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Abstract

Two independent chemistry-transport models with troposphere-stratosphere coupling are used to quantify
the different components of the radiative forcing (RF) from aircraft emissions of NO,, i.e., the University
of L’ Aquila climate-chemistry model (ULAQ-CCM) and the University of Oslo chemistry-transport model
(Oslo-CTM3). The tropospheric NO, enhancement due to aircraft emissions produces a short-term O3 in-
crease with a positive RF (+17.3 mW/m?) (as an average value of the two models). This is partly compensated
by the CH, decrease due to the OH enhancement (—9.4 mW/m?). The latter is a long-term response calculated
using a surface CH, flux boundary condition (FBC), with at least 50 years needed for the atmospheric CHy
to reach steady state. The radiative balance is also affected by the decreasing amount of CO, produced at
the end of the CHy oxidation chain: an average CO, accumulation change of —2.2 ppbv/yr is calculated on
a 50 year time horizon (—1.6 mW/m?). The aviation perturbed amount of CH, induces a long-term response
of tropospheric O3 mostly due to less HO, and CH30, being available for O3 production, compared with the
reference case where a constant CHy surface mixing ratio boundary condition is used (MBC) (3.9 mW/m?).
The CH, decrease induces a long-term response of stratospheric H,O (—1.4 mW/m?). The latter finally per-
turbs HO, and NO, in the stratosphere, with a more efficient NO, cycle for mid-stratospheric Oz depletion
and a decreased O3 production from HO,+NO in the lower stratosphere. This produces a long-term strato-
spheric O3 loss, with a negative RF (—=1.2 mW/m?), compared with the CH; MBC case. Other contributions to
the net NO, RF are those due to NO, absorption of UV-A and aerosol perturbations (the latter calculated only
in the ULAQ-CCM). These comprise: increasing sulfate due to more efficient oxidation of SO,, increasing
inorganic and organic nitrates and the net aerosols indirect effect on warm clouds. According to these model
calculations, aviation NO, emissions for 2006 produced globally a net cooling effect of —5.7 mW/m? (—6.2
and —5.1 mW/m?, from ULAQ and Oslo models, respectively). When the effects of aviation sulfur emissions
are taken into account in the atmospheric NO, balance (via heterogeneous chemistry), the model-average
net cooling effects of aviation NO, increases to —6.2 mW/m?>. Our study applies to a sustained and constant
aviation NO, emission and for the given background NO, conditions. The perturbation picture, however, may
look different if an increasing trend in aviation NO, emissions would be allowed.

Keywords: Aviation NO,, Long-term aviation effects, Methane lifetime, Stratospheric water vapor, Strato-

spheric ozone, Tropospheric ozone

Key points: Short- and long-term global radiative ef-
fects of aviation NO, tend to balance. CH4 mass burden
changes due to the aviation NO, need to be explicitly
calculated. Accurate radiative transfer calculations are
required for the CH,4 forcing. Impacts of stratospheric
H,0 and primary mode ozone are explicitly calculated.
Long-term changes of stratospheric HO,, NO,, and O3
are explicitly calculated.

1 Introduction

Kerosene is the main fuel used in civil aviation and its
combustion primarily produces carbon dioxide (CO,)
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and water vapor (H;0). Other trace species such as ni-
tric oxide (NO), nitrogen dioxide (NO5), sulfur dioxide
(803), carbon monoxide (CO), hydrocarbons (HCs) and
soot, are also emitted during the combustion process.
These aircraft emissions can directly alter global atmo-
spheric composition through CO;, H,0, NO,, SO, and
soot emissions, or indirectly by increasing tropospheric
ozone (03) and hydroxyl radical (OH) through nitro-
gen oxides (NO,) emissions, or indirectly by changing
upper tropospheric cirrus cloudiness through contrails,
contrail-cirrus and soot-cirrus formation. The resulting
atmospheric perturbations may act on very different time
scales, inducing long-term responses with CO, accumu-
lation and methane (CHy4) lifetime changes or producing
short-term climate responses with additional O3 produc-
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tion and by increasing aerosols and cloud particles (LEE
etal., 2010).

Aircraft NO, emissions play a key role in tropo-
spheric and lower stratospheric chemistry, by enhanc-
ing O3 production and OH concentration (KOHLER et al.,
2008; Hoor etal., 2009). The chemical reaction with
OH, in turn, acts as the main sink for atmospheric CHy,
so that aircraft NO, emissions will decrease CHy life-
time. The lowering of CH4 atmospheric abundance in-
duces a cooling that may partially compensate the warm-
ing due to other aircraft gaseous impacts such as CO,
and H,O, as well as the warming due to upper tropo-
spheric particle formation and aviation-induced cloudi-
ness (HOLMEsS etal., 2011). Temporally, the aircraft im-
pact on O3 is particularly complex, due to a superposi-
tion of short- and long-term effects that takes place via
direct NO, emissions (short-term) and via OH-driven
CH,4 changes that can feedback on HO, chemistry and
finally on O3 (long-term) (HoLMES etal., 2011). In addi-
tion, the dilution of aircraft plumes increases the com-
plexity of this problem; KraaBgL etal. (2002) found
~ 20 % reduction in O3-changes caused by aircraft NO,
while CARIOLLE et al. (2009) found the reduction to be
in the range of 10-25 %.

The general effects of aviation NO, have been widely
discussed in the modeling community, e.g., by KOH-
LER etal. (2008), Hoor etal. (2009), GREWE etal.
(2010), HorLmes etal. (2011), KOHLER etal. (2012),
GoTTSCHALDT etal. (2013), providing insights to many
relevant aspects of the problem (photochemistry, sensi-
tivity approach, climate impacts, uncertainties) includ-
ing recent modeling studies that focused on NO,/aerosol
interaction (UNGER, 2011; PiTARI et al., 2015). However,
there are still knowledge gaps on the effects of aviation
NO, emissions on CHy lifetime and its subsequent im-
pacts on stratospheric O3 and H,O concentrations. This
largely stems from the computational resources avail-
able to run Chemical Transport Models (CTMs). It is
computationally inexpensive for CTMs to model the ef-
fects of aviation NO, on tropospheric O3. This is due
to its short lifetime, which is in the order of weeks,
where steady state condition can be achieved from a
few years of model run using constant emissions. How-
ever, CH4 changes due to aviation NO, emissions re-
quire more than a few CTM simulation years, since it
takes CH4 decades to reach equilibrium from perturbed
OH fields (SKOwWRON, 2013; KHODAYARI etal., 2015).
To save computing time, the aviation community has
adopted the feedback factor of 1.4 to the CHy4 lifetime
change, which is applied to a reference CH4 concen-
tration (typically generated from the same CTM run
that provides the ‘short-term’ O3 response), in a sim-
plified formulation to represent its steady state concen-
tration (PRATHER et al., 2001; HoLMEs et al., 2011). The
O3 concentrations are then used explicitly in radiative
transfer models (RTMs), to provide the radiative forcing
(RF) estimate of short-term O3, while a simplified ex-
pression from Ramaswamy et al. (2001) is used to deter-
mine the CH4 RF. As a consequence of this type of CTM
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setup, whereby a fixed mixing ratio boundary condition
is assumed, the RF from CHy-induced long-term O3 and
stratospheric H,O changes, are determined as a func-
tion of CHy REF, as described in MYHRE et al. (2013) for
long-term O3 and MYHRE et al. (2007) for stratospheric
H,O. The issues surrounding the use of fixed mixing ra-
tio boundary condition in CTMs have been discussed in
IPCC (1999) and subsequently shown in other studies
such as SKOWRON (2013) and KHODAYARI et al. (2015).
The recent study by Khodayari etal. (2015) compared
CH4 concentration results from simulations using fixed
mixing ratio boundary condition and flux boundary con-
dition, where they found the simplified technique over-
estimated CH4 concentrations by ~ 9 %.

The aim of this study is to provide a new insight to
the evaluation of long-term O3 and stratospheric H,O
RFs associated with CHy lifetime changes produced by
the aviation-induced tropospheric OH perturbation (cal-
culated as a full aviation signal perturbation from NO,
emissions). In this case, we have followed an approach
that firstly, determined the steady state CH,4 concentra-
tions through an explicit numerical experiment whereby
the surface CH4 was calculated using a flux bound-
ary condition (similar to that conducted by KHODAYARI
etal., 2015). This allows the OH change from aircraft
NO, emissions to produce a CHy4 lifetime change that
was directly linked to CH4 mixing ratio distribution.
Secondly, these results were explicitly used in an offline
RTM to determine the RFs for these perturbations with-
out resorting to simplified RF expressions discussed pre-
viously. The experimental design for this study will be
presented in Section 2, while the impact of this setup on
atmospheric chemistry will be discussed in Section 3. A
revised RF estimate of aviation NO, induced changes to
total O3 (the sum of both the short- and long-term re-
sponses); CHy and its effects on stratospheric H,O, all
of which were explicitly calculated, will be presented in
Section 4 of this paper.

2 Experimental design

A brief description of the numerical models and the
aviation emissions dataset, along with the experimen-
tal setup used in this paper will be presented in the fol-
lowing subsections. For additional details on model fea-
tures, we refer to SGVDE etal. (2014) and PITARI et al.
(2015).

2.1 ULAQ-CCM

For this study, the University of L’Aquila global scale
climate-chemistry coupled model (ULAQ-CCM), which
extends from the surface to the mesosphere (0.04 hPa),
is operated in CTM mode and with offline radiative
transfer calculations. From now on, we will refer to the
chemistry-transport module of the CCM as the ULAQ-
CTM. Dynamical data, i.e., velocity stream-function and
velocity potential, are provided by the background GCM
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run in a reference case, with no feedbacks of aviation-
induced changes. The oceanic surface temperature is as-
similated from the Hadley Centre for Climatic Predic-
tion and Research. A parameterization is included on-
line for periodic natural forcings, i.e., solar cycle and
quasi-biennial oscillation, (EYRING etal., 2006; MoOR-
GENSTERN et al., 2010).

The ULAQ-CCM has been fully described in PITARI
etal. (2002a and 2002b) and more recently in PITARI
etal. (2014) and Pitari etal. (2015), with some impor-
tant updates with respect to the previous version. These
are: (a) increase of horizontal and vertical resolutions,
now T21 with 126 log-pressure levels and approximate
pressure altitude increment of 568 m; (b) inclusion of
a parameterization to describe the formation of upper
tropospheric cirrus cloud ice particles (KARCHER and
LonMANN, 2002); (c) update to SANDER etal. (2011)
recommendations for cross sections of species, and
the parameterization of MINSCHWANER et al. (1993) for
the Schumann-Runge bands, which is based on fixed-
temperature opacity distribution function formulation;
(d) new radiative transfer code for photolysis calcu-
lations, solar heating rates and tropopause RF, which
is based on a two-stream delta-Eddington approxima-
tion. In addition, a companion broadband, k-distribution
longwave radiative module is used to compute radiative
transfer and heating rates in the planetary infrared spec-
trum (P1TARI etal., 2014).

The chemistry module is organized by long-lived
and surface-flux species (CH4, N,O, CFCs, HCFCs,
CO, NMVOC, NO,) and by all medium and short-
lived species grouped in the O,, NO,, HO,, CHO,,
Cl,, Bry, SO,, and aerosols families. The model in-
cludes the major components of stratospheric and tro-
pospheric aerosols (sulfate, carbonaceous, soil dust,
sea salt, PSCs). An evaluation example of the ULAQ
model’s tropospheric chemistry is given in BRUNNER
etal. (2005); for the stratosphere it is given in PITARI
etal. (2014) and PrtarI etal. (2015). The adopted sur-
face emissions of NO,, CO and VOC are discussed in
S@VDE etal. (2014). The NO, lightning source accounts
for 5Tg-N/yr and is treated according to GREWE etal.
(2001).

The updated ULAQ radiative transfer module treats
both solar (from Lyman-alpha up to 7 um) and planetary
infrared radiation interactions with major atmospheric
optically active species, including gases, aerosols and
clouds. The solar spectrum is split among 250 bins for
chemical species photolysis rate calculation, solar heat-
ing rates and RF. The planetary infrared spectrum is
treated by a k-distribution formulation over ten spec-
tral bands (CHou etal., 2001) for the computation of
heating rates and RF, including stratospheric tempera-
ture adjustment. The ULAQ radiative model results have
been validated in the framework of inter-comparison
campaigns: SPARC-CCM Val for photolysis rates (CHIP-
PERFIELD et al., 2014) and AeroCom for radiative fluxes
(RANDLES etal., 2013).
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2.2 Oslo CTM3

The Oslo CTM3 (SgVDE etal., 2012) is a three dimen-
sional offline CTM, spanning 60 layers between the sur-
face and 0.1 hPa, with a horizontal resolution of T42
(approximately 2.8 x 2.8 degrees). The tropospheric sul-
fur cycle, sea salt aerosols and nitrate aerosols are in-
cluded, in addition to tropospheric and stratospheric
chemistry, as described by S@VDE etal. (2012). In to-
tal, there are 111 species, of which 105 are transported,
and for this study, the chemistry scheme has been up-
dated to include stratospheric H,O chemistry. Advection
is carried out using the second order moments scheme
(PRATHER et al., 2008; S@VDE et al., 2012), using 3-hour
forecasts generated by the Integrated Forecast System of
the European Centre for Medium-Range Weather Fore-
casts (ECMWEF), cycle 36rl. Vertical winds are calcu-
lated from continuity equation, except convective trans-
port of tracers, where the convective upward flux from
the ECMWF model is used. A 5 Tg-N/yr lightning NO,
source is adopted, using the vertical profiles of OTT et al.
(2010). Boundary layer turbulent mixing is treated ac-
cording to the Holtslag K-profile scheme (HOLTSLAG
etal., 1990). In this study, we use the meteorologi-
cal year 2006 perpetually, keeping the meteorology the
same from one year to the next, in order to quantify only
the chemical impacts.

Anthropogenic emissions are taken from the EDGAR
v4.2 dataset (EC-JRC/PBL, 2011), for year 2006, while
natural emissions are taken from the MEGAN v2
(GUENTHER etal., 2006), where only the year 2000
data was available. Biomass burning emissions, for year
2006, are taken from GFEDv3.1 (VAN DER WERF et al.,
2010). However, the 2006 emissions of natural and
biomass burning of CHy, along with CH4 soil uptake,
are taken from BOUSQUET etal. (2011). Due to the long
CHy, lifetime, we scaled up its emissions to match model
loss, allowing us to maintain the total burden of simula-
tions with fixed boundary condition.

2.3 Aircraft emissions

The aircraft emissions used in this study were gen-
erated for the EU FP7 project REACT4C (“Reducing
Emissions from Aviation by Changing Trajectories for
the benefit of Climate”) (see also PiTart etal., 2015).
These were generated by the aviation emissions model
FAST (LEE etal., 2005; LEE etal., 2009; OWEN etal.,
2010), which has been approved by the Modelling and
Database Group (MDG) of the International Civil Avia-
tion Organization (ICAO)’s Committee on Aviation En-
vironmental Protection (CAEP) (ICAOQO, 2013). Aircraft
movements from the CAEP Round 8 (CAEP/8) MDG
work programme for the year 2006 were used as the ba-
sis of the emissions calculation. These were calculated
using radar data from North American and European
airspace, and for the rest of the world, the Official Air-
line Guide (OAG) schedule data. Routes were assumed
to follow great circle trajectories and to correct for this
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assumption, CAEP/8 empirical factors were applied to
the distance and fuel consumption (ICAO/CAEP, 2009).
The aircraft fleet was divided into 42 representative
types, and the fuel flow for these was estimated with
the PIANO aircraft performance model (Simos, 2008).
FAST then used the fuel flow data to calculate NO,
emissions, which were based on the relationship be-
tween sea-level NO, certification data and emissions at
altitude (LEE etal., 2005). A 3D grid of 1 x 1 degrees
horizontal spacing and 2,000 ft vertical spacing of NO,,
was generated by the FAST gridding utility, with the cal-
culated total NO, from aviation of 0.71 Tg-N/yr.

2.4 Numerical experiments setup

Six simulations were performed for this study:
NO-AIRCRAFT (NA, simulation with no aircraft emis-
sions), AIRCRAFT EMISSION (AE: simulation with
only NO, emissions) and AIRCRAFT EMISSION*
(AE*: simulation with coupled NO, and sulfuric acid ul-
trafine aerosol emissions). The latter experiment was in-
cluded to account for the aircraft impact on surface area
density (SAD) of sulfate aerosols for the heterogeneous
chemical reactions relevant for NO, (i.e., hydrolysis of
N,Os5 and BrONO;). These three experimental setups
were performed with a version of ULAQ and Oslo mod-
els, firstly using a fixed CHy surface mixing ratio bound-
ary condition (MBC), and then repeated using a surface
flux boundary condition (FBC) for CHy4. After a prelim-
inary model spin-up of 5 years, the MBC experiments
were run for 10 years (2001-2010 for the ULAQ model
and perpetual 2006 for Oslo-CTM3), allowing aircraft
perturbation to reach a satisfactory statistical steady-
state. The dynamics are taken from the global circula-
tion module of the ULAQ-CCM (2001-2010), whereas
Oslo-CTM3 uses ECMWF forecast meteorology for
2006. The FBC experiments were run for a longer time
period (a total of 50 years in both models; 5 consecutive
cycles of model years 2001-2010 for the ULAQ model
and perpetual year 2006 for Oslo CTM3), allowing the
CH4 mixing ratios to adjust to the OH field, which is in
turn perturbed by aircraft NO, emissions. Background
surface fluxes (NO,, CO, VOCs, FBC-CH,4) and aircraft
emissions are kept fixed in the models at values repre-
sentative of year 2006, as well as surface mixing ratios
of long-lived species relevant for the Oz photochemistry
(CFCs, HCFCs, HFCs, N>,O and MBC-CHy). The FBC
experiment used gridded CH4 fluxes at the surface for
natural and anthropogenic sources (IPCC, 2013; WECHT
etal., 2014; LAMARQUE etal., 2010; BOUSQUET etal.,
2006) and the global values are presented in Table 1.

All annual mean values of the aircraft perturbations
discussed in this study (i.e., AE-NA or AE*-NA) refer to
an average over ‘“steady-state” model years 2001-2010
for the ULAQ model and 2006 for Oslo CTM3. One
point that needs to be highlighted is that our study ap-
plies to a sustained and constant aviation NO, emis-
sion and for the given background NO, conditions. The
perturbation picture may look different if an increasing
trend in aviation NO, emissions is allowed.
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Table 1: CH, surface emissions, sinks, global mass burden and
lifetime in the models. (a) IPCC (2013); (b) WECHT etal. (2014);
(c) LAMARQUE etal. (2010); (d) BousQuET etal. (2006); (e) same
as (d) but scaled up by 16.4 %; (f) EDGAR v4.2 scaled up by 16.4 %.

Emissions (Tg/yr) ULAQ-CTM Oslo-CTM3
Sinks (Tg/yr) [FBC] [FBC]
Burden (Tg)

Lifetime (yr)

Natural sources 230@D 211@
[wetlands] 160@ 167©
[termites] 20@b)-

[geological] 50® 44©
Anthropogenic 3400 451D
sources

[agriculture] 125@© 174®
[fossil fuel] 100@© 15190
[waste] 79 710
[biomass burning] 36@ 55@©
Total sources 570@ 662
Soil deposition 30@ 169
Atmospheric loss 540 629
[OH O('D) C1]

Total sinks 570 645
Global mass 4760 4820
burden

Mean lifetime 8.35 7.47

3 Impact on atmospheric chemistry

In this section, we will present the results of the numeri-
cal simulations, starting from the short-term aviation im-
pact due to NO, emissions to the long-term impact due
to CHy4 changes, including the troposphere-stratosphere
coupling. We will present and discuss the calculated
long-term changes of tropospheric and stratospheric O3
concentrations in the final subsection. The radiative im-
pact will be discussed in Section 4. In addition, we
present a systematic model evaluation using available
observations or climatological data for key species in-
volved in the chemistry-transport processes relevant for
this study, in order to increase the robustness of model
findings on the calculated aviation NO, perturbations.

3.1 NO,-OH

A summary of the direct aircraft perturbation to tro-
pospheric chemistry is presented in Fig. 1, starting
from the average steady-state accumulation of NO,
(= NO + NO,) (Fig. 1a and 1b) (refer to S@VDE etal.,
2014 for further details). For the 2006 aircraft emis-
sions, both CTMs calculated a maximum change at the
northern mid-latitudes, between approximately 200 and
300 hPa. This change was in the order of 50-100 pptv
on an annual basis, with larger values observed in the
ULAQ-CTM by approximately a factor of 2, compared
with Oslo-CTM3. The direct “instantaneous” effect of
this NO, enhancement is to increase the photochemical
production of O3 and OH (Fig. 1c and 1d), the latter
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Figure 1: Panels (a, b): Zonal and annual mean of tropospheric NO, (= NO + NO,) mixing ratio changes (AE-NA) (pptv), for (a) ULAQ-
CTM and (b) Oslo-CTM3. Panels (c, d): as in (a, b), but for tropospheric OH (10° molec/cm?). All panels are for the FBC model experiments.

largely from the reaction NO + HO, — NO; + OH. The
models show that the annually averaged maximum in-
crease of OH is 0.15-0.2 x 10% molec/cm?®. A sample
evaluation of model results for tropospheric NO, and
NO using data from a collection of aircraft campaigns
(EmMoNs etal., 2000, ScHUMANN etal., 2000) is pre-
sented in Fig. 2a and 2b (NO,) and Fig. 2c and 2d (NO).
Solid green and red lines show model profiles at the
same latitude and longitude of the campaign, including
the variability interval of the observations (+10). The
modeled NO, results have been evaluated at the same
time of the year against measurement campaigns PEM-
West-A-DC-8 in Japan (Fig. 2a) and POLINAT-2-Falcon
in Ireland (Fig. 2b), while the modeled NO against
TRACE-P-DC8 in Hawaii (Fig. 2c) and POLINAT-2-
Falcon in Canary-Island (Fig. 2d). In general, the mod-
eled vertical profiles conform to the range of variability
of measurement data, and this is normally true for all
the campaign locations reported in EMMONS et al. (2000)
and SCHUMANN et al. (2000). Fig. 2 was produced with
the ESMValTool (EYRING et al., 2016).

3.2 CH4-OH

Any attempt to assess the long-term atmospheric re-
sponse to upper tropospheric NO, emissions from global
aviation requires the calculation of atmospheric CHy
distribution that allows surface CHy4 to respond freely
to tropospheric perturbations of its main sink process,
i.e., oxidation by OH. The usual modeling approach of
adopting a fixed surface mixing ratio can still be used to
calculate aviation-induced changes in CHy lifetime, but
as previously introduced in Section 1, this does not pro-
vide information on the tropospheric mass changes of
CHy that are caused by upper tropospheric NO, emis-
sions. In addition, to obtain a meaningful estimate of
the lifetime perturbation, the MBC approach necessi-
tates the use of a correction factor, due to the missing
feedback of lower tropospheric CHy4 changes on HO,
chemistry (see for example IPCC, 1999; MYHRE etal.,
2011). The alternative approach of using FBC, would in
principle, resolve these issues.
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Figure 2: Panels (a, b): tropospheric NO, evaluation of ULAQ-CTM and Oslo-CTM3 results, using data from a collection of aircraft
campaigns (EMMoONS etal., 2000, ScCHUMANN etal., 2000): (a) PEM-West-A-DCS8 (Japan, Sept—Oct 1991) and (b) POLINAT-2-Falcon
(Ireland, Sept—Oct 1997). Units are in pptv. Panels (c, d): as in (a, b) but for NO mixing ratios, from campaigns (c) TRACE-P-DC8 (Hawaii,
Feb—Apr 2001) and (d) POLINAT-2-Falcon (Canary Islands, Sept—Oct 1997). The thick-black solid lines show the observations mean values;
the variability intervals are shown with solid whiskers (+1¢-) and dotted whiskers (minimum and maximum). Red and green solid lines show
the FBC AE results of ULAQ-CTM and Oslo-CTM3, respectively. Red and green dashed lines are for the FBC AE-NA changes from the

same two models.

3.2.1 Comparison of modeled CH4 mixing ratio
with observations

Annually averaged zonal CHy4 mixing ratios from the
FBC experiments (AE case) are presented in Fig. 3a and
Fig. 3¢, for ULAQ and Oslo models respectively, while
the observations from the Aura TES thermal infrared ra-
diances at 4 = 8 um, corrected using co-retrieved N,O
estimates are shown in Fig. 3b (WORDEN etal., 2012).
The tropopause signature was well captured in the FBC
model predictions, with a sudden CH,4 decrease due to
downward transport of CHy-poor stratospheric air in
the downwelling branch of the extra-tropical Brewer-
Dobson circulation. The inter-hemispheric asymmetry
was reasonably represented in both models, whereas the
positive vertical gradient of mixing ratios in the tropics

and in the Southern Hemisphere was not replicated in
model predictions. However, as discussed in WORDEN
etal. (2012), a significant bias was found in the TES-
retrieved CHy values in the upper troposphere with re-
spect to the lower troposphere. A large part of this bias
was adjusted by the TES team applying a correction that
is based on co-retrieved N, O estimates. After correction,
a residual of 2.8 % bias was still found in the upper tro-
posphere relative to the lower troposphere.

A quantitative point-by-point spatial evaluation of
the ULAQ and CTM3 model results for the FBC case
is depicted in Fig. 4, where HALOE data (Grooss and
RuUsseL, 2005) were used for the lower stratosphere
(Fig. 4a), Aura TES satellite observations for the tro-
posphere (Fig. 4c—4e) and both datasets for the tropical
upper troposphere and extra-tropical lowermost strato-
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Figure 3: Evaluation of zonal and annual mean CH4 mixing ratios
from the FBC numerical simulations for the AE case of (a) ULAQ-
CTM and (c) Oslo-CTM3, using observations from TES Aura radi-
ances (b), averaged over the years 2004—2013 (WORDEN etal., 2012).
Units are in ppbv.

sphere (Fig. 4b). An average inter-hemispheric differ-
ence of 7.5 % was calculated in the mid-troposphere,
which was ~ 50 % larger than the observations, where
an average of 5% inter-hemispheric difference was
found. Mixing ratios in the Southern Hemisphere were
underestimated in the models by approximately 50 to
100 ppbv. This may be attributed to a slower horizontal
eddy mixing in the tropical troposphere, with respect to
real atmosphere. However, considering also the above
discussed residual positive bias of the Aura/TES up-
per tropospheric CH4, we may conclude that the inter-

G. Pitari et al.: Long-term effects of aviation NO, 7

a) 50-100 hPa

2000 1 1 1 1 1
— ULAQ
1800 = CTM3 L
A TES
S 1600 4 @ HALOE [
o
o
0 1400 | =
1200 o® O |
[ )
1000 T T T T T
90S 60S 308 0 30N 60N 90N
b) 100-200 hPa
2000 1 1 1 1 1
1900 o
““AAAAAAA“
1800 3 a8 a 3
) A“‘
B 1700 3 M-
o 1600 o o
.o' ‘n...
1500 = \d 3
o Y
{ ]
1400 4 ¢ o
1300 T T T T T
90S 60S 308 0 30N 60N 90N
c) 200-400 hPa
2000 1 1 1 1 1
1900 -
IYYS
> ‘“““AA 8884504,
m A aa
2@ 1800 4 2888 [
o PYYLYYS
1700 -
1600 T T T T T
90S 60S 308 0 30N 60N 90N
d) 400-700 hPa
2000 1 1 1 1 1
1900 -
@
2@ 1800 4
o
1700 <
1600 T T T T T
90S 60S 308 0 30N 60N 90N
e) 700-1000 hPa
2000 1 1 1 1 1
1900 -
E [
2 1800 -
o
‘AAAAAAAAAA‘AA‘
1700 - =
1600 T T T T T

90S 60S 308 ON 60N 90N

LATITUDE >
Figure 4: Evaluation of annually averaged latitudinal sections of
CH, mixing ratios (FBC AE case results) from ULAQ-CTM (red
line) and Oslo-CTM3 (green line), using observations from HALOE
in the lower stratosphere (panel a) (Grooss and RuUsseLL, 2005),
from TES Aura radiances in the troposphere (panels c—e) (WORDEN
etal., 2012) and from both sources in the tropical upper troposphere
and extra-tropical lowermost stratosphere (panel b). The shaded
areas are +10 of the climatological zonal mean values of HALOE
and TES data, averaged over the years 1991-2005 and 2004-2013,
respectively.



423

424

425

426

428

429

431

432

8 G. Pitari etal.: Long-term effects of aviation NO,

CH . burden change [FB(C]

1ol — ULAQ-CTM
R - - -0SLO-CTM3
“20F5N\ e TROPOS-2D

=30

—40t B
=507 RS
60+ ~<
70} :
-80r
—900

Tg

10 20 30 40 50
TIME (years)
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(10° molec/cm?) from the FBC numerical simulations (AE case) for

(a) ULAQ-CTM and (c) Oslo-CTM3, with a climatology derived in
SpPIvAKOVSKY et al. (2000) (panel b).

hemispheric gradient in the models is roughly consistent
with observations, in their +10 variability interval. By
comparing the TES data with HALOE data, the residual
bias of TES-retrieved upper tropospheric CH; mixing
ratio is clearly visible in Fig. 4b. The models are gen-
erally within the HALOE data’s 10~ uncertainty interval
and thus, showing that the models have a good ability
in capturing the strong horizontal gradient in the lower
stratosphere, pointing out a good isolation of the tropical
pipe in the models.

3.2.2 CH, lifetime

The major atmospheric sink of CHy is the reaction with
OH and this determines the CHy lifetime, except for an
additional smaller contribution from soil deposition (see
Table 1) and an additional stratospheric sink due to CHy
reactions with O('D) and Cl. The calculated OH abun-
dance is then critical in the determination of a realistic
global burden and lifetime of CH4. Annual zonal av-
erage of OH mixing ratios in the troposphere are pre-
sented in Fig. 5a and 5c for the ULAQ and Oslo mod-
els respectively, while Fig. 5b shows the climatological
values of mean annual values from SPIVAKOVSKY et al.
(2000). The Oslo-CTM3 tends to overestimate OH in
the boundary layer of the Northern Hemisphere subtrop-
ics and mid-latitudes, most probably due to an excess of
surface NO, emissions.

The horizontally averaged surface mixing ratio pre-
dicted in the ULAQ model for the FBC and MBC
experiments is 1754 ppbv, while CTM3 predicted sur-
face mixing ratio is 1774 ppbv for FBC and 1769 ppbv
for the MBC experiment (see Table 2). The calculated
global lifetime (7) from the FBC experiment is 8.35
and 7.47 years for the ULAQ and Oslo models respec-
tively. These values are comparable to the value from
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the SPARC multi-model assessment of atmospheric life-
times of 8.7 + 1.4 years (CHIPPERFIELD etal., 2013).
The expected deviation in global CH; mass burden
changes due to aviation NO, emissions is given by
d = exp(=50/7), and this was found to be ~ 0.25 % and
~ 0.12 % for the steady state results of ULAQ and Oslo
models respectively.

The CH4 global burden response to aircraft NO,
emissions of 0.71 Tg-N/yr from the two CTMs used
in this study is presented in Fig. 6 as a function
of time. The results from a tropospheric 2D CTM,
TROPOS-2D (HouGH and JOHNSON, 1991; SKOWRON
etal., 2009), with a global aircraft NO, emission per-
turbation of 0.80 Tg-N/yr is also shown in Fig. 6. Here,
the larger asymptotic difference in the CH4 burden from
TROPOS-2D in comparison with the ULAQ and Oslo
model results, is likely due to a combination of factors;
essentially the larger NO, perturbation applied (0.80
instead of 0.71 Tg-N/yr), and the longer CH, lifetime
(10.1 instead of 7.9 years). The steady state burden
change of —88 Tg is consistent with that in the 3D CTMs
(—88 x 0.71/0.80 x 7.9/10.1 = -61Tg). Therefore,
TROPOS-2D produced an aircraft-induced CHy lifetime
change of —1.8 % instead of —1.24 + 0.07 % calculated
from the 3D CTMs. Note that the uncertainty expressed
here indicates the spread of values between the ULAQ-
CTM and Oslo-CTM3 results. Holmes etal. (2011) has
also calculated a CHy lifetime change of —1.70+0.35 %
with 1.0 Tg-N/yr aircraft NO, emissions and if the life-
time changes from the ULAQ and Oslo models are
scaled up from 0.71 Tg-N/yr to 1.0 Tg-N/yr, a consistent
change of —1.75+0.10 % is obtained. In a model simula-
tion that evaluated the atmospheric chemistry sensitivity
to the HNOj3-forming channel of HO,+NO, Gottschaldt
etal. (2013) found an approximate —1.3 % reduction
of CHy lifetime that is due to ~ 0.85 Tg-N/yr aircraft
NO, emissions. A scaling of the ULAQ and Oslo mod-
els’ lifetime changes from 0.71 Tg-N/yr to 0.85 Tg-N/yr
would imply a change of —1.48 + 0.08 %. The CHy4 life-
times calculations from the FBC experiment of both
models show that they are comparable to previous stud-
ies referenced above and also those summarized in Ta-
ble 7 of LEE etal. (2010).

3.3 CH4-H,O

Most air enters the stratosphere in the tropics and
therefore, it is important to simulate the correct bal-
ance between ascent and mixing across the subtropi-
cal barriers. Transport in this region is critical in de-
termining the stratospheric composition and informa-
tion on the tropical ascent, vertical diffusion and the
tropical-extratropical mixing can be obtained from the
vertical propagation of the annual cycle in water va-
por, known as the “tape recorder” signal (HALL etal.,
1999), as well as from the mean age of air. The latter is
the time elapsed since a stratospheric parcel of air was
last in contact with the troposphere, and can be calcu-
lated from observations of conserved tracers whose con-
centrations increase approximately linearly over time.
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Figure 6: Calculated CH,4 global burden change (AE-NA) as a func-
tion of time in response to aircraft NO, emissions of 0.71 Tg-N/yr
in the ULAQ-CTM (solid line) and in the Oslo-CTM3 (dashed
line) and in response to aircraft NO, emissions of 0.80 Tg-N/yr in
the TROPOS-2D model (dotted line). The ULAQ-CTM has mean
background CH, lifetime of 8.35 years and a lifetime change of
—1.17 % (AE-NA); the Oslo-CTM3 has mean background CHy life-
time of 7.47 years and a lifetime change of —1.32% (AE-NA);
the TROPOS-2D model has a mean background CH, lifetime of
10.1 years and a lifetime change of —1.8 % (AE-NA).
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Figure 7: Evaluation of the mean age of air (years), from ULAQ-
CTM (red) and Oslo-CTM3 (green), at (a) 10hPa and (b) 50 hPa.
Observed values are based on ER-2 aircraft measurements of CO,
(ANDREWS et al., 2001), balloon CO, measurements made in north-
ern mid-latitudes (WAUGH and HaLL, 2002), and satellite mea-
surements of HF and HCI from HALOE (ANDERSON etal., 2000).
Whiskers show the uncertainty in the measurement-derived mean
age of air at 10 hPa.

Observations of CO; and SFg have been used in pre-
vious studies to derive empirical estimates of the mean
age of air and to qualitatively evaluate model repre-
sentations of the residual circulation and mixing (HALL
etal., 1999; EYRING etal., 2006). Age of air observa-
tions in Fig. 7 are based on ER-2 aircraft measurements
of CO, (ANDREWS etal., 2001), balloon CO, mea-
surements made in northern mid-latitudes (WAUGH and
HAvrL, 2002) and satellite measurements from HALOE
(ANDERSON et al., 2000).

These observations are compared with the ULAQ
and CTM3 results. Fig. 7 shows that both models com-
pared well with the observations data for mean age of

514

515

516

517

518

519

520

521

522

523

524

525

526



10 G. Pitari et al.: Long-term effects of aviation NO, Meteorol. Z., PrePub Article, 2016

Table 2: Summary of CH, model calculations and AE-NA differences (annual-global averages).

Model Experiment Surface Tropospheric Mass Lifetime Experiment Tropospheric Lifetime

mixing ratio mixing ratio burden [years] mixing ratio change
[ppbv] [ppbv] [Tg] change [%]
[ppbv]

ULAQ-CTM FBC 1754 1732 4760 8.35 FBC AE-NA -18.7 -1.17

ULAQ-CTM MBC 1754 1735 4765 8.36 MBC AE-NA -0.27 -0.81

Oslo-CTM3 FBC 1774 1754 4820 7.47 FBC AE-NA -23.7 -1.32

Oslo-CTM3 MBC 1769 1756 4826 7.67 MBC AE-NA -0.13 -0.96
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Figure 8: Evaluation of tropical stratospheric H,O tape recorder signals in ppmv from (a) ULAQ-CTM and (c) Oslo-CTM3 results, using
(b) HALOE data. Plotted values are monthly mean tropical anomalies of H,O (10S-10N) averaged over the years 1991-2005.
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air at 50 hPa at all latitudes (panel b), while the ULAQ
model tend to underestimate at 10 hPa (panel a), but
still close to the lower limit of the uncertainty inter-
val. The deviation of the water vapor mixing ratio from
the monthly mean profile averaged over 10S to 10N for
combined HALOE and MLS observations is depicted in
Fig. 8b, and for the ULAQ and CTM3 models in Fig. 8a
and Fig. 8c respectively. As noted before, the two mod-
els represent in a reasonable way the pronounced isola-
tion of the tropical pipe above the tropical tropopause
layer (TTL), which is essential to reproduce a realistic
tape recorder signal. The Oslo model, however, shows
fewer minima, indicating either a faster tropical up-
welling or a stronger vertical diffusion and/or a stronger
horizontal eddy mixing. The models’ reasonable rep-
resentation of tracer transport in the lower-mid strato-
sphere can be deduced from both the calculated age of
air and the water vapor tape recorder signal. Fig. 8 was
produced with the ESMValTool (EYRING et al., 2016).

The instantaneous OH perturbation plays a key role
in the global atmospheric chemistry by decreasing the
CHy4 lifetime and then linking together short- and long-
term effects of aircraft emissions. This is clearly visi-
ble in Fig. 9a and 9b, where the CH4 mixing ratio air-
craft perturbation for the FBC experiments is shown.
Due to the OH change depicted in Fig. Ic and 1d, a
non-negligible inter-hemispheric gradient of the CHy
perturbation is visible, even though CHy is quite well-
mixed in the troposphere due to its long lifetime. Con-
servation of the global hydrogen mass among the main
H reservoirs (CHy4, H,O and Hj), requires the aver-
age tropospheric CH4 change due to aircraft NO, emis-
sions to be conserved in the stratosphere as the sum of
ACHy4 + 0.5AH;0 + 0.5AH; (Fig. 9c and 9d), thus be-
coming the driver for photochemical changes of strato-
spheric water vapor (Fig. 9e and 9f). A more pronounced
isolation of the tropical pipe is visible in the ULAQ
model with respect to Oslo and this is consistent with
what shown in Fig. 8 for the tape recorder signal.

A comparison of FBC and MBC H, anomalies can
be made in Fig. 9c and 9d. In the MBC approach the
surface mixing ratio of CHy is kept fixed in both AE and
NA cases and as a consequence the upper tropospheric
OH change forced by the aviation NO, perturbation
cannot produce a mass density adjustment of CHy over
the whole troposphere, due to its long lifetime. The H,
perturbations (CH4, H,O, H) are approximately two
orders of magnitude smaller in the MBC approach with
respect to FBC, due to the zero AE-NA difference at the
surface in the MBC approach. This represents the key
point in our study, pointing out the importance of letting
CHj4 to evolve freely in the whole atmosphere, following
the mid-upper tropospheric OH increase induced by the
aviation NO,. The use of a fixed CH4 surface mixing
ratio (i.e., the MBC case) only allows the calculation of
CHy lifetime perturbation and not the tropospheric CHy
mass distribution changes (see Table 2). The lifetime
change may be underestimated by a factor of 1.41, as an
average from the ULAQ and Oslo models, and this can
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be attributed to the missing feedback of CH4 changes
with the HO, chemistry (IPCC, 1999).

A comparison of the HyO model results with satel-
lite data in the stratosphere is presented in Fig. 10. The
high-latitude vertical profiles calculated by the models
(Fig. 10a and 10b) are in reasonable agreement with
HALOE observations. The Antarctic springtime dehy-
dration is well represented in the ULAQ-CTM, with
mixing ratio values down to 2 ppmv at 70-100 hPa in
October, compared with 4 ppmv in the same layer over
the Arctic in March. It can be seen in the latitudinal sec-
tions of Fig. 10c that the Oslo-CTM3 water vapor dis-
tribution in the mid-lower stratosphere compared well
with HALOE observations, whereas the ULAQ-CTM
H,O values are low-biased by ~ 5-15 %. However, both
models correctly capture the amplitude of the pole to
equator horizontal gradient, which is an indication of a
realistic coupling of horizontal mixing and tropical up-
welling (STRAHAN etal., 2011).

3.4 NO,-HO,-O;

The stratospheric decrease of water vapor described in
Section 3.2, produces a negative anomaly of HO, (di-
rectly) and a positive anomaly of NO, (indirectly) that
is caused by the reaction NO; + OH + m — HNO3; + m
and thus, acting as the most important NO, sink in
the stratosphere. Fig. 11a—f present the effects of the
water vapor anomaly on HO, and NO, stratospheric
changes as FBC-MBC, since no significant tropospheric
CH; mixing ratio changes can be calculated in the
MBC (AE-NA) experiment. Inter-model differences in
the anomalies of stratospheric OH (Fig. 11a and 11b)
and tropospheric HO, (Fig. 11c and 11d) can be ex-
plained in term of inter-model differences in the distribu-
tion of the NO, anomalies. The latter are often attributed
to the difference in the models’ ability to export tropo-
spheric NO, into the stratosphere above the TTL. Fig. 9
shows that the stratospheric H,O perturbation is a result
of tropospheric CH4 mixing ratio adjustment to direct
aircraft emission of NO,. Therefore, the stratospheric
FBC-MBC of HO, and NO, for the AE-NA perturba-
tions represents the driver of long-term O3 responses to
aircraft emissions, both in the troposphere and strato-
sphere.

The NO, enhancement in Fig. 11e and 11f drives an
O3 decrease in the mid-stratosphere, where it acts as an
O3 depleting species in the classical NO, catalytic cy-
cle (Fig. 12a). On the other hand, the HO, lower strato-
spheric decrease of Fig. 11c and 11d has the net ef-
fect of lowering the O3 production term k[NO]J[HO;]
(Fig. 12b). Both these effects lead to a reduction of
stratospheric O3 (Fig. 13). However, this is only visible
in the FBC case and absent or much smaller in the MBC
case, since the tropospheric CH,4 decrease is signifi-
cant in the long-term and thus, triggering the long-term
stratospheric effects on H,O and Os. In the MBC case,
small positive/negative O3 changes in the lower/mid
stratosphere (respectively) are short-term effects due to
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Figure 9: Panels (a, b): Zonal and annual mean of tropospheric CH4 mixing ratio changes (AE-NA) (ppbv), for (a) ULAQ-CTM and
(b) Oslo-CTM3. Dashed and dotted lines highlight contour lines of —19 and —18 ppbv respectively in Panel (a), and 24 and 23 ppbv
respectively in Panel (b). Color scales and highlighted contour line are different because the CH4 change due to aviation emission of
NO, is slightly different in the two models (see Table 2 and Fig. 5). Panels (c, d): Horizontally averaged AE-NA mean annual changes of
CH, (blue line), 0.5H,0 (red line), 0.5H, (green line) and total net (black line), for (c¢) ULAQ-CTM and (d) Oslo-CTM3, with results of
the FBC case on the left hand side of panels (c,d) and results of the MBC case on the right hand side. Panels (e, f): Zonal and annual mean
of stratospheric H,O mixing ratio changes (AE-NA) (ppbv), for (¢) ULAQ-CTM and (f) Oslo-CTM3. Dashed and dotted lines highlight
contour lines of —2 and —10 ppbv respectively. All panels are for the FBC model experiments.
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Figure 10: Stratospheric H,O evaluation of ULAQ-CTM (red) and
Oslo-CTM3 (green) results, using HALOE data (dots) (Grooss and
RUSSELL, 2005). Panels (a, b) show springtime polar vertical profiles
from 1 to 100 hPa at 75S (October) and 75N (March) respectively.
Panel (c) shows a latitudinal section at 20 hPa as an annual average.
The grey areas show =10 of the climatological zonal mean values
(averaged over the years 1991-2005)

a limited penetration of tropospheric aircraft NO, in the
lower stratospheric tropical pipe (ROGERs etal., 2002).
This effect may slightly increase the short-term O3 pro-
duction/loss at altitudes that are below/above (respec-
tively) the so-called turnover point of O3 production
from NO, anomalies (PITARI et al., 2008).

The negative O3 changes in AE-NA, obtained from
FBC-MBC, represent the long-term O3 response to the
changing atmospheric HO, distribution produced by the
CHy adjustment to the OH field perturbed by aircraft
NO, emissions. Upper tropospheric O3 anomalies of the
order of —0.5 ppbv are calculated in both model simula-
tions (Fig. 14a and 14b). The corresponding long-term
stratospheric O3 anomalies AE-NA (from FBC-MBC)
are presented in Fig. 14c and 14d and these are consis-
tent with the AE-NA FBC-MBC anomalies of HO, and
NO; in Fig. 11. The maximum long-term decrease of
O3 production in the extra-tropics is found below the al-
titude of 20 km, while a maximum long-term increase

G. Pitari etal.: Long-term effects of aviation NO, 13

of O3 destruction in the tropics are found above 30 km.
These stratospheric anomalies will produce a long-term
negative correction to the aviation O3 radiative forcing,
normally referred to as PMO-REF, i.e., primary mode O3
radiative forcing, with the largest values in the extra-
tropics (to be discussed in detail in the following sec-
tion).

An evaluation of the model calculated O3 fields has
been made using HALOE and TES/Aura satellite data,
as shown in Fig. 15. Springtime high-latitude vertical
profiles indicate that both models are successful in cap-
turing the lower stratospheric O3 depletion forced by
the large concentrations of halogen species (Fig. 15a
and 15b) (AusTiIN etal., 2010). The large latitudinal gra-
dients of the O3 mixing ratio are also well captured
by the models in the lower stratosphere (Fig. 15c), up-
per stratosphere and lowermost stratosphere (Fig. 15d)
and finally in the mid-upper troposphere (Fig. 15e). It
is worth noting that the O; retrieval from TES/Aura ra-
diances in the upper troposphere and lowermost strato-
sphere features the same tendency to overestimate the
chemical tracer with respect to HALOE observations, as
illustrated by the TES/Aura CH, in Fig. 4b.

4 Radiative forcing

The ULAQ-CCM radiative transfer module (ULAQ-
RTM) was applied offline to the monthly averaged fields
of O3, CHy and stratospheric HyO calculated by the
ULAQ and Oslo models and the RF results are presented
in Table 3a and 3b respectively. NO; and aerosol data
were also used in the ULAQ-RTM, the latter only from
the ULAQ-CTM calculations.

4.1 Short-term O; and PMO

The O3 RF breakdown between tropospheric and strato-
spheric contributions makes it possible to calculate the
long-term effects for the two regions by comparing the
results of MBC and FBC model experiments. In the
MBC case, where CHy4 is fixed at the surface, the life-
time change is due to the NO,-driven OH enhance-
ment and therefore, it is not able to trigger a realistic
CH, decrease and consequently, a related loss of strato-
spheric H,O. Thus, the O3 RF is a pure “instantaneous”
response to aviation NO,, i.e., short-term Oj3. This is
15.17mW/m? and 19.41 mW/m? for the ULAQ-CTM
and Oslo-CTM3 models respectively. These short-term
O3 RFs are smaller to those reported in S@VDE etal.
(2014) and Prtart etal. (2015) due to an updated and
more realistic setup of tropospheric cloudiness in the
ULAQ-RTM.

The difference between MBC and FBC gives an
indirect estimate of the long-term impacts of aviation
NO, on both tropospheric and stratospheric O3 (see Ta-
ble 3a and 3b). The long-term tropospheric O3 RF cal-
culated by the ULAQ-RTM is —3.91 mW/m? for the
ULAQ-CTM results and —3.94 mW/m? for the Oslo-
CTM3. This represented 47 % (ULAQ-CTM) and 38 %
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Figure 11: Panels (a, b): Zonal and annual mean of long-term stratospheric OH concentration changes (AE-NA, FBC-MBC) (10°
molec/cm?), for (a) ULAQ-CTM and (b) Oslo-CTM3. Panels (c, d): Zonal and annual mean of long-term tropospheric and lower
stratospheric HO, mixing ratio changes (AE-NA, FBC-MBC) (pptv). Panels (e, f): Zonal and annual mean of long-term stratospheric
NO, (= NO + NO,) mixing ratio changes (AE-NA, FBC-MBC) (pptv). All panels show FBC-MBC values that represent the long-term
atmospheric response to aircraft emissions of NO,, via CH, adjustment to the tropospheric OH perturbation.

(Oslo-CTM3) of the CH4 RF calculated by the ULAQ-
RTM, and 52 % (ULAQ-CTM) and 46 % (Oslo-CTM3)
of the CH4 RF calculated with the MYHRE etal. (2011)
parametric lifetime formula. The parametric formula of
MYyYHRE etal. (2011) expresses the CH4 RF as a function
of the percentage lifetime change: CH4-RF(mW /m?) =
x-CHa(ppbv) x 0.37 x AT-CH4(%)/100, where At is the
lifetime change (AE-NA) and y is the tropospheric mix-
ing ratio. It was used to estimate the CH4 RF in the MBC
case. An average feedback factor of 1.4 was applied to
the tropospheric CHy4 mixing ratio to account for the
CHy4 adjustment to the upper tropospheric OH perturba-
tion, since the model prediction was made using a fixed
mixing ratio boundary condition at the surface. Table 4
also shows that the ratio of the long-term tropospheric
O3 RF to that of CH4 RF are within the 50 + 27 % esti-
mated by MYHRE etal. (2013) for primary mode ozone
(PMO). This is the long-term response of tropospheric
O3 to the change in CHy distribution and its impact on

HO, chemistry, and on tropospheric O3 production from
NO + HO; and NO + CH30, (WILD etal., 2001).

4.2 CH, and long-term stratospheric H,O
and O3

The CH4 RF computed through a radiative transfer code
could be higher by 10-20 % than those calculated us-
ing parameterizations that are based on the average tro-
pospheric mixing ratio and lifetime change (MYHRE
etal., 1998). This trend was also observed in the FBC
case (Tables 3a and 3b), where for the ULAQ model,
the RF decreased from —8.38 mW/m? (from RTM) to
—7.50 mW/m? (from parameterization) and for the Oslo
model from —10.35mW/m? (RTM) to —8.57 mW/m?
(parameterization). The difference is mainly due to
the inclusion of solar near-infrared contribution in the
4-10 um wavelength band, and partly due to the inhomo-
geneity of the CHy4 spatial distribution. In the FBC case,
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Figure 12: Zonal and annual mean changes (AE-NA) of long-
term O; (a) production and (b) loss frequency rates, as FBC-MBC
percentage of the baseline rates (NA, MBC). The results are shown
as an average of ULAQ-CTM and Oslo-CTM3. The dashed line
highlights the contour line of —0.3% in panel (a) and the zero
contour line in panel (b).

it was not necessary to include the 1.4 feedback factor
to the tropospheric CH4 mixing ratio since the CH4 RF
was calculated from the mixing ratio change itself. In
Tables 3 we also show the RF contribution of CO, from
the products of CH4 oxidation, on a 50 year time hori-
zon, by calculating the difference in CO, accumulation
(in ppbv/yr) for ULAQ and Oslo models.

The changing tropospheric CHy distribution has a
direct feedback on stratospheric water vapor, because
of the global amount of hydrogen mass that has to
be conserved among the three major reservoir species
(mainly CH4 and H,O) (Section 3, Fig. 9). The calcu-
lated net stratospheric H,O RFs from the models are
—-1.34mW/m? and —1.45mW/m? for the ULAQ and
Oslo models respectively. They represent the long-term
stratospheric response to aircraft NO, emissions (via
OH and CHy) and are 14 % (ULAQ) and 12 % (Oslo)
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Figure 13: Zonal and annual mean changes (AE-NA, FBC) of
O3 mixing ratio (ppbv) for (a) ULAQ-CTM and (b) Oslo-CTM3.
Dashed and dotted lines highlight contour lines of 0 and —1 ppbv
respectively.

of the respective CHy RF (see Table 4), which are in
good agreement with the 15 + 10 % estimated in MYHRE
etal. (2007) and MYHRE etal. (2013). The use of a
fixed mixing ratio boundary condition at the surface
almost does not allow changes in photochemical life-
time to feedback on the tropospheric CH4 mass dis-
tribution. The reduction of CH4 mixing ratios is lim-
ited to the upper troposphere and the average decrease
below the tropopause was found to be only 0.27 ppbv
and 0.13 ppbv for the ULAQ and Oslo models respec-
tively (Table 2). These are only 1.4 % (ULAQ) and 0.5 %
(Oslo) of the tropospheric mixing ratio decrease in the
FBC case. Therefore, the MBC CH, lifetime change
(=0.81 % and —0.96 % for the ULAQ and Oslo mod-
els respectively) is underestimated when compared with
the FBC case (—=1.17 % and —1.32 %). The FBC/MBC
lifetime change ratio of 1.44 (ULAQ) and 1.38 (Oslo),
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Figure 14: Panels (a, b): Zonal and annual mean of long-term tropospheric O; mixing ratio changes (AE-NA) (ppbv), for FBC-MBC results
of ULAQ-CTM and Oslo-CTM3 respectively. Panels (c, d) are as in (a, b), but for the long-term stratospheric O; mixing ratio changes.

which are consistent with the factor 1.4 estimated in
IPCC (1999), were applied to the aviation CH4 RF cal-
culated from lifetime perturbation.

As previously discussed in Section 3, the O3 photo-
chemistry is affected by the decreasing amount of strato-
spheric H,O and this effect can only be captured in the
FBC experiment (refer to Fig. 11— 12). From Tables 3,
we can see that the stratospheric O3 column change de-
creases from 0.04 DU in MBC to —0.07 DU in FBC,
resulting in the net RF change from +1.17 mW/m? to
—0.05 mW/m? (as an average of the values calculated in
ULAQ-CTM and Oslo-CTM3). The stratospheric Oz RF
difference of —1.2mW/m? between the FBC and MBC
cases can be defined as the stratospheric O3 long-term
response to aircraft NO, emissions (via tropospheric
OH-CHy and then, stratospheric H,O-HO,-NO,). It
represents 11 % of the CH4 RF (see Table 4). The com-
bined tropospheric and stratospheric long-term O3 ef-
fects resulted in a total of approximately 51 % and 43 %
of the CH4 RF from the ULAQ and Oslo models respec-
tively.

As shown in Table 5, the calculated model-
average net contribution to RF from aircraft NO,
emissions (—5.7mW/m?) is obtained by summing up
the instantaneous short-term O3 RF (+17.3 mW/m?)
(MBC) with the five long-term responses: CHy
(-9.4mW/m?) (FBC), CO, from CH4 oxidation
(-1.6mW/m? on a 50 year time horizon) (FBC),
tropospheric O3 (3.9 mW/m?) (FBC-MBCQC), strato-
spheric H,O (~1.4mW/m?) (FBC), stratospheric O3
(~1.2mW/m?) (FBC-MBC). Alternatively, the net air-
craft NO, RF can be obtained by subtracting the long-
term CHs (-9.4 mW/m?), CO, from CH, oxidation
(—1.6 mW/m?) and stratospheric H,O (—1.4 mW/m?) re-
sponses from the FBC net O3 RF (+12.2 mW/m?2, short-
and long-term). The net gaseous RF from aviation NO,
emissions is obtained by summing up these terms with
the short-term contributions from NO, (+0.6 mW/m?),
resulting in +0.4 mW/m?. Finally, the net RF from avi-
ation NO, emissions is obtained by summing up the
ULAQ model calculated aerosol direct and indirect ef-
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Figure 15: Stratospheric and tropospheric Oz evaluation, using
observations from HALOE (Grooss and RusseLL, 2005) and
TES/Aura Level 3 ozone monthly data obtained from the NASA
Langley Research Center (http://reverb.echo.nasa.gov/reverb/). Pan-
els (a, b) show springtime polar vertical profiles from 10 to 100 hPa
at 80S (October) and 60N (March), respectively. Panels (c to e) show
annual mean latitudinal sections at pressure layers (c) 50-100 hPa,
(d) 100-200 hPa and (e) 200—400 hPa. The grey areas show +lo
of the climatological zonal mean values (averaged over the years
1991-2005 for HALOE, and 2005-2012 for TES/Aura). Units are

ppmv.
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fects (=6.1 mW/m?) to the net gaseous RF, resulting in
~5.7mW/m?.

4.3 Aecrosols

The impact of NO, emissions on secondary aerosols
(sulfates, nitrates and organics) was calculated only in
the ULAQ-CTM, with offline RFs in the ULAQ-RTM.
The RF results for these aerosol components are pre-
sented in Table 3a and do not include the contribution of
direct aerosol emissions by the aircraft (i.e., black car-
bon and SO,/SOy4). The impact is produced by the tro-
pospheric enhancement of oxidants (OH, H,O;, O3), re-
sulting in a more efficient SO, oxidation in SO, and
also by increasing the nitrate formation from NO3; +
BVOC (biogenic organics) and HNOs3 heterogeneous re-
actions on the surface of soil dust or sea salt particles
(AYREs etal., 2015).

The indirect forcing of aerosols on warm clouds was
not calculated explicitly, but scaled to direct forcing (as
recommended in FUGLESTVEDT et al., 2008 from the re-
sults of KVALEVAG and MYHRE, 2007). This is the only
physical process not explicitly resolved in our study, but
parameterized with scaling factors: on the other hand, a
proper detailed treatment of aerosol-cloud interactions
is beyond the purposes of the present study. For nitrates,
the mass fraction coated on soil dust is not considered in
the indirect forcing, due to the low dust hygroscopicity
(BAUER etal., 2007). The aerosol components from Ta-
ble 3a produced a net RF decrease of —5.7 mW/m? for
the MBC case and —6.1 mW/m? for the FBC case. An
assessment of the indirect NO,-induced aerosol change
was made in BRASSEUR et al. (2015). Differences with
respect to our calculations may arise in the treatment of
the indirect effects related to aerosol-cloud interactions
and in the feedbacks of aviation SO, and NO, emissions,
whereas we have isolated the effects of NO, emissions
in the AE simulation. Here the calculated NO, impact
on sulfate aerosols is only due to aviation NO, induced
changes in the concentration of SO, oxidants.

4.4 Spatial RF distribution

From the modeling results, the net effects of aircraft
NO, emissions (short- and long-term) is then approx-
imately zero on a global scale, with a small negative
residual from different contributions (i.e., cooling). This
is visible in Fig. 16a and 16b, where the mean zonal RF
values are shown separately for the O3 short-term “in-
stantaneous” value (MBC) and the different long-term
responses (i.e., CHy, stratospheric H,O, tropospheric
and stratospheric O3). The net forcing shows a clear pos-
itive peak at the northern mid-latitudes, where the largest
change of O3 column was produced by the aircraft emit-
ted NO,. As a result of the long CH4 lifetime, the nega-
tive long-term responses of CHy4, H,O and O3 are spread
globally in a quasi-uniform way and this produced an av-
erage cooling effect of approximately —10 mW/m? over
the tropics and in the Southern Hemisphere.
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Table 3a: Summary of ULAQ-CTM NO,-related RF terms (global averages): Oz, CHy, stratospheric H,O, NO,, NO3~,SO,~ and net from
NO, emissions (i.e., AE-NA). The six columns show, respectively: species, type of experiment, species global changes, shortwave RF,
adjusted longwave RF, net RF. All RFs are calculated at the tropopause in total sky conditions with stratospheric temperature adjustment
and with the ULAQ radiative transfer module (see text for details). The short-term Os perturbation is obtained from the MBC model run;
trop-strat long-term O; perturbations are obtained as difference between FBC and MBC model runs. Global changes of gas species are
shown in terms of delta-column in Dobson Units (DU), except for CHy: here the average tropospheric mixing ratio change is reported
(ppbv), along with the lifetime perturbation (%). Global changes of the aerosol components (NO3~, SO4~ and SOA) are shown in terms of
the optical depth (AOD) at A = 0.55 um. The indirect forcing of aerosols on warm clouds is parameterized using scaling factors with respect
to direct forcing, as recommended in FUGLESTVEDT et al. (2008). For nitrate, the mass fraction coated on soil dust is not considered in the
indirect forcing, due to the low dust hygroscopicity (BAUER etal., 2007).

Species EXP Global changes RF-SW RF-LWadj RF-NET
[DU] for gases [mW/m?] [mW/m?] [mW/m?]
AQOD for aerosols
0; Total FBC 0.26 3.79 6.37 10.16
MBC 0.46 4.02 11.15 15.17
O3 troposphere FBC 0.32 3.23 6.80 10.03
MBC 0.43 4.16 9.78 13.94
Oj; stratosphere FBC -0.06 0.56 -0.43 0.13
MBC 0.03 -0.14 1.37 1.23
O; short-term MBC 0.46 4.02 11.15 15.17
O3 long-term trop FBC-MBC -0.11 -0.93 -2.98 -391
O; long-term strat FBC-MBC -0.09 0.70 -1.80 -1.10
CH, FBC —18.7 ppbv 0.0 -8.38 -8.38
—1.17 % [lifetime] 0.0 -7.50 —17.50 [lifetime]
MBC —0.27 ppbv [trop] - - -
—0.81 % [lifetime] 0.0 -7.50 —17.50 [lifetime]
CO; from CHy4 oxidation FBC —1.9 ppbv/yr - -1.34 -1.34
[50 year time horizon]
MBC —0.03 ppbv/yr - -0.02 -0.02
H,O stratosphere FBC -0.57 0.15 -1.49 -1.34
MBC -0.01 0.00 -0.01 -0.01
NO, FBC 3.7x 1074 0.28 0.43 0.71
MBC 3.6 x 1074 0.27 0.41 0.68
NO;~ FBC 6.2x 1073 —1.98 0.26 -1.72
MBC 52x 1073 —1.60 0.25 -1.35
SO,=aerosols from increase FBC 25%x107* —-4.29 1.22 -3.07
of oxidants (OH, H202, 03)
MBC 2.6x107* -4.49 1.31 -3.18
SOA from increase of FBC 1.0x 1073 -0.22 0.02 -0.20
oxidants (NO3, OH, O3)
MBC 0.8 x 107 -0.18 0.01 -0.17
Aerosol indirect effect on FBC -1.07 - -1.07
warm clouds
MBC -0.96 - -0.96
NET from NO, FBC -3.34 -291 -6.25
MBC -2.94 5.60 2.66

The geographical distribution of the long-term con-
tributions discussed above (CHgy, stratospheric H,O,
03), are presented in Fig. 17. The net NO,-related RF
was dominated by the O3 short-term peak at the north-
ern hemisphere (see Fig. 16) and by the CH4 cooling
over the tropics and the southern hemisphere. Peak val-
ues of the CH4 RF are located in the tropical region

where there is the largest temperature difference of the
surface and cloud layers with respect to the tropopause.
Fig. 17 shows that the stratospheric long-term response
of H,O and O3 is a cooling with maxima of approxi-
mately —2mW/m? in the extra-tropics. The latitudinal
gradient of the H,O RF is consistent with the mixing
ratio changes presented in Fig. 9. This is caused by
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Table 3b: As in Table 3a, but for Oslo-CTM3 calculations, using the ULAQ-RTM for RFs. The direct and indirect contributions of NO;~,
S04~ and SOA are calculated in ULAQ-CTM (see Table 3a).

Species EXP Global changes [DU] RF-SW RF-LWadj RF-NET
[mW/m?] [mW/m?] [mW/m?]
O; total FBC 0.36 4.41 9.72 14.13
MBC 0.61 4.25 15.16 19.41
O; troposphere FBC 0.45 3.69 10.67 14.36
MBC 0.56 4.66 13.63 18.29
O; stratosphere FBC -0.09 0.72 -0.95 -0.23
MBC 0.05 -0.41 1.53 1.12
O; short-term MBC 0.61 4.25 15.16 19.41
O3 long-term trop FBC-MBC -0.11 -0.97 -2.97 -3.94
O; long-term strat FBC-MBC -0.14 1.13 -2.47 -1.34
CH, FBC —23.7 ppbv [trop] 0.0 -10.35 -10.35
—1.32 % [lifetime] 0.0 -8.57 -8.57
MBC —0.13 ppbv [trop] - - -
—0.96 % [lifetime] 0.0 -8.57 —8.57 [lifetime]
CO; from CH, oxidation FBC —2.6 ppbv/yr - -1.86 -1.86
[50 year time horizon]
MBC —0.02 ppbv/yr - -0.01 -0.01
H,O stratosphere FBC -0.71 0.17 -1.62 -1.45
MBC 0.01 0.00 -0.02 -0.02
NO, FBC 4.1x10™ 0.30 0.13 0.43
MBC 4.1x10™ 0.29 0.14 0.43
Net aerosol [ULAQ model] FBC -7.57 1.50 -6.07
MBC -7.23 1.57 -5.66
NET from NO, FBC -2.69 -2.48 -5.17
MBC -2.69 8.27 5.58

Table 4: Summary of NO,-related long-term RF components relative to CHy4 (including also the CO; contribution from CH,4 oxidation on a
50 year time horizon), from ULAQ-CTM and Oslo-CTM3 and comparison with IPCC estimates.

Species Model Global changes RF-NET RF/RF-CHy4 [%] RF/RF-CHy4 [%]
H,0, O; [DU] CH,4 [Tg] [mW/m?] (IPCC, 2013)
CO; [ppbv/yr]

CH, ULAQ -52 —8.38 - -
CTM3 -66 -10.35 - -

CO, from CH, oxidation ULAQ -19 -1.34 13.8 -

[50 year time horizon]
CTM3 -2.6 -1.86 15.2 -

H,O stratosphere ULAQ -0.57 -1.34 13.8 15+ 10
CTM3 -0.71 -1.45 11.9

O3 troposphere ULAQ -0.11 -3.91 40.0 50 +27
CTM3 -0.11 -3.94 32.3

O; stratosphere ULAQ -0.08 -1.10 11.3 -
CTM3 -0.14 -1.34 11.0 -

O; total ULAQ -0.20 -5.01 51.5 50 +£27

CTM3 -0.27 -5.27 432
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Table 5: Summary of RF contributions from aviation NO, emissions (first two columns) as an average of ULAQ and Oslo model results.
Contributions from direct and indirect effects of aerosols are calculated only in the ULAQ model. The last two columns summarize the
indirect effects of SO, aircraft emissions on NO, chemistry, via heterogeneous chemistry on SO,~ aerosol SAD. The uncertainty interval

indicates the spread of values between the two models.

Species [NO, emission] RF Species RF

[mW/m?] [indirect effect of SO4~ emissions on NO, chemistry, [mW/m?]
via heterogeneous chemistry on aerosol SAD]

O; short-term total +17.3 £2.1 O3 short-term total —-0.80+0.05

O3 long-term troposphere -3.92+0.01 O3 long-term troposphere +0.40+0.05

O3 long-term stratosphere -1.2+0.1 O3 long-term stratosphere +0.05+0.01

CH, long-term -94+1.0 CH, long-term +0.5+0.1

CO, from CH, oxidation -1.6+0.3 CO; from CH,4 oxidation [50 year time horizon] +0.10+0.01

[50 year time horizon]

H,O long-term stratosphere -1.4+0.1 H,O long-term stratosphere +0.08 £0.02

NO, total +0.6 £ 0.1 NO, total -0.05+0.01

NO;™ aerosols -1.7 NO;™ aerosols from increase of HNOzgirect + indirect -1.0

SO4~ aerosols and SOA -3.3 SO,4~ aerosols and SOA from decrease of oxidants +0.2

from increase of oxidants (OH, H,0,, 03, NO3)

(OH, H,0:, 03, NO3) [direct + indirect]

Indirect effect of aerosols -1.1 NET from the indirect effect of SO, emissions on NO, -0.5+0.1

on warm clouds chemistry

NET from NO, emission -57+0.6 NET from NO, emissions and the indirect effect of SO,~ -6.2+0.7

emissions on NO,, chemistry

a combination of stratospheric transport and CH4 oxi-
dation into water vapor. The tropical minimum in the
stratospheric O3 long-term RF in Fig. 17 is consistent
with the mixing ratio changes presented in Fig. 14. Be-
low 25 km altitude the negative O3 changes are larger in
the extra-tropics, whereas the opposite is found above
30km, where the UV radiative impact tends to domi-
nate, producing a positive RF (also see Fig. 13). This
positive forcing partially mitigates the negative RF in
the region where O3 acts primarily as a greenhouse gas,
i.e., below ~ 25km, where the largest stratospheric O3
changes are found in the extra-tropics.

4.5 Aviation sulfate aerosols impact on NO,
chemistry

The tropospheric NO, budget may be affected not only
by direct aircraft emissions of NO,, but also indirectly
by aviation emissions of ultrafine sulfuric acid aerosols.
The latter may significantly increase the available sur-
face area density (SAD) for heterogeneous chemical re-
actions relevant for the NO,-HNO3 balance (WEISEN-
STEIN etal., 1998; DANILIN etal., 1998; PITARI etal.,
2002a). Approximately 5 % of total emitted sulfur in air-
craft plumes is ultrafine sulfuric acid particles (CURTIUS
etal., 1998; KARCHER and MEILINGER, 1998). These
particles have the ability to greatly increase the sulfate
aerosol SAD in the upper troposphere and lower strato-
sphere, thus mitigating the direct NO, increase due to
aircraft emissions, mainly via the hydrolysis of N,Os

and BrONO,. Less NO, increase results in less OH en-
hancement. This, in turn, means that there is less O3 in-
crease in the troposphere, leading to less CHy decrease
(see Table 5). This also implies that the long-term strato-
spheric effects are slightly mitigated, i.e., less H,O de-
crease and less NO, enhancement in the stratosphere and
therefore, less stratospheric Oz decrease when compared
with the results presented in Table 3, where the sulfate
aerosol SAD was kept unchanged by the aircraft emis-
sions.

Nitrate aerosols tend to be more abundant for a more
efficient NO, conversion into HNO3 on the enhanced
sulfate SAD. However, the mass density and optical
depth of sulfate and organic aerosols will be lowered if
there is a decreased amount of oxidants (OH, H,O,, O3,
NO3), which is due to the enhanced NO, loss (see Ta-
ble 5). According to the models, in this aerosol-sensitive
case the net contribution to RF from aircraft NO, emis-
sions resulted in —6.2 mW/m?2, with an additional con-
tribution of —0.5 mW/m? due to the effects of heteroge-
neous chemistry of NO, on aviation sulfate SAD.

5 Conclusions

Two independent chemistry-transport models with tropo-
sphere-stratosphere coupling have been used to quantify
the different radiative forcing components from NO, air-
craft emissions, by taking into account both the short-
term tropospheric O3 response and the long-term re-
sponses due to OH-driven changes of tropospheric CHy4
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Figure 16: Annually and zonally averaged tropopause RF values due
to aircraft NO, emissions (AE-NA) shown by species in mW/m? for
(a) ULAQ-CTM and (b) Oslo-CTM3 results. RF calculated with the
ULAQ radiative transfer model, includes stratospheric temperature
adjustment and total sky conditions. Short-, long-term effects (MBC
and FBC-MBC, respectively) are presented separately for the O; RF.
The net RF in panel (b) for the Oslo-CTM3 includes the aerosol con-
tribution calculated by the ULAQ-CTM. The CH,4 curves includes
also the RF due to CO, from CH,4 oxidation, on a 50 year time hori-
Zon.

and then, in tropospheric HO, chemistry and strato-
spheric H,O, and finally on stratospheric O3. A broad-
band radiative transfer model has been applied offline,
to calculate the tropopause adjusted RF from the per-
turbed greenhouse gases (i.e., O3, CHy and H,0O), as
well as from NO, absorption of UV-A, indirect SOy
and SOA increase due to the tropospheric enhancement
of oxidants (OH, H,0O,, O3, NOj3) and additional NO3
aerosol formation from NO, and HNOj. Background
chemistry results, where possible, are compared with
measurements data and in general, the models are con-
sistent with observations in their range of variability.
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In the first case, the established experimental method
of using a fixed mixing ratio boundary condition (MBC)
was used. The model-average short-term Oz and CHy
RFs was 17.3 (24 mW/mz/Tg—N) and —8.0 mW/m?
(=11 mW/m?/Tg-N) respectively. These are within the
range of HOLMES etal. (2011), MYHRE etal. (2011) and
BRASSEUR et al. (2015), which took into account inter-
model differences. For completeness, simplified para-
metric formulations for long-term O3 and stratospheric
H,O (S@gvpE etal., 2014; PrTarr etal.,, 2015) were
also included to derive respective RFs of —4.0 mW/m?
(=5.6mW/m?/Tg-N) and —1.2mW/m? (-1.7mW/m?/
Tg-N). The long-term Oz value is also consistent
with the range of values published in HOLMES etal.
(2011) and MyHRE etal. (2011) and for both per-
turbations in KHODAYARI etal. (2015). In the second
case, a more computationally expensive experimental
method that used a surface flux boundary condition
(FBC) was conducted. Here, we were able to explic-
itly calculate the long-term effects from aviation NO,
emissions, without using simplified formulations. We
found that the FBC experiment produced a CHy4 RF of
-9.4mW/m? (-=13 mW/m?/Tg-N) that is ~ 17 % larger
in absolute magnitude than the MBC estimate, while
the long-term changes in O3 and stratospheric H,O
were ~ 29 % (=5.1 mW/m? or —7.2 mW/mZ/Tg—N) and
~ 16% (=1.4mW/m? or —2.0 mW/m?/Tg-N) larger in
absolute magnitude respectively. The negative RF es-
timates are larger in terms of magnitude, and this is
due to the compounding effects of the larger CHy4 life-
time changes (in absolute terms) and the correspond-
ing radiative transfer calculations. In terms of the CHy
lifetime estimates, the feedback factor of 1.4 largely
compensated the differences in the simplified MBC for-
mulation. However, using the actual CH4 mixing ratio
change in the radiative transfer calculation increases the
absolute value of CH4 RF estimate by ~ 17 %. This
is consistent with the findings of MYHRE etal. (1998).
In addition, the radiative balance is also affected by
the decreasing amount of CO; produced at the end of
the CH4 oxidation chain: an average CO, accumula-
tion change of —2.2 ppbv/yr is calculated with the mod-
els on a 50 year time horizon, with a corresponding
RF=-1.6 mW/m?. The FBC experiment also allows the
long-term O3 changes to be split between the tropo-
spheric and stratospheric components, with the tropo-
spheric effect contributing ~ 75 % of the long-term O3
RF (-3.9mW/m?).

The comparison between the FBC and MBC results
in this study highlight that firstly, the long-term aviation
NO, impacts that have been reported in previous stud-
ies such as HoOLMEs etal. (2011), MYHRE etal. (2011),
S@VvDE et al. (2014), BRASSEUR et al. (2015), are likely to
be underestimated. Secondly, it is important to recognize
that the underestimation of CH4 RF, in absolute terms,
will have a subsequent effect on the long-term O3z and
stratospheric water vapor estimate, which are derived
from CHy RF in the simplified formulation. The under-
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(b) H 2O strat

Figure 17: Annually averaged and temperature adjusted tropopause 2D RF values (mW/m?) due to aircraft NO, emissions (AE-NA) for
(a) CHy (b) stratospheric H,O (c) long-term tropospheric O3 (FBC-MBC) and (d) long-term stratospheric O3 (FBC-MBC). The CH4 RF
includes also the CO, contribution from CH,4 oxidation, on a 50 year time horizon.

estimation found in the study was ~ 17 %. Combining
the short-term O3 and long-term effects from CHy, this
study shows a RF decrease of more than 90 % in the
magnitude of that calculated using simplified formula-
tions. However, it should be noted that there is a trade-
off in terms of computing time between the parameter-
izations (MBC) and using the explicit FBC method to
calculate the long-term aviation NO, effects. This study
provides a revised estimate on the potential uncertainty
that may arise when the MBC experiment is used in a
CTM to simulate aviation NO, effects.

Other contributions to net NO, RF that have not been
included in previous studies are those due to NO, ab-
sorption of UV-A (+0.6 mW/m?) and aerosol pertur-
bations; the latter were calculated only in the ULAQ
model (—6.1 mW/m?). In absolute terms, the resulting
net RF related to aircraft NO, emissions is calculated
to be a small negative residual (5.7 mW/m?), with
—6.2mW/m? and —5.1 mW/m? in ULAQ and Oslo mod-
els respectively. This net negative RF residual is calcu-
lated to increase up to —6.2 mW/m? when the effects on
NO, chemistry due to the enhancement of the sulfate
aerosol SAD produced by aviation emissions of SO, and
SOy are also included.

Another multi model inter-comparison study of the
aviation emissions impact on atmospheric ozone and
methane (OLSEN etal., 2013) did not show a model

agreement comparable to ours. The main reason for this
is that the seven models presented by OLSEN et al. (2013)
used a very different representation of chemistry and
physics among them. Only three of these models were
3D offline models (i.e., CTMs as our case), with the oth-
ers being fully coupled climate chemistry models or a
2D earth system model. The three CTMs, however, did
show a rather compact response to the aviation emis-
sions, as in our study.

The results presented in this paper are important to
the aviation community by providing a more robust and
complete estimate of the likely effects from aircraft NO,
emissions, which accounts for the short- and long-term
gaseous and aerosol impacts, with explicit CTM and
RTM calculations. This study suggests that the net over-
all NO,-related RF is smaller than previous estimates,
and if we include the NO,-aerosol effects as well, then
the net RF is negative. Previous focus on the positive
short-term O3 effects should be extended to include not
only the long-term contributions related to CH4 but also,
the indirect aerosols due to NO,-chemistry. This has the
wider implication that it may be the case that except
for CO, and contrail/contrail-cirrus, which are known to
produce significant globally-averaged warming effects,
the other aircraft RFs may produce a very small warm-
ing or even a cooling effect. However, further work is
necessary to account for possible CTM and RTM model
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differences using a FBC setup and the effects of aerosols
on NO, chemistry. This is because an accurate quantita-
tive measure of the net RF related to aviation NO, is dif-
ficult for several reasons, as the uncertainties in lightning
NO,, HO,-NO, chemical kinetics, non-linearity among
different NO, sources, perturbation versus tagging ap-
proach, steady state versus transient emissions approach,
treatment of future NO, emissions, uncertainties in the
treatment of complex aerosol-cloud interactions. So we
conclude that a safe overall conclusion of the present
study is that the net RF due to aviation NO, emissions,
considering both short- and long-term effects, might be
very small and possibly also on the negative side.
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