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Abstract

Nitrogen oxides (NO and NO,, known as NOj) 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.

NOj 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 NOy mixing ratios, particularly the
effects different air masses reaching the site have on NOy values.

Photostationary state (PSS) analysis was performed on NO, and HONO
measurements from the CVAO, revealing that our understanding of the chemistry
in the remote MBL is incomplete. The underestimation of PSS NO, has been
attributed to missing oxidants converting NO into NO,, 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 (pNO5~) is the
main source of HONO in this environment, but more work needs to be done to
determine the factors driving the enhancement of pNO; ™~ photolysis compared
to that of nitric acid.

Current NOy mixing ratios are low enough that net ozone destruction is
seen in the MBL, but understanding NOy cycling over the oceans is necessary as

increases in NOy 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 abovel:5 C compared to pre-industrial levels for the rsttime in
2024 [1]. Wild res, extreme weather events and ooding 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
(O5), particulate matter with a diameter < 2.5m (PM, 5), nitrogen dioxide (NO »)

and carbon monoxide (CO), with the adverse health e ects 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
scienti c 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 ve layers, characterised by specic
altitude ranges and temperature pro les. The troposphere extends from the
Earth's surface to between 6 and 20 km (20 km at the equator and 6 km at the



1.1. The atmosphere

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

poles). Itis followed by the stratosphere (12 50km), the mesosphere ( 50 85
km), the thermosphere ( 85 600km) 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 signi cantly
impact the chemical processes that occur in these lower layers, as evidenced by
the e ects of chloro uorocarbons (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 @ ; can be described by the
Chapman cycle (R1.1-R 1.5), which leads to the formation of the ozone layer
[11].

O,+h I 20(P) (R1.1)
OCP)+0,+M!  0O3+M (R1.2)
Os;+h 1 0,+0('D) (R1.3)
oDy+M !  OCP) (R1.4)
oCP)+03! 20, (R1.5)

Early atmospheric chemistry research showed that nitrogen oxides and halo-
gens were able to catalytically destro@3; (R 1.6-R 1.7, where X = ClI, 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 th@; layer. The UV radiation
( < 290nm) absorbed byO, andO3 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+03! XO+O0, (R1.6)

XO0+0! X+0, (R1.7)

1.1.2 The troposphere and atmospheric mixing

As the troposphere is the lowest layer of the atmosphere, it is most strongly
in uenced 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 witl® ; leading to the depletion of the ozone layer (section
1.1.1), and carbon dioxideCO ;) and methane CH ;) 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 a ecting 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 00 3, followed by the reaction
between O(D) 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 (H,O,) can also be signi cant
sources of OH (R1.10-R1.11).

Os;+h | 0,+0('D) (R1.8)
o(!D)+H,0! 20H (R1.9)
HONO+h !  OH+NO (R1.10)
H,O0,+h | 20H (R1.11)

1.2.1 The NO 4-O 3-VOC cycle

As described in section 1.1.1, the formation of stratosphet@; through O,
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-
sphericO; enters the troposphere through stratosphere-troposphere exchange
processes, but this represents a small fraction of total tropospherid G5].

The majority of tropospheric O 3, particularly in the PBL, is produced through
the photolysis ofNO , and the subsequent reaction of GP) with O, (R 1.12-
R 1.13). The reaction between NO andO; regenerateNO , (R 1.14). If there
were no other route for NO to be converted into NO ,, reactions R1.12-R1.14
would be in equilibrium and there would be no net production or destruction of
O3 in the troposphere.

NO,+h 1" NO+O(%P) (R1.12)
OCP)+0,+M | Oz3+M (R1.13)
NO+0Oj3! NO,+O, (R1.14)

As mentioned above, OH oxidises many atmospheric gases, including CO
(R1.15) andCH,4 (R 1.16). These reactions produce the hydroperoxy radical,
HO , (also referred to as the hydroxy radical) and the methylperoxy radical,
CH 30, respectively. OH can also react with volatile organic compounds (VOCs)
(R1.17), including alkanes, alkenes and aromatics, to make an organic peroxy
radical, RO,, where R depends on the VOC that was oxidised.

CO+OH!®? CO,+HO, (R1.15)
CHs+OH 1?2 CH30,+H,0 (R1.16)
RH+OH !%° RO, +H,0 (R1.17)

HO , and RO, (including CH 30,) can oxidise NO toNO , (R 1.18-R 1.20),
thus regeneratingNO , without destroying O;. As well as regeneratindNO ,,
these reactions both provide a pathway for the production of mordO , or RO..

NO+HO,!  NO,+OH (R1.18)
NO+CH30,!  NO,+CH3O (R1.19)
NO+RO,!  NO,+RO (R 1.20)

Reaction R 1.18 produces OH, which can then oxidise COCH 4, or VOCs
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1.2. Tropospheric oxidation chemistry

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

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

These reactions lead to the catalytic production @3 ( gure 1.2), which is
therefore dependent on the amounts dfiO , and VOCs present. The relationship
betweenO3, NO 4 and VOCs is complex, and in polluted environments changes
in NO 4 and VOC mixing ratios can have di erent e ects on O3z mixing ratios
depending on whether O3 production is NO 4-limited or VOC-limited (also
known asNO ,-saturated) [17]. In aNO ,-limited regime, asNO x mixing ratios
increase, the amount oD 3 increases, as morlO , can photolyse producing
more O3 (R1.12-R 1.13). OnceNO is in excess (in a VOC-limited regime),
further increases iNlNO , mixing ratios actually lead to a decrease @3 mixing
ratios, because as the reaction betweén and NO (R 1.14) outcompeteNO ,
photolysis (R 1.12), the reaction betweeNO , and OH (R 1.21) becomes more
signi cant and leads to the production of nitric acid,HNO 3z, which through dry
deposition acts as a sink for both N@and OH.

NO,+OH+M !  HNO3;+M (R1.21)

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, NO 4, 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]. ASIO
mixing ratios decrease, there is a switch from néd; production to net O3
destruction, with reactions betweerHO , and RO, (R 1.22-R 1.24) taking place
over reactions between NO and HGQ/RO, (R 1.18-R 1.20) [18, 23].

HO,+HO,+M | HyO,+ 0, +M (R1.22)
RO,+RO,! ROH+R 0+02 (R1.23)
HO,+RO,!  ROOH+O0, (R1.24)
OH+03!  HO,+0, (R 1.25)
HO,+03! OH+20; (R1.26)

AsHO , and RO, are no longer converting NO to NO ,, the O3-NO 4 cycle
(R1.12-R1.14) is a null cycle, therefore in this environment neD ; destruction
is seen [24].03 destruction occurs through the photolysis 00 ; to produce OH
(R1.8-R1.9), reactions betwee®; and OH (R 1.25) andHO , (R 1.26) and via
catalytic halogen cycles (R 1.27-R1.31, where X =1 or Br) [25].

X+03! XO+0, (R1.27)
XO+XO ! 2X+0, (R1.28)
XO+HO,! HOX+O0, (R1.29)
HOX+h |  OH+X (R 1.30)
XO+NO !  NO,+X (R1.31)

This halogen-mediated catalyticO3 loss cycle also a ectdO , and HO
(OH + HO ) cycling in the tropical MBL. R 1.31 provides another pathway for
the oxidation of NO into NO , (along with R1.14, R1.18 and R 1.20), though
although it generatedNO , without directly removing O3, it does not result in
net O3 production as it also yields X which can remov@® ; (R 1.27). The reaction
between XO and HO ; (R 1.29) represents a signi cant sink foHO 4 through
the heterogeneous uptake of HOX (X = | or Br) though there is still uncertainty
surrounding the magnitude of the uptake coe cient, pox [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 dioxiddNO »,), are commonly
referred to as nitrogen oxidesNO 4) and are grouped together due to their
rapid cycling (R1.12-R 1.14). The sources dflO 4 are both natural (lightning,
wild res and microbial soil activities) and anthropogenic (emissions during the
combustion of fossil fuels and during biomass burning), with the majority dflO
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 1990sNO , emissions from fossil fuel combustion and industrial processes
were 25.6 Tg N yr! (of this, between 0.5 and 0.8 Tg N yr* was from aviation),
NO , emissions from biomass burning were 5.9 Tg N y*, NO , emissions from
soils were 8.9 Tg N yr? (1.6 Tg N yr 't from agriculture and 7.3 Tg N yr* from
natural soils) andNO , emissions from lightning were between 1.1 and 6.4 Tg N
yrt [32].

Work since then suggests than anthropogenic emissions are still the main
source ofNO 4 in the atmosphere. Granieret al.compared di erent emission
inventories between 1980 and 2010 and found that there is broad agreement in
total anthropogenicNO , emissions between the inventories (with a maximum
di erence between inventories of 20%), with all but one inventory showing
a slight increase inNO , emissions between 1990 and 2010 [33]. The 2021
Physical Science Basis IPCC report shows, however, that between 1996 and 2015
troposphericNO , has been decreasing in Europe, North America and Japan.
Following a peak in 2011,NO , in China is also decreasing, though in South
Asia troposphericNO , has doubled between 1996 and 2015 [34]. Despite these
regional changes, the total globaNO 4 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
anthropogenicNO 4 continues to decrease, the relative importance BO , emis-
sions from natural sources will increase. Estimates O , emissions from
lightning vary as uncertainty still surrounds the amount oNO , produced per
lightning ash, with recent work suggesting that global lightning NO , emissions
may be higher than previous estimates (9 Tg N yr ! compared to previously
reported values between 2-8 Tg N yr*), due to higher NO , emission rates per
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1.3. Nitrogen oxides

lightning ash and shorter NO  lifetimes in the region of out ow of thunder-
storms [36 38]. NO , emissions from soils are also hard to quantify as they are
a ected by many physical (temperature, pH, humidity) and biochemical factors,
with recent estimates ranging from 7.9 Tg N yr! to 129 3:9Tg Nyr * [35,

39 41].

1.3.2 Transport and atmospheric sinks of nitrogen oxides

Figure 1.3: Mean troposphericNO , vertical column density in 13° molecules cn?
between April 1996 and September 2017. Taken from Georgoulias$ al.[42].

Figure 1.3 shows theNO ;, vertical column density across the globe, with clear
hotspots in highly populated, industrialised areas, demonstrating that the highest
NO , mixing ratios are seen in urban environments. DiredNO , sources over the
oceans are limited tdNO , emissions by ships, with some studies also suggesting
that NO 4 can be photochemically produced in the sunlit ocean [43 46]NO
transport from polluted regions to the unpolluted, remote oceanic atmosphere is
another important source ofNO , over the oceans. ASIO , has a short lifetime
(0.5-2 days) in the PBL due to its reactivity, its transport mainly occurs through
the conversion ofNO  into peroxyacetyl nitrate (PAN) [47]. PAN is an organic
nitrate, formed following the oxidation of acetaldehyde by OH and then the
reaction with NO , (R1.32-R 1.34). Reactions betweeNO , and other RO,
or RO species proceed in a similar manner and lead to the formation of other
organic nitrates (respectively peroxyalkyl nitrated)OONO ,, and alkyl nitrates,
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1.3. Nitrogen oxides

RONO »).
CHsCHO+OH !  CHsCO +H,0 (R1.32)
CHsCO+0,!  CHsC(0)0O0 (R1.33)
CH3C(O)OO +NO, ) * CH3;COO,;NO, (R 134)

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

PAN and organic nitrates are reservoir species folO ,, and as such convert
back into NO , under speci ¢c atmospheric conditions (thermal decomposition in
the case of PAN and organic nitratesNO , reservoir species are often referred
to asNO , and include, as well as PAN and organic nitrates, nitric acidHNO 3),
nitrous acid (HONO), the nitrate radical (NO 3), dinitrogen pentoxide (N ,O5).
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+h !  NO+OH (R 1.36)

HNO 3 can be formed through reactions oNO , with OH or HO , (R 1.37-
R 1.38, however it is only a minor product from R 1.38, withNO , and OH
the main products from this reaction), through the heterogeneous hydrolysis of
N ,O5 on sulfate aerosols (R 1.39) and through the reaction betwelR@ ; and
aldehydes or dimethylsul de, DMS (R 1.40-R 1.41) [49, 50].

NO,+OH+M !  HNOz+M (R1.37)

NO +HO,+M ! HNO3; +M (R1.38)
N,Os + H,0! 2HNO; (R1.39)
NO;+RCHO!  HNOjz+RCO (R 1.40)
NOz +(CH3),S!  HNOj;+ CH3SCH, (R1.41)

N,Os is formed following the reaction of NO , with NO 3 (R1.42).NO 3 is
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1.3. Nitrogen oxides

formed overnight in the absence of photolysis, through the reaction dfiO ,
and O3z (R1.43). This reaction also occurs during the daytime, bWtlO 3 is
rapidly photolysed and therefore cannot undergo reactions R 1.40-R 1.42. The
reaction betweenNO 3 and VOCs (speci cally unsaturated species) provides
another pathway for the formation of organic nitrates (R 1.44) [24].

NO, +NOz+M !  N,Os+M (R1.42)
NO,+03;! NO3+O, (R1.43)
RCH CH,+NO;!  RCHCH,ONO,0rRCH(ONO,)CH,  (R1.44)

As all these species rapidly react and interconvert in the troposphere, the sum
of NO, andNO , is known as total reactive nitrogen, and is referred to &0 .
Permanent loss pathways falO , occur through wet and dry deposition, either
directly through the dry deposition of NO , on soils and vegetation or indirectly
through both wet and dry deposition of NO, species [50].

Whilst HNO 3 is technically a reservoir species fiNO , as its photolysis yields
NO , and OH, it has been traditionally considered the main atmospheric sink
for NO 4, as it is removed from the troposphere though wet and dry deposition
more rapidly than it photolyses back intdNO 4 [51]. Recent studies have however
shown that unlike HNO 3, the photolysis of particulate nitratepNO 3 , occurs
on atmospherically relevant timescales and therefquBlO ; 0 ers a pathway for
NO , recycling from HNO 3 in remote environments (discussed fully in chapter
5). Wet and dry deposition of organic nitrates can also represent a permanent
sink for NO , however there is still a large amount of uncertainty surrounding
this process, as di erent groups of organic nitrates have been shown to recycle
to NO  at di erent rates [52].

1.3.3 NO 4 measurement techniques

NO x measurement techniques can be divided into remote techniques and
situtechniques. Fourier-transform infrared (FTIR) spectroscopy, non-dispersive
infrared (NDIR) spectroscopy and di erential optical absorption spectroscopy
(DOAS) are examples of remote measurement techniques for the detection of NO
(NDIR and FTIR spectroscopy) andNO 4 (DOAS). FTIR and NDIR spectroscopy
rely upon a molecule's absorption band to identify it and since the absorption
band of water vapour andNO , overlap, they cannot be used to measuMNO .
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1.3. Nitrogen oxides

The DOAS measurement technique was rst described by Pladt al.and uses
the Beer-Lambert law to detect NO andNO , 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 oNO 4 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 NO 4, with the World Meteorological Organization-Global
Atmospheric Watch (WMO-GAW) recommending the use of O3 induced chemi-
luminescence detection@3-CLD, rst described by Fontijn et al) for the mea-
surement of NO and photolytic conversion of NO , to NO, followed by O3
induced chemiluminescence detection (PLG3-CLD) for the measurement of
NO , [54, 55]. As such, this method is used to measure tN® , data collected in
this study and is fully described in 2.

Other in-situ measurement technigues able to measure NO aN® , 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 measur®O , by mea-
suring the rate at which light intensity decays in an optical cavity containing
two highly re ective mirrors [58]. Within the optical cavity, light from a laser
with a speci ¢c wavelength (532 nm forNO ) is re ected using the mirrors [57].

By turning o 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 (Kostore\et al.report a LOD of 0.7
ppb) [62].

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

Measurement Species Limit of detection
. . L References
technique measured (integration time)
Chemiluminescence NO 22 ppt (1 s) This work
Photolytic NO ,
conversion followed by NO , 25 ppt (1 s) This work
chemiluminescence
Cavity ring-down O'Keefe and
spectroscopy (CRDS) NG 40 ppt (1s) [57] Deacon [58]
Laser induced Rollins et al.
uorescence (LIF) NO Lppt(ls) [59]
Thornton et
NO , 15 ppt (10 s) al. [60]
Quantum cascade laser Tuzson et al
absorption spectroscopy NO 10 ppt (180 s) [61] '
(QCLAS)
NO , 3 ppt (180 s)

interferences [59, 60].

Quantum cascade laser absorption spectroscopy (QCLAS) can directly mea-
sure NO and NO , at the same time by using two tunable narrow-linewidth
mid-IR lasers, one emitting at around 1600 crh (for NO , absorption lines at
1599.9 cm') and one at around 1900 cn (for NO absorption lines at 1900.1
cm) [61]. Each laser beam is split into three, with the main beam being re ected
multiple times to increase its e ective 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 andO ,, 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 measuringNO  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 speci ¢ wavelengths in CRDS, LIF and QCLAS
enhances the instrument's selectivity to NO oNO ,, thus vastly reducing signal
from interfering species. The chemiluminescence technique (fully described in
chapter 2) is not as selective as these techniques, particularlyNiGr,, because it
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1.4. Summary

relies on the photolytic conversion ofNO ;, 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 fodO , photolysis and can thus
lead to positive measurement o sets (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 dD; and subsequent reaction with water vapour. The
abundance ofO; is controlled by theNO - O3-VOC cycle, which can lead to
the catalytic formation of O3. In remote, unpolluted environments,NO , mixing
ratios are low enough forO ; depleting reactions to dominate ove 3 producing
reactions, resulting in netO 3 loss. An increase itNO 4, 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 god&r mixing
ratios over the oceans. Figure 1.4 summarises the mai@® , 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 characted® 4 in the clean,
remote MBL. Blue arrows represent processes that dominate at night.
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1.5. Thesis outline

1.5 Thesis outline

Chapter 2 describes the measurement &fO , at the Cabo Verde Atmospheric
Observatory (CVAO). The instrument, calibration routine and o set correction
are presented, followed by an in-depth overview of the code used to process the
NO , data from raw counts (in Hz) to hourly averaged mixing ratios in ppt (parts
per trillion). Limitations and future plans forNO , measurements at the CVAO
are discussed.

Chapter 3 compares theNO , 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
0 set determination are discussed.

Chapter 4 examines trends ilfNO , mixing ratios at the CVAO between 2012
and 2024, and looks at the di erences itlNO , across di erent air masses that
reach the CVAO. An NO , photostationary state (PSS) analysis is carried out,
using measurements dlO , O3 and photolysis rates, historical values of BrO
and 10 and box modelled values foHO , and RO,. The e ect 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 ofpNO 3 is notincluded as a source of HONO, mixing ratios
are vastly underestimated. HONO production pathways through heterogenous
NO , uptake and dust surface photocatalytic conversion are also considered, but
were not found to be signi cant in this environment.

Chapter 6 summarises the key ndings 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.

Page 15 of 163



Chapter 2

Measuring NO  in the remote
marine boundary layer: an
overview of instruments and data
processing

2.1 Introduction

Understanding the sources and sinks &fO , 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 a ecting the atmosphere's oxidising capacity over the
oceans. The lowNO 4 mixing ratios (tens of ppts) seen in the clean, unpolluted
oceanic environment however are di cult to measure, and require specialised
instrumentation with high sensitivity.

The Cabo Verde Atmospheric Observatory (CVAO) on the island of S&o 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 CVAONO , is measured using a chemi-
luminescence instrument with an hourly limit of detection (LOD) of around 1
ppt for NO and 2 ppt for NO ,, able therefore to collect a well-resolved dataset
of NO  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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