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Abstract

Nitrogen oxides (NO and NO2, known as NOx) are key species in the ozone
cycle and thus indirectly affect the atmosphere’s oxidising capacity, as ozone
photolysis produces the hydroxyl radical, OH. In the tropical marine boundary
layer (MBL), low emissions, high relative humidities and photochemical activity
result in high OH production rates. Whilst it is important to understand the
chemical processes that take place in the tropical MBL, this region is remote
therefore mixing ratios are low and measurements are challenging.

NOx has been measured at the Cabo Verde Atmospheric Observatory (CVAO)
in the North Atlantic since 2006, using a high-sensitivity chemiluminescence
instrument with low detection limits. The data processing steps used at the CVAO
have been validated through comparison with those used at the Kennaook/Cape
Grim Baseline Air Pollution Station in Tasmania. The long-term dataset from
the CVAO was used to identify trends in NOx mixing ratios, particularly the
effects different air masses reaching the site have on NOx values.

Photostationary state (PSS) analysis was performed on NO2 and HONO
measurements from the CVAO, revealing that our understanding of the chemistry
in the remote MBL is incomplete. The underestimation of PSS NO2 has been
attributed to missing oxidants converting NO into NO2, with measured peroxy
radicals at the CVAO not sufficient to reconcile measured and PSS values. HONO
PSS analysis indicates that the photolysis of particulate nitrate (pNO3

– ) is the
main source of HONO in this environment, but more work needs to be done to
determine the factors driving the enhancement of pNO3

– photolysis compared
to that of nitric acid.

Current NOx mixing ratios are low enough that net ozone destruction is
seen in the MBL, but understanding NOx cycling over the oceans is necessary as
increases in NOx could result in a shift to an ozone production regime.
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Chapter 1

Introduction

The past ten years have been the warmest on record, with global mean temper-
atures rising above 1.5◦C compared to pre-industrial levels for the first time in
2024 [1]. Wildfires, extreme weather events and flooding are becoming more
frequent and severe as a result of global warming caused by greenhouse gases
(GHGs) emitted when burning fossil fuels [2–4]. Anthropogenic emissions are
also known to result in higher concentrations of air pollutants, including ozone
(O3), particulate matter with a diameter < 2.5 µm (PM2.5), nitrogen dioxide (NO2)
and carbon monoxide (CO), with the adverse health effects following exposure
to these species estimated to cause millions of excess deaths each year [5, 6].

In an increasingly polarised political landscape, where there is a growing
scepticism surrounding expert credibility, the challenges of climate change and
air pollution are two of the greatest that humanity has faced. Understanding the
atmosphere’s composition and chemical processes remains essential for addressing
these challenges. Continuing to study the Earth’s atmosphere and communicating
clearly both with policymakers and the general public is necessary to ensure that
scientific research informs critical decisions regarding fossil fuel emissions and
their far-reaching impacts on both the Earth’s climate and human health and
well-being.

1.1 The atmosphere

The Earth’s atmosphere is divided into five layers, characterised by specific
altitude ranges and temperature profiles. The troposphere extends from the
Earth’s surface to between 6 and 20 km (20 km at the equator and 6 km at the
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1.1. The atmosphere

Figure 1.1: The five lower layers of the atmosphere and their average temperature profile
(yellow arrow). Taken from NOAA [7].

poles). It is followed by the stratosphere (∼ 12−50 km), the mesosphere (∼ 50−85
km), the thermosphere (∼ 85 − 600 km) and the exosphere (∼ 600 − 10, 000
km). The upper three atmospheric layers, despite being very thin, play a crucial
role in absorbing high energy ultraviolet (UV) and x-ray radiation from the sun.
The stratosphere and the troposphere are much denser, collectively containing
roughly 99% of the atmospheric mass (∼ 85−90% in the troposphere and ∼ 10%
in the stratosphere) [8]. Biogenic and anthropogenic emissions can significantly
impact the chemical processes that occur in these lower layers, as evidenced by
the effects of chlorofluorocarbons (CFCs) on the stratospheric ozone layer and of
air pollution on human health [9, 10].
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1.1. The atmosphere

1.1.1 Stratospheric ozone

In the stratosphere, the production and destruction of O3 can be described by the
Chapman cycle (R 1.1-R 1.5), which leads to the formation of the ozone layer
[11].

O2 + hν −−→ 2 O(3P) (R 1.1)

O(3P) + O2 + M −−→ O3 + M (R 1.2)

O3 + hν −−→ O2 + O(1D) (R 1.3)

O(1D) + M −−→ O(3P) (R 1.4)

O(3P) + O3 −−→ 2 O2 (R 1.5)

Early atmospheric chemistry research showed that nitrogen oxides and halo-
gens were able to catalytically destroy O3 (R 1.6-R 1.7, where X = Cl, Br, NO
or OH) [9, 12, 13]. In particular, CFCs, which were commonly used in aerosols
and refrigerants, have long atmospheric lifetimes and were thus able to reach
the stratosphere, leading to the depletion of the O3 layer. The UV radiation
(λ < 290 nm) absorbed by O2 and O3 in the Chapman cycle is extremely harmful
to human health, therefore the Montreal protocol was adopted in 1987 with the
aim of phasing out the use of ozone depleting substances [14].

X + O3 −−→ XO + O2 (R 1.6)

XO + O −−→ X + O2 (R 1.7)

1.1.2 The troposphere and atmospheric mixing

As the troposphere is the lowest layer of the atmosphere, it is most strongly
influenced by the Earth’s surface. The troposphere is divided into two sublayers,
the planetary boundary layer (PBL), the altitude of which varies with meteorology
but is typically below 1000 m, and the free troposphere [15]. As it is in direct
contact with the Earth’s surface, the PBL experiences large temperature variations
and turbulent winds, which lead to strong vertical mixing. The free troposphere
is instead more stable, with less diurnal temperature variations and less turbulent
winds. Over the oceans, the marine boundary layer (MBL) is more stable than
the terrestrial PBL, as water has a higher heat capacity than land and therefore
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1.2. Tropospheric oxidation chemistry

experiences less diurnal temperature variation.
Atmospheric gases that have lifetimes spanning years are well-mixed through

the atmosphere. Notably, CFCs, with lifetimes over a decade, are able to reach the
stratosphere and react with O3 leading to the depletion of the ozone layer (section
1.1.1), and carbon dioxide (CO2) and methane (CH4) are both well-mixed in the
atmosphere as a result of their long atmospheric lifetimes. Reactive trace gases
generally have short atmospheric lifetimes (ranging from hours to weeks) and
experience limited vertical mixing as they are removed from the atmosphere
through chemical reactions or physical processes before they can reach the
stratosphere. Despite this, these reactive trace gases, many of which are emitted
directly from anthropogenic and biogenic sources, can undergo reactions leading
to the formation of secondary pollutants and experience tropospheric transport
prior to their removal, thus profoundly impacting tropospheric chemistry and
potentially affecting human health, agriculture and ecosystems [15].

1.2 Tropospheric oxidation chemistry

The hydroxyl radical, OH, is a key tropospheric oxidant able to react with
pollutants and GHGs in what is referred to as the atmosphere’s self-cleaning
cycle. The main source of OH is the photolysis of O3, followed by the reaction
between O(1D) and water vapour (R 1.8-R 1.9), which is particularly important in
unpolluted remote environments. In urban polluted environments, the photolysis
of nitrous acid (HONO) and of hydrogen peroxide (H2O2) can also be significant
sources of OH (R 1.10-R 1.11).

O3 + hν −−→ O2 + O(1D) (R 1.8)

O(1D) + H2O −−→ 2 OH (R 1.9)

HONO + hν −−→ OH + NO (R 1.10)

H2O2 + hν −−→ 2 OH (R 1.11)

1.2.1 The NOx-O3-VOC cycle

As described in section 1.1.1, the formation of stratospheric O3 through O2

photolysis requires UV radiation with wavelengths shorter than 290 nm. These
wavelengths are absorbed by the stratospheric ozone layer and therefore only
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1.2. Tropospheric oxidation chemistry

wavelengths > 290 nm reach the troposphere, consequently preventing the Chap-
man cycle (R 1.1-R 1.5) from occurring within the troposphere. Some strato-
spheric O3 enters the troposphere through stratosphere-troposphere exchange
processes, but this represents a small fraction of total tropospheric O3 [16].

The majority of tropospheric O3, particularly in the PBL, is produced through
the photolysis of NO2 and the subsequent reaction of O(3P) with O2 (R 1.12-
R 1.13). The reaction between NO and O3 regenerates NO2 (R 1.14). If there
were no other route for NO to be converted into NO2, reactions R 1.12-R 1.14
would be in equilibrium and there would be no net production or destruction of
O3 in the troposphere.

NO2 + hν
jNO2−−−→ NO + O(3P) (R 1.12)

O(3P) + O2 +M −−→ O3 +M (R 1.13)

NO + O3 −−→ NO2 + O2 (R 1.14)

As mentioned above, OH oxidises many atmospheric gases, including CO
(R 1.15) and CH4 (R 1.16). These reactions produce the hydroperoxy radical,
HO2 (also referred to as the hydroxy radical) and the methylperoxy radical,
CH3O2, respectively. OH can also react with volatile organic compounds (VOCs)
(R 1.17), including alkanes, alkenes and aromatics, to make an organic peroxy
radical, RO2, where R depends on the VOC that was oxidised.

CO + OH O2−−→ CO2 + HO2 (R 1.15)

CH4 + OH O2−−→ CH3O2 + H2O (R 1.16)

RH + OH O2−−→ RO2 + H2O (R 1.17)

HO2 and RO2 (including CH3O2) can oxidise NO to NO2 (R 1.18-R 1.20),
thus regenerating NO2 without destroying O3. As well as regenerating NO2,
these reactions both provide a pathway for the production of more HO2 or RO2.

NO + HO2 −−→ NO2 + OH (R 1.18)

NO + CH3O2 −−→ NO2 + CH3O (R 1.19)

NO + RO2 −−→ NO2 + RO (R 1.20)

Reaction R 1.18 produces OH, which can then oxidise CO, CH4 or VOCs
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1.2. Tropospheric oxidation chemistry

into HO2 or RO2 as described above. The alkoxy radical, RO, formed in R 1.20,
can undergo various reactive pathways, including isomerisation and reaction
with O2, resulting in the production of either HO2 or RO2 and a carbonyl.

Figure 1.2: Catalytic reaction cycle between NOx and peroxy/hydroxy radicals leading
to the production of O3 in the troposphere.

These reactions lead to the catalytic production of O3 (figure 1.2), which is
therefore dependent on the amounts of NOx and VOCs present. The relationship
between O3, NOx and VOCs is complex, and in polluted environments changes
in NOx and VOC mixing ratios can have different effects on O3 mixing ratios
depending on whether O3 production is NOx-limited or VOC-limited (also
known as NOx-saturated) [17]. In a NOx-limited regime, as NOx mixing ratios
increase, the amount of O3 increases, as more NO2 can photolyse producing
more O3 (R 1.12-R 1.13). Once NOx is in excess (in a VOC-limited regime),
further increases in NOx mixing ratios actually lead to a decrease in O3 mixing
ratios, because as the reaction between O3 and NO (R 1.14) outcompetes NO2

photolysis (R 1.12), the reaction between NO2 and OH (R 1.21) becomes more
significant and leads to the production of nitric acid, HNO3, which through dry
deposition acts as a sink for both NOx and OH.

NO2 + OH + M −−→ HNO3 + M (R 1.21)

1.2.2 Ozone cycling in the remote MBL

There are few direct sources of emissions over the oceans, therefore mixing ratios
of many reactive trace gases are low due to their short atmospheric lifetimes. In
the remote MBL, NOx mixing ratios are typically tens of ppt [18, 19], compared
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1.2. Tropospheric oxidation chemistry

to mixing ratios of tens of ppb seen in urban environments [20–22]. As NOx

mixing ratios decrease, there is a switch from net O3 production to net O3

destruction, with reactions between HO2 and RO2 (R 1.22-R 1.24) taking place
over reactions between NO and HO2/RO2 (R 1.18-R 1.20) [18, 23].

HO2 + HO2 +M −−→ H2O2 + O2 +M (R 1.22)

RO2 + RO2 −−→ ROH + R−−O +O2 (R 1.23)

HO2 + RO2 −−→ ROOH + O2 (R 1.24)

OH + O3 −−→ HO2 + O2 (R 1.25)

HO2 + O3 −−→ OH + 2 O2 (R 1.26)

As HO2 and RO2 are no longer converting NO to NO2, the O3-NOx cycle
(R 1.12-R 1.14) is a null cycle, therefore in this environment net O3 destruction
is seen [24]. O3 destruction occurs through the photolysis of O3 to produce OH
(R 1.8-R 1.9), reactions between O3 and OH (R 1.25) and HO2 (R 1.26) and via
catalytic halogen cycles (R 1.27-R 1.31, where X = I or Br) [25].

X + O3 −−→ XO + O2 (R 1.27)

XO + XO −−→ 2 X + O2 (R 1.28)

XO + HO2 −−→ HOX + O2 (R 1.29)

HOX + hν −−→ OH + X (R 1.30)

XO + NO −−→ NO2 + X (R 1.31)

This halogen-mediated catalytic O3 loss cycle also affects NOx and HOx

(OH + HO2) cycling in the tropical MBL. R 1.31 provides another pathway for
the oxidation of NO into NO2 (along with R 1.14, R 1.18 and R 1.20), though
although it generates NO2 without directly removing O3, it does not result in
net O3 production as it also yields X which can remove O3 (R 1.27). The reaction
between XO and HO2 (R 1.29) represents a significant sink for HOx through
the heterogeneous uptake of HOX (X = I or Br) though there is still uncertainty
surrounding the magnitude of the uptake coefficient, γHOX [26, 27].
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1.3. Nitrogen oxides

1.3 Nitrogen oxides

1.3.1 Global sources of nitrogen oxides

As discussed above, nitric oxide (NO) and nitrogen dioxide (NO2), are commonly
referred to as nitrogen oxides (NOx) and are grouped together due to their
rapid cycling (R 1.12-R 1.14). The sources of NOx are both natural (lightning,
wild fires and microbial soil activities) and anthropogenic (emissions during the
combustion of fossil fuels and during biomass burning), with the majority of NOx

coming from fossil fuel combustion [28–31]. In its 2007 Physical Science Basis
report, the Intergovernmental Panel on Climate Change (IPCC) estimates that
in the 1990s NOx emissions from fossil fuel combustion and industrial processes
were 25.6 Tg N yr-1 (of this, between 0.5 and 0.8 Tg N yr-1 was from aviation),
NOx emissions from biomass burning were 5.9 Tg N yr-1, NOx emissions from
soils were 8.9 Tg N yr-1 (1.6 Tg N yr-1 from agriculture and 7.3 Tg N yr-1 from
natural soils) and NOx emissions from lightning were between 1.1 and 6.4 Tg N
yr-1 [32].

Work since then suggests than anthropogenic emissions are still the main
source of NOx in the atmosphere. Granier et al. compared different emission
inventories between 1980 and 2010 and found that there is broad agreement in
total anthropogenic NOx emissions between the inventories (with a maximum
difference between inventories of ∼ 20%), with all but one inventory showing
a slight increase in NOx emissions between 1990 and 2010 [33]. The 2021
Physical Science Basis IPCC report shows, however, that between 1996 and 2015
tropospheric NO2 has been decreasing in Europe, North America and Japan.
Following a peak in 2011, NO2 in China is also decreasing, though in South
Asia tropospheric NO2 has doubled between 1996 and 2015 [34]. Despite these
regional changes, the total global NOx emissions in 2005 (47.9 Tg N) and in
2014 (47.5 Tg N) showed very little change [35].

As more countries start implementing stricter air quality legislation and
anthropogenic NOx continues to decrease, the relative importance of NOx emis-
sions from natural sources will increase. Estimates for NOx emissions from
lightning vary as uncertainty still surrounds the amount of NOx produced per
lightning flash, with recent work suggesting that global lightning NOx emissions
may be higher than previous estimates (∼ 9 Tg N yr-1 compared to previously
reported values between 2-8 Tg N yr-1), due to higher NOx emission rates per

Page 8 of 163



1.3. Nitrogen oxides

lightning flash and shorter NOx lifetimes in the region of outflow of thunder-
storms [36–38]. NOx emissions from soils are also hard to quantify as they are
affected by many physical (temperature, pH, humidity) and biochemical factors,
with recent estimates ranging from 7.9 Tg N yr-1 to 12.9 ± 3.9 Tg N yr-1 [35,
39–41].

1.3.2 Transport and atmospheric sinks of nitrogen oxides

Figure 1.3: Mean tropospheric NO2 vertical column density in 1015 molecules cm-2

between April 1996 and September 2017. Taken from Georgoulias et al. [42].

Figure 1.3 shows the NO2 vertical column density across the globe, with clear
hotspots in highly populated, industrialised areas, demonstrating that the highest
NOx mixing ratios are seen in urban environments. Direct NOx sources over the
oceans are limited to NOx emissions by ships, with some studies also suggesting
that NOx can be photochemically produced in the sunlit ocean [43–46]. NOx

transport from polluted regions to the unpolluted, remote oceanic atmosphere is
another important source of NOx over the oceans. As NOx has a short lifetime
(0.5-2 days) in the PBL due to its reactivity, its transport mainly occurs through
the conversion of NOx into peroxyacetyl nitrate (PAN) [47]. PAN is an organic
nitrate, formed following the oxidation of acetaldehyde by OH and then the
reaction with NO2 (R 1.32-R 1.34). Reactions between NO2 and other RO2

or RO species proceed in a similar manner and lead to the formation of other
organic nitrates (respectively peroxyalkyl nitrates, ROONO2, and alkyl nitrates,
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1.3. Nitrogen oxides

RONO2).

CH3CHO + OH −−→ CH3CO + H2O (R 1.32)

CH3CO + O2 −−→ CH3C(O)OO (R 1.33)

CH3C(O)OO + NO2 −−⇀↽−−∆
CH3COO2NO2 (R 1.34)

The low temperatures present in the upper troposphere lead to long atmo-
spheric lifetimes for PAN, therefore NOx that has been converted to PAN can
be transported to the tropics, where, as temperatures increase with decreasing
altitude, PAN thermally decomposes back into NO2 (R 1.34) [48].

PAN and organic nitrates are reservoir species for NOx, and as such convert
back into NOx under specific atmospheric conditions (thermal decomposition in
the case of PAN and organic nitrates). NOx reservoir species are often referred
to as NOz and include, as well as PAN and organic nitrates, nitric acid (HNO3),
nitrous acid (HONO), the nitrate radical (NO3), dinitrogen pentoxide (N2O5).
HONO is formed through the reaction between NO and OH (R 1.35), which
are reformed following HONO photolysis (R 1.36).

NO + OH +M −−→ HONO +M (R 1.35)

HONO + hν −−→ NO + OH (R 1.36)

HNO3 can be formed through reactions of NOx with OH or HO2 (R 1.37-
R 1.38, however it is only a minor product from R 1.38, with NO2 and OH
the main products from this reaction), through the heterogeneous hydrolysis of
N2O5 on sulfate aerosols (R 1.39) and through the reaction between NO3 and
aldehydes or dimethylsulfide, DMS (R 1.40-R 1.41) [49, 50].

NO2 + OH +M −−→ HNO3 +M (R 1.37)

NO + HO2 +M −−→ HNO3 +M (R 1.38)

N2O5 + H2O −−→ 2 HNO3 (R 1.39)

NO3 + RCHO −−→ HNO3 + RCO (R 1.40)

NO3 + (CH3)2S −−→ HNO3 + CH3SCH2 (R 1.41)

N2O5 is formed following the reaction of NO2 with NO3 (R 1.42). NO3 is
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1.3. Nitrogen oxides

formed overnight in the absence of photolysis, through the reaction of NO2

and O3 (R 1.43). This reaction also occurs during the daytime, but NO3 is
rapidly photolysed and therefore cannot undergo reactions R 1.40-R 1.42. The
reaction between NO3 and VOCs (specifically unsaturated species) provides
another pathway for the formation of organic nitrates (R 1.44) [24].

NO2 + NO3 +M −−→ N2O5 +M (R 1.42)

NO2 + O3 −−→ NO3 + O2 (R 1.43)

RCH−−CH2 + NO3 −−→ RCHCH2ONO2 or RCH(ONO2)CH2 (R 1.44)

As all these species rapidly react and interconvert in the troposphere, the sum
of NOx and NOz is known as total reactive nitrogen, and is referred to as NOy.
Permanent loss pathways for NOx occur through wet and dry deposition, either
directly through the dry deposition of NO2 on soils and vegetation or indirectly
through both wet and dry deposition of NOz species [50].

Whilst HNO3 is technically a reservoir species for NOx, as its photolysis yields
NO2 and OH, it has been traditionally considered the main atmospheric sink
for NOx, as it is removed from the troposphere though wet and dry deposition
more rapidly than it photolyses back into NOx [51]. Recent studies have however
shown that unlike HNO3, the photolysis of particulate nitrate, pNO3

– , occurs
on atmospherically relevant timescales and therefore pNO3

– offers a pathway for
NOx recycling from HNO3 in remote environments (discussed fully in chapter
5). Wet and dry deposition of organic nitrates can also represent a permanent
sink for NOx, however there is still a large amount of uncertainty surrounding
this process, as different groups of organic nitrates have been shown to recycle
to NOx at different rates [52].

1.3.3 NOx measurement techniques

NOx measurement techniques can be divided into remote techniques and in
situ techniques. Fourier-transform infrared (FTIR) spectroscopy, non-dispersive
infrared (NDIR) spectroscopy and differential optical absorption spectroscopy
(DOAS) are examples of remote measurement techniques for the detection of NO
(NDIR and FTIR spectroscopy) and NOx (DOAS). FTIR and NDIR spectroscopy
rely upon a molecule’s absorption band to identify it and since the absorption
band of water vapour and NO2 overlap, they cannot be used to measure NO2.
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1.3. Nitrogen oxides

The DOAS measurement technique was first described by Platt et al. and uses
the Beer-Lambert law to detect NO and NO2 based on their absorption spectra
[53]. As these remote techniques rely on rely on well-characterised absorption
cross sections, mixing ratios can be directly calculated using the Beer-Lambert
law, without the need for calibration.

As opposed to remote measurement techniques, which don’t require cali-
bration, in-situ measurements of NOx are relative and need to be frequently
calibrated in order to convert the measured signal into mixing ratios. Frequent
calibrations ensure that the measurements remain accurate across varying mea-
surement conditions. These measurement techniques are most commonly used
for the detection of NOx, with the World Meteorological Organization-Global
Atmospheric Watch (WMO-GAW) recommending the use of O3 induced chemi-
luminescence detection (O3-CLD, first described by Fontijn et al.) for the mea-
surement of NO and photolytic conversion of NO2 to NO, followed by O3

induced chemiluminescence detection (PLC-O3-CLD) for the measurement of
NO2 [54, 55]. As such, this method is used to measure the NOx data collected in
this study and is fully described in 2.

Other in-situ measurement techniques able to measure NO and NO2 at low
limit of detections (LODs) have been reported (summarised in table 1.1), but
they are not recommended for use at WMO-GAW sites yet as their long-term
monitoring capabilities have not been tested [55, 56].

Cavity ring-down spectroscopy (CRDS) can directly measure NO2 by mea-
suring the rate at which light intensity decays in an optical cavity containing
two highly reflective mirrors [58]. Within the optical cavity, light from a laser
with a specific wavelength (532 nm for NO2) is reflected using the mirrors [57].
By turning off the laser, the decay in light intensity within the optical cavity can
be measured and the rate at which this decay occurs can be used to determine
how much of the light-absorbing molecule is in the optical cavity. CRDS has
also been used to measure NO, however it is not able to reach the low LOD seen
with other NO measurement techniques (Kostorev et al. report a LOD of 0.7
ppb) [62].

Laser-induced fluorescence (LIF) spectroscopy uses a laser to excite molecules
to an excited state and measures the photons emitted by fluorescence as they relax
back down to their ground state. This technique has been used to measure both
NO and NO2 by using different excitation laser wavelengths (215 nm for NO,
585 nm for NO2) and as such is able to selectively detect NO and NO2 without
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Table 1.1: NOx measurement techniques that have been identified as candidates for use
at long-term monitoring sites by the WMO-GAW.

Measurement
technique

Species
measured

Limit of detection
(integration time) References

Chemiluminescence NO 22 ppt (1 s) This work

Photolytic NO2
conversion followed by

chemiluminescence
NO2 25 ppt (1 s) This work

Cavity ring-down
spectroscopy (CRDS) NO2 40 ppt (1 s) [57] O’Keefe and

Deacon [58]

Laser induced
fluorescence (LIF) NO 1 ppt (1 s) Rollins et al.

[59]

NO2 15 ppt (10 s) Thornton et
al. [60]

Quantum cascade laser
absorption spectroscopy

(QCLAS)
NO 10 ppt (180 s) Tuzson et al.

[61]

NO2 3 ppt (180 s)

interferences [59, 60].
Quantum cascade laser absorption spectroscopy (QCLAS) can directly mea-

sure NO and NO2 at the same time by using two tunable narrow-linewidth
mid-IR lasers, one emitting at around 1600 cm-1 (for NO2 absorption lines at
1599.9 cm-1) and one at around 1900 cm-1 (for NO absorption lines at 1900.1
cm-1) [61]. Each laser beam is split into three, with the main beam being reflected
multiple times to increase its effective path length before it is focused on an IR
detector. The other two beams are used to identify the absorption lines, by
passing through a reference cell containing a 1:1 mixture of NO and NO2, and
for accurate frequency tuning rate determination. Through the Beer-Lambert
law, the absorption can be used to calculate the concentration of the absorbing
species.

When measuring NOx in the remote MBL, where mixing ratios are in the
tens of ppt, challenges can arise both from an instrument’s selectivity and its
sensitivity. The use of lasers with specific wavelengths in CRDS, LIF and QCLAS
enhances the instrument’s selectivity to NO or NO2, thus vastly reducing signal
from interfering species. The chemiluminescence technique (fully described in
chapter 2) is not as selective as these techniques, particularly for NO2, because it
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1.4. Summary

relies on the photolytic conversion of NO2 to NO, typically using light in the
385-395 nm range. Other species, such as HONO, PANs and organic nitrates,
are known to photolyse at the wavelengths used for NO2 photolysis and can thus
lead to positive measurement offsets (discussed further in section 2.2.5).

1.4 Summary

The hydroxyl radical, OH, is essential for the atmosphere’s self-cleaning cycle,
as it oxidises many trace gases, including air pollutants and GHGs. The main
production pathway for OH, of particular importance in the unpolluted atmo-
sphere, is the photolysis of O3 and subsequent reaction with water vapour. The
abundance of O3 is controlled by the NOx-O3-VOC cycle, which can lead to
the catalytic formation of O3. In remote, unpolluted environments, NOx mixing
ratios are low enough for O3 depleting reactions to dominate over O3 producing
reactions, resulting in net O3 loss. An increase in NOx mixing ratios can shift the
regime from net O3 destroying to net O3 producing, therefore it is important to
understand the sources, sinks and chemical processes that govern NOx mixing
ratios over the oceans. Figure 1.4 summarises the main NOx sources and sinks
and the key chemical reactions that take place in the remote MBL.

Figure 1.4: The main sources, sinks and reactions that characterise NOx in the clean,
remote MBL. Blue arrows represent processes that dominate at night.
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1.5 Thesis outline

Chapter 2 describes the measurement of NOx at the Cabo Verde Atmospheric
Observatory (CVAO). The instrument, calibration routine and offset correction
are presented, followed by an in-depth overview of the code used to process the
NOx data from raw counts (in Hz) to hourly averaged mixing ratios in ppt (parts
per trillion). Limitations and future plans for NOx measurements at the CVAO
are discussed.

Chapter 3 compares the NOx measurements made at the CVAO with those
made at another WMO-GAW site, the Kennaook/Cape Grim Baseline Air
Pollution Station (KCG BAPS) in Tasmania. The instruments and the data
processing routines used at both sites are compared, and methods for measurement
offset determination are discussed.

Chapter 4 examines trends in NOx mixing ratios at the CVAO between 2012
and 2024, and looks at the differences in NOx across different air masses that
reach the CVAO. An NO2 photostationary state (PSS) analysis is carried out,
using measurements of NOx, O3 and photolysis rates, historical values of BrO
and IO and box modelled values for HO2 and RO2. The effect of measuring NO
extremely close to the instrument’s LOD is discussed.

Chapter 5 presents two new measurements of HONO collected at the CVAO,
in February 2023 and September 2024, which are compared to previous HONO
measurements collected at the site. A PSS analysis is carried out, demonstrating
that if the photolysis of pNO3

– is not included as a source of HONO, mixing ratios
are vastly underestimated. HONO production pathways through heterogenous
NO2 uptake and dust surface photocatalytic conversion are also considered, but
were not found to be significant in this environment.

Chapter 6 summarises the key findings from the previous chapters and
concludes by reiterating the importance of collecting long-term datasets of
trace gases over the oceans, so that our understanding of the oxidation processes
occurring in the MBL continues to improve.
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Chapter 2

Measuring NOx in the remote
marine boundary layer: an
overview of instruments and data
processing

2.1 Introduction

Understanding the sources and sinks of NOx in the remote marine boundary
layer (MBL) is important, as discussed in chapter 1, as it leads to a better under-
standing of the factors affecting the atmosphere’s oxidising capacity over the
oceans. The low NOx mixing ratios (tens of ppts) seen in the clean, unpolluted
oceanic environment however are difficult to measure, and require specialised
instrumentation with high sensitivity.

The Cabo Verde Atmospheric Observatory (CVAO) on the island of São Vi-
cente in Cabo Verde is a World Meteorological Organization-Global Atmospheric
Watch (WMO-GAW) station, unique as a site where long-term measurements of
the unpolluted remote oceanic atmosphere over the tropical North Atlantic have
been collected since 2006 [63]. At the CVAO, NOx is measured using a chemi-
luminescence instrument with an hourly limit of detection (LOD) of around 1
ppt for NO and 2 ppt for NO2, able therefore to collect a well-resolved dataset
of NOx over the oceans. Data collected at the CVAO is routinely submitted to
the World Data Centre for Reactive Gases (WDCRG) and to the World Data
Centre for Greenhouse Gases (WDCGG) and various publications present the
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2.2. NOx measurements at the Cabo Verde Atmospheric Observatory (CVAO)

NOx data collected at the site [18, 64–68].
This chapter focuses on the instrument and data processing used to measure

NOx at the CVAO, with the former described in section 2.2 and with section
2.3 giving the first detailed description of the NOx processing steps used at the
CVAO.

2.2 NOx measurements at the Cabo Verde Atmo-
spheric Observatory (CVAO)

2.2.1 Site Description

Figure 2.1: The Western Atlantic Ocean, with the location of Cabo Verde highlighted
by the orange square. A zoomed in map of Cabo Verde shows the CVAO on the island
of São Vicente.

The Cabo Verde Atmospheric Observatory (CVAO, 16◦ 51’ 49" N, 24◦ 52’
02" W) is located on the island of São Vicente in Cabo Verde (figure 2.1), first
described in Carpenter et al. [63]. The site is 10 m above sea level and is sur-
rounded by volcanic rock, overlooking the Atlantic Ocean. The remote location
of the CVAO ensures that there are no sources of pollution nearby, with the site
sampling air from the ocean the majority of the time. When the wind direction
is between 100◦ and 340◦, the air travels over the island before reaching the
CVAO and is therefore flagged as being impacted by local pollution. Instances
where the wind speed is below 2 m s-1 are also flagged as being affected by local
contamination (figure 2.2). Between October 2006 and December 2024, the site
was sampling clean, marine air 95% of the time.

Backtrajectories of air masses sampled at the site show that the majority of
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2.2. NOx measurements at the Cabo Verde Atmospheric Observatory (CVAO)

Figure 2.2: A polar plot coloured by NOx mixing ratios measured at the CVAO between
2017 and 2024, highlighting that the lowest NOx mixing ratios are seen when the wind
is north-easterly as the air does not pass over the island of São Vicente.

the time the air sampled at the station has travelled over the North Atlantic
Ocean and that the composition of the air masses reaching the site varies over
the seasons (figure 2.3). In the autumn and winter months air masses have a
stronger European and African influence, which results in Saharan dust reaching
the CVAO and in higher mixing ratios of many species measured at the site.
In the spring and the summer, the air masses are cleaner, with less continental
influences and lower mixing ratios measured at the CVAO.

Figure 2.3: Daily average air mass compositions at the CVAO between 2021 and 2024.
The map on the right defines the regions, with the red cross indicating the location of
the CVAO.

The seasonality in the air masses reaching the CVAO is caused by seasonal
changes in the subtropical anticyclone over the North Atlantic (known as the
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Azores anticyclone) [63]. In the summer, the Azores anticyclone is concentrated
over the North Atlantic, leading to north-easterly winds with limited African
and European influence at the site, whereas in the winter the anticyclonic high
pressure system extends from eastern North America to northwestern Africa
resulting in air masses reaching the CVAO from Africa and Europe [69].

Table 2.1: Summary of the species measured at the CVAO, along with the instruments
used, their 2σ hourly uncertainty and reference (see section 2.3.6 for information on
NOx uncertainty analysis).

Instrument Measurement 2σ hourly
uncertainty Reference

Custom-built dual-channel NO (ppt) 1.5 ppt Andersen
AQD NOx analyser NO2 (ppt) 4.2 ppt et al. [67]

Thermo Scientific 49i
ozone monitor O3 (ppb) 0.07 ppb Read et al.

[25]

Picarro CO (ppb) 1.0 ppb Zellweger
CO2 (ppm) 45 ppb et al. [70, 71]
CH4 (ppb) 0.3 ppb

Dual channel gas Ethane (ppt) 5.2% Steinbrecher
chromatograph with flame Ethene (ppt) 5.0% [72]

ionisation detector Acetylene (ppt) 10.7%
Propane (ppt) 5.6%
Propene (ppt) 6.9%

Iso-butane (ppt) 6.4%
n-butane (ppt) 5.0%

Iso-pentane (ppt) 4.6%
n-pentane (ppt) 6.4%
Benzene (ppt) 4.8%
Toluene (ppt) 6.3%

Methanol (ppt) 20.7%
Acetone (ppt) 12.2%

Ocean Optics spectral jO(1D) (s-1) 15% Andersen
radiometer QE650000 jNO2 (s-1) 15% et al. [68]

jHONO (s-1) 15%

Campbell scientific Temperature (◦C) 0.4◦C at 5-40◦C Carpenter
automatic weather station Pressure (hPa) 1.0 hPa at 0-40◦C et al. [63]

Relative humidity
(RH) (%) 2% at 10%-90%

Solar radiation (W
m-2) 5%

Table 2.1 gives an overview of the trace gas and meteorological measurements
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collected at the CVAO by the University of York, supported by the National
Centre for Atmospheric Science (NCAS), all of which are collected from the top
of a 7.5 m tower. Aerosol and greenhouse gas (GHG) measurements are collected
at the CVAO by the Leibniz Institute for Tropospheric Research (TROPOS) and
by the Max Planck Institute, Jena (MPI), respectively, with the Instituto Nacional
de Meteorologia e Geofisica (INMG) providing technical support.

2.2.2 Chemiluminescence

At the CVAO, NOx is measured using a custom-built dual channel Air Quality
Design (AQD) NOx analyser. This instrument detects NO through chemilumi-
nescence, first described as a measurement technique in Fontijn et al. [54]. The
NO in the sampled air reacts with excess O3 to produce excited state NO2 (R 2.1),
which can relax down to the ground state through two pathways, shown in R 2.2
and in R 2.3. Photons emitted by excited state NO2 (R 2.2) can then be detected
by a photomultiplier tube (PMT), with the signal being linearly proportional
to the amount of NO in the sampled air. In order to maximise sensitivity and
minimise quenching through molecular collision (R 2.3), which doesn’t emit
a photon, the pressure in the reaction chamber is kept low. Water vapour in
particular is very efficient at quenching this reaction, leading to humidity controls
being applied to chemiluminescence instruments to ensure that sampling and
calibrations are carried out under the same conditions (either through drying the
sampled air or through humidifying the calibration gas).

NO + O3 −−→ NO2
∗ +O2 (R 2.1)

NO2
∗ −−→ NO2 + hν (R 2.2)

NO2
∗ + M −−→ NO2 + M (R 2.3)

In order to detect NO2, photolytic converters are used, which illuminate the
sampled air with UV light, leading to photolysis of NO2 to yield NO (R 2.4).

NO2 + hν −−→ NO +O (R 2.4)

The NO in the sampled air and the NO produced from the photolysis of
NO2 are both detected by reaction with O3 (R 2.1) followed by the emission
of a photon as NO2

∗ relaxes down to the ground state (R 2.2), therefore the
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amount of NO2 in the sampled air is calculated by subtracting the amount of
NO measured when the NO2 converter is off.

2.2.3 Instrument set-up

The custom-built dual channel AQD NOx analyser used at the CVAO is described
in detail in Andersen et al. [67] and is summarised here. The diagram in figure
2.4 gives an overview of the instrument and its components.

Figure 2.4: Schematic of the AQD NOx analyser used at the CVAO to measure NOx.

The inlet is located at the top of a 7.5 m tower and air is sampled through a
glass manifold, used by all the instruments run by the University of York at the
CVAO, with a pump flow rate of roughly 750 L min-1. Dead-end traps are in
place both inside and outside the lab to avoid dust, sea salt and condensation from
reaching the instruments. Before the sampled air reaches the NOx instrument, it
passes through an aerosol filter (47 mm PTFE filter with a pore size of 1.3 μm)
and is dried using a Nafion dryer (PD-50T-12-MKR, Permapure), which uses a
flow of zero air from a pure air generator (PAG 003, Eco Physics AG) filtered
through a Sofnofil (Molecular Products) and activated charcoal (Sigma Aldrich)
trap (dew point -15◦ C). The Nafion is used to dry the sampled air to avoid large
differences in humidity between the sampled air, the calibration gas and the zero
air.

Once the sampled air reaches the instrument, its flow rate is set to 1000
mL min-1 by a mass flow controller (MKS, M100B) and it passes through two
NO2 converters, which are placed in series. The first of these is a commercially
available blue light converter (BLC, λ= 385 nm, 3 W, LED Engin, Inc.) which
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has been shown to have a significant measurement offset due to surface reactions
on the porous, Teflon-like walls of its the photolysis cell [73]. The second NO2

converter is a custom-built system (referred to as diodes) first described by Pollack
et al. [74], which uses a quartz tube as the photolysis cell, illuminated on either
end by two UV-LEDs (λ= 395 nm, Hamamatsu Lightningcure L11921-500).
Measurement offsets due to surface reactions are avoided by using the quartz
tube as the photolysis cell, therefore this NO2 measurement is used as the official
measurement, with the BLC NO2 measurement simply used as a reference point.

After the NO2 converters, the sampled air flows through the PFA pre-reactor
zero volume (180 mL, PFA, Savillex, LLC) and then through the reaction volume
(241 mL, aluminium with gold coating). A valve controls whether the sampled
air will react with the O3 generated by the ozoniser box (which generates excess
O3, with concentrations of 3%-4%) in the pre-reactor zero volume or in the
reaction volume [75, 76]. By allowing NO and O3 to react in the zero volume, a
background measurement can be measured, as all the NO2* generated (R 2.1) will
have relaxed down to ground state before reaching the PMT. The background
measurement takes into account the signal seen from the PMT dark current,
which is reduced by keeping the PMT cooled to -26◦ C (see section 2.2.6 for
more information on the PMT temperature set-point), as well as the signal due to
interferences from surface O3 reactions. Both during background and ambient
measurements, the sample passes through a red light filter (Schott RG-610) before
reaching the PMT to avoid photons with λ> 600 nm being detected as these are
not emitted by NO2*, but by alkenes reacting with O3.

Whilst the instrument has two channels, currently only one is in use and
measures NOx in a 5-minute cycle, made up of 1 minute of background mea-
surement, using the pre-reactor zero volume, 2 minutes of NO measurement, 1
minute of NOx measurement using the BLC and 1 minute of NOx measurement
using the didoes.

2.2.4 Calibrations

Calibrations are carried out every 61 hours to ensure that, over a month, an
equal number of calibrations occur during daytime and nighttime. In general,
calibrating at the inlet is preferable, as it accounts for any line effects, however this
not possible at the CVAO. The NOx inlet control box (figure 2.4) contains the
titration cell, which is used during conversion efficiency (CE) calibrations, and
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would therefore have to be placed at the inlet in order for calibrations to occur at
the inlet. Due to the high temperatures and direct sunlight experienced in Cabo
Verde, the NO2 converters, also housed in the NOx inlet control box, would
experience very high temperatures under these conditions, leading to an increase
in thermal offsets (see section 2.2.5). Therefore calibrations are performed at the
back of the instrument, rather than at the inlet.

Single-point calibrations are performed through standard addition to the
sampled air, to minimise differences in temperature and humidity between the
calibration gas and the ambient air. The NO calibration gas used (5 ppm, 8 mL
min-1) is added to the sampled air flow (1000 mL min-1) resulting in a mixing
ratio of NO during calibrations of roughly 40 ppb. This is much higher than the
NOx mixing ratios seen at the CVAO, however chemiluminescence is expected to
behave linearly across these mixing ratios and working with cylinders with lower
NO mixing ratios results in stability issues. As the ozone is well in excess (mixing
ratios of between 3% and 4%), even during calibrations with significantly higher
NO than is seen during sampling (40 ppb compared to a few ppt), there will not
be significant consumption of O3 in the reactor volumes.

Figure 2.5: Diagram of the CE and sensitivity calibration cycles used to calibrate the
CVAO NOx instrument. NOt and NOx t are measured during the titrated calibration
cycle, NOu and NOx u are measured during the untitrated calibration cycle.

Figure 2.5 shows a diagram of a titrated CE cycle followed by an untitrated
sensitivity cycle. During titrated CE calibration cycles, O2 and the NO calibration
gas are exposed to UV lights in the titration cell (figure 2.4), which converts O2

to O3 and leads to a known amount of NO being converted into NO2 (between
70% to 80% NO is titrated to NO2 at the CVAO). The efficiency of the two NO2

converters in use at the CVAO can then be measured by determining how much
of the known NO2 generated during the gas phase titration (GPT) is converted
to NO, taking into account the small amount of NO2 present in the NO cal gas
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cylinder, as shown in equation 2.1.

CE = NO2 detected during cal − NO2 in cal gas
NO2 created during GPT

= (NOxt − NOt) − (NOxu − NOu)
NOu − NOt

(2.1)

During untitrated sensitivity calibration cycles, a known amount of NO
calibration gas is measured. The difference in signal between the untitrated
calibration NO measurement and the NO measurement during the ambient
cycle prior to the calibration is calculated and represents the increase in signal
due to the addition of a known amount of NO. Dividing this difference by the
NO calibration mixing ratio, as shown in equation 2.2, produces the instrument’s
sensitivity in counts per second (cps) ppt-1.

Sensitivity = NO cps during cal − NO cps before cal
NO mixing ratio during cal

(2.2)

Figure 2.6: Plot of raw NOx data from the CVAO AQD instrument during a calibration
measured on the 3rd June 2024. The background has been shaded to indicate whether
CE cycles (titrated) or sensitivity cycles (untitrated) are being measured. The colour of
the line indicates what measurement is being collected.

A calibration cycle from the CVAO is shown in figure 2.6 and is made up of
2 titrated conversion efficiency cycles, followed by 3 untitrated sensitivity cycles.
The NO calibration gas begins flowing 2 hours before a calibration starts, to
condition the lines.

Conditions are generally stable and there is not much variation between
calibrations, as shown in figure 2.7. The only issues encountered during this
period are in the first half of 2023, when the diode CE was decreasing due to the
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Figure 2.7: Timeseries of NO sensitivity (in cps ppt-1) and of the CE for the BLC and
the diodes from 2021 to 2024.

diodes being misaligned, and in mid-2023 (August to October) when, during the
CE calibration, the GPT was converting all NO to NO2, which was solved by
increasing the flow of NO cal gas to 8 mL min-1. During this period, the CE of
the last normal calibration was used, as there is not a large amount of variability
in the CE values.

2.2.5 Measurement offsets

Measurement offsets are accounted for in the NOx AQD analyser both by mea-
suring a pre-reactor zero for 1 minute at the start of each 5-minute cycle (as
described in section 2.2.3) and by measuring the offset from 0 ppt when sampling
NOx-free air. Table 2.2 shows all the sources of offsets in NOx measurements and
describes how the offsets affect the measurements and how they are corrected.

In unpolluted environments, where there are no direct emissions of NOx,
NO values are roughly 0 ppt at night. Nighttime (between 21:00 and 04:00 local
time) NO measurements are therefore used to quantify offsets due to O3 reactions
with alkenes at the same rate as NO, as well as the offsets caused by pressure
differences between the pre-reactor and the reaction volumes. Nighttime NO
values are chosen over NO values during PAG zero air measurements because
they are carried out more frequently (every night as opposed to every 61 hours)
and in the same air matrix as ambient measurements, so there are no discrepancies
due to changes in humidity.

NO2 mixing ratios are calculated by subtracting NO counts from NOx counts,
therefore NO offsets are removed from the NO2 measurements. Table 2.2
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Table 2.2: NOx offsets seen at the CVAO using the NOx AQD analyser, the effect these
offsets have on the measurement and how their value can be determined.

Offset cause Offset effect Detection

O3 reacting with alkenes at a dif-
ferent rate than NO

Positive NO offset Pre-reactor zero

O3 surface reactions Positive NO offset Pre-reactor zero

O3 reacting with alkenes at the
same rate as NO

Positive NO offset NOx-free air

Pressure difference between pre-
reactor and reaction volumes

Positive or negative
NO offset

NOx-free air

Surface reactions in NO2 con-
verter

Positive NO2 offset NOx-free air

NOy thermal conversion in NO2
converters

Positive NO2 offset NOx-free air

NOy photolytic conversion in
NO2 converters

Positive NO2 offset NOx-free air

highlights three potential causes of NO2 offsets. The offsets due to surface
reactions occurring on the walls of the NO2 converters only affect the BLC, as
described in section 2.2.3.

Other potential offsets in the NO2 measurements are due to NOy compounds
being thermally or photolytically converted to NO in the NO2 converters. Pre-
vious work carried out by Reed et al. and by Andersen et al. has shown that
due to the similarity between the ambient temperature at the CVAO and the
temperature of the sampled air, as well as the fact that the NO2 converters are only
on for one minute in the five minute cycle, thermal interferences are expected to
be minimal [68, 73].

In terms of photolytic interferences, HONO is the only species that both
has an ACS that overlaps with the UV LEDs in use at the CVAO (λ= 385 nm
for the BLC, λ= 395 nm for the diodes, figure 2.8) and is present in significant
amounts (maximum measured midday values of HONO at the CVAO during
the February 2023 campaign are roughly 25 ppt, see chapter 5) [68].

Using the ACS of HONO at 385 nm and assuming a conversion efficiency
of 50% for the diodes, the photolytic offset due to HONO was calculated to be
between 0.23 and 3.01 ppt, using the minimum and maximum midday (between
11:00 and 15:00 UTC) HONO mixing ratios measured during the February
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Figure 2.8: Plot of the absorption cross section (ACS) of NO2 and potential photolytic
interfering species (solid coloured lines), along with the spectral output of UV LEDs
used at the CVAO (black dotted and dashed lines).

2023 campaign (fully discussed in chapter 5). These values do not account for the
possibility of HONO being lost or produced through heterogeneous processes
occurring in the sample lines and therefore only represent an estimate of the
offset due to HONO, however at the low mixing ratios measured at the CVAO,
the HONO offset could form a significant percentage of the measured NO2.

Photolytic and thermal offsets cannot be determined using PAG zero air
measurements, since it is impossible to remove NOx and not also remove NOy

species. As a result, a new method was developed to account for these offsets,
based on the assumption that over 30 days, there will be periods where the
NO2 mixing ratios at the CVAO are practically 0 ppt. This assumption replaces
the previous assumption that measurements conducted using the diode system
were completely free from interferences. As discussed above, while thermal
and photolytic interferences are likely to be small, assuming that they are small
enough to be negligible risks NO2 mixing ratios being overestimated. While the
assumption that periods where extremely low NO2 mixing ratios are measured
represent a measurement of interfering species could lead to the underestimation
of NO2 mixing ratios, utilising a rolling NO2 minimum (median hourly data,
window width = 30 days) to offset-correct NO2 measurements does not lead to
any difference in final NO2 mixing ratios until the end of 2023, when instrumental
issues led to a rise in the NO2 baseline (figure 2.9). If the NO2 minima method
were not applied to offset-correct this data, it would show an erroneous increase
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Figure 2.9: Weekly timeseries of NO and NO2 from the CVAO. NO2 data in dark blue
has not been offset corrected, NO2 data in light blue has been corrected using the 30-day
rolling minima. Note that until the end of 2023, the corrected and uncorrected NO2
mixing ratios are the same, and the light and dark blue lines overlap.

in NO2 in the MBL. This would then affect the trends in NOx (discussed in 4),
making it appear that in the past two years there has been a dramatic shift in
NOx mixing ratios at the CVAO.

A comparison between the NO2 minima and the PAG (measured every 61

Figure 2.10: NO2 offsets calculated using pure air generator (PAG) measurements (blue)
and 30 day rolling minima (orange). The black line indicates the potential maximum
HONO photolytic offset (3 ppt). Between 2021 and 2022, PAG values reached over 90
ppt, but are not shown in this plot.
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hours) values is show in figure 2.10. As illustrated by this plot, the PAG can
undergo instrumental issues, as in 2021, which would then affect the calculation
of measurement offsets. The PAG values are also generally larger than the monthly
NO2 minima, thought to be because PAG air is not entirely free from NOx. In
comparison, prior to autumn 2023, NO2 monthly minima are generally well
below the calculated maximum value of photolytic interference (black line in
figure 2.10). The jump in NO2 monthly minima seen at the end of 2023 occurred
after the instrument was turned off to replace the pump tip seals (discussed further
in section 2.2.6) and is not seen in NO data. The baseline shift is corrected by
applying this offset to the data (figure 2.9), showing that this is a valid method
for quantifying offsets in the NO2 diode measurements, whether they are caused
by thermal or photolytic interferences or by instrumental issues.

2.2.6 Instrumental issues between 2021 and 2024

NOx has been measured at the CVAO using the same AQD instrument since 2006.
The instrument is generally stable, encountering only three major instrumental
issues between 2021 and 2024, described below.

Loss of signal (November 2022-January 2023)

In November 2022, the instrument lost signal in both channels and had to be
turned off until the end of January 2023. The PMT socket in one channel showed
signs of water damage, which can occur if the instrument is turned off suddenly
without giving the PMT time to return to room temperature (for example if a
power cut occurs). Since the PMT is kept at around -30◦ C, the ice that forms
melts if the change in temperature is too rapid and in this case had caused damage
to the PMT socket, leading to a loss of signal. The instrument’s second channel,
which isn’t currently used for measurements, had a working PMT socket, but
a broken PMT, therefore the working PMT from the first channel was moved
into the second channel, with the working PMT socket.

PMT temperature

In summer 2023, the lab temperature at the CVAO fluctuated a lot. As mentioned
above, the PMT is cooled to around -30◦C with a Peltier cooler, to minimise
the interferences from PMT dark counts. The Peltier coolers in the instrument
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Figure 2.11: Plot of the variation of the PMT temperature from summer 2023 to autumn
2024, colour coded by the temperature in the lab.

have never been changed, running continuously for almost 18 years. Figure 2.11
shows a plot of the PMT temperature, highlighting that in June 2023, due to
increases in the lab temperature, large diurnal variations were seen in the PMT
temperature, which were mitigated by increasing the temperature set-point
from -30◦C to -28◦C and then to -24◦C. At the end of the summer months,
the lab temperature was stable, therefore the PMT set-point was lowered back
down to -30◦C, however due to the age of the Peltier coolers, difficulties were
encountered in maintaining a stable temperature. The set-point was once again
increased to -28◦C at the end of November 2023 and to -26◦C in June 2024.
PMT temperatures have remained stable across summer 2024, however with
higher lab temperatures in October 2024, changes of over 1◦C were seen on a

Figure 2.12: Hourly raw pre-reactor zero counts in 2021 and 2023, coloured by the
PMT temperature.
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few days.
If further increases in the PMT temperature set-point are required to main-

tain a stable temperature, the Peltier coolers will be replaced as higher PMT
temperatures lead to increases in background dark counts, as shown in figure
2.12, resulting in a decrease in the instrument’s sensitivity.

NO2 baseline shift

Figure 2.13: Monthly mean for NO and NO2. For 2024, monthly NO2 means are
shown for the uncorrected data (dark blue) and for the data corrected as described in
section 2.2.5 (light blue). Shaded area represents SE.

Following an increase in the reaction cell pressure, pump tip seals were
replaced in September 2023. When the pump was turned back on, it overheated
due to its fan not being properly connected. Once the pump was fixed, the NO2

baseline was shifted higher, however NO measurements were unaffected, as
shown in figure 2.13. The most likely cause is the introduction of a leak, which
will be investigated during the next visit to the site. As discussed in section 2.2.5,
the new NO2 offset method is able to correct the shift in the NO2 baseline.
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2.3 CVAO NOx processing code

2.3.1 Processing code overview

The aim of the NOx processing code is to convert the raw 10 Hz data in cps to
processed 5-minute data in ppt, accounting for the measurement offsets described
in section 2.2.5, and removing data measured when the instrument was not

Figure 2.14: NOx Python processing code flowchart.
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running smoothly or when there were issues at the site. The code flowchart
shown in figure 2.14 gives a step-by-step overview of how this is accomplished
and what order the operations are performed within the processing code.

Daily raw data files are produced by the AQD NOx instruments, which
contain NOx raw data in cps, instrumental parameters (flows, temperatures and
pressures) and valve settings, which are used to identify what measurement
mode the instrument is operating in (pre-reactor zero, NO or NOx ambient,
calibration or zero air measurement). Data processing is carried out in Python
(the flowchart for the code is shown in figure 2.14), with further details regarding
data filtering, calculations and offsets given in the following sections. The code
runs automatically on JASMIN, a data intensive supercomputer operated by
the Science and Technology Facilities Council (STFC) on behalf of the Centre
for Environmental Data Analysis (CEDA) [77]. Raw data files are uploaded to
JASMIN, where the processing code is stored and set to run overnight each night.
Processed data files containing offset-corrected 5-minute averaged mixing ratios
can then be downloaded from JASMIN and further processing steps, such as
ozone corrections, hourly averaging and uncertainty analysis, are carried out,
described in sections 2.3.5 and 2.3.6.

2.3.2 Data flagging and filtering

As shown in the code flowchart (figure 2.14, in red) data are filtered at various
points during the processing. The first checks on the data are performed using
instrumental parameters: if the PMT temperature is higher than a defined thresh-
old (which has changed over the years as the PMT temperature set-point has
changed, as discussed in section 2.2.6) or if the raw counts are below 0, the data
point is removed. Dates when work was done on the instrument or there were
issues at the site were also manually added to a digital notebook, which was then
used to remove these periods.

For ambient measurements, the pre-reactor zero in each 5-minute cycle is
checked to determine if there is a spike, in which case the whole cycle is flagged
and removed from further analysis. Spikes are identified using a median filter
(signal.medfilt from the SciPy package in Python, with a window width of 25).
The median filter smooths the pre-reactor zero measurements, with only sharp
spikes remaining, which are most likely due to outliers. The difference between
the smoothed and non-smoothed values is calculated and if its absolute value is
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Figure 2.15: Pre-reactor zero counts from 2022 processed using the old and new methods
of filtering data to identify spikes.

≥ 100, the cycle is removed due to a spike in the pre-reactor zero. In the past,
this step was done without using the signal.medfilt function, and fewer outliers
were flagged, as can be seen in figure 2.15.

Table 2.3: Coefficient of variation (CoV) and difference between subsequent cycles
(mean ± 2σ) between 2014 and 2019 for NO and zero, between 2017 and 2019 for NO2.

Measurement CoV (mean ± 2σ) Difference between subsequent
cycles (mean ± 2σ)

Pre-reactor zero 2.4 ± 1.7 cps N/A
NO 2.5 ± 10.6 cps 0 ± 515 cps

NO2 BLC 2.5 ± 7.5 cps 0 ± 1432 cps
NO2 diodes 2.1 ± 2.5 cps 0 ± 738 cps

In order to remove outliers that have not already been identified using the
methods above, both the coefficient of variation (CoV = σ

µ
) and the difference

between subsequent measurement cycles are used. If either of these parameters
for any of the measurements made within a 5-minute cycle (pre-reactor zero,
NO or NO2) falls outside the mean ± 2σ (summarised in table 2.3) calculated for
data between 2014 and 2019 (2017 and 2019 for NO2 measurements), the cycle
is dropped. The CoV is also used to identify and remove outliers during PAG
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zero air measurements, however the difference between subsequent cycles is not,
since only the last cycle of three zero air cycles is used in analysis, in order to
ensure that all NO calibration gas has been removed.

Figure 2.16: A comparison of how outliers affect the 5-minute averaged NOx mixing
ratios when processed with the code on JASMIN and an older iteration of the processing
code.

The changes made to the data filtering led to better treatment of outliers
compared to the previous iterations of the code, that were ran locally rather than
on JASMIN (figure 2.15), which in turn results in better processed data, as shown
in figure 2.16.

2.3.3 Calibration and mixing ratio calculations

In order to convert the data from cps to ppt, the sensitivity and conversion effi-
ciency calculated during the calibration (using equations 2.2 and 2.1) are required.
Firstly, the signal due solely to NO and the signal due solely to NO2 are calculated.
For NO, this is done by subtracting the pre-reactor zero measurement from
the NO measurement (NO signal = NO cps − Pre-reactor zero cps), for NO2,
this is done by subtracting the NO measurement from the NOx measurement
(NO2 signal = NOx cps − NO cps). The mixing ratios of NO and NO2 are then
calculated as shown below in equations 2.3 and 2.4.

NO mixing ratio (ppt) =
NOsignal

Sensitivitycps ppt−1
(2.3)
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NO2 mixing ratio (ppt) =
NO2 signal

Sensitivitycps ppt−1 × CE
(2.4)

The last step in processing the data is subtracting the value of the offsets
from the mixing ratios. A detailed description of how the offsets are measured
both for NO and NO2 is given in section 2.2.5. In summary, nighttime NO
measurements are used to determine the NO offsets and are subtracted from the
mixing ratio to give the offset-corrected NO mixing ratio. In order to avoid
using nighttime NO measurements taken during nights when sampling local
pollution, and therefore nights when the NO mixing ratio is not representative
of the background, if the difference between subsequent nights is above the mean
± 2σ difference (0 ± 6.58 ppt) calculated between 2014 and 2019, the nighttime
value is not used to calculate the NO offset. NO2 measurements using the diode
converter are offset corrected using the monthly minima values, as these are
considered to be measurements made when NO2 is 0 ppt and therefore represent
the thermal and photolytic interferences in the system.

Figure 2.17: A comparison of NOx mixing ratios calculated using the new and old
processing codes, with all periods when an outlier was detected in either code removed.
When the instrument is operating well, the codes yield very similar outputs.

The final output from the JASMIN NOx processing code are the 5-minute
average offset-corrected NO and NO2 mixing ratios. The updated processing
code on JASMIN, as shown in section 2.3.2, improves the way outliers are
identified and treated, but it is important to note that the NOx instrument is quite
stable and when periods with outliers are removed, the output from the updated
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code is very similar to that from the previous iteration, as expected (figure 2.17).

2.3.4 Spikes in processed data

During data processing, outliers are identified and removed from the NOx data,
as described in section 2.3.2, however the processed 5-minute data still contain
some spikes in NOx. These periods of higher NOx are considered genuine, rather
than caused by instrumental issues, and comparisons with met data measured at
the CVAO show that often periods with higher NOx occur when wind speeds are
low (less than 2 m s-1) or the wind direction is between 100◦ and 340◦, resulting
in local pollution from the island being sampled at the site.

Figure 2.18: Raw CO2 (ppm, minute data), O3 (ppb, minute data) and NOx (cps, 10
Hz) data from the 8th (LHS) and the 14th (RHS) August 2021, showing instances where
a spike in NOx corresponds to an increase in CO2 and a decrease in O3.

Comparing raw NOx data (10 Hz) with raw O3 data (1 minute) and raw CO2

data (1 minute), as done in figure 2.18, shows that spikes in NOx often occur
at the same time as spikes in CO2, and nighttime NOx spikes are almost always
accompanied by drops in O3, due to NOx titration of O3. When these spikes
occur whilst the site is sampling clean, marine air they are thought to be caused
by emissions from small, local fishing vessels fitted with diesel engines (figure
2.19), the main pollutants from which are CO2 and NOx.

Daytime spikes in the processed NOx data are not accompanied by a drop in
O3, since photolysis happens during the day, and sometimes do not correspond
with a spike in CO2 or periods of local pollution. In these cases, the increase
in NOx is still considered genuine, as no instrumental parameters have flagged
the measurement, and could perhaps be due to emissions from larger ships, as
some international shipping lanes from Europe to sub-Saharan Africa and South
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Figure 2.19: Local fishing vessels on São Vicente, the emissions from which may be
sampled at the site.

America pass near Cabo Verde, however investigating these spikes is outside the
scope of this PhD project.

Table 2.4: The hourly mean ± 4σ and the difference between the hourly mean and
median ± 4σ for NO and NO2 measured using the diodes. These ranges are used to
identify extreme values, which are flagged as such in the processed data.

Measurement Difference between hourly mean
and median (mean ± 4σ) Hourly mean ± 4σ

NO 0.2 ± 4.1 ppt 1.7 ± 47.9 ppt
NO2 1.7 ± 33.0 ppt 17.3 ± 176.8 ppt

Despite these spikes being considered genuine, they are not considered repre-
sentative of the clean, marine background and therefore data are flagged when
the hourly average is calculated. Flags are applied when the data coverage is less
than 50% and when the measurements are considered to be extreme, such as
when the difference between the hourly mean and median is above the mean ±
4σ of this difference calculated between 2014 and 2019 for NO and 2017 and
2019 for NO2 and when the hourly mean is above hourly mean ± 4σ mixing
ratio calculated between 2014 and 2019 for NO and 2017 and 2019 for NO2

(table 2.4). Periods when met data indicate that local pollution is being sampled
are also identified and flagged using wind speed and direction, as described above.

Figure 2.20: Hourly averaged NOx data from August 2021, coloured by data flags.
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Figure 2.20 shows the hourly averaged NOx data from August 2021, which has
been coloured by the flag applied to the data.

2.3.5 Ozone correction and data submission

The 5-minute averaged offset-corrected NO and NO2 mixing ratios calculated
using the processing code on JASMIN have not been O3 corrected. The sample
takes 4.3 s to travel from the inlet to the detector, with NO and O3 still reacting
in the lines producing NO2, but, due to the absence of sunlight, NO2 is not able
to photolyse back to NO. When the NO2 converters are turned on (residence
time of 1 s in each converter), NO2 is photolysed to NO, which can still react
with O3 to once again produce NO2. These reactions need to be accounted for
and corrected, so that the processed NOx data reflect the mixing ratios at the
inlet, rather than those measured at the detector.

The method used to perform the O3 correction is described by Andersen et
al. and, up until the 2023 data, the code for this step was ran locally before the
yearly NOx dataset from the CVAO is submitted to the WDCRG via ACTRIS
(Aerosol, Clouds and Trace Gases Research Infrastructure), who are in charge of
QA/QC [67].

Figure 2.21: Comparison between the York and the ACTRIS O3 corrected NOx data
from 2023.

Starting with 2023 data, ACTRIS has requested that the NOx data submitted
not be O3 corrected, in order to ensure that the O3 correction is being calculated
in the same way by all the sites that submit data to the WDCRG. When the final
O3-corrected 2023 NOx data were available on EBAS, it was compared to 2023
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NOx data that had been corrected using the local code to confirm that the ozone
correction methods yield the same result (figure 2.21).

2.3.6 Uncertainty analysis

The uncertainty analysis for NOx at the CVAO is fully described in the SI
of Andersen et al. [67]. Briefly, the overall uncertainty associated with these
measurements takes into account the precision of the instrument (used as the
instrument’s LOD, as it represents the noise around zero), the uncertainties
associated with the calibrations, offset corrections and ozone corrections (eq.
2.5).

Uncertainty =√
Precision2 + Cal uncertainty2 + Offset uncertainty2 + O3 corr uncertainty2

(2.5)

The instrument’s precision is calculated by determining the zero count vari-
ability over an hour: the mean pre-reactor background measurement for each
hour is calculated, and then is subtracted from each pre-reactor background
measurement in that hour. This results in an hourly frequency distribution of
the PMT’s photon-counting, which is Gaussian at high photon-counting rates
[78]. In order to calculate the 1 second precision (2σ), the standard deviation is
multiplied by two and divided by the sensitivity (and by the CE for NO2). The
hourly precision is calculated by dividing the 1 second precision by the square
root of the number of data points available in the hour.

The uncertainties associated with the calibration, offset determination and O3

correction are determined by combining all the sources of uncertainty associated
with each of these calculations using error propagation. The final uncertainty
associated with the NO and NO2 measurements is then calculated using eq. 2.5.

Table 2.5 summarises the hourly LOD and the uncertainties for NO and
NO2 between 2021 and 2024. The increase in hourly LOD and uncertainty
in 2023 and 2024 compared to 2021 and 2022 is likely due to the instrumental
issues that were encountered at the end of 2022 and in the summer of 2023,
which are described fully in section 2.2.6. Briefly, the PMT was moved to a
different channel in January 2023 due to signal loss and over the summer of 2023
and the first half of 2024, the PMT temperature set-point was increased due to
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difficulties in maintaining a stable temperature. PMT dark counts increase at
higher temperatures, therefore the zero count variability was higher in 2023 and
2024 (shown in figure 2.12), which is used to calculate the LOD and in turn to
calculate the uncertainty.

Table 2.5: Averages of hourly LODs and overall uncertainties for NO and NO2 between
2021 and 2024.

Year NO hourly
LOD

NO2 hourly
LOD

NO
uncertainty

NO2
uncertainty

2021 0.82 ppt 1.67 ppt 1.06 ppt 3.57 ppt
2022 0.85 ppt 1.70 ppt 1.17 ppt 3.70 ppt
2023 1.03 ppt 2.19 ppt 1.37 ppt 3.74 ppt
2024 1.16 ppt 2.21 ppt 1.39 ppt 4.48 ppt

2.4 Summary, implications and future plans

The need for high sensitivity measurements of NOx over the oceans has been
discussed in chapter 1, and this chapter has presented the NOx chemiluminescence
instrument used at one of the only WMO-GAW stations measuring the remote
MBL. The measurement technique, instrument set-up, calibrations and offset
corrections were described in detail, highlighting the steps taken to minimise
measurement interferences. Low hourly LODs (around 1 ppt for NO and 2 ppt
for NO2) have been achieved, though between 2017 and 2024 ∼ 46% daytime
(between 08:00 and 20:00 UTC) NO measurements were below the hourly
LOD.

A new method to correct measurement offsets associated with the NO2 diode
measurement was presented, which relies on the assumption that near-zero ppt
measurements of NO2 at the CVAO represent the NO2 measurement offset.
These offsets are identified by using a 30-day rolling minima, and once applied
showed that an increase in the NO2 baseline measured in late 2023 and in 2024
was caused by an increase in measurement offsets and was not therefore a genuine
increase in NO2 over the oceans. The continual improvement of measurement
and data processing techniques is essential when collecting datasets in remote
environments with such low levels of NOx, as a change of a few ppt in the
measurement offsets can represent a large shift in mixing ratios, thus leading to
the misinterpretation of trends in the data if not properly identified.
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The detection and removal of outliers during data processing was updated
and automated through the use of the SciPy signal.medfilt function to better
identify outliers in the data caused by spikes that occurred during background
measurements. A comparison between data from 2022 processed using the old
and updated code confirmed that the addition of the signal.medfilt function
allowed for more outliers (both positive and negative) to be removed. This step
occurs early in the processing code, and is followed by further data filtering
steps, which utilise the coefficient of variation, differences between subsequent
cycles and extreme values thresholds (mixing ratio > 4σ mean calculated between
2014 and 2019) to flag and remove outliers. The previous iteration of the code
therefore, while not able to capture the same number of outliers by flagging
measurement cycles where there was a spike during background measurements
as the updated version, was still able to detect outliers in the data using these
thresholds. By detecting the outliers at an earlier stage of the processing, the
updated version of the code is able to explain the reason for a larger proportion
of outliers compared to previous iterations and is less reliant on data thresholds,
which may change and need to be updated as NOx mixing ratios in the remote
MBL changes. Having fewer unexplained outliers will also help with future
plans to study the outliers and their causes more extensively, with the aim of
identifying the role small, local fishing vessels and air masses reaching the site
having travelled over shipping lanes have on NOx at the CVAO.

Future plans also include updating the NOx instrument by setting up the
second channel, which is currently not being used, to measure NO and an hourly
pre-reactor zero, in order to increase the amount of NO data coverage over
an hour and to better understand what causes spikes in the measured values.
A NO measurement inter-comparison between the NOx chemiluminescence
instrument and an NO laser-induced fluorescence (LIF) instrument will also be
carried out, as the LIF NO measurement technique is free from interferences and
has extremely low LODs (0.3 ppt for 10 s integration time reported by Rollins et
al., described in section 4.3.1) [59].

Page 42 of 163



Chapter 3

NOx measurements at the
Kennaook/Cape Grim Baseline Air
Pollution Station (KCG BAPS)

3.1 Introduction

Like the Cabo Verde Atmospheric Observatory (CVAO), the Kennaook/Cape
Grim Baseline Air Pollution Station (KCG BAPS) in Tasmania is a World Me-
teorological Organization-Global Atmospheric Watch (WMO-GAW) station
that has been collecting long-term measurements of greenhouse gases (GHGs),
trace gases, aerosols and meteorological data over the oceans for decades [79–81].
NOx mixing ratios at KCG BAPS have been measured using an Air Quality
Design (AQD) chemiluminescence instrument, similar to the one used at the
CVAO (described in chapter 2), for over 15 years [82].

This chapter describes the KCG BAPS in section 3.2.1, before focusing on
the NOx instrument set-up at the site and the processing code used to analyse
the data. Both the instrumental set-up and the data processing at KCG BAPS
are discussed in relation to the instrument and processing used for the CVAO
NOx measurements, with section 3.2 comparing the instruments and section 3.3
comparing the processing codes. Lastly, section 3.4 discusses ongoing issues with
measurement offsets at the KCG BAPS, specifically with NO measurement offsets,
highlighting the difficulties encountered when measuring such low mixing ratios
of NOx.
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3.2 KCG NOx instrument

3.2.1 KCG BAPS site description

The Kennaook/Cape Grim Baseline Air Pollution Station (KCG BAPS) is located
on the northwestern tip of Tasmania (figure 3.1, 40◦ 41’ 00" S, 144◦ 41’ 22" E),
on top of a 94 m cliff looking out over the Southern Ocean. The site has been
running continuously since 1978 and is funded and managed by the Australian
Bureau of Meteorology, with the scientific programme jointly supervised by
the Australian Nuclear Science and Technology Organisation (ANSTO), the
Commonwealth Science and Industrial Research Organisation (CSIRO) and the
University of Wollongong.

Figure 3.1: Map of the south of Australia, Tasmania and the Southern Ocean, with
the location of the KCG BAPS in the north-west of Tasmania indicated by the orange
marker.

The site measures both the clean, background air from the Southern Ocean
(baseline) and polluted air masses (non-baseline) that have travelled to the site
from the Australian mainland or over Tasmania. Periods when baseline air is
being sampled are identified primarily using Radon-222 measurements taken at
the site (described in detail in Williams et al. [83]). Radon, a noble gas that is
relatively insoluble in water, is emitted from land ∼ 100 times more rapidly than
it is emitted from water and has a half-life of 3.8 days, making it a good indicator
of how recently air masses have been in contact with land and therefore exposed
to land-based pollution [84]. A detailed overview of baseline filtering at KCG
BAPS can be found in Molloy and Galbally [85], but, in short, data collected
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3.2. KCG NOx instrument

when radon was ≤ 100 mBq m-3 is considered baseline. In 2022, baseline air
identified using radon measurements was sampled 33% of the time.

3.2.2 CVAO and KCG BAPS NOx instrument comparison

NOx measurements at both the CVAO and at the KCG BAPS have been con-
ducted using an AQD chemiluminescence instrument for over 15 years. Section
2.2 describes the NOx AQD instrument used at CVAO, as well as the calibration
and zeroing procedures. Full details of the measurement of NOx at KCG BAPS
can be found in the technical manual written by Dr Ian Galbally [82]. Rather
than give a full description of the instrumental set-up at KCG BAPS, this section
will highlight the key differences in how the NOx measurements are carried out
at the two sites, summarised in table 3.1.

Table 3.1: Key instrumental set-up differences between the NOx AQD instrument used
at the CVAO and at the KCG BAPS.

Difference CVAO KCG BAPS

NOx converters BLC (385 nm) and custom-
built diodes (395 nm)

BLC (385 nm)

NOx inlet box position Inside the lab At the inlet (figure 3.2)

Humidity correction Nafion to dry ambient air Humidifier to humidify
zero air

Calibration frequency Every 61 hours Daily

Zero air measurement 30 minutes 1 hour

Measurement cycle 5 minutes 20 minutes

Set-up differences

The two main set-up differences between the sites are how differences in humidity
between the ambient and zero air are minimised and the placement of the inlet
box. At the the KCG BAPS, a humidifier is used to humidify the zero air rather
than using a Nafion to dry the ambient air (as is done at the CVAO, described in
section 2.2.3), and the inlet box is placed right at the inlet, as shown in figure
3.2. Placing the inlet box at the inlet means that the NO2 converter (only one is
used at KCG BAPS, a BLC) is at the inlet and that both calibrations and zero
air measurements occur at the inlet, with NO calibration gas and zero air being
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3.2. KCG NOx instrument

Figure 3.2: The NOx inlet (highlighted in orange) on the side of the 10 m tower and
the NOx inlet box (highlighted in red) on the roof of the KCG BAPS.

pumped up to the inlet, where they are sampled and then pumped back down
into the main lab, where the ozoniser and the detector are. The NOx inlet box
at the CVAO has also, in the past, been placed at the inlet, at the top of the 7.5
m tower, however a large amount of interferences were seen due to the BLC
overheating in the sun, outside of the temperature controlled lab.

Operational differences

The differences in how the instrument operate are due to differences in the
measurement cycle and in the frequency and length of calibrations and zero air
measurements. The measurement cycle at the CVAO is 5 minutes long and is
made up of 1 minute of pre-reactor zero, 2 minutes of NO, 1 minute of NOx

with the BLC and 1 minute of NOx with the diodes (figure 3.3). At KCG BAPS,
measurement cycles are 20 minutes long and are made up of 4 minutes of pre-
reactor zero, 4 minutes of NO, 4 minutes of NOx, 4 minutes of NO and lastly 4
minutes of pre-reactor zero with the BLC turned on (figure 3.3).

Calibrations at the CVAO take place every 61 hours (section 2.2.4), whereas
calibrations at KCG BAPS are carried out daily and are made up of six cycles
(three NO sensitivity cycles and three NOx conversion efficiency cycles), an extra
NO sensitivity cycle compared to CVAO calibrations. The zero air measurements
at the KCG BAPS are an hour long and are carried out both before and after the
calibration, as opposed to being 30 minutes long and taking place only after the
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Figure 3.3: An hour of raw ambient NOx measurements from CVAO and KCG BAPS
taken between midday and 13:00 (UTC at CVAO, UTC+10 at KCG BAPS) on 1st

January 2022, with the different types of measurements during the measurement cycles
highlighted.

calibration, as occurs at the CVAO.

3.3 CVAO and KCG processing comparison

The processing code used to analyse NOx data from CVAO is described in detail
in section 2.3, the code used for KCG BAPS data is described briefly in section
3.3.1. The comparison between these two processing codes was performed by
using both these codes to analyse raw NOx data from KCG BAPS from 2022.
The CVAO processing code had to be slightly modified in order to be used for
the NOx data from KCG BAPS due to differences in the way the two AQD NOx

analysers are operated (described in 3.2.2). The aim of this section is to note the
differences between the two processing codes and assess whether data processed
by the two codes are comparable.

3.3.1 KCG processing code overview

As NOx at KCG BAPS is measured using an AQD NOx analyser, the raw data
files contain the same information as those at CVAO (raw counts, instrumental
parameters and valve settings). The first step in the data processing is a pre-
processing step carried out in Python, the subsequent steps are carried out in R.
The pre-processing step in Python is used to create a monthly data file and to
check that there are no gaps in the data. The monthly data files are then read
into R, where data are removed based both on manually inputted periods when
there were instrumental issues or work being carried out at the site, as well as
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3.3. CVAO and KCG processing comparison

removing data automatically based on whether instrument parameters fall within
acceptable ranges, shown in table 3.2.

Table 3.2: Instrumental parameters used to assess the KCG BAPS NOx AQD’s opera-
tional state and the range of acceptable values.

Instrumental parameter Acceptable range

Raw counts 100 to 100,000 cps
PMT high voltage 1610 to 1650 V
O2 flow 90 to 95 mL min-1

Reaction chamber pressure 4 to 7.5 Torr
Inlet sample flow 1000 to 1050 mL min-1

PMT temperature -40 to -20 ◦C

The daily calibrations are then processed in order to calculate the sensitivity
(in ppt cps-1 rather than in cps ppt-1, as is done at CVAO) and the conversion
efficiency (CE). The hourly mixing ratios for NO and NO2 are then calculated
using the sensitivity and CE, and finally the ozone and offset corrections are
applied. As will be fully discussed in section 3.4, the method for determining
measurement offsets at the KCG BAPS has not yet been finalised due problems
with the zero air (ZA) measurements and difficulties in identifying a period when
values can be assumed to be zero. Therefore, the methods used for offset and
ozone corrections have been excluded from the comparison of the two processing
codes in this analysis.

3.3.2 Data processing step 1: reading in raw data files and
calculating initial statistics

As described in sections 2.2.3 and 3.2.2, both sites use a modified AQD NOx

instrument, leading to similar raw data files, with some differences in the variable
names. The variable names that are used to determine what state the instrument
is measuring in (zero, NO, NOx ambient, calibration or zero air) are called key
columns and the names used for these key columns at both sites, as well as a
description of what they indicate, are shown in table 3.3 below.

The CVAO NOx ambient measurement cycle (5 minutes) is shown in table
3.4. All key columns referring to calibrations and zero air measurements are off
during ambient measurements. The delay column refers to the amount of time
that is dropped when switching to a new measurement mode.

Page 48 of 163



3.3. CVAO and KCG processing comparison

Table 3.3: Key column names in both codes, as well as a description of what these key
columns indicate. For all key columns, 1 means that the variable is on, 0 means that it is
off.

KCG CV (raw data) CV (processing code) Description

Inlet_BLC NO2_converter NO2_converter BLC converter

zero_valve_1 zero_valve_1 NOx_zero_k Pre-reactor
zero

Inlet_NOx NOx_cal NOx_cal_k Calibration

NO_valve NO_valve calMFC_k NO cal gas
flowing

NOx_cal Titration_lamp GPTLamp_k Gas phase
titration

Inlet_ZA zero_air_valve NOx_za_k Zero air

N/A diodes NO2_converter_diode Diode
converter

The KGC NOx ambient measurement cycle (20 minutes) is shown in table
3.7. The KCG BAPS processing code uses an 18 second transition delay when
any key variable changes. All key columns relating to calibration and zero air
measurements are off during ambient measurements.

The key difference in the cycles is the presence of an extra NO and pre-
reactor zero measurement within the KCG BAPS measurement cycle. The
final pre-reactor zero (measured with the NO2 converter on) is not used in the
processing code. The second NO measurement is used in the processing code.

At the CVAO calibrations are preformed every 61 hours (for a full description
of the calibration cycle at CVAO, see section 2.2.4). The calibrations are made up
of five cycles, two NOx CE calibration cycles (titrated - t), followed by three NO

Table 3.4: Summary of the 5-minute measurement cycle at the CVAO and how the
different measurement modes are identified in the processing code based on the values
in the key columns.

Time (s) Delay (s) Species NOx_zero_k NO2_converter NO2_converter
_diode

0-60 10 Zero On Off Off
60-180 10 NO Off Off Off
180-240 30 BLC NOx Off On Off
240-300 30 Diode NOx Off Off On
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3.3. CVAO and KCG processing comparison

Table 3.7: Summary of the 20-minute measurement cycle at the KCG BAPS and how
the different measurement modes are identified in the processing code based on the
values in the key columns.

Time (s) Species Inlet_BLC zero_valve_1

0-240 Zero Off On
240-480 NO Off Off
480-720 NOx On Off
720-960 NO Off Off
960-1200 Zero On On

sensitivity cycles (untitrated - u). Table 3.5 shows how the different measurement
types are identified in the CVAO processing code for calibrations (zero air is
always off during calibrations).

At KCG BAPS calibrations occur daily and are made up of six cycles (section
3.2.2), three NO sensitivity cycles (untitrated, calNO) followed by three NO2

conversion efficiency cycles (titrated, calNOtitrNOx). Table 3.6 shows how the
KCG BAPS calibration variables are defined.

Once all the measurement modes have been defined using the key columns,
initial statistics are calculated. The CVAO code calculates the average pre-reactor
zero, NO and NOx counts for each measurement cycles, whereas the KCG BAPS
code calculates the median zero, NO and NOx counts over an hour, without
calculating median values for the individual cycles within the hour. The CVAO
data are also hourly averaged, but this is done after the 5-minute averaged NO
and NO2 mixing ratios have been calculated.

For calibration calculations, the initial averaging is done differently compared
to ambient data. The CVAO code only uses the last untitrated (sensitivity) and
the last titrated (CE) cycles to find the mean of the calibration species (defined
in table 3.5). The KCG BAPS code uses all the calibration cycles to find the
calibration species defined in table 3.6, and calculates the median rather than the
mean of the species.

3.3.3 Data processing step 2: calibration and mixing ratio
calculations

Both processing codes calculate the CE and sensitivity once the initial statistics
have been calculated. Both the sensitivity and the CE are calculated slightly
differently at the two sites, and the differences are due to the air sampled at
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the site. As described in section 2.2.1, at the CVAO air reaching the site is
almost always clean, marine air, whereas at the KCG BAPS (described in section
3.2.1) baseline conditions occur only ∼ 30% of the time. When calculating the
sensitivity at the CVAO, the increase in counts due to the addition of NO cal
gas is calculated by subtracting the NO counts from the cycle before the cal
(equation 2.2), since the ambient NO mixing ratios are low and fairly constant.
At the KCG BAPS, this is not the case therefore the sensitivity is calculated by
using the pre-reactor zero measured during the sensitivity calibration as a way
to determine the increase in counts due to the addition of NO cal gas, as shown
in equation 3.1. The sensitivity at KCG BAPS is calculated in ppt cps-1, rather
than in cps ppt-1 as is done at CVAO and for the purposes of this comparison,
sensitivity calculated using the CVAO code was also calculated in ppt cps-1.

Sensitivity = NO mixing ratio during cal
NO counts during cal − Pre-reactor zero counts during cal

(3.1)
The CE at the KCG BAPS is calculated using zero corrected NO values, as

shown in equation 3.2, again to account for the fact that the background NOx

values are often not baseline levels.

CE = (NOxt − NOt) − (NOxu − NOu)
(NOu − zerou) − (NOt − zerot)

(3.2)

Once the sensitivity and CE have been calculated, the mixing ratios for NO
and NO2 can be calculated. First, the signal due to NO and the signal due to
NO2 are calculated by subtracting the pre-reactor zero from NO and the NO
counts from NO2, then the mixing ratios are calculated using the equations 3.3
and 3.4 (multiplying by the sensitivity rather than dividing by the sensitivity due
to the fact that the sensitivity at KCG BAPS is calculated is ppt cps-1).

NO mixing ratio (ppt) = NOsignal × Sensitivityppt cps−1 (3.3)

NO2 mixing ratio (ppt) = NO2 signal × Sensitivityppt cps−1 × CE (3.4)
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3.3.4 Comparison outcome

The key differences in the processing codes used at the two sites are summarised
in table 3.8. The CVAO processing code was modified to accommodate these
differences, to verify whether, once the known differences between the two
processing codes are accounted for, the output when both codes are processing
the same data are very similar.

Table 3.8: A summary of the differences between the NOx processing codes used at the
CVAO and at the KCG BAPS.

Difference CVAO code KCG BAPS code

Initial statistics Average over each cycle Median over an hour of
measurements

Transition times Delays in table 3.4 Delays in table 3.7

Calibration data selection Last calibration cycle All calibration cycles

Sensitivity calculation Previous NO cycle used
(eq. 2.2)

Pre-reactor zero during
cal used (eq. 3.1)

CE calculation No zero correction (eq.
2.1)

Zero correction (eq. 3.2)

A paired t-test was performed for the four different outputs (Sensitivity, CE,
NO mixing ratios and NO2 mixing ratios), and indicated that the differences
between the NO and NO2 mixing ratios determined with the two different
codes were not statistically significant (p = 0.06 and p = 0.6, respectively). The
differences between sensitivity and CE instead were statistically significant (p
= 0.03 and p = 9.7 × 10−5, respectively), however the small mean difference
between the two datasets (0.00014 for the sensitivity and 0.0008 for the CE),
despite being statistically significant, is likely not practically meaningful given the
scale of the data (mean sensitivity ∼ 0.82, mean CE ∼ 0.95). This may indicate
a minor but consistent bias between the two processing codes, rather than a
substantive difference in output.

The plots in figure 3.4 show the output of the CVAO and KCG BAPS codes
plotted against each other for NO sensitivity, NO2 CE, ambient NO and NO2.
Periods where there were instrumental issues or disruptive activity at the KCG
BAPS have been removed. As the sensitivity and the CE are used to calculate
NO and NO2 mixing ratios, differences in sensitivity and CE are propagated
into differences in the mixing ratios.
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Figure 3.4: Plots of sensitivity, CE, NO and NO2 mixing ratios for KCG BAPS NOx
data from 2022, calculated using the CVAO code and the KCG BAPS code. Equations
and R2 values are displayed in each panel.

The last steps in processing the raw NOx data are applying the offset and
ozone corrections, however a method for NOx offset determination at the KCG
BAPS has not yet been finalised. The following section describes potential ways
of calculating the offsets at the KCG BAPS and the issues surrounding them.

3.4 KCG NOx offset determination

An in-depth discussion of the causes of offsets and how they are determined
can be found in section 2.2.5. In summary, offsets can be determined either by
using the pre-reactor zero (O3 surface reactions and O3 reactions with alkenes
at different rates to O3 + NO) or by using NOx-free air (O3 reactions with
alkenes at the same rate as O3 + NO, NO2 surface reactions and NOz thermal
and photolytic interferences). NOx-free air can either be ambient air that has
been scrubbed of NOx using a pure air generator (a PAG 003, Eco Physics AG is
used at both the CVAO and the KCG BAPS) or ambient air that is measured in
periods when the mixing ratio of NO or NO2 is likely to be close to 0 ppt. The
following sections describe different methods for determining offsets by using
NOx-free air and any associated issues.
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3.4.1 Zero air measurements

At both sites, ZA measurements are carried out after a calibration (every 61 hours
at the CVAO and daily at the KCG BAPS, see section 3.2.2), however these
values cannot provide an accurate measurement offset for NO or NO2 in baseline
conditions. When the pure air generator (PAG) scrubs NOx from the ambient
air, it also removes NOy compounds and volatile organic compounds (VOCs),
which can be sources of interference in NOx measurements, therefore ZA from
the PAG is not able to quantify all possible measurement offsets. ZA is also dried
and a difference in humidity between ZA and ambient air could lead to offsets
being overestimated or underestimated. At the CVAO, ambient air is dried with
a Nafion (section 2.2.3) and at the KCG BAPS ZA is humidified (section 3.2.2) to
attempt to keep the humidity of ZA and sampled ambient air the same, however
problems with these methods have been encountered at both sites, potentially
leading to spurious ZA signals.

When measuring tens and hundreds of ppts of NOx, these inaccuracies in
the determination of offsets only have a small effect on the final mixing ratios,
however in baseline conditions, when mixing ratios are a few ppts, well quantified
and understood measurement offsets are necessary to report the measured mixing
ratios with confidence and carry out further analysis with the data.

3.4.2 Offset determination using ambient values

NO2 monthly minima offsets

NO2 offsets at both sites can be calculated from the NO2 monthly minima, as
this is considered representative of the NO2 offset, based on the assumption
that within a month, NO2 mixing ratios at the site will be 0 ppt at some point,
therefore the lowest monthly value is caused by the NO2 offset (see section 2.2.5).

Nighttime NO offsets

In clean, unpolluted environments, nighttime values of NO tend to 0 ppt, as at
night NO and O3 react (R 2.1) but NO is not regenerated by NO2 photolysis
(R 2.4), leading to virtually all the NO being converted into NO2 and its mixing
ratio tending to 0 ppt. The use of nighttime (between 21:00 and 04:00 UTC,
LT -1) measurements to offset-correct NO works well at the CVAO, since clean
baseline air is sampled ∼ 95% of the time, meaning that almost every nighttime
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NO measurement can be used, leading to daily NOx-free measurements carried
out in ambient air.

Figure 3.5: Baseline nighttime NO (between 22:00 and 04:00 LT, UTC + 10) measured
in 2022, coloured by whether the radon filter (radon ≤ 100 mBq m-3) is used alone (in
yellow) or with the wind filters (WS ≥ 20 km h-1 and 190◦ ≥ WD ≤ 280◦, in green).

At the KCG BAPS, only ∼ 30% measurements are made under baseline
conditions (radon ≤ 100 mBq m-3), therefore most nights NO would not be
expected to tend to 0 ppt, leading to significant gaps between baseline nighttime
NO measurements. Furthermore, figure 3.5 shows that in 2022 even on nights
(between 22:00 and 04:00 LT, UTC + 10) when sampling baseline air, NO
mixing ratios range from -10 to 66 ppt, showing a large amount of variability,
which could be due to NOx emissions from the soil surrounding the KCG BAPS
[82]. As the CVAO is surrounded by volcanic rock, NOx soil emissions are not
a concern at this site. Wind speed (≥ 20 km h-1) and wind direction (between
190◦ and 280◦) can also be used to filter data for baseline conditions, however
even with this extra layer of filtering applied (data in green in figure 3.5), the
nighttime NO values are still high and variable.

3.5 Summary and future plans

The processing comparison between the CVAO and the KCG BAPS has shown
that the methods used to treat the data at both sites yield very similar results, once
operational and set-up differences have been accounted for. This comparison
again highlights the difficulties measuring NOx at such low mixing ratios, with
further challenges at the KCG BAPS due to the large range of mixing ratios that
are routinely measured at the site, with air masses from the clean baseline sector
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and from the polluted Australian mainland being sampled. As a result of these
challenges, problems with measurement offsets still remain in the KCG BAPS
NO data, with more work needed to verify whether a suitable measurement
offset can be determined for historic baseline NO measurements. At the time
of writing, ongoing work is being carried out to update the NOx KCG BAPS
processing script and to quantify NOx soil emissions measured at the KCG BAPS.

Plans are in place for the collaboration between the University of York and
CSIRO to continue, with future aims of submitting KCG BAPS NOx data to
the World Data Centre for Reactive Gases (WDCRG) and comparing NOx

mixing ratios from the remote marine boundary layer (MBL) in the Northern
and Southern hemispheres.
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Chapter 4

Changes in NOx at the CVAO
between 2012 and 2024: effects of
changing air masses and
implications on atmospheric
oxidation processes

4.1 Introduction

As discussed in chapter 1, over the oceans the hydroxyl radical, OH, oxidises
pollutants and greenhouse gases (GHGs), in what is referred to as the atmosphere’s
self-cleaning cycle. In the marine boundary layer (MBL), the photolysis of ozone,
O3, is the main source of OH and its mixing ratios are controlled by the amount
of nitrogen oxides (NO and NO2, referred to as NOx) and volatile organic
compounds (VOCs) present. Lee et al. found that at the Cabo Verde Atmospheric
Observatory (CVAO) the O3 compensation point (at which there is a switch from
an O3 destroying to an O3 producing regime) was between 17 and 34 ppt of NO,
therefore currently a net destruction of O3 occurs [18]. Even small changes in
the compositions of air masses that reach the site, due to changing meteorology
or air quality, could have a profound impact on the chemistry that occurs over
the oceans. It is therefore important to understand the processes that take place
in this environment, to better predict what effect these changes will have on the
atmosphere’s self-cleaning cycle.
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In order to test our understanding of the chemistry occurring over the oceans,
a photostationary state (PSS) analysis can be performed. Under PSS conditions,
NO and NO2 are in equilibrium (R 4.1-R 4.3) and if O3 were the only species
converting NO into NO2, the Leighton relationship φ = jNO2 [NO2]

kO3 [O3][NO] would be 1
[86].

NO + O3 −−→ NO2 + O2 (R 4.1)

NO2 + hν
jNO2−−−→ NO + O(3P) (R 4.2)

O(3P) + O2 +M −−→ O3 +M (R 4.3)

Deviations from 1 indicate that other oxidants are present and convert NO
to NO2, specifically hydroxy and peroxy radicals (HO2 and RO2) and halogen
oxides (IO and BrO) are known to oxidise NO into NO2, shown in R 4.4-R 4.7.

NO + RO2 −−→ NO2 + RO (R 4.4)

NO + HO2 −−→ NO2 + OH (R 4.5)

NO + IO −−→ NO2 + I (R 4.6)

NO + BrO −−→ NO2 + Br (R 4.7)

Adding these reactions and rearranging the Leighton relationship gives the
equation to calculate PSS NO2 (eq. 4.1), which can then be compared to measured
values of NO2 to test our understanding of the NOx cycling in the troposphere.

NO2 P SS =
(kO3 [O3] + kRO2 [RO2] + kHO2 [HO2] + kIO[IO] + kBrO[BrO])[NO]

jNO2

(4.1)

Under low-NOx conditions previous studies have found that the PSS analysis
underestimates the amount of NO2 measured [19, 68, 87–89]. The underesti-
mation of PSS NO2 compared to measured values could be due to errors in the
measured values, specifically measurement offsets in NO2 mixing ratios or large
uncertainties in measurements of RO2 [73], or to a missing oxidant, which is
able to convert NO to NO2 and has not been accounted for.

Studies performed under low-NOx conditions have also revealed discrepancies
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between measured and modelled OH, HO2 and RO2 [27, 90–94]. These discrep-
ancies point to the fact that the current understanding of atmospheric radical
chemistry is incomplete. In environments where NOx mixing ratios are low and
VOCs mixing ratios are high, particularly in forested regions, RO2 isomerisation
has been proposed as an unclassical method leading to the regeneration of OH,
specifically through the autoxidation of RO2 [95]. The reactive aldehyde mecha-
nism (RAM) describes the series of H-shifts that occur in a RO2 radical leading to
the formation of a hydroperoxyl-carbonyl (HPC, or a similar species depending
on the substituents present on RO2), which photolyses to produce OH [96]. In
Beijing, Whalley et al. hypothesised that model underprediction of measured
RO2 could be due to the preferential isomerisation of the alkoxy radical RO,
formed following R 4.4 (particularly when RO2 is derived from monoterpenes
or long-chain alkanes), leading to the regeneration of a peroxy radical rather
than the formation of a hydroxy radical and a carbonyl [90]. As a result, RO2

could undergo multiple reactions with NO, oxidising it into NO2, prior to being
converted into HO2.

The role of Cl atoms in reacting with VOCs to produce RO2 has also been
noted. In a coastal urban site in southeastern China, Chen et al. measured large
mixing ratios of HOCl (mean midday peak of 181 ppt) and found that OH and Cl
radicals formed by HOCl photolysis reacted with VOCs leading to an increased
production of HO2 and RO2 [97]. Lawler et al. reported HOCl mixing ratios
between <5 and 173 ppt and Cl2 mixing ratios between <1 and 35 ppt at the
CVAO, noting that the mixing ratios in both species were notably higher in
air containing aged pollution compared to clean North Atlantic air, but could
not fully explain the measured values [98]. The mineral dust-sea spray aerosol
(MDSA) mechanism described by van Herpen et al. proposes that Cl is produced
through the catalytic photoreaction of Fe(III) chlorides formed in sea salt and
Saharan dust aerosols [99]. This mechanism could therefore provide a pathway
for the production of Cl over the North Atlantic, which could oxidise VOCs and
produce more HO2 and RO2.

NO2 PSS analysis carried out by Andersen et al. using NOx data from the
CVAO revealed that NO2 was underpredicted by the box model, most notably in
air masses with aged pollution, indicating that a missing oxidant able to convert
NO into NO2 may be present in these more polluted air masses [68]. In African
air masses affected by Saharan dust, the MDSA mechanism could be producing
more Cl leading to increased production of HO2 and RO2. Whalley et al. found
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good agreement between measured and box modelled daytime OH and HO2 at
the CVAO, highlighting the importance of including halogen chemistry in the
model to improve HO2 predictions, but noted that the impact of IO and BrO on
NOx mixing ratios had not been considered [27].

This chapter examines the NOx timeseries from the CVAO (2012 to 2024
for NO, 2017 to 2024 for NO2), focusing on trends in NOx and how these
change with different air masses in sections 4.3.1 and 4.3.2. In section 4.3.4 a PSS
analysis is carried out on this timeseries and the possible causes for an increase in
discrepancy between the measured and PSS NO2 values as the years progress are
discussed.

4.2 Experimental

4.2.1 Measurements at the CVAO

The NOx instrument used at the CVAO is described in chapter 2, which also gives
a full description of the CVAO (see section 2.2.1). As summarised in table 2.1,
O3, CO, CO2, CH4, VOCs and met data (RH, air temperature, pressure, wind
speed and direction) are also measured at the site. More in-depth descriptions of
measurement of photolysis rates and of halogen oxides made at the CVAO are
given below, as these have not yet been described in this thesis.

Photolysis rates

At the CVAO a spectral radiometer, consisting of a 2-pi sr quartz diffuser coupled
to an Ocean Optics spectrometer via a 10 m fibre optic cable, is used to measure
solar UV flux. It operates between 200 and 1000 nm, calibrated between 250-
750 nm at 1 nm resolution, with an integration time of 1 minute. It utilises a
Hamamatsu back-thinned FFT-CCD detector with >90% quantum efficiency at
700 nm. From the spec rad measurements, 47 photolysis rates are calculated using
Python code developed by Dr Lisa Whalley at the University of Leeds, based on
accurate absorption cross sections and quantum yields from the literature [100].

The spec rad was calibrated in 2016, 2019 and 2025 against a 1000 W (FEL)
quartz-halogen tungsten coil filament lamp (Gooch and Housego, NIST traceable
FEL 1000-W lamp standard of spectral irradiance, OL FEL-A, bearing the
designation F-1128) at the University of Leeds. Providing the fibre optic cable
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isn’t changed, the calibration is relatively constant over a number of years [101].
The calibration uncertainty is ∼ 5 − 6% at 300 nm and 4% at 650 nm. This
uncertainty is mainly due to the certified accuracy of the irradiance standard.

For periods when the spec rad wasn’t measuring, the monthly correlations of
photolysis rates with solar radiation for each hour between 09:00 and 17:00 are
used to calculate the photolysis rates. The error associated with the calculated
photolysis rates is considered to be the slope of this correlation. Further details
can be found in appendix A.

Halogen oxides

Halogen oxide radicals, BrO and IO, were measured at the CVAO between
November 2006 and June 2007 using differential optical absorption spectroscopy
(DOAS) [25, 102]. Yearly midday means of IO (1.4 ± 0.8 ppt, 1σ) and BrO
(2.5 ± 1.1 ppt, 1σ) are used in this analysis. Although Mahajan et al. reported only
limited seasonal variability between November 2006 and June 2007, the use of a
constant value for IO and BrO is not able to capture any changes these species
may undergo with changing air masses or changing atmospheric processes [102].
All the calculations that these values are used in are looking at daytime (between
11:00 and 15:00 UTC) chemical processes, therefore considering the diurnal
variation in IO and BrO is not necessary for this study.

4.2.2 Hydroxy and peroxy radicals

Measured (February 2023)

Measurements of RO2, HO2, OH and OH reactivity were made at the CVAO
during the PEROXY campaign in February 2023. These measurements were
made using the University of Leeds’s fluorescence assay by gas expansion (FAGE)
laser-induced fluorescence (LIF) instrument, operated by Dr Lisa Whalley, Dr
Graham Bousted, Dr Sam Seldon and Dr Rachel Lade. The instrument set-up,
calibrations and offset determinations are described fully in Dr Sam Seldon’s
thesis [103].

Briefly, HO2 and RO2 are converted into OH, which is then detected using
laser induced fluorescence at 308 nm [104]. In order to convert HO2 and RO2

into OH, firstly RO2 is converted into HO2 through reaction with NO, after
which CO is then added to convert any OH back into HO2 (figure 4.1). In
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the FAGE cell, all the HO2 (from RO2 conversion and from OH conversion) is
then reacted with NO to convert it to OH, which is then detected through laser
induced fluorescence [105]. As measurements of OH, HOx (OH and HO2) and
ROx (OH, HO2 and RO2) can be made depending on whether NO and CO are
added, these species can be subtracted from each other to determine values of
OH, HO2 and RO2.

Figure 4.1: Reactions that take place within the FAGE LIF instrument to convert HO2
and RO2 into OH. Adapted from Fuchs et al. [105].

During the PEROXY campaign, calibrations were performed weekly using a
portable flow tube which converts humidified air into OH and HO2. Calibrations
taken earlier in the campaign were excluded due to instrumental issues. The data
were corrected for O3 interference (on average this interference was 5.9 × 105

molecules cm-3) and for water vapour effect. Nighttime values were used to zero
both HO2 and RO2, due to an unknown artefact potentially in the NO cylinder
or in tubing from this cylinder to the instrument. Applying nighttime zeroes
corrects the effects of this artefact and brings nighttime values down to around 0.
During this campaign, measurement uncertainties for OH, HO2 and RO2 were
found to be ∼ 21%.

Box modelled

Monthly diurnal mixing ratios of HO2 and RO2 were determined between July
2017 and June 2020 using a zero-dimensional chemical box model [106], which
incorporated a subset of the Master Chemical Mechanism (MCM v3.31) into the
AtChem2 modelling toolkit [107], fully described in Andersen et al. [67]. A list
of reactions added to the MCM can be found in appendix B. For months when
box modelled HO2 and RO2 mixing ratios were not available (August 2020 to
December 2024), an average mixing ratio for that month was used instead.
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4.2.3 Air mass backtrajectories

Air mass composition at the CVAO is determined by running 10 day backtrajec-
tories using FLEXPART (version 10.4) in backwards mode, driven by pressure
data from the Global Forecast System (GFS) reanalyses at 0.5◦ × 0.5◦ resolution.
Backtrajectories are run every 6 hours and the amount of time (in %) spent over
each region (North Atlantic, South Atlantic, North America, South America,
Europe, Sahara, Sahel, West Africa, Central Africa and Upwelling, defined in
figure 2.3) at an altitude below 1000 m is calculated.

4.3 Results

4.3.1 NOx mixing ratios at the CVAO

Figure 4.2: Daily averaged NOx timeseries measured at the CVAO under baseline
conditions. Shading represents measurement uncertainties (calculated as described in
section 2.3.6.

The daily-averaged NO (2012 to 2024) and NO2 (2017 to 2024) timeseries
from the CVAO are shown in figure 4.2. The measurement offsets associated
with NO2 data measured before 2017 (when the diodes were installed) cannot
be properly quantified, therefore these data are not considered reliable. The
data in figure 4.2 have been processed as described in section 2.3, and filtered to
remove extreme values (as described in section 2.3.4) or measurements collected
when sampling air that has passed over the island (wind speed < 2 m s-1 or wind
direction between 100◦ and 340◦) to ensure that only NOx mixing ratios from the
clean MBL are shown. Data measured below the instrument’s limit of detection
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(LOD) are considered valid therefore are included in figure 4.2 and have been
used in this analysis. Hourly timeseries of NOx data from the CVAO are available
on EBAS and have been quality controlled by ACTRIS. NOx data from 2024
have been submitted to ACTRIS, however have not yet gone through QA/QC
at the time of writing, so may be subject to changes.

NOx diurnal cycles

Clean background (as defined above) NO and NO2 diurnal cycles between
2017 and 2024 are shown in figure 4.3, coloured by season. The NO diurnal
peaks around midday, with mixing ratios returning to zero overnight. Over the
oceans, without any fresh emissions, the key source of NO is the photolysis of
NO2, therefore the highest NO mixing ratios are seen when the photolysis rates
are largest, at noon. At night NO continues to react with O3, however NO2

no longer photolyses to yield NO, therefore in the absence of emissions NO
mixing ratios return to zero. The effect of these reactions can also be seen in the
NO2 diurnal cycle, which shows growing NO2 mixing ratios overnight, with a
peak just before dawn. NO2 mixing ratios then decrease during the day, with
measurements made in autumn and winter showing a bump in the afternoon
(potential due to production of NO2 from pNO3

– photolysis producing more
NO2 than is being photolysed to NO, discussed in chapter 5). For both species,
mixing ratios are by far highest in the winter. NO mixing ratios are lowest in the
spring, whereas NO2 mixing ratios are lowest in the summer. This difference
between NO and NO2 could be due to the higher photolysis rates in the summer,

Figure 4.3: NO and NO2 diurnals (in UTC, LT-1) coloured by season, between 2017
and 2024. Shaded areas represent the standard error.
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which leads to slightly more NO and slightly less NO2.

NOx mixing ratios in different air masses

As well as being driven by the changes in photolysis rates throughout the year,
the seasonality of NOx mixing ratios at the CVAO is also due to the seasonality of
the air masses reaching the CVAO, described in section 2.2.1. Seasonal changes
in the Azores anticyclone, located north of Cabo Verde, result in changes to
the air masses reaching the site with more African and European air in the
autumn/winter and more North Atlantic air in the summer. As described in
section 4.2.3, 10 day back-trajectories are run every 6 hours and the percent
of time each back-trajectory spent over each region (defined in figure 2.3) is
calculated. In order to determine changes in NOx mixing ratios in different air
masses, the percentages calculated from back-trajectories have been used to define
five different air mass categories, using the daily average air mass composition at
the CVAO:

• African (Afr): days when the air reaching the site spent at least 1% of time
over Africa (Sahara, Sahel, West and Central Africa), and more than half
the polluted air (African, European or North American air) was African.

• European/North Atlantic (Eu/NAt): days when the air reaching the site
spent at least 1% of time over Europe, and more than half the polluted air
(African, European or North American air) was European.

• North America/Atlantic (Am/NAt): days when the air reaching the
site spent at least 1% of time over North America, and more than half
the polluted air (African, European or North American air) was North
American.

• North Atlantic (NAt): days when the air reaching the site spent at least
98% of time over the ocean (Upwelling, North or South Atlantic), with
less than 1% of the oceanic air coming from the Southern hemisphere.

• Southern Hemisphere (SH): days when the contribution from the South-
ern Hemisphere was over 1% (with more time spent over the Southern
Hemisphere than over polluted Northern Hemisphere regions).

This classification focuses on identifying the days in which the air reaching
the site has been clearly influenced by one particular region. For this reason, days
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during which multiple air masses are present in high amounts have been excluded
from further analysis. In particular, in order for any day to be classified as African,
European/North Atlantic or North American/Atlantic (the three "polluted" air
masses), the air reaching the site needs to have spent more than 50% of the total
time spent over the "polluted regions" over one of these three regions.

Figure 4.4: Number of occurrences of each air mass (between 2012 and 2024) in the
different seasons at the CVAO.

Figure 4.4 shows how the air masses at the CVAO change over the seasons,
as well as how prevalent each air mass type is at the site. Between 2012 and
2024, the predominant air mass at the CVAO was African for 30% of the days,
North Atlantic 22% of the days, European 18% of the days, North American
10% of the days and from the Southern Hemisphere 2% of days. As the Southern
Hemisphere air mass is only sampled on 2% of days it is not included in further
analysis. The remaining 18% of days were not classified, either because they
were affected by local pollution (defined as periods with wind speed below 2 m
s-1 or wind direction between 100◦ and 340◦) or because they did not clearly fit
into the five categories described above (air masses that had similar amounts of
influence from more than one region).

As shown in table 4.1, the highest mixing ratios for NO and NO2 are measured
in the African air mass, followed by air masses with European influence and air
masses with North American influence. The lowest mixing ratios are seen in the
North Atlantic air mass. The difference between all air masses apart from the
North Atlantic and North Atlantic/American air mass are statistically significant
(calculated using ANOVA (analysis of variance) and Turkey’s range test). The
lifetime of NOx over the oceans ranges from a few hours to a few days and
depends on the abundance of OH and therefore on photochemical activity. Aged
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Table 4.1: Mean (±2σ) daytime (11:00-15:00 UTC) NO and NO2 mixing ratios between
2017 and 2024 in the four different air masses at the CVAO, as described above.

Air mass Daytime NO (mean
±2σ)

Daytime NO2 (mean
±2σ)

African 3.0 ± 6.4 ppt 16.3 ± 28.1 ppt
European/North Atlantic 2.5 ± 5.6 ppt 13.4 ± 22.8 ppt
North American/Atlantic 1.9 ± 5.1 ppt 11.8 ± 16.9 ppt

North Atlantic 1.7 ± 4.4 ppt 10.8 ± 14.2 ppt

pollution from North America generally takes longer to reach Cabo Verde than
aged pollution from Europe or Africa and therefore NOx mixing ratios in these
air masses are likely lower due to reactions with OH that remove NOx from the
atmosphere. Photochemical activity is also lower in winter months, which are
when the majority of African air masses reach the site (figure 4.4), therefore NOx

lifetimes are likely slightly longer and result in more NOx pollution reaching the
site in the season when the most African air is being sampled.

4.3.2 Trends in NOx at the CVAO

Mixing ratios over the oceans are low, on the order of a few ppt for NO and
tens of ppt for NO2, but it is possible to see fluctuations in the amount of NOx

measured at the CVAO over the years. As shown in figure 4.3, NOx mixing ratios
are higher in the winter, therefore the data were deseasonalised using seasonal
and trend decomposition using Loess (STL) before plotting the monthly means.
The STL method does not work if there is any missing data, so a Kalman filter
was used to fill missing data before they were deseasonalised.

The deseasonalised monthly averaged NO mixing ratios (shown in figure 4.5,
filtered as described in section 4.3.1 to only include measurements of the clean
MBL) increase fairly steadily between 2012 and 2017, followed by a decrease
between 2017 and 2021. Between 2021 and 2024, NO monthly averaged mixing
ratios remained fairly stable, with a gradual increase. As mentioned above, NO2

mixing ratios are not available prior to 2017, but between 2017 and 2024 NO2

monthly mean mixing ratios follow a similar, though less dramatic, trend as NO.
NO2 mixing ratios decrease between 2017 and 2019, are stable between 2019
and 2022, and show a gradual increase in 2023 and 2024, but don’t show a bump
between 2019 and 2020 which is seen in NO.
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Figure 4.5: Deseasonalised monthly mean NOx mixing ratios from the CVAO. Months
with less than 30% data coverage are excluded from analysis. Data are deseasonalised
using STL. The shaded areas represent the 95% confidence intervals of the smooth line
fit.

Air mass trends at the CVAO

The trends seen in NOx mixing ratios at the CVAO could be in part explained
by changes in the air masses reaching the site. The different air masses reaching
the site are calculated as described in section 4.2.3. Figure 4.6 shows the monthly
mean North Atlantic, African (Sahara, Sahel, Western and Central Africa) and
European air mass contributions at the CVAO between 2012 and 2024. As
described in section 2.2.1, the air masses exhibit seasonality, therefore these data
have also been deseasonalised using STL and as backtrajectories are run every 6
hours a Kalman filter was also used here to fill missing data.

Figure 4.6 shows that there have been changes to the air mass composition
at the CVAO, most notably a peak in North Atlantic air (and a dip in African
and European air) in 2013, followed by a dip in North Atlantic air (and a peak
in African and European air) in 2015/2016. From this dip in 2016, the North
Atlantic contribution has been steadily increasing, matched by a steady decrease
in European air. African air has remained fairly stable between 2018 and 2024,
with two local maxima, in 2019/2020 and in 2023, and dips in 2018, 2021 and
2024. These small fluctuations are the counterpart to similar fluctuations seen
in North Atlantic air, which is generally increasing in this period, but has local
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Figure 4.6: Deseasonalised monthly mean North Atlantic (left, in blue), African (centre,
in yellow, includes Saharan, Sahelian, western and central African air masses) and Euro-
pean (right, in green) air mass contributions to the CVAO. A map of air mass regions
can be found in figure 2.3.

peaks in 2018, 2021 and 2024.
The changes in air mass composition at the CVAO broadly line up with the

trends in NO shown in figure 4.5. NO mixing ratios increase between 2012 and
2016, with a dip in 2014 which corresponds to a dip in African and European air
masses and a peak in clean North Atlantic air masses. The highest NO monthly
mixing ratios are seen in 2016, which corresponds to the largest contributions of
African and European air at the CVAO. From 2017 to 2024, both African and
European air has been decreasing at the site and North Atlantic air has been
increasing, which is reflected by a decrease in NO2 between 2017 and 2019 and
in NO between 2017 and 2021, interrupted by a slight increase in 2019/2020
in NO, when there is an increase in African air. NO2 and NO have remained
fairly stable from 2019 onwards and from 2021 onwards, respectively, with both
showing a slight increase in mixing ratios in 2023 and 2024. This increase is not
reflected in the air mass behaviour, as the amount of North Atlantic air at the
station has continued to increase and African and European air has decreased.

NOx mixing ratios in different air masses over the years

Whilst the trends in air masses generally help explain the trends seen in NO
and NO2 at the CVAO, they don’t show how NOx is changing within a specific
air mass over the years. Figure 4.7 shows how the NO and NO2 mixing ratios
changed between 2012 (2017 for NO2) and 2024 in African, European/North
Atlantic and North Atlantic air, with the air masses classified as described in
section 4.2.1 above.

It is worth noting that the air mass categories described in section 4.2.1 are very
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Figure 4.7: A box plot (with outliers removed) of daily averaged daytime (11:00-15:00
UTC) NO and NO2 mixing ratios in African, European and North Atlantic air masses
measured at the CVAO between 2012 and 2024 (NO2 data only available from 2017).
The width of each box represents the number of data points available for that year, species
and air mass.

broad and air reaching the site from Africa and Europe always has contributions
from the North Atlantic. Air masses classified as African will be predominantly
influenced by African air, but could also have a significant European contribution,
and vice versa. The number of data points available each year for each species
and air mass could also lead to the data being skewed. NO mixing ratios are
highest in all three air masses between 2015 and 2017, however the number of
data points available, especially in the European and North Atlantic air masses are
low compared to previous years. In 2016 in particular data were only available
in autumn/winter months (as can be seen in the timeseries in figure 4.2), which
is when NOx is generally highest and most measurements are made in African
air (see figure 4.4), leading to a spread of data that is not representative of the
whole year. In 2017, when the NO2 diodes were installed at the CVAO, the
Nafion dryer was also added to the system to dry the ambient air, which reduced
quenching and thus improved the instrument sensitivity. From 2018 onwards
the spread of NO data decreases likely thanks to this change. Data availability in
both species from 2017 is also better compared to that between 2012 and 2017,
leading to a more reliable and representative set of measurements. The causes
and effects of the higher data spread seen between 2015 and 2017 are discussed
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further in section 4.3.4.
The changes in NO and NO2 mixing ratios within the different air masses

could be caused by changes in emissions and meteorology over the oceans, over
Africa and over Europe. Both NO and NO2 mixing ratios show a decrease
between 2019 and 2020 in European and North Atlantic air masses, which is not
seen in the African air mass, potentially indicating that COVID-19 lockdowns
had less of an effect on NO2 emissions in Africa. Whilst there is a large amount
of literature on the decrease of many pollutants in Europe, including NO2, as a
result of the COVID-19 pandemic [108–111], the impact on emissions in Africa
has not been researched as extensively. Fawole et al. show that there is a decrease
in NO2 mixing ratios in Western Africa, however Doumbia et al. show that the
decreases in NO2 in Africa are smaller compared to those seen in other regions,
including Europe [112, 113]. Han et al. used chemical reanalysis to determine
quarterly dual anomalies and quarterly anomalies for spring (MAM) and summer
(JJA) 2020, seeing a reduction in NO2 in Western, Central, Southern and Eastern
Africa, but an increase in Northern Africa when using the quarterly anomalies
method and hypothesised that this was due to NO2 mixing ratios being higher
than previous years in 2020, but with a smaller rate of increase compared to
previous years [114]. Kganyago and Shikwambana report an increase of biomass
burning emissions in Sub-Saharan Africa in 2020 compared to 2019, pointing to
favourable meteorological and vegetation conditions in 2020 for fires, as well as
the fact that due to lockdowns, less fire suppression activities were being carried
out [115].

Following 2020, NO mixing ratios have remained fairly stable in all three
air masses, whereas NO2 mixing ratios have been quite variable. NO2 trends
reported by NASA show that between 2005 and 2021 there was an increase in
NO2 in most Western African cities for which data were available (15% increase
in Nouakchott, Mauritania, 73% increase in Dakar, Senegal, 11% increase in
Banjul, The Gambia, 29% increase in Bamako, Mali, 10% increase in Conakry,
Guinea) with a decrease only seen in Bissau, Guinea Bissau, which is broadly
seen in the NO2 mixing ratios measured in African air at the CVAO [116]. Inter-
annual variability in NO2 in African air could be due to different meteorological
conditions, with studies showing that NOx emissions from wet soil in West
Africa are enhanced compared to emissions from dry soils [117, 118], as well as
differences in which regions specifically within the African continent are being
sampled.
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Figure 4.8: Mean yearly NOx mixing ratios measured in the North Atlantic air mass
at the CVAO between 2017 and 2021 (light blue, left axis) and annual NOx shipping
emissions (dark orange, right axis) [119].

Changes in NOx mixing ratios in North Atlantic air masses are likely related
to changes in shipping emissions, with a decrease in both NO and NO2 in 2020.
Yi et al. used the Shipping Emission Inventory Model (SEIMv2.2) to generate
a ship emission inventory between 2016 and 2021, with the global NOx data
from this inventory compared to mean yearly NOx mixing ratios measured in
North Atlantic air at the CVAO between 2017 and 2021 in figure 4.8 [43, 119].
Broadly, global NOx shipping emissions and NOx measurements in the North
Atlantic air mass at the CVAO follow similar trends in these years, with a dip in
2020 followed by an increase in 2021. Peak NOx measurements at the CVAO
were in 2019, despite global NOx shipping emissions decreasing in 2019 from a
peak in 2018. Lack of regional shipping emissions data for the North Atlantic
makes it difficult to determine if the changes in NOx in North Atlantic air are
entirely due to shipping emissions, and no emissions data are available from 2021
to 2024, however the most recent Review of Maritime Transport, published by
the UN trade and development (UNCTAD), reports that global maritime trade
grew by 2.4% in 2023 and that between 2018 and 2023 port calls by container
ships rose by 20% across Africa, indicating that there is an increase in shipping
traffic both globally and regionally [120].

The photochemical production of NO in the ocean surface has not yet been
tested in sea-water samples collected in the tropical North Atlantic Ocean, but
has been reported by Tian et al. in artificial sea-water samples and in samples
collected in the western tropical North Pacific Ocean and could therefore also
represent a source of NOx from the ocean at the CVAO [46].
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4.3.3 Effects of NOx on ∆O3

As discussed in chapter 1, in the remote MBL O3 depleting reactions dominate
over O3 producing processes. O3 exhibits a strong seasonal cycle (figure 4.9, left)
with the highest mixing ratios measured in the winter months and the lowest
mixing ratios seen between July and October. In order not to be affected by this
seasonality, changes in the amount of O3 depletion are studied by looking at
∆O3, the daily change in O3 mixing ratios between the peak at 09:00 and the
trough at 17:00 (figure 4.9, right).

Figure 4.9: Hourly averaged O3 timeseries (left) and diurnal cycle (right) from the
CVAO between 2012 and 2024. The shaded area on the diurnal represents the standard
error.

O3 mixing ratios are affected both by chemical reactions and by physical
processes, specifically entrainment from the free troposphere and dry deposition.
Since all the chemical changes are photochemical, overnight changes in O3

mixing ratios are due to entrainment and deposition. The boundary layer height
changes throughout the day and is lower overnight, likely leading to less mixing,
however over the oceans the diurnal change in boundary layer height is low. In
this work, the entrainment and deposition are assumed to be constant throughout
the day and can be calculated by taking the difference between O3 mixing ratios at
22:00 and 03:00 (UTC, LT+1). This assumption may lead to an overestimation of
daytime deposition, however because the boundary layer height is not expected to
experience many changes over the oceans, this assumption is considered valid for
this study. Between 2012 and 2024, the entrainment and deposition contribution
to ∆O3 ranged from a maximum of 0.54 ppb h-1 in April 2017 to a minimum of
-0.38 ppb h-1 in August 2013, with the highest monthly average in May (0.32
ppb h-1) and the lowest in September (0.11 ppb h-1). These values are similar to
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those reported by Read et al. (0.18-0.48 ppb h-1 between November 2006 and
June 2007) and by Andersen et al. (0.18-0.35 ppb h-1 between July 2017 and June
2020) [25, 68].

∆O3 due solely to photochemical reactions (∆O3 chem) can be estimated by
subtracting the entrainment and deposition term, calculated as the difference
between O3 mixing ratios at 03:00 and 22:00 (UTC, LT+1), from ∆O3. Monthly
values of ∆O3 chem are shown in figure 4.10 along with daytime NO mixing ratios.
The main chemical pathways that lead to O3 production involve the oxidation of
NO by species other than O3 (RO2, HO2, BrO and IO), leading to the formation
of NO2 which rapidly photolyses into NO and O(3P), with the latter reacting
with O2 to produce O3. Changes in daytime NO mixing ratios and ∆O3 chem

follow a similar monthly pattern, with the lowest NO mixing ratios and the
largest amount of O3 destruction occurring in May and the highest NO mixing
ratios and smallest amount of O3 destruction occurring in January.

Figure 4.10: Monthly averaged daytime (11:00-15:00 UTC) NO mixing ratios and
∆O3 chem values measured at the CVAO between 2012 and 2024. Shading represents ±
standard error.

The main loss pathway for O3 in the remote MBL is its photolysis, followed
by the reaction between water vapour and O(1D). Reactions between O3 and OH,
HO2 and halogens (Br and I) are also loss mechanisms for O3. The available O3

production and loss terms are shown in figure 4.11. These terms were calculated
using measured (NO, O3, photolysis rates, met data) and box modelled (RO2 and
HO2) values. OH, BrO and IO are assumed to be constant, with mixing ratios
of 2 × 106 molecules cm-3, 2.5 ppt and 1.4 ppt respectively, based on previous
campaigns at the CVAO. The entrainment/deposition term was calculated as
described above, from the difference between O3 mixing ratios at 03:00 and 22:00
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(UTC, LT-1). The O3 loss due to reactions with halogens cannot be estimated
for this period as a box model would be required to estimate this value, and this is
outside the scope of this work. Although halogen reactions have been shown to
represent a significant O3 loss over the oceans, they are not expected to impact
the seasonality of ∆O3 as their concentrations are assumed to be constant at the
CVAO [25].

Figure 4.11: Monthly averaged O3 production and loss rates between 2012 and 2024.
The effects of halogens are assumed to be constant and are not included in this plot.

Higher values of the entrainment/deposition term are seen in the spring and
summer months (March to July), with values for the rest of the year comparable
to O3 production from NOx. The most O3 production from this pathway is
seen in January, which is also when O3 destruction is at its lowest (figure 4.10),
however reduced O3 destruction from its photolysis followed by the reaction
between O(1D) with water vapour is also seen in the winter months. O3 loss
from photolysis and O3 production from NO follow a similar yearly pattern and
as the term for photolysis loss is much larger than the term for NOx production,
this is the key driver for ∆O3 over the oceans. Increases in NOx will lead to more
O3 production, though the values currently seen at the site are well below the
compensation point, where the regime switches to O3 production. Continuing
to carry out long-term measurements to understand how the atmospheric com-
position is changing over the oceans is however important, as a shift to an O3

producing regime would have significant changes on the chemistry of the MBL.

Page 76 of 163



4.3. Results

4.3.4 NO2 photostationary state

As well as allowing us to examine how NOx mixing ratios are changing at the
CVAO over the years and what factors are driving these changes, this long-term
timeseries of NOx measurements in the MBL provides a useful way of focusing on
the gaps in our understanding of the atmospheric chemistry processes occurring
in this environment, using photostationary state (PSS) analysis.

At the CVAO around midday (between 11:00 and 15:00 UTC, LT+1), NO2

is under PSS as the average photochemical lifetime of NO2 (1/jNO2 , calculated
between 2017 and 2024) was 2 minutes. Measurements collected when the NO2

lifetime was over 10 minutes have been excluded from this analysis (0.1% data
removed) as not being under PSS conditions. NO2 mixing ratios can be calculated
by balancing the NO2 production from NO oxidation by O3, RO2, HO2, BrO
and IO (R 4.1, R 4.4-R 4.7) and NO2 destruction through its photolysis (R 4.2),
shown in equation 4.1.

NO2 P SS =
(kO3 [O3] + kRO2 [RO2] + kHO2 [HO2] + kIO[IO] + kBrO[BrO])[NO]

jNO2

(4.1)

Figure 4.12: A plot of daily averaged midday (11:00-15:00 UTC) measured and PSS
NO2 mixing ratios from the CVAO between 2017 and 2024 in different air masses. The
the 1:1 fit is the dashed orange line, the solid blue line is the line of best fit (equation, R2

and number of available data points, n, displayed on each plot).

In eq. 4.1, jNO2 is the photolysis rate of NO2. The rate constants for R 4.1,
R 4.4-R 4.7 are referred to as kO3 , kRO2 , kHO2 , kIO and kBrO, respectively, with
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the reaction rate for methyl peroxy (CH3O2) used for all RO2 as modelling
performed by Dr Lisa Whalley indicates that ∼ 90% simple RO2 at the CVAO is
CH3O2 [103, 121]. NO, O3 and jNO2 are measured at the CVAO, as described
in sections 2 and 4.2.1. RO2 and HO2 mixing ratios were determined using a
zero-dimensional box model (section 4.2.2) between July 2017 and June 2020,
with monthly diurnal averages calculated from July 2020 onwards. IO and BrO
mixing ratios are estimated from measurements of these species taken at the
CVAO between November 2006 and June 2007 (section 4.2.1).

The relationship between the measured and PSS NO2 in different air masses
at the CVAO is shown in figure 4.12. In all air masses, the PSS underestimates
the measured NO2 values, with better fits seen in the more polluted air masses
(African and European), likely because in these air masses NOx mixing ratios are
higher resulting in a larger spread of data and less values close to the LOD. A
Student’s t-test was performed and confirmed that for all air masses, the difference
between measured and PSS NO2 was statistically significant.

PSS with measured HO2 and RO2 from February 2023

As discussed in section 4.1, the underestimation of measured NO2 mixing ratio
by PSS analysis has previously been attributed to a missing oxidant, which has
been hypothesised to be RO2 regenerated through unclassical isomerisation
mechanisms. HO2 and RO2 were measured at the CVAO during the PEROXY
campaign in February 2023 by the University of Leeds FAGE instrument (section
4.2.2, data available between 5th to 25th February 2023) and have been compared
to the box modelled values for February 2018 and February 2020 in figure 4.13.

Both the box modelled years available (February 2018 and February 2020)
overestimate measured HO2 and RO2 from February 2023. Modelled RO2 in
2018 is likely lower than in 2020 because NO and NO2 mixing ratios in 2018
are higher, leading an increase in conversion of RO2 into HO2 by NO (R 4.4).
The box model used to generate HO2 and RO2 did not include terms for halogen
chemistry or heterogenous losses to aerosols, likely resulting in the overestimation
of measured values. Uncertainties still surround the value of the uptake coefficient
γHO2 and the reaction rates and products between CH3O2 with halogen oxides
(IO and BrO) [26, 122–124]. Running a more up to date box model which
included halogen chemistry and a term for heterogenous losses would likely
result in a more accurate estimate of HO2 and RO2 values at the CVAO, however
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Figure 4.13: Measured (orange) and box modelled (blue) HO2 (left panel) and RO2

(right panel) diurnals. Measurements were collected during the PEROXY campaign (5th

to 25th February 2023). Box modelled values are from February 2018 (light blue) and
February 2020 (dark blue). Shaded area on the measured values represents ± SE.

the effect of halogen oxides on NOx and O3 would also need to be considered
and as such was not within the scope of this thesis.

In order to carry out NO2 PSS analysis, the average monthly diurnal HO2

and RO2 values were calculated for months when box modelled data weren’t
available (July 2020 onwards). Table 4.2 compares the measured values from
February 2023 with the monthly averages from the box model that have been
used to perform the PSS analysis. As seen in the diurnals in figure 4.13, both
HO2 and RO2 are overestimated by the box model, with a normalised mean bias
(NMB) for HO2 of 37% and for RO2 of 74%. In both cases, the modelled values
fall outside the measurement uncertainty of 21% (1σ).

Table 4.2: Midday (between 11:00 and 15:00 UTC) mean measured and modelled HO2
and RO2 mixing ratios. Measured values collected during the PEROXY campaign in
February 2023, box modelled values from an average of February 2018 and 2020 data.
Uncertainties on measured HO2 and RO2 were estimated to be 21% (1σ).

Species Measured midday mean Modelled midday mean NMB

HO2 2.76 × 108 molecules cm-3 3.78 × 108 molecules cm-3 37%
RO2 3.11 × 108 molecules cm-3 5.41 × 108 molecules cm-3 74%

The ratio between the measured and PSS NO2 (NO2 Obs/NO2 P SS) can be
used to visualise whether the PSS analysis is underestimating or overestimating
measurements. A ratio of 1 indicates that the PSS is able to correctly reproduce
measured NO2 values, whereas deviations indicate that the PSS is overestimating
(ratio < 1) or underestimating (ratio > 1) the measured values.
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Figure 4.14: Daily averaged midday (11:00-15:00 UTC) measured (orange) and PSS
NO2 mixing ratios calculated using measured (light blue) and box modelled (dark blue)
HO2 and RO2 values. The bottom panel shows the NO2 Obs/NO2 P SS ratio when using
measured (light blue) and box modelled (dark blue) HO2 and RO2 values. The dashed
line indicates a 1:1 ratio.

As shown in figure 4.14 using the measured HO2 and RO2 values to calculate
NO2 P SS leads to a larger NO2 Obs/NO2 P SS ratio than when using box modelled
HO2 and RO2 values. This is simply because the box modelled values are larger
than the measured values (table 4.2) and the PSS underestimates the observed
NO2 values. As discussed previously, this underestimation was thought to be
missing RO2, however the measurements from this campaign indicate that at the
CVAO this is likely not the case, unless an unknown measurement offset has not
been accounted for or the missing RO2 is not measured by the FAGE. O3 and
water vapour corrections have been applied to the HO2 and RO2 measured values
and nighttime values, which are known to be roughly 0, were used to correct
for an unknown offset in the data, thought to be caused by an interferences in
the NO cylinder (see section 4.2.2).

Factors affecting the NO2 Obs/NO2 P SS ratio

Andersen et al. showed that at the CVAO between July 2017 and June 2020
a ratio of ∼ 1 was seen in air masses with low CO (< 80 ppb), ethane (< 0.75
ppb) and acetylene (< 50 ppt) mixing ratios, but deviations from 1 were seen
with higher mixing ratios (CO > 100 ppb, ethane > 1.0 ppb, acetylene > 50 ppt),
indicating that there could be a missing oxidant in more polluted air masses [68].
Expanding this analysis to include data from the CVAO from 2020 to 2024 (figure
4.15), however, shows that as the years progress, the deviations from 1 increased
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Figure 4.15: Box plot of the daily averaged NO2 Obs/NO2 P SS ratio between 2017 and
2024, coloured by CO mixing ratios. The dashed line indicates a ratio of 1. The width
of the boxes indicates the amount of data available.

regardless of the amount of aged pollution at the CVAO.
This yearly NO2 Obs/NO2 P SS ratio increase, indicating an increase in PSS

underestimation, could be due to changes in IO and BrO, which have not been
measured at the site since 2007, with the average values from the 2006/2007
measurements used in this analysis. Differences between box modelled and
measured HO2 and RO2 values could also lead to discrepancies between the
measured and PSS NO2, however comparison with the measured values from
the PEROXY campaign indicates that it is likely that the box modelled values
used are overestimating rather than underestimating actual values.

Figure 4.16: Daily averaged midday (11:00-15:00 UTC) values for measured CO, ethane,
acetylene (RO2 and HO2 precursors), jNO2 , O3, NO and NO2, along with the PSS NO2
and the NO2 Obs/NO2 P SS ratio between 2017 and 2024.
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Measurement errors could also result in a discrepancy in the NO2 Obs/NO2 P SS

ratio, and this was investigated by looking at the species used to calculate NO2 P SS

(eq. 4.1). Figure 4.16 shows how species that affect NO2 have changed between
2017 and 2024, including the measured terms of this eq. 4.1 (NO, O3 and jNO2)
and HO2 and RO2 precursors (CO, ethane and acetylene).

An increase in CO is also seen over this time period, which could have led to
an increase in HO2 mixing ratios, though without measurements it is impossible
to say for certain. The key driver, however, does appear to be the decrease
in NO between 2017 and 2024 which is not reflected in NO2 mixing ratios.
This results in NO2 P SS mixing ratios decreasing and therefore increases the
NO2 Obs/NO2 P SS ratio, as the PSS underestimation of measured NO2 increases.

NOx instrumental changes

Figure 4.17: Yearly NO and NO2 probability density functions with the upper and
lower 5% of data removed. Amount of data available for each year is shown in the facet
labels.

High NO mixing ratios between 2015 and 2017 were discussed in section
4.3.2, with figure 4.7 in particular showing that there is a wider range of values
in these years. The probability density functions for NO and NO2 (figure 4.17)
show that between 2017 and 2019 the spread in both NO and NO2 mixing
ratios were broader and in general the same pattern is seen in both NO and NO2,
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however a much more distinct shift is visible in NO data distribution after 2020.
Data availability could play a part in this, with low data coverage in 2019 in
particular, however even when only looking at the later half of the year, when
2019 data coverage is good, the same probability density functions are seen.

Figure 4.18: Monthly averaged NO and NO2 mixing ratios and NO sensitivity. The
solid lines indicate when the manifold was changed at the CVAO, the dashed lines indicate
when the NO cal cylinder was replaced.

It is possible that instrumental or data processing changes could have affected
the data, leading to artificially high or low values. Chapter 2 describes in detail
the NOx instrument and processing at the CVAO and highlights changes made
to the processing code which were implemented from 2022 onwards, however
when comparing data processed with both the old and the new version of the
processing code minimal differences were noted (figure 2.17). In order to verify
whether any instrumental changes at the CVAO could have affected the data, the
monthly NO, NO2 and NO sensitivity timeseries are shown alongside physical
changes that have been made to the NOx instrument at the CVAO in figure 4.18.
The glass manifold used by all instruments at the CVAO is changed roughly
every five years (solid black lines in figure 4.18) and following each change a
comparison is performed to ensure that there hasn’t been a step change in the
mixing ratios for any of the sampled species. The two manifold changes that
were performed between 2012 and 2024 do not appear to have affected the data.
Changes in the NO calibration cylinder were also highlighted in figure 4.18
(dashed black lines) and are summarised in table 4.3.

The cylinder mixing ratio has always been around 5 ppm, which is then
diluted to 40 ppb (discussed in section 2.2.4), and changes to the calibration
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Table 4.3: A summary of NO calibration cylinder changes at the CVAO

Cylinder in use Cylinder NO concentration

1st May 2012 5.05 ppm
1st March 2017 5.09 ppm

12th November 2019 5.17 ppm
19th November 2019 5.09 ppm

11th June 2020 5.17 ppm

cylinder concentration are accounted for in the data processing. While the
difference between the calibration value and measurement values (tens of ppt) is
large, it has not changed during the instrument’s operation so is unlikely to have
caused the increase in NO mixing ratios between 2015 and 2017. An increase in
mixing ratios between 2012 and 2017 is seen, which then appears to decrease
once the NO calibration cylinder is changed, however at this time other changes
were also made to the NOx instrument at the CVAO: the NO2 diode converter
was installed, allowing for reliable measurements of NO2 to be collected, and
the Nafion was installed, to dry ambient air. The drop in NO mixing ratios
could therefore be in part attributed to a reduction in the effect of humidity on
measurements. Figure 4.18 also shows the NO sensitivity (in cps ppt-1) over the
years, with a period of low sensitivity seen between the end of 2016 and 2019
which could also indicate that the instrument was not operating in its optimal
conditions leading to more noisy data. From 2020 to 2024, the narrower spread
of NO data, with values close to the LOD, appears therefore to be genuine, as
the data processing was performed in the same way and there were no external
changes to the instrument.

4.4 Conclusion

The NO timeseries collected at the CVAO between 2012 and 2024, and the NO2

timeseries collected between 2017 and 2024 were presented. Both NO and NO2

diurnal cycles show seasonality, with the highest values measured in winter when
air masses reaching the site have higher African and European contributions and
the lowest values measured in spring/summer when the air is predominantly
clean North Atlantic.

Examining the trends in NO and NO2 timeseries reveals a strong correlation
between the mixing ratios seen and the amount of clean North Atlantic air,

Page 84 of 163



4.4. Conclusion

African air and European air reaching the CVAO, with mixing ratios increasing
over periods when the African and European air masses are more predominant and
decreasing when the North Atlantic air mass is the predominant one. Changes
in NOx mixing ratios within the different air masses over the years broadly show
that changes in emissions over these three different regions are reflected in the
mixing ratios seen at the CVAO, though more work is required to understand
how changes in meteorology and air composition in more polluted regions affect
NOx over the oceans.

NOx was shown to be an important source of O3 over the oceans, though the
main factor affecting O3 mixing ratios is its photolysis and reaction with water
vapour. This loss mechanism dominates the O3 production seen from NOx and
NOx mixing ratios are still well below the O3 compensation point, though it is
important that long-term measurements and trend analyses are carried out in
order to monitor changes in trace gas mixing ratios in the MBL.

NO2 PSS analysis revealed that our current understanding of the photochem-
ical processes involved in the cycling between NO and NO2 in the marine MBL
is incomplete. Using measured, rather than box modelled, values for HO2 and
RO2 collected in February 2023 during the PEROXY campaign at the CVAO did
not decrease the discrepancy between measured and PSS NO2, implying that if
any missing RO2 is oxidising NO to NO2, it currently cannot be detected by the
FAGE. Decreasing NO mixing ratios between 2017 and 2024 lead to a decrease
in NO2 P SS mixing ratios over this time period that was not seen in measured
NO2 mixing ratios. The decrease in NO mixing ratios could in part be caused by
instrumental changes, however more work is required to determine how large
an effect these changes had on the measurement. Data from 2020 onwards are
stable, however NO mixing ratios are very low, close to the instrument’s LOD,
making it difficult to perform a conclusive PSS analysis.

More measurements, especially of BrO, IO and HOCl, would help investigate
the chemistry at play here, as halogens have been shown to be important to the
chemical cycling over the oceans.
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Chapter 5

HONO measurements from the
CVAO: an investigation into
factors affecting particulate nitrate
photolysis

5.1 Introduction

The photolysis of nitrous acid, HONO (R 5.1), is an important source of the
hydroxyl radical, OH, and nitrogen oxides (NOx = NO + NO2) in the clean,
oceanic atmosphere, with the former being a key atmospheric oxidant and the
latter being involved in the ozone cycle and the formation of secondary organic
aerosols (discussed in detail in chapter 1).

HONO + hν
jHONO−−−−→ NO + OH (R 5.1)

Understanding the production and loss pathways of HONO in the remote
marine boundary layer (MBL) will therefore help improve our understanding
of the atmosphere’s oxidation capacity. The difficulties of measuring HONO in
such a remote environment, where it is present at ppt levels, mean that there are
substantial uncertainties surrounding the sources and sinks of HONO over the
oceans.

In the remote MBL, the main loss pathway for HONO is photolysis (R 5.1),
but it is also lost through dry deposition (R 5.2) and the reaction with OH (R 5.3).
Studies have shown that the gas-phase reaction between NO and OH (R 5.4) is
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only a small source of HONO in this environment and that the main source is
instead photochemical [51, 66, 125–129].

HONO kdep−−→ (R 5.2)

HONO + OH −−→ H2O + NO2 (R 5.3)

NO + OH +M −−→ HONO +M (R 5.4)

In more polluted regions, NO2 uptake has been suggested as an important
photochemical source [126, 130–132] and in rural and coastal environments
soil emissions could explain missing HONO production [128, 133–135]. In the
remote, clean, oceanic atmosphere, the key source of HONO is thought to be the
photolysis of particulate nitrate, pNO3

– [51, 66, 125, 129, 136–138]. Nitric acid,
HNO3, has long been considered a permanent sink for NOx over the oceans, as
its photolysis occurs on timescales that are too slow to be atmospherically relevant,
however lab studies have shown that aqueous HNO3, surface-adsorbed HNO3

and pNO3
– can undergo a much faster photolysis yielding HONO and NO2

(R 5.5) [137, 139–144].

pNO3
− + hν

jpNO3−
−−−−→ x HONO + y NO2 (R 5.5)

Uncertainty still surrounds the factors that result in the enhancement of
pNO3

– photolysis compared to HNO3 photolysis, with this enhancement ex-

pressed as f =
j

pNO−
3

jHNO3
, where jpNO3− is the photolysis of pNO3

– and jHNO3 is
the photolysis of gas-phase HNO3. Field measurements and lab studies have
proposed a wide range of values for the enhancement factor f, with some studies
suggesting that the photolysis of pNO3

– is not a significant source of HONO
in the atmosphere [141, 142, 145, 146]. Different factors are thought to affect
f, with studies focusing particularly on the effect relative humidity (RH) and
aerosol composition have on f [136–138, 140–142, 145–154].

The pNO3
– loading has been found to be inversely proportional to f, with

stronger enhancements seen at smaller pNO3
– concentrations [136, 137, 140].

Surface-bound NO3
– photolyses more rapidly than bulk NO3

– , due both to the
alignment and orientation that nitrate molecules have at the surface, which leads
to a large absorption cross section, and to incomplete solvent cage effects at the
surface, which lead to higher quantum yields as the photolysis products can diffuse
out of the solvent cages more rapidly making nitrate recombination less likely
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[143, 144, 155, 156]. As such, the enhancement of pNO3
– photolysis is dependant

on the surface availability of pNO3
– , and therefore likely on the partitioning

between surface-bound and bulk nitrate. Molecular dynamic simulations have
found contradicting results in terms of the surface propensity of nitrate anions
[157, 158], however lab studies have shown that, due to the surface affinity of
halide anions, cations are attracted to the surface, which in turn draw NO3

– to the
air/water interface [154, 159–162]. Andersen et al. and Rowlinson et al. (in prep)
have used the Langmuir adsorption isotherm, the bulk pNO3

– concentrations
and the missing HONO production to develop parametrisations to capture the
relationship between f and pNO3

– loading [136].
As mentioned above, other factors are known to also affect f, with an increase

in HONO and NO2 production from pNO3
– photolysis seen at higher RH,

lower pH and in the presence of cations, halide anions and photosensitive organic
compounds [137, 140, 146, 150–154, 161], however these effects have mainly been
observed in lab studies and have not been quantified in atmospheric measurements,
where a large variety of factors are at play.

This chapter presents two new sets of measurements of HONO at the Cabo
Verde Atmospheric Observatory (CVAO) in February 2023 and September 2024,
and compares them to previous HONO measurements conducted at the site [136,
163]. The ability of photostationary state (PSS) HONO values to reproduce
measured HONO mixing ratios, when considering only gas-phase HONO
production (R 5.4) and when including the photolysis of pNO3

– (R 5.5) as a
source of HONO, is also examined. The enhancement of pNO3

– compared to
HNO3 is included through the parametrisations for f developed by Andersen
et al. and Rowlinson et al. (in prep) [136]. As measurements of RH and the
aerosol composition were also available during the measurement periods, analysis
has been carried out to determine whether any other factors were affecting the
enhancement of pNO3

– during HONO measurements at the CVAO.

5.2 Experimental

Nitrous acid, HONO, was measured at the Cabo Verde Atmospheric Observatory
(CVAO, described in section 2.2) in February 2023 and in September 2024 using
a Long Path Absorption Photometer (LOPAP-03, QUMA Elektronik & Analytik
GmbH). Section 5.2.1 describes the operating principle of the LOPAP, sections
5.2.2 and 5.2.3 describe the LOPAP experimental set-up and data processing
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steps for the February 2023 and September 2024 campaigns, respectively, and
section 5.2.5 describes supplementary measurements carried out at the CVAO
alongside the HONO measurements.

5.2.1 The Long Path Absorption Photometer

Operating principle

Figure 5.1: Reaction between aqueous NO2
– and sulfanilamide (1) in the liquid reagent

to produce a diazonium salt, which then reacts with N-(1-naphthyl)-ethylenediamine-
dihydrochloride (2) to produce an azo dye.

The Long Path Absorption Photometer (LOPAP), first described in Heland
et al., utilises a wet chemistry technique to measure nitrous acid (HONO) [164].
Upon contact with an acidic sulfanilamide reagent (sulfanilamide in 1 M HCl, 10
g L-1), gaseous HONO reacts rapidly with sulfanilamide to produce a diazonium
salt, which then reacts with N-(1-naphthyl)-ethylenediamine-dihydrochloride,
as shown in figure 5.1, yielding an azo dye [165]. The amount of azo-dye
formed is proportional to the mixing ratio of HONO in the sampled air and can
be quantified through spectroscopy.

Instrument design

This technique avoids measurement offsets due to heterogeneous reactions leading
to the formation of HONO in sampling lines, by pumping reagent R1 (sulfanil-
amide dissolved in 1 M HCl) to the inlet box, where it reacts with HONO in
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the sampled air in a glass stripping coil. Other NOz species can also react with
sulfanilamide to yield the diazonium salt, however due to the acidic nature of R1
(pH ≈ 0) their uptake to this solution is slow, and the reaction with sulfanilamide
is not fast enough to overcome the slow uptake. By using two channels (figure
5.2), with two stripping coils placed in series, the offsets due to interfering species
forming the diazonium salt can be quantified and removed from the final HONO
mixing ratio. As the reaction between HONO and sulfanilamide is very fast
(99.4% HONO uptake with a gas/liquid contact time of ∼ 30ms), practically all
the HONO present in the sampled air is taken up in the first channel [166]. The
uptake to reagent 1 for other NOz species is much slower and is expected to be
constant across the two channels. Therefore the signal in the first channel is from
HONO and interfering species, the signal from the second channel is solely due
to interfering species. By subtracting the signal from channel 2 from the signal
from channel 1, an interference-free HONO measurement is obtained.

Figure 5.2: Schematic of the LOPAP. Thin, black lines indicate gas flows, coloured,
bold lines indicate liquid flows, with blue indicating channel 1 and red indicating channel
2. Dotted lines indicate fibre optics.

After coming into contact with the sampled air in the inlet box, the so-
lution containing the diazonium salt is pumped back down into the main in-
strument, where it mixes with reagent R2 (N-(1-naphthyl)-ethylenediamine-
dihydrochloride dissolved in water) in the mixing volume. The azo-dye produced
from reaction 2, shown in figure 5.1, is then pumped to the absorption cell, a
long piece of Teflon tubing. LEDs (one for channel 1, one for channel 2) produce
visible light, which is focused into the absorption cell tubing using fibre optics,
undergoing multiple total reflections before it is absorbed by the liquid. At the
end of the long piece of Teflon tubing, the light is detected by a spectrometer and
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the absorption of the liquid, proportional to the amount of HONO in the sampled
air, is measured. Air bubbles in the absorption cell tubing interfere with the
reflections of light in the liquid and disrupt measurements, therefore debubblers
are placed after the stripping coils in the inlet box and after the mixing volumes
in the main instrument.

Figure 5.3: Schematic of the LOPAP peristaltic pump. Blue is used for channel 1, red is
used for channel 2 and black is used for other flows (NaOH solution).

The schematics in figures 5.2 and 5.3 show the instrument and the peristaltic
pump, used for the liquid flows. The gas pump for the LOPAP is housed within
the main instrument, as is a mass flow controller (MFC), used to regulate the flow
rate of the sampled air (with a range between 500 and 2000 mL min-1). In order
to protect the gas pump and the MFC from aerosol particles and HCl vapour
in the air flow from the inlet box, a stripping coil containing a 0.1 M NaOH
solution and a Teflon filter are placed upstream of the MFC and the gas pump.

Zeroing

As can be seen in figure 5.2, zero air (from a N2 or a ZA gas cylinder) is used to
zero the instrument at the inlet. A needle valve is used to adjust the flow of the ZA
so that it is slightly above the instrument’s flow rate, in order to overflow the inlet
(ZA flow of 1200 mL min-1 if the instrument’s pump is pulling 1000 mL min-1).
A solenoid valve is used to start and stop zeroes and can be set to automatically
begin a zero measurement after a set amount of time. When sampling in regions
with low HONO mixing ratios (such as the CVAO), the instrument should be
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zeroed roughly every 6 hours.

Calibrations

In the field, calibrations are carried out using a liquid NO2
– standard, rather than

a gaseous HONO source, as detailed in Kleffmann et al. [166]. The calibration
solution is made by diluting the NO2

– standard using water and R1, resulting in a
final calibration solution with a concentration of 0.01 mg/L. During a calibration,
under ZA, R1 is replaced with the calibration solution and the absorption for
a known amount of NO2

– is measured. Calibrations need to be carried out
when there are changes to any of the instrumental parameters (for example, new
reagents, new 3-stop tubing in the peristaltic pump, changes to the LED intensity
or changes to the integration times). This is done to ensure that calibrations are
performed under the same conditions as the measurements. In general, reagents
and peristaltic tubing are changed at the same time, along with the settings for
LED intensity and integration times, however instrumental issues may arise that
require any of these to be changed independently of the others.

Along with NO2
– calibrations, the liquid flows also need to be calibrated.

This is done by replacing R1 with water, closing the absorption cell pathway
(to avoid air bubbles getting into the absorption cell) and turning the T-valves
(shown in figure 5.3) so that the liquid does not flow up to the external sampling
unit, but can instead be collected in a 5 mL volumetric flask. The amount of time
it takes for the volumetric flask to fill up is measured and can then be used to
calculate the liquid flow rate. The liquid flow calibrations are performed when
changes are applied to the peristaltic pump, such as changing the liquid flow rate
or the 3-stop tubing (which lasts roughly 3 weeks).

5.2.2 February 2023 measurements

Campaign instrument set-up

In February 2023, measurements of HONO, OH, hydroxy and peroxy radicals
(HO2 and RO2) were taken at the CVAO, as part of the PEROXY measurement
campaign, introduced in section 4.2.2. OH, HO2 and RO2 were measured using
fluorescence assay by gas expansion (FAGE), by Dr Lisa Whalley, Dr Graham
Boustead, Dr Samuel Seldon and Dr Rachel Lade, from the University of Leeds
(see section 5.2.5). HONO was measured using the LOPAP, which was running

Page 92 of 163



5.2. Experimental

from 7th to 26th February.

Figure 5.4: LOPAP inlet (framed by the red box) on top of the FAGE container at the
CVAO during the February 2023 campaign.

The LOPAP inlet box was placed on top of the FAGE container facing the
prevailing wind (figure 5.4, roughly 3 m above ground level), to ensure that it
was at the same sampling height as the HO2, RO2 and OH measurements. The
instrument itself was placed in the guest lab at the CVAO, which was temperature
controlled and kept at around 18◦ C. A refrigerated bath circulator (ARCTIC
A10 Refrigerated Circulator, Thermo Scientific) was used with distilled water
and a temperature set point of 15◦ C, to cool the stripping coil at the inlet and
avoid any condensation in the gas line.

The gas flow was set at 1000 mL min-1 and the liquid flow was set at 10 rpm.
After the campaign, the instrument’s internal MFC (Bronkhorst, LOW-ΔP-
FLOW F-201EV) was calibrated by measuring the gas flow at the inlet with
a flow meter (Alicat, MB-50SLPM-D-ROHS/5M) across a range of set points
(from 500 to 1500 mL min-1 in increments of 250 mL min-1). The measured
flow was ∼ 97% of the instrument’s set point therefore a correction was applied
to the gas flow when processing the data.

Campaign calibrations

During this campaign, the LOPAP was calibrated three times, using the same
Titrisol nitrite standard (1000 mg of NaNO2 in H2O diluted to a 0.01 mg L-1

NO2
– solution using water and R1) for all three calibrations. The first calibration

was performed on 9th February, after measurements with the first of two batches
of reagents began on 7th February. This calibration was carried out with the same
integration times and LED intensities that had been used for the measurements on
the previous days, however, due to air entering the absorption cell on the night of
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8th February, the spectra were shifted. After the calibration was carried out, the
integration times were changed to readjust the spectra, and a new calibration with
these settings was conducted on 11th February. A new set of reagents was made
up on 17th February, along with changes in the 3-stop tubing and integration
times. The calibration with these new settings was carried out on 21st February.

Campaign zeroes

Figure 5.5: ZA zeroes measured in February 2023, divided into panels based on the
measurement channel and coloured by the reagent batch used.

The instrument was zeroed with N2 (N5 purity) every 6 hours for 30 minutes
(figure 5.5). The upward baseline drift seen with both batches of reagents is
thought to be due to an increase in absorbance as the Teflon tubing becomes
dirtier and the 3-stop peristaltic tubing loses its elasticity. When changing
between batches of reagents, the system is flushed with water for a few hours, the
3-stop tubing is changed and the absorption spectra are adjusted, therefore a step
change in zeroes between reagent batches is expected. The other step changes
seen in the zeroes occur after interruptions in measurements due to instrumental
issues, mainly air bubbles entering the absorption cell. In order to remove the
air bubbles, water is pushed through the absorption cell using a syringe, likely
cleaning the absorption cell in the process.

Figure 5.5 shows that the ZA zeroes in channel 2 are significantly lower with
the second batch of reagents, however this is not the case for the ZA zeroes in
channel 1. A larger number of instrumental issues were encountered with the
second batch of reagents, including a power cut on the evening of 18th February.

The plot in figure 5.6 shows the 5-minute averaged timeseries of HONO
measured at the CVAO in February 2023, zeroed both with ZA values and night-
time (between 21:00 and 04:00 UTC) values. Previous HONO measurements in
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Figure 5.6: Five minute average HONO mixing ratios timeseries, zeroed using ZA
(orange) and nighttime (blue) values, with background shading to indicate if data were
collected using the first or second batch of reagents.

the clean, remote MBL show that nighttime HONO mixing ratios are expected
to tend towards 0 ppt, as the main HONO production pathways (R 5.4 and R 5.5,
discussed in section 5.1) are photochemical or involve reaction with OH whereas
loss through dry deposition (R 5.2) occurs at night and depletes HONO without
it being able to regenerate in the absence of sunlight [136, 138, 163]. Using
nighttime values to zero measurements made with the first batch of reagents does
not result in a large difference compared to the HONO mixing ratios calculated
when zeroing with ZA values. HONO mixing ratios calculated using the ZA
values for the second batch of reagents, however, show mixing ratios between 2.5
and 5 ppt at night, clearly diverging from the HONO mixing ratios calculated
using nighttime zeroes. Given the lower ZA zeroes in channel 2 with the second
batch of reagents (figure 5.5) and previous studies, as well as measurements during
this campaign with the first batch of reagents, showing that nighttime HONO
in this environment is expected to be around 0 ppt, HONO mixing ratios for the
second batch of reagents have been calculated using nighttime values as zeroes.

5.2.3 September 2024 measurements

HONO was measured at the CVAO between 6th and 19th September 2024. The
instrument was placed in the guest lab, as described in section 5.2.2, and the inlet
was placed on a wooden crate attached to the guest lab roof, at roughly the same
height and orientation as during the February 2023 campaign (figure 5.7). The
liquid flow was set at 10 rpm and the gas flow was set at 1000 mL min-1, however
during the campaign there were problems with the gas flow, discussed below.
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Figure 5.7: The LOPAP inlet box placement during the September 2024 measurement
campaign.

Gas flow issues

Prior to the campaign, the internal MFC was calibrated, showing that the mea-
sured gas flow at the inlet (measured with an Alicat, MB-50SLPM-D-ROHS/5M
flow meter) was ∼ 83% of the set point. During the measurement campaign, the
gas flow was checked using a red-y flow meter (GCR-B9EA-BA15) and it was
seen to vary from 800 to 1500 mL min-1 throughout the measurement period.
The MFC in the instrument is not set up to log gas flow, and there were no
MFCs available at the CVAO that could be set up to log the gas flow. The red-y
flow meter was plumbed into the instrument, upstream of the internal MFC,
and the gas flow values were noted roughly every 30 minutes whilst on-site.
Once the instrument was back in York, the internal MFC was calibrated using a
gas flow calibrator (Mesa Defender 530+ M) both at the inlet and upstream of
the internal MFC, where the flow meter had been placed whilst at the CVAO.
These measurements showed that, across the range of set points, the gas flow was
∼ 10% lower at the inlet, likely due to leaks between glass and Teflon tubing.

Figure 5.8 shows the measured gas flows at the CVAO, corrected to account
for the lower flows at the inlet compared to flows measured upstream of the
internal MFC. During the campaign, it appears that the gas flows varied with
the time of day, potentially indicating that a change in temperature, pressure or
humidity across the day was affecting either the LOPAP’s internal MFC or the
red-y flow meter used to measure flows.

Measurements in the lab after the September 2024 campaign, using an Alicat
flow meter set up to log the gas flow at the inlet, show that over four days
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Figure 5.8: Timeseries of manually logged gas flows during the September 2024 cam-
paign, corrected to account for the lower measurements at the instrument’s inlet com-
pared to upstream of the LOPAP’s MFC (left) and a boxplot of gas flows measured during
different hours of the day (right).

the gas flow does not show much variability (figure 5.9). The flow meter was
also measuring temperature and pressure, and whilst these did not show much
variation in a temperature controlled lab, the lowest gas flows were seen when
the temperature was lowest. A clear increase in the gas flow was seen when the
liquid flows were stopped around 16:00 on 10th January (marked by the red line
in figure 5.9), indicating that perhaps disruptions to the liquid flow whilst out in
the field, caused by blockages, could also have affected the gas flow, however the
change in gas flow seen in the lab was much smaller than the range of gas flows
seen during the campaign.

Whilst the lab tests did not conclusively find the reason behind the fluctuations
in the gas flow, the values measured during the campaign are considered genuine

Figure 5.9: Timeseries of gas flows at the LOPAP inlet, logged using an external flow
meter, coloured by temperature in ◦C. The red line indicates when liquid flows were
stopped in the instrument.
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and the average of the measured gas flows, 1128 mL min-1, was used as the gas
flow throughout the campaign during data processing. The HONO mixing
ratios were also calculated using the hourly averaged gas flow values, shown in
the boxplot in figure 5.8, and there was very little difference between the HONO
mixing ratios calculating assuming a constant or a changing gas flow, as shown
in figure 5.10. As there are no measurements of overnight changes in the gas
flow during the campaign and the difference between the two data processing
methods is small, the HONO measurements have been processed using a gas
flow of 1128 mL min-1.

Figure 5.10: Hourly averaged timeseries (on the left) and diurnal cycle (on the right)
of HONO mixing ratios calculated assuming the gas flow was constant during the
measurement period (in yellow) and assuming that the gas flow varied with hour of day
(shown in the boxplot in figure 5.9, in blue here).

Campaign calibrations

The instrument was calibrated three times during this campaign, using a nitrite
standard solution (NaNO2 in H2O, 1000 mg L-1, traceable to SRM from NIST),
diluted to 0.01 mg L-1 using water and R1. The first calibration was performed on
9th September, after measurements began on 5th September. A second calibration
was performed on 13th September, after the first discrepancy with the gas flow
was spotted. A final calibration was carried out on 14th September, following an
adjustment in the spectra integration times, which had shifted due to air bubbles
entering into the absorption cells. Only one set of reagents was used during this
campaign.
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Campaign zeroes

Figure 5.11: Average values from ZA zeroes measured in September 2024 in channel 1
(blue) and channel 2 (yellow).

The LOPAP was zeroed with N2 (N5 purity) for 30 minutes every 5 hours
and 45 minutes. The flow of zero air (ZA) was adjusted using a needle valve to
overflow the inlet (ZA flow ∼ 1200 mL min-1), however as discussed above, the
LOPAP’s gas flow was variable during the campaign therefore there could be
instances when the ZA was not overflowing the inlet during a zero. The ZA flow
was increased to 1800 mL min-1 on 11th September when the variable gas flows
were first noticed, however, as shown in figure 5.11, the averaged zero values
from this campaign appear to show a diurnal trend, especially when compared to
measurements from the February 2023 campaign (figure 5.5).

Figure 5.12 shows the 5-minute averaged HONO mixing ratios from the
September 2024 campaign, zeroed with ZA and nighttime values. When using
the ZA zeroes to process the data, nighttime values are around 5 ppt (excluding
measurements from 11th and 12th September, during a local pollution event).
This is similar to the nighttime values measured during the second half of the
February 2023 campaign (figure 5.6) and could perhaps be indicative of an
instrumental issue. A different N2 cylinder was used in both campaigns, and
between the campaigns a leak was identified in the ZA line and fittings on the
solenoid valve were replaced. Measurements from the first half of February 2023,
as well as previous HONO measurements at the CVAO have shown that in this
environment HONO is expected to be virtually zero overnight (except in the
case of local emissions), therefore the nighttime values have been used to zero
these measurements.
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Figure 5.12: Five minute average timeseries of HONO mixing ratios during the Septem-
ber 2024 campaign, measured using nighttime (blue) and ZA (yellow) values to process
the raw data.

5.2.4 HONO uncertainty analysis

Uncertainties in HONO measurements arise from the precision of the instrument
and uncertainties in the calibration (equation 5.1). The uncertainties due to the
gas and liquid flows are included in the calibration uncertainty, as the NO2

–

concentration during the calibration is calculated based on the diluted NO2
–

standard concentration, the liquid flows and the gas flows (equation 5.2).

HONO Uncertainty =
√

Precision2 + Cal uncertainty2 (5.1)

The precision of the instrument is determined from the noise during zeroes
(2σ during ZA zeroes for the first half of the February 2023 campaign and
nighttime zeroes for the remainder of the February 2023 campaign and the
September 2024 campaign). As the HONO data is hourly averaged, the precision
of the instrument was calculated by looking at the variability between one hour
over night (between 22:00 and 23:00 UTC), to match the HONO averaging
time.

Uncertainties in the calibration are due uncertainties in the NO2
– concen-

tration during the calibration, in the absorbance during the calibration and in
the absorbance during the pre-calibration zero measurement. The uncertainties
in the absorbance during the calibration and during the pre-calibration zero
are calculated assuming a normal distribution of uncertainty, using 2σ√

count over
the calibration and pre-cal zero periods. The NO2

– concentration during the
calibration is calculated from the concentration of the diluted NO2

– standard,
the gas flow and the liquid flow (equation 5.2).
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NO2
−cal conc (in ppt) =

diluted NO2
– conc×liquid flow rate

NO2−molar mass×NA

gas flow rate × R × NA

× 1012 (5.2)

The NO2
– standards used have an uncertainty of ±0.7%, with a final un-

certainty of ±0.79% once uncertainties in the glassware used for diluting the
standard have been included. The internal MFC is quoted as having an accuracy
of ±1% FS, therefore the uncertainty will be ±2% as the MFC range is 500 to
2000 L min-1 and the gas flow was set at 1000 mL min-1 during both campaigns.
The uncertainty due to liquid flows is not easily quantifiable and was assumed to
be ±5% based on work by Kleffmann et al., who found that there was a relative
uncertainty of ±10% in each channel, due to uncertainties in the gas flow rate,
the liquid flow rate and the calibration [167]. The uncertainties associated with
the calibration are all calculated as percentages so that they can be combined
using error propagation, and then they are converted to ppt to be combined
with the other uncertainties associated with LOPAP measurements. An added
uncertainty term to account for the variation in gas flows during the September
2024 campaign was included in the form of the % difference between the mean
gas flow and the measured gas flows during the campaign (calculated as ∼ 7%).

Table 5.1: A summary of the mean HONO limit of detection (LOD) (2σ, 30 s) and
uncertainty during the February 2023 and September 2024 measurement campaigns.

Measurements LOD (mean ±2σ) Uncertainty (mean ±2σ)

Feb 2023, ZA zeroes 0.15 ± 0.22 ppt 0.33 ± 0.46 ppt
Feb 2023, night zeroes 0.85 ± 1.41 ppt 0.96 ± 1.41 ppt
Sep 2024, night zeroes 0.99 ± 0.77 ppt 1.50 ± 1.89 ppt

Table 5.1 shows the LOD and uncertainty (±2σ) for HONO measured during
the February 2023 and September 2024 campaigns, distinguishing between data
that have been zeroed using ZA and night zeroes. The variability seen with an
hour of overnight values is higher that the variability across a 30 minute zero.
The higher LODs seen with nighttime values are likely due to the longer period
used to zero the instrument (an hour compared to 30 minutes). This indicates
low stability in the measurements conducted using the LOPAP, which can be
attributed to irregularities in the gas and liquid flows, as well as small blockages
or air bubbles, all of which may affect the measurements.
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5.2.5 Supplementary measurements

A full description of NOx measurements at the CVAO can be found in chapter
2, which also gives an overview of the CVAO (section 2.2.1) and the met data
(relative humidity, wind speed and wind direction) collected at the site (see table
2.1) and used in this chapter.

Photolysis rates

The photolysis rates (jHONO and jHNO3) were calculated using Python code written
by Dr Lisa Whalley (University of Leeds), which uses absorption cross sections
and quantum yields to determine photolysis rates based on the measured solar
UV flux at the CVAO using a 2-pi sr quartz diffuser coupled to an Ocean Optics
spectrometer (described fully in section 4.2.1). During periods when data were
lost due to instrumental issues (between the 15th and the 20th February 2023 and
between 13th and 16th September 2024) jHONO and jHNO3 were calculated using
the monthly correlation of photolysis rates with solar radiation for each hour
between 09:00 and 17:00. The slope of this correlation is used as the error for
the calculated jHONO and jHNO3 . Further details can be found in appendix A.

OH measurements

The PEROXY measurement campaign, which took place in February 2023 is
introduced in section 4.2.2. Briefly, OH measurements were collected by Dr Lisa
Whalley, Dr Graham Boustead, Dr Samuel Seldon and Dr Rachel Lade from
the University of Leeds, using FAGE, described in Dr Samuel Seldon’s thesis
[103]. During this campaign, OH measurements had a 2σ accuracy of 21%. OH
measurements were not collected during the September 2024 campaign, so the
mean midday OH from February 2023 (2 × 106 molecules cm3) was used when
analysing these data.

Aerosol measurements

Aerosol composition data from the CVAO, which are measured by the Leibniz
Institute for Tropospheric Research (TROPOS), were used in the analysis pre-
sented in this chapter. The instruments and methods used to collect aerosol filters
and determine the ion concentrations are described in Fomba et al. [168]. Aerosol
pH was determined by measuring the water-soluble extract of the filters using a
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Sartorius PP-20 pH meter, described fully in Fomba et al. (in prep). Measured
pH values have been compared with those estimated by the E-AIM model and
have been found to be in good agreement.

5.3 Results

5.3.1 February 2023 HONO measurements

The hourly HONO and NOx timeseries for February 2023 are shown in figure
5.13. During the campaign, wind speeds ranged from 3.8 to 11.8 m s-1 and the
wind direction was always north-eastern (between 25◦ and 80◦), meaning that
baseline data were measured throughout the campaign and no periods had to
be flagged as affected by local contamination (see section 2.2.1 for the baseline
criteria at the CVAO).

Figure 5.13: Hourly average HONO, NO and NO2 mixing ratios during the February
2023 measurement campaign, with the shaded area representing ± measurement uncer-
tainty.

The highest HONO concentrations are seen between 21st and 23rd February,
days that also have significant Saharan influence (between 18% and 27%, shown
in figure 5.14). However, the air masses reaching the site on 7th and 8th February
also have high Saharan influence (31% and 27%, respectively), but this does not
result in higher HONO mixing ratios on these days.

Figure 5.15 shows that during the campaign, there is no clear relationship
between the amount of Saharan air reaching the site and the mean midday
(between 11:00 and 15:00 UTC) HONO, NO and NO2 mixing ratios during
this campaign. In particular, HONO mixing ratios on days where there was a
significant amount of Saharan influence (>10%) show a very wide spread. Of the
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Figure 5.14: Daily air masses at the CVAO during the February 2023 measurement
campaign. The map defining the regions is shown in figure 2.3

17 days during which midday HONO measurements are available, 9 had more
than 10% Saharan air reaching the site, so the broad spread could in part be due
to the fact that more data points are considered. Different amounts of European
air reach the site on days that have significant (>10%) Saharan influence, meaning
that some aged pollution has reached the site and could also be affecting HONO
and NOx mixing ratios.

Figure 5.15: Daytime NO, NO2 and HONO mixing ratios on days with no Saharan
influence, low Saharan influence and significant Saharan influence (between 10% and
35%).

The lack of a clear relationship between HONO and Saharan air masses
could indicate that mineral oxides (TiO2 or ZnO) in Saharan dust acting as
photocatalysts and initiating photochemical processes that lead to HONO and
NOx production are not a significant source in the remote MBL, as had been
proposed previously [169, 170]. The amount of datapoints are not enough to
conduct a full air mass composition study, as was performed on the NOx data in
section 4.3.2.

Diurnals from February 2023 are shown in figure 5.16. The NO2 peak in
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Figure 5.16: Diurnal plots of HONO, NO and NO2 during the February 2023 mea-
surement campaign, with shaded areas representing ± SE.

the morning is driven by NO2 spikes early in the campaign (between 8th and
13th February), which are not seen in the HONO or NO measurements. Both
HONO and NO diurnals have a midday maximum and a nighttime minimum,
around 0 ppt, confirming that in the clean marine atmosphere, the main source
for both HONO and NO is photochemical. The fact that the midday peak is
much higher for HONO than it is for NO further suggests that the main source
of HONO at the CVAO is not the reaction between OH and NO (R 5.4), but
instead that an alternative photochemical pathway exists, as discussed in section
5.1.

5.3.2 September 2024 HONO measurements

Figure 5.17: Hourly average HONO, NO and NO2 mixing ratios during the February
2024 measurement campaign, with the shaded area representing ± measurement un-
certainty. Data in yellow were collected during baseline conditions, data in blue were
collected during a local pollution event (identified using wind speed and direction in
dark blue and using mixing ratios in light blue).
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HONO, NO and NO2 timeseries measured at the CVAO during the Septem-
ber 2024 campaign (between 8th and 19th September) are shown in figure 5.17.
The data have been coloured based on whether they were were measured during
baseline conditions or during a local pollution event. Very high mixing ratios of
NO, NO2 and HONO were observed between the 11th and the 13th September,
with low wind speeds (> 2 m s-1) and wind reaching the site from over the island.
High mixing ratios of all three species are also observed for a few hours slightly
before and after the pollution event, therefore these data have also been flagged
since during these periods wind speeds were still quite low or the wind direction
was close to 100◦.

Figure 5.18 shows a plot of the baseline HONO and NOx data from the
campaign. HONO mixing ratios are still high during 12th and 13th September,
however there is no evidence that these high mixing ratios are caused by local
pollution, as NO mixing ratios are stable below 5 ppt and the spike seen in NO2

does not correspond with the higher HONO mixing ratios.

Figure 5.18: Hourly average baseline HONO, NO and NO2 mixing ratios during
the September 2024 measurement campaign, with the shaded area representing ±
measurement uncertainty.

The air masses reaching the CVAO during the campaign (shown in figure
5.19) predominantly travelled to the site over the ocean, with very little Saharan,
European and North American influence, therefore with little aged pollution
reaching the site. There is no indication therefore that higher Saharan dust
loadings were reaching the site on the days when higher HONO mixing ratios
were seen.

It is possible that contamination inside the LOPAP from the local pollution
event resulted in artificially higher HONO mixing ratios in the following days,
however the fact that a diurnal cycle is still clear in this period would imply that a
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Figure 5.19: Daily air masses at the CVAO during the September 2024 measurement
campaign. The map defining the regions is shown in figure 2.3

constant contamination is not affecting HONO measurements. The instrument
appeared to be operating well during this period, other than issues with the gas
flow described in section 5.2.3. Figure 5.8 shows that during the 12th and 13th

September the measured LOPAP gas flows were between 1000 and 1200 mL
min-1. The HONO data presented have been processed using a constant gas flow
of 1128 mL min-1, the average of the gas flows measured during the campaign,
which is quite close to the gas flows measured on the 12th and 13th September,
therefore it is unlikely that the high HONO values are caused by incorrect gas
flow values used to process the data. The HONO mixing ratios from these two
days are therefore being treated as genuine, since no reason to remove them has
been identified.

Baseline HONO, NO and NO2 diurnals from the campaign are shown in
figure 5.20. As with the diurnals from February 2023, a clear midday peak is
seen in HONO and NO, with nighttime values returning to around zero. The
peaks in the early morning in the NO2 diurnal for the campaign are driven by
spikes on the nights of 9th and 13th September.

5.3.3 Previous HONO measurements at the CVAO

HONO measurements have been made at the CVAO in November/December
2015 and during the Atmospheric Reactive Nitrogen over the remote Atlantic
(ARNA) campaigns in August 2019 and February 2020 [136, 163]. Measure-
ments during ARNA were conducted both from the CVAO and from the FAAM
BAe-146-301 atmospheric research aircraft, whereas measurements from Novem-
ber/December 2015 were only carried out at the CVAO. Unfortunately, during
the February 2020 measurement campaign, there was a problem with the fibre op-
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Figure 5.20: Baseline diurnal plots of HONO, NO and NO2 during the September
2024 measurement campaign, with shaded areas representing ± standard error.

tic cable in the LOPAP’s second channel and therefore the ground measurements
from this campaign are not considered reliable and are not shown here.

HONO ground measurements at the CVAO

Figure 5.21: Hourly timeseries of HONO, NO and NO2 measured during the February
2023 and September 2024 campaign and during previous campaigns at the CVAO.
NO2 data for November 2015 are not available. Shaded area represent ± measurement
uncertainty.

Timeseries for HONO, NO and NO2 during the previous HONO ground
campaigns are shown in figure 5.21, alongside data from February 2023 and
September 2024, filtered to remove periods when wind speed and direction
indicated the site was sampling local pollution. NO2 data from 2015 are not
shown as measurements before 2017 are not considered reliable. The data gaps
in HONO in August 2019 are largely due to instrumental issues, rather than
local pollution, as can be seen by the fact that most of the NOx data have not
been removed.
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Comparing the HONO diurnals from all campaigns (figure 5.22) highlights
how much higher HONO mixing ratios were in February 2023 and in September
2024 compared to the previous campaigns. The higher mixing ratios seen in
September 2024 are discussed in section 5.3.2 and the large standard error on
these measurements show that there is a lot of variability associated with them.
As described in section 2.2.1, higher NOx mixing ratios are seen in autumn and
winter at the CVAO. During these seasons, the air masses reaching the site have a
higher European and African influence, which could help explain the difference
in magnitude between HONO measurements in February and August. The
measurements from August 2019 were also collected from the top of the 7.5 m
tower, as opposed to from the top of a shipping container (roughly 3 m above
ground level) for the other campaigns, which could lead to some differences in
the mixing ratios seen.

Intercomparisons between different HONO instruments have generally
agreed on HONO variability, but divergences are seen when looking at the
magnitude of mixing ratios [171, 172]. During all ground-based campaigns
at the CVAO, HONO was measured using a LOPAP, however two different
instruments were used, one for the November 2015 and August 2019 campaigns
(University of Birmingham) and another for February 2023 and September 2024
campaigns (University of York). As discussed in section 5.2.1, the LOPAP mea-
surement technique should be free from interferences, as the use of a wet chemical
sampling technique avoids heterogeneous HONO reactions and the use of a two
channel system allows for signal from any interfering species to be quantified and
removed. The difference in mixing ratios seen across the four campaigns could
be due to instrumental problems leading either to the measurement offsets being
overestimated in November 2015 and in August 2019 or being underestimated
in February 2023 and September 2024. As HONO displays a diurnal cycle across
all four campaigns, the interfering species would also be expected to display a
diurnal cycle, as values peak at midday and are close to zero overnight. Previous
studies have tested interferences from NO, NO2, O3, HNO3, PAN, volatile or-
ganic compounds (VOCs) and reactions between O3, NOx and SO2, and found a
maximum real (after the signal from channel 2 had been subtracted from channel
1) interference of 0.06% from HNO3, showing that the two channel system is
able to effectively remove signals from interfering species [164, 167]. In February
2023 and September 2024 the average interferences were 29% and 42% of the
channel 1 value, respectively, in line with previously reported values, with higher

Page 109 of 163



5.3. Results

interferences seen in September 2024 due to the local pollution event [166, 173].
The average interferences from November 2015 and August 2018 are not known,
but if they were higher than seen previously, this could indicate that during
these campaigns interferences were overestimated, potentially due to difference
in instrument setup or concentrations of the sampling reagents. It is therefore
possible that the differences seen between the campaigns are due to instrumental
biases, however without any evidence of this, the measurements are treated as
real.

Figure 5.22: Baseline diurnal HONO and NO cycles measured at the CVAO during the
different measurement campaigns that have taken place at the site.

Whilst the HONO measurements are highest in February 2023 and Septem-
ber 2024, the NO mixing ratios are the lowest of all the campaigns in these
months, and measurements from November 2015 behave in the opposite manner,
with the lowest HONO mixing ratios and the highest NO mixing ratios. The
variability in the HONO/NO ratios seen across the different campaigns implies
that NO levels are not a direct control for HONO mixing ratios in the remote
MBL.

HONO measurements during ARNA

An overview of the ARNA summer (August 2019) and winter (February 2020)
flight campaigns is given in Andersen et al., with four flights taking place during
the summer campaign and eight flights taking place during the winter campaign,
all measuring HONO, NO, NO2, O3, aerosol composition and surface area and
pNO3

– over the ocean around the CVAO [136]. Figure 5.23 shows the HONO,
NO and NO2 mixing ratios measured during both ARNA flight campaigns,
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Figure 5.23: Mean HONO, NO and NO2 mixing ratios measured during SLRs during
ARNA flights and midday (11:00-15:00 UTC) daily averaged ground-based measure-
ments from February 2023 and September 2024, coloured by measurement campaign.
Error bars indicate ± measurement uncertainty and the shaded blue region indicates the
MBL.

averaged over each straight-and-level run (SLR) carried out during the flights,
and during the February 2023 and September 2024 ground campaigns.

Table 5.2 summarises the HONO, NO and NO2 values measured on the
ground, in the MBL (below 500 m) and above the MBL. NO and NO2 show a
clear increase as the altitude increases, whereas HONO mixing ratios remain fairly
constant across its vertical profile. Both NO2 and HONO ground measurements
are similar to the measurements made on the aircraft in the MBL, whereas NO
ground measurements are significantly lower than MBL aircraft measurements.

Table 5.2: Mean ± 1σHONO, NO and NO2 mixing ratios on the ground (only midday
values used), in the MBL and above the MBL, measured during ARNA, the February
2023 and the September 2024 ground campaign.

Measurement height HONO (ppt) NO (ppt) NO2 (ppt)

Ground (Feb 2023) 11.6 ± 3.7 1.3 ± 1.2 13.2 ± 4.4
Ground (Sep 2024) 23.4 ± 15.7 1.5 ± 0.7 14.8 ± 4.6
MBL 18.2 ± 5.9 14.3 ± 5.7 16.8 ± 13.0
Above MBL 14.3 ± 6.5 28.4 ± 13.2 70.8 ± 47.5

5.3.4 Photostationary state analysis

The midday (11:00 to 15:00 UTC) HONO lifetime, τHONO, can be calculated
using the known loss pathways (R 5.1-R 5.3) for HONO in the remote MBL (eq.
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5.3).

τHONO = 1
jHONO + k2 × [OH] + kdep

(5.3)

Measurements of photolysis rate constants are carried out at the CVAO (de-
scribed in section 5.2.5) and OH was measured during the February 2023 cam-
paign with the average midday value from this campaign, 2 × 106 molecules
cm-3, used for September 2024 analysis. The reaction rate for R 5.3 was taken
from Atkinson et al. [121] and the reaction rate for the dry deposition of HONO
(R 5.2), kdep, was calculated using equation 5.4.

kdep = νdep

H
(5.4)

The deposition velocity, νdep, used to calculate kdep was 1 cm s-1 [138]. The
effective boundary layer height, H, used was calculated by multiplying the pho-
tolytic HONO lifetime, τHONO photo = 1

jHONO
, by the HONO Deardroff velocity

(0.3 m s-1) measured during SLRs at roughly 100 ft during the ARNA flights in
August 2019 [136].

During the February 2023 measurement campaign, the mean midday τHONO

was 13 minutes and during the September 2023 the mean midday τHONO was 11
minutes. We can therefore assume that for both campaigns the PSS was reached
and use known HONO production (R 5.4) and loss (R 5.1-R 5.3) mechanisms
to calculate PSS HONO mixing ratios. The measured and PSS HONO mixing
ratios can be compared to determine whether there is a missing photochemical
source and if including renoxification via the photolysis of pNO3

– helps balance
the HONO production and loss.

Photostationary state without photochemical HONO source

The reactions involved in the production and loss of HONO in the remote MBL
are shown in the introduction (section 5.1), however, as discussed, there is still
some uncertainty regarding HONO sources. During the February 2023 and
September 2024 campaigns, the species involved in the production and loss of
HONO were measured at the CVAO (see sections 2.2.1 and 5.2.5), with the
reaction rates k1 and k2 taken from Atkinson et al. [121] and the reaction rate for
the dry deposition of HONO, kdep, calculated as described above (eq. 5.4).
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HONOPSS = k1 × [OH] × [NO]
jHONO + k2 × [OH] + kdep

(5.5)

Figure 5.24: Timeseries of hourly HONO (orange), NO (light blue) and PSS HONO
(dark blue), calculated using equation 5.5, during the February 2023 and September
2024 campaigns. Shaded area represents ± measurement uncertainty.

HONO PSS calculations that don’t include any photochemical production
(eq. 5.5), as shown in figure 5.24 (in dark blue), are not able to accurately
reflect measured HONO values (in orange) during the February 2023 and the
September 2024 campaigns. Even on days with higher NO mixing ratios (7th

and 16th February) the reaction between NO and OH (R 5.4) is not enough to
account for the measured HONO mixing ratios. This further confirms a missing
photochemical source for HONO in the remote MBL.

HONO production from NO2 uptake

Studies in polluted environments have suggested that the uptake of NO2 onto
illuminated aerosols containing TiO2 could be an additional source of HONO
[126, 130–132], with the mechanism proposed by Dupart et al. shown in reactions
R 5.6-R 5.10 below [132].

TiO2 + hν −−→ e−
CB + h+

VB (R 5.6)

h+
VB + H2O −−→ H+ + OH (R 5.7)

e−
CB + O2 −−→ O2

− (R 5.8)

NO2 + O2
− (or e−

CB) −−→ NO2
− + O2 (R 5.9)
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NO2
− + H+ −−→ HONO (R 5.10)

In the clean atmosphere, however, this mechanism has been shown to not be
a significant source of HONO [51, 136, 138, 169]. A rough calculation using
equation 5.6, with an upper-limit uptake coefficient, γNO2→HONO, of 104 (from
Dyson et al. [130]) and an aerosol total surface area of 215 µm2 cm-3 (measured
at the CVAO by Jiang et al. [169]) was used to estimate what impact NO2 uptake
could have on HONO production at the CVAO.

d[HONO]
dt

= k[NO2] = γNO2→HONO × SA × v

4 × [NO2] (5.6)

For February 2023 the maximum HONO production from NO2 was 0.9
ppt h-1, with a mean production of 0.1 ppt h-1, and for September 2024 the
maximum and mean production from NO2 uptake were 0.8 and 0.09 ppt h-1.
Therefore, reactions R 5.6-R 5.10 do not represent a significant HONO source
in this environment.

HONO production from pNO3
– photolysis

Various studies in the remote MBL have, as discussed in the introduction (section
5.1), proposed that renoxification via the photolysis of pNO3

– is the key source of
HONO over the oceans. The updated equation for calculating the PSS HONO,
including the photolysis of pNO3

– , is shown in equation 5.7. An enhancement

factor, f =
j

pNO−
3

jHNO3
, is included to account for the enhanced photolysis of pNO3

–

compared to that of HNO3.

HONOPSS = k1 × [OH] × [NO] + jHNO3 × f × [pNO−
3 ]

jHONO + k2 × [OH] + kdep

(5.7)

While many studies agree that renoxification is an important HONO source in
the remote MBL, the factors affecting the value of f are still not fully understood,
with a wide range of values for f being proposed based on both field measurements
and laboratory studies. In recent work by Andersen et al. and Rowlinson et al.
(in prep), the relationship between the enhanced photolysis of pNO3

– and the
concentration of pNO3

– has been captured in new parameterisations for f, based
on the Langmuir adsorption isotherm [136].

fAndersen = 385.7
1 + 0.19 × [pNO−

3 ] (5.8)
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fRowlinson = 5.02 × 108

1 + 7.19 × 105 × [pNO−
3 ] (5.9)

Figure 5.25: The Langmuir fit used to derive the Andersen and Rowlinson parametrisa-
tions. The Andsersen parametrisation was developed using data from ARNA (in orange),
the Rowlinson parametrisation was developed using all plotted data. Plot by Dr Matthew
Rowlinson.

These parameterisations were developed by plotting fobs (eq. 5.10, with
PHONO representing HONO production without nitrate and LHONO represent-
ing HONO loss mechanisms), which determines the enhancement needed to
account for the missing HONO production, against measured pNO3

– (in nmol
m-3) and finding the Langmuir fit (figure 5.25).

fobs = PHONO − LHONO

jHNO3 × [pNO−
3 ] (5.10)

The Andersen parameterisation was developed using values from the ARNA
flight campaigns (section 5.3.3) [136], whereas the Rowlinson parameterisation
used, as well as the ARNA data, data from the Fire Influence on Regional to
Global Environments and Air Quality (FIREX-AQ) campaign [174] and data
from the February 2023 HONO measurements at the CVAO (shown in section
5.3.1).

Figure 5.26 shows the measured and parametrised HONO timeseries from
both campaigns. Errors associated with the parametrised PSS HONO values
have been estimated based on the error associated with measured HONO in
each campaign, as there is no uncertainty associated with the parametrised
enhancement factor.

It is clear that including the photolysis of pNO3
– in the PSS results in a much

better prediction of measured HONO values compared to using the PSS without
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including pNO3
– photolysis (figure 5.24), across both campaigns and parametri-

sations used. Both fAndersen and fRowlinson do a better job estimating the HONO
mixing ratios from February 2023 than those from September 2024. HONO
mixing ratios in September 2024 exhibited much more variability compared
to those in February 2023, as discussed in section 5.3.2, with some uncertainty
surrounding the extremely high values seen on the 12th and 13th September. On
days in September 2024 when HONO values were lower (10th, 14th and 15th

September), similar to values seen in February 2023, both parametrisations do a
good job of predicting the mixing ratios seen.

Table 5.3: Normalised mean biases (NMB) for the Andersen and Rowlinson parametrisa-
tions during the February 2023 and September 2024 campaigns, calculated from midday
values (between 11:00 and 15:00 UTC).

Campaign Andersen parametrisa-
tion

Rowlinson parametri-
sation

February 2023 27% -37%
September 2024 -21% -63%

Table 5.3 summarises the normalised mean bias (NMB) for both parametri-
sations from both campaigns, when looking at midday values (between 11:00
and 15:00 UTC). In both cases, the Andersen parametrisation does a better
job at estimating measured HONO values, despite the fact that the Rowlinson
parametrisation was developed using data from the February 2023 campaign. The
Rowlinson parametrisation, however, used a more global dataset which spanned a
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Figure 5.26: Measured HONO and PSS HONO calculated using fAndersen and fRowlinson
from the February 2023 and September 2024 campaigns. Uncertainties associated with
measurements are represented by the shaded areas.
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broader range of pNO3
– and fobs, which are therefore not as representative of the

conditions in the tropical North Atlantic, whereas the Andersen parametrisation
was developed using only data collected at the CVAO.

Figure 5.27: Diurnal cycle of measured HONO and PSS HONO calculated using
fAndersen and fRowlinson. Shaded areas represent ± standard error.

While the Andersen parameterisation does a slightly better job at reproduc-
ing the measured HONO values, both parameterisations predict the midday
maximum (figure 5.27), showing that including production due to renoxifica-
tion accounts for the key photochemical source of HONO in the remote MBL.
However, during both campaigns the parametrised diurnal is broader than the
measured diurnal, which is likely a result of how both fAndersen and fRowlinson

have been calculated and used to determine the PSS HONO mixing ratio. Since
aerosol filter samples were changed once a day and the parametrisations are
only dependent on pNO3

– , one f value is used for the whole day, calculated
as the average enhancement between 11:00 and 15:00 UTC. In doing so, the
enhancement of jpNO3− compared to jHNO3 is considered constant over the whole
day.

Figure 5.28 shows how fobs varied throughout the day during both campaigns,
with a greater enhancement seen in the morning, around 09:00-10:00 UTC. As
mentioned above, pNO3

– measurements from the CVAO are not available with
an hourly time resolution, however modelled pNO3

– diurnal profiles show that
pNO3

– concentrations decrease during the day, when the photolysis of pNO3
–

is included in the model, as pNO3
– is being used up by its photolysis. An inverse

relationship between pNO3
– concentrations and fobs has been seen in a number

of studies, due to the relationship between bulk nitrate and surface-bound nitrate,
with the photolysis of the latter being enhanced (see section 5.1). Throughout
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the day, as surface-bound pNO3
– is being photolysed, the enhancement will

decrease. Previous studies have also seen a red shift in the absorption spectra of
surface-adsorbed HNO3 compared to gaseous HNO3, and the effect this shift in
the absorption spectrum of surface-adsorbed and particulate nitrate has in the
atmosphere is not yet fully understood [143, 144, 148]. An increase in pNO3

–

photolysis could perhaps be seen at dawn and dusk, when the sunlight spectrum is
more red-shifted, however the shape of the fobs diurnal points only to a maximum
at dawn, rather than at dawn and dusk. A lack of maxima at dusk could be due
to low availability of surface-bound pNO3

– , as it has been photolysed during
the day, as shown by the modelled pNO3

– diurnal.
It is clear from the differences between measured and PSS values, that the

inclusion of fparametrised is not enough to fully capture all the factors that are
affecting the pNO3

– photolysis to yield HONO. Previous studies have found that
the enhanced photolysis of pNO3

– compared to HNO3 is affected by other factors
that have not been captured by the parameterisations, and the following section
discusses what effects these factors are seen to have on HONO measurements
from the CVAO.

5.3.5 Other factors affecting enhancement factors

The two parameterisations discussed in section 5.3.4 (eq. 5.8 and 5.9) only account
for the fact that the enhancement of pNO3

– compared to HNO3 photolysis is
greater at lower pNO3

– concentrations, due to the increased photolysis rate seen
with surface-bound nitrate compared to bulk nitrate (see section 5.1). Studies
have shown that other factors also affect f, specifically the relative humidity (RH,

Figure 5.28: Daytime diurnal cycle (between 08:00 and 19:00 UTC) of fobs (calculated
with eq. 5.10) during the February 2023 (orange) and September 2024 (yellow) cam-
paigns, and of pNO3

– modelled for February 2023 (black).
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%), the physicochemical properties and the composition of the aerosol particles
[136, 137, 146, 153].

The ratio between the observed (eq. 5.10) and parametrised (eq. 5.8 and
5.9) enhancement factors, fobs

fparametrised
, can be used to determine whether the

enhancement of pNO3
– is influenced by any of these factors. An f ratio of 1

would indicate that the parametrisation accurately calculates the enhancement
factor, an f ratio greater than 1 points to an underestimation, likely meaning that
other enhancing factors have not been accounted for, and an f ratio less than 1
points to an overestimation, indicating that factors that could be impeding the
photolysis have not been properly considered.

The effect of RH on f

The effect of relative humidity (RH) on the enhancement of jpNO3− compared
to jHNO3 has mainly been examined in lab studies, as it is easy to conduct mea-
surements across a wide range of RH and the effect of RH can be studied on
artificial particles, without needing to account for potential enhancements being
due to aerosol composition. A large number of studies have seen an increase in
the production of HONO (or NO2) from irradiated particles at higher RH [146,
147, 150, 151, 153]. Specifically, Jin et al. and Li et al. saw a marked increase in
HONO (or NO2) production above the deliquescence point of the particles they
were studying [150, 151]. Above the deliquescence point (for sea salt aerosol this

Figure 5.29: fobs/fparametrised (using both fAndersen and fRowlinson) plotted against RH,
coloured by the campaign during which the measurements were made. Dashed line
indicates a ratio of 1. For the ARNA data, only measurements collected in the MBL have
been used.
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is roughly RH > 75%) aerosols are present as suspended droplets and products
from the photolysis of pNO3

– can diffuse out of the particle, leading to much
higher yields that those seen with dry particles, where this cannot occur.

Andersen et al. were able to see this effect with the ARNA flight campaign
field measurement, with lower fobs seen in samples collected above the MBL (>
500 m) where the RH is much lower than at the surface [136].

Measurements made during the ground campaigns (figure 5.29, in orange
and yellow) did not span a wide range of RH, however the f ratio does show an
increase as RH increases, particularly when comparing the measurements made
at around 60% RH with measurements made above 70%. The RH during the
September 2024 campaign was higher than during the February 2023 campaign,
which could perhaps explain why HONO mixing ratios were higher during this
campaign. The broad range of f ratios seen at all RH however highlights that
more factors are affecting the enhancement of pNO3

– photolysis.

The effect of aerosol composition on f

As shown in figure 5.30, neither the fAndersen nor the fRowlinson ratio show a clear
correlation with any of the other aerosol components measured during the ARNA
campaigns (only measurements collected in the MBL are shown here) or during
the February 2023 and September 2024 ground campaigns. During the February
2023 and September 2024 ground campaigns, measurements of fluoride and
methanesulfonic acid (MSA) were also collected, however they are not shown
in figure 5.30 as they remained 0 and 0.01 µg m-3, respectively, throughout the
whole campaign.

A lack of correlation with nitrate is expected, as fparametrised already accounts
for the relationship between fobs and pNO3

– , however as mentioned in section 5.1,
previous lab studies have seen relationships between f and aerosol compositions,
which were not seen in these data.

Both cations and halide anions have been shown to increase the surface affinity
of pNO3

– , which, as discussed above, is thought to be more photolytically active
compared to bulk nitrate [140, 153, 154, 161]. Higher concentrations of halides
and cations would therefore be expected to result in an increase in f, however
no clear trend is visible for either of these species. This could be due to a limited
number of measurements and a small range of values seen during the campaign.

Oxalate was only measured during the ground campaigns and again it does
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not show any trend with changing f ratio. Li et al. saw an increase in HONO
production from samples containing oxalic acid (OA) compared to pure NaNO3

–

samples, attributed to OA acting as an OH scavenger and a source of protons for
NO2

– [151]. This study was conducted using sample films, rather than particles,
as was done by Sommariva et al. who instead saw that adding oxalate to particles
containing nitrate suppressed the photolysis of pNO3

– , though thought this
could simply be due to the oxalate coating on the particles covering the nitrate
[153].

The effect of aerosol pH on f

pH has been shown to affect the enhancement of NO3
– photolysis in lab based

studies, where experiments can be carried out with a wide range of pH values
[139, 140, 147, 148, 150, 152]. The photolysis of pNO3

– can yield NO2 and
O– (R 5.11) or NO2

– and O(3P) and HONO can then be produced through the
protonation of NO2

– (R 5.12), with this process enhanced when the pH is lower
than the pKa of HONO (pH < 3.2) [139, 140, 152].

NO3
− + hν −−→ NO2 + OH (R 5.11)

NO3
− + hν −−→ NO2

− + O(3P) H+
−−→ HONO (R 5.12)

Aerosol pH was only measured during the February 2023 campaign and did
not span a wide range of values, between 5 and 6 (figure 5.31). A small decrease

Figure 5.31: fobs/fparametrised (using both fAndersen and fRowlinson) plotted against
the aerosol pH, which is only available for the February 2023 measurement campaign.
Dashed line indicates a ratio of 1.
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5.3. Results

in the f ratio is however still seen at higher pH, which is more pronounced
with fobs/fAndersen than with fobs/fRowlinson, indicating that under more basic
conditions the parametrisations could be overestimating f.

5.3.6 HONO production from NOx
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Figure 5.32: Midday (between 11:00 and 15:00 UTC) mixing ratios of HONO and
NOx during the February 2023 and September 2024 campaigns

As discussed in section 5.3.4, the photolysis of pNO3
– is generally able to

account for the missing source of HONO production (fig 5.26). However, the
similar abundances of HONO and NOx seen during both the February 2023
and the September 2024 campaigns (shown in figure 5.32) are unexpected based
on the differing lifetimes of HONO and NOx in the tropical MBL. The main
loss pathway for HONO is its photolysis, which produces NO and OH (R 5.1),
and around midday occurs on the timescale of ∼ 10 minutes (see section 5.3.4).
On the other hand, the main loss pathway for NOx, the reaction between OH
and NO2 to produce HNO3, occurs on much longer timescales (roughly 6 to 12

Figure 5.33: A broad summary of the reactive cycling that occurs in the tropical MBL,
with the rough lifetime associated with each step in red.
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5.4. Conclusion

hours in the tropical MBL). As discussed in chapter 1, HNO3 is then removed
through wet and dry deposition and is able to re-enter the reactive nitrogen
cycle through the photolysis of pNO3

– . Based on these lifetimes, the HONO
produced from the photolysis of pNO3

– would be expected to rapidly convert
into NOx, which will then slowly convert into HNO3, which can then be taken
up onto aerosols as pNO3

– and produce HONO and NO2 (summarised in figure
5.33).

Table 5.4: Mean midday (11:00-15:00 UTC) HONO production and loss during Febru-
ary 2023 and September 2024 from the reactions investigated in this study.N.B. Loss
mechanisms are negative

HONO production/loss mechanisms Feb 2023 Sep 2024

HONO photolysis - 47 ppt h-1 - 82 ppt h-1

HONO deposition - 1.6 ppt h-1 - 2.7 ppt h-1

NO + OH → HONO 0.7 ppt h-1 0.8 ppt h-1

NO2 uptake 0.2 ppt h-1 0.4 ppt h-1

pNO3
– photolysis (without f ) 0.7 ppt h-1 1 ppt h-1

pNO3
– photolysis (fAndersen) 60 ppt h-1 77 ppt h-1

pNO3
– photolysis (fRowlinson) 29 ppt h-1 35 ppt h-1

The fact that during the February 2023 and September 2024 campaigns
HONO and NOx have similar mixing ratios, could indicate that a fast mechanism
(or mechanisms) able to convert NOx into HONO is occurring. The HONO
production and loss rates are summarised in table 5.4 and demonstrate that in
this study the main source of HONO is the photolysis of pNO3

– , with the
reaction between OH and NO (R 5.4) and the heterogeneous uptake of NO2,
two mechanisms that convert NOx into HONO, yielding less than 1 ppt h-1.
These mechanisms are therefore not enough to account for the similar HONO
and NOx mixing ratios, however other reactions leading to the production of
HONO from NOx have been reported and future work will investigate the
importance of these reactions in the remote MBL [175–178].

5.4 Conclusion

Two new sets of HONO measurements have been collected at the CVAO, in
February 2023 and September 2024. HONO mixing ratios measured during
these two campaigns were higher than ground-based mixing ratios seen during
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5.4. Conclusion

previous campaigns at the CVAO, in November 2015 and August 2019, but
similar to mixing ratios measured in the MBL over the CVAO during the ARNA
campaigns in August 2019 and February 2020. The difference in mixing ratios
between the ground-based campaigns could be due to the seasonality of air
masses reaching the CVAO, differences in sampling heights or instrumental
biases, however as there is no evidence of potential biases, the measurements are
treated as real. All ground-based campaigns show a clear diurnal cycle, with a
midday maximum returning to zero overnight.

This diurnal cycle could be reproduced with PSS analysis only when the
production of HONO from the photolysis of pNO3

– was included, with the
enhancement of pNO3

– photolysis compared to gas-phase HNO3 photolysis
calculated using two parametrisations, fAndersen and fRowlinson. The parametrised
PSS was not able to accurately replicate the magnitude of HONO mixing ratios
seen, with fAndersen overestimating February 2023 mixing ratios and underesti-
mating September 2024 mixing ratios and fRowlinson underestimating values from
both campaigns. The parametrisations also struggled to capture the day-to-day
variation in HONO mixing ratios, likely because other factors are also affecting
the enhancement factor f. Discrepancies between the shape of the diurnal, with
PSS diurnals broader than measured diurnals, also point to missing factors that
affect the size of the enhancement at different hours of the day, potentially caused
by pNO3

– depletion throughout the day and a red-shifted absorption spectrum
for pNO3

– compared to gaseous HNO3.
Previous studies have found relationships between f and aerosol physicochem-

ical properties, particularly increased enhancements at high RH, at low pH and
in the presence of cations and halide anions. In this work, the ratio between
the observed and parametrised f is used to determine if the parametrisations
are over- or underestimating the enhancement under different conditions. A
slight dependence on RH and on aerosol pH is seen in these data, with both
parametrisations underestimating f at the highest RH, and with a decrease in f
ratio as the aerosol pH increased, particularly with fAndersen. No further trends
were seen with any of the other aerosol ions measured during the two ground
campaigns. Compared to lab studies, where it is possible to conduct experiments
at specific RH, aerosol composition and pH, field measurement are measuring
many different potentially competing factors at once, and extracting the key
factors that affect f is complicated are requires more measurements of HONO in
this environment.
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5.4. Conclusion

Future work will also focus on understanding the role pNO3
– photolysis

plays in the reactive nitrogen cycle, with the similar NOx and HONO mixing
ratios measured during the February 2023 and the September 2024 campaigns
potentially indicating an unaccounted for pathway able to convert NOx into
HONO.
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Chapter 6

Conclusion

The Cabo Verde Atmospheric Observatory (CVAO, 16◦ 51’ 49" N, 24◦ 52’ 02"
W), in the tropical North Atlantic Ocean, and the Kennaook/Cape Grim Baseline
Air Pollution Station (KCG BAPS, 40◦ 41’ 00" S, 144◦ 41’ 22" E) on the north-
western tip of Tasmania in the Southern Ocean, are unique World Meteorological
Organization-Global Atmospheric Watch (WMO-GAW) sites where long-term
NOx measurements have been collected using an Air Quality Design (AQD)
chemiluminescence instrument, capable of measuring the low NOx mixing ratios
that are seen over the ocean. These two sites, and the NOx instrumentation and
data processing used there, have been presented in chapters 2 and 3. Chapter
2 presents the CVAO and the NOx measurements collected there, specifically
focusing on the improvements made to the NOx processing code used at the
CVAO. More streamlined processes and better data filtering routines have been
implemented, leading to the easy removal of measurement cycles where large
spikes are seen, due to instrumental error, without affecting normal measure-
ments. These improvements have resulted in the identification of a baseline shift
in NO2 as being caused by instrumental issues rather than by changes in mixing
ratios over the ocean and has avoided NO2 trends being misinterpreted. The
outlier treatment has also improved the data processing and will lead to a more
accurate examination of the causes behind spikes seen in the data, which cannot
be attributed to instrumental issues. An increase in measurement uncertainty
between 2021 and 2024 has been attributed to an increase in the instrument’s
limit of detection (LOD) due to photomultiplier tube (PMT) temperature issues.
The CVAO NOx instrument has been running continuously since October 2006
and has been able to operate with such low LODs thanks in part to its Peltier
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coolers, which have kept the PMTs at a stable temperature around −30◦C, thus
minimising dark counts and maximising sensitivity. Due to recent temperature
issues, the instrument could be improved by updating this cooling system so that
colder temperatures can once again be reached and maintained. Another planned
instrumental update is to set up the second channel (which is currently not op-
erational) to continually measure NO, which will provide the opportunity to
better understand the reason for the spikes seen in the measurement and provide
validation for measurements from the first channel. The opportunity to per-
form an intercomparison between NOx measured at the CVAO using the AQD
chemiluminescence instrument and using an NO laser-induced fluorescence
(LIF) instrument would further validate these measurements and would confirm
that NOx offset corrections are being correctly applied, as well as revealing what
details are being missed by the higher LOD seen with the chemiluminescence
technique compared to the LIF technique.

The first ever comparison between two measurements of NOx over the
remote ocean conducted with the same instrument in two different hemispheres
is presented in chapter 3, between the CVAO and Kennaook/Cape Grim Baseline
Air Pollution Station (KCG BAPS) NOx measurements. The comparison revealed
that the data processing routines at the two sites followed the same principles
and yielded very similar results, thus validating these processes. It also revealed
the challenges faced when measuring NOx at such low mixing ratios and the
difficulties of quantifying measurement offsets, particularly at the KCG BAPS
where both clean baseline air and polluted air from the Australian mainland
is sampled, with baseline air only being measured ∼ 30% of the time. The
treatment of measurement offsets is of particular importance for these sites, as
even a small unaccounted for offset could represent a large percentage of the total
measurement when working at such low mixing ratios. The use of a new offset
determination method for NO2 has been presented, based on the assumption that
when using a 30 day rolling window the lowest point represents a period when
NO2 is zero at the site and can therefore be taken as the measurement offset
and used to correct NO2 photolytic and thermal interferences, which cannot be
detected using NOx-free air. A suitable offset determination method is yet to be
found for NO measurements at the KCG BAPS, given the interfering role NOx

emissions from the soil may be playing on measurements at this site.
The measurements presented in chapters 4 and 5 were both collected at

the CVAO and both explore different potential sources of NOx in the remote
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marine boundary layer (MBL). In chapter 4, NOx mixing ratios at the CVAO
are examined and trends between 2012 and 2024 reveal that a key driver for the
amount of NOx detected at the CVAO are the changes in air mass composition,
with noticeably higher NO mixing ratios in years when African and European
air masses were more significant. Interannual variability within each air mass
did not reveal as clear a set of patterns, though decreases were observed in
NOx in European and North Atlantic air masses in 2020, potentially due to the
COVID-19 pandemic. NO2 photostationary state (PSS) analysis using measured
(NOx, O3, photolysis rates), historical (IO and BrO) and box modelled (HO2

and RO2, with measured values for February 2023) values revealed the same
PSS underestimation that has been reported previously, thought to be due to
a missing oxidant converting NO to NO2 [19, 68, 87]. Analysis performed
using measured HO2 and RO2 suggested that peroxy radicals do not appear
to be the source of this missing oxidant, though a better understanding of the
role unclassical mechanisms and the limitations of the fluorescence assay by gas
expansion (FAGE) measurement technique in terms of not measuring all RO2

is required. Plans to measure halogen oxides at the CVAO in January 2026 will
provide an up to date value for these species which may help reconcile measured
and PSS NO2. Problems with current and historical NOx measurements also
need to be considered, with further analysis revealing a decrease in NO mixing
ratios which lead to a decrease in NO2 P SS between 2017 and 2024, though
there were no obvious cause within instrumental and data processing changes
that occurred in this period. As NO values approach the instrument’s LOD, it
becomes increasingly difficult to conclusively perform this analysis, once again
highlighting how challenging measuring in these remote environments is.

The new HONO mixing ratios collected in February 2023 and in September
2024, presented in chapter 5, are higher than previous ground-based HONO
measurements (November/December 2015 and August 2019) but similar to to
mixing ratios measured during the Atmospheric Reactive Nitrogen over the
remote Atlantic (ARNA) flight campaigns in August 2019 and February 2020.
These discrepancies could be caused by seasonality or different instrumental con-
ditions across the campaigns, though no evidence was found for any instrumental
bias and previous studies have shown that HONO measurements using a Long
Path Absorption Photometer (LOPAP) have a maximum interference of 0.006%.
Using measured values of NO, OH and photolysis rates (jHONO and jHNO3),
HONOP SS was calculated and demonstrated to be unable to reproduce measured
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values without the inclusion of pNO3
– photolysis. The enhanced photolysis rate

of pNO3
– compared to HNO3 was parametrised using enhancement factors from

both Andersen et al. and Rowlinson et al. (in prep) [136]. These parametrisations
broadly captured the HONO diurnal cycle, but the Andersen parametrisation
overestimated February 2023 values and both parametrisations underestimated
September 2024 values, with the Rowlinson parametrisation also underestimating
February 2023 mixing ratios. The PSS diurnal cycle was also broader than the
observed cycle, which may be caused by differences in pNO3

– concentrations
throughout the day or by differences between the HNO3 and pNO3

– absorption
spectrum. There were no obvious relationships between the enhancement factors
and relative humidity or aerosol properties, though these have been reported in
lab studies [137, 140, 146–148, 150–153, 159, 161, 179]. The range of values
measured during a field campaign are dependent on the conditions, and real
world experiments are significantly more complicated than those created in a lab
setting, therefore the lack of clear evidence for any driving or impeding factors
does not imply these factors don’t exist. More measurements of HONO in the
MBL are needed to understand what the key drivers are. Further work also needs
to be conducted to understand if there are any missing mechanisms that convert
NOx into HONO and could therefore explain the similar mixing ratios between
these two species, as based on their lifetimes HONO mixing ratios would be
expected to be lower than NOx mixing ratios.
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Appendix A

Calculated photolysis rates

When spectral radiometer data is unavailable, monthly correlations of photolysis
rates with solar radiation for each hour between 09:00 and 17:00 are used to
calculate the photolysis rates. The plots below show this for jHONO and jHNO3

from September 2024.

Figure A.1: Correlation of jHONO and solar radiation between 13:00 and 18:00 for
September.
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Figure A.2: Correlation of jHNO3 and solar radiation between 13:00 and 18:00 for
September.

Figure A.3: Timeseries of measured and calculated jHONO values for September 2024.
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Figure A.4: Timeseries of measured and calculated jHNO3 values for September 2024.

Figure A.5: Comparison of measured and calculated jHONO values for September 2024.
The error for calculated jHONO is determined from the error on the slope (2% in this
case).
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Figure A.6: Comparison of measured and calculated jHNO3 values for September 2024.
The error for calculated jHNO3 is determined from the error on the slope (2% in this
case).

Page 134 of 163



Appendix B

Reaction mechanisms added to the
MCM

Table B.1: Photolysis rates of halogens added to the MCM.

Photolysis Reference

BrO + hν −−→ Br + O Atkinson et al. [121]
HOBr + hν −−→ Br + OH Atkinson et al. [121]
BrONO2 + hν −−→ BrO + NO2 Atkinson et al. [121]
BrONO2 + hν −−→ Br + NO3 Atkinson et al. [121]
BrNO2 + hν −−→ Br + NO2 Atkinson et al. [121]
HOI + hν −−→ I + OH Atkinson et al. [121]
IO + hν −−→ I + O Atkinson et al. [121]
OIO + hν −−→ I + O2 Atkinson et al. [121]

Table B.2: Halogen thermal decomposition reaction mechanisms added to the MCM.

Reaction Reaction rate (s-1) Reference

BrONO2 +∆ −−→ BrO+NO2 2.8 × 1013 × exp(−12360/T ) Orlando and
Tyndall [180]
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Table B.3: Halogen bimolecular reaction mechanisms added to the MCM.

Reaction Reaction rate (cm-3

molecule-1 s-1)
Reference

Br + O3 −−→ BrO + O2 1.6 × 10−11 × exp(−780/T ) Burkholder et
al. [181]

BrO + HO2 −−→ HOBr + O2 4.5 × 10−12 × exp(460/T ) Burkholder et
al. [181]

Br + HO2 −−→ HBr + O2 4.8 × 10−12 × exp(−310/T ) Burkholder et
al. [181]

HBr + OH −−→ Br + H2O 5.5 × 10−12 × exp(200/T ) Burkholder et
al. [181]

BrO + NO −−→ Br + NO2 8.8 × 10−12 × exp(260/T ) Burkholder et
al. [181]

BrO + BrO −−→ 2 Br + O2 2.4 × 10−12 × exp(40/T ) Burkholder et
al. [181]

BrO + BrO −−→ Br2 + O2 2.8 × 10−12 × exp(860/T ) Burkholder et
al. [181]

Br + CH3CHO −−→ HBr +
CH3CO

1.8 × 10−11 × exp(−460/T ) Atkinson et al.
(2006) [182]

Br + HCHO −−→ HBr + HCO 7.7 × 10−12 × exp(−580/T ) Atkinson et al.
(2006) [182]

BrO + IO −−→ Br + OIO 1.5×10−11 ×exp(510/T )×0.8 Atkinson et al.
(2007) [183]

BrO + IO −−→ Br + I 1.5×10−11 ×exp(510/T )×0.2 Atkinson et al.
(2007) [183]

I + HO2 −−→ HI + O2 1.5 × 10−11 × exp(−1090/T ) Burkholder et
al. [181]

HI + OH −−→ I + H2O 3.0 × 10−11 Burkholder et
al. [181]

IO + NO −−→ I + NO2 8.6 × 10−12 × exp(230/T ) Burkholder et
al. [181]

I + O3 −−→ IO + O2 2.0 × 10−11 × exp(−830/T ) Burkholder et
al. [181]

IO + HO2 −−→ HOI + O2 1.4 × 10−11 × exp(540/T ) Atkinson et al.
(2007) [183]

HOI + OH −−→ IO + H2O 5.0 × 10−12 Riffault et al.
[184]

IO + IO −−→ I + OIO 5.4×10−11×exp(180/T )×0.38 Atkinson et al.
(2007) [183]

IO + IO −−→ I2O2 5.4×10−11×exp(180/T )×0.62 Atkinson et al.
(2007) [183]

IONO2 + M −−→ IO + NO2 +
M

1.1 × 1015 × exp(12060/T ) Atkinson et al.
(2007) [183]

OIO + OIO −−→ products 1.5 × 10−10 Gomez et al.
[185]

IO + OIO −−→ products 1.5 × 10−10 Gomez et al.
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Table B.4: Termolecular reaction mechanisms added to the MCM.

Reaction n = (1 + log10(k0 × [M]/k∞))2)−1

k = (k0[M]/(1 + k0[M]/k∞)) × 0.6n
Reference

OH + OH + M −−→ H2O2 + M k0 = 6.9 × 10−31 × (T/298)−1

k∞ = 2.6 × 10−11
Burkholder
et al. [181]

BrO + NO2 + M −−→
BrONO2 + M

k0 = 5.5 × 10−31 × (T/298)−3.1

k∞ = 6.6 × 10−11 × (T/298)−2.9
Burkholder
et al. [181]

Br + NO2 + M −−→ BrNO2 +
M

k0 = 4.3 × 10−31 × (T/298)−2.4

k∞ = 2.7 × 10−11
Burkholder
et al. [181]

IO + NO2 + M −−→ IONO2 +
M

k0 = 7.7 × 10−31 × (T/298)−3.5

k∞ = 7.7 × 10−12 × (T/298)−1.5
Burkholder
et al. [181]
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