heterogeneous pro-
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cessing on cirrus clouds (Solomon et al., 1997; Bregman et al., 2002).

3. Experimental setup

The main characteristics of the 9 model simulations performed for this study are sum-
marized in Table 1. The aircraft emission scenarios were created for TRADEOFF for
the year 2000 using the ‘FAST’ (Future Aviation emissions Scenario Tool) model, de-5

veloped especially for the purpose of the TRADEOFF studies. FAST calculates global
inventories of fuel, NOx, and km traveled on a global grid, which is variable in horizon-
tal and vertical dimensions as a user-specified input. The calculation methodologies
and air traffic movement database were identical to those used in the ANCTAT/EC2
inventory (Gardner et al., 1998). Aircraft were modeled using 16 types and engines,10

representative of the global fleet. Fuel-flow data for these 16 types were modeled using
the same load factor assumptions as in ANCAT/EC2 (i.e. 85%) for a number of mission
distances and specified cruise altitudes. The novelty for the TRADEOFF work was the
creation of scenarios for the investigation of the impact of polar routes and differing
cruise altitudes. The analysis of real mission data from the Eurocontrol and FAA (Fed-15

eral Aviation Administration) air-space domains, using approximately 53 000 flights,
revealed that cruise altitudes correlate with mission distances for the representative
aircraft types. In the TRADEOFF scenarios cruise altitudes were prescribed on the
basis of this analysis. As the movements database was for 1991/92, a scaling exercise
was undertaken to create a year 2000 inventory. The performance of the aircraft fleet20

was changed according to historical trends in fuel efficiency, which was assumed to
be 1.1% improvement per year. The growth in traffic fleet and revenue passenger kilo-
meters between 1992 and 2000 was calculated based on FESG projections (FESG,
1998) for the IS92f scenario (Leggett et al., 1992), as this scenario closely matches
year 2000 ICAO (International Civil Aviation Organization) traffic data.25

All TRADEOFF scenarios are provided on a 1◦×1◦ horizontal grid with a vertical
interval chosen on the same basis as the real data (i.e. flight level intervals of 2000
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feet or 610 m), for 4 different seasons (December to February, March to May, June
to August, and September to November). Aircraft NOx emissions are judged by an
emission index, E.I.(NOx), equal to grams of NOx (as NO2) in the exhaust per kilograms
of fuel burned. In the TRADEOFF reference case for the year 2000, which is used
in model run ‘yy’, both civil and military aircraft are included with a global annual fuel5

consumption of about 169 Tg and a global annual nitrogen emission of 0.71 Tg(N)/year,
corresponding to an average E.I.(NOx) of 13.88. The geographical distribution of the
annual fuel consumption according to this scenario is plotted in Fig. 2, revealing peak
emissions in the North Atlantic Flight Corridor, in North America, Europe and the Far
East. Using the NCEP tropopause height in CTM2, about 16% of the global annual10

NOx output from aviation is deposited directly into the stratosphere. However, this
fraction is strongly dependent on season and latitude due to variations in tropopause
height. At low latitudes, where the tropopause is high, aircraft operations occur entirely
within the tropopause, while at high latitudes nearly all aircraft emissions are injected
into the stratosphere. In mid-latitudes the tropopause height tends to be higher during15

summer leading to a somewhat smaller fraction of stratospheric emissions than during
winter. This in reasonable agreement with what was found by Gettelman et al. (1999),
who used both dynamical and thermal tropopause definitions for their analysis of the
direct deposition of subsonic aircraft emissions into the stratosphere.

Seven TRADEOFF emission scenarios were designed to examine the tradeoffs in20

polar routing and changes in flight altitude: One base case and six perturbation cases.
These scenarios do not include military aircraft and assume a somewhat higher tech-
nology standard in terms of NOx emission reduction. In the TRADEOFF base case
(model run ‘1’) the global annual fuel consumption and nitrogen emission amount to
about 152 Tg/year and 0.59 Tg(N)/year, respectively. In two of the perturbation cases a25

selection of already existing polar routes was significantly enhanced in order to inves-
tigate the impact of increased polar routing.

The first one (model run ‘2a’) is normalized with respect to the base case, i.e. the
global annual fuel burn and nitrogen emission are identical to those in the base case.
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In the second one (model run ‘2b’), the enhanced polar routing comes in addition to
conventional traffic, so that the global annual fuel consumption and nitrogen emission
are significantly larger than in the base case. Also, the fraction of emissions occur-
ring in the stratosphere is much larger in the polar route scenarios, reflecting the low
tropopause height in high latitudes.5

The four remaining scenarios addressed changes in cruising altitude. In order to
represent increased and decreased flight altitudes, increments of real flight levels were
chosen, i.e. +2000 feet and −6000 feet (+610 m and −1830 m, respectively). The
altitude decreases were specified by aircraft type and by mission distance. For the
altitude increase some aircraft types for particular mission distances could not perform10

the flight. Thus, for this latter case, shifts in altitude were made only when feasible.
In the scenarios used for model runs ‘3a’ and ‘3b’, the flight altitude is reduced.

Again the first scenario features the same global annual fuel consumption and nitro-
gen emission as the base case, while in the second one, changes in fuel consumption
and nitrogen emissions are taken into account. This approach allows for a separate15

calculation of the impacts of changed emission altitude and the concomitant change
in fuel consumption. As today’s cruise altitudes are determined by fuel efficiency con-
siderations, a decrease of 6000 ft in cruise altitudes will lead to an increase in fuel
consumption related to increased drag. Accordingly, the total NOx emission is slightly
larger compared to the base case. A considerable reduction is seen in the fraction20

of emissions released into the stratosphere, which in this case amounts to only 5.8%
compared to 16.9% in the base case.

Finally, the emission scenarios applied in model runs ‘5a’ and ‘5b’ address an altitude
increase of 2000 ft (610 m). A 2000 feet altitude increase is calculated to lead to a
decrease in fuel consumption by 0.5% (owing to reduced drag), but to an increase in25

NOx emission of 1.6%. This is due to the fact that those aircraft types that can fly
2000 feet higher have a higher average E.I.(NOx) at this altitude. In model run ‘5b’
these changes are taken into account, while in model run ‘5a’ the global annual fuel
consumption and nitrogen emission are the same as in the base case run. Figure 3
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shows the vertical distribution of aircraft NOx emissions in the base case and the four
scenarios dealing with changes in flight altitude.

The meteorology in all model simulations of this study is taken from ECMWF forecast
data for the year 2000. First, a multi-year model run is performed without aircraft to
provide an initial condition for the 3-dimensional fields of all modeled chemical species.5

Starting from this initial condition, follow-up runs are integrated for three additional
years without aircraft emissions and with aircraft emissions according to the various
scenarios described above.

The emissions and tropospheric boundary conditions used are summarized in Ta-
ble 2. Surface emissions of CH4 in the year 2000 are mimicked by setting a con-10

stant mixing ratio in the lowermost 5 layers of CTM2 (up to about 200 m). 1790 and
1700 ppbv are chosen in the Northern and Southern Hemispheres, respectively. The
different perturbation studies considered in this study are summarized in Table 3.

4. Results

4.1. Impact of aircraft emissions in the TRADEOFF reference case15

Model simulations ‘00’ and ‘yy’ are performed to assess the overall effect of NOx emis-
sions from aircraft, including military aircraft. Figure 4 shows annually averaged zonal-
mean changes in NOy, i.e. total reactive nitrogen, defined as the sum of NO, NO2,
NO3, N2O5, HNO4, ClONO2, BrONO2, HNO3, and PAN, and in NOx, which is the sum
of NO and NO2, due to aircraft emissions in the year 2000. Significant perturbations20

are confined to the Northern Hemisphere, reflecting the asymmetric distribution of air-
craft emissions, with maximum increases amounting to 212 pptv for NOy and 45 pptv
for NOx. In CTM2 most of the NOy increase is present as HNO3, as is apparent from
the much smaller NOx increases. Small decreases of near-surface NOx are modeled
in some areas, probably related to increases in ozone, which converts NOx into NOy25

as found in earlier aircraft studies (Stevenson et al., 1997).
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The seasonal variation and locations of the maxima are visualized in Fig. 5. NOy
is significantly enhanced during winter and spring with maximum increases between
250 and 300 pptv in the tropopause region in high Northern latitudes. In CTM2 this
corresponds to a relative increase of about 40%. Throughout the year the maximum in-
crease in zonal-mean NOy is located in mid- to high Northern latitudes between 10 and5

12 km. During Northern Hemisphere Summer and in January the maximum increase is
located at the North Pole (the northernmost latitude belt of CTM2 is centered at about
86◦ N). In July and October the increases are somewhat smaller but still significant.
The seasonal variation of NOy perturbations is mainly related to meteorological condi-
tions, in particular the height of the tropopause, which is low in high Northern latitudes10

during winter allowing aircraft emissions to accumulate more efficiently, and convective
transport and washout of NOy in the troposphere. In particular during July, August,
and September convective activity and thus vertical mixing and washout processes in
the troposphere are relatively vigorous in CTM2 leading to smaller maximum increases
in NOy at mid latitudes, as was already found in earlier CTM2 studies (Kraabøl et al.,15

2002). Thus the relatively smaller increase in high latitudes represents the maximum
increase in NOy during this period. Maximum increases in NOx range from about 40
to almost 70 pptv, depending on season. At night and at large solar zenith angles, the
NOx/NOy ratio is low, leading to a notable displacement of the maximum NOx increase
towards the equator during Northern Hemisphere winter.20

The annual average of zonal-mean ozone and OH changes is shown in Fig. 6.
The maximum increase in ozone is located in high Northern latitudes and amounts to
4.3 ppbv, while the maximum increase in OH is seen in mid Northern latitudes reaching
9.4×104 molecules cm−3. Above a certain altitude in high southern latitudes ozone is
slightly reduced through catalytic NOx cycles, although this perturbation is not signifi-25

cant. Regarding OH, NOx emissions lead to a slight enhancement through the reaction
of NO and HO2 and the increase of ozone, which is an OH precursor. Above a certain
height in the lower stratosphere, however, decreases in OH are modeled, albeit very
small. This is probably connected to the reactions of HNO3 and HO2NO2 with OH,
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which gain importance in the stratosphere in mid- to high latitudes in their competition
with OH-producing reactions.

The magnitude and latitude of the maximum ozone increase are plotted in Fig. 7.
Owing to the close link between sunlight and ozone chemistry, the figure exhibits a
strong seasonal variation. Maximum increases are seen during periods coinciding with5

low solar zenith angles, i.e. late spring and summer. The maximum is located in the
northernmost latitude belt during summer, when the sun is present all day, while in
winter it is displaced towards the equator, as far as 40◦ North in the period December
to February. The very high latitude of maximum increases during summer is explained
by enhanced convective activity during summer, which reduces the ozone increase in10

mid-latitudes. Excess ozone produced from NOx emissions in the UTLS is transported
into the lower troposphere where the chemical lifetime of ozone is shorter and where it
is lost through dry deposition.

The maximum zonal-mean increase in ozone is modeled in June amounting to nearly
8 ppbv, coincident with maximum actinic flux. Relatively small ozone increases be-15

tween 3 and 4 ppbv are modeled between September and January, resulting from a
combination of less sunlight and lower NOy perturbations due to meteorological condi-
tions.

Table 4 lists changes in total ozone for all perturbations discussed in this paper. For
the increase due to aircraft in the TRADEOFF reference case with respect to the ‘no20

aircraft’ simulation a global mean increase of about 0.39 DU is modeled, corresponding
to an ozone burden increase of 4.24 Tg. For the Northern Hemisphere these values
are 0.68 DU and 3.72 Tg, i.e. most of the increase in ozone burden is located in the
Northern Hemisphere. Values for changes in the tropospheric ozone column are listed
in parenthesis. It is seen that most of the increase in the TRADEOFF reference case25

occurs in the troposphere. The season-latitude distribution of ozone column change is
plotted in Fig. 8. Both the tropospheric and the total (i.e. surface to CTM2 lid) ozone
columns are modeled to increase in all seasons and all latitudes. The maximum tro-
pospheric and total column increases are modeled in mid- to high Northern Latitudes
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during May and amount to 1.15 DU (2.52%) and 1.34 DU (0.35%), respectively.
The impacts of aircraft NOx emissions on global tropospheric lifetime of methane are

listed in Table 5. The lifetime of methane is expected to decrease due to aircraft-NOx
emissions through the enhancement of OH. Since methane has a relatively long lifetime
in the troposphere it is not feasible to calculate changes in methane concentrations5

directly because of the high CPU demand of CTM2. Rather we estimate changes
in methane by changes in its lifetime, which responds instantaneously to changing
OH levels. In line with what is done in the IPCC Third Assessment Report (Prather
et al., 2001) we apply a chemical feedback factor of 1.4 to account for the longer
residence time of a perturbation in methane (Prather, 1994). The resulting radiative10

forcing is calculated based on the established relation between increases in methane
concentration and radiative forcing (Ramaswamy et al., 2001). The lifetime reduction
and concomitant radiative forcing calculated for the TRADEOFF reference scenario
amount to −0.71% and −6.41 mW/m2, respectively.

The results of this study can not easily be compared quantitatively with earlier stud-15

ies, because new aircraft emission scenarios are used here. However, the spatial
distribution and seasonal variation of NOx and ozone changes are similar to what was
obtained in earlier studies (Wauben et al., 1997; Stevenson et al., 1997; Berntsen and
Isaksen, 1999; Kentarchos and Roelofs, 2002). Köhler et al. (1997) obtained maximum
zonal-mean NOx increases exceeding 50 pptv in both January and July, i.e. somewhat20

larger than in the present study. This is due to the larger emission source used in their
study (i.e. 0.85 Tg(N)/yr), but also to plume chemistry processes reducing both NOy
and NOx perturbations in our study. Compared to the results of Kentarchos and Roelofs
(2002), who used a total aircraft emission source of 0.56 Tg(N)/yr, our maximum ozone
increase is further North in July and larger in magnitude, while the perturbations in NOx25

are in approximate agreement, especially in January (although it has to be noted that
Kentarchos and Roelofs include HNO4, NO3 and N2O5 in the definition of their NOx).
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4.2. Tradeoffs in enhanced polar routing

Six TRADEOFF scenarios were designed for comparison with the TRADEOFF base
case: two scenarios addressing polar routes and four dealing with changes in flight al-
titudes. The impact of aircraft emissions in the base case simulation (‘1’) is qualitatively
the same as in the reference case (‘yy’) discussed in Sect. 4.1. Due to the lower emis-5

sion rate, however, the magnitudes of increase are slightly smaller, which is why the
following discussion focuses on the sensitivity of aircraft impact to flight routing rather
than the aircraft impact itself.

In recent years polar routes in the Northern Hemisphere have been increasingly used
by long range aircraft. For instance, great circle (i.e. shortest) connections between city10

pairs in Europe and the Western part of North America or between the Far East and
the Eastern part of North America go through Arctic regions, and are/will be followed
by airlines as closely as possible. Within TRADEOFF the impact of increased polar
routing has been studied by enhancing already existing polar routes in the Northern
Hemisphere significantly and by analyzing the model response. The strong depen-15

dence of chemistry on sunlight combined with the strong seasonality of insolation in
high latitudes lead to a large seasonal variability in ozone impact due to aircraft in high
latitudes, which is of particular importance when considering increased high latitude
routing. Figure 9 shows the change in net chemical production due to polar routing
replacing standard routes. In June the impact is clearly revealed, while in December in20

the absence of sunlight in high Northern latitudes, it is negligible. The slight decrease
in mid-latitudes in this perturbation results from a reduction in mid-latitude traffic in this
scenario.

Annually averaged zonal-mean changes in ozone are presented in Fig. 10 with re-
spect to the TRADEOFF base case and the ‘no aircraft’ simulations. In the middle25

stratosphere signs of ozone depletion due to NOx emissions are seen, but this effect
is negligible in view of the large ambient ozone levels in these altitudes. The decrease
of conventional routes manifests itself by the reduced ozone increase in mid- and low
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Northern latitudes in the troposphere with respect to the base case. The ozone impact
with respect to the ‘no aircraft’ case reveals appreciable increases in the Arctic.

Figure 11 shows the seasonal variations of the maximum zonal-mean increases in
NOy and ozone, together with the global average increase in total ozone for the polar
route scenarios (blue lines) and the other TRADEOFF scenarios to be discussed in5

Sect. 4.3 (red and green lines), along with the base case perturbations (black line).
As shown by the blue lines in the upper panel of the figure, NOy increases drastically
in the polar route scenarios since washout of HNO3 is less important in high latitudes
and absent in the lower stratosphere, in which most of the additional high latitude
emissions occur. The latitude of the maximum NOy increase (not shown) is north of10

80◦N throughout the year. The maximum increase in zonal-mean ozone (blue line in
the middle panel) is strongly influenced by solar radiation, which is a maximum during
summer. As the seasonal variation of actinic flux is particularly strong in high latitudes
the seasonality of the maximum ozone increase is much more pronounced than in the
base case. Indeed, in the normalized polar route scenario during winter, zonal mean15

increases in ozone are even smaller than in the base case. This is even more pro-
nounced in the total ozone increase shown by the blue lines in the bottom panel of
the figure. In the Northern Hemisphere, a replacement of conventional routes by polar
routes would reduce the impact on the tropospheric column and increase the strato-
spheric column on an annual average since more emissions occur in the lower Arc-20

tic stratosphere. In the Southern Hemisphere both the increases in tropospheric and
stratospheric columns are reduced with respect to the base case, as no high Southern
latitude routes are introduced. Judging by the increase in global ozone burden only,
a replacement of conventional routes by polar routes would reduce the environmental
impact of aircraft with respect to the base case. However, this tradeoff is very small25

and subject to meteorological conditions such as washout and tropopause height in
the Arctic regions, which are subject to interannual variation.

Figure 12 shows the latitude/season distribution of ozone column change due to
polar routing replacing standard routes. Due to the poleward shift of aircraft emissions
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the increase in both tropospheric and total ozone columns is reduced in low Northern
latitudes. Significant increases are confined to the summer season in high Northern
latitudes. Regarding the ozone burden, increases in ozone in high latitudes are not
compensated by reductions in mid- and low latitudes. Both the increase in ozone
burden and the reduction in methane lifetime are thus significantly larger than in the5

base case.
As listed in Table 5, the reduction in tropospheric methane lifetime is smaller, when

polar routes are used instead of conventional routes, as a larger fraction of the air-
craft impact occurs in the stratosphere. Accordingly, the magnitude of radiative forcing
due to aircraft-induced methane change is almost 20% smaller than in the base case,10

i.e. −4.47 mW/m2 rather than −5.46 mW/m2.

4.3. Tradeoffs in changing flight altitude

Since the effects of aircraft NOx emissions exhibit strong altitudinal dependencies, it
has been suggested that the aircraft impact can be reduced by changing flight altitude.
Changes in flight altitude will generally lead to modifications in the height profile of15

ozone change, with the impact getting smaller in certain height regions and larger in
others. The key questions to be addressed in this section is to what extent the negative
and positive effects cancel each other in terms of total ozone column change, and how
the impact on methane lifetime and radiative forcing resulting from methane reductions
are modified.20

Not surprisingly, lowering the flight altitude reduces aircraft impact at standard flight
altitudes, while increasing it at lower altitudes. Figure 13 shows the zonal-mean change
in the concentrations of NOy and NOx due to a 1830 m reduction in flight altitude tak-
ing into account changes in fuel consumption. In low to mid-Northern latitudes, we
calculate decreases above 8 to 9 km altitude and increases below, which is a result25

of lowering the emission source. However, it is important to note that the increase
at low altitudes is much smaller in magnitude than the decrease at high altitudes, al-
though the increase in fuel consumption leads to a somewhat larger emission rate at
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the new altitude (the Figure shows changes in concentration rather than mixing ra-
tios in order to make this relation clearer). In the case of NOy, maximum reductions
are modeled between 10 and 11 km altitude in Northern mid-latitudes, amounting to
−11×108 molecules/cm3, while the maximum increase between 6 and 8 km altitude re-
mains below +3×108 molecules/cm3. For NOx the corresponding maximum changes5

are −2.5×108 and +1.1×108, respectively. This asymmetry is, first and foremost, con-
nected to washout of HNO3, which is much more efficient at low altitudes, while being
virtually absent in the lower stratosphere. The HOx partitioning (not shown) is shifted
towards OH in regions of enhanced NOx emissions, and towards HO2 in regions of
reduced NOx emissions. In low latitudes, increases in HO2 are seen in the troposphere10

as well. These are regions where HOx increases as a whole due to the ozone in-
crease. As a result of these changes, the chemical net production, shown in Fig. 14,
is enhanced below about 8 km, and reduced above. However, the effect is more pro-
nounced during summer related to larger photochemical activity.

A normalized scenario for the lower flight altitude case was created to estimate the15

effect from changes in fuel consumption individually. Lowering the cruise altitude will
increase air resistance because the air density increases with decreasing altitude in the
atmosphere. As a result, fuel consumption and NOx emissions will increase. Figure 15
shows the separate effect of increasing fuel emission along with the total effect of
reducing flight altitude on zonal-mean ozone. Although the magnitude of changes20

related to fuel consumption is much smaller than the total aircraft effect, it has to be
noted that the increase covers all altitudes, i.e. there are no canceling effects between
changes of opposite signs at different altitudes. Therefore, in terms of total ozone
change, the effect of increased fuel burn is significant compared to the effect from
lowering the flight altitude alone.25

The total increase in the base case is +0.339 DU (+3.71 Tg). Reducing flight altitude
alone (‘3a minus 1’) leads to a decrease of −0.0266 DU (−0.29 Tg) and increasing fuel
use (‘3b minus 3a’) to +0.0131 DU (+0.14 Tg), so that the total increase due to aircraft
in the lower flight altitude scenario (‘3b minus 00’) amounts to +0.3255 DU (+3.56 Tg).
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These findings are in qualitative agreement with the results in a similar study of Grewe
et al. (2002b), while the magnitudes of change cannot easily be compared because
of the larger total emission from aircraft and the smaller altitude decrease considered
in the Grewe et al. study. Also, it has to be noted that the effect on column ozone
is strongly dependent on both season and latitude, as reflected by the varying gap5

between the green dotted and the solid black lines in Fig. 11 (lower panel) and the
latitudinal distribution of total ozone change shown in Fig. 16. The reduction in flight
altitude leads to decreases in the tropospheric ozone column in low latitudes, which is
a clear manifestation of the importance of washout processes. Both in the base case
and in the lower-altitude case, virtually all low-latitude aircraft traffic is located in the10

troposphere, and the lowering of the aircraft emission source results in a larger fraction
of emitted nitrogen emissions to be washed out. At mid- to high Northern latitudes an
increase in the tropospheric ozone column is modeled. This is due to the enhanced fuel
use, and the larger fraction emitted in the troposphere with respect to the base case.
However, this increase is overcompensated by a corresponding stratospheric decrease15

during summer and mid-winter so that the total ozone column change is negative in
these seasons, as it is in all seasons at low latitudes. During summer the main reason
for this is the high tropopause. A large fraction of aircraft emissions is occurring in
the troposphere so that the increase of washout processes and the decrease of ozone
lifetime with decreasing altitude are important. On the other hand, during spring and20

autumn the tropopause tends to be lower and even in the low altitude scenario a very
large fraction of aircraft emissions occurs in the stratosphere, where washout does not
play a role. The other effect, i.e the decrease in residence times of pollutants in the
lower stratosphere with decreasing altitude is not sufficiently important to compensate
for the increases in the troposphere. The effect on the total column is thus positive,25

albeit only slightly.
The next option, an increase in flight altitude by 610 m, is investigated through model

runs ‘5a’ and ‘5b’. Figure 17 shows annually averaged zonal-mean changes in the
concentrations of NOy and NOx due to a 610 m increase in flight altitude taking into
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account changes in fuel consumption and in the total emission of nitrogen. In North-
ern mid- to high latitudes we calculate increases above 8 to 9 km altitude and de-
creases below. Again, the effect at high altitudes is larger in magnitude than the effect
at low altitudes. For instance, the maximum (high altitude) increase in NOy amounts

to +4.5×108 molecules, while the magnitude of the largest reduction is about ten times5

smaller, −0.43×108 molecules/cm3. This can be in part explained by less efficient
washout of excess NOy at the new (and higher) altitude of emission. Also, the longer
effluent lifetime at higher altitudes allows for more pronounced increases and thereby
to increased downward flux of NOy, which partly compensates for the reduced in situ
NOx emissions at lower altitudes. Maximum changes in NOx and NOy are displayed in10

Fig. 11. Slightly larger perturbations are obtained compared to the base case, with the
fuel consumption effect being of minor importance.

By and large, increases of the OH/HO2 ratio (not shown) are seen in regions where
the NOx emission is enhanced, while reductions in NOx emissions are marked by lower
OH and higher HO2 concentrations. Qualitatively, the effect of higher flight altitude is15

approximately opposite from what is obtained in the lower-altitude simulations. How-
ever, the magnitude of the effect is somewhat smaller, primarily because the change in
flight altitude is smaller. The same is true for changes in the chemical net production,
which is shown in Fig. 18. The tendency is a reduction below about 8 to 10 km, and an
enhancement above, which is most pronounced during summer.20

Figure 19 shows the individual effect of changes in fuel consumption and the overall
effect of increasing the flight altitude on zonal-mean ozone. The effect of the increased
NOx emission is positive at all altitudes, while the overall effect is slightly negative
at low altitudes, positive in the lower stratosphere and again negative in the middle
stratosphere, probably due to ozone depletion mechanisms involving NOx, which is25

increased at this altitude with respect to simulation ‘1’. As seen in Table 4 the over-
all effect on the ozone column due to increased flight altitude is positive both in the
stratosphere and in the troposphere. Through the increase in flight altitude the ozone
increase is enhanced by 0.0103 DU (0.11 Tg) globally (‘5b minus 1’), while the increase
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in NOx emission due to the higher E.I.(NOx) contributes another 0.0054 DU (0.06 Tg)
(‘5b minus 5a’), so that the overall effect increase represented by the difference ‘5b mi-
nus 1’ amounts to 0.0157 DU (0.17 Tg). Averaged over the Northern Hemisphere the
increase equals 0.0207 DU, corresponding to a 0.11 Tg increase of the hemispheric
burden.5

Figure 20 shows the effect of the increased flight altitude on the ozone column as a
function of latitude and season, while the effect on the globally averaged column is de-
picted by the red lines in Fig. 11 (bottom panel). By and large, the results are opposite
to what is obtained for a reduction in flight altitude. In the Southern Hemisphere and in
low latitudes of the Northern Hemisphere, there is an increase in both the tropospheric10

and the stratospheric columns. In mid- to high latitudes the effect on the tropospheric
column is negative because of the relatively low tropopause causing a significant re-
duction in tropospheric emissions in the high-altitude scenario. By contrast, due to the
high summer tropopause a large fraction of emission occurs in the troposphere even
in the high altitude scenario allowing for increases in the ozone impact related to less15

efficient washout of pollutants. The effect of enhanced flight altitudes on the total ozone
column is positive almost everywhere, except for high Northern latitudes in December.
As this exception occurs in the absence of sunlight, it must be related to transport of
air that is poorer in ozone compared to the base case.

In Fig. 21 the dependence of changes in tropospheric and stratospheric ozone20

columns on flight altitude is visualized relative to the changes calculated for the
TRADEOFF base case. The perturbations due to a 6000-feet reduction in flight alti-
tude are positive for the tropospheric and negative for the stratospheric ozone columns,
which is a consequence of increased tropospheric and reduced stratospheric emis-
sions, respectively. The increase in tropospheric columns is much more pronounced25

when the increased fuel emission is taken into account. The reduction of the tropo-
spheric methane lifetime and the resultant radiative forcing are more significant due to
the lower flight altitude. In simulation ‘3b’ the radiative forcing from methane reductions
amounts to −6.80 W/m2, which is about 25% larger in magnitude than the base case
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perturbation (Table 5).
A 2000-feet increase in flight altitude leads to increases in both the tropospheric and

the stratospheric ozone column. Increases in the stratosphere are due to increased
emissions, while increases in the troposphere are mostly due to increased downward
transport of NOy and resulting increases in tropospheric ozone production. In spite of5

the slight increase in the tropospheric ozone column, the effect from methane is slightly
reduced with respect to the base case simulation, because the methane reduction
is slightly smaller. This is related to the vertical distribution of changes in OH (not
shown) caused by the higher flight altitude. OH is slightly reduced over a major part of
the troposphere leading to an increased lifetime of methane with respect to the base10

case. This effect is not compensated by the OH increases modeled in the cold upper
troposphere where methane oxidation is slower.

5. Conclusions and future directions

In this paper we have presented results from an extensive model study performed for
the TRADEOFF project focusing on the environmental impact of aircraft emissions and15

options to reduce the impact for present conditions (year 2000) and on the impact of
aircraft emissions in a future (year 2050) atmosphere. We have used a 3-D chemical
transport model including comprehensive chemistry schemes for the troposphere and
the stratosphere in order to take into account all chemical processes relevant for the
UTLS.20

In agreement with earlier studies, significant perturbations in NOy and NOx are mod-
eled in the tropopause region of the Northern Hemisphere with a strong zonal vari-
ability in the case of NOx. The resulting maximum perturbations in zonal-mean ozone
range between about 3 and 8 ppbv, depending on season. Radiative forcing due to the
aircraft-induced reduction in methane amounts to −6.4 mW/m2 in the reference case for25

the year 2000. This effect is in the lower end of the range −6 to −12 mW/m2 reported
by the model studies performed in the TRADEOFF project (Isaksen et al., 2003), in
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most of which plume processing was less efficient or not modeled.
Emission scenarios regarding enhanced use of polar routes result in significantly

enhanced increase in polar stratospheric ozone. However, this increase is confined to
the summer season. Judging by ozone changes only, the aircraft impact could thus be
reduced by enhanced use high latitude routes during winter.5

Another investigation in this study has investigated the impact of changes in flight
altitude based on realistic aircraft emission scenarios. Changes in flight altitude modify
the vertical profile of ozone changes. In terms of annually averaged total ozone column
change, an increase in flight altitude leads to a larger impact, while a reduction in
flight altitude leads to a smaller impact than in the scenario assuming standard flight10

altitudes. However, these effects are highly dependent on season, latitude, and local
meteorological conditions. In mid- to high Northern latitudes during summer, lowering
the flight altitude significantly reduces the aircraft impact on ozone, while in spring and
autumn, larger ozone column increases are modeled. Increasing the flight altitude is
calculated to result in larger total ozone increases in all seasons and latitudes, with the15

exception of high Northern latitudes in late autumn in the absence of sunlight.
Aircraft-induced changes in ozone and modifications in the height profile of ozone

change will alter radiative forcing exerted by ozone. Radiative forcing calculations are
being performed based on the ozone perturbations discussed in this paper (G. Myhre,
University of Oslo, personal communication) and will be published in the near future20

(Stordal et al., 20051). In addition, it is planned to run the CTM on a higher horizontal
resolution with meteorology from other years than 2000, to include PAN and acetone
chemistry explicitly in the stratospheric chemistry package, and chlorine chemistry in
the tropospheric module.

In terms of the potential climate impact from aircraft, it has to be noted that this study25

only deals with changes in ozone and methane. In order to make practical suggestions
on how to reduce aircraft impact by changes in flight altitude and routing, these results

1Stordal, F., Myhre, G., Gauss, M., et al.: Radiative forcing from ozone and methane due to
air traffic: TRADEOFFs in alternative routing, in preparation, 2005.
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have to be considered in connection with other aspects of aircraft impact on the envi-
ronment. For example, changes in flight routing will, in general, lead to changes in fuel
consumption and thus in emissions of CO2, a major greenhouse gas. Contrails and
cirrus clouds constitute another important climate impact from aircraft (e.g. Marquart
et al., 2003; Isaksen et al., 2003). Their formation is largely controlled by the ambient5

meteorological conditions including pressure and humidity and therefore is strongly de-
pendent on flight altitude and latitude. The resulting radiative forcing depends on their
optical properties, solar zenith angle, and natural cloud cover, all of which need to be
modeled accurately.

Following an integrated analysis of all aspects of aircraft impact for different atmo-10

spheric conditions and options for flight routing, suggestions on how to reduce the
environmental impact have to be examined together with safety considerations and air
traffic restrictions before decisions can be taken. The present study has thus to be
viewed as one important input to the overall assessment of the environmental impact
of civil aviation.15
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Parker, E., Schmitt, A., ten Have, H., and Vandenbergh, C.: ANCAT/EC2 Global Aircraft15

Emission Inventories for 1991/92 and 2015, Report by the ECAC/ANCAT and EC working
group, EUR-18179, 1998.

Gauss, M., Isaksen, I. S. A., Wong, S., and Wang, W.-C.: Impact of H2O emissions from
cryoplanes and kerosene aircraft on the atmosphere, J. Geophys. Res., 108(D10), 4304,
doi:10.1029/2002JD002623, 2003a.20

Gauss, M., Myhre, G., Pitari, G., Prather, M. J., Isaksen, I. S. A., Berntsen, T. K., Brasseur,
G. P., Dentener, F. J., Derwent, R. G., Hauglustaine, D. A., Horowitz, L. W., Jacob, D. J.,
Johnson, M., Law, K. S., Mickley, L. J., Müller, J.-F., Plantevin, P.-H., Pyle, J. A., Rogers, H.
L., Stevenson, D. S., Sundet, J. K., van Weele, M., and Wild, O.: Radiative forcing in the 21st
century due to ozone changes in the troposphere and the lower stratosphere, J. Geophys.25

Res., 108(D9), doi:10.1029/2002JD002624, 2003b.
Gettelman, A. and Baughcum, S.: Direct deposition of subsonic aircraft emissions into the

stratosphere, J. Geophys. Res., 104(D7), 8317–8327, 1999.
Grewe, V., Dameris, M., Fichter, C., and Sausen, R.: Impact of aircraft NOx emissions. Part

1: Interactively coupled climate-chemistry simulations and sensitivities to climate-chemistry30

feedback, lightning and model resolution, Meteorol. Z., 11 (3), 177–186, 2002a.
Grewe, V., Dameris, M., Fichter, C., and Lee, D. S.: Impact of aircraft NOx emissions. Part 2:

Effects of lowering the flight altitude, Meteorol. Z., 11 (3), 197–205, 2002b.

12280

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/5/12255/acpd-5-12255_p.pdf
http://www.atmos-chem-phys.org/acpd/5/12255/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
5, 12255–12311, 2005

Environmental
impact of aircraft NOx

emissions

M. Gauss et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

EGU

Grini, A., Myhre, G., Sundet, J. K., and Isaksen, I. S. A.: Modeling the annual cycle of sea salt
in the global 3-D model Oslo CTM-2, concentration, fluxes and radiative impact, J. Clim., 15,
1717–1730, 2002.

Hansen, J., Sato, M., and Ruedy, R.: Radiative forcing and climate response, J. Geophys. Res.,
102(D6), 6831–6864, 1997.5

Hesstvedt, E., Hov, O., and Isaksen, I. S. A.: Quasi steady-state approximation in air pollu-
tion modelling: Comparison of two numerical schemes for oxidant prediction, Int. J. Chem.
Kinetics, X, 971–994, 1978.

Hidalgo, H. and Crutzen, P. J.: The tropospheric and stratospheric composition perturbed by
NOx emissions of high-altitude aircraft, J. Geophys. Res., 82, 5833–5866, 1977.10

Holtslag, A. A. M., DrBruijn, E. I. F., and Pan, H.-L.: A High resolution air mass transformation
model for short-range weather forecasting, Mon. Wea. Rev., 118, 1561–1575, 1990.

Isaksen, I. S. A., Rognerud, B., Stordal, F., Coffey, M. T., and Mankin, W. G.: Studies of Arctic
stratospheric ozone in a 2-d model including some effects of zonal asymmetries, Geophys.
Res. Lett., 17, 557–560, 1990.15

Isaksen, I. S. A., Berntsen, T. K., and Wang, W.-C.: NOx Emissions from Aircraft: Its Impact on
the Global Distribution of CH4 and O3 and on Radiative Forcing, Terrestrial, Atmos. Ocean.
Sci., 12, 1, 63–78, 2001.

Isaksen, I. S. A., Sausen, R., Pyle, J. A., et al.: The EU project TRADEOFF – Aircraft emissions:
Contributions of various climate compounds to changes in composition and radiative forcing20

– tradeoff to reduce atmospheric impact, Project Final report, Contract No. EVK2-CT-1999-
0030 (available from the Department of Geosciences, University of Oslo, Oslo, Norway), 158
pp, 2003.

Isaksen, I. S. A., Zerefos, C., Kourtidis, K., Meleti, C., Dalsoren, S. B., Sundet, J. K.,
Grini, A., Zanis, P., and Balis, D.: Tropospheric ozone changes at unpolluted and25

semipolluted regions induced by stratospheric ozone changes, J. Geophys. Res., 110(D2),
doi:10.1029/2004JD004618, 2005.
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Table 1. Summary of the model simulations and TRADEOFF aircraft emission scenarios.

Model Aircraft emission scenario used Fuel burn Total nitrogen E.I.(NOx)
run Tg/year emission1) fleet

Tg(N)/year average2)

00 no aircraft – – –
yy reference case 169.01 0.7138 (15.63%) 13.88
1 base case 151.95 0.5942 (16.92%) 12.85
2a additional polar routes, normalized3) 151.95 0.5942 (34.12%) 12.85
2b additional polar routes, changed fuel burn3) 204.01 0.8548 (34.08%) 13.77
3a lower cruise altitude (−6000 ft), normalized3) 151.95 0.5942 (5.83%) 12.85
3b lower cruise altitude (−6000 ft), changed fuel burn3) 160.82 0.6204 (5.83%) 12.68
5a higher cruise altitude (+2000 ft), normalized3) 151.95 0.5942 (20.03%) 12.85
5b higher cruise altitude (+2000 ft), changed fuel burn3) 151.16 0.6040 (20.03%) 13.13

1) The fraction of aircraft emissions occurring in the stratosphere is given in parenthesis (see
Sect. 4.2).
2) The NOx emission index, E.I.(NOx), is defined as grams of NOx (as NO2) emitted per kg of
burnt fuel.
3) Changes in flight routing will in general imply changes in fuel burn. In the ‘changed fuel burn’
cases this effect is taken into account, while the ‘Normalized’ scenarios use the same total fuel
burn as in the base case.
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Table 2. Emissions and boundary conditions used in the model simulations.

Species Mixing ratio/emission

CH4 1745 ppbv
CO 547 Tg(CO)/year
VOC 133 Tg(C)/year
NOx – Biofuel 2.41 Tg(N)/year
NOx – Fossil Fuel 25.55 Tg(N)/year
NOx – Industry 2.01 Tg(N)/year
NOx – Biomass burning 5.84 Tg(N)/year
NOx – Soils 8.01 Tg(N)/year
NOx – Lightning 5.00 Tg(N)/year
NOx – Aircraft 0.59–0.71 Tg(N)/year (depending on scenario)
N2O 318 ppbv
Cly (ETCL)1) 3.54 ppbv
Bry (ETBL)2) 16.34 pptv

1) Equivalent Tropospheric Chlorine Loading (WMO, 1999)
2) Equivalent Tropospheric Bromine Loading (WMO, 1999)
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Table 3. Summary of the various effects discussed in this paper. Perturbations with respect to
the ‘no aircraft’ case are not listed except for the reference case.

Perturbation Effect quantified

yy minus 00 best estimate of aircraft impact in 2000
2a minus 1 impact of enhanced polar routing replacing standard routes
2b minus 1 impact of additional polar routes
3a minus 1 impact of lower cruise altitude
3b minus 3a impact of associated change in fuel burn
3b minus 1 impact of lower cruise altitude and associated change in fuel burn
5a minus 1 impact of higher cruise altitude
5b minus 5a impact of associated change in fuel burn
5b minus 1 impact of higher cruise altitude and associated change in fuel burn
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Table 4. Changes in the total ozone column and, in parenthesis, the tropospheric ozone col-
umn, averaged over the globe and over the Northern Hemisphere in the various model simula-
tions discussed in this and the following sections (units: DU). In order to obtain ozone burden
change in Tg, global averages and Northern Hemisphere averages (in DU) have to be multiplied
by 10.93 Tg/DU and 5.47 Tg/DU, respectively.

Model Global average: Northern Hemisphere average:
run

δ total ozone with δ total ozone (DU) δ total ozone (DU) δ total ozone (DU)
respect to ‘00’ (DU) with respect to ‘1’ with respect to ‘00’ with respect to ‘1’

yy +0.3876 (+0.3321) +0.6807 (+0.5796)
1 +0.3390 (+0.2889) +0.5928 (+0.5017)
2a +0.3314 (+0.2701) −0.0076 (−0.0188) +0.5942 (+0.4825) +0.0014 (−0.0192)
2b +0.4518 (+0.3715) +0.1128 (+0.0826) +0.8059 (+0.6605) +0.2131 (+0.1589)
3a +0.3124 (+0.2867) −0.0266 (−0.0022) +0.5512 (+0.5028) −0.0416 (+0.0011)
3b +0.3255 (+0.2987) −0.0135 (+0.0098) +0.5741 (+0.5237) −0.0187 (+0.0221)
5a +0.3493 (+0.2923) +0.0103 (+0.0034) +0.6042 (+0.5020) +0.0114 (+0.0003)
5b +0.3547 (+0.2968) +0.0157 (+0.0079) +0.6135 (+0.5096) +0.0207 (+0.0080)
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Table 5. Change in chemical tropospheric lifetime of CH4 due to aircraft-induced perturbations.
Resulting radiative forcing is listed for the perturbations with respect to the ‘no aircraft’ case.

Perturbation δτCH4 in percent and percent per Tg(N) emitted Radiative forcing (mW/m2)

yy–00 −0.7068% (−0.99%/Tg(N)) −6.41
1–00 −0.6030% (−1.01%/Tg(N)) −5.46
2a–00 −0.4931% (−0.83%/Tg(N)) −4.47
2a–1 +0.1106%
2b–00 −0.6908% (−0.81%/Tg(N)) −6.26
2b–1 −0.0883%
3a–00 −0.7203% (−1.21%/Tg(N)) −6.53
3a–1 −0.1180%
3b–00 −0.7502% (−1.21%/Tg(N)) −6.80
3b–1 −0.1480%
3b–3a −0.0301%
5a–00 −0.5903% (−0.99%/Tg(N)) −5.35
5a–1 +0.0128%
5b–00 −0.5996% (−0.99%/Tg(N)) −5.43
5b–1 +0.0035%
5b–5a −0.0039%
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Fig. 1. Comparisons of CTM2 data (solid lines) with simultaneous aircraft measurements
(MOZAIC, dashed lines) for ozone mixing ratio (ppbv). Dashed-dotted lines depict the alti-
tude of the measurements. The geographical location of the measurement is indicated every
hour and prior to landing. 12291
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Fig. 2. Geographical distribution of aviation fuel burn in the TRADEOFF reference case (year
2000), vertically integrated for each 1◦×1◦ column. Unit: log10 [kg(fuel)/(day*1◦×1◦column)].
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Fig. 3. Total annual NOx injection into flight levels between 6710 m and 12 810 m accord-
ing to the TRADEOFF scenarios used in model runs ‘1’ (base case), ‘3a’ (−6000 feet, nor-
malized), ‘3b’ (−6000 feet), ‘5a’ (+2000 feet, normalized), and ‘5b’ (+2000 feet), plotted as
Tg(N)/(year*610 m−layer). Thin horizontal lines depict flight level boundaries. Above 12 810 m
there are no aircraft emissions in the TRADEOFF scenarios.
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Fig. 12. Changes in the tropospheric and total ozone columns (DU) due to polar routes replac-
ing conventional routes (‘2a minus 1’).
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Fig. 13. Annual-mean changes in concentrations of NOy (top left, 108 molecules cm−3) and

NOx (top right, 108 molecules cm−3) in the Northern Hemisphere due to a 1830 m reduction in
flight altitude taking into account changes in fuel consumption, i.e. ‘3b minus 1’. Contours at
−12, −10, −8, −6, −4, −2, 0, 2 for NOy and −2.5, −2, −1.5, −1, −0.5, 0, 0.5, 1 for NOx.
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Fig. 16. Changes in the tropospheric and total ozone columns (DU) due to a 1830 m reduction
in flight altitude, taking into account changes in fuel consumption (‘3b minus 1’).
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Fig. 17. Annual-mean changes in concentrations of NOy (top left, 108 molecules cm−3) and
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Fig. 18. Change in net chemical ozone production (103 molecules cm−3 s−1) due to a 610 m
increase in flight altitude, taking into account changes in the total emission of nitrogen, i.e. ‘5b
minus 1’ in June (left) and December (right). Contours at −5, −1, 0, 1, 5.
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Fig. 19. Annually averaged zonal-mean ozone change (ppbv) due a 610 m increase in flight
altitude. Left panel: ‘5b minus 5a’, i.e. separated effect of changes in fuel consumption, and
right panel: ‘5b minus 1’, i.e. total effect of increasing the flight altitude.
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Fig. 20. Changes in the tropospheric and total ozone columns (DU) due to a 610 m increase in
flight altitude, taking into account changes in fuel consumption (‘5b minus 1’).
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Fig. 21. Change in the Northern Hemisphere average tropospheric and stratospheric ozone
columns (DU) due to changes in flight altitude, based on the numbers given in Table 4. The
increase in the base case run ‘1’ is set to zero. E.g., the thin dashed line depicts the 0.0221 DU
increase in tropospheric ozone column in simulation ‘3b’ with respect to ‘1’ (at −6000 feet) and
the 0.0080 DU increase in the tropospheric ozone column in simulation ‘5b’ with respect to ‘1’
(at +2000 feet).
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