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Abstract
Aviation emissions are responsible for an estimated 24,000 prematuremortalities annually and 3.5%
of anthropogenic radiative forcing (RF). Emissions of nitrogen and sulfur oxides (NOx and SOx)
contribute to these impacts. However, the relative contributions andmechanisms linking these
emissions to formation and impacts of secondary aerosols (as opposed to direct aerosol emissions)
have not been quantified, including how short-lived aerosol precursors at altitude can increase
surface-level aerosol concentrations.We apply global chemistry transportmodeling to identify and
quantify the different chemical pathways to aerosol formation from aviation emissions, including the
resulting impact on radiative forcing.We estimate a net aerosol radiative forcing of –8.3mWm−2, of
which –0.67 and –7.8mWm−2 result fromnitrate and sulfate aerosols respectively.We find that
aviationNOx causes –1.7mWm−2 through nitrate aerosol forcing but also –1.6mWm−2 of sulfate
aerosol forcing by promoting oxidation of SO2 to sulfate aerosol. This accounts for 21%of the total
sulfate forcing, and oxidation of SO2 due to aviationNOx is responsible for 47%of the net aviation
NOx attributable RF. AviationNOx emissions in turn account for 41%of net aviation-aerosol-
attributable RF (non-contrail). This is due to ozone-mediated oxidation of background sulfur and the
‘nitrate bounce-back’ effect, which reduces the net impact of sulfur emissions. The ozone-mediated
mechanism also explains the ability of cruise aviation emissions to significantly affect surface aerosol
concentrations.Wefind that aviationNOx emissions cause 72%of aviation-attributable, near-surface
aerosol loading bymass, compared to 27% from aviation SOx emissions and less than 0.1% from
direct emission of black carbon.We conclude that aviationNOx and SOx emissions are the dominant
cause of aviation-attributable secondary inorganic aerosol radiative forcing, and that conversion of
background aerosol precursors at all altitudes is amplified by enhanced production of aviation
attributable oxidants at cruise altitudes.

1. Introduction

Aviation emissions have an impact on both climate [1] and surface air quality [2, 3]. It is estimated that
commercial aviation is responsible for∼3.5% (80.4mWm−2) of all anthropogenic effective radiative forcing
(RF) [4], and∼24,000 prematuremortalities each year [5] due to degraded air quality. Themost important RF
components from a climate perspective have been identified to be due to carbon dioxide (CO2), oxides of
nitrogen (NOx), water vapor (H2O), aerosol (soot, sulfates, nitrates), and condensation trails (contrails) [6].

The time scales associatedwith the different components of aviation attributable radiative forcing range
from several hours (contrails) to hundreds of years (CO2). CO2 and contrails are a consequence of burning
hydrocarbon fuels which results in the direct emission of CO2 aswell as the emission of soot andwater vapor.
Technological limitations of alternative energy carriers (such as the low specific energy of electric batteries
relative to jet fuel) for aviationmake it likely that commercial aviationwill continue to bemostly fueled by liquid
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hydrocarbons for the next few decades. Given the∼4%annual rate of growth of the aviation industry [7] and the
∼3% increase in aviationCO2 emissions annually [8] themitigation strategies for reducing aviationCO2 related
radiative forcing in the near term are thereforemostly limited to use of sustainable aviation fuels, improving
aircraft and engine efficiency, increasing operational efficiency and offsets. Aviation emissions ofNOx and SOx,
howevermay be amenable to reduction through othermeans—low sulfur fuel, combustor designmodifications
or the use of post-combustion emissions control technology [5] and therefore present amore immediate need to
be characterized and quantified so thatmitigation strategies can be appropriately formulated and analyzed.

AviationNOx and SOx have an indirect impact on the atmosphere through the formation of ozone and
function as precursors for secondary inorganic aerosol. The relative contribution andmechanisms of secondary
aerosols formation are poorly understood, including how short-lived precursor species such asNOx alter surface
aerosol loading. An improved quantitative understanding of the pathways alongwith the interaction of aviation
and non-aviation emissions is needed to develop relevant policies for reducing aviation’s impact on the
environment. Although reduction of aviation emissions ofNOx and SOx are also important from an air quality
perspective, the radiative forcing resulting fromaviationNOx and SOx emissionswill be the focus of this paper as
outlined in sections 1.1 and 1.2 below.

1.1. AviationNOx attributable climate impacts
AviationNOx emissions are understood to have twomechanisms bywhich they directly perturb the climate [4].
Thefirst is through ozone formation. Upper troposphericNOx emissions result in ozone production (short
term, positive RF). This then results in troposphericmethane depletion (long term, negative RF), which in turn
reduces tropospheric ozone production (long term, negative RF) and reduces a source of stratospheric water
vapor (long term, negative RF). The secondmechanism is through the local formation of nitrate aerosols, which
can scatter incoming solar radiation and provide a short-term, negative RF [4, 6, 9, 10].

The ozone resulting fromhigh altitudeNOx emissions [11] can promote the oxidation of aerosol precursors,
including non-aviationNOx and SOxwhich can lead to the formation of secondary inorganic aerosols. These
additional climate perturbation pathways through reactions with background species have not been quantified
in the literature relative to themore direct nitrate pathway. The low solubility of ozone compared to the higher
solubility of aerosol precursors such asHNO3 (whichmight formdirectly fromNOx emissions) results in the
formation of secondary inorganic aerosol over inter-hemispherical length scales. The existence of this
mechanism also implies that cruise-altitude aviationNOx emissions can cause changes in near-surface
particulatematter.

While the role of aviationNOx emissions in ozone production has been documented in the literature
[3, 9, 10], the pathways throughwhich this aviation-attributable ozone affects the formation of secondary
inorganic aerosols have not been characterized or quantified.

Since themajority (∼92%) of aviation fuel burn and emissions occur during cruise and∼56%of the total
fuel burn occurs [12] at altitudes between 10–12 km, the impacts of non-CO2 emissions from aviation are
unique relative to other anthropogenic combustion emissions. Dahlmann et al [13] showed that aviationNOx

emissions have about twice the ozone production efficiency relative to road transport primarily due to the
altitude of emissions. This higher ozone production efficiency [11, 13] of aviationNOx coupledwith the 4%
annual growth rate [7] of the industry implies a need to further understand the pathways and impact of aviation
NOx attributable RF. Furthermore, recent work by Skowron et al [14] has shown that a reduction in background
emissionmight reduce the net radiative impact of aviationNOx emissions, butmay also increase the short term
ozone response. This further emphasizes the need to understand the aerosol formation pathways that are
promoted by the short termproduction of ozone by aviationNOx.

1.2. Aviation SOx attributable climate impacts
Aviation SOx emissions affect the climate through the direct formation of sulfate aerosol which scatter incoming
solar radiation and result in a short-term, negative RF [4, 6]. Lee et al [4] reported a sulfate aerosol cooling of
-7.4mWm−2 due to aviation emissions in 2018, while the Federal AviationAdministration’s (FAA)Aviation
Climate Change Research Initiative (ACCRI) [15] reported a RF range of-3 to-7 mWm−2 in 2006. The sulfate
related RF in these reports have however been limited to the direct RF due to sulfate aerosol.

Sulfate aerosols in theUTLS also have an effect on tropospheric and stratospheric ozone concentration.
Solomon et al [16] showed that aerosol from volcanic eruptions can lead to ozone depletion in the atmosphere
by the conversion ofNOx to reservoir species, in turn enhancing halogen catalyzed ozone destruction.Work
done in the area of solar radiationmanagement through sulfate injection in the stratosphere arrived at similar
conclusions regarding the effect of stratospheric sulfate injection on the tropospheric ozone concentration
[17–20].
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Furthermore, sulfate and nitrate aerosol formation are coupled by the dynamics of the nitrate-sulfate-
ammonium system [21]. Aviation SOx emissions increase competition for available ammonia due to the
preferential reaction [21] of ammoniawith SOx to form ammonium sulfate, which can displace nitrate aerosol.

As outlined in sections 1.1 and 1.2 above, aviation emissions ofNOx and SOx havemultiple pathways
throughwhich they perturb the climate and this work is the first to separate out and quantify the impact that
each of these pathways have on the concentrations and corresponding RF of the resulting ozone and secondary
inorganic aerosols. Thesefindings will be relevant from a policy perspective as theywill provide scientific
understanding of how aviationNOx and SOx emissions affect aerosol and ozone related RF.

2.Methods

This section outlines the computationalmethods used to evaluate the impact that aviationNOx and SOx have on
secondary inorganic aerosol and ozone. The changes in radiative forcing and atmospheric composition are
calculated using the global chemistry-transportmodel GEOS-Chem. The pathways and impacts are attributed
to aviation emissions by performingmultiple simulations and calculating differences in atmospheric
composition andRF.

2.1. Chemistry-transportmodeling
Weuse theGEOS-Chemglobal atmospheric chemistry-transportmodel (version 12.0.2) [22, 23] to calculate
chemistry and transport of chemical species in the atmosphere.We use the standardmechanism, including
unified tropospheric and stratospheric chemistry and physics [24].Meteorological data is taken from theNASA
GlobalModeling andAssimilationOffice’sModern Era Retrospective analysis for Research andApplications v2
(MERRA-2) [25].We perform all simulations on a 4°×5° (latitude by longitude) global grid, with 72 vertical
layers from sea-level to a pressure of 1 Pa.One-year simulations are run for all scenarios considered (with a one-
yearmodel spin up period). Table 1 summarizes the emissions inventories used in this work. Previous studies
have compared observations of cruise-altitude conditions, in particular ozone concentrations, against GEOS-
Chem simulations and found reasonable agreement [26, 27]. A comparison of cruise altitude ozone fromGEOS-
Chemversion 12.0.2 against aircraft observational data is provided in the supplementary information (SI,
available online at stacks.iop.org/ERC/4/021002/mmedia) and shows thatGEOS-Chem agrees well with
observed ozone at cruise altitude butmay underestimate ozonemixing ratios at high northern latitudes. Since
the pathways identified in this work (see section 3) aremediated by atmospheric oxidants such as ozone andOH,
an underestimate in the ozonemixing ratios at high northern latitudesmay result in an underestimate of the RF
due to sulfates and nitrates. Furthermore, as seen in Figures S1 and S3 (available online at stacks.iop.org/ERC/
4/021002/mmedia) simulated ozonemassmixing ratios at high northern latitudes exhibit lower variability and
a low bias compared to aircraft campaign data from IAGOS. The implications for radiative forcing due to aircraft
emissions is unclear and depends on the source of this bias. If the bias is due to an underestimate of local ozone

Table 1.Emissions inventories used inGEOS-Chem simulations, relevant species, and the year towhich the inventory corresponds. GEOS-
Chemuses the latest available data year for years outside the inventory’s available years. *Emissions calculated online usingmeteorological
data for that year; however, they also use amix of other historical data. **Emissions are a climatology and reflectmultiple years of
observations.

Region Inventory Year Species

Global EDGARv4 [28] 2010 NOx, SOx, SO4, CO,NH3

Global BOND [29] 2000 BC.OC

Global RETRO [30] 2000 NMVOCs, except C2H6 andC3H8

Global SHIP [31] andParaNOx [32] 2013 NOx, SO4, CO,O3,HNO3

Global C2H6_2010 [33] 2010 C2H6

Global POET [34] 2000 C2H5OH

Global VOLCANO 2009 SO2

Global Lightning [35] 2015* NO

Global Soil NOx [36] 2015* NO

Global BROMOCARB [37] ** CHBr3, CH2Br2
Global IODOCARB [38] ** CH3I, CH2I2, CH2ICl, CH2IBr

Global MEGAN [39] 2015* BiogenicNMVOCs

Asia MIX [40] 2010 NOx, SO2, CO, BC,OC,NMVOCs,NH3

US NEI2011 [41] (scaled to 2013) 2013 NOx, SO2, CO, BC,OC,NMVOCs,NH3

Canada APEI [42] 2014 NOx, SO2, CO, BC,OC,NMVOCs,NH3

Mexico BRAVO [43] 1999 NOx, SO2, CO

Europe EMEP [44] 2012 NOx, SO2, CO
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production, aviation-induced radiative forcingmay also be underestimated. However, Hu et al [27] suggest that
this low biasmay instead be due to insufficient simulated troposphere-stratosphere air exchange.

Baseline aviation emissions used are from theAviation Environmental Design Tool [12] (AEDT) for the year
2015 as shown in table 2. The total annual fuel burn in this inventory is 240 Tg (cf. 188 Tg in 2006). The landing
and take-off cycle (altitudes below 3000 ft) accounts for approximately 8%of the total annual aviation fuel burn,
and∼56%of the fuel is burned between 10 and 12 km. A fuel sulfur content of 600 ppmbymass and a direct
sulfate conversion efficiency of 0.02 (with the rest emitted as SO2) are assumed. A black carbon (BC) emission
index of 40mg kg−1 is assumed as calculated by the SCOPE11method outlined in reference [45]. Sensitivity of
BC related RF to the emissions index of BC is estimated to be 19mWm−2/g-BC/kg-fuel as shown in the
supplementarymaterial.

2.2. Radiative forcing calculations
Radiative forcing (RF) calculations are carried out by theRapid Radiative TransferModel (Global) (RRTMG)
[46]module inGEOS-Chem. RRTMG is called byGEOS-Chem in 3 h intervals and calculates the longwave and
shortwave instantaneous radiativefluxes. The RRTMGmodule also calculates the radiative fluxes associated
with specific species (ozone,methane, sulfates, nitrates, ammonium, black carbon, organic carbon, sea salt, dust,
total particulatematter).We do not quantify the effects ofmethane feedbackwhichmay affect the aerosol RF. All
RF are calculated based on theflux at the tropopause, as outlined by the Intergovernmental Panel onClimate
Change (IPCC) and theNational ResearchCouncil [47, 48]. All RFs are instantaneous, without stratospheric
adjustments.

2.3. Identifying impact pathways
The impact of aviation emissions on the global atmospheric composition andRF is estimated by calculating the
difference in atmospheric composition andRF between twomodel simulations, onewith aviation emissions
(called the baseline aviation scenario) and onewithout aviation emissions (called the background scenario).
Table 3 shows the various scenarioswe simulate. A similarmethod is applied to isolate the impact of aviation
NOx emissions on secondary inorganic aerosols and ozone. The difference between the baseline aviation
scenario and the ‘no aviationNOx emissions’ scenario (noNOx in table 3) provides an estimate of the impact that
aviationNOx emissions have on the global RF and atmospheric composition. Similarly, the impact of aviation
SOx and the combined effect of aviationNOx and SOx is determined by performing additional simulations and
calculating the change in quantities of interest from the baseline aviation scenario: (Baseline–noSOx) and
(Baseline–noNOxSOx) respectively.

3. Results and discussion

As described in section 1, aviationNOx and SOx emissions havemultiple pathways throughwhich they perturb
the climate.Wefind that aviation emissions are responsible for 34%ofNorthernHemispheric, cruise-level

Table 2.Aviation emissions from theAviation
Environmental DesignTool (AEDT) for the
year 2015.

Quantities in Tg/yr

Fuel Burn 240

NOx emissions (TgNO2) 3.60

SOx emissions (Tg S) 0.144

Table 3.Aviation emissions scenarios used to
calculate the impact of specific aviation emissions
by species. The columns indicate whether the
particular species is emitted by aviation.

Aviation emissions: NOx SOx BC

Baseline aviation Yes Yes Yes

Background No No No

noNOx No Yes Yes

noSOx Yes No Yes

noBC Yes Yes No

noNOxSOx No No Yes
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(10–12 km)NOxmixing ratios on an annual average basis (i.e. zonallymassweighted average ofNOxmixing
ratios across theNorthernHemisphere at the typical cruise altitudes). This increases to 49%at cruise altitudes
during theNorthernHemisphere winter and 31%during theNorthernHemisphere summer. Further details on
the contribution of aviation emissions to theNOx budget can be found in the supplementarymaterial of
reference [5].

Aviation-attributable SOx accounts for∼5.0%of the total annual average atmospheric SOxmixing ratios at
cruise altitudes. The contribution of aviation emissions to SOxmixing ratios increases to 17% atNorthern
Hemisphere cruise altitudes during theNorthernHemisphere winter and∼1.8%duringNorthernHemisphere
summer.

3.1. Aviation-attributable radiative forcing
The global annual average aviation-attributable RF from various aerosol species in 2015 is shown infigure 1.We
find that the aviation-attributable RF fromozone is∼51 mWm−2, the RF due to aerosol is-8.3 mWm−2. As
shown infigure 1 aviationNOx and SOx emissions are together responsible for-8.8mWm−2 of aviation-
attributable aerosol RF, while BC emissions from aviation result in anRF of 0.74 mWm−2 (the sumof the
fractional RF components fromNOx, SOx andBCdoes not equal 1 due to non-linear interactions). The RF
reported in this work is within the range reported by prior work [4, 6, 15]. Recent work byGrewe et al [49]

Figure 1.Aviation-attributable radiative forcing (inmW/m2) due to aerosol species (total aerosol and its components—sulfates,
nitrates, ammonium, black carbon). Total tropospheric aerosol includes the RF due to other aerosols such as organic and black
carbon.

Figure 2.AviationNOx attributable RF due to secondary inorganic aerosol, broken down by the aerosol formation pathways. The light
blue bars show indicate the absolute contribution ofNOx attributable sulfate formation through the oxidation of aviation and non-
aviation SOx. All values shown are inmWm−2.
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suggests that perturbationmethods, as used in this study,may underestimate the impact ofNOx emissions on
ozone concentrations, resulting in the ozoneRF also being underestimated by a factor of 1.6.While the focus of
this paper is on the aerosol attributable RF impacts from aviation, almost all of the pathways to aerosol
formationwe explore aremediated by ozone andmay therefore also be underestimated. Further comparison of
the RF reported in this work to prior estimates in the literature are provided in the supplementary information.
Table 4 also shows that aviation ozone related RF is dominated by aviationNOx emissions (∼51mWm−2). The
sulfate, nitrate and ammonium aerosols have contributions from aviationNOx and SOx as discussed in the
following sections. Table 5 shows that aviation SOx emissions have the largestmagnitude of both nitrate and
sulfate RF impact per unitmass of emissions (0.33Wm−2 and−1.8Wm−2 per Tg S emitted), while aviation
emissions of BC are responsible for∼100mWm−2 of BC relatedwarming per Tg of BC emitted. The remainder
of this paper will focus on the radiative impacts fromozone and the nitrate-sulfate-ammonium system.

3.2. AviationNOx attributable impacts
Weestimate that aviationNOx emissions result in an ozone relatedwarming of 51mWm−2 and an aerosol
related cooling of−3.4mWm−2. AviationNOx is also responsible for∼72%of aviation attributable near surface
aerosol loading. The impact of aviationNOx emissions on the production of ozone is well documented in the
literature [2, 3] from an air quality perspective andwill not be addressed further in this paper. There are several
pathways throughwhich aviation emissions ofNOx results in the formation of secondary inorganic aerosol. As
shown infigure 2 the two dominant pathways are the formation of nitrate (−1.7mWm−2) and sulfate aerosol
(−1.6mWm−2) fromoxidation of both aviation andnon-aviationNOx and SOx. The latter is discussed in detail
in section 3.2.3 below.

Table 4.Aviation-attributable radiative forcing (inmW/m2) due to ozone and aerosol species (sulfates, nitrates, ammonium, black carbon,
total aerosol).

Ozone

(mWm−2)
Total Aerosol

(mWm−2)
Sulfates

(mWm−2)
Nitrates

(mWm−2)
Ammonium

(mWm−2)
BlackCarbon

(mWm−2)

Baseline aviation 51 -8.3 -7.8 -0.67 -0.30 0.67

NOx attributable RF 51 -3.4 -1.6 -1.7 -0.13 -0.058

SOx attributable RF 0.14 -5.5 -6.4 1.2 -0.17 -0.031

BCattributable RF -0.032 0.74 0.024 0.0019 0.0050 0.73

Table 5. Speciated aviation-attributable radiative forcing normalized bymass of emissions.

Sulfates Nitrates Black carbon

Aviation-attributable RF (mWm−2 per Tg fuel burn) -0.032 -0.0028 0.0028

NOx attributable RF (mWm−2 per TgN) -1.4 -1.6 -0.052

SOx attributable RF (mWm−2 per Tg S) - ´1.8 103 ´3.3 102 -8.5

BCattributable RF (mWm−2 per Tg BC) 3.3 0.27 ´1.0 102

Figure 3.AviationNOx attributable impact on secondary inorganic aerosol related radiative forcing. Radiative forcing is calculated at
the tropopause.
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3.2.1. NOx—NO3 pathway
The impact that aviationNOx has on aviation attributable nitrate, sulfate, and ammoniumRF is shown in the
top rowoffigure 3 below. TheRF attributable to each of these species is obtained by first calculating the RF due
to the sulfate-nitrate-ammonium-water system and apportioning the RF based on themass fractions of the
comprising species. The peak nitrate (cooling)RF values, particularly over northern India and parts of China,
and the corresponding peak in ammonium attributable RF over the same region are due to higher
concentrations of free ammonia that is available for the formation of nitrates (see supplementarymaterial).
Aviation attributable ozone derived from aviationNOx emissions results in the conversion of backgroundNOx

toHNO3 in the troposphere [21], which then reacts with ammonia to produce ammoniumnitrate. This agrees
with previous studies that estimated aviation attributable particulatematter from an air quality perspective
[2, 3]. The nitrate cooling seen infigure 3 is a combination of direct formation from aviationNOx and oxidation
of non-aviationNOx by aviation attributable ozone. The loss of sulfate cooling over parts of Asia is due to the
effect of aviationNOx on the lifetime of background SOx as described in section 3.2.3.

3.2.2. Impacts of aviationNOx on aviation SOx

In addition to promoting the formation of nitrate aerosols, aviationNOx emissions are also responsible for 21%
of the aviation-attributable RF from sulfate aerosols. This is because the ozone formed as a consequence of
aviationNOx emissions results in an increase in upper troposphericOH, as shown infigure 4. The top two
panels show that aviationNOx emissions increase ozonemixing ratios in the northern hemisphere by∼5%and
increaseOHmixing ratios in upper troposphere and lower stratosphere by up to 20%. This increase in ozone
andOHpromotes the oxidation of gas phase SO2 to

-SO .4
2 Sulfate aerosolmixing ratios are increased by

approximately 4% in the northern hemisphereUTLS, as shown in the bottom two panels offigure 4.We also
find that aviation emissions increase the global annual average surface ozonemixing ratio by∼2.3%. This is
consistent with the increases of 0.3%–1.9% reported byCameron et al [50] based on a 2006AEDT aviation
emissions inventory, which included∼30% less aviation fuel burn than our 2015 inventory.

This demonstrates that in addition to the formation of nitrates, aviationNOx emissions impact secondary
aerosol formation by increasing the concentration of aviation attributable oxidants in the atmosphere that
oxidize backgroundNOx and SOx to nitrates and sulfates. Prior studies such as that by Pitari et al [51]noted a
similar effect of aviationNOx attributableOHon the oxidation of SO2 to sulfate aerosol but report a smaller
sulfate radiative forcing of−0.2mWm−2. Three possible sources for the greater radiative forcing of−1.6
mWm−2 in this work are as follows. Firstly, the aviation emissions in this work (from theAEDT2015 inventory,
table 2) includeNOx emissionswhich are 55%greater than the total from the 2006 FAST inventory used by
Pitari et al., implying greater ozone production. Similarly, the SO2 emissions used in this work are 50%greater
than the 2006 FAST inventory resulting inmore aviation SOx available to be oxidized to sulfates. Secondly, as

Figure 4.Effect of aviationNOx on the oxidation of SOx to sulfates.
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outlined in the following section, the sulfate attributable RF is dependent on the emissions of aviation and non-
aviation SOx and therefore is dependent on the background emissions considered. Greater emissions of non-
aviation SOxwill therefore result in a larger sulfate attributable RF resulting from aviation emissions. Finally, the
twomodels showdifferent sensitivities of ozone production per unit of NOx emitted. Themodels used by Pitari
et al estimate an increase in column ozone per unit of aviationNOx emittedwhich is 27%–45% lower than
estimated by the version ofGEOS-Chemused in this study. Further details are presented in the SI.

3.2.3. Impacts of aviationNOx on background SOx

The lifetime of sulfur species in the troposphere is primarily determined by the rate of wet deposition of sulfates
[21, 52]. This sulfate removal process is enhanced by aviationNOx since it promotes the conversion of
background (non-aviation) SOx to sulfates as described in the previous section. This reduces the lifetime of
sulfates around regions of higher background SOx emissions. This is observed infigure 3where aviationNOx

results in a loss of cooling (positive RF) from sulfates over regions of India and eastern China, where there is a
high concentration of SO2 emissions from coalfired power plants.

Furthermore, as shown infigure 1 aviationNOx is responsible for a global sulfate RF of-1.6 mWm−2.
Repeating this experiment in a scenariowhere the fuel is already desulfurized still yields a sulfate RF of-1.4
mWm−2 attributable to aviationNOx emissions,∼88%of the previous value. Given that the total sulfate aerosol
RF due to aviation is-7.8mWm−2, 18%of the total sulfate aerosol forcing resulting from aviation is not the
result of aviation sulfur. Instead, aviationNOx emissions are taking part in chemicalmechanismswhich
promote the oxidation of ambient,mostly non-aviation sulfur to form sulfate aerosol.

3.3. Aviation SOx attributable impacts
Aviation SOx emissions are estimated to result in an ozone relatedwarming of 0.14 mWm−2 and an aerosol
related cooling of-5.5mWm−2 as seen infigure 1, which accounts for∼65%of aviation attributable aerosol
related RF. Aviation SOx emissions are also responsible for∼27%of near surface aerosol loading. The following
sectionswill focus on the aerosol contribution to aviation attributable RF resulting from aviation SOx emissions.

3.3.1. Aviation SOx impact on nitrate aerosol related RF
Nitrates and sulfates in the troposphere compete to react with ammonia to form ammoniumnitrate and
ammoniated sulfate compounds respectively. The ammonia in the troposphere preferentially reacts with the
available sulfates, therefore ammoniumnitrate is typically formed only in regionswhere themolar
concentration of total ammonia exceeds that required to neutralize the available sulfates [21]. Figure 1 shows
that aviationNOx contributes a nitrate related cooling of-1.7 mWm−2 while the net nitrate cooling due to all
aviation emissions is only-0.67 mWm−2. This is because aviation SOx emissions result in a decrease in nitrate
cooling as they preferentially react with the free ammonia thereby reducing the nitrate concentrations.We
estimate the degree of this ‘nitrate RF bounce back’ due to aviation SOx emissions to be∼70% (+1.2 mWm−2) of
the nitrate cooling due toNOx as shown infigure 5.Use of ultra-low sulfur fuel (<15ppmmass of sulfur)will
therefore lead to an increase in nitrate cooling due toNOx.

Figure 5.Aviation SOx attributable RF due to secondary inorganic aerosol broken down to show the various pathways. Aviation
emissions of SOx result in a direct sulfate cooling of 6.4mWm−2 and a nitrate bounce-back of+1.2mWm−2. All values are
inmWm−2.
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3.3.2. Aviation SOx attributable ozone depletion in the stratosphere
Aviation SOx emissions results in the formation of sulfate aerosol as seen infigure 6. The increase in sulfate
aerosol promotes the heterogenous hydrolysis ofN2O5 toHNO3 on the aerosol surface. TheHNO3 thus formed
is likely to be in the gas phase as the lower stratosphere is not saturatedwith respect toHNO3 [21]. The
conversion of aN2O5 to relatively stableHNO3 serves to remove activeNOx and therefore decrease the
NOx/NOy ratio as seen infigure 6. The reduction ofNO2 additionally increases theClOx/Cly ratio by reducing
the formation of ClONO2. The increase in active chlorine species increases the halogen catalyzed destruction of
ozone through the enhancedClOx cycles. The reduction inNO2 has a competing effect by reducing the
effectiveness of ozone removal by theNOx cycle.However at typical cruise altitudes (10–12 km) it is known that
the halogen cycles are the dominant lossmechanism of ozone [17, 19, 20] therefore the net effect of aviation SOx

at cruise altitudes is to deplete ozone by up to 0.1% as shown in the bottom right panel offigure 6. The role of
atmospheric halogen species in this pathway implies that this effect will be diminished in the future as the
burden of anthropogenic halogens in the atmosphere reduces.

3.3.3. Aviation SOx attributable ozone in the troposphere
Depletion of ozone in the lower stratosphere leads to an increase in ultra-violet radiation (UV) in the
troposphere which results in an increase the photolysis rate ( )JO3

of the ozone in reaction 1 and a decrease in the
photolysis rate ofNO2 ( )JNO2

in reaction 3 (as shownbelow) in the high latitudes. Similar findings have been
reported in the context of solar geoengineering by high altitude sulfate injection [17, 20]. There are regions
where there is an increase in JNO2

in the tropics, which leads to a local increase in ozone production in the
troposphere as seen in the bottom right panel offigure 6.

n+  + ( ) ( )h DO O O R13 2
1

+ ( ) ( )DO H O 2OH R21
2

n+  + ( )hNO NO O R32

+ +  + ( )O O M O M R42 3

The decrease in ozone production rates in the troposphere combinedwith lower ozonemixing ratios in
stratospheric airmasses entering the troposphere lead to a decrease in ozonemixing ratios in themid to high
latitudes.However, the effect of stratospheric—tropospheric exchange is less pronounced in the tropics as the
Hadley cell leads to strong upwelling of wellmixed tropospheric airmasses in the inter-tropical convergence
zone (ITCZ). Additional details of the ozoneRF response to aviation SOx at different latitudes is provided in the
supplementarymaterial.

4. Conclusions

Aviation emissions are known to impact air quality and the climate. Current regulatory standards forNOx and
SOx emissions are largelymotivated by near-airport air quality concerns and the detailed pathways bywhich
aviationNOx and SOx perturb the climate have not been previously characterized and quantified. Better

Figure 6. Impact of aviation SOx emissions on the atmosphere. All plots shown are the percentage change in the zonally averaged
annual average quantities.

9

Environ. Res. Commun. 4 (2022) 021002



scientific understanding of these pathways plays a role in informing aviation environmental policy. This is the
first work to separate out themechanisms bywhich aviationNOx and SOx impact concentrations of ozone and
secondary inorganic aerosol and quantify their impact in terms of RF using a detailed radiative transfer scheme
(RRTMG) coupled to a global chemistry-transportmodel (GEOS-Chem).

Wefind that, at cruise altitudes, aviation is responsible for∼30%–50%ofNOxmixing ratios and∼2%–16%
of SOxmixing ratios depending on the season. AviationNOx emissions are estimated to result in an ozone
related RF of+51mWm−2 and an aerosol RF of−3.4mWm−2. AviationNOx is the primary driver for aviation
attributable ozone formation accounting for over 99%of the total aviation attributable ozone. AviationNOx is
also responsible for−1.6mWm−2 of sulfate related RF through theNOx-SO4 pathwaywhere aviation
attributable oxidants derived from aviationNOx emissions result in the oxidation of SOx emissions to sulfate
aerosol.We alsofind that 88%of this sulfate related RF through theNOx-SO4 pathway is due to the oxidation of
non-aviation SOx. Therefore, sulfate formation through theNOx-SO4 pathway due to aviationNOx emissions
accounts for almost half (47%) of the aviationNOx attributable RF.

Aviation SOx emissions are responsible for−5.5mWm−2 of the aerosol RF and is the dominant source of
aviation attributable aerosol RF in the stratosphere. Furthermore, wefind that aviation SOx emissions result in
ozone depletion in the upper troposphere and lower stratosphere by promoting the heterogeneous hydrolysis of
N2O5 and the subsequent enhancement of the halogen catalytic cycles.We estimate that aviation SOx emissions
have only a small impact on ozone depletion (∼0.1%).

Further work is required to quantify the impact that the above pathways have on aviation air quality impacts
by using surface concentrations of ozone and particulatematter together with epidemiological studies that relate
the risk of prematuremortality to increase in population exposure to these pollutants. For example, the impact
that aviation SOx emissions have on surface ozone implies that a future scenariowith desulfurized jet fuel can
have a negative air quality impact through the aviation SOx—ozone pathway in additionwhich needs to be
quantified. The role of background conditionsmust be quantified to better understand how future non-aviation
emissions changes will affect aviation’s environmental impacts. Localized impacts can also be studied by
performingGEOS-Chem simulations at afiner spatial resolution, whichwould also help to quantify potential
errors due to excessive numerical diffusion on coarse spatial grids. This work supplements the current literature
to improve our understanding of the impacts that specific aviation emissions (NOx and SOx) have on the
aviation attributable climate perturbation.
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