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Abstract

Atmospheric nitrogen oxides (NO, = NO + NO,) play a key part in controlling
the abundance of OH and Oj3 in the atmosphere.

Long-term measurements of NOy at the Cape Verde Atmospheric Observa-
tory have been used to investigate fundamental processes in the remote marine
boundary layer (MBL). The measurements were conducted using a chemilumi-
nescence detector with two different photolytic converters for NO, conversion,
which give comparable results when correcting for artefacts.

The photostationary state (PSS) of NO-NO,-O3 was used to evaluate our
current understanding of the oxidation processes occurring in the MBL. Good
agreement was observed between measured and PSS-derived NO, calculated
from measurements of NO, O3, and jNO,, modelled values of peroxy radicals
(ROy + HO,), and annually averaged halogen monoxides (IO + BrO) for air
masses with [CO] < 90 ppbV. However, in air masses with [CO| > 100 ppbV,
a missing oxidant converting NO into NO, on the order of 18.5-104 pptV
(assuming the same rate coefficient as CH30, with NO) was needed for the
measured and PSS-derived NO, to agree.

Formation of nitric acid (HNOj3) has traditionally been seen as a sink of
NOx, however, it has recently been suggested that photolysis of particulate ni-
trate (pNOj ) is up to orders of magnitude faster than photolysis of gas-phase
HNOj, which could make it an important source of nitrous acid (HONO) and
NO, in the MBL. Here, it is shown that the enhancement factor of particu-
late nitrate photolysis compared to gas-phase HNO;3 decreases with increasing
pNOj concentration. This largely reconciles previous studies and can poten-
tially be explained by a surface-enhanced mechanism described by the Lang-
muir isotherm.

Both the missing oxidants and the recycling of NOy through pNO; can
have important implications for atmospheric oxidants such as OH and O3 and

their trends in both polluted and clean environments.
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Chapter 1

Introduction

1.1 Motivation

Atmospheric nitrogen oxides play a key role in tropospheric chemistry. They
help to control the abundance of the two most important oxidants in the
atmosphere, ozone (O3) and the hydroxyl radical (OH) as well as causing acid
rain through wet deposition. O3 is most commonly known to the general public
for its role in the stratosphere, where it protects all living creatures on Earth
from ultraviolet radiation, however, the role of O3 in the troposphere, which is
the air we breathe, is less well known. Tropospheric O3 is the main precursor
for OH radicals, which are also known as the ‘detergent of the atmosphere’,
and at high concentrations can also be a competitive direct oxidant of some
volatile organic compounds (VOCs). Ozone is also an important air pollutant,
causing a variety of respiratory diseases [1] and damage to plants in the form
of reduced photosynthesis, visible injury and lowered quality [2]. The global
burden of disease project estimated that long-term ground level O3 exposure
accounted for 365,000 premature deaths in 2019, which is approximately 5.5%
of all premature deaths due to air pollution [3]. The relative yield loss of
wheat, rice, maize, and soybean due to exposure to Oz levels above 40 parts

per billion by volume (ppbV) during the growing season has been estimated to
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1.2. The Atmosphere

be 11.45-19.74%, 7.59-9.29%, 0.07-3.35%, and 6.51-9.92%, respectively, from
2010 to 2017 in China alone [4].

It has been shown by model studies that intercontinental transport of air
pollution contributes to the O3 concentration observed in other countries and
continents, making it a global problem [5]. While O3 production depends on
emissions in urban and rural regions, approximately 80% of Earth’s surface
is either covered by oceans (~70%), glaciers (~3%), or barren land (~ 5.5%,
e.g. desert, rocks, and beaches) [6] making it necessary to understand all the
reaction mechanisms in the remote atmosphere leading to O; production and
depletion to be able to evaluate O3 policy goals in the future. The tropical
marine boundary layer (MBL) is particularly important due to the high pho-
tochemical activity in the region, which has a high impact on the atmospheric
lifetime and concentration of compounds such as methane (CH,) [7] and Oj [8].
However, due to a limited amount of measurements in the remote tropical MBL
there is still significant uncertainty in the sources, sinks and cycling of nitrogen

oxides, which are crucial for modelling O;.

1.2 The Atmosphere

The atmosphere is divided into 5 layers based on the temperature gradient;
the troposphere (~0-12 km), stratosphere (~12-50 km), mesosphere (~ 50-
85 km), thermosphere (~ 85-600 km), and exosphere (~600-10,000 km). In
the troposphere the temperature decreases with increasing altitude due to
most of the heat being generated close to the surface of the Earth. As an
air parcel heats up close to the surface it rises and as the pressure drops,
the parcel expands and cools down. Increasing temperature with increasing
altitude is observed in the stratosphere due to the ozone layer absorbing ultra-
violet radiation. Where the troposphere and the stratosphere meet is called
the tropopause. Approximately 99% of the atmospheric mass is located in

the troposphere (85-90%) |9, 10| and the stratosphere (~10%) |9]. The tro-
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1.2. The Atmosphere

posphere can be divided into two subcategories; the planetary boundary layer
(PBL) and the free troposphere, where the PBL is defined as the layer directly
affected by Earth’s surface [11]. Local meteorology determines the height of
the PBL (~0.8-3.0 km during the day) through turbulence caused by wind
crossing land and the heating and cooling of the Earth’s surface [11,12]. As
the temperature of water is not affected as quickly as the temperature of the
ground, the height of the MBL varies a lot less over water [13].

Around 78% of the atmosphere consists of nitrogen molecules (N,), 21% are
oxygen molecules (O,), and the last approximately 1% is a mixture of noble
gases, trace gases (e.g. VOCs, O3, CO,), and particles. The concentration of
trace gases and the composition of particles vary depending on where they are
sampled due to the proximity to direct emission sources, and on transport and
chemical processes occurring in the atmosphere. From the point a trace gas is
emitted, it takes approximately a day to be well-mixed within the PBL above
the emission source, a week to cross into the free troposphere, 2 weeks to be
well-mixed along the same latitude, 1-2 months to be well-mixed within the
hemisphere, months to reach the tropopause, roughly a year to cross equator,
and around 10 years to cross the tropopause (see Figure 1.1 for summary) |9].
The different mixing times are caused by a combination of air moving from
high to low pressure, the Coriolis force, convection, and gravity. Trace gases
with short atmospheric lifetimes (hours-weeks) such as nitrogen oxides and
many alkenes will therefore be removed from the atmosphere through oxidation
processes and deposition before being well-mixed in the atmosphere. Gases
with longer lifetimes (years) such as CO, and CH, will be mixed through
transport, however, the concentrations observed in the southern hemisphere
will be lower than the simultaneous measurements in the northern hemisphere

due to higher emissions in the northern hemisphere.
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1.3. Background Chemistry
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Figure 1.1: Panel A and B show the time scales of horizontal and vertical
mixing in the troposphere, respectively. Based on figures in Jacob (1999).

1.3 Background Chemistry

1.3.1 Chemical Families

Chemical families describe a group of compounds, which have similar proper-
ties. In the atmosphere families can be used to describe a group of compounds
which rapidly interconverts between each other. An example could be nitrogen
oxides (NO,) which is a combination of NO, NO,, NO3, NO,, N,Oy, and N,Os,
however, NOy is usually only defined as NO-+NQO, due to the very low ambient
concentrations of the other nitrogen oxides. From here on NOy is used to de-
scribe NO+NO,. All other reactive nitrogen species than NO,, which can also
be called NOy reservoir species are defined as NO, (NOj3;, NO,, N,O,, NyOs,
HONO, peroxy acetyl nitrate (PAN), particulate nitrate, organic nitrates etc.).
The combination of NOy and NO, is defined as NO,.

Other examples of chemical families in the atmosphere are O, (O + O3)

and HO, (H + OH + HO,).

1.3.2 Ozone

Reactions (R1.1-R1.5) describe the dominant production and destruction mech-
anisms of O3 occurring in the stratosphere also known as the Chapman cy-

cle [14]. Tt has later been shown that Oj is also destroyed by catalytic nitrogen
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1.3. Background Chemistry

oxide and halogen cycles [15,16] leading to the formation of the ozone hole [17].

Oy + hv(<242nm) — 20(°P)

=
—_
—_

=
—_
N

OCP) + Oy + M — O3 + M
O3 + hv(<310nm) — O('D) + O,
O('D) + M — O(°P)

~—~ —~ —~ —~ ~—~
< %

' = = '
o~ w

~— ~— ~— ~ ~—

=y,
—_
ot

OCP) + O3 — 20,

Stratospheric ozone is transported to the troposphere through stratosphere-
troposphere transport (STT) events. STT has been estimated to account for
~ 4.6% of the boundary layer (0-1 km) O, ~ 15% of the lower tropospheric O
(1-3 km), and ~26% of upper tropospheric Oz (3-8 km) in America [18|. In
the troposphere, photolysis of molecular oxygen is not possible since all solar
radiation below 290 nm is absorbed in the stratosphere by oxygen and ozone.
Tropospheric ozone is instead produced through photolysis of NO,. Photolysis
of NO, produces NO and O(*P), which rapidly reacts with O, to return O,
however, O3 oxidises NO into NO, creating a null-cycle as shown in reactions

(R1.6-R1.8).

NO, + hv(<410nm) — NO + O(°P) (R1.7)
OCP) + Oy + M — O3 + M (R1.8)

A photostationary state between NO, NO,, and Oj is reached within min-
utes if it is not perturbed by other processes. To have a net production of O4
other oxidants are necessary to convert NO into NO, such as peroxy radicals

(ROg, HOy) as described in reactions (R1.9-R1.10) as described in details in
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Chapter 3.
ROy + NO — RO + NO, (R1.9)

Reaction (R1.10) also offers a route to the OH radical, above its primary
production via Oz photolysis (reactions R1.3 and R1.11). Even though 99% of
the atmosphere consists of N, and O, up towards 20% of O(*D) in the MBL
reacts with HyO instead of relaxing to the ground state O(*P) (Reaction R1.12)
due to the reaction coefficient for O(*D)+H,0 being an order of magnitude
higher than the quenching [19]. If the NOy mixing ratio is sufficiently low,
then peroxy radicals react with themselves instead of NO, and Oj depleting

reactions dominate over Oz production [20].

O3 + hv(<335nm) — O('D) + O, (R1.3)
O('D) + H,0 — 20H (R1.11)
O('D) + M — O(°P) (R1.12)
OH + O3 — HO, + O, (R1.13)
HO, + O3 — OH + 20, (R1.14)
RO, + RO, — 2RO + O, (R1.15)

From the reaction mechanisms of O3 it is evident that whether net O;
production or destruction occurs depend on the availability of NO, and peroxy
radicals. NOy mixing ratios below 10-30 parts per trillion by volume (pptV)
are generally sufficiently low for net O3 loss [20-22]. These conditions have
previously been reported to apply most of the year in the remote Atlantic
Ocean [23]. The availability of peroxy radicals depend on their precursors
and photochemical activity. In the remote MBL, the dominant precursors are
carbon monoxide (CO) and CHy4, which are oxidised to hydroperoxy (HO,)
and methyl peroxy (CH30) radicals by OH radicals (reaction R1.16-R1.17),
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Figure 1.2: Ozone measured at the Cape Verde Atmospheric Observatory
from 2006 to 2022.

respectively.
0,
CO + OH — HO, + CO, (R1.16)
0,
CH, + OH CH30, + Hy,0 (R1.17)

Sicard (2021) [24] showed that on average the O mixing ratio in urban
and background environments have increased by 0.31 and 0.15 ppbV y~! since
1990, respectively, where a decrease of 0.23 ppbV y~! has been observed in
rural areas. The increase/decrease observed is not evenly distributed over
each year. This can be observed from the measured O; at the Cape Verde
Atmospheric Observatory (CVAO) in Figure 1.2 where a clear increase in the
yearly minimum O3 mixing ratios is seen from 2011 to 2015 whereafter they

stabilise.
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1.3.3 Nitrogen Oxides

NOy is naturally emitted from lightning [25], wild fires [26] and microbial
activities in soil [27], but the dominant sources are anthropogenic in the form
of combustion of fossil fuels and biomass burning [28] leading to mixing ratios
of >100 ppbV in extremely polluted areas [29-32|. In a recent study, Miyazaki
et al. (2017) [33] estimated NOy produced from lightning to be 5.8 Tg N
y~! based on a 10-year mean from satellite observations. This is in good
agreement with previous estimates of 5 + 3 [25], 6.1 £ 0.46 [34], 3.3-5.9 [35],
and 6.3 + 1.4 Tg N y~! [36]. Emissions from soil are associated with high
uncertainties due to variable emissions depending on the microbes present and
the fact that up to approximately half of the soil emissions are adsorbed onto
the plants before reaching the canopy [27,37]. Early studies estimated the
global NO, emissions from soil to vary from 5.5 Tg N y~! [37] to 13 Tg N
y~! [27] above the canopy when attempting to take loss on the canopy into
account. Some recent studies 33,34, 38] derive approximately the same NOy
emissions from soils as Yienger and Levy II (1995) [37], however, they use
the parameterization developed by Yienger and Levy IT (1995) [37]. Recent
studies using updated emission inventories for different types of soil or satellite
measurements derive higher emissions of 8.9 [38], 7.9 [33], and 12.5 Tg N y !
[39]. Estimates of NOy emissions from biomass burning have been relatively
constant over the past 25 years varying from 4.3-6.7 Tg N y~! |28,33,34,38,40].
While estimates of biomass burning emissions have remained stable, emissions
from fossil fuel combustion/anthropogenic sources have increased from 21.3
Tg N y~! in the 1980’s [41] to 25.5 Tg N y~! in 2000 [38] and 28.7 Tg N y*
averaged across 2005-2014 [33]|. Minor contributions to the global NO, budget
come from aircrafts (0.5-0.6) [28,33], ammonia oxidation (0.24-1.17) [42], and
stratospheric injection (Total NOy is 0.5 Tg N y~!, however, only 0.1 Tg N y~*
as NOy) [38,40].

In remote regions where emission sources are limited, NO, has been mea-
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sured to be as low as a few pptV [23,43,44]. The sources of NOy in remote
oceanic regions have traditionally been attributed to long-range transport of
peroxyacetyl nitrate (PAN) from polluted regions [45], oceanic emissions of
alkyl nitrates [46] and shipping in marine environments [47].

NOy is removed from the atmosphere through a combination of chemical
and physical processes as described below. The most dominant removal pro-
cesses are oxidation of NO, and NO by OH and HO, into nitric acid (HNOs,
reaction R1.18 and R1.19), respectively [35]. Assuming a temperature and
pressure of 298 K and 1 hPa, respectively, and [OH] = 6x10° molecule ¢cm—3
as previously observed in the remote MBL [48] gives a lifetime of NOy of ~ 4.7
hours through this reaction [49], however, OH radicals are only present at that
level at midday. At night time, when there is no photochemical production
of NO and OH, NO, reacts with O3 forming nitrate radicals (NO3) (reaction
R1.20). The reaction also occurs during the day, however, NO; radicals are
rapidly photolysed back to NO,. The NOj; radical can react with NO, to form
N,Oj5 (reaction R1.21), which is transformed into HNOj; through hydrolysis on
aerosols (reaction R1.22) [50].

NO, + OH — HNO, (R1.18)
NO + HO, — HNO, (R1.19)
NO; + O3 — NOj3; + O, (R1.20)
NO, + NO3 — N,Oj (R1.21)
N,O5 + H,O — 2HNO; (R1.22)

HNQOj; isconsidered a NO, reservoir specie since it can be photolysed back
to NOgy, however, the photolysis lifetime of HNOj is relatively long (~16.5
days using jHNO3(g) = 7 x 1077 s7! (solar angle 6 = 0°) [51]) compared to
the atmospheric removal through dry and wet deposition. Formation of nitric

acid (HNOj3) has therefore traditionally been seen as a sink of NO,, however,
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recent studies suggest that photolysis of particulate nitrate (pNOj ') could be an
important missing source of NOy in the remote marine environment [44,51,52]
as discussed in chapter 4.

The NOj radical is also a strong oxidant, and can react with a variety of
different VOCs through primarily addition to alkenes forming organic nitrates
[53], but also via hydrogen abstraction [54].

Organic nitrates can also be produced from acyl peroxy radicals reacting
with NO,. The formation of PAN is an example of this reaction (reaction
R1.23-R1.25), where acetone is photolysed in the presence of O, followed by
reaction with NO, instead of NO. PAN and other thermally labile peroxy
nitrates are formed in polluted regions and transported at high altitudes to
remote regions, where they thermally decompose back to peroxy radicals and

NO, (reaction R1.26).

CH;3(O)CH;3 + hv — CH3(O) + CH;y (R1.23)
CH;(0) + 0y —= CH,(0)0, (R1.24)
CH,(0)0, + NO, — CH,(0)0,NO, (PAN) (R1.25)
CH;(0)0,NO,=s CH3(0)0, + NO, (R1.26)

Whether the formation of all organic nitrates serves as a permanent or a
temporary NOy sink is still uncertain [55]. While isoprene is readily oxidised by
NOj3 at night to organic nitrates [56,57|, carbonyl nitrates have been found to
be rapidly photolysed and thereby recycle NO, in the morning [58,59]. High
yields of organic nitrates and secondary organic aerosols (SOA) have been
observed from NOj oxidation of terpenes [60-63|, however, recent studies have
shown that organic nitrates in aerosols can behave as both a permanent sink
or a reservoir of NO, depending on the nature of the terpene and the relative
humidity [60, 64].

Besides the removal of NOy through oxidation to HNOj, N,O5 hydrolysis

on aerosols, and the formation of organic nitrates, NOy is also lost through dry
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deposition of NO, and NOj radicals reacting with aldehydes and dimethylsul-
phide ((CHj),S) to form HNOj [35]. NO additionally react with OH to give
nitrous acid (HONQ), however, with a photolytic lifetime of approximately 12
minutes in the tropical MBL (see chapter 4), it is not considered a permanent
sink for NOy. Direct HONO emissions such as vehicle exhaust, wildfires and
soils [65-67] are an important source of the hydroxyl radical (OH) [44,51,66-73]
together with the photolysis of O3 as described in reactions R1.3-R1.11.

1.4 Summary

03/RO,/HO,/XO OZ/RO/PVOzNOz
HONO =— <— NO NO, <
hv
v Hzo
hv Hydrocarbons NO, Heterogeneous
HNO; Organic nitrates HNO;,

Dry deposition
Wet deposition
——> Night time

N02 + HONO <— pNO3

Figure 1.3: Reaction scheme of known NO, chemistry.

O3 production is controlled by the emissions of NO, and VOCs, however,
due to atmospheric transport the resulting O3 pollution is not necessarily ob-
served at the same place as the emissions. It is therefore crucial to understand
all the chemistry related to O3 production and destruction in different envi-
ronments to be able to predict the outcome of reductions in NO, and VOC:s.
Figure 1.3 summarises known NOy chemistry. To be able to get a better under-
standing of the individual processes related to NO, photochemical recycling
and loss processes, and to investigate any unknown sources, it is necessary
to investigate them away from direct emission sources. The remote MBL is

an ideal location for such studies, as illustrated by Figure 1.4, which shows
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Figure 1.4: A simple summary of the known sources and sinks of NOy in
the remote MBL.

the known sources and sinks of NO, in the remote MBL. Additionally, due to
the relatively fast mixing within the boundary layer (~1 day), measurements

made in the MBL are usually representative of a wide-ranging area.

1.5 Aims

It has been shown above that the availability of NOy plays a key role in whether
a region is O3 producing or depleting. It is therefore crucial to understand
the sources and sinks of NOy as well as the chemical cycling of NOy in the
atmosphere. The aim of this thesis is, therefore, to improve our understanding
of the atmospheric chemistry of NO, in the remote MBL. This is achieved by:
e Evaluation of a new photolytic NO, converter for accurate NO, measure-
ments in the remote MBL at the Cape Verde Atmospheric Observatory
(CVAO; 16° 51’ N, 24° 52 W). Having reliable measurements is crucial to

be able to investigate the chemical reactions occurring in the atmosphere,
however, remote measurements of NOy are subject to several challenges

as described in chapter 2.

e Using NOy, O3, and VOC measurements at the Cape Verde Atmospheric

Observatory to investigate fundamental oxidation chemistry using the
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photostationary state of NO and NO,. This can be used to evaluate our
current understanding of NOy cycling through oxidation by peroxy radi-
cals and O3 and thereby give an indication of the O3 producing capacity

of the MBL.

e Investigating new sources of NO, using airborne and ground-based mea-
surements of NO,, HONO, aerosol surface area, and particulate nitrate
(pNO3 ). If models does not include all the significant sources and sinks
of NO, in the atmosphere, then they will be over-/underestimating NOj,

which could have an impact on other compounds such as O3 and OH.

1.6 Thesis Outline

Chapter 2 briefly describes different techniques used to measure NOy before
describing the NO, instrument deployed at the CVAO in detail. A year of
NO, measurements conducted using two different photolytic converters, a tra-
ditional blue light converter (BL.C) and a new photolytic converter (PLC),
are compared to evaluate the reliability of the measurements. The measure-
ments described have been published as a peer-reviewed article in Atmospheric
Measurement Techniques (AMT).

Chapter 3 uses measurements of NOy, O3, VOCs, and photolysis rates from
the CVAO to investigate the photostationary state equilibrium of NO and NO,
in the remote MBL. Peroxy radicals are explored as a possible missing oxidant
in air masses containing small amounts of aged pollution.

Chapter 4 uses airborne and ground-based measurements of HONO, NO,,
aerosol surface area, and particulate nitrate (pNOj3) to investigate missing
sources of HONO in the tropical troposphere, in the CVAO region. NO, uptake
on aerosols and photolysis of pNO; on ambient aerosols are both explored.

Chapter 5 summarises the results and conclusions from the previous three

chapters and discusses improvements to the measurements that could be useful
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in the future.
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Chapter 2

Long-term NOyx Measurements in
the Remote Marine Tropical

Troposphere

This chapter has been adapted from the following published article:

Andersen, S. T., Carpenter, L. J., Nelson, B. S., Neves, L., Read, K.
A., Reed, C., Ward, M., Rowlinson, M. J., and Lee, J. D.: Long-term NO,
measurements in the remote marine tropical troposphere, Atmos. Meas. Tech.,
14, 3071-3085, https://doi.org/10.5194 /amt-14-3071-2021, 2021.

Luis Neves runs the instrument on a day-to-day basis. Martyn Ward (Uni-
versity of York) and I wrote the script processing the data. Matthew Rowlinson
(University of York) ran the back-trajectory analysis. Beth Nelson (University
of York) developed the photolytic converter setup. Chris Reed (FAAM) and
Katie Read (University of York) have both been in charge of the instrument
prior to me starting my PhD. I performed the data analysis while discussing
the results with the co-authors. All data analysis involving the new photolytic

converter was developed by me.
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2.1 Introduction

Long-term remote atmospheric nitrogen oxides, NO, (NO + NO,), measure-
ments are rare due to the difficulty measuring very low (parts per trillion by
volume (pptV)) mixing ratios. This is caused by low sensitivities of the instru-
ments meaning higher mixing ratios of NO4 are needed to create a response
significantly above the background. Low sensitivities usually result in a high
limit of detection (LOD), which is the lowest mixing ratio that can be detected
by the instrument. A variety of remote and in-situ techniques for measuring
NO, are available and summarised in Table 2.1, however, very few have the
LOD and sensitivity needed to measure NOy in remote regions and are suit-
able to run at remote sites. Some of the available techniques for measuring
atmospheric NOy are briefly described below.

Differential Optical Absorption Spectroscopy (DOAS) utilises the Beer-
Lambert law where an absorption spectrum of the sample is compared to a
reference spectrum over a specific range of wavelengths [75]. When measuring
atmospheric trace gases, either direct sunlight or a light source with a known
path length is used to estimate the apparent column denisty (ACD) of a given
compound. Nitrogen monoxide, NO, can be observed in the deep UV at 186-
227 nm [90,91] and nitrogen dioxide, NO,, using visible light at 435-470 nm
[92,93|.

Both Fourier-Transform Infrared spectroscopy (FTIR) and Non-Dispersive
Infrared spectroscopy (NDIR) are designed based on molecules absorbing in-
frared electro-magnetic radiation at specific absorption energies. Each molecule
that absorbs infrared radiation has a specific absorption pattern like a finger-
print, however, when in the atmosphere multiple molecules can absorb in the
same region causing spectral interferences [94]. Both methods can be used to
measure NO at 1876 cm™!, however, the absorption energy of water vapour
(1595 cm™!) interferes with the absorption energy of NO, (1617 ¢cm™') and
NO, can therefore not be measured quantitatively by FTIR and NDIR.
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In Cavity Ring-Down Spectroscopy (CRDS) a laser is used to illuminate
an optical cavity with a reflective mirror in each end and a detector in the
opposite end of the laser [78]. Light slowly “leaks out” of the cavity and when
the laser is turned off the decay in the light intensity can be detected. If there
are light absorbing molecules in the cavity the light intensity drops faster than
without them, which can be used to determine the concentration of the given
compound in the cavity. NO has been measured using a laser with an output
at 5.26 um [77,95], where NO, has been measured using lasers with output at
405 nm [96] and 532 nm [79]. Cavity Attenuated Phase Shift (CAPS) works
similarly to CRDS with an optical cavity with reflective mirrors in each end,
but instead of measuring an intensity decay a phase shift is measured [81].
This can be accomplished by using a modulated continuous light source (430
nm light emitting diode (LED)) creating a sine or square wave which when
detected will shift depending on how much absorber is present in the cavity [81].

In Laser Induced Fluorescence (LIF) spectroscopy molecules are excited
by a laser to an excited state which emits light when returning to ground
state which can in turn be detected [83]. NO has been excited using a 215 nm
laser |82], where NO, can either be excited at 532 nm [97,98| or 585 nm [84,99].

When aqueous luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) reacts
with gas-phase NO, it creates chemiluminescence with maximum output at
425 nm [100], which can be detected using a photomultiplier tube (PMT). This
technique has been shown to have a limit of detection around 50 pptV [100],
however, it also has an artefact due to luminol reacting with O5 and different
alkyl nitrates such as peroxyacetyl nitrate (PAN) [101]. To separate NO,
from the artefact, a new technique was invented; Fast gas chromatography
luminol chemiluminescence detection, where NO, and PAN are separated by
gas chromatography before reacting with luminol [86], which lowered the LOD
to ~ 15 pptV.

In Tunable Infrared Laser Differential Absorption Spectroscopy (TILDAS)

an infrared laser beam is split in two, where one passes through a reference
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cell with a high concentration of the compound in question to lock the beam
on the correct wavelength and to locate the absorption lines to use in the
measurements [88]. The second beam passes through the sample cell, where it
is reflected back and forth using mirrors before exiting the cell to the detector,
where the measured spectrum can be compared to that of the reference cell [88].
To measure NO, the absorption lines at 1593.3 cm~! have been used even
though water vapour has an absorption line at 1593.13 em™! [87]. Li et al.
(2004) also observed an unknown interfering absorption line when taking the
instrument in the field [87]. It is possible to use the lines at 1593.3 cm™! in
TILDAS since the infrared laser used in the instrument has such a narrow
beam compared to the light source in FTIR and NDIR.

Matrix Isolation with Electron Spin Resonance Detection (MIESR) consists
of trapping NO, cryogenically in an ice matrix using liquid nitrogen followed
by laboratory determination by Electron Spin Resonance (ESR) detection [89).
ESR spectra are measured for each ambient sample and compared to reference
spectra with different concentrations of NO, to determine the concentration in
the sample.

The most widely used method and the one currently used at the Cape Verde
Atmospheric Observatory (CVAO) is NO chemiluminescence, where NO in the
presence of excess ozone is oxidized into excited state NO,, which emits pho-
tons that can be detected [102]. NO, is generally converted into NO either cat-
alytically by a heated molybdenum converter or photolytically, followed by NO
chemiluminescence [103]. The molybdenum converter has historically been pre-
ferred due to its high conversion efficiency of at least 95%, but it also converts
other reactive nitrogen species (NO,) such as PAN, peroxymethacryloyl nitrate
(MPAN) and other acyl peroxy nitrates (APN), HNO3, p-HNO3, HO,NO,, and
HONO, potentially giving an overestimation of NO, [104-106]. Two separate
studies have shown that a photolytic converter (PLC) with a wavelength of
385-395 nm have the smallest spectral overlap with interfering compounds

compared to other commercially available photolytic sources [107,108]. Reed
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et al. (2016) [108] showed that in some configurations the PLC can heat up
the sampled air making it possible for reactive nitrogen compounds such as
PAN to decompose thermally and cause an overestimation of NOy. This, how-
ever, causes only a negligible interference in warm regions such as Cabo Verde
where PAN levels are extremely low [108]| (measured to be <6 pptV in February
2020).

Several intercomparison studies of NO, instruments have been performed
over the years. NO is primarily measured using chemiluminescence or LIF,
which have been compared during ground-based and aircraft campaigns [109—
111]. During aircraft campaigns LIF and chemiluminescence have been shown
to give comparable results from 20 to more than 100 pptV [109], which is
in line with measurements on the ground where the two methods have been
shown to agree within 17% for NO between 10 and 180 pptV [110]. Fehsen-
feld et al. (1990) [112] compared a photolysis/chemiluminescence (PC), a
TILDAS and a traditional luminol chemiluminescence instrument without a
gas chromatograph in front for NO, measurements on the ground. All three
methods agreed above 2 parts per billion by volume (ppbV) of NO,, but inter-
ferences from PAN and Oj could be observed in the luminol instrument below 2
ppbV. Down to the detection limit of the TILDAS the PC instrument and the
TILDAS generally agreed. Gregory et al. (1990) [113| compared airborne NO,
measurements below 200 pptV from a TILDAS, a PC, and a LIF instrument.
All three techniques agreed within 30-40% when NO, was between 100 and 200
pptV, however, no good correlation was found below 50 pptV. In a more recent
intercomparison by Bourgeois et al. (2022) [111] two NO techniques and three
NO, techniques were compared when measuring biomass burning plumes. NO
measurements were compared using a LIF and a chemiluminescence instru-
ment, where the slope between the two instruments was 0.98 for 1 Hz data up
to approximately 150 ppbV. The three techniques used to measure NO, dur-
ing the intercomparison were chemiluminescence, LIF, and Cavity Enhanced

Spectroscopy (CES). The LIF and CES measurements of NO, give comparable
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values for measurements up to roughly 150 ppbV with a slope of 1.03, however,
chemiluminescence consistently measure approximately 10% higher than LIF
and CES giving slopes of 0.88 and 0.90, respectively, for 1 Hz data. The typical
artefacts in NO, chemiluminescence measurements (HONO and methyl peroxy
nitrate) were investigated in the study as well as differences in flush time, but
they were all eliminated as potential causes for the observed discrepancies.

In the remote marine boundary layer (MBL) NOy is often measured to be
a few pptV [23,43, 44|, making most of the techniques described above unsuit-
able except NO chemiluminescence and LIF. Other important factors when
choosing a technique for long-term remote measurements are maintenance and
stability of the instrument, which currently favours chemiluminescence instru-
ments. In this chapter a NO, converter, similar to that presented by Pollack
et al. (2010) [107], which has been implemented on a NO chemiluminescence
instrument to measure NO, at the CVAQO is thoroughly described. The data
analysis procedure is explained in detail and the first two years of results with
the new converter are presented and compared to the data obtained using a

different converter.

2.2 Experimental

2.2.1 Location

The CVAO (16° 51’ N, 24° 52’ W) is located on the north eastern coast of Sao
Vicente, Cabo Verde. The air masses arriving at the CVAO predominately
come from the northeast (>95% of all wind direction measurements, see Fig-
ure 2.1) and have travelled over the Atlantic Ocean for multiple days since
their last exposure to anthropogenic emissions, with the potential exception
of ship emissions [13,114]. The UK Meteorological Office NAME dispersion
model [115] has previously been used to investigate the origin of the air masses

arriving at the CVAQO, which have been shown to be very diverse; North Amer-
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Figure 2.1: The frequency of hourly averaged wind speed and direction
from January 2014 to August 2019. Each square symbolises 10 degrees

of wind direction and 1 m s~ wind speed. Each dashed circle shows an

increase in wind speed of 5 m s™1.

ica, the Atlantic, Europe, Arctic, and African regions [23]. During the spring
and summer, the air masses predominantly originate from the Atlantic mak-
ing it possible to investigate long-term remote marine tropospheric background
measurements. During the winter, the CVAQO receives air mainly from the Sa-
hara, resulting in very high wintertime dust loadings [116-118]. The time zone
of Cabo Verde is UTC-1. A full description of the CVAO site and associated

measurements is given in Carpenter et al. (2010).

2.2.2 Measurement Technique

NOy has been measured at the CVAO since 2006 using a NOy chemilumines-
cence instrument manufactured by Air Quality Design Inc. (AQD), USA. The
chemiluminescence technique involves the oxidation of NO by excess O3 to ex-

cited NO, (R2.1) [102,119,120]. The excited NO, molecules can be deactivated
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by emitting photons (R2.2) or by being quenched by other molecules (R2.3)
such as N,, O,, and in particular H,O. The emitted photons are detected by
a PMT, which gives a signal linearly proportional to the mixing ratio of NO
sampled. The measurement of NOy and NO, requires photolytic conversion of

NO; to NO (R2.4) followed by NO chemiluminescence detection [103].

NO + O3 — NOj + O,

=
RO
B

NO; — NO, + hv(>600 nm)

NO, + M — NO, + M

AEAA
o
w

e N N

NO, + hv(<410nm) — NO + O(’P)

Further details of the technique are documented in [23,44,85,102,114,121,122].

2.2.3 Instrumental Set-up

Ambient air is sampled from a downward facing inlet placed into the prevailing
wind with a fitted hood 10 m above the ground. A centrifugal pump at a flow
rate of ~ 750 litres per minute pulls the air into a 40 mm glass manifold result-

ing in a linear sample flow of 10 m s™!

, giving a residence time to the inlet of the
NOy instrument of 2.3 s. To reduce the humidity and aerosol concentration in
the sampled air, dead-end traps are placed at the lowest point of the manifold
inside and outside the laboratory. A Nafion dryer (PD-50T-12-MKR, Perma-
pure) is used to additionally dry the sampled air, using a constant sheath
flow of zero air (PAG 003, Eco Physics AG) that has been filtered through
a Sofnofil (Molecular Products) and activated charcoal (Sigma Aldrich) trap
(dewpoint -15°C). The air is sampled perpendicular to the manifold through
a 47 mm polytetrafluoroethylene (PTFE) filter with a pore size of 1.2yum.
Aerosol filters are recommended for NO instruments by Global Atmosphere

Watch (GAW) to avoid heterogeneous reactions on aerosols giving an artefact.

Another reason to use aerosol filters in front of NO, instruments is their ability
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to remove HNOj5 from the air, which could also cause an artefact. Instrument
artefacts are described in detail in section 2.2.4.4. No loss of NOy is expected

on the filter.

Waste
BLC: Blue light converter

PLC: Photolytic converter
. Mass flow
NO Cal gas in @ troll C: Common
10 sccm controZer NC: Normally closed
0,in D>< NO: Normally open
(from ozonizer) 3000 sccm .| AQD: Air Quality Design
PFA: Perfluoroalkoxy
Titration cell/|
UV lamp
0
Reaction Red light
- |Aerosol ) Mass flow volume, il
Sample in Nafion BLC H PLC 241 mL
Mass flow AQD — J
; %
0, in>—~X) Ozonizer @ To pump and
Needle

PAG zero air in
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D><

Scem: standard cm?

PAG: Pure air generator
PMT: Photomultiplier tube
Solenoid exhaust
valve

Pressure valve

gauge

Figure 2.2: Flow diagram of the NOy instrument at the CVAQO.

A schematic diagram of the instrument is shown in Figure 2.2. Sampled air
is passed through two different photolytic NO, converters, which are placed in
series. The first is a commercial unit known as a blue light converter (BLC)
supplied by AQD, as described in [123]. An ultra violet light emitting diode
(UV-LED, 3 W, LED Engin, Inc.) array is placed in each end of a reaction
chamber made of Teflon-like barium doped material (BLC, A = 385 + 10
nm, volume = 16 ¢cm?). The entire block surrounding the reaction chamber is
irradiated, giving the highest possible conversion efficiency of NO,. Each array
is cooled by a heat sink to maintain an approximately constant temperature
inside of the converter when the diode arrays turn on. The second converter
consists of two diodes (Hamamatsu Lightningcure L11921-500, A = 385 £ 5
nm) and a photolysis cell made of a quartz tube and two quartz windows glued
to each end with a volume of 16 cm® (PLC) following the design of Pollack
et al. (2010). Aluminium foil is wrapped around the quartz tube to increase
the reflectivity to give the highest conversion efficiency of NO,. The diodes are

placed at each end of the quartz tube, as shown in Figure 2.3, without touching
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Sample in Sample out

== 3 (== ==

Figure 2.3: Diagram of the PLC (not to scale). The quartz tube (length
= 20 c¢m, diameter = 1.0 ¢cm, volume = 16 cm?) is held in place by a clamp
and clamp stand. Two Hamamatsu Lightningcure V3 diodes (A = 385
nm) are positioned with the light source facing towards the tube, leaving
approximately 2 mm distance between the diode and the glass window of
the tube. Diodes are held in place with a clamp and clamp stand.

the windows to avoid increases in the temperature when the diodes turn on.
BLCs have been used at the CVAO since the instrument was installed in 2006,
with the most recent converter installed in April 2015 (a BLC2 model), where
the wavelength was changed to 385 nm from 395 nm. The PLC was installed
in March 2017. The air flow through the instrument is controlled at ~ 1000
standard cubic centimeter per minute (sccm) by a mass flow controller (MKS,
M100B) giving a residence time of 0.96 s through each of the converters.

To measure NO and NOy (NO + NO, converted into NO) the air is in-
troduced to the chemiluminescence detector (CLD), where NO is oxidized by
excess Oj into excited NO, in the reaction volume (241 mL, aluminium with
gold coating [124]) shown in Figure 2.2. The reaction volume is kept at low
pressure to minimize quenching of excited NO, and thereby maximize the
NO chemiluminescence lifetime. The photons emitted from the excited NO,
molecules when they relax to ground state are detected by the PMT (Hama-
matsu R2257P) to give a signal for NO. NO, is converted into NO by turning
on the BLC for 1 minute (irradiation time) followed by the PLC for 1 minute
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(irradiation time), each period producing a signal due to NO + NO,. The sig-
nal detected by the PMT (Sy) is caused by NO reacting with O3 (Sno), dark
current from the thermionic emissions from the photocathode of the PMT (Sp),
and an interference (S;) which can be due to Osz-surface reactions that cause
light emissions in the reaction cell, other reactions creating chemiluminescence,

and from illumination of the chamber walls during NO, conversion [85, 108]:

Sm = Sno + Sp + St (Eq. 2.1)

The PMT is cooled to -30°C to reduce the dark current, giving the instru-
ment a higher precision. Other molecules in the atmosphere such as alkenes
also react with ozone and emit photons to reach their ground state, but at
a different time-scale to that of NO, [125,126]. This can give an interfering
signal causing the NO and NO, mixing ratios to be overestimated. Most of
these reactions emit photons at 400-600 nm and are therefore filtered by a red
transmission cut-off filter (Schott RG-610) placed in front of the PMT [125],
however, ozonolysis of ethene produces hydrogen atoms, which can react with
O3 creating excited OH molecules that emit photons above 600 nm [127,128|.
The filter transmits photons with a wavelength higher than 600 nm [85]. A
background measurement is therefore required to account for the dark current
of the PMT, Os-surface reactions, and for the remaining interfering reactions
occurring at a different time-scale to that of NO,. Background measurements
are made by allowing ambient air to interact with O3 in the zero volume (180
mL, PFA, Savillex, LLC) before reaching the reaction volume (Figure 2.2).
Most excited NOy molecules will reach their ground state before the sample
reaches the PMT, meaning the signal from NO will not be measured. The effi-
ciency of the reaction between NO and Oj in the zero volume is calculated from
the calibration, as explained in section 2.2.4.3. Background measurements are
performed every 5 minutes to take changing ambient conditions such as hu-

midity into account, which affects both the signal from NO, and interference
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reactions through quenching of excited molecules.

NO, NO, and the background signal are all detected on the same channel,
and the instrument cycle is 1 min of background, 2 min of NO (when the NO,
converters are off), 1 min of BLC NOy (the BLC converter is on), and 1 min

of PLLC NOy (the PLC is on).

2.2.4 Calibration

Prior to June 2019, calibrations were performed every 73 hours by standard
addition in order to account for temperature and humidity changes in the
ambient matrix. In June 2019 the calibration frequency was changed to every
61 hours to ensure that during any given month, calibrations are carried out
for approximately equal periods during the night and the day. To calibrate the
NO sensitivity, 8 sccm of 5 parts per million by volume (ppmV) NO calibration
gas in nitrogen is added to the ambient air flow of ~ 1000 sccm, giving an NO
mixing ratio of approximately 40 ppbV. The mixing ratio used for calibrations
are approximately 10,000 times that of the ambient measurements, however,
due to reduced cylinder stability for lower NO mixing ratios it is difficult to
calibrate at much lower mixing ratios and the chemiluminescence is expected
to be linear across the range of expected mixing ratios [85]. The calibration gas
is added between the PTFE filter and the NO, converter as shown in Figure
2.2. The conversion efficiency of the BLLC and the PLC is calibrated by gas
phase titration (GPT), where oxygen is added to the sampled NO calibration
gas before entering the titration cell, which contains a UV lamp that converts
oxygen to ozone. Between 60-80% of the NO calibration gas is oxidized into
NO,, giving a known mixing ratio of NO,. A theoretical calibration sequence
is shown in Figure 2.4. The first cycle is to calibrate the sensitivity and the
second is to calibrate the NO, conversion efficiency. Each actual calibration
includes three cycles of sensitivity calibration and two cycles of conversion

efficiency calibration. The signal from NO, observed in the NO sensitivity
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calibration is due to traces of NO, in the calibration gas. Figure C.1 shows the
observed percentage of NO, in the calibration cylinders from January 2014 to
August 2019 calculated from the measured sensitivity (sec. 2.2.4.1) and the

conversion efficiency (CE) of the two converters (sec. 2.2.4.2):

(NO-cqy - NO@))
Sensitivity x CE
NO; in cylinder
NOs; in cylinder + NO cal conc.

NOj in cylinder (pptV) = (Eq. 2.2)

(Eq. 2.3)

Percentage NOy =

NO.c(y
. . NO.cy
NQ, in cylinder NOy, |

NO, measured

NO titrated to NO, after titration

NO;-NO; and conversion
back to NO

NO
(2)
Zero Zero Zero
— —
Without O, With O,

Figure 2.4: A theoretical calibration cycle. “NO” is the measurement
of only NO i.e. when the converters are off, NO.c is when one of the
converters are on therefore the measurement is NO + NO, and (1) and (2)
represent untitrated and titrated NO, respectively.
The percentage is stable for both converters, however, the PLC shows ap-
proximately 3-4% NO, in the NO calibration gas compared to 5-10% for the
BLC, which is caused by a BLC artefact (see section 2.2.4.4.2). The cylinders

used were certified to <2% NO,.

2.2.4.1 Sensitivity

The sensitivity of the instrument is calculated from the increase in counts per
second caused by the calibration gas during NO calibration (untitrated, i.e.

without Oz) and from the mixing ratio of the calibration gas as shown by
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equation 2.4. The NO counts per second from the previous measurement cycle
before the calibration is subtracted to give the increase due to the calibration
gas. The previous cycle needs to be stable and low in NO to give an accurate

sensitivity, which is the case at the CVAO.

1

Counts s™! during cal - Counts s™! in previous cycle

Sensitivity = NO cal
cal conc.

(Eq. 2.4)

The sensitivity of the instrument depends on the pressure of the reaction
chamber, the ozone mixing ratio in the reaction chamber, the flow of the sample
through the reaction chamber, and the temperature of the reaction chamber.
To maintain a stable sensitivity, all four parameters should be kept stable [129].
From January 2014 to August 2019 the sensitivity has varied between 2.7
and 7.4 counts s~ pptV~! with changes of less than 5% between subsequent
calibrations (see Figure C.2), unless the instrument has been turned off for
a long period of time due to instrumental problems. As all the measured
parameters that could affect the sensitivity has remained stable across the
measurement period the most likely cause of the drop in sensitivity in 2016
is a drop in the ozone mixing ratio. The drop in sensitivity coincided with a
power outage at the observatory, which could potentially have affected either
the ozonizer or the power supply to the ozonizer. This theory is supported by

an increase in sensitivity after the power supply was replaced in 2018.

2.2.4.2 Conversion Efficiencies

The conversion efficiency of the BLC and the PLC is calculated based on the
titrated (with added O3) and the untitrated (without added O3) NO calibration
gas as described in equation 2.5. The numerator gives how much of the NO
is titrated into NOy and the denominator represents the NO, measured when
taking the NO, content in the NO calibration gas into account. In equation

2.5, “NO” is the measurement of only NO i.e. when the converters are off,
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“NO.c” is when one of the converters are on therefore the measurement is NO

+ NO, and (1) and (2) represent untitrated and titrated NO, respectively.

B Converted NO, signal B

~ Amount of NO converted into NOy

[(NO.C(Q) - NO(2)) - (NO.C(D - NO(l))] 1 NO.C(U - NO.C(Z)
[NOq) - NO)] NOq) - NOg)

CE

(Eq. 2.5)

The CE of the BLC has varied from 82% to 91% between its installation
in April 2015 and August 2019 (jNOy ~ 3 s71). Prior to April 2015, an older
generation BLC (A = 395 nm) with a conversion efficiency of 30-35% was used
(jNOy ~0.5 s7'). The conversion efficiency of the PLC has varied between
50% and 55% from its installation in March 2017 to August 2019 (jNO; ~1

s71). See Figure C.3 for all the calculated conversion efficiencies.

2.2.4.3 Efficiency of the Zero Volume

Background measurements are made by reacting NO and interference com-
pounds with Oj in the zero volume (Figure 2.2). The system is set up so that
NO, produced from NO will relax to the ground state before it is measured
in the downstream reaction chamber, whereas it is assumed that any inter-
fering compounds will emit photons when reaching the reaction chamber and
be measured as a background signal [85,129]. As mentioned above ozonolysis
of ethene produces hydrogen atoms, which can react with O3 in the sampling
line to give excited OH radicals that fluoresce above 600 nm. With a fluores-
cence lifetime of ~ 2 ns [130] compared to ~ 55 ps [131] for NO,, the produced
OH radicals from ethene ozonolysis will not be measured in the background
measurement. However, with ethene being <70 pptV 99% of the time and
the ozonolysis reaction being slow compared to the residence time (lifetime of
ethene at 60 ppbV of O3 is ~5 days), the reaction is believed to give a negli-
gible signal. If the zero volume is too small or the O3 mixing ratio is too low,

some untitrated NO may lead to NO, chemiluminescence within the reaction
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chamber and the background will be overestimated. On the other hand, if the
zero volume is too large, some of the interfering compounds may have relaxed
to their ground state before the reaction chamber and the background signal
will be underestimated. The residence time of the zero volume is 10.8 s com-
pared to 14.5 s for the reaction volume. The efficiency of the zero volume can
be calculated from the calibration cycle. The difference in background counts
from before a calibration cycle to during the calibration cycle shows how much
of the added NO from the calibration cylinder does not react with O3 in the
zero volume. By dividing this difference by the signal due to NO during the
NO measurement of the calibration cycle, which is obtained by subtracting
the NO measurement from the previous measurement cycle, the inefficiency of
the zero volume is obtained. The efficiency is determined for each calibration

cycle (Eq. 2.6) and plotted in Figure C.4. It is consistently above 98%.

cal zero - measurement zero

Efficiencyzy = 1 — (Eq. 2.6)

NO cal - previous NO cycle

2.2.4.4 Artefact Measurements

As described in section 2.2.3, NO, measurements may have artefacts from
chemiluminescence caused by interfering gas-phase reactions and/or from com-
pounds produced by illumination of the reaction chamber walls as well as from
pressure differences in the instrument [85,108|. To estimate artefacts, it is
necessary to measure the signal from NOy-free air. The calibration sequence is
followed by sampling NO,-free air generated from a pure air generator (PAG
003, Eco Physics AG) for 30 minutes. According to the manufacturer, the
PAG not only scrubs NO, NO, and NOy from the ambient air but also SO,
volatile organic compounds (VOCs), HyO and Oj. Since the sensitivity of
the instrument is dependent on the H,O concentration due to enhanced NO;3
quenching this could impact the artefact measurements. However, as the sam-
pled ambient air is dried by a Nafion dryer the impact is expected to be small.

An overflow of PAG air is introduced between the aerosol filter and the NO,
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converters as shown in Figure 2.2 and the cycle of background, NO, NO, BLC,
and NO, PLC is used to estimate artefact NO and NO, measured by the in-
strument. The artefacts are estimated using the sensitivity and conversion
efficiencies measured in ambient air, where humidity is expected to be higher.

This could cause the artefacts to be either under- or overestimated.

2.2.4.4.1 NO Artefact

The NO artefact can be caused by two things; alkenes reacting with O3 and
giving chemiluminescence above 600 nm at approximately the same rate as
NO, or a difference in pressure between the zero volume and the reaction
volume. An artefact caused by alkenes will be positive and overestimate the
NO mixing ratio, where an artefact due to a pressure difference can be either
negative or positive. Interferences caused by alkenes have been evaluated by
Alam et al. (2020) [125] to be negligible in urban environments (<1% of the
NO measurement), where alkenes have been measured to be <2 ppbV. At the
CVAO the 99*" percentile of the measured alkenes (ethene, propene, isoprene,
and benzene) are all below 70 pptV and have slow rate coefficients with O3
[125] suggesting it will also be negligible in the remote MBL. Fast reacting
alkenes such as monoterpenes have not been measured and can therefore not
be evaluated. The artefact can be estimated as the offset from 0 pptV when
the mixing ratio sampled is 0 pptV. The NO mixing ratio is expected to be 0
pptV when sampling NO-free air or between 22.00 and 04.00 UTC at night.
NO generated during the day is rapidly oxidized into NO, through reactions
with O3 and RO, after sunset. During the night, NO is not generated from
photolysis of NOy, and there are no significant local sources of NO at Cabo
Verde when the air masses come from over the ocean (which is >95% of the
time). The average NO mixing ratio between 22.00 and 04.00 UTC and the
average NO mixing ratio from the PAG zero air tend to be very similar, with the
PAG artefact (-3.7 £ 22.9 pptV (20), January 2014 — August 2019) generally
lower than the night time artefact (0.4 + 11.9 pptV (20), January 2014 —
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August 2019). Time series of both NO artefact measurements can be found
in Figure C.5. The night time NO artefact is used as it is measured more
frequently, it contains the same ambient matrix with nothing scrubbed and to
eliminate the possibility of residual NO influencing background measurements
determined from the PAG. Additionally, none of the measured alkenes show
a diurnal behaviour suggesting that if they were to cause a minor off-set in
the NO measurements, it should be detected in the night time measurements.
Since the PAG scrubs VOCs it will also not give an estimate of the artefacts

caused by fast reacting alkenes.

2.2.4.4.2 NO, Artefact

NO, converters have previously been shown to have artefacts caused by thermal
or photolytic conversion of reactive nitrogen compounds (NO,) other than NO,
as well as illumination of the chamber walls [85,108,132]. Fast reacting alkenes,
which can cause overestimations of the NO mixing ratios, will not cause the
NO, mixing ratio to be overestimated, since the raw NO signal is subtracted
from the raw NOy signal.

The spectral output of an NO, converter with a wavelength of 385 nm
was compared to absorption cross sections of NO, and potential interfering
species such as BrONO,, HONO and NOj [108|. The photolytic converter was
shown to have good spectral overlap with the NO, cross section with minimal
spectral overlap with other NO, species, except for a small overlap with the
absorption cross section of HONO. The interference from BrONO,, HONO and
NOj have additionally been evaluated previously for a similar set-up using a
Hg lamp [132]. At equal concentrations of NOy and NO, species, BrONO,
and NO; were estimated to maximum have an interference of 5% and 10%),
respectively, using a lamp with a wider spectral overlap with the absorption
cross sections of the interfering species than what is observed for the LEDs
used at the CVAO [132] and therefore have a different flux of photons from the
used lamps. At the CVAO, HONO levels have been measured to on average
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peak at ~5 pptV (at noon; see chapter 4). For the typical Gaussian output
of a UV-LED this interference is calculated to be 2.0, 12.6, and 25.7% of the
available HONO for UV-LEDs with principle outputs of 395, 385, and 365 nm
respectively, resulting in a maximum interference of 0.63 pptV during peak
daylight hours. Photolytic conversion of NO, species is therefore not expected
to be an important contributor to the NO, artefact at the CVAO due to the
narrow spectral output of the LEDs (see sec. 3.2.1.1 for further discussion of
photolytic artefacts).

Each converter is only on for 1 minute in a 5-minute cycle. For thermal
conversion to be a major contributor to the artefact, the converter would have
to increase in temperature during that one minute and not the rest of the cycle
otherwise an increase in signal should be constant since the air continues to
flow through the converters when they are turned off. Thermal decomposition
of NO, species is therefore not expected to have an effect in a climate like the
one in Cabo Verde, where the sample temperatures are similar to the ambient
temperatures (see sec. 3.2.1.1 for further discussion of thermal artefacts).
The temperature increase of the sampled air has been measured for identical
converters in the laboratory to be ~1°C and ~ 5°C for the PL.C and the BLC,
respectively.

It has been shown that the walls of a BLC made out of a porous Teflon-
like doped block becomes contaminated from the ambient air over time, and
when the walls are illuminated reactions take place on the surface causing an
artefact [108,132|. The BLC is similar to the one used by Reed et al. (2016)
and it is therefore expected to have an artefact due to reactions taking place
on the surface. The PLC is not expected to be contaminated in the same way
as it does not have porous chamber walls. Ryerson et al. (2000) observed an
increase in artefact over time when sampling ambient air for a similar PLC,
however, this is not observed for the PLC in the very clean environment at
the CVAO (0-10 pptV between August 2017 and August 2019, see below) and

surface reactions are therefore expected to give a negligible artefact for the
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PLC.

The total artefact can be determined by measuring the NO, signal when
the NO, mixing ratio is 0 pptV, however, it is virtually impossible to scrub
all NOy from the ambient air and nothing else. To estimate the NO, artefact,
PAG zero air is measured using both converters. The PLC measures between
0-10 pptV compared to 10-60 pptV using the BLC. Since, as discussed above,
the NO, artefact of the PLC is assumed to be negligible (even though the
photostationary state study in chapter 3 suggests an artefact of 0.7 pptV), the
measurement of PAG zero air by the PLC is assumed to represent the remaining
NOs in the zero air after scrubbing. If the PLC does have an artefact, then
both NO, measurements will be overestimated by the amount of this artefact.
The signal from the BLC when measuring PAG zero air is expected to be due
to the illumination of the chamber walls in addition to the traces of NO, left
in the zero air. The artefact due to wall reactions in the BLC can therefore be

estimated by subtracting the signal measured by the PLC.

2.3 Data Analysis

Time periods with known problems such as maintenance on the manifold, ozone
leaks, and periods when the PMT has not reached <—28°C are not included
in the dataset. The mean and standard deviation of the zero (background),
NO, NO, BLC and PLC are determined for each 5-minute measurement cycle.
To avoid averaging over the time it takes the detector to change and stabilize
between the different types of measurements, the last 50 seconds of the mea-
surement cycle are used for the background and the NO counts, and the last
30 seconds for the BLC NO, and the PLC NO, counts. Each cycle is filtered
based on the percentage standard deviations and differences in counts between
subsequent cycles. If the standard deviation or the difference in counts are out-
side the mean + 20 (see Table 2.2) calculated from a 5-year period between

2014 and 2019, the cycle is not used for further analysis. This removes noisy
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data as well as sharp spikes but keeps data with sustained increases lasting

more than 5 minutes.

Table 2.2: Evaluation parameters of the measurements. When a measure-
ment falls outside any of the intervals it will not be used for further data
analysis. The mean + xo is calculated for 2014-2019 for the zero and NO
measurements, and 2017-2019 for both NO, measurements.

Difference in Difference
Standard
o counts/s between
deviation of a Hourly
between mean and
Measurement  measurement mean + 40 .
subsequent b median
cycle (mean + (pptV)
20, %) cycles (mean (mean +
’ + 20) 40, pptV)©
Zero 24 £ 1.7 - - -
NO 2.0 £ 10.6 0+ 515 1.7+ 47.9 0.24+41
NO,; BLC 2.0 £ 75 0 4+ 1432 16.8 £175.2 1.5 4+ 33.0
NO, PLC 214+25 0 £ 738 17.3+£176.8 1.7 + 33.0

“The percentage standard deviation for each measurement cycle is determined as the stan-
dard deviation of a cycle divided by the mean of the same cycle. *Extreme measurements are
determined to be mixing ratios, which are outside the hourly mean + 4 standard deviations
of the hourly mixing ratio. “Extreme differences between the hourly mean and median of
the mixing ratios are determined to be differences outside the hourly mean + 4 standard
deviations of the differences between the mean and median.

To obtain the signals due to NO and NO,, the interpolated zero and NO
measurements are subtracted from the NO and NO, measurements, respec-
tively. They are converted to a concentration by using the interpolated sensi-

tivity and conversion efficiency as shown in equation 2.7 and 2.8:

NO measurement - Background measurement

NO mixing ratio = —
Sensitivity

(Eq. 2.7)
NO, measurement - NO measurement
Sensitivity x CE

NO; mixing ratio = (Eq. 2.8)

The NO and NO,; BLC concentrations are corrected by subtracting the
interpolated artefacts described in sections 2.2.4.4.1 and 2.2.4.4.2. If the dif-
ference between two subsequent NO artefact measurements vary by more than

the mean £ 20 of the differences in NO artefacts determined from January
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2014 — August 2019 (0.0 £+ 6.2 pptV), the measurements made between are
not used for further analysis due to a potential step change between the de-

terminations.
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Figure 2.5: Total NOy from June 2017 to August 2019 plotted as a
function of wind speed and direction.

Hourly averages of all the measurements are determined. If data coverage
during the hour is less than 50%, the hour is flagged and discarded from the
data analysis. The hourly NO4 (NO + NO4y PLC) concentrations between June
2017 and August 2019 are plotted as a function of wind speed and direction
in Figure 2.5. It can be observed that the concentrations are enhanced at
low wind speed and when the air crosses the island (from the southwest).

L or from a wind direction 100-

Measurements made at a wind speed <2 m s~
360° are, therefore, flagged as suspected of local contamination and are not

used in the analysis. Extreme mixing ratios outside the mean + 40 of the 5-
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year for NO and 2-year period for NO, are flagged as suspicious (see Table 2.2
for boundaries). Lastly, inconsistencies in the measurements such as differences
outside the mean + 40 between the mean and median of a measurement (see
Table 2.2 for boundaries) and differences between the two NOy measurements
are flagged as suspicious (0.4 £+ 32.2 pptV). The data remaining to analyse
after these removals are 88% of the original NO and NO, BLC dataset and
83% of the NO, PLC dataset.

2.3.1 Corrections

As described above, excited NO, can be quenched by other sampled molecules,
giving a lower observed mixing ratio than the real value. Water molecules are
effective quenchers and therefore a correction is usually applied depending on
the humidity in the instrument [133,134|. However, since the calibrations at
the CVAO are performed by standard addition, and a Nafion dryer is placed
in front of the instrument, this is not necessary.

Additionally, NO can react with O3 in the ambient air in the inlet and
manifold giving an overestimation of NO, and an underestimation of NO due
to the lack of NO,y photolysis in the sampling line. To correct for this the

following equations are used [135]:

[NO]O = [NO]El X ekO3XtE1 (Eq 29)

i .
INOs]y = (03—+=7C> %
Jc
[NO}E2 _ [NO]E1 % e~ (kosx(tc2—tc1)+icxtez)
( 1 — e(—(kos+jc)xtc2)

) ~[NOJ, (Eq. 2.10)

where [NOJy is the corrected NO mixing ratio, [NO|g; is the uncorrected NO
mixing ratio, [NOyy is the corrected NO, mixing ratio, [NO]gg is the uncor-

rected NO mixing ratio when the converter is on, kg3 is the rate of the reaction

26



2.4. Uncertainty Analysis

between NO and Oj (k(O3+NO) x [Os] x 107 x M), tg; is the sum of the
residence time from the inlet to the entry of the converter and the time the air
is in the converter, tc; and tce are the time the air is in the converter when
the converter is on and off, respectively, and jc is the photolysis rate inside
the converter. The residence time from the inlet to the entry of the converter
has been 2.3 s since 2015 and the time the air is in each of the converters is
0.96 s (with and without the converter on). The Oj mixing ratio measured
at the CVAO has varied between 5 and 60 ppbV (with an uncertainty of 0.07
ppbV) between 2014 and 2019. The ozone correction is calculated for each
hour using a rate coefficient of 1.8 x 107'* cm? molecule™ s=! at 298K [19].
This gives an average Os correction + 20 of 6.8 + 3.0%, 1.7 = 11.0%, and 1.3
+ 7.1% for NO, NO, BLC, and NO, PLC, respectively, when the measured
mixing ratio of NO or NO, is above 0.1 pptV (See Appendix A for an example
of the calculation and a detailed derivation of Eq. 2.9 and 2.10). Thus, at the
low mixing ratios of O3 present at Cabo Verde and the short residence time for
sampling, the corrections for O4 are well within the noise of the measurements

(see below), but are still included in the final calculated mixing ratios.

2.4 Uncertainty Analysis

To be able to evaluate the NO, measurements made at the CVAO an exten-
sive uncertainty analysis is performed. The uncertainty of a measurement
is given as an interval at a confidence level, which describes how certain
it is that the true value is within the interval. The interval can be deter-
mined from the spread of data, which can be described by several proba-
bility distributions. The most common are normal and rectangular distri-
butions. A normal distribution is used when most of the measurements are

centred around the mean. The signal-to-noise is reduced by approximately

1/y/number of averaging points when averaging the measurements. The un-

certainty in the mean of the measurements are estimated using equation 2.11.
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2.4. Uncertainty Analysis

To get an uncertainty at the 95 percent confidence interval 2 standard devia-
tions (o) are used. A rectangular distribution is when the probability of each
measurement is equal. The 1o uncertainty is estimated from the half-width
of the distribution and the 20 uncertainty is estimated from the full width of
the distribution as shown in equation 2.12. The hourly precision and uncer-
tainty of the instrument are estimated to characterize the uncertainties at the

95 percent confidence interval [136].

2
Normal distrbution uncertainty (u) = A .
vnumber of averaging points
(Eq. 2.11)
full width
Rectangular distribution uncertainty = e et (Eq. 2.12)

V3

The hourly precision is estimated from the zero count variability, which is di-
rectly related to the photon-counting precision of the PMT. The hourly mean
(X) of the zero measurements is subtracted from each individual measurement
of the respective hour (x-X) to give hourly frequency distributions. Photon-
counting frequency distributions are best described by a Poisson distribution,
however, at high photon-counting rates they become indistinguishable from
a Gaussian distribution [137]. With a yearly mean background count rate
of 1400-3000 count s~! between 2014 and 2019, the frequency distributions
can be assumed as Gaussian. Examples of hourly frequency distributions can
be observed in Figure 2.6. The standard deviation of each hourly frequency
distribution is calculated and divided by the interpolated sensitivity to give
a 20 NO precision for 1 s data of 23.4 £+ 20.3 pptV for the hours between
January 2014 and August 2019. The 20 NO precision for hourly averaged
data is 1.0 = 0.9 pptV. The hourly precisions reported here are in good agree-
ment with the previously reported 1o precision of 0.30 pptV [44] and the 20
precision of 0.6-1.7 pptV [23] for the same instrument. The NO, precisions

are determined by taking the conversion efficiency of the respective converters

o8



2.4. Uncertainty Analysis
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Figure 2.6: Examples of hourly frequency distributions of the calculated
zero variability.

into account. The hourly 20 NO, precision for hourly averaged data between
March 2017 and August 2019 becomes 1.5 + 0.8 pptV and 2.7 + 2.2 pptV for
the BLC and PLC, respectively. The determined NO, precisions are within
the interval of previously reported precisions for the same instrument [23,44].
The uncertainty of the hourly measurements is estimated by combining all the
uncertainties associated with the measurements. This includes uncertainties
in the calibrations, artefact determinations, and Oj corrections as well as the
precision of the instrument. The precision of the NO and NO, measurements
are both included in the total uncertainty of the NO, measurements as the
NO measurements are subtracted from the NO, measurements. Each term is
converted into pptV to be able to combine them. All the uncertainties are

combined using uncertainty propagation:

Accuracy = \/ Precision? + Artefact? + Calibration? + O3 Correction®

(Eq. 2.13)
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2.4. Uncertainty Analysis

Uncertainty in the calibrations is caused by uncertainty in the flow of the
calibration gas, the concentration of the calibration gas, the sensitivity and
the conversion efficiency of the instrument as well as the drift in the sensitivity
and conversion efficiency between each calibration. The total uncertainty in
the calibrations is determined as the propagation of each term. Fach term
is calculated as a percentage to be able to combine them before converting
the total calibration uncertainty to pptV to combine it with the other un-
certainty terms. According to the manufacturers the sample and calibration
mass flow controllers have an uncertainty of 1%, which has been confirmed by
a gillibrator bubble flowmeter. The uncertainty of the concentration of the
NO standard used for calibration is known to £1% (British Oxygen Company
(BOC), certified to UK National Physical Laboratory (NPL) standard) (BOC
certifies that NO/N, standards are stable for 5 years). To estimate the un-
certainty in the sensitivity and conversion efficiency, the uncertainties in each
measurement used to determine them must be estimated. Equation 2.4 and
2.5 describe the calculation of the sensitivity and conversion efficiency of the
instrument, respectively. The spread of each type of measurement used can be
described by a normal distribution. The percentage uncertainty in the sensi-
tivity and the conversion efficiency can therefore be determined by equation

2.14 and 2.15, respectively.

UNO

Sensitivity uncertainty = ——— (Eq. 2.14)
NO(]_)
2 2 2 2
UNO.c UNO.c uNo uNo
CE uncertainty = <—(”) + <—(2)) + (A) + (J)
\/ NOC(l) NOC(Q) NO(l) NO(Q)
(Eq. 2.15)

The drift between calibrations contains two terms; one for the sensitivity
and one for the conversion efficiency when estimating the uncertainty for NO..
Both terms are determined as the absolute difference between two measure-

ments. The distribution is assumed to be rectangular as only two measure-
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2.4. Uncertainty Analysis

ments are known — each calibration. The differences are therefore divided by
V/3 to get the uncertainties. To get them as percentages they are divided by
the last determined sensitivity and conversion efficiency, respectively. The to-
tal uncertainty in the calibration is estimated to be 2.78 4 8.05 % for NO, 3.44
+ 9.32 % for NO, using the BLC, and 3.52 + 8.67 % for NO, using the PL.C
for the calibrations between January 2014 and August 2019. The individual

terms and final uncertainties in the calibrations are summarized in Table 2.3.

Table 2.3: Calculated uncertainties associated with the calibrations. The
values in bold are the combined uncertainties for each type of measurement.
Each uncertainty is given as the mean uncertainty 4+ 2 standard deviations of
the calibration data between January 2014 and August 2019 for NO and from
March 2017 to August 2019 for both NOy measurements.

Source of uncertainty Probability distribution Uncertainty (%)

Flow Normal 1.00

Cal. gas concentration Normal 1.00
Sensitivity Normal 0.16 + 0.11
Drift sensitivty Rectangular 2.01 £+ 8.45
CE BLC Normal 0.44 + 0.45
Drift CE BLC Rectangular 1.24 £ 5.61
CE PLC Normal 0.45 + 0.39
Drift CE PLC Rectangular 1.43 £+ 4.86
Cal. uncertainty NO 2.78 + 8.05
Cal. uncertainty NO, BLC 3.44 + 9.32
Cal. uncertainty NOy PLC 3.52 + 8.67

The NO artefact is determined every night using the measurements between
21.00-03.00 UTC-1 (local time). The uncertainty can be described by a normal
distribution and the uncertainty is, therefore, estimated from the standard
deviation and number of the measurements used to determine the artefact.
The NO, artefact is determined from measurements of PAG Zero air every 61
hours, where only 3 measurements are used for the artefact. The uncertainty
is assumed to be rectangular due to the low amount of measurements used.
The difference between the highest and lowest of the PAG Zero measurements

is used to get the full-width. As the BLC artefact is corrected using the
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2.4. Uncertainty Analysis

PLC measurement, the uncertainty in the correction is also determined in the
same way and used in the propagation of uncertainties. The drift between the
artefacts is estimated in the same way as the drift between the calibrations
assuming a rectangular probability distribution. The total uncertainty in the
NO and NO, BLC artefacts are estimated to be 1.1 + 3.4 pptV and 7.2 +
7.2 pptV, respectively. The individual terms and final uncertainties in the

artefacts are summarized in Table 2.4.

Table 2.4: Calculated uncertainties associated with the artefact determina-
tions. The values in bold are the combined uncertainties for each type of
measurement. Each uncertainty is given as the mean uncertainty + 2 stan-
dard deviations of the artefact data between January 2014 and August 2019
for NO and from March 2017 to August 2019 for both NO, measurements.

Source of uncertainty Probability distribution Uncertainty (pptV)
NO artefact Normal 0.6 £1.1

Drift NO artefact Rectangular 0.7+ 34

NO artefact uncertainty 1.1 + 3.4

NO, artefact Rectangular 4.6 £ 5.6

NO, artefact correction Rectangular 0.1 +£1.6

Drift NO, artefact Rectangular 3.0£6.7

NO, artefact uncertainty 7.2+ 7.2

Lastly, the uncertainty associated with correcting the measurements for O3
reactions in the inlet is estimated from the uncertainties in the rate coefficient
and the O3 concentration. The rate coefficient used is 1.8 x 107! with an
uncertainty of 20% at 298K, which has been evaluated based on 6 studies of
the reaction [19]. The uncertainty in the O3 concentration is +0.07 ppbV. With
measured concentrations in the range 5-60 ppbV, the uncertainty becomes 0.1-
1.4%. The combined uncertainty using propagation of uncertainties, therefore,
becomes 20 4+ 0.001%.

The total hourly uncertainty for each of the three measurements are de-
termined by combining all the uncertainties summarised in Table 2.5 using
propagation of uncertainties as described in equation 2.13. The precisions are

already calculated as hourly precisions in pptV. The calibration uncertainties
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2.5. Results: Example of Data

are interpolated between each calibration and multiplied by the hourly con-
centrations of NO and NO, to get hourly uncertainties in pptV. The artefact
uncertainties are interpolated between each artefact determination. And the
uncertainty due to ozone corrections are determined by multiplying the deter-
mined uncertainties in percentage with the hourly concentrations of NO and
NOy. The hourly uncertainties are determined to be 1.4 + 1.5 pptV, 84 +
7.5 pptV, and 4.4 + 5.8 pptV for NO, NO, BLC, and NO, PLC, respectively.
Approximately half of the PLC uncertainty is caused by a bias from the O;
correction, however, both the NO and BLC measurement uncertainties are

dominated by noise from the precision and artefact determinations.

2.5 Results: Example of Data

The first year of data (August 1% 2017 to July 31°® 2018) is chosen as an
example of the resulting NO and NO, datasets. October 2017, December
2017, and April 2018 are used to highlight the seasonality in the mixing ratios
observed during a year of measurements. Panel A in Figure 2.7 and 2.8 show
the full O3 corrected time series for NO and NO,, respectively. Panel B, C,
and D in the two figures show the time series for the three chosen months and
panel E, F, and G show the 3-hour rolling average diurnal cycles for the same
months. Monthly diurnal cycles for NO and NO, for the entire year can be
found in Figure D.1 and D.2, respectively.

Clear seasonality can be observed in the diurnal cycles of NO measure-
ments with a maximum of ~ 7.5 pptV in Winter and a minimum of ~ 2 pptV
in the spring and summer. This is in good agreement with that reported by
Lee et al. (2009) [23], however, the seasonal diurnal cycles reported by Reed
et al. (2017) [44] show less variability, which can be explained by interannual
variation in the air masses arriving at the CVAQO. The two NO, measurements
are in general in good agreement when looking at the time series in Figure

2.8. Offsets of up to 10 pptV between the two measurements can be seen over
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2.5. Results: Example of Data

some time periods (E.g. April, Panel D), which are most likely caused by the
calculated BLC artefact for those periods either being too high or too low due
to potential differences in the composition of the ambient and PAG air. This
is supported by the diurnal cycles having the same shape, but with an offset.
Monthly diurnal cycles of the two NO, measurements agree within 2 standard
errors except in August 2017, where the offset between the two measurements
is larger than for the remaining months. It is currently unknown why August
2017 differs from the other reported months. NO, would be expected to de-
crease during the day due to photolysis, however, the measurements show a
fairly flat diurnal cycle for most months and a small increase in daytime NO,
is even evident in some months. Reed et al. (2017) [44] reported more pro-
nounced seasonal daytime increases in NO, at the CVAO in 2014-2015 than
what is observed here, which was proposed to be caused by photolysis of par-
ticulate nitrate (see chapter 4 for further details). Spikes in the early morning
are noticeable in the NO, diurnal cycles for July-November, which correspond
to the months with an average lower wind speed than the rest of the year
(the diurnal cycle for April also shows a spike, however, it is caused by data
from one morning). These spikes could be caused by local fishing boats pass-
ing upwind of the observatory in the morning hours, which will give a more
prominent spike at low wind speed. Monthly wind speed diurnal cycles can
be found in Figure D.3. The good agreement between the two NO, measure-
ments observed in Figure 2.8 can also be observed in Figure 2.9, where the
two are plotted against each other. The data points are scattered around the
1:1 line shown in black. A linear least squares regression (with uncertainty in
the BLC measurements) and an orthogonal distance regression (ODR) (with
uncertainty in both measurements) are performed to evaluate the scatter of
the data points between August 2017 and 2019. The resulting regression lines
are displayed in red (BLC = 0.99 x PLC + 0.7 pptV) and blue (BLC = 1.08
x PLC - 0.6 pptV), respectively. The deviation in the slope from 1 for both

regressions are consistent with the uncertainty in the measured NO, artefact
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Figure 2.9: The BLC NO, mixing ratio is plotted against the PLC NO,
mixing ratio. The black dashed line shows the 1-to-1 relationship. The
red line is the linear least square regression of the hourly data with un-
certainty in y and the blue line is the orthogonal distance regression with
uncertainties in both the x and y.

which has been determined to be 7.2 £ 7.2 pptV.

The seasonality of the NO measurements can be explained by a combination
of the variation of the origin of the air masses arriving at the CVAO, meteo-
rology, photolysis rates, and seasonality of emissions. Back trajectories of the
three months used as examples are shown in Figure 2.10. FLEXPART version
10.4 is used in backwards mode, driven by pressure level data from Global
Forecast System (GFS) reanalyses at 0.5° x 0.5° resolution [138,139]. 10-day
back-trajectory simulations are initialised every 6 hours, releasing 1000 parti-
cles from the CVAOQO site. Further information on FLEXPART can be found

in Appendix B. During the winter maximum (December) the back-trajectories

68



2.5. Results: Example of Data

indicate that the air reaching the CVAO is largely dominated by African air,
compared to during the spring minimum (April), which is dominated by At-
lantic marine air. Large west African cities such as Dakar and Nouakchott,
and/or the shipping lanes to the east/northeast of Cabo Verde, are potential
candidates for the source of elevated NOy. The NO mixing ratios measured in
October are higher than those in April and lower than in December. This may
be due in part to the influence of polluted African air arriving at Cabo Verde,
which is more prominent in October than in April, but less so than in De-
cember. The NO, and the total NO, (NO + PLC NO,, Figure 2.11) similarly
show higher levels in December than April, but the mixing ratios observed in
October are similar to those in April. It should be noted that some of the days
with high percentages of African air have missing data or wind directions from
other places than the north east.

From Table 2.6 it can be observed that the NO, NOy, and NO, measure-
ments at the CVAO compare well to the few other measurements in the remote
marine boundary layer as well as background sites in Alert, Canada and mea-
surements in the free troposphere. A wintertime seasonal increase in NO,
NO,, and NOy can be observed during December-February, which corresponds
to the months when surface air masses arrive at Cabo Verde from western

Africa [23,114].
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Figure 2.10: Back trajectories estimated for October 2017, December
2017, and April 2018. FLEXPART version 10.4 is used in backwards mode,
driven by pressure level data from Global Forecast System (GFS) reanal-
yses at 0.5° x 0.5° resolution [138,139]. 10-day back-trajectory simulations
are initialised every 6 hours, releasing 1000 particles from the CVAO site.
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2.6. Conclusions

2.6 Conclusions

NO, was measured at a remote marine site by photolytic conversion to NO
followed by chemiluminesence detection, using two different methods for con-
version. A photolytic NO, converter with external diodes and a quartz photol-
ysis cell (PLC) has been installed at the Cape Verde Atmospheric Observatory
and the NO, measurements have been compared to those of the historical BLC
used at the site, which has internal diodes and a reaction chamber made of
Teflon-like barium doped material. The two measurements show good agree-
ment (BLC = 0.99 x PLC + 0.7 pptV, linear least squares analysis) with small
differences due to uncertainties in the estimations of the BLC NO, artefact.
Even though the PLC has a lower conversion efficiency (CE= 52 + 4%) than
the BLC (CE= 85 + 4%), it is preferred due to its assumed negligible artefact
as a consequence of having non-porous/non-reactive walls. The assumption of
a zero artefact causes the hourly uncertainty of the NO, measurements to be
roughly halved. With 20 hourly precisions of 1.0 + 0.9 pptV, 1.5 & 0.8 pptV,
and 2.7 £ 2.2 pptV and 20 hourly uncertainties of 1.4 4+ 1.5 pptV, 8.4 + 7.5
pptV, and 4.4 + 5.8 pptV for NO, NO, BLC, and NO, PLC, respectively, the
instrument has a high repeatability and low uncertainties for all the measure-
ments. The mixing ratios observed at the CVAO (NO: 2-10 pptV, NO,: 5-50
pptV, and NOy: 7-60 pptV at midday) are in good agreement with previous
measurements at the CVAO as well as other remote measurements around the
world. However, NO, and NO, show a slight increase during the day, which
would not be expected from established NO, chemistry. This suggests a pho-
tolytic source of NO,, which has previously been proposed to be photolysis
of particulate nitrate. This potential source is discussed and investigated in
details in chapter 4.

Long-term remote measurements, which are not subject to local pollution,
are ideal to test our current knowledge on. The measurements shown in this

chapter together with additional years of data and other measurements are

73



2.6. Conclusions

used in chapter 3 to investigate the photostationary state of NOy and Oj in
the remote MBL.
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Chapter 3

Fundamental Oxidation Processes
in the Remote Marine Atmosphere
Investigated Using the
NO-NO,-O4 Photostationary State

Luis Neves has done the day-to-day maintenance of instruments, while I have
had the overall responsibility of running the NO instrument while Shalini
Punjabi (University of York) and Katie Read (University of York) have run
the remaining instruments. Lisa Whalley (University of Leeds) has helped
Katie with processing the photolysis measurements. Beth Nelson (University
of York) has run the chemical box model, Matthew Rowlinson (University of
York) has run the FLEXPART back trajectories, and Toméas Sherwen (Univer-
siy of York) has run the GEOS-Chem model. I have used the measurements

and the model outputs to do the data analysis.
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3.1 Introduction

Tropospheric NO, NO, and O3 are rapidly interconverted during the day via
reactions (R3.1-R3.3), where NO is oxidised by Oj into NO,, which is then
photolyzed into NO and O(®P), followed by a fast reaction of O(®P) with O,

to return Os.

NO, + hv(<410nm) — NO + O(*P) (R3.2)
OCP) + Oy + M — O3 + M (R3.3)

The photostationary state (PSS) equilibrium between NO and NO, is
reached within minutes [149] if it is not impacted by fresh NOy emissions and
if the photolysis rate does not change quickly such as under rapidly chang-
ing cloud coverage [150]. The photostationary state can be described by the
Leighton ratio [149] (Eq. 3.1), where jNO, is the photolysis rate of NO, and
@ is the PSS parameter.

_ JNO,[NO,]

Q= T INOTOg] (Eq. 3.1)

Under very polluted conditions, where O3 is the only oxidant converting
NO to NOs, @ is equal to 1 and the NO, at PSS can be estimated from the
measured NO, O3, and jNO, (Eq. 3.2).

k31 [NOJ[Os]

[NOZ]PSS = ]NOQ

(Eq. 3.2)

Deviations from ¢ = 1 suggest the presence of additional chemistry oc-
curring [151], particularly the conversion of NO to NO, by reaction with an
other oxidant than Oj, such as hydroperoxy radicals (HO,) and peroxy radi-
cals (RO,) (R3.4-R3.5, where R in the peroxy radicals represents any organic
functional group) or with halogen oxides (IO, BrO; R3.6-R3.7) in the marine
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3.1. Introduction

atmosphere.

RO, + NO — NO, + RO (R3.4)
HO; + NO — NO, + OH (R3.5)
I0 + NO — NO, + 1 (R3.6)
BrO + NO — NO, + Br (R3.7)

By including these additional NO oxidation reactions, the NO, concentra-
tion at PSS can be estimated using equation (3.3). The photostationary state
of NO-NOy-O; can also be used to estimate the sum of HOy and RO, (ROy)
or the sum of BrO and IO (XO) in the atmosphere using equation (3.4) and

(3.5) and assuming that k34 = k35 and ks = k37, respectively:

(k3.1[O3] + k3.4[RO2] + k3 5[HOs] + k3 6[IO] + k3 7[BrO])[NO]

INOaJpss ext. = 7NO,
(Eq. 3.3)
_ JNO2[NOg| — (k3.1[Os] + k36[IO] + k3 7[BrO])[NO]
[RO] + [HO,] = K3.455NO]
(Eq. 3.4)
- jNOQ[NOQ] - (k3,1[03] + k3.4[R02] + k3.5[HO2])[NO]
[10] + [BrO] = k5657 [NOJ
(Eq. 3.5)

Previous studies reporting deviations in the PSS parameter to estimate
ROy concentrations in the atmosphere are summarised in Table 3.1, which
compares [ROx|pss against measured and/or modelled |[ROy|. Measurements
of RO, are predominantly conducted using chemical amplification, where each
RO, and HO, molecule in ambient air leads to the formation of several NO,
molecules by chain reactions caused by the addition of high concentrations of
NO and CO [152]|. As halogen oxides also convert NO to NO,, the chemical
amplification techniques should also be sensitive to them. The resultant NO,

can be detected and converted back to a ROy concentration by quantification
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of the chain length of the reactions via calibration, typically using known con-
centrations of CH30, or peroxyacetyl (CH3C(O)O,) radicals [152-154]. Since
the basis of the chemical amplification technique is detection of RO, radicals
from their ability to oxidise NO to NOy (R3.4 and R3.5), which is also used
to estimate RO, from the PSS, the RO, concentrations determined from these
methods would be expected to agree reasonably well. However, PSS-derived
ROy concentrations are generally higher than both measured and modelled val-
ues in rural conditions [150,155-158] with exceptions such as in the Pearl River
Delta where PSS-derived and measured RO, were comparable [157]. During
campaigns in relatively clean regions with moderate influence from pollution
(Amazon Basin and Arabian Peninsula), PSS-derived ROy levels have been
shown to be in good agreement with modelled ROy [159,160]. In the remote
marine boundary layer (MBL), PSS-derived RO, has been observed to be 1.27
times higher than the measured RO, over the South Atlantic Ocean, however,
the measured ROy was approximately 4 times higher than modelled [161].
The difference between measured, modelled, and PSS-derived RO, can be
due to a variety of reasons. ROy concentrations calculated by box models
rely on comprehensive constraint from co-measured trace gases and a reac-
tion scheme which accurately represents the most important photochemical
processes. Incomplete characterization of ambient trace gases and/or reaction
schemes can therefore result in uncertain ROy predictions. Large deviations
(factor of ~3) between modelled and measured ROy levels in a pine forest
in the Rocky Mountains were attributed to a combination of a missing pho-
tolytic source of HO, at midday and a missing reaction forming RO, inde-
pendently of sunlight in the model scheme [166]. PSS-derived ROy can be
significantly over- or underestimated if the PSS has not been established, for
example due to rapidly changing photolysis rates or local sources of NO, [150].
Another reason for overestimation of PSS-derived RO, is NO, measurement
artefacts [170,171], which results in overestimated NO, concentrations. These

are common in chemiluminescence instruments and can be due to photolytic
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3.1. Introduction

or thermal decomposition of HONO, peroxyacetyl nitrate (PAN), and other
nitrate molecules in the atmosphere [107,108,132,170,172-174].
Measurements of ROy are also not without challenges due to effects from
e.g. the high reactivity of ROy, humidity, non-linearity of the NO, detection,
and formation of organic nitrates and nitrites. In the first chemical amplifi-
cation instruments, NO, was detected by luminol chemiluminescence, which
has a non-linear response to NO, resulting in the need for a multipoint cali-
bration [155]. However, more recent instruments use Cavity Attenuated Phase
Shift (CAPS) [154,175], Laser Induced Fluorescence (LIF) [176], or Cavity
Ring-Down Spectroscopy (CRDS) [177] for detection of NO,, all of which have
been shown to have a linear response. Chemical amplifiers are usually only
calibrated for one or two types of peroxy radicals. However, the chain length of
each peroxy radical varies, resulting in a different amount of NO, production
depending on the mixture of peroxy radicals present, which most likely lead
to underestimations due to a lower sensitivity to other peroxy radicals than
CH30,, which most amplification instruments are calibrated for. Additionally,
the chain length is significantly affected by humidity due to the increase in
HO, wall loss on wet surfaces and to an enhanced termination rate of HO4 by
reaction with NO to give HNO3;. HO, has been shown to form a complex with
H,0O (HO,-H,0), which reacts 4-8 times faster with NO, creating HNOj, at 50%
relative humidity (RH) compared to under dry conditions [175,178,179]. This
leads to the measured chain length decreasing by a factor of two when going
from dry conditions to 40% RH and by a factor of three at 70% RH [175,180].
Finally, the chain length is impacted by the gas reagents (NO and CO). Peroxy
radicals and alkoxy radicals (RO) can react with NO to create organic nitrates
and nitrites, which terminates the chain reaction, preventing further radical
propagation processes. This is favoured by longer chain peroxy radicals, and
at high NO concentrations. The formation yield of organic nitrates and ni-
trites differs from a few percent to up to ~23% depending on the nature of

the R group present [175]. It is therefore important to determine the optimal
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concentrations of reagent gas for each individual instrument as it could vary
with what material has been used in the reactor. Some of these challenges can
be overcome by using ROLLIF (laser induced fluorescence), where the sum of
ROy is determined without the amplification step, which removes the problem
with varying chain lengths [181].

In the presence of sufficient levels of NO, additional ambient peroxy radicals
not accounted for in photochemical models should lead to an underestimation
of the simulated production rate of O3, which occurs via reactions (R3.4) and
(R3.5) followed by photolysis of NOy. The production of Oz (P(O3)) can be

calculated using equation (3.6):

P(O3) = k34[NOJ[ROo] + k3 5[NOJ[HO,] (Eq. 3.6)

Volz-Thomas et al. (2003) calculated O3 production rates from PSS-derived
and chemical amplification-measured ROy during the BERLIOZ campaign in
Pabstthum, Germany, resulting in an average of ~ 20 ppbV h™! and ~2 ppbV
h=! across the campaign, respectively. The large difference was credited to an
unknown process that converts NO into NO, without causing additional O;
production [158]|. This is possible if NO is oxidised by an oxidant which also
destroys Oj, similarly to halogen atoms/halogen oxides. This hypothesis is
consistent with observations by Parrish et al. (1986) at a mountain station in
Colorado, where a missing oxidant of photolytic origin was identified [164]. It
was shown that if the NO to NO, oxidation was completely due to ROy, the
increased O3 production would result in O3 mixing ratios significantly higher
than measured, yet if the oxidant exhibited similar reaction mechanisms to 10O,
extremely high (70 pptV) mixing ratios of IO would be needed [164]. These
IO levels are more than an order of magnitude higher than observations in
the marine atmosphere [13,182-184| and would have a massive impact on the
OH/HO, ratio.

In regions where the net Os; production is negligible or negative during
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the day due to very low NO levels, it is more relevant to compare the net
ozone production rate (NOPR) to the observed change in Oj. The chemical
NOPR can be calculated as the difference between the photochemical processes

producing and destroying Os:
NOPR = P(O3) — L(O3) (Eq. 3.7)

where P(O3) is determined using equation (3.6) and the loss rate of O3 (L(O3)),
is usually determined from reactions (R3.8-R3.12). Additionally, halogens have
previously been shown to cause an Os loss of 0.23 4 0.05 ppbV h™! in the MBL
(initiated by R3.13) [13], which is in line with other studies suggesting that

halogens can have a significant impact on Oz in marine environments [185-187].

O3 + hv(<340nm) — O, + O('D)
O('D) + H,0 — 20H

O('D) + M — O(°P)

OH + O3 — HO, + O,

HO, + O3 — OH + 20,
X(X=Br,CLI) + O3 — XO + O,

The actual rate of change of O3 within the planetary boundary layer is also
impacted by the physical processes of advection, deposition and entrainment,
which complicates comparisons with the NOPR. However, if these physical
processes change only negligibly over the course of a day, such as in marine
well mixed air masses, their net influence can be deduced from the net night
time change in O3 [13, 188, 189], allowing a calculation of the NOPR from
observations. A comparison of the observed and calculated NOPR gives an
indication of whether production and loss rates of O3 from known processes
are sufficient to explain the photochemical regime [13].

From the studies shown in Table 3.1, there is clearly widespread evidence of
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enhanced PSS-derived RO, compared to measurements and models, however,
all methods to derive ROy are not without challenges as described above. The
large uncertainties associated with RO, measurements, especially at high hu-
midities where the chain length is significantly impacted by enhanced wall loss
and the production of HNOj, suggest that measurements could be underesti-
mating ROy in the atmosphere. Previous studies also find that the additional
conversion of NO to NO, caused by the extra “RO,” should only produce min-
imal additional Os, or at least lead to additional O3 destruction, thus inferring
an unknown missing oxidant which exhibits different chemical behaviour to
peroxy radicals.

Up to 25% of methane removal occurs in the tropical MBL due to the high
photochemical activity and humidity resulting in high OH radical concentra-
tions and the high temperatures, which increases the rate coefficient for the
OH-+CH, reaction [7]. Thus it is crucially important to understand the funda-
mental oxidation processes, such as the NO,-Oj cycle, occurring in this region.
However, remote NO, measurements are rare due to the difficulty in measuring
very low (pptV) mixing ratios. Most previous remote NO, measurements have
taken place during short campaigns and do not give information on seasonal
changes and long-term trends [121, 141, 142, 190]. Here, we investigate the
photostationary state under clean marine conditions from three years of obser-
vations (2017-2020) at the Cape Verde Atmospheric Observatory (CVAO) in
the tropical east Atlantic, representing a unique dataset to investigate NO4-Os
chemistry in the remote MBL [23,114,191]. We also compare the chemical
NOPR calculated from a box model with NOPR derived from the observed
net Os rate of change, in order to evaluate the possibility of missing peroxy

radicals in this remote environment.
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3.2 Methods

3.2.1 Measurements

Year-round measurements of meteorological parameters and trace gases includ-
ing NO, NO,, alkanes, and alkenes have been conducted at the CVAO (16° 51
N, 24° 52> W) since October 2006. The CVAO is located on the north east-
ern coast of Sao Vicente, Cabo Verde. The air sampled predominantly comes
from the northeast (see Figure 3.1) and has travelled over the Atlantic Ocean
for multiple days since the last exposure to anthropogenic emissions, with the
potential exception of ship emissions [13,114]. This makes it an ideal location

to investigate fundamental photochemistry in an ultra-clean environment.
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Figure 3.1: Seasonal average back trajectories for the CVAO determined
using FLEXPART as described in Appendix B

Wind speed (m/s), wind direction (°), temperature (°C), relative humidity
(%), barometric pressure (mbar) and solar radiation (W m~2) are measured at
a height of 10 m using an automatic weather station from Campbell Scientific.
NO and NO, have been measured using an ultra-high sensitivity NO chemilu-
minescence instrument, which measures NO; by photolytic conversion to NO,

at the CVAO since 2006 [23]. The technique and data analysis have been de-
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scribed in detail in chapter 2. Oj is measured using a Thermo Scientific 49i
Ozone monitor as described in Read et al. (2008). Photolysis rates of a variety
of species were measured in 2020 using a spectral radiometer (a 2-pi sr quartz
diffuser coupled to an Ocean Optics QE65000 spectrometer via a 10 m fibre
optic cable). Prior to 2020, photolysis rates are calculated in this study based
on the correlation between the measured photolysis rates in 2020 and the total
solar radiation, as described in Appendix E. Average jNO, and jO('D) for
different seasons are shown in Table 3.2. Volatile organic compounds (VOCs)
are measured using a dual channel Agilent 7890A gas chromatograph cou-
pled with a Flame Ionization Detector (GC-FID) and a MARKES Thermal
Desorption Unit with an ozone precursor trap that is cooled to -30°C [192].
Details of the calibration and uncertainties are given in the World Calibration
Centre (WCC)-VOC audit report [193]. Examples of the VOCs measured at
the CVAO can be found in Table 3.2. Carbon monoxide (CO), and methane
(CHy), are measured using CRDS, G2401 manufactured by Picarro Inc, fol-
lowing the Global Atmosphere Watch (GAW) recommended technique for long
term remote measurements. The instrument is highly linear, has a precision
of 1 ppbV over 10 minutes and no measurable drift [194,195].

Time series of NO, NO,, Os, jNO,, jO(!D), temperature, CO, propene,
benzene and CHy4 for July 2017 — June 2020 are shown in figures F.1-F.3. The
specifics of each instrument and their respective measurements can be found in
Table 3.2 and a full description of the CVAO site and associated measurements

is given in Carpenter et al. (2010).

3.2.1.1 NO,; Measurement Artefact

One of the drawbacks of measuring NO, by photolytic conversion to NO is it
can be subject to artefacts. These could either be of a photolytic or thermal
origin [132,170,172-174]. Photolytic artefacts occur when other compounds
containing -NO, -NO,, or -NOj photolyse to form NO over a similar wavelength

range as NOy and thereby produce an overestimate of NO, in the sample [107].
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Thermal artefacts are caused by thermally labile compounds which decompose
in photolytic converters when they heat up and release NO that is measured by
the detector or NOy which is immediately photolytically converted to NO and
then detected [108]. The maximum potential NO, artefact can be estimated
using measured or modelled mixing ratios of a range of potential interfering
compounds. The photolytic contribution can be estimated based on the ab-
sorbtion cross section (ACS) of NO, and the potential interferents around the
peak wavelength of the diodes used to convert NO, into NO (385 nm). The
ACS of NO, and some known interfering compounds over the wavelength range
380-390 nm are shown in Table 3.3. NO, and most of the interferents, with the
exception of HONO, show relatively invariant ACSs across these wavelengths.
When the ACSs of both NO, and the particular interferent are invariant over
the spectral output of the diodes, the ratio at the peak wavelength is used to
estimate the potential artefact. However, since HONO varies significantly over
the range, it has been estimated assuming a Gaussian output of the diodes
over the wavelengths. It is also important to distinguish between the products
formed from the photolysis of the potential interferents. If NO, is the prod-
uct then it will be photolysed to NO with the same efficiency as NO, in the
ambient air, however, if NO is the product then 1 converted molecule will be
detected as 2 NO, molecules if the conversion efficiency of NOjy is 50%. Or-
ganic nitrates, HNO;, and NO3; do not photolyse at 385 nm and have therefore
not been included in the evaluation of photolytic artefacts.

The main potential photolytic artefact for the CVAO NO, measurements is
HONO. Measurements of HONO at the CVAO using a Long Path Absorption
Photometer (LOPAP) show levels of up to ~5 pptV (see [44] and chapter 4),
indicating an NO, artefact of up to 0.63 pptV. However, these measurements
were made using a thermostated inlet system with reactive HONO stripping,
where loss of HONO to the sample lines is minimised. The NO, instrument at
the CVAO samples at the end of the manifold making it highly likely that a

significant fraction of HONO is lost on the manifold before the air is introduced
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3.2. Methods

to the NOy instrument due to the high surface reactivity of HONO [196].
Thus, we regard the potential HONO-induced artefact of 0.63 pptV as an
upper limit. No other potential photolytic artefacts have been measured at
the CVAO, however, using the GEOS-Chem model (see section 3.2.2.2) we
calculated seasonal cycles of 20 potential interfering compounds at the CVAO
(Figure 3.2). None of these compounds exhibit major seasonal differences,
indicating that any measurement artefact will be fairly constant across the
year. The contribution from photolytic degradation of compounds other than
HONO is predicted to be less than 0.05 pptV using the estimated conversion
efficiency of each compound in Table 3.3 and the modelled mixing ratios at
the CVAO.

Peroxyacetyl nitrate (PAN) is produced in polluted areas and transported
to remote regions, where it can thermally decompose into peroxy radicals and
NO,. 5.8% of the available PAN has been shown to thermally decompose in
blue light converters (BLC) switched on 40% of the time [108|. This can cause
significant overestimations of NO, in colder regions where PAN can build up in
the atmosphere due to its long lifetime [197|, however, in warmer regions such
as Cabo Verde the overestimation will be substantially lower due to the much
shorter lifetime (~ 40-230 minutes at 25°C) [197,198|, and hence lower concen-
tration of PAN. At the CVAO, PAN has been measured using gas chromatog-
raphy as described by Whalley et al. (2004) [199], however, all measurements
were below the limit of detection (LOD) of 6 pptV. The photolytic converter
(PLC) used at the CVAOQ is only switched on 20% of the time, so a thermal de-
composition efficiency of 5% for PAN is used to estimate a potential artefact of
0.3 pptV from PAN. Combining photolytic and thermal artefact contributions
gives a maximum potential NO, artefact of 0.97 pptV at the CVAO, which
is within the uncertainty previously reported for the NO, measurements, see

Table 3.2 and chapter 2.
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3.3. Results and Discussion

3.2.2 Modelling
3.2.2.1 Chemical Box Model

A tailored zero-dimensional chemical box model of the lower atmosphere pre-
viously used in Nelson et al. (2021) [200], incorporating a subset of the Mas-
ter Chemical Mechanism (MCM) v3.3.1 [201] into the AtChem2 modelling
toolkit [202|, was used to estimate concentrations of OH, HO, and RO, and
daily chemical production and loss of O3 at the CVAO. The MCM describes
the detailed atmospheric chemical degradation of 143 VOCs, through 17,500
reactions of 6900 species. More details can be found on the MCM website
(http://mcm.york.ac.uk, last access: 4" March 2022). A fixed deposition rate
of 1.2 x 107 s=! was applied to all model generated species, giving them a
lifetime of approximately 24 hours. The model was constrained to 34 observa-
tionally derived photolysis rates, temperature, pressure, and relative humidity,
along with a range of observed chemical species, defined in Table 3.2. Hetero-

geneous reactions on aerosols have not been included in the model.

3.2.2.2 GEOS-Chem

Concentrations of 20 different chemical species were extracted every hour dur-
ing 2019 at nearest point in space and time from the GEOS-Chem model
(v12.9.0, DOIL:10.5281/zenodo.3950327). The v12.9.0 model as described by
Wang et al. (2021) was run at a nested horizontal resolution of 0.25 x 0.3125
degrees over the region (-32.0 to 15.0 °E, 0.0 to 34.0 °N), with boundary con-
ditions provided by a separate global model run spun up for one year and with

acid uptake on dust considered as described by Fairlie et al. (2010) [203,204].

3.3 Results and Discussion

Monthly diurnal cycles of HO,, RO,, and OH were modelled by constraining

the box model to the measurements described in Table 3.2 (except NO,) using
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Figure 3.3: Average monthly diurnal cycles of modelled OH, HO,, RO,,
and HO5+ROy from the chemical box model coloured by season com-
pared to midday measurements during SOS (February, May, September,
and November) [114,205], RHaMBLe (May and June) [48], AEROSOLS99
(January and February) [206], and ALBATROSS (November and Decem-
ber) [207].

hourly median concentrations for each month from July 2017 — June 2020
where all the trace gas measurements were available. When measured jO('D)
was not available, the hourly average from the same month across the other
years was used. Calculated photolysis rates based on total solar radiation (see
appendix E) were used up to December 2019 for all other photolysis rates than
7O('D).

The modelled OH, HO, and RO, concentrations agree reasonably well with
previous measurements from short term field campaigns based at the CVAO
and from various cruises in the Atlantic Ocean (see Figure 3.3). All the previ-

ous measurements of ROx (HO, + RO,) shown in Figure 3.3 were conducted
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Figure 3.4: Daily modelled HO, (blue) and RO, (red) for January 2018,
August 2017, and October 2017.

using the chemical amplifier technique, which is subject to high uncertainties
due to the challenges described above. Daily diurnal cycles of RO, and HO, for
9 days in August 2017, 12 days in October 2017, and 20 days in January 2018
were modelled to investigate their daily variability (see Figure 3.4). Seasonal
differences can be observed from the daily outputs, but no major day to day

changes within a given month.

3.3.1 Comparison of Measured and PSS-Derived NO,
Mixing Ratios

Daily midday (12.00-15.00 UTC, local+1) NO, mixing ratios were calculated
from the Leighton ratio using equation 3.2 ([NOy|pss), the measured NO, Os,
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Figure 3.5: Midday (12.00-15.00 UTC, local+1) daily averages of
INOg|pss (A) and [NOs|pss ext. (B) plotted against the observed NO, using
measurements from July 2017 — June 2020. The black dashed lines show
the 1:1 ratio.

and jNOy and ks; = 2.07 x 1072 x e(7100/T) 49| for a three-year period
(July 2017 — June 2020). Measurements of NO and NO, below the limit of
detection (LOD) have not been included in the midday averages used. Mid-
day averages have been used to ensure that jNO, was stable across the time
period used to make sure that PSS was established. Figure 3.5A shows that
[NOy|pss significantly underestimates the measured NO,, indicating that ad-
ditional oxidants are needed to convert NO into NO,. Daily midday val-
ues of [NOg|pgs ext. was calculated using equation 3.3, where a midday av-
erage of each modelled monthly diurnal cycle of HO, and RO, in Figure
3.3 was used for all days of their respective month together with previous
yearly averaged midday measurements of 10 (1.4 + 0.8 pptV) and BrO (2.5
+ 1.1 pptV) [13,183] at the CVAO. RO, was assumed to be equivalent to
CH;0,, making kss = 2.3 x 1072 x eB60/T) L. = 345 x 10712e270/T)
ksg = 7.15x 10712 x eB%/T) "and kg7 = 8.7 x 10712 x e(269/T) [49]. [NOs|pgs ext.
was calculated using a midday average of the modelled monthly [HO,| and
[ROy| in Figure 3.3 as well as the modelled daily midday averages from the
diurnal cycles in Figure 3.4 for August 2017, October 2017, and January 2018.
A scatter plot of monthly vs. daily calculated [NOs|psg exs. around the 1:1 line
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Figure 3.6: |[NOg|pss ext. using monthly modelled diurnal cycles of RO,
and HO, for August 2017 (red), October 2017 (grey), and January 2018
(blue) have been plotted against [NOy|pss ext. using daily modelled diurnal
cycles. The dashed black line shows the 1:1 ratio.

(see Figure 3.6) verifies the use of monthly calculated [HO,| and [RO,] for the
remaining analyses.

Figure 3.5B shows that the agreement between measured and calculated
NO, was improved significantly by including modelled additional oxidants.
At NO, mixing ratios below 20 pptV, the scatter of [NOy|pss ext. V8 [NOs]obs.
was close to the 1:1 line, however, at higher NOy mixing ratios [NOg|pss ext.
under-predicts the observed NO, mixing ratio by on average 9.5 pptV. NO,
mixing ratios above 20 pptV are predominantly observed at the CVAO from
December-February (see chapter 2), which coincides with the arrival of pre-
dominantly African air to the site (see Figure 3.1).

We next investigate the effects of seasons and the abundance of NO on the

ability of the full PSS equation (equation 3.3) to predict NO,. Daily midday
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averages of [NOg|ops./[NOg|pss ext. are plotted as a function of NO in Figure
3.7. A ratio of 1 would be expected if all relevant reaction mechanisms has
been taken into account. The deviations from 1 in the ratio can be observed to
increase with decreasing NO mixing ratio during March-December. The data is
coloured by year; 2017 (blue), 2018 (red), 2019 (orange), 2020 (grey) to be able
to distinguish interannual variability. In April the high data points when [NOJ
< 5 pptV can be observed to be 2019 and 2020, where 2018 is scattered around
the 1:1 line. The dashed lines in Figure 3.7 visualise the effect of a constant NO,
artefact of 0.97 pptV (our calculated upper limit) on the [NOy]ops./[NOs|pss ext.
ratio, showing that the artefact, while small, can explain some of this observed
trend. However, only a small dependence on the NO mixing ratio is seen for
January and February, where enhancements of [NOsg|ops. /[NOs|pss ext. above 1
continue out to 10 pptV of NO. At Hohenpeissenberg, Germany, similar trends
with increasing NO,/NO ratio with decreasing NO have been observed, which
were partly explained by measurement uncertainty in NO and partly by the
PSS not being established after being perturbed by NO, emissions or variable
JNOy [150]. A similar study to the one presented here was conducted on a
cruise in the South Atlantic Ocean, where they observed increasing deviations
in [NOg|ops./[NOg|pss ext. with increasing NO, from 3-20 pptV [161], which was
explained by a missing photolytic oxidation process. When doing the same
plot for the measurements obtained at the CVAO (see Figure 3.8) a similar
trend can be observed when looking at the entire measurement range of NO,,
however, [NOs|ops./[NOy|pss ext. at the CVAO only reaches half of what was
observed by Hosaynali Beygi et al. (2011) [161]. When using the same range
of [NOg]obs./[NOg|pss ext. and NO, as in the other study (see Panel B), a more
flat profile can be observed here, where the ratio seem to flatten out around
1.5-2. The differences observed between the two studies can be due to different

measurement techniques and filtering of data.
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Figure 3.8: Midday (12.00-15.00 UTC, local +1) daily averages of
INOs|obs. /[NOs|pss ext. from July 2017 to June 2020 plotted against
INOs|obs.- (A) shows the entire measuring range of NO, and (B) shows
the same range as used in Hosaynali Beygi et al. (2011) [161]. The black
line shows the 1:1 ratio.

3.3.2 NO, Artefact or Missing Oxidant?

Deviations between [NOs|ops. and [NOg|pss ext. are usually attributed to an
unaccounted artefact in the NO, measurements or a missing oxidant converting
NO into NO, [158,161,167,170,171,208,209|. As discussed above, we show
that below 5 pptV of ambient NO, our calculated maximum NO, artefact of
0.97 pptV starts to have an impact on the [NOy|ops./[NOg|pss ext. ratio and the
deviation at very low NO can on most days be explained by the measurement
uncertainty in NO (~ 1.4 pptV), however, it is not enough to explain the
enhancements observed, especially in wintertime at the CVAO.

The production of ROy and HO, radicals is dependent on the abundance of
their VOC and CO precursors as well as on photochemical activity. When mod-
elling RO, and HO, radicals, they are also highly dependent on the reaction
scheme in the model being complete. To investigate whether the availability
of VOCs, CO or sunlight was related to the discrepancy between [NOs|ops.
and [NOg|pss ext., [NOgJobs./|[NOg|pss ext. was plotted against different precur-
sors and meteorological parameters in Figure 3.9. The high deviations in

[INOsJobs./[NOa]pss ext. can be observed to be associated with higher mea-
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3.3. Results and Discussion

sured mixing ratios of CO, ethane, and acetylene, and lower midday tem-
perature. No obvious trend can be observed for the dependence on jNO,,
even though Hosaynali Beygi et al. (2011) [161] observed the largest devi-
ations in [NOy|ops./|[NOg|pss ext. at similar jNOs as observed at the CVAO
at midday (>0.007 s7!). Figure 3.9 shows that the abundances of ethene
and propene, both of which have atmospheric lifetimes of less than 3 days,
do not seem to affect the deviation of [NOg|ops./[NOg|pss ext. from 1. Con-
versely, high abundances of CO, ethane, and acetylene, which all have atmo-
spheric lifetimes above 6 weeks [210], are observed to be associated with higher
[INOs]obs./[NOa|pss ext. ratios. This could indicate that long-range transport of
pollutants supplies additional peroxy radicals (or other NO to NO, oxidants) at
the CVAQO, which are not predicted from known sources and photochemistry.

To further evaluate the impact of pollution, [NOy|ops./[NOxz|pss ext. Was sep-
arated into three categories based on CO mixing ratios; CO < 90 ppbV, 90
ppbV < CO < 100 ppbV, and CO > 100 ppbV. These splits were chosen based
on the median [NOy|ops./[NOg|pss exs. over 10 ppbV increments in the CO mix-
ing ratio, where each category had to have a similar amount of measurements.
The deviations of [NOy]ops./|NOg|pss ext. from 1 increase with increasing [CO/,
with 50 (25t-75) percentiles of 1.10 (0.82-1.37) for CO < 90 ppbV, 1.20
(0.97-1.54) for 90 ppbV < CO < 100 ppbV, and 1.50 (1.18-1.78) for CO > 100
ppbV. The small deviation from 1, which is within the uncertainty of our mea-
surements (see below), for CO < 90 ppbV is strong evidence that fundamental
oxidation processes in ultra-clean marine air, where the main precursors of
RO, and HO, are CH, and CO giving CH30, and HO,, respectively, are well
understood.

An NO, artefact of 0.7 pptV would reduce the ratio of 1.10 to 1.00 in air
masses with CO < 90 ppbV. Since the minimum value of the artefact is 0
pptV (if there was no conversion of interferent compounds to NO or NO,),
and our estimated upper limit is 0.97 pptV, we therefore consider it a rea-

sonable assumption that the NO, artefact of our instrument at the CVAO is
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0.7 pptV. We make the simple a priori assumption that this applies across all
measurements during the period of analyses. Such an artefact is insignificant
when considering total NO, concentrations, however, it has a non-negligible
impact when investigating NO,/NO ratios in this very low NOy environment.

Subtracting 0.7 pptV from all the NO, observations results in median (25'-
75™ percentiles) ratios of 1.00 (0.76-1.29) for CO < 90 ppbV, 1.14 (0.89-1.47)
for 90 ppbV < CO < 100 ppbV, and 1.42 (1.12-1.68) for CO > 100 ppbV.
Distributions of each category are plotted in Figure 3.10A. When CO is be-
tween 90 and 100 ppbV, the distribution of [NOy|ops./[NOsg|pss ext. shows the
highest occurrences at ratios of ~1 and ~1.5. When CO > 100 ppbV, it is
evident that either additional oxidants are needed to convert NO to NO,, or an
additional NO, artefact of the order of 4.4 pptV is present in these air masses.
As an artefact of 0.7 pptV has already been subtracted, and measurements
of HONO and PAN and modelled mixing ratios of halogen nitrates indicate a
fairly stable artefact across the year (see Figure 3.2), 4.4 pptV of additional
artefact seems highly unlikely. This leaves the possibility of a missing oxidant
when the sampled air is enhanced in CO.

Using equation (3.4) and (3.5), the required ROy (RO, + HO,) and XO (10
+ BrO) concentrations needed to reconcile [NOy|ops, with [NOg|pss ext. can be
estimated using ks 435 = 2.3 x 10712 x e D) and k3637 = 8.7x 10712 x e(260/T)
[49]. CH30, and its rate coefficient with NO has been used as a proxy for all
ROy in these calculations due to it representing over 90% of all the modelled
peroxy radicals at midday. Our calculations are based on two scenarios: (1)
that the measured [BrO| and [IO] are correct and there is missing ROy, or
(2) that the modelled [ROy]| is correct and there is missing [XO]. Due to the
similar rate coefficients for IO and BrO reacting with NO, a combined XO
can be estimated. The results are summarised in Table 3.4 based on the three
CO categories. The median required RO, was determined to be 65.0 (33.68 -
112.5, 25075 percentile) pptV and 109.7 (63.14 - 149.5, 25™-75" percentile)
pptV for 90 ppbV < CO < 100 ppbV and CO > 100 ppbV, respectively. RO,
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3.3. Results and Discussion

measurements during the ALBATROSS cruise varied from 40-80 pptV while
in the North Atlantic, however, with a reported uncertainty of 25% (10) they
could be as high as 100 pptV [207]. Such concentrations are comparable to
the required median ROy in this study of 109.7 pptV when CO > 100 ppbV.
The uncertainty reported for ALBATROSS is similar to many other studies
which have reported 10-36% (10) uncertainty on chemical amplification ROy
measurements [155,158,161,206,211,212|, however, a recent study in the Pearl
River Delta reported an uncertainty of 60% (1o) [157]. This combined with
measurements up to ~ 150 pptV of RO, in the South Atlantic Ocean [161]
indicates that our required ROy levels of ~ 100 pptV may not be unrealistic
in the MBL. Other peroxy radicals such as CoHz0O,, n- and -C3H;0O,, and
CoH5(0)O, have slightly faster reactions rates with NO at 298 K [210] which
would result in less required RO, however, they are not expected to be the
dominant peroxy radical specie at the CVAO.

The median required ROy (J[ROx|pss) can be observed to be ~2.5 times
higher than those modelled for air masses where CO > 100 ppbV, whereas
the required [XO] is a factor of ~ 6.5 higher than previous observations at the
CVAO [13,183] due to the lower rate coefficients for halogen oxides with NO.
Across the three categories, the daily median ratio of [ROx|pss/[ROx|moder is
1.5, which is similar to those observed in previous studies both in remote and
rural regions (see Table 3.1). The missing XO required to reconcile [NOg|ops.
with [NOy|pss ext. Was determined for each CO category by subtracting the
previous measured average concentration of 3.9 pptV (2.5 pptV BrO + 1.4
pptV 10) from the required XO. Since CO, the main precursor for HO,, is
constrained by measurements in the model and is in good agreement with
previous measurements (see Figure 3.3), the calculated [HO,| is assumed to be

correct. Thus, we estimate the required and missing RO, assuming it is all in

103



3.3. Results and Discussion

(01 A¥d 1 + 01g A¥dd ¢g) QX pexmbar oy} woxy OX Jo Add 6°¢

pojoenqng, “(A) uoryenbo Jursn poje[nore)), (Y1) uoryenbs Suwsn poyemore), *(II[A) uoryenbo Suisn pajernore), “(AI) uoryenbo Jusn pajemore),

(29°8¢ - 08°9) 89°CC
(2 ah - 0L°0T) 8S°9C

(9¢¥g - 9¢°¢-) 192
(97°8Z - 9%°T-) 1€°TT

(COPT - 78°11-) 810~ L(A3dd) OY Sussty
(¢G8T - ¥6°L-) eL'E »(A3dd) OX pombey
COH Pu® QY pa[[epowt 3uis() :[[ 9se)D

(70T - €5°8T) €£°'19 (79799 - €2'F1-) 61°02 (69°6¢ - ¢8'1€~) ST0- o(A¥dd) 2Oy Sutssiy
(cv'ce - €6'02) 29°LC (ze9¢ - 0¢'12) 68762 (ev've - L0°0€) 99°¢e (A3dd) Oy pRIRPON
(¢'82T - ¥0'Sh) 67706 (£6°¢6 - 18'91) €C°L¥ (66°69 - 6L'1-) LL'1E o(A3dd) 2y permbey
(0L%C - 1€°2€) 66TV (TL%C - 69°¢€) 09°Ch (ceeg - T0°97) 68'SY (A3dd) *OY pa1RpPoN
(G671 - #1°€9) L'60T (¢ZTT - 89°¢€) 00769 (€928 - 8T°9T) SV'6F »(A3d) Oy pormbay

A¥dd 7°T = OI pue A1dd g'g = Q1g 3uis() :J ase)

(126 -26°0) OF'F
(89'T -2T'1) ZF'T

(L3¢ -26°0) 06T
(LF'T1-680) 71T

(041 -¢9°2) 000 (A3dd) 3oegosre TeuonIPpe poImbay]

(62°T-9L70) 00T |¢.wwmmwmw _

Aqdd po1 < [0D]

Aqdd 0ot > [0D] > Aqdd 06

Aqdd g6 > [0D)]

"A3dd 20 30 10r)etIR SO\ B SUIpORIIGNS USYM 1jusdtad Aﬁm m-ﬁmmv

p0G SB UGAIS [ = @ 8Sd[eq)N|/SI0[CQN] 0A18 03 OX pue Oy ‘10rjojIR [RUOIPDR paimbor oY) 10A0 Lrewwing P S[QRT,

104



3.3. Results and Discussion

the form of CH30, from:

[RO2]Required -
]NOQ [NOQ] — (l{?3_1[03] + k3.5 [HO2] + kSG[IO] + k37[BrO])[NO]
k3.4

(Eq. 3.8)

[RO2]Missing = [Roz]Required - [Roz}Model (EQ- 3-9)

Figures 3.10B and C, show that the missing RO, or XO level increases with
increasing [CO|, reaching a median of 61.33 pptV and 22.68 pptV, respectively,
for air masses where CO > 100 ppbV, which is approximately 2.2 times the
modelled RO, and 5.5 times the measured XO in the same air masses. Such
an increase in peroxy radicals would, under more polluted conditions, cause
a major increase in O3 production during a day [158]. We next examine the

impact of missing RO, on the net O3 production in Cabo Verde.

3.3.3 Chemical Oj; Loss

The daily chemical loss of O3 between 09.30 (09.00-10.00) and 17.30 (17.00-
18.00) UTC was used to evaluate whether the PSS-derived [RO,| was consistent
with the net chemical destruction of O3 at the CVAQO. As discussed above, the
measured Oz mixing ratio in the MBL is affected by loss mechanisms in the
form of photolysis, reactions with HO, and halogens, and deposition, and by
production through NO, photolysis and by entrainment from the Os-enriched
free troposphere. Due to the very stable meteorological condition of the MBL,
the variability in entrainment and deposition between night and day is expected
to be negligible [13,188,189]. A combined entrainment/deposition term can
therefore be estimated from night time Oz measurements, when there is no
photochemical production or loss. An hourly entrainment/deposition term

was determined for each month using the average change in O3 between 22.30
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(22.00-23.00) and 03.30 (03.00-04.00) UTC, and found to vary from 0.18 +
0.30 ppbV h~! in January to 0.35 & 0.30 ppbV h~! in May, which is in good
agreement with previous measurements at the CVAO of 0.18-0.48 ppbV h~!
[13]. The observed daily change in O3z (AO3 obs.) (09.30-17.30) was determined
to be -0.40 £+ 0.32 ppbV h™! (10) across the three years (2017-2020), which
is almost identical to the -0.41 + 0.33 ppbV h™! (10) observed at the CVAO
in 2007 [13], but roughly 2 times the daily AOj .. in baseline air at Cape
Grim (-0.24 + 0.32 ppbV h™!, 10) and Mace Head (-0.20 + 0.21 ppbV h™!,
lo) [169] and 2-40 times the modelled Oy loss at Mauna Loa (-0.01 to -0.21
ppbV h~1) [213,214].

By subtracting the monthly average entrainment/deposition term from the
observed daily AQOj;, the daily chemical loss of O3, AOj3 chem., is obtained. The
observations were filtered to exclude periods where the change in CO concen-
tration over the interval period, ACO, was outside 1 standard deviation of
the mean ACO, to avoid the AO;3 determination being affected by changing
air masses. The resulting observed chemical loss of O3 is averaged by month
and plotted in black in Figure 3.11. AOj3 chem. can be observed to follow the
photochemical activity, with the lowest AOj3 ¢hem. in October-February, where
the lowest photolysis rates are measured (see appendix E and Table 3.2) and
highest AO3 ¢em. in March-May and September. A small decrease in AOj5 chem.
in June-August occurred simultaneously to the small drop in photolysis rates
in June-August. Overall, AO; ¢hem. varied from -0.48 ppbV h~! in January to
-0.88 ppbV h™! in May.

In order to evaluate whether these observationally-derived chemical loss
rates of Oj are consistent with PSS-derived peroxy radical concentrations,
AQOj3 chem. Was estimated using a chemical box model incorporating the MCM,
as described in section 3.2.2.1. The model was constrained to all the mea-
surements described in Table 3.2, except NOy and O, which were left uncon-
strained. AOj3 chem, was simulated with modelled [RO,| and [HO,|, with (blue

line in Figure 3.11) and without (grey in Figure 3.11) inclusion of the halo-
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Figure 3.11: Average monthly AO; due to chemical loss between 09.30
(09.00-10.00) and 17.30 (17.00-18.00) UTC for each month (black) com-
pared to box modelled AO; due to chemical loss using modelled RO, and
HO, with (blue) and without (grey) halogen monoxides (BrO and 10), and
using required RO, to get [NOs]ops./[NOa|pss ext. = 1, modelled HO,, and
the annually averaged halogen monoxides (orange). The error bars on the
observed chemical loss is the standard error of all the days used for each
month and for the box model it is the minimum and maximum AQO; mod-
elled for each month. The blue shaded area show the possible variability
in the chemical loss when including the measured halogens at the CVAO
(BrO; 2.5 + 1.1 pptV, 10; 1.4 + 0.8 pptV) [13].

gen chemistry described in Appendix G, allowing an evaluation of the O3 loss
due to halogens, as previously discussed by Read et al. (2008). Simulations
were also performed with [CH30,| constrained to the required RO5 as modelled
[CH30,] is >90% of the modelled [RO,|, modelled [HO,| and including halogen
chemistry (orange in Figure 3.11). In model runs with halogen chemistry, BrO
and 1O were constrained to previously measured annual averages + reported
uncertainties (blue shaded area in Figure 3.11) [13]. Diurnal cycles of the re-

quired RO,y were constructed using the median of the daily midday averages
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for each month determined using equation (3.8) for the peak concentration at
midday, 1 pptV overnight and interpolating linearly in between.

Figure 3.11 shows that all three modelled AOj chem. exhibited very similar
seasonality as the observed AOj cpem.- The difference between running the
model with and without halogen chemistry was 0.24 + 0.02 ppbV h~! (10),
which is almost equivalent to the results of Read et al. (2008) from the CVAO
of 0.23 4+ 0.05 ppbV h™! (10). From May-December, the modelled AO3 cem.
was almost identical whether using modelled RO, or constraining CH30, to
the required RO,, and both were very similar to observed AOj chem.- The
largest difference in AOj chem. between using modelled RO, and constraining
CH;0, is observed in January where the difference reached 0.09 ppbV h=1,
however, this is caused by constraining CH30, to 100 pptV, which is 5 times
more than the modelled RO,. The average difference between the observed and
modelled AOj ¢hem. is 0.06 £ 0.07 ppbV h™! (10) when constraining CH30, to
the required RO, and 0.04 + 0.07 ppbV h™! (10) when using modelled ROs.

When constraining RO, to required CH30, it also impacts the modelled
OH and HO, through increasing HO5+RO,, which results in a reduction of
HO,+NO and HO5+0O3. OH can be observed to increase most months when
constraining CH30, to the required RO, (see Figure 3.12), where HO, de-
creases, however, they remain within the previous measurements.

Overall, the very small differences in modelled AOj chem. Whether includ-
ing the “missing RO,” or not are a function of the NOy-limited conditions of
the remote MBL, where O3 production is relatively insensitive to the mixture
and abundance of peroxy radicals [215]. Thus, although our analysis shows
that peroxy radicals with the equivalent O3 production potential as CH30,
cannot be ruled out as the missing oxidant in marine air masses with aged
pollution, neither does it provide robust evidence that the missing oxidant is
Os-producing. Nevertheless, the deviation between PSS-derived peroxy radi-
cals in this study and previous measurements can potentially be explained by

the difficulty in measuring peroxy radicals, as discussed above.

108



3.4. Conclusions

— DJF — JA S0S ALBATROSS
MAM —— SON [~ RHaMBLlLe
30
0.4
25
<03 / S 20
z 2
2., £ 15
T o
e T 101
0.1
5_
0.0 — ; . 0 —— : :
5 10 15 20 0 5 10 15 20
Hour (UTC) Hour (UTC)
30
0.41
251
%‘ 0.3 = 20
o (o
2., £ 15
T o
®) T 101
0.1
5,
0.0 ‘ . . . 0 = o
0 5 10 15 20 0 5 10 15 20
Hour (UTC) Hour (UTC)

Figure 3.12: Average monthly diurnal cycles of modelled OH and HO,
with (bottom two panels) and without (top two panels) constraining
CH;30, to the required RO, from the chemical box model coloured by
season compared to midday measurements during SOS (February, May,
September, and November) [114, 205], RHaMBLe (May and June) [48],
AEROSOLS99 (January and February) [206], and ALBATROSS (Novem-
ber and December) [207].

3.4 Conclusions

In the remote MBL (CO < 90 ppbV, NO, < 43 pptV ) we have shown that
the observed NO,/NO ratio is consistent with fundamental photochemical the-
ory, and that neither missing oxidants nor deviations of the photostationary
state are required to reconcile observations with the calculated NO,/NO ratio.
This is to our knowledge the first time this has been shown in a low NOy

environment. However, observed NO, levels became increasingly higher than
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predicted as the CO mixing ratio increased and the air more influenced by long
range transport of air pollution in winter. A detailed analysis of potential NO,
measurement artefacts at the CVAO showed that such artefacts were unlikely
to account for these deviations, thus we evaluated the case for a missing NO to
NO, oxidant. The required oxidant in air masses with CO > 100 ppbV reached
a median of 109.7 pptV when treated as CH30,. These levels are ~ 2.5 times
higher than both our modelled RO, (RO, + HO,) and previous measurements
of RO, measured by chemical amplification at the CVAO. However, chemical
amplification measurements are known to be highly uncertain due to the dif-
ficulty in determining the chain length of the mixture of RO, in the ambient
matrix, and we note that the modelled O3 production at the CVAO, with the
inclusion of these additional peroxy radicals, did not deviate significantly from
the observed O3 production. Overall, we conclude that there is strong evidence
for a missing oxidant in remote marine air impacted by long range transport

of pollution, and that peroxy radicals cannot be ruled out as to their identity.
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Chapter 4

Extensive Field Evidence for the
Release of HONO from the
Photolysis of Nitrate Aerosols

Ground-based measurements of NO,, HONO, particulate nitrate, and pho-
tolysis rates have been conducted by me, Roberto Sommariva (University of
Birmingham), TROPOS, and Katie Read (University of York). I have organ-
ised, sampled, and analysed the airborne aerosol measurements. Chris Reed
(FAAM) has run the NO, and HONO instrument on the aircraft and cali-
brated it together with Graham Boustead (University of Leeds) and Lauren
Fleming (University of Leeds), while the processing of the raw data from the
campaigns and the calibration was performed by me. Graeme Nott (FAAM)
measured and processed aerosol surface area on the aircraft. Lisa Whalley
(University of Leeds) processed the photolysis measurements from the air-
craft. Tomas Sherwen (University of York) modelled OH concentrations and
photolysis rates using GEOS-Chem. I ran HYSPLIT back trajectories for the

aircraft measurements. All data analysis was conducted by me.
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4.1 Introduction

Nitrous acid (HONO) has a key role in tropospheric chemistry as an important
source of NOy (NO + NO,) and of the hydroxyl radical (OH) [44,51,66-73].
NOy regulates the abundance of atmospheric oxidants (O3 and OH) as well
as being essential for the formation of secondary atmospheric aerosols, and
OH controls the self-cleansing capacity of the atmosphere via degradation of
pollutants and greenhouse gases such as methane [72].

Primary HONO emission sources include vehicle exhaust, wildfires and
soils [65-67], but it is also produced through the gas-phase reaction of NO and
OH radicals (R4.1). Photolysis (R4.2), reaction with OH radicals (R4.3) and
dry deposition (R4.4) are the major loss mechanisms for HONO:

NO + OH + M — HONO + M (R4.1)

HONO + hv(<390nm) — NO + OH (R4.2)

HONO + OH — NO, + H,0 (R4.3)
deposition

HONO (R4.4)

In the remote oceanic troposphere, NO, levels are too low to supply any
significant levels of HONO from (R4.1) and primary HONO emission sources
are absent. A recent study by Crilley et al. (2021) has investigated whether
the ocean surface is a source of HONO and their findings suggest that the rate
of conversion from NO, to HONO by the ocean is negligible [68]. Reactions
on aerosol surfaces have historically been suggested to make only moderate
contributions to daytime HONO formation [69], although there is evidence
for NO, to HONO conversion on aerosols in polluted to semi-polluted regions
[70,71,73]. Laboratory studies have also showed that illuminated TiO, particles
in the presence of 34-200 parts per billion by volume (ppbV) NO, produces
HONO |216-218| with reported HONO yields per lost NO, molecule as high as
~75% [218]. No known studies have investigated this process with NO, mixing
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ratios in the order of parts per trillion by volume (pptV), however, it is not
expected to have a significant impact as it depends on the start concentration
of NO,.

Over the past 20 years several laboratory studies have suggested that pho-
tolysis of particulate nitrate (pNOj3) on different surfaces such as trees, metal,
glass, urban grime and aerosols could be a significant source of HONO and

NO, compared to photolysis of gaseous HNO3 [219-225]:

pNO; + hv — zHONO + yNO, (R4.5)

As the photolysis rate of pNO3, jpNOj3, cannot be measured directly like
gas phase photolysis rates due to the absorption cross section for pNOj3 being
red-shifted and broader compared to that of gas phase HNOj [220], it is usually
reported as an enhancement factor compared to that of gaseous HNOj; f =
JpNO3 /HNOs3. There is a very high uncertainty in f, with laboratory studies
reporting values spanning three orders of magnitude (~10-1700) depending
on the surface (Table 4.1).

Recent field observations of HONO in the marine atmosphere offers a
method to diagnose the presence of any missing sources but are so far limited to
only a few days of measurements, which have reported enhancement factors of
~ 25-300 for photolysis of pNOj3 associated with sea-salt aerosols [44, 51, 52].
The marine field observations are well within the range reported in labora-
tory experiments. However, recent experiments using suspended nitrate parti-
cles [228] and calculations derived from observed ratios of NO,/HNOj3 in the
polluted boundary layer [226] have derived much smaller f of 1-30. Thus, there
is as yet no consensus on whether ‘renoxification’ offers a limited or a highly
significant role in the NO, and OH budgets of remote environments, nor field
evidence for HONO production from photolysis of pNO3 occurring on ambient
aerosol other than sea-salt aerosol.

The renoxification process has been shown to be impacted by multiple
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4.1. Introduction

different parameters such as acidity of the aerosols, relative humidity, temper-
ature, location of pNO; in the aerosol, and coexisting chemical species (eg.
halide ions and organics) [220,221,225,231-238|. Acidity does not affect the
photolysis rate constant, but it does affect which products are formed. Scharko
et al. (2014) observed decreasing production of HONO with increasing pH with
a maximum at a pH of approximately 2 and no HONO production at pH >
4, which can be explained by HONO having a pK, value of 3.2 [221]. NO,
production was observed to be constant across all pH. Relative humidity can
impact the process by regulating the NO; concentration in the liquid phase
of the aerosol as well as the HONO production through the H,O+NO, re-
action and temperature has been shown to impact the quantum yield of the
products [231,232].

Laboratory studies suggest that renoxification is driven by photolysis of
surface-bound pNOj. The absorption cross section of nitrate adsorbed on to
aluminium, ice, and silica surfaces has been shown to be up to two orders
of magnitude larger than for gas phase HNOj3 due to optimal alignment and
orientation of nitrate molecules on surfaces resulting in a red-shift of the ab-
sorption cross section compared to in gas phase. At the same time the quantum
yield of the photolysis only drops from close to 1 to > 0.6 on surfaces, lead-
ing to significantly enhanced pNOj3 photolysis compared to bulk aqueous or
gas phase HNO; [220, 225, 238]. However, it should be noted that one study
has estimated the quantum yield of the production of HONO to be orders of
magnitude lower [230]. Knowledge about quantum yields and absorption cross
sections is important to be able to extrapolate laboratory studies to atmo-
spherically relevant enhancement factors. Furthermore, Wingen et al. (2008)
showed increasing production of NO, in the gas phase from nitrate photolysis
when mixing NaNOj3 and NaCl, with increasing NaCl/NaNOj ratio [237]. This
was attributed to the nitrate ion being enhanced in the air-aqueous interface
due to the known surface affinity of halide ions pulling sodium cations closer,

and thereby drawing NOj; to the interface, where it experiences a reduced
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B Surface enhancement of NO;-

A Uptake of HNO;(g) to aerosol
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C Rapid photolysis of surface NO,
— HONO and NO,

Figure 4.1: Proposed mechanism for renoxification on nitrate aerosol.

solvent cage effect compared to in the bulk [236,237]. This surface-enhanced
mechanism is summarised in Figure 4.1. HNO; has also been shown to be
taken up on organic films, where it at least partially dissociates into H' and
NO; when in the presence of water vapour [235|. Addition of HNO3 and HCI
to acridine showed a protonation of acridine in both cases, however when pho-
tolyzed, deprotonation occurred significantly faster for HNOj suggesting the
presence of photochemistry and the possibility of organics acting as photosen-
sitizers [234].

Renoxification is important because it offers a rapid route for recycling of
NOy from inorganic nitrate, which has historically been thought to be slow due
to the low photolysis frequency of gas phase HNOj. If renoxification supplies
a substantial amount of NOy to remote oceanic regions, where sources have
previously been considered to be limited primarily to ship emissions and to
transport and decomposition of peroxyacetyl nitrate (PAN), it could have a
global scale impact on production of tropospheric oxidants such as O; and
OH, and hence on methane removal [227]. In this chapter renoxification and
NO, uptake on aerosols are investigated as potential sources of HONO in the

remote marine boundary layer (MBL) using ground-based measurements from

116



4.2. Location

the Cape Verde Atmospheric Observatory (CVAO) and aircraft measurements
over the Atlantic Ocean around Cabo Verde during the Atmospheric Reactive

Nitrogen over the remote Atlantic (ARNA) field campaigns.

4.2 Location

20°N
18°N
16°N

—{14°N

12°N

25°W 20°W

Figure 4.2: Flight tracks of ARNA-1 (coloured in red/orange) and
ARNA-2 (coloured in blue colours). The CVAO is shown as the star.

The CVAO and its measurement conditions have been described in chapter
2 and further details can be found in Carpenter et al. (2010) [114]. The FAAM
airborne laboratory is a modified BAe-146-301, 4-engine jet aircraft, equipped
with instruments to measure a range of gas-phase species, aerosol composition
and size distribution, and meteorological parameters in the atmosphere. Four
flights north-east of the CVAO were conducted during the ARNA-1 campaign
(August 19'1-20'" 2019). During ARNA-2 (February 5%-12"" 2020), flights
were targeted on locations where both dust and biomass burning outflow were
predicted to be present by 5-day within forecast model predictions, by the
NASA GEOS-CF [239] and GEOS-5 models respectively (see flight tracks in
Figure 4.2). Multiple straight-and-level-runs (SLRs) of ~ 20 minutes were
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carried out on all flights, at altitudes between 100 ft and 10,000 ft, and the

analyses in this study are focused on these data.

4.3 CVAO Measurements

Measurements of NO,, HONO and the composition of aerosols at the CVAO
have been described in detail elsewhere [44,117,191] so only a brief description
is given here. The NO, measurements and uncertainty calculations have been
described in chapter 2.

HONO was measured using a Long Path Absorption Photometer (LOPAP-
03, Quma GmbH) during three campaigns; November-December 2015 (re-
ported in Reed et al. (2017) [44]), August 2019, and February 2020. HONO
is sampled within a stripping coil into an acidic solution and derivatized with
an azo dye. Absorption of light (550 nm) by the azo dye is measured with
an Ocean Optics spectrometer using an optical path length of 2.4 m. The
technique is described in detail in Heland et al. (2001) [240] and the calibra-
tion and standard operating procedures are described in Kleffman and Wiesen
(2008) [241].

In 2015 the instrument was deployed in the CVAO guest lab sampling at a
height of 3 m and the detection limit was 0.2 pptV (2 sigma, 30 seconds), as
described in Reed et al. (2017) [44]. The same location was used in 2020 and
the detection limit was 0.7 pptV. In 2019, the instrument was deployed on top
of the 7.5 m tower and the detection limit was 1.1 pptV (2 sigma, 30 seconds).
The relative error of the LOPAP is estimated at 10%. Only measurements
from 2019 have been used in the data analysis due to the other two campaigns
sampling at low heights, with potential surface and/or enhanced surf zone
effects. The measurements from the guest lab averaged ~ 3.5 and ~ 2.3 pptV
in 2015 and 2020, respectively, compared to 4.7 pptV at the 7.5 m tower in
2020. Figure 4.3 shows the HONO measurements during August 2019.

Aerosol samples have been collected at the CVAO since 2007 and analysed
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Figure 4.3: HONO measurements made at the CVAO in August 2019.

for Na®, NH,", K", Mg®", Ca*", CI', Br, NO;, SO and C,0/ using a
standard ion chromatography (IC) technique as described in Fomba et al.
(2014) [117]. The detection limits for all ions measured by the conductivity
detection technique were less than 0.002 pg m ™3 except for calcium, which was
0.02 pg m~3. Filters were changed every 24 hours during campaigns and the
composition is assumed to be uniform across the sampling period.

The solar actinic UV flux was measured using a spectral radiometer (a 2-pi
sr quartz diffuser coupled to an Ocean Optics QE65000 spectrometer via a 10
m fibre optic cable) giving photolysis rates for a variety of species. Photolysis
rates were also modelled using GEOS-Chem as explained in section 4.5. A
comparison between the measured and modelled photolysis rates is shown in
Figure 4.4. Here we use modelled values throughout to avoid discarding data
with missing measured photolysis rates. The uncertainty in the modelled pho-
tolysis rates is estimated as the average difference between the modelled and

measured photolysis rates, as discussed in section 4.5.1.
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Figure 4.4: Measured and modelled (GEOS-Chem) photolysis rates for
HONO and HNO; at the CVAO in August 2019. The solar zenith angle
at midday was ~ 6°.

4.4 FAAM Measurements

4.4.1 NO4 and HONO

NO, and HONO were measured using differential photolysis [242], where NO,
and HONO are photolytically converted into NO (R4.6 and R4.2) followed by
NO chemiluminescence detection (R4.7-R4.8).

NO, + hv(<410nm) — NO + O(*P) (R4.6)
HONO + hv(<390nm) — NO + OH (R4.2)
NO + O3 — NO, + O, (RA.7)
NO; —= NO, + kv (>600 nm) (R4.8)

A dual-channel NOy chemiluminescence instrument equipped with two
custom-built photolytic converters was used, similar in design to that described
in Pollack et al. (2010) [107]. Each converter consists of a ~40 ¢m® quartz
cylinder with two external light emitting diodes (LEDs) to avoid heating up
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Channel 1: 385nm

NO, + NO +
HONO

Zero \—Y—}

5 min

Channel 2: 365nm
NO +

NO, +
HONO

e
Zero \—Yé\—ﬁ

30 sec 30 sec

Figure 4.5: Measurement cycles for the differential photolysis instrument
on the FAAM BAe-146 aircraft. Every time the diodes in channel 1 is on,
the diodes in channel 2 switches on and off 5 times.

the sampled air and causing an NO, artefact [108,191]. Channel 1 and 2 are
fitted with 385 nm LEDs (Hamamatsu, jNO, 1.3 s7!) to optimize the NO,
conversion and 365 nm LEDs (Hamamatsu, jNO, 1.0 s71) to optimize HONO
conversion, respectively. Channel 1 switches between zero and NO,+HONO
measurements and channel 2 switches between zero, NO, and NO,+HONO
(see Figure 4.5). Zero measurements are performed to determine the signal
due to dark current and interferences. Calibration sequences were conducted
multiple times during each flight to determine the NO sensitivity, NO, con-
version efficiencies, and potential offsets between the two channels. Standard
addition of approximately 5 ppbV NO was used to calibrate the sensitivity
and conversion efficiencies, where the offset was determined as the difference
in measured ambient NO mixing ratio, when running both channels in NO
mode at the same time. The sensitivity and conversion efficiencies for both

channels were stable during each flight making interpolation between each cal-
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4.4. FAAM Measurements

ibration appropriate.

The NO mixing ratio is determined from the NO measurements on channel
2 using the in-flight determined sensitivity. The NO, mixing ratio is therefore
estimated from the NOy+HONO measurements on channel 1 by subtracting
the signal due to NO (from channel 2) and the measured offset in the ambient
NO measurements between the two channels using the in-flight sensitivity and
NO, conversion efficiency of channel 1. The HONO mixing ratio is determined
from the difference between the two channels when the LEDs are on using
equation (4.1), where NO%365 and NO;385 are the NO, mixing ratio of each
channel if the entire signal was due to NOy and CEEZNC and CELRNO are
the conversion efficiencies of HONO for each channel [242|. As mentioned in
chapter 2 and 3 other compounds can photolyse and cause an interference in the
measurements. BrONO, is the interfering specie with the largest absorbtion
cross section (ACS) for both wavelength, however, Reed et al. (2016) [242]
showed when using 385 and 395 nm LEDs, which have similar ACSs with
BrONO, to LEDs at 365 and 385 nm, that the interference in [HONO] was
~ 3.4%|BrONO,|. As BrONO, is typically <1 pptV, the interference from
BrONO, is negligible [242].

NOJ ——NO!
HONO| = e PN Eq. 4.1
ORI GR e~ o ot

The HONO conversion efficiencies are dependent on the NO, conversion
efficiencies, so CEXSNO_CELCNO has been calibrated as one term against UV-
vis Cavity Enhanced Absorption Spectroscopy (UV-CEAS) using the Highly
Instrumented Reactor for Atmospheric Chemistry (HIRAC) [243] similarly to
Reed et al. (2016) [242]. HONO was introduced into the HIRAC chamber from
a photolytic source described in Boustead (2019) [244|. Briefly, a humidified
mixture of NO in N, is illuminated by a low-pressure Mercury vapour lamp

emitting at 185 nm. Photolysis of H,O in the presence of Oy produces OH and
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HO,, which react with NO forming HONO, NO,, and OH.

H,O + hv(=185nm) — OH + H (R4.9)
H+ 0, — HO, (RA.10)
NO + OH — HONO (R4.1)
HO,; + NO — NO, + OH (R4.11)

In addition, unreacted NO remains. A constant flow of HONO in nitrogen
was added to the chamber at a rate of approximately 1 L min~! along with a
separate flow of nitrogen to balance the sampling rates of the connected instru-
ments to ensure the chamber pressure remained constant at 1000 mbar. This
resulted in a gradual increase over time in the HONO concentration present in
the chamber. The HONO concentration was monitored by UV-CEAS. The op-
tical cavity was aligned across the diameter of the chamber positioned directly
next to the sampling location of the differential photolysis instrument. The
CEAS instrument consisted of a probe light produced by a Laser Driven Light
Source (LDLS—Energetiq EQ-99X) producing near constant radiance from
the near infrared (NIR) to the ultraviolet (UV), <200 nm. The light was then
directed into the chamber where the cavity was generated between two cavity
mirrors (99.2-99.7% from 330-370 nm). Light exiting the cavity was focused
into a fibre optic connected to the detector, a high throughput spectrograph
(CP140-103, f/2) coupled to a fast-read (1 kHz) line-array charge-coupled de-
vice (CCD) (Hamamatsu S7031).

To prevent saturation of the detector at wavelengths outside the region of
interest, a 450 nm cut off filter was used to remove the longer wavelengths
and a cuvette filled with acetone removed the peaks in the far UV, <250
nm. Measurements were taken at 30 second intervals. Data were analysed
between 330 nm and 370 nm, with the absorption spectrum plotted against
the literature cross section. The path length was determined separately by

measuring the absorption spectrum of a known concentration of NO,.
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NO m— HONO = Altitude
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Figure 4.6: Measurements of NO (black), NO, (red), and HONO (blue)
during an ARNA-2 flight with the vertical profile shown in grey. Negative
values can occur for the HONO measurements when measuring very low
concentrations since the instrument uses a difference between two channels.

The sensitivity of the FAAM NO, instrument to HONO was derived from
a linear fit (R? = 0.85, Slope/CELINO-CEE2NO = 0.775) of UV-CEAS-derived
[HONO| against differential-derived [HONO]. Measurements from one of the
flights can be seen in Figure 4.6.

4.4.1.1 Uncertainty Analysis

An extensive uncertainty analysis for NO, NO, and HONO has been performed
for each SLR during the two airborne campaigns. The precision of the mea-
surements have been determined from the zero count variability of each SLR
which is directly related to the photon-counting precision of the photomulti-

plier tube (PMT) [137]:
Zero count variability = x — X (Eq. 4.2)

where x is the individual zero measurements during a run, and X is the mean

of the measurements on the same run. The 1o precision of NO, NO;SGS, and

NO! _ were on average 0.6 pptV, 1.2 pptV, and 1.1 pptV for the SLRs, re-

2385
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spectively, using equation (4.3):

1
Precision = ° , , (Eq. 4.3)
v/number of averaging points

where o is the standard deviation of the zero count variability, which is con-
verted into a mixing ratio using the sensitivity and conversion efficiency of each
channel. The HONO precision is determined by propagating the precisions of
NO;365 and NO;385 while taking the HONO conversion efficiency into account
resulting in 2.1 pptV (10).

The calibration uncertainty consists of the uncertainties in the sensitivity
(S), the drift in sensitivity (Savf), the conversion efficiency (CE), drift in con-
version efficiency (CEqig), and the flow (Cqoy) and concentration (Ceone) of
the calibration gas (Eq. 4.4 and 4.5). Since the HONO measurements were
calibrated on the ground, the uncertainty is estimated from those measure-
ments. The calibration uncertainty of NO, NOg%s, and NO;M, and HONO

were found to be on average 2.4%, 2.6%, 2.8%, and 15%, respectively.

(Eq. 4.4)

conc

NO cal uncertainty = \/82 + Sﬁrift + Cﬁow +C2

NO, cal uncertainty = \/82 + S + Chow + C2ope + CE? + CE2 i
(Eq. 4.5)

The total absolute uncertainties of NO, NO,, and HONO are determined by
propagating the appropriate measurement precisions and uncertainties in the
calibration and drift in measurements using the rules for addition, subtraction,

multiplication, and division:

X=A+B; (6X)* = (8A)* + (8B)? (Eq. 4.6)

X =c¢x (A x B); (%)2: (%)2—1— (%)2 (Eq. 4.7)
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4.4. FAAM Measurements

A 5X\? [8A\? [SB\?
X=cx (E) : (Y) = (T) + (g) (Eq. 4.8)
The total 10 uncertainties were on average 0.8 pptV, 3.5 pptV, and 4.4 pptV,
for NO, NO,, and HONO, respectively for the SLRs.

4.4.2 Aerosol Composition

4.4.2.1 Sampling

Aerosol chemical composition was determined by off-line analysis of filter sam-
ples. Two identical inlets are mounted on the port side of the aircraft allowing
collection of duplicate samples. Air is pumped from the inlets through stacks
of filter substrates contained within housings on the inside of the aircraft. The
total air flow through the sample lines is monitored by mass flow meters.
During the ARNA campaigns stacks of two 47 mm diameter filters of dif-
ferent pore size were used; a 1 pm filter was placed at the bottom of the stack
(ARNA-1: Whatman, PTFE with polypropylene mesh back; ARNA-2: What-
man, polycarbonate, Nuclepore Track-Etch membrane) and an 8 pm filter
(Whatman, polycarbonate, Nuclepore Track-Etch membrane, 47mm diameter)
at the top, so the aerosols were divided into two size fractions according to the
nominal pore size (> 8 pm and 1-8 pm). These fractions broadly correspond
to ‘coarse’ (> 1 pm aerodynamic diameter) and ‘fine’ (< 1 pm aerodynamic
diameter) aerosol [245,246], which will be used moving forward. To minimise
sample contamination, filter holders were washed in deionised water, loaded
with filters, stacked together and wrapped in a clean polythene bag pre-flight,
and only unwrapped immediately before use. Prior to each flight, the sampling
lines were cleaned with deionised water to remove remnant material from the
previous flights. Duplicate samples were collected during the flights by in-

serting a stack of filters into each sample line, zeroing the mass flow meters,
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turning on the pump and opening the air flow. Three sets of duplicate samples
were taken during each of the four ARNA-1 flights. Usually, two sets of filters
were deployed in the boundary layer and a set in the free troposphere. During
ARNA-2 a single stack of filters were sampled on each SLR and duplicates
were only collected on days with only one flight. At least once a day a set
of blank samples was also collected by inserting the stack of filters into the
sampling line without turning the air flow on. During ARNA-1 blank samples
were collected during one of the free troposphere runs, while during ARNA-2
blank samples were collected either on the way to the sampling region or when
returning to Sao Vicente. Post-flight, the filters were removed from the units
and inserted into sterile lab tubes (CORNING Centristar, polypropylene, 50
mL (ARNA-1) and 15 mL (ARNA-2)) and kept cold (5°C) to minimise the
aerosols evaporating off the filters. Upon return to the laboratory, filters were

stored frozen (-20°C) until extraction.

4.4.2.2 Analysis

Filters were extracted by adding 3 mL ultrapure water (>18.2 MQ cm™1) to the
filter in the polypropylene storage tube then ultra-sonicating (Fisher scientific,
FB15051) for 3 x 10 min, with one minute of vortex mixing (SciQuip) after
every 10 min of sonication. Using a needle and syringe, the aqueous extract
was aspirated from the tube and passed through a syringe filter (Milex, 0.22
nm pore size) into a second, pre-cleaned tube (15 mL, CORNING Centristar,
polypropylene, cleaned with ultrapure water).

Anions (CI', NO,, NO5, Br, SO/, and C,0/) and cations (Na®, K,
NH,", Ca*", and Mg%) were determined in the aqueous extracts using ion
chromatography (IC; Thermo Fischer, Dionex-1100) with isocratic elution and
0.1 mL injection volume. The anions and cations were separated using Dionex
IonPac AS14A and CS12A columns, respectively. Eluent was prepared from
ultrapure water with Na,CO3, and NaHCO; for anions and methane sulfonic

acid for cations. Calibration standards were prepared daily using salts of
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the relevant ions (Analytical Reagent grade or better) and ultrapure water.
Standards contained between 0 pM and 500 pM of each anion and between 0
uM and 40 (500 for Na™) pM for each cation. 0.5 mL aliquots of samples and
calibration standards were pipetted into polyvials (Thermo Scientific, 0.5 mL)
and capped with a plain polyvial cap before loading into the IC autosampler.
The samples were run on the IC immediately following extraction.

Each sample was corrected for procedural contamination using the blank
samples collected on each flight. Blank corrected extract concentrations below
the analytical limit of detection (LOD) were substituted with 0.75 x LOD
as described by Chance et al. (2015) [247] before being converted to aerosol
loadings using the extraction solvent volume and the air volume passed through
each filter. The LOD was calculated as the median of the daily determined
analytical LODs from the calibration curves. Aerosol ion concentrations from
ARNA-1 and ARNA-2 are compared to previous measurements in the same
region in Table 4.2. All the measurements are in the same range as the previous
measurements except NH,", which is higher than previously reported. For the
winter samples this could be due to the air being sampled having significant
contributions from biomass burning, which is a known source of NH,", K', and
NO; [248,249]. It is also consistent with an increase in ammonia emissions
[250].

Sea-salt and non-sea-salt (NSS) components were calculated from the sea-
water ratios between sodium and other ions [251], assuming that all measured
sodium was from sea-salt. The measured concentrations of anions and cations
for each individual sample are plotted in Figure 4.7 and 4.8, respectively. Pre-
vious aerosol measurements made at the CVAO have shown that NSS Ca®"
varied from 0.01-4.44 pg m—3 over a 5 year period with the maximum concen-
trations corresponding to Saharan dust events and the minimum concentra-

tions to clean marine air [117].
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4.4. FAAM Measurements

4.4.2.3 Uncertainty Analysis

The total uncertainty in each ion has been estimated by propagation of the
uncertainties in the blanks, the calibration curve, and the air volume using
equations (4.9) and (4.10). The uncertainty in the blanks was estimated as
the standard deviation of all the blanks for each size fraction. The calibra-
tion uncertainty is determined as the 10 confidence interval of the calibration
curve by the Chromeleon 7 software used to analyse the IC samples. The
uncertainty in the air volume sampled has previously been estimated to be
0.5 L for total sample volumes up to 400 standard litre (stL) for the BAe-146
system [252], however, as the sample volumes measured in this study were
significantly higher (900-5000 stl.) the uncertainty was set conservatively to
1% of the air volume. The uncertainties associated with each ion is plotted as

error bars in Figure 4.7 and 4.8.

USample-Blank (WM) = \/ Watibration T Whlank (Eq. 4.9)

2
Ueone (%) = \/(M) Fudg (Eq. 4.10)

Sample-Blank

Additional uncertainty is associated with the sampling efficiency of the
inlet lines. Andreae et al. (2000) estimated the sampling efficiency of a similar
system on another aircraft to be good for fine aerosols, but only ~ 35% for
coarse aerosols [245]. Sanchez-Marroquin et al. (2019) characterized the inlet
system on the BAe-146, where again fine aerosols had a high sampling efficiency
but the sampling efficiency of coarse mode aerosols depended on their diameter
[253]. However, as the effect has not been quantified it has not been included

in the plotted uncertainties.
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4.4.3 Aerosol Surface Area

In situ measurements of aerosol particle concentration distributions were made
with a Passive Cavity Aerosol Spectrometer Probe (PCASP) and a Cloud
Droplet Probe (CDP), both manufactured by Droplet Measurement Technolo-

gies (DMT). A description of the processing can be found in Appendix H.

4.4.4 Photolysis Rates

Photolysis rates were measured on the aircraft using two spectral radiometers
(a 2-pi sr quartz diffuser coupled to an Ocean Optics QEPro spectrometer via
a fibre optic cable); one upward facing and one downward facing to measure
the direct solar actinic UV flux and the scattered light. The total photolysis

rate is determined as the sum of the two measurements.

4.5 Modelling - GEOS-Chem

Photolysis rates and OH concentrations were extracted for all ground and
airborne observations at nearest point in space and time from the GEOS-
Chem model (v12.9.0, DOI:10.5281 /zenodo.3950327). The model was run at
a nested horizontal resolution of 0.25x0.3125 degrees over the region (-32.0
to 15.0 °E, 0.0 to 34.0 °N), with boundary conditions provided by a separate
global model run spun up for one year. The photolysis rates are calculated

online in quadrature using Fast-JX code [254, 255].

4.5.1 Uncertainty Analysis

A comparison between measured and modelled jHONO and jHNO3; photolysis
rates during ARNA-1 is shown in Figure 4.9. The uncertainty in the modelled
photolysis rates is determined as the difference between the modelled and
measured rates for a SLR, which on average was 15 and 11% for jHONO and
JHNOj3, respectively.

133



4.6. Trajectory Analysis
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Figure 4.9: Measured (black) and modelled (red; GEOS-Chem) photol-
ysis rates for HNO3; and HONO aboard the FAAM BAe-146 aircraft. Two
flights are plotted each day creating a gap in the middle of the measure-
ments.

GEOS-Chem modelled OH concentrations have previously been compared
to observations and been shown to be simulated to within observational un-
certainty (74% to 135%, 20 confidence interval) [256]. As the OH reactions
with HONO and NO are minor contributions towards the calculated missing
HONO source described below, the OH uncertainty makes a negligible contri-
bution to the overall uncertainty, however, here we use 37% (10) for all further

uncertainty analysis.

4.6 Trajectory Analysis

For each aerosol sample, 96-hour back trajectories were modelled along the
flight track using the Hybrid Single-Particle Langrangian Integrated Trajec-
tory (HYSPLIT) model [257]. Seven out of 8 air samples taken during ARNA-1
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only travelled over the Atlantic Ocean during the 4 days before being sampled
compared to 3 out of 38 samples taken during ARNA-2 (see Figure 4.10 and
4.11). Modelled precipitation along the back trajectories was used to evalu-
ate whether aerosols could have been rained out before reaching the aircraft.

Precipitation was only observed for the ARNA-1 back trajectories.
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Figure 4.10: 96 h HYSPLIT back trajectories for each aerosol sample
during ARNA-1. All trajectories along one SLR are coloured the same
colour.
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4.7. Aerosol Classification

4.7 Aerosol Classification

The aerosol samples were divided into 5 categories based on their composition
(Figure 4.7 and 4.8), back trajectories (Figure 4.10 and 4.11) and concurrent
gas-phase measurements:

e Dust: Fomba et al. (2014) observed NSS Ca®* in particulate matter with
an aerodynamical diameter below 10 pm (PM10) to vary from 0.01-4.44
ng m—3 from 2007-2011 at the CVAO and they associated the highest
NSS Ca®" measurements with dust episodes [117]. Therefore, we cate-
gorised samples as dominated by dust if the back trajectories crossed the
Saharan desert in the previous 96 hours and contained >4 pg m=2 (99.75
nmol m~3) NSS Ca”". Tt should also be noted that the two observed dust
samples were also high in sea-salt due to being sampled at low altitude

(see back trajectories).

e Sea-salt: These samples contained high concentrations of sea-salt (Na™,
Cl') and low concentrations of NSS Ca?", NSS K", and NSS Mg*". The
back trajectories were either completely over the Atlantic Ocean (e.g.
ARNA-1 except filter 5) or close to the ocean for an extended amount of

time previous to being sampled (e.g. filter 9 and 14).

e Free troposphere: Sample 31 was observed to be low in all anions and
cations and the back trajectories associated with this sample were above
1000 m in altitude for the 96 hours before sampling, suggesting that the

free troposphere was sampled.

e Biomass burning (BB): The statistical threshold approach described by
Lee et al. (2021) [258] was used to determine whether the sampling took
place in a biomass burning plume based on CO, O3, and HCN measure-

ments. The percentage of each SLR spent in BB is plotted in Figure

137



4.7. Aerosol Classification

4.12A. The gas-phase BB filter was combined with the measured com-
position of the aerosols. Biomass burning releases potassium and nitrate
to the atmosphere, and so the ratios of these species to other aerosol
constituents may be used as tracers. Elevated ratios of NSS K to NSS
Ca”" in fine mode (<1 pm) aerosol have been associated with biomass
burning [248]. Similarly, the NO3 /NSS SO, ratio in aerosols measured
at Barbados from the trade winds from Africa has been reported to
be 0.4 during the summer, where the pollution is dominated by fossil
fuel combustion in Europe and 1.4 during the winter, where the pollu-
tion is dominated by wood and biomass burning in Africa [259]. Here,
samples are considered to be influenced by biomass burning when the
NSS K*/NSS Ca’* ratio of the <1 pm fraction was above a threshold
value of 0.24 (derived from a crustal K*/Ca®" of ~0.71 [260] and wa-
ter solubility of 24% for K™ and 71% for Ca®" in Saharan dust aerosol
[unpublished, data available via GEOTRACES IDP2017 from [261]], see
Figure 4.12B), and the NO3 to NSS SO, ratio was close to or above 1.4
(see Fig. 4.12C).

Dust/Biomass burning: The remaining samples were categorised as a

mixture of dust and biomass burning.
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4.8. Results and Discussion
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Figure 4.12: Biomass burning tracers for each SLR. (A) shows the per-
centage of the sampling time spent in a biomass burning plume, defined
according to the gas-phase biomass burning filter, for each aerosol sample.
(B) shows the NSS K as a function of the NSS Ca’" in the <1 pm size
fraction, where the black line is the 0.24 ratio. (C) shows the total NO;3 as
a function of total NSS SO, where the black line represents NO; — 1.4
x NSS SO/ . Each data point is coloured by the determined air mass cat-
egory based on aerosol composition, back trajectories, and the trace gases
sampled.

4.8 Results and Discussion

Vertical profiles of pNO;, NO, NOy, HONO, and average surface area per
cm?® are plotted in Figure 4.13C-G, where the measurements are coloured the
same colour as their respective flight track in Figure 4.13B. Each pNOj dat-
apoint represent a set of filter samples of a SLR. NO, NO,, HONO, and the
average surface area have been calculated as the average over each SLR with
a pNO; measurement. The vertical profiles of pNO;, NO, and NO, show
clear enhancements between 1500-2500 m. The air sampled in this layer pre-

dominately originated from over Africa and showed tracers of biomass burning
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Figure 4.13: Flight tracks and vertical profiles of pNO;3, NO, NO,,
HONO, and aerosol surface area during ARNA-1 (August 2019) and
ARNA-2 (February 2020). (A) shows a map over the region, where the
red box is the area shown in panel (B), (B) shows the flight tracks from
ARNA-1 in red colors and ARNA-2 in blue colors. The vertical profiles of
(C) total pNO3 (<1 pm + >1 pm), (D) NO, (E), NO,, (F) HONO, and
(G) average aerosol surface area per cm? are coloured by their respective
flight tracks as shown in (B). Each data point is an average of a SLR. The
grey vertical area in (F) shows the range of calculated HONO gas-phase
source only concentrations for each SLR during the flights using equation
4.11. The error bars represent the uncertainties described in the measure-
ment description.

and dust in the aerosol composition. Small enhancements in HONO can be
observed in the NO, /biomass burning layer as well as in the MBL, however,
with few measurements outside these two layers the enhancements are not very
clear. The mean mixing ratios of HONO (%1 standard deviation) were 18.2 &
5.9 pptV in the MBL and 14.2 + 6.4 pptV above the MBL (0.5-3.0 km). The
HONO measurements in the MBL are comparable to those made by Ye et al.
(2016) in 2013 [51], where they measured ~10-15 pptV. However, they only
saw ~ 1-3 pptV above the MBL, which is significantly lower (a factor of 5) than

what we observed. Figure 4.14 shows the average diurnal of HONO measured
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4.8. Results and Discussion

at the CVAO in August 2019, which was about a factor of three lower (4.7
+ 1.8 pptV at solar noon) than the MBL aircraft measurements, but similar
to previous measurements made at the CVAO (~ 3.5 pptV at solar noon) [44]
and at Tudor Hill, Bermuda, in marine conditions (~ 1-3 pptV) [52].

| —— HONO measured
—— HONO PSS

HONO (pptV)

0 5 10 15 20
Hour (UTC)

Figure 4.14: Average diurnal cycle of HONO measured at the CVAO
in August 2019 (red), where the shaded area shows £ the standard error
of the measurements, compared to HONO photostationary state mixing
ratios calculated from the average NO diurnal cycle using equation 4.11

(grey).

The photostationary state (PSS) HONO concentrations can be estimated
from balancing the known in situ production and loss mechanisms described

in (R4.1)-(R4.4) using equation (4.11):

k41[NOJ[OH]

HONO|pgs =
[ Jpss k4.3]OH] + JHONO + kaep

(Eq. 4.11)

where k;; and k4 3 are the rate coefficients for the reaction of OH radicals with
NO and HONO, respectively, taken from Atkinson et al. (2004) [19], jHONO is
the modelled photolysis rate of HONO and £qep, is the calculated dry deposition
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rate of HONO. HONO deposition is assumed to be negligible for the aircraft
measurements. For calculating [HONO|pgg at the CVAO, kqep was calculated
using a value of 3 cm s™! for the HONO deposition velocity [262-265] divided
by the effective boundary layer height h, which is the maximum height where
dry deposition is still relevant. h was determined to vary from 175-440 m using
the average Deardorff velocity (D,) [266] and the calculated HONO photolysis
lifetimes (THono) of approximately 12 minutes. The average Deardorff velocity
measured during SLRs at ~ 100 ft in August 2019 (ARNA-1) was determined
to be 0.3 m s~!. The grey area in Figure 4.13F shows the variability of the
calculated [HONO|pgs across all the flights and the grey line in Figure 4.14
show [HONO|pss at the CVAO calculated using an average diurnal cycle of
NO during August 2019. Throughout the vertical profile and at the CVAQO,
measured HONO levels were substantially larger than these calculated levels,
which are negligible in this very low NOy environment, demonstrating the
presence of an additional HONO source. The missing HONO source required
to supply the observed [HONO| (Puono,.,) can be estimated assuming steady

state of the know sinks and sources:

PHONOhet = (k3 [OH] +]HONO + kdep) X [HONO] — k’l [OH] [NO] (Eq 412)

In the following sections, NO, uptake on aerosols and renoxification are

evaluated as possible sources of HONO in the MBL.

4.8.1 NO, Uptake on Aerosols

Recent studies in semi-polluted and polluted environments have proposed NO,
uptake on illuminated aerosols to be an additional source of daytime HONO
[70,216,267-269]. Here this process is evaluated as a source of HONO in this
study. Assuming that all NO, taken up on aerosols converts into HONO with
a 100% yield, the HONO production rate can be determined using equation
(4.13), where k is the reaction rate coefficient for NO, uptake described by
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equation (4.14) [216]. Yno,—HONO is the reactive uptake coefficient of NO,
to generate HONO, S, is the average surface area per cm?® of the aerosols

sampled, and v is the mean thermal velocity of NOs,.

—d[NO,]  d[HONO]
T - 1 = k[NO,] (Eq. 4.13)

L — YNO,+HONO X SA X U
B 4

(Eq. 4.14)

Dyson et al. (2021) [216] found Yno,—nono on TiO, aerosols to depend
on relative humidity and the initial NO, mixing ratio with the highest uptake
coefficients measured at 25-30% relative humidity and approximately [NO,| =
50 ppbV. Yno0,-10N0 Was shown to drop from 1.26 X 10~* to approximately 4
x 107° when going from 50 ppbV to 34 ppbV of initial NO,. These values are
in good agreement with the initial uptake coefficients of NO, reported by Li et
al. (2019) [270] for mineral dust, however, the steady-state uptake coefficients
by Li et al. (2019) were significantly lower. To evaluate an upper limit of the
HONO production by NO, uptake on aerosols, a yno,_nono of 107 is used for
sea-salt and dust and 107° is used for biomass burning/soot [216,270]. Using
the maximum observed values for average aerosol surface area per cm?® and
NO, concentrations, the HONO production rate from NO, uptake on aerosols
is estimated to be less than 1 pptV h=! for all three types of aerosols, making
it negligible for the conditions of this study.

4.8.2 Renoxification

As discussed above, laboratory experiments suggests that renoxification is a
surface process, meaning if the missing source required to balance the measured
HONO concentrations is entirely due to renoxification, then it should be equal

to the product of jpNO; and pNOj at the surface [51]:

PHONOhet = ijogsurface X {pNOg]surface (Eq 415)
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However, like in previous studies [44,51,52], the total (or “bulk”) pNOj has
been determined as it has not been possible to determine the concentration at
the surface. It has therefore been necessary to define an effective photolysis

rate of the bulk pNOj3 and the observationally-derived enhancement factor,

fobs:

PHONOhet = ijOgeﬂective X [pNOS_]bUIk (Eq 416)
IPNO3 et

obs — ; Seeve Eq. 4.17

Job JHNO4 (Eq )

By combining equation (4.16) and (4.17) f,ps can be derived from available

parameters:

Prono,,
fobs = het — Eq 4.18
JHNO3 x [PNO?, ]bulk ( )

It should be noted that this definition only considers the production of
HONO and ignores the co-production of NO,. This is important to note when
comparing the enhancement factors in this study to laboratory studies which
have measured the production of all gaseous oxidised nitrogen products, al-
though it is of limited consequence if the yield of HONO is >0.9 as suggested
from a budget analysis of field measurements [271].

[PNO3 |buie on the aircraft has been determined as the total nitrate con-
centration (>1 pm + <1 pm). The ground-based [pNOj|pux are 24-hour
averages of PMyy. All other relevant measurements on the aircraft have been
determined as averages over the time of each aerosol sample and the ground-
based have been averaged daily using the midday (11.00-16.00 UTC, local+1)
measurements due to the sampling time for the aerosol composition being 24
hours.

Figure 4.15A shows the missing HONO source derived from the aircraft
and ground-based HONO observations using equation (4.12) plotted against
JHNO3 X [pNOj |puix and coloured by the dominant aerosol type. The observed
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4.8. Results and Discussion

enhancement factor, f,,,, can be determined as the slope of the plot, however,
no linear relationship can be observed from the measurements unlike the study
by Ye et al. (2016) [51]. Nevertheless, the ground-based measurements here
(Figure 4.14) and in previous studies [44,52] show unexpectedly high daytime
concentrations of HONO, consistent with a photochemical mechanism. The
average f,,. derived for air masses dominated by sea-salt, dust, and biomass
burning were 157 (range 54-296), 125 (two data points), and 38 (range 1.5-
112), respectively. The sea-salt and dust-dominated samples give similar values
to those derived by Ye et al. (2016) of 150-450 using the same approach as
used for Figure 4.15A for airborne measurements over the Atlantic Ocean [51].
However, the values derived for biomass burning and for the ground-based
CVAO sea-salt aerosol measurements (f,,, of ~10 - 60) are significantly lower,
but in good agreement with previous estimates at the CVAO of ~ 10 [44].
This is not surprising since renoxification has been shown to be dependent
on chemical composition, acidity, humidity, temperature, and distribution of
pNOj in the aerosols [216,221,225,226,231-238,272-274].

Ye et al. (2017) conducted laboratory photolysis experiments on aerosol
filter samples collected from urban, suburban/rural, and remote areas, and
measured the production of HONO and NO, when exposing the filters to light

[223]. Their reported jpNO have been converted into enhancement

3 effective
factors using jHNO; = 7 x 1077 s7!, which corresponds to typical tropical
summer conditions on the ground (solar elevation angle § = 0°) as simulated
in their light-exposure experiments and plotted as grey triangles in Figure
4.15B together with their empirical fit to the data (grey dashed line). They
observed a strong decrease in enhancement factors with increasing [pNO; |puk.
The derived f,,s from Figure 4.15A is also plotted as a function of measured
[PNO3 |puik in Figure 4.15B, where f,s can be observed to decrease rapidly with
increasing [pNO3 Jpunc by approximately an order of magnitude from ~ 250 in

marine and free tropospheric air with [pNO3 Jpux < 10 nmol m™* (260 pptV)

to ~ 25 in biomass burning air masses associated with [pNOj |pui of > 50 nmol
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4.8. Results and Discussion

m~3 (1500 pptV).

As discussed above, nitrate has been shown to exhibit surface activity
caused by the co-presence of halide ions and/or organic films. The samples
dominated by sea salt and dust are expected to be liquid due to the RH of those
samples all being above 80%. The other samples were taken at significantly
lower RH (5%-70%), which could mean they were solid. However, a study of
water uptake on particles showed that pure KNO; particles grew continuously
when increasing the RH from 0% to 100% without deliquescing [275]. As all
the biomass burning samples are high in both potassium and nitrate, it does
not seem unlikely that they will contain some water as well. Assuming that
nitrate behaves as a surfactant in liquid (deliquesced) aerosol, then the parti-
tioning between the equilibrium surface and equilibrium bulk nitrate can be

described using a Langmuir adsorption isotherm:

Q" x K1, x [pNO3 |pui

pNO_ surface — —
[ 3 ] f 1+ KL X [pNOB ]bulk

(Eq. 4.19)

where @ is the maximum loading of adsorbate NOj3 corresponding to com-
plete monolayer coverage and Kj, is the Langmuir equilibrium constant of NOj'.
The concentration of pNO; at the surface reaches a saturation point when
full monolayer coverage is reached even if the bulk concentration of pNOj
increases. This implies, if renoxification is a surface reaction, that fs will
level off at high [pNOj |pux as observed in Figure 4.15B. By combining equa-
tion (4.15), (4.18), and (4.19) the dependence of fus on [pNOj |puk can be
described:

_ PHONOhet _ ijO?Tsurface [pNOQ’T]SUTfaCG
fobs X

= - = . Eq. 4.20
JHNO3 x [PNog ]bulk JHNO3 [pNO3 ]bulk ( )
N 3 surrace 0 K
fope = 1% PNOg Joustace __ J X @ X Ky (Eq. 4.21)
[PNO3 Jpux 14+ Ki, x [pNO3 Jpuik
where f = ijO?Tsurface/j HNOs3.
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Equation (4.21) was fitted to the fus derived from the aircraft measure-
ments (coloured circles) to derive the equation parameters, shown by the black
line in Figure 4.15B. The reasonable fit (R?> = 0.66) of the Langmuir model
demonstrates a potential explanation for the strong negative dependence of the
renoxification enhancement factor on [pNO3 |puk. It should be noted that the
[PNO3 |buic used is a lower limit meaning the derived f,s are upper limits due
to the sampling efficiency of coarse mode aerosols (>1 pm) has been shown
to be lower than 100% for aircraft measurements (245,246, 253|. The effect
of the sampling efficiency of coarse mode aerosols have been investigated in
Figure 4.16 by varying it from 100% (Figure 4.16A and Figure 4.15B) to 40%
(Figure 4.16D). The fit can be observed to essentially be identical whether the
sampling efficiency is 100% or 40% for coarse mode aerosols. The fit to the
data levels off at a f,s of 837 when reaching [pNO3 |pux < 0.01 nmol m™? (0.26
pptV) resulting in a photolytic lifetime of ~ 28 minutes when assuming jHNO3
= 7 x 1077 s71. This suggests that pNO;3 can be depleted from aerosols with
extremely low [pNO;3 |puik-

Recent laboratory experiments (grey box in Figure 4.15C) and field obser-
vations of NO,/HNOj ratios (blue box) have derived enhancement factors of
<30. This has lead them to suggest that renoxification only plays a limited
role in atmospheric chemistry and the recycling of NO, [226,228|. Both studies
were, however, carried out under very high pNOj3 mass concentrations where
the Langmuir model predicts low enhancement factors with a small dependence
on pNOj3 across the concentration ranges explored (Figure 4.15C).

It is evident from the difference in enhancement factors observed for air-
borne sea-salt samples and measurements at the CVAQO, which were also dom-
inated by sea-salt (Figure 4.15B and C), that aerosol parameters other than
the nitrate abundance play a significant part in renoxification. One potential
reason for the lower enhancements found in ground-based studies compared to
aircraft observations is that the surface measurements experience fresh rather

than aged sea salt aerosol, due to sampling within the surf zone. As discussed
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Figure 4.16: Figure 4.15B replotted, where the sampling efficiency of
coarse mode aerosols (>1 pm) have been set to 80% (B), 60% (C), and
40% (D) while the fine mode (<1 pm) is set to 100%. The black dashed
lines are the Langmuir fit for the data points, and the grey dashed lines

in panel B, C, and D are the fit when setting the coarse mode sampling
efficiency to 100%.

above, Scharko et al.

(2014) observed decreasing HONO production from

renoxification with increasing pH until no HONO production was observed at

pH > 4 ]221]. Sea water has been measured to have a pH of approximately 8,

however, sea-salt aerosols have been shown to be acidified in less than two min-

utes from being emitted by sea spray to reach a pH of ~2 for <1 pm aerosols

and ~4 for >1 pm aerosols [276]. The ground-based HONO measurements

could therefore be representative of renoxification of freshly emitted sea-salt

aerosols with a higher pH than the aerosols sampled on the aircraft resulting

in a lower HONO production.
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4.9 Conclusion

This study shows that the observed enhancement factor of photolysis of pNOg
compared to gas-phase HNOj3, when only looking at the production of HONO,
decreases rapidly with increasing pNOj . This suggests that a major factor in
renoxification is the distribution of pNOj, which can potentially be explained
by a Langmuir adsorption isotherm, which reconciles large discrepancies in pre-
viously reported enhancement factors. However, it does not exclude that other
parameters such as acidity, composition, temperature, and humidity have an
impact either on the enhancement of the photolysis rate or on the products
formed from the reaction as significant differences can be observed between
ground-based and airborne marine measurements. The results suggest that
renoxification is an important mechanism for recycling nitric acid in the atmo-
sphere and is an active process on a variety of ambient aerosols, which could

have significant implications on atmospheric oxidants.
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Chapter 5

Summary and Conclusions

The work presented in this dissertation has improved our knowledge of nitrogen
oxides (NOx = NO + NOy) sources and cycling in the remote marine boundary
layer (MBL) by evaluating the reliability of NOy measurements performed at
the Cape Verde Atmospheric Observatory (CVAO) and using the resulting
unique dataset together with airborne measurements to explore fundamental
processes in the atmosphere.

Atmospheric NOy has been measured at the CVAO in the tropical Atlantic
(16° 51’ N, 24° 52> W) since October 2006, where NO, is measured via pho-
tolytic conversion to nitric oxide (NO) by ultra violet light-emitting diodes
followed by chemiluminescence detection. These measurements represent a
unique time series of NO, in the background remote troposphere. However,
conversion of NO, to NO is often associated with photolytic and/or thermal
artefacts causing an overestimation of NO, [107,108,132,170,172-174], which
has the potential to significantly affect remote measurements where mixing ra-
tios are of the order of pptV. By changing the NO, converter from a blue light
converter (BLC) with internal diodes to a custom-built photolytic converter
(PLC) with a quartz photolysis cell and external diodes, thermal artefacts were
believed to be minimised. NO, measurements using the new PLC were shown

to be in good agreement with artefact corrected BLC measurements giving
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confidence in the quantitative measurement of NOy at very low levels.

The unique NO, dataset from the CVAO was utilised in chapter 3 to in-
vestigate fundamental oxidation processes in the remote MBL. Deviations in
the photostationary state (PSS) equilibrium between NO and NO, have pre-
viously been used to infer missing oxidants everywhere from highly polluted
regions to the extremely clean conditions observed in the remote MBL, which
has been interpreted as missing understanding of fundamental photochem-
istry [158,161,164]. Here, contrary to these previous observations, a good
agreement between observed NO, and PSS-derived NO, ([NOy|pss ext.) calcu-
lated from photochemical model predictions of peroxy radicals (RO, and HO,)
and measured NO, O, and jNO, was observed in extremely clean air contain-
ing low levels of CO (< 90 ppbV) and VOCs when considering potential con-
tributions from NO, artefacts. In clean air containing small amounts of aged
pollution (CO > 100 ppbV), higher levels of NO, than inferred from the PSS
were observed, with [NOs]ops./[NOg]pss ext. of 1.12-1.68 (25'1-75" percentile).
This implied 18.5-104 pptV (25"-75'" percentile) of missing RO, radicals or
an additional artefact which would have to be on average 3 times greater than
the maximum calculated from known interferences. The net ozone produc-
tion rate (NOPR) was calculated using both the modelled and PSS-derived
peroxy radicals and compared to the observed to evaluate the effect of the
additional RO, radicals. If the missing RO, radicals have an ozone production
efficiency equivalent to that of methyl peroxy radicals (CH30,), then the cal-
culated net ozone production including these additional oxidants is similar to
that observed, within estimated uncertainties, once halogen oxide chemistry
is accounted for. This implies that peroxy radicals cannot be excluded as the
missing oxidant in clean marine air containing aged pollution, however, there
is also no robust evidence of the missing oxidant being Os-producing.

Observed mixing ratios of HONO at the CVAO exceed what would be ex-
pected from the extremely low abundance of NOy at this remote site, suggest-

ing a missing HONO source in the MBL. The origin of the missing HONO
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source was investigated in chapter 4 using the CVAO measurements sup-
plemented by HONO measurements together with airborne measurements of
HONO, NO, particulate nitrate (pNOj ), and aerosol surface area. The miss-
ing HONO source was determined to vary from ~ 6.5-140 pptV h~! across the
airborne straight-and-level-runs (SLRs). NO, uptake on aerosols and photol-
ysis of particulate nitrate were investigated as potential sources. Uptake of
NO, on aerosols has been proposed as a source of HONO/NO, in polluted
and semi-polluted regions [70, 71, 73], however, with the limited availability
of NO, in the MBL (~5-50 pptV), the maximum production rate from this
source was calculated as ~1 pptV h™'. Formation of pNOj; has long been
considered an irreversible sink for NO,, however, recent studies have proposed
that photolysis of pNOj; could be an important source of nitrous acid (HONO)
and NOy in the MBL [44,51,52]. Enhancement factors (f) of this “renoxifica-
tion” process, when comparing the photolysis rate of pNO; to the photolysis
rate of nitric acid (HNOj3), has been reported to vary by orders of magni-
tude [51, 52,219, 222-224, 226, 228, 229|, but there has been no mechanistic
explanation for why such variability occurs. In chapter 4 the process was in-
vestigated using primarily airborne measurements of aerosols with a variety of
origins (sea-salt, dust, and biomass burning). No linear relationship was found
when assuming that the entire missing HONO source was due to photolysis of
pNO3, however, the estimated f,, for each aerosol sample could be observed to
decrease with increasing pNOj concentrations. This is consistent with the rate
of HONO production being controlled by surface-enhanced nitrate ions, a phe-
nomenon suggested by theoretical and laboratory studies [220, 225, 236-238|.
Large discrepancies in reported f across laboratory and field studies can be
largely reconciled through this surface-mediated mechanism.

Both the observed missing oxidants in chapter 3 and the HONO production
from renoxification on a wide range of aerosols in chapter 4 can have important
implications for atmospheric oxidants such as OH and O3 and their trends in

both polluted and clean environments.
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5.1. Outlook

5.1 Outlook

Since the biggest uncertainties on NOy measurements are due to noise in the
form of precision and artefact measurements, the obvious way to improve the
measurements would be to change to a direct measurement technique such
as Laser Induced Fluorescence (LIF). LIF instruments have a better precision
than chemiluminescence and excites NO and NO, at wavelengths where there
should be no artefact.

In the future it would be useful to identify the source of the spikes in the
dataset, which are currently being removed before doing any data analysis
as they are not representative of the background measurements. One possible
source could be local fishing boats. It has therefore been discussed to hire one of
them to sail past the observatory for a few hours and follow the measurements.
Another measurement that would be useful when investigating remote NOy
chemistry is total NOy. There are plans to add this in the Autumn/Winter of
2022.

It is evident from the deviations from NO-NOo-O3 photostationary state
when CO > 100 ppbV discussed in chapter 3, that year-long HO, and RO,
measurements at the CVAO could help determine the origin of the “missing
ROy”. While total RO, (HO,+RO;) measurements conducted by chemical
amplification would be a start, the measurements would still be subject to
the same challenges as previous measurements from short field campaigns in
the same region. The ideal solution would be having a direct measurement,
which does not depend on chemical amplification and can differentiate between
different types of peroxy radicals, so the different rate coefficient can be taken
into account. Chemical Ionization Mass Spectrometry (CIMS) has been shown
to be able to measure different peroxy radicals (eg. CH30,, CH3C(O)Os,
(CHj3)3CO,, and ¢c—CgH;,0,) simultaneously [277], however, the reported limit
of detection for each radical makes it unsuitable for use in the field at this stage.

Measurements of methyl peroxy (CH30;), which is expected to be the most
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5.1. Outlook

abundant peroxy radical in the MBL and is one of the few peroxy radicals
used for chemical amplification calibrations, could be used to validate model
predictions and thereby help bridge the gap in our current understanding of
fundamental oxidation processes. CH;0, concentrations as low as 1.1 x 108
molecule cm™3 (~4 pptV) has been detected by fluorescence assay by gas
extension (FAGE) in the laboratory when averaging over an hour, which is
comparable to ambient concentrations [278].

Most HONO instruments were developed to measure HONO in urban areas,
where the concentrations observed are significantly higher than those observed
in the remote MBL, however, the measurements shown in chapter 4 clearly
shows a need for an airborne instrument with the limit of detection (LOD) of
a Long Path Absorption Photometer (LOPAP), but with a higher resolution
and which can either be calibrated in-flight or at the very least directly before
and after a flight. The HONO LOD of the differential photolysis instrument
used in chapter 4 is approximately 2.1 pptV (10) when averaging over a SLR
(~20 min), which is good enough if no rapid changes in concentration are
observed. However, it currently cannot be calibrated while on field work. This

could be solved by bringing a portable calibration unit like the one described

by Lao et al. (2020) [279].
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Appendix A

O 3 Correction

NO and NQO, are in photostationary state in the atmosphere, where NO reacts

with O3 to give NO, and NO, is photolysed to NO:

kxo+os

NO, + hv(<410nm) NO + O(°P) (RA.2)

When measuring NO and NO,, NO continues to react with ambient O3 in
the sample line to the instrument, however, no photolysis occurs in the sample
line causing an underestimation of NO and an overestimation of NOy. This

can be corrected using the equations described below.

A.1 NO Correction

Since NO only reacts with O3 in the line and is not photolysed back to NO
as it would be in the atmosphere during daylight, the decrease in NO can be
described by a simple rate equation:

d[NO]
dt

= —Fkx0+03]03][NO] = —ko3[NO] (Eq. A1)
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where kxoio3|O3] = kos. By integrating between time = 0 and the time it

takes to reach the reaction cell (t = tg) the following is obtained:

[NO]El o
In ( NOl, ) = —kos X tgy (Eq. A.2)
[NO]O = [NO]El X ekO3XtE1 (Eq A3)

where [NO]p and [NO|g; are the NO mixing ratio at the inlet and that measured
by the PMT, respectively.

A.2 NO, Correction

NO, is measured by converting it photolytically into NO and reacting the NO
with O3 to produce excited state NO, which emits chemiluminescent light as
it drops to the ground state. The measured mixing ratio of NO, is calculated
from the NO signals with (|[NOJgs) and without (|[NOJ|g;) the converter on and

the conversion efficiency of the converter (SC):

NOJgz — [NOJg,
Sc

[NOsJy = | (Eq. A.4)

To correct the measured NO, mixing ratio for reactions with Os, the following
needs to be taken into account:

e NO reacts with Oj in the line before reaching the converter.

e NO, is photolysed into NO at the same time as NO continues to react
with Oz inside the converter.
The photostationary state of NO and NO, inside the converter can be
described by the following equations:

[NOJpss = [NOJo + A[NO] (Eq. A.5)
[NOQ]PSS = [NOQ]O - A[NO2] (Eq A6)
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where [NOJpgs and [NO,|pss are the photostationary state mixing ratios of
NO and NO,, respectively, [NO|o and [NO,|, are the mixing ratios of NO
and NO, at the entrance of the inlet, and ANO and ANQO, are the change in
NO and NO, inside the converter. The change in NO and NO, will be equal
since the only reactions occurring are reactions RA.1 and RA.2. Thus, the

photo-stationary state can be written as:

[NOJpss = [NOJo + [NOzJo — [NOgJpss (Eq. A.7)

[NOglpss = [NOgJo — ([NOJpss — [NOJo) = [NOs]o + [NOJo — [NOlpss
(Eq. A.8)

In photostationary state, reactions A.1 and A.2 react with the same rate,

which can be written as:
kog X [NO]PSS = jc X [NOQ]PSS (Eq A9)

where j¢ is the photolysis rate of the converter. Combining equation A.8 and

A.9 gives the following equations for the photostationary state of NO:

INOJpss = 2% x [NOalpss = 2 x ([NOsJo + [NOJo — [NOJpss)

kos kos
(Eq. A.10)
[NO]pss = ]—C X ([NOQ}O + [NO]()) — ]—C X [NO]pss (Eq All)
]{703 kO3
. kon + i
(1 + ]—C) X [NO}pss = (03—]0) X [NO]pss
]{703 k03
- ]j_c % ([NOsJy + [NOJ]y) (Eq. A.12)
03
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[NO]pss = <kof%]c> X ]j—; X ([NOQ]O + [NO]())

jo
_ (m) X (INOsJo + [NOJy)  (Eq. A.13)

By combining equations (A.9) and (A.13), the photostationary state of NO,

in the converter can be obtained:

k‘og kOS ( jC )
[NO2]pss o [NOJpss o o—— ([NO2]o + [NOJo)
(Eq. A.14)
k
[NOg]pss = (L> X ([NOQ]O + [NO]O) (Eq A15)
kos + Jjc
The photolysis rate inside the converter is given by:
—In(1-—S
jo = ¥ (Eq. A.16)
c2

where tcg 1s the time the air is in the converter while it is on.

Inside the converter, the NO mixing ratio moves towards photostationary
state (|[NOJpss) with a rate of koz + jc since some of the NOy being photolysed
to NO in the converter will react with Os in the sample to regenerate NOs.
This can be described by equation (A.17), where [NOJy, is the NO mixing ratio

at the entrance of the converter:

[NOJgz = [NOJpss — ([NOJpss — [NOJp,) x el (Fostic)xtc2) (Eq. A.17)

[NO]EQ — [NO]PSS _ [NO]PSS w e(—(kos+jc)xtcz) _ [NO]L x e(=(koa+jc)xtes)
(Eq. A.18)

[NO]E2 — [NO]PSS % (1 _ e(—(ko3+jc)><tcz)) _ [NO]L « e~ (kos+jc)xtcz2)
(Eq. A.19)

The NO mixing ratio at the entrance of the converter can be estimated

from the loss of NO to Oj in the line in the same way as the ozone corrected
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NO mixing ratio could be determined:

[NOJ, = [NOJg x el7hosxt) = [NQJg,; x elhosxte) i o(-kosxtn) (. A .20)

[NO]L = [NO]El X e(kO?’XtCl) (Eq A21)
Equations (A.19) and (A.21) are combined to give equation (A.22):

[NOJgz = [NOJpgs x (1 — e(T(kostic)xtc2)y _ INQJg; x elkosxter=(kos+ic)xtoz)

(Eq. A.22)

INOlpss is isolated to give equation (A.23):

NO]E2 _ [NO]El % e(koaxtai—(kos+jc)xtaz2)
(1-— e(—(ko3+jc)><tcz))

Lastly equations (A.13) and (A.23) are combined to give equation (A.24)

and rearranged to give the ozone corrected mixing ratio in equation (A.25):

(kzoj—ijc) x ([NOsJ + [NOJo) =

[NO]E2 _ [NO]EI % elkosxta1—(kos+ic)xtcz)

(1 — e(~(kostic)xtca)) (Eq. A.24)
INOgJo =
kO?) + jC % [NO]EQ - [NO]El X e(koéxtc1—(ko3+j0)><tcz) - [NO]O
Jc (1 — e(—(k03+Jc)><tcz))
(Eq. A.25)
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A.3 Low O3 Concentration

At low O3 concentrations ko3 tends towards 0 and becomes very small com-

pared to jc, such that the calculations for NO and NO, become:

NOJo = [NOJg, (Eq. A.26)

NOuJo = (j—c) « <[NO]E2 — NOJm x e(mm)) _INOly  (Eq. A.27)

jo 1 — e(—JcXte2)

{NO]EQ — [NO]El X e(_jCXtCZ) _ [NO]EI + [NO]El X e(—chtcg)

[NO2]O B 1 — e(—joxtcoz)
(Eq. A.28)
INO]y = [INOJg2 - [NOJe1 _ [NOJgs —_[NO]El _ [NOJgs — [NOJs
(1—etieron) (M) e S
(Eq. A.29)

A.4 Example Calculation

An example calculation of the O3 corrections is shown below, assuming a con-
version efficiency of 50% (SC = 50%), a time of 3.3 s from the inlet to the
converter (t, = 3.3 s), a residence time of 1 s for the sample in the converter
whether the converter is on or not (tq; = teo = 1 8), an ozone mixing ratio of
30 ppbV, a temperature of at 298 K and therefore, using k(O3 + NO) = 1.8
x 107 cm?® molecule™ s7!, a kos — 0.013 s~'. We start with uncorrected
mixing ratios (i.e. measured mixing ratios) of [NO|y = 10 pptV and [NOs|y
= 30 pptV:

[NOJg; = 10pptV (Eq. A.30)
[NOJg2 = 30pptV x 0.5 + 10pptV = 25pptV (Eq. A.31)
—In(1—S —In(1-0.5
jo = n(tc2 o) _ it 1s ) - 0.695" (Eq. A.32)
[NOJp = [NOJg; x eFosXe = 10 pptV x 00135 ™Ix43s — 10 6 pptV
(Eq. A.33)
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[NO2o =
—kog e X [NOJg2 — [NOJg; x e(kosxtc1—(koz+jc)xtoz) N0
Jc (1 — e(~(kos+ic)xtca)) 0
~{0.69 s714+0.013s7! "
B 0.69s 1
25 pptv - 10 pptv X 6(0'013571XlS—(O.013571+0_695*1X1S)
( (1 — e(=(0.0135714+0.69571)x15)) — 10.6 pptV

= 1.02 x 39.6 pptV — 10.6 pptV = 29.7pptV (Eq. A.34)

This gives a small increase in NO mixing ratio (0.6 pptV or 5.7%) and a

small decrease (0.3 pptV or 1%) in NO, mixing ratio under these conditions.
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FLEXPART Description

The FLEXPART back-trajectories were run by Matthew Rowlinson, Univeristy
of York, and the description was written by him.

Back-trajectories are produced using FLEXPART, a Lagrangian particle
dispersion model [138,139]. Although originally designed to simulate disper-
sion of pollutants from a point source, FLEXPART has been developed into a
comprehensive tool for simulating atmospheric transport. FLEXPART is run
offline using meteorological reanalyses or forecasts and can be run either for-
wards or backwards in time, sampling particles on a global longitude-latitude-
altitude grid and enabling analysis of the source regions of a plume [280]. The
planetary boundary layer (PBL) height is calculated using a Richardson num-
ber threshold [281], turbulence is parameterised using the standard gaussian
model [138] and the convection parameterisation is based on Emanuel and
Zivkovié-Rothman (1999) [282]. FLEXPART has been extensively evaluated
and shown to be a useful and reliable resource [139,283-285|, particularly for
investigating transport and sources of pollution [286,287|.

Here, FLEXPART version 10.4 is used in backwards mode, driven by pres-
sure level data from Global Forecast System (GFS) reanalyses at 0.5° x 0.5°
resolution. 10-day back-trajectory simulations are initialised every 6 hours,

releasing 1000 particles from the CVAO site.
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NOx Measurement Parameters
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Monthly Diurnal Cycles at the
CVAO
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Appendix E

Calculations of Photolysis Rates

The photolysis rates at the CVAO has been processed and described by Dr.
Katie A. Read, NCAS and University of York. Calibrations have been per-
formed by Dr. Lisa K. Whalley, NCAS and University of Leeds.

E.1 Photolysis Frequencies

The spectral radiometer located at a height of 7.5m provides a direct measure-
ment of solar actinic UV flux and thus determination of atmospheric photolysis
frequencies. The instrument consists of a 2-pi sr quartz diffuser coupled to an
Ocean Optics spectrometer via a 10m fibre optic cable. It operates between 200
and 1000nm, calibrated between 250-750nm at 1 nm resolution. It utilises a
Hamamatsu, back-thinned FFT-CCD detector with >90% quantum efficiency
at 700nm. It has an integration time of 1 minute.

The instrument was calibrated in 2016 and again in 2019 against a 1000
Watt (FEL) quartz-halogen tungsten coiled coil filament lamp at the University
of Leeds (Gooch and Housego NIST traceable FEL 1000-Watt lamp Standard
of Spectral Irradiance (OL FEL-A)) bearing the designation F-1128. Providing
the fibre optic cable isn’t changed the calibration is relatively constant over a
number of years (~7% drift in 10 years, [288]).

47 photolysis rates are calculated using Python code developed by L. K.
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Whalley at the University of Leeds based on accurate absorption cross section
and quantum yield from literature (http://chmlin9.leeds.ac.uk/MCMv3.3.1/
parameters/photolysis.htt)

Solar radiation is measured from the same location with a Campbell Sci-
entific sensor, SP-110 pyranometer. The sensor measures total sun and sky
solar radiation over a spectral range 360 to 1120 nm encompassing most of the
shortwave radiation reaching the surface. It measures a maximum of 1000 W

m-2 (200mV) in full sun, 0.2mV per W m~2 at 5% accuracy.

E.2 jO('D) Calibration

Due to the errors in the measurement of O(!D) at lower wavelengths using the
spectral radiometer, for 1 month in 2020 jO(!D) was further evaluated using
a co-located measurement made with a jO('D) 2pi filter radiometer (Metcon
GmbH) [288|.

The jO(!D) filter radiometer output is proportional to the corresponding
photolysis frequencies and the absolute calibration was determined during an
intercomparison exercise when the instrument was run alongside a reference
spectroradiometer [288]. The data from the two instruments is shown below

in Figure E.1.
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Figure E.1: Comparison of jO('D) measurements using a filter radiome-
ter and a spec-rad.

E.3 Other Photolysis Rates

The calibration of the spectral radiometer in 2019 is assumed to be accurate for
the calibration of other photolysis rates which photolyse further into the visible
spectrum however the earlier calibration in 2016 may have been affected by
reflections due to some issues with the calibration procedure. During this ear-
lier calibration the spectral radiometer observed more light through reflections
than that directly emitted by the lamp, leading to a higher sensitivity than
reality and under reading of the measurements in the early years. Therefore,
we have used the correlation of photolysis rates with solar radiation in 2020
between the hours of 09.00-17.00 to calculate the photolysis rates prior to this
date. An example of the correlation for jNOy can be observed in Figure E.2
and the calculated photolysis rates are compared to the measured photolysis

rates in Figure E.3.
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Time Series from the CVAO
2017-2020
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Appendix G

Halogen Chemistry

Table G.1 Bimolecular reaction mechanisms added to the MCM.

Rate coefficient

(em™3 molecule™ s71) Ref.
Br + O3 — BrO + O, 1.6 x 10711 x e(=780/T) [289]
BrO + HO, — HOBr + O, 4.5 x 10712 x e460/T) [289]
Br + HO, — HBr + O, 4.8 x 10712 x e(=310/T) [289]
HBr + OH — Br + H,0 5.5 x 10712 x (200/T) [289)
BrO + NO — Br + NO, 8.8 x 10712 x (260/T) [289]
BrO + BrO — 2 Br + O, 2.4 x 10712 x o(0/T) [289]
BrO + BrO — Bry + O, 2.8 x 107 x (860/T) |289]
Br + CH3;CHO — HBr + CH3CO 1.8 x 1071 x e(=460/T) [210]
Br + HCHO — HBr + HCO 7.7 x 10712 x (=980/1) [210]
I+ HO, — HI + O, 1.5 x 1071 x (~109%/T) [289]
OH + HI — T + H,0 3.0 x 1071 [289]
10 + NO — T + NO, 8.6 x 10712 x (230/T) [289]
[+ 03— 10 + O, 2.0 x 107 x o(=830/T) [289]
I0 + HO, — HOI + O, 1.4 x 10711 x e(540/T) [290]
HOI + OH — 10 + H,0 5.0 x 10712 [291]
10 + 10 — I + OIO 5.4x 1071 xe(180/T) % 0,38 [290]
10 + I0 — 1,0, 5.4x 1071 xe(180/T) % 0.62  [290]
IONO, (+M) — IO + NO, (+M) 1.1 x 105 x e(12060/T) [290]
OIO + OIO — products 1.5 x 10710 [292]
I0 + OIO — products 1.5 x 10710 [292]
BrO + 10 — Br + 0.8 OIO + 0.2 T + 1.5 x 107! x ¢®10/T) [290]

0.2 O,
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Table G.2 Termolecular reaction mechanisms added to the MCM.

n = (14 (log;o(ko x [M]/ks))?) ™"
k= (ko[M]/(1 + ko[M] /o)) x 0.6 Ref.

OH + OH (+M) — ko= 6.9 x 1073 x (T/298)~1

Hy0y (+M) koo = 2.6 x 1071 [289]
BrO + NO, (+M) — ko = 5.5 x 1073 x (T/298)~31

BrONO, (+M) koo = 6.6 x 10711 x (T/298)729 [289)
Br + NO, (+M) — ko = 4.3 x 10731 x (T/298)~ %4

BrNO, (+M) koo = 2.7 x 1071 [289]
10 + NO,y (+M) — ko = 7.7 x 1073 x (T/298)~35

IONO, (+M) koo = 7.7 x 10712 x (T/298)1® 289

Table G.3 Thermal decomposition reaction mechanism added to the MCM.

Rate coefficient (s71) Ref.
BrONO, — BrO + NO, 2.8 x 10" x e(~12360/T) [293]

Table G.4 Photolysis rates of gas phase species added to the MCM.

Reference for absorption cross
section and quantum yield

BrO + hv — Br + O |19]
HOBr + hv — Br + OH [19]
BrONO; + hv — BrO + NOy [19]
BrONO; + hv — Br + NO;3 [19]
BrNO, + hv — Br + NO, [19]
HOI + hv — 1 + OH [19]
10+ hw—1+0 [19]
OI0 + hu =1+ O, [19]
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Aerosol Surface Area

The aerosol surface area measurements were conducted and processed by Dr.
Graeme J. Nott, FAAM Airborne Laboratory, and this description was written
by him.

In situ measurements of aerosol particle concentration distributions were
made with the Passive Cavity Aerosol Spectrometer Probe (PCASP) and the
Cloud Droplet Probe (CDP), both manufactured by Droplet Measurement
Technologies (DMT). These instruments are both laser scattering based optical
particle counters, operating at 632.8 nm and 658 nm for the PCASP and CDP
respectively. Nominal particle size ranges are 0.1-3 pm and 3-50 pm and a
composite particle size distribution was constructed using the two instruments
to cover the entire size range. Both instruments had a sample rate of 1 Hz.
They were mounted on underwing pylons, the CDP is open path while the
PCASP uses a pump and very short inlet. The same CDP was used for both
campaigns while different PCASPs were used due to changes in instrument
serviceability.

The instruments were calibrated as described by Rosenberg et al. (2012)
[294]. The CDP was cleaned and calibrated throughout the campaigns on ev-
ery flying day. An average calibration was calculated for each campaign and

applied to all flights in that campaign. The PCASP was calibrated in the
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laboratory before or after the campaigns with each calibration applied to all
flights within the campaign. The sample flow rate through the PCASP was
calibrated with a Gilibrator-2 Calibrator (Sensidyne). The size calibration
determines the range of scattering cross-sections associated with each of the
thirty bins of both instruments. For computational simplicity, spherical par-
ticles were assumed so that Mie theory could be used to calculate equivalent
particle diameters. The predominant aerosol type was identified as described
in section 6 for each run. Size calibrations were calculated for three different
types of aerosol runs; runs in sea salt aerosol, runs in mineral dust, and runs
in a combination of biomass burning aerosol and dust. Despite any mix of
particle type in a single run, the most appropriate size calibration was applied
to all particles in that run.

Sea salt dominated runs were at altitudes less than 300 m above the sea
surface. The OPAC database [295,296] includes the optical properties for both
accumulation and coarse mode sea salt aerosols as a function of scattering
wavelength and relative humidity. Relative humidity for the sea salt runs was
determined from the GEOS-chem model as 79% + 3% so the OPAC data for
80% relative humidity was used for all sea salt runs. The accumulation mode
refractive index applied to the PCASP calibrations and that of the coarse
mode, applied to the CDP calibrations, were both 1.35-+2.0e-8i.

The optical properties of aged mineral dust transported from the sub-
Saharan region have been measured at the ground station in Cabo Verde and
during previous aircraft campaigns based in the region. Ryder et al.(2018) [297]
lists such campaigns since 2006. Here we use a range of size-invariant refrac-
tive indices based on previous measurements. Weinzierl et al. (2011) [29§]
use a non-absorbing refractive index for particles larger than 3 pm, however,
this has not been done here. Ryder et al. (2019) [299] use values for the real
and imaginary parts of the refractive index ranging over 1.53-1.55 and 0.001-
0.0024i and we use values based on these. The real part is biased a little smaller

than the 1.55 (all reported values have been corrected for the wavelengths used
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here) from airborne measurements reported by Weinzierl et al. (2011) [298]
and from ground-based electron microscopy measurements by Kandler et al.
(2011) [300]. A sensitivity study in Ryder et al. (2018) [297] suggest that a
+ 0.05 change will result in a change in derived effective diameter of < 5%
and so has only a small influence on the derived particle sizes. Weinzierl et
al. (2011) [298] finds imaginary refractive indices of 0.0014 and 0.001 for 632.8
and 658 nm for sizes less than 2.5 pm. Ryder et al.(2018) [297] uses a constant
0.001. Ground-based measurements at the CVAO suggest somewhat larger
values of 0.0026 and 0.0025 [301]. Again sensitivity studies for values from
0 to 0.006 suggest changes in effective diameter of between 1 % [298] and 5
% [297] depending on the condition of the study.

Uncertainties in the refractive index have been included in the bin size
calibrations [294] by calculating the bin diameters from the bin scattering
cross-sections over the range of values, 1.53-1.55 and 0.001-0.0024i. The re-
sulting uncertainties of bin centre and widths are larger than for a single value
refractive index and propagated through to the derived property uncertainties.
Similarly to studies quoted above, this additional uncertainty has a minor im-
pact on the run-averaged sizes and their uncertainties.

Transported biomass burning aerosols with a strongly absorbing soot con-
tent were assumed to be concentrated in the small size range [302,303]. A
strong accumulation mode, not seen in either the mineral dust or sea salt runs,
was a feature of the area concentration distributions when sampling biomass
burning plumes. A two-part calibration was applied in this case [302]; for par-
ticles nominally smaller than 300 nm a biomass specific refractive index of 1.57
-+ 0.043i was used while for larger particles the mineral dust refractive index
was used [298].

Uncertainties of the PCASP measurements were derived from the counting
statistics and an assumed 10% uncertainty in the sample flow rate. The impact
of uncertainties of the externally measured ambient conditions was found to

be small so errors in the ambient pressure and temperature were ignored. The
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gain stage for the smallest particles of the PCASP used during ARNA-1 failed
between the campaign and the post-campaign calibration. The calibration of
this gain stage was taken from a subsequent calibration and used for these
bins, the uncertainties associated with these bins was doubled as a precaution.

The sample area of the CDP was determined by the manufacturer using a
droplet gun as described by Lance et al. (2010) [304], no uncertainties were
given so 20% has been assumed here. The collection optics operated over solid
angles subtended by 1.7-14 deg. Counting statistics were again included in
the propagated errors and uncertainties in the measured true air speed were
omitted.

To obtain particle surface area concentrations over the entire size range
sampled a composite number concentration distribution was determined. Firstly
the bins either side of the gain stage cross-overs of the PCASP were merged
[294] and the first bin for both instruments discarded due to uncertainty of the
lower bound of the first bins. Any overlapping bins were resampled to match
the CDP bins and an average, taken weighted by the associated uncertainties
in the number concentration. For particles at the upper limits of the PCASP
measurement range, uncertainties of PCASP number concentrations were sig-
nificantly larger than those of the CDP at these sizes. Bin centre diameters
were used to calculate the particle surface areas assuming spherical particles.
The bin width added in quadrature with the error in the centre and width,
determined the uncertainty in the particle diameter and this was propagated
through to the calculated bulk properties.

For each run, outliers of the bulk properties with a z-score of >5 were dis-
carded as questionable, less than 1 % of the data of any run were discarded.
Run averages were calculated weighted by the uncertainties of the bulk pa-
rameters in each 1 s sample. The uncertainties of the run averages are thus a
combination of the propagated uncertainties of the 1 s data and the natural
variability along each run. These two are uncorrelated and so were added in

quadrature to obtain a final uncertainty for each bulk parameter calculated.
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Except for cases with very low counts and so large counting errors, the along-
run variability tended to dominate the uncertainty calculated.

The effective diameter, deg (or surface mean diameter in Hinds (1999)
[305]), over the entire size range measured tend to be larger than those re-
ported by Weinzierl et al. (2011) [298] but for mineral dust are comparable
with those of Ryder et al. (2019) [299]. There is little correlation with altitude.
Limiting the bulk parameters to the accumulation mode, here those approxi-
mately less than 2.5 pym, the average of all d.g for dust, sea salt, and biomass

burning runs were 0.59 £ 0.09, 0.39 £ 0.12, and 0.25 + 0.18 pm respectively.
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