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Climate Forcings from Global Aviation Emissions and Cloudiness
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Highlights

* Global aviation warms Earth's surface througthte®, and net non-C@contributions.
* Global aviation contributes a few percent to amplogenic radiative forcing.

* Non-CQ impacts comprise about 2/3 of the net radiativeifg.

» Comprehensive and quantitative calculations @itaon effects are presented.

* Data are made available to analyze past, presehfuture aviation climate forcing.

Abstract

Global aviation operations contribute to anthropagelimate change via a complex set of procedsas t
lead to a net surface warming. Of importance aiatian emissions of carbon dioxide (g(nitrogen
oxides (NQ), water vapor, soot and sulfate aerosols, an@#serd cloudiness due to contrail formation.
Aviation grew strongly over the past decades (126@8) in terms of activity, with revenue passenger
kilometers increasing from 109 to 8269 billion kniyand in terms of climate change impacts, with,CO
emissions increasing by a factor of 6.8 to 10340y yr'. Over the period 2013—-2018, the growth rates
in both terms show a marked increase. Here, weeptesnew comprehensive and quantitative approach
for evaluating aviation climate forcing terms. Bo#tdiative forcing (RF) and effective radiativedimg
(ERF) terms and their sums are calculated for &sas/2000 to 2018. Contrail cirrus, consistingroddr
contrails and the cirrus cloudiness arising froemnthyields the largest positive net (warming) EBffit
followed by CQ and NQ emissions. The formation and emission of sulfatesol yields a negative
(cooling) term. The mean contrail cirrus ERF/RRaraf 0.42 indicates that contrail cirrus is less
effective in surface warming than other terms. Zait8 the net aviation ERF is +100.9 milliwatts (mW)
m? (5-95% likelihood range of (55, 145)) with majantributions from contrail cirrus (57.4 mW3x

CO, (34.3 mW nf), and NQ (17.5 mW nf). Non-CQ terms sum to yield a net positive (warming) ERF
that accounts for more than half (66%) of the @afahet ERF in 2018. Using normalization to aviatio
fuel use, the contribution of global aviation inl20wvas calculated to be 3.5 (4.0, 3.4) % of the net
anthropogenic ERF of 2290 (1130, 3330) mV¥. tdncertainty distributions (5%, 95%) show that nion
CO;, forcing terms contribute about 8 times more th&n © the uncertainty in the aviation net ERF in
2018. The best estimates of the ERFs from avia@nsol-cloud interactions for soot and sulfateaiem
undetermined. C@warming-equivalent emissions based on global wagrpiotentials (GWP* method)
indicate that aviation emissions are currently wagihe climate at approximately three times the od
that associated with aviation G@&missions alone. G&nd NQ aviation emissions and cloud effects
remain a continued focus of anthropogenic climagnge research and policy discussions.

Key words: | aviation | contrail cirrus | climate | radiatifiorcing | CQ| NQ |

Dedication: This paper is dedicated to the memory of ProfeksorS. A. Isaksen of the University of
Oslo, whose scientific excellence, friendship, erehtorship is sorely missed.

1. Introduction

Aviation is one of the most important global ecotmactivities in the modern world. Aviation emiss#o
of CO, and non-CQaviation effects result in changes to the clinsgt&em Figure 1). Both aviation

CO, and the sum of quantified non-g€ontributions lead to surface warmifithe largest contribution to
anthropogenic climate change across all econorstorgecomes from the increase in @ncentration,
which is the primary cause of observed global wagnin recent decades (IPCC, 2013; 2018). Aviation
contributions involve a range of atmospheric phgispzocesses, including plume dynamics, chemical
transformations, microphysics, radiation, and tpans Aggregating these processes to calculategesan
in a greenhouse gas component or a cloud radietiget is a complex challenge for contemporary
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atmospheric modeling systems. Given the depend&rendation on burning fossil fuel, its significant
CO, and non-CQeffects, and the projected fleet growth, it i@hib understand the scale of aviation’s
impact on present-day climate forcing.

Historically, estimating aviation non-G@ffects has been particularly challenging. Thenpry
(quantified) non-C@effects result from the emissions of N@long with water vapor and soot that can
result in contrail formation. Aviation aerosols araall particles composed of soot (black and oani
carbon (BC/OC)) and sulfur (S) and nitrogen (N) poomds. The largest positive (warming) climate
forcings adding to that of GQre those from contrail cirrus and from N@iven changes in the chemical
composition of the atmosphere (Lee et al., 2009)L.0.09 estimated that in 2005, aviation £O
radiative forcing (RF (Wrf)) was 1.59% of total anthropogenic £RF and that the sum of aviation €O
and non-CQeffects contributed about 5% of the overall neheospogenic forcing.

Understanding of aviation’s impacts on the clingatstem has improved over the decade since the last
comprehensive evaluation (L09), but remains inceteplPublished studies of aviation contributions to
climate change generally focus on one or a few ERRs. For example, about 20 studies are cited here
that quantify the contribution from global N®missions. In contrast, only a few studies hakessed

the net RF from global aviation (IPCC, 1999; Sausteal., 2005; L09). A more recent study updated
some aviation terms without providing a net RF €err et al., 2016). Here, a comprehensive analf/sis
individual aviation ERFs is undertaken in ordeptovide an overall ERF for global aviation, alonighw
the associated uncertainties, which is an analyssailable elsewhere. This step updates and ireprov
the analysis of L09. Best estimates of individuahtion ERF terms are derived here for the finstetiand
combined to provide a net ERF for global aviatiQuantifying the terms required new analyses of CO
and NQ ERFs and recalibration of other individual ERFsaamting for factors not previously applied in
a common framework.

In LO9, the net RF was calculated with and withibet full contrail cirrus term but including an eséte
for linear contrails. The exclusion was based enldick of a best estimate derived from existinglists!
At that time radiative forcing estimates were liditto linear or line-shaped contrails since the etfiod
approaches required scaling contrail formationdeswy to observed coverage and only satellite
observations of linear contrails existed (Burkhatdl., 2010). The contrail cirrus term requites t
simulation of the whole contrail cirrus life cyclarting from persistent linear contrails whichesul and
often become later indistinguishable from natunaiis. Persistent contrail formation requires ice-
supersaturated conditions along a flight track,clvtare variable in space and time in the tropospaed
tropopause region (Irvine et al., 2013). EstimatimgRF from contrail cirrus requires knowledge of
complex microphysical processes, radiative transfed the interaction with background cloudiness
(Burkhardt et al., 2010). Contrail cirrus forcingndinates that of persistent linear contrails wiité katter
on the order of 10% of the combined forcing (Burklh@and Karcher, 2011). In the present study, we
present a best estimate and uncertainty baseceardhlts from global climate models employing
process-based contrail cirrus parameterizations.

Emissions of NQfrom aviation lead to photochemical changes thetgase global ozone {Jormation
while decreasing the lifetime and abundance of em{CH). The changes result in positive and
negative (cooling) RF contributions, respectiv&ince L09, improved understanding and modeling
capabilities have emerged, as well as additionaldRias in response to N@missions, namely a longer-
term decrease in background &d a reduction in 4 in the stratosphere in response to decreasqd CH
Here, model results are used to calculate theiaddltRF terms, and to incorporate the updated CH
forcing as assessed by Etminan et al. (2016) anddhilibrium-to-transient corrections for the {erm
(see A4). Finally, aviation-specific efficacies [@gndix C) of the individual NOcomponents are used to
estimate a net NCERF for the first time.
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LO9 includes best estimates for the RFs resultiomfthe aerosol-radiation interactions (previously
called direct effects) of soot and sulfate aeroBols aviation. However, no best estimates of RBmf
aerosol-cloud interactions (previously called iedtreffects) were available in 2009. Subsequeniesu
discussed here have yet to provide a basis fordséighates of ERFs from aviation aerosol-cloud
interactions that may be significant.

The primary motivations for the present study arprbvide an updated, comprehensive evaluation of
aviation climate forcings in terms of RF and ERBdzhon new calculations and the normalization of
values from published modeling studies, and to doenthe resulting best estimates via a Monte-Carlo
analysis to yield a best estimate for the net ERFgliobal aviation for the years 2000 to 2018. Tiree
years 2018, 2011, and 2005 are notable becausedn®018 is the latest year for which air trafficd
fuel use datasets are available, 2011 is the reoent year evaluated for net anthropogenic climate
forcing by the IPCC (IPCC, 2013), and 2005 is tharyevaluated in the latest comprehensive aviation
and climate evaluation (L09). By normalizing thécotations across these years, more specific afid se
consistent comparisons can be made of the changesaition contributions over time. The normalieati
step requires addressing in each study, for exartiechoice of air traffic inventory, the integoat of
emissions along flight tracks, and the assumedrjgine emission indices. The new best estimates of
aviation ERF, for example, show that the 2018 vadusbout 48% larger than the updated 2005 value.

In general, previous global aviation climate assesgs have made different assumptions concerning
emissions, cloudiness effects, and aviation operatie.g., IPCC, 1999). Here, our self-consistenbs
component and net aviation ERFs for 2000 to 208valhistorical and scenario projections of aviatio
climate impacts to be assessed in context withrabetors, such as maritime shipping, ground
transportation and energy generation. This updatelérstanding is especially important given the
potential role of international aviation in meetithg goals of the Paris Agreement (Section 2) mitilg
future temperature increases.

The remaining sections address global aviation tir@tatistics (Section 2); a brief summary of mdtho
used in the analysis (Section 3); results for tRE Estimates of CONQO,, water vapor, contrail cirrus,
and aerosol-radiation and aerosol-cloud interastigith soot and sulfate (Section 4); results ferniet
ERF of global aviation (Section 5); emission met(iection 6); and aviation G&s non-CQ forcings
(Section 7). The appendices contain additionalil@etinformation on trends in aviation emissiongppA
A); aviation CQ radiative forcing calculations (App. B); radiatifecing, efficacy and ERF definitions
(App. C); aviation NQ RF calculations (App. D); contrail cirrus RF soglifactors and uncertainty (App.
E); and emission equivalency metric calculationsAF). A Supplemental Data (SD) file is provided
containing the interactive spreadsheet used taleadcRFs and ERFs for each aviation term.

2. Global aviation growth

Global aviation fuel use and G@missions have increased in the last four decaidkdarge growth
occurring in Asia and other developing regions tutihe rapid expansion of civil aviatioRigure 2 and
Appendix A). Looking forward, this pattern of grdwis expected to be maintained—for example, of the
1229 orders of Airbus and 1031 orders of Boeingdh7, 20.3% and 37.5%, respectively, are for adin
in the Asia region (Airbus, 2017; Boeing, 2018)tlAis projects 41% of orders over the next two desad
to be from the Asia-Pacific region (Airbus, 201The uncertainty in this expectation has increasedtd
the slowdown in aviation operations in the earlynthg of 2020 due to the COVID-19 pandemic (Le
Quéré et al., 2020). Annual aviation emissionsif®are now expected to be below recent projections
that are based on historical growth.

A striking feature ofFigure 2ais the sustained multi-decade growth in @&missions; the average rate
for the period 1960-2018 is 15 Tg €@™. The growth rate for 2013 through 2018 is muchdar 44 Tg
CO, yr'Y). The annually averaged growth rate over the pet70 to 2012 is 2.2% Vand for 2013 to
2018 is 5% yr(increase of 27%). In 2018, global aviation Gfnissions exceeded 1000 million tonnes
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per year for the first time (see methodology falisg 2016 IEA data in Appendix A). The cumulative
emissions of global aviation (1940 to 2018) aré3#llion (10) tonnes of CQ of which approximately
50% were emitted in the last 20 years. Current§2@0, emissions from aviation represent
approximately 2.4% of anthropogenic emissions of @¢luding land use changdjigure 2¢).

Aviation has grown strongly over timEiQure 2b) in terms of available seat kilometers (ASK, a suga

of capacity) and revenue passenger kilometers (RRKgasure of transport work). Fuel usage and hence
CO, emissions have grown at a lesser rate than RRKctiag increases in aircraft efficiency derived

from changes in technology, larger average airsiaéis and increased passenger load factor. Amiatio
transport efficiency has improved by approximatsthtfold since 1960, to 125 gGQRPK)™.

At present and for some considerable time intduh&e, aviation growth is likely to be largely
dependent upon the combustion of kerosene fosdi(det A-1/A) (OECD, 2012), resulting in emission
of CO,. Renewable biofuels partially offset fossil fuetissions but these have yet to be produced in
sufficient quantities to offset growth of fossikfwse. Furthermore, considerable uncertaintiegirem
regarding the life-cycle emissions of biofuels, ethdetermine the reductions in net Ofnissions (e.g.,
Hari et al., 2015). There are current regulati@uarding aviation emissions of gMIO,, and soot mass
and number based on decisions by the Internat@ivdlAviation Organization (ICAO). Under the 2016
Paris climate agreement, nations are committirigrtiting future increases in global temperaturethwi
Nationally Determined Contributions (NDCs) (UNFCC®&Jhereas domestic aviation g@missions are
included in the NDCs, C{emissions from international aviation are not rim@d in the agreement. It
remains open as to whether emissions from intemaltiaviation or global emissions beyond greenhouse
gases (e.g., short-lived (non-g@limate forcers) will be included in future inbational agreements.

3. Methods

The methodologies used to calculate ERF and Riadtividual aviation terms are described in this
section, and results of these calculations arengivé&ection 4. Common to the methodologies is a
comprehensive multi-page spreadsheet (see SDhelais with a user's guide. The spreadsheet pages
include those for contrail cirrus, GANOX, HO, and sulfate and soot aerosol, along with-EQuivalent
metrics, ERF probability distributions, ERF timeiss, and estimates of forcings from aerosol-cloud
effects. The spreadsheet displays the resultsiafiaw forcings provided by individual publisheddtes.
ERF and RF values were calculated for 2018 and gtsa's based on the normalized values of ERF or
RF per unit emission or distance, choice of appatgemission indices, and times series data drufiee
and distance travelled. In the case of the cortnaills forcing, the flight-track distance was cbiogs the
proxy over fuel usage. Annual global emissionsdaméved from fuel burn by multiplying by the aveeag
emission indicesT(able 1). The combined and normalized results are usecetate sets of RF and ERF
aviation terms for the years 2000 to 2018. In aoldito facilitating the present study, the spreaéstalso
provides a quantitative framework for follow-on dises.

Calculations of radiative forcing are expanded teyond the approach in LO9 to include ERF valoes i
addition to the traditional RF valueBables 2 and 3 and Figure B The distinction between ERF and
RF is presented in Appendix C. ERF is the prefemettic for comparing the expected impacts of
climate forcing terms (Myhre et al., 2013). Its degives from the stronger correlation between BRGF
the change in the equilibrium global-mean surfacegerature for some forcing agents than for the
corresponding RF. ERF is calculated as the changetitop-of-the-atmosphere (TOA) downward
radiative flux after allowing for rapid adjustmeimsatmospheric temperatures, water vapor and sloud
with globally-averaged sea surface and/or landaserfemperatures unchanged. ERF is preferred dver R
estimates because the imposed forcing and radmess to the forcing cannot always be separately
evaluated, especially for aerosols. In generallatgest differences between ERF and RF are exgpecte
for aerosol-cloud interactions and contrail cirMg/hre et al., 2013; Boucher et al., 2013). In aldting
ERF values for 2000-2018, the ERF/RF ratio is agslto be constant with time.
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Most of the results for the non-G&@&rms have associated statistics from which thdianewvas chosen as
the best estimate, including the net aviation ER#RF, and the net non-GERF and RF. For Cand
contrail cirrus, for which the sample sizes arelk(Bain both cases), the mean was used as the bes
estimate. The best estimates of the non-é@ns except contrail cirrus have associated teioties
expressed as 5% and 95% confidence intervals esdclfrom 5, 95% percentile statistics. The
uncertainty distributions for all forcing terms etlthan C@and contrail cirrus are lognormal and that for
net NQ, has a discrete probability distribution functi®DF). The uncertainties for the ERF and RF of
CO, were taken from IPCC (2013) and fitted with a Mo@arlo analysis with a normal distribution (see
Section 5). The uncertainties for contrail cirrusrgvestimated partly from expert judgement of the
underlying processes, as described in Appendixg&nditted with a Monte Carlo analysis with a natm
distribution.

4. Calculations of ERFs for aviation terms
4.1. CQ.

The time series of aviation G@missions is shown iRigure 2 as derived from combined kerosene and
avgas usage (UKDS, 2016). Calculating @@ncentrations from emissions requires use obbaj|
carbon-cycle model, which has a range of compldrityn a comprehensive Earth system model (ESM)
to a simple climate model (SCM), with the lattemigebased on a box model or impulse response
function (IRF) model. Three SCMs were used hereClim, an IRF model based on Sausen and
Schumann (2000) (Appendix B); the Finite-amplitiipulse Response (FalR) model (Millar et al.,
2017); and the CICERO-SCM (Fuglestvedt and Bernts889; Skeie et al., 2017). The performance of
LinClim and CICERO-SCM with respect to aviation egions is documented in the multi-model
comparison of Khodayari et al. (2013). The &Oncentrations attributable to aviation in 2018dshon
LinClim, CICERO-SCM and FalR are 2.9, 2.4 and Jhprespectively, with concentrations nearly
doubling in the last 20 years (see SD spreadshdet)ERF/RF ratio fo€O, is assumed to be unity. The
resulting CQ ERFs, as derived from global concentrations ustagdard IPCC expressions (IPCC,
2001), are 38.6, 32.0 and 32.4 mW,mespectively. With only three model estimates, dherage of 34.3
mW mi? (5 and 95% percentiles of 29 and 40 mV§) nis chosen be the G&F best estimate.

4.2.NQ

The photochemical effects of aviation Né€missions on the atmospheric abundances,o€8;,, carbon
monoxide (CO) and reactive hydrogen (hl@re well established (Fuglestvedt et al., 1988)lier
studies assessed the short-term increasq ah@the longer-term reduction in ¢lifetime and
abundance, which yield positive and negative Réspectively (IPCC, 1999; Sausen et al., 2005). L09
introduced the concept of the ‘net N@ffect by combining the two components, extending updating
the study of Sausen et al. (2005). Later studiparmaed the analysis of N@ffects to include the long-
term decreases in bothy@nd stratospheric water vapor (SWV) resulting ftbe CH, reduction. Both
effects yield negative RFs (Holmes et al., 2011hMyet al., 2011). In the present study, an ensewibl
20 NQ, studies is assessed to provide,N@cing best estimates based on a wide rangeobig!
atmospheric chemistry/climate models and a broager®f present-day aviation emission inventories
(details in Appendix D and SD spreadsheet). Refnalts 6 of the studies were adopted from Holmes et
al. (2011).

The study ensemble represents various model mdtgids in calculating and treating both the short-
term and the long-term N@omponents. In order to avoid gaps and additioneértainties, standardized
ERFs were developed that estimated disparate eterfeg., CHH mediated decreases in SWV and long-
term Q). Moreover, most of the studies were based upmerameterization of the GHesponse that
assumed a full equilibrium response. In order toutate the transient response for a specific yeane
accurately, a correction factor is needed (Myhral.e2011). Here, the CHesponses for individual
years were calculated (see Appendix D) using tfierdhce between two simulations with differing
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264  aviation NQ emissions. A number of transient and equilibriumusations were conducted with a 2D
265 chemical-transport model to find that the requiratder a correction factor is well supported anat ttine
266 2018 value is 0.79 (see Transient vs. equilibrinfAppendix D and Appendix Table D.2). In additian,
267  scaling factor (1.23) is applied to derived fERF numbers to account for the effect of shortw@kk
268 forcing, following Etminan et al. (2016) (see AppgenD). The existence and nature of correlations
269 between the NORF components were also explored (see CorrelaitmoAppendix D and Appendix
270 Figure D.1) since the degree of correlation betwsdent-term @and CH terms was a source of

271 uncertainty in the calculation of the net-Nforcing in L09. The work of Holmes et al. (201 1lipports
272  the prior assumption of correlation, which is gheakpanded here. Regardless of inter-model

273 differences, significant correlations are obserfedgxample, a significant negative correlation=({0.7)
274  exists between the short-term and the long-term RI©components.

275 The normalized sensitivity results for net Ni® units of mW rif (Tg (N) yr)™ for the individual

276  modeling studies are shownhigure 4 along with statistical parameters (see Ensembieegadn

277  Appendix D). Given the diversity of studies condutbver nearly two decades, the standard deviations
278  of the distributions are reasonably small. In casttrthe sign of the net-N®&F obtained from summing
279 over the 4 component values varies from positiveetgative. The spread in N®F values is caused by
280 various factors (e.g., emissions inventories, erpantal design or inter-model differences) and is

281 particularly sensitive to the N@listribution in the model background troposphételnes et al., 2011).
282 The NQ efficacies are 1.37 for the short-term ozone iases and 1.18 for methane decreases (Ponater et
283 al., 2006). The efficacies do not equal the ERF/&Ies, in general (Ponater et al., 2020; Appe@jix

284 nonetheless, in the present study, we assumeftbaciés and the ERF/RF ratios are equal, in the

285 absence of better information. The factor of 1.H3 wimilarly adopted for the Ghhediated decreases in
286 long-term ozone and SWV. It is noted that thesesatre from one study and that, in general, ttie cd
287 ERF to RF for CHand tropospheric £are currently the subject of some debate (Smigh. e2018; Xie
288 etal., 2016; Richardson et al., 2019). Given thengith of the net effect of the ERF adjustmenthennet
289 NO forcing (more than doubling over its stratosphedgisted RF), these ratios warrant further study.

290 The net-NQ ERF sensitivity of 5.5 + 8.1 mW (Tg (N) yr') * yields a 2018 best estimate of 17.5 (0.6,
291  28.5) mW nt. This best estimate includes the correction faitionon-steady state conditions as well as
292 the revised formulation of CHRF (Appendix D).

293  Other potential short-term effects from Némissions involve the direct formation of nitragrosol and
294 indirect enhancement of sulfate aerosol. Thesetsffaddressed in a few modelling studies, are

295 associated with large uncertainties (Righi et2413; Pitari et al., 2017; Unger, 2011). The eHeaft

296 NO, on aerosol abundances are not further consideneddwing to the limited number of studies and the
297 large associated uncertainties.

298 4.3. Water vapor emissions.

299 A large fraction of annual aircraft emissions frime global fleet occurs in the stratosphere, prigar
300 the northern hemisphere (Forster et al., 2003).adeeimulation of water vapor emissions perturbs the
301 low background humidity in the lower stratosphand eahanges the water vapor radiative balance.
302 Calculating the water vapor RF is complicated keyg@nsitivity to the vertical and horizontal distiion
303 of emissions, seasonal changes in tropopause beagtd short stratospheric residence times. Some
304 earlier studies do not include the water vaporoeffe

305 The water vapor effects were explored in detai (SB) using results from nine studies: IPCC (1999),
306 Marquart et al. 2001, Gauss et al. (2003), Porstet. (2006), Frémming et al. (2012), Wilcox et al
307 (2012), Lim et al. (2015), Pitari et al. (2015) dBwhsseur et al. (2016). The reported RFs fromethes
308 studies vary from 0.4 mW ™(Wilcox et al., 2012) through 1.5 mWniFrémming et al. 2012, Lim et
309 al., 2015)to 3.0 mW M(IPCC, 1999). The differences are attributed todifferent transport models
310 used, with some contribution from the different emeblogies in different studies. Normalizing to the



311
312
313
314
315
316
317
318

319

320
321
322
323
324
325
326
327
328

329
330
331
332
333
334
335
336
337
338

339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

354
355
356
357

1 July 2020 Revised

same emissions and averaging these reported essiryiatds a water vapor sensitivity of 0.0052 +
0.0026 mW rif (Tg (H:0) yr')™. Scaling this value linearly to emissions of 382150 vields an ERF
best estimate of 2.0 (0.8, 3.2) mW ior 2018, which is well within the uncertainty genof the 2005
LO9 value of 2.8 (0.39, 20.3) mW mThe ERF/RF ratio for stratospheric water increas@ssumed to
be unity. We have greater confidence in the neimaseé and its smaller uncertainty since it is based
detailed physical studies, rather than a scalinh®®arlier IPCC (1999) estimate. The new beghatt
is also in good agreement with the earlier reafltSauss et al. (2003) and Ponater et al. (200&Y), a
scaling their results to account for emissionsedéhces.

4.4. Contrail cirrus.

The aviation fleet increases global cloudinessugiathe formation of persistent contrails when the
ambient atmosphere is supersaturated with respém (IPCC, 1999). Contrail cirrusonsisting of
linear contrailsand the cirrus cloudiness arising from them, haaicg (short-wave) and warming
(long-wave) effects, with the effect at night begglusively warming. In past assessments (e.G.CIP
1999; L09), a best estimate was only availablaglferRF of linear persistent contrails, in part leseaof
the difficulty of quantifying the cloudiness cofittion of aging and spreading contrails (Minniglet
2013). The ERF of contrail cirrus was estimated2@t1 as 50 (20, 150) mW iy Boucher et al.
(2013). Results of a recent assessment of contraiks and other aviation effects are included here
although the study did not propose new best estisn@rasseur et al., 2016).

A persistent contrail requires ice-supersaturatedlitions along the flight track. Contrail cirrutel

cycles are dependent on the temporal and spasilssof the ice supersaturated areas, which ahtyhig
variable in the troposphere and tropopause regian, (Lamquin et al., 2012; Irvine et al., 2013184t

al., 2017). Estimating the impact of contrail cgron upper tropospheric cloudiness requires the
simulation of complex microphysical processes, @hspreading, overlap with natural clouds, radet
transfer, and the interaction with background cinasls (Burkhardt et al., 2010). We present new best
estimates based on the results of global climatgetse@mploying process-based contrail cirrus
parameterizations (Appendix E). Due to the smathber of independent estimates the uncertainty must
be estimated from the sensitivities of the respeqtrocesses and the uncertainty in the underlying
parameters and fields.

Here, we consider RF and ERF estimates from gldbahte models (Burkhardt and Karcher, 2011,
Bock and Burkhardt, 2016; Chen and Gettelman, 28tBumann et al., 2015; Bickel et al., 2019) to
ultimately produce an ERF best estimate. For tesgnt study, the Chen and Gettelman study was
repeated with lower prescribed initial ice-crysteElmeters, thereby bringing assumptions in lindwit
measurements (e.g., Schumann et al., 2017a). BiadeF estimates differ regarding the air traffic
inventory, the measure of air traffic distance. (iteking only surface-projected or overall fliglistances
into account) and the temporal resolution of thigraific data, the estimates were homogenizedgusin
known sensitivities (Bock and Burkhardt, 2016) (8ependix E). Furthermore, the estimates were
corrected to account for the underestimation ofcthrerail cirrus RF, as calculated by climate medieht
use frequency bands, relative to more detaileddiiéine radiative transfer calculations (Myhreagt
2009). The Chen and Gettelman (2013) study is closa calculation of an ERF, since it accounts for
fast feedbacks on natural clouds, which Bickel.ef2019) show in their model explains most of the
differences between an ERF and an RF calculatimkeBet al. (2019) presents an explicit calculatid
the contrail cirrus ERF and uses the same basiehfiodnulation of Bock and Burkhardt, so the ERF
calculation was not used here directly but ratherdstimation of the ERF/RF ratio was used.

The RF best estimate for 2011 was calculated loerecimparison to the most recent IPCC estimate
(Boucher et al., 2013). With each study weightedidly, the resulting 2011 RF best estimate for i@ht
cirrus (excluding any adjustments) is approxima88y(25, 146) mW i (seeTable 3). The IPCC best
estimate of 50 (20, 150) mW hfincluding the natural cloud feedback) was derifrech scaling and
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358 averaging two studies. IPCC assigned a large wiogrtand low confidence to reflect important agpec
359 with incomplete knowledge (e.g., spreading rat¢icapdepth, and radiative transfer). The RF best
360 estimate derived here for 2018 is 111 (33, 189) m%The uncertainties in the present study are

361 reduced due to the development of process-basedaghes simulating contrail cirrus in recent years.
362 The uncertainty in the new RF estimate, excludirguncertainty in the ERF/RF scaling of individ R
363 values, is £70%, a value substantially lower tHenfactor of three stated in IPCC.

364 The £70% uncertainty was derived differently thanthe NQ forcing due to the smaller number of
365 available studies. Instead, the uncertainty waiwelgifrom the combined uncertainties associated wit
366 the processes involved (see Appendix E). The psasefll into two groups: those connected with the
367 upper tropospheric water budget and the contnail€ischeme itself, and those associated with the
368 change in radiative transfer due to the presencemfail cirrus. We considered uncertainty in uppe
369 tropospheric ice-supersaturation frequencies asid $hmulation in global models and the uncertaifty
370 ice-crystal numbers due to uncertainty in soot-nemgmissions, ice nucleation within the plume, and
371 loss processes in the contrail's vortex phase.lliyjren important uncertainty comes from the adjest
372  of natural clouds (Burkhardt and Karcher, 2011)efEhs also a small uncertainty associated with the
373  contrail cirrus life cycle, which affects the diféace in nighttime and daytime contrail cirrus aqove
374  (Stuber et al., 2006) based on work analyzing thmél cycle (Chen and Gettelman, 2013; Newinger
375 and Burkhardt, 2012).

376  Uncertainty connected with the radiative respobnsephtrail cirrus is largely due to the differenaeshe
377 radiation schemes across climate models and thexipmations made therein (Myhre et al., 2009;

378 Gounou and Hogan, 2007); the background cloud altlits vertical overlap with contrail cirrus; and
379 assumptions about the homogeneity of the contirailscfield. Furthermore, the presence of very $mal
380 ice crystals (<5um) (Bock and Burkhardt, 2016) ankihown ice-crystal habits (Markowicz and Witek,
381 2011) add to the uncertainty.

382  Our best estimate of the contrail cirrus uncenaifttes not include the impact of contrails formivithin
383 natural clouds, which was recently shown to be oladde from space (Tesche et al., 2016), or thagha
384 in radiative transfer due to soot cores in contriailis ice crystals (Liou et al., 2013), which dexses the
385 albedo at solar wavelengths and increases theftanosphere net RF. Both effects are very likely t
386 lead on average to an increase in contrail cirfesdausing our best estimate to be conservative. Th
387 estimated uncertainty relates to the average dbaimaus RF. In specific synoptic situations,

388 uncertainties may be much larger and correlatek @ach other.

389 In contrast to other aviation forcing terms, therage ERF/RF ratio for contrail cirrus is estimaiztie

390 0.42, much less than unity. The associated unogytes thought to be very large and dependent on

391 prevailing aviation traffic and its geographic distition. The low ERF/RF value is largely due te th

392 reduction in natural cloudiness caused by increasattail cirrus similar to the reduction in natiucarus
393 cloudiness as reported by Burkhardt and KarchetAR0rhe ERF/RF value is the average of three ¢jloba
394 climate model studies: two that estimated climdfieacies of 31% and 59% (Ponater et al., 2005; &ap
395 al, 2010) and a third that gave a direct estirothe ERF of contrail cirrus that is 35% of the

396 corresponding RF (Bickel et al., 2019). These ssidbnclude that efficacies equal to that o5 CO

397 overstate the role of cirrus changes due to aviatioglobal mean surface temperatures. The average
398 ERF/RF ratio was applied to the homogenized estisnat RF, while the RF of Chen and Gettelman

399 (2013) was interpreted as an ERF (see above). \Weigbach study equally, the resulting ERF for

400  contrail cirrus is 57 (17, 98) mW frfor 2018. It is important to note that the unciattadoes not include
401 any contribution coming from the ERF/RF estimatespite the large ERF/RF adjustment, this ERF term
402 s the largest for global aviation in 2018 andashparable in magnitude to the gt@rm in the

403 normalized results for 2000 to 20IE&dure 6). While comparable in magnitude, these ERFs have

404  different implications for future climate changes¢8on 6).
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4.5. Aerosctadiation interaction.

Aircraft engines directly emit soot, defined as i of BC and OC, and precursors for sulfate{30
and nitrate (N@) aerosol along flight tracks. Soot aerosol is fednfrom the condensation of unburnt
aromatic compounds in the combustor (e.g. Ebbinglaad Wiesen, 2001) and sulfate aerosol from the
oxidation of sulfur in the fuel (Dstan 91-91, 201Bfost of the sulfur is emitted as g@hilst a small
fraction (~3%) is emitted as oxidized$0, (Petzold et al., 2005). Most of the sulfate adr@sproduced
after emission from sulfur precursor compounds Xiglation in the ambient atmosphere. Both aerosol
types create RFs from aerosol-radiation interastisnot absorbs short-wave radiation leading to net
warming and sulfate aerosol scatters incoming skiavie radiation leading to net cooling (IPCC, 1999)
As figures of merit, year 2000 global aviation esiugs increase aerosol mass for both soot andesulfa
by a few percent and aerosol number by 10-30%aietnaffic flight corridors in the northern
extratropics (Righi et al., 2013).

Past calculations of aerosol-radiation RF valuésgua variety of global aerosol models have yielded
values of a few mW fhand with large uncertainties (e.g., Righi et20]13; Gettelman and Chen, 2013;
L09). In the present study, 10 estimates acrosedeia were used to evaluate soot and sulfate deroso
normalized RFs (IPCC, 1999; Sausen et al., 2008leBtvedt et al., 2008; Balkanski et al., 2010;
Gettelmann and Chen, 2013; Unger et al., 2013riRital., 2015; Brasseur et al., 2016) (see SD
spreadsheet). Averaging the normalized values gi@l2l018 best estimate of the soot aerosol-radiatio
RF of 0.9 (0.1, 4.0) mW tfor 0.0093 Tg soot emitted. The corresponding bssinate for sulfate
aerosol is -7.4 (-19, -3) mW frfor 0.37 Tg S@emitted. The uncertainties are derived from taedard
deviation of the model values. The ERF/RF ratiosstmt and sulfate are assumed to be unity in the
absence of any estimates of this ratio.

4.6 Aerosol-cloud interaction.

Aerosol-cloud interactions are those processeshighnaerosols influence cloud formation. For exampl
cloud droplets and ice crystals nucleate on aefqaticles. Thus, aerosol-cloud interactions inirajv
aviation aerosol potentially result in an ERF. Aida soot and sulfate particles are the predominant
primary and secondary aerosol from aircraft. Theediainties in evaluating the aerosol-cloud
interactions of aviation soot and sulfate preclbdst estimates of ERF contributions. Given thergate
importance of these ERF terms, placeholders ahedad inFigure 3. Furthermore, to promote progress
towards future best estimates, the results of aglemnodeling studies were compiled and normalired t
global aviation fuel usages in 2005, 2011, 2018&, soot emission index, and to a fuel S conteBODOf

pm (except in the cases of low fuel-S content }éseeFigure 5 and spreadsheet). As noted in the
caption ofFigure 5, some earlier wide-ranging values for the soobvsarcloud interaction have been
superseded by a more recent study (Penner e0aB).2

4.6.1 Sulfate aerosol.

Aviation sulfate aerosol primarily affects liquitbads in the background atmosphere. Sulfate aei®sol
very efficient as a cloud condensation nuclei (C&M)iquid clouds, and for promoting homogeneous
freezing of solution particles at cold temperatutiess nucleating ice clouds. Two integrated model
simulations (Kapadia et al., 2016; Gettelman andrCR013) found large impacts on liquid clouds from
aviation sulfate aerosol that is transported toitigclouds at lower altitudes over oceans, whickeHaw
albedo. The reported RF values in these studiesnwbaled appropriately, are -37 to -76 mW&im

2018, excluding a low fuel-sulfur case. Note thet $tudy of Righi et al. (2013) that yields an RF24.3
mW nt in 2018 includes sulfate aerosol-cloud interactibat cannot be directly compared with Kapadia
et al. (2016) and Gettelman and Chen (2013), smeéormer treats the combined effects of sulfate,
nitrate and particulate organic matter (POM) rathan isolating the effects of sulfate as dondén t
latter studies. While these RF estimates do ngi@tia best estimate at present, they do sugggsthi
sign of the sulfate aerosol-cloud effect on lowelleslouds is likely to be negative (i.e., a coojirgimilar

10
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452  to the ERF for the aerosol-cloud interactions deotanthropogenic sources of sulfate aerosol (IPCC,
453 2013).

454  Sulfate aerosol-cloud interaction forcing estimatashighly dependent on the sensitivity (or

455  susceptibility) of the cloud radiative field to asol perturbations, which is dependent on uncenteidel
456  processes and the model background aerosol statelsthat form with small CCN number

457  concentrations in the background atmosphere are sansitive to CCN perturbations. Forcing by these
458 cloud effects are largely concentrated near flagitidors over oceans because the high albedoasintr
459  between the ocean surface and clouds increasasg@ensitivity to CCN perturbations.

460 A large uncertainty was also reported for the miaglei of the aerosol-cloud ERF from all anthropogeni
461 activities, estimated for 2011 to be -450 (-1200) W m? (Myhre et al., 2013). A more recent estimate
462  of the aerosol-cloud RF from all anthropogenic\diiéis has a 68% confidence interval of -650 ta0{16
463 mW m? (Bellouin et al., 2019). In general, aerosol-clintéractions contribute the largest uncertainty in
464  calculations of anthropogenic ERF (IPCC, 2013).

465 4.6.2 Soot.

466  The magnitude and the sign of the global RF fromatan soot effects on background cloudiness remain
467  highly uncertain. The uncertainties center on fiffecdlties in accurately simulating homogeneous an
468 heterogeneous ice nucleation in the backgroundsgheve, variations in the treatment of updraft

469 velocities during cirrus formation, and the lackkabwledge of the ice nucleating (IN) ability ofiation
470 soot particles during their atmospheric lifetimé¢d and Penner, 2014; Penner et al., 2018).

471  Two studies find moderate effects of soot aeromdte clouds, depending on the ice nucleating

472  efficiency and the size distribution. RF valuesbbut 11 to 13 mW i(normalized to 2018 emissions)
473 are calculated in some studies for moderate icéenting efficiencies (Pitari et al., 2015, Getteinzand
474  Chen, 2013).

475 In sensitivity tests, if soot processed within caité is assumed to be an efficient IN particlertthe RF
476 may be negative by up to -330 mW miue to reductions in ice crystal number in regidosiinated by

477 homogeneous freezing (Penner et al., 2018; seed-ijuThe RF could be significantly smaller (less

478 negative) if additional ice-forming particles, suehsecondary organic aerosol (SOA), are alreazkept
479 in the background atmosphere (Penner et al., ZB&Belman and Chen, 2013). In addition, increases i
480 ice crystal numbers occur when the background gihee has much lower sulfate or haze-forming

481 aerosol number concentrations and is dominatecetgrégeneous freezing, causing forcings near zero o
482  even positive (Zhou and Penner, 2014). Other stystiedict decreases in cirrus number for smaller

483 numbers of larger soot particles (Hendricks et28l11), resulting in a slight warming (Gettelman an

484  Chen, 2013).

485 A dominant uncertainty for the aerosol-cloud effieoin soot is the IN properties of aviation soatosel.
486  Some laboratory studies indicate soot particlesatefficient ice nuclei (DeMott et al., 1999), ikeh
487  other studies indicate higher efficiencies (Moéldeal., 2005; Hoose and Mdhler, 2012). The possibil
488 that contrail-processed soot particles would shohaaced IN activity after sublimation in the

489 background atmosphere was addressed in the labpo(Mahrt et al., 2020). The effect was limited to
490 large soot particles, suggesting that the impaetviition soot on cloudiness may be overestimated i
491 previous studies that assume soot processed thommtails and not covered by a sulfate coatiranis
492  efficient IN (Penner et al., 2018).

493  Another source of uncertainty is soot number cotiaéons. For individual engines, the soot numizer c
494  vary by two orders of magnitude (Agarwal et al.1 2D Soot number concentrations from aviation vary
495  with the assumed size of the particles emittedelbag the mass emissions. Soot emissions fromaétirc

496 are set as a regulatory parameter for the landike/off (LTO) cycle by ICAO and are measured imgr

497  of mass. Robust conversion factors from mass tadoeumave recently been developed for the ICAO-

11
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LTO cycle (Agarwal et al., 2019) but have not yeeb made for cruise, although other methodologies
exist (Teoh et al., 2019).

5. Calculated net aviation ERF and RF values

ERF and RF values for the terms associated withajlaviation emissions and cloudiness are given in
Tables 2 and 3respectively, for the years 2018, 2011, and 28@Hmg with uncertainties, sensitivities to
emissions and the ERF/RF ratio for selected teERS: values are shown for all yeardigure 6. All

ERF and RF values are available in the analysisasisheet (SD). Through normalization and scalilhg, a
2000 to 2018 values are self-consistent. The $eibgivf each term to emission magnitudes or flight
track distances is derived in the normalizatiorcpes. ERF best estimates and uncertainties (95%
confidence limits) are highlighted for year 2018-igure 3 along with their assessednfidence levels.

No best estimates are included for sulfate and aemtsol-cloud interactions because of the subatant
uncertainties noted above. However, placeholderespare included in both tA@ables 2 and 3and

Figure 3 to indicate the potential importance of these seamd to flag the associated knowledge gaps for
consideration in future research and assessmevitiast The confidence levels and their justifioas
shown inFigure 3 are obtained by employing the methodology of Magdrea et al. (2011), which is
based on evidence and agreement in accordancéR@th guidanceTable 4).

In Figure 3, contrail cirrus formation yields the largest pios (warming) ERF term, followed by GO
and NQ emissions. For the 1940 to 2018 period, the niatiam ERF is +100.9 mW 'ﬁ1(5—95%
likelihood range of (55, 145)) with major contritorts from contrail cirrus (57.4 mW fj, CO, (34.3

mW mi?), and NQ (17.5 mW nif). The aerosol and water vapor terms representrmimttributions. The
formation and emission of sulfate aerosol yieldsdhly significant negative (cooling) term. Non-£CO
terms sum to yield a positive (warming) ERF thatcamts for 66% of the aviation net ERF in 2018 §66.
(21, 111) mW rif). The application of ERF/RF ratios more than haltfee RF value of contrail cirrus
while approximately doubling the N@alue. ERF/RF ratios were not included in the B@8alysis.
Uncertainty distributions (5%, 95%) show that no@.@orcing terms contribute about 8 times more than
CO, to the uncertainty in the aviation net ERF in 2018e best estimates of the ERFs from aviation
aerosol-cloud interactions remain undetermined.

The time series of ERF values for individual teiismshown inFigure 6 for the 2000-2018 period.
Through normalization and scaling the terms arlecggisistent over this period. The increase ifthe
terms with time is consistent with the growth ofation fuel burn and COemissions over the same
period Figure 2). Note that net ERF values shown for each yeanatdéinear sums over the component
terms due to the separate probability distributiassociated with each component term in the such, an
instead are calculated with a Monte Carlo sampimeghod described below.

A comparison of updated RF estimates with LO9 \&foe 2005 is given iTable 3 The large increase
in the contrail cirrus RF between 2005 and 2018Ite#n part because the 2005 value only includes
linear contrails. In LO9, only an estimate of 2@@mtrail cirrus was provided rather than a bestrede.
The present study now includes a process-based! mstifeate of the contrail cirrus term (Section)4.4
The NQ, treatment in LO9 did not include the negative flmgacontributions of the long-terms;@ecrease
or the SWV decrease, the updated treatment QfdHtminan et al. (2016), nor an equilibrium-to-
transient correction. As a result, the updated &Ees for NQ are approximately a factor of 2 smaller.
Incorporating all the updated information in the €fculations of the NQand contrail cirrus terms
yields an approximately 30% increase in the neition RF for 2005, from 78.0 to 95.2 mW?nin the
ERF evaluation for 2005 the net aviation forcingeiduced from 95.2 to 66.9 mW?7hecause the
ERF/RF ratios for NQand contrail cirrus are different than unity.

In seeking comparison of net aviation ERF witharghropogenic ERF, we note that IPCC (Myhre et al.,
2013) provides a value for 1750—-2011 of 2290 (1B330) mW rif. The percentage contributions of
aviation to the net ERF in 2011 are 3.5% (4.0, 3.4#@ 1.59% (1.65, 1.56%) for the sum of all terms

12
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and the CQ@term alone, respectively. The 2005 and 2018 péages are likely the same because the
fraction of aviation C@emissions of total anthropogenic £€missions has averaged 2.1% (+0.15) for
the last two decades (sEgure 2). Normalized relative probabilities of G@nd non-CQERFs for 2018
as derived from the Monte Carlo simulations shoat tton-CQ uncertainties are the predominant
contribution to the uncertainty in the aviation B&®F (igure 7). IPCC also separately estimated the
contrail cirrus term for 2011 as 50 (20, 150) m\¥ as discussed above, which compares well with the
updated value of 44.1 (13, 75) mW’m

The determination of net aviation ERFs and thegaemtainties shown iRigure 3 and accompanying
tables required a Monte Carlo approach to summueg terms with discrete probability distributiors.
similar method was employed in L09. PDFs of eadm te@ere constructed from the respective individual
studies as normal, lognormal or discrete distringi(see SD spreadsheet). Monte Carlo samplings (on
million random points) of the individual forcing S were then used to combine terms to yield netsERF
and the uncertainties (95% likelihood range) far $lam of all terms and for only non-gterms Figure

7). The forcing terms are generally assumed to 8egandent (uncorrelated) with the notable exception
of the NQ, component terms which have strong paired cormatas shown in Appendix Figure D.1.
Only the short-term @and CH terms were included in LO9 and a 100% correlatias assumed, in part,
because the assumption of uncorrelated effectsleamed less acceptable. A subsequent study showed
that these terms are indeed strongly correlatéa (79) (Holmes et al., 2011), similar to the pres
results in Appendix Figure D.1. The Holmes et 201(1) study further concluded that the assumptfon o
100% correlation in this case would lead to an westenate of uncertainty in the N&F. Another
correlation of forcing terms not considered herg lmathe dependence of the soot direct effect and
contrail properties on the soot number index sineeucleation at the time of contrail formatiorpdads

on the soot number index (e.g., Kéarcher, 2018).

6. Emission equivalency metrics

Using the best estimate ERFs, we calculate updatition-specific Global Warming Potential (GWP)
and Global Temperature change Potential (GTP) saluesented for 20-, 50-, and 100-year time
horizons inTable 5 These metrics assign so-called “S#nission equivalences’ for non-gemissions
via ratios of time-integrated ERF and changes tarfutemperatures, respectively. The choice ofimetr
depends upon the particular underlying applicatiuglestvedt et al., 2010) such that there is no
uniquely ‘correct’ metric or time horizon, and aftative metrics are available. GWP and GTP are the
most commonly applied metrics and the values cafedlhere allow a comparison with previous
estimations (e.g., Lee et al., 2010; Lund et al.720In calculating the GWPs and GTPs, the, G-
from Joos et al. (2013) is used and the climateaese IRF from Boucher and Reddy (2008) for the
GTPs (see Appendix F for futher details about tle¢rics calculations).

GWPs and GTPs for contrail cirrus and for waterorapported here are similar to, albeit slightlyadlier
than, corresponding results previously reportedlengoot and sulfate numbers are larger in magaitud
(positive and negative) than previous estimategl@=tvedt et al. 2010; Lund et al. 2017). The
Fuglestvedt et al. (2010) estimates for soot ased@n RF due to soot emissions from all soura#s, n
just aviation, which yields a lower radiative eifiocy (i.e., forcing per unit emission) than in gresent
study. Also given imable 5are CQ-equivalent aviation emissions, along with ratibsotal CO»-
equivalent emissions to G@missions. Such ratios are sometimes used aspiiers’ to illustrate the
additional climate impact from aviation non-gterms over those from G@missions alone. Here,
estimated multipliers for 2018 range from 1.0 1 depending on the choice of time horizon and
emission metric. This is broadly consistent withatvhas been reported and used previously (Leg, et al
2010). The broad range emphasizes the challengesiated with developing comparisons of emission
equivalences for short- and long-lived climate &wscwithin a common framework and how such
considerations strongly depend on the chosen paigpe
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One of the significant uncertainties in calculatidg/Ps and GTPs is the treatment of climate-carfen (
cycle) feedbacks in the modeling framework. Thecifficy of carbon sinks reduces with increasing
warming (Ciais et al., 2013) and this climate fesadbis implicitly included in the Absolute GWP 06g
through the IRF used (Joos et al., 2013). HoweMghre et al. (2013) highlighted that this introdaem
inconsistency since the numerators for the GWPGHE do not include such a climate carbon feedback.
One of the studies that have proposed ways of aslidigethis inconsistency is Gasser et al. (2017gyT
show that when the C-cycle feedback is consistautyunted for, the non-G@mission metrics
increase, but less so than initially suggested il et al. (2013). They also find that removing @
cycle feedback from both numerator and denomirgit@ similar metric values as including it in both
places. Using the GORF without the C-cycle feedback provided by Gassal. (2017), we calculate a
second set of aviation emission metrics (Table, BHYwing that the changes to the GWP100 and
GTP100 values from those given in Table 5 are raghmll.

In response to the challenges related to compatiog-lived and long-lived forcing components, a
number of new ‘flow-based’ methods have been intced representing both short-lived and long-lived
climate forcers explicitly as ‘warming-equivaleetnissions that have approximately the same impact o
the global average surface temperature over mettade to century timescales (Lauder et al., 2012pnA
et al., 2016; 2018; Cain et al., 2019; Collinslet2019). A simple version of these methods, knasn
GWP*, defines the average annual rate of-@@rming-equivalent emissionE ¢oz9 over a period oAt
years arising from a particular component of REBF by (Cain et al., 2019):

E}oze = [(1 — a)H/AGWP,] AF /At + [a/AGWP,]F, D

whereAF is the ERF change arftithe average ERF arising from that component dagrgeriod,

AGWP;, is the Absolute GWP of CQWm? kg year) over time-horizoH ande is a small coefficient
depending on the previous history of that RF corepbnThis equation gives the rate of £gnission

that would, alone, create the same rate of glamaperature increase as the combined effect ofiawiat
climate forcings. For historically small and/or idlp changing RF componentg,may be neglected, and
hence to a good approximation, total S&arming-equivalent emissions over this periaddz,,.) are
approximated by an increase in forciag,, multiplied byH /AGWPy (see Appendix A.6), which is about
1000 GtCQ per W/nf for H in the range 20 to 100 years (Myhre et al, 20R&C, 2018, Figure SPM.1,
caption). This result follows from the definitioh AGWP: since all GWP calculations assume a
linearization, theAGWPy is equivalent to the forcing change resulting fritve emission off tonnes of
CO, spread oveH years (Shine et al, 2005), AGWP,/H is the forcing change per tonne of £Onder
the historical profile of increasing global annasiation-related emissions and associated ERFg; CO
warming-equivalent emissions based on GWP* indittzdé aviation emissions are currently warming the
climate around three times faster than that assatiaith aviation C@emissions aloneT@ble 5).

It is important to note that, unlike the conventib& WP and GTP metrics givenTable 5, the ratio
between total C@warming-equivalent emissions from all forcing aigesnd those from C{alone will
change substantially if future aviation emissioasidte from their current growth trajectory (cabteld
here over the period 2000-2018). If annual glob&lteon emissions were to stabilize, this ratiolotes
towards unity, adF /At would decline to zero. This does not indicate, &esv, that the non-Cffects

do not have a warming affect. This human-inducedwag still represents a mitigation potential.
Warming-equivalent emissions capture the factdbastant emission of short-lived climate forcers
maintain an approximately constant level of warmingilst constant emissions of long-lived climate
forcers, such as GQcontinue to accumulate in the atmosphere reguiltira constantly increasing level
of associated warming. Hence warming-equivalenssiomns show that the widely-used assumption of a
constant ‘multiplier’, assuming that net warmingeda aviation is a constant ratio of warming due to
aviation CQ emissions alone, only applies in a situation incllaviation emissions are rising
exponentially such that the rate of change of n@a-RF is approximately proportional to the rate of,CO
emissions (assuming non-gRF is proportional to COemissions, and noting that the rate of change any
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640 quantity is proportional to that quantity only whiesth are growing exponentially). In contrast, urae
641 future hypothetical trajectory of decreasing awiatemissions, this GWP* based multiplier could fall
642 below unity, as a steadily falling rate of emissidr{positive) short-lived climate forcers has tzane

643 effect on global temperature as active removal©f ftom the atmosphere. The GWP* based ‘multiplier’
644 calculated here (which depends on the ratio ofrtbease in net aviation warming to the increase in
645 warming due to aviation C{emissions alone over the recent past), shoultdeaipplied to future

646  scenarios that deviate substantially from the ctitrend of increasing aviation-related emissidre

647 broad range of values for a ‘multiplier'presentedeéhis an illustration of the limitations of usiag

648 constant multiplier in the assessment of climatgaats of aviation, and a reminder that the chofce o
649  metric for such a multipler involves subjective des.

650 7. Aviation CO, vs non-CG; forcings

651 Since IPCC (1999), the comparison of aviation,&B with the non-C@RFs has been a major scientific
652 topic, as well as a discussion point amongst patiakers and civil society (ICAO, 2019). Aviationas
653  sector is not unique in having significant non-G@cings; the same is true of agriculture withnfigant
654 CH, and NO emissions, or maritime shipping with net-negativerent-day RF despite G@missions of
655 a similar magnitude to those from aviation (Fugéek\et al., 2009). However, unlike direct emissiohs
656 the greenhouse gasegNand CH from the agricultural sector, aviation non-Zforcings are not

657 covered by the former Kyoto Protocol. It is uncleduwether future developments of the Paris Agreement
658 or ICAO negotiations to mitigate climate changegémeral, will include short-lived indirect greenise
659 gases like NQand CO, aerosol-cloud effects, or other aviation-6Q, effects. Aviation is not

660 mentioned explicitly in the text of the Paris Agment, but according to its Article 4, total global

661 greenhouse-gas emissions need to be reduced rapiathieve a balance between anthropogenic

662 emissions by sources and removals by sinks of breese gases in the second half of this century.

663 The IPCC concludesReaching and sustaining net-zero global anthropay€®, emissions and

664  declining net non-Ceradiative forcing would halt anthropogenic globahrming on multi-decadal time
665 scales. (IPCC, 2018, bullet A2.2, SPM). Crucially, botbrditions would need to be met to halt global
666 warming. Hence, to halt aviation’s contributionglobal warming, the aviation sector would need to

667 achieve net-zero Cmissions and declining non-g€diative forcing (unless balanced by net negative
668 emissions from another sector): neither condittosuifficient alone. Some combination of reductions
669 CO, emissions and non-G@orcings might halt further warming temporarilytlonly for a few years: it
670 would not be possible to offset continued warmimgf CG by varying non-C@radiative forcing, or

671 vice versaover multi-decade timescales.

672 That aviation's non-Cg@forcings are not included in global climate pollis resulted in studies as to
673  whether they could be incorporated into existintigis, such as the European Emissions Trading
674 Scheme, using an appropriate overall emissionstipfiet’; however, scientific uncertainty has so fa
675 precluded this (Faber et al., 2008). In additicnated above, the multiplier is highly dependentree
676 future emissions scenario (Section 6). Alternayivptoposals have been made to reduce aviatioms no
677 CO, forcings by, for example, avoiding contrail formaat by re-routing aircraft (Matthes et al., 20190,
678  optimizing flight times to avoid the more positijw@arming) fractional forcings (e.qg., by avoidingyht
679 flights, Stuber et al., 2006). There is a develgfindy of literature on this topic (e.g., Newinged

680 Burkhardt, 2012; Yin et al., 2018). Similarly, steslhave assessed whether changes in cruise aedtitud
681 could mitigate NQimpacts (e.g. Fromming et al., 2012). The potéirtigacts of changes in technology
682 have also been examined to reduce the nopf@®@ings such as lowering the emission index f@ N
683 (Freeman et al., 2018) or soot particle number sionis (Moore et al., 2017) to reduce net,N@d

684  contrail cirrus forcings, respectively (Burkhartiaé, 2018).

685  Avoidance of contrail formation through re-routicgn incur a fuel penalty and therefore addition@} C
686 emissions during a flight, and changes in combusthinology to minimize NQOgenerally increases
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marginal fuel burn and Cmission. Both methods invoke the usage of climarics such as those
calculated and presented in Section 6 to evalwhggher there is a net climate benefit or disbéeter
a defined period. In examining such mitigation sc@s involving tradeoffs (e.g. Teoh et al., 202b%
perceived success or otherwise of the outcomebeilh function of the user’s choice of metric anakti
horizon. A limitation noted for the GWP is thah#s an ‘artificial memory’ over longer time horizn
since the integrated-RF nature of the metric actat®s ‘signal’ over time that the climate systers ha
‘forgotten’ (Fuglestvedt et al., 2010). The GTPinigean ‘end point’ metric that captures the tempee
response, overcomes this limitation of the GWPidubt yet in usage within current climate policy.

Changes to aviation operations or technology #slt in a reduction of a non-G&@rcing with the
added consequence of increased €@issions can result in net reductions of fora@ngshort timescales
while increasing the net forcing on longer timessdk.g., Freeman et al., 2018). In a case study of
contrail avoidance through routing changes, Teat. €2019) found that the resultant small incraase
CO, emissions still reduces the net forcing over a&toale of 100 years. In such ‘tradeoff cases’ the
balance between non-G@nd CQ forcings have to be weighted carefully, since;@€cumulates in the
atmosphere and a fraction has millennial timesdalesher and Brovkin, 2008; IPCC, 2007). Prior he t
COVID-19 pandemic, global aviation traffic and esiims were projected to grow to 2050 (Fleming and
Lepinay, 2019). As the COVID-19 pandemic diministegation traffic is likely to recover to meet
projected rates on varying timescales (IATA, 202)h continued growth further increasing €O
emissions. Thus, reducing G@viation emissions will remain a continued foauseducing future
anthropogenic climate change, along with aviation-@Q; forcings. The latter increase the current-day
impact on global average temperatures by a fadtaronnd 3 (using GWP*) above that due to,CO
alone.
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1278 Table 1. Emission indices used in ERF and RF calculations

Emission Emission index Reference Notes

co, 3.16 kg/kg fuel ICAO (2018)

NOx 15.14 g/kg fuel Fleming and Ziegler (2016) 2018, 2011
14.12 g/kg fuel Barrett et al. (2010) 2005

Water vapor 1.231 kg/kg fuel Barrett et al. (2010)

Soot 0.03 g/kg fuel Barrett et al. (2010)

2x10™ particles/kg fuel ?

Sulphur (SO>) 1.2 g/kg fuel Miller et al. (2010) Assumed S content of
600 ppm

1279  ? Assumes mean particle size in the range of 11-79 nm diameter.

1280

30



1 July 2020 Revised

1281
1282 Table 2. Best estimates and high/low limits of the 90% likelihood ranges for aviation ERF components
1283  derived in this study
ERF (mW m™) 20182 20112 20052 Sensitivity to emissions ERF/RF
Contrail cirrus ~ 57.4 (17, 98) 44.1 (13, 75) 34.8(10,59) 9.36 x 10 mw m?km™ 0.42
CO,  34.3(28, 40) 29.0 (24, 34) 25.0 (21, 29) 1.0
Short-term Os  49.3 (32, 76) 37.3 (24, 58) 33.0(21,51) 34.4+9.9mW m?(Tg (N) yr")™ 1.37
increase
Long-term Oz -10.6 (-20, -7.4) -7.9 (-15, -5.5) 6.7 (-13,-4.7)  -9.3+3.4mwW m? (Tg (N) yr’y? 1.18
decrease
CH, decrease  -21.2 (-40, -15) -15.8 (-30, -11) -13.4 (-25,-9.4) -18.7 £6.9 MW m™ (Tg (N) yr')™* 1.18
Stratospheric water ~ -3.2 (-6.0 -2.2) 2.4 (-44,-1.7) -2.0(-3.8,-1.4) -2.8+1.0mwW m?(Tg (N) yr'")™* 1.18
vapor decrease
Net NO,  17.5 (0.6, 29) 13.6 (0.9, 22) 12.9(1.9,20) 55+81mw m?(Tg (N)yr’)™
Stratospheric H,O 2.0(0.8,3.2) 1.5(0.6, 2.4) 1.4 (0.6,2.3) 0.0052 +0.0026 mW m
increase (Tg (H20) yr'l)'l
Soot (aerosol-  0.94 (0.1, 4.0) 0.71 (0.1, 3.0) 0.67 (0.1,2.8) 100.7 £165.5 mW m? (Tg (BC) yr')* -
radiation)
Sulfate  -7.4 (-19, -2.6) -5.6 (-14, -1.9) -5.3(-13,-1.8) -19.9+16.0 mW m? (Tg (SO yrH)* -
(aerosol-radiation)
Sulfate and soot ---- ---- ---- ---- ---
(aerosol-cloud)
Net ERF (only non-  66.6 (21, 111) 51.4 (16, 85) 41.9 (14, 69)
CO, terms)
Net aviation ERF  100.9 (55, 145) 80.4 (45, 114) 66.9 (38, 95)
Net anthropogenic 2290 (1130, 3330) b
ERF in 2011
1284 ®The uncertainty distributions for all forcing terms are lognormal except for CO2 and contrail cirrus (normal) and Net
1285  NOy (discrete pdf).
1286 " Boucher et al., 2013. IPCC also separately estimated the contrail cirrus term for 2011 as 50 (20, 150) mW m?2.
1287
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1288 Table 3. Best estimates and low/high limits of the 95% likelihood ranges for aviation RF components
1289  derived in this study ?
L09 2005
RF (mW m'2) 2018° 2011° 2005° values Sensitivity to emissions (this work)
Contrail cirrus 111.4 (33, 189)  85.6 (25, 146) 67.5 (20, 115) (11.8° 1.82x10°mw m?km®
CO, 34.3(31,38) 29.0 (26, 32) 25.0 (23, 27) 28.0
Short-term O increase  36.0 (23, 56) 27.3 (17, 42) 24.0 (15, 37) 26.3 251+7.3mwWm?(Tg (N)yr’)?
Long-term Os decrease -9.0 (-17, -6.3)  -6.7 (-13, -4.7) -5.7 (-11, -4.0) e 7.9£2.9mW m?(Tg (N) yr')?*
CHg decrease -17.9 (-34,-13) -13.4(-25,-9.3)  -11.4 (-21, -7.9) 2125 -15.8+5.9mW m? (Tg (N) yr')™
Stratospheric water -2.7 (-5.0-1.9)  -2.0(-3.8,-1.4)  -1.7(-3.2,-1.2) e 224+£0.9mW m?(Tg (N) yr')?*
vapor decrease
Net NO, 8.2 (-4.8, 16) 6.5 (-3.3, 12) 6.6 (1.9, 12) 1389 1.0+6.6 mwW m?(Tg (N) yr’)*
Stratospheric H,O 2.0 (0.8, 3.2) 1.5 (0.6, 2.4) 1.4 (0.6, 2.3) 2.8  0.0052+0.0026 mW m?
increase (Tg (H20) yr'y*
Soot (aerosol-radiation) 0.94 (0.1,4.0)  0.71 (0.1, 3.0) 0.67 (0.1, 2.8) 3.4  100.7 +165.5 mW m? (Tg (BC) yr")™*
Sulfate -7.4 (-19,-2.6)  -5.6 (-14, -1.9) -5.3 (-13, -1.8) 4.8  -19.9+16.0 MW m? (Tg (SO2) yr'')™*
(aerosol-radiation)
Sulfate and soot
(aerosol-cloud)
Net RF (only non-CO, 114.8 (35,194)  88.4 (27, 149) 70.3 (22, 119)
terms)
Net aviation RF 149.1 (70, 229)  117.4 (56, 179) 95.2 (47, 144) 78.0
1290 2 ERF values are shown in Table 2.
1291 " The uncertainty distributions for all forcing terms are lognormal except for CO2 and contrail cirrus (normal) and Net
1292  NOy (discrete pdf).
1293 ¢ Linear contrails only; excludes the increase in cirrus cloudiness due to aged spreading contrails.
1294 Y Excludes updated CH4 RF evaluation of Etminan et al. (2016) and equilibrium-to-transient correction.
1295
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1296 Table 4a. Confidence levels for the ERF estimates in Figure 3
Agree- Conf. Understanding change
Terms Evidence ment level Basis for uncertainty estimates since LO9
Contrail cirrus Limited Medium Low* Robust evidence for the phenomenon. The inclusion of contrail
formation in high- Large remaining uncertainties in cirrus processes in global
humidity regions magnitude in part due to incomplete climate models.
representation of key processes
Carbon dioxide Robust Medium High** Trends in aviation CO, emissions and Better assessment of
(CO,) emissions differences between simplified C-cycle uncertainties from
models multiple models
Short-term ozone ~ Medium Medium  Medium*  Observed trends of tropospheric ozone Elevated owing to many
increase and laboratory studies of chemical more studies
kinetics, reliance on a large number of
model results for aviation emissions
Long-term ozone Limited Medium Low* Reliance on chemical modelling studies Not provided previously
decrease
Methane decrease =~ Medium Medium Medium*  Observed trends of tropospheric methane  Elevated owing to many
and laboratory studies of chemical more studies
kinetics, reliance on a large number of
model results for aviation emissions
Stratospheric water Limited Medium Low* Reliance on chemical modelling studies Not provided previously
vapour decrease
Net NOy Medium Limited Low* Associated uncertainties with combining Elevated owing to more
above effects studies but lowered in
total owing to additional
terms and methodological
constraints
Water vapor Medium Medium Medium Limited studies of perturbation of water Elevated owing to more
emissions in the vapor budget of UT/LS studies
stratosphere
Aerosol -radiation
interactions
From soot emissions Limited Medium Low Limited studies and uncertain emission More studies
index
From sulfur Limited Medium Low Limited studies and uncertain emission More studies
emissions index
Aerosol -cloud
interactions
From sulfur Limited Low None available; few studies, probably a Not provided previously
emissions negative ERF
From soot emissions Limited Low None available; few studies, varying in Not provided previously
sign and magnitude of ERF constrained by
poor understanding of processes
1297  * This term has the additional uncertainty of the derivation of an effective radiative forcing from a radiative forcing.
1298  ** This term differs from ‘Very High’ level in IPCC (2013) because additional uncertainties are introduced by the
1299  assessment of marginal aviation CO, emissions and their resultant concentrations in the atmosphere from simplified
1300 carbon cycle models.
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1304 Table 4b. Basis for confidence levels in Table 4a?

Medium High
High agreement High agreement
Limited evidence Medium evidence
Low Medium High
Medium agreement Medium agreement Medium agreement
Limited evidence Medium evidence Robust evidence
Low Medium

Low agreement Low agreement
Medium evidence Robust evidence

1305  ?®The basis for the confidence level is given as a combination of evidence
1306  (limited, medium, robust) and agreement (low, medium and high) based
1307  on guidance given by Mastrandrea et al. (2011).

1308
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1309 Table 5. Emission metrics and corresponding CO»-equivalent emissions for the ERF components of 2018
1310 aviation emissions and cloudiness

1311 Metrics

ERFterm GWP g GWPso GWP100 GTP2o GTPso GTP100

CO; 1 1 1 1 1 1

Contrail cirrus
(Tg COz basis)  2.32 1.09 0.63 0.67 0.11 0.09

Contrail cirrus
(km basis) 39 18 11 11 1.8 15

Net NOy 619 205 114 -222 -69 13

Aerosol-radiation
Soot emissions 4288 2018 1166 1245 195 161
SO, emissions -832 -392 -226 -241 -38 -31

Water vapor emissions  0.22 0.10 0.06 0.07 0.01 0.008

1312
1313  CO,-eq emissions (Tg CO , yr™) for 2018

GWP*:]_OO
ERF term GWP 2 GWPso GWP100 GTP2 GTPsp GTP1go (E*coze)

CO, 1034 1034 1034 1034 1034 1034 1034

Contrail cirrus

(Tg CO;, basis) 2399 1129 652 695 109 90 1834
Contrail cirrus

(km basis) 2395 1127 651 694 109 90 1834

Net NOy 887 293 163 -318 -99 19 339

Aerosol-radiation

Soot emissions 40 19 11 12 2 2 20
SO, emissions -310 -146 -84 -90 -14 -12 -158
Water vapor
emissions 83 39 23 27 4 3 42
Total CO-eq

(using km basis) 4128 2366 1797 1358 1035 1135 3111

Total COz-eq/ CO> 4.0 23 1.7 13 1.0 11 3.0

1314
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Climate Forcings from Global Aviation Emissions and Cloudiness
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1317 Figure 1. Schematic overview of the processes by which anatimissions and increased cirrus

1318 cloudiness affect the climate system. Net posiiFe(warming) contributions arise from GQvater

1319 vapor, NQ, and soot emissions, and from contrail cirrus $tgting of linear contrailand the cirrus
1320 cloudiness arising from them). Negative RF (codlicgntributions arise from sulfate aerosol produrcti
1321  Net warming from N@emissions is a sum over warming (short-term ozocrease) and cooling

1322 (decreases in methane and stratospheric water vambga long-term decrease in 0zone) terms. Net
1323 warming from contrail cirrus is a sum over the dégytit cycle. These contributions involve a largenber
1324  of chemical, microphysical, transport and, radetiwvocesses in the global atmosphere. The quargitat
1325 ERF values associated with these processes areshéigure 3 for 2018.
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1329 Figure 2. Data related to the growth of aviation traffic ab@, emissions from 1940 to 2018. Panel (a):
1330 Global aviation C@emissions. Underlying fuel usage data for 194060 are derived from Sausen and
1331  Schumann (2000) and for 1972016 from International Energy Agency (UKDS, 20di&)a, which

1332 include international bunker fuels. For 2017/1&, ¥hlues are scaled from information from the

1333 International Air Transport Association (see Appa&ml). The average annual increase of global

1334  emissions from 1960 to 2018 is 15 Tg 8®" and the corresponding decadal average growth aisge.0,
1335 2.2, 3.0, 2.3 and 1.1% Yryielding an overall average of 3.3%"yPanel (b): Global aviation traffic in
1336 RPK and ASK from Airlines.org (http://airlines.odgtaset/world-airlines-traffic-and-capacity/), ahd
1337 transport efficiency of global aviation in kg @@er RPK. The passenger load factor defined as RBK/
1338 increased from about 60% in 1960 to 82% in 2018ePg@): Total anthropogenic G@missions and the
1339 aviation fractions of this total with and withotietinclusion of C@emissions from land use change
1340 (LUC) from the Global Carbon Budget 2018 (Le Quetrél., 2018). Panel (df): Additional aviation
1341 emissions data by region and year. The yearly afr@&ECD and non-OECD values in (d) equal the
1342 respective global total values. The regional valaode) and (f) also sum to equal the yearly gldbtdl
1343 values. Note different vertical scales. (http://wwecd.org/about/membersandpartners/) (UKDS, 2016)
1344  (Country listings in SD Spreadsheet).
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Global Aviation Effective Radiative Forcing (ERF) Terms
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Figure 3. Best-estimates for climate forcing terms from gllodviation from 1940 to 2018. The bars and
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Figure 4. Results from an ensemble of 18 models from 20iesudr aviation NQimpacts: short-term
increases; Clreductions, Chtinduced long-term reductions ot CH,-induced reductions of
stratospheric water vapor (SWV) and Net,NBach data point represents a value of RF pereamgsion
(mW m? (Tg N yr)™!) as normalized from a published study (see SD),-i@#uced Q and SWV are
calculated using standardized methodology (seddexletails). Note that the displayed values db no
include correction factors to account for the nteady-state Clresponses to NGemissions and the new
CH,4 RF parameterization. These adjustments are agplifedming the best estimates as discussed in
Appendix D.
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Figure 5. Summary of RF estimates for aerosol-cloud inteoactifor aviation aerosol as calculated in the
SD spreadsheet for a variety of published resatmalized to 2018 air traffic and 600 ppm fuel sulf
The results are shown for soot; total particulaganic matter (POM), sulfate and ammonia gNtdnd
sulfate aerosol from the indicated studies. Thercgthading gradient in the symbols indicates irgirgp
positive or negative magnitudes. No best estimai® aderived in the present study for any aerosaletlo
effect due to the large uncertainties. In previstuslies, the estimates for the soot aerosol-clffedteare
associated with particularly large uncertainty iagmitude and uncertainty in the sign of the effeemnner
et al., 2009; Zhou and Penner, 2014; Penner 2(l8). As part of the present study, an autholP)JE-
evaluated these earlier studies and it concludetctie Penner et al. (2018) results supersedeatliere
Penner et al. (2009) and Zhou and Penner (201dltsd®cause of assumptions regarding updraft
velocities during cloud formation. In addition, aumding sensitivity case in which all aviation saots as
an IN in Penner et al. (2018) is not included here.

40



1 July 2020 Revised

Global Aviation ERFs from 2000 to 2018
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1381 Figure 6. Timeseries of calculated ERF values and confidémtervals for annual aviation forcing terms
1382 from 2000 to 2018. The top panel shows all ERF $eanmd the bottom panel shows only the,X€dms

1383 and net NQERF. All values are available in the SD spreadstiedables 2 and 3, and kigure 3 for

1384 2018 values. The net values are not arithmetic safrtitee annual values because the net ERF, as simown
1385 Figure 3for 2018, requires a Monte Carlo analysis thapprly includes uncertainty distributions and
1386 correlations (see text).

1387
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Global aviation ERF in 2018
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1389  Figure 7. Probability distribution functions (PDFs) for av@t ERFs in 2018 based on the results in
1390 Figure 3 andTable 2 PDFs are shown for separately for £the sum of non-C&xerms, and the net
1391 aviation ERF. Since the area of each distributsomarmalized to the same value, relative probaslican
1392 be intercompared. Uncertainties are expresseddistrébution about the best-estimate value thabisnal
1393 for CO, and contrail cirrus, and lognormal for all othemponents. A one-million-point Monte Carlo
1394  simulation run was used to calculate all PDFs.
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Appendices
A. Trends in aviation CO , emissions

Global aviation C@emissions for 1940-1970 were taken from Sausersahdmann (2000) and for the
years 1971-2016 were calculated from Internati&nargy Agency (IEA) data on usage of JET-A and
aviation gasoline, largely from annual ‘Oil Infortita’ digests (e.qg., https://webstore.iea.org/oil-
information-2019). The regional data are from thme source but accessed online from the IEA Oil
Information (1960-2017) held at the UK Data Seri&&\, 2019). Note that these data are proprietary
and must be purchased from IEA. Data were unavaeifalp 2017 and 2018, so incremental annual
percentage increases in global aviation fuel usage therefore COemissions, for those years were taken
from reports of the International Air Transport Asgtion (IATA, 2019). Some uncertainties existnfro

the annual fuel estimations and to a much smalteng the emission factors. The IEA does not give
uncertainties for annual kerosene fuel sales aaisdausen and Schumann (2000), from which the 1940
to 1970 data are based here, estimated that tkeetaimty in cumulative fuel consumption from 1940 t
1995 (their dataset) is 20%. There is a known digancy of IEA estimates of aviation fuel usage ¢pein
greater by about 10% than that derived from bottgngiobal civil aviation inventories. Actual fuedage

is likely to be somewhere between the two estimatéation emissions inventories are known to be
incomplete, with only scheduled traffic being aahle from some air traffic regions, and fuel usage
potentially being underestimated from flight rogtiand cruise altitudes; IEA data on the other hand
includes military aviation fuel (not included invtiaviation inventories) and a small fraction @rksene

not used in aviation, but sold for that purposed)L.0he CQ emission factors for aviation fuel on the
other hand are well determined, and the uncerténtkely within 1%.

B. Aviation CO , radiative forcings
Calculation of CO , concentrations from emissions—LinClim SCM

The response of G@oncentrations, C(t), to a G@viation emissions rate, E(t), is modelled ushmy t
method described in Hasselmann et al., (1997) aedpressed as:

AC(t) = j: G, (t —t)E(t")dt o

where

5
G.(t)=> a,e""
= (B.2)

andg is the e-folding time of modeand the equilibriunnesponse of modeto a unit emissions af; 7.

The mode parameters used in this study are preseng&ausen and Schumann (2000) and approximate
the carbon-cycle model in Meier-Reimer and Hassein{d987). The applicability of these parameters in
the context of aviation response was tested in d@elrintercomparison exercise (Khodayari et al.,301
For the time horizon of 50-60 years into the futtinese were found to compare well with other more
sophisticated carbon-cycle models such as MAGI@Cwhich is widely used in the IPCC Fourth
Assessment Report (IPCC, 2007). Beyond this horiaeiation CQ concentrations begin to have an
impact on the ocean and biosphere uptake of @@ the non-linearities of the system must be atteal

for.

Calculation of CO , concentrations from emissions—CICERO-2 SCM

The CICERO-2 SCM (Fuglestvedt and Berntsen, 1986ijeet al., 2017) uses interconnected process-
specific IRFs with explicit treatment of air-sealair-biosphere exchange of €@Joos et al., 1996;
Alfsen and Berntsen, 1999) that forms a nonlineglb@n cycle. The ocean and biosphere IRFs in
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CICERO-2 express how the G@npulse decays within each reservoir. The;@@rtial pressure in each
reservoir is calculated as a function of the caiibahat reservoir, and the G@artial pressure in each
reservoir is related to the G@artial pressure in the atmosphere by explicitlyiag for the
atmosphere/ocean/biosphere Lass transfer. Therefore, the CICERO-2 carboredgdes into account
the nonlinearity in ocean chemistry and biosphgteke at high C@partial pressures since it represents
the atmospheric change in €@s a function of total background.

Calculation of CO , concentrations from emissions—FalR SCM

The FalR SCM is described by Millar et al. (201@)l aummarized as follow&alR is a modified version
of the IPCC ARS5 four time-constant impulse respdasetion (IRF) model, which represents the
evolution of atmospheric Gy partitioning emissions of anthropogenic 8@tween four reservoirs of
an atmospheric C{roncentrations change, following a pulse emisfee Myhre et al., 2013 for more
details). In more comprehensive models, ocean epiciency declines with accumulated £ ocean
sinks (Revelle and Suess, 1957) and uptake of naribo both terrestrial and marine sinks are redune
warming (Friedlingstein et al., 2006). FAIR capsismme of these dynamics within the simple IRF
structure, mimicking the behaviour of Earth Systdodels/Earth System Models of Intermediate
Complexity in response to finite-amplitude €@jections; this is achieved by introducing aestat
dependent carbon uptake with a single scaling fagtdo all four of the time constants in the carbgole
of the IPCC AR5 impulse response model used foc#iheulation of C@-equivalence metrics. This
approach is described in more detail by Millarlef2017).

C. Radiative forcing, efficacy and effective radiat ive forcing (ERF)

Radiative forcing (RF) has been introduced as dipt@ for the expected equilibrium global mearthad
(near) surface temperature chade that results from the introduction of climate fers, such as
additional atmospheric G@r a change in the solar irradiation (e.g., IPE@7):

AT.=\RF (C1)

where) is the climate sensitivity parameter (K (WP). Several definitions of RF exist. According to
the simplest one, the instantaneous RF is the ehiarttpe total irradiation (incoming short-waveasol
radiation minus the outgoing long-wave terrestadaiation) at the top of the atmosphere over the
industrial era. However, for most of the climateckrs a better definition (with respect to the diriy of

Eq. (C.1)) is the stratosphere-adjusted RF atrtpopause. Here, after the introduction of the nknvate
forcer, the temperature of the stratosphere isvalibto reach a new radiative equilibrium, whilecther
atmospheric state variables are kept constantsframsphere-adjusted RF at the tropopause wasnised
many of the earlier IPCC reports (IPCC, 1999) anearlier assessments of aviation climate impacts
(Sausen et al., 2005; L09).

While Eq. (C.1) is a fairly good approximation foany nearly spatially homogeneously distributed
climate forcers, such as global increases of QCCH,, Eq. (C.1) fails to some extent for many forcers
that are heterogeneously distributed either hotabnor vertically; such is the case for aviatimaiuced
ozone perturbations and contrail cirrus (e.g., ldaret al., 1997, 2005; Forster and Shine, 199'fie8tet
al., 2005). To overcome this problem Hansen andiMgiko (2004) introduced the efficacy,imto Eq.
(C.1):

ATs= 1 Acoz RF =A; RF WithA; = 1 Acop (C.2)

HereAcoz is the climate sensitivity parameter for a gg@rturbation. Whilé in (C.1) is considered a
universal constant, which can only be determinedlinyate models and hence is model dependent,
depends on the type of forcing, as dee@/hile oz is 1 by definition, fhear contraisiS <1 (POnater, et al.,
2005; Rap et al., 2010)). Eqg. (C.2) can also beesged differently:

T, = Aoz RF* With RF* =1, RF (C.3)
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Here RF* is the forcing modified by the efficacy, whichejils a better approximation for the surface
temperature change than RF. However, the calculatithe RF* is computationally much more
expensive than the calculation of RF, as it reguine determination of the equilibrium temperature
changeAT,, with a comprehensive climate model.

As an alternative, the effective radiative forc{RF) has been introduced as a more practicalataliof
the eventual global mean temperature response (IPCX3). While RF assumes equilibrium climate
change, ERF only includes all ‘fast' atmosphespoases to a given climate forcer. For examplédrap
adjustments in cloud cover, such as from aeroeois, properties that respond to changes in wapoy
can either increase or decrease the initial REoirast, the instantaneous, stratosphere-adjlesteld,
effective RFs for well-mixed greenhouse gases aaglyequal. In practice, ERF is determined with a
comprehensive climate model, which calculates aeguilibrium radiative imbalance, while the sea
surface temperature and/or the global surface teahpe is kept constant. As a consequence, an ERF
value is expected to be somewhere between RF afiddddbres and closer to RFvalues.

D. Aviation NO , radiative forcings
Impacts of NO , emissions on ozone, methane and stratospheric wate  r vapor

Modd gudies. In this ensemble analysis of the climate fordiogn aviation NQ emissions, the results of
20 studies published since the IPCC (1999) aviatport were considered: IPCC (1999), Sausen et al.
(2005), Stordal et al. (2006), Kohler et al. (2Q08yor et al. (2009), Myhre et al. (2011), Frommetgl.
(2012), Olivié et al. (2012), Gottschaldt et aD13), Kohler et al. (2013), Olsen et al. (2013)p\8ion et
al. (2013), Khodayari et al. (2014a), Khodayamle{2014b), Sgvde et al. (2014), Skowron et &18),
Pitari et al. (2015), Kapadia et al. (2016), Pi@ral. (2016), Lund et al. (2017). Three studhed teported
results from a 100-year integration of a pulseg @ission (Wild et al. 2001, Derwent et al. 2001,
Stevenson et al. 2004) were not included in thayesis, nor has as Unger et al. (2010) which uses a
different methodology to the aforementioned.

This model ensemble represents various methodalagiealculating and treating the long-term effgitts
order to avoid gaps and additional uncertaintiesydardized RFs for reductions in Eidduced Q and
SWV were adopted, except for one study that caleslthe ‘real’ long-term effects from theidfyr
integrations (Pitari et al., 2016):

« All analyzed short-term £RFs account for a stratospheric adjustment: Assgitfiat it reduces the
instantaneous RF by ~20% (Myhre et al., 2013, Jiswe et al., 1998), a factor of 0.8 was applied to
any G RF that is an instantaneous RF (e.g., in the aafdébodayari et al. (2014a,b) and Olsen et al.
(2013)).

* Reductions in Cilinduced Q and SWV are defined as 50% (Myhre et al., 2018) 9% (Myhre et
al., 2007) of reported CGHRFs, respectively. This is applicable for studies either originally did not
provide CH-induced Q and SWV estimates (e.g., IPCC, 1999, Sausen, &04l5, Olsen et al., 2013)
or derived these RFs using another assumptions $agdal et al., 2006, Kohler et al., 2008, Hebr
al., 2009, Gottschaldt et al., 2013, Kohler et2013, Skowron et al., 2013, Khodayari et al., 2014

Further assumptions regarding data treatment are:

* Fromming et al. (2012), Olivié et al. (2012), Klayari et al. (2014b) and Kapadia et al. (2016)
provide the short-term {RFs only and p-TOMCAT in Stordal et al. (2006)ccdhtes just the long-
term effects; thus, these numbers are includedemaspective NQvariable analysis but do not
contribute to the net NCestimate.

* Whenever the same estimate appears repetitivedybisequent studies, it is treated as a singhg: ent
this is the case for CAM4 short-term RF that appears in Khodayari et al. (2014a; b)@isén et al.

45



1 July 2020 Revised

1526 (2013), CAMS5 short-term ©RF that can be found in Khodayari et al. (2014arn NASA ModelE2
1527 short-term Qand CH RFs presented by Unger et al. (2013) and Olsah €013).

1528 In addition, the ERF estimates for the erm include shortwave RF (Etminan et al., 2016k

1529 inclusion of shortwave forcing in the simplifiedpegssion increases GIRF from aviation NQemissions
1530 by 23% (based on MOZART-3 CTM runs driven for &k taircraft emission inventories represented in the
1531 model ensemble)r@ble D.1).

1532 Ensamblevalues. This ensemble analysis covers a period of altwastdecades; however, none of the RF
1533 per unit of emitted N estimates show any trends tree of publication and the spread in RF per ohit
1534  emitted N values has not changed. The short-teyRFOvaries from 6.2 to 45.1 mWh{Tg (N) yr))™,
1535 where these values come from the NASA ModelE2 (Oé&deal., 2013) and p-TOMCAT (Hoor et al.,
1536 2009) models, respectively. The long-term & varies from -27.9 to -8.1 mWn{Tg (N) yr’)?, from
1537 the p-TOMCAT (Kohler et al., 2008) and MOZART3 (Skon et al., 2015) models, respectively. The
1538 spread of other CHnduced long-term effects follows that of @Hhe net-NQ RF varies from -17.5 to
1539  11.9 mW n? (Tg (N) yr')™* from ECHAM/MESSy (Gottschaldt et al., 2013) andM@A (Khodayari et al.,
1540 2014a), respectively. The results from the mid-E9GTMs are within the envelope of RFs generated
1541  more recentlyKigure 3). The numbers from IPCC (1999) and related studassen et al. (2005) and
1542  L09, where the non-C{effects were originally calibrated to the restitsn IPCC (1999), do not alter the
1543 best NQ RF values and their uncertainti@sable D.2).

1544  Correations The correlations between the NRF components are shownRigure D.1. In addition to
1545 the significant negative correlations between ti@tsterm and the long-term aviation RF components,
1546 correlations between the net-Néffect and its components are also apparent, idiyefor the short-term
1547 O, and net-NQ components; however, their strength is around fiai high correlations (p=1/R1)

1548 across the long-term effects is expected sincgi@ticed Q and SWV are all derived based on {J®Fs.
1549  In units of mW nif (Tg(N yrY)™, 49% of this ensemble short-terrg RF is concentrated between 20 and
1550 35, 43% of CH RFs is found between -14 and -10, 41% of@tduced Q RFs is between -7 and -5 and
1551 45% of SWV RFs vary from -2.5 to -1.5. Of the nolized net-NQ RFs resulting from this ensemble,
1552  44% are observed between 5 and 10 mMfg(N) yr)™.

1553 Trangentvs equilibrium. In calculating the CEHRF response to aviation N®missions, the lack of steady-
1554  state conditions is an important considerationc&imethane (Chl has a lifetime of the order 8-12 years
1555 (largely model-dependent) any N@erturbation takes on the order ~40 years to owitién 2% of the
1556 steady state solution. Moreover, the timescalewfaval of CH from the atmosphere is made longer
1557 through a positive chemical feedback (Prather.et@94). In order to overcome the necessity toarun
1558 global chemical transport model (CTM) with full chistry for such long integrations, a parameterarati
1559 to account for this perturbation was originally deped by Fuglestvedt et al. (1999) and has bedalwi
1560 adopted since then. However, with the significamtuel increases in aviation N@missions over the last
1561 several decadefigure D.23) the CH, response does not reach its steady-state vahmyigiven year of
1562 emissions, so the steady-state solution generadlystates the CHesponse in a particular year from
1563 historical time-evolving emissions. Similar consateons apply to other sectors with substantial NO
1564 emissions such as shipping (Myhre et al., 20115te@dy-state conditions are utilized, there is a

1565 conceptual and quantitative mismatch when compahadNQ RF from aviation with other RF terms,
1566 since RF represents a particular condition at atpoitime, not the steady-state conditions. Toegdythis
1567 mismatch, Myhre et al. (2011) suggested that afaatcounting for the non-steady-state conditio€ldf
1568 be introduced, thereby modifying the Eifhpact for a given year of interest, and furtheggested that for
1569 the aviation RF in the year 2000 the £krm be reduced by approximately 35% for airceafissions
1570 using a simplified estimation derived from Grewel &tenke (2008).

1571 Here, we present an updated methodology to catcthatnon-steady-state aviation-Ni@duced CH
1572  perturbation for the specific year of 2018. Thehoeltrelies on transient and steady-state runseof th
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1573 TROPOS 2D CTM. The results of the steady-state ugirtgy constant emissions for a given year are
1574 compared with those of transient runs using baakugtdistorical surface emissions from anthropogenic
1575 activities and the corresponding aviation Ngnissions. The latter requires full implementatidtime-
1576 varying CH, emissions into the model simulation, a requirentieait is not a standard set-up for many of
1577 the CTM/GCMs currently in use where ¢ebnditions are defined from observations as fixed

1578 concentrations with relaxation terms introduceddoommodate perturbations to these concentraflidnes.
1579 use of CTM runs explicitly accounts for changinghkground atmospheric conditions over the integratio
1580 period as well as the change in emission rate digrer of the @and CH responses.

1581 Method. In order to compare these two methods, two typexpériments were performed:

1582 » Transient experiment: a long-term simulation veétithropogenic (surface and aviation) emissions
1583 evolving over time covering the period 1950-205ng historical data up to 2000 and the RCP-4.5
1584 scenario after 200@-{gure D.23),

1585 * Steady-state experiment: a 100-year simulatiah @énstant anthropogenic (surface and aviation)
1586 emissions representing the year 2000, 2018 or gai§Qre D.23); the steady-state GHesponse starts
1587 to be observed 60-70 years into the run.

1588 Each of these experiments was run twice, with atitowrt aviation emissions, and the difference betwe
1589 these two results defined as the aircraft resp@amge Figure D.2d-f). The initial concentrations of CH
1590 were set using the observations from NOAA surfaagans (Montzka et al., 2000) for 1950 and 2000; f
1591 the year 2050 the CHtoncentrations are taken from projections of tHeGWCC model (Meinshausen et
1592 al., 2011). The background anthropogenic emiss6@X0, CH,, NO,, N,O, and non-methane volatile
1593 organic carbon (NMVOC) compounds, as well as dit¢t&, emissions, evolve during the period 1950-
1594 2050 (Lamarque et al., 2010; Clarke et al., 20B®)ure D.2d). The natural emissions from soils and
1595 oceans were kept constant and represent the year(P@ather et al., 2001).

1596 The TROPOS CTM is a latitudinally-averaged, two-eirsional Eulerian global tropospheric chemistry
1597 model extensively evaluated by Hough (1989; 198hg model's domain extends from pole-to-pole (24
1598 Iatitudinal grid cells) and from the surface toadtitude of 24 km (12 vertical layers). TROPOSiiwehn
1599 by chemistry, emissions, transport, removal preezssid upper boundary conditions. There are 56
1600 chemical species in the chemical mechanism of thaéefn which consists of 91 thermal reactions, 27
1601 photolytic reactions and 7 more reactions, whidhide night-time N@chemistry. The reaction rates and
1602 cross sections were updated to the evaluation mdeSaet al. (2006) (see Skowron et. al, 2009). & lage
1603 no fixed concentrations within the model domaireottnan the upper boundary conditions, which are
1604 specified for long-lived species and for gases hlaat stratospheric sources. This 2D CTM has the
1605 disadvantage of zonal symmetry but has the advartbgn adequate chemical scheme and computational
1606 efficiency, such that long-term integrations camédmsonably performed. Owing to the aforementioned
1607 reasons, the £¥esponse in TROPOS is overestimated by a facteR dfy comparison with a range of up-
1608 to-date 3D models. As a consequence, the 1€sllts inFigures. D.2d-fwere reduced accordingly. This
1609 modification of the original TROPOS responses dugsaffect the core result of this study, whiclthie
1610 relativedifference of CHresponses between transient and equilibrium methods

1611 Results.Figure D.2b shows the evolution of the global ¢blurden over the period 1950-2050 in the
1612 transient TROPOS simulation. There is a steady tiramthe atmospheric CHburden, with a small

1613 decline over the period 1997-2007 in responsegalétrease in Gf¢missions over the period 1990-
1614 2000. The steady-state simulations for the yea®200@ 2050 agree well (within 1%) with transient,CH
1615 responses for the respective years. A similar ageeeis observed for modelled transient and ststakg
1616 CH;, lifetimes inFigure D.2c Most of the CHloss in the atmosphere is driven by OH and thdatiie
1617 capacity of the atmosphere changes over time @idifetime as well), influenced by emissions of CO,
1618 NOy, NMVOC or CH,.
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Figure D.2cshows the evolution of global GHifetime (LT) over the period 1950-2050: therais
decrease in the CHifetime between 1950 and 2000 (until around 20@/hjlst under the RCP-4.5
scenario the opposite is observed, with the {ffetime increasing by 3.5% by the end of 2050 paned
with 2000. The TROPOS CHifetimes agree relatively well with other studiesg., Holmes et al., 2013;
Voulgarakis et al.; 2013, Dalsgren et al., 2016)amdy in terms of absolute numbers but also the o
changes; a detailed comparison is present@alite D.3 The perturbation lifetime of Chih TROPOS is
37% longer than its global lifetime and the sewsiticoefficients=oIn(LT) / dIn(CHy,) is 0.27, placing
these estimates in the middle of model ranges, (@rgther 2001, Holmes et al. 2011). These terms we
calculated using a 5% increase of gtbbal levels for the year 2000. There is no neeapply the
feedback factor (1.37) to the TROPOS [&dtimates as it is already included in the obskrgsponses;
TROPOS does not have a fixed boundary conditian§H,and OH carireely interact.

Aircraft NO, emissions, via the chemical coupling to OH and,HBhance OH, which reduces the global
CH, lifetime. Figure D.2d shows the evolution of the GHifetime reduction in the transient 1950-2050
simulation and in steady-state runs for conditi@mesenting the years 2000 and 2050. In the &ansi
run, there is a steady decrease of globa] I@etime as a consequence of a constant increfaseation

NO, emissions during the period 1950-2050. The agreem&®00 and 2050 between the transient and
steady-state CHifetime reductions is within 6% (on a global salse€Table D.3). These relatively
small differences in CHifetime lead to much more pronounced differenoethe associated global GH
burdens as shown Figure D.2e In contrast to the lifetime results, the Jblirden response in the
transient run lags behind the steady-state @ponse with differences of 27% in the year 2800 20%

in the year 2050. Similarly, the calculations f018 emissions yield a multiplicative correctionttacof
0.79 Figure D.2f), which has been incorporated into the ERF vahi€3H,, long-term Qand SWV
shown inFigure 5.

The CH, results contrast with {rhanges from aircraft N@missions, which agree within 3% between
transient and steady-state experiments with atr€@alburdens of 10.3 and 10.6 TgzOrespectively, in

the year 2000. These TROPOg@agnitudes are at the upper limit of model rangsgqresent-day

aircraft Q; perturbations found in the literature vary frono3dl1 Tg (Q) (e.g., Hoor et al., 2009; Holmes

et al., 2011; Khodayari et al., 2014a). The aitataburden increases by 41% in 2050, reaching 17.2 and
18.0 Tg(Q) for transient and steady-state experiments, otispdy. This agrees with other studies (e.g.,
Olsen et al., 2013) that report a multi-model agerimcrease of 44% ins®urden from future aircraft

NO, emissions under the RCP-4.5 scenario.

The present approach is in general agreement dthpresented by Grewe and Stenke (G&S) (2008),
which accounts for Cktoncentrations not being in steady-state with Oahges in the year of
simulation. The present CTM results further demmastthe importance of explicitly calculating €H
changes in response to time-dependent aviatiopna@d@issions rather than assuming constant emissions.
The difference between transient and steady-stidtef@@ the year 2000 found with TROPOS is smaller
than that resulting from the G&S approach (Myhralgt2011) (27% and 35%, respectivelyable D.4
presents a further comparison of 3tdrrection factors derived in this study. The egsitic differences
are likely due to the G&S values being based amaldied chemistry/climate model (AirClim) and the
present TROPOS simulations having a different érpartal setup (all our emissions (surface + aitgraf
are time-varying) and a full chemical reaction sobkewith explicit calculations performed on time-
varying emissions. Indeed, if TROPOS is run withgtant background emissions representing the year
2000 in a similar manner using G&S methodology,difference between transient and steady-state CH
for the year 2000 increases from 27% to 31%. Thésge shows that background emissions modify the
CH, correction factor and further emphasizes the meédve surface and aircraft emissions that
simultaneously follow historical pathways. In otlséudies using the G&S methodology, Gtérrection
factors vary from 0.74 to 1.15 depending on thegtigated year (2025 or 2050) and aircraft emission
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scenario (SRES A1B, B1 and B1 ACARE) (the factor ba larger than 1 if the aircraft emissions are
assumed to decrease in the preceding years) (Hamnebal., 2011; 2012).

Uncertainties in the CHcorrection factor are associated mainly with irterdel differences and the
applied emission scenarios; the correction fast@ensitive, within ~10%, to inter-model differesce
(based on two models, TROPOS and AirClim) andritwary by anothet 10% depending on emission
scenario (based on a range of RCP projections @p530). Given that the uncertainties of the,CH
correction factor on the net-N®F are rather small, especially when compared awtrall uncertainties,
we do not include in the estimated uncertaintyhefiet-NQ RF value a separate uncertainty due to the
correction factor.

E. Contrail cirrus

The global contrail cirrus RF is calculated by hgewizing existing estimates through the use ofiipec
scaling factors. The factors relate to the choicairaraffic inventory and its basis year; the a$¢he full
3D flight distance; the use of hourly air traffiatd; the feedback of natural clouds; and corredting
weaknesses in the radiative transfer calculatidhe.corrections and scaling actions are:

 The estimate of Chen and Gettelman (2013) wasctd by redoing the CAM simulation using a
lower ice crystal radius of 7 um and a larger aihtross-sectional area of 0.09 kfor the

initialization of contrails at an age of about 18+Rinutes, in agreement with observations (Schumann
et al., 2017b). The resulting change in cirrus diness including the adjustment in cloudiness due t
the presence of contrail cirrus leads to a radédiivcing of 57 mwW m.

» A scaling $ of 1.4 is applied for estimates based on the ABRI@Zentory for the year 2002 instead
of the AEDT inventory for the year 2006 (Bock angrBhardt, 2016);

» A scaling $ of 1.14 is applied to estimates that are basedagk distance instead of slant distance
(Bock and Burkhardt, 2016). The ‘slant’ air traffistance is the full flight distance and not theund
projected ‘track’ distance.

» A scaling 3 of 0.87 is applied to estimates that used morittdiead of hourly resolved air traffic
data. This scaling is based on an estimate fointpact of the temporal resolution of the air traffiata
of -25% to -30% within CAM (Chen et al., 2012) amk of no significant change in ECHAM4-
CCMod.

* A scaling g of 1.15 is applied to account for the underestiomadf RF in radiative transfer
calculations that use frequency bands insteadhefly line calculations (Myhre et al. 2009).

The study details and scaling results are shovirabie E.1 Weighting each estimate equally, the best
estimate of global contrail cirrus RF is approxietp66 mW nf. As noted in the main text, the Chen and
Gettelman (2013) calculation is interpreted asdpelnser to an ERF than an RF, so was excluded from
this averaging. This mean RF estimate does natdiecthe RF due to contrails forming within natural
cirrus. Uncertainty due to scalings-S, is included in the uncertainty discussion belolwereas
uncertainty in scalings;SS;, namely updating the ECHAM4-CCMod estimates usigsitivities from
ECHAM5-CCMod, is neglected.

The statistical uncertainty of global contrail agrRF cannot be estimated from the small number of
available studies. Uncertainties affecting our maihtirrus estimates are, on the one hand, da)to
uncertainties in the radiative response to thegmes of contrail cirrus and, on the other hand, (B)
uncertainties in the upper tropospheric water budge the contrail cirrus scheme. In most cases;ame
only infer very rough estimates for the uncertaisitielated to specific processes.

(A) Uncertainties associated with the radiativgpmese to contrail cirrus are:
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1709 Al. Uncertainty related to the model’s radiativentsfer scheme of approximately 35% (Myhre et al.,
1710 20009).

1711 A2. Uncertainty in the inhomogeneity of ice clowd¢hin a grid box of a climate model (Carlin et, al.
1712 2002; Pomroy and lllingworth, 2000), the verticllud overlap, and the use of plane parallel gegmetr
1713 as compared to full 3D radiative transfer (Gounod Hogan, 2007), which together amount to

1714 approximately 35%.

1715 A3. Uncertainty estimating radiative transfer iglabal climate model in the presence of very sicall
1716 crystals within young contrails, which may amownabout 10% (Bock and Burkhardt, 2016). The
1717 uncertainty is dependent on the contrail cirrusweger content.

1718 A4. Uncertainty due to the ice crystal habit is mpgpmately 20% according to Markowicz and Witek
1719 (2011).

1720 A5. Uncertainty in the radiative transfer due totsmmores within the contrail cirrus ice crystals is
1721 thought to be large, as the change in the short@w8 albedo is large (Liou et al., 2013). The soot
1722 impact on contrail cirrus RF has not yet been (fiadt

1723 Overall, uncertainty in the radiative responsedotiail cirrus (excluding A3) is estimated to beab
1724  55%, assuming independence of different uncertargnd excluding the impact of ice crystal soogsor
1725 The uncertainty A3 is included in the uncertaindlireate under (B) because A3 and B2 are dependent
1726 uncertainties.

1727 (B) Uncertainty in contrail cirrus RF associatedhathe upper-tropospheric water budget and theraibnt
1728 cirrus scheme are:

1729 B1. Uncertainty in contrail cirrus RF associatethwthe uncertainty in upper-tropospheric ice

1730 supersaturation. This results from a lack of knalgkein ambient conditions due to the low vertical
1731 resolution of satellite instruments (Lamquin et 2012) and to the ability of models to reproduee t
1732 observed statistics of ice supersaturation. Thigritutes about 20% to uncertainty.

1733 B2. There is uncertainty related to ice crystal bandensities within young contrails. Ice nucleatio
1734 within the plume can vary drastically dependinglmswater supersaturation reached within the plume
1735 and on the soot emissions (Karcher et al., 2015820 his dependency on the atmospheric state leads
1736 to a reduction in the number of nucleated ice atggh particular in the tropics and at lower fligh
1737 levels (Bier and Burkhardt, 2019) leading to a ¢angcertainty in the impact of tropical and subizap
1738 air traffic. Depending on the atmospheric stateiaadrystal numbers, a varying fraction of icestays
1739 can be lost in the contrail vortex phase (Untessigg 2014). We assume an uncertainty in average
1740 contralil ice crystal numbers after the vortex phafsgbout 50% leading to an uncertainty in contrail
1741 cirrus RF of about 20%. This estimate of the sauitgitof contrail cirrus RF to ice crystal numbeéns
1742 newly formed contrails is based on simulations v E@HAM5-CCMod (Burkhardt et al., 2018).

1743 B3. The uncertainty in the lifetime of contrailrtis, affecting the day-/night-time contrail covieas
1744 only a small impact on the estimated contrail gfiRF (Chen and Gettelman, 2013; Newinger and
1745 Burkhardt, 2012). We estimate the associated waiogytto be 5-10%.

1746 B4. From the sensitivity of the contrail cirrus Rithe temporal resolution in the air traffic datais
1747 ECHAMS5 and CAM, we deduce an uncertainty of abdi#ol

1748 B5. The estimate of the feedback of natural clodds,to contrail cirrus changing the water and heat
1749 budget of the upper troposphere, is very uncegathhas not been properly quantified yet (Burkhardt
1750 and Karcher, 2011; Schumann et al., 2015). We as$are the uncertainty related to this estimate to
1751 be only slightly smaller than the estimate itsetfabout 15%.
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B6. Uncertainty in the RF estimate of Chen and&hatin (2013) to assumptions in the initial ice-
crystal radii and contrail cross-sectional areabizut 33%.

We assume independence of the uncertainties efareibie dependence of A3 and B3 on the uncertainty
in B2. The overall uncertainty due to the waterdmtcand the contrail cirrus scheme (including
uncertainty A3) is about 40% and more than 50%éndase of the Chen and Gettelman (2013). From the
two different sources of uncertainty (list A, railia, and list B, contrail cirrus properties, abpwe

calculate an overall contrail cirrus RF uncertaimtybout 70%, assuming independence of the overall
uncertainties described in A and B.

Note that we do not attempt to infer an estimateéte uncertainty of the factor ERF/RF. When
calculating the contrail cirrus ERF, the error ruggyen refers to the error range of contrail gRF and
not ERF.

F. Emission metrics calculations

We calculate the AGWP and AGTP, and correspondM{P& and GTPs, for aviation GONO, (which
encompasses the ERF of short-tersn ©H,;, CH;-induced Q and SWV), soot, SQand contrail cirrus.
The methodology and analytical expressions foethéssions metrics are described in detail in previo
literature (e.g., Fuglestvedt et al. 2010; MyhraleR013). The impulse response function (IRF) tha
describes the atmospheric decay of,@@on emission is taken from Joos et al. (2013) @ other
species, the atmospheric decay is given by a aunstolding time taken as the ‘perturbation lified’.

The lifetimes used here are broadly consistent withlestvedt et al. (2010). The radiative efficie(RE)
for CGO, is calculated using year 2018 background concemtisaof 407 ppm (annual mean, from monthly
mean observed concentrations from NOAA GMD -
ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_mhixt). This yields a RE of 1.68 x 10W m? kg™),
4% lower than used in the IPCC Fifth AssessmerdrtddR5) (Myhre et al., 2013). The climate respons
IRF is taken from Boucher and Reddy (2008). Thetdtas an inherent equilibrium climate sensitivity
(ECS) of 1.06K (W rif)*, equivalent to a 3.9K equilibrium response to aldimg of CQ.

For the calculation of the average rate of,@@rming-equivalent emissions for aviation non-@dcings
(Ecoze) under the GWP* metric ilfable 5, we use the relationship between recent changefeictive
RF and CQ@-equivalent emissions from Allen et al. (2018) Eguation (1) withe = 0),

Ecozer= [AF /At] X [H / AGWPH(COZ)] (Fl)

whereAF is the change in ERF over the recent pedddand AGWR coy)is the absolute global warming
potential of CQ at time horizon H. We use updated AGM)values incorporating the updated
radiative efficiency of C@as described in the previous paragraph. Alleh é2@18) used a backward-
looking period of 20 years &4, whereas here we use a backward-looking 18-yogers our time series
of ERF components only extends back to 2000.

G. List of Acronyms and abbreviations used in table and figures of the Appendices

ACARE—Advisory Council for Aeronautical ResearchEnrope
ACCMIP—Atmospheric Chemistry and Climate Model hetemparison Project
AEDT—Auviation Environmental Design Tool

AEM—Advanced Emission Model

AERO2K—GIlobal aircraft emissions data project flamate impacts evaluation
AGAGE—Advanced Global Atmospheric Gases Experiment
CAM—Community Atmosphere Model

CCMod—Contrail Cirrus Module

CH3CClz—Methyl chloroform

COCIP—Contrail Cirrus Prediction Tool
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CTM—Chemical Transport Model

ECHAM—European Centre/Hamburg Model

IPCC—Intergovernmental Panel on Climate Change

MAGICC—Model for the Assessment of Greenhouse @daded Climate Change
MOZART—Model for OZone And Related chemical Tracers

NOAA—National Oceanic and Atmospheric Administratio

QUANTIFY—Quantifying the Climate Impact of Globah@ European Transport System
REACT4C—Reducing Emissions from Aviation by Changirrajectories for the benefit of Climate
RCP—Representative Concentration Pathway

SRES—Special Report on Emission Scenarios

TAR—Third Assessment Report

TRADEOFF—Aircraft emissions: contribution of diffamt climate components to changes in radiative
forcing—tradeoff to reduce atmospheric impact

TROPOS—2D global TROPOSpheric model

WDCGG—World Data Centre for Greenhouse Gases
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1812 Table D.1. The CH, RFs derived for all the aircraft emission
1813 inventories that are present in the model ensemble.?

CH4RF, mW m™

Inventories
ol New
AEDT -6.67 -8.22
AEM -6.82 -8.41
AERO2K -7.09 -8.74
REACTA4C -6.97 -8.59
QUANTIFY -6.96 -8.58
TRADEOFF -7.11 -8.76

1814 2 values are those represented in the model ensemble based on MOZART-3
1815 CTM simulations (Old) and recalculated values using a revised simplified
1816  expression for the CH4 RF (New) as presented by Etminan et al. (2016). The
1817  NO emissions of each inventory are normalized so that all RFs are scaled to
1818  the same global total emissions (0.71 Tg(N) yr") as in the REACT4C model.

1819

1820 Table D.2. The best NO, RFs per unit emission derived for datasets that include and exclude late 1990s
1821 numbers and related estimates, see text for details.

Value Uncertainty* Value Uncertainty*
Components (mwW m? (Tg (N) yr'")™*

with IPCC (1999) without IPCC (1999)
Short-term O3 25.6 +7.3 251 +7.2
CHgs -13.8 +4.7 -13.4 +4.5
CHg-induced O3 -6.9 +2.3 -6.7 +2.3
SWV 2.1 +0.7 -2.0 +0.7
Net NOy 3.9 +5.7 4.0 +5.8

1822  *Stated uncertainties are one standard deviation (68% confidence interval).

1823
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1824  Table D.3. Methane response in TROPOS and other studies
2D CTM, TROPOS Literature
Variable Year - i
I Transient SteadZ Study Ref Model/Years . Variable
state estimate/change
IPCC TAR 1998 4850 Tg
Voulgarakis et al 2013 ACCMIP 4750° Tg
2000 47708 47851 Dalsgren et al 2016 Oslo CTM3 4560° Tg
CHa burden, Dalsgren et al 2016 +15 %
Tg . . 19702012
This study +13 %
Voulgarakis et al 2013 ACCMIP 5000° Tg
2050 5051.6 5081.4 Voulgarakis et al 2013 +5.3% %
This study® 2000—2050 +5.9 %
NOAA 1773 ppb
CHa 2000 17842 17875 Observations AGAGE 1774 ppb
abundance,
ppb WDCGG 1783 ppb
2050 1886.2 1897.6 Meinshausen et al 2011 MAGICC 1833 ppb
CH3CCls-based
Prather et al 2012 191;:' 1; yr
Voulgarakis et al 2013 ACCMIP 2‘ ) - 11 o )g/r
2000 10.6 10.5 Holmes et al 2013 e.et 185
CHs Iifethe This study® 1980/85—2000/05 -2.06 %
(TchHa+oH) ", Yr Voul . 4%
garakis et al 2013
This study® 1980-2000 2%
Voulgarakis et al 2013 +1.0% %
2050 11.0 11.0 —
This study® 2000-2050 +3.5%
-1.55 % Tg(N)™*
Hoor et al 2009 AERO2K 1
-1.46 % Tg(N)
Myhre et al 2011 QUANTIFY
2000 -0.137 -0.145 Holmes et al 2011 Model ensemble -1.77 % Tg(N) ™
Sgvde et al 2014 REACTA4C -1.36 % Tg(N)-l
This study® dEnox=QUANTIFY
-1.48 % Tg(N)™*
aircraft
CHy, lifetime 1
(TeHason), YT Hodnebrog et al 2011 SRES Bl -1.61 % Tg(N)
B1 ACARE -1.48 % Tg(N)™
Hodnebrog et al 2012 SRES A1B -1.22 % Tg(N)™*
2050 -0.293 -0.311
, AEDT Scenariol -1.88 % Tg(N)™*
Khodayari et al 2014a
AEDT Baseline -1.59 % Tg(N)™*
This study® RCP45 -1.36 % Tg(N)™
1825
1826
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Table D.4. Calculated CH, correction factors

Aviation CHjy correction factors

emissions year  Thjs study Grewe and Stenke
(2008) methodology

2000 0.73 0.65

2005 0.75 0.73

2011 0.78 0.81

2018 0.79 0.86

Table E.1. Scaling of contrail cirrus RF and ERF results 2

Representation  RF Scaled ZR';

Model Inventory of flight distance ~ (mW/m?)  Scalings  (mW/m?) Reference

ECHAM4-  AERO2K track 38 S1, So, 70 Burkhardt and

CCMod 2002 Sa Karcher (2011)

ECHAM5-  AEDT 2006 slant 56 S3, S 56 Bock and Burkhardt

CCMod (2016)

COCIP AEDT 2006 flight vectors 63 Sy 72 Schumann et al.
(2015)

CAM5 AEDT 2006 slant 13[57]¢  Ss, S4 57 Chen and Gettelman
(2013)

Begt 66°

estimate

a Adapted from Table 1 of Bock and Burkhardt (2016).
® RF that would be expected in 2006 when using slant distance from the AEDT inventory with hourly resolution.

©An updated simulation (see text) yielded 57 mW m?.
“ The best estimate is of RFs, and excludes the Chen and Gettelman (2013) results since this is closer to an ERF
(see main text).
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1838 Table F.1a. Emission metrics and corresponding CO,-equivalent emissions for the ERF components of
1839 2018 aviation emissions and cloudiness using CO, IRF without C-cycle feedbacks from Gasser et al.
1840 (2017), and climate IRF from Boucher and Reddy (2008).

1841  Metrics

ERFterm GWP g GWPso GWP100 GTP2o GTPso GTP100

CO2 1 1 1 1 1 1

Contrail cirrus
(Tg COz basis)  2.39 1.15 0.68 0.70 0.11 0.10

Contrail cirrus
(km basis) 40 19 11 12 1.9 1.6

Net NOy 637 216 122 -231 -75 14

Aerosol-radiation
Soot emissions 4409 2125 1252 1295 210 177
SO, emissions -856 -412 -243 -251 -41 -34

Water vapor emissions ~ 0.22 0.11 0.06 0.07 0.01 0.009

1842

1843 Table F.1b. Emission metrics and corresponding CO,-equivalent emissions for the ERF components of
1844 2018 aviation emissions and cloudiness using CO, IRF without C-cycle feedbacks, and climate IRF from
1845 Gasser et al. (2017).

1846  Metrics

ERFterm GWP 5 GWPso GWP100 GTP2o GTPso GTP100

CO2 1 1 1 1 1 1

Contrail cirrus

(Tg CO2 basis) 2.39 1.15 0.68 0.3 0.19 0.15
Contrail cirrus
(km basis) 40 19 11 4 3.3 2.6
Net NOy 637 216 122 -420 -18 22

Aerosol-radiation

Soot emissions 4409 2125 1252 466 360 284
SO, emissions -856 -412 -243 -90 -70 -55
Water vapor emissions ~ 0.22 0.11 0.06 0.03 0.018 0.014

1847

56



1848

1849

1850
1851
1852
1853

1854

1 July 2020 Revised

20 40 -30.0 -225 -150 -75 -0608 -126 -84 -42 0®2 -39 -26 -13 @@ -1 0 1 22
21.2 L L L . L L L L ) L L L L L L 52
Adj R"2=0.48558 Adj R"2=0.49983 Adj R"2=0.48303 Adj R"2=0.18882
o short-term O, . e : . s . . ‘ SO
Cé 15.9- | " . LR * 5. L F39
£ 1056+ N R AR R 2% R T 26
5 i ey r S
£ 53 = 13
00 T NN — Pearson's 7=-0 7039 Pearson's r:-O 71376 Pearson's r=.-0 70212 - Pearson's r=0.44911 00
: Adj R*2=0.48558 CH M Adj R*2=0.94505 Adj R"2=0.99862 Adj R*2=0.10322|
4 [\ k-
854 . it:.-' [ ‘L I / / & 8.5
= Ty | .
170 ot j } 1 . p L17.0
" N - -
-25.51 . Bt SNON & " . 2 +-25.5
- — ’_1\ i - - -
-30.0 Pearson's r=-0.7039 LT —} N NN Pearson's r=0.97267 Pearson's r=0.99932 Pearson's r=0.34709 ©?a.0
d’ . Adj R*2=0.49983 Adj R*2=0.94505 CH“‘induCe‘d_e? Adj R"2=0.94633 f«dj RA2=0.08416
3 42] . fda . N . Y N
“a | e
2 -84 ot / / el g,
2 ., % | ] "
=5 - | -
5-12.6- § e . < . SR L-12.6
168 Pearson's r=-0.71376 Pearson's r=0.97267 ' I ; { I\ | ! Pearson's r=0.97331 Pearson's r=0.31902 016.8
: Adj R*2=0.48303 Adj R*2=0.99862 Adj R"2=0.94633| pr— Adj R*2=0.10476 :
) J ) SWV _ )
134 ;!..-_“. / / ‘ . ﬁyﬂ.; 1.3
3 -26; A, - o I <t/ 26
" - - s
U) - - - - - -
-3.91 - a - - ) - . +-3.9
_%a g Pearson's r=-0.70212 Pearson's r=0.99932 Pearson's r=0.97331 - J N | | Pearson's r=0.34924 | .5 2
Adj R"2=0.18882 AdjR*2=0.10322 AdjR*2=0.08416 Adj R*2=0.10476| t NO
. - - ne —
114 P Sk O XY ey X 126.4
y '.. - . LR . . . LI
% 0 P A ) i . /" !?.4: " 'I:.J:. . " :.;?l.‘: L17.6
s 0] @RS, -, ! %! L8 :
A1 = ' ' ' i 18.8
22 Pearson's r=0.44911 Pearson's r=0.34709 Pearson's r=0.31902 Pearson's r=0.34924 R ‘ 0.0
0 13 26 39 -320 -225 -150 -75 -0608 -126 -84 -42 0682 -39 -26 -1.3 @0 -10 0 10
short-term O, CH, CH,-induced O, sSwv net NO,

Figure D.1. Matrix of pair-wise scatter plots of RF values from NO, terms: short-term O3, CH,4, CHy-
induced O3, SWV and net NO, (i.e., the sum of all 4 components), all represented as normalized RFs
(mw m™ (Tg(N)yr'l)'l) from the ensemble studies (see details in text). The red line is the linear fit, the
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ellipse shows the 95% confidence level and histograms present frequencies.
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Figure D.2.
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(b) Evolution of the global CH,4 burden in TROPOS for transient aircraft NO, emissions combining
historical emissions (1950-2000) and RCP-4.5 emissions (2000-2050); and constant emissions for the

years 2000 and 2050.
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(a) Past and future anthropogenic emissions of CO, CH,;, NO,, NMVOC, N,O and aircraft
NO, (IIASA RCP Database: http://www.iiasa.ac.at/web-apps/tnt/RcpDb/). Dots represent conditions for
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(c) Global CH, lifetime due to aircraft NO, emissions in TROPOS for transient emissions combining
historical emissions (1950-2000) and RCP-4.5 emissions (2000-2050); and constant emissions for the
years 2000 and 2050.

(d) Global CH, lifetime reduction due to aircraft NO, emissions in TROPOS for transient emissions
combining historical emissions (1950-2000) and RCP-4.5 emissions (2000-2050); and constant
emissions for the years 2000 and 2050. The dashed lines represent 2000 and 2050 equilibrium values
(light and dark blue) and 2000 and 2050 transient values (red).

(e) Global CH,4 burden reduction due to aircraft NOy emissions in TROPOS for transient emissions
combining historical emissions (1950-2000) and RCP-4.5 emissions (2000—-2050); and constant
emissions for the years 2000 and 2050. The dashed lines represent 2000 and 2050 equilibrium values
(light and dark blue) and 2000 and 2050 transient values (red).

(f) Global CH, burden reduction due to aircraft NO, emissions in TROPOS for transient emissions
combining historical emissions (1950-2000) and RCP-4.5 emissions (2000—2050); and constant
emissions for the year 2018. The dashed lines represent 2018 equilibrium (green) and transient values
(red).
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Highlights

* Global aviation warms Earth's surface throughhlo®, and net non-C@contributions.
* Global aviation contributes a few percent to emplogenic radiative forcing.

* Non-CQ impacts comprise about 2/3 of the net radiativeifg.

» Comprehensive and quantitative calculations aiteon effects are presented.

» Data are made available to analyze past, presehfuture aviation climate forcing.
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