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Abstract

Oxidized reactive nitrogen (NOy) influences global climate, air quality, and
atmospheric chemistry. But the understanding of its sources and abundances
is limited and outdated in under-sampled areas of Sub-Saharan Africa and the
global upper troposphere (UT; ~8-15km). This thesis utilizes sporadic NASA
DC-8 aircraft campaign observations, screened for plumes and stratospheric
influence, to characterize UT NOy composition and evaluate current
knowledge of UT NOy as represented by a state-of-science model (GEOS-
Chem). The use of DC-8 data is supported by its ability to reproduce NOy
seasonality from routine commercial aircraft measurements. | find that
peroxyacetyl nitrate (PAN) dominates UT NOy (30-64% of NOy), followed by
nitrogen oxides (NOx = NO + NO>) (6-18%), peroxynitric acid (HNO4) (6-13%),
and nitric acid (HNOg3) (7-11%). The model consistently overestimates
peroxypropionyl nitrate (PPN) and underestimates NO2, as the model is
missing PPN photolysis. An ~80 pptv (20-fold) underestimate in modelled
methyl peroxy nitrate (MPN) over the Southeast US results from uncertainties
in chemical aging of air masses. | derive top-down estimates of hotspot NOx
emissions in Sub-Saharan Africa using satellite observations from TROPOMI
to address data gaps for a rapidly growing region. | estimate annual (2019)
top-down NOx emissions of 20 isolated hotspots totalling 322.8 Gg NOx that
range from 0.95 Gg for Ibadan (Nigeria) and Hwange (Zimbabwe) to 101 Gg
for the industrial Highveld in South Africa. The agreement between modelled
and TROPOMI NO: is significantly improved for large hotspots in South Africa
when scaling down a widely used bottom-up emission inventory to match my
top-down NOyx than the default. Both local and regional inventories
overestimate hotspot NOx emissions in South Africa by up to 65%. Further
advancement of knowledge should focus on UT NOy sources, advection,
chemical processing, and NOyx emissions in data-deficit regions like Sub-
Saharan Africa.



Impact statement

| use aircraft observations and modelling to characterise reactive nitrogen
compounds that affect tropospheric ozone abundance and short-term climate.
Not only does this inform future measurement campaigns to further advance
our knowledge, but this also provides key information to assess tropospheric
ozone abundances more accurately. This is crucial for determining the climate
impact of one of the most important short-term climate forcers to feed into
assessments like the Intergovernmental Panel on Climate Change (IPCC). A
more certain estimate of the radiative forcing aids us in deciding how to
prioritise climate actions and policies to mitigate anthropogenic influence on
tropospheric ozone. | derived observationally-informed estimates of hotspot
emissions of NOx in Sub-Saharan Africa that was not possible before
developing a method to automate sampling area selection that improves the
success of the inverse method | use. Air quality modellers can apply these
estimates to models to better estimate and attribute the formation of air
pollutants, such as PM2s and surface ozone, which are hazardous to human
health, negatively impact food security, and alter the climate. Sub-Saharan
Africa is a region that has scarce resources dedicated to air quality regulations,
especially for developing routine, reliable inventories of emissions. This
approach that | use addresses this data deficit without the need for
computationally intensive models. | demonstrate that the top-down emissions
values are reliable by using satellite observations and a model to assess these.
This validation step is missing in almost all studies that use the same top-down
method. Demonstrating reliability of the emissions estimates increases the
possibility that regulators will use these data to inform policy decisions.
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1: Introduction

1.1 Tropospheric Reactive Nitrogen Sources,

Chemistry, and Fate

The chemical family of reactive oxidised nitrogen (NOy) defined as the sum of
nitrogen oxide (NO) and nitrogen dioxide (NO2), collective called nitrogen
oxides (NOx), and NOx reservoir compounds are crucial in atmospheric
chemistry. NOy impacts air quality, climate, and the oxidizing capacity of the
whole troposphere (Bradshaw et al., 2000; Dahimann et al., 2011; Mickley et
al., 1999; Worden et al., 2011; Wei et al., 2024). The availability of NOx impacts
tropospheric ozone (O3) formation, an air pollutant and the third most important
greenhouse gas in terms of radiative forcing after carbon dioxide (CO2) and
methane (CH4) (Dahlmann et al., 2011; Rap et al., 2015; Worden et al., 2011).
NOy also impacts the abundance of the hydroxyl radical (OH), the main
atmospheric oxidant that determines the rate of removal of air pollutants
carbon monoxide (CO) and volatile organic compounds (VOCs) and the long-
lived greenhouse gas CH4 (Butler et al., 2020; Murray et al., 2013; Seltzer et
al., 2015). Understanding NOy sources and abundances is essential for
modelling OH and Os, developing policies and strategies to mitigate air
pollution and climate change (Singh et al., 2007; Geddes& Martin, 2017; Butler
et al., 2020).

The emission of NOy is from direct release of NOx (NO + NO2) into the
atmosphere. Global annual NOx emissions are estimated to total about 57
teragram (Tg) N based on modelling for the year 2015 (Shah et al., 2023).
Fossil fuel combustion by vehicles, ships, power plants, and industrial
processes contributes ~60% (Hoesly et al., 2018). Open burning of biomass,
that is, the burning of vegetation types like savannas and forests, and burning
of agricultural waste, contributes ~12% (Fowler et al., 2013; Giglio et al., 2013).
The key regions of biomass burning are the tropics, particularly Sub-Saharan
Africa, the Amazon Basin, and India, and boreal regions, such as Canada, and
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Siberia (Randerson et al., 2012). Microbial activities in soils, classified as
natural emissions, accounts for ~14% of NOx (Hudman et al., 2012). These
are all processes occurring at the surface, those that release NOy aloft include
lightning emissions contributing ~10% to the global total (Murray et al., 2012)
and aircraft emissions accounting for ~2% (Stettler et al., 2011). The other non-
emitting NOx sources that contribute to NOy in the troposphere include
downwelling of stratospheric air masses laden with nitric acid (HNO3) and NO>
that also promote prompt formation of peroxyacetyl nitrate (PAN) on mixing
with cold upper tropospheric air (Liang et al., 2011; Jacob et al., 2010; Levy I
et al., 1980).

Figure 1.1 presents the oxidized reactive nitrogen reaction pathways in the
troposphere, starting with primary emissions of NOx. High flame temperatures
(~2000 K) during combustion of fossil fuels thermally dissociate Oz into oxygen
atoms (O) and N2 into nitrogen atoms (N) to produce NO (Singh et al., 2007;
Miyazaki et al., 2003; Geddes& Martin, 2017). This process generates "thermal
NOx". At lower flame temperatures, such as those that result from burning of
biomass, NO and NO2 form from oxidation of nitrogen in the fuel, termed "fuel
NO)" (Ye et al., 2017).

23



PANs

Lightning

o, 5] )

Nighttime

Open fires

;
i B L YNy
¥

hv| |OH H20 OH| |hv/OH vV HZO

Microbial
@ processes
in soils

aerosol water
HNO, 200 et
“ﬁ YY)

Wet and dry Wet and dry
Deposition Deposition

Figure 1. 1: Oxidized nitrogen reaction pathways in the troposphere. Colours indicate
NOXx reservoirs (filled orange boxes) and reactions prominent at night (purple reaction
lines). A indicates reservoir compounds that are thermally unstable. Stratosphere
downwelling, a non-emission source of HNO3z and NO- to the upper troposphere, is
not shown.

NO and NO: cycle rapidly during the daytime, achieving photo-stationary
steady state that is a dynamic equilibrium under continuous sunlight where the
rates of their interconversion are balanced, maintaining constant
concentrations over time. The NO is oxidised mostly by O3z to produce NO>
(R1). The other less prominent oxidants on a global scale, that convert NO to
NO:2 include hydroperoxyl radical (HO2) and organic peroxy radicals (RO2)
(Brasseur& Jacob, 2017). NO2 is photolyzed to regenerate NO and produce
odd oxygen which then promptly reacts with Oz (R2). At photo-stationary state,
the rate of NO, photolysis equals the rate of NO oxidation by ozone, HO> and

ROo, leading to a steady ratio of NO, to NO concentrations.

RO, and HO, are not directly emitted but form in the atmosphere through
reactions between volatile organic compounds (VOCs) and oxidants such as
OH, ozone (O3), or nitrate radicals (NO3). During the day, OH radicals oxidize

VOCs to create RO, radicals, while HO, arises from reactions like CO
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oxidation or RO, decomposition. At night, NO; radicals become important

oxidants for generating RO, and HO, (Brasseur& Jacob, 2017).

Reaction (R1) to (R2) is a null cycle for Oz, as Os consumed in (R1) is
regenerated in (R2). When HO2 competes with Oz to react with NO in (R3)
instead of Oz in (R1) and this is followed by (R2), there is net generation of Os.
Similarly, reaction of NO with ROz leads to net production of Os. Reaction (R3)

also generates OH radicals that determines the oxidizing capacity of the

atmosphere.

NO + O3 ——> NO2 + O3 (R1)
NO2 + hv (A < 400 nm) 22> NO + O3 (R2)
HO2 + NO —> OH + NO, (R3)

NOxy reacts in the troposphere to form oxidized nitrogen compounds that are
temporary NOy reservoirs. For NO2, these include HNO3 from reaction with OH,
peroxyacyl nitrates (PANs, formula: RC(O)O2NO32) from reaction with peroxy
acyl radicals (RC(0)02), peroxynitric acid (HNO4) from reaction with the HOo,
and methyl peroxy nitrate (MPN, formula: CH302NOz2) from reaction with the
methyl peroxy radical (CH302). HNO3 uptake by pre-existing aerosols forms
aerosol nitrate (pNO3) (Schneider et al., 2017). NOy components that are more
prominent at night are the nitrate radical (NO3) formed from reaction of NOx
with Os, and dinitrogen pentoxide (N20s) from reaction of NOs with NO2. During
the daytime, NOs is rapidly photolyzed back to NO: with a lifetime of less than
a minute, as a result, N,Os is predominantly abundant at night. Reservoir
compounds formed from NO include alkyl nitrates (ALKNs, formula: RONO>)
from reaction with non-acyl peroxy radicals (RO2), and HONO from reaction
with OH. At night, HONO accumulates, but during the day HONO is very short-
lived, as it undergoes rapid photolysis back to NO and OH.

Table 1.1 presents various PANs species along with their molecular formulas
and chemical structures. The most abundant PANs compound is PAN. Many
other PAN-type compounds include peroxypropionyl nitrate (PPN),
peroxyacryloyl nitrate (APAN), peroxymethacryloyl nitrate (MPAN),
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peroxyisobutyryl nitrate (PiBN), peroxy-n-butyryl nitrate (PnBN) and
peroxybenzoyl nitrate (PBzN) (Slusher et al., 2004; Zheng et al., 2011).

Table 1.1: Chemical Formulas and Structures of PAN-type Compounds

PANs Species Formula Chemical Structure

PAN CH3C(O)0O2NO- CH3-C(=0)-0-0-NO2

PPN CH3CH2C(0)02NO: CH3—CH>—C(=0)-0-0-NO:
APAN CH2CHC(O)OONO:; CH2=CH-C(=0)-0-0O-NO:
MPAN CH,=C(CH3)C(0)O2NO> CH2=C(CH3)-C(=0)-0-0O-NO:
PiBN (CH3)2CHC(O)OONO: (CH3)2CH-C(=0)-0—-0-NO:
PnBN CH3(CH2).C(O)OONO; | CH3;—CH>—CH>—C(=0)-0-0-NO-
PBzN CsHsC(O)OONO:2 CsHs—C(=0)—0O—0O-NO:

Recycling of reservoir compounds back to NOx is by photolysis for almost all
reservoir compounds and by thermal decomposition for the thermally labile
peroxy nitrates (PNs) family compounds: PANs, HNOs4, and MPN. This
recycling along with NOy sources to the troposphere sustains tropospheric NOy
concentrations at < 35 pptv over the remote ocean and 60-380 pptv over
polluted landmasses (Shah et al., 2023; Marais et al., 2018; Horner et al.,
2024). Stable NOx reservoir compounds are transported long distances in the
remote, cold upper layers of the troposphere, before subsiding and
decomposing on warming (Zhai et al., 2024). This process supplies other parts
of the world with oxidants (HOx) and O3 precursors (NOx and ROz2) (Zhai et al.,
2024).

Processes that remove NOy species from troposphere permanently occur
through wet and dry deposition, which transfer NOy from the atmosphere to
Earth’s surface. Wet deposition occurs via precipitation such as rain, snow or
cloud water carrying dissolved nitrogen compounds like HNOs. This process
tends to dominate in regions with high rainfall. Dry deposition is the direct
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settling of nitrogen gases (e.g., NO, NO2) and particles such as pNO3 onto
surfaces without precipitation. This plays a major role in arid and polluted
regions such urban and industrial areas (Fowler et al., 2013).

In the troposphere, NOy has a lifetime of less than one day in the planetary
boundary layer that is the lowest part of the atmosphere and is directly
influenced by Earth's surface. This short lifetime is due to rapid removal
processes such as dry and wet deposition, as well as high turbulence and
mixing that facilitate quick dispersion and reactive radicals, especially hydroxyl
radicals, drive photochemical reactions that break down NOy quickly in this
layer. NOy has a longer lifetime of 10—20 days in the cold upper troposphere.
This is because lower concentrations of radicals slow chemical degradation,
reduced turbulence limits mixing, and colder temperatures slow down reaction
rates. Furthermore, transport processes, including stratosphere—troposphere
exchange, can lead to the accumulation of NOy in this region. (Logan, 1983;
Prather& Jacob, 1997).

NOx has a lifetime of about a week in the cold upper troposphere compared to
less than a day in the boundary layer (<2 km), because lower concentrations
of radicals and stable cold atmospheric conditions allow NOy to persist longer
in the UT, while in the boundary layer, rapid photochemical reactions,
deposition processes, high turbulence, and the presence of abundant volatile
organic compounds enhance its removal (Shah et al., 2020; Jaeglé et al.,
1998). The lifetimes of NOx reservoir compounds cover a wide range,
depending on their thermal stability. The lifetime of PAN, for example, has
exponential dependence on temperature, ranging from one hour at 295 K in
the relatively warm planetary boundary layer, to months at 250 K typical of the
cold upper troposphere (Jordan et al., 2020). Similarly, the lifetime of HNO4
ranges from ~20 seconds to 8 hours. MPN is least stable and has a reported
lifetimes of a few minutes to hours under warm conditions (Trainer et al., 1991)
to several days to weeks under cold conditions (Nault et al., 2015). RONO2
compounds are more thermally stable than PNs family and the lifetimes are
mainly dependent on the photolysis rates that vary with season because of the
available solar flux (Talukdar et al., 1997; Worton et al., 2010).
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1.2 In Situ and Remote Sensing Measurements of

Reactive Nitrogen

The measurements of reactive nitrogen concentrations are made in situ, when
air is drawn into an instrument, or remotely, when the instrument records a
spectroscopic signal integrated over an atmospheric line of sight. Figure 1.2
shows the in-situ instruments that observe many reactive nitrogen species.
The chemiluminescence (CL) instrument has been frequently used for both
ground-based and airborne in-situ measurements of NO, NO2 and NOy. It uses
the CL detection of NO with O3 added as reagent gas (Ryerson et al., 2000;
Pollack et al., 2010; Bourgeois et al., 2022). The signal is generated by the
emission of photons during the reaction between NO and O; forming
electronically excited NO: that relaxes to its ground state by emitting photons.
These photons are detected by a photomultiplier tube and their intensity is
proportional to the NO concentration, allowing for the measurement of NO,
NO,, and NOy. These are measured on three independent channels of the
instrument. The NO channel measures NO, the NO2 channel measures the
sum of NO and photolyzed NO2 via a photolytic converter as NO, and the
NOy channel measures total reactive oxidized nitrogen reduced to NO through
a heated gold catalyst with CO. NO: is determined from the difference between
signals from the NO and NO2 channels. Research-grade instruments deployed
on aircraft for field campaigns are continuously upgraded and improved to
improve the accuracy and precision of the instrument, even measurement
techniques as established as CL. The estimated uncertainty for the most
recent version of the National Oceanic and Atmospheric Administration (NOAA)
NOyO3 CL instrument is +(4 % + 6 pptv) for NO, £(7 % + 20 pptv) for NOg,
and £(12 % + 15 pptv) for NOy (Bourgeois et al., 2022).
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NO2 can also be measured using a Laser Induced Fluorescence (LIF)
instrument, because NO: strongly absorbs ultraviolet (UV) light and emits
fluorescence that can be analysed to determine its concentration. The widely
used Thermal-Dissociation LIF (TD-LIF) instrument measures NO2, HNOg,
total ALKNs (RONO:.), total PNs and MPN based on the differences in thermal
dissociation temperatures of the reservoir compounds. The air is drawn into an
inlet and then directed through five dissociation heaters set at different
temperatures to break down specific compounds: HNOs + ALKNs + PNs
(650°C), ALKNs + PNs (400°C), PNs (200°C), MPN (60°C) and NO2 (unheated,
15-25°C). The NO2 produced by the 5 separate channels fluoresces after
being excited by a UV laser. The strength of the fluorescence signal is then
used to quantify the relative concentration of NO2 in each sample cell. The
difference between higher temperature samples and the lower temperature
samples is used to determine HNO3, ALKNs, PNs and MPN concentrations.
The TD-LIF uncertainty is estimated to be 5% for NO2, 15% for ALKNs and
HNO3, 10% for PNs and 40% for MPN (Wooldridge et al., 2010; Nault et al.,
2015).

Even though the reported uncertainties in CL and TD-LIF instruments are
relatively low, both instrument measurements of NO2 are susceptible to biases.
This is because of interference (additional NO2) from thermal decomposition
of the least stable NOx reservoirs, HNO4 (HO—O-NOz) and MPN. The TD-LIF
measurements of NO2 in the upper troposphere have 5% interference from
HNO4 and 21%-40% from MPN (Nault et al., 2015). The interference in the
UT NO: of CL measurements is estimated to be 30%—40% for HNO4 and 100%
for MPN (Bourgeois et al., 2022). The larger interference from HNO4 and MPN
for CL instruments than for TD-LIF instruments is because the higher
temperature of the cell and longer residence time of air in the cell promote
more efficient decomposition of these compounds (Bourgeois et al., 2022).
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Figure 1. 2: In situ instruments for reactive nitrogen compounds. Adapted from
images of DC8 payload from the NASA website (URLSs:

(a) https://espo.nasa.gov/spade/instrument/PAN_CIMS _Instrument by Georgia
Tech_and NCAR

(b) https://espo.nasa.gov/instrument/NOAA_Nitrogen_Oxides_and_Ozone

(c) https://airbornescience.nasa.gov/instrument/Thermal-
Dissociation_Laser_Induced_Fluorescence

(d) https://airbornescience.nasa.gov/instrument/Chemical_lonization_Mass_Spec
trometer_1

Last access: 25th Feb 2025). Insert percentage values are uncertainties for each
compound measured by each instrument. The four instruments shown are the
NOAA NOyO3 CL instrument (a), the UC Berkeley TD-LIF (b), the Georgia Tech
CIMS (c), and the PAN CIMS co-developed by Georgia Tech and NCAR (d).
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The most widely used instruments for HNO3 are based on chemical ionization
mass spectrometry (CIMS). CIMS is a highly sensitive and selective technique
for ambient measurements of atmospheric trace gases (Huey, 2007). The
CIMS instruments use injected reagent ions (e.g., SiFs~, SFs7, I7) to react with
target molecules in air samples to form distinct product ions. These ions are
separated based on their mass-to-charge ratios measured by a mass
spectrometer. The number of these ions are counted by the ion detector and
used to quantify ambient concentrations (Huey, 2007). The HNO3 NOAA CIMS
instruments used in both ground-based and aircraft campaigns uses SiFs~
reagent ions and achieves a measurement uncertainty is 10% (Neuman et al.,
2002; Neuman et al., 2000). The single mass analyser California Institute of
Technology (CalTech) CIMS uses CF30™ reagent ions to measure both HNO3
and HNOg4 with uncertainties of 30% for HNO3 and 35% for HNO4 (Crounse et
al., 2006; Allen et al., 2021). A third CIMS developed by the Georgia Institute
of Technology (Georgia Tech) uses SFs™ reagent ions to also measure both
HNO3 and HNO4 and has an estimated uncertainty of 30% for each (Huey,
2007; Kim et al., 2007).

A TD-CIMS method, utilizing I~ as a reagent ion was developed to detect
multiple PANs (Slusher et al., 2004). The TD-CIMS is a modified CIMS that
includes a heated chamber to dissociate thermally labile PANs into RO> that
then react with 1" ions. The mass spectrometer detects the corresponding
carboxylate ions (Slusher et al., 2004; Zheng et al., 2011). For example: PAN
thermally dissociates in the inlet to form CH3C(O)O2 and NO2. The CH3C(O)O2
reacts with I~ to form CH3C(O)O~ and 10 (Villalta& Howard, 1996). The
carboxylate ion such as CH3C(O)O~ forms stronger bonds with water than
does I"and the carboxylate ion is detected as the signal for PAN concentrations
(Villalta& Howard, 1996). Other PAN-type species are detected in a similar
manner. The PAN species that are measured include PAN, PPN, PiBN, PnBN,
PBzN, APAN and MPAN with the same ~15% uncertainty (Slusher et al., 2004;
Zheng et al., 2011). N20Os and NO3 can be measured with the same TD-CIMS
instrument using I~ ions. Both N2Osand NO3 are detected as NO3™. N2Os forms
NO2 and NO3 upon thermal dissociation in the inlet. Once the NOs3 enters the
flow tube, I~ charge transfers it to form NO3™ (Davidson et al., 1977). N2Os also
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reacts directly with 1- to form NO3~ (Huey et al., 1995). PAN is also measured
with the so-called PAN and Trace Hydrohalocarbon Experiment (PANTHER)
instrument that uses gas chromatography with electron capture detection
(Flocke et al., 2005).

The C1-C5 ALKNs are collected with Whole Air Samplers (WAS) during the
flight campaign and analysed later in the laboratory using gas chromatography
with flame ionization and atomic emission (Blake et al., 2003). These ALKNs
are methyl, ethyl, propyl, butyl, and pentyl nitrates.

The in-situ instruments have been deployed to many platforms, such as static
ground-based stations, and mobile platforms such as vehicles, ships and
aircraft. The prominent mobile platform of relevance to this thesis is research
and commercial aircraft. Research aircraft offer the advantage of flexibility in
mission planning, allowing targeted observations of atmospheric phenomena
in specific regions. They can be equipped with specialized instrumentation to
measure a wide range of meteorological, chemical, and physical properties,
providing high-resolution, high-accuracy datasets. Research aircraft can
operate at a range of altitudes, from the boundary layer to the upper
troposphere and lower stratosphere, depending on the altitude ceiling of the
aircraft. This enables studies of atmospheric composition and dynamics in
regions that are otherwise difficult to access, such as global upper troposphere.
The research aircraft campaigns enable concurrent measurements of a wide
range of various compositions but limited to spatial and temporal coverages.
Commercial aircrafts provide a complementary dataset by offering continuous,
long-term observations over a broad spatial scale. But since commercial
aircraft usually carry one container for instruments, the number of instruments

and thus the variations of compositions that can be measured are limited.

Like the in situ LIF technique, remote sensing takes advantage of absorption
of UV-visible light by NO2. Remote sensing instruments measure solar
backscattered radiation and use the wavelength range 405-465 nm to detect
NO2 (Van Geffen et al.,, 2015). There have been instruments in space
measuring NO2 since 1996 starting with The Global Ozone Monitoring
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Experiment (GOME) launched by the European Space Agency (ESA) and
more recently the Ozone Monitoring Instrument (OMI) (Levelt et al., 2006)
launched by National Aeronautics and Space Administration (NASA) in July
2004 and the TROPOspheric Monitoring Instrument (TROPOMI) launched by
ESA in October 2017 (Griffin et al., 2019; Lamsal et al., 2021; van Geffen et
al., 2020; Goldberg et al., 2021a; Levelt et al., 2018).

Figure 1.3 shows the light paths measured by space-based UV-visible
instruments measuring solar backscattered radiation. The retrieval of NO2 from
satellite observations involves three main steps. The first step is an NO> slant
column density (SCD) retrieval using a differential optical absorption
spectroscopy (DOAS) technique, which provides the total amount of NO> along
the effective light path from sun through atmosphere to the satellite. Next, a
model and assimilated data are used to calculate the stratospheric component
of NO2 SCD and remove it to isolate the tropospheric component. And finally,
the isolated tropospheric SCDs are converted to vertical tropospheric column
densities using an air mass factors (AMFs) (van Geffen et al., 2020). The AMF
also includes information about the viewing geometry from the sun to the
sensor, absorption and scattering by trace gases, aerosols and clouds along
the viewing path, and the reflectivity of the surface of the Earth (Palmer et al.,
2001). The accuracy of these retrievals depends on the precision of the AMFs
(Verhoelst et al., 2021; Hong et al.,, 2017). The estimated uncertainty
contribution of the AMF is ~50%, largely due to error contributions from clouds
(Beirle et al., 2011; Goldberg et al., 2021b).

33



TROPOMI
B, Passive UV/VIS Sensor

Vertical
column
density

(VCD)
Satellite AME Desired
‘sees’ ) | quantity:
mean VvCD

Scattering and
absorption by
gases, particles
and clouds

surface

Figure 1. 3: Light path measured by space-based UV-visible instruments for the
detection of NO..

1.3 Bottom-up and Top-down Emissions Estimates of

Reactive Nitrogen

Emission inventories that document the emissions of primary reactive nitrogen
compounds, such as NOy, from a wide range of natural and anthropogenic
sources at global, regional, and local scales are essential for chemical
transport models. These inventories aid in interpreting air pollutant
concentration distributions, understanding their spatial and temporal variations,
and formulating well-informed policy recommendations. Emission estimation
primarily relies on two methodologies: bottom-up and top-down approaches
(Brasseur& Jacob, 2017).

The bottom-up method estimates emissions by compiling data based on
activity rates and emission factors across different sectors. It calculates
emissions as the product of the two. Activity factors provide information like
the amount of fuel or energy consumed, the distance travelled by a car, ship
or aircraft, or the amount of a particular product produced. The emission factor
is then the rate of production of a primary air pollutant per unit of activity (Fung
et al., 2023). Scaling factors can also be applied to account for local variations,
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such as meteorological conditions, surface properties, weekday/weekend
effects, and variability at finer time scales (hourly) than the available activity
data (monthly/annual) (Brasseur& Jacob, 2017). For example, NOx emissions
from a power plant are calculated by multiplying the annual fuel consumption
(activity rate), the amount of NOx emitted per unit of fuel burned of the power
plant (emission factor), and a seasonal scaling factor that adjusts for variations

in power demand due to seasonal energy requirements.

This method can provide detailed insights into specific sectors, such as
transportation or industrial processes, by utilizing localized data (Zhang et al.,
2018; Li et al., 2018), but it is often hampered by significant uncertainties,
particularly in complex urban environments where vehicle emissions can vary
widely based on operational conditions (Palacios et al., 2001; Cifuentes et al.,
2021). It often suffers from the challenge of data availability and quality, as it
requires accurate and timely information on activity rates and emission factors,
which can be difficult to obtain, especially in rapidly developing regions. The
emissions factors could be not representative of local conditions and in the low
time resolution but broad assumptions about finer time resolution variability are
required (Itahashi et al., 2019; Zhang et al., 2007).

The top-down approach uses observations to determine emissions from a
source by measuring and/or modelling changes in atmospheric concentrations
in the proximity to the source. This approach can be particularly useful in
regions undergoing rapid changes in economic activity or regulatory
environments, as it offers more current data than is available to construct
bottom-up emission inventories (Elguindi et al., 2020; Daniels et al., 2023).
These top-down approaches include inverse modelling that scales bottom-up
emissions in the modelling to match the modelled NOx abundances to the
observations (Konovalov et al., 2006). These model-based top-down
approaches necessitate prior knowledge of the NOx lifetime (1), which is
primarily determined during daytime by the reaction between NO- and the OH,
resulting in the formation of HNO3 (Section 1.1) (Spicer, 1982). The NOx
lifetime (1) can be derived from atmospheric chemistry models, either directly
through explicit modelling or indirectly using inverse modelling techniques.
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However, the accuracy of these emission estimates is inherently constrained
by the models’ ability to accurately simulate OH concentrations. This limitation
is particularly pronounced in megacities, where highly nonlinear and small-
scale chemical interactions present significant challenges to reliable modelling
(Spicer, 1982) .

Figure 1.4 shows the basic pathway of top-down estimate of NOx emissions
from satellite column densities of NO2. Observations are converted to
emissions using a simple mass balance approach that uses the modelled ratio
of columns densities to emissions from chemical transport models to convert
NO- tropospheric columns densities to surface emissions of NOx (Leue et al.,
2001; Martin et al., 2003). The approach works, as NOx has a relatively short
lifetime (2-6 hours) at or near sources, so the NOx concentrations would centre
at the source point and would not be transported away from the source (Leue
etal., 2001). This is suitable for estimating gridded emissions at scales suitable
for compounds that persist for 2-6 hours, but it requires a computationally

expensive chemical transport model for the conversion.
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Figure 1. 4: The illustration of top-down approach of NO, emissions estimates.

Beirle et al. (2011) firstly introduced a top-down method without the need for
resource-intensive models that stead, can be applied directly to isolated NO,

hotspots observed by satellite instruments measuring tropospheric NO,
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column densities (Section 1.2). Such hotspots correspond to large point
sources of NOy, including large urban areas, industrial complexes, and fossil-
fuelled power plants. The top-down method proceeds in two main steps. First,
individual satellite pixels around a source are rotated according to the local
wind direction so that all pixels are aligned with a common north—south axis.
This procedure, known as the wind-rotation method (Fioletov et al., 2015),
preserves the relative position of each pixel with respect to the source: the
distance from the source (r = /x2 + y2 ) remains unchanged, as does the
upwind/downwind relationship. The rotation ensures that pixels from multiple
days with varying wind directions can be combined into a single, coherent,
gridded plume. Importantly, the measured NO, values are not altered by this
rotation. A schematic of this procedure is illustrated in Figure 1.5.
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Figure 1. 5: Schematic illustration of the wind-rotation method, adapted from (Fioletov
etal., 2015). To preserve the relative upwind—downwind positions of the observations,
each pixel is rotated by an angle of -8, where 0 is the wind direction, around the
emission source. This rotation aligns all wind vectors to a common direction, so that
the effective wind direction for all observations is standardized as blowing from the

north to the south.
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Once the rotated plume is constructed, a mathematical function is fit to the
observed NO, distribution. This function captures both the Gaussian cross-
plume shape and the exponential decay of NO, concentrations along the
downwind axis. The function, known as an Exponentially Modified Gaussian
(EMG), yields parameters that can be used to estimate NOx emissions. The
fitted plume width provides information on atmospheric dispersion, while the
exponential decay length gives the effective atmospheric lifetime of NO,,
representing the combined effect of chemical and physical loss. The amplitude
of the fitted function corresponds to the peak enhancement of NO, above
background near the source, and therefore reflects the strength of the
emission plume. By jointly analysing the amplitude and the decay of the plume,
the method retrieves both the emission rate at the source and the effective
lifetime of the pollutant (Beirle et al., 2011; Valin et al., 2013). Details of the
EMG fitting, and its implementation are described in Chapter 2, Section 2.2.1.

This wind rotation and EMG fit method has been applied to satellite
observations that resolve isolated urban, industrial and power plant hotspots
predominantly in the US, worldwide (de Foy et al., 2014; Goldberg et al., 2019b;
Lu et al., 2015; Goldberg et al., 2021b), in western Europe (Pope et al., 2022;
Lorente et al., 2019), China (Wu et al., 2021a), the US (Goldberg et al., 2019a),
as well as to investigate changes in NOx emissions due to COVID-19 lockdown
measures in the New York Metropolitan Area (Tzortziou et al., 2022) and for
select cities worldwide (Lange et al., 2022).

1.4 Chemical Transport Modelling of Reactive

Nitrogen

The bottom-up emission inventories detailed in Section 1.3 are input to
chemical transport models to simulate ambient concentrations for a range of
applications, such as air pollutant concentration estimates, to test current
understanding of atmospheric composition, for AMFs needed to retrieve
satellite observations (Section 1.2), and to interpret the causes for air quality
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degradation, amongst others. Figure 1.6 shows the general layout of the 3D
chemical transport model, GEOS-Chem. GEOS-Chem is driven with offline
meteorological input generated with the Goddard Earth Observing System
(GEOS) from the NASA Global Modelling and Assimilation Office (GMAO)
(Bey et al., 2001). The model is on a fixed latitude-longitude (cartesian) grid
and has 47 terrain-following vertical layers extending from the surface of the
Earth to 0.01 hPa. The meteorology data includes Goddard Earth Observing
System Forward Processing (GEOS-FP) for 2012-present that has a high
horizontal resolution of 0.25° latitude x 0.3125° longitude with 72 vertical levels
and Modern-Era Retrospective Analysis for Research and Applications
(MERRA-2) reanalysis product. MERRA-2 is used to achieve consistency in
simulations from 1979 (the start of the satellite record of meteorology) to the
present day, but it is at coarser horizontal resolution (0.5° x 0.625°) than
GEOS-FP.

In addition to the reactive nitrogen sources detailed in Section 1.1, the model
includes many other natural and anthropogenic primary air pollutant emissions
that are gridded from the emission inventory resolution to the model resolution
and have temporal and environmental scaling factors applied using the
Harmonized Emissions Component (HEMCO) emissions package (Keller et
al., 2014).

40



Pre-processed by HEMCO

Natural and Anthropogenic Emissions:

>

Meteorological data

iy
)

Offline GEOS met fields

T
% A

& (T

Gas- and aerosol-phase chemistry,
Transport, wet and dry deposition

|

3D Simulations of Atmospheric Composition on
local to global scales

Figure 1. 6: General schematic of the overall structure of a 3D chemical transport
model such as GEOS-Chem that uses offline meteorology.

GEOS-Chem simulates detailed gas- and aerosol-phase chemistry in the
troposphere and stratosphere. This is achieved with a chemical solver that, for
GEOS-Chem, is the Kinetic PreProcessor (KPP) (Lin et al., 2023). This code
contains files that specify the chemical compounds, chemical reaction
mechanisms, and reaction rates. It covers nearly all reactive nitrogen species
shown in Figure 1.1, except that only a subset of PANs is represented. These
PANs in the model are PAN, PPN, and MPAN. Chemical mechanism kinetics
in GEOS-Chem generally follow JPL/IUPAC recommendations (Bates et al.,
2024).

The transport in GEOS-Chem include the advection that is computed using the
advection algorithm of Lin and Rood (1996) on the latitude-longitude grid of
the meteorological data, convective transport that is computed from the
convective mass fluxes in the meteorological archive as described by Wu et al.
(2007) and boundary layer mixing that uses the non-local scheme
implemented by Lin and McElroy (2010). Dry deposition in GEOS-Chem is
represented by the resistance-in-series scheme, where deposition velocity is
determined by the sum of aerodynamic resistance (Ra), quasi-laminar
boundary layer resistance (Rb), and canopy/surface resistance (Rc) (Wesely,
1989). Ra is common to all species and depends on meteorological factors
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such as wind speed, turbulence, and surface roughness. Rb and Rc are
species-specific: Rb is controlled by molecular diffusivity, while Rc depends on
vegetation type, stomatal conductance, and the chemical/physical properties
of each species, particularly solubility and surface reactivity (Wang et al., 1998;
Wesely, 1989). Highly soluble and reactive species like HNO; deposit rapidly,
whereas more volatile and less soluble species such as PANs have slower
deposition rates. Aerosol nitrogen uses a size-dependent scheme accounting
for gravitational settling and hygroscopic growth (Zhang et al., 2001). Wet
deposition parameterizations include the scavenging of soluble species by
convective updrafts, rainout and washout from convective anvils, and large-
scale precipitation processes (Liu et al., 2001). The efficiency of scavenging
depends on each species’ solubility, represented through Henry’s law
constants, and for aerosols, on their particle size and hygroscopic properties
(Amos et al., 2012). Wet deposition effectively removes both aerosols and
soluble gas HNOs.

The GEOS-Chem model offers a suite of flexible diagnostics to output
concentrations, meteorological fields, emissions, reaction rates, deposition
rates, and other simulated or input parameters as 24-hour averages,
coincident with low-Earth orbiting satellite overpass times, or sampled at the
same time and location as aircraft measurement campaigns. The latter uses

the NOAA ObsPack data product (https://gml.noaa.gov/ccagg/obspack/, last

accessed September 2022) that, essentially, flies the research aircraft through

the model.

1.5 Reactive Oxidized Nitrogen in the Global Upper

Troposphere: Importance and Uncertainties

NOy in the upper troposphere (UT) impacts global climate, surface air quality
and the oxidizing capacity of the whole troposphere (Bradshaw et al., 2000;
Dahlmann et al., 2011; Mickley et al., 1999; Worden et al., 2011). NOy is an
important climate driver, because tropospheric O3z production is limited by the
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availability of NOx throughout the free troposphere. The effect of O3 on climate
is particularly pronounced in the upper troposphere, where the radiative forcing
efficiency (W m per unit change in concentration) of Os peaks (Dahimann et
al., 2011; Rap et al., 2015; Worden et al., 2011). Influence on tropospheric O3
production also affects abundance of OH, with already discussed knock-on
effects on CH4, CO, VOCs, and aerosols (Murray et al., 2013; Seltzer et al.,
2015; Storelvmo et al., 2019).

The UT extends from as low as 450 hPa (~8 km) near the poles to as high as
~100 hPa (16 km) in the tropics, according to the tropopause height from the
NASA GMAO MERRA-2 meteorology, an offline data product that is used as
input to GEOS-Chem (Section 1.4). The variability in tropopause height with
latitude results from differential heating of the Earth. Warmer at the tropics,
cooler at the poles. This causes deeper convection at the Equator, leading to
a higher altitude tropopause (Houghton, 2002). Local sources of primary NOx
in the UT include lightning and aircraft (Brasseur et al., 1996; Jacob et al., 1996;
Jaeglé et al., 1998; Bertram et al., 2007). Lighting is the dominant source of
NOy to the UT, especially in the tropics (Brasseur et al., 1996; Marais et al.,
2018).

The metric O3z production efficiency (OPE) is routinely used to quantify the
efficiency with which NOx sources produce ozone (Dahlmann et al., 2011). The
OPEs of different O3 sources, obtained with a chemical transport model, are
shown in Figure 1.7 (a). The OPE is calculated as the molecules of O3
produced per molecule of NOx lost to temporary reservoirs (Section 1.1). The
OPE of the UT is much greater than anywhere else in the troposphere due to
the persistence (longer lifetime) of NOy in the cold and dry UT, discussed in
Section 1.1. This is why sources abundant in the UT like aircraft and lightning
have much greater OPEs than sources at the surface like industry, road traffic,
ships, and open burning of biomass.
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Figure 1. 7: Global mean O3 production efficiencies (OPEs) from different NOx
sources (a) and zonal mean of O3 radiative efficiency for different sources for 2010-
2019 (b). Adapted from Dahlmann et al. (2011). Lines in (a) show time series of the
OPE of different sources obtained with a chemical transport model. Values in (b) are
given in mW/(m?DU), where DU is Dobson Units (1 DU = 2.69 x 10%° molecules/m?).
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O; radiative forcing is greatest in the upper troposphere (UT), particularly in
the tropics (Dahlmann et al., 2011), as illustrated in Figure 1.7 (b) and
consistent with earlier modelling by Mickley et al. (1999). In the UT, abundant
incoming solar radiation, colder temperatures, and lower optical thickness
combine to enhance the radiative impact of ozone. Ozone strongly absorbs
terrestrial longwave radiation in the 9.6 ym band. For this UT region, the earth
surface below is much warmer, emitting strong longwave radiation upward,
while the colder ozone layer in the UT emits less radiation to space than it
absorbs from below, in accordance with the Stefan—Boltzmann law. The
resulting imbalance produces a net trapping of heat and thus positive radiative
forcing. The lower air density at high altitudes also reduces optical thickness,
allowing ozone to influence the Earth—space radiation balance more efficiently
than at lower levels (Lacis et al., 1990; Mickley et al., 1999; Aghedo et al.,
2011).

Pressure [hPa]

-m..-s.o .-3.0..6..3.0. 6.o.
Latitude [degrees N]

Figure 1. 8: The zonal mean distribution of the O3 radiative forcing (in mW/m2/ppbv)
in August 2006. Adapted from Aghedo et al. (2011) that obtained these estimates
using Tropospheric Emission Spectrometer (TES) all-sky instantaneous longwave
radiative forcing kernels (sensitivity of longwave radiative forcing response to changes
in abundances of tropospheric ozone). The grey box is upper troposphere.

45



Using data from the Tropospheric Emission Spectrometer (TES) aboard
NASA'’s Aura satellite, Aghedo et al. (2011) found that instantaneous longwave
radiative forcing from ozone perturbations is greatest (> 0.5 mW m™ ppbv™)
in the free troposphere between 180 hPa and 650 hPa, peaking in the UT, as
demonstrated in Figure 1.8. As a result, O; formed from NOx emitted by
lightning flashes and aircraft at cruising altitudes has a greater longwave
radiative forcing efficiency than O; formed from ground-based precursors

shown in Figure 1.7 (b).

The impact of NOy on climate is complex and uncertain. Radiative forcing from
NOy is either positive due to formation of O3 or it is negative due to formation
of OH that decreases abundance of CH4 (Stratmann et al., 2016; Fuglestvedt,
1999). The net effect might be negative, as the effect of CH4 is currently
understood to outweigh the effect on tropospheric O3 (IPCC, 2023), but this
conclusion is drawn with models with large uncertainties in the sources and

chemical and physical processing of UT NOy.

Knowledge of dominant NOy compounds, sources, chemistry, fate, and
persistence in the UT has been largely informed by observations and models
used as part of research and commercial aircraft campaigns (Boersma et al.,
2011; Marais et al., 2018; Silvern et al., 2018; Travis et al., 2020; Travis et al.,
2016) (Section 1.1). Instruments onboard research aircraft that sample the UT,
in particular the recently retired NASA DC-8 platform, have undergone
substantial development to directly measure and derive estimates of a large
suite of UT NOy compounds (Section 1.2).

These aircraft campaigns have confirmed that sources of NOy to the UT are
dominated by lightning NOx emissions (Marais et al., 2018; Levy Il et al., 1999;
Gressent et al., 2016; Gressent et al., 2014), causing a seasonal maximum in
NOy in summer months and a minimum in winter in parts of the world such as
the northern midlatitudes where there is large seasonal variability in lightning
activity (Stratmann et al., 2016; Blakeslee et al., 2014). Other NOy source
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contributors include NOx emissions from cruising altitude aircraft (Brasseur et
al., 1996), stratospheric downwelling of air masses laden with HNO3, NO> and
promoted prompt formation of PANs as discussed in Section 1.1 (Liang et al.,
2011; Jacob et al., 2010; Levy Il et al., 1980), deep convective uplift of surface
pollution (Ehhalt et al., 1992; Jaeglé et al., 1998; Bertram et al., 2007), and
aged air masses initially very photochemically active that gradually accumulate
MPN from reaction of its precursors in the aged air (Nault et al., 2015).

Chemical cycling of dominant daytime NOy components in the UT is illustrated
in Figure 1.9, essentially showing a subset of Figure 1.1 that are pertinent to
the daytime UT. All compound shorthand names used below to describe
Figure 1.9 are detailed in Section 1.1. During the day, NO oxidation, mostly
about 75% by O3 (Silvern et al., 2018), is balanced by NO2 photolysis. PANs
in the UT are typically dominated by PAN followed by PPN (Roberts, 1990;
Roberts et al., 1998; Roberts et al., 2002; Singh, 1987). Recycling of reservoir
compounds back to NOyx is dominated by photolysis, as thermally labile PNs
are stable against decomposition in the cold UT. This recycling along with NOy
sources to the UT sustains upper tropospheric NOx concentrations at ~30 pptv
over the remote ocean and ~100 pptv over polluted landmasses (Shah et al.,
2023; Marais et al., 2018; Marais et al., 2021). Loss processes in the UT are
slow and dominated by subsidence and convection to the middle and lower
troposphere. NOy has a lifetime of 10-20 days and NOy of about one week in
the UT (Logan, 1983; Prather& Jacob, 1997; Jaeglé et al., 1998). NO3 and
N20Os are rapidly photolyzed during daytime in the UT and only abundant during
night (Bertram et al., 2009), so are not included in the cycle. HONO would also
photolysis away promptly in the UT so is not included.
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Figure 1. 9: Dominant daytime gas-phase reactive oxidised nitrogen components and
reaction pathways in the upper troposphere. Arrow colours distinguish formation
(orange) and photolytic (hv) decomposition (blue) of reservoir compounds. Dashed
boxes indicate compounds of the NOx family (green) and classed as peroxy nitrates
or PNs (purple). "R" in RC(O)OO represents alkyl groups that range in carbon chain
length and branching.

Accurate representation of NOy, sources, chemistry, and abundances in
Chemical Transport Models (CTMs) is critical for reducing uncertainties in
simulating photochemical ozone production and OH concentrations, as the
production of OH and ozone is significantly impacted by reactive nitrogen. The
large errors in simulated NOx concentrations therefore lead to significant errors
in OH and ozone abundance estimates. It then will impact our understanding
of atmospheric chemistry, air quality, and radiative forcing that rely on accurate
estimates of these oxidants (Akimoto& Tanimoto, 2021; Paulot et al., 2013;
Neuman et al., 2006; Martin et al., 2008; Kanakidou et al., 2016; Geddes&
Martin, 2017). Models also provide prior information of the vertical NO2
distribution that is needed to calculate NO2 columns from satellite observations.
So, errors in modelled vertical NO2 profiles impart errors in satellite
observations that are widely used to understand air pollution abundances and
precursor emissions (Martin et al., 2004).
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There are large errors of UT NOy in atmospheric chemistry transport models
that represent our best understanding of chemical and physical processes in
the atmosphere. Figure 1.10 (a) compares the vertical distribution of modelled
and measured NO,, as well as combined HNO3 and aerosol nitrates (NO3~)
from Travis et al. (2016). NO3~ is concentrated mainly near the surface and
constitutes a small fraction of total HNO3. Measurements are from an aircraft
campaign measuring tropospheric composition in August-September 2013
over the Southeast US (Toon et al.,, 2016). GEOS-Chem Modelled NO, is
underestimated by as much as 400 pptv in the UT but overestimated by 60-
70% in the boundary layer. Modelled HNOj is overestimated by ~200 pptv in
the UT and ~500 pptv in the boundary layer. Travis et al. (2016) decreased

surface and lightning NO, emissions in GEOS-Chem model to correct the 60-
70% overestimate of NO, and HNO3. This adjustment was informed by wet
deposition measurements of reduced nitrogen, which provide constraints on
surface NOy sources. This downscaling addressed the discrepancy in NOx and
HNO3 in the boundary layer, but worsened the NOy discrepancy in the UT,
where NOy levels are influenced not only NOx emissions but also by chemical

production, long-range tropospheric transport, and stratospheric downwelling.

Figure 1.10 (b) presents a vertical comparison of measured and modelled NO-
to-NOz ratios, NO, and NO2, as reported by Silvern et al. (2018). Their analysis
indicates that the NO-to-NO: ratio simulated by GEOS-Chem is more than
twice the observed values in the UT, suggesting that the photo-stationary
steady state of NO and NO. assumed in models may not be valid. This leads
to a 30% overestimate in satellite observations of tropospheric columns of NO2
concentrations, due to the greater vertical sensitivity of these instruments to
NO: in the upper layers of the troposphere (Silvern et al., 2018). To investigate
further, they tested the model by decreasing the photolysis rate of NO2 by 20%.
And that improved the agreement between the modelled and measured NO,
NO2, and the NO-to-NO: ratio. However, this adjustment also amplified the
discrepancy between measured and modelled Os.
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Figure 1. 10: Past studies identifying model biases in NOy, components in the upper
troposphere. Panels are large model biases in UT NOy, combined HNO3 and aerosol
nitrates (a), in UT NO-to-NO: ratio, UT NO and NO: concentrations (b), The blue
dashed boxes show the upper troposphere. In (a), DC8 refers to observations from
the NASA DC8 aircraft, dashed red line is GEOS-Chem output with original NOy
emissions, red line is GEOS-Chem output after addressing overestimated lightning
and anthropogenic surface NOx emissions. Adapted from Travis et al. (2016). In (b),
aircraft observations are in black, standard GEOS-Chem output in red, and GEOS-
Chem with an adjusted NO; photolysis in purple. Adapted from Silvern et al. (2018).

A way to quantify the effect of the NO2 discrepancy on satellite retrievals is by
quantifying the AMF (described in Section 1.2). The mean AMF over the
southeast US is 1.28 when using vertical distributions from a chemical
transport model but is much more (1.67) when using observed vertical NO2
profiles from an aircraft campaign. The underestimation of the AMF is
attributed to the modelled underestimate of UT NOz. As a result, using model-
derived AMFs leads to an ~23% underestimation of tropospheric NO2 column
densities compared to AMFs derived from observations (Lamsal et al., 2014).

In addition to modelling uncertainties, recent studies have shown that in situ
NO2> measurements using CL and TD-LIF instruments are susceptible to
interference from decomposition of the least thermally stable NOx reservoir
compounds, HNO4 and MPN (Section 1.2), that are abundant in the cold upper
troposphere (Shah et al., 2023; Ryerson et al., 2000). NOy from CL instruments
can also be biased by decomposition of non-NOy fixed nitrogen compounds

50




prevalent in the troposphere, such as hydrogen cyanide (HCN) (Bradshaw et
al., 1998). The size of the bias in HCN depends on seasonal HCN ambient
concentrations (Li et al., 2003; Le Breton et al., 2013).

The modelling studies that have identified stark discrepancies between
observed and modelled total NOy, NOy, and the ratio of NO-to-NO: in the UT
have either focused on a few NOy components, or a single aircraft campaign
(Talbot et al., 1999; Lee et al., 2022; Bertram et al., 2007; Huntrieser et al.,
2016; Liang et al., 2011; Nault et al., 2015; Fisher et al., 2018; Cohen et al.,
2023). A more holistic investigation of all NOy components is needed, as is
advocated by Murray et al. (2021), to reduce uncertainties in knowledge of the
current, past, and potential future abundances of tropospheric oxidants. Past
studies have also documented the challenges examining measurements made
in the UT. These include screening for stratospheric influence, determining the
height of the chemical tropopause, and selecting observations and campaigns
that are climatologically representative of a standard atmosphere (Barth et al.,
2015; Fuelberg et al., 2000; Bertram et al., 2007; Huntrieser et al., 2016;
Weinheimer et al., 1994).

1.6 Reactive Nitrogen Precursor Emissions in Under-

Sampled Sub-Saharan Africa

Emissions in atmospheric chemical transport models are often a major source
of error, particularly for surface and boundary layer concentrations of air
pollutants and atmospheric oxidants. These emissions are typically derived
from bottom-up inventories (Section 1.3), which for Africa rely on limited local
data for activities and region-specific emission factors (Bockarie et al., 2020;
Liousse et al., 2014; Keita et al., 2021; Marais& Wiedinmyer, 2016). Key
region-specific sources include widespread reliance on diesel and petrol
generators for electricity, use of solid fuels, plastics, and dung for cooking,

poorly regulated vehicle fleets, limited enforcement of vehicle emissions
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standards, and the proliferation of motorcycles as a means of navigating

congested urban centres (Marais& Wiedinmyer, 2016; Keita et al., 2021).

These bottom-up emissions estimates from reliable, routinely updated, and
publicly available regional inventories developed by regulatory agencies are
fundamental for models of air quality, climate change and the development of
control and mitigation strategies. Such a coordinated effort for reactive
nitrogen precursor emissions (NOx) is absent for Sub-Saharan Africa. Only
South Africa has a well-established measurement network collecting data to
constrain large point sources of NOyx that are used to build inventories of
emissions focused on air quality priority areas (Matandirotya& Burger, 2023).
There are some regional inventories for Africa that have been developed by
research communities, such as Diffuse and Inefficient Combustion Emissions
in Africa (DICE-Africa) (Marais& Wiedinmyer, 2016) and the Dynamics-
Aerosol-Chemistry-Cloud Interactions in West Africa (DACCIWA) inventory
(Keita et al., 2021), but these are already outdated. The most recent years are
2013 for DICE-Africa and 2015 for DACCIWA. Even though these regional
inventories are available for Africa, most chemical transport models use global
emission inventories such as the Emissions Database for Global Atmospheric
Research (EDGAR) (Crippa et al., 2020), the Hemispheric Transport of Air
Pollution (HTAP) (Crippa et al., 2023) and the Community Emissions Data
System (CEDS) (Hoesly et al., 2018). There is also an updated version of
CEDS developed for the Health Effects Institutes the Global Burden of Disease
— Major Air Pollution Sources project (CEDSgep-maprs) (McDuffie et al., 2020)
that incorporates DICE-Africa 2013 emissions and extends these to 2017.

Air quality in Sub-Saharan Africa is degrading rapidly (Vohra et al., 2022), due
to unprecedented population growth, urbanization, demand for energy,
transport, food, and industrial goods, and a dearth of effective regulation (Keita
et al., 2021; Adedini, 2022; Lamsal et al., 2013; Liousse et al., 2014). Accurate
knowledge of precursor emissions of pollutants is crucial to develop evidence-
based regulation needed to mitigate environmental harm (Mukwevho, 2024;
Isaxon et al., 2022; Martinez-Alonso, 2023; Bofa, 2024). Only few ground-

based monitors are available even in rapid developing South Africa and local
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data in Sub-Saharan Africa are missing (Garland et al., 2017). Top-down
emissions estimates of NOx, derived from routine satellite observations of
tropospheric column densities of NO2, offer promise (Martinez-Alonso, 2023).
Especially relevant to Sub-Saharan Africa are top-down methods that estimate
NOx emissions from emissions hotspots, such as fast-growing urban areas,
industrial zones, and power plants (Mukwevho, 2024). NOx sources in most
urban areas in Africa are either already or increasingly dominated by
combustion of vehicular fuel, but also include traditional sources like
household burning of fuelwood and charcoal (Marais& Wiedinmyer, 2016;
Keita et al., 2021). Non-urban hotspots detected with space-based instruments
include coal-fired power plants Medupi and Matimba in South Africa close to
the border with Botswana (Hakkarainen et al., 2024) and the established
industrial Highveld also in South Africa that is a cluster of energy-intensive
industries such as mining, metallurgy, and synthetic fuels production (Keita et
al., 2021).

So far, the wind rotation and EMG fit (detailed in Section 1.3) has only been
applied to 4-5 cities in Sub-Sahara Africa as part of global studies (Goldberg
et al., 2021b; Lange et al., 2022). All these past studies have typically
compared to bottom-up inventory estimates to validate the EMG approach, but
this isn’t suitable for Sub-Saharan Africa where inventory estimates are error-
prone due to lack of reliable data for activity factors and lack of emission factors
measuring conditions typical of Africa.

It is crucial and urgent to derive recent top-down NOx emissions for hotspots
in Sub-Saharan Africa to constrain NOx emissions from urban and non-urban
hotspots, to evaluate regional emission inventories, to identify underestimated,
overestimated, missing, or incorrect spatial allocation of NOx sources in widely
used global and regional emissions inventories and models, and to
recommend future research priorities to address discrepancies between top-

down and bottom-up estimates of emissions.
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1.7 Research Aims

The following are key research aims that this thesis seeks to achieve.

1.

To characterise reactive nitrogen seasonality and composition in the
global upper troposphere including its partitioning, sources, and
abundances by making innovative use of commercial and research

aircraft observations and the GEOS-Chem chemical transport model.

To identify and quantify errors in model simulations of reactive nitrogen
in the upper troposphere from statistical analysis of in situ observations
and co-sampled GEOS-Chem abundances and propose potential
causes for discrepancies and, where sufficient data exists, suggest

solutions.

To derive top-down NOx emissions of hotspots in Sub-Saharan Africa
using satellite observations and a near-automated inversion method
and use these to evaluate the performance of local and regional bottom-

up emissions inventories used for regulatory and research purposes.

To propose and test an approach to quasi-independently validate the
top-down emissions estimates from (3) using GEOS-Chem and satellite
observations rather than the current, widely adopted approach of

comparing top-down estimates to regulatory bottom-up inventories.
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2: Methodology

2.1 Characterising Oxidized Reactive Nitrogen in the

Global Upper Troposphere

| use NASA DC-8 research and In-service Aircraft for a Global Observing
System (IAGOS) commercial aircraft campaign measurements, each spanning
more than a decade, to characterize global NOy seasonality and composition
in the UT. This follows careful campaign and data selection to isolate
observations sampling the UT under standard (climatologically average)
conditions and broad assessment of consistent NOy seasonality between DC-
8 and routine IAGOS observations. | go on to use the DC-8 data to critique
contemporary understanding of UT NOy as simulated by the GEOS-Chem

model.

2.1.1 Research Aircraft Observations of Total and

Components of NOy

The DC-8 research aircraft has sampled ambient air covering the full extent of
the troposphere since its maiden campaign in 1985 (Culter, 2009). Many of the
initial campaigns included instruments that measured a subset of the NOy
components shown in Figure 1.9, typically continuous measurements of total
NOy, NO, HNO3, PAN and PPN, and WAS collection and laboratory detection
of C1-C5 ALKNSs (Singh et al., 1999). Since 2004, DC-8 campaigns have also
included continuous measurements of HNO4, other PAN-type species and
total PNs. Given this, | only consider DC-8 campaigns with a relatively
consistent suite of instruments that mostly sampled well-mixed air

representative of a climatologically standard atmosphere and that have limited
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influence from stratospheric air. These criteria eliminate the summer 2004
Intercontinental Chemical Transport Experiment-North America (INTEX-NA)
campaign (Singh et al., 2006; Singh et al., 2009) that is the only DC-8
campaign since 2004 to not include a NOx and NOy, chemiluminescence
analyzer, and the summer 2012 Deep Convective Clouds and Chemistry (DC3)
campaign that targeted convective thunderstorms influenced by fresh surface
pollution and lightning NOx emissions (Barth et al., 2015).

The DC-8 campaigns | use are the Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites (ARCTAS) over the Arctic and sub-
Arctic in spring and summer 2008 (Jacob et al., 2010), the Studies of
Emissions and Atmospheric Composition, Clouds and Climate Coupling by
Regional Surveys (SEAC*RS) over the Southeast US in late summer and early
autumn 2013 (Toon et al., 2016), the Korea-United States Air Quality (KORUS-
AQ) over South Korea in late spring and early summer 2016 (Crawford et al.,
2021), and the Atmospheric Tomography Mission (ATom) that included 4 sub-
campaigns along the same flight path from pole to pole over the Atlantic and
Pacific Oceans in all 4 seasons from 2016 to 2018 (Thompson et al., 2021).
ATom sub-campaigns are ATom-1 in July-August, ATom-2 in January-
February, ATom-3 in September-October and ATom-4 in April-May. The data
for these campaigns are from NASA data portals for each campaign
downloaded as merged 1-minute files for ARCTAS (NASA, 2009), SEAC*RS
(NASA, 2015) and KORUS-AQ (NASA, 2017) and as two separate merged
files for ATom with the WAS C1-C5 ALKNs data at variable time intervals of
40 s, 1 min and 2 min and without the WAS C1-C5 ALKNs data at 1-minute
resolution (NASA, 2021).

Figure 2.1 shows the global sampling extent of the UT by NASA DC-8 after
applying filtering criteria to the data to isolate observations representative of
photochemical steady-state conditions. For this, | select daytime (08h30-
15h30 local solar time or LST) observations within a wide pressure range of
180 to 450 hPa (~8-12 km). The sampling ceiling for DC-8 of 12 km limits the
analysis to 180 hPa. The altitude range | use covers the full vertical extent of

56



the UT in the midlatitudes and polar regions but is lower than the vertical extent
of the UT in the tropics that reaches to ~100 hPa or 16 km (Section 1.5).

| separate the stratosphere from the troposphere with a tropopause definition
that can be applied to all datasets. | remove data with observed O3
concentrations above regionally and temporally (season) specific thresholds
that represent the location of the chemical tropopause (Zahn et al., 2002). The
thresholds | use are a single year-round value for the tropics (20°N to 20°S) of
100 ppbv (Dameris, 2015) and seasonally varying values everywhere else
calculated using the day-of-year dependent O3 tropopause equation derived
by Zahn et al. (2002) from the inverse relationship between Os; and CO
observations from commercial aircraft campaigns. These thresholds are 120
ppbv in spring, 103 ppbv in summer, 74 ppbv in autumn, and 91 ppbv in winter.
| also screen for stratospheric intrusions that result from events like
stratospheric folding (identified as observations with O3/CO > 1.25 mol mol)
(Hudman et al., 2007), fresh NOx emissions (NO,/NO < 3 mol mol'), fresh
convection (large (> 10 nm diameter) condensation nuclei > 10* cm™3), biomass
burning plumes (CO > 200 ppbv and acetonitrile > 200 pptv) (Shah et al., 2023),
as well as instances where NO, photolysis frequencies are approximately zero.
The latter removes high latitude ATom measurements obtained at 08h30-
15h30 LST under dark conditions during polar twilight or polar night. The data
that are retained correspond to solar zenith angles < 80° in polar regions, and
< 60° at other latitudes.
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Figure 2. 1: Extent of NASA DC-8 sampling of the upper troposphere under standard,
steady-state conditions. Colours distinguish ARCTAS (plum), SEAC*RS (red),
KORUS-AQ (brown), and ATom (blue). ATom points are the 1-minute resolution data.

The DC-8 instruments measuring NOy components (Figure 1.9) are detailed in
Section 1.2 along with the uncertainties associated with all measurements and
the biases inherent in chemiluminescence NO2 measurements. The
instruments that are common to all campaigns selected include a
chemiluminescence instrument measuring NO, NO2, and total NOy (Ryerson
et al., 2000; Pollack et al., 2010; Bourgeois et al., 2022), a CIMS measuring
HNO3 (Crounse et al., 2006), a CIMS measuring HNO4, PAN, PPN, and other
PANSs (Slusher et al., 2004), and a WAS collecting samples analysed in the
laboratory using gas chromatography with flame ionization and atomic
emission to detect C1-C5 ALKNs (Blake et al.,, 2003). The other PANs
measured with the CIMS are APAN, PiBN, PBN, and PBZN (chemical
formulae and names given in Section 1.1). Other instruments deployed for
select campaigns are TD-LIF measuring NO., total PNs and total ALKNs
(ARCTAS, KORUS-AQ, SEAC*RS) and the PANTHER instrument measuring
PAN (ATom). There are also TD-LIF MPN measurements reported in the
SEAC“RS dataset and derived for ARCTAS by Browne et al. (2011).
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Concentrations of NO2 in the UT (~8 pptv) remote areas are close to the
chemiluminescence instrument detection limit (~6 pptv) (Pollack et al., 2010;
Bourgeois et al., 2022) and the measurements include interference from
decomposition of NOyx reservoir compounds in the instrument inlet (Section
1.2). This effect is particularly severe in the UT where the temperature gradient
between the ambient atmosphere and the aircraft is large. Also, thermally
unstable reservoir compounds HNO4 and MPN are abundant in the UT. The
Reed et al. (2016b) temperature-dependent inlet temperature decomposition
profiles of individual NOx reservoir compounds for an instrument similar to that
operated on the DC-8 suggests interference of 80-100% MPN and 15-45%
HNO; for the typical inlet temperature range of the DC-8 chemiluminescence
instrument of 20-30°C (Bourgeois et al., 2022). For the campaigns that
measured HNO4 and derived or measured MPN, this amounts to 13-27 pptv
for ARCTAS and 71-92 pptv for SEAC*RS. Given this, | instead calculate NO2
using the NO-NO2 photochemical steady state (PSS) approximation (Section
1.1), as is now standard (Shah et al., 2023; Travis et al., 2016). Conversion of
NO to NO2, mostly (75%) due to oxidation by Oz in the UT (Silvern et al., 2018),
is balanced by NO> photolysis back to NO (Section 1.1). As NOx is in steady
state for the daylight observations | isolate, NO2 can be calculated as follows:

(1).

NO. = NO x <k1[03]+k2[H02]+k3[Br0])
, =

jNOZ

Compounds in square brackets are in molecules cm=. NO and NO; are in pptv.
Terms not introduced yet in this chapter include the NO- photolysis frequency,
Jjno,, in s7', bromine monoxide (BrO), and the rate constants of NO oxidation
(R1) (k1—3), in cm® molecule™! s-'. Temperature-dependent values of k,_; are
those recommended by the Jet Propulsion Laboratory (JPL) (Burkholder,
2020). | calculate these using DC-8 ambient temperature measurements. NO,
[Os], and jyo, are from the DC-8 measurements and [HO2] is from the DC-8
measurements for all campaigns, except SEAC*RS when it was not measured.
| use GEOS-Chem (general description in Section 1.3, description specific to
this study in Section 2.1.3) simulated [HO-] to estimate SEAC*RS PSS NO:..
[BrO] is from GEOS-Chem for all campaigns. NO is also converted to NO2 by
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ROz, but | ignore this reaction, as it is relatively insignificant in the UT (Shah et
al., 2023).

2.1.2 Commercial Aircraft Observations of Total NOy

| use routine observations of UT total NOy from instruments on commercial
long-haul passenger aircraft to determine if, despite the intermittency and
brevity of DC-8 campaign observations, these are representative of
climatological conditions. The |IAGOS European research infrastructure
(https://www.iagos.org, last accessed May 2024) provides routine in situ

chemiluminescence measurements of NOy (Petzold et al., 2015). These are
available from two IAGOS programmes: the Measurement of Ozone and
Water Vapor by Airbus In-Service Aircraft (MOZAIC) (Marenco et al., 1998)
from 2001 to 2005 (Volz-Thomas et al., 2005) and the Civil Aircraft for the
Regular Investigation of the Atmosphere Based on an Instrument Container
(CARIBIC) since December 2004 (Stratmann et al., 2016; Brenninkmeijer et
al., 2007).

| consider the MOZAIC and CARIBIC observations together (collectively
named |AGOS), as both programmes employed a chemiluminescence
instrument with the same NOy detection technique (Brenninkmeijer et al., 2007;
Volz-Thomas et al., 2005). Direct intercomparison of NOy is not possible, as
there is no overlap in MOZAIC and CARIBIC NOy. Data for 2003 to 2019 are
used. These are for 2003-2005 from MOZAIC and 2005-2019 from CARIBIC.
| isolate upper tropospheric observations by applying the same O3 tropopause,
stratospheric intrusion, and daytime filtering as is applied to DC-8 data
(Section 2.1.2). | do not screen for observations impacted by fresh emissions,
vertical convection or biomass burning plumes, due to unavailability of
concurrent measurements of suitable chemical tracers in the IAGOS data. As

| consider 17 years of IAGOS data, | assume that the influence of these events
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is dampened in the long-term median of NOy. Both the IAGOS and DC-8 data
are gridded to the same 2° latitude x 2.5° longitude grid.

2.1.3 The GEOS-Chem Model

| use the GEOS-Chem global 3D chemical transport model version 13.0.2
(https://doi.org/10.5281/zenodo0.4681204; last accessed May 2021) to
represent contemporary understanding of UT NOy for comparison to DC-8.

The model is driven with consistent NASA MERRA-2 assimilated meteorology
at 2° x 2.5° (latitude x longitude) over 47 vertical layers from the surface of the
Earth to 0.01 hPa. The model emissions local to the UT include cruising
altitude aircraft from the Aviation Emissions Inventory Code (AEIC) (Stettler et
al., 2011) and lightning emissions as described in Murray et al. (2012). Surface
emissions of NOx and VOCs precursors of ALKNs and PNs are from the
anthropogenic CEDS inventory of Hoesly et al. (2018), the Model of Emissions
of Gases and Aerosols from Nature (MEGAN) inventory version 2.1 for
biogenic VOCs emissions (Guenther et al., 2012), the soil NOx emission
inventory of Hudman et al. (2012), and the Global Fire Emissions Database
version 4 with small fires (GFED4s) for open burning of biomass (Giglio et al.,
2013). Wet deposition of gas-phase HNOs3, the terminal sink for NOy subsiding
from the UT, includes in-cloud (rainout) and below-cloud (washout) scavenging
as detailed in Amos et al. (2012) and enhanced scavenging as described by
Luo et al. (2020).

| sample the model at the same time and location as the DC-8 observations
using the ObsPack diagnostic (https://www.esrl.noaa.gov/gmd/ccga/obspack/;

last accessed 23 October 2024) following a minimum 10-month spin-up
preceding each campaign to initialize chemistry and large-scale circulation
throughout the troposphere. Modelled components of NOy include NO, NOo,
HNO3, HNO4, PAN, PPN, MPAN, MPN, and individual C1-C3 ALKNSs.
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2.2 Deriving NOx Emissions of Hotspots across Sub-

Saharan Africa

| use the recently published near-automated, multisampling approach of Lu et
al. (2025) with wind rotation and an EMG fit to isolated hotspots observed from
the space-based UV-visible TROPOMI to estimate annual NOx emissions for
these hotspots. | assess the reliability of these top-down estimates by scaling
a widely used global emission inventory to match the top-down emissions and
sample tropospheric columns of NO> from the GEOS-Chem model driven with
the updated emissions to evaluate against TROPOMI. Finally, | compare my
evaluated top-down emissions to a regional inventory for Africa and a bespoke
inventory used to inform regulatory action to address poor air quality in priority
areas in South Africa.

2.2.1 Top-down Estimate of Hotspot NOx Emissions

| use Level-2 retrieval version 02.03.01 TROPOMI NO: tropospheric vertical
column densities for 2019 from the Sentinel-5P Products Algorithm Laboratory
(S5P-PAL) portal (https://data-portal.s5p-pal.com/, last accessed 5 April 2024).
TROPOMI achieves daily global coverage with a 2600 km swath and an

Equator crossing time of 13:30 LST. For the target year (2019), the nadir pixel
resolution increases from 7 km x 3.5 km to 5.5 km x 3.5 km on 5 August 2019.
Only cloud-free, high-quality data (identified with the provided quality flag =2
0.75) are selected (van Geffen et al., 2020). | apply oversampling to TROPOMI
NO:2 to grid the data to a fine spatial resolution of 0.05° (~6 km x ~5 km at the
Equator) (Figure 2.2) to resolve potential target hotspots. Oversampling
improves spatial resolution by combining multiple overlapping satellite
observations, filling gaps, smoothing data using mathematical functions, and
projecting onto a finer grid to reveal small-scale details. This is enabled by

62


https://data-portal.s5p-pal.com/

deliberate sub-pixel shifts in the satellite’s orbit or sensor positioning, which
allow multiple observations of the same area from slightly different
perspectives (Sun et al., 2018).

Figure 2.2. shows annual mean oversampled TROPOMI tropospheric NO2
vertical column densities over Sub-Saharan Africa in 2019. From this map, |
manually select 28 isolated hotspots. Isolated hotspots are selected, as these
yield discernible plumes when wind rotated (Beirle et al., 2011). If hotspots are
too close together, the neighbouring hotspot forms part of the background of
the other hotspot, leading to biases in the emissions estimates. The hotspots
that are selected for Sub-Saharan Africa include 26 cities across Sub-Saharan
Africa and two non-city hotspots in South Africa. The non-city hotspots are the
industrial Highveld east of Johannesburg and the combined NO2 enhancement
from the Medupi and Matimba coal-fired power stations located ~6 km apart.
In comparison to hotspots isolated for other regions of the world, most of the
cities in Africa have relatively modest enhancements in tropospheric column
NOo, as these cities are still dominated by inefficient combustion sources that
produce relatively more CO and VOCs than NOyx in comparison to cities in
Europe, the US, China, and Southeast Asia (Liu et al., 2021; Goldberg et al.,
2019b; Sekiya et al., 2022; Wu et al., 2021b; Lu et al., 2025). The maximum
enhancement for selected cities north of South Africa is ~3 x 10"® molecules
cm? compared to >6 x 10" molecules cm for South and Southeast Asia (Lu
et al., 2025) >8 x 10'"® molecules cm for the North China Plains (Wu et al.,
2021b), and 5-10 x 10"®> molecules cm? for cities in Europe and North America
(Liu et al., 2021; Goldberg et al., 2019b; Sekiya et al., 2022). The extensive
hotspots in South Africa that include the two neighbouring cities Pretoria and
Johannesburg to the west and the industrial Highveld to the east are amongst
the largest global hotspots of tropospheric NO2, due to emissions of NOx from
traffic, energy generation, energy-intensive industrial processes, and synthetic
fuels production (Lourens et al., 2016; Lourens et al., 2012).
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Figure 2. 2: Annual mean TROPOMI tropospheric NO2 vertical column densities over
Sub-Saharan Africa in 2019. Map shows Sub-Saharan Africa NO, oversampled to
0.05° x 0.05°. Squares are 28 selected hotspots. Inset is northeast South Africa on a
separate scale.

The traditional EMG fit approach (Section 1.3) requires that a user define a
sampling area around the city that effectively captures the wind rotated plume.
The area selected varies with city size and plume length (Goldberg et al.,
2019b; Lange et al., 2022; Lu et al., 2015). This approach often yields no or
poor EMG fits and non-physical best-fit parameters (Laughner& Cohen, 2019),
decreasing the likelihood of deriving top-down emissions. Lu et al. (2025)
updated this top-down approach by defining many (54) sampling areas that
they test with TROPOMI NO: observations over 19 cities in South and
Southeast Asia. This updated approach eliminated the need for subjective

sampling area selection and increases success of deriving annual emissions
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from 40-60% with a single sampling area to 100% (all 19 cities) with 54
sampling areas. This aspect is particularly pertinent for Sub-Saharan Africa
where the hotspots range in size and many are more similar to the surrounding
background concentrations than other regions of the world. So, | follow the
approach from Lu et al. (2025) to calculate NOx emissions for the hotspots
selected in Figure 2.2. This approach automates the process of sample box
selection around each hotspot by defining 54 sampling boxes for each hotspot
with varying lengths.

Figure 2.3 outlines the hotspot sampling and the EMG fit to the 54 sampling
boxes to derive annual NOx emissions for Lagos (Nigeria), the most populated
city in Africa and one of the fastest growing cities in the world (Yuen& Kumssa,
2011). The wind speeds and directions used to rotate TROPOMI NO2 columns
are calculated using the ERAS 3D hourly wind components (u and v) at 0.25°
x 0.25° resolution (https://cds.climate.copernicus.eu, last accessed 6 April
2024). At each TROPOMI NO:2 pixel, collocated mean ERAS5 wind speeds and
directions are computed within 30 minutes of the 13:30 LST TROPOMI

overpass, using the lowest 5 layers (= 900 hPa) to capture dispersion of near-

surface NO2 plumes. Within a 4° x 4° domain around the hotspot centre,
TROPOMI pixels with wind speeds >2 m/s are selected. This wind speed
threshold is selected, as it is consistent with thresholds from prior studies
(Beirle et al., 2011; Pope et al., 2022; Lu et al., 2025). NO: pixels are rotated
by wind direction, aligning the pixels along the same upwind-downwind axis
(north-south in this study). These rotated pixels are gridded to a 0.05° x 0.05°
resolution using point-in-box averaging rather than oversampling (Figure 2.2),
as the NO: is to be integrated along the west-east direction anyway. NO2
concentrations for any unfilled cells, though rare given the high sampling
frequency of a year of TROPOMI observations, are obtained by interpolation
nearest neighbour grid squares. This is to minimize biases in the integration
step that follows.
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Figure 2. 3: Major steps in wind rotation and EMG fitting to derive NOx emissions for
Lagos in 2019. Panel (a) is TROPOMI NO. pixels are wind-rotated and gridded to
0.05° x 0.05°. Black rectangles outline the largest and smallest sampling areas, with
dashed lines in the smallest area indicating 0.05° increments used for line density
calculations in (b). Panel (b) is EMG fits (solid lines) to observed line densities (filled
circles), with 39 successful fits. Values indicate the mean and standard deviation of
NO, emissions (Eq. (2)) and the ERA5 wind speed for all successful fits.

The 2D map in Figure 2.3 (a) is converted into 1D line densities by summing
grid cells across the east-west direction in 0.05° north-south increments within
the defined area (filled circles in Figure 2.3(b)). Following Lu et al. (2025),
multiple areas are selected, defined as distances from the city centre, of 0.5°,
0.75°, and 1° upwind; 0.5° to 2.0° downwind in 0.25° increments; and 0.5°,
0.75°, and 1° across-wind. Downwind distances are not shorter than the
upwind distances to ensure the full city plume is captured. This requirement
and the defined box lengths result in 54 boxes and corresponding line densities.
The smallest and largest areas sampled, as well as across-wind 0.05°

increments summed for line densities, are illustrated in Figure 2.3 (a).

The EMG model | use to fit to the observed 1D line densities is the Laughner
and Cohen (2019) formulation:

F(x|a, xq, Uy, 05, B) = Zixoexp (i—;‘ + JT’%Z — xi) erfc (—% [M — &D +B (2),

2 0 0

where x is the distance of each line density upwind and downwind from the city

centre (Figure 2.3 (b)), with the best-fit parameters a, xo, u», ox and B defining
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key aspects of the plume. Specifically, a is total NO2 in the plume (in moles),
xois the e-folding distance or length scale of NO2 decay (in km), and u. is the
apparent source location relative to the city centre (in km), corresponding to
the peak of the Gaussian fit, which in Figure 2.3 is located approximately 20
km downwind (south) of the city centre. The parameter o, is the Gaussian
smoothing length scale (in km), and B represents the background NO:

concentration (in moles per meter).

| use initial guesses for the best-fit parameters in Equation (2) similar to Lu et
al. (2025). The fitting procedure | use is also that developed by Lu et al. (2025)
that was coded using the scipy.optimize.curve_fit module (SciPy v1.7.3). |
iterate over the fit until changes in best-fit parameters are negligible (<0.001%)
for up to 10 iterations. Convergence is typically achieved within 3 iterations.
Fits are retained only if these achieve a goodness-of-fit of R?> > 0.8, as is
standard (Laughner& Cohen, 2019; Lu et al., 2025). | further filter to ensure
that only physically plausible parameters are retained. To do so, | use criteria
detailed by Lu et al. (2025): a is positive, xy is at least 1.6 km (1/e of the grid
resolution), u. is within the sampling area, o, < xo (emission width less than e-
folding distance), background NO: is positive and less than the maximum line
density, x falls between the plume centre and the sampling area edge, and xy

is within the sampling area (i.e., xo < downwind sampling area length).

Successful EMG fits are used to derive effective NOx lifetimes (zyo,; reported

in h) and midday NOx emissions (Ey,_; in moles s™) using the equation:

o, = 2 3)
Exo, = 2 (@)

Here, w is the mean wind speed (m s') and y is the molar ratio of [NOx]/[NO2]
to convert moles NO> to moles NOy in the sampling area. Up to 54 estimates

of Ty, and Ey, are averaged to get values for each hotspot.

| use [NO4]J/[NO2] = 1.32 as in Beirle et al. (2011) to represent rapid NO-NO->
cycling. While this ratio is original from the textbook on atmospheric chemistry
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of Seinfeld and Pandis (2016) for a specific case, subsequent studies have
tested its broader suitability. Liu et al. (2022) showed through synthetic
experiments that city-scale NOx emission estimates are relatively insensitive
to variations in [NO«]/[NO2], though their work focused on US cities. Lu et al.
(2025) provide further justification by explicitly assessing whether the fixed
ratio is appropriate in other regions using the GEOS-Chem chemical transport
model. They compared simulations from both coarse-resolution (2° x 2.5°) and
high-resolution (~25 km) configurations of GEOS-Chem, sampled around the
TROPOMI overpass time. Their results confirmed that midday NOx is in
photochemical steady state (section 1.1), making the NO-NO:2 partitioning
relatively stable across different resolutions and city environments, including
coastal locations. Lu et al. (2020) also quantified uncertainties in the ratio by
evaluating deviations from 1.32 in the model and concluded that the £10%
uncertainty estimate proposed by Beirle et al. (2011) remains appropriate.
Thus, there is model-based evidence that the [NO]/[NO2] = 1.32 ratio is a

reasonable and robust choice across diverse urban environments.

As in Lu et al. (2025), emission uncertainties are calculated by combining
individual errors in quadrature, including best-fit parameters (a and x¢), mean
wind speed (), and TROPOMI NO: observations. Errors in a and x, are
determined using the relative standard deviation from successful EMG fits. The
uncertainty estimates | use for account for uncertainties due to the choice of
spatial (< 900 hPa) and temporal (30 min before and after 13h30 LST)
sampling, and the windy condition thresholds. | use 10% for the temporal
sampling error and 5% for the vertical sampling error, as in Beirle et al. (2011).
The AMF, a major source of error in NO2 VCDs (Section 1.2), remains similar
for OMI and TROPOMI (van Geffen et al., 2020). Thus, a 30% error applied to
the OMI NO2 observations by Beirle et al. (2011) is also appropriate to apply
to the TROPOMI NO: observations used here.

68



2.2.2 Evaluation of Top-down NOx Emissions Using GEOS-
Chem and TROPOMI

The typical approach that is used to evaluate top-down NOx emissions from
the wind rotation and EMG method involves comparison of the top-down NOx
emissions to bottom-up values (Goldberg et al., 2021b; Beirle et al., 2011;
Lange et al., 2022). This approach is not suitable for Sub-Saharan Africa, as
the bottom-up emissions estimates are not as reliable as those developed for
regions such as Europe, the US, and China. These parts of the world have
well-developed bottom-up emission inventories development methodologies,
routinely update the inventories, and use detailed activity factor data and local
emission factor data to build the inventories.

Given these limitations of existing bottom-up emissions estimates for Africa, |
instead assess the top-down NOx emissions by comparing simulated
tropospheric columns of NO2 to TROPOMI. | use the GEOS-Chem chemical
transport model (GCClassic, version 13.0.2;

https://zenodo.org/records/4681204) in its finest horizontal resolution flexible

nested grid configuration (0.25° latitude x 0.3125° longitude) to simulate NO>
column densities. The model is simulated twice, driven with (i) default bottom-
up anthropogenic emissions and (ii) the bottom-up anthropogenic emissions
scaled to match the top-down emissions derived with wind rotation and the
EMG fit (Section 2.2.1). To do so, | conduct multiple model runs of nested
domains covering 18 of the 28 isolated hotspots in Figure 2.4. These domains
are: a) Dakar, Senegal (6-24°N, 8-26°W), b) Abidjan (lvory Coast), Accra
(Ghana), Lagos, Ibadan, Kano, Port Harcourt (Nigeria) and Douala (Cameroon)
(6°S-20°N, 12°W-18°E), c) Khartoum, Sudan (5-25°N, 22-42°E), d) Addis
Ababa, Ethiopia (1°S-19°N, 29-49°E), e) Nairobi, Kenya (10°S-8°N, 28-45°E),
f) Luanda, Angola (0-18°S, 5-22°E), g) Hwange, Zimbabwe (10-28°S, 18-38°E),
h) northeast South Africa hotspots of the Highveld, Johannesburg, Durban and
the Medupi-Matimba power stations (15-36°S, 14-35°E) and i) Cape Town,
South Africa (24-44°S, 8-28°E) (Figure 2.3).
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NOx emissions in the model are from the anthropogenic CEDS version 2
(CEDSv2) at 0.1° resolution (McDuffie et al., 2020) for almost all anthropogenic
source sectors (energy, industry, shipping, traffic, residential and commercial),
except aircraft, that are from AEIC (Stettler et al., 2011). The time resolution of
NOyx emissions in CEDSv2 is monthly. The model then applies hourly scale
factors to represent variability in emissions during the day. These are from the
EDGAR emissions inventory. Biomass burning emissions are from GFED4s
(Giglio et al., 2013). Natural emissions are read in as offline resolution-
independent files generated using the Hudman et al. (2012) parameterization
for soils and the Murray et al. (2012) parameterization for lightning. Boundary
conditions, updated every 3 hours, are from the global 4° x 5° model. The
model undergoes a spin-up for chemical initialization of 1 year for the global
boundary conditions and 2 months for each of the nested domains. Model
concentrations of NO2 are sampled during the TROPOMI overpass time
(12:00-15:00 LST) to calculate annual tropospheric column NO2 means for
2019.

Models typically underestimate NO- throughout the free troposphere (Horner
et al., 2024) and include large biases in emissions of NOx from open burning
of biomass (Zheng et al., 2018). For the relatively small concentrations of NO2
typical of hotspots in most of Sub-Saharan Africa, these biases can have a
large influence on tropospheric NO2 column densities. To mitigate influence of
this known model bias on assessment of the top-down NOx emissions, |
determine and subtract off the background contribution to the tropospheric
columns by sampling NO- in a 20 km? box located either west, east, north, or
south of each hotspot before comparing the enhancement in NO2 above the
background from TROPOMI and from GEOS-Chem. The GEOS-Chem output
that is compared to TROPOMI is obtained both before and after adjusting NOx

emissions to match the top-down estimates.
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Figure 2. 4: GCClassic tropospheric NO- vertical column densities for 2019. Values
are obtained with the default NO, emissions inventories detailed in Section 2.2.

2.2.3 Assessment of Regional Bottom-up Emissions

Inventories

The evaluated top-down NOyx emissions are then used to evaluate the
northeast South Africa emission inventory for 2019 and a newly developed
version of the DACCIWA regional bottom-up emission inventory for 2018. The
DACCIWA inventory has a spatial resolution of 0.1° x 0.1° and a temporal
resolution of one year (annual emissions). The original inventory DACCIWA
was developed for 1990-2015 (Keita et al., 2021), but this has since been
extended by the lead inventory developer to 2018 that | evaluate. DACCIWA
is an African regional anthropogenic emission inventory that accounts for the
main African polluting sources (wood and charcoal burning, charcoal making,
trucks, cars, buses and two-wheeled vehicles, open waste burning, and natural
gas flaring) and incorporates emission factors that are specific to conditions in
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Africa (Keita et al., 2021; Liousse et al., 2014). These, for example, account
for relatively inefficient combustion sources such as diesel and petrol
generators that are often the primary source of electricity for many residential
areas in Africa. Other sources include widespread use of motorcycles or two-
stroke engines that produce large quantities of CO and organic aerosols (OA)
and are a relatively modest source of NOx in comparison to four-stroke engine
vehicles (Liousse et al., 2014).

The South African emission inventory does not have an accompanying peer-
reviewed publication. It is developed by researchers based at the South
African Council for Scientific and Industrial Research (CSIR). The data are
provided as annual means on a 6 km x 6 km fixed horizontal grid. The inventory
covers the northeast portion of South Africa where there is a dedicated air
quality priority region to address severe air pollution from industrial, power
plant and city sources. The data used to construct the inventory include
reported emissions provided by industry and the large energy utility in South
Africa, Eskom. Also included to develop the inventory are data from
Continuous Emissions Monitoring (CEMS) that measure gas and particle
concentrations at industrial stacks to determine the emissions of these
(Woollatt, 2015).

| compare NOx emissions from the DACCIWA and the northeast South Africa
inventories to my top-down NOy estimates to assess consistency between the
top-down and bottom-up approach, and to identify future research needs
based on the size of discrepancies between the two approaches.
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3: Characterization of Reactive Oxidized

Nitrogen in the Global Upper Troposphere

The work presented in this Chapter has been published in Atmospheric
Chemistry and Physics (ACP): Wei, N., Marais, E. A., Lu, G., Ryan, R. G., and
Sauvage, B.: Characterization of reactive oxidized nitrogen in the global upper
troposphere using recent and historic commercial and research aircraft
campaigns and GEOS-Chem, Atmos. Chem. Phys., 25, 7925-7940,
https.//doi.org/10.5194/acp-25-7925-2025, 2025.

This chapter presents the results and discussion of a study that uses reactive
nitrogen observations from the NASA DC-8 research aircraft and the IAGOS
campaigns to characterize the seasonality and composition of reactive
oxidized nitrogen (NOy) in the global upper troposphere. These observations
are compared with simulations from the state-of-the-science GEOS-Chem
model to identify the largest knowledge gaps. Addressing these gaps is
essential for improving assessments of climate, the nitrogen cycle, and air
pollution. The chapter is organized into three parts, each presenting results
followed by corresponding discussions. The first part examines NOy
seasonality and budget closure in the upper troposphere, presenting total NOy
seasonality from both aircraft observations and GEOS-Chem simulations, as
well as budget closure analysis using DC-8 individual NOy components. The
second part focuses on upper-tropospheric NOy composition, highlighting
regional variations in the absolute concentrations of individual NOy
components and their relative contributions. The third part reviews the
contemporary understanding of upper-tropospheric NOy, identifying
knowledge gaps in our understanding of the concentrations and contributions
of individual NOy species through comparisons with model simulations. These
gaps are critical targets for future research on the nitrogen cycle, air pollution,

and climate.
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3.1 DC-8 Campaign NOy, Seasonality and Budget

Closure

Figure 3.1 compares seasonality in UT NOy from IAGOS and DC-8. Most of
the overlap is with ATom along the North Atlantic flight corridor in all seasons,
ARCTAS over the Canadian Arctic and Greenland in March-May (MAM) and
June-August (JJA), and SEAC*RS over the Southeast US in September-
November (SON). Similar to DC-8, IAGOS NOy exhibits peaks in spring (563
pptv) and summer (565 pptv), due to intensive seasonal lightning in the
northern hemisphere (Stratmann et al., 2016). Decline in this source
decreases NOy in autumn to 365 pptv and NOy further decreases in winter to
an annual minimum of 284 pptv.
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Figure 3. 1: Seasonality of Northern Hemisphere upper tropospheric NO,. Panels
show seasonal means and medians (a) and seasonal transitions (b) of collocated
gridded 2° x 2.5° NO, from IAGOS (orange), DC-8 (grey), and GEOS-Chem (red).
Data in (a) are medians (lines), 25" and 75" percentiles (boxes) and means
(diamonds). Inset text in (a) gives the number (n) of overlapping grid cells. Seasonality
in (b) is the change in median NOy in (a) from one season to the next.
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DC-8 NOy seasonality is similar to that of IAGOS, though the magnitude of DC-
8 NOy is consistently on average, ~130 pptv (range of 80 pptv in SON to 170
pptv in DJF) less than IAGOS NOy in all seasons. The ~130 pptv greater
IAGOS NOy likely results from differences in sampling altitudes. Figure 3.2
shows that the two campaigns sampled different altitude ranges within the
upper troposphere: IAGOS measurements were centred around ~240 hPa
(=10 km), representing the upper portion of the upper troposphere, while DC-
8 measurements covered a broader vertical extent cantered near ~360 hPa
(~1.5 km below IAGOS). A general pattern of steeply increasing NOy with
altitude is evident, except for IAGOS layers near 300 hPa during March—May
and September—November. For the limited instances when both DC-8 and

IAGOS sampled the same pressure layers, average NOy values were similar.

Another minor factor may be IAGOS NOy instrument interference from HCN.
The IAGOS chemiluminescence instruments use a hydrogen (Hz) reagent to
convert oxygenated nitrogen compounds to NO, whereas DC-8 uses CO, a
compound not permitted on commercial aircraft (Bradshaw et al., 1998; Volz-
Thomas et al., 2005; Thomas et al., 2015). The Hz reagent converts anywhere
from 2 to 20% of HCN to NOy (Weinheimer, 2006). HCN ambient
concentrations typically seasonally vary from ~200 to 300 pptv in the upper
troposphere, amounting to an interference of 4-60 pptv (Li et al., 2003; Le
Breton et al., 2013).
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Figure 3. 2: Comparison of seasonal mean vertical profiles of NO, from collocated
DC-8 and IAGOS aircraft observations. Symbols are means from averaging upper
troposphere (450-180 hPa) observations into 30 hPa bins. Lines are standard
deviations. Shading indicates the typical vertical sampling range (pressure standard
deviation) of DC8 (grey) and IAGOS (orange).

Figure 3.3 shows the relationship between the sum of individual NOy
components and total NOy for each DC-8 campaign. | use these scatterplots
to determine whether most NOy components are measured in each campaign,
given my intention to use DC-8 to assess contemporary understanding of UT
NOy. Table 3.1 listed the instruments and individual components of NOy
summed for comparison with total NOy. The measured components include
NO; PSS NO2 (calculated using Equation (1)); HNO3; PAN measured as PAN
for all ATom sub-campaigns and as part of total PNs for ARCTAS, SEAC*RS
and KORUS-AQ; HNO4 measured as HNO4 for ATom-1 and -2 and as part of
total PNs for ARCTAS, SEAC*RS and KORUS-AQ; C1-C5 ALKNSs for all
AToms; total ALKNs for SEAC*RS, KORUS-AQ, and ARCTAS; PPN and other
PANSs for all except ATom-1 and -2; and MPN as part of total PNs for ARCTAS,
SEAC“RS and KORUS-AQ. The evaluation in Figure 3.3 is biased toward the

northern hemisphere, as the low time resolution sampling of ALKNs during
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ATom leads to loss of data in the southern hemisphere (Figure 2.1) to achieve

coincidence of DC-8 total and individual components of NO,.
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Figure 3. 3: Proportion of oxidized reactive nitrogen components measured during
each campaign. Individual points compare the coincident sum of individual NOy
components to measured total NOy during NASA DC-8 campaigns. Individual NOy
components used in the figure are detailed in the text. Dashed grey lines are the 1:1
relationship. Coloured lines and inset equations are the Theil-Sen regression fit to the
observations. Other inset values are the Pearson’s correlation coefficient (r) and
number of points (n). Axis ranges differ in each panel.

Table 3.1: Observations of individual NOy components summed to assess budget
closure in figure 3.3.

Component NASA DC-8 aircraft campaign

ARCTAS, SEAC*RS, KORUS-AQ AToml-2 ATom3-4
NO, PSS PSS PSS
NO Chemiluminescence (CL) CL CL
HNO; CIMS CIMS CIMS
HNO4 TD-LIF PNs CIMS -
PAN TD-LIF PNs PANTHER PANTHER
PPN TD-LIF PNs - CIMS
other PANs  TD-LIF PNs - CIMS
ALKNSs TD-LIF ALKNs WAS CI-C5 WAS C1-C5
MPN TD-LIF PNs - -
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Total measured NOy and the sum of individual NOy components are strongly
correlated (r > 0.8) for all campaigns, except SEAC*RS (r = 0.66). The weaker
correlation for SEAC*RS is due to the large contribution of MPN to total PNs
measured by the TD-LIF instrument, leading to a large contribution of MPN to
total NOy for many of the points that stray most from the 1:1 line (Figure 3.4).
If instead | replace TD-LIF PNs with the sum of CIMS PANs and HNO, the
correlation with total measured NOy increases to r=0.91, but the regression
slope decreases from 0.97 in Figure 3.3 to 0.82, as MPN is ~20% of
SEAC*RS NOy. The large contribution of MPN to total NOy during SEAC*RS
(Figure 3.4) results from aged air initially influenced by lightning, biomass
burning, and deep convective uplift of surface pollution with large quantities of
VOCs and NOy. These large quantities of VOCs and NOx cause very active
photochemistry that enhances the abundance of the MPN precursor, CH30O2
(Nault et al., 2015; Browne et al., 2011).
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Figure 3. 4: Proportion of reactive oxidized nitrogen components measured during
SEAC*RS. Figure format and inset values are as in Figure 3.3, but for SEAC*RS only
and points are coloured by the relative proportion of methyl peroxy nitrate (MPN).
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The regression slopes in Figure 3.3 indicate that most NOy components are
measured during each campaign, ranging from 0.78 for ATom-2 (78 % of
individual NOy components measured) to 0.99 for ATom-4 (99 % measured).
The slopes suggest that between 1 % and 22 % of NOy originates from factors
such as unmeasured components, positive interference in the NOy instrument,
or a low bias in the TD-LIF PNs. Bradshaw et al. (1998) estimated a
temperature-dependent  interference from HCN of 8-15% for
chemiluminescence instruments that, like those deployed on DC-8 campaigns,
use a CO reagent. | estimate a lower-end (8%) interference for mean ambient
UT temperatures measured along the flight paths in Figure 2.1. Using DC-8
HCN observations, this amounts to~53ppt or 12% of NOy, for
ARCTAS, ~ 19 pptvor5 % of NO, for SEAC*RS, ~ 40 pptv or 6 % of NOy for
KORUS-AQ, and ~ 17 pptv or 6 % of NOy for ATom 1-4. These lower-end
interference estimates are similar in size to the percent of unaccounted
NOy, (13 % for ARCTAS, 3 % for SEAC*RS, 8 % for KORUS-AQ, 1 %—22 %
for ATom).

Chemiluminescence NOy instruments also detect pNO3, though with uncertain
sampling efficiencies (Bourgeois et al., 2022). Assuming 100 % sampling
efficiency, | use aerosol mass spectrometer (AMS) measurements of
submicron (< 1 ym) pNO; to estimate its contribution to NOy. This contribution
is at most ~1 % during ARCTAS (median pNO; = 0.01 uyg m™3, ~4 pptv), ~4 %
during SEAC*RS (= 0.04 ug m=3, ~14 pptv), ~4 % during KORUS-AQ (= 0.07
Mg m™3, ~25 pptv), and < 2 % during ATom (< 0.01 uyg m™3, ~4 pptv).

TD-LIF measurements of PNs are calculated from the difference in
NO: detected with the NO2 channel and with the PNs channel set to a
temperature at which all PNs decompose (Wooldridge et al., 2010; Nault et al.,
2015) (Section 1.2). A bias in NO2 could therefore impart a bias in PNs. The
largest source of TD-LIF interference is the 100 % thermal decomposition of
MPN (Reed et al., 2016b), and MPN during SEAC*RS far exceeds that of any
of the other campaigns. If | use the higher-end MPN interference of 21 % from
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Shah et al. (2023) for SEAC*RS, this equates to ~ 5 pptv of SEAC*RS PSS
NO.. This is only ~ 3 % of the 190 pptv SEAC*RS PNs.

3.2 Upper Tropospheric NOy Composition

Figure 3.5 provides a breakdown of the absolute and relative contributions of
individual NOy components to total NOy. ATom-1 and -4 are combined, as
these sub-campaigns have a very similar range in NOy (Figure 3.3) and in
median total and individual components of NOy, as the sampled seasons
(spring and summer) have very comparable NOy (Figure 3.1). Similarly, ATom-
2 and -3 (autumn and winter) are combined. Campaigns are further grouped
into remote (ARCTAS, ATom) and continental (SEAC*RS, KORUS-AQ), as
local influence from continental sources like anthropogenic emissions and
intense lightning promoted very active deep convection over land leads to a
greater relative contribution of NOx and lesser contribution of PAN for the

continental upper troposphere and vice versa for the remote upper

troposphere.
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shading distinguishes sampling in the remote (no shading) and continental (shaded)
UT. Hatchings in (a) indicate inferred concentrations (see text for details).

Inferred DC-8 HNO4 and PPN in Figure 3.5 use ATom-1 HNO4 and ATom-4
PPN for combined ATom-1 and -4 components and, similarly, ATom-2 HNO4
and ATom-3 PPN for combined ATom-2 and -3. KORUS-AQ HNO;s is
estimated to be 37 pptv by multiplying the SEAC*RS median fraction of HNO4
(HNO4/NOy = 0.06) by the KORUS-AQ median NO,. SEAC*RS is used
because HNO; is thermally unstable (Ryerson et al., 2000) and so varies with
temperature. Mean upper troposphere ambient temperatures for KORUS-AQ
(252 K) are more consistent with SEAC*RS (246 K) than the other campaigns
(238 K for ARCTAS, 238—-241 K for ATom).

The inferred ~ 10 pptv ARCTAS MPN is from the estimate by Browne et al.
(2011). KORUS-AQ MPN is estimated by bounding a potential range from two
approaches. The first is the median value of the difference between TD-LIF
total PNs and the sum of all individual CIMS PANs and our inferred HNO4 of
37 pptv, yielding MPN = 75 pptv. This likely overestimates MPN, as the CIMS
instrument does not measure an exhaustive suite of PANs. Lee et al. (2022)
estimated with a box model and KORUS-AQ measurements that unmeasured
PANSs account for ~ 20 % of total PNs during KORUS-AQ, though this applies
to air masses impacted by petrochemical and other anthropogenic VOCs and
NOx emissions. Accounting for these unmeasured PANSs yields a lower-bound
KORUS-AQ MPN of 8 pptv. The MPN thus inferred for KORUS-AQ is 42 pptv,
taken as the midpoint between 8 and 75 pptv, and it accounts for 7 % of
KORUS-AQ NOy. As the GEOS-Chem model MPN is consistent with DC-8
inferred MPN during ARCTAS, | multiply the GEOS-Chem ATom MPN
fractions ( ~ 0.01 for ATom-1 and -4 and ~ 0.02 for ATom-2 and -3) by ATom
DC-8 NOy to infer ATom MPN of <6 pptv.

Only the C1-C5 ALKNs are shown in Figure 3.5 for ATom. The remote

measurements of total ALKNs available from ARCTAS that would be most

suitable to assess the likely contribution of longer chain (> C5) ALKNs are on
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median 5pptv less than the ATom C1-C5 ALKNs measurements. The
ARCTAS total ALKNs measurements are also very noisy, as indicated by a
range of -113 pptv to ~ 333 pptv. The range in ARCTAS WAS C1-C5
measurements, by comparison, is 8—29 pptv. Contributions of > C5 ALKNSs to
total ALKNs for SEAC*RS (~ 50 %) and KORUS-AQ (~ 60 %), representative
of the continental upper troposphere, suggest that>C5 ALKNs in remote
regions are <50 % of total ALKNs or <12 pptv (median of C1-C5 ALKNs for
ATom1-4). According to the measurements, remote region C1—-C5 ALKNs are
dominated by methyl nitrate (C1 ALKN), accounting for 40 % of ATom C1-C5
ALKNs and 49 % for ARCTAS. Second is isopropyl nitrate (C3 ALKN), making
up 17 % of ATom C1-C5 ALKNs and 25 % for ARCTAS. The >C3 ALKNs
dominate ALKNs in the continental upper troposphere, accounting for 92 % of
total ALKNs for SEAC*RS and 71 % for KORUS-AQ. | estimate these as the
difference between TD-LIF total ALKNs and the sum of WAS C1-C3 ALKNSs.

The sum of KORUS-AQ NOy components totals 531 pptv, > 130 pptv higher
than SEAC*RS, ARCTAS, and ATom-1 and -4, all of which are within a narrow
range of 330—400 pptv. Minimum NOy values are for the remote autumn and
winter measurements from ATom-2 and -3 at 141 pptv. Despite the wide range
in absolute total and components of NOy, the relative contribution of many
individual NOy components is consistent across all campaigns. These include
NO (7 £3 %; mean £ 10 standard deviation), NO2 (6 £2 %), HNO3 (9 +2 %),
HNO4 (913 %), PPN (3+1%), and ALKNs (53 %). PAN, the dominant
NOy component in all campaigns, is least consistent, ranging from 30 %—41 %
for the continental upper troposphere to 44 %-64 % for the remote upper
troposphere. The HNO4 fraction (10 %—13 %) in the remote upper troposphere
is higher than in the continental upper troposphere (~ 6 %), due to colder
temperatures for ATom and ARCTAS. MPN is typically negligible near the
surface due to its high thermal instability but can become significant in the
colder upper troposphere. During SEAC*RS, MPN accounted for 24% of NO,,
substantially higher than the 2-7% observed in other campaigns. This
enhancement is attributed to increased availability of its precursor, CH3O..
Unlike other campaigns, the aged air SEAC*RS sampled influenced by
lightning, biomass burning, and deep convective transport of surface pollution
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are enriched with VOCs and NOx, leading to vigorous photochemistry that
enhanced CH302 production and thus MPN abundance. Aerosol nitrate, pNOs,
absent in Figure 3.5 due to the uncertain sampling efficiency of the
chemiluminescence instrument, is at most 4 % for SEAC*RS and KORUS-AQ

(Section 3.1), comparable to the contribution from PPN.

The far larger fraction of MPN to total NOy during SEAC*RS (Figure 3.5b)
warrants further investigation, as the relative proportion of MPN to total
NOy ranges from negligible to 100 % (Figure 3.4). If | instead estimate MPN by
subtracting the sum of HNO4 and all PANs measured with the CIMS instrument
from the TD-LIF PNs, making the assumption that CIMS measures most PANSs,
MPN is 49 pptv and the SEAC*RS median contribution to NOy declines from
24 % to 14 %. This is still at least double the contribution for any other
campaign. A small proportion of HNO4 is measured in the MPN channel of the
TD-LIF instrument. This represents about 11 %, according to Nault et al. (2015).
For the CIMS median HNO4 of 12.6 pptv during SEAC*RS, the HNO4
interference is only 1.4 pptv, so it does not affect the 14 %—24 % contribution.

The NOy composition information in Figure 3.5 has a Northern Hemisphere
sampling bias to achieve coincidence. ATom observations south of the
Equator exhibit a similar seasonal pattern to the Northern Hemisphere:
summer > spring > autumn > winter NOy, except that the Southern Hemisphere
spring and summer NOy differ by ~ 90 pptv, whereas there is a near-negligible
difference for the Northern Hemisphere (Figure 3.1). As with the Northern
Hemisphere, PAN accounts for most Southern Hemisphere NOy, ranging
from ~32% for ATom-1 (July—August) to ~42% for ATom-2 (January—
February).

Nighttime-dominant NOy compounds N20s, NO3, and HONO are not included
in Figure 3.5, as these have near-negligible daytime abundances. Of these,
there are only measurements of N20s, limited to ATom-3 and -4, that
represent ~ 0.1 % of upper tropospheric NOy along the daytime ATom flight
tracks in Figure 2.1 (Section 2.1.1). NO3 has a lifetime of a few seconds during
the day, due to efficient photolysis (Brown& Stutz, 2012). HONO also rapidly
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photolyses with a near-surface lifetime of 15min (Sorgel et al., 2011).
Photolysis of HONO would be further enhanced (by ~ 50 % at 390 nm) in the
upper troposphere where photolysis frequencies are enhanced (Hofzumahaus
et al., 2002; Reed et al., 2016a).

3.3 Contemporary Understanding of UT NO,

GEOS-Chem Northern Hemisphere upper troposphere NOy is compared to the
observations in Figures 3.1 and 3.5. In Figure 3.1, GEOS-Chem median NOy
is less than DC-8 in summer and spring by ~103 pptv, similar to DC-8 in
autumn, and greater than DC-8 in winter by ~60 pptv. As a result of these
differences in absolute NOy, the model underestimates the IAGOS and DC-8

seasonal shifts in NOy from winter to spring and from summer to autumn.

The sum of the GEOS-Chem fractional contributions of NOy components in
Figure 3.5(b) that does not equal to 1 are because the model NOy budget also
includes components not measured during DC-8, such as MPAN and
halogenated ALKNs. Consistent across all campaigns is model underestimate
in NO2 and overestimate in PPN. The model version | use does not include
photolysis of PPN, even though this is known to occur (Harwood et al., 2003).
PPN photolysis rather than thermal decomposition is the dominant loss
pathway of PPN in the cold UT. PPN photolysis is scheduled for inclusion in a
later model version (version 14.5) than is used here (Horner et al., 2024),
prompted by my findings that it is systematically overestimated in the UT.
Inclusion of PPN photolysis would liberate up to ~16 pptv NO2, resolving the
10-16 pptv model underestimate in NO». Other studies have addressed model
biases in NO2 by including photolysis of pNO3z forming HONO that rapidly
photolyzes to NOx (Shah et al., 2023). Aerosol Nitrate concentrations are too
small in the UT for this to be a substantial NO2 source. Aerosol Mass

Spectrometer (AMS) measurements of pNOs are on median ~0.01 ug m
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during ARCTAS, ~0.07 pg m during KOUS-AQ, ~0.04 ng m= during
SEAC“RS and <0.01 pg m3during ATom.

The model exhibits significant campaign-specific biases in total NO, for
ARCTAS (129 pptv underestimate), KORUS-AQ (205 pptv underestimate),
ATom-1 and -4 (51 pptv underestimate) and ATom-2 and -3 (42 pptv
overestimate). The model underestimate in ARCTAS NOy is due mostly to a
~100 pptv low bias in PAN and, to a lesser extent, a 35 pptv underestimate in
HNOs. The model bias for ATom-2 and -3 is due almost entirely to PAN. For
KORUS-AQ, all NOy components except PPN are underestimated, indicative
of an overall underestimate in reactive nitrogen sources to the UT over this
region. The ATom-1 and -4 underestimate in NOy is due mostly to a low model
bias in PAN and HNOs3. Overall, the model underestimates the contrast
between remote and continental UT NO,.

GEOS-Chem simulates individual C1-C3 ALKNs, but most >C3 ALKNs are
included as a lumped species. There are other >C3 ALKNs represented
individually in the model, such as those formed from isoprene oxidation (Fisher
et al., 2016), but abundances of these are near-negligible in the UT. DC-8 C1
ALKN is only 4% of ALKNs for SEAC*RS and 11% for KORUS-AQ, whereas
in the model these are a much greater component of ALKNs: 40% for
SEAC*RS and 29% for KORUS-AQ. Modelled >C3 ALKNs are a far smaller
portion of total ALKNs (29% for SEAC*RS and 23% for KORUS-AQ) than the
observations (Section 3.2). Modelled C1 ALKN concentrations are consistently
less than the observed values by ~2 pptv for ARCTAS and ~1 pptv for ATom.
Modelled C3 ALKN is ~1 pptv less than the observations for ARCTAS, but ~1
pptv more than the observations for ATom.

The sum of measured and modelled individual NOy, components are not
significantly different for SEAC*RS, though the model overestimates HNO3 by
64 pptv and underestimates MPN by 81 pptv. The model low bias in MPN
suggests that the model underestimates influence of NOx and reactive VOCs
sources on aged air over source regions with a mix of emissions from fires and

lightning, and deep convective injection of surface pollution. The model high
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bias in HNO3 could be because of a factor of 2 model overestimate in H20:
compared to observed H,0 for SEAC*RS. An overestimate in H,O; indicates
a model overestimate in HO2 that promotes formation of HNO3 and that would
also account for the ~10 pptv overestimate in modelled HNO4. Modelled HO>
is used to calculate PSS NO for SEAC*RS (Equation (1), Section 2.1), but this
only imparts a small high bias (~1.7 pptv) in SEAC*RS PSS NO,. Model bias
in H2O2 over ARCTAS (>100 pptv) may also be the cause for the model
underestimate in ARCTAS HNO4 of ~35 pptv.

Modelled KORUS-AQ HNO3, ALKNs, and MPN are all biased low. The low
biases in these NOy components may be because of a general underestimate
in NOy sources over South Korea. The region has large anthropogenic NOy
and VOCs sources that are represented in the model with a global inventory
(CEDS) that may not suitably account for local emissions (Travis et al., 2024).
Lightning NOx emissions could also be underestimated in the heavily
parameterized inventory in GEOS-Chem (Murray et al., 2012; Marais et al.,
2018). But this is a challenging NOx source to evaluate over locations that

include other prominent sources of NOx.

The model biases identified in this study hinder accurate assessments in
several key areas. These include the radiative effect of tropospheric ozone for
short-term climate impact evaluations; the oxidative capacity of the
troposphere, which constrains estimates of methane lifetime and persistence;
retrievals of tropospheric NO, column densities from space-based UV-visible
instruments that rely on modelled vertical NO, profiles; estimates of NOx
emissions derived from comparisons between modelled and observed
oxidized nitrate wet deposition fluxes, which depend on soluble HNO;
abundance; and evaluations of nitrogen deposition impacts on vulnerable

ecosystems.
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4: Top-down Estimates of NOx Emissions for

Hotspots across Sub-Saharan Africa

This chapter is organised into three main parts. It begins by presenting the top-
down estimates of NOx emissions and lifetimes for isolated hotspots in Sub-
Saharan Africa, derived using the wind rotation and EMG fit approach. The
second part assesses these estimates by comparing them with the global
CEDSv2 emission inventory (Section 2.2.2), including a scaling of CEDSv2 to
match the top-down results and subsequent evaluation of tropospheric NO,
columns from the GEOS-Chem model against TROPOMI observations. The
chapter ends by further evaluating the top-down NOx emissions through
comparisons with a regional African inventory and an inventory developed to
support air quality priority areas in South Africa.

87



4.1 Top-down NOx Emissions and Lifetimes

Figure 4.1 shows number of successful fittings for targeted 28 hotspots. Of the
28 hotspots selected in Figure 2.2, 20 yielded successful EMG fits and 12 out
of 20 have more than 10 successful fits. The number of successful EMG fits in
Sub-Saharan Africa is lower than the number in high-concentration Asia
hotspots. According to Lu et al. (2025), success of deriving NOx emissions
increased from about half of all potential hotspots using a single sampling area
to all hotspots using 54 sampling areas for hotspots in Asia. The success rate
is lower in Sub-Sharan Africa, due to the much smaller enhancements in NO».
8 out of 28 hotspots in low-concentration Sub-Saharan Africa failed to produce
EMG fits, due to insufficient distinction between the plume and background
NOo.
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Figure 4. 1: Number of Successful EMG fits for the targeted 28 hotspots. The red
dashed line shows the maximum number of fits that can be achieved (54).
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Figure 4.2 shows NOx emissions and effective lifetimes for hotspots in Sub-
Saharan Africa estimated using wind rotation and the EMG fit. The 20 hotspots
that yielded successful EMG fits include 18 cities, the Medupi-Matimba
combined power plants hotspot, and the industrial Highveld. NOx emissions in
South African hotspots (28—130 mol/s) are significantly greater than those in
the rest of Sub-Saharan Africa (<28 mol/s). Emissions range from ~2 mol/s for
Ibadan (Nigeria), to 75 mol/s for Johannesburg, and up to 130 mol/s for the
Highveld industrial area in South Africa. Effective lifetimes that are dominated
by dispersion and include some loss due to chemical processing in the plume
are within 1 to 10 hours for all hotspots. The longest lifetime is 10 hours for the
Highveld region that has the largest plume size, followed by Medupi and
Johannesburg (Jhb). The shortest lifetime of ~1 h is for the small Hwange
(Zimbabwe) plume. Durban also exhibits a short lifetime, though it is a mid-
sized plume. This is likely because it is a coastal city with greater wind speeds

than other locations.
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Figure 4. 2: Top-down NOy emissions (a) and effective lifetimes (b) for the 18 hotspots
in Sub-Saharan Africa with successful EMG fits.

Figure 4.3 compares the annual NOx emissions from this study with values
from previous studies that used similar sampling periods and a single sampling
area. These include emissions from Lange et al. (2022) based on select days
of TROPOMI data (2018-2020) and multiyear (2017—-2019) mean emissions
from Goldberg et al. (2021b), derived from OMI data. As shown in Figure 4.3
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(a), Lange et al. (2022) reported NOx emissions for five of the 18 cities of this
study: 5.0 mol/s (equivalent to 7.3 gigagram per year (Gg/y)) for Hwange, 5.1
mol/s (7.4 Ggly) for Kano, 16.9 mol/s (24.5 Ggly) for Khartoum, 30.9 mol/s
(44.8 Ggly) for Lagos and 55.5 mol/s (80.5 Ggl/y) for Medupi. From Goldberg
et al. (2021b), NOx emissions (in Gg/y) were extracted from their figures and
the midday NOx emissions were calculated via dividing by 0.77, their midday
to 24h scaling factor. Goldberg et al. (2021b) reported NO2 emissions for four
of the 18 cities: 14 Gg/y for Abidjan, 18 Gg/y for Dakar, 18 Gg/y for Khartoum
and 35 Ggl/y for Cape Town. These reported NO2 emissions in Ggly are
converted to NOx emissions in mol/s to compare with emissions estimated in
this study, as shown in Figure 4.3 (b). The estimated NOx emissions derived
in this study for the same cities are equivalent to 4 Gg/y for Hwange, 6 Ggly
for Kano, 20 Ggly for Khartoum, 34 Gg/y for Lagos, and 44 Gg/y for Medupi
(Figure 4.3 (a)), and 9 Ggly for Abidjan, 26 Gg/y for Dakar, and 34 Ggly for
Cape Town (Figure 4.3 (b)).

On average, the estimated emissions are ~28% less than those reported by
Lange et al. (2022) and ~14% less than those by Goldberg et al. (2021b) . The
smaller error estimates in Lange et al. (2022) reflect their limited propagation
of uncertainties, which include only wind speed and EMG fit contributions. For
these comparisons, the largest difference is for Medupi, where my annual
mean NOyx emissions represent the combined Medupi and Matimba power
plant region. This difference could be due to differences in sampling days for
a power plant that operates intermittently. Differences in sampling periods and
NO2 column products used may also contribute. Goldberg et al. (2021b) used
OMI data, while Lange et al. (2022) relied on an earlier TROPOMI product with
a known low bias in NO2 VCDs over polluted areas (van Geffen et al., 2020).
Overall, the absence of significant discrepancies beyond the 1.5:1 to 0.5:1
range indicates that the multiple area sampling approach | use is consistent
with the traditional approach of using a single sampling area.
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Figure 4. 3: Comparison of my and past top-down NO, emissions. Symbols compare
the estimated emissions in this study to those from Lange et al. (2022) (green) and
Goldberg et al. (2021b) (blue). Error bars are overall uncertainties for my study
(Section 2.2.1), the same 53% uncertainty applied to all cities by Goldberg et al.
(2021b) and the city-specific uncertainties for Lange et al. (2022).

4.2 Assessment of Top-down Emissions with GEOS-
Chem and TROPOMI

| scale the CEDSv2 NOyx emissions in GEOS-Chem to match estimated top-
down emissions in Figure 4.2 (a) for 18 of the 28 hotspots shown in Figure 2.2.
This decreases the total NOx emissions for these hotspots from ~21
kilograms/s in the default CEDSv2 to ~9 kilograms/s in the scaled CEDSv2.
The major change results from a substantial decrease in the largest hotspots,
Johannesburg, and the Highveld, from ~6.3 kilograms/s to ~1.9 kilograms/s for
Johannesburg and from ~9.4 kilograms/s to ~3.2 kilograms/s for the Highveld.
The major emission hotspot that increases is the hotspot encompassing the
Medupi and Matimba power plants. Medupi is a recently constructed power
plant. It is the largest global dry-cooled coal-fired power plant in the world and
is also funded by the World Bank (Rafey& Sovacool, 2011). This source is
missing in the CEDSv2 emission inventory. Adding it increases emissions for
this hotspot from 0.03 kilograms/s to 0.7 kilograms/s.
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Figure 4. 4: Top-down total NO, emissions scaling of the CEDSv2 bottom-up
inventory. Bars are the original (black) and scaled (red) CEDSv2 emissions for
target hotspots in 2019.

There are also emission hotspots in CEDSv2 that TROPOMI does not observe,
suggesting a spatial misattribution of emissions. There is a hotspot in the
model that occurs on the western edge of the Sudan nested domain (domain
(c) in Figure 2.4) that does not exist in TROPOMI and that totals ~0.58 kg/s in
CEDSv2. Another is an NO2 enhancement in the model that in CEDSv2 totals
~0.27 kg/s that appears to have been allocated to Hwange National Park
(hotspot south of the TROPOMI hotspot in nested domain (g) in Figure 2.4)
rather than the Hwange urban centre north of the park in Zimbabwe. Another
stray hotspot in CEDSv2 totalling 0.014 kg/s occurs due north of the
Medupi/Matimba hotspot on the Botswana side of the border with South Africa
(domain (h) in Figure 2.4). This hotspot is further north than Gaborone, the
capital city of Botswana. | instead set the western Sudan, Hwange Park, and
southern Botswana stray hotspots to typical anthropogenic NOx emissions for
rural areas of 0.002 kg/s. These are updated and the scaled CEDSv2 inventory

emissions are then fed to the GEOS-Chem model.

Figure 4.5 compares tropospheric NO2 vertical column densities obtained from
TROPOMI and GEOS-Chem driven with the default and scaled CEDSv2
anthropogenic NOx emissions. The comparison is of data sampled 200 km x

250 km around the centre of each hotspot and with background NO2 removed
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(Section 2.2.2). The NO2 column densities simulated by the scaled model are
on average 5 x 10'® molecules cm™ less than those of the original GEOS-
Chem model, due mostly to the decrease in emissions in northeast South
Africa. For the Johannesburg and Highveld hotspots, there is significant
improvement in the agreement of modelled and observed NO2 column
densities after scaling CEDSv2 down by ~65%.
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Figure 4. 5: Comparison of tropospheric NO, vertical column densities from
TROPOMI, the original GEOS-Chem, and the scaled anthropogenic NOy emissions
informed GEOS-Chem. Data are averages obtained 2° x 2.5% around each of the 18
hotspots and with background NO contribution removed (see Section 2.2.2).

4.3 Assessment of Bottom-up Emission Inventories

Figure 4.6 compares NOyx emissions for hotspots in Northeast South Africa
from top-down estimates of this study and from a regional bottom-up inventory.
The distribution of NOx emissions in tonnes per year per cell (0.06°x 0.06°) for
2019 from the bottom-up inventory are in Figure 4.6 (a). It covers the Medupi,
Jhb, Highveld and Durban hotspots. The total NOx emissions in Gg/y for each
hotspot are the sum of emissions within 50 km radius of the centre of each
hotspot. The bottom-up emissions of Medupi and the Highveld exceed the
estimated top-down emissions by more than 260 Gg. A few cells with
extremely high NOx emissions (>100 Gg/cell) within the Highveld area in the
bottom-up inventory are main contributors to the large difference between the
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top-down and bottom-up estimates. The exact cause for these very large
emissions is unclear and challenging to resolve. The majority of the sources
are large industrial stacks, and the bottom-up inventory is informed by CEMS
measurements of emissions (also observationally derived), so such a large
difference is a surprise, but is consistent with my comparison of the top-down

estimates to the global CEDSv2 inventory in Figure 4.4.
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Figure 4. 6: Comparison of total NO, emissions for 2019 between top-down estimates
and the northeast South Africa bottom-up inventory. (a) is bottom-up total NOy
emissions distribution with pink circled four hotspots and each is within 0.5°. (b) is
paired bars of total NO, emissions of top-down and bottom-up for each hotspot in (a).

Figure 4.7 compares bottom-up DACCIWA NOyx emissions for 2018 and the
estimated top-down 2019 NOy emissions for 18 hotspots. Like the comparison
in Figure 4.4 and 4.6, the South Africa large hotspot emissions are much
greater in the bottom-up inventory than my top-down estimates. These differ
by ~14 kg/s for the Highveld and ~13 kg/s for Johannesburg. These differences
are larger than the maximum ~14% variation that could result from annual

growth at the fastest rates estimated by Vohra et al. (2022).
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Figure 4. 7: Comparison of my and the regional DACCIWA emission inventory
hotspot NO, emissions. Bars are top-down (red) for 2019 and bottom-up (blue) for the
most recent year available, 2018.

The bottom-up inventories with high bias of NOx emissions would result in high
bias in model estimates of tropospheric ozone, aerosol nitrates, surface
pollution of PM25 and ozone, and nitrogen deposition to sensitive habitats. The
top-down NOy estimates here help scale bottom-up inventories and improve
projections of future emissions of NOx for these hotspots. This is especially
pertinent for the region of focus, as many target hotspots are amongst the
fastest growing urban areas in the world (Yuen& Kumssa, 2011).

The assessment of top-down NOx emissions also provides insights into
potential errors in our understanding of both anthropogenic and natural
sources of NOx emissions and abundances in the under-sampled Africa, as
represented in the model. Furthermore, the evaluation against regional and
updated emission inventories highlights discrepancies that should be
addressed in future research.
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5: Conclusions

5.1 Summary and Key Findings

To achieve my first PhD research aim, | used NASA DC-8 aircraft
measurement data from the ARCTAS, SEAC*RS, KORUS-AQ, and ATom
campaigns to characterize reactive nitrogen (NOy) in the global upper
troposphere. This followed confirmation from comparison to routine reactive
nitrogen measurements from the IAGOS commercial aircraft campaign that
DC-8 has the same seasonality of peak NOy in summer and spring and
minimum NOy in winter in the northern hemisphere along the heavily sampled
North Atlantic flight corridor. Consistency supports use of DC-8 campaign data
to characterise NOy under standard daytime conditions.

| also confirmed that most (78-99%) NOy components were measured during
DC-8 campaigns. These include nitrogen oxides (NOx), and inorganic (HNO3
and HNO4), and organic (PANs, MPN, and alkyl nitrates) reservoirs of NOx.
PAN is the dominant NOy, component for all campaigns (30-64%), followed by
NOy (6-18%). The relative contribution of most other components is similar
across all campaigns, except for MPN that is ~24% of NO, for SEAC*RS over
the southeast US and much less (2-7%) for all other campaigns, though the

latter range is from inferred concentrations of MPN.

Then to meet the second research aim, | used the GEOS-Chem model
sampled along the DC-8 flight tracks to assess the state of knowledge of upper
tropospheric NOy. Consistent model biases for all campaigns include an
overestimate in PPN and underestimate in NO.. The model lacks PPN
photolysis that would address the PPN model bias and mostly resolve the NO>
bias. In the continental upper troposphere, the model underestimates total NOy
for KORUS-AQ, but reproduces total NO, for SEAC*RS, though with too much
HNO3 and too little MPN. Over remote regions, the model biases are less

severe, and are likely related to the weak seasonal variability in total NOy in
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comparison to DC-8 and IAGOS. A possible cause of this is errors in model
representation of maritime lightning NOx emissions that influence NOy

abundance in spring and summer.

My results underscore the need for sustained measurements of upper
tropospheric reactive nitrogen for further refinement of knowledge of upper
tropospheric NOy sources, dispersion, and chemical processing. This is crucial
for advancing our understanding of the global nitrogen cycle and its broader

environmental implications.

My third research aim was achieved by successfully deriving top-down
annual NOyx emissions for 20 hotspots in Sub-Saharan Africa for 2019 by
applying a recently developed, near-automated, multi-sampling-areas EMG
method and wind rotation to TROPOMI NO: vertical column densities. These
top-down NOy emissions | then used to evaluate a local bottom-up emissions
inventory of northeast South Africa covering four hotspots, including the two
greatest in Sub-Saharan Africa. The hotspots of the industrial Highveld and of
the combined power plants Medupi and Matimba are very different from the
top-down estimates and are consistently much greater in other regional and
global bottom-up emission inventories than the top-down approach. Further
research is needed to determine the exact cause, as such large differences

impede the development of effective air quality policies.

My fourth and final research aim was completed by validating my top-down
NOyx emissions estimates by comparing TROPOMI NO- columns densities to
two GEOS-Chem simulations that include one with default CEDSv2 emissions
and the other scaled to match the top-down emissions. This quasi-independent
approach (so named, because TROPOMI NO: is also used to derive top-down
hotspot emissions) offers the option to assess top-down estimates in the
absence of reliable bottom-up emission inventories that are available in

regions like the US, Europe, and China.

My results ensure credibility of the top-down estimates by validation using
both observations and model simulations. The large differences between top-
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down and bottom-up emission inventories in data deficit region Sub-Saharan
Africa highlight the need for future research in addressing the discrepancies,
advancing emission inventories used in modelling surface air pollutants and
assessing air pollution exposures. This is crucial for regulations suggestions
in fast developing urban areas in Sub-Saharan Africa.

My results strengthen the credibility of top-down emission estimates by
applying a quasi-independent validation approach. The substantial
discrepancies between top-down and bottom-up emission inventories in a
data-deficit region like Sub-Saharan Africa highlight the need for further
research to reconcile these differences and update emission inventories for air
quality modelling. This is crucial for shaping effective regulatory strategies in
the rapidly developing urban areas of Sub-Saharan Africa.

5.2 Significance and Implications

The findings of this thesis are significant in several ways. First, they advance
the fundamental understanding of reactive nitrogen speciation and distribution
in the global upper troposphere, a region that plays a critical role in controlling
ozone formation, methane lifetime, and the radiative balance of the
atmosphere. A more complete representation of NOy, including previously
under-considered species such as MPN, helps to capture the full chemical
speciation, provides observational constraints on abundances, and reduces
model biases. This in turn can enhance chemical transport modelling and
strengthen climate assessments that depend on accurate simulations of ozone
and atmospheric oxidising capacity. Importantly, this work highlights the role
of MPN, a compound that has received little attention in the past due to its
thermal instability. Here, | present the first observational and estimated
evidence of MPN abundance in the global upper troposphere and its
contribution to the total reactive oxidised nitrogen budget. MPN levels can
account for up to 24% of NOy (albeit with high uncertainty), substantially higher
than current model simulations suggest. This discrepancy implies that our
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understanding of NOxy redistribution, as influenced by the composition of NOy,
requires further attention. These results emphasise the need for continued
investigation of organic nitrates to improve our understanding of nitrogen

cycling in the atmosphere.

Second, the top-down NOx emissions derived for Sub-Saharan Africa provide
some of the first robust, observation-based estimates for a region where air
quality concerns are rising rapidly alongside urbanisation and industrialisation.
The discrepancies revealed between top-down and bottom-up inventories
highlight weaknesses in current emission estimates and demonstrate the risks
of relying solely on bottom-up emission inventory-based modelling in regions
with sparse ground-based data. This matters because such inventories are
often used to guide regulatory decisions, assess health burdens, and shape

climate policy.

By bridging observational data and modelling frameworks, this work provides
a methodological template for other under-sampled regions. In doing so, it
helps close the knowledge gap between well-monitored regions such as North
America and Europe, and those where emissions data remain limited despite

growing environmental and health concerns.

5.3 Limitations Motivating Future Work

This work has characterised reactive nitrogen sources and abundances in
under-sampled regions of the world, specifically the global upper troposphere
and sub-Saharan Africa. Several limitations constrain the interpretation of the
findings. These limitations define clear priorities for future research that are
essential to improving the representation of NOy and its role in atmospheric

composition.
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1. Limitations in DC-8 Observational Coverage

Most NASA DC-8 aircraft campaigns are concentrated in the Northern
Hemisphere, and even the pole-to-pole, multi-season ATom campaigns
provided limited sampling in the Southern Hemisphere. This restricts
interhemispheric comparisons, despite the stronger influence of remote
background conditions in the Southern Hemisphere and anthropogenic
emissions in the Northern Hemisphere. Future work needs to expand
observational coverage in the Southern Hemisphere to build a more balanced

global picture of NO,.

2. DC-8 Campaigns Measurement Limitations

The KORUS-AQ campaign revealed a large model underestimate of NOy, but
the absence of HNO, measurements and limited coverage of peroxyacyl
nitrates (only a subset of PAN species measured) prevented robust diagnosis.
Since PANs and other organic nitrates are important reservoirs of NOy, future
aircraft campaigns are suggested to include more comprehensive suites of
these compounds. The DC-8 flight ceiling of 12 km limited sampling in the
tropics, where the upper troposphere extends to ~16 km. This likely
underestimated contributions from lightning NOx, which are particularly
important in tropical regions. Higher-altitude platforms are needed to capture
the full vertical distribution.

3. Model-observation Discrepancies

Discrepancies between DC-8 aircraft observations and GEOS-Chem
simulations highlight important gaps in our current representation of upper-
tropospheric reactive nitrogen. In particular, methyl peroxynitrate (MPN) was
consistently observed at much higher abundances than simulated, pointing to
incomplete or missing treatment of organic nitrate chemistry in the model. This
mismatch has direct implications for estimating tropospheric ozone, as
accurate representation of NOy is essential for constraining ozone formation

and oxidising capacity. However, with the observations available in this study,
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it was not possible to diagnose the mechanisms underlying these
discrepancies in detail. Addressing them will require a combination of
approaches. Laboratory experiments are needed to quantify the kinetics and
reaction pathways controlling the formation and decomposition of MPN and
other organic nitrates. Dedicated ambient measurement campaigns need to
be designed to capture a more comprehensive suite of volatile organic
compounds (VOCs) and the peroxy radicals generated from their oxidation,
both of which are key precursors to MPN. Linking such laboratory and field
evidence would allow models like GEOS-Chem to incorporate more realistic
pathways for MPN production and loss. With this improved mechanistic
understanding, it would then be possible to assess where, beyond the
southeast U.S. upper troposphere, MPN contributes significantly to the
reactive nitrogen budget and how it shapes the long-range transport of NOy
and the methyl peroxy radical. Ultimately, reducing these discrepancies is
critical for improving estimates of upper-tropospheric ozone and better
constraining the role of reactive nitrogen in atmospheric chemistry.

4. Limitations of NOx Emissions Inventories

Biomass burning emissions in Sub-Saharan Africa represent a major source
of uncertainty in regional and global modelling. In GEOS-Chem, simulations
based on GFED4s attribute a large contribution of tropospheric NO, columns
to open biomass burning, but these emissions are far greater than those
observed by the TROPOMI instrument. This discrepancy inflates the simulated
background contribution to hotspots, making it difficult to evaluate whether
updates to inventories such as CEDSv2 that scaled to match top-down hotspot
emissions have genuinely improved model performance. The problem is
particularly acute when evaluating very small hotspots, where the
overestimated background dominates the signal. A more promising way
forward is to adopt the Global Fire Assimilation System (GFAS; (Kaiser et al.,
2009; Kaiser et al., 2012) that reports approximately three times lower NOx
emissions than GFED4s and is more consistent with satellite observations.
Regional inventories introduce additional challenges: for example, the South

African inventory currently lacks peer-reviewed documentation or a detailed
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methodological report, making it difficult to identify the specific factors such as
activity data, emission factors, or mapping of mobile sources that drive
discrepancies with observations. Although | worked directly with the inventory
developer to resolve these issues, we were unable to isolate the causes of the
differences. This highlights the need for inventories to be more systematically
documented and supported with methodological detail so that discrepancies
can be diagnosed and addressed in future work.

5. Methodological Constraints

The exponentially modified Gaussian (EMG) method provided a useful near-
automated approach for deriving hotspot emissions from satellite observations,
but it is currently limited by its inability to account for the seasonality of NOx
photochemistry. As a result, the method can only provide reliable estimates of
annual emissions. This constrains the analysis to total yearly emissions, rather
than capturing how emissions vary from month to month. If detailed temporal
information were incorporated, the EMG method could enable monthly
estimates of NOx emissions, which would allow variability to be linked directly
to human activities (e.g., agricultural burning, fuel use, or waste disposal) and
environmental factors (e.g., seasonal vegetation cycles or meteorology). Such
an advance would significantly improve the ability of inventories to reflect the

dynamics of NOx emissions.

Beyond NOy, the EMG method has potential to be extended to other trace
gases observable from space, such as formaldehyde (HCHO) and ammonia
(NH3). However, each presents specific challenges. HCHO is partly a primary
emission but is also formed secondarily from the oxidation of reactive volatile
organic compounds (VOCs), so top-down constraints on HCHO would reflect
a mix of direct emissions and VOC precursors. NH3, by contrast, is a primary
emission but partitions reversibly between the gas and aerosol phases,
meaning that the current simple EMG framework would require modification to
capture this behaviour.
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Despite these challenges, extending EMG analysis to HCHO and NH; would
be particularly valuable for Sub-Saharan Africa, HCHO in this region is emitted
from biogenic sources such as isoprene as well as anthropogenic sources
including gas flaring and inefficient combustion of solid and liquid fuels. NH;,
on the other hand, is less dominated by agricultural fertiliser use than in other
regions, due to relatively low usage of synthetic nitrogen fertilisers, and instead
is strongly influenced by inefficient combustion processes such as open waste
burning, charcoal production, and other small-scale sources (Keita et al., 2021;
Marais& Wiedinmyer, 2016). Satellite observations already available from the
IASI instruments (NHs, morning overpass) and TROPOMI (HCHO) provide an
opportunity to apply the EMG framework in this region. With appropriate
adaptation, these data could offer much-needed top-down constraints on

emissions, helping to reduce uncertainties in inventories.

6. Summary of Future Work Priorities

Future work is therefore suggested to focus on expanding aircraft observations,
particularly in the Southern Hemisphere and the tropical upper troposphere,
and on including more comprehensive measurement suites in campaigns,
such as PANs, HNO,, VOCs, and peroxy radicals. In parallel, laboratory and
field studies are needed to better constrain the chemistry of MPN. while the
adoption of more proper biomass burning inventories such as GFAS, together
with greater information in recently updated regional inventories, would help
reduce uncertainties in emissions estimates. Methodological improvements
are also required, particularly refining the EMG approach to incorporate
seasonality, and extending its application to additional trace gases. Addressing
these limitations will enhance the representation of reactive nitrogen in models,
thereby enabling more accurate assessments of ozone, methane lifetime, and
the broader role of reactive nitrogen in climate and air quality.
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Abstract. Reactive oxidized nitrogen (NOy) in the upper troposphere (UT) influences global climate, air qual-
ity, and tropospheric oxidants, but this understanding is limited by knowledge of the relative contributions of
individual NO, components in this undersampled layer. Here, we use sporadic NASA DC-8 aircraft campaign
observations, after screening for plumes and stratospheric influence, to characterize UT NO,, composition and to
evaluate current knowledge of UT NO, as simulated by the GEOS-Chem model. The use of DC-8 data follows
confirmation that these intermittent data reproduce NO, seasonality from routine commercial aircraft observa-
tions (2003-2019), supporting the use of DC-8 data to characterize UT NO,. We find that peroxyacetyl nitrate
(PAN) dominates UT NO, (30 %—64 % of NO,), followed by nitrogen oxides (NO, =NO + NO») (6 %—18 %),
peroxynitric acid (HNOy) (6 %—13 %), and nitric acid (HNO3) (7 %—11 %). Methyl peroxy nitrate (MPN) makes
an outsized contribution to NOy, (14 %—24 %) over the Southeast US relative to the other regions sampled (2 %—
7 %). GEOS-Chem, sampled along DC-8 flights, exhibits much weaker seasonality than the DC-8, underestimat-
ing summer and spring NO,, and overestimating winter and autumn NOy,. The model consistently overestimates
peroxypropionyl nitrate (PPN) by ~ 10-16 pptv or 10 %-90 % and underestimates NO; by 6-36 pptv or 31 %—
65 %, as the model is missing PPN photolysis. A model underestimate in MPN of at least ~ 50 pptv (13-fold)
over the Southeast US results from uncertainties in processes that sustain MPN production as air ages. Our find-
ings highlight that a greater understanding of UT NO, is critically needed to determine its role in the nitrogen
cycle, air pollution, climate, and the abundance of oxidants.

1 Introduction pospheric ozone (O3) production is limited by the availabil-

ity of NO,, particularly in the upper troposphere where the
Reactive oxidized nitrogen (NO,) in the upper troposphere radiative forcing efficiency of O3 peaks (Dahlmar_m etal,
impacts global climate, surface air quality, and the oxidiz- 2011, Wordeq etal, 2011;'Rap et al.,, 2015). The influence
ing capacity of the whole troposphere (Mickley et al., 1999; on tropospheric O3 production also affects the abundance of
Bradshaw et al., 2000; Dahlmann et al., 2011; Worden et ~ the main atmospheric oxidant, the hydroxyl radical (OH),
al,, 2011). NO, is an important climate driver because tro- thus altering the lifetimes of the longer-lived greenhouse gas

Published by Copernicus Publications on behalf of the European Geosciences Union.



https://doi.org/10.5194/acp-25-7925-2025

7926

methane and the air pollutants carbon monoxide (CO) and
volatile organic compounds (VOCs) (Murray et al., 2013;
Seltzer et al., 2015).

Knowledge of dominant daytime NO, compounds,
sources, chemistry, fate, and persistence in the upper tropo-
sphere has been largely informed by observations and mod-
els used as part of research and commercial aircraft cam-
paigns (Boersma et al., 2011; Marais et al., 2018; Silvern
et al., 2018; Travis et al., 2016, 2020). Instruments onboard
research aircraft that sample the upper troposphere, in partic-
ular the recently retired NASA DC-8 platform, have under-
gone substantial development to directly measure and derive
estimates of a large suite of upper tropospheric NO, com-
pounds. These include nitrogen oxides (NO, =NO + NO»),
peroxyacetyl nitrate (PAN), and other prominent PAN-type
compounds, nitric acid (HNO3), peroxynitric acid (HNOy),
alkylnitrates (ALKNSs) and, more recently, methyl peroxy ni-
trate (MPN).

These aircraft campaigns have confirmed that sources of
NO, to the upper troposphere are dominated by lightning
NO, emissions (Levy et al., 1999; Gressent et al., 2014,
2016; Marais et al., 2018), causing a seasonal maximum
in NO, in the summer months and a minimum in the win-
ter in parts of the world, such as the northern midlatitudes,
where there is large seasonal variability in lightning activity
(Blakeslee et al., 2014; Stratmann et al., 2016). Other NO).
source contributors include NO, emissions from cruising al-
titude aircraft (Brasseur et al., 1996), stratospheric down-
welling of air masses laden with HNO3; and NO3 that also
promote prompt formation of PANs on mixing with cold up-
per tropospheric air (Levy et al., 1980; Jacob et al., 2010;
Liang et al., 2011), deep convective uplift of surface pollu-
tion (Ehhalt et al., 1992; Jaeglé et al., 1998; Bertram et al.,
2007), and aged air masses, initially very photochemically
active, that accumulate MPN (Nault et al., 2015).

Chemical cycling of dominant daytime NO, components,
informed by past review and measurement compilation stud-
ies of the free troposphere (Emmons et al., 1997; Bradshaw
et al., 2000), is illustrated in Fig. 1. During the day, NO
and NO; are in a photostationary steady state, as NO oxi-
dation, mostly by Oj, is balanced by NO, photolysis. NO,
also reacts to form reservoir compounds. For NO», these in-
clude HNO;3 from reaction with OH, PANs from reaction
with peroxy acyl radicals (RC(O)O0), HNO4 from reaction
with the hydroperoxyl radical (HO,), and MPN from reac-
tion with the methyl peroxy radical (CH30;). PANs in the
upper troposphere are typically dominated by PAN, followed
by peroxypropionyl nitrate (PPN) (Singh, 1987; Roberts,
1990; Roberts et al., 1998, 2002). For NO, reservoir com-
pounds include ALKNs from reaction with non-acyl peroxy
radicals (RO7). Recycling of reservoir compounds back to
NO, is dominated by photolysis, as thermally labile peroxy
nitrates (PNs) including PANs, HNO4, and MPN are stable
against decomposition in the cold upper troposphere (Huey,
2007). This recycling, along with NO, sources to the up-
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Figure 1. Dominant daytime reactive oxidized gas-phase nitrogen
components and reaction pathways in the upper troposphere. Ar-
row colours distinguish formation (orange) and photolytic (hv) de-
composition (blue) of reservoir compounds. Dashed boxes indicate
compounds of the NO, family (green) and those classed as per-
oxy nitrates (purple). “R” in RC(0)OO0 and RO represents an alkyl
group.

per troposphere, sustains upper tropospheric NO, concen-
trations at ~ 30 pptv over the remote ocean and ~ 100 pptv
over polluted landmasses (Marais et al., 2018, 2021; Shah et
al., 2023). Stable NO, reservoir compounds are transported
long distances before subsiding and decomposing on warm-
ing, thus supplying other parts of the world with oxidants
(HO, ) and O3 precursors (NO, and peroxy radicals) (Schultz
et al., 1999). Loss processes in the dry upper troposphere are
slow and dominated by subsidence, resulting in long NO,
lifetimes of 10-20d (Logan, 1983; Prather and Jacob, 1997).
Similarly, NO, has a lifetime of about a week compared to
less than a day in the boundary layer (< 2km) (Jaeglé et al.,
1998).

Nighttime NO, chemistry is also important, but aircraft
campaign measurements of the nocturnal upper troposphere
mostly consist of total NO,, from commercial aircraft cam-
paigns. The nighttime chemistry not shown in Fig. 1 includes
NO reaction with OH, forming nitrous acid (HONO) that ac-
cumulates in the absence of photolysis as well as NO, reac-
tion with O3 to form the nitrate radical (NO3), which further
reacts with NO; to produce N2Os, a precursor of aerosol ni-
trate (pNOs3) (Bradshaw et al., 2000).

Modelling studies evaluating the best understanding of
NO, in the upper troposphere routinely identify stark dis-
crepancies between observed and modelled total NO,, NO,,
and the ratio of NO-to-NO; in the upper layers of the tro-
posphere (Jaeglé et al., 1998; Talbot et al., 1999; Bertram et
al., 2007; Hudman et al., 2007; Liang et al., 2011; Nault et
al., 2015; Huntrieser et al., 2016; Travis et al., 2016; Fisher
et al., 2018; Silvern et al., 2018; Lee et al., 2022; Cohen et
al., 2023). These studies have either focused on a few NO,
components or a single aircraft campaign. A more holistic
investigation of all NO, components is needed, as advocated
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by Murray et al. (2021), to reduce uncertainties in knowledge
of the current, past, and potential future abundances of tropo-
spheric oxidants. Past studies have also documented the chal-
lenges of examining measurements made in the upper tropo-
sphere. These include screening for stratospheric influence,
determining the height of the chemical tropopause, and se-
lecting observations and campaigns that are climatologically
representative of a standard atmosphere (Weinheimer et al.,
1994; Fuelberg et al., 2000; Bertram et al., 2007; Barth et al.,
2015; Huntrieser et al., 2016). Instruments measuring NO>
are also susceptible to interference from decomposition of
the least thermally stable NO, reservoir compounds, HNO,
and MPN, that are abundant in the cold upper troposphere
(Ryerson et al., 2000; Shah et al., 2023). NO, from these
same instruments can also be biased by decomposition of
non-NO, fixed nitrogen compounds prevalent in the upper
troposphere, such as hydrogen cyanide (HCN) (Bradshaw et
al., 1998).

Here, we use NASA DC-8 research and In-service Aircraft
for a Global Observing System (IAGOS) commercial aircraft
campaign measurements, each spanning more than a decade,
to characterize global NO, seasonality and composition in
the upper troposphere. This follows careful campaign and
data selection to isolate observations sampling the upper tro-
posphere under standard conditions for broad assessment of
consistent NO, seasonality between DC-8 and routine com-
mercial aircraft campaign observations. We go on to use the
DC-8 data to critique contemporary understanding of upper
tropospheric NO,, as simulated by the GEOS-Chem model.

2 Materials and methods

2.1 Research aircraft observations of total and
components of NOy

The DC-8 research aircraft has sampled ambient air cover-
ing the near full extent of the troposphere since its maiden
campaign in 1985 (Culter, 2009). Many of the initial cam-
paigns included instruments that measured a subset of the
NO, components shown in Fig. 1, typically continuous mea-
surements of total NO,, NO, HNO;, PAN and PPN, and
whole air sampler (WAS) collection and laboratory detec-
tion of C1-C5 ALKNs (Singh et al., 1999). Since 2004,
DC-8 campaigns have included continuous measurements of
HNOy, other PAN-type species, and total PNs (Singh et al.,
2006). Given this, we only consider DC-8 campaigns with a
relatively consistent suite of instruments that mostly sampled
well-mixed air representative of a climatologically standard
atmosphere. These criteria eliminate the summer 2004 In-
tercontinental Chemical Transport Experiment-North Amer-
ica (INTEX-NA) campaign (Singh et al., 2006; Singh et al.,
2009), which is the only DC-8 campaign since 2004 not to in-
clude a NO, and NO,, chemiluminescence analyser, and the
summer 2012 Deep Convective Clouds and Chemistry (DC3)
campaign, which targeted convective thunderstorms influ-
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enced by fresh surface pollution and lightning NO, emis-
sions (Barth et al., 2015).

The DC-8 campaigns we use are the Arctic Research of
the Composition of the Troposphere from Aircraft and Satel-
lites (ARCTAS) over the Arctic and sub-Arctic in spring
and summer 2008 (Jacob et al., 2010), the Studies of Emis-
sions and Atmospheric Composition, Clouds and Climate
Coupling by Regional Surveys (SEAC*RS) over the South-
east US in late summer and early autumn 2013 (Toon et
al., 2016), the Korea-United States Air Quality (KORUS-
AQ) over South Korea in late spring and early summer 2016
(Crawford et al., 2021), and the Atmospheric Tomography
Mission (ATom), which included four sub-campaigns along
the same flight path from pole to pole over the Atlantic
and Pacific Oceans in all four seasons from 2016 to 2018
(Thompson et al., 2021). ATom sub-campaigns are ATom-
1 in July—August, ATom-2 in January—February, ATom-3 in
September—October, and ATom-4 in April-May. The data
for these campaigns are from NASA data portals for each
campaign, downloaded as merged 1 min files for ARCTAS
(NASA, 2009), SEAC*RS (NASA, 2015), and KORUS-AQ
(NASA, 2017) and as two separate merged files for ATom,
with the WAS C1-C5 ALKNs data at variable time intervals
of 40s, 1, and 2 min and without the WAS C1-C5 ALKNs
data at 1 min resolution (NASA, 2021).

Figure 2 shows the global sampling extent of the upper tro-
posphere by NASA DC-8 after applying filtering criteria to
the data to isolate observations representative of photochem-
ical steady state (PSS) conditions. For this, we select daytime
(08:30—15:30 local solar time or LST) observations within a
wide pressure range from 180 hPa (~ 8 km) to the DC-8 ceil-
ing of 450 hPa (~ 12km). This captures the full vertical ex-
tent of the midlatitude upper troposphere but not the tropics.
The tropical tropopause, according to NASA Modern-Era
Retrospective analysis for Research and Applications version
2 (MERRA-2) meteorology, extends to ~ 16 km. We sepa-
rate the stratosphere from the troposphere with a tropopause
definition that can be applied to all datasets. We remove
data with observed O3 concentrations above thresholds that
represent the location of the chemical tropopause (Zahn et
al.,, 2002). The thresholds we use are a single year-round
value for the tropics (20° N to 20° S) of 100 ppbv (Dameris,
2015) and seasonally varying values everywhere else calcu-
lated using the day-of-year dependent O3 tropopause equa-
tion derived by Zahn et al. (2002) from the inverse re-
lationship between O3 and CO observations from com-
mercial aircraft campaigns. These are 120 ppbv in spring,
103 ppbv in summer, 74 ppbv in autumn, and 91 ppbv in win-
ter. We also screen for stratospheric intrusions (identified
as observations with O3/CO > 1.25mol mol™ h (Hudman et
al., 2007), fresh NO, emissions (NO,/NO < 3 mol mol™ 1),
fresh convection (large (> 10 nm diameter) condensation nu-
clei > 10* cm™?), biomass burning plumes (CO > 200 ppbv
and acetonitrile > 200 pptv) (Shah et al., 2023) as well as in-
stances where NO; photolysis frequencies are approximately
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Figure 2. Extent of NASA DC-8 sampling of the upper troposphere
under standard, steady state conditions. Colours distinguish ARC-
TAS (plum), SEAC*RS (red), KORUS-AQ (brown), and ATom
(blue). ATom points are 1 min resolution data.

zero. The latter removes high latitude ATom measurements
obtained at 08:30-15:30LST under dark conditions during
polar twilight or polar night. The data that are retained corre-
spond to solar zenith angles < 80° in polar regions and < 60°
at other latitudes. The proportion of observations at 450-
180 hPa is 42 %-50 % for ATom and 16 %-37 % for the other
campaigns. After applying all other data screening, 20 % of
all data are retained for ATom and 7 %-11% for the other
campaigns.

The DC-8 instruments measuring NO, components
(Fig. 1) that are common to all campaigns include a chemilu-
minescence instrument measuring NO, NO, and total NO,,
(Ryerson et al., 2000; Pollack et al., 2010; Bourgeois et
al., 2022), a chemical ionization mass spectrometer (CIMS)
measuring HNO; (Crounse et al., 2006), a CIMS measur-
ing HNOy4, PAN, PPN, and other PANs (Huey, 2007), and
a Whole Air Sampler (WAS) collecting samples analysed in
the laboratory using gas chromatography with flame ioniza-
tion and atomic emission to detect C1-C5 ALKNs (Blake
et al., 2003). The other PANs measured with the CIMS in-
clude peroxyacryloyl nitrate (APAN), peroxyisobutyryl ni-
trate (PiBN), peroxybutyryl nitrate (PBN), and peroxyben-
zoyl nitrate (PBZN). Other instruments deployed for se-
lect campaigns are Thermal-Dissociation Laser Induced Flu-
orescence (TD-LIF) measuring NO3, total PNs, and total
ALKNs (ARCTAS, KORUS-AQ, SEAC*RS) (Day et al.,
2002) and the PAN and Trace Hydrohalocarbon ExpeRiment
(PANTHER) instrument measuring PAN (ATom). There are
also TD-LIF methyl peroxy nitrate (MPN) measurements re-
ported in the SEAC*RS dataset and derived for ARCTAS by
Browne et al. (2011).

Concentrations of NO> in the upper troposphere are close
to chemiluminescence instrument uncertainty (Pollack et al.,
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2010; Bourgeois et al., 2022), and the measurements in-
clude interference from decomposition of NO, reservoir
compounds in the instrument inlet. The Reed et al. (2016b)
temperature-dependent inlet temperature decomposition pro-
files of individual NO, reservoir compounds for an instru-
ment similar to that operated on the DC-8 suggest interfer-
ence of 80 %-100% MPN and 15 %—45% HNOy for the
typical inlet temperature range of the DC-8 chemilumines-
cence instrument of 20-30°C (Bourgeois et al., 2022). For
the campaigns that measured HNO4 and derived or mea-
sured MPN, this amounts to 13-27 pptv for ARCTAS and
71-92 pptv for SEAC*RS. Given this, we instead calculate
NO3 using the NO-NO; photochemical steady state (PSS)
approximation, as is now standard (Travis et al., 2016; Shah
et al., 2023; Horner et al., 2024). Conversion of NO to NO,,
mostly (75 %) due to oxidation by O3 in the upper tropo-
sphere (Silvern et al., 2018), is balanced by NO» photolysis
back to NO:

03/HO;/BrO
No /%

NO, (R1)
NO; % NoO. (R2)

As NO; is in steady state for the daylight observations we
isolate, NO, can be calculated as follows:

(1

NOs = NO x (kl (03] +k2lH021+k3lBr0])‘

JNo;

Compounds in square brackets are in molecules cm—>. NO
and NO, are in pptv. Terms not introduced yet include the
NO; photolysis frequency, jNo,. in s~!; bromine monox-
ide (BrO); and rate constants of NO oxidation (Reaction R1)
(kj—3) in cm® molecule! s~!. Temperature-dependent val-
ues of k;_3 are those recommended by the Jet Propulsion
Laboratory (JPL) (Burkholder et al., 2020), calculated us-
ing DC-8 ambient temperature measurements. NO, [O3], and
JNo, are from the DC-8 measurements, and [HO,] is from
the DC-8 measurements for all campaigns except SEAC*RS
when it was not measured. We use GEOS-Chem (detailed in
Sect. 2.3) simulated [HO3| to estimate SEAC*RS PSS NO».
[BrO] is obtained from GEOS-Chem for all campaigns. NO
is also converted to NO; by organic peroxy radicals (RO2),
but we ignore this reaction as it is relatively insignificant
throughout the free troposphere (Shah et al., 2023).

The NO, components not measured during specific cam-
paigns are inferred. These include HNO4 for KORUS-AQ
and ATom-3-4, PPN for ATom-1-2, and MPN for ARCTAS,
ATom-1-4, and KORUS-AQ. The approaches used to infer
these values differ, informed by the results; therefore, a de-
tailed description of this inference is provided in Sect. 3.2.

2.2 Commercial aircraft observations of total NO,

We use routine observations of upper tropospheric total NO,
from instruments on commercial long-haul passenger aircraft
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to determine if the intermittency and brevity of DC-8 cam-
paign observations are representative of climatological con-
ditions. The In-service Aircraft for a Global Observing Sys-
tem (IAGOS) European research infrastructure (Boulanger
et al., 2018) provides routine in situ measurements of NO,
(Petzold et al., 2015). These are available from two IAGOS
programmes: the Measurement of Ozone and Water Vapor
by Airbus In-Service Aircraft (MOZAIC) (Marenco et al.,
1998) from 2001 to 2005 (Volz-Thomas et al., 2005) and
the Civil Aircraft for the Regular Investigation of the Atmo-
sphere Based on an Instrument Container (CARIBIC) since
December 2004 (Brenninkmeijer et al., 2007; Stratmann et
al., 2016).

We consider the MOZAIC and CARIBIC observations
together (collectively named IAGOS), as both programmes
employed a chemiluminescence instrument with the same
NO, detection technique (Volz-Thomas et al., 2005; Bren-
ninkmeijer et al., 2007). Direct intercomparison of NO,
is not possible, as there is no overlap in MOZAIC and
CARIBIC NO,. Data from 2003 to 2019 are used: 2003-
2005 for MOZAIC and 2005-2019 for CARIBIC. We iso-
late daytime, upper tropospheric observations by applying
the same O; tropopause, stratospheric O3 intrusion, and day-
time filtering as is applied to DC-8 data (Sect. 2.1), using
IAGOS 03 and CO measurements. There are no NO; pho-
tolysis frequency measurements, but the requirement for spa-
tial coincidence with ATom excludes polar twilight and night
measurements at high latitudes. We do not screen for ob-
servations impacted by fresh emissions, vertical convection,
or biomass burning plumes, due to unavailability of concur-
rent measurements of suitable chemical tracers in the IAGOS
data. As we consider 17 years of IAGOS data, we assume that
the influence of these is dampened in the long-term median
of NO,. Both the IAGOS and DC-8 data are gridded to the
same 2° latitude x 2.5° longitude grid.

2.3 The GEOS-Chem model

We use the GEOS-Chem global 3D chemical transport model
version 13.0.2 (https://doi.org/10.5281/zenodo.4681204,
The International GEOS-Chem User Community, 2021) to
represent contemporary understanding of upper tropospheric
NO, for comparison to DC-8. The model is driven with
consistent MERRA-2 assimilated meteorology at 2° x 2.5°
(latitude x longitude) over 47 vertical layers from the surface
of the Earth to 0.01 hPa. The model emissions local to the
upper troposphere include cruising altitude aircraft from the
Aviation Emissions Inventory Code (AEIC) (Stettler et al.,
2011) and lightning emissions as described in Murray et
al. (2012). Surface emissions of NO, and VOC precursors
of ALKNs and PNs are from the anthropogenic Community
Emissions Data System (CEDS) inventory of Hoesly et
al. (2018); the Model of Emissions of Gases and Aerosols
from Nature (MEGAN) biogenic VOC inventory version
2.1 (Guenther et al., 2012); the soil NO, emission inventory
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of Hudman et al. (2012); and the Global Fire Emissions
Database version 4 with small fires (GFED4s) for open
burning of biomass (Giglio et al., 2013). Wet deposition
of gas-phase HNOj, the terminal sink for NO, subsiding
from the upper troposphere, includes in-cloud (rainout) and
below-cloud (washout) scavenging as detailed in Amos et
al. (2012) and enhanced scavenging as described by Luo et
al. (2020).

We sample the model at the same time and location as
the DC-8 observations using the ObsPack diagnostic (https:
/Iwww.esrl.noaa.gov/gmd/ccgg/obspack/, last access: 23 Oc-
tober 2021), following a minimum 10-month spin-up preced-
ing each campaign to initialize chemistry and large-scale cir-
culation throughout the troposphere. Modelled components
of NO, include NO, NO,, HNO3, HNO4, PAN, PPN, perox-
ymethacroyl nitrate (MPAN), MPN, and ALKNs.

3 Results and discussion

3.1 DC-8 campaign NOy seasonality and budget
closure

Figure 3 compares seasonality in UT NO, from IAGOS and
DC-8. Most of the overlap is with ATom along the North
Atlantic flight corridor in all seasons, ARCTAS over the
Canadian Arctic and Greenland in March-May (MAM) and
June—August (JJA), and SEAC*RS over the Southeast US in
September—November (SON). IAGOS NO,, exhibits similar
peaks in spring (563 pptv) and summer (565 pptv), due to in-
tensive seasonal lightning in the Northern Hemisphere (Strat-
mann et al., 2016). The decline in this source decreases NO,
in autumn to 365 pptv, and NO, further decreases in winter
to an annual minimum of 284 pptv.

DC-8 NO,, seasonality is similar to that of IAGOS, though
the magnitude of DC-8 NO, is consistently, on average,
~ 130 pptv (range of 80pptv in SON to 170 pptv in DJF)
less than IAGOS NO, in all seasons. The ~ 130 pptv greater
IAGOS NO, likely results from differences in sampling al-
titudes. The two campaigns sample distinct altitude ranges
of the upper portion of the upper troposphere centred at
~240hPa (~ 10km) for IAGOS and a wider vertical ex-
tent of the lower portion of the upper troposphere centred
at ~ 360 hPa (~ 1.5 km below IAGOS) for DC-8 (Fig. S1 in
the Supplement). There is a general pattern of a steep in-
crease in NO, with altitude, with the exception of IAGOS
layers located near 300 hPa in March-May and September—
November (Fig. S1). Average NOj, is similar between the two
campaigns for the rare instances that DC-8 and IAGOS sam-
ple the same pressure layers (Fig. S1). Another minor fac-
tor may be IAGOS NO,, instrument interference from HCN.
The IAGOS chemiluminescence instruments use a hydro-
gen (H,) reagent to convert oxygenated nitrogen compounds
to NO, whereas DC-8 uses CO, a compound not permit-
ted on commercial aircraft (Bradshaw et al., 1998; Volz-
Thomas et al., 2005; Thomas et al., 2015). The H, reagent
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Figure 3. Seasonality of Northern Hemisphere upper tropospheric
NOy. Panels show scasonal means and medians (a) and seasonal
transitions (b) of collocated gridded 2° x 2.5° NOy, from IAGOS
(orange), DC-8 (grey), and GEOS-Chem (red). Data in (a) are me-
dians (lines), 25th and 75th percentiles (boxes), and means (dia-
monds). Inset text in (a) gives the number (n) of overlapping grid
cells. Seasonality in (b) is the change in median NO,, in (a) from
one season (o the next. ’

converts anywhere from 2 % to 20 % of HCN to NO, (Wein-
heimer, 2006). HCN ambient concentrations typically sea-
sonally vary from ~ 200 to 300 pptv in the upper tropo-
sphere, amounting to an interference of 4-60 pptv (Li et al.,
2003; Le Breton et al., 2013).

Figure 4 shows the relationship between the sum of indi-
vidual NO, components and total NO,, for each DC-8 cam-
paign. We use these scatterplots to determine whether most
NO,, components are measured in each campaign, given our
intention to use DC-8 to assess contemporary understand-
ing of upper tropospheric NO,. The instruments and indi-
vidual components of NO, summed for comparison with
total NO, are listed in Table 1. The measured components
include NO; PSS NO; (Eq. 1); HNO3; PAN measured as
PAN for all ATom sub-campaigns and as part of total PNs for
ARCTAS, SEAC*RS, and KORUS-AQ; HNO4 measured as
HNO, for ATom-1 and -2 and as part of total PNs for ARC-
TAS, SEAC*RS, and KORUS-AQ; C1-C5 ALKNs for all
ATom sub-campaigns; total ALKNs for SEAC*RS, KORUS-
AQ, and ARCTAS; PPN and other PANs for all except
ATom-1 and -2; and MPN as part of total PNs for ARCTAS,
SEAC“RS, and KORUS-AQ. The evaluation in Fig. 4 is bi-
ased towards the Northern Hemisphere, as the low time reso-
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lution sampling of the WAS C1-C5 ALKNs during ATom
leads to loss of data in the Southern Hemisphere (Fig. 2)
to achieve coincidence of DC-8 total and individual compo-
nents of NO,.

Total measured NO, and the sum of individual NO, com-
ponents are strongly correlated (r > 0.8) for all campaigns
except SEAC*RS (r = 0.66). The weaker correlation for
SEAC*RS is due to the large contribution of MPN to total
PNs measured by the TD-LIF instrument, leading to a large
contribution of MPN to total NO,, for many of the points that
stray most from the 1 : I line (Fig. S2). If instead we replace
TD-LIF PNs with the sum of CIMS PANs and HNOy, the
correlation with total measured NO, increases to r = 0.91,
but the regression slope decreases from 0.97 in Fig. 4 to 0.82,
as MPN is ~20 % of SEAC*RS NO,. The large contribu-
tion of MPN to total NO, during SEAC*RS (Fig. S2) results
from aged air initially influenced by lightning, biomass burn-
ing, and deep convective uplift of surface pollution with large
quantities of VOCs and NO,.. These large quantities of VOCs
and NO, cause very active photochemistry that enhances the
abundance of the MPN precursor, CH30; (Browne et al.,
2011; Nault et al., 2015).

The regression slopes in Fig. 4 indicate that most NO,,
components are measured during each campaign, ranging
from 0.78 for ATom-2 (78 % of individual NO, components
measured) to 0.99 for ATom-4 (99 % measured). The slopes
suggest that between 1 % and 22 % of NO, originates from
factors such as unmeasured components, positive interfer-
ence in the NO, instrument, or a low bias in the TD-LIF PNs.
Bradshaw et al. (1998) estimated a temperature-dependent
interference from HCN of 8 %—15 % for chemiluminescence
instruments that, like those deployed on DC-8 campaigns,
use a CO reagent. We estimate a lower-end (8 %) interference
for mean ambient upper troposphere temperatures measured
along the flight paths in Fig. 2. Using DC-8 HCN observa-
tions, this amounts to ~ 53 ppt or 12 % of NO,, for ARCTAS,
~19pptv or 5% of NO, for SEAC*RS, ~ 40 pptv or 6 %
of NO, for KORUS-AQ, and ~ 17 pptv or 6 % of NO,, for
ATom 1-4. These lower-end interference estimates are simi-
lar in size to the percent of unaccounted NO,, (13 % for ARC-
TAS, 3 % for SEAC*RS, 8 % for KORUS-AQ, 1 %—22 % for
ATom).

Chemiluminescence NO,, instruments also measure pNO3
but with uncertain sampling efficiencies (Bourgeois et al.,
2022). For 100 % sampling efficiency, we use the aerosol
mass spectrometer (AMS) measurements of submicron
(< 1 um) pNO3 to estimate a pNO3 contribution that is at
most 1% of NO, for ARCTAS for a median pNO3 of
~0.01 pgm—2 (~4pptv), ~4% for SEAC*RS for pNO;
of ~0.04pgm™> (~ 14pptv), ~4% for KORUS-AQ for
pNO3 ~0.07 pg m3 (~25 pptv), and <2 % for ATom for
pNO; < 0.01 pgm~—3 (~ 4 pptv).

TD-LIF measurements of PNs are calculated from the dif-
ference in NO» detected with the NO> channel and with the
PNs channel set to a temperature at which all PNs decompose
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Table 1. Observations of individual NO, components summed to assess budget closure in Fig. 4.

Component NASA DC-8 aircraft campaign
ARCTAS. SEAC*RS, KORUS-AQ  AToml-2 ATom3-4

NO, PSS PSS PSS

NO Chemiluminescence (CL) CL CL

HNO;y CIMS CIMS CIMS

HNOy4 TD-LIF PNs CIMS -

PAN TD-LIF PNs PANTHER PANTHER

PPN TD-LIF PNs - CIMS

other PANs  TD-LIF PNs - CIMS

ALKNs TD-LIF ALKNs WAS C1-C5 WAS C1-C5

MPN TD-LIF PNs - -
~|ARCTAS ] "Iseac*rs "|KkoRUS-AQ %)

r=0.93 n=392 of
Y=0.87X+2.66 |
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Figure 4. Proportion of reactive oxidized nitrogen components measured during each campaign. Individual points compare the coincident
sum of individual NO, components (Table 1) to measured total NOy during NASA DC-8 campaigns. Individual NOy, components used in
the figure are detailed in the text. Dashed grey lines represent the 1 : 1 relationship. Coloured lines and inset equations show the Theil-Sen
regression fit to the observations. Other inset values are Pearson’s correlation coefficients () and number of points (n). Axis ranges differ in

cach panel.

(Day et al., 2002). A bias in NO> could therefore impart a
bias in PNs. The largest source of TD-LIF interference is the
100 % thermal decomposition of MPN (Reed et al., 2016b),
and MPN during SEAC*RS far exceeds that of any of the
other campaigns. If we use the higher-end MPN interference
of 21 % from Shah et al. (2023) for SEAC*RS, this equates
to ~ 5 pptv of SEAC*RS PSS NO». This is only ~ 3 % of the
190 pptv SEAC*RS PNs.

3.2 Upper tropospheric NOy, composition

Figure 5 provides a breakdown of the absolute and relative
contributions of individual NO, components to total NO,.
ATom-1 and -4 are combined, as these sub-campaigns have a
very similar range in NO, (Fig. 4) and in median total and in-
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dividual components of NO,, as the sampled seasons (spring
and summer) have very similar NO, (Fig. 3). Similarly,
ATom-2 and -3 (autumn and winter) are combined. Cam-
paigns are further grouped into remote (ARCTAS, ATom)
and continental (SEAC*RS, KORUS-AQ), as local influence
from continental sources, like anthropogenic emissions and
intense lightning, leads to a greater relative contribution of
NO, and lesser contribution of PAN for the continental upper
troposphere and vice versa for the remote upper troposphere.

Inferred DC-8 HNO4 and PPN in Fig. 5 use ATom-1
HNO4 and ATom-4 PPN for combined ATom-1 and -4 com-
ponents and, similarly, ATom-2 HNO4 and ATom-3 PPN for
combined ATom-2 and -3. KORUS-AQ HNOj, is estimated
to be 37 pptv by multiplying the SEAC*RS median fraction
of HNO4 (HNO4/NO, = 0.06) by the KORUS-AQ median

Atmos. Chem. Phys., 25, 7925-7940, 2025
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Figure 5. NOy, composition in the upper troposphere along DC-8 flight tracks. Bars represent the median values of absolute (a) and rela-
tive (b) individual NOy components observed and inferred from observations during DC-8 campaigns and simulated by GEOS-Chem (GC).
Seasons sampled are given above each bar (a), and the grey shading distinguishes sampling in the remote (no shading) and continental
(shaded) upper troposphere. Hatching in (a) indicates inferred concentrations (see text for details). Bar components from bottom to top are

NO, NO;, HNOj3, HNOy, PAN, PPN, MPN, and ALKNs.

NO,. SEAC*RS is used because HNO; is thermally unsta-
ble (Ryerson et al., 2000) and so varies with temperature.
Mean upper troposphere ambient temperatures for KORUS-
AQ (252 K) are more consistent with SEAC*RS (246 K) than
the other campaigns (238 K for ARCTAS, 238-241K for
ATom).

The inferred ~ 10 pptv ARCTAS MPN is from the esti-
mate by Browne et al. (2011). KORUS-AQ MPN is esti-
mated by bounding a potential range from two approaches.
The first is the median value of the difference between TD-
LIF total PNs and the sum of all individual CIMS PANs and
our inferred HNOj of 37 pptv, yielding MPN = 75 pptv. This
likely overestimates MPN, as the CIMS instrument does not
measure an exhaustive suite of PANs. Lee et al. (2022) es-
timated with a box model and KORUS-AQ measurements
that unmeasured PANs account for ~ 20 % of total PNs dur-
ing KORUS-AQ, though this applies to air masses impacted
by petrochemical and other anthropogenic VOCs and NO,
emissions. Accounting for these unmeasured PANSs yields a
lower-bound KORUS-AQ MPN of 8 pptv. The MPN thus in-
ferred for KORUS-AQ is 42 pptv, taken as the midpoint be-
tween 8 and 75 pptv, and it accounts for 7% of KORUS-
AQ NO,. As the GEOS-Chem model MPN is consistent
with DC-8 inferred MPN during ARCTAS, we multiply the
GEOS-Chem ATom MPN fractions (MPN/NO, ~0.01 for
ATom-1 and -4 and ~ 0.02 for ATom-2 and -3) by ATom DC-
8 NO, to infer ATom MPN of < 6 pptv.

Only the C1-C5 ALKNs are shown in Fig. 5 for ATom.
The remote measurements of total ALKNs available from
ARCTAS that would be most suitable to assess the likely
contribution of longer chain (> C5) ALKNs are on median
5Spptv less than the ATom C1-C5 ALKNs measurements.
The ARCTAS total ALKNs measurements are also very
noisy, as indicated by a range of —113 pptv to ~ 333 pptv.
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The range in ARCTAS WAS C1-CS5 measurements, by com-
parison, is 8-29 pptv. Contributions of > C5 ALKN:s to total
ALKNs for SEAC*RS (~ 50 %) and KORUS-AQ (~ 60 %),
representative of the continental upper troposphere, suggest
that > C5 ALKNs in remote regions are <50% of total
ALKNs or < 12 pptv (median of C1-C5 ALKNs for ATom1-
4). According to the measurements, remote region C1-C5
ALKNs are dominated by methyl nitrate (C1 ALKN), ac-
counting for 40 % of ATom C1-C5 ALKNs and 49 % for
ARCTAS. Second is isopropyl nitrate (C3 ALKN), making
up 17% of ATom C1-C5 ALKNs and 25 % for ARCTAS.
The > C3 ALKNs dominate ALKNs in the continental up-
per troposphere, accounting for 92 % of total ALKNs for
SEAC#RS and 71 % for KORUS-AQ. We estimate these as
the difference between TD-LIF total ALKNs and the sum of
WAS C1-C3 ALKNs.

The sum of KORUS-AQ NO, components totals
531 pptv, > 130 pptv higher than SEAC*RS, ARCTAS, and
ATom-1 and -4, all of which are within a narrow range
of 330-400 pptv. Minimum NO, values are for the remote
autumn and winter measurements from ATom-2 and -3 at
141 pptv. Despite the wide range in absolute total and com-
ponents of NO,, the relative contribution of many individ-
ual NO, components is consistent across all campaigns.
These include NO (7 = 3 %: mean = 1o standard deviation),
NO2 (6£2%), HNO3 (9+2%), HNOs (9+3 %), PPN
(3+1%), and ALKNs (5+£3 %). PAN, the dominant NO,
component in all campaigns, is least consistent, ranging
from 30 %—41% for the continental upper troposphere to
44 %—64 % for the remote upper troposphere. The HNO4
fraction (10%-13 %) in the remote upper troposphere is
higher than in the continental upper troposphere (~ 6 %),
due to colder temperatures for ATom and ARCTAS. MPN is
uniquely prominent during SEAC*RS, accounting for 24 %
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of NO, compared to 2%—7 % inferred for all other cam-
paigns. pNOs, absent in Fig. 5 due to the uncertain sampling
efficiency of the chemiluminescence instrument, is at most
4% for SEAC*RS and KORUS-AQ (Sect. 3.1), comparable
to the contribution from PPN.

The far larger fraction of MPN to total NO, during
SEACHRS (Fig. 5b) warrants further investigation, as the rel-
ative proportion of MPN to total NO, ranges from negligible
to 100 % (Fig. S2). If we instead estimate MPN by subtract-
ing the sum of HNOj and all PANs measured with the CIMS
instrument from the TD-LIF PNs, making the assumption
that CIMS measures most PANs, MPN is 49 pptv and the
SEAC*RS median contribution to NO, declines from 24 %
to 14 %. This is still at least double the contribution for any
other campaign. A small proportion of HNO, is measured in
the MPN channel of the TD-LIF instrument. This represents
about 11 %, according to Nault et al. (2015). For the CIMS
median HNO4 of 12.6 pptv during SEAC*RS, the HNOj in-
terference is only 1.4 pptv, so it does not affect the 14 %—
24 % contribution.

The NO, composition information in Fig. 5 has a North-
ern Hemisphere sampling bias to achieve coincidence.
ATom observations south of the Equator exhibit a sim-
ilar seasonal pattern to the Northern Hemisphere: sum-
mer > spring > autumn > winter NO,, except that the South-
ern Hemisphere spring and summer NO,, differ by ~ 90 pptv,
whereas there is a near-negligible difference for the Northern
Hemisphere (Fig. 3). As with the Northern Hemisphere, PAN
accounts for most Southern Hemisphere NO,, ranging from
~32% for ATom-1 (July—August) to ~42 % for ATom-2
(January—February).

Nighttime-dominant NO, compounds N2Os, NO3, and
HONO are not included in Fig. 5, as these have near-
negligible daytime abundances. Of these, there are only mea-
surements of N2Os, limited to ATom-3 and -4, that represent
~ 0.1 % of upper tropospheric NO, along the daytime ATom
flight tracks in Fig. 2. NO; has a lifetime of a few seconds
during the day, due to efficient photolysis (Brown and Stutz,
2012). HONO also rapidly photolyses with a near-surface
lifetime of 15 min (Sorgel et al., 2011). Photolysis of HONO
would be further enhanced (by ~ 50 % at 390 nm) in the up-
per troposphere where photolysis frequencies are enhanced
(Hofzumabhaus et al., 2002; Reed et al., 2016a).

3.3 Contemporary understanding of UT NOy,

GEOS-Chem Northern Hemisphere upper troposphere NO,,
is compared to the observations in Figs. 3 and 5. In Fig. 3,
the GEOS-Chem median NO, is less than that of DC-8 in
summer and spring by ~ 103 pptv, similar to that of DC-8 in
autumn and greater than that of DC-8 in winter by ~ 60 pptv.
As a result of these differences in absolute NO,, the model
underestimates the IAGOS and DC-8 seasonal shifts in NO,,
from winter to spring and from summer to autumn.
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The sum of the GEOS-Chem fractional contributions of
NO, components in Fig. 5b does not equal 1 because the
model NO, budget also includes components not measured
during DC-8 campaigns, such as MPAN and halogenated
ALKNSs. Consistent across all campaigns is a model under-
estimate of NO; and an overestimate of PPN. The model
version we use does not include photolysis of PPN, even
though this is known to occur (Harwood et al., 2003). PPN
photolysis rather than thermal decomposition is the domi-
nant loss pathway of PPN in the cold upper troposphere.
PPN photolysis is scheduled for inclusion in a later model
version (version 14.5) than that used here (Horner et al.,
2024). Inclusion of PPN photolysis would liberate up to
~ 16 pptv NO, resolving the 10-16 pptv model underesti-
mate in NO,. Other studies have addressed model biases in
NO; by including photolysis of pNO3 forming HONO that
rapidly photolyses to NO, (Shah et al., 2023; Horner et al.,
2024). pNOz concentrations are too small in the upper tro-
posphere for this to be a substantial NO, source. These are,
on median, ~0.01 pg m? during ARCTAS, ~0.07 ug m?
during KORUS-AQ, ~0.04 ugm ™~ during SEAC*RS, and
<0.01 ygm—3 during ATom (Sect. 3.1).

The model exhibits significant campaign-specific biases in
total NO, for ARCTAS (129 pptv underestimate), KORUS-
AQ (205 pptv underestimate), ATom-1 and -4 (51 pptv under-
estimate), and ATom-2 and -3 (42 pptv overestimate). The
model underestimate in ARCTAS NO,, is due mostly to a
~ 100 pptv low bias in PAN and, to a lesser extent, a 35 pptv
underestimate in HNO4. The model bias for ATom-2 and -
3 is due almost entirely to PAN. For KORUS-AQ, all NO,
components except PPN are underestimated, indicative of
an overall underestimate in NO, sources to the upper tro-
posphere over this region. The ATom-1 and -4 underestima-
tion in NO, is primarily due to a low model bias in PAN
and HNOs. Overall, the model underestimates the contrast in
upper tropospheric NO, between the remote and continental
upper troposphere.

GEOS-Chem simulates individual C1-C3 ALKNs, but
most>C3 ALKNs are included as a lumped species.
There are other > C3 ALKNs represented individually in
the model, such as those formed from isoprene oxidation
(Fisher et al., 2016), but abundances of these are near neg-
ligible in the upper troposphere. DC-8 C1 ALKN is only
4% of ALKNs for SEAC*RS and 11% for KORUS-AQ,
whereas in the model these are a much greater component
of ALKNs: 40 % for SEAC*RS and 29 % for KORUS-AQ.
Modelled > C3 ALKNs are a far smaller portion of total
ALKNSs (29 % for SEAC*RS and 23 % for KORUS-AQ) than
the observations (Sect. 3.2). Modelled C1 ALKN concen-
trations are consistently less than the observed values by
~ 2 pptv for ARCTAS and ~ 1 pptv for ATom. Modelled C3
ALKN is ~ 1 pptv lower than the observations for ARCTAS
but ~ 1 pptv higher than the observations for ATom.

The sum of measured and modelled individual NO, com-
ponents is not significantly different for SEAC*RS, though
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the model overestimates HNO3 by 64 pptv and underesti-
mates MPN by 81 pptv compared to the TD-LIF measure-
ments and by 45pptv compared to MPN inferred using
TD-LIF PNs and CIMS measurements of HNO4 and PANs
(Sect. 3.2). The low bias in the model in MPN suggests that
the model underestimates the influence of NO, and reactive
VOC sources on aged air over source regions with a mix of
emissions from fires and lightning and deep convective in-
jection of surface pollution. Chen et al. (2019) estimated that
the GEOS-Chem underestimate in free-tropospheric VOCs
during SEAC*RS is on average ~ 60 % but exceeds a fac-
tor of 2 for many of the VOCs assessed. The high bias in
modelled HNO3 during SEAC*RS (Fig. 5) could be because
of a factor of 2 overestimate in modelled HyO» compared
to observed H,O, for SEAC*RS. An overestimate in H,O,
indicates a model overestimate in HO; that promotes forma-
tion of HNO3 and that would also account for the ~ 10 pptv
overestimate in modelled HNO4. Modelled HO; is used to
calculate PSS NO, for SEAC*RS (Eq. (1), Sect. 2.1), but this
only imparts a small high bias (~ 1.7 pptv) in SEAC*RS PSS
NO;. Model bias in H;0; for ARCTAS (> 100 pptv) may
also be responsible for the model underestimate in ARCTAS
HNOy4 of ~ 35 pptv.

Modelled KORUS-AQ HNO3, ALKNs, and MPN are all
biased low. The low biases in these NO, components may
be because of a general underestimate in NO, sources over
South Korea where there are large anthropogenic NO, and
VOC sources that are represented in the model with a global
inventory (CEDS) that may not suitably account for local
emissions (Travis et al., 2024). Lightning NO, emissions
could also be underestimated in the heavily parameterized
inventory in GEOS-Chem (Murray et al., 2012; Marais et al.,
2018), but this is a challenging NO, source to evaluate over
locations that include other prominent sources of NO,.

The model biases identified in this work hinder the ac-
curate determination of the radiative effect of tropospheric
ozone for short-term climate impact assessments, the oxida-
tive capacity of the troposphere in quantifying the lifetime
and persistence of the greenhouse gas methane, tropospheric
column densities of NOy from space-based UV-visible in-
struments that are retrieved with modelled vertical profiles of
NO;, NO, emissions by means of comparing modelled and
observed oxidized nitrate wet deposition fluxes that depend
on the abundance of soluble HNOj3, and harm from nitrogen
deposition to vulnerable habitats.

4 Conclusions

We used NASA DC-8 aircraft measurement data from the
ARCTAS, SEAC? RS, KORUS-AQ, and ATom campaigns to
characterize reactive oxidized nitrogen (NO,) in the global
upper troposphere. This followed confirmation from com-
parison to routine total NOy measurements from the IAGOS
commercial aircraft campaign that DC-8 has the same sea-
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sonality as peak NOy in summer and spring and minimum
NO,, in winter in the Northern Hemisphere. Consistency sup-
ports the use of DC-8 campaign data to characterize NO,
under standard daytime conditions.

We also confirm that most (78 %-99 %) NO,, components
were measured during DC-8 campaigns. These include ni-
trogen oxides (NO,) and inorganic (HNO3z and HNO4) and
organic (PANs, MPN, and alkyl nitrates) reservoirs of NO,.
PAN is the dominant NO, component for all campaigns
(30 %—64 %), followed by NO, (6 %—18 %), HNO4 (6 %—
13 %), and HNOj3 (7 %—11 %). The relative contribution of
most other components is similar across all campaigns, ex-
cept for MPN. MPN is 14 %-24 % of NO, for SEAC'RS
over the Southeast US and much less (2 %—7 %) for all other
campaigns, though MPN measurements are rare and suscep-
tible to biases.

The GEOS-Chem model is sampled along the DC-8 flight
tracks to assess the state of knowledge of upper tropospheric
NO, . Consistent model biases for all campaigns include an
overestimate in PPN and underestimate in NO>. The model
lacks PPN photolysis that would address the PPN model bias
and mostly resolve the NO3 bias. In the continental upper tro-
posphere, the model underestimates total NO,, for KORUS-
AQ but reproduces total NO,, for SEAC*RS, though with too
much HNOj3 and too little MPN. Over remote regions, the
model biases are less severe and are likely related to the weak
seasonal variability in total NO, in comparison to DC-8 and
IAGOS. A possible cause of this is errors in model repre-
sentation of maritime lightning NO, emissions that influence
NO, abundance in spring and summer.

Our results underscore the need for sustained measure-
ments of upper tropospheric reactive oxidized nitrogen for
further refinement of knowledge of upper tropospheric NO,
sources, advection, and chemical processing. This is crucial
for advancing our understanding of the global nitrogen cycle
and its broader environmental impacts.
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