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Abstract

We evaluate the response to regional and latitudinal changes in aircraft NOx
emissions using several climate metrics (radiative forcing (RF), global warm-
ing potential (GWP), global temperature change potential (GTP)). Global
chemistry transport model integrations were performed with sustained per-
turbations in regional aircraft and aircraft-like NOx emissions. The RF due
to the resulting ozone and methane changes is then calculated. We inves-
tigate the impact of emission changes for specific geographical regions (ap-
proximating to USA, Europe, India and China) and cruise altitude emission
changes in discrete latitude bands covering both hemispheres. We find that
lower latitude emission changes (per Tg N) cause ozone and methane RF's
that are about a factor of 6 larger than those from higher latitude emission
changes. The net RF is positive for all experiments. The meridional extent
of the RF is larger for low latitude emissions. GWPs for all emission changes
are positive, with tropical emissions having the largest values; the sign of the
GTP depends on the choice of time horizon.
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1. Introduction

Emissions from global aviation alter atmospheric composition. These
emissions include oxides of nitrogen (NOx = NO + NO,) which result in the
increased formation of ozone (O3) and in a reduced lifetime and concentration
of methane (CHy) (see Lee et al., 2010; Myhre et al., 2011; Holmes et al.,
2011, and references therein) and result in a radiative forcing (RF) that can
drive climate change. The RF due to NOx emissions depends sensitively on
where the emissions occur unlike emissions of carbon dioxide (COs) which is
long lived and hence globally well-mixed.

Air traffic has a heterogeneous global distribution with the majority
concentrated in northern hemisphere mid-latitudes, particularly over North
America, Europe, the North Atlantic and Japan (Eyers et al., 2005). A
substantial increase in future air traffic is predicted in countries with fast
growing economies such as China and India (ACI, 2011).

We investigate the link between the location of aircraft NOx emissions
and the consequent RF | by examining the effect of emissions from four dis-
tinct regions: Two of these experience high air traffic today; in the other two
air traffic is expected to grow significantly. We also examine systematically
the effect of latitude of aircraft emissions at cruise altitude. We apply sus-
tained regional perturbations to aircraft NOx emissions from a contemporary
emissions inventory, using a global chemistry transport model in combination
with an off-line radiative transfer model. We then calculate climate emission
metrics (the Global Warming Potential and Global Temperature Change Po-
tential) to illustrate the dependence on the type of climate metric.

A particular difficulty is that the net RF of NOx emissions is a residual
of effects of opposing signs — a short-lived and positive ozone RF directly
resulting from the NOx emissions is accompanied by a longer-lived negative
forcing due to a consequent decrease in methane concentrations and an as-
sociated decrease in ozone. Further impacts from NOx emissions are the
formation of nitrate particles (Kéarcher, 1996) and indirectly a more effective
conversion of SO, to sulphuric acid due to an increase in OH and the subse-
quent formation of sulphate aerosol (Pitari et al., 2002). These further NOx
impacts have been much less studied and are not considered here.

The net RF from aircraft NOx emissions for the year 2005 is reported
by Lee et al. (2010) as the second largest (13.8 mW m™2) after that from
CO; (28 mW m™2). The more uncertain RF for aircraft-induced cloudiness
could however be larger than these (estimated 33 mW m~2). Hoor et al.



(2009), Myhre et al. (2011) and Holmes et al. (2011) report large inter-model
differences in the RF of aircraft NOx. The relative importance of aircraft
NOx is influenced by the background NOx concentrations, originating from
surface or lightning emissions (Berntsen and Isaksen, 1999). The abundance
of the oxides of hydrogen (HOx), volatile organic compounds (VOCs), as well
as the available solar irradiance play further important roles (Jaeglé et al.,
1998a). Earlier modelling studies (e.g. Berntsen et al., 2005; Derwent et al.,
2008) found that the global-mean RF and surface temperature change result-
ing from surface NOx emissions depend on where emissions occur. Kohler
et al. (2008) have shown that changing the flight routing pattern at cruise
altitudes significantly changes the impact on ozone and methane, and the
associated RF. Grewe and Stenke (2008) found a significant difference in the
RF from aircraft NOx emissions in four latitude bands and six height levels
for a 2050 background scenario. Stevenson and Derwent (2009) calculated
the effect of location of cruise-level aviation NOx emissions on the 100-year
time-integrated RF (the absolute global warming potential) in response to
pulse emissions of NOx in about 100 different locations. They show a strong
dependence on the background NOx levels, and emphasise the compensation
between the short-lived ozone effect and the longer-lived methane effect.

We quantify here the effect of the location of aircraft NOx emissions on
RF by increasing NOx emissions by small amounts in different regions and
at different latitudes. This will illustrate how the effect of aviation NOx
emissions on ozone, methane, and the associated RF depend on the location
of emissions, which is of particular importance as future growth in aviation
emissions is likely to be globally heterogeneous. The results for metrics have
potential applications in policy contexts (see e.g. Fuglestvedt et al., 2010)
and when considering the climate impact of changes in aircraft design (e.g.
Schwartz Dallara et al., 2011).

Sections 2 and 3 describe the model and experiment setup. Section 4
focuses on composition changes and the associated RF. Section 5 presents
the climate metrics. We conclude with a discussion of our findings.

2. Model Description

The p-TOMCAT chemistry transport model was used in a similar config-
uration as in Hoor et al. (2009) and Myhre et al. (2011), an updated version
compared with that used in Kéhler et al. (2008); the most important up-
dates concern the model’s chemical reaction rates and surface emissions. As



in Hoor et al. (2009) the model grid has a horizontal resolution of 5.6 x 5.6
degrees, but with increased vertical resolution of 35 vertical levels between
the surface and 10 hPa as in Kéhler et al. (2008) resulting in a vertical grid
spacing of approximately 700 m in the upper troposphere and lower strato-
sphere (UTLS). Horizontal tracer advection was calculated by conservation of
second-order moments (Prather, 1986). Vertical transport was based on the
Tiedtke (1989) convective mass flux parameterization and a non-local vertical
diffusion scheme (Holtslag and Boville, 1993). Lightning NOx emissions are
linked to the convection scheme (Stockwell et al., 1999) and scaled to a total
of 5 Tg (N) yr~!. A more detailed model description is given in Cook et al.
(2007) and Hoyle et al. (2011). The chemistry is as described in Hoor et al.
(2009) with the exception that our study does not include homogeneous and
heterogeneous sulphur chemistry. Chemical reaction rates were consistent
with Atkinson et al. (2005) and JPL (2003) resulting in a methane lifetime
of 7 years with respect to all losses. The shorter CHy lifetime compared to
that in Kohler et al. (2008) is due to the models updated surface emissions
and chemical reaction rates. The model integrations were forced by analy-
ses from the European Centre for Medium-Range Weather Forecasts for 2001
and 2002. 2001 served as a spin-up period to allow the model to reach steady-
state with regard to the sustained emission perturbation in each experiment.
Only model results for 2002 are presented. As described in Hoor et al. (2009)
the surface emissions were based on the Emission Database for Global At-
mospheric Research (EDGAR) 32FT2000 inventory (van Aardenne et al.,
2005; Olivier et al., 2005). Methane however was globally fixed at 1820 ppbv
for the northern hemisphere (NH) and 1720 ppbv southern hemisphere (SH).
Road traffic emissions in EDGAR were replaced by Borken and Steller (2006)
and shipping emissions by Endresen et al. (2007). Aircraft NOx emissions
for 2002 were taken from the AERO2k inventory (Eyers et al., 2005). A
breakdown of the individual non-aviation emissions is shown in Table 1 of
Hoor et al. (2009). p-TOMCAT does not include a sub-grid scale param-
eterization for emissions (c.f. Meijer et al., 1997) and thus we expect the
diagnosed chemical response in the results to be slightly overestimated due
to the instantaneous mixing of the emitted NOx.

RFs due to ozone changes from NOx emissions were calculated using
the Edwards-Slingo radiation code (Edwards and Slingo, 1996), an offline
version of the code used in the UK Met Office Unified Model. It uses the
0-Eddington approximation in the solar region of the spectrum. Spectral
resolutions were six bands in the shortwave and eight bands in the longwave.
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Stratospheric adjustment was calculated using the fixed dynamical heating
approximation (Ramanathan and Dickinson, 1979). Climatological cloud
amounts were taken from Rossow and Schiffer (1991). RF calculations were
performed using monthly-mean ozone perturbations from p-TOMCAT (we
refer to this as the short-lived ozone forcing). In the case of the latitudinal-
band perturbations described below, the ozone perturbations were multiplied
by a factor 100 to avoid numerical problems with small forcing values. The
resulting RFs were then divided by 100. The radiation code used here differs
from that used in Kohler et al. (2008) but it was found that for the short-
lived ozone forcing both codes agreed within about 10 percent. The methane
RF follows the same simplified procedure described in Myhre et al. (2011) as
it is not practicable to run the model for long enough for methane to come
into equilibrium with the OH changes. We apply a commonly used method
(explained in Fuglestvedt et al. (1999) and used in K&hler et al. (2008) and
elsewhere) wherein the steady state methane changes are based on changes in
the OH fields, multiplied by a multi-model average feedback factor of 1.4 to
account for the effect of methane changes on its own lifetime. The methane
specific RF is taken to be 0.37 mW m~2 ppbv~!. As in Myhre et al. (2011)
this forcing is enhanced by 15% to account for the effect of methane change on
stratospheric water vapour concentrations. Unless otherwise indicated, the
methane forcing presented here incorporates the stratospheric water vapour
forcing. The effect of the methane change on ozone (called the methane-
induced ozone change here) is computed from multi-model averages whereby
a 10% change in methane leads to a 0.64 DU change in ozone, with a specific
RF of ozone of 42 mW m~2 DU~L,

We assume that the methane concentration change (and the consequent
methane-induced ozone change) is in equilibrium with the change in OH due
to the NOx emission change. Hence our results represent the forcing several
decades after the emission change. This differs from the RFs presented in
Myhre et al. (2011) which were specifically for the year 2000, and included
a simplified representation of the imbalance. The steady-state assumption
(also used in Holmes et al., 2011) was more appropriate for the more idealized
calculations presented here.

3. Experiments

We have carried out sensitivity studies where in one region at a time
small perturbations in NOx are applied. Emission scaling has been used



previously to estimate the contribution from individual sectors to changes in
composition and RF (e.g., Hoor et al., 2009; Myhre et al., 2011). Critical
evaluation of this method (e.g., Wang et al., 2009; Grewe et al., 2010) has
raised concerns about non-linearities in the atmospheric response which can
introduce uncertainties when large scaling factors are used. Grewe et al.
(2010) and Myhre et al. (2011) however found that the non-linear response
is small, especially when compared to inter-model differences; they conclude
that emission scaling using small increments contributes little to the overall
uncertainty.

We present results from two experiment groups. In the first group of
four experiments (“Regional Perturbations”) aircraft NOx emissions were
increased at all altitudes in a limited domain. The domains are shown as
rectangular boxes in the left column of Figure 1 and described in Table 1.
They represent approximately the contiguous United States (USA), Europe,
the Indian subcontinent, and the eastern part of China. The USA and Eu-
rope represent areas with mature air traffic infrastructure; India and China
represent areas where strong growth is expected during the coming decades
(ACI, 2011). The emissions increase was implemented by scaling the vertical
aircraft NOx emissions profile in the p-TOMCAT grid boxes located within
each region by a constant factor. This factor was adjusted for each region
such that the emission mass increase was equal to a 20% emissions increase
over the USA region. This corresponds to additional emissions of 0.036 Tg
(N) per year, and relative increases in Europe, China and India, of 28%, 108%
and 260% respectively (see Table 1). Market forecasts for 2010-2029 (Airbus,
2010; Boeing, 2010) predict air traffic growth rates in revenue-passenger-km
(RPK) per annum of 3.3-3.4% for North America, 4.1-4.4% for Europe and
5.8-6.8% for the Asia-Pacific region. Although aircraft emissions have not
grown proportionally to the growth in RPK due to increasing aircraft effi-
ciency, we still consider the increases in our experiments to be within the
expected range for the coming decades in the absence of radical changes in
operational practices or aircraft technology.

The second group of experiments (“Latitude Bands”) aims to establish to
what extent the RF due to NOx emissions at cruise altitude is a function of
latitude. A fixed rate of emission of NOx was equally distributed (indepen-
dent from flight routing) in 20 degree latitude bands on three vertical model
levels in the UTLS. This is compared with a reference experiment using the
unaltered AERO2k NOx emissions. Figure 2 shows the location of the lat-
itude bands superimposed over the p-TOMCAT NOx background mixing



ratios. The additional amount of NOy emitted in each latitude band was the
equivalent of 1% of aircraft emissions within the 40-60°N band (additional
3.8 -107* Tg (N) yr™!). The amount was chosen to be small to minimise
non-linear chemical effects (c.f. Kéhler et al., 2008) and to make ozone and
methane changes comparable through normalisation, as the surface area of
individual latitude bands varies by approximately 30%.

4. Results

In p-TOMCAT the unaltered AERO2k NOx emissions (0.68 Tg (N) yr™')
cause an increase in the global annual mean O3 column by 0.57 DU which
is approximately 30% less than the change reported in Kohler et al. (2008).
This reduction is caused by the inclusion of updated chemistry and surface
emissions in the model. The all-sky global-mean stratospheric temperature
adjusted RF from short-lived ozone was 19.6 mW m~2 (compared to 22.7
mW m~2 for the instantaneous forcing). Kohler et al. (2008) found a higher
global RF (30 mW m™2 for the same emissions) mainly due to the larger
ozone changes in the previous calculations. Our new value corresponds to 34
mW m~2 DU~! which compares well with Myhre et al. (2011) who present an
average value of 36 mW m~—2 DU™! from five chemistry transport models, em-
ploying a different aircraft emissions inventory. In our study the aircraft NOx
emissions reduce the methane lifetime by 0.068 years. The ozone, methane
(without stratospheric water vapour) and methane-induced ozone RFs nor-
malised by NOx emissions are 28.8, —14.4 and —6.03 mW m~2 per Tg (N)
per year, respectively. These are in good agreement with the corresponding
multi-model means of 27.3£9.7, —16.1 £ 5.6 and —6.6 & 3.3 mW m~2 per
Tg (N) per year given by Holmes et al. (2011). The net RF is 8.4 mW m™2
per Tg (N) per year (or 6.3 mW m~2 per Tg (N) per year when including
stratospheric water vapour forcing), which is within the range of the very
uncertain net value of 4.5+4.5 mW m~2 per Tg (N) per year range given in
Holmes et al. (2011).

4.1. Regional Perturbations

The NOx perturbations in the four regions show significant differences
in their impacts on global O3 column and methane lifetime (Tables 1 and
2). The fourth column in Table 1 shows the extent to which the unaltered
AERO2k aircraft emissions (without added perturbation) increase background
NO; levels at cruise altitude (10-12 km); the relative contribution is largest



over Europe and smallest over India. Emission increases over India and China
lead to column Oj increases which are approximately a factor of two higher
than over the USA and Europe. We suggest that a large contributor to
this difference is the higher level of solar irradiance at lower latitudes which
results in faster photochemical production of ozone. Further contributing
factors may be differences in HOx and VOCs abundances.

Meridional transport of O3 is more pronounced in perturbations at lower
latitudes where NOx emission changes affect O3 column over a larger geo-
graphical area (Fig. 1). Emission perturbations in the mid-latitudes, e.g. in
the USA and China, are picked up by the prevalent westerlies and the asso-
ciated peak O3 changes occur over the North Atlantic and over large parts of
the central Pacific, respectively. NOx emission increases over India result in
peak Oj increases over the north-eastern Indian Ocean with a large seasonal
effect depending on the monsoon phase (not shown). The vertical extent of
the O3 change is larger for USA emissions compared with European emis-
sions, and is still larger for emissions from China, and largest for emissions
from India where strong convection leads to a chemical impact throughout
the depth of the troposphere. Convective transport to higher altitude also
results in a longer lifetime of the emitted NOx as well as of the additional
ozone produced by the NOx perturbation. The impact of the NOx pertur-
bations on the methane lifetime (Table 2 final column) is more negative at
low latitudes, with the largest effect found for emissions from India because
of the larger change in ozone for these emissions. Output from p-TOMCATSs
chemical reaction channels, investigated by Kohler et al. (2008), has shown
that the additional O3 produced from the NOx increase results, through OH
radical production, in a CHy loss which is most efficient at low latitudes and
low altitude, resulting in the CH,4 lifetime reduction.

Figure 3 shows the methane lifetime change and the net global annual-
mean RF, and the three component forcings, for the regional experiments.
Table 2 presents the specific RFs (per Tg (N) yr~!). The net RF is shown
by the black cross in the upper figure panel; its highest value is 0.51 mW
m~2 for emission perturbations in China. While the short-lived O3 RF is
largest for the India perturbation experiment (1.63 compared to 1.46 mW
m~? in China) the methane and methane-induced ozone RFs play a relatively
larger role there and reduce the net RF to 0.45 mW m™2. The experiments
for perturbations over the USA and Europe respectively, show much smaller
short-lived O3 RFs (0.72 and 0.49 mW m~?2). This difference in RF between
mid-latitude and (sub)-tropical latitudes is larger than the difference seen in
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the O3 changes (Table 1) and is even larger for the net RFs (Table 2). For
example, for the experiments over India and Europe the ratio of O3 changes
is 2.3, the ratio of short-lived O3 induced RFs is 3.3, and the ratio of the
net RFs is 5.9. Hence, the methane and methane-induced ozone changes are
more effective at compensating the short-lived ozone RF for the two high-
latitude experiments. These balances are subtle — Tables 1 and 2 indicate
that the methane lifetime change per unit ozone change is almost invariant of
the emission region (varying between 0.18 and 0.22 yr DU™!). The variation
in ozone change per unit NOx emission, and the resulting specific forcing,
drive the regional differences in the net forcing.

Figure 3 (middle panel) shows the latitudinal dependence of the RF due to
the Og increase. It reflects the effect described above and shown in Figure 1,
that for emissions at lower latitudes (China and India) the RF is larger with
the peak located near the latitudes of emission. Additional NOx emissions at
higher latitudes like USA or Europe result in an overall smaller RF with its
maximum at lower latitudes than the emissions. Hence, the latitude of the
region is the driving factor for these different composition and forcing effects,
such that the same amount of NOx emissions results in RF's that are larger
when released at lower latitudes. This is consistent with similar experiments
for surface NOx emissions (e.g. Berntsen et al., 2005). The experiments
described in the next section provide further evidence.

4.2. Latitude Bands

Figure 2 shows the zonal-mean annually averaged NOx distribution in
p-TOMCAT for 2002, representing the NOx background to which emission
increases are applied. The eight regions where emissions are increased are
shown as boxes indicating their vertical and meridional extent. Emissions
were increased at all longitudes in each of the eight boxes individually. At
high latitudes (> 40°N or S) the additional NOx emissions are released
mainly above the tropopause; at lower latitudes the perturbation is below
the tropopause.

NOx levels increase sharply with altitude near the tropopause. Such gra-
dients are difficult to reproduce accurately in global models, mainly due to
insufficient vertical resolution. In general, atmospheric models tend to un-
derestimate upper tropospheric NOx levels (Brunner et al., 2003; Henderson
et al., 2011) due to the complex inter-related chemical and physical processes
which govern transport and the partitioning of the reactive nitrogen com-
pounds. Stratospheric influx, convective uplift from the lower troposphere



and lightning emissions (Berntsen and Isaksen, 1999) are important in deter-
mining upper tropospheric NOx levels and, as sub-grid scale processes, they
represent challenges for global models. Henderson et al. (2011) have investi-
gated photochemical ageing of NOx and reported wide-spread overestimation
of NOx to HNOj conversion in models. Validation with satellite data (Sav-
age et al., 2004) found that the TOMCAT model reproduced observed NOx
levels and their seasonal cycle reasonably well, although it underestimated
upper tropospheric NOx. A comparison with in-situ aircraft observations
(Brunner et al., 2003) showed that the UTLS model bias varied between
—10% to —50%. Other models in that study showed a similar bias.

The methane lifetime change and the resulting net global annual-mean
RF, as well as the three component forcings, for each latitude experiment
are shown in Figure 4. Table 2 presents the specific RF values. Figure 4
(top panel) shows a strong latitudinal dependence of the short-lived O3 RFs
which is again a combination of the latitudinal variation in ozone produc-
tion efficiency per NOx molecule and their associated RF's per DU of ozone
change. The largest ozone column increase is found for low latitude perturba-
tions (bottom panel, Fig. 4), partly due to the relatively low NOy background
concentrations in the upper troposphere (c.f. Fig. 2) and partly due to higher
insolation and higher ozone production rate. This is also reflected in the high
short-lived ozone forcing at low latitudes. Figure 4 (middle panel) shows that
for perturbations at latitudes higher than 40 degrees the ozone RF change
is largely confined to the hemisphere of emission. For perturbations at 20—
40° the peak ozone column increase is found largely over the oceans where
background NOx concentrations are lower (not shown). The compensating
methane and methane-induced RF will be more globally distributed than the
short-lived ozone forcing; hence the compensation between the global mean
forcings will not necessarily be found on smaller scales.

Figure 4 (bottom panel) shows the impact on the global ozone column
and methane lifetime change. While our figures show annual-mean results
we diagnose the strongest seasonal change at high latitudes with virtually
all ozone column increase occurring during polar day. In the inner-tropical
region on the other hand the location of the inter-tropical convergence zone
controls where the area with strongest ozone increase is found. The global-
mean net forcing as a function of the latitude of emission is quasi-symmetric
relative to the equator with large impacts at low latitudes and smaller impacts
near the poles. However the impact both on ozone increase and methane
lifetime reduction is larger for SH perturbations and weighted by the ozone
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increase the impact on the methane lifetime is again larger in the SH. This
is attributed to the lower NOx background resulting in a larger sensitivity
with respect to an emissions change.

As with the composition changes, the RF's due to emissions at a given SH
latitude are larger than those for perturbations at the corresponding northern
latitude. The smallest inter-hemispheric difference is observed for the 20°—
40° latitude band. This can best be seen in Figure 4 (middle panel) which
shows the zonal-mean RFs. The figure demonstrates the impact of latitude of
NOx emission on the global-mean net RF. The net RF for tropical emissions
is around 7 times higher than that resulting from emissions in the 60°-80°
bands in both hemispheres. Despite the global-mean short-lived ozone RF's
being much higher for SH emissions (by more than a factor of 2 for the 60°—
80° band), the same is not true for the net RFs, because the compensating
methane and methane-induced O3 RF's are also larger for the SH emissions.
Indeed, for the 40°-60° band, the net RF for the NH emissions is a factor of
two larger than the corresponding SH case.

The latitudinal variation of the net RF is a complicated combination of
different factors. As Figure 4 (bottom panel) shows, in the NH the methane
lifetime change varies between low and high latitudes emissions by approxi-
mately a factor of six whereas for the short-lived ozone changes the variation
is approximately a factor of three (the methane lifetime change per unit
ozone change varies from about 0.12 to 0.19 yr DU™!, a larger range than in
the regional experiments). On this basis, it might be expected that the net
RF would be smaller at low latitudes because the methane effect becomes
larger — however this effect is compensated by the fact that the short-lived
O3 RF per DU change approximately doubles from high to low latitudes,
mostly because of the dependence of the RF on surface temperature. Fig-
ure 4 (middle panel) shows the much enhanced RF at low latitudes for the
low latitude emission cases. Hence, the net RF is generally higher for lower
latitude emissions cases.

5. Climate Emission Metrics

Radiative forcing provides an indication of the equilibrium climate effect
of sustained NOx emissions. Because of the differing lifetimes of the various
components, RF does not give a useful view of the future impact of current
emissions, which may be required for considering possible mitigation options
and for comparison with other aviation climate impacts. We present values
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for two climate metrics — the Global Warming Potential (GWP) and the
Global Temperature Change Potential (GTP), following the methodology
used in Myhre et al. (2011), which is identical to that in Fuglestvedt et al.
(2010) apart from the inclusion of the effect of stratospheric water vapour
changes due to methane changes.

As discussed in Fuglestvedt et al. (2010) there are many caveats and
issues in defining and computing climate emission metrics. The GWP and
GTP are presented here as they are the most widely discussed metrics. The
GWP (with a hundred-year time horizon) is adopted for placing gases within
the Kyoto Protocol on a common COs-equivalent scale, and is the time-
integrated RF due to a pulse emission of a gas, relative to a pulse emission of
an equal mass of COy. The GTP computes the temperature change at a given
time (i.e. unlike the GWP it is not time-integrated), due to a pulse emission,
relative to that from a pulse emission of an equal mass of CO,. The GTP
could be more suitable for a target-based climate policy. GWPs are presented
for the “traditional” time horizons (H) of 20, 100 and 500 years; the GTP
is presented for H = 20, 50 and 100 years, which are more appropriate in a
target-based context. As shown by Fuglestvedt et al. (2010) the NOx GTP
is highly dependent on the choice of H. The GTP values are also sensitive
to the choice of model used to represent heat uptake in the oceans and to
the climate sensitivity. The calculations here assume an equilibrium climate
sensitivity of 3.9 K for a COy doubling.

Table 2 lists the specific RF values for the three components; these are
used to generate the GWP and GTP values. Table 3 shows the total GWP
and GTP for the three time horizons. The table in the supplementary infor-
mation contains the individual components of these GWPs and GTPs.

Myhre et al. (2011) show considerable inter-model spread in the GWP and
GTP values for present-day emissions; hence care is needed in applying the
results from one model. In addition, because of the compensation between
the different terms, the net metric values vary widely in both size and sign
due to subtle changes in the individual components. For example, the GWP
for H = 20, 100 and 500 year for the global emissions from the present-
day fleet are 415, 75 and 23 respectively, which can be compared with the
p-TOMCAT values in Myhre et al. (2011) of 218, —6.3 and —2.0. The
individual components making up these net values differ (see Supplementary
Information), however, by no more than 17% in the two studies.

Considering the GWP values, the values for emissions from China and
India are similar for all H and several times larger than the values for emis-
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sions from USA and Europe, with the global values intermediate between the
two. This general pattern is supported by the latitudinal values (recall that
these are for emissions near cruise altitude, rather than aviation emissions at
all altitudes, and hence these are generally larger than the regional values),
with a factor of 6 difference between the tropical and high latitude values.
Values in the NH are generally higher than the SH, with some exceptions.

Stevenson and Derwent (2009) do not present detailed numerical values
of their absolute 100-year GWP (AGWP) and so a detailed comparison is not
possible. In contrast to our results, their net AGWP is almost always neg-
ative, irrespective of the location of emissions; in their model the impact on
methane overwhelms the effect of the short-lived ozone forcing. Nevertheless,
their net AGWP varies strongly with location, as in our study — their results
are generally more negative for emissions in the tropics, with the most neg-
ative values in the central equatorial Pacific, because of the low background
NOx levels. Possible reasons for the difference in sign are discussed in the
Conclusions.

The GWPs are uniformly positive for all cases presented here, but the
GTP varies in sign from negative for H = 20 and 50 years to positive for H
= 100 years. The fact that, for example, GTP(20) and GWP(20), and the
GTP(20) and GTP(100), differ in sign, indicate the care necessary in metric
choice for a given application. There is less clear differentiation in the GTP
values for the regional experiments than was the case for the GWPs. The
latitudinal experiments show more coherence. Unlike the GWPs, the peak
GTP values are not for tropical emissions for two of the three time horizons,
and the inter-hemispheric differences are more marked than in the GWP
case. Although the metrics for lower latitude emissions are generally larger
in magnitude than for higher latitude emissions, for GTP(20) and GTP(50)
they are more effective at cooling, while for GTP(100) they are more effective
at warming.

6. Conclusions

We have carried out chemical transport model experiments with regional
perturbations to aircraft NOx emissions. First emission perturbations were
applied throughout the vertical extent of the atmosphere in four distinct
geographical regions. Then NOx was increased at cruise altitude in discrete
latitude bands.
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Our results show strong regional sensitivity of ozone and methane to
changes in NOx, particularly at cruise altitude. In general, low latitude
emission increases result in stronger impacts on O3 column and CHy lifetimes
than higher latitudes emission increases. This is consistent with Grewe and
Stenke (2008) and Stevenson and Derwent (2009). Within our four selected
geographical regions, India exhibits the largest forcing sensitivity for the
individual components to changes in aircraft NOx emissions whereas Europe
exhibits the smallest. This is in sharp contrast to the relative contribution
from aircraft emissions to background NOx levels in the UTLS region at
these locations. Our experiments indicate that the latitude of the individual
region is the dominant factor with regard to the net RF impact. We consider
longitudinal variation in the NOx impacts in only a limited way through our
four regional experiments. Stevenson and Derwent (2009) show that there
exists significant longitudinal variability in the time-integrated RF.

The SH ozone and methane is at all latitudes more sensitive to changes
in NOx than the corresponding northern latitudes. This can be explained
by the variation in the NOx background concentration. This is lower in the
SH and hence an equally sized increase in NOx emissions there results in a
correspondingly larger impact. For lower latitudes perturbations the merid-
ional extent of the composition change is much larger than higher latitudes
perturbations where the change remains more confined to the region of per-
turbation. However, this sensitivity in O3 and CH4 change is not carried over
to the net RF, which is much more symmetric about the equator.

The GWP and GTP also show a strong latitudinal dependence but il-
lustrate the strong dependence on the metric choice and the choice of time
horizon. For the GWP, the effect of NOx emissions is always positive, for all
time horizons, with values for low latitude emissions at cruise levels typically
6-8 times higher than for high latitude emissions. By contrast, the GTP
changes sign from cooling to warming between time horizons of 50 and 100
years (as was also found in some cases in Fuglestvedt et al. (2010)).

A serious issue is that available calculations of climate metrics for aviation
NOx emissions do not agree even on the sign of the net effect (Stevenson
and Derwent, 2009; Fuglestvedt et al., 2010; Myhre et al., 2011). Because
of the strong compensation between the positive RF from the short-lived
ozone changes, and the negative RF from the methane and methane-induced
ozone change, even small differences in the individual values can have large
impacts on the net RF, GWP and GTP. These differences persist even when
the same radiative transfer code is used (e.g. Myhre et al., 2011), indicating
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the differences are most likely related to the chemical response of the models.
Holmes et al. (2011) noted that there are two distinct issues: those which are
specific to the model response to aviation emissions (e.g. the ozone change
per unit emission) and more general model responses (e.g. the ozone change
per unit change in methane). Myhre et al. (2011) pointed out that much
of the model spread in the net RF appeared to be related to inter-model
differences in the change in methane lifetime per unit ozone change. In the
regional experiments presented here, this quantity was surprisingly invariant.
It may be that this factor is driving the difference in signs of the GWP
between our results and those in Stevenson and Derwent (2009); it is of note
that even given the strong compensation in the RF terms, the GWPs are
always positive here, irrespective of location of emissions, and in Stevenson
and Derwent (2009) the GWP are almost always negative irrespective of
location, indicating some robustness of the response within a single model.
As the impact of a given amount of NOx is dependent on the background
concentration the accurate simulation of NOx in the model may also be
necessary. This remains difficult to achieve and inter-model differences can
be large (e.g. Brunner et al., 2003). Important factors in attempting to
achieve a realistic representation of background NOx are the use of up-to-
date surface emissions and a reliable representation of convective uplift from

surface emissions and NOx emissions from lightning (Berntsen and Isaksen,
1999).
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Table 1: Description of regional domain properties and change in composition. The fourth
column shows the contribution from unperturbed aircraft emissions (base case) to NOg
at cruise altitude within the respective domain. The scaling factor (column 5) is applied
to aircraft emissions in each grid cell in the domain. The NOx emissions are perturbed
by 0.036 Tg (N) per year in each case and the corresponding global ozone changes are
expressed in DU (column 6).

Region Geographical Extent Surface Area A NOg due to Scaling A O3

(km?) aircraft (%) factor (%) (DU)
1 USA 126°W—-64°W; 23°N-50°N 1.65 107 44.6 20 0.022
2 Europe 14°W-40°E; 35°N-71°N 1.32 107 58.1 28 0.018
3 India 65°E-91°E; 6°N-33°N 8.11 106 13.6 260 0.041
4 China 96°E-126°E; 18°N-44°N 8.47 106 30.1 108 0.038
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Table 2: Steady-state radiative forcings (in mW m~=2 (Tg (N) yr~!)~!) and global methane
lifetime change (in years (Tg (N) yr=!)~!) with applied feedback factor for sustained
aircraft NOx emissions by the present-day global fleet, constant percentage increases in
aviation emissions at all altitudes in four regions and for near-cruise altitude emission
increases at various latitudes (see text for details).

Short-lived CHy-induced CHy4 Net NOx CHy lifetime

O3 forcing O3 forcing  forcing  forcing change
Global 28.8 —6.03 —16.5 6.25 —-0.172
USA 20.1 —4.76 -13.0 2.33 —0.136
Europe 13.7 —3.08 —8.44 2.17 —0.0878
India 45.6 —8.81 —24.1 12.6 —0.251
China 40.8 —7.08 —-194 14.3 —0.202
60-80° N 18.4 —2.96 —8.11 7.34 —0.0843
40-60° N 24.5 —4.26 —11.7 8.55 —0.121
20-40° N 52.6 —9.81 —26.8 16.0 —0.279
0-20° N 124 —19.1 —52.4 52.2 —0.544
0-20° S 132 —22.3 —61.0 48.3 —0.634
20-40° S 65.8 —154 —42.1 8.25 —0.438
40-60° S 42.1 -10.3 —28.2 3.60 —0.293
60-80° S 39.5 —8.90 —24.4 6.19 —0.253
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Table 3: Global Warming Potentials (GWP) and Global Temperature change Potentials
(GTP) for emissions by the present-day global fleet, constant percentage increases in
aviation emissions at all altitudes in four regions and for near-cruise altitude emission
increases at various latitudes. GWP values for one-year pulse emissions of NOx for a 20,
100 and 500 year time horizons and GTP values for 20, 50 and 100 years. All values are
on a per kg (N) basis and are relative to COy. The GTP values are specific to a given
value of climate sensitivity (see text for details).

GWP GTP
H=20 H=100 H=500 H=20 H=50 H=100
Global 415 75 23 —-239 —56 8.6
USA 222 29 8.9 —222 —49 2.6
Europe 171 27 8.1 —135 —-31 2.7
India 749 151 46 -304 -75 18
China 769 169 51 —191  —-52 22
60-80° N 376 86 26 —63 -19 11
40-60° N 460 101 31 —-116 =31 13
20-40° N 909 189 57 =315 -79 24
0-20° N 2640 614 187 —-345 —113 80
0-20° S 2567 572 174 —-562 —157 73
20-40° S 747 104 31 —708 —158 9.5
40-60° S 421 47 14 —499 —110 3.2
60-80° S 489 76 23 -392 -89 7.8
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Figure 1: Annual mean O3 changes calculated by the p-TOMCAT model for aircraft NOx
emission increases by 0.036 Tg (N) per year in four geographical regions. Figures on
the left show the change in vertical O3 column (10~2 DU). The extent of the area with
increased emissions is indicated by a red rectangle for each region. Figures on the right
show the change in zonal mean O3 volume mixing ratio (ppbv), the dashed line indicates

the location of the tropopause.
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Figure 2: Colour shading shows the zonally averaged annual-mean NOx (= NO + NO3)
mixing ratios in the p-TOMCAT model for the year 2002. The numbered boxes indi-
cate cross-sections through the eight latitude bands where emissions were increased. The
dashed line represents the annual mean position of the tropopause.
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Figure 3: Top panel: Global-mean radiative forcing in mW m~2 due to a regional increase
of aircraft NOx emissions of 0.036 Tg (N) per year. Net radiative forcing (black cross) is
shown for emission increases over the USA, Europe, India and China as well as the differ-
ent contributions to it due to short-lived ozone production (red), the reduction of methane
lifetime (blue) and the methane-induced ozone decrease (green). Middle panel: Zonal de-
pendence of the short-lived ozone radiative forcing for the four regional experiments: USA
(solid), Europe (dotted), India (dashed), China (dash-dotted). Bottom panel: Change in
CHy lifetime in years per Tg (N).
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Figure 4: Response to an increase of NOx emissions by 3.8 - 107* Tg (N) per year at
cruise altitude in 20 degree wide latitude bands. Top panel: Shows the net global-mean
radiative forcing (black cross) in mW m~2 as well as the different contributions to it due
to short-lived ozone production (red), the reduction of methane lifetime (blue) and the
methane-induced ozone decrease (green). Middle panel: Zonal dependence of the short-
lived ozone radiative forcing for the same latitude bands as shown in top panel. Bottom
panel: Global mean change in O3 column (red, in DU) and CHy lifetime (green, in years
per Tg (N) per year).
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Supplementary Information: Full Climate Metrics Data

This supplementary section containsthe full version of Table 3 in the manuscript. It shows Globa Warming Potentials (GWP)
and Globa Temperature change Potentials (GTP) for emissions by the present-day global aircraft fleet, constant percentage
increasesin aviation emissionsat al atitudesin four regionsand for near-cruise altitude emissionincreases at variouslatitudes.
It includes the individual components that make up the total values. (Note that in the corresponding table (Table 5) in Myhre
et al. (2011)%, the component values for the methane and methane-induced ozone forcings for the GTP were inadvertently
transposed.) (a) GWP values for one-year pulse emissions of NOx for a 20, 100 and 500 year time horizons and (b) GTP
values for 20, 50 and 100 years. Thefirst three numbers show the individual contributions from the short-lived O 3, the CH4-
induced O3 and the CH, (which includes stratospheric water vapour changes), respectively; the net GWP and GTP are shown
in bold. All numbers are rounded, so that the net values may not be the sum of nhumbers asthey are presented here. All values
areon aper kg (N) basis and are relative to CO-. The GTP values are specific to a given value of climate sensitivity (see text

in Section 5 of the manuscript for details).

(8 GWP  H=20 H=100 H=500

Global 1170-193-558 = 415 331-66-190= 75 101-20-58 =23
USA 814-152-434 = 222 231-52-150=29 70-1646=8.9
Europe 555-99-286=171 158-34-97 =27 48-10-30=8.1
India 1850-282-815= 749 525-97-277=151 159-29-84 = 46
China 1652227656 = 769 470-78-223= 169 143-24-68 = 51
60-80° N 745-95-274=376 212-33-93=86 64-9.9-28=26
40-60° N 992-136-396 = 460 282-47-135=101 86-14-41=31
20-40° N  2130-314-907 =909 605-108-308=189  184-33-94=57
0-20°N  5020-611-1770=2640 1430-210-603=614 434-64-183= 187
0-20°S  5340-714-2064= 2567 1520-245-702=572 462-75-213=174
2040°S 2660-493-1420=747  757-169-484=104 230-51-147=31
40-60° S 1700-330-954=421 485-113-325= 47 147-34-99=14
60-80° S 1600-285-825=489 455-98-281= 76 138-30-85=23
(b) GTP  H=20 H=50 H=100

Global 368-160-447 = -239 57-30-83=-56 47-9.9-28=8.6
USA 257-126-353 = -222 40-24-66 =49 33-7.9-22=26
Europe 175-82-228=-135 27-1543=-31 22-51-15=27
India 582-233-653=-304 91-44-122=-75 74-15-42=18
China 521-188-525=-191 81-35-98=-52 67-12-33=22
60-80° N 235-79-220=-63 37-1541=-19 304.9-14=11
40-60° N  312-113-316=-116 49-21-59=-31 40-7.0-20=13
2040° N  672-260-727=-315 105-49-136=—-79 86-16-46=24
0-20°N  1580-507-142=-345 246-95-264=-113 202-32-90=80
0-20°S  1680-590-1650=-562 262-111-308=-157 215-37-105=73
2040°S 840-408-1140=-708 131-76-213=-158 107-25-73=95
40-60°S 537-273-763=-499 84-51-142=-110 69-1749=3.2
60-80°S 368-236-660=-392 79-44-123=-89 64-1542=17.8

IMyhre, G., et al. (2011) Radiative forcing due to changes in ozone and methane caused by the transport sector, Atmos. Environ. 45(2), 387-3%4,

doi:10.1016/j.atmosenv.2010.10.001.
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