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HIGHLIGHTS GRAPHICAL ABSTRACT

Atmospheric model estimates spatially- Aviation emissions lead to wet and dry nitrogen deposition over different land cover types.
resolved nitrogen deposition from aviation. AN

Aviation led to 1.39 Tg of N deposition A
globally in 2019, up 72 % from 2005.

0.7 % (Asia), 1.1 % (Europe), 1.6 % (North
America) of N deposition is due to aviation. %
N deposition from aviation is spatially
widespread, with 56 % occurring over
water.
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ARTICLE INFO ABSTRACT

Editor: Pavlos Kassomenos Excess nitrogen deposition from anthropogenic sources of atmospheric emissions, such as agriculture and transporta-
tion, can have negative effects on natural environments. Designing effective conservation efforts requires knowledge of
the contribution of individual sectors. This study utilizes a global atmospheric chemistry-transport model to quantify,
for the first time, the contribution of global aviation NOy emissions to nitrogen deposition for 2005 and 2019. We find
that aviation led to an additional 1.39 Tg of nitrogen deposited globally in 2019, up 72 % from 2005, with 67 % of each
year's total occurring through wet deposition. In 2019, aviation was responsible for an average of 0.66 %, 1.13 %, and
1.61 % of modeled nitrogen deposition from all sources over Asia, Europe, and North America, respectively. These
impacts are spatially widespread, with 56 % of deposition occurring over water. Emissions during the landing, taxi
and takeoff (LTO) phases of flight are responsible for 8 % of aviation's nitrogen deposition impacts on average globally,
and between 16 and 32 % over most land in regions with high aviation activity. Despite currently representing less
than 1.2 % of nitrogen deposition globally, further growth of aviation emissions would result in increases in aviation's
contribution to nitrogen deposition and associated critical loads.
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1. Introduction N, compounds, mainly NH; (Erisman et al., 2008). At the same time, burn-
ing fuel for transportation, energy generation, heating, and industrial
processes leads to the emission of oxidized N, compounds, such as NOy

(NO + NO,). In addition to impacting the climate and air quality while

Multiple sectors of human activity affect the Earth's nitrogen cycle due
to atmospheric release of reactive nitrogen (N,) (Galloway et al., 2021).

The increase in the use of fertilizers and dense livestock farming since the
early 1900s has been essential in supporting food supply for a growing
world population, but these activities also lead to the emission of reduced
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in the atmosphere (Szopa et al., 2021), the deposition of these species
leads to the degradation of water quality, causing higher toxicity to humans
and animals, loss of biodiversity, and soil acidification (Galloway et al.,
2021).

Conservation objectives for nitrogen-sensitive natural assets in nature
reserves (e.g. Natura 2000 in Europe) have resulted in thresholds for the
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nitrogen load in such areas, but these are frequently exceeded. In 2017,
in Europe ~ 64 % of ecosystem areas exceeded the critical loads for eutro-
phication (Fagerli et al., 2019). In hotspots, such as the Netherlands, where
in 2019 the specified critical loads were exceeded in 118 out of the 162
Dutch Natura 2000 sites (Hazekamp, 2019), the resulting nitrogen problem
is having increasing socioeconomic and political implications (Stokstad,
2019).

Although currently responsible for ~4.1 % of anthropogenic NOy
(O'Rourke et al., 2021; Quadros et al., 2022a), due to the growth rate of
aviation forecast at ~3-4 % annually and to the lack of presently available
NOy reducing technologies for aircraft, global aviation NOy emissions are
estimated to continue increasing in the coming decades (International
Civil Aviation Organization, 2021b; Fleming and de Lépinay, 2019;
International Energy Agency, 2021; Quadros et al., 2022b). Part of the
difficulty in reducing NO, emissions are the decades-long trend in aircraft
engine design of increasing gas temperature and pressure, which are bene-
ficial for lowering fuel consumption but that promote NO, formation, lead-
ing to tradeoffs that involve both climate and air quality impacts (Skowron
et al., 2021; Miller et al., 2022). Aviation is also unique in terms of the
altitude at which the emissions are released — the average cruise altitude
of present-day civil aircraft is around 11 km. Out of the total of ~1.4 Tg
N that was emitted by aircraft in 2019, ~1.3 Tg N were emitted at an alti-
tude higher than 3000 ft. above ground, and primarily in the northern
midlatitudes (Quadros et al., 2022a). The other N, source at high altitudes
islightning NO, which is estimated to be 2-8 Tg N per year (Schumann and
Huntrieser, 2007), with more recent estimates at ~9 Tg N per year (Nault
etal., 2017). The portion of flights below 3000 ft. is defined as the landing,
taxi and takeoff (LTO) phases. While only approximately a tenth of total
aircraft's NOy is emitted in LTO, these emissions are largely within the
Earth's planetary boundary layer, having a more localized effect and a
larger air quality impact per mass than cruise emissions (Yim et al., 2015;
Quadros et al., 2020). For non-CO, species, LTO emissions also constitute
the focus of present environmental regulations for the aviation sector.

Recent research efforts have aimed to improve estimates of the
climate and air quality impacts associated from aviation emissions
(Skowron et al., 2021; Miller et al., 2022; Yim et al., 2015; Quadros et al.,
2020; Lee et al., 2021). However, as we move towards setting sectoral
budgets for controlling nitrogen emissions and associated loads in areas of
ecological interest, there is also a need to extend this body of research by
quantifying aviation emissions' contribution to nitrogen deposition. In this
paper we present the first comprehensive quantification of aviation's global
nitrogen deposition impacts. We use a 3D atmospheric chemistry-transport
model and up-to-date aviation emissions inventories to quantify the
aviation-attributable nitrogen deposition globally and over different land
cover classes, both for LTO emissions and high altitude (cruise) emissions.

2. Materials and methods
2.1. Method overview

A global atmospheric chemistry-transport model is used to estimate the
amount and location of wet and dry nitrogen deposition due to aviation
emissions. The model is run with and without aviation emissions, with
the difference in output being attributed to aviation. Aviation emissions
in this study consist of a nominal estimate of aircraft main engine and aux-
iliary power unit emissions of NOy, SO, (SO + S037), CO, hydrocarbons,
and black carbon. The analysis is performed for the years 2005 and 2019,
with simulations using meteorology and both aviation and non-aviation
emissions estimates specific to each year. Two additional scenarios are
also simulated: 2019 with only the LTO portion of aviation emissions,
and 2019 but with aviation emissions as they were in 2005.

2.2. Aviation emissions

Monthly-average civil aircraft emission rates in 2005 and 2019 are pre-
pared from inventories produced using the methods and data published by
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Simone et al. (2013) and Quadros et al. (2022a). The emissions are allo-
cated into a 3-D grid at the resolution of the atmospheric simulation. The
2005 inventory is created from a worldwide database of flight schedules
produced by the company OAG, and the 2019 inventory uses a dataset
provided by the company Flightradar24 listing all flights recorded by
their network of telemetry receivers. Within those models, NO,, CO, and
hydrocarbon emissions throughout each flight are calculated from fuel
burn and engine thrust setting using the Boeing Fuel Flow Method 2, de-
scribed by Baughcum et al. (1996) and engine data from the ICAO Engine
Emissions Databank (International Civil Aviation Organization, 2021a).
Black carbon emissions use the same engine data source and the FOA 4.0
method (International Civil Aviation Organization, 2020). SO, emissions
are calculated with a constant emission index equivalent to a sulfur fuel
content of 600 ppm. The resulting annual sums of nitrogen in aviation
NOy emissions is 0.82 (2005) and 1.41 Tg N (2019).

2.3. Atmospheric modeling

Global atmospheric chemistry and transport are simulated with the
GEOS-Chem 13.3.3 model (The International GEOS-Chem User Commu-
nity, 2021), using the stratospheric chemistry model developed by
Eastham et al. (2014) and driven by meteorology from the MERRA-2 re-
analysis product (Gelaro et al., 2017). Global simulations are performed
at 2° latitude by 2.5° longitude resolution. For the 2019 scenarios, simula-
tions are also performed using three 0.5° latitude by 0.625° longitude
nested grids over Asia, Europe, and North America (Fig. S1), and those
results are overlaid on the output from the coarser global simulation,
which provides boundary conditions for the regional simulations, improv-
ing the allocation of deposition into the different land cover types in the
regions with highest airport activity.

Nitrogen deposition is considered in the form of deposition of the
following simulated species: NO»,, HNO3, inorganic nitrates (NOj3 ), inor-
ganic nitrates on sea salt aerosol, NH; , NHs3, N,Os, and peroxyacetyl
nitrate. Non-aviation anthropogenic emissions are from the CEDS v2 inven-
tory, which includes the agriculture, energy, industry, surface transporta-
tion, residential, shipping, and waste sectors (O'Rourke et al., 2021). Soil
NO,, sea salt aerosols, and biogenic volatile organic compounds are calcu-
lated according to meteorological conditions (Weng et al., 2020). Lightning
emissions are parametrized from modeled convection and corrected using
satellite flash rate data (Murray et al., 2012). Further details on atmospheric
modeling and nitrogen deposition with GEOS-Chem are included in
Section S1 of the Supporting Information (SI).

2.4. Land cover and conservation areas

Average deposition fluxes are calculated for different land cover classes,
according to the Copernicus global land cover product for 2019 (Buchhorn
et al., 2020). Areas not covered by the Copernicus dataset are disregarded
in the analysis — this consists mainly of all the areas north of 80°N and
south of 60°S. From this 100 m resolution land cover data, the fraction of
each grid cell that contains each class of land cover is calculated. Likewise,
the percentage of each grid's area that lies in Natura 2000 sites, protected
either through the Birds Directive or the Habitats Directive, is calculated
from the 2019 definitions of the protected areas (European Environment
Agency, n.d.). The analysis considering Natura 2000 sites is only performed
for the scenarios that include the 0.5° x 0.625° resolution simulation over
Europe.

3. Results and discussion
3.1. Quantification of aviation-attributable nitrogen deposition

Throughout 2019, aviation emissions led to additional 1.39 Tg N of ni-
trogen wet and dry deposition globally, which is 1.13 % of total modeled

deposition. While certain areas might be net importers or exporters of
N; due to transport (Dentener et al., 2006; Schulte-Uebbing et al., 2022;
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Zhang et al., 2012), the increase in global deposition is equal to 99.0 % of
the amount of N, mass released by aviation that year. In both 2005 and
2019, wet deposition accounts for approximately 67 % of total nitrogen
deposition from aviation. Total aviation-attributable nitrogen deposi-
tion in 2019 is 72 % larger than in 2005 (0.81 Tg N), in the same propor-
tion as aviation emissions, which increased an average of 4 % per year in
this period. By contrast, global anthropogenic NO, emissions in 2019,
other than aviation, were only 7.5 % higher than in 2005. Given the
long useful life remaining in the present fleet of conventionally powered
aircraft, aviation emissions will likely continue to globally increase for
decades if air traffic grows as projected (Quadros et al., 2022b), with
the sector being responsible for a growing share of anthropogenic nitro-
gen deposition worldwide. The potential adoption of sustainable avia-
tion fuels, currently being pursued to reduce net carbon emissions, is
unlikely to lead to changes in aviation NOy emissions (Hedges et al.,
2019).

This deposition, however, does not occur uniformly over the globe's
surface, nor does it match the spatial or speciated distribution of emis-
sions. The highest fluxes of aviation-attributable nitrogen deposition
are close to the regions of highest aviation activity (the coasts of North
America, Europe, and Eastern Asia), but the high values extend out
following the prevailing winds and in regions of heavy precipitation,
as seen in the Atlantic, off the coast of North America, and in waters
west of China and Japan (Fig. 1a). Although the absolute amount of
aviation-attributable deposition is lower over the oceans than over the
continents, the share of modeled nitrogen deposition that is due to avi-
ation is higher there, where there are fewer other local sources of emis-
sion besides aircraft (Fig. 1b). It is expected that the percentage of
nitrogen deposition that is due to non-land emissions, which also in-
clude oceanic NH3 and shipping NOy, be larger further away from con-
tinents (Paulot et al., 2013; Zhao et al., 2015). Considering only
populated grid cells (i.e. including only land; Fig. S5) (Rose et al.,
2020), aviation is responsible for 0.66 %, 1.13 %, and 1.61 % of all
modeled nitrogen deposition averaged over Asia, Europe, and North
America, respectively. Locally, this contribution can be up to 10 % in
areas where other sources of nitrogen are less significant, such as in
Greenland.
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Over land with high aviation activity, LTO emissions account for
more than 16 % of total nitrogen deposition from aviation, even though
globally LTO contributes to 7.8 % of aviation's nitrogen deposition
impacts (Fig. 1c). Compared to full-flight emissions, a larger fraction
of deposition due to LTO emissions occurs as dry deposition, 50 %
(Fig. 2). This is expected due to the closer proximity of emissions to
the ground, leading to more of the nitrogen to deposit through dry pro-
cesses before water precipitation takes place.

The three simulations with full-flight emissions (2005, 2019, and 2005
aviation with 2019 background), in addition to having similar ratios of
aviation-attributable wet and dry deposition, also show similar distribu-
tions of species deposited, once normalized by the extra amount of N, emit-
ted (Fig. 2). The proportionality of aviation-attributable total N, mass
deposited to NO, emissions is a consequence of this species being the
main responsible for the deposition and the linearity of their relationship,
with the response to non-N, emissions expected to be more nonlinear
(Paulot et al., 2013). In all scenarios, most of the nitrogen is deposited as
HNOs. A smaller fraction is deposited as inorganic nitrates, either aggre-
gated on sea salt or dissolved in water precipitation. The aviation-induced
increase in NH; deposition is matched by a decrease in NH; deposition,
as the HNO3 formed from NO, released by aircraft reacts with NH; already
present in the atmosphere, released by other sources, to form ammonium
nitrate. To a lesser extent, this is also driven by the formation of ammonium
sulfate from aviation emitted sulfur oxides. This also drives the difference in
the speciated distribution of the nitrogen deposition of 2005 full-flight
emissions in a 2005 and a 2019 atmosphere (two bottom rows in Fig. 2).
Primarily driven by non-aviation emissions changes, the “potential” of
NO, emissions to form fine particulate matter (PM, 5) increases from
2005 to 2019 (Quadros et al., 2020; Dedoussi et al., 2020; Dedoussi,
2021). Increases in the background concentration of NH; and lower emis-
sions of NO, from other sources can increase the sensitivity of ground
level particulate matter to aviation emissions, affecting the form in
which reactive nitrogen from aviation will deposit (Woody et al.,
2011). Attribution to specific aviation emissions species was not evalu-
ated in this study, but the speciation of nitrogen deposition obtained is
consistent with NOy being the main driver of these impacts, as is also
suggested by previous findings that most of aviation-attributable

0.0 3.2 6.4 9.6 12.8 16.0

(a) Aviation-attributable N deposition (kg N - km~2 - yr~1) (b) Share of N deposition due to aviation full-flight emissions

1% 2%

(C) Share of aviation-attributable
N deposition due to LTO
=

1% 2% 3% 4% 5% 6%

8% 16% 32%

Fig. 1. Aviation-attributable total (wet + dry) nitrogen deposition in 2019: flux (a), relative to modeled deposition from all sources (b), LTO-attributable relative to

deposition from full-flight emissions (c).
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Fig. 2. Mass of aviation-attributable nitrogen deposited globally, per species, relative to the nitrogen mass emitted by aviation as NO,, which is indicated by the quantities on

the right.

ground level particulate matter is due to its NO, emissions (Prashanth
et al., 2022; Grobler et al., 2019).

3.2. Aviation-attributable nitrogen deposition per land cover and on Natura
2000 areas

Environmental policies aim to reduce excessive nitrogen deposition
over areas with ecosystems sensitive to it, such as Natura 2000 sites, and

Table 1

therefore a quantification of aviation's impacts also requires an estimate
of how much nitrogen is deposited on vulnerable areas. Due to the exten-
sive area covered by flights and their altitude, with most emissions released
above the planetary boundary layer, aircraft emissions tend to have more
spatially widespread impacts than emissions by sources closer to the
ground. In our 2019 simulation, 38 % of nitrogen from all sources is
deposited over water, while 43 % and 56 % of nitrogen attributable to
LTO and full-flight emissions, respectively, do so (Table 1). Within

Average nitrogen deposition flux over different land cover classes from all sources in 2019 and from aviation emissions for the four scenarios considered. Percentage values
under deposition fluxes represent the proportion of nitrogen mass of each emissions scenario deposited in each land cover class. Deposition over Natura 2000 sites is only

evaluated for the finer resolution simulations.

Land cover class Area Average nitrogen deposition flux (kg N.km ~2yr ")
(10~°km?) % total mass deposited
oc/oor(l)sfig)et: darea All sources in LTO emissions in Full-flight emissions in 2005 full-flight emissions in ~ Full-flight emissions in
2019 2019 2019 2019 2005
Urban / built up 1.2 1397 1.95 9.15 5.14 5.54
0.3% 1.4 % 21 % 0.8 % 0.8 % 0.8 %
Cultivated and 149 1169 0.84 6.52 3.77 3.93
managed vegetation 3.2% 14.3 % 11.5% 7.0 % 6.9 % 7.2%
Closed forest 36.4 703 0.61 5.04 2.76 2.84
7.7 % 21.0% 20.5 % 13.2% 12.4% 12.8 %
Open forest 13.2 703 0.56 4.69 2.66 2.75
2.8% 7.6 % 6.8 % 4.5 % 4.3% 4.5 %
Shrubs 11.2 365 0.24 3.22 1.95 1.95
2.4% 3.4% 2.5% 2.6 % 2.7% 2.7 %
Herbaceous vegetation 28.4 400 0.26 3.81 2.18 2.1
6.0 % 9.3 % 6.8 % 7.8 % 7.7 % 7.4 %
Herbaceous wetland 2.3 422 0.34 3.35 1.97 1.96
0.5% 0.8 % 0.7 % 0.6 % 0.6 % 0.6 %
Moss and lichen 1.4 48 0.06 1.36 0.76 0.69
0.3% 0.1 % 0.1 % 0.1% 0.1 % 0.1%
Bare / sparse vegetation 20.3 232 0.3 4.6 2.68 2.48
4.3% 3.9% 5.6 % 6.8 % 6.7 % 6.2 %
Snow and ice 2 98 0.11 2.43 1.28 1.15
0.4 % 0.2% 0.2% 0.3 % 0.3% 0.3%
Permanent water bodies 3.2 457 0.49 4.45 2.72 2.88
0.7 % 1.2% 1.4% 1.0% 1.1% 1.1%
Open sea 338.5 134 0.13 2.26 1.35 1.34
71.6 % 37.1% 41.7 % 55.3 % 56.4 % 56.3 %
All land classes 131.2 574 0.47 4.61 2.62 2.62
27.8% 61.7 % 56.9 % 43.7 % 42.5% 42.6 %
All water classes 341.7 137 0.14 2.28 1.36 1.36
72.2% 38.3% 43.1% 56.3 % 57.5% 57.4 %
Natura 2000 1.2 705 1.38 7.40 n/a n/a
0.2% 0.70 % 1.54 % 0.65 %
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land areas, LTO impacts are more concentrated on urban areas (2.1 % of
global deposition due to LTO emissions) than impacts from full-flight
emissions (0.8 %) and from all sources (1.4 %). The global average of
aviation-attributable nitrogen deposition flux over land are 0.46 %
(2005) and 0.80 % (2019) of the fluxes from all sources in those areas.
These global values are lower than the averages for regions with higher
aviation activity, such as 1.61 % over populated grid cells in North
America in 2019. Despite the global sum of aviation-attributable nitro-
gen deposition increasing by 72 % between 2005 and 2019, and despite
different growth rates of aviation emissions per region, the fraction of
deposition over each land cover class remained similar.

Throughout 2019, aviation led to an average increase of 7.40 kg
N-km~? in nitrogen deposition on Natura 2000 conservation sites,
with 1.38 kg N-km ~2 being due to LTO emissions (Table 1). Aviation
is responsible for an average of 1.0 % of nitrogen deposition from all
sources in those areas. The ratios between the average aviation-
attributable nitrogen deposition fluxes over Natura 2000 sites on land
and the averages over all European land of members of the European
Union are 0.973 for full-flight emissions and 0.941 for LTO emissions,
meaning that the impacts are only marginally smaller in Natura 2000 re-
gions than in other areas of the EU. Besides the spatially widespread na-
ture of nitrogen deposition caused by aviation, this may also be partially
attributed to the spatial coarseness of the model used (with grid cells in
the region having sides of roughly between 25 and 55 km), which does
not resolve small features such as the borders of these conservation
areas. This analysis is made considering global aviation emissions, but
future work could highlight emissions from specific sources or locations
that have the highest impact on ecologically vulnerable areas (Paulot
et al., 2013).

3.3. Limitations

This work focuses on the impacts associated with inorganic nitrogen
deposition, as this has been shown to be responsible for over 85 % of
anthropogenic nitrogen deposition impacts (Kanakidou et al., 2016),
although organic nitrogen deposition may be growing (Sun et al., 2016).
The presented results are inherently limited by GEOS-Chem's ability to
reproduce observed nitrogen deposition values. We have evaluated GEOS-
Chem against available wet and dry deposition measurements for 2005
and 2019 from North America, Europe, and Asia (Figs. S18-S24 and
Tables S1-S7) (National Atmospheric Deposition Program, n.d.; U.S.
Environmental Protection Agency, n.d.; Hjellbrekke and Fjaraa, 2007;
Hjellbrekke, 2021; Network Center for EANET, 2006; Network Center
for EANET, 2020). We found model biases between —20 % and +29 %
for wet deposition. For the three datasets that also included dry deposition
estimates we found dry deposition biases of +7 % (U.S. 2005), 0 % (U.S.
2019), and +104 % (Japan 2019), and total (wet + dry) deposition biases
of +4 % (U.S. 2005), 0 % (U.S. 2019), and + 51 % (Japan 2019). Combin-
ing all measurements for 2019, the model shows a + 2.5 % bias in total de-
position. The inclusion of higher resolution nested simulations did not
reduce this bias compared to measurements (the bias of just the coarse
resolution global simulation is + 2.2 %), but increasing the resolution had
some effect on the distribution of aviation-attributable nitrogen deposition
per land cover class, most notably increasing deposition on urban areas
due to LTO emissions by 13 % (Table S10). While we choose not to incorpo-
rate these biases in the numbers presented here, in line with other work
(Ackerman et al., 2019), we note that we may be overestimating or
underestimating nitrogen deposition in different regions. These biases
could be carried over in the aviation-attributable nitrogen deposition esti-
mates, for which there are no measurements to validate against. However,
we do not expect this to influence the relative results on the contribution of
high-altitude emissions to nitrogen deposition. Only impacts associated
with aircraft activity are evaluated, including the use of the auxiliary
power units at the airports, and we do not account for the use of ground
support equipment or other airport-related operations. As the amount of
aviation-attributable nitrogen deposition is directly proportional to NOy
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emissions, the magnitude of this impact depends on the accuracy of emis-
sion estimation. The 12 % higher top-down estimate of global fuel
burn based on jet fuel sale data, which also includes military uses, com-
pared to the bottom-up estimate used here is indicative of the combined
uncertainty in fuel burn estimation (Quadros et al., 2022a). The accu-
racy in the fleet-average NO, emission index is dependent on the uncer-
tainty in assigning the correct engine model to each aircraft, and in the
uncertainty in the emission measurements for each engine and the dif-
ference between them and performance in operation, including inaccu-
racies in the correction for atmospheric conditions. While we estimate
the nitrogen deposition fluxes over Natura 2000 sites, we highlight
that the grid coarseness as well as the emission assumptions of our sim-
ulations may not be able to resolve these appropriately, and future stud-
ies could further characterize more local impacts using higher fidelity
modeling. Finally, future work could address the ecosystem implica-
tions of the aviation-attributable nitrogen deposition, given that the dif-
ferent nitrogen forms deposited will affect ecosystems in different ways
and magnitudes (Ackerman et al., 2019; Liu et al., 2018; Kanakidou
et al., 2018).

3.4. Policy implications

Overall, we find that aviation NO, emissions contribute 1.39 Tg N
(or 1.13 %) of global nitrogen deposition. LTO emissions are responsible
for 7.8 % of those global impacts, but regionally this can be up to 32 %
for areas with dense air traffic (specifically landing and takeoff opera-
tions), such as Europe and North America. The majority (73-75 %) of
deposited nitrogen mass associated with aviation emissions is in the
form of HNO3, with aviation emissions resulting in a reduction in the
mass of NH; deposition, and an increase in the mass of deposited
NHy . A larger portion of deposition from full-flight (55 %) and LTO
(42 %) occur over open seas than the all-source average in the model
(37 %), suggesting a relatively lower impact intensity of emissions
from aviation due to their spatial distribution. The non-local reach
of aviation's nitrogen deposition impacts observed in the results, exem-
plified by similar deposition rates in Natura 2000 sites compared to
adjacent areas, as well as the transnational nature of air travel, pose
challenges in the implementation of local policies aiming to protect
vulnerable areas. Present aviation NO, emissions controls, such as
those by ICAO CAEP, focus on the LTO phase and are primarily
motivated by controlling local air quality around airports. Multiple
modeling studies indicate that high altitude emissions, relative to LTO
emissions, contribute 3-4 times more to aviation's impacts on global
air quality and human health, in line with what is also found for nitro-
gen deposition in this work. Efforts to control nitrogen deposition on
a global scale would benefit from addressing full-flight aviation
emissions. However, we note that similarly with air quality impacts,
the nitrogen deposition improvements will not necessarily be close to
airports. Even surface level emissions result in impacts far from their
emission location (Dedoussi et al., 2020; Liang et al., 2018). This is
already acknowledged in a policy context, as significant nitrogen is
imported from country to country.
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Appendix A. Supplementary data

Additional description of atmospheric modeling methods (Section S1),
geographic distribution of aviation emissions (Figs. S1-S3), gridded Natura
2000 areas (Fig. S4), map of populated grid cells in select regions (Fig. S5),
aviation-attributable N deposition fluxes per deposition process and
scenario (Figs. S6-S11), ratio of 2005 aviation-attributable and all-source
N deposition per scenario (Figs. S12 and S13), all-source N deposition per
process and scenario (Figs. S14-S17), comparison of model to measured ni-
trogen deposition rates (Section S2, Figs. S18-S24 and Tables S1-S7), sum-
mary of scenarios tested (Table S8), mass of aviation-attributable N
deposited over each land cover class (Table S9), grid resolution effect on de-
position rates per land cover class (Table S10). Supplementary data to this
article can be found online at https://doi.org/10.1016/j.scitotenv.2022.
159855.
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