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Variation of radiative forcings and global warming potentials

from regional aviation NQemissions
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Abstract: The response to hemispherical and regional aircraft &fiissions is explored by
using two climate metrics: radiative forcing (RF)daB@lobal Warming Potential (GWP). The
global chemistry transport model, MOZART-3 CTM, igpéied in this study for a series of
incremental aircraft NQemission integrations to different regions. It was found that the
sensitivity of chemical responses per unit emissaia from regional aircraft NOemissions
varies with size of aircraft NOemission rate and that climate metric values decrease with
increasing aircraft NO emission rates, except for Southeast Asia. Previous work has
recognized that aircraft NOGWPs may vary regionally. However, the way in which these
regional GWPs are calculated are critical. Previiudies have added a fixed amount of,NO
to different regions. This approach can heavily Iresresults of a regional GWP because of
the well-established sensitivity of ;(Qproduction to background NOwhereby the Ozone
Production Efficiency (OPE) is greater at small lggokind NQ. Thus, even a small addition

of NOy in a clean-air area can produce a largeg3ponse. Using this ‘fixed addition’ method
of 0.035 Tg(N) yi, results in the greatest effect observed for North Atlantic and Brazil,
~10.0 mW nf/Tg(N)yr'. An alternative ‘proportional approach’ is also taken that preserves
the subtle balance of local NGD;—CH, systems with the existing emission patterns of
aircraft and background NOwhereby a proportional amount of aircraft N©% (N) yi, is
added to each region in order to determine the respoThis results in the greatest effect
observed for North Pacific that with its net NRF of 23.7 mW rif/Tg(N)yr® is in contrast
with the ‘fixed addition’ method. For determininggienal NQ, GWPs, it is argued that the
‘proportional’ approach gives more representativeults. However, a constraint of both
approaches is that the regional GWP determinedpsraient on the relative global emission
pattern, so if that changes in the future, the megidlQ; GWP will change.
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36 1 I ntroduction
37

38
39  Aviation NO, emissions result in a short-term increase in tropospheric ozahe(@® the

40 long-term destruction of a fraction of the ambierdtinane (Ch), with positive and negative

41 radiative forcing responses, respectively. In additthe CH reduction results in a long-term

42  reduction in tropospheric Land a long-term reduction in stratospheric water vapour from
43 reduced oxidation of Ckl both negative radiative forcing effects. The aircraft nety NO
44 response (the sum of all these components) is thotaginesult in a positive (warming)

45  radiative forcing (RF) under constant emissions rmaggions (e.g., Lee et al., 2010)

46

47  The geographical imbalance of climate impact fromyN@issions is a result of both the
48  short-term nature of the chemistry and the hetereges pattern of emissions; as well as, it
49  arises from complexity of the response of N&ffect components. The short-lived €hange

50 (positive climate forcing, warming) is inhomogeneoasncentrated mainly where the NO

51 emissions occur. The GHesponse (negative climate forcing, cooling), due to its decadal
52 lifetime, is homogenously spread over the globe.sTlewen if these two effects might cancel
53 as a global mean, they do not on a regional scaje @rather et al., 1999).

54

55 The same amount of N@missions might lead to different regional climate impacts. The O
56  production formed from NQemissions strongly depends on the background conditions that
57 are distinct for specific spatio-temporal locatiod$he Q response is influenced by the
58 background NQ concentrations (e.g., Isaksen et al.,1978, Berntsen and Isaksen, 1999), the
59 abundance of HQ VOCs (e.g., Lin et al.,1988, Jaeglé et al., 1998) or the intensity of solar
60 flux. These different influences result in quite pedfic behaviour, as different climate
61 responses might result from equal global mean RBmgrfrom the same amount of emitted
62 NOyat different locations (e.g., Berntsen et al., 2005, Shine et al., 2005).

63

64 In this study we explore the global responses foegional emissions, by employing the
65 ‘popular metrics: radiative forcing (RF) and Globalarming Potential (GWP), that have
66 been successfully exploited in other regional studeg., Berntsen et al., 2005, Fry et al.,
67 2013). However, in order to explore the differenpeags of regional and sub-global patterns
68 of responses, the new concepts have been also gedel.g., the non-linear damage function
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(Shine et al., 2005, Lund et al., 2012) or AbsoRé&gional Temperature Potential (Shindell,
2012, Collins et al., 2013).

There are only few studies dealing with geographeféécts from aircraft NQ emissions
(Grewe and Stenke, 2008, Stevenson and Derwent,, 20fl8er et al., 2013). Grewe and
Stenke (2008) and Kohler et al. (2013) have shovat thfferent latitudinal bands give
different RFs per unit aircraft NGemission; the RFs resultant fromy @d CH changes at

low latitudes are significantly greater than RFsrfrthose changes at higher latitudes. Kéhler
et al. (2013) also presented the aircrafty,M@pact over four geographical regions, where
tropical locations, China and India, with their N, RFs of 14.3 mW fper Tg(N) yi* and

12.6 mW nt per Tg(N) yi', substantially exceed the northern mid-latitudinal nef R6s, of

~2 mW niper Tg(N) yi*, over Europe and USA. On the contrary, the study of Stevenson and
Derwent (2009) results in strong compensations bEtw® and CH responses for July’'s
pulse aircraft NQ emissions at 112 different cruise altitude locations, where, in most cases,
the short-term @positive RFs was overwhelmed by the long-term, Gébative RFs. In order

to illustrate the dependence of the aviationNgfect on the location of emission, the
regionally fixed amount of aircraft NQvas applied in both, Stevenson and Derwent (2009)
and Kohler et al. (2013), studies.

Taking into account that the future growth of aaffic is predicted to be inhomogeneous,
where Asia with its developing economies is leadimgway (ACI, 2011), it is important to
understand the spatial aviation climate responsethi$ study, the atmospheric impact of a
series of regional aircraft N@mission rates is investigated using a global chemistry transport
model, MOZART-3 CTM. The responses from Northern Sodthern Hemisphere along with
eight regions: Europe, North America, Southeast ANiarth Pacific, North Atlantic, Brazil,
South Africa and Australia are explored. This studly show that the net NQeffect, and the
associated ozone and methane responses, dependynohahe location of emission, but also

that they vary under different experimental appresach
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2 M ethodology

2.1  Chemistry transport model

The Model for Ozone and Related Tracers, versidd@4ART-3) was applied for this study.
This is a 3D Chemistry Transport Model (CTM) desdjne simulate atmospheric ozone and
its precursors. It was evaluated by Kinnison et(2007) and used for various application
studies, e.g., Sassi et al. (2004), Liu et al. (200uebbles et al. (2011). Recently,
MOZART-3 was exploited in studies dealing with anpamt of aircraft N@Q emissions on

atmospheric composition, e.g., Skowron et al. (20%8)de et al. (2014).

MOZART-3 accounts for advection based on the fluxfesemi-Lagrangian scheme of Lin
and Rood (1996), shallow and mid-level convectioadlk 1994), deep convective routine of
Zhang and MacFarlane (1995), boundary layer exclsa(tgelstag and Boville 1993), or wet
and dry deposition (Brausser et al. (1998) and M{(l©92), respectively). MOZART-3
reproduces detailed chemical and physical procefees the troposphere through the
stratosphere, including gas-phase, photolytic artdrbgeneous reactions. The kinetic and
photochemical data are based on the NASA/JPL evaluédander et al., 2006).

The anthropogenic and biomass burning emissiontakes from Lamarque et al. (2010) and
represent year 2000, while the biogenic emissioesfiamm POET (Granier et al., 2005).
Aircraft emissions are represented by the REACT4€Elmase inventory (e.g., Sgvde et al.,
2014) for the year 2006 (CAEP/8 movements). Thezbotal resolution is T42 (~ 2.8° x
2.8°) and the vertical domain spans 60 hybrid laystsveen the surface and 0.1 hPa. The
meteorological fields are from European Centre foedMm Range Weather Forecast
(ECMWEF), reanalysis ERA-Interim data for the yea09£-2006 (Dee et al., 2011).

2.2 Incremental regional aircraft NOx emissions

In order to explore the impact of regional aircfd€, emissions on climate, ten geographical
domains were defined: Europe (EUR), North AmericaA;NSoutheast Asia (SE ASIA),
North Pacific (NPAC), North Atlantic (NATL), Braz{BR), South Africa (SAFR), Australia
(AU), Northern Hemisphere (NH) and Southern Hemisph&H) (Figures 1 and 2). The

aircraft NQ, emissions are characterized by a heterogeneous pattern, where more than 50% of

4
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aircraft NQ, emissions is present over North America, Europe and Southeast Asia. The
selected geographical domains constitute 62% (bas&*EACT4C 2006 inventory) of global
total aircraft NQ emissions. Each region represents different chemical and meteorological

background conditions that will influence the aiftiOx perturbation.

Incremental aircraft NQemissions constitute a series of aircraft,N@ission rates that were
applied to one region per experiment (Table 1). iffections of aircraft NQ emissions are
valid for all altitudes in the defined domains. Eactremental aircraft NOcase is based on
either an equal mass or a relative mass of emissidresequal mass of emissions constitutes
different relative addition of emission to the toNDy in each region, e.g., the injection of
0.035 Tg(N) yi* is equal to ~30% increase of aircraft Nfor northern continental regions
and it rises to ~160% or ~400% for oceanic or sautle®ntinental domains, respectively
(Table 1). The relative mass of emissions resulifferent amount of emitted NOn each
region. The 5% NQincrease per year is smaller than addition of 0.035 Tg(Npyr~80—
95% for most of the regions. The 100% Nxrease per year is greater than addition of 0.035
Tg(N) yr' by ~70% for continental regions, but it is still smaller by ~40% for oceanic regions.

These two experimental designs address differeniremtof investigations. The question

addressed with ‘fixed NQ experiments is the regional sensitivity to unit mass of emission.
The employment of relative aircraft NGmissions might be more realistic in terms of
defining the actual aviation NCeffects or the assessment of the future air traffic growth.

Anyway, both types of experiments give useful insigto regional NQ-Os;—CH, systems.

Forty six experiments were performed, one referdbese aircraft emission) run and forty
five perturbations (incremental aircraft emissiompdations, each starting in January 2006
and finishing in December 2006; each simulation praseded by a two-year spin-up, 2004—
2005. The aircraft perturbation is derived by exirarthe difference between ‘aircraft’ and
‘incremental aircraft’ experiments. Since our expents are performed for 3 years, the
magnitude of aircraft stratospherig €@sponse is not fully represented. Thus, the@umn

change presented in this paper is overestimated18%;lhowever, the resultant; &F is not

affected.
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2.3 Metrics calculations

The monthly @ MOZART-3 outputs are used for short-termy @diative forcing (RF)
calculations, using an off-line Edwards — Slingoiatidn code (Edwards and Slingo, 1996).

The model calculates the radiative fluxes and heating rates based®BEdtangton form of the
two-stream equations in both, the long-wave and short-wave spectral regions. Cloud treatment is
set up based on averaged ISCCP D2 data (Rossow and Schiffer, 1999), which are used to
determine the position and amount of ice clouds and water in the atmosphere. Climatological
fields of temperature and specific humidity are determined by ERA-Interim data (Dee et al.,
2011).

The CH, concentrations change is assumed to be in equilibrium with the OH change due to
the aircraft NQ perturbation from constant emissions (Fuglestvedt et al., 1999). These steady-
state CH aircraft responses are further used for long-term €H calculations, using the
simplified expression defined in Myhre et al. (1998he additional long-term effects,
consequently also assumed as steady-state chanbgsndDced Q and CH impact on
stratospheric water vapour (SWV) are also calculateti defined as 50% of GHRF (Myhre

et al., 2013) and 15% of GHRF (Myhre et al., 2007), respectively.

The calculations of Global Warming Potentials (GVER) based on a methodology described
by Fuglestvedt et al., (2010). Assuming, that thestant one-year emission is a step emission
and the successive decay occurs of the resultirglgtstate forcingF> from the end of
the year, the AGWP can be calculated through: AGHWP=(AF>° (1 —a(exp (- (H — 1Y) —
exp(— Hb))), where H is the time horizon amdis lifetime (primary-mode lifetime in case of
CHg-induced Qand CH). The CQ AGWPs are taken from Joos et al. (2013).

3 Effects of hemispherical and regional aircraft NO, emissions

3.1 Chemical perturbation

The peak of @perturbation is concentrated at cruise altitudes in all regions (Figure 3);
however, the same amount of additional aircraft 35 Tg(N) yi') emitted from various

locations leads to different magnitudes and extasftsO; perturbation. The NH's ©



205 perturbation is concentrated mainly at cruise agg) where most of the emissions occur,
206 whilst the SH’s Q@ response is observed throughout the vertical domain. This might be
207  explained by the fact by that SH’s aircraft Né@missions are concentrated mostly in the low-
208 latitudes (there are hardly any SH’s emissions #&bitudes greater than 52°S), where the
209 convective transport is strong. This is the case &s BR and AU, where the chemical
210 impact has a greater vertical extent than for otbgions.

211

212 The aircraft NQperturbation in different regions shows disparities in their impact on global
213 Oz burden and CHllifetime change (Table 2). The Southern Hemisphere produces 40% more
214  Ozper emitted aircraft N, and is twice as efficient in dfétime reduction, than the Northern
215 Hemisphere. A similar pattern ingChange is observed if the North Pacific is compared with
216  Europe. In general, the efficiency of ozone producfior remote northern oceanic regions is
217  greater than for northern continental regions by 3% this results in the larger Burden

218 change for NPAC and NATL compared with EUR and NAn@kag continental regions,
219 southern AU gives the greatest mass of perturbgdrfe largest @change did not always
220 introduce the greatest Gldeduction. The ChHllifetime reduction over NPAC is almost as high
221 as over SE ASIA, however NPAC’s GHollows the high @burden change, which is not
222 observed for SE ASIA’s ¢burden change. The least efficient éks occurs over NATL,

223 the greatest efficiency in GHifetime reduction is observed over southern BR, SAFR and AU.
224

225 3.2 Radiativeforcings and global warming potentials

226

227

228  The latitudinal distributions of short-terny ®F for different geographical regions are shown

229 in Figure 4. In general, these patterns of RFs axemed by latitudinal profiles of regional
230 aircraft NQ, emissions. However, the magnitudes gfRF- responses differ: the SH's @F
231 is much larger, by 52%, than NH'’s short-term forcamgl NPAC, NATL exceed, by 29%, the
232 Oz responses from northern continental regions. The greatest magnitudes of shor-Rffm O
233  responses are those from southern low-latitudes: 3R and AU, that is in contrast to their

234  aircraft NQ, emissions magnitudes.

235  Figure 5 shows the normalized net global annual nifarand the four component forcings,
236 for different geographical regions. The inter-herhisjic differences in the resultant effects
237  are significant: both short-termz@F and long-term negati\-s are twice as strong over SH

238 than over NH. The greatest net N@F value is observed over North Atlantic and Brazil,



239  which is the result of strong positive short-termRF and relatively weak long-term negative
240  forcings for NATL and very strong positive shortsteO; RF for BR. The largest short-term
241 O3 RF and long-term CHRF among northern regions is found for NPAC and SE ASIA,
242  respectively, whilst among southern regions for Alle negative forcings play a relatively
243 large role at low-latitudes, where an efficient Obkidation leads to substantial reduction of
244 the net NQ RF for BR, SAFR and AU, but also SE ASIA. The smallest net value of positive

245  and negative forcings is observed for North Ameaiod Europe.

246  While RF indicates the climate effects between pastpresent point in time, GWP gives the
247  perspective for future impact of current emissiofise aircraft NQ GWPs from regional
248 emissions differ greatly; however, the net NGWP values are positive for all regions and
249 each time horizon (Table 3). There are substantifrdnces in calculated GWPs; the
250 greatest values are calculated for a 20-year timedmfor each region and the significant, by
251  ~80%, reduction of GWPs appears with larger timazoos. The largest GWP values are
252 calculated for Brazil; however, for greater time ihons the North Atlantic’'s GWPs are
253  equally high, that is caused by less pronounced-teng negative RF effects. The smallest

254  GWHP values are found for Europe for each time harizo
255
256 3.3  Discussion

257 The differences in magnitudes of; Qperturbation originate from various background
258 conditions specific for each regioiihe spatial variation of ©burden change has a strong
259  correlation with NQ background concentration at flight level (Figure 6), which was also
260 presented by Stevenson and Derwent (2009), but fant®grated RFs. Generally, the largest
261 global and annual £burden change is observed for locations wherg INOkground is low
262 and it is decreasing with greater N@oncentrations. The SE ASIA, with large NO
263  background, is an exception here, as the efficiaid®s production charged by the intensity
264  of solar flux results in relatively larges®@urden change.

265

266 The large @response over remote oceanic regions might be unravelled by small background
267  NOy concentrations (Figure 6). The large @sponse over SE ASIA might be additionally
268 explained by the intensity of solar irradiance tdates the photochemistry: taking into

269 account the high NObackground conditions in this region, the magnitude otkange is
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substantial. The mean concentration of D227 hPa is 93 pptv, as modelled by MOZART-
3; however, mean local annual N@ncentrations reach ~400 pptv for SE ASIA, while these
over mid-latitudinal regions are ~70 pptv. One of flactors that significantly modify SE
ASIA’s NOy background at flight level is the NGource from lightning. The SE ASIA region
is a receptor of 30% of global total lightning N@€missions at cruise altitudes; in comparison
to 8% for BR and less than 1% for the rest of thgiores, SE ASIA’s lightning NQis
significant. The southern BR, SAFR and AU f@sponses are driven by both relatively low
NOy background and solar intensity. Not only Nfackground alone, but also the relationship
between abundances of N@nd photochemically generated hydrogen oxide radicals)(HO
influence the amount of £that can be formed. The shift in the HBalance towards OH,
having at the same time relatively higher N@vels compared to HQthat is the case for
EUR (Figure 6), increases the importance of OH+Nmination reaction chain that in turn
decreases thes@roduction.

The concentrations of CHiliffer between regions within 1% range, also CO is relatively
uniformly distributed among investigated regionsg(ffe 6); both CO and CHare an
important Q precursors. The CHperturbations depend highly on the place and extent
(latitude and altitude) of the {@erturbation (Kdhler et al., 2008), as both temperature and
concentrations of OH and GHffect the efficiency of Ckbxidation. The most efficient CH
lifetime reduction occurs over SE ASIA and southeegions, BR, SAFR, AU, where
temperature and oxidizing conditions are the mostudeable among the investigated
domains; the least pronounced L£itésponse is observed for NATL, that is not the case for
another oceanic region, NPAC. The OH and,®Eckgrounds are of similar magnitudes over
NPAC and NATL; however, the temperature pattern sholfferences, being higher over
North Pacific, by ~6°K (~3%) and the lower temperatglows down the CHoxidation.
Moreover, the cruise altitudes for NATL are at 10l98 that is one level higher than for
NPAC (Figure 2); aircraft NQemissions emitted at higher altitudes result in reduced potential
in CH, change (e.g., Skowron et al., 2013). These might be the one of the reasons of the less

efficient CH, lifetime reduction over North Atlantic.

Recently Kohler et al. (2013) presented resultsrégional aircraft N@ impacts from four
regions: USA, Europe, India and China. The 0.036NJgf ™ of aircraft NG was injected
through all vertical layers into limited domains.their study the greatest;@ass change and
Os forcings, as well as net N@orcings were found for low latitudinal regions compared with

9



304 northern continental regions and the netsIR®Gs and GWPs are positive. This is in agreement
305 with results from this study. However, some discngpes appear when magnitudes of
306 responses are compared. The “continental mid-latiaitiO; RFs are smaller in this study by
307 15-26% than Kohler's et al. (2013); however, the M@ RFs are reported to be greater for
308 this work, by 6% for EUR and 38% for NA. It is difilt to compare the results for “northern
309 low-latitudinal” regions, as the geographical exsenf investigated domains differ: in this
310 study it reaches the 12°S circle of latitude, in k@l et al. (2013) — 6°N. Moreover, SE
311 ASIA region in this study is characterized by verghhNO, background concentrations from
312 lightning emissions, while Kohler’s India and Chisna relatively ‘free’ from those high NO

313 lightning emission, as modelled by MOZART-3. Thesight be one of the reasons of the
314  substantial differences ing@esponse and the resultant N&Fs over Asia.

315

316  Whilst there is a general qualitative agreementenegal properties of regional responses
317 between Kohler et al. (2013) and this study, the mamson with Stevenson and Derwent
318 (2009) becomes more complicated. Their study presemegrated radiative forcings (IRF)
319 over 100-year time horizon of positive and negatesponses of chemical system due to
320 aircraft NQ emissions. The aircraft NOncrease (4 kg(N® s® = 0.04 Tg(N) yi") was

321 injected for a period of month (July) at cruise talles (~200-300 hPa) in a limited
322 geographical domains. Unfortunately, a detailed ammspn is not possible as Stevenson and
323 Derwent (2009) did not provide an exact number foeit AGWPs. However, some
324  peculiarities are noticed, e.g., the net IRFs agatiee for most of the locations. The inter-
325 model differences might play a role here; howevéngoaspects exist as well. Firstly, the
326  aircraft NQ, increase was performed only for a period of one month, July. The small Asian
327  short-term Qresponse may indicate that it can influence the results to some extent ¢he NO
328 background (due to lightning) is greater in thisisagduring summer compared with winter
329 months, when the lightning NOmoves’ more south from the equator). The response of a
330 NO«—0Os;—CH, system is highly dependent on the state of the atmosphere into which aircraft
331 NOx is injected (e.g., Stevenson et al., 2004) and a single month perturbation is not
332 representative and comparable with annual integratiwhen the regional responses are
333 investigated. Secondly, the amount of emittedsGring one month is the same as the
334  amount of NQapplied in this study and by Kdhler et al. (2013), but for a period of year. As it
335 is shown in the forthcoming Section 4, the size @ mission rates influence the response
336 of the chemical system due to regional emissions.

337
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4 Response of the NO,-O5-CH,4 system for different rates of regional

aircraft NO, emissions

The responses of the chemical system from regiarab# NO, perturbations vary with the
size of the N@Q emissions rate and in a non-linear way (Figure 7); the greatgreMi3sion
rates lead to weakers@esponses and less pronounced, f@ductions. However, each region
has its own distinctive sensitivity in the respoon$ehemical system. Thez;@esponse over
Southeast Asia is much less sensitive to differgntadt NO, emission rates than over oceans,
where the @change depends significantly on the amount of emitted RQ example, as a
result of 6.39 Tg(N) yt experiments, SE ASIA has the greatest glohddu®den change and
NATL’s Ozis observed to be of similar magnitude asf@ EUR, which is in contrast to what
was presented in the section above. The I@etime reduction also changes with aircraft NO
emission rates. The non-linearity of gHetime reduction is stronger at low latitudes, where
conditions for CH oxidation (high temperature and concentrations of OH) are advantageous,
compared with mid-latitudes. Thus, ¢ldver SH, SE ASIA, BR, SAFR and AU follows
strictly the Q sensitivity to additional N@emissions: the rate of the compensation between
O3 and CH remains almost the same for each incremental aircraftchi€2 (Figure 8). The
ratio of the CHlifetime change per unit of change for SH, SE ASIA, BR, SAFR and AU
changes by no more than 2%, with greater, M@ission rates. This is not observed for other
regions, especially oceanic domains, where/Okfratio becomes significantly greater (44%
for NATL) with larger NQ emission rates. These results show that the variation in
experimental design strongly influences the mageitafl the contribution from individual
regions to overall chemical perturbation, e.g.,gheatest @burden change, can easily belong
to either NPAC, or SE ASIA depending on the sizaiofraft NQ,emission rates.

5 Variation of the effects of hemispherical and regional aircraft NOy

emissions

The varying regional chemical responses depend ersite of the aircraft NOemissions
(Figure 7), being especially pronounced for remotenains. The regional O£and CH
responses saturate with greater aircraft M@ission rates, where scale of this processes reach

different limits for each region. Equal mass of aft NO, emissions leads to substantially

11
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different, sometimes unrealistic, relative increasiesircraft NQ (Table 1), which means that
each regional domain is pushed to different regiofés local NQ—Os;—CH, system, when it
‘deals’ with additional NQ In order to try to preserve the subtle balance of regiong-Rgo
CH,; systems with the existing emission patterns of aircraft and backgroungd tN©
experiments with equal relative aircraft N€@missions are employed (Table 1).

The net NQ radiative forcing from regional perturbations are found to be greater for
experiments with lower aircraft N@mission rates, which is the 5% (N)'yase and tend to
decrease with greater aircraft N@missions (Table 4). The net N®Fs of EUR, NA and
NATL are larger by ~33% for 5% (N) yrcompared with 0.035 Tg(N) yr the difference for
NPAC'’s net NQ RF increases to 157%. The short-tergi\RP- variation ranges from 10% for
NA to 44% for NPAC; CH RF variation ranges from up to 8% for continental regions and
rises significantly for oceanic regions reaching 6@%NATL. In general, for smaller aircraft
NO, emissions rates short-termz ®F is calculated to be the greatest and, &f, and
consequently Clinduced Q RF and SWV RF are calculated to be the smallest (less

negative) compared with greater aircraft Ngnissions rates.

There is one exception, SE ASIA: the values of n@% RIFs for different incremental aircraft
NOy emission cases stay within a ~2% range. The SE ASIA short-tefRFGncreases with
increasing NQ emission rates and it is observed to be 7% lower for 5% (Nxgmpared
with 0.035 Tg(N) yt*, and 1% different for 100% (N) yicompared with 0.035 Tg(N) yr

The background atmospheric conditions of SE ASIA dommight explain this distinct
behaviour. The Hbackground at flight level over SE ASIA is one of the highest, next to
BR, among all investigated regions (Figure 6), hg\ah the same time low N®ackground

(< 1 pbbv). Under this condition an important teration chain for HQwould be HQ + HO;,
(Seinfeld and Pandis, 2006). This finds further arptions in Lin et al. (1988) box model
study, where it is shown that for low N@ackground the radical combination reactions {RO
and HQ) supress the non-linearity o;@roduction efficiency. Additionally, Wu et al. (2009)
found that the non-linearity of {production, but in the continental boundary layer, is much
weaker for N@-limited conditions.

It is worth to note that SE ASIA is much larger th@her investigated geographical regions;

thus, e.g., it represents a wider range of metegrcdb phenomena over the year. However, as
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it is presented in Supplementary Information (Sl)sinot likely that the size of the domain

might influence the observed linearity of SE ASI&fects.

The regional ratios of the GHifetime change per £burden change vary with different sizes
of emitted aircraft N and they decrease with increasing aircraft,d@issions (Figure 9).
The greatest differences are found to be over ocedmsre the Ckhllifetime change per 9
burden change varies by 54% for NATL and 47% for IigPetween aircraft emissions of
0.71 and 1.42 Tg(N) ¥ the continental (EUR and NA) differences constitute ~10% between
0.71 and 1.8 Tg(N) ¥k The CH lifetime change per £burden change for SE ASIA varies
only by 3% for different aircraft NOemissions rates, which results in relatively constant
magnitudes of net NORFs (Table 4). The regional metric values are significantly correlated
with ratio of CH, lifetime change per ©change (r=0.7, p<0.001). The remote oceanic
regions, with small CHllifetime change per ©burden change values, give larger netyNO
GWPs than continental regions with greater,CH ratios. In general, regional aviation net
NOx GWPs decrease with increasing aircraft Ngnissions; consequently, the SE ASIA is

again an exception.

The spread in the reported regional netNRFs and GWPs differs between different
experimental designs (Figure 10). Experiments wilh85 Tg(N) yi* have shown reduced
variability of calculated metrics, mainly throughpsessed NPAC response. The aviation net
NO, GWP varies from 25 (EUR) to 110 (NATL) for 0.035 Tg(N)'yincremental aircraft
NO, emissions experiments. The 5% (N) yncremental aircraft NQemissions case results
in new values ranging from 31 for EUR to 256 for NPARegional application of an equal
mass and a relative mass of aircraft ,Nénission result in significant difference in the
magnitudes of calculated metrics that constitute8%4as an average among investigated

regions.
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6 Conclusions

Aircraft NOy emissions injected into different geographical locations, based on MOZART-3
simulations, affect the sensitivities of global clhesth responses and the compensating
balance between £and CH is specific for each regional domain. The resultant@den
change varies by 54% between different regions, &Beirope and Australia result in lowest
and greatest Operturbation, respectively. The aviation net N&WVPo, varied from 25 for
Europe to 110 for the North Atlantic (based on 0.03%N) yr'incremental aircraft NQ
emission experiments). Significant hemisphericalpaligy in the resultant effects from
aircraft NQ, perturbation was also found, where Southern Hemisphere’s short-term and long-
term responses were twice greater than those fothBlor Hemisphere. The remote oceanic
region of North Atlantic, along with tropical Braziturned out to result in the greatest
magnitude of aircraft net NQeffect, ~10.0 mW m/Tg(N) yr*. The low-latitudinal regions
appeared also to have the greatest compensatiordretive short-term {effect and long-

term CH, responses that efficiently reduced their net Midnate impacts.

The regional chemical perturbations varies with Hige of aircraft NQ emission rate;
therefore, experiments based on equal mass of fiN€) emissions might imply violation
of the subtle balance of the regional NOs—CH, systems. This affects mainly geographical
domains with low N@ concentration (e.g., remote oceanic regions), where injectgaftkn
constitutes a significant relative increase, whiokhes the local N@Os—CH, balance into a
saturation regime and reduces its aircraftyNg&ifect. The experiments with small equal
relative aircraft NQ emissions revealed the new potential of regional aircraftéifects. The
greatest effect was observed for North Pacific tgmet NQ RF of 23.7 mW nf/Tg(N)yr™.
The 5% (N) yr* incremental aircraft NQemission case resulted in a net aviation E&VP,oo
ranging from 31 for Europe to 256 for North Pacifiepresenting much greater spread in the

reported regional metric values.

The size of the aircraft NOemission rate and consequently an experimental approach
strongly influence both the magnitudes and the pti@e of regional dependencies, where
e.g., the greatest net N@ffect interchangeablybelongs to either North Pacific or North
Atlantic and Brazil. Thus, it is important to appbn appropriate experimental design

depending on the nature of investigations.
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Table SI 1: Normalized aircraft net NO, radiative forcings for different Asian incremental aircraft NO, emissions. Net
NO, accounts for short-term O3 RF, CH,-induced O; RF and CH, with SWV RF

Net NO, RF [mW m#/Tg(N) yr’]

REGION I I I
0.035 Tg(N) yr™= 59%(N) yr= 100 %(N) yr
SE ASIA 5.33 5.26 5.25
SASIA 6.51 6.67 6.35

E ASIA 4.65 4.59 4.46




Table 1: Description of regional domains along with changes in aircrgfeM@3sions for a series of experimental cases and each regional domain.

Fixed mass incremental aircraft N Relative incremental aircraft N*
REGION  Geographical extent  Aircraft NQTg(N) yr] [A N/base N] [Tg(N) yrY
0.035 Tg(N) yr 0.71 Tg(N) yi* 6.39 Tg(N) yi* 5% (N) yr'  100% (N) yi*
EUR 10°W-30°E; 40°N-60°N 0.112 0.32 6.3 57.2 0.006 0.112
NA 120°W-75°W; 30°N-50°N 0.132 0.27 5.4 48.5 0.007 0.132
SE ASIA  95°E-145°E; 12°S-45°N 0.128 0.28 5.5 50.0 0.006 0.128
180°W-140°W,
NPAC 150°E-180°E: 20°N-60°N 0.021 1.67 334 300.6 0.001 0.021
NATL  50°W-15°W; 30°N-60°N 0.023 1.54 30.8 276.8 0.001 0.023
BR 60°W-36°W; 36°S-6°S 0.010 4.43 69.7 - — -
SAFR 16°E-32°E; 36°S-18°S 0.003 12.2 224.2 - - -
AU 134°E-154°E; 38°S-22°S 0.009 4.84 78.0 - - -
NH 180°W-180°E; 0°-90°N 0.653 0.05 11 9.8 0.033 0.653
SH 180°W-180°E; 0°-90°S 0.057 0.62 12.4 111.9 0.003 0.057
Global  180°W-180°E; 90°S-90°N 0.71 0.05 1 9 0.035 0.71

*The regions BR, SAFR and AU were excluded from these experiments, as aircadii&3ions for these regions are marginal, their contribution to
aircraft NQ, global total constitute 1.5%, 0.5% and 1.3%, respectively. Thus, the signal from any small relative incremental air@afisHahs
experiments for these regions is barely visible in CTM results.



Table 2: The global and annual meagb@rden change (in Tg) and the gifetime reduction (in yr) due to the

aircraft NQ, emissions in different geographical regions. Calculations are done for surface—1hPa domain and are
based on 0.035 Tg(N) yincremental aircraft NQemission. All values are on a per Tg N basis. The [&time for

the year 2006, as modelled by MOZART-3, is 8.5 years.

Osburden change CH;, lifetime change

REGION (Tg) o)
Global 5.65 -0.081
NH 5.33 -0.074
SH 8.82 -0.160
EUR 4.22 -0.057
NA 4.73 -0.067
SE ASIA 551 -0.093
NPAC 7.28 -0.087
NATL 6.32 -0.057
BR 7.94 -0.158
SAFR 7.77 -0.139
AU 9.11 -0.173

Table 3: Aviation net NQGlobal Warming Potentials (GWP) for Northern and Southern Hemisphere and regions:
Europe, North America, Southeast Asia, North Atlantic, North Pacific, Brazil, South Africa and Australia for 20-, 100
and 500-year time horizons. All values are on a per kg N basis relative, an@@re based on 0.035 Tg(N) yr
incremental aircraft NOemissions.

GWP
REGION
H=20 H=100 H=500
Global 322 59 17
NH 305 57 16

SH 458 70 20

EUR 164 25 7
NA 234 40 11
SE ASIA 329 57 16

NPAC ar7 99 28

NATL 478 110 31
BR 542 109 31

SAFR 416 70 20
AU 480 87 25




Table 4: Normalized aircraft net N@diative forcings for different regional incremental aircraft,M@issions.
Net NQ, accounts for short-terms®F, CH-induced Q RF and CHwith SWV RF.

Net NO RF [mW mi?/Tg(N) yr']

REGION 1 1

0.035 Tg(N) y* 5 %(N) yr* 100 %(N) yr
Global 5.51 551 4.89
NH 5.31 5.32 4.76
SH 6.45 9.02 6.42
EUR 2.32 2.90 1.97
NA 3.73 5.07 3.52
SE ASIA 5.33 5.26 5.25
NPAC 9.22 23.73 9.53

NATL 10.21 14.06 10.38
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Figure Sl 1: SE ASIA domain partitioned to smaller domains: E ASIA and SASIA.

Figure SI 2: Scatter plot of CH4 lifetime change per O3 burden change for different Asian
domains and a series of aircraft NOy emission (dots are individual experiments, lines are the
linear best fit lines).



Figure 1: Regional domains selected for this study: Europe (EUR), North America (NA),
Southeast Asia (SE ASIA), North Atlantic (NATL), North Pacific (NPAC), Brazil (BR),
South Africa (SAFR), Australia (AU), Northern Hemisphere (NH) and Southern Hemisphere
(SH), along with latitudinal (right panel) and longitudinal (bottom panel) profiles of regional
aircraft NOy emissions.

Figure 2: The vertical profiles of regiona aircraft NOy emissions. Northern and Southern
Hemisphere (left panel); Europe (EUR), North America (NA), Southeast Asia (SE ASIA),
North Atlantic (NATL), North Pacific (NPAC), Brazil (BR), South Africa (SAFR) and
Australia (AU) (right panel).

Figure 3: The globa and annual mean vertical distributions of Oz changes (in ppbv) for
aircraft NO, emission increases by 0.035 Tg(N) yr™ in different regional domains: Northern
(NH) and Southern (SH) Hemispheres (left panel), Europe (EUR), North America (NA),
Southeast Asia (SE ASIA), North Atlantic (NATL), North Pacific (NPAC), Brazil (BR),
South Africa (SAFR) and Australia (AU) (right panel). The dashed black line represents the
O3 change from global aircraft NO, emission.

Figure 4. Zona and annual mean net (long wave and shortwave) radiative forcing

(mW m?#Tg(N) yr) from short-term O3 for Northern (NH) and Southern (SH) Hemisphere
(left panel) and regions: Europe (EUR), North America (NA), Southeast Asia (SE ASIA),
North Atlantic (NATL), North Pacific (NPAC), Brazil (BR), South Africa (SAFR) and
Australia (AU) (right panel). Based on 0.035 Tg(N) yr'* incremental aircraft NOy
experiments. The dashed black line represents the Oz RF from global aircraft NOx emission.

Figure 5: Radiative forcings per unit emission of N (in mW m?/Tg(N) yr%) due to short-term
O5(03), CH4-induced O3 (“™*05), CH4 (CH.), stratospheric water vapour (SWV) and NOy
(net of al 4 components) for Northern and Southern Hemisphere and regions: Europe, North
America, Southeast Asia, North Atlantic, North Pacific, Brazil, South Africaand Australia.
The short-term forcing values are given in red, the long-term forcing values (sum of CH,,
CH403and SWV) are shown in blue and the net NO, RF magnitudes are presented in green.
Based on 0.035 Tg(N) yr* incremental aircraft NO, experiments.

Figure 6: Relationship between background conditions and aircraft O3 burden change. A)
Scatter plot of global and annual O3 burden change due to aircraft NOy emission increase by
0.035 Tg(N) yr in different regions against background NO, concentration at 227 hPa (dots
areindividual experiments, line isthe best-fit curve). B) Heat map of background conditions
(CO concentrations, HO, concentrations, NOy concentrations and OH/HO; ratio) at 227 hPa
and aircraft O3 burden change (aircraft O3) for different regional domains. All variables are
presented as an annual mean. The percentage fraction presents how the specific combination
of region and background condition contribute to the specific total regional background
condition.

Figure 7: The normalized Oz burden change (red bars) and CH, lifetime reduction (blue bars)
for a series of geographical regions and aircraft NO, emissionrates.



Figure 8: Theratio of the CH,4 lifetime change to the O3 change for a series of geographical
regions and aircraft NOy emission rates.

Figure 9: Scatter plot of CH,4 lifetime change per Oz burden change for different regions and a
series of aircraft NOx emission (dots are individual experiments, lines are the linear best fit
lines).

Figure 10: The spread in regional aviation net NOy RFs (left) and aviation net NOy GWPs
(right) for different incremental aircraft NO, emission, 5% (N) yr™(blue), 100% (N) yr* (red)
and 0.035 Tg(N) yr™* (green).



The effects from hemispherical/regiona aircraft NOy emissions are explored using 3D
CTM, MOZART-3.

The climate metrics values decrease with increasing regiona aircraft NOy emission
rates, except for Southeast Asia

Regional applications of an equal mass and a relative mass of aircraft NOx emission
result in different regional dependencies.

The greatest net NOy radiative forcing is observed for remote northern oceanic regions.
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SI 1 Additional experiments

The supressed non-linearity o @roduction and net NQeffects is observed for SE ASIA
region (Section 5). In order to investigate whettier size of the SE ASIA domain could
influence this behaviour, an additional set of ekxpents was performed using MOZART-3
CTM.

The SE ASIA domain was partitioned to two smalleogyaphical regions, E ASIA (95°E-
145°E; 20°N-45°N) and S ASIA (95°E-145°E; 12°S-20{Rigure Sl 1). The methodology of
applied experiments is consistent with what is dbedrin Section 2 and the size of injected

aircraft NQ, rates is the same as it is presented in Table 1.

The magnitudes of ratio of the GHifetime change per unit £Ochange vary for different
Asian domains (Figure Sl 2). The magnitudes of SAASkatio is greater by 15% and E
ASIA’s ratio is smaller by 6%, compared with SE ASTA,/O; magnitude (based on 0.035
Tg(N) yr'). The CH lifetime change per ©burden change for E ASIA and S ASIA varies
only by 3% for different aircraft NOemissions rates, which, similarly as for SE ASIA, results

in relatively constant magnitudes of net NRFs.

The values of net NCRFs for E ASIA and S ASIA for different incremental aircraft NO
emission cases stay within a ~5% range, that itbligarger than SE ASIA’s 2% (Table Sl
1). However, as well as for SE ASIA, the short-te@m RFs for E ASIA and S ASIA

increases with increasing N@mission rates and they are observed to be ~3% lower for 5%
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(N) yr* compared with 0.035 Tg(N) yr and 1% different for 100% (N) yicompared with
0.035 Tg(N) yr*.





