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Abstract

The projected increase in global air traffic raises concerns about the potential impact
aviation emissions have on climate and air quality. Previous studies have shown that
aircraft non-landing and take-off (non-LTO) emissions (emitted above 1 km) can affect
surface air quality by increasing concentrations of ozong 4@d fine particles (P).

Here, we examine the global impacts of aviation non-LTO emissions on surface air
quality for present day and mid-century (2050) using the Community Atmosphere Model
with Chemistry, version 5 (CAM5). An important update in CAM5 over previous
versions is the modal aerosol module (MAM), which provides a more accurate aerosol
representation. Additionally we evaluate of the aviation impact at mid-century with two
fuel scenarios, a fossil fuel (SC1) and a biofuel (Alt). Monthly-mean results from the
present day simulations show a northern hemisphere (NH) mean sugfataease of

1.3 ppb (2.7% of the background) and a NH maximum surfacgs®idrease of 1.4
pg/m® in January. Mid-century simulations show slightly greater surfagid@eases
(mean of 1.9 ppb (4.2%) for both scenarios) and greaterPkteases (maximum of 3.5
pg/m® for SC1 and 2.2ug/m’® for Alt). While these perturbations do not significantly

increase the frequency of extreme air quality events (increase is less than 1.5%), they do
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contribute to the background concentrations gfa@d PM s, making it easier for urban
areas to surpass these standards.

1. Introduction

Aviation emits gases and patrticles that are a concern for air quality and human
health. Aviation emits nitrogen oxides (NOx = NO + NQvolatile organic compounds
(VOCs), sulfur oxides (SOx), soot, and other particles, which have an impact on the
concentrations of ozone, and fine particles at the surface (Brasseur et al., 1996; IPCC,
1999; Lee et al.,, 2010, Cameron et al., 2017). Additionally, between 1989 and 2009,
aviation has grown at a rate of 4.4% per year and has generally outpaced economic
growth (ICAO, 2010). Given the potential impacts that aviation may have on air quality
and human health, and the rapid growth of the aviation sector, it is important to assess the
current and future impact that aviation may have. Recently a study by Cameron et al.
(2017) used five global atmospheric computer models to evaluate the effects of global
aircraft emissions on surface air quality by calculating changes in ozone and small
particles. This study evaluated the global air quality effects due to all aviation emissions
(i.e. both LTO and cruise emissions) and reported aswéace annual changes in ozone

of 0.3 to 1.9%, and near-surface annual changes insBM1.9 to 1.2%, globally.

Most earlier studies only considered the effects of landing and take-off emissions
(LTO) on air quality (Herndon et al., 2004; Schurmann et al., 2007; Herndon et al.,
2008). While aviation does have a localized effect on air quality near airports due to
landing and take-off emissions, recent modeling studies suggest that aviation non-LTO

emissions (i.e. cruise altitude emissions), emitted in the upper troposphere and lower
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stratosphere (UTLS), do have an impact on surface air quality by increasing the
concentrations of ©and particulate matter of 2.5 microns and smaller {§Mt the
surface (Barrett et al., 2010a; Jacobson et al., 2013; Lee et al., 2013).

Barrett et al. (2010a) first examined the impacts of aviation cruise emissions on
surface air quality and put them in terms of human mortality. Using the Goddard Earth
Observing System model with Chemistry (GEOS-Chem), a three dimensional chemical
transport model (CTM), the study suggested that aviation cruise emissions, while
contributing ~ 1% of air quality related mortalities, comprises 80% of aviation emission
deaths. The study found that secondapb® — HNO; — NH; aerosols are mainly
responsible for premature mortalities and that aviation cruise emissions are responsible
for ~ 8000 premature mortalities per year.

Lee et al. (2013) then used the Community Atmosphere Model version 3 (CAM3)
CTM to evaluate the effect of aviation cruise emissions on surface air quality. That study
found that aviation non-LTO emissions increased surfaae@ionally by up 1-2 ppbv in
January and ~0.5 ppbv in July and surface,Pby ~0.5% (less than 0.2 pgimn
Additionally, while most perturbations were not statistically significant, the statistically
significant perturbations were less than 1% of the background. It is noted that background
concentration of any pollutant within the context of this paper refers to atmospheric
concentration of that pollutant in the absence of aviation emissions. A mortality estimate
was not done for this study due to uncertainties with health impacts of such lgw PM
increases.

In a similar study, Jacobson et al. (2013), using the Gas, Aerosol, Transport,

Radiation, General-Circulation, Mesoscale, and Ocean Model (GATOR-GCMOM)
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chemical response model (CRM), found that aviation cruise emissions increased surface
ozone by ~0.4%. Additionally, surface PAN was increased by ~0.1%. It was estimated
that ~620 deaths per year were attributed to aviation cruise emissions, with about half due
to ozone and half due to BM

To further examine the impact of aviation non-LTO emissions on surface air
guality we used the latest version of CAM5 (Community Atmosphere Model version 5),
the atmospheric component model for the Community Earth System Model (CESM).
Moreover, we did examine the future impact of aviation non-landing and take-off (non
LTO) emissions on surface air quality for the year 2050 and for two different future
scenarios.
A major update in CAM5 relative to its previous versions is the inclusion of a modal
aerosol module (MAM), which provides a more accurate representation of aerosols. The
use of modal aerosol model allows the prediction of aerosol mass and the total number in
each mode as opposed to aerosol bulk model that prescribes a fixed size distribution for
aerosols and this allow a more representative simulation of aerosols Surface Area Density
(SAD). Aerosols surface area density has relevance for heterogeneous reactions occurring
on the surface of aerosol particles since these reactions do not directly relate to the
aerosol mass but rather depend on the amount of tropospheric SAD. SAD depends not
only on aerosol mass but also on their size distribution. As such, the use of modal aerosol
model in CAM5 helps to better simulate the reactions that have relevance for calculations
of aviation-induced changes in aerosols.
This paper goes beyond the model intercomparison study by also providing the first

evaluation of the mid-century (2050) impact of aviation non-LTO emissions on surface
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air quality. The mid-century aviation impact was analyzed assuming two different jet
fuels, a standard scenario assuming use of fossil fuels, and a scenario assuming the use of
biofuels, with the assumption of 50% less soot and no sulfur emissions compared to the
fossil fuel scenario.

The rest of this paper is organized as follows. Section 2 describes the model and
simulation set up. Results of the present day and mid-century simulations are presented in

section 3 and concluding remarks are presented in section 4.

2. Model Description and Simulation Set-up

Simulations were run with CAM5. The model includes tropospheric and
stratospheric chemistry, with 133 species and 330 photochemical reactions described in
Lamarque et al. (2012). A major update over previous versions of CAM is the modal
aerosol module (MAM) for aerosol treatment (Liu et al., 2012).

MAM was developed with two versions, one with seven lognormal modes
(MAM7) and one with three lognormal modes (MAM3) (Liu et al., 2012). For this study,
MAM7 was used which represents Aitken, accumulation, primary carbon, fine dust and
sea salt, and course dust and sea salt modes. Within each mode, aerosol mass mixing
ratios and number mixing ratios are calculated (Liu et al., 2012). Within a single mode,
MAM7 simulates mass mixing ratios for internally-mixed sulfate S@mmonium
(NH4), secondary organic aerosol (SOA), primary organic matter (POM) and black
carbon (BC) aged from the primary carbon mode, sea salt, and the number mixing ratio
of accumulation mode particles. POM and BC are first emitted to the primary carbon

mode, then aged and transferred to the accumulation mode by condensatS0Ogf H
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NH3 and semi-volatile organics and by coagulation with Aitken and accumulation modes.
The size distributions of each mode are assumed to be lognormal, with the mode dry or
wet radius varying as number and total dry or wet volumes change. The geometric
standard deviation of each mode is prescribed (Easter et al., 2004 and references therein),
along with the typical size range of each mode. There are 31 total transported aerosol
tracers. MAM simulates both internal and external mixing of aerosols, chemical and
optical properties of aerosols, and various complicated aerosols processes (Liu et al.,
2012). The transported gas species are sulfur dioxide),(8@rogen peroxide (#D.),
dimethyl sulfide (DMS), sulfuric acid gas vapor.&D,), ammonia (NH), and a lumped
semi-volatile organic species.

Non-aircraft anthropogenic emissions are taken from the IPCC AR5 emission
inventory, assuming the RCP 4.5 background emissions trajectory (Clarke et al., 2007).
The background emissions of non-aviation short-lived species (e.g., NOx, VOCs) are
taken from the IPCC RCP4.5 scenario (van Vuuren et al., 2011) while longer-lived
species (e.g., carbon dioxide (g§Omethane (Ch, chlorofluorocarbons (CFCs), and
nitrous oxide (MNO)) were specified as boundary conditions based on the IPCC RCP4.5
scenario. Since the IPCC AR5 data set does not provide emissions of natural aerosols and
precursor gases: volcanic sulfur, DMS, Nldnd biogenic volatile organic compounds,
AeroCom (AEROsol Comparisons between Observations and Models) emission fluxes,
injection heights and size distributions for volcanic,8@d sulfate and the surface DMS
flux are used. The emission flux of Mhs prescribed from the MOZART-4 data set
(Emmons et al.,, 2010). The Model of Emissions of Gases and Aerosols from Nature

(MEGAN) (Guenther et al., 2006) was used to obtain the background emissions of
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biogenic species such as isoprene, monoterprenes, toluene, big alkenes, and big alkanes
(which are used to derive emissions of the semi-volatile organic species). For the present
day simulations, the emissions described above are from the year 2005, while emissions
for the mid-century simulations are from the year 2050.

CAM5 present day simulations were run with a horizontal resolution of 2°
latitude x 2.5° longitude with 56 vertical levels from the surface up to ~2 hPa. To reduce
the year-to-year climate variability in the model simulations and to better detect the
aviation NQG-induced signal, specified dynamics (“off-line” mode) simulations were
performed. In the specified dynamics mode a fixed meteorology is used for all the
simulation years to reduce year-to-year climate variability or eliminate meteorological
noise. The model was driven with 2006 meteorology from MERRAdErn Era
Retrospective-Analysis for Research and Applicatiorapalysis for seven years, with
the final year used for analysis. MERRA meteorology fields exist on 56 vertical level, as
such present day simulation were configured with 56 vertical levels. It is noted that
running the model in the specified dynamics mode does not allow the feedback of
aviation impacts or chemistry on the background meteorology or the radiation scheme
and as such results presented here are obtained in absence of such feedback.

The CAMS5 mid-century simulations also have a horizontal resolution of 2°
latitude x 2.5° longitude but with 30 vertical layers, with the top layer at ~2 hPa. The
meteorology field for 2050 specified dynamic simulations was obtained by running
CAMS for five model years in a coupled mode (i. e. with interactive chemistry and
meteorology). The meteorology fields from the fifth year were extracted to drive the mid

century simulations. Since CAM5 in the coupled mode runs on 30 vertical levels the
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obtained meteorology fields were also on 30 levels and as such mid-century simulations
were configured with 30 vertical levels. The mid-century simulations were then run for
seven years in the specified dynamic model, with the final year used for analysis.

For the 2006 aviation emissions, CAM5 simulations use the AEDT gridded
emissions inventory, described in Wilkerson et al. (2010). The mid-century simulations
used two different fuel scenarios, a fossil fuel scenario and a biofuel scenario. These mid
century aviation emission scenarios are produced based on projected population growth
by 2050, consider identical flight tracks and flight distance to the year 2006, and have
certain assumptions about future fuel efficiency or fuel type (Barret et al., 2010b). The
fossil fuel scenario, Scenario 1 (SC1), assumes continued fuel efficiency by 2050 based
on technological improvements, maintaining a 2 %/yr improvement in aviation system
efficiency and a NQrelated technology improvement consistent with published
ICAO/CAEP scenarios to 2036 extended to 2050 based on NASA N+3 and N+4 targets
of “better than 75%”. The biofuel, or the Alternative Fuel scenario (Alt), has the same
fuel burn as Scenario 1 but has no sulfur and 50% less BC (soot) emissions. To analyze
the effect of aviation emissions on global air quality, two simulations are performed in
each simulation set (i.e present day simulation set and the two mid-century simulation
sets). One simulation considers all anthropogenic emissions including aviation emissions
(perturbed run), and the other simulation has all anthropogenic emissions but no aviation
emission (control run). The difference between these two simulations corresponds to the
changes induced by aviation emissions. To examine the impact of non-LTO emissions,
aviation emissions below 1 km were set to z&iee following list contains all the

simulation sets:



194 1) Present day simulations: 2006 climate, 2006 perturbed run (all anthropogenic
195 emissions including 2006 aviation non-LTO emissions), and a control run (all
196  anthropogenic emissions but no aviation emissions).

197 2) Mid-century simulations: 2050 climate, 2050 perturbed run (all anthropogenic
198  emissions including 2050 aviation non-LTO emissions from SC1 scenario), and a control
199  run.

200 3) Mid-century simulations: 2050 climate, 2050 perturbed run (all anthropogenic
201  emissions including 2050 aviation non-LTO emissions from Alt scenario), and a control
202 run.

203 Table 1 compares the non-LTO present day fuel emissions to the two mid-century
204  fuel scenarios.

205

206 3. Resultsand Discussion

207 3.1 Effectson NOx and O3

208

209 Aviation NOx emissions increase the concentrationszoh @e UTLS. As Qis

210 transported towards the surface, it converts surface NOx togHN@ure 1 shows the

211 surface NOx difference between the simulations with and without aviation emissions for
212 January and July. For the mid-century simulations, only Scenario 1 is shown for NOx and
213 Oz (Figure 2, below) because the aviation emissions that affect NOx and O
214  concentrations at the surface are the same between the two mid-century fuel scenarios. As
215 shown in Figure 1, aviation emissions consume NOXx at the surface in January more than
216  in July. In January, more Qs transported to the surface than in July, which converts

217 more NOx to HNQ@. Similarly, in mid-century, the NOx perturbation is more negative in

218 January. Compared to present day, the absolute difference is lower in the mid-century



219 simulations, however, the background NOx concentration is much lower in the mid
220 century simulations, such that the relative difference (compared to the background), is
221  much higher in mid-century. Aviation emissions decrease the mean NH January NOx
222  concentration at the surface by 62% and 86% of the background in present day-and mid
223  century, respectively.

224 The surface running 8-hour meary @erturbation, averaged over a month, is
225 shown in Figure 2. Running 8-houtverages are computed from the hourly ozone

226  concentration data and are computed over successive 8-hour blocks. As expected, the
227 largest Q perturbations are in the northern hemisphere, where the majority of aviation
228 emissions occur. Consistent with previous studies, the impact is greater in January than
229 July due to heterogeneous reactions (Lee et al., 2013). The mean susfatd O
230 perturbation is 1.3 ppb (2.7% of the background) and 0.4 ppb (1% of the background) in
231 January and July, respectively. The mid-century SC1 mean NH perturbation is 1.6 ppb
232 (3.7% of background) and 0.59 ppb (1.8% of the background) in January and July,
233  respectively. The relative mid-century impact is slightly larger than the present day
234 impact (for both months), however, it is still small relative to the background.
235  Additionally, while the difference between the two mid-century fuel scenarios is small, it
236  should be noted that the mean NH surfagep@rturbation is slightly higher in the

237  Alternative fuel scenario (not shown), with a mean NH perturbation of 1.8 ppb (4.1% of
238 the background) and 0.65 ppb (2.0% of the background) in January and July,
239 respectively. The difference in aviation-induced ozone between SC1 and Alternative fuel
240  scenario is likely due to more photolysis and production §inCthe UTLS and less

241 removal of NQ and NOs due to heterogeneous chemistry in the Alternative fuel



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

scenario, which has no sulfur. It is noted that higher sulfate concentrations likely results
in higher reflection of incoming solar radiation and consequently less photolysis rate, and
in higher surface area of sulfate aerosols and as such enhances those reactions that occur
on the surface area of these aerosols such as removal pfalNDNOs due to
heterogeneous chemistry.

Table 2 shows the maximum surface aviation-inducggetturbations in January
and July for several regions, the Eastern USA, Western USA, Europe, and Southeast
Asia, for present day and mid-century, respectively. Despite the laggerc@ases in
January, the background; @oncentrations are much lower in January than in July in the
Northern Hemisphere. As shown in Table 2, aviation increases surfaog Up to 1-2
ppb regionally in January for present day. For July, aviation increases sugdne O
about 0.5-1 ppb regionally in present day. These numbers are in good agreement with Lee
et al. (2013). For present day, surfacgirDJanuary increases about 3-4% relative to the
background from aviation emissions.

Mid-century simulations indicate that the aviation impact will by slightly larger
for the same regions by 2050, increasing€ative to background concentrations by 4
6% for most regions, and up to 10% for East Asia. However, the mean background O
concentrations in the four regions for both present day and mid-century are well below
the EPA NAAQS standard for ozone (75 ppbv, averaged over 8-hours). It should also be
noted that these regional air quality analyses are restricted to the ~2° x 2.5° model

resolution.

3.2 Effects on aerosols
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Just as @is a concern for air quality and effects on human health, sPPlbkes
important health implications as well by increasing the risk of respiratory and
cardiovascular morbidity through aggravated asthma and lung cancer. Figure 3 shows the
surface PM; aviation-induced perturbations for present day (top) and the twe mid
century fuel scenarios (SC1l-middle, Alt-bottom). Unlike;, Qhe surface Phk
perturbations are not as homogenously distributed due to the shorter lifetime of the
aerosols. As shown in Figure 3, aviation emissions increasgs BMthe surface in
January more than July, consistent with Barrett et al. (2010a) and Lee et al. (2013). This
is due to the surface NOx being converted to HfOmM aviation-induced @ The
increased HN@ then determines the effects of aviation non-LTO emissions on the
surface aerosols (Lee et al., 2013). Therefore, it is the aviation NOx emissions, not the
aerosol emissions that determine the,Bpkrturbation at the surface (Lee et al., 2013).
However, it is likely that changes in aerosol emissions at cruise altitudes could cause
indirect changes in the PMperturbation at the surface through changes in cloudiness
and consequent perturbation of photolysis rates, and the production of aviation-induced
ozone.

Aviation increases present day surface,Rbbncentrations by up to 1.4 pg/in
China in January. The maximum impact in mid-century is also in January for both fuel
scenarios, with a maximum increase of 3.5 PdgonSC1 in Africa and 2.2 ugfiior Alt
in China. The maximum Pjincreases in the continental U.S. and Europe are smaller
(~0.1 pg/m in USA and <0.5 pg/thin Europe) for present day and mid-century. These
regional perturbations agree with Lee et al. (2013), however they are not as spatially

distributed as in Barrett et al. (2010a) and Lee et al. (2013).
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Aviation increases PM; mainly by increasing surface sulfate (8P and
ammonium nitrate (NENOs). Figures 4 and 5 show the surface,5@nd NHNO;
perturbations, respectively. OC and BC perturbations are relatively small, consistent with
Barrett et al. (2010a) and Lee et al (2013).

As shown in Figs. 4 and 5, the $Qwiation-induced perturbation is much larger than the
NH4NO; perturbations for both January and July and for present day and mid-century
scenarios. Thus, contrary to previous studies,NNbB4 does not dominate the BM
perturbation in the boundary layer in January (Barrett et al., 2010a; Lee et al., 2013). In
the present day simulations, for example, the peakN{TH perturbation in January is

0.33 pg/m in East Asia. However, the peak SOperturbation is in East Asia is larger
(0.95 ug/m). A possible explanation for these differences is that the previous studies
used a bulk representation of aerosols in their models. CAM5 uses a modal aerosol
module and does not assume ammonia is in equilibrium between the gas and aerosol
phase which could explain the lower MHD; perturbation in January in these
simulations. It is further noted that considering the high uncertainty in édtissions
sources and it critical role in the formation of NND3 the aerosol changes resulting from
aviation emissions remains to be highly uncertain.

3.3 Impact on extreme air quality events

To assess the aviation impact on the frequency of extreme air quality events, the
frequency of exceedances of the EPA NAAQS standard due to aviation emissiogs for O
and PM swas assessed. Three regions were examined, representing the USA, Europe and
East Asia. Tables 3 and 4 summarize the results f@n@ PM s, respectively. For ¢

July is shown because even though the aviation effect is greatest in January, the
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background @ concentrations are much higher in July. Therefore, aviation emissions
may more readily contribute to extreme air quality events frFOr PM 5, January is
shown since the aviation effect is larger in January. Additionally, for mid-century, only
SC1 was shown, since there was little difference between the results of the two fuel
scenarios. As shown in the tables, for botha®@d PMsand for present day and mid
century, aviation has a small impact on increasing the frequency of extreme air quality
events. As shown in Table 3, the maximum impact fere@nts is in Europe in mid
century, with a maximum increase less than 1.5%. ForsfMible 4), the impact is very
low (~0.1%). It should be noted that such an small contribution from aviation to increase
the frequency of extreme air quality events is partially due to the fact that background
concentration of @and PM s when averaged over the model resolution are mostly below
the EPA NAAQS, and partially due to the fact that our regional air quality analyses is
restricted to the ~2° x 2.5° model resolution.

While previous studies have suggested that aviation does have an impact on air
guality and health effects by increasing concentrations;odrd PM s at the surface,
these simulations suggest that, especially for, PNhe aviation impact is very low.
Differences between this study and prior studies may be due to differences in the
treatment of aerosols in the models used. The bulk treatment, as used in previous studies,
may have lead to an overestimation of Rlldy giving larger concentrations of NNO3
in the boundary layer in January, which was not seen in these simulations that used a
modal aerosol module. Additionally, models that had a bulk treatment showed more
disperse PMj aviation-induced perturbations than this study, which also may have

contributed to a large estimate of human mortalities.
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4. Conclusions

The present day and mid-century global impact of aviation non-LTO emissions on
surface air quality were evaluated with CAM5. The mid-century (2050) simulations had
two fuel scenarios, a fossil fuel (SC1) which assumed some technological advancement,
and a biofuel (Alt), which differed from the fossil fuel in that it had 50% less soot and no
sulfur emissions. Aviation emissions increase surfageddcentrations mainly in the
NH. The impact is larger in January, when the backgroundo@centrations are lower,
compared to July. The overall NH aviation impact og i© larger in mid-century
compared to present day (up to ~4% and 2.7% of the background in mid-century and
present day, respectively). Biofuels have little difference on surfagceofxentrations
compared to fossil fuels. Aviation increases JRkbncentrations by up to 1.4 pug/m
present day and mid-century PM2.5 concentrations by up to 3.5 jagth®.2 ug/in
SC1 and Alt, respectively. Additionally, according to the data presented in Table 3 and 4
aviation has a very small impact on increasing the frequency ekt@®eme air quality
events and has essentially no impact on the frequency o &tteme air quality events.
Compared to previous studies, our surfagea@d PM s aviation-induced perturbations
are about the same or lower, especially for,BMhich is not a spatially dispersed as in
Barrett et al. (2010a), Jacobson et al. (2013) and Lee et al. (2013). Given that mortality
numbers should be correlated with the air quality standard violations incidents our results
suggest that previous studies, which attributed high mortality rates to aviation non-LTO
emissions, may have overestimated the impact on premature deaths. However, it is

important to keep in mind that this study was an evaluation of the global, large scale
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impacts of aviation on surface air quality. Full resolution of urban scale air quality events
could not be resolved due to the model resolution used in this study (~2°x 2.5°). Due to
the coarse model resolution the results obtained in this study are merely representative of
large scale air quality effects and it is likely that the peak concentrations in populated

areas have been underestimated.
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Figure 1. Surface NOx aviation-induced perturbations (ppt) for January (left) and July
(right). Present Day is on the top panel while Mid-Century SC1 is on the bottom.
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Figure 2. Asin Fig. 1, but for O3 (ppb)
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Figure 3. Asin Fig. 1, but for PM,s (ug/m®). The top panel is for Present Day, while the
middle and bottom panels show Mid-Century SC1 and Alt, respectively
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Figure 4. As in Fig. 3, but for SO,> (ug/m°).
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Figure 5. Asin Fig. 4, but for NHs;NO3 (ng/m®).
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TABLES

Table 1. Comparison of Emissions Scenarios. Only aviation emissions above 1 km (non-LTO)
were used. ‘PD’ refers to present day while ‘SC1’ and ‘Alt’ are the two mid-century fuel

scenarios.

NOx(TgN) BC (Gg) OC (Gg) CO(Tg) H20 (Tg)  SO2(Tg) S04 (Gg)
PD 0.73 5.0 5.0 0.68 232.0 0.221 6.77
SC1 1.38 13.7 11.0 0.86 559.8 0.53 16.74
Alt 1.38 6.9 11.0 0.86 559.8 0 0

Table 2. Present day (2006) and mid-century scenario 1 (2050) maximum 8-hour aviation-
induced Q perturbations, mean backgroundncentration, and maximum percent increases
relative to background £xoncentrations for January in four ‘hotspot’ regions, the Eastern USA
(105 - 60° W, 30 — 50° N), Western USA (125 — 105° W, 30 — 50° N), Europe (15° W — 45° E,
35 - 65° N), and Southeast Asia (100 — 150° E, 20 — 45° N).

O3z [ppb] 2006 | East USA | WestUSA Europe S.E.Asia
Jan Jul | Jan Jul | Jan Jul | Jan Jul

Max pert 1.7 08| 17 11|17 11| 26 1.2
Mean bg 39.0 51.7|44.0 52.0| 345 574|500 414

% Perturbation

4.4% 1.5%

3.8% 2.1%

4.9% 1.9%

5.2% 2.9%

O3 [ppb] 2050 | East USA | WestUSA Europe E. Asia
Jan Jul | Jan Jul | Jan Jul | Jan Jul
Max pert 24 13|22 19|22 16| 47 19
Mean bg 43.4 455|481 49.3| 42.7 58.2| 473 34.7

% Perturbation

5.5% 2.9%

4.6% 3.9%

5.2% 2.7%

9.9% 5.5%




Table 3. Frequency of grid points that exceed the EPA NAAQS standard due to aviation
emissions for present day and mid-century (scenario 1) 8-hour maximaan&entrations in

three regions, the contiguous USA (125 - 60° W, 30 — 50° N), Europe (15° W — 45° E, 35 — 65°

N), and Southeast Asia (100 — 150° E, 20 — 45° N)

Os (ppb) July USA Europe SE Asia
(300 grid pts x 31 days)| (400 grid pts x 31 days) (294 grid pts x 31 days)
2006 2050 2006 2050 2006 2050
Number of grids| 60 38 129 275 49 52
experiencing
AQ events due
to aviation
emissions
Total number of 9300 9300 12121 12121 9114 9114
grids
% increase 0.65% 0.41% 1.06% 1.44% 0.54% 0.57%
Table 4. As in Table 3, but for PM
PM, 5 (Lg/nT) USA Europe SE Asia
July (300 grid pts 81 days)| (400 grid pts x 3 days) (294 grid pts x 3Hays)
2006 2050 2006 2050 2006 2050
Number of grids 0 0 1 0 10 0
experiencing AQ
events due to
aviation
emissions
Total number off 9300 9300 12121 12121 9114 9114
grids
% increase 0% 0% 0.01% 0% 0.11% 0%
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	33 areas to surpass these standards. 34 1. Introduction 
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	stratosphere (UTLS), do have an impact on surface air quality by increasing the 
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	concentrations of O3 and particulate matter of 2.5 microns and smaller (PM2.5) at the 
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	surface (Barrett et al., 2010a; Jacobson et al., 2013; Lee et al., 2013). 
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	57 
	Barrett et al. (2010a) first examined the impacts of aviation cruise emissions on 
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	surface air quality and put them in terms of human mortality. Using the Goddard Earth 

	59 
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	Observing System model with Chemistry (GEOS-Chem), a three dimensional chemical 

	60 
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	transport model (CTM), the study suggested that aviation cruise emissions, while 
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	contributing ~ 1% of air quality related mortalities, comprises 80% of aviation emission 

	62 
	62 
	deaths. The study found that secondary H2SO4 – HNO3 – NH3 aerosols are mainly 
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	responsible for premature mortalities and that aviation cruise emissions are responsible 
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	for ~ 8000 premature mortalities per year. 
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	Lee et al. (2013) then used the Community Atmosphere Model version 3 (CAM3) 
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	CTM to evaluate the effect of aviation cruise emissions on surface air quality. That study 
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	found that aviation non-LTO emissions increased surface O3 regionally by up 1-2 ppbv in 
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	January and ~0.5 ppbv in July and surface PM2.5 by ~0.5% (less than 0.2 µg/m3). 

	69 
	69 
	Additionally, while most perturbations were not statistically significant, the statistically 

	70 
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	significant perturbations were less than 1% of the background. It is noted that background 

	71 
	71 
	concentration of any pollutant within the context of this paper refers to atmospheric 

	72 
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	concentration of that pollutant in the absence of aviation emissions. A mortality estimate 

	73 
	73 
	was not done for this study due to uncertainties with health impacts of such low PM2.5 

	74 
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	increases. 
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	In a similar study, Jacobson et al. (2013), using the Gas, Aerosol, Transport, 
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	Radiation, General-Circulation, Mesoscale, and Ocean Model (GATOR-GCMOM) 


	77 chemical response model (CRM), found that aviation cruise emissions increased surface 
	78 ozone by ~0.4%. Additionally, surface PAN was increased by ~0.1%. It was estimated 79 that ~620 deaths per year were attributed to aviation cruise emissions, with about half due 80 to ozone and half due to PM2.5. 81 To further examine the impact of aviation non-LTO emissions on surface air 82 quality we used the latest version of CAM5 (Community Atmosphere Model version 5), 83 the atmospheric component model for the Community Earth System Model (CESM). 84 Moreover, we did examine the future impact of avi
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	100 air quality. The mid-century aviation impact was analyzed assuming two different jet 
	101 fuels, a standard scenario assuming use of fossil fuels, and a scenario assuming the use of 102 biofuels, with the assumption of 50% less soot and no sulfur emissions compared to the 103 fossil fuel scenario. 104 The rest of this paper is organized as follows. Section 2 describes the model and 105 simulation set up. Results of the present day and mid-century simulations are presented in 106 section 3 and concluding remarks are presented in section 4. 107 
	108 109 2. Model Description and Simulation Set-up 110 111 Simulations were run with CAM5. The model includes tropospheric and 
	112 stratospheric chemistry, with 133 species and 330 photochemical reactions described in 113 Lamarque et al. (2012). A major update over previous versions of CAM is the modal 114 aerosol module (MAM) for aerosol treatment (Liu et al., 2012). 115 MAM was developed with two versions, one with seven lognormal modes 116 (MAM7) and one with three lognormal modes (MAM3) (Liu et al., 2012). For this study, 117 MAM7 was used which represents Aitken, accumulation, primary carbon, fine dust and 118 sea salt, and co
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	148 biogenic species such as isoprene, monoterprenes, toluene, big alkenes, and big alkanes 
	149 (which are used to derive emissions of the semi-volatile organic species). For the present 150 day simulations, the emissions described above are from the year 2005, while emissions 151 for the mid-century simulations are from the year 2050. 152 CAM5 present day simulations were run with a horizontal resolution of 2° 153 latitude x 2.5° longitude with 56 vertical levels from the surface up to ~2 hPa. To reduce 154 the year-to-year climate variability in the model simulations and to better detect the 155
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	171 obtained meteorology fields were also on 30 levels and as such mid-century simulations 
	172 were configured with 30 vertical levels. The mid-century simulations were then run for 173 seven years in the specified dynamic model, with the final year used for analysis. 174 For the 2006 aviation emissions, CAM5 simulations use the AEDT gridded 175 emissions inventory, described in Wilkerson et al. (2010). The mid-century simulations 176 used two different fuel scenarios, a fossil fuel scenario and a biofuel scenario. These mid177 century aviation emission scenarios are produced based on projected p
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	1) Present day simulations: 2006 climate, 2006 perturbed run (all anthropogenic 
	195 emissions including 2006 aviation non-LTO emissions), and a control run (all 196 anthropogenic emissions but no aviation emissions). 197 2) Mid-century simulations: 2050 climate, 2050 perturbed run (all anthropogenic 198 emissions including 2050 aviation non-LTO emissions from SC1 scenario), and a control 199 run. 200 3) Mid-century simulations: 2050 climate, 2050 perturbed run (all anthropogenic 201 emissions including 2050 aviation non-LTO emissions from Alt scenario), and a control 202 run. 203 Table
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	210 transported towards the surface, it converts surface NOx to HNO. Figure 1 shows the 211 surface NOx difference between the simulations with and without aviation emissions for 212 January and July. For the mid-century simulations, only Scenario 1 is shown for NOx and 213 O(Figure 2, below) because the aviation emissions that affect NOx and O214 concentrations at the surface are the same between the two mid-century fuel scenarios. As 215 shown in Figure 1, aviation emissions consume NOx at the surface in 
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	219 simulations, however, the background NOx concentration is much lower in the mid
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	220 century simulations, such that the relative difference (compared to the background), is 221 much higher in mid-century. Aviation emissions decrease the mean NH January NOx 222 concentration at the surface by 62% and 86% of the background in present day and mid223 century, respectively. 224 The surface running 8-hour mean Operturbation, averaged over a month, is 225 shown in Figure 2. Running 8-hour averages are computed from the hourly ozone 226 concentration data and are computed over successive 8-hour
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	242 scenario, which has no sulfur. It is noted that higher sulfate concentrations likely results 
	243 in higher reflection of incoming solar radiation and consequently less photolysis rate, and 244 in higher surface area of sulfate aerosols and as such enhances those reactions that occur 245 on the surface area of these aerosols such as removal of NOand NOdue to 246 heterogeneous chemistry. 247 Table 2 shows the maximum surface aviation-induced Operturbations in January 248 and July for several regions, the Eastern USA, Western USA, Europe, and Southeast 249 Asia, for present day and mid-century, respec
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	Just as Ois a concern for air quality and effects on human health, PM2.5 poses 
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	266 important health implications as well by increasing the risk of respiratory and 267 cardiovascular morbidity through aggravated asthma and lung cancer. Figure 3 shows the 268 surface PM2.5 aviation-induced perturbations for present day (top) and the two mid269 century fuel scenarios (SC1-middle, Alt-bottom). Unlike O, the surface PM2.5 270 perturbations are not as homogenously distributed due to the shorter lifetime of the 271 aerosols. As shown in Figure 3, aviation emissions increase PM2.5 at the surf
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	288 Aviation increases PM2.5 mainly by increasing surface sulfate (SOand 
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	289 ammonium nitrate (NHNO). Figures 4 and 5 show the surface SOand NHNO290 perturbations, respectively. OC and BC perturbations are relatively small, consistent with 291 Barrett et al. (2010a) and Lee et al (2013). 292 As shown in Figs. 4 and 5, the SOaviation-induced perturbation is much larger than the 293 NHNOperturbations for both January and July and for present day and mid-century 294 scenarios. Thus, contrary to previous studies, NHNOdoes not dominate the PM2.5 295 perturbation in the boundary layer
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	311 background Oconcentrations are much higher in July. Therefore, aviation emissions 
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	312 may more readily contribute to extreme air quality events for O. For PM2.5, January is 313 shown since the aviation effect is larger in January. Additionally, for mid-century, only 314 SC1 was shown, since there was little difference between the results of the two fuel 315 scenarios. As shown in the tables, for both Oand PM2.5 and for present day and mid316 century, aviation has a small impact on increasing the frequency of extreme air quality 317 events. As shown in Table 3, the maximum impact for Oeve
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	334 335 336 4. Conclusions 337 338 The present day and mid-century global impact of aviation non-LTO emissions on 
	339 surface air quality were evaluated with CAM5. The mid-century (2050) simulations had 340 two fuel scenarios, a fossil fuel (SC1) which assumed some technological advancement, 341 and a biofuel (Alt), which differed from the fossil fuel in that it had 50% less soot and no 342 sulfur emissions. Aviation emissions increase surface Oconcentrations mainly in the 343 NH. The impact is larger in January, when the background Oconcentrations are lower, 344 compared to July. The overall NH aviation impact on Ois 
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	359 impacts of aviation on surface air quality. Full resolution of urban scale air quality events 360 could not be resolved due to the model resolution used in this study (~2°x 2.5°). Due to 361 the coarse model resolution the results obtained in this study are merely representative of 362 large scale air quality effects and it is likely that the peak concentrations in populated 363 areas have been underestimated. 364 365 Acknowledgements 
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	 Figure 1. Surface NOx aviation-induced perturbations (ppt) for January (left) and July 
	(right). Present Day is on the top panel while Mid-Century SC1 is on the bottom.          
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	Figure 2. As in Fig. 1, but for O3 (ppb) 
	Figure 2. As in Fig. 1, but for O3 (ppb) 
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	 Figure 3. As in Fig. 1, but for PM2.5 (µg/m). The top panel is for Present Day, while the 
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	middle and bottom panels show Mid-Century SC1 and Alt, respectively       
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	 Figure 5. As in Fig. 4, but for NH4NO3 (µg/m3). 
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	TABLES 
	TABLES 
	Table 1. Comparison of Emissions Scenarios. Only aviation emissions above 1 km (non-LTO) were used. ‘PD’ refers to present day while ‘SC1’ and ‘Alt’ are the two mid-century fuel scenarios. 
	NOx(Tg N) BC (Gg) OC (Gg) CO (Tg) HO (Tg) SO(Tg) SO(Gg) 
	2
	2 
	4 

	PD 0.73 5.0 5.0 0.68 232.0 0.221 6.77 SC1 1.38 13.7 11.0 0.86 559.8 0.53 16.74 
	Alt 1.38 6.9 11.0 0.86 559.8 0 0 
	Alt 1.38 6.9 11.0 0.86 559.8 0 0 
	Table 2. Present day (2006) and mid-century scenario 1 (2050) maximum 8-hour aviation-induced Operturbations, mean background Oconcentration, and maximum percent increases relative to background Oconcentrations for January in four ‘hotspot’ regions, the Eastern USA (105 – 60° W, 30 – 50° N), Western USA (125 – 105° W, 30 – 50° N), Europe (15° W – 45° E, 35 – 65° N), and Southeast Asia (100 – 150° E, 20 – 45° N). 
	3 
	3 
	3 

	O3 [ppb] 2006 
	O3 [ppb] 2006 
	O3 [ppb] 2006 
	East USA 
	West 
	USA 
	Eur
	ope 
	S.E. 
	Asia 

	Max pert Mean bg % Perturbation 
	Max pert Mean bg % Perturbation 
	Jan 1.7 39.0 4.4% 
	Jul 0.8 51.7 1.5% 
	Jan 1.7 44.0 3.8% 
	Jul 1.1 52.0 2.1% 
	Jan 1.7 34.5 4.9% 
	Jul 1.1 57.4 1.9% 
	Jan 2.6 50.0 5.2% 
	Jul 1.2 41.4 2.9% 


	O3 [ppb] 2050 
	O3 [ppb] 2050 
	O3 [ppb] 2050 
	East USA 
	West 
	USA 
	Eur
	ope 
	E. Asia 

	Max pert Mean bg % Perturbation 
	Max pert Mean bg % Perturbation 
	Jan 2.4 43.4 5.5% 
	Jul 1.3 45.5 2.9% 
	Jan 2.2 48.1 4.6% 
	Jul 1.9 49.3 3.9% 
	Jan 2.2 42.7 5.2% 
	Jul 1.6 58.2 2.7% 
	Jan 4.7 47.3 9.9% 
	Jul 1.9 34.7 5.5% 


	Table 3. Frequency of grid points that exceed the EPA NAAQS standard due to aviation emissions for present day and mid-century (scenario 1) 8-hour maximum Oconcentrations in three regions, the contiguous USA (125 – 60° W, 30 – 50° N), Europe (15° W – 45° E, 35 – 65° N), and Southeast Asia (100 – 150° E, 20 – 45° N) 
	3 

	O3 (ppb) July 
	O3 (ppb) July 
	O3 (ppb) July 
	USA (300 grid pts x 31 days) 
	Europe (400 grid pts x 31 days) 
	SE Asia (294 grid pts x 31 days) 

	TR
	2006 2050 
	2006 2050 
	2006 2050 

	Number of grids experiencing AQ events due to aviation emissions Total number of grids % increase 
	Number of grids experiencing AQ events due to aviation emissions Total number of grids % increase 
	60 38 9300 9300 0.65% 0.41% 
	129 275 12121 12121 1.06% 1.44% 
	49 52 9114 9114 0.54% 0.57% 


	Table 4. As in Table 3, but for PM2.5. 
	PM2.5 (µg/m3) July 
	PM2.5 (µg/m3) July 
	PM2.5 (µg/m3) July 
	USA (300 grid pts x 
	31 days) 
	Europe (400 grid pts x 3
	1 days) 
	SE Asia (294 grid pts x 31 
	days) 

	TR
	2006 
	2050 
	2006 
	2050 
	2006 
	2050 

	Number of grids experiencing AQ events due to aviation emissions Total number of grids % increase 
	Number of grids experiencing AQ events due to aviation emissions Total number of grids % increase 
	0 9300 0% 
	0 9300 0% 
	1 12121 0.01% 
	0 12121 0% 
	10 9114 0.11% 
	0 9114 0% 
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