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Impact of perturbations to nitrogen oxide emissions
from global aviation
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[1] The atmospheric response to perturbations in NO, emissions from global air traffic is
investigated by performing a coherent set of sensitivity experiments. The importance of
cruise altitude, size of the emission perturbation and geographical distribution of emissions
is systematically analyzed using two global chemistry transport models and an off-line
radiative transfer model. NO, emissions from a contemporary aircraft inventory have been
used to assess the impact of global air traffic on ozone and methane. In further experiments
the NO, emissions are perturbed, in turn, in 16 cruise altitude bands between 5 and

15 km altitude. In the p-TOMCAT model we diagnose an annual mean ozone increase of up
to 6 ppbv and a decrease in the methane lifetime of 3% due to global air traffic in 2002.
Associated radiative forcings of 30 mWm ™2 for ozone and —19 mWm 2 for methane are
diagnosed; a simple method is used to estimate the forcing due to the methane-induced
ozone change and this yields an additional —11 mWm 2. Results show that up to the
tropopause, ozone production efficiency and resulting impacts increase per emitted mass of
NO, with the altitude of the perturbation. Between 11 and 15 km we find that the
geographical location of the NO, emissions plays a crucial role in the potential O; impact
and lifetime change of CH,4. We show that changes in flight routing in this altitude range can
have significant consequences for O; and CH4 concentrations. Overall, we demonstrate

a linear relationship in the atmospheric response to small emission changes which can be
used to predict the importance of perturbations about the reference aircraft emissions profile,

provided the geographical distribution of the emissions is not altered significantly.
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1. Introduction

[2] Nitrogen oxides (NO, = NO + NO,) play an impor-
tant role in the chemical formation of ozone (O3) in the
troposphere and lower stratosphere [Crutzen, 1973; Liu et
al., 1987]. Enhanced NO, can increase Oz concentrations
resulting in a positive radiative forcing. The resulting
enhancement of the oxidizing capacity of the troposphere
reduces the lifetime of methane (CH4) which leads to a
negative forcing [Fuglestvedt et al., 1999; Wild et al., 2001;
Stevenson et al., 2004] and the reduced methane itself also
leads to a reduction in ozone. Therefore emissions of
nitrogen oxides act as an indirect forcing agent by altering
the abundance of chemically active greenhouse gases.
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Global air traffic represents a major source of NO, through-
out the free troposphere [e.g., Brasseur et al., 1998; IPCC,
1999; Sausen et al., 2005], together with other sources from
lightning [e.g., Chameides et al., 1977], downward trans-
port from the stratosphere [e.g., Lamarque et al., 1996] and
convective uplift from polluted regions close to the surface
[e.g., Brunner et al., 1998]. Quantification of the impact of
aircraft NO, however remains difficult as the chemical
formation of ozone is strongly dependent on the ambient
background concentrations of the oxides of both hydrogen
and nitrogen and of volatile organic compounds [Jaeglé et
al., 1998a; IPCC, 1999].

[3] Several recent studies have investigated the possibil-
ity of minimizing the impact of aircraft NO, emissions on
ozone and methane through changes in routing or cruise
altitude [Grewe et al., 2002a; Isaksen, 2003]. Their findings
have shown that such operational changes have an impact
both on atmospheric composition and related radiative
forcings [Grewe et al., 2002a; Gauss et al., 2006a; Stordal
et al., 2006]. These studies investigated the sensitivity of
the atmospheric impact to a shift in the flight altitude of the
global aircraft fleet. Although it is possible to determine the
net impacts the identification and quantification of individ-
ual processes remains difficult.
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[4] In this study we have adopted a more systematic
approach by investigating the atmosphere’s sensitivity to
perturbations of a range of key emission parameters. The
change in global greenhouse gas concentrations and the
associated radiative impacts following the NO, emission
perturbations have been considered using two 3-dimensional
global chemistry transport models and an off-line radiation
code. This study also includes an explicit calculation of the
longer term impact of NO, emission perturbations on meth-
ane. Aircraft NO, emissions are increased by 5%, 10% and
20% within a selection of designated cruise altitude bands.
Such small increases in emissions could represent the intro-
duction of a new aircraft to the existing commercial fleet or
changes in air traffic demand. Above 11 km altitude, where
the geographical coverage of emissions changes rapidly with
altitude, we also investigate the impact of a varying geo-
graphical distribution of the emissions by perturbing the
geographical coverage at a given cruise altitude band while
maintaining the total emitted amount. A more quantitative
account of the methodology used is described in section 3.
This methodology allows us to investigate the atmospheric
sensitivity to aircraft NO, as a function of location, altitude,
and magnitude of the emission perturbation. These emission
perturbations form a coherent set of sensitivity experiments
from which we aim to establish a relationship between the
change in the emission parameter and the response of the
atmosphere. A related study [Rddel and Shine, 2008] inves-
tigates, in a similar manner, the impact of changes in flight
altitude on contrail radiative forcing.

[5] The following section describes the chemistry trans-
port models used and the methodology adopted to calculate
the indirect NO, effects on methane. Section 3 outlines the
experiments. The effects of aircraft emissions on ozone and
methane and the sensitivity to cruise altitude are discussed
in sections 4 and 5. Sensitivity to the size of the perturbation
and the importance of the geographical distribution of
emissions are investigated in sections 6 and 7. A description
of the radiation code and the radiative impacts of the
composition changes are presented in section 8. We con-
clude with a discussion of our findings.

2. Model Configuration

[6] The 3D chemistry transport model p-TOMCAT
[O’Connor et al., 2005; Cook et al., 2007] is an updated
and parallelized version of the earlier TOMCAT model
[Law et al., 1998, 2000; Savage et al., 2004]. It includes
a gas-phase methane-oxidation scheme with simplified
NMHC treatment (ethane, propane) on 35 hybrid-pressure
levels from the surface to 10 hPa, with a vertical resolution
of approximately 700 m in the upper troposphere and lower
stratosphere (UTLS) region. In order to achieve the number
of integrations required for this study we have chosen a
horizontal grid resolution of 5.6 x 5.6 degrees which
adequately represents the global distribution of aircraft
emissions. At the upper boundary Oz, CH4 and NO, are
prescribed with climatological values from the Cambridge
2D-Model [Law and Pyle, 1993]. Photolysis rates are
calculated off-line with the Cambridge 2D model. A recent
validation of TOMCAT with airborne observations together
with an intercomparison of its results with those from other
models is published by Brunner et al. [2003, 2005]. Therein
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it is shown that the model is capable of reproducing
contemporary atmospheric background conditions and the
results are within the range calculated by other atmospheric
models. For the experiments in this study the model was
forced by ECMWF operational analyses for 2001 and 2002.
The year 2001 served as a spin-up period and only the
results from 2002 are shown in this study.

[7] The p-TOMCAT model does not consider heteroge-
neous and halogen chemistry in the stratosphere and its
upper boundary is located at 10 hPa (32 km). This allows
only a limited representation of stratospheric processes.
For this purpose a subset of the experiments was also
carried out using the SLIMCAT chemistry transport model
[Chipperfield, 1999] to investigate the impact of aircraft
emissions specifically in the stratosphere. The SLIMCAT
model is forced by UKMO analyses and incorporates a
stratospheric chemistry scheme on 18 isentropic levels
between 335 K and 2700 K (10—55 km). A spin-up integra-
tion of 6 perpetual years of 2001 meteorology prior to one
year of 2002 meteorology ensures the appropriate represen-
tation of transport timescales within the stratosphere.

[8] The lifetime of methane with respect to chemical
removal by hydroxyl radicals (OH) in this version of p-
TOMCAT is determined as 13.5 years when aircraft NO,
emissions are included. This value is at the upper limit of
the model range presented in /PCC [2001] and ~40% above
the mean value of 9.6 years. In our sensitivity studies we
focus however on the fractional lifetime change caused by
perturbations to NO, emissions and therefore results are
relatively insensitive to the base lifetime. The inclusion of
stratospheric and soil sinks which are assumed to be 40 Tg
a~' and 30 Tg a~', respectively [/PCC, 2001], results in a
global CH4 lifetime of 11.3 years. The inclusion of aircraft
NO, emissions to a model atmosphere without aircraft
emissions leads to the increased formation of OH which
increases the oxidizing capacity of the troposphere and
reduces the lifetime of CH,4. This in turn enhances the
initial OH perturbation through a positive feedback
[Prather, 1994]. The steady state CH, concentration can
be calculated, using the method shown by Fuglestvedt et al.
[1999], without the need for integrating the model over
several decades; CH,4 concentrations are fixed in the model
and we diagnose the initial change in OH due to altered NO,
emissions. Steady state methane perturbations are then
derived by applying a model-dependent feedback factor to
the initial CH4 lifetime change with respect to OH. This
feedback factor (the ratio of adjustment time to global
lifetime, including stratospheric and soil sinks) is 1.3 for
p-TOMCAT and was calculated from two reference experi-
ments, the first of which had unaltered CH,4 levels and the
second had CH4 levels globally increased by 5%. The
adjustment time of CHy in p-TOMCAT is 30% longer than
its global lifetime, at the lower limit of model ranges by
IPCC [2001]. In this study a global annual mean 3-dimen-
sional CH, distribution obtained from an earlier long-term
integration [Warwick et al., 2002] was used as a fixed
boundary condition (global burden 4760 Tg CHy).

3. Experiment Description

[v] Experiments were designed to investigate the atmo-
spheric response to perturbations in several key emission
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Figure 1. (a) AERO2k aircraft NO, emissions for 2002 in kg N a~' per 1° x 1° x 500 ft grid cell. At
this vertical resolution the difference between flight levels with high and low air traffic is visible at cruise
altitude in the northern midlatitudes. The altitude range of the perturbation levels is shown by the grey
shaded box. (b) Total annual NO, emissions on each of the 16 perturbation levels located inside the grey

box of Figure la.

parameters: cruise altitude, size of the perturbation and the
geographical distribution of emissions. They form a coher-
ent set of sensitivity studies covering the complete altitude
range where aircraft fly during cruise [/PCC, 1999] and
where globally more than 60% of NO, emissions from
aircraft are released. The perturbations were applied to a
reference emission distribution which was obtained from a
global aircraft emission inventory. The aircraft NO, emis-
sion data for 2002 from the European AERO2k Project
[Eyers et al., 2004] was used here as the reference with an
annual total fuel usage of 176 Tg resulting in emissions of
0.68 Tg N. Figure la shows the zonally averaged annual
total aircraft emissions from the AERO2k global inventory.
The altitude range between 5 km and 15 km (16.5—-48.5 kft),
extending over the free troposphere and lower stratosphere,
was divided into 16 equal cruise altitude bands of 610 m

(2000 ft) thickness, henceforth referred to as “perturbation
levels” (Table 1). During each experiment, aircraft NO,
emissions were increased on a single perturbation level
and the impact on O3 and CH,; abundances and the
corresponding changes in radiative forcing were investigated.
Figure 1b shows the annual total emissions on each pertur-
bation level.

[10] In order to investigate sensitivities with respect to
cruise altitude and magnitude of perturbation, emissions on
perturbation levels 1-11 (5—11.7 km) were locally in-
creased by 5% relative to the reference emissions. At
selected levels, additional experiments with increases of
10% and 20% were carried out. The magnitude and location
of these perturbations might represent the introduction of a
new additional aircraft type to the existing global fleet. By
comparing the atmospheric impact, normalized by the size

Table 1. Perturbation Levels and Normalized Radiative Forcing Due to Change in O3 and CHy, as a Function of

Altitude at Which the NO, Emissions are Perturbed®

Perturbation Altitude, O; Radiative Forcing, CH, Radiative Forcing,
Level km® Emission Scaling mWm *TgNa ' mWm *TgNa '
16 14.2-14.8 VG: 2838%, CG: 5% of level 11 174.6 -39.0
15 13.6-14.2 VG: 2185%, CG: 5% of level 11 90.1 —29.5
14 13.0-13.6 VG: 1060%, CG: 5% of level 11 59.6 —27.8
13 12.4-13.0 VG: 77.2%, CG: 5% of level 11 76.6 -29.8
12 11.7-12.4 VG: 18.3%, CG: 5% of level 11 64.1 —26.9
11 11.1-11.7 5%, 10%, 20% 88.0 —41.1
10 10.5-11.1 5% 71.3 —38.5
9 9.9-10.5 5% 61.1 —33.1
8 9.3-9.9 5%, 10%, 20% 54.5 -31.9
7 8.7-9.3 5% 50.3 -31.5
6 8.1-8.7 5% 43.7 -31.6
5 7.5-8.1 5%, 10%, 20% 38.5 —32.1
4 6.9-17.5 5% 38.4 —32.7
3 6.3-6.9 5% 335 -325
2 5.6-6.3 5%, 10%, 20% 30.1 -31.3
1 5.0-5.6 5% 25.4 —29.4

*The methane-induced O3 forcing can be obtained by multiplying the methane forcing by 0.59.
®Perturbation levels (PL) have a vertical thickness of 2000 feet. The altitude offset was chosen such that the PL boundaries are
located between flight levels used by air traffic management [cf. Eyers et al., 2004].
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Figure 2. (a) Global coverage of emission perturbations in percent of the horizontal model grid for
each perturbation level. (b)—(d) Geographical distribution of NO, emission perturbations for levels 11,

14, and 16.

of the emission increase, it is possible to identify cruise
altitude bands where the atmospheric response is particu-
larly sensitive to emission perturbations. In addition it is
possible to study the relationship between the atmospheric
response and emission increases of varying magnitude.
Above level 11 (11.4 km) the total emitted NO, in the
reference emission distribution declines rapidly such that an
increase of 20% or less is too small to produce a reliable
response in the model calculations after normalization.

[11] In further experiments the atmospheric sensitivity to
changes in the geographical distribution of aircraft emissions
is investigated at different perturbation levels. Figure 2a
shows the geographical distribution of aircraft emissions for
each perturbation level expressed as a percentage of the
global horizontal model domain. Aircraft emissions cover
approximately 60% of the globe on perturbation levels 1—11
with a maximum coverage at level 10. This geographical
coverage becomes significantly smaller at altitudes above
level 11 (see Figure 1). Figures 2b—2d show the geograph-
ical distributions of the emission perturbations on levels 11,
14, and 16 as examples and illustrates that not only do total
emissions decrease, but the geographical distribution of the
emissions becomes more limited. In order to address the
concern that any apparent change in the impact of emissions
as a function of altitude could in reality be due to the change
in sensitivity to both horizontal and vertical distribution of
emissions, two types of geographical perturbation experi-
ment were carried out for levels 12—16 (11.7—14.8 km). In

the first experiment type, referred to as “CG” (Constant
Geographical distribution), the additional emissions created
by a 5% local increase on level 11 were vertically shifted to
perturbation levels 12—16 while maintaining the geograph-
ical distribution and magnitude exhibited on level 11. In the
second experiment type, referred to as “VG” (Varying
Geographical distribution), the emissions on levels 12—16
were scaled such that the total global emission increase on
each level was equal in size to the emission increase from a
5% scaling on level 11. For each level 12—16 an individual
scaling factor was used in VG, but the geographical coverage
of the emissions remained unchanged from that in the
reference distribution. It is important to note that, in conse-
quence, the size of the emission change in both experiments
CG and VG is equal in mass for each perturbation level, but
that the geographical coverage varies.

4. Effects of Aircraft Emissions

[12] The inclusion of AERO2k aircraft NO, emissions
relative to a case without aviation emissions leads to a net
increase in ozone by enhancing ozone production through
increased chemical cycling of NO, both in the troposphere
and lower stratosphere. Some ozone loss occurs at high
altitudes due to catalytic destruction. Figure 3 shows the
changes in ozone calculated by p-TOMCAT and SLIMCAT.
Ozone mixing ratios increase by approximately 6—9 ppbv in
the UTLS region, where aircraft emissions have the largest
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Figure 3. Zonal and annual mean O3 changes as
calculated by p-TOMCAT (after 2 years) and SLIMCAT
(after 7 years). The dashed line indicates the location of the
tropopause (2 PVU surface). SLIMCAT data are shown
above the tropopause and above the 335 K isentropic
surface only. Changes in mixing ratios are shown with
respect to a background atmosphere without aircraft
emissions.

impact. Transport of ozone to lower altitudes and latitudes
leads to increased ozone levels throughout the troposphere
with the largest impact in the northern hemisphere. Rogers
et al. [2002] have shown that the SLIMCAT model exhibits
an efficient uplift of subsonic aircraft emissions within the
“tropical pipe”, which conversely results in an efficient
downward transport in the extra-tropics. This leads to the
near-tropopause maximum Oj increase from aircraft NO, to
be located in SLIMCAT at lower latitudes than in the p-
TOMCAT model, and to the vertical transport of aircraft
NO, to altitudes above 30 km. Above ~25 km altitude
aircraft NO, emissions contribute to catalytic O3 destruction
and result in a small decrease (5 ppbv) in stratospheric
ozone. In total, aircraft NO, leads to a global Oz burden
increase of 8.8 Tg. These findings are in reasonable agree-
ment with those from /PCC [1999], Grewe et al. [2002b]
and with earlier TOMCAT results [Kohler et al., 2004].
They exceed slightly however the range of model results
from the European TRADEOFF Project [Isaksen, 2003]
which peak at 3—6 ppbv in the UTLS in July. Gauss et al.
[2006a] report an annual mean Oj increase in the upper
troposphere of up to 4 ppbv. There are many possible
reasons for the inter-model differences, including the emis-
sions inventory and model formulations such as the chem-
istry schemes, convective transport schemes, and wet
deposition schemes employed. One contributor to the dif-
ference is that the present work does not include the effect
of plume processing of aircraft NO, emissions which have
been estimated to reduce the effective emissions to the
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model gridboxes by up to 30% (M. Gauss, personal
communication, 2007).

[13] Ozone loss in the middle stratosphere is more pro-
nounced in the SLIMCAT results, where, during the longer
spin-up period, NO, from aircraft emissions is transported
higher into the middle stratosphere. Both models show good
agreement in the meridional distribution of the “crossover
point” between the domains with ozone increase and
decrease (~22 km, see Figure 3). We are therefore confident
that the results from the p-TOMCAT model are representa-
tive for the troposphere and the lower stratosphere. At
altitudes above the crossover point p-TOMCAT results
become less representative due to the proximity of the
upper boundary (32 km), the duration of the integration,
and the absence of a complete stratospheric chemistry.

[14] The partial ozone column changes below and above
the crossover point are given in Table 2. The ozone column
increases in the global and annual average due to aircraft
emissions by 0.81 DU in p-TOMCAT and 0.83 DU in
SLIMCAT with a strong bias to the northern hemisphere
where more aircraft emissions are released. Figure 9 shows
the seasonal and meridional O3 column change in p-TOM-
CAT. From June to November the monthly AERO2k
emission rates are approximately 10% larger than during
the other months, with a maximum in August which
contributes to the autumn peak in the O; column change.
These ozone column changes significantly exceed those
shown by Stordal et al. [2006]. In p-TOMCAT the reduc-
tion of the ozone column above the crossover point is
substantially smaller than calculated by SLIMCAT for
reasons mentioned above. These results show that subsonic
aircraft flying at present-day cruise altitudes affect ozone
chemistry predominantly in the troposphere and lower
stratosphere below 20 km altitude. The ozone impact above
this altitude is relatively small given the large background
ozone mixing ratios and, therefore, the fact that p-TOMCAT
is restricted to a model domain below 10 hPa (32 km) is not
a significant disadvantage in these studies.

[15] We diagnose the chemical production and loss of
ozone by considering the reactions listed in Table 3; the
results are shown in Figure 4. This approximation includes
the dominant terms relevant for ozone production and loss
in the troposphere and lower stratosphere. Note, for exam-
ple, that catalytic ozone loss by NO, is less important in this
altitude range than catalytic HO, cycles and therefore the
NO, reactions are omitted in this approximation. Grewe et
al. [2002a] have investigated the effects of lower cruise
altitudes on ozone production rates by using a linear

Table 2. Partial Ozone Columns in DU

p-TOMCAT SLIMCAT
Change above “crossover”™® —0.01 —0.19
Change below “crossover”® 0.82 1.02
Total O3 Col. 0.81 0.83

“Partial O3 column calculated over the domain in the stratosphere above
the cross-over point where ozone mixing ratios are decreased by aircraft
NO, emissions (approx. above 25 km).

°Partial O; column calculated over the domain in the troposphere and
lower stratosphere below the cross-over point where ozone mixing ratios
are increased by aircraft NO, emissions (between the surface and approx.
25 km). The cross-over point has been calculated for each gridbox column.
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Table 3. Reactions for Ozone Production and Loss

Pl HO, + NO — OH + NO,
P2 CH;00 + NO — HO, + HCHO + NO,

P3 C,H500 + NO — CH;CHO + HO, + NO,

P4 CH;CO; + NO — CH;00 + CO, + NO,

P5 n-C3H,00 + NO — C,HsCHO + HO, + NO,

P6 i-C3H,00 + NO — (CH;),CO + HO, + NO,

P7 C>H5CO5 + NO — C,Hs00 + CO, + NO,

P8 CH;COCH,00 + NO — CH;CO5 + HCHO + NO,
L1 HO, + O3 — OH + 0, + O,

L2 OH+O3*>H02+02

L3 0O('D) + H,0 — OH + OH

L4 OCP) + 03 — O, + 0,

approach. In our study we diagnose reaction rate output
directly from p-TOMCAT’s chemistry module.

[16] Figure 4 shows the change in O3 production and loss
rates in July, as calculated by the p-TOMCAT model, due to
the inclusion of aircraft emissions. O3 production peaks in
the UTLS region where the largest amounts of NO, are
emitted (Box A on Figure 4). At the same time ozone loss
through its reaction with HO, is reduced due to an increased
reaction of HO, with NO (Box B), further enhancing net O3
production. A part of the additionally produced O is
transported from the upper troposphere to lower altitudes
where, in the presence of water vapor, it results in increased
HO, formation and therefore increased ozone loss (Box C).
The increased HO, levels in proximity to surface NO,
emission sources lead to NO, being tied up more efficiently
in reservoir species, such as HNO;. We diagnose significant
HNOj; increases in p-TOMCAT near the surface. This
results in a reduction of the gross O; production rate at
low altitudes (Box D). This process has previously been
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identified [e.g., Stevenson et al., 2004] and is even stronger
during winter (not shown). It should be noted that net ozone
production due to aircraft NO, emissions occurs only above
5 km altitude and exhibits a maximum at approximately
10 km where the largest amounts of NO, are emitted by
aviation. Therefore the increase in ozone below 5 km, seen
in Figure 3, is due to advection of ozone from above, rather
than by in situ production. Moreover, the transport of
enhanced O3 due to aviation from above is responsible for
the reduction in the net chemical O3 production below 5 km
by enhancing the conversion from NO, to HNOs.

[17] Aircraft NO, emissions increase OH levels primarily
through additional production of O3 and additionally by
shifting the HO, balance in favor of OH [Stevenson et al.,
2004; Berntsen et al., 2005]. The reaction of NO and HO,
occurs predominantly at cruise altitude whereas OH pro-
duction via the photolysis of ozone in the presence of water
vapor is particularly efficient in the lower troposphere at
lower latitudes and involves transport of ozone into this
region. This increase in tropospheric OH strengthens the
principal loss reaction of OH with CH,4 such that aircraft
emissions are responsible for a reduction of the global
methane lifetime by 3.0%. This result is in agreement with
the range of values predicted by /PCC [1999] for the period
between 1992 and 2015 after a feedback factor has been
applied. Stordal et al. [2006] however report significantly
smaller reductions in CH, lifetime.

[18] The reduction in atmospheric methane has a second-
ary long-term impact on O; which is smaller than the direct
O; impact by NO,. The O; increase diagnosed from a
reference experiment with 5% more methane, which was
used to establish the feedback factor, was linearly interpo-
lated to determine the long-term O; change due to a
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Figure 4. Change in gross O; production (dashed line) and loss rates (dotted line) and net Oj
production rate (solid line) due to the inclusion of AERO2k aircraft emissions in p-TOMCAT. The shaded
boxes define regions of interest described in the text. Production and loss rates are calculated as zonal and
meridional average for July 2002 using the reactions shown in Table 3.
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reduction in the lifetime of CH,4 by 3%. The change in the
CH, lifetime due to aircraft NO, reduces the global Oj
column by 0.27 DU and surface mixing ratios are reduced
by approximately 0.1-0.2 ppbv. Despite being small, the
fact that this constitutes a relatively long-lived perturbation
means that it can make a significant contribution to the
integrated climate effect of aviation emissions [e.g., Wild et
al., 2001; Stevenson et al., 2004].

5. Effects of Emission Increases

[19] Perturbations to aircraft NO, emissions have an
impact on atmospheric chemistry on both local and global
scales. Ozone formation is affected both at the location of
the emissions and further downwind following precursor
transport. Ozone and NO, reservoir species have sufficiently
long lifetimes to be transported over significant distances
and as such influence the oxidizing capacity of the tropo-
sphere globally. The changes in the oxidizing capacity affect
the lifetime of methane which is of the order of a decade,
and therefore changes in methane are evenly distributed
throughout the troposphere on a global scale. In order to
consider the global atmospheric impacts of NO, as a
function of the altitude of the emission perturbation, we
focus in the following section on the changes to the global
burdens of O3 and CHy.

[20] In the altitude range 5-15 km, where in the
following experiments emissions are perturbed, aircraft
NO, emissions are found to result in net chemical ozone
production (see previous section) and thus on all 16
perturbation levels an emission increase causes an increase
of the global ozone burden. Emissions are increased by
5% on individual perturbation levels. Figure 5a shows the
global ozone burden change normalized by the emission
increase on each level for perturbation levels 1-11 (5—
11.7 km). With increasing altitude the NO, balance is

shifted in favor of NO due to the temperature dependence
of the reaction of NO with Oz [Wild et al., 1996; Jaeglé et
al., 1998b], reducing the conversion rate of NO, to HNO;
and thus increasing the NO, lifetime with altitude. Liu et
al. [1987] and Lin et al. [1988] have introduced the
concept of the ozone production efficiency (OPE) as the
ratio between production of ozone and loss of nitrogen
oxides, which quantifies the efficiency of a NO, molecule
in producing ozone during its lifetime. We calculate the
OPE in January and July from the change in gross Oj
production due to an emission perturbation and from the
associated change in loss of NO,. Our findings show that
more than 97% of the NO, emission perturbation is
converted into NO,, and therefore we approximate the loss
of NO, as being equal to the size of the emission
perturbation. In both months we find that the OPE
increases with altitude in the troposphere with a particu-
larly sharp increase in the upper troposphere. Correspond-
ingly Figure 5a shows that the impact on the total ozone
burden increases with the altitude of the applied emission
change. Emission changes at higher altitude are much
more likely to be transported into the stratosphere and
therefore at higher altitudes of the emission change a
larger proportion of the stratospheric ozone burden is
perturbed.

[21] The impact of NO, emissions on the lifetime of
methane and its dependence on altitude are shown in
Figure 5b. The photolysis of additional ozone, produced
from aircraft NO, emissions, in the presence of water vapor
leads to the formation of OH and results in a reduction of the
CH,4 lifetime. This process is particularly efficient when
ozone production is large, and when ozone is transported to
lower altitudes and latitudes where ambient H,O concentra-
tions and solar radiation levels are high. An increase in NO,
emissions in regions with high ozone production efficiency,
such as the upper troposphere, results in a larger reduction
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Figure 6. (a) Global changes in the ozone burden and (b) methane lifetime in p-TOMCAT due to
scaling of aircraft emissions by 5%, 10% and 20% at perturbation levels 2, 5, 8, and 11, demonstrating

the linear response.

in the CH, lifetime compared with lower altitudes. At
11.5 km altitude the lifetime decrease is 26% larger than
at 10 km, while the impact is approximately constant below
this altitude.

6. Linearity in the Chemical Response

[22] Having established the importance of the altitude
dependence of NO, emissions, we now investigate the
effects of increasing the size of the emission perturbation.
This provides a test of the robustness of the earlier results by
scaling the emissions with varying scaling factors. To do
this the emissions are increased by 10% and 20% on one
perturbation level at a time and results are compared with
those from a 5% emission scaling. Because of the compu-
tational costs involved with the model integrations these
experiments were only carried out on perturbation levels 2,
5,8,and 11 (at 5.9, 7.8, 9.6, and 11.4 km, cf. Table 1) which
span the vertical extent of the free troposphere.

[23] The results of emission scaling on the global ozone
burden and the lifetime of methane are shown in Figure 6,
and show that the response in ozone and methane is entirely
linear for scaling factors up to 20% of the reference
emissions. At higher altitudes the increase in the ozone
burden and the reduction in the methane lifetime from the
perturbation are stronger, in agreement with our findings
from section 5. A further experiment with 200% emission
scaling carried out on level 11 results in a global ozone
burden increase that is only 5.3% smaller than the expected
burden increase applying a linear scaling. This indicates that
a linear atmospheric response may be valid even for
emission scaling that significantly exceeds 20% at 11.4 km.

[24] In addition to the linearity in the total ozone burden
we find that the vertical and horizontal distribution of the
ozone perturbation is not altered by the emission scaling.
Figure 7 shows the change in the vertical ozone profile
(zonal mean) at 60°N caused by emission perturbations
between 5% and 20% with respect to the reference exper-
iment as calculated in p-TOMCAT and SLIMCAT. The
change in the ozone profile at 20% is twice as large as for
10% changes and four times as large as for the 5% emission

increase. This linearity is found in p-TOMCAT below the
crossover point and in SLIMCAT throughout the vertical
model domain. The duration of the p-TOMCAT model
integrations and the proximity of the upper boundary
explain the non-linearities seen in the p-TOMCAT results
above 18 km. The SLIMCAT results, which are not subject
to these issues, show that the linearity in the O; change due
to NO, perturbations is valid throughout the stratosphere.
Grewe et al. [1999] and Isaksen et al. [2001] have shown by
employing future aircraft emission scenarios that the atmo-
spheric ozone response to a global increase in aircraft NO,
emissions is approximately linear, even when changes to the
atmospheric background conditions are taken into account.
The findings from our study are consistent and show that
the response to emission increases at individual cruise
altitude bands is also linear.

[25] In addition to linear scaling of the emission size we
investigate whether the atmospheric response to emissions
at different cruise altitude bands is additive. Experiments are
carried out with emissions scaled by 5% over two neigh-
boring perturbation levels at once. We find that the sum of
the ozone changes from individual perturbations applied
accounts for more than 96% of the ozone change when the
perturbation is applied to both levels simultaneously. These
experiments were carried out for levels 2, 5, 8, and 11 and
their respective lower neighboring level. The discrepancies
in the vertical additivity of the ozone burdens vary in size
and sign, but remain consistently below 4% of the burden
change.

7. Effects of the Geographical Distribution of
Emissions

[26] So far our results have shown that the atmospheric
change due to small emission perturbations is both linear
and nearly additive in response to a scaling of the reference
emissions, provided the regional distribution of the emis-
sions remains unchanged. In this section we investigate the
atmospheric sensitivity to changes in the geographical
distribution of the emissions, as performed in experiments
CG and VG described in section 3.
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[27] Figure 8 shows the normalized changes in Os; geographical flight distribution pattern of level 11 was
burden and CH, lifetime as calculated in the VG experi- used. It can be seen in Figure 8a that the O3 burden varies
ments on levels 12—16, where aircraft routing remains the significantly between the individual perturbation levels in
same as for the reference emissions for the given level, the VG experiments (squares). In the CG experiments the
and also those from the CG experiments where the results show a continuous increase in the global ozone
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Figure 8. (a) Global (solid lines) and tropospheric (dotted lines) ozone burden change in p-TOMCAT
normalized by the global emission increase. Lines with squares show the VG experiments, lines with
crosses show the CG experiments. (b) As in (a) but for methane lifetime change. See section 3 for
descriptions of the VG and CG experiments.
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burden above level 11 (solid line with crosses). The
difference between the lines with squares and crosses
demonstrates the importance of the geographical distribu-
tion of the emissions. Figures 2b—2d show how the peak
in emissions varies with latitude; the sharp increase in the
O; burden at level 16 in the VG experiment in Figure 8a
is most likely a consequence of the emissions peak being
located at lower latitudes in the Middle Eastern region. At
level 14 the emissions peak is located over the U.S. and
the North Atlantic Flight Corridor, at higher latitudes by
comparison. In experiments CG the vertical shift of the
emission perturbations from level 11 to higher altitudes
results in an ozone response which is in general signifi-
cantly stronger, both in the tropospheric and global bur-
dens, than that caused by the emission distribution
corresponding to actual flight routes on the same levels.
For level 14 the ozone increase is 50% larger when
emission distributions from level 11 are used compared
to the original distribution, even though the total emitted
NO, is the same. The strong variability in the ozone
response seen above level 11 in experiments VG is solely
an artifact of the emission distribution and cannot be
interpreted as a change in the sensitivity of atmospheric
ozone with respect to NO, emission increases. In fact,
experiments CG show that with increasing altitude up to
14.5 km ozone production becomes increasingly sensitive
to changes in NO, emissions.

[28] For emission increases on levels 12—16 the majority
of the perturbations are located within the stratosphere and
with increasing altitude a larger proportion of the ozone
increase also occurs within the stratosphere. The stability
above the tropopause prevents the downward transport of
ozone to lower altitudes where it contributes efficiently to
OH production. Moreover H,O mixing ratios in the lower
stratosphere are much lower than in the lower troposphere
resulting in less in situ OH production. Therefore the impact
of NO, emissions on the CH, lifetime decreases with
altitude above level 12 in the CG experiment when the
emission perturbations and ozone changes are located
within the stratosphere, as seen in Figure 8b. Again the
regional redistribution of the emission perturbations results
in a large impact on the CHy lifetime, as shown by the
difference between experiments CG and VG (crosses and
squares).

[20] The extent to which changes in flight routing were
applied in this study—by vertically shifting the emission
perturbations of level 11—represents a significant but not
entirely unrealistic alteration. The results show that the basis
functions describing the linear and additive atmospheric
response are dependent on the geographical distribution of
the emissions and cannot be applied any longer when the
geographical distribution has been altered significantly. This
presents an important restriction to the formulation of a
parametric relationship and merits further investigation. It is
well established in models that the impact of NO, surface
emissions on ozone change is strongly dependent on the
location of those emissions (see e.g., Berntsen et al. [2005],
Wild et al. [2001] and references therein). Our study
indicates that this also holds for emissions from aviation.
Hence any change in the geographical distribution of
emissions (for example due to growth in emerging markets
in sub-tropical Asia) could lead to significant impacts on
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ozone and methane levels, even if the overall global
emissions remain constant.

8. Radiative Forcing

[30] Radiative forcings due to changes in ozone from
aircraft NO, emissions were calculated using a narrow band
radiative transfer scheme, with 250 bands (10 cm™") in the
thermal infrared, 5 nm spectral resolution in the ultraviolet
and 10 nm spectral resolution in the visible [Forster and
Shine, 1997]; climatological cloud amounts were taken from
Rossow and Schiffer [1999]. The monthly mean changes in
ozone due to aviation for 2002 were used in the forcing
calculations. Stratospheric temperature adjustment was in-
cluded using the fixed dynamical heating approximation. Its
impact was found to reduce the global annual mean instan-
taneous forcing due to air traffic by about —9%, which is a
smaller effect than found for purely tropospheric ozone
cases [e.g., Berntsen et al., 1997] probably because of the
stratospheric component of the ozone forcing due to avia-
tion NO,. Because of the large number of perturbation
experiments, the stratospheric adjustment was calculated
only for four months for every second experiment. The
same relative difference between instantancous and adjusted
forcings was found for these cases as for the case with
reference aircraft emissions versus the case without aircraft
emissions. Therefore the —9% adjustment factor was ap-
plied to all the global annual means of instantaneous
forcings.

[31] For the radiative forcing due to methane, a simpler
approach is appropriate, in common with other similar
studies [e.g., Stordal et al., 2006]. Results from sophisti-
cated radiative forcing codes have been shown to be well-
represented by curve fits [/PCC, 2001]. For the relatively
small methane perturbations found here, a linearization of
this forcing around present-day methane amounts (1740
ppbv, and assuming background nitrous oxide concentra-
tions of 319 ppbv, to account for spectral overlap) gives
0.37 mWm 2 ppbv .

[32] Note that we use radiative forcing as a way of
quantifying and comparing the climate effect of aviation
NO, emissions, but two important caveats are necessary.
First, there has been much recent work comparing the
efficacy of different forcings; the efficacy gives the ratio
of global-mean surface temperature change for a 1 Wm >
forcing due to a given forcing mechanism compared to the
surface temperature change for a 1 Wm ™~ forcing due to a
change in carbon dioxide. As shown by Ponater et al.
[2006], efficacies due to aviation-induced forcings can
depart significantly from unity; for their model, Ponater et
al. [2006] find values of 1.37 for ozone and 1.18 for
methane forcings. We do not apply these efficacies here
as it is necessary to establish the degree of model depen-
dence of these results, but they are nevertheless indicative of
a possible significant effect. The second caveat, which is to
some extent related to the efficacy issue, is that caution must
be exercised in comparing the apparently offsetting effects
of the positive ozone and negative methane forcings, as the
former is concentrated in the northern hemisphere, while the
latter is global in extent [e.g., IPCC, 1999].

[33] The cloudy-sky global-mean adjusted radiative forc-
ing, due to the NO,-induced ozone changes from the
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forcing at the tropopause due to O; changes from inclusion of aircraft emissions, for longwave,
shortwave and net forcings. (b) Zonal and annual mean changes in O; column and associated radiative

forcing.

AERO2k emissions derived using the p-TOMCAT model,
was found to be 30 mWm ? relative to the case with no
aviation emissions. This value is consistent with the /PCC
[1999] value of 23 mWm 2, which was derived for NO,
emissions of 0.58 Tg N a~'; simple linear scaling to the
AERO2k value of 0.68 Tg N a~' would yield a forcing of
27 mWm .

[34] Our value is somewhat greater than the mid-range
value of 22 mWm 2 given by Sausen et al. [2005]; they
report, without details, a range of 12—28 mWm 2 using the
TRADEOFF inventory for the year 2000 and a range of
chemistry transport models and radiation codes. Stordal et
al. [2006] report a reduced range of 11 to 16 mWm > for a
subset of the models used by Sausen et al. [2005] and for
emissions of 0.59 Tg N a '. It is also known that the
radiation code used by Stordal et al. [2006] yields forcings
about 11% lower than the code used here [Gauss et al.,
2006b]. However, adjusting for this difference and the
difference in NO, emissions would alter the Stordal et al.
[2006] range to 14 to 20 mWm 2, still smaller than our
result. As discussed in section 4, p-TOMCAT yields signif-
icantly larger changes in ozone than the models used for
forcing calculations in the Stordal et al. [2006] study and
this accounts for most of the difference in the ozone forcing.
By contrast, Ponater et al. [2007] report a forcing of
60 mWm 2 for the DLR 2015 emissions scenario [Grewe
et al., 2002b] which corresponds to 1.18 Tg N a~'; simple
linear scaling would yield a forcing of 35 mWm ™ using the
AERO2k NO, emissions.

[35] The monthly and global-mean forcing is shown in
Figure 9a and shows a strong peak in forcing in September
to November, consistent with the peak change in ozone.
Figure 9a also shows, as expected, the dominance of the
longwave forcing over the shortwave forcing. Figure 9b
shows the annual and zonal-mean adjusted forcings to
allow comparison with other work [e.g., IPCC, 1999;
Stordal et al., 2006] and emphasizes the northern hemi-
sphere dominance of this forcing for the current aviation
fleet. The marked secondary peak at 20°S in Figure 9b is
entirely absent by Hauglustaine et al. [1994]. There is a
smaller secondary peak in the work of /PCC [1999] (see
their Figures 5—8) and there are hints of a small peak in

the three models reported by Stordal et al. [2006]. As
shown by Stordal et al. [2006], the TOMCAT model (the
predecessor to the model used here) has a heightened
southern hemisphere ozone response to aviation emissions,
and a more marked secondary peak, than the other models
in that study. Figure 10 shows the annual-mean geograph-
ical distribution of total ozone change and forcing. It
shows that the peak in forcing is displaced much more
toward the equator than the emissions themselves (cf.
Figure 3). This is partially because of the location of the
ozone changes (Figure 10a), but also because a given
change in tropospheric ozone is much more effective at
causing radiative forcing at lower latitudes particularly
over warm, relatively high albedo surfaces such as deserts
[e.g., Berntsen et al., 1997].

[36] The impact of the NO, perturbation experiments
(section 5) on radiative forcing are shown both for a 5%
change in NO, emissions in Figure 11a and normalized to
the NO, emissions in Figure 11b. The 5% plot shows a
strong peak at 10.5 km, coincident with the peak in NO,
emissions (cf. Figure 1). The normalized plot shows a
general increase in forcing per Tg N a~! emitted with
altitude — the structure in the 11—13 km region is because
these calculations use the VG experiments (cf. Figure 8), so
part of the variation is due to the change in the geographical
distribution of the fleet with altitude. The dominant driver of
the vertical variation between 11 and 15 km altitude is that,
as shown in Figure 5, a given emission of NO, leads to a
greater ozone increase at higher altitudes. Although a given
change in ozone is generally more important for radiative
forcing if it is located near the tropopause, this is a
secondary effect in driving the vertical variation of the
forcing as a function of the altitude of perturbation. Advec-
tion by the circulation means that the perturbation to ozone
is not strongly constrained to the altitude at which NO, is
perturbed. We find that the forcing per change in column
ozone burden varies by only 10% with height of NO,
perturbation; the peak effect is for perturbation level 7
(about 9 km).

[37] The radiative forcing due to the methane lifetime
decrease of 3.0% (section 4) is about —19 mWm 2, again
very similar to the /PCC [1999] value when scaled for
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Figure 10. Geographical distribution of (a) annual mean O3 column changes (in DU) from inclusion of
aircraft emissions in p-TOMCAT and (b) annual mean radiative forcing due to ozone changes (in

mWm ).

changes in emissions, but somewhat more negative than the
mid-range Sausen et al. [2005] value of —10.4 mWm .
Note however that, insofar as a net forcing can be produced
from the sum of the ozone and methane forcings, the net
forcing from Sausen et al. [2005] of 11.5 mWm 2, is very
similar to the 11 mWm 2 derived here.

[38] An estimate of the radiative impact of the methane
change on ozone forcing can be made following the method

of Berntsen et al. [2005] (Appendix B), taking the IPCC
[2001] multimodel mean value (see their Table 6.3) specific
radiative forcing due to ozone change of 42 mWm > DU,
As discussed in section 4, for p-TOMCAT the 3% decrease
in methane leads to a column ozone decrease of 0.27 DU
and hence this yields a forcing of —11 mWm ™ 2; using an
average of a multimodel sensitivity of methane-induced
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Figure 11. Radiative forcings due to changes in ozone (squares), methane (triangles) and methane-

induced ozone change (diamonds) as a function of the altitude of a NO, perturbation. The dashed lines
represent the net forcing of all components. (a) Forcing in mWm 2 due to a 5% perturbation in NO,
emissions. (b) Forcing, normalized by the change in NO, emissions. Above level 11 the results were
derived using the VG experiments and linearly scaled to 5%.
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ozone changes (as used by Berntsen et al. [2005]), yields a
slightly less negative forcing of —8 mWm ™ 2.

[39] Hence the sum of the forcings due to short-lived
ozone response, the methane response, and the methane-
induced ozone is close to zero, in the global mean, empha-
sizing the importance of including the ozone response to
methane change. Using the p-TOMCAT results, the ozone
forcing due to the methane change is 0.59 times the methane
forcing itself, for present-day methane concentrations. This
ratio is also used to calculate the height variation of
methane-induced ozone forcing.

[40] Figure 11 shows the methane radiative forcing as a
function of height of the NO, perturbation. As expected, this
broadly follows the ozone forcing in shape, as both forcings
are mostly dependent on the efficiency with which NO,
emissions change ozone amount. However, the normalized
methane forcings per Tg N a~' do not increase as rapidly as
the ozone forcings in the stratosphere, because ozone
changes in the stratosphere are less effective at changing
tropospheric OH.

[41] Figure 11 also shows the simple estimate of the
methane-induced ozone change, which is taken to be 0.59
times the methane forcing, and the sum of the three
forcings. The normalized forcings (per Tg N a~ ') for ozone
and methane, as a function of the altitude of NO, perturba-
tion are also listed in Table 1.

9. Conclusions

[42] The impact of perturbations to a range of aircraft
NO, emission parameters on ozone and methane and the
associated radiative forcing changes were investigated with
two chemistry transport models and an off-line radiative
transfer code. Initially the atmospheric impact of the unper-
turbed NO, emissions from aviation in 2002 was calculated,
using a new emission inventory and an updated version of
the p-TOMCAT 3D chemistry transport model. Subsequent-
ly, the sensitivity toward changes in cruise altitude, the size
of the emission perturbation and the geographical distribu-
tion of global emissions were investigated. Results from the
SLIMCAT model reveal the long-term response at higher
altitudes and demonstrate that the responses generated with
p-TOMCAT in the critical upper troposphere/lower strato-
sphere region are reliable, and therefore provide evidence
and additional support that p-TOMCAT is fit-for-purpose
for these aircraft studies.

[43] Aircraft NO, emissions increase the ozone mixing
ratios in the troposphere and UTLS region, with a maximum
increase of 6 ppbv in the zonal annual mean and a global
increase in the Oz column of 0.81 DU. This is consistent
with earlier results from TOMCAT and with results from
IPCC [1999] and Grewe et al. [2002b] after linear scaling of
their total aircraft emissions to AERO2k values. Results
here however exceed those reported in TRADEOFF
[Isaksen, 2003; Gauss et al., 2006a; Stordal et al., 2006].
The increase in ozone and the associated increase in the
troposphere’s oxidizing capacity has resulted in a reduction
in the lifetime of methane by 3.0%. The ozone increase has
led to an additional radiative forcing of 30 mWm 2. This
forcing is consistent with results from /PCC [1999], after the
increase in NO, emissions since 1992 is taken into account,
and consistent with the top end of the range (28 mWm ?)
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given by Sausen et al. [2005]. Clearly there remains
significant uncertainty in the forcing, with most of this
uncertainty being driven by uncertainty in the change in
ozone from the aviation emissions. The methane decrease
resulting from the ozone change is estimated to be
—19 mWm 2 and we make a simple estimate of the forcing
due to methane-induced ozone forcing, which yields a value
of —11 mWm 2. Hence the sum of the forcing from the
three mechanisms considered here is, at least in the global
mean, close to zero.

[44] The impact of aircraft NO, emissions on ozone and
methane depends significantly on cruise altitude, reflecting
the increase in ozone production efficiency with altitude. An
emission increase in the upper troposphere at 11 km leads to
a 200% larger ozone increase and a 40% stronger reduction
in methane lifetime per emitted mass of NO, than an
emission increase at 5 km altitude. Net chemical formation
of ozone increased only above 5 km such that ozone
increases below this altitude are due to downward transport
of additional ozone being produced in higher regions. In the
lower troposphere aircraft NO, emissions lead to a reduction
of the net ozone production, as the downward transport of
aircraft-induced O3, produced in the UTLS region, provides
an additional local source of HO, resulting in an increased
loss of O3 and leading to nitrogen oxides at low altitudes
being more efficiently tied up in nitric acid.

[45] The scaling of emissions at several cruise altitude
bands has revealed that small changes in emissions (locally
5-20%) lead to a linear response in the O3-NO,-CH4
system and the associated radiative forcings. Moreover it
was found that the effects from emission perturbations are
approximately additive, such that the sum of the impacts
from emission changes at different levels is near equal to the
impact when emissions are perturbed simultaneously at all
levels. Initial experiments with significantly larger scaling
factors indicate that the linearity in the atmospheric re-
sponse may be valid for scaling factors much larger than
used in this study. This linear relationship can be used in
future work to estimate the atmospheric impact of changes
to a reference emission profile without the need to carry out
chemistry transport model integrations, provided that the
geographical distribution of the emissions remains unal-
tered. This restriction forms an important limitation to the
applicability of a linear parameterization.

[46] Global aircraft emissions exhibit a maximum in
terms of emitted mass and global coverage at 10—12 km
altitude, above which they decrease rapidly with altitude.
Correspondingly their impact on ozone and methane rea-
ches a maximum at 10—12 km altitude. In spite of further
increasing ozone production efficiency with altitude in the
lower stratosphere, the variation of the geographical cover-
age of emissions results in a decrease in aircraft-induced
ozone production and the impact on methane above 12 km.
We have shown that a change to this coverage in the lower
stratosphere, while maintaining the total amounts emitted,
can lead to significant variations in the impact on ozone and
methane. Changes applied to the geographical distribution
of emissions result in a significant response in atmospheric
ozone and methane that cannot be described by the linear
base functions established earlier through emission scaling.
This has important consequences for future air traffic
growth, together with changes to flight routing as a result
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of Air Traffic Control or operational procedures. In our
study we investigated the impact of regional emission
changes only at altitudes above 11.5 km where flight
routing coverage changes substantially with altitude. Sen-
sitivity to flight route distributions is likely to be found also
at lower altitudes, although we expect the impact to be
smaller as the total geographical coverage of emissions
exhibits less variability at lower altitudes.
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