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Abstract. Nitrogen oxides (NOx = NO + NO2) in the troposphere form an array of secondary pollutants that are detrimental
to air quality, ecosystems, and climate. The family of reactive oxidized nitrogen (NOy) in the atmosphere consists of NOx
and its reservoir species (e.g. HNOs, PAN). Our understanding of the processes underlying the transformation of NOy has
advanced considerably over recent decades, however, the relative importance of NOy partitioning and loss pathways remain
uncertain. In this study, we use the GEOS-Chem global chemical transport model and observations from the ATom flight
campaign to assess the simulated global budget of tropospheric NOy, and the production and loss fluxes between key NOy
species. Our simulation indicates that the mean global chemical lifetime of NOx is ~21 hours and the mean global deposition
lifetime of NOy is 5.5 days. The global mean NOx:NOy ratio at the surface is 0.23 (over continents it is 0.34) and at 500 hPa
is 0.10. In addition to the four most prevalent gas-phase species (NO, NO2, HNOs, PAN) that have been central to previous
descriptions of tropospheric NOy chemistry, we find that other species play key roles in driving overall chemical cycling.
The model representation of organic nitrate chemistry is highly simplified and likely overestimates the importance of
hydrolysis as a sink while underestimating deposition. Finally, the photolytic loss of particulate nitrate (pNO3) to form NO2
and HONO, as represented in our simulations, is comparable to its depositional loss, indicating the importance of further

constraining this photolysis sink.

1 Introduction

Nitrogen oxides (NOx = NO + NO2) are a key driver of tropospheric chemistry and form a range of secondary pollutants,
including ozone (Os) and particulate matter (PM), that affect air quality, ecosystems, and climate. In the atmosphere, NOx
catalyzes the production of tropospheric ozone, which has negative impacts on human health and climate. Ozone is also a

precursor to the hydroxyl (OH) radical, which is a crucial oxidant that determines the rate at which many reactive
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compounds are removed from the atmosphere. Direct removal of reactive nitrogen species by wet or dry deposition may also
have profound effects on ecosystems. Excess nitrogen deposition causes acid rain and eutrophication, which may be
responsible for the loss of biodiversity in pH- or nutrient-sensitive terrestrial and aquatic ecosystems (Likens and Bormann,
1974; Paerl and Whitall, 1999; Schindler, 1974).

Emitted NOx can be transformed, through oxidative processes, into a broader class of oxidized nitrogen compounds (NOy).
These include short-lived species such as the nitrate radical (NO3), nitrous acid (HONO), peroxynitric acid (HNO4) and
species with moderate to longer lifetimes such as nitric acid (HNOs) and peroxyacyl nitrates (PANs) (Seinfeld and Pandis,
2016). The short-lived species drive chemical processing near source regions, while longer-lived species can function as
reservoirs of NOx, advecting NOy away from source regions and releasing NOx into remote environments.

NOx is emitted into the atmosphere from a mixture of anthropogenic and natural sources (for recent global estimates see:
Crippa et al., 2018; Hoesly et al., 2018; McDulffie et al., 2020). The dominant source of tropospheric NOx is the burning of
fossil fuels. High combustion temperatures convert atmospheric nitrogen (N2) to nitric oxide (NO) via the Zel’dovich
mechanism (thermal NOx)(Lavoie et al., 1970; Zel’dovich, 1946) and oxidize nitrogen within the fuels (fuel NOx)(Merryman
and Levy, 1977). Natural sources of NOy emissions include microbial activity in soil, biomass burning, lightning, and small
quantities of alkyl nitrates from the ocean. NOx is emitted primarily as NO, which is oxidized by O3, the hydroperoxy radical
(HO»), or organic peroxy radicals (RO2) to form nitrogen dioxide (NOz). During the day, NO2 is photolyzed back into NO,
thereby forming the NOx chemical family. Nitrous acid (HONO) and peroxynitric acid (HNO4) also rapidly cycle with NOx
during the day — HONO is primarily formed by the oxidation of NO by OH and photolyzes back to NO, while HNOs4 is a
weakly-bound molecule formed from the association reaction of NO2 and HO2 and decomposes back to precursors at warm
temperatures. The main reservoir species for NOx is peroxyacetyl nitrate (PAN), which is an example of a peroxyacyl nitrate,
compounds that are formed when peroxyacyl radicals react with NOz. These PANs are thermally unstable and dissociate to
release NOx into the remote atmosphere, making them a reservoir for NOy. A key loss pathway for NOx is the oxidation of
NO: during the daytime by OH to form nitric acid (HNO3). At night, when photolysis shuts down, NO: instead reacts with
O3 to form the nitrate radical (NO3). NOs; may react with more NO2 to form dinitrogen pentoxide (N20s), which can
hydrolyze to form nitric acid (HNOs3). Another major loss pathway for NOx is the formation of organic nitrates, either via the
reaction of NO with peroxy radicals or by the oxidation of volatile organic compounds (VOCs) by NOs. The fate of these
gas-phase nitrates is uncertain, but generally they may be removed by deposition or undergo further photo-oxidation, which
can either recycle NOx or form larger, more functionalized nitrates that may partition into the aerosol phase. Several organic
nitrates are thought to hydrolyze rapidly in the condensed phase to form HNOs. Nitric acid is highly soluble and may be
neutralized to form nitrate aerosol (pNOs"), often by ammonia (NH3), the primary base in the troposphere. This total nitrate
system (TNOs = HNOs + pNOs") is generally considered to be the major terminal sink of NOy. Therefore, the formation and
subsequent removal (by wet or dry deposition) of TNO; from the atmosphere is key in determining the lifetime of NOy.
These species are the more prevalent forms of NOy, though there are many additional, typically shorter-lived, compounds.

See Seinfeld and Pandis (2016) for further details on the canonical chemistry described above.
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Given the central role of NOx in tropospheric chemistry, NOy species have been represented since the advent of tropospheric
models (e.g. Crutzen and Zimmermann, 1991; Levy II, 1972, 1973; Logan et al., 1981), with a particular focus on the NOy
budget in Logan (1983). The importance of PAN as an organic reservoir for NOx was highlighted by Singh and Hanst
(1981). Subsequent modeling studies pointed to PAN as an important source of NOx in the low-altitude remote troposphere
(Kasibhatla et al., 1993; Moxim et al., 1996) and to uncertain PAN photochemistry and deposition which resulted in high-
biased model representations of this species (Horowitz et al., 2003; Jacob et al., 1993). Other simultaneous studies of NOy
highlighted the challenge of modeling HNO; and indicated possible unknown HNO; loss processes (Wang et al., 1998b).
Subsequent work established the importance of lightning to NOx concentrations especially in the upper troposphere, as well
as the relative importance of PAN and HNOs as reservoir species in the upper and lower troposphere respectively (Singh et
al., 2007; Staudt et al., 2003).

More recent global modeling studies emphasize the same key species, but large differences in the representation of NOy
remain. Murray et al. (2021) show that the tropospheric burden of NOy varies by almost a factor of 4 across the ACCMIP
models, with similarly large differences in speciation. Many model schemes now treat evermore complex cycling of organic
compounds in the troposphere, including the representation of organic nitrogen (e.g. Bates et al., 2022; Bates and Jacob,
2019; Bian et al., 2017; Fisher et al., 2016; Huijnen et al., 2010; Sander et al., 2019). However, there still exist many gaps in
our understanding of the chemical cycling of NOy and the loss pathways that may contribute to model spread.

Nitrous acid (HONO) is a major source of uncertainty in chemical transport models. It has long been known as an important
source of OH radicals in the morning (Perner and Platt, 1979), with uncertainties in heterogeneous chemistry limiting our
understanding of the impacts on NOy and oxidant burdens (Akimoto et al., 1987; Jacob, 2000; Pitts Jr. et al., 1984). Recent
work has sought to explain elevated observations of HONO made in the remote troposphere which could influence global
oxidant chemistry (Kasibhatla et al., 2018; Rowlinson et al., 2025).

The status of aerosol nitrate as a permanent sink for NOy has come into question in recent years, with a several studies noting
the production of NO2 and HONO by photolysis of pNOs" (renoxification) (Andersen et al., 2023; Reed et al., 2017; Ye et
al., 2016a, b, 2017). This recycling would enable freshly-produced NOx to drive the formation of secondary pollutants in
pristine environments (Honrath et al., 1999). However, the rate of this photolysis is poorly constrained and has been shown
to be dependent on the composition of the particles — initial studies suggested that the photolysis rate constant ranged from
one to three orders of magnitude higher than that of HNOs and depended on the substrate on which particles were photolyzed
(Baergen and Donaldson, 2013; Ye et al., 2016a). However, some recent lab and field studies have suggested a much more
moderate photolysis rate constant between 1-30 times faster than that of HNOs (Romer et al., 2018; Shi et al., 2021). Recent
modeling studies have set a rate for Jnos- that is 100 times faster than Junos (Kasibhatla et al., 2018; Shah et al., 2023).

Due to the importance of NOx as a pollutant itself and as a precursor to tropospheric ozone, a greenhouse gas and also a key
air pollutant, NOx emissions have been subject to national emission control policies around the world. For example, in the
United States, such emissions controls have been responsible for a 73% decrease in anthropogenic NOx emissions between

1990 and 2023 (US EPA, 2024). Many studies have used satellite observations of NO: to constrain NOx emissions and trends
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worldwide, particularly in response to such regulatory measures (Martin et al., 2003; Miyazaki et al., 2017). While such
reductions are largely beneficial to air quality in the near-field, there can be consequences for NOy cycling further away from
sources. For example, it has been shown that reductions in anthropogenic emissions increase the importance of organic
nitrate formation (Zare et al., 2018). Such changes can lead to greater export of NOx from source regions to more remote
ones, thereby making the formation of secondary pollutants derived from NOy chemistry a regional-scale problem rather than
a local one (Romer Present et al., 2020). Both the natural sources of NOx and the formation and fate of organic nitrates are
highly uncertain; however, they are essential when attempting to constrain NOx lifetimes (Browne and Cohen, 2012).

In this work, we characterize the global tropospheric budget for NOy as represented in a state-of-the-science global model.
We go beyond previous work that has focused on a handful of key NOy species, to provide a more comprehensive
accounting of tropospheric NOy. In addition to emissions, burdens, removal rates, and lifetimes of NOy species, we also
characterize the relative importance of the various processes and species that drive NOy chemistry. The goal of this study is
to assess rather than improve the global NOy budget as currently simulated. The systematic framework developed here
allows us to explore how uncertainties within a single process impact the NOy system as a whole and thus provides future

opportunities to improve our understanding of NOy cycling.

2 Methods
2.1 Model Description

We use v14.3.0 of the GEOS-Chem global chemical transport model (www.geos-chem.org), driven by Modern-Era

Retrospective analysis for Research and Applications, Version 2 (MERRA-2) assimilated meteorology. Simulations are spun
up for 6 months and are conducted at a horizontal resolution of 2° x 2.5°, 47 vertical hybrid sigma-pressure levels, and a
chemistry timestep of 20 minutes and transport timestep of 10 minutes (Philip et al., 2016).

The model includes a simulation of HOx-NOx-VOC-Os-halogen chemistry (Bates and Jacob, 2019; Wang et al., 2021)
coupled to aerosol thermodynamics (Park et al., 2004; Pye et al., 2009). Alkyl (methyl, ethyl, and propyl) nitrate chemistry
(Fisher et al., 2018) and aromatic oxidation products (Bates et al., 2021) contribute to the organic nitrate burden. Aerosol
nitrate (pNO3") photolysis is based on Kasibhatla et al. (2018), with modifications made by Shah et al. (2023) to account for
the internal mixing of fine mode pNOs in sea salt aerosol. In this model representation, the photolysis of pNOs~ forms
HONO and NO> in a molar ratio of 2:1, with a rate set by scaling the photolysis rate constant of HNOs by an “enhancement
factor” (EF) of 100. Partitioning of nitric acid between the gas phases and fine mode nitrate aerosol (NIT) is calculated using
the ISORROPIA II model (Fountoukis and Nenes, 2007). Coarse mode nitrate aerosol (NITs) is formed by the neutralization
of nitric acid by sea salt to form NaNOs. A full list of nitrogen-containing species and their properties, as included in this
version of GEOS-Chem, is given in Table S1 in the Supporting Information.

Anthropogenic emissions (including ship emissions) follow the year-specific global Community Emissions Data System

inventory (CEDSv2) (Hoesly et al., 2018; McDulffie et al., 2020). Ship NOx emissions are subject to a parameterization of
4
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NOx chemistry within plumes (PARANOX)(Holmes et al., 2014) in order to better represent the production of HNOs and O3,
and therefore contribute to a “direct” source of HNOs. We use the Global Fire Emissions Database (GFED4.1s) for biomass
burning emissions. Dust (Fairlie et al., 2007; Ridley et al., 2012), biogenic VOCs (Guenther et al., 2012; Hu et al., 2015), sea
salt, soil NOx (Hudman et al., 2012) and lightning NOx (Murray et al., 2012) are specified from offline year-specific archived
emissions (Weng et al., 2020).

Wet deposition in GEOS-Chem includes two mechanisms — the scavenging of gases and aerosol by wet convective updrafts,
and their removal by large-scale precipitation, as described by Liu et al., (2001) for water-soluble aerosols, and Amos et al.,
(2012) for gases. Removal by precipitation may occur in-cloud (“rainout”) or below-cloud (“washout”). We do not use the
optional modified wet deposition scheme from Luo et al. (2019, 2020). Dry deposition is represented by a resistances-in-
series model (Wesely, 1989), implemented by Wang et al. (1998a), with size dependent aerosol dry deposition from
Emerson et al. (2020) which is based on Zhang et al. (2001). Dry deposition depends on land cover type, local meteorology,
and the reactivity, solubility, and hygroscopicity (which affects particle radius) of the compounds being deposited.

We perform a set of simulations from July 2016 to May 2018 and sample the model along the observed flight tracks (see
Section 2.2). For the annual budget, we perform a year-long simulation for 2016, adding chemical production and loss tracer
variables in the Kinetic PreProcessor (KPP v3.0.2)(Lin et al., 2023; Sandu et al., 2023) to every reaction relevant to NOy
chemistry in order to characterize the annual chemical flux between NOy species in the model (see Table S2 in the
Supporting Information). We add three new species to better account for reactive nitrogen mass in organic aerosol:
ALKONITA (alkyl nitrate aerosol), IDNITA (aerosol formed by isoprene dinitrate uptake), INDIOLN (hydrolysis product of
IDNITA, formed alongside HNOs). ALKONITA and IDNITA are modeled after the existing IONITA (isoprene nitrate
aerosol), and INDIOLN is given the same properties as INDIOL (the generic aerosol-phase organonitrate hydrolysis product).
See Text S1 in the Supporting Information for details. Beyond this, we make no changes to the chemical mechanism in

GEOS-Chem given that the goal of this work is to assess the existing budget of NOy.

2.2 ATom Observations

The Atmospheric Tomography Mission (ATom)(Thompson et al., 2022; Wofsy et al., 2018, 2021) surveyed the composition
of the remote atmosphere above the Atlantic and Pacific basins during four sets of flights (ATom-1 through ATom-4)
between July 2016 and May 2018, sampling each season for approximately a month at a time (Fig. 1). The NASA DC-8
aircraft, which cyclically profiled the troposphere from ~0.2 to 12 km altitude, included instrumentation aboard to measure
both gas and aerosol species. We use this multi-season campaign with its consistent vertical profiling to evaluate the global
simulation of NOy. Table 1 describes the measurements of NO, NO2, HNOs, and PAN used in this work. We sample the
model for the time and location of all flights.

The NO: measurements can suffer at higher altitude from interferences from thermal decomposition of peroxynitric acid

(HNOs) and methyl peroxy nitrate (MPN) which may bias the NO2 measurements (Bourgeois et al., 2022; Shah et al., 2023;
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Silvern et al., 2018; Travis et al., 2016). Following Shah et al. (2023) we therefore estimate NO> from the NO-NO»
photostationary state (PSS):

NO +0; — NO, + 0, (R1)
NO + HO, — NO, + OH (R2)
NO + RO, — NO, + RO (R3)
NO + BrO — NO, + Br (R4)
)
NO, + hv —— NO + 0, (Rs)
[NO] iNo2
PSS = = 1
[NO2] k1[03]+ k2[HO2]+k3[RO2]+ kq[BTO] M
— vo]
[NO,] = 12 @)

For simplicity, we elect to use the Arrhenius parameterization for Ri, as only a small number of points (sampled above 9 km)
fall outside the recommended range, and the two parameterizations differ by only 15% at these low temperatures. As in Shah
et al. (2023), we use GEOS-Chem-simulated concentrations of species that were not measured or had insufficient coverage
(HO2, ROz, and BrO) in our analysis, and treat the CH3O2 + NO reaction as a model for Rs, using rate constants from
Burkholder et al. (2019). Species included within the GEOS-Chem definition of RO; are listed in Text S2 in the Supporting
Information. We find that the PSS correction factor (Eq. 1) is dominated by the NO + Os reaction (R1), as it accounts for 36-
81% of the denominator. The NO + ROz and NO + HO: reactions (Eqs. Rz and R3) are of comparable importance and
account for 11-40% and 2-27% respectively. The NO + BrO reaction (Eq. R4) has a minor but non-negligible contribution
(1-12%), peaking in the winter. Our model evaluation in Section 3.1 uses the PSS NO; vertical profiles (Eq. 2).

We remove ATom data that sampled fresh NOx emissions (NOy : NO < 3 mol mol!), early mornings and late evenings (solar
zenith angle > 70°)(Shah et al., 2023), points that may have been influenced by stratospheric air masses (O3 / H2O > 1 ppbv
ppmv)(Bourgeois et al., 2021), and flights over continents. Additionally, we filtered out plumes, as they cannot be
represented by the GEOS-Chem model (Rastigejev et al., 2010), by excluding the 97" percentile of data and above. Between
14-19% of the NO data remaining after filtering is below the lower end of the detection limit (5 ppt). We retain this fraction
in order not to high bias the observations; however, we note that observational constraints on NO are less reliable at low
concentrations. We compare the sum of NO, NO: (PSS-corrected), HNOs, and PAN (XNOy), the key contributors to NOy, as
in Murray et al., (2021), to our model. Sampling times with missing data for any one of these four constituents are not
included in the model-observation comparison of NOy. We exclude aerosol NO3™ from our model evaluation as it accounts
for on average 1-3% of NOy and is often reported as below detection limit in the remote troposphere during ATom. A model-
observation comparison of total NOy from the NOAA-NOyO3 chemiluminescence instrument is available in Fig. S1 in the
Supporting Information. Species included in the model definition of NOy for this comparison are in Text S2. Additional NOy
species that were not measured consistently across ATom (e.g., peroxypropionyl nitrate (PPN), HNOs, and N2Os) are also
excluded from the main text, but we include a model-observation comparison for these species in Fig. S2 in the Supporting

Information.
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ATom-1 (Jul-Aug 2016)
ATom-2 (Jan-Feb 2017)
ATom-3 (Sep-Oct 2017)
ATom-4 (Apr-May 2018)

Figure 1: Flight tracks of the four deployments (see dates in legend) comprising the ATom field campaign.

200
Measurement Instrument Uncertainty References
NO: + (5% + 6 pptv),
NOz: £ (7% + 20 pptv), Bourgeois et al. (2020, 2021);
NO, NO2, O3, NOy NOAA NOy-O3
NOy: £ (12% + 10 pptv), | Ryerson et al., (2000, 2019)
Os3: £ (2% + 15 pptv)
Allen et al. (2021, 2022);
HNO;3 CIT-CIMS 30%
Crounse et al. (2006)
PAN NOAA PANTHER 10% Moore et al. (2022)
Table 1: Description of ATom measurements used to evaluate the model simulation. For uncertainties given as + (x% +y pptv), x
represents the accuracy and y represents the 2¢ precision in 1 s.
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3 Results
3.1 Model Evaluation using the ATom Campaign

Prior to describing the GEOS-Chem NOy budget in detail, we present a simple global-scale model evaluation compared to
the ATom measurements. These comparisons provide some context for uncertainties discussed in Sections 3.2. and 3.3.
Figure 2 shows a comparison of vertical profiles measured by the ATom campaign and those simulated by the model. The
model captures the general shape of the XNOy (= NO + NO:z + HNOs + PAN) vertical profile throughout the troposphere, as
well as the magnitude in the Southern Hemisphere. The model exhibits a high bias in the Northern Hemisphere throughout
the year, except in the summer.

As discussed in Section 2.2, there is likely a high bias in the measurement of NO2 aboard ATom. Fig. S1 in the Supporting
Information shows the effect of applying the PSS correction factor to NO2. We see that the native chemiluminescence
measurements would indicate that the model consistently underestimates NOx. However, application of the PSS correction
leads to much better agreement between the model and observations across seasons, particularly in the southern hemisphere.
Some positive and negative biases remain in the Northern Hemisphere (see Fig. S1 in the Supporting Information for
details).

The model systematically overestimates HNO3, a long-standing bias in GEOS-Chem (Norman et al., 2024; Travis et al.,
2016; Zhang et al., 2012). It is also unable to capture the general shape of the HNO; vertical profile across seasons in both
hemispheres. An alternative wet deposition scheme (Luo et al., 2019, 2020) is able to largely correct this high bias over the
remote ocean (Travis et al., 2020). However, these updates are inconsistent with continental measurements of deposition
made over the United States (Dutta and Heald, 2023). Thus, further investigation is needed to improve the HNO3 simulation.
Although the model representation of PAN does have a moderate high bias, the shape of the vertical profile is reasonably
well-captured across seasons. This is consistent with a previous model evaluation of PAN, which explored the sensitivity of
PAN chemistry to spatially heterogeneous factors (the variety of VOC precursors, biomass burning in the remote high
latitudes, and lightning as a source of NOx at high altitudes)(Fischer et al., 2014). A comparison against additional
measurements of PAN taken during ATom are included in Fig. S1 in the Supporting Information.

Overall, the model captures the amount and speciation of total NOy measured during ATom best in the Southern Hemisphere
(year-round) and in the Northern Hemisphere in the summer (Fig. S1 in the Supporting Information). Figure 2 shows that the
model exhibits excess HNOs year-round throughout the column in the Northern Hemisphere, and in the free troposphere in
the Southern Hemisphere. There is also excess model NO and PAN, to a lesser degree than HNOs, in the Northern

Hemisphere spring-fall. We present these comparisons as a benchmark for interpreting the global budgets that follow.
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Figure 2: Observed (saturated) and modeled (desaturated colors) stacked median vertical profiles of XNO, during ATom flights,
separated by Northern Hemisphere (top row) and Southern Hemisphere (bottom row). For a detailed comparison of all species,
see Fig. S1 in the Supporting Information.

3.2 Global Budget of NOx and NOy

The global burdens of various NOy species are set by an equilibrium between sources (emissions, chemical production) and
sinks (wet and dry deposition, chemical loss). We characterize these sources and sinks based on a 2016 simulation;
interannual variability in the total abundance of NOy is expected due to variations in natural sources (including fires) and
removal via precipitation, but we expect the overall partitioning of NOy species presented here to be robust. Table 2
summarizes the major NOy emissions. These are dominated by NOx (~94%), with small quantities of HNOs (as a
consequence of the parameterization of NOx chemistry from ship emissions plumes, discussed in Section 2.1) and alkyl
nitrates making up the remainder. NOx is primarily emitted as NO (51 Tg N yr'!), with a minor contribution from NO2 (2.5
Tg N yr'"). Anthropogenic sources (including here aircraft and ship) contribute 63% of NOx emissions (33.9 Tg N yr'!), with
fires, lightning, and soil contributing a little more than 10% each. Approximately 76% of these emissions are in the Northern

Hemisphere.
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Species Emissions (2016)
(TgNyr)
NOx Total 53.5
Anthropogenic 30.3
Aircraft 0.9
Ship 2.7
Biomass burning 59
Lightning 6.2
Soil 7.4
HNO:s Ship 3.1
Ethyl and methyl | Ocean 0.2
nitrate

Table 2: Annual global emissions of NOy species for 2016 from CEDS v2 in GEOS-Chem

Figure 3 shows a summary of the modeled annual global tropospheric budget of NOy simulated for 2016. ZPNs refers to
peroxy nitrates, XNOy is a catchall for halogen nitrates and nitrites, orgNIT includes both gas-phase organic nitrates and
related nitrogen-containing peroxy and alkoxy radicals, and NOs is comprised of both fine (NIT) and coarse (NITs) mode
particulate nitrates. See Text S3 in the Supporting Information for the complete lists of model species that define each of
these families. Emissions are shown as vertical red arrows, with deposition shown as vertical blue and yellow arrows. All
chemical fluxes that exceed 1 Tg N yr'! are shown as light blue arrows, except for those that represent radical cycling
between NO, NO2 and NOs (discussed in greater detail in Section 3.3). The total burden of NOy is 858 Gg N, with major
contributions from NOx (134 Gg N), HNO; (303 Gg N), fine and coarse aerosol NO3 (90 Gg N and 11 Gg N respectively),
and ZPNs (254 Gg N) (of which PAN is the major component, corresponding to 205 Gg N, followed by PPN =38 Gg N, and
MPN = 10 Gg N). The deposition of HNO3 and NOs™ (51.9 Tg N yr'!) is responsible for 90% of NOy deposition (57.4 Tg N
yr!) and therefore governs the lifetime of NOy (taep ~ 5.5 days). The total NOy deposition is slightly higher than the total
emissions (56.8 Tg N yr'!). This is due to a small net input of nitrogen in the form of nitric acid from the stratosphere ~0.6
Tg N yrl, as seen in ACCMIP (Lamarque et al., 2013). The tropospheric lifetime of HNO3 to deposition is ~2.9 days, with
approximately equal contributions from wet and dry deposition. We further discuss the chemical fluxes amongst key species

in Section 3.3. A more detailed version of this budget is available in Table S3 in the Supporting Information.
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Figure 3: Modeled NOy budget for 2016 showing key species and families (dark blue circles) in Gg N. Chemical fluxes exceeding 1
Tg N yr! are represented by curved light blue arrows. Compound arrows indicate where multiple flux pathways between species
have been lumped. Net fluxes between species that undergo rapid cycling are shown with inset curved black arrows. Physical
fluxes exceeding 0.5 Tg N yr! are represented by vertical arrows and include emissions (red arrows), wet deposition (blue arrows),
and dry deposition (yellow arrows).

Figure 4 shows the concentrations of NOx and NOy, as well as their ratio of at the surface and at 500 hPa. High NOx:NOy
regions near the surface are indicative of fresh NOx emissions, with the peaks near urban centers, major shipping lanes, and
biomass burning regions. At the surface, the global average ratio of NOx:NOy is 0.23, and over continents it is 0.34. In the
free troposphere, much of the NOx is consumed to form longer-lived NO. (= NOy — NOx), with a low, diffuse NOx:NOy ratio
reflecting long-range transport and mixing. At 500 hPa, both NOx and NOy concentrations are lower, and the ratio is more
spatially homogenous, with the continental average being within 5% of the global average of 0.10. Regions with high

NOx:NOy ratios aloft, such as those seen in the tropics, are primarily due to lightning NOx emissions.
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Figure 4: GEOS-Chem simulation of annual mean (2016) concentrations of NOy (ppb), NOy (ppb) and NO, : NOy at (a-c) the
surface and (d-f) 500 hPa. See Text S4 in the Supporting Information for species included in the model definition of NOy.

As described in Section 1, NOx undergoes rapid chemical cycling with a number of other NOy species (NO3, HONO, HNO4,
N20s, ZPNs). However, the primary sink of NOx is the formation of nitric acid (HNO3), with approximately 36.2 Tg N yr!
formed from NOs. Given rapid cycling of NOx with ZPNs, and HONO, the resulting mean global chemical lifetime for NOx
is ~44 min. However, if we exclude rapid cycling and instead only consider net loss of NOx, the mean global chemical
lifetime of NOx is ~21 hours.

3.3 NOy Chemical Cycling

Figure 3 summarizes the main chemical and physical flows within the NOy family. Here we discuss in further detail the
budgets of key reservoir species within that family. Table S2 provides all annual mean simulated fluxes for each reaction,
based on definitions of families described in Text S3 in the Supporting Information.

Figure 5 summarizes the budget of total nitrate (TNOs = HNOs + pNOs"). As described above, the main source of HNOs is
production via NO2 (36.2 Tg N yr'!), most (98%) of which is formed by the oxidation of NO2 by OH (35.6 Tg N yr'!) with a
minor (2%) contribution from aerosol uptake of NO2 (0.5 Tg N yr'!). Heterogeneous chemistry that includes N2Os hydrolysis
(11.5 Tg N yr'!, of which 2.2 Tg N yr'! is from cloud uptake) and uptake by sea salt (0.4 Tg N yr'!) is the second most
important source of HNOs. Aerosol uptake of NOs (3.0 Tg N yr') and the production of HNOs as a byproduct of ROz
formation by NOs (4.4 Tg N yr'!) are minor sources of HNOs. Other sources include halogen nitrate uptake on sea salt,

hydrolysis, or breakdown by acids (e.g. HCI, HBr) (5.6 Tg N yr'!), and aerosol nitrate hydrolysis (5.5 Tg N yr').

12
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As discussed previously, almost all NOy removal from the troposphere is via deposition of HNO3 (38.6 Tg N yr!). In GEOS-
Chem, the equilibrium partitioning of HNOs between gas and particle phase NOs is calculated by ISORROPIA II, and
therefore we can estimate the net formation of NO3™ from HNO:; to be 25 Tg N yr! — 13.4 Tg N yr! as fine mode nitrate
aerosol (NIT), and 11.6 Tg N yr! as coarse mode aerosol (NITs). Other losses of HNO3 include oxidation by OH to form
NOs (3.8 Tg N yr'!), photolysis to form NO2z (2.2 Tg N yr!), and uptake of HNO3 on sea salt to form coarse mode aerosol
inorganic nitrate (0.3 Tg N yr'l, not shown in Fig. 5). While pNO3™ was classically treated to be a terminal sink for NOx,
recent implementation of NOx recycling via photolysis of pNO;3™ to form HONO and NO:z implies that NOs™ now serves as a
reservoir species. In our model representation, this photolysis is non-negligible (12.0 Tg N yr'!), with approximately 8.0 Tg
N yr'! forming HONO (which rapidly cycles with NO during the daytime), and 4.0 Tg N yr'! being recycled directly back to
NO:. This is comparable to the total deposition of pNOs™ (13.3 TgN yr!).

Gas Phase

NO. 3.8
HNO,
303.2GgN NO 2.2
18.8 19.8
HONO 4.8
NIT
90.0GgN NO 2.4
NITs HONO 3.2
10.9GgN
NO. 1.6
Particle Phase 40

Figure 5: Summary of annual TNO; budget in GEOS-Chem for 2016, showing sources (red), chemical fluxes (light blue), and wet
(blue) and dry (yellow) deposition. Here NIT are fine mode nitrate aerosol and NITs are coarse mode nitrate aerosol.

Peroxy nitrates (XPNs) are the other major reservoir species. They are formed near the surface where NOx is abundant and
ROz readily forms from the oxidation of volatile organic compounds (VOCs) by OH. XPNs are stable at lower temperatures

in the free troposphere and therefore able to transport NOy away from NOx source regions. As air masses descend, warmer
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temperatures lead to ZPN decomposition, releasing NOx downwind of sources. In the model, there is rapid formation and
decomposition of ZPNs (formation = 811.3 Tg N yr'!, loss = 810.0 Tg N yr!). Of these, the rate of production and loss of
MPN is the fastest (production = 654.8 Tg N yr'!, loss = 654.9 Tg N yr!, of which 0.8 Tg N yr! is by photolysis), followed
by PAN (production = 132.4 Tg N yr'!, loss = 130.7 Tg N yr'!, of which 1.2 Tg N yr! is by photolysis). There is a net
production (2.9 Tg N yr!) of £PNs from NO2, and there is a net loss of ZPNs to form NOs3 via oxidation by OH (1.1 Tg N yr
1) and photolysis (0.5 Tg N yr'!). Approximately 1.5 Tg N yr! of ZPNs are lost by deposition, primarily via dry deposition.
Figure 6 summarizes the budget of organic nitrates, the representation of which is highly simplified in GEOS-Chem. Organic
nitrates are formed primarily by the oxidation of NO by peroxy radicals (6.4 Tg N yr'!) and oxidation of BVOCs by the
nitrate radical (5.8 Tg yr'!). Alkyl nitrates (ALKNIT) represent a majority of the gas-phase organic nitrate burden (27.5 Gg
N), followed by isoprene nitrates (ISOPNIT) (2.9 Gg N), monoterpene nitrates (MTNIT) (1.0 Gg N), and other short-chain
nitrates (C3NIT) (1.0 Gg N). Only a small fraction of the total gas phase organic nitrate loss is accounted for by deposition
(1.2 Tg N yr'!). Instead, once formed, these lumped gas-phase nitrates (including those formed from the oxidation of
isoprene, monoterpenes, and alkyl nitrates) either recycle NOx as NO:z (5.5 Tg N yr'!), or are subject to aerosol uptake that
represents the formation of particulate matter (5.8 Tg N yr'!), neglecting more complex processes. The formation of particle-
phase organic nitrates (AERNIT) (mean annual burden of 5 Gg N) is dominated by ISOPNIT (56%), followed by MTNIT
(20%), ALKNIT (19%), and aromatics (5%). Once formed, AERNITs rapidly hydrolyse to form HNO; (5.5 Tg N yr!),
which vastly outcompetes their deposition (0.4 Tg N yr!).

Almost all alkyl nitrate formation (93%) occurs via the ROz + NO pathway. Once formed, the losses are via aerosol uptake
(48%), NOx recycling (38%), and deposition (14%). In contrast, only 56% of isoprene nitrates are formed by this pathway,
with 41% accounted for by the oxidation of isoprene initiated by NOs. Despite the differences in formation, the fate of
isoprene nitrates is similar to that of alkyl nitrates, with 45% forming aerosol nitrate, 38% recycling NOz, 8% removed by
deposition, and the remaining 7% forming shorter-chain organic nitrates (C3NIT)(primarily via reaction with HO2 or NO,
and with small contributions from photolysis or reaction with OH). These C3NIT are formed either from isoprene-derived
precursors (44%) or by the oxidation of short-chain VOCs (methacrolein or lumped >C3 alkenes) by NOs (40%) and are
removed primarily by photolysis (54%) or NO- or RO2-mediated reactions, both of which form NO: (25%). Deposition
contributes 14% of the loss of C3NIT.

Monoterpene chemistry is simplified to a greater degree than isoprene chemistry in GEOS-Chem. 85% of monoterpene
nitrates are formed from the oxidation of monoterpenes by NOs, while only 15% are formed via RO2 + NO. However, the
fate of monoterpene nitrates closely mirrors that of isoprene nitrates, with 48% forming organic aerosol, 44% recycling to

NOz, and 8% removed by deposition.
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Figure 6: Summary of annual organic nitrate budget in GEOS-Chem for 2016, showing sources (red), chemical fluxes (light blue),
and wet (blue) and dry (yellow) deposition.

HONO can function as an important source of OH radicals in the morning (Section 1). The major sources of HONO are the
oxidation of NO by OH (20.3 Tg N yr!) and the photolysis of particulate inorganic nitrate (pNO3)(8.0 Tg N yr'!), with a
minor contribution from NO2 uptake on aerosol surfaces (0.5 Tg N yr!). Almost all HONO (98%) is photolyzed during the
day to form NO and OH (28.3 Tg N yr!), while the remainder is further oxidized by OH to form NO and water.

The nitrate radical (NOs) is the key driver of nighttime tropospheric NOy chemistry. It is formed primarily by the oxidation
of NO2 by O3 (52.2 Tg N yr'!), and the decomposition of halogen nitrates (25.1 Tg N yr! by photolysis, and 1.4 Tg N yr'! by
miscellaneous oxidants). Smaller sources of NOs include the oxidation of HNOs and peroxymethacroyl nitrate (MPAN) by
OH (3.8 Tg N yr' and 1.1 Tg N yr'! respectively), and the photolysis of PAN (0.5 Tg N yr'') and N2Os (forming 0.6 Tg N yr-
! each of NO2 and NOs). NOs forms NO: by photolysis (46.2 Tg N yr'!), reaction with NO (14.5 Tg N yr!), reaction with
RO: (3.7 Tg N yr'!), or HOx cycling (1.6 Tg N yr'!); and forms NO by photolysis (6.0 Tg N yr!). It may form HNOs via
oxidation of unsaturated VOCs (4.4 Tg N yr'!) or via uptake on aerosol surfaces (3.0 Tg N yr!) and is responsible for 45% of
the formation of organic nitrates (5.8 Tg N yr!).

N20s is formed entirely via the pressure-dependent bimolecular reaction between NOz and NOs (1037.5 Tg N yr'! of N2Os,
returning 511.9 Tg N yr'! each to NO2 and NO3 upon decomposition. Some of this formation is balanced by a photolytic loss
(0.6 Tg N yr'! each to NO2 and NO3), giving a net formation of N2Os of 12.6 Tg N yr'!. There are additional losses to HNO3
via hydrolysis (11.5 Tg N yr'!) and uptake on sea salt (0.7 Tg N yr''), the latter of which also produces CINO3 in equal
quantities. Deposition is a minor sink of N2Os (0.4 Tg N yr'! of dry deposition).
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370 As seen in Fig. 3, halogens play a central role in mediating the flow of reactive nitrogen between different NOy species.
XNOy species are largely formed by the reaction of NO2 with halogen atoms or halogen monoxides (41.4 Tg N yr!). These
species are relatively short-lived and may decompose to form NO3 (26.5 Tg N yr'!, 95% of which is by photolysis) or NO:
(9.5 Tg N yr'!, 56% of which is by photolysis) or undergo uptake onto sea salt to form HNOs (5.6 Tg N yr'!"). Deposition of
XNOy is negligible (0.1 Tg N yr'!, 86% of which is dry deposition).

375 4 Discussion and Conclusions

Nitrogen oxides have long been studied due to their central role in driving tropospheric chemistry. In this study, we
characterize the global tropospheric budget for NOy as represented in the GEOS-Chem chemical transport model. We also
provide model estimates of the relative importance of the different chemical processes that control the production and loss of
NOy species in the global troposphere. As discussed in Section 2.1, the earliest models of NOy considered only a handful of
380 reservoir species for NOx (HONO, HNOs;, N20s, and later PAN) (Levy II, 1972; Logan, 1983). Now, especially with
advances in our understanding of organic nitrates and heterogeneous chemistry, we represent a more diverse array of
reservoirs that transport NOx further away from source regions into the remote troposphere. However, modern chemical

transport models disagree on the abundance and speciation of this more complicated (and variable) representation of NOy.

GC14 (this study) | == NO
GEOS-Chem/MERRA mm NO,
I HNOs3
STOC-HadAM3 = PNs
NCAR-CAM3.5 I NOs
MOCAGE HEE orgNIT
a MIROC-CHEM AERNIT
-8 pm Other
s LMDzORINCA
GISS-E2-TOMAS
GISS-E2-R
GFDL-AM3
GEOSCCM
EMAC
CICERO-OsloCTM2
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385 Figure 7: Decadal-average (2000s) global tropospheric burdens of the four major NOy species across ACCMIP models (data from
Murray et al., 2021) compared with NOy burdens (including additional species) from this study (GC14) for 2016.
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Figure 7 shows the decadal-average burdens of four key NOy species (NO, NO2, HNOs, and PAN) across ACCMIP models
for the 2000s from Murray et al., (2021), compared to a more comprehensive set of results from our simulation of 2016
(GC14). The tropospheric burdens of the sum of these four NOy species varies between models by a factor of 3.7. There is
similarly large variation in speciation, with no clear trend between models. Murray et al. (2021) note numerous reasons for
this variation that lead either directly to changes in NOy lifetime by physical removal, or indirectly by reactive loss due to
differences in oxidant abundance, as well as differences in the spatial distribution of lightning NOx. Different
implementations of heterogeneous chemistry across models are another source of uncertainty (e.g., some models consider
variations in reactive uptake based on aerosol composition while others do not), thereby altering local sinks of NOy. Finally,
models vary in their representation of the competition between reactive loss and physical loss (which is also the case for
reactive carbon) and the degree to which they permit NOx recycling from reservoirs.

Despite advances in our understanding of NOy chemistry over the last 70 years, there remain numerous uncertainties in our
ability to accurately represent the global abundances of many NOy species in models. In Section 1, we noted the GEOS-
Chem model’s long-standing overestimate of HNOs. However, Fig. 7 shows that some ACCMIP models exhibit even higher
HNOs; than GEOS-Chem, suggestive of wide-spread issues in the simulation HNO3 and potentially the need for additional
chemical loss pathways. Additionally, our understanding of pNOs™ as a terminal sink for NOy has been challenged in recent
years — renoxification by photolysis allows pNO;™ to act as a reservoir for NOy instead. However, the efficiency of this
renoxification is still uncertain and will require coordinated model, lab, and field studies to constrain.

In Section 3.3 we characterize the impact of organic chemistry on NOy cycling. This is an area of study that is rapidly
evolving, and updates to the model’s representation of organic chemistry, especially monoterpene chemistry, will likely lead
to changes to the NOy budget. We also find that deposition is presently a relatively small sink for organic nitrates in the
model, given the large (and perhaps excessive) hydrolysis loss. Constraints on organic nitrogen deposition are limited; one
study suggests that wet deposition of organic nitrogen in Rocky Mountain National Park is comparable to that of nitrate
(Beem et al., 2010). Thus, the balance between chemical and physical losses requires more attention. In service of this, we
advocate for additional collocated measurements of both concentrations and deposition, with a characterization of organic
and inorganic NOy. However, we note that modifications to the current balance between reactive and physical loss of aerosol
organic nitrate will likely have minimal impacts on the high model HNOs bias, as this hydrolysis represents only ~8% of
HNO:s sources.

There have also been recent changes to the model’s representation of halogen chemistry, which is another active area of
research in the troposphere. The systematic approach to characterizing not just burdens and physical sinks but also chemical
cycling used in this study may enable efforts to probe the sensitivity of the NOy system to changes in chemistry or future
emissions.

We have provided a summary of the global tropospheric NOy budget for a single year and at monthly mean timescales.

Future exploration of the NOy budget on diurnal and seasonal timescales is needed. Additionally, while the focus of this
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study was to examine NOy on a global scale, we acknowledge that the relative importance of different NOy interconversion
pathways could vary considerably at the regional scale. Finally, this study represents only a single model’s characterization
of global NOy chemistry. As discussed previously, there is a range of complexity represented across different global
chemistry models, and a comparison of NOy fluxes across models would help us further understand the processes that give

rise to differences in burdens and speciation.
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