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ABSTRACT: Ammonia (NH3) is the dominant source of reduced
nitrogen in the atmosphere, emitted primarily from agricultural
activities. Current representations of NH3 in global chemical
transport models (CTMs) largely focus on the thermodynamics
governing aerosol formation, ignoring the atmospheric oxidation of
NH3 with the hydroxyl (OH) radical since this process is slow and
therefore assumed to not be significant. In this study, we
incorporate an explicit mechanism to simulate this chemistry
using the GEOS-Chem global CTM. While the inclusion of this
pathway does not result in a meaningful impact on the global
ammonia burden, with an average annual reduction of approx-
imately 3%, the oxidation process leads to small but significant
changes in key atmospheric species, particularly over the Indian
subcontinent where surface concentrations of ozone (O3), OH, and nitrate aerosol see reductions of over 5%. Our results also
suggest that ammonia oxidation accounts for around 8% (and up to 16%) of the global anthropogenic nitrous oxide (N2O) source,
with important implications for climate models designed to accurately simulate the impact of changing agricultural emissions. We
also conduct a suite of simulations using anthropogenic emission estimates from the representative concentration pathway (RCP)
trajectories for 2100, which suggest that the atmospheric oxidation of NH3 will become an increasingly important source of N2O and
NOx under future emission scenarios, accounting for up to 21% of future N2O emissions. Given the large uncertainties in the
oxidation process, we use a sensitivity analysis to demonstrate the wide range in atmospheric response; our results support the need
for further research to better constrain the reaction pathways and associated yields.
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1. INTRODUCTION

Ammonia (NH3) is an important source of reactive nitrogen in
the atmosphere and plays a vital role in the global nitrogen
cycle. As the most abundant alkaline gas in the atmosphere, it
has a significant influence on cloud pH and precipitation,
impacting atmospheric chemistry at global and regional scales.1

Ammonia is also an important regulator of natural water
systems, and excessive deposition can result in algal blooms
and degrade water quality, impacting sensitive ecosystems.2,3

In the atmosphere, ammonia is a key precursor for secondary
particulate formation, interacting with acidic species (such as
sulfuric and nitric acids) to form sulfate, nitrate, and
ammonium (SNA) aerosols along with various other salts.
The resulting species account for a major fraction of the global
secondary aerosol burden4 and have a significant impact on
global and regional climate.5 Long-term exposure to elevated
concentrations of such aerosols has also been linked to
deleterious health outcomes by increasing the risks of
respiratory and pulmonary diseases.6,7

Animal husbandry and fertilizer use for crops are by far the
most abundant sources of atmospheric ammonia.1,4,8 The

growing demand for synthetic fertilizer in the early 20th
century resulted in the widespread implementation of the
Haber−Bosch process to produce NH3 at industrial scales,
with studies estimating that close to half of the present-day
global population depends on food produced using artificial
nitrogen fertilizers.9 Due to its volatile nature, the increase in
ammonia fertilizer application has led to an increase in
emissions of ammonia to the atmosphere. The expansion of
intensive agriculture over the past century has thus increased
global and regional atmospheric ammonia burdens well beyond
natural levels.9 This is particularly true in developing regions
like South Asia, where NH3 emissions from fertilizer use are
estimated to have increased by an order of magnitude between
1961 and 2014.10 With the growing global demand for food
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and animal products, ammonia emissions in these regions are
expected to continue increasing well into the 21st century.
This trend is in contrast to nitrogen oxide (NOx) emissions,
the other important source of reactive nitrogen in the
atmosphere. With increasingly strict regulations, NOx
emissions are expected to stabilize and drop over the coming
decades, a phenomenon already observed in Europe, North
America, and China.11 These opposing trends have resulted in
a significant shift in the composition of atmospheric reactive
nitrogen, with a move from oxidized nitrogen compounds
toward the greater prevalence of reduced nitrogen compounds
like NH3.

12

Model representations of NH3 in global chemical transport
models (CTMs) are relatively simple, focusing largely on the
thermodynamics that govern the formation of ammonium
aerosol and the deposition processes that dictate its loss.
However, in addition to these processes, ammonia has also
been shown to undergo oxidation initiated by the hydroxyl
(OH) radical,13 forming the short-lived amino radical (NH2),
which undergoes further oxidation with nitrogen oxide (NO),
nitrogen dioxide (NO2), ozone (O3), or the hydroperoxyl
radical (HO2) to ultimately form molecular nitrogen (N2),
nitrous oxide (N2O), or NO. The relative product yields are
sensitive to the NOx regime as well as to the relative
abundance of ambient O3. Kohlmann and Poppe14 found that
uncertainties in the kinetics of the amino radical led to a wide
range of N2O yields, from 10 to 43%. NH2O is an intermediate
product in this mechanism, arising from the reaction of NH2
with NO2, O3, and HO2, but its fate remains largely unstudied.
Sun et al.15 reported a large rate constant for the reaction of

NH2O with OH, which favors the ultimate production of NOx.
Isomerization of NH2O to NHOH, postulated by Bulatov et
al.,16 is also expected to have a significant impact on the NOx

yield from the oxidation of NH3.
Chemical transport models have traditionally ignored

ammonia oxidation from this mechanism due to the slow
kinetics that govern the initial reaction of NH3 with OH,13

resulting in chemical lifetimes on the order of weeks. Other
NH3 loss mechanisms, such as uptake to particles and dry and
wet deposition, operate on the order of around a day17,18 and
are thus expected to dominate the loss. While ammonia
oxidation has been shown to not be a significant sink for global
ammonia,1,14,19−23 it is possible that this mechanism could
result in the production of atmospherically significant levels of
NO and N2O over regions with elevated NH3 burdens. N2O is
an important greenhouse gas, with a unit-mass radiative forcing
that is almost 300 times greater than that from carbon dioxide
over a 100 year time horizon.24−26 However, it is emitted in
comparatively small quantities, with recent global N2O
emissions estimated to be around 17.0 Tg N year−1, of
which 7.3 Tg N year−1 is anthropogenic.27 Previous studies
that have investigated the importance of atmospheric NH3

oxidation have estimated a global N2O source between 0.4 and
1.2 Tg N year−1 from this pathway,1,14,20,21 suggesting that
ammonia oxidation could indeed be a significant (up to 7%)
contributor to global N2O. Similarly, the fifth assessment
report from the Intergovernmental Panel on Climate Change24

suggests that atmospheric processes likely account for around
0.6 Tg N year−1 of N2O production. However, there remain a

Table 1. Rate Constants (cm3 molecule−1 s−1) for Representative Chemical Reactions Involved in the Ammonia Oxidation
Processa

aReaction R8 is assumed to occur rapidly and is thus not explicitly simulated. Rate estimates are provided for each reaction at 298 K, with the
uncertainty factor represented in red within parentheses in all cases except reaction R6 where it represents an absolute error estimated by the study
for the measurement at 296 K.
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number of uncertainties surrounding the global relevance of
this pathway.
The oxidation of ammonia also produces NO, with previous

studies estimating a global NOx source of around 0.9 Tg N
year−1 from this mechanism.19 When compared against a total
NOx source

28 of around 56 Tg N year−1, the magnitude of NO
production from this pathway appears relatively insignificant.
However, some of the NO production from this mechanism
occurs in remote regions and in the free troposphere (FT),
where it could disproportionately influence oxidative chemistry
and HOx cycling,

29 similar to the impact of lightning NOx.
30

Ammonia oxidation could thus impact numerous atmospheric
species due to the tight coupling of the HOx−NOx−VOC−O3
chemistry. SNA aerosol formation is also often limited by
ammonia over polluted regions,4 making it sensitive to the
changes in ambient NH3 concentrations. Despite this, there
has been limited modeling to explicitly simulate the impact of
ammonia oxidation,1,14,19−23 with little investigation of the
resulting spatial distributions of key atmospheric species such
as O3, NO, and SNA aerosols. Here, we revisit the role of
ammonia oxidation in the atmosphere. We review reaction
parameters from recent literature sources to create an updated
representation of the oxidation process and incorporate an
explicit oxidation mechanism within a global chemical
transport model to better understand the impacts of this
pathway on NH3 and various other key atmospheric species.
We also conduct a series of simulations using future NH3 and
NOx emission estimates to assess whether the ammonia
oxidation process might take on an increased salience in the
coming decades.

2. METHODS
To explore the global and regional implications of ammonia
oxidation, we incorporate an ammonia oxidation mechanism
into the standard chemical mechanism of the GEOS-Chem
chemical transport model v12.1.1.31 All model simulations are
performed at a global horizontal resolution of 2° × 2.5°, with
47 vertical hybrid-sigma levels. The model is driven by the
MERRA-2 assimilated meteorological product from the NASA
Global Modeling and Assimilation Office (GMAO) with a
chemistry time step of 20 min and a transport time step of 10
min, as recommended by Philip et al.32

The model includes a coupled treatment of HOx−NOx−
VOC−O3 chemistry33−35 with integrated Cl−Br−I chemis-
try36 and uses a standard bulk aerosol scheme with fixed log−
normal modes. SNA thermodynamic partitioning is described
using the ISORROPIA II model.37 Production and loss
diagnostics were created to track the chemical fluxes of NH3,
NO, N2O, and N2 resulting from the oxidation reactions. Table
1 provides an overview of the ammonia oxidation scheme
explored here, with rate constants from the most recent JPL
evaluations along with various other literature sources. While
the reaction of NH3 with OH is relatively well constrained, we
note that there are large uncertainties in the rate constants for
the subsequent reactions, with results from various studies
differing by up to an order of magnitude. Similarly, the
branching ratios that determine the fate of NH2 when reacting
with NO2 are highly uncertain.38 The reaction of NH2 with
HO2 is also poorly constrained, as are the associated product
yields.39,40

The model was run at a global domain for the year 2016
(preceded by a 6 month spin-up) and compared to a standard
simulation without the oxidation mechanism over the same

time period to evaluate the relative importance of the ammonia
oxidation pathway across a number of key atmospheric species.
The standard simulation is referred to here as “Base”. We use
“AmOx” to refer to the simulation that includes the ammonia
oxidation pathway. We also conduct two additional sensitivity
simulations to evaluate the importance of various uncertainties
in the mechanism. The simulation “MaxN2O” is configured to
provide an upper-bound estimate on N2O production from this
pathway. This is achieved by increasing the branching ratio of
reaction R3b to 40%,41 using lower-bound estimates for k2, k4,
and k7

15 and using an upper-bound estimate for k6.
16

Conversely, the simulation “MaxNOx” is configured to provide
an upper-bound estimate on NO production. This is achieved
by decreasing the reaction R3b branching ratio to 10%,41 using
an upper-bound estimate for k2 and a lower-bound estimate for
k4.

41 In “MaxNOx”, we also implement an isomerization
pathway14,16,42 for the NH2O produced in reactions R2,
R3a,

14,16 and R5c
39,40 described below, which is expected to

favor additional NO production by limiting NH2O recycling

kNH O NHOH ( 1300 s )2 R
1

9
→ = −

(R9)

k

NHOH OH HNO H O

( 1.66 10 cm molecule s )
2

R
12 3 1 1

10

+ → +

= × − − −

(R10)

Anthropogenic and agricultural emissions of ammonia and
other species follow the Community Emissions Data System
(CEDS) inventory.43 These emissions are overwritten with
regional inventories when available. NH3 emissions over India,
a region of particular interest, are from the MIX inventory.44

Model NH3 emissions for 2016 total 59.4 Tg N year−1, of
which 42.1 Tg N year−1 is from anthropogenic sources
(including agricultural sources), 3 Tg N year−1 is from biomass
burning, and 14.3 Tg N year−1 is from other natural sources.
Nitrogen oxide emissions follow the same anthropogenic
inventories and also include lightning,45,46 soil,47 and ship48

sources. Model NOx emissions for 2016 total 53 Tg N year−1,
of which 32.9 Tg N year−1 is from anthropogenic sources, 6.3
Tg N year−1 is from lightning, 6 Tg N year−1 is from biomass
burning, and 7.8 Tg N year−1 is from soil sources. Biogenic
emissions of volatile organic compounds are based on the
coupled ecosystem emission model (Model of Emissions of
Gases and Aerosols from Nature (MEGAN v2.1)).49 Pyrogenic
emissions are simulated from the GFED4s satellite-derived
global fire emissions database.50 Deposition losses are dictated
by aerosol and gas dry deposition to surfaces based on a
resistor-in-series scheme51,52 and wet deposition from
scavenging by rainfall and moist convective cloud updrafts.53,54

To explore the potential importance of the ammonia
oxidation process under future emission scenarios, we conduct
a series of simulations using both the base and AmOx model
configurations. These simulations are driven by four different
emission scenarios for the year 2100 that are generated in
accordance with the representative concentration pathway
(RCP) trajectories adopted by the fourth assessment report
compiled by the Intergovernmental Panel on Climate
Change.55−59 All emissions are adapted for use in the
GEOS-Chem model using the Harvard-NASA Emissions
Component (HEMCO) module,60 and each emission scenario
is labeled in accordance with the estimated radiative forcing
values for the year 2100. The emission scenarios are run in
both base and AmOx configurations to determine the impact
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of the ammonia oxidation process under future chemical
regimes.

3. RESULTS AND DISCUSSION

3.1. Global Comparison. Figure 1 compares the annual
mean column concentrations of ammonia (in molecule cm−2)
between the base and AmOx simulations. Ammonia concen-
trations vary substantially across different regions, with hot
spots over India, China, central Africa, and parts of North and
South America (Figure 1a,b). These differences reflect the
spatial heterogeneity in emissions, driven largely by regions
practicing intensive agriculture (Figure S1 illustrates global
NH3 emissions). The inclusion of the AmOx pathway
decreases ammonia concentrations globally, with the largest
impact in absolute terms over northern India, a region
characterized by dense agricultural activity. Section 3.2
provides a more detailed description of the impact of ammonia
oxidation over the Indian subcontinent. In relative terms, the
most significant reductions in NH3 are seen over remote
outflow regions in aged air masses. Differences in ammonia
column burdens can exceed 10% over such regions.
Figure 2a illustrates that ammonia oxidation reduces the

annual mean global ammonia burden by approximately 3%
(2.2−4.4% across different seasons). Under the MaxNOx
scenario, ammonia burdens are further reduced, approaching
up to a monthly averaged reduction of 5% when compared to
the base simulation. Global ammonia burdens display a strong
bimodal pattern, with local peaks in the March−May and
September−November seasons, resulting from the aggregation
of different regional sources including agricultural fertilization
and crop residue burning.61 The lifetime of NH3 against
oxidation by OH varies with ambient OH concentrations and
is thus lowest in June (Figure 2b) when it is summer in the
northern hemisphere. This reflects the disproportionate
contribution of NH3 from the northern hemisphere, which

accounts for between 63 and 82% of the global monthly
ammonia burden. However, even at its lowest, the lifetime of
NH3 loss against oxidation is greater than 30 days, significantly
longer than the atmospheric lifetime of NH3 against other
processes (such as uptake to particles and dry and wet
deposition), which is between 12 and 48 h on average. This
underscores the relatively minor role of this pathway in
determining the fate of NH3 at the global scale. Figure 2d−f
shows the monthly production of N2O, NO, and N2 resulting
from the oxidative loss of NH3 (Figure 2c). The MaxNOx
simulation produces minimal amounts of N2O, and the
MaxN2O simulation produces similarly low levels of NO.
The wide range in production estimates illustrates the large
uncertainties in the branching ratios and kinetics that govern
the preferential production of NOx or N2O. The seasonal
nature of ammonia emissions,61 and of ambient OH, results in
a strong seasonal signal in the simulated effects of the oxidation
mechanism. However, the direction of the response remains
consistent across seasons. As a result, we focus our analysis on
an annual comparison. The annual production of N2O is
estimated at 0.61 Tg N year−1, with an upper bound of 1.15 Tg
N year−1 from the MaxN2O simulation. The N2O production
estimates lie within the 0.4−1.2 Tg N annual N2O production
range from previous evaluations of this mechanism.1,14,20,21

N2O production from the AmOx and MaxN2O simulations is
equivalent to approximately 8 and 16% of the total annual
anthropogenic N2O source, respectively, and would account
for a significant fraction of the estimated 17 Tg year−1 global
N2O production.24−27 In terms of radiative forcing, the
production of N2O from the MaxN2O simulation can be
viewed as roughly equivalent to the annual addition of 0.54 Pg
of CO2, which is greater than the yearly CO2 emissions of
countries such as Brazil (around 0.47 Pg) and Mexico (around
0.44 Pg).62 The reaction of NO2 with NH2 has also been
invoked to explain the mass-independent oxygen isotope
fractionation of tropospheric N2O.

63 An accurate interpreta-

Figure 1. Annual average ammonia column concentrations for the (a) base and (b) AmOx simulations. (c) Absolute difference (in molecule cm−2)
between the two simulations. (d) Relative difference (%) between the two simulations. Simulation is for the year 2016. Color bars are saturated at
the respective values.
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tion of the N2O budget using isotopomers might thus require
the inclusion of this source.
The annual NO production totals 0.24 Tg N year−1, less

than 1% of the total global NOx source estimated by other
studies28 and around 4% of the 6.3 Tg N year−1 source from
lightning, which is a similarly diffuse source of oxidized
nitrogen in the free troposphere. However, the annual NO
production from the MaxNOx simulation is almost 4 times
greater at 1.17 Tg N year−1, although smaller than the upper-
bound NO production estimate of 1.6 Tg N year−1 by Lee et
al.19 While ammonia oxidation does not result in meaningful
NOx production at the global scale, our simulations indicate
that it could influence atmospheric chemistry in remote NOx-
limited regions by serving as a small but relatively important
source of NO.
Figure 3 shows how gas-phase concentrations at the surface

are impacted by the ammonia oxidation process. Relative
differences in ammonia concentrations are most significant
over remote ocean environments where they have limited
implications for human health but could potentially impact
other important microphysical processes like cloud forma-
tion.64 Meaningful differences in NH3 concentrations (5−
10%) also manifest over the African Sahel and the Arabian
Peninsula where they could influence regional air quality.
There is an increase in surface NOx concentrations over the

Indian subcontinent and a marked decrease in surface O3 and
OH levels. In this region, the oxidation of ammonia also
provides a source of NOx in the lower FT (Figure S3).
Following export to more NOx-limited environments, this
excess NOx eventually contributes to an increased global
production of O3 in the FT, resulting in a marginal increase in
surface-level O3 concentrations over much of the globe
(Figures 3b and S4). OH displays a similar response, with
lower concentrations over continental regions but higher
concentrations over the oceans (Figure 3c), responding to
complex and nonlinear effects from the increase in ambient
NOx concentrations over these regions that promote more
efficient HOx cycling. The increase in oxidative capacity over
remote ocean environments could influence chemistry and
microphysics in these regions, such as the formation of cloud
condensation nuclei and ice-nucleating particles. Given the
large ammonia source over the Indian subcontinent, changes in
atmospheric composition are most pronounced in this region.
We discuss these in detail in Section 3.2.
In addition to the impact on key gas-phase species, NH3

oxidation influences SNA aerosol concentrations. Global
inorganic aerosol burdens decrease with the inclusion of the
ammonia oxidation pathway, with ammonium burdens lower
by roughly 6 Gg globally (2%) and nitrate burdens lower by 12
Gg (4%). The impacts on surface concentrations for these

Figure 2. (a) Comparison of the total NH3 burdens (Gg N) between the base simulation (dark blue) and the AmOx simulation (light blue). (b)
Lifetime of atmospheric ammonia against its oxidation with OH. (c) Global monthly loss rate of NH3 due to its oxidation and the associated
production rates of (d) N2O, (e) NO, and (f) N2. All results are from a 2016 simulation. Panel (d) includes N2O production from the MaxN2O
simulation (gray squares), and panel (e) includes NO production from the MaxNOx simulation (gray triangles). The shaded regions in panels (a)−
(c) illustrate the spread in upper- and lower-bound estimates from the two sensitivity simulations.
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species are shown in Figure 4. Nitrate formation is extremely
sensitive to ambient ammonia availability, and the spatial
patterns of the nitrate reductions in Figure 4 track the regional
decreases in ammonia. Relative differences between 5 and 10%
in NO3

− concentrations also manifest over Africa, Central
America, and parts of South America. In pristine regions, such
as the forests of South America, these reductions (on the order
of 5%) could be important to regional aerosol chemistry by
impacting aerosol acidity, inorganic aerosol partitioning, and

organic nitrate formation. The increase in ammonium nitrate
concentrations over remote ocean environments is driven by
an increase in NOx over these regions (Figure 3). Sulfate
burdens are relatively unaffected at the global scale. When
viewed in aggregate, the impact of the ammonia oxidation
pathway is to reduce inorganic surface PM2.5 concentrations
over most continental regions, resulting in a marginal
improvement in simulated air quality.

Figure 3. Comparison of annual average gas-phase concentrations at the surface between the base and AmOx model simulations for (a) NH3, (b)
O3, (c) OH, and (d) NOx (NO + NO2). Figure S2 provides a similar comparison at the model pressure level of 500 hPa.
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As a function of altitude, the inclusion of the oxidation
process decreases NH3 concentrations throughout the tropo-
sphere, with reductions between 2 and 10% (Figure S4). A
recent study suggests that CTMs overestimate ammonia
concentrations in the FT and may be missing an important
NH3 loss mechanism;65 ammonia oxidation by OH could
contribute to this missing loss. Global profiles for NO, HNO3,
OH, O3, and SO4

2− in the lower troposphere are largely
unchanged (less than 5%), with the impact of the ammonia
oxidation pathway most apparent on the ammonium and
nitrate profiles.
3.2. Regional Comparison over the Indian Subcon-

tinent. While ammonia oxidation has meaningful implications
for global N2O production, its impact on other key
atmospheric species is relatively minor at the global scale.
However, as indicated in Section 3.1, it can play a more
substantial role at the regional level, particularly over the
Indian subcontinent, which is the dominant contributor to
global ammonia emissions. The absolute impact from the
AmOx mechanism on NH3 concentrations is thus greatest over
India, where it also contributes the most NOx in absolute
terms.
Figure 5 illustrates the impact of the oxidation pathway on

surface concentrations of NH3, NOx, OH, O3, NH4
+, and

NO3
− over the Indian subcontinent. Figure S5 provides the

same comparison as a relative difference. The effect on these
species is significant, with O3 and particulate NO3

− decreasing
by around 3 ppb and 1 μg m−3, respectively, over parts of
northern India. Surface OH concentrations drop by up to 7%
over some areas of northern India, largely due to nonlinear
interactions with the NOx perturbations. In addition to its
impact on surface concentrations, ammonia oxidation also
influences the vertical distributions of OH and O3 over the

Indian subcontinent (Figure S6). The inclusion of the
ammonia oxidation pathway also impacts the relative
abundance of SNA species over this region, decreasing the
NH4

+/SO4
2− ratio and increasing the NH4

+/NO3
− ratio.

Changes in bulk SNA ionic ratios have important implications
for particle acidity and pH, particularly in the free troposphere
where our simulations estimate meaningful changes in
particulate pH (Figure S7). The impact of the oxidation
mechanism on aerosol pH is consistent in sign with the recent
work that has suggested that CTMs underestimate aerosol
acidity in remote environments.65 These changes could also
influence a number of other important aerosol interactions that
influence particle growth and heterogeneous chemistry.4,66,67

3.3. Evaluating the Importance of NH3 Oxidation
under Future Emissions Scenarios. Global ammonia
emissions are anticipated to continue increasing over much
of the 21st century in response to increasing agricultural
demand. This is juxtaposed against a decreasing trend in global
NOx emissions that is similarly predicted to continue with
increased regulatory pressure worldwide. Given these opposing
trends, the atmospheric composition of reactive nitrogen under
future scenarios can be expected to deviate substantially from
that of the present, with a progressive shift in total N emissions
toward NH3. This shift in composition could magnify the
importance of ammonia oxidation as a source of global N2O
and as a regional source of NOx given the reduced emissions
from other sources. To estimate the importance of this
mechanism under future scenarios, we utilize a series of
simulations conducted using four different emission scenarios,
set in the year 2100, using the representative concentration
pathway (RCP) framework outlined in Section 2. NH3 and
NOx emissions vary across the scenarios but in general exhibit
similar trends of increasing NH3 emissions and decreasing

Figure 4. Comparison of the annual average aerosol concentrations at the surface between the base and AmOx model simulations for (a)
ammonium and (b) nitrate aerosol.
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NOx emissions (Figure 6a). Simulations conducted both with
and without the AmOx mechanism for each RCP scenario
indicate that ammonia oxidation could become a substantial
global source of N2O in the future, with annual estimates
ranging from 0.65 to 1.10 Tg N (Figure 6b), potentially
accounting for a large fraction of global N2O emissions (7−

21%) in the year 2100.68,69 Similarly, the increased ammonia
burden results in a larger (though still relatively small) NOx

source, equivalent to between 1.1 and 1.9% of estimated global
NOx emissions in 2100 (Figure 6c). In general, the impact of
the ammonia oxidation process under the future scenarios is to
deplete O3 and OH across continental regions while increasing

Figure 5. Comparison of the annual average aerosol concentrations at the surface between the base and AmOx model simulations for (a) NH3, (b)
NOx, (c) OH, (d) NO3

−, (e) O3, and (f) NH4
+ over the Indian subcontinent.

Figure 6. (a) Global annual NH3, NOx (NO + NO2), and N2O emissions in Tg N across the RCP scenarios compared to the baseline emissions
used to drive the 2016 simulation. (b) Total annual change in the source of key species across the RCP scenarios in Tg N compared to that of the
AmOx simulation for 2016. (c) Change in the annual source of key species across the scenarios relative to their total sources. The representative
concentration pathways (RCPs) are labeled with their associated radiative forcing (e.g., 8.5 W m−2); RCP 3PD refers to a “peak-and-decline”
scenario corresponding to a radiative forcing of 2.6 W m−2. N2O is not directly emitted into the model but is provided here for context. 2016 N2O
emissions are based on the estimate from Tian et al.,27 and 2100 global N2O global emissions are from the IIASA RCP database.68
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the concentrations of these oxidants in the remote southern
hemisphere. The increase in NOx concentrations from NH3
oxidation over the Indian subcontinent has particularly
significant consequences for regional oxidative chemistry,
decreasing surface-level ozone by up to 6 ppb in the RCP
3PD scenario and reducing nitrate and ammonium aerosol
concentrations by between 5 and 20% in many regions across
all scenarios. These results suggest that the ammonia oxidation
process will take on an increased importance in the future
atmosphere, further reinforcing the need to constrain the
kinetics of this process.

4. CONCLUSIONS
The atmospheric oxidation of ammonia is typically not
included within the current global chemical transport models.
In this study, we incorporate an explicit mechanism to simulate
ammonia oxidation initiated by the OH radical. Using a global
model simulation for 2016, we find that the annual oxidation
loss of NH3 is considerably smaller than other removal
pathways, resulting in an average annual reduction of
approximately 3% in the global ammonia burden. These
changes are well within the observational uncertainties driving
global ammonia estimates, indicating that the addition of this
mechanism is unlikely to meaningfully improve model NH3
simulations. While other drivers of uncertainty, such as the
treatment of NH3 emissions, partitioning, and deposition, are
more important avenues for future research to constrain the
fate of atmospheric NH3, the oxidation process could be a
significant removal mechanism in remote environments.
Despite its relatively small influence on global NH3

concentrations, the annual N2O production from NH3
oxidation is estimated to be 8% (with an upper bound of
16%) of the total anthropogenic N2O emissions from other
sources, with significant implications for radiative forcing
estimates. Our analysis also suggests that ammonia oxidation
could account for up to 21% of the total N2O source
(potentially even more using MaxN2O conditions) under
future climatic scenarios. These results stress the importance of
the agriculture sector as an indirect source of an important
greenhouse gas. Our analysis suggests that global climate
models and earth system models would benefit from the
incorporation of an explicit ammonia oxidation mechanism
when modeling N2O, with the caveat that additional laboratory
studies need to be conducted to better constrain its production
from this pathway.
While ammonia oxidation is currently not an important

global source of NO, this study demonstrates that the pathway
could impact key atmospheric species at regional scales, with a
particularly clear influence over the Indian subcontinent.
Surface concentrations of OH and O3 see regional reductions
of over 5%, with potential consequences for oxidative
chemistry and for determining the policy-relevant background
concentrations for various key species. Surface PM2.5
concentrations are similarly impacted, with decreases in
ammonium and nitrate aerosol loadings of up to 4 and 9%,
respectively. Perturbing the available gas-phase ammonia over
polluted regions also impacts the relative ratios of the SNA
ions, influencing aerosol acidity and particle pH. Despite the
importance of these interactions, sensitivity simulations
demonstrate large uncertainties in the NO production
estimates, supporting the need for more research. To more
comprehensively assess the magnitude of the atmospheric
response to ammonia oxidation over India and other regions of

interest, additional work is necessary to constrain the
underlying NH3 simulation over these regions by validating
process-level drivers of uncertainty from model emissions,
transport, physical loss, and other chemical and thermody-
namic interactions.
With ammonia emissions expected to increase in the coming

decades, our analysis using a series of RCP simulations
suggests that the atmospheric oxidation of ammonia will
become an increasingly important source of N2O and remote
NOx under future climate scenarios. Given the growing
atmospheric influence of this process, additional research is
needed to constrain this pathway (and the associated reaction
parameters) to more accurately simulate the impact of future
ammonia emissions on global atmospheric chemistry and
climate.
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(2) Camargo, J. A.; Alonso, Á. Ecological and Toxicological Effects
of Inorganic Nitrogen Pollution in Aquatic Ecosystems: A Global
Assessment. Environ. Int. 2006, 32, 831−849.
(3) Krupa, S. V. Effects of Atmospheric Ammonia (NH3) on
Terrestrial Vegetation: A Review. Environ. Pollut. 2003, 124, 179−
221.
(4) Pozzer, A.; Tsimpidi, A. P.; Karydis, V. A.; de Meij, A.; Lelieveld,
J. Impact of Agricultural Emission Reductions on Fine-Particulate
Matter and Public Health. Atmos. Chem. Phys. 2017, 17, 12813−
12826.
(5) Bellouin, N.; Rae, J.; Jones, A.; Johnson, C.; Haywood, J.;
Boucher, O. Aerosol Forcing in the Climate Model Intercomparison
Project (CMIP5) Simulations by HadGEM2-ES and the Role of
Ammonium Nitrate. J. Geophys. Res.: Atmos. 2011, 116, No. D20206.
(6) Cohen, A. J.; Brauer, M.; Burnett, R.; Anderson, H. R.; Frostad,
J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dandona,
R.; Feigin, V.; Freedman, G.; Hubbell, B.; Jobling, A.; Kan, H.;
Knibbs, L.; Liu, Y.; Martin, R.; Morawska, L.; Pope, C. A.; Shin, H.;
Straif, K.; Shaddick, G.; Thomas, M.; van Dingenen, R.; van
Donkelaar, A.; Vos, T.; Murray, C. J. L.; Forouzanfar, M. H.
Estimates and 25-Year Trends of the Global Burden of Disease
Attributable to Ambient Air Pollution: An Analysis of Data from the
Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907−
1918.
(7) Pope, C. A.; Dockery, D. W. Health Effects of Fine Particulate
Air Pollution: Lines That Connect. J. Air Waste Manage. Assoc. 2006,
56, 709−742.
(8) Bouwman, A. F.; Lee, D. S.; Asman, W. A. H.; Dentener, F. J.;
Van Der Hoek, K. W.; Olivier, J. G. J. A Global High-Resolution
Emission Inventory for Ammonia. Global Biogeochem. Cycles 1997, 11,
561−587.
(9) Erisman, J. W.; Sutton, M. A.; Galloway, J.; Klimont, Z.;
Winiwarter, W. How a Century of Ammonia Synthesis Changed the
World. Nat. Geosci. 2008, 1, 636−639.
(10) Xu, R. T.; Pan, S. F.; Chen, J.; Chen, G. S.; Yang, J.; Dangal, S.
R. S.; Shepard, J. P.; Tian, H. Q. Half-Century Ammonia Emissions
From Agricultural Systems in Southern Asia: Magnitude, Spatiotem-
poral Patterns, and Implications for Human Health. GeoHealth 2018,
2, 40−53.
(11) Krotkov, N. A.; McLinden, C. A.; Li, C.; Lamsal, L. N.;
Celarier, E. A.; Marchenko, S. V.; Swartz, W. H.; Bucsela, E. J.; Joiner,
J.; Duncan, B. N.; Boersma, K. F.; Veefkind, J. P.; Levelt, P. F.;
Fioletov, V. E.; Dickerson, R. R.; He, H.; Lu, Z.; Streets, D. G. Aura
OMI Observations of Regional SO2 and NO2 Pollution Changes from
2005 to 2015. Atmos. Chem. Phys. 2016, 16, 4605−4629.
(12) Pinder, R. W.; Appel, K. W.; Dennis, R. L. Trends in
Atmospheric Reactive Nitrogen for the Eastern United States.
Environ. Pollut. 2011, 159, 3138−3141.
(13) Logan, J. A. Nitrogen Oxides in the Troposphere: Global and
Regional Budgets. J. Geophys. Res.: Oceans 1983, 88, 10785−10807.
(14) Kohlmann, J.-P.; Poppe, D. The Tropospheric Gas-Phase
Degradation of NH3 and Its Impact on the Formation of N2O and
NOx. J. Atmos. Chem. 1999, 32, 397−415.

(15) Sun, F.; DeSain, J. D.; Scott, G.; Hung, P. Y.; Thompson, R. I.;
Glass, G. P.; Curl, R. F. Reactions of NH2 with NO2 and of OH with
NH2O. J. Phys. Chem. A 2001, 105, 6121−6128.
(16) Bulatov, V. P.; Buloyan, A. A.; Cheskis, S. G.; Kozliner, M. Z.;
Sarkisov, O. M.; Trostin, A. I. On the Reaction of the NH2 Radical
with Ozone. Chem. Phys. Lett. 1980, 74, 288−292.
(17) Dammers, E.; McLinden, C. A.; Griffin, D.; Shephard, M. W.;
Van Der Graaf, S.; Lutsch, E.; Schaap, M.; Gainairu-Matz, Y.;
Fioletov, V.; Van Damme, M.; Whitburn, S.; Clarisse, L.; Cady-
Pereira, K.; Clerbaux, C.; Coheur, P. F.; Erisman, J. W. NH3
Emissions from Large Point Sources Derived from CrIS and IASI
Satellite Observations. Atmos. Chem. Phys. 2019, 19, 12261−12293.
(18) Van Damme, M.; Clarisse, L.; Whitburn, S.; Hadji-Lazaro, J.;
Hurtmans, D.; Clerbaux, C.; Coheur, P.-F. Industrial and Agricultural
Ammonia Point Sources Exposed. Nature 2018, 564, 99−103.
(19) Lee, D. S.; Köhler, I.; Grobler, E.; Rohrer, F.; Sausen, R.;
Gallardo-Klenner, L.; Olivier, J. G. J.; Dentener, F. J.; Bouwman, A. F.
Estimations of Global No, Emissions and Their Uncertainties. Atmos.
Environ. 1997, 31, 1735−1749.
(20) Khan, M. A. H.; Lowe, D.; Derwent, R. G.; Foulds, A.;
Chhantyal-Pun, R.; McFiggans, G.; Orr-Ewing, A. J.; Percival, C. J.;
Shallcross, D. E. Global and Regional Model Simulations of
Atmospheric Ammonia. Atmos. Res. 2020, 234, No. 104702.
(21) Hauglustaine, D. A.; Balkanski, Y.; Schulz, M. A Global Model
Simulation of Present and Future Nitrate Aerosols and Their Direct
Radiative Forcing of Climate. Atmos. Chem. Phys. 2014, 14, 11031−
11063.
(22) Adams, P. J.; Seinfeld, J. H.; Koch, D. M. Global
Concentrations of Tropospheric Sulfate, Nitrate, and Ammonium
Aerosol Simulated in a General Circulation Model. J. Geophys. Res.:
Atmos. 1999, 104, 13791−13823.
(23) Xu, L.; Penner, J. E. Global Simulations of Nitrate and
Ammonium Aerosols and Their Radiative Effects. Atmos. Chem. Phys.
2012, 12, 9479−9504.
(24) Ciais, P.; Sabine, C.; Bala, G.; Bopp, L.; Brovkin, V.; Canadell,
J.; Chhabra, A.; DeFries, R.; Galloway, J.; Heimann, M.; Jones, C.; Le
Quere, C.; Myneni, R. B.; Piao, S.; Thornton, P. In Carbon and Other
Biogeochemical Cycles, IPCC, 2013: Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change; Cambridge University Press: Cambridge, 2013.
(25) Myhre, G.; Shindell, D.; Bréon, F.-M.; Collins, W.; Fuglestvedt,
J.; Huang, J.; Koch, D.; Lamarque, J.-F.; Lee, D.; Mendoza, B.;
Nakajima, T.; Robock, A.; Stephens, G.; Zhang, H.; Aamaas, B.;
Boucher, O.; Dalsøren, S. B.; Daniel, J. S.; Forster, P.; Granier, C.;
Haigh, J.; Hodnebrog, Ø.; Kaplan, J. O.; Marston, G.; Nielsen, C. J.;
O’Neill, B. C.; Peters, G. P.; Pongratz, J.; Ramaswamy, V.; Roth, R.;
Rotstayn, L.; Smith, S. J.; Stevenson, D.; Vernier, J.-P.; Wild, O.;
Young, P.; Jacob, D.; Ravishankara, A. R.; Shine, K. In Anthropogenic
and Natural Radiative Forcing, IPCC, 2013: Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate
Change; Cambridge University Press: Cambridge, 2013; p 82.
(26) Tian, H.; Yang, J.; Lu, C.; Xu, R.; Canadell, J. G.; Jackson, R. B.;
Arneth, A.; Chang, J.; Chen, G.; Ciais, P.; Gerber, S.; Ito, A.; Huang,
Y.; Joos, F.; Lienert, S.; Messina, P.; Olin, S.; Pan, S.; Peng, C.;
Saikawa, E.; Thompson, R. L.; Vuichard, N.; Winiwarter, W.; Zaehle,
S.; Zhang, B.; Zhang, K.; Zhu, Q. The Global N 2 O Model
Intercomparison Project. Bull. Am. Meteorol. Soc. 2018, 99, 1231−
1251.
(27) Tian, H.; Xu, R.; Canadell, J. G.; Thompson, R. L.; Winiwarter,
W.; Suntharalingam, P.; Davidson, E. A.; Ciais, P.; Jackson, R. B.;
Janssens-Maenhout, G.; Prather, M. J.; Regnier, P.; Pan, N.; Pan, S.;
Peters, G. P.; Shi, H.; Tubiello, F. N.; Zaehle, S.; Zhou, F.; Arneth, A.;
Battaglia, G.; Berthet, S.; Bopp, L.; Bouwman, A. F.; Buitenhuis, E. T.;
Chang, J.; Chipperfield, M. P.; Dangal, S. R. S.; Dlugokencky, E.;
Elkins, J. W.; Eyre, B. D.; Fu, B.; Hall, B.; Ito, A.; Joos, F.; Krummel,
P. B.; Landolfi, A.; Laruelle, G. G.; Lauerwald, R.; Li, W.; Lienert, S.;
Maavara, T.; MacLeod, M.; Millet, D. B.; Olin, S.; Patra, P. K.; Prinn,

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.1c00021
ACS Earth Space Chem. 2021, 5, 1674−1685

1683

https://doi.org/10.1007/BF00694492
https://doi.org/10.1007/BF00694492
https://doi.org/10.1016/j.envint.2006.05.002
https://doi.org/10.1016/j.envint.2006.05.002
https://doi.org/10.1016/j.envint.2006.05.002
https://doi.org/10.1016/S0269-7491(02)00434-7
https://doi.org/10.1016/S0269-7491(02)00434-7
https://doi.org/10.5194/acp-17-12813-2017
https://doi.org/10.5194/acp-17-12813-2017
https://doi.org/10.1029/2011JD016074
https://doi.org/10.1029/2011JD016074
https://doi.org/10.1029/2011JD016074
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1080/10473289.2006.10464485
https://doi.org/10.1080/10473289.2006.10464485
https://doi.org/10.1029/97GB02266
https://doi.org/10.1029/97GB02266
https://doi.org/10.1038/ngeo325
https://doi.org/10.1038/ngeo325
https://doi.org/10.1002/2017GH000098
https://doi.org/10.1002/2017GH000098
https://doi.org/10.1002/2017GH000098
https://doi.org/10.5194/acp-16-4605-2016
https://doi.org/10.5194/acp-16-4605-2016
https://doi.org/10.5194/acp-16-4605-2016
https://doi.org/10.1016/j.envpol.2011.04.042
https://doi.org/10.1016/j.envpol.2011.04.042
https://doi.org/10.1029/JC088iC15p10785
https://doi.org/10.1029/JC088iC15p10785
https://doi.org/10.1023/A:1006162910279
https://doi.org/10.1023/A:1006162910279
https://doi.org/10.1023/A:1006162910279
https://doi.org/10.1021/jp004570x?ref=pdf
https://doi.org/10.1021/jp004570x?ref=pdf
https://doi.org/10.1016/0009-2614(80)85160-8
https://doi.org/10.1016/0009-2614(80)85160-8
https://doi.org/10.5194/acp-19-12261-2019
https://doi.org/10.5194/acp-19-12261-2019
https://doi.org/10.5194/acp-19-12261-2019
https://doi.org/10.1038/s41586-018-0747-1
https://doi.org/10.1038/s41586-018-0747-1
https://doi.org/10.1016/S1352-2310(96)00327-5
https://doi.org/10.1016/j.atmosres.2019.104702
https://doi.org/10.1016/j.atmosres.2019.104702
https://doi.org/10.5194/acp-14-11031-2014
https://doi.org/10.5194/acp-14-11031-2014
https://doi.org/10.5194/acp-14-11031-2014
https://doi.org/10.1029/1999JD900083
https://doi.org/10.1029/1999JD900083
https://doi.org/10.1029/1999JD900083
https://doi.org/10.5194/acp-12-9479-2012
https://doi.org/10.5194/acp-12-9479-2012
https://doi.org/10.1175/BAMS-D-17-0212.1
https://doi.org/10.1175/BAMS-D-17-0212.1
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00021?rel=cite-as&ref=PDF&jav=VoR


R. G.; Raymond, P. A.; Ruiz, D. J.; van der Werf, G. R.; Vuichard, N.;
Wang, J.; Weiss, R. F.; Wells, K. C.; Wilson, C.; Yang, J.; Yao, Y. A
Comprehensive Quantification of Global Nitrous Oxide Sources and
Sinks. Nature 2020, 586, 248−256.
(28) Geddes, J. A.; Martin, R. V. Global Deposition of Total
Reactive Nitrogen Oxides from 1996 to 2014 Constrained with
Satellite Observations of NO2 Columns. Atmos. Chem. Phys. 2017, 17,
10071−10091.
(29) Jacob, D. J.; Logan, J. A.; Gardner, G. M.; Yevich, R. M.;
Spivakovsky, C. M.; Wofsy, S. C.; Sillman, S.; Prather, M. J. Factors
Regulating Ozone over the United States and Its Export to the Global
Atmosphere. J. Geophys. Res.: Atmos. 1993, 98, 14817−14826.
(30) Hudman, R. C.; Jacob, D. J.; Turquety, S.; Leibensperger, E.
M.; Murray, L. T.; Wu, S.; Gilliland, A. B.; Avery, M.; Bertram, T. H.;
Brune, W.; Cohen, R. C.; Dibb, J. E.; Flocke, F. M.; Fried, A.;
Holloway, J.; Neuman, J. A.; Orville, R.; Perring, A.; Ren, X.; Sachse,
G. W.; Singh, H. B.; Swanson, A.; Wooldridge, P. J. Surface and
Lightning Sources of Nitrogen Oxides over the United States:
Magnitudes, Chemical Evolution, and Outflow. J. Geophys. Res.:
Atmos. 2007, 112, No. D12S05.
(31) GEOS-Chem. Geoschem/Geos-Chem: GEOS-Chem 12.1.1.
Zenodo 2018, DOI: 10.5281/zenodo.2249246.
(32) Philip, S.; Martin, R. V.; Keller, C. A. Sensitivity of Chemistry-
Transport Model Simulations to the Duration of Chemical and
Transport Operators: A Case Study with GEOS-Chem V10-01.
Geosci. Model Dev. 2016, 9, 1683−1695.
(33) Mao, J.; Paulot, F.; Jacob, D. J.; Cohen, R. C.; Crounse, J. D.;
Wennberg, P. O.; Keller, C. A.; Hudman, R. C.; Barkley, M. P.;
Horowitz, L. W. Ozone and Organic Nitrates over the Eastern United
States: Sensitivity to Isoprene Chemistry. J. Geophys. Res.: Atmos.
2013, 118, 11256−11268.
(34) Miller, C. C.; Jacob, D. J.; Marais, E. A.; Yu, K.; Travis, K. R.;
Kim, P. S.; Fisher, J. A.; Zhu, L.; Wolfe, G. M.; Hanisco, T. F.;
Keutsch, F. N.; Kaiser, J.; Min, K.-E.; Brown, S. S.; Washenfelder, R.
A.; González Abad, G.; Chance, K. Glyoxal Yield from Isoprene
Oxidation and Relation to Formaldehyde: Chemical Mechanism,
Constraints from SENEX Aircraft Observations, and Interpretation of
OMI Satellite Data. Atmos. Chem. Phys. 2017, 17, 8725−8738.
(35) Travis, K. R.; Jacob, D. J.; Fisher, J. A.; Kim, P. S.; Marais, E. A.;
Zhu, L.; Yu, K.; Miller, C. C.; Yantosca, R. M.; Sulprizio, M. P.;
Thompson, A. M.; Wennberg, P. O.; Crounse, J. D.; St Clair, J. M.;
Cohen, R. C.; Laughner, J. L.; Dibb, J. E.; Hall, S. R.; Ullmann, K.;
Wolfe, G. M.; Pollack, I. B.; Peischl, J.; Neuman, J. A.; Zhou, X. Why
Do Models Overestimate Surface Ozone in the Southeast United
States? Atmos. Chem. Phys. 2016, 16, 13561−13577.
(36) Sherwen, T.; Schmidt, J. A.; Evans, M. J.; Carpenter, L. J.;
Großmann, K.; Eastham, S. D.; Jacob, D. J.; Dix, B.; Koenig, T. K.;
Sinreich, R.; Ortega, I.; Volkamer, R.; Saiz-Lopez, A.; Prados-Roman,
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