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Abstract

Impacts of NO,, H,O and aerosol emissions from a projected 2050 aircraft fleet, pro-
vided in the EU project SCENIC, are investigated using the Oslo CTM2, a 3-D chem-
ical transport model including comprehensive chemistry for the stratosphere and the
troposphere. The aircraft emission scenarios comprise emissions from subsonic and
supersonic aircraft. The increases in NOy due to emissions from the mixed fleet are
comparable for subsonic (at 11-12 km) and supersonic (at 18—-20 km) aircraft, with an-
nual zonal means of 1.35ppbv and 0.83 ppbv, respectively. H,O increases are also
comparable at these altitudes: 630 and 599 ppbv, respectively. The aircraft emissions
increase tropospheric ozone by about 10 ppbv in the Northern Hemisphere due to in-
creased ozone production, mainly because of subsonic aircraft. Supersonic aircraft
contribute to a reduction of stratospheric ozone due to increased ozone loss at higher
altitudes. In the Northern Hemisphere the reduction is about 39 ppbv, but also in the
Southern Hemisphere a 22 ppbv stratospheric decrease is modeled due to transport
of supersonic aircraft emissions and ozone depleted air. The total ozone column is
increased in lower and Northern mid-latitudes, otherwise the increase of ozone loss
contributes to a decrease of the total ozone column. Two exceptions are the Northern
Hemispheric spring, where the ozone loss increase is small due to transport processes,
and tropical latitudes during summer where the effect of subsonic aircraft is low due to
a high tropopause. Aerosol particles emitted by aircraft reduce both aircraft and back-
ground NO,, more than counterweighting the effect of NO, and H,O aircraft emissions
in the stratosphere. Above about 20 km altitude, the NO, (and thus ozone loss) reduc-
tion is large enough to give an increase in ozone due to aircraft emissions. This effect
is comparable in the Northern and Southern Hemisphere. At 11-20 km altitude, how-
ever, ozone production is reduced due to less NO,. Also CIONO. is increased at this
altitude due to enhanced heterogeneous reactions (lowered HCI), and CIO is increased
due to less NO,, further enhancing ozone loss in this region. This results in a 14 ppbv
further reduction of ozone. Mainly, this results in an increase of the total ozone column
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due to a decrease in ozone loss caused by the NO, cycle (at the highest altitudes).
At the lowermost latitudes, the reduced loss due to the NO, cycle is small. However,
ozone production at lower altitudes is reduced and the loss due to CIO is increased,
giving a decrease in the total ozone column. Also, at high latitudes during spring the
heterogeneous chemistry is more efficient on PSCs, increasing the ozone loss.

1 Introduction

Air traffic is continually increasing. According to the Global Market Forecast 2004—2023
(Airbus, 2004), revenue passenger kilometres will increase by 5.3% annually in this pe-
riod, while freight tonne kilometres (airfreight) will increase by 5.9% annually. Although
less fuel-efficient aircraft eventually will be replaced with new aircraft, the amount of
burnt fuel will increase. A further increase in air traffic is assumed to take place after
2020, and by 2050 new high speed civil transport aircraft (so-called supersonic aircraft)
are suggested to be developed to meet the demands for faster transport. Subsonic air-
craft fly slower than the speed of sound, and at altitudes lower than about 12 km, while
supersonic aircraft fly faster than the speed of sound and at altitudes up to almost
20km. In the EU project SCENIC (Scenario of aircraft Emissions and Impact studies
on Chemistry and climate, Rogers, 2005), several possible aircraft scenarios for 2050
were developed by Airbus, covering both commercial and non-commercial traffic.

Cruising at 16—18 km altitude, supersonic aircraft are mostly located well above the
tropopause, implying that aircraft will emit directly into the stratosphere — a region of
more efficient accumulation of pollution. Subsonic traffic cruise at 8 to 12km, so their
emissions often take place in the lower stratosphere at high latitudes, especially during
winter when the tropopause is low.

Emissions from aircraft include ozone precursors (e.g. NO,) as well as aerosol par-
ticles, which all affect atmospheric chemistry, e.g. ozone production and destruction.
Also components important for climate, such as H,O and CO,, are emitted from aircraft.
Several studies focusing on aircraft NO, emissions have been carried out (Hidalgo and
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Crutzen, 1977, Johnson et al., 1992, Schumann, 1997, Dameris et al., 1998, Grewe
et al., 2002, Gauss et al.,, 2006), most of them addressing the impact of subsonic
aircraft. The atmospheric impact of aircraft emissions has also been thoroughly ad-
dressed by e.g. Fabian and Krcher (1997), Brasseur et al. (1998), Isaksen (2003). This
study is an extension of previous studies done within the EU projects TRADEOFF,
CRYOPLANE and SCENIC. We focus on the atmospheric impact of a future fleet com-
prising sub- and supersonic aircraft (referred to as “mixed fleet”). In Sect. 2 the model
setup and the emission scenarios are described, and in Sect. 3 the atmospheric impact
of NO, and H,O aircraft emissions is presented. The impact of aerosol emissions from
a mixed fleet is studied in Sect. 4.

2 Model setup and aircraft emissions

A new version of the Oslo CTM2 global chemical transport model (described by Sgvde
et al., 2007, and briefly by Gauss et al., 2006) is applied. For transport processes
the highly accurate and non-diffusive Second Order Moments scheme (Prather, 1986)
is applied for advection, the Tiedke mass flux scheme (Tiedke, 1989) is used for deep
convection, and boundary layer mixing is treated according to the Holtslag K-profile
scheme (Holislag et al., 1990). The model includes comprehensive schemes for tropo-
spheric and stratospheric chemistry, and is designed to study the upper tropopsphere
and lower stratosphere (UTLS), the region covering the cruising altitudes of aircraft.
The numerical integration of chemical kinetics is done applying the Quasi Steady State
Approximation (QSSA) (Hesstvedt et al., 1978), using three different integration meth-
ods depending on the chemical lifetime of the species. In particular, the new model
version also includes a new heterogeneous chemistry scheme. The spectral resolution
applied is T21 (5.6x5.6 degrees) in 40 vertical layers, stretching from the surface to

1S;zvde, O. A., Gauss, M., Smyshlyaev, S., and Isaksen, I. S. A.: The cold Arctic winter
Stratosphere of 2004/2005 — a Global Chemical Transport Model study, in preparation, 2007.
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2hPa (pressure center of the top model layer at 10 hPa).

The natural and industrial emissions are taken from the EU project POET (Precur-
sors of Ozone and their Effects in the Troposphere) (POET report, 1999). The model
is set up for simulating the year 2050 according to the SCENIC project (Rogers, 2005),
where the industrial emissions of NO,, CO and volatile organic compounds (VOC) are
scaled up from the year 2000 by 2.2, 1.53 and 1.55, respectively. As the initial chem-
ical conditions, we use a steady-state atmospheric composition from a previous 2050
study, including lowered CFC loading (according to World Meteorological Organiza-
tion, 2003), and higher methane (scaled up to ~2549 ppbv at the surface) and N,O
(~372 ppbv at the surface) loadings. Also emissions of stratospheric species were set
to 2050 level, as were the model upper boundary conditions for all species (taken from
the Oslo 2-D model described by Stordal et al., 1985). Otherwise, natural emissions are
set to the level of year 2000. In the Oslo CTM2, we calculate stratospheric water vapor
by assuming that the H, content in water vapor, methane and hydrogen gas is constant
(Hsym = HoO + 2CH, + Hy). Hg,p,, is set to 8.598 ppmv excluding aircraft emissions of
H,O. The meteorological data is taken from the European Centre for Medium-Range
Weather Forecasts (EMCWF) Integrated Forecast System for the year 2000.

Starting from the steady-state conditions from a previous 2050 study, a spin-up of
7 years without aircraft emissions was performed, followed by additional six-year runs
including each of the aircraft emission scenarios. The aircraft emission inventories
studied in this work are listed in Table 1, and are given in 1x1 horizontal resolution and
305 m vertical resolution. These data are interpolated into the Oslo CTM2 grid each
model time step.

Based on a predicted increase in non-commercial as well as commercial aircraft traf-
fic, emissions from the most likely mixed fleet is given in MIX. Aircraft emissions in this
study include NO, and H,O, omitting other products of fuel combustion such as CO,,
CO, different hydrocarbons and sulfur oxides; although CO, is an important green-
house gas, the lifetime is too long to distinguish the aircraft effect from other sources,
and increases of the other combustion products are low compared to the background
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concentrations, hence they are expected to have a small atmospheric impact (Fabian
and Krcher, 1997).

NO, in the troposphere produces ozone in the presence of peroxy radicals and sun-
light, while in the stratosphere it causes ozone depletion through the catalytic NO,
cycle. H,O is an important source of the OH radical (H,O + 0'D - 20H), which con-
tributes to ozone loss. In this study we focus on the total atmospheric impact of NO,
and H,O emissions. Due to the high background concentration of H,O in the tropo-
sphere, the effects of H,O emissions in the troposphere are negligible. However, in the
stratosphere H,O is very low, and therefore aircraft emissions have a larger effect on
the OH formation.

Scenario AERO is similar to MIX, except that aircraft aerosol emissions are included.
Aerosols offer surfaces for heterogeneous chemistry, which is important for NO, chem-
istry. The surface area density (SAD) of these aerosols was included in the model as
a transported tracer with SAD-emissions calculated according to Danilin et al. (1998),

3urP ¢ E1(S)Up,s0,

SAD = (1)
rosWh,so,Ms

where p,=1.5 gem™ is the density of sulfur, P4 is the density of air, Wy, 50,=50% is the
weight percent of sulfuric acid and ug and uy,s0, are the molecular weights of sulfur
and sulfuric acid, respectively. The particle radius is assumed to be r=10nm, and the
emission index of sulfur is EI(S)=4><1O'4. The fuel mixing ratio () is calculated from
the MIX NO, emissions applying the EI(NO,) for supersonic aircraft (4.6 g/kg). Even
though subsonic aircraft have a higher emission index for NO, and may result in a too
low SAD value for the subsonic flight levels, the application of the chosen emission
index is justified by the uncertainty of EI(S) and the conversion factor (¢=0.05) of sulfur
to sulfate, and the fact that the particles will be most important in the stratosphere. To
simulate washout of emitted species, a method suggested by Danilin et al. (1998) is
used, where emitted gases and aerosols are removed with e-folding time of 5 days
below 400 hPa. In the top model layer, an e-folding time of 1 year is applied to simulate
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transport and mixing upwards. In this study, sedimentation of aircraft aerosols is not
considered, but will be discussed in Sect. 5. Aircraft aerosol emissions are superim-
posed on the Oslo CTM2 background aerosols, which are taken from a monthly zonal
mean SAD climatology derived from various satellite measurements, primarily SAGE
Il according to Thomason et al. (1997), and data for the year 1999 is applied. A sensi-
tivity study of the MIX scenario without background aerosols (noBACK) is also carried
out.

3 Impact of emissions from a mixed fleet

Subsonic and supersonic aircraft cruise at different altitudes. The subsonic fleet is
larger than the supersonic fleet, giving the largest contribution to aircraft NO, emis-
sions. This is clearly seen from Fig. 1, showing the annual zonal mean change in
reactive nitrogen (NOy) with maximum increase at 11km, and a secondary maximum
at about 18 km. Clearly, the secondary maximum is due to supersonic aircraft, while the
11 km maximum is due to subsonic aircraft. The seasonal variation of the monthly zonal
mean maximum due to subsonic aircraft ranges from 1.1 in September to 1.9 ppbv in
May (Fig. 2). During winter and spring, a larger fraction is emitted into the strato-
sphere than during summer months due to a lower tropopause, increasing the impact
of subsonic aircraft. The higher tropopause in summer is accompanied by relatively
strong convection, mixing and washout at mid-latitudes, leading to a reduction in the
NOy increases in the mid-latitude troposphere. This causes the maximum impact of
aircraft emissions to shift northward (Kraabgal et al., 2002). A similar latitude shift of the
maximum value is reported by Gauss et al. (2003).

Although the contribution of supersonic aircraft to the zonal mean change is much
smaller than for subsonic aircraft, the maximum NO, changes due to supersonic air-
craft are locally comparable with subsonic aircraft emissions, especially in the summer
months. Supersonic flights are confined mostly to the North Atlantic corridor, and this
small zonal extent results in the slightly lower zonal mean maximum shown in Fig. 1.
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Aircraft emissions of H,O contribute to an annual zonal mean increase of up to
624 ppbv above the background H,O (Fig. 3), ranging from 609 to 833 ppbv in the
monthly mean. The maximum change in monthly zonal mean H,O due to aircraft is
mainly located at 11km altitude, and is largest during summer when the maximum
shifts to higher altitudes. As seen before, this shift is caused by higher tropopause
levels extending transport and washout processes to higher altitudes.

The annual zonal mean effect of aircraft emissions (NO, and H,O) on ozone is given
in Fig. 4, showing a maximum of 10ppbv at 10km and a minimum of —39 ppbv at 24 km.
From month to month, these values vary from 7.2 to 18.4 ppbv (5.5 to 8.9%) and from
-48.8 to —31.4ppbv (-1.8 to —0.8%), respectively (Fig. 5). The maximum variation
largely follows the variation of the NO, maximum, but at an altitude of 9-10km. This
means that the maximum ozone production is located at a lower altitude than the maxi-
mum of emissions. Unlike NO, and NO,, the maximum ozone increase is shifted north-
wards for a longer time period in spring and summer, partly due to a higher tropopause
and more washout processes at mid-latitudes. Also important for this shift is the in-
creased amount of sunlight at high latitudes during spring and summer, causing more
ozone production even for moderate NO, increases.

NO, contributes to ozone production in the presence of sunlight and peroxy radicals.
At some altitude (the turn-over point), the amount of these radicals is too low for ozone
production, and the catalytic NO, cycle takes over, reducing ozone. The zero line of
Fig. 4 does not represent the turn-over point, since transport processes also affect this
figure: Downward transport of ozone depleted air will lower the altitude of the zero line.
H,O emissions, however, contribute to ozone destruction at all altitudes through the
OH chemistry. Looking at Fig. 5, the monthly variation of maximum ozone depletion
due to aircraft resembles the variation of maximum production. The maximum deple-
tion is located at about 30—40 N, around 24km, except during summer months, when a
shifting northwards is seen, accompanied by a lowering of the maximum depletion to
about 20 km altitude. This shift is due to stratospheric transport processes and more
sunlight at higher latitudes. Being located above the NO, and NO, maxima, the max-
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imum ozone depletion is caused by upward transport of NO, and H,O, followed by
more effective depletion at higher altitudes. Most of this ozone depletion is due to su-
personic aircraft; only a small fraction originates from the upward transport of subsonic
aircraft emissions. Mixing of tropospheric (ozone increased) and stratospheric (de-
pleted ozone) air in a mixed fleet scenario will therefore lower the tropospheric ozone
increase due to subsonic aircraft.

Interhemispheric transport of stratospheric aircraft emissions is clearly seen in
Figs. 1 and 3, in contrast to transport of subsonic aircraft emissions at lower altitudes,
which is negligible (not shown). The high altitude transport will affect ozone in the
Southern Hemisphere although emissions occur in the Northern Hemisphere.

When affecting ozone, aircraft emissions may also alter the total ozone column. The
changes in daily zonal averages of the total ozone columns for the last two simulated
years are shown in Fig. 6, ranging from —1.56 DU to 1.65 DU. The increase in the total
column is located in the area of highest flight density. At higher latitudes, however, the
supersonic aircraft contribute more to ozone loss, showing a net decrease in the total
column, except during spring and summer months where the ozone production max-
imum is shifted northwards, overriding the ozone loss at higher altitudes. The ozone
decrease in the Southern Hemisphere is mainly due to cross-hemispheric transport of
emissions from supersonic aircraft, and to some extent transport of ozone depleted air.
From August to October, there is also a decrease in total ozone in the tropical region.
This is because the tropospheric ozone production due to aircraft emissions is small
due to a high tropopause and increased washout of NO, during these months, causing
the stratospheric depletion to dominate.

A sensitivity study omitting aircraft emissions of H,O (scenario noH20) reveals that
ozone changes due to aircraft emissions are mainly caused by NO,. This is carried out
looking at the MIX — noH20 difference. Emissions of H,O give maximum ozone losses
ranging from 6.7 to 11.4 ppbv in the monthly zonal mean (not shown). The maximum
effect of H,O on ozone is generally located at 25-30 N and 24 km height with values
ranging from 6 to 7 ppbv. However, the largest decrease in ozone is found in October—
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November due to PSC chemistry taking place at about 18 km at the South Pole. The
ozone reduction due to aircraft emissions of H,O is most prominent in the stratosphere,
although there is some ozone reduction caused by H,O in the troposphere. At the
highest latitudes around 24 km altitude and during summer, H,O emissions slightly
enhance heterogeneous chemistry on background aerosols, reducing NO, and thereby
increasing ozone.

4 Impact of aerosol emissions from a mixed fleet

Heterogeneous reactions may take place on sulfate aerosols converting NO, into
HNO; — reactions being most effective at low temperatures. Depending on the altitude
of this conversion, the resulting reductions of NO, will either reduce the production of
ozone in the troposphere and lowermost stratosphere, or reduce the loss at higher al-
titudes. However, the formation of PSCs and chlorine activation may be enhanced by
a reduction of NO,.

Calculating the aircraft aerosol SAD emissions based on the method of Danilin et al.
(1998), we find an annual zonal average SAD maximum of 4.7 um?/cm?® (Fig. 7), the
monthly zonal mean maximum varying steadily through the year (Fig. 8), ranging from
3.8;1m2/cm3 in September to 6.2 um /em® in May. As for NOy emissions, the largest
values are found in the Northern Hemispheric winter and spring at about 47N and
11 km height, also shifting slightly to the north during summer and autumn because of
the meteorological conditions. Although the maximum value decreases during summer
conditions, the surface area density values in the stratosphere increase due to upward
transport. The tropospheric reduction of NO, due to aerosol emissions is largest in
spring, while the stratospheric reduction is largest in autumn. Hence, the largest reduc-
tion of ozone production due to aerosol emissions from aircraft occurs during spring,
while the largest reduction of ozone loss at higher altitudes takes place in autumn.

The heterogeneous conversion of NO, to HNO3 will also occur on background
aerosols, similarly affecting the production and loss of ozone. In Fig. 9 we see the
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annual zonal mean effect of aircraft aerosol emissions on ozone (AERO — MIX), super-
imposed on the effect of background aerosols (MIX — noBACK), for latitudes between
30 and 60 degrees in (a) the Northern and (b) Southern hemisphere. Most prominent
is the increase in ozone between 18 and 30 km due to ozone loss reduction, where the
effect of aircraft aerosols is comparable with the background aerosols. For altitudes
between 12 and 20 km aircraft aerosols contribute to an ozone reduction through re-
duced production and a slight increase in ozone loss due to more PSCs or supercooled
ternary solutions (STS).

The amount of PSCs is dependent on HNO5 and H,SO,, where the latter is calcu-
lated from the amount of background aerosols available (described by Sgvde et al.,
2007'). Thus an increase in HNO3 and H,SO, due to aircraft aerosol emissions leads
to a slight increase of PSCs and therefore an increase in ozone loss. Also, a reduction
in NO, will result in more active chlorine available for depleting ozone. These effects
are apparent at altitudes between 12 and 20 km.

The maximum increase of ozone for a mixed fleet including aerosol emissions
(Fig. 9), has a larger magnitude than the maximum decrease due to NO, and H,O
emissions only (Fig. 4). Aircraft aerosols give a reduction of NO, through heteroge-
neous reactions, reducing the loss of ozone due to the NO, cycle. The increase in
aerosol SAD also intensify the heterogeneous conversions, lowering the concentration
of HCI and thus the heterogeneous loss of CIONO,. In this way more NO, is bound
up in CIONO,, while also the CIO is increased, since less NO, is available for forming
CIONO,. The same applies for BrO/BrONO,. Both NO, and CIO are responsible for
ozone loss, so by looking at Fig. 10 we see that above 18-20 km the NO, cycle is more
important for ozone than the CIO — giving an increase of ozone due to reduced NO,.
From 18—20 km and down to about 11-12km (lower at the Southern Hemisphere), the
turn-over point where NO, starts to produce ozone will be reached. However, enhaned
CIO and BrO increase the ozone loss in addition to the reduced ozone production due
to lower NO,. Below 11-12km the NO, reduction due to aerosols is not large enough
to overcome the aircraft emissions of NO,, resulting in increased ozone production
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there (Fig. 10). Therefore, a mixed fleet with aerosol emissions results in an increase
in the daily zonal mean total column at most latitudes (Fig. 11; AERO minus noAC).
At the lowermost latitudes through the year, and at the highest latitudes during sum-
mer, the reduced ozone production and enhanced loss due to CIO cause a decrease in
ozone. The ozone column reduction at high latitudes during spring is due to increased
heterogeneous chemistry on PSCs and therefore increased ozone loss due to CIO.

Separating the effect of aircraft aerosols, by comparing the AERO scenario to the
mixed fleet scenario (MIX), aircraft aerosols reduces the total ozone column in spring,
and increase it in autumn (Fig. 12). Again, the decrease is due to reduced ozone
production below the turn-over point (about 20 km), combined with increased ozone
loss by CIO and due to heterogeneous reactions on PSCs/STS. The increase is due to
ozone loss decrease at higher altitudes (Fig. 13). The decrease in ozone column near
the North Pole during May through June is due to more ozone loss below 20 km (due to
CIO increase and reduced ozone production) than the ozone loss is decreased above
20km (due to NO,). Aerosols are also transported into the Southern Hemisphere,
readily reducing NO, there as well, giving similar results, however smaller in magni-
tude. The cross-hemispheric transport is most effective above 18km, mainly resulting
in reduced ozone loss. However, CIO is also increased here, to some extent enhancing
the ozone loss below 18 km. The ozone loss is also increased in spring when hetero-
geneous chemistry on PSCs/STS is enhanced, increasing the Ozone Hole depth.

A more intriguing effect is a slight increase in stratospheric H,O due to aircraft
aerosols (not shown). The annual zonal mean maximum increase in H,O after six
years of aircraft emissions is 7.3 ppbv (6.2 to 8.4 ppbv in the monthly zonal mean). This
is due to heterogeneous reactions on the aerosols, either producing H,O directly, or
increasing the amount of chlorine which may react with methane: Because the strato-
spheric H,O in the model is calculated assuming constant total hydrogen, a decrease
in methane will increase the amount of H,O. Further tests to separate these effects
are left for another study since we have shown that the change in ozone due to aircraft
emissions is mostly due to NO,.
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5 Discussion and conclusions

We have studied a projected future aircraft fleet for the year 2050, presenting the effects
of NO,, H,O and particle emissions from aircraft. Emphasis is put on the uppermost
troposphere and lowermost stratosphere with respect to a stratospheric aircraft fleet.

An increase in subsonic aircraft increases tropospheric and lower stratospheric
ozone in agreement with previous studies, although with a larger impact (7 to 18 ppbv
ozone increase in the monthly zonal mean) compared to studies of the present fleet
(3 to 8ppbv, Gauss et al., 2006). Supersonic aircraft will contribute to ozone depletion
in the stratosphere (31 to 49 ppbv in the monthly zonal mean), so that the mixed fleet
reduces the total ozone column. In the Southern Hemisphere the effect on ozone is
due to cross-hemispheric transport of aircraft emissions and ozone depleted air, and is
therefore located at high altitudes, reducing the total ozone column. At northern high
latitudes, aircraft emissions cause an increase in the total ozone column in spring and
a decrease in autumn.

The maximum contribution of H,O emissions from a mixed fleet to stratospheric
ozone depletion ranges from 6.7 to 11.4 ppbv in the monthly zonal mean, where the
largest effect is an indirect effect through heterogeneous chemistry in October and
November. In the troposphere there is a slight decrease in ozone due to H,O, some of
which may also be due to transport of ozone depleted air from above when including
H,O emissions.

When introducing aircraft aerosol emissions, both background and emitted NO, are
reduced due to heterogeneous chemistry. Also HCI is reduced due to this, increasing
CIONO, and CIO. The latter is also increased due to less NO,. In this way ozone
loss due to NO, is reduced (above 20 km), while ozone loss due to CIO is enhanced
in the region between 11 and 20km (and a little higher at the lowermost latitudes).
Depending on the location of emitted aerosols, one of these processes may dominate
over the other, contributing to an increase (less NO,) or reduction (more CIO) of the
total ozone column. To some extent aircraft aerosols will also reduce tropospheric NO,
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and therefore ozone production, contributing to a reduction of the total ozone column.
The total ozone column is further decreased by an increase in ozone loss due to PSCs:
an increase in the surface area density of aerosols converts more NO, to HNO5 and the
reduction of NO, activates more chlorine, increasing ozone loss due to PSCs. During
summer and autumn, however, ozone loss reduction at higher altitudes due to aircraft
aerosols is most prominent, giving an increase of the total ozone column.

It is clear that NO, and H,O emissions from supersonic aircraft contribute to a de-
crease in total ozone, while lower flying subsonic aircraft contribute to an increase in
total ozone. Ozone loss south of 30 S is due to cross-hemispheric transport of super-
sonic aircraft emissions and to some extent ozone depleted air. North of 45N ozone
loss dominates over ozone production at lower altitudes, except during spring and early
summer when transport processes and the amount of sunlight increase the ozone pro-
duction. Given aerosol emissions from aircraft, stratospheric NO, is reduced by more
than what is emitted from aircraft, effectively increasing the ozone column by lowering
the ozone loss.

It should be noted that in this study we have assumed no sedimentation of aircraft
aerosols. This is probably not a realistic assumption, and if included, the effect of
the calculated aerosol surface area density would be smaller. It is then possible that
the ozone increase due to reduced NO, would be smaller, and the ozone decrease
due to CIO unchanged, possibly resulting in a decrease in the total ozone column.
Nevertheless, aircraft aerosol emissions seem to be important when assessing the
impact of aircraft in the stratosphere, where the ozone loss due to NO, is reduced, but
where heterogeneous reactions indirectly increase the ozone loss due to CIO and BrO.

References

Airbus: Global Market Forecast 2004—2023, Published at the Airbus S.A.S. website, hitp://www.
airbus.com/, 2004. 2533
Brasseur, G. P, Cox, R. A., Hauglustaine, D., Isaksen, I., Lelieveld, J., Lister, D. H., Sausen,

2544

ACPD
7, 2531-2560, 2007

Aircraft pollution: a
futuristic view

O. A. Sgvde et al.

it

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2531/2007/acpd-7-2531-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2531/2007/acpd-7-2531-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.airbus.com/
http://www.airbus.com/
http://www.airbus.com/

10

15

20

25

30

R., Schumann, U., Wahner, A., and Wiesen, P.. European scientific assessment of the
atmospheric effects of aircraft emissions, Atm. Env., 32, 2329-2418, do0i:10.1016/51352-
2310(97)00486-X, 1998. 2534

Dameris, M., Grewe, V., Kohler, I., Sausen, R., Brhl, C., Groo, J.-U., and Steil, B.: Impact of
aircraft NOx emissions on tropospheric and stratospheric ozone. part 1l: 3-D model results,
Atmos. Env., 32, 3185-3199, doi:10.1016/51352-2310(97)00505-0, 1998. 2534

Danilin, M. Y., Fahey, D. W., Schumann, U., Prather, M. J., Penner, J. E., Ko, M. K. W., Weisen-
stein, D. K., Jackman, C. H., Pitari, G., Koohler, I., Sausen, R., Weaver, C. J., Douglass,
A. R., Connell, P. S., Kinnison, D. E., Dentener, F. J., Fleming, E. L., Berntsen, T. K., Isaksen,
I. S. A., Haywood, J. M., and Karcher, B.: Aviation fuel tracer simulation: Model intercom-
parison and implications, Geophys. Res. Lett., 25, 3947, doi:10.1029/1998GL900058, 1998.
2536, 2540

Fabian, P. and Karcher, B.: The Impact of Aviation upon the Atmosphere, Physics and Chem-
istry of The Earth, 22, 503—-598, doi:10.1016/S0079-1946(97)00181-X, 1997. 2534, 2536

Gauss, M., Isaksen, I. S. A., Lee, D., and Savde, A.: Present and future impact of aircraft NOx
emissions on the atmosphere — Tradeoffs to reduce the impact, Institute report series, 123,
department of Geosciences, University of Oslo, Oslo, Norway, 2003. 2537

Gauss, M., Isaksen, I. S. A., Lee, D. S., and Sgvde, O. A.: Impact of aircraft NOx emissions
on the atmosphere - tradeoffs to reduce the impact, Atmos. Chemi. Phys., 6, 1529-1548,
sRef-ID: 1680-7324/acp/2006-6-1529, 2006. 2534, 2543

Grewe, V., Dameris, M., Fichter, C., and Lee, D. S.: Impact of aircraft NOx emissions.
Part 2: Effects of lowering the flight altitude, Meteorologische Zeitschrift, 11, 197-205,
doi:10.1127/0941-2948/2002/0011-0197, 2002. 2534

Hesstvedt, E., Hov, O., and Isaksen, I. S. A.: Quasi steady-state approximation in air pollu-
tion modelling: Comparison of two numerical schemes for oxidant prediction, Int. J. Chem.
Kinetics, X, 971-994, 1978. 2534

Hidalgo, H. and Crutzen, P. J.: The tropospheric and stratospheric composition perturbed by
NO, emissions of high-altitude aircraft, J. Geophys. Res., 82, 5833-5866, 1977. 2533

Holtslag, A. A. M., DeBruijn, E. I. F,, and Pan, H.-L.: A High resolution air mass transformation
model for short-range weather forecasting, Mon. Wea. Rev., 118, 1561-1575, 1990. 2534

Isaksen, I. S. A.: The EU project TRADEOFF - Aircraft emissions: Contributions of various
climate compounds to changes in composition and radiative forcing — tradeoff to reduce
atmospheric impact, Project Final report, 2003. 2534

2545

ACPD
7, 2531-2560, 2007

Aircraft pollution: a
futuristic view

O. A. Sgvde et al.

it

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2531/2007/acpd-7-2531-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2531/2007/acpd-7-2531-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

Johnson, C., Henshaw, J., and Mclnnes, G.: Impact of aircraft and surface emissions
of nitrogen oxides on tropospheric ozone and global warming, Nature, 355, 69-71,
doi:10.1038/355069a0, 1992. 2534

Kraabgl, A. G., Berntsen, T. K., Sundet, J. K., and Stordal, F.: Impacts of NOx emissions from
subsonic aircraft in a global three-dimensional chemistry transport model including plume
processes, J. Geophys. Res., 107, 4655, doi:10.1029/2001JD001019, 2002. 2537

POET report: Present and future emissions of atmospheric compounds, EU report EV K2-
1999-00011, web site: http:/nadir.nilu.no/poet/, 1999. 2535

Prather, M. J.: Numerical advection by conservation of second-order moments, J. Geophys.
Res., 91, 6671-6681, 1986. 2534

Rogers, H. L.: SCENIC project: Scenario of aircraft Emissions and Impact studies on Chemistry
and climate: Final Report, eU Project EVK2-2001-00103, 2005. 2533, 2535

Schumann, U.: The impact of nitrogen oxides emissions from aircraft upon the atmo-
sphere at flight altitudes — results from the aeronox project, Atm. Env., 31, 1723-1733,
doi:10.1016/S1352-2310(96)00326-3, 1997. 2534

Stordal, F., Isaksen, I. S. A., and Horntvedt, K.: A diabatic circulation two-dimensional model
with photochemistry: Simulations of ozone and long-lived tracers with surface sources, J.
Geophys. Res., 90, 5757-5776, 1985. 2535

Thomason, L. W., Poole, L. R., and Deshler, T.: A global climatology of stratospheric aerosol
surface area density deduced from Stratospheric Aerosol and Gas Experiment Il measure-
ments: 1984-1994, J. Geophys. Res., 102, 8967-8976, doi:10.1029/96JD02962, 1997. 2537

Tiedke, M.: A Comprehensive Mass Flux Scheme for Cumulus Parameterisation on Large
Scale Models, Mon. Weather Rev., 117, 1779-1800, 1989. 2534

World Meteorological Organization: Scientific assessment of ozone depletion: 2002., World
Meteorological Organization: Global ozone research and monitoring project — Report 47,
498pp, Geneva, Switzerland, 2003. 2535

2546

ACPD
7, 2531-2560, 2007

Aircraft pollution: a
futuristic view

O. A. Sgvde et al.

MIHHHM

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/2531/2007/acpd-7-2531-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/2531/2007/acpd-7-2531-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://nadir.nilu.no/poet/

ACPD
7, 2531-2560, 2007

Aircraft pollution: a
futuristic view

O. A. Sgvde et al.

Table 1. The aircraft scenarios used in this study.

NO, H,O Aerosol
Scenario  Fleet [Tg/year] [Tg/year] emissions
noAC No aircraft 0 0 no
MIX Sub- and supersonic (mixed) fleet 7.445 901 no
AERO  MIX with aerosol emissions as MIX as MIX yes
noH20  MIX without H,O emissions as MIX 0 no
noBACK MIX without background aerosols  as MIX as MIX no
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Fig. 1. Effect of mixed fleet aircraft emissions on NO,, annual zonal mean (MIX minus noAC).
Max: 1.35 ppbv.
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Fig. 3. Effect of aircraft emissions on H,O, annual zonal mean (MIX minus noAC). Max:
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Fig. 4. Effect of aircraft emissions on O3, annual zonal mean (MIX minus noAC). Min: —
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Fig. 5. Magnitude and latitude variation of the monthly zonal mean maximum/minimum effect
of aircraft emissions on O (MIX minus noAC), maximum ranging from 7.2 to 18.4 ppbv (due to
subsonic aircraft) and minimum from —48.8 to —31.4 ppbv (due to supersonic aircraft).
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Fig. 6. Changes in the daily zonal mean total ozone column [Dobson Units] due to aircraft
emissions (MIX minus noAC) for the last two years of simulation, ranging from —1.56 DU to

1.65DU.
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Fig. 8. Variation of the magnitude and latitude of the monthly zonal mean maximum of aircraft
aerosol surface area density.
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Fig. 11. Changes in the daily zonal mean total ozone column [Dobson Units] due to the
mixed fleet aircraft emissions including aerosol emissions (AERO minus noAC), ranging from

-1.67DU to 3.34DU.
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Fig. 12. Changes in the daily zonal mean total ozone column [Dobson Units] due to the mixed

fleet aerosol emissions (AERO minus MIX).
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Fig. 13. Annual zonal mean effect of aircraft aerosol emissions on O5 (AERO minus MIX).
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