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Abstract

The remote marine boundary layer at the tropics represents a baseline condition for the

Earth’s atmosphere. Air in these regions has typically not encountered emissions for days

to weeks and thus has been subject only to processing; that is degradation and reaction

of species in the air. Understanding the most basic chemistry occurring in the remote

marine boundary layer is fundamental to our overall understanding of the atmosphere as

a whole.

The source and manifestation of nitrogen oxides, NOx, in the remote marine boundary

layer at the Cape Verde observatory and elsewhere has been intriguing. NOx observations

could often not be reconciled easily with known chemistry. This, when coupled to the

difficulty in measuring the very low concentrations present has led to various speculative

theories which are thus-far unsubstantiated.

By carefully characterising the NO2 photolysis–NO chemiluminescence technique for arte-

facts, interferences, and uncertainties the applicability and limitations of the technique

were established. It was found that peroxyacyl nitrates cause an interference of ∼ 5 %

which can lead to significant errors in NO2 determination, especially in cold or high al-

titude environments but are insignificant in the remote marine boundary layer at Cape

Verde.

Using two years of data collected at Cape Verde and a 0-D model of tropospheric chem-

istry the budget of NOx was estimated. Evidence that nitric acid deposited on aerosol,

previously thought to be the terminating step in the cycle of NOx, is able to be released

back to the atmosphere as NO2 and HONO has been shown. This ‘renoxification’ pro-

cess likely represents the dominant source of NOx in the tropical marine boundary layer,

counter to previous theory of long range transport of reactive nitrogen species.

The implication of these findings changes our fundamental understanding of NOx sources

and sinks in the remote troposphere. Moreover, by understanding the limitations of NO2

measurement techniques allows for easier interpretation of sometimes puzzling data with-

out the need for unprovable mechanisms. Additionally, a new technique for quantifying

atmospheric HONO was developed by exploiting the limitations of photolytic NO2 mea-

surement and photolysing differentially at two different wavelengths.
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Chapter 1

Introduction

‘’Look deep into nature, and then you

will understand everything better.”

Albert Einstein
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Chapter 1: Introduction

The chemistry and dynamics of the atmosphere represent an incredibly complex inter-

connected system. Despite, or because of this intricacy and the atmosphere’s inexorable

connection with life we study it’s structure, composition, and dynamics so that we can

better understand how it operates to provide a habitable environment. Although the at-

mosphere consists of many facets and layers it is the chemistry of the bottom-most portion

which contains 75 % of the total mass, and which we inhabit, that concerns this work: this

is the troposphere. This chapter provides background to the chemistry of the troposphere,

namely NOx, O3, and halogen interactions.

After discussing the background science for this thesis, this chapter presents the goals of

this work (Sect. 1.5), and concludes with a brief description of the content of the following

chapters within this thesis (Sect. 1.6).
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1.1 The atmosphere

1.1 The atmosphere

The chemistry, composition, and climate of the atmosphere of the Earth holds interest, and

causes concern, for a great many people. Without an atmosphere, planet Earth would not

sustain life (as we know it). The atmosphere forms part of the geosphere; the collection

of distinct, but not separate, environments occupying a 150 km thick shell around the

planet. Extending from the Karman line 100 km above the ground marking the edge of

space, to the deepest point reached by humans beings – a 12.2 km deep borehole. The

atmosphere – containing the gases – atmos coming from Greek for vapour, is joined by

the hydrosphere – containing the water; the cryosphere – where it is cold, namely at the

poles; and the lithosphere – containing the rock, practically this is the crust.

Squeezed somewhere between the interface of these four environments exists a thin layer

of life we refer to as the biosphere. Encompassing everything from moss growing on the

shady side of a tree in the remote jungle, to the zooplankton eaten by deep-sea lantern fish,

to human beings, the biosphere interacts with, and depends upon the four other spheres.

The atmosphere itself is stratified into several distinct layers; thermosphere, mesosphere,

stratosphere, and troposphere which are depicted in Fig. 1.1.

In regards to the interaction of the biosphere and atmosphere we are mostly concerned

with the atmosphere immediately affecting, and being affected by the biosphere. This

lower-most layer of the atmosphere is termed the troposphere – tropos coming from the

Greek for change due to the turbulence with this layer driven by differential heating from

the sun. It is the troposphere which contains ∼ 75 % of the mass of the atmosphere (Barry

et al., 2009), where the majority of weather occurs, and where the entire biosphere resides.

The troposphere is also where all emission into the atmosphere originates, where, driven

by solar flux, the most complex chemistry is found.

Much is known about the chemistry of the atmosphere from the effect of injecting halogens

into the stratosphere on ozone to the diurnal cycle of CO2 driven by oxidation. Whilst the

general picture of how chemicals interact in the atmopshere is known there remain gaps

in our understanding. What drives the diurnal cycle of NOx and O3 in the remote marine

boundary layer at Cape Verde. The O3 diel cycle was found to be driven by halogen

oxide chemistry (Read et al., 2008), but despite the relationship between NOx and O3

17



Chapter 1: Introduction

Figure 1.1 – Generalised vertical structure of the atmosphere showing how the various layers are

arranged, as well as the pressure and temperature profile (lapse rate) through them.

the source and variability of NOx still cannot be reconciled through modelling and long

term observations. This is not only true for Cape Verde but for the Antarctic (Bauguitte

et al., 2012) and Tazmania (Monks et al., 1998). Similarly global models such as GEOS-

chem had failed to simulate O3 well due to our lack of understanding of halogen chemistry

until only recently (Sherwen et al., 2016a,b) whilst constraints on reaction rates and poor

(Simpson et al., 2015) and new reactions are being proposed (Saiz-Lopez et al., 2016).

1.2 Tropospheric chemistry

The oxidising capacity of the atmosphere is the rate of the self-cleansing process whereby

emissions are oxidized by oxidants (such as the hydroxyl radical; OH, or ozone) into water

soluble species and eventually removed. The hydroxyl radical is often referred to as the

detergent of the atmosphere (Li et al., 2008) due to its reactivity and is considered the

most important oxidant in the troposphere. Ozone (O3), being the main precursor to OH

18



1.2 Tropospheric chemistry

is considered to be the second most.

O3 + hν (< 320nm)→ O(1D) + O2 (1.1)

O(1D) + H2O→ 2 OH (1.2)

Photolysis of O3 to form O(1D) (reaction 1.1) and the subsequent reaction of O(1D) with

water vapour (1.2) results in the formation of two hydroxyl radicals and is the primary

source of OH radicals in the troposphere (Levy, 1971; Logan et al., 1981). In the strato-

sphere O3 is formed by direct photolysis of molecular oxygen forming atomic oxygen by

absorption of an ultra-violet (UV) photon (242 nm, Matsumi and Kawasaki 2003) shown

in reactions 1.3 to 1.6 which are referred to as the Chapman cycle. This forms the famous

‘ozone layer’ which prevents harmful high energy UV radiation from reaching the ground.

O2 + hν (< 242nm)→ 2 O (1.3)

O + O2 +M → O3 +M (1.4)

O3 + hν (< 310nm)→ O(1D) + O2 (1.5)

O + O3 → 2 O2 (1.6)

In the troposphere these short wavelengths of light are already filtered out by O3 and

O2 higher up in the atmosphere so O3 cannot be formed directly. In the troposphere

O3 is formed by secondary reactions of nitrogen oxides. The marine boundary layer is

characterised by relatively low ozone levels due to the greater number of ozone sinks than

sources (Cooper et al., 2014), impacting OH concentrations. Changes in ozone sources

and sinks therefore mediate CH4 and CO lifetimes, CH4 being a potent greenhouse gas

and CO being an indirect greenhouse gas perturbing OH-CH4-O3 chemistry (Isaksen and

Hov, 1987). Therefore, understanding the budget of NOx in the remote boundary layer is

important to our understanding of the wider climate.

1.2.1 NOx chemistry

Nitrogen oxides, NO and NO2, collectively termed NOx, are reactive trace gases emitted

into the atmosphere by combustion processes, lightning, and soil bacteria. Combustion,

namely burning of fossil fuels accounts for the majority (Jaeglé et al., 2005) of emissions.

NO and NO2 are grouped together as NOx due to their rapid inter-conversion on a time-

scale of around 5 minutes in the troposphere.
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Chapter 1: Introduction

Photolysis of NO2 to NO + O(3P) (1.7) is the fundamental reaction for formation of

tropospheric ozone (O3) in reaction (1.8) where M may typically be N2 or O2 (Kley et al.,

1981).

NO2 + hν (< 410nm)→ NO + O(3P) (1.7)

O2 + O(3P) +M → O3 +M (1.8)

With the inclusion of reaction 1.9 (an ozone destruction step) reactions 1.7 and 1.8 form

a null cycle (Kley et al., 1981).

O3 + NO→ O2 + NO2 (1.9)

NOx is removed from the atmosphere during day-time by reaction with OH forming nitric

acid (HNO3). Formation of nitric acid was traditionally seen as a permanent sink for NOx

as subsequent scavenging by precipitation (wet deposition), or uptake by surfaces (dry

deposition) is a permanent sink.

During night-time NOx is removed by reaction of NO2 with O3 forming the nitrate radical

NO3 (1.10) the oxidation chemistry of which is discussed in Sect. 1.2.4. NO3 forms

dinitrogen pentoxide (N2O5) by reaction with NO2, acting as a reservoir species for NOx

(reaction 1.11).

NO2 + O3 → NO3 + O2 (1.10)

NO3 + NO2 
 N2O5 (1.11)

The formation of N2O5 can act as a sink for NOx by its uptake and subsequent hydrolysis

on surfaces to HNO3 (1.12, Mogili et al. 2006; Riemer et al. 2003) whereby it is either

removed from the atmosphere, or photolysed back as HONO and NO2 as described below

in section 1.2.1.1 and in chapter 4.

N2O5(ads) + H2O→ 2 HNO3(ads) (1.12)

Further sinks of NOx are reaction with halogen oxides forming halogen nitrates and is

discussed in Sect. 1.2.5 as well as in chapter 4.

1.2.1.1 Renoxification

Recently the possibility of renoxification of the atmopshere by photolysis of aerosol nitrate

has been proposed (Ndour et al., 2009; Ye et al., 2016b). Aerosol nitrate has been found
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1.2 Tropospheric chemistry

to be photolysed at rates up to ∼ 3 orders of magnitude higher than for gas phase nitric

acid producing HONO and NO2 in a characteristic ratio x : y (Reaction 1.13), with that

ratio possibly being highly dependent on aerosol pH or hydrocarbon concentration (Ye

et al., 2017). Similarly the rate of photolysis is seemingly surface specific also (Ye et al.,

2016a)

p-NO3 + hν → xHONO + yNO2 (1.13)

Nitrate photolysis introduces a net source of NOx via NO2 and HONO in environments

that may be far from other sources of direct emission. In chapter 4 renoxification by

nitrate photolysis is tested against observations in the remote marine boundary layer at

the Caper Verde Atmospheric Observatory (CVO) using a box model to simulate the NO,

NO2, HONO, O3, IO, and BrO observations.

1.2.1.2 NOy chemistry

Odd nitrogen (NOy) refers to the sum of NO, NO2 and their oxidation products which are

ether emitted directly (e.g. HONO) or form through secondary reaction in the atmosphere.

Nitric acid, nitrous acid, the nitrate radical, dinitrogen pentoxide etc. are all classed as

NOy, as are organic nitrate species such as peroxyacetyl nitrate. Organic nitrates are

formed by reaction of a peroxy or alkoxy radical with NO2, which are an intermediate in

volatile organic compound (VOC) oxidation as described in Sect. 1.2.2 e.g. reaction 1.18.

CH3CHO + OH→ CH3CO + H2O (1.14)

CH3CO + O2 → CH3C(O)OO (1.15)

CH3C(O)OO + NO2 
 CH3COO2NO2 (1.16)

Reactions 1.14, 1.15, and 1.16 show the mechanism by which peroxyacetyl nitrate (PAN)

forms as a product of acetaldehyde (CH3CHO) oxidation by OH. The organic nitrates

formed by these, and analogous reactions, fall into classes of compounds known as alkyl

nitrates; ANs, with the general structure RONO2, and peroxyalkyl nitrates; PNs, with the

general structure ROONO2. Organic NOy species act as a reservoir for NOx in the upper

troposphere–lower stratosphere (UTLS) due to their being in thermal equilibrium with

NO2 i.e. reaction 1.16 (Singh et al., 1985, 1995). In the low temperatures of the UTLS

the lifetime of ANs and PNs can be long, whereas at the surface their instability to thermal

21



Chapter 1: Introduction

decomposition means that it is much shorter. For example, the lifetime of PAN is 30 min

at 25 ◦C (Bridier et al., 1991) but is 5.36 years at − 26 ◦C (Kleindienst, 1994). This way

organic NOy which is formed as a secondary pollutant in the boundary layer and lofted

to the UTLS can be transported to the tropics where warming in descending air causes

the NOy to decompose and release NO2. It is one mechanism by which NOx reaches the

remote marine boundary layer far from any direct emission (Fisher et al., 2016). Other

sources of NOx in the remote marine boundary layer are discussed in chapter 4 whilst the

challenges of measuring NOx accurately in the presence of NOy is the subject of chapter

2.

1.2.2 O3 production

The oxidation of VOC, methane, and CO by OH forms HO2 peroxy radicals and RO2

organic peroxyradicals (1.17 & 1.18) which can react with nitric oxide, forming nitrogen

dioxide (reactions 1.19 & 1.20); resulting in net ozone formation through reactions 1.7 & 1.8

(Monks et al., 1998). The VOC oxidation cycle is closed by the regeneration of OH in

reaction 1.20.

OH + CO + O2 → HO2 + CO2 (1.17)

OH + CH4 + O2 → CH3O2 + H2O (1.18)

CH3O2 + NO→ NO2 + HCHO + HO2 (1.19)

HO2 + NO→ NO2 + OH (1.20)

Net : VOC + NO
OH−−→ O3 + (CO2/HCHO)

In pristine and remote environments where NOx may be below the so-called compensation

point (Jaeglé et al., 1998), peroxy radicals may combine rather than reacting with NO

terminating the radical chain. In these regions O3 destruction occurs as is the case in

remote boundary layer at the Cape Verde observatory (Read et al., 2008).

1.2.3 OH production

With the route to tropospheric O3 described in Sect. 1.2.2, OH is produced through

reaction 1.2 (Atkinson, 2000). A minor route to OH production is the photolysis of
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formaldehyde (HCHO) produced through VOC oxidation (Perner and Platt, 1979) as

shown in reactions 1.21 to 1.23.

HCHO + hν (< 334nm)→ H + HCO (1.21)

H + O2 +M → HOO +M (1.22)

HOO + NO→ OH + NO2 (1.23)

Photolysis of nitrous acid (HONO), is another potential source of OH. Although HONO

can be made from the direct combination of OH and NO and so can be OH neutral.

HONO can also be made form other sources e.g. heterogeneous hydrolysis of NO2 (Bröske

et al., 2003; Ramazan et al., 2004) and as discussed in chapter 4, photolysis of aerosol

nitrate (Ye et al., 2016b; Reed et al., 2017) which lead to a net source of OH via HONO,

the measurement of which is the subject of chapter 3.

1.2.4 The nitrate radical and night-time oxidation chemistry

The nitrate radical is formed by reaction of NO2 with O3. During day-time (1.24) it is

rapidly photolysed to NO2 and O(3P) (1.25) or NO and O2 (1.26) with a lifetime of around

∼ 5 seconds (Atkinson, 2000).

NO2 + O3 → NO3 + O2 (1.24)

NO3 + hν → NO2 + O(3P) (1.25)

NO3 + hν → NO + O2 (1.26)

During night-time NO3 becomes the dominant oxidant species in the troposphere in the

absence of a route to form OH. It reaches concentrations ∼ 3 orders of magnitude greater

than day-time OH (Wayne et al., 1991). Reaction of NO3 with VOCs can form peroxy

radicals, which in turn can form OH as in reactions 1.19 & 1.20 (Carslaw et al., 1997;

Geyer et al., 2001; Platt, 1999). However, the rate of reactions between NO3 and VOCs

is generally slower than that of OH + VOC, though not necessarily for unsaturated and

functionalised species.

The nitrate radical also appears to play a role in night-time halogen chemistry as discussed

in chapter 4 whereby NO3 reacts with halogen hydroxides forming nitric acid and halogen
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oxide as shown in 1.27 where X = Br, I etc..

HOX + NO3 → HNO3 + XO (1.27)

1.2.5 Halogen chemistry

Since the discovery of the stratospheric ‘ozone hole’ in 1985 (Farman et al., 1985) there has

been an intense focus on the role of halogen species in the atmosphere. In the troposphere

too, halogens play a role in ozone depletion as demonstrated by Read et al. (2008). The

mechanism by which halogen molecules, X2 (where X = Cl, Br, I) catalytically destroy

ozone is shown in reactions 1.28 to 1.31.

X2 + hν → 2 X (1.28)

X + O3 → XO + O2 (1.29)

XO + hν → X + O (1.30)

2 XO→ X2 + O2 (1.31)

The halogen oxide (XO) formed in reaction 1.29 can react with a peroxy radical (1.32)

to form a halogen hydroxide (HOX) which can then be photolysed to form OH and re-

form the halogen radical (1.33, Burkert et al. 2001; Simpson et al. 2015). This route to

the hydroxyl radical means that halogens play a major role in determining the oxidising

capacity by affecting the partitioning between O3, HO2, and OH oxidants (Bloss et al.,

2005; Chameides and Davis, 1980).

XO + HO2 → HOX + O2 (1.32)

HOX + hν → OH + X (1.33)

Halogen oxides react with NO to form NO2 affecting the Leighton ratio (Leighton, 1961).

Thus perturbation in the Leighton ratio can be used to infer the presence of XO (or

another oxidant). This is the subject of chapter 2. Halogen oxides may also act as a sink

for NOx by reaction with NO2 to form a halogen nitrate, XONO2, as in reaction 1.34.

This halogen nitrate, though thermally labile and with a short photolytic lifetime, can be

taken up on aerosol and hydrolysed (Sander et al., 1999) forming aerosol nitrate (1.35).

XO + NO2 → XONO2 (1.34)

XONO2 + H2O(aer) → HNO3(aer) + X+ + OH− (1.35)

24



1.3 Summary

In chapter 4 formation of halogen nitrates and their subsequent hydrolysis plays a central

role in nitrogen cycling. However, as noted in that chapter there is uncertainty around

heterogeneous halogen reactions and uptake coefficients (Abbatt et al., 2012) and gas

phase chemistry (Simpson et al., 2015).

1.3 Summary

Figure 1.2 shows a simplified version of our current understanding of tropospheric NOx

chemistry coupled with O3 and OH. Presently, the chemistry shown (and much more not

shown) does not accurately reproduce NOx observations in model simulations though it

represents the extent of our current understanding.

Figure 1.2 – A simplified diagram showing the life cycle of NOx in the remote boundary layer.

It would appear that there is greater complexity and subtlety associated with tropospheric

NOx chemistry which is currently missing from Fig. 1.2 that this work seeks to discover.

1.4 Techniques

This thesis focusses on the measurement and interpretation of NO, NO2, and HONO,

therefore here a summary of commonly applied remote and in-situ methods and ap-

proaches to measuring these is presented.
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1.4.1 Nitric Oxide, NO

Remote techniques for measuring NO involve either detection of the NO absorption band

at 1876 cm−1 either by non-dispersive or Fourier transform infra-red spectroscopy (ND-

IR and FT-IR respectively) measuring total absorption. Differential optical absorption

spectroscopy (DOAS) can be used to measure NO using relative absorption in the deep

UV at 52356 cm−1 (Dooly et al., 2008). In either case remote absorption techniques provide

an integrated measurement over an area defined by the path length of the measurement

with sensitivity proportional to that length and any other absorbing species at the same

wavelength. As with all spectroscopic techniques the absorption cross-section of the species

of interest, and any others species at the same wavelength must be well known in order to

be quantitative.

A small number of widely implemented in-situ techniques for NO quantification exist, the

most widespread being chemiluminescence. NO chemiluminescence exploits the reaction

of NO with O3 and subsequent emission of a photon from the decay of the excited state

nitrogen dioxide produced (Drummond et al., 1985). The number of photons produced

being directly proportional to the mole fraction of NO in the sample. This photon counting

technique is has been extensively in both polluted and pristine environments and is the

basis of measurements used in this study. It’s success is down to the low limits of detection

achievable and the robustness of the technique. Drawbacks include he need to obtain a zero

measurement frequently and the need to calibrate or correct for humidity in the sample gas

reducing sensitivity. Laser-induced fluorescence (LIF) analysis of NO by absorption of a

photon by nitric oxide and then re-radiation at different wavelengths by the excited nitric

oxide has also been employed, though much less widespread than NO chemiluminescence.

Nitric oxide LIF has compared well with NO chemiluminescence (Hoell et al., 1985, 1987)

and is sued extensively in the study of flame chemistry, though does not hold advantage

over the simpler NO chemiluminescence in atmospheric applications. A cavity ring down

spectroscopy (CRDS) system measuring NO2 (and by chemical reaction, NOx) at 404 nm

may also quantify NO (Fuchs et al., 2009). In the CRDS system NO2 is quantified by

ring-down time of a cavity pulsed with light at a wavelength absorbed by NO2. A second

cavity measures the same, except that excess O3 is introduced into the sample prior to

detection in order to react NO to NO2 with greater than 99 % efficiency, thus measuring

NOx. In this way NO can be derived by by subtracting the NO2 signal from the NOx
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signal. The CRDS system was also compared with NO chemiluminescence and was found

to be comparable in performance down to 100 pptV, however chemiluminescence systems

still achieve lower limits of detection which is necessary in the pristine environment of the

marine boundary layer.

1.4.2 Nitrogen Dioxide, NO2

Many of the same techniques for quantifying NO2 are shared with NO, with the exception

of infra-red techniques due to the overlap of the absorption spectrum of water vapour with

that of NO2 rendering it unsuitable in atmospheric measurements. Differential optical

absorption spectroscopy has been used widely with long-term networks operating across

Asia and Russia (?). As with spectroscopic techniques for NO the absorption cross-

section for NO2 must be well known as must those of overlapping species in order to be

quantitative.

Many more in-situ techniques are available for NO2. LIF (laser-induced fluorescence;

Matsumoto and Kajii 2003) and CRDS (cavity ring-down spectroscopy; Osthoff et al.

2006) are common in high sensitivity studies requiring a low limit of detection afforded

by those sytems with even commercially available products agreeing well with research

grade instruments (?). The advantage of direct measurements of NO2 such as LIF and

CRDS being no need to calibrate for any conversion factor or inlet efficiency as with e.g.

photolysis-chemiluminescence systems described below and used in this work. Laser based

systems often suffer from instability in laser power due to temperature etc. so must still

be calibrated periodically (?). Limits of detection for NO2 are similar to that of NO ∼ 100

pptV and thus are again unsuitable in the pristine environment.

The most prevalent technique for measuring NO2 is by NO-chemiluminescence after con-

version. Historically conversion was achieved with a heated metal surface e.g. molybde-

num, which is able to convert greater than 95 % NO2. However this method is subject to

interferences from other reactive nitrogen compounds which also dissociate to NO at ele-

vated temperature (Dunlea et al., 2007; Grosjean and Harrison, 1985; Winer et al., 1974).

This leads to an over reporting of NO2 though the technique is still used extensively in air

quality monitoring where close to emission source due to the robustness of the instruments.

A development of the catalytic conversion-chemiluminescence system is photolytic conversion-
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chemiluminescence in which NO2 is photolysed to NO rather than being converted catalyt-

ically by illumination of the sample gas at wavelengths specific to NO2 (typically 365-405

nm). The advantage being that photolytic conversion is much more selective to NO2 than

heated surfaces (Ryerson et al., 2000), however as described in chapter 2 photolytic con-

version is itself not free from interferences and uncertainties. The NO-chemiluminescence

method does lend itself to very low limits of detection and unattended operation thus

NO2 detected by photolytic conversion also has a suitably low limit of detection and so is

applicable in pristine background conditions.

1.4.3 Nitrous Acid, HONO

HONO by has by far the most number of measurement techniques adapted to its quan-

tification in comparison to NO and NO2. Three classes of technique exist with their own

merits and disadvantages.

Off-line and integrating techniques typically collecting HONO in solution using a denuder

or reactive filter before analysis by ion chromatography (Acker et al., 2005, 2006; Febo

et al., 1993, 1996; Ianniello et al., 2007). The ion chromatograph instrument being highly

sensitive and capable of quantification at pptV or lower levels provides excellent sensitivity

to HONO. Sample collection efficiencies and artefacts are much less well defined however.

Remote methods of HONO detection are by DOAS and by infra-red spectroscopy as in

chapter 3, as mentioned before with all spectroscopic techniques the cross-section must

be known in order to quantity an analyte. With DOAS especially retrieval is challenging

as the HONO absorption spectrum is entirely overlapped by NO2 which is often in much

higher abundance in the atmosphere.

Few on-line in-situ techniques for HONO exist, however LOPAP (long path absorption

photometry, Heland et al. 2001) has been characterised extensively (Clemitshaw, 2004;

Kleffmann and Wiesen, 2008; Kleffmann et al., 2006, 2013; Ródenas et al., 2013), com-

mercialized and used widely. LOPAP uses sequential stripping coils with 99 % efficiency

to sample HONO in the liquid phase where it is reacted to form an azo dye. The concen-

tration of the dye formed is then proportional to the starting concentration of HONO in

the sample gas and can be determined by colorimetry. The second stripping coil quantifies

interferences from non-HONO species and is used to correct the signal from the first coil.
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The advantage of LOPAP being that interferences are already accounted for in the mea-

surement and that the measurement occurs in-situ allowing for the sudy of fast processes

such as nitrate photolysis as in chapter 4.
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1.5 Aim

This thesis aims to understand better the NOx budget in the remote marine boundary layer

which makes up ∼ 70 % of the planetary surface. Currently, simulations do not reproduce

well the diel NOx cycle observed in some remote tropospheric locations (Carsey et al., 1997;

Monks et al., 1998). Understanding what NOx chemistry is occurring will result in better

overall simulation of the coupled oxidation chemistry, the lifetime of oxidants, and the fate

of emissions. This requires the coupling of NOx, halogen and aerosol chemistry whilst also

fully understanding the measurement techniques used, their deficiencies, and strengths.

In this way a more comprehensive understanding of tropospheric NOx chemistry can be

reached so that figure 1.2 may be updated to better reproduce the observations.

1.6 Thesis outline

Chapter 2 (“Interferences in photolytic NO2 measurement: explanation for a missing

oxidant?”) seeks to explain how uncertainties in NOx measurements by the chemilumi-

nescence method can lead to erroneous assignment to oxidants. This work was presented

as a peer reviewed article in the journal Atmospheric Chemistry and Physics in 2016.

Chapter 3 (“HONO measurement by differential photolysis”) shows how interferences

in photolytic NO2 measurements can be exploited in order to quantify the difficult-to-

measure nitrous acid. This work was presented as a peer reviewed article in the journal

Atmospheric Measurement Techniques in 2016.

Chapter 4 (“Evidence for renoxification in the tropical marine boundary layer”) inter-

prets NOx observations made at the Cape Verde Atmospheric Observatory using a box

modelling approach to explain the unusual diel cycle observed. This aided the in-depth

study of the measurement technique undertaken in chapters 2 & 3 from which the uncer-

tainties are applied to the analysis. This work was presented as a peer reviewed article in

the journal Atmospheric Chemistry and Physics in 2017.

Chapter 5 provides a synopsis of the conclusions from the previous 3 chapters along with

final forward looking remarks.
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Chapter 2

Interferences in photolytic NO2

measurements: explanation for an

apparent missing oxidant?

This chapter was presented as an article in the journal Atmospheric Chemistry and

Physics.

Reed, C., Evans, M. J., Di Carlo, P., Lee, J. D., and Carpenter, L. J.: Interferences in

photolytic NO2 measurements: explanation for an apparent missing oxidant?, Atmospheric

Chemistry and Physics, 16, 4707-4724, doi: 10.5194/acp-16-4707-2016, 2016.

‘’A lie told often enough becomes the

truth.”

Vladimir I. Lenin
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Chapter 2: Interferences in photolytic NO2 measurements: explanation for an apparent
missing oxidant?

2.1 Abstract

Measurement of NO2 at low concentrations (tens of ppts) is non-trivial. A variety of tech-

niques exist, with the conversion of NO2 into NO followed by chemiluminescent detection

of NO being prevalent. Historically this conversion has used a catalytic approach (molyb-

denum); however, this has been plagued with interferences. More recently, photolytic

conversion based on UV-LED irradiation of a reaction cell has been used. Although this

appears to be robust there have been a range of observations in low-NOx environments

which have measured higher NO2 concentrations than might be expected from steady-

state analysis of simultaneously measured NO, O3, jNO2, etc. A range of explanations

exist in the literature, most of which focus on an unknown and unmeasured “compound

X” that is able to convert NO to NO2 selectively. Here we explore in the laboratory the

interference on the photolytic NO2 measurements from the thermal decomposition of per-

oxyacetyl nitrate (PAN) within the photolysis cell. We find that approximately 5 % of the

PAN decomposes within the instrument, providing a potentially significant interference.

We parameterise the decomposition in terms of the temperature of the light source, the

ambient temperature, and a mixing time-scale (∼ 0.4 s for our instrument) and expand

the parametric analysis to other atmospheric compounds that decompose readily to NO2

(HO2NO2, N2O5, CH3O2NO2, IONO2, BrONO2, higher PANs). We apply these parame-

ters to the output of a global atmospheric model (GEOS-Chem) to investigate the global

impact of this interference on (1) the NO2 measurements and (2) the NO2 : NO ratio, i.e.

the Leighton relationship. We find that there are significant interferences in cold regions

with low NOx concentrations such as the Antarctic, the remote Southern Hemisphere,

and the upper troposphere. Although this interference is likely instrument-specific, the

thermal decomposition to NO2 within the instrument’s photolysis cell could give an at

least partial explanation for the anomalously high NO2 that has been reported in remote

regions. The interference can be minimized by better instrument characterization, cou-

pled to instrumental designs which reduce the heating within the cell, thus simplifying

interpretation of data from remote locations.
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2.2 Introduction

Accurate quantification of atmospheric nitrogen oxide (NOx, which is predominantly NO

+ NO2 but includes small contributions from NO3, N2O5, HONO, HO2NO2, etc.) con-

centrations is crucial for many aspects of tropospheric chemistry. NOx plays a central

role in the chemistry of the troposphere, mainly through its impact on ozone (O3) and

hydroxyl (OH) radical concentrations. O3 is a greenhouse gas (Wang et al., 1995) that

adversely impacts human health (Mauzerall et al., 2005; Skalska et al., 2010) and leads

to ecosystem damage (Ainsworth et al., 2012; Ashmore, 2005; Hollaway et al., 2012). It

is produced through the reaction of peroxy radicals (HO2 and RO2) with NO (Dalsøren

and Isaksen, 2006; Lelieveld et al., 2004). The OH radical is the primary oxidizing agent

in the atmosphere (Crutzen, 1979; Levy, 1972) as it controls the concentration of other

key atmospheric constituents such as methane (CH4), carbon monoxide (CO), and volatile

organic compounds (VOCs). It is both produced through the reaction of NO with HO2

and is lost by its reaction with NO2. NO2 itself also poses a public health risk (Stieb

et al., 2002). Thus, understanding the sources, sinks, and distribution of NOx is of central

importance to understanding the composition of the troposphere.

During the daytime there is fast cycling between NO and NO2, due to the rapid photolysis

of NO2 and the reaction of NO and O3 to form NO2 (Kley et al., 1981).

NO2 + hν (< 410 nm)→ NO + O(3P) (2.1)

O2 + O(3P) +M → O3 +M (2.2)

O3 + NO→ O2 + NO2 (2.3)

Placing NO2 into steady state and assuming that these three reactions are the only chem-

istry occurring leads to the Leighton relationship, φ (Leighton, 1961), in Eq. 2.4.

1 =
k1 [NO] [O3]

jNO2
[NO2]

= φ (2.4)

The quantities in the relationship are readily measured and deviations from unity have

been interpreted to signify missing (i.e. non-ozone) oxidants of NO. These perturbations

have been used to infer the existence of oxidants such as peroxy radicals, halogen oxides,

and the nitrate radical in the atmosphere, which have subsequently been confirmed by

direct measurement (Brown et al., 2005; Mannschreck et al., 2004; Trebs et al., 2012;

Volz-Thomas et al., 2003).
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The concentration of NOx varies from > 100 ppb (parts per billion) next to roads (Carslaw,

2005; Pandey et al., 2008) to low ppt (parts per trillion) in the remote atmosphere (Lee

et al., 2009). Direct transport of NOx from polluted to remote regions is not efficient,

because NOx is removed from the atmosphere on a time-scale of around a day by the

reaction of NO2 with OH and the hydrolysis of N2O5 on aerosol surfaces (Brown et al.,

2004; Dentener and Crutzen, 1993; Riemer et al., 2003). Instead, reservoir species such as

peroxyacetyl nitrate are made in polluted regions (where concentrations in both NOx and

peroxyacetyl precursors such as acetaldehyde are elevated) and are subsequently trans-

ported to remote regions, where they thermally break down to release NOx (Fischer et al.,

2014; Moxim et al., 1996; Roberts et al., 2007).

CH3CHO + OH• + O2 → CH3C(O)OO• + H2O (2.5)

CH3C(O)OO• + NO2 +M � CH3C(O)O2NO2 +M (2.6)

The equilibrium between peroxyacetyl radicals, NO2, and PAN (Reactions 2.5 and 2.6)

is highly temperature-sensitive. Thus, the PAN lifetime changes from 30 min at 25 ◦C

(Bridier et al., 1991) to 5.36 years at −26 ◦C (Kleindienst, 1994).

Measurements of NOx species in the remote atmosphere have been made over the last

40 years. Multiple in-situ techniques are available such as LIF (laser-induced fluorescence;

Matsumoto and Kajii 2003), CRDS (cavity ring-down spectroscopy; Osthoff et al. 2006),

and QCL (quantum cascade laser; Tuzson et al. 2013). However, probably the most

extensively used approach has been based on the chemiluminescent reaction between NO

and O3. This exploits the reaction between NO and O3 (Reaction 2.7), which generates

a electronically excited NO∗2 (2B1) molecule which decays to its ground state through the

release of a photon (Reaction 2.8, Clough and Thrush 1967; Clyne et al. 1964).

NO + O3 → NO∗2 (2.7)

NO∗2 → NO2 + hν (> 600 nm) (2.8)

This forms the basis of the chemiluminescence analysis of NO (Drummond et al., 1985;

Fontijn et al., 1970; Kelly et al., 1980; Peterson and Honrath, 1999). The number of

photons emitted by the decay of excited NO∗2 to NO2 is proportional to the NO present

before reaction with O3 (Drummond et al., 1985). The photons emitted are detected by

a cooled photomultiplier tube (PMT) with the sample under low pressure (to maximize the

fluorescence lifetime of the NO∗2) in order to yield a signal which is linearly proportional to
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the number density of NO in the sample gas (Fontijn et al., 1970). Quenching of the NO2

excited state occurs due to a range of atmospheric compounds; N2, Ar, CO, CO2, CH4,

O2, He, H2, and H2O (Clough and Thrush, 1967; Drummond et al., 1985; Zabielski et al.,

1984). Quenching is minimized by operating at high vacuum to reduce collision probability.

However, quenching still occurs; thus, it is necessary to calibrate the detectors response

(sensitivity) to a known concentration of NO regularly. Changing ambient humidity in

the sample has a marked effect on drift in sensitivity and necessitates being corrected for,

sample drying, or sample humidifying to mitigate.

With NO chemiluminescence analysers it is also possible to analyse NO2 regarding whether

it is first converted to NO, either catalytically (typically heated molybdenum) as in Re-

action (2.9) (Villena et al., 2012) or by converting NO2 into NO photolytically (Ryerson

et al., 2000), exploiting Reaction (2.1).

Mo + 3 NO2 → MoO3 + 3 NO (2.9)

To measure NO and NO2, the sample flows through the NO2 to NO converter (of either

type) to the reaction chamber, where the NO + O3 reaction occurs and the decay of NO∗2

to NO2 allows the concentration of NO+NO2 in the air to be measured. Then, the sample

flow is switched to bypass the NO2 to NO converter. Now, only NO present in the sample

is detected in the chemiluminescence reaction. The NO signal is then subtracted from

the NO + NO2 (NOx) signal, giving the NO2 signal. Both techniques for converting NO2

to NO can be subject to interference. Catalytic conversion has been well documented to

have positive responses to NOy species such as nitrous and nitric acid as well as organic

nitrates (Dunlea et al., 2007; Grosjean and Harrison, 1985; Winer et al., 1974). Photolytic

conversion has been demonstrated to be affected by a negative interference from the pho-

tolysis products of VOCs reacting with NO within the photolysis cell (Villena et al., 2012)

and has a possible positive interference from thermal decomposition of NOy (McClenny

et al., 2002).

Measurements of NO and NO2 have been made in a range of low-NOx locations using

the chemiluminescence technique (Huntrieser et al., 2007; Lee et al., 2009; Peterson and

Honrath, 1999; Zhang et al., 2008). Measurement of NOx by the NO chemiluminescent

technique in these locations can be challenging (Yang et al., 2004), often operating close

to the limit of detection (LOD). Corrections may be necessary for oxidation of NO to

NO2 in the inlet by O3 and, more problematically, by peroxy radicals produced by, for
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example, PAN decomposition within the inlet. This oxidation acts to perturb the observed

Leighton relationship in two ways: by release of NO2 and by oxidation of NO by peroxy

radicals to NO2. Where NO and NO2 are measured by one channel by switching the UV

elements on and off periodically, there may be a greater discrepancy in the Leighton ratio

as NO is oxidized to NO2 by peroxy radicals produced from the thermal decomposition

of PAN within the still warm, but not illuminated, NO2 converter. Small corrections

for a NO offset are typically made by assuming it is equivalent to a stable night-time

value in remote regions (Lee et al., 2009), whilst the NO2 offset is usually deduced from

sampling a source of zero air (which may be used for NO if a stable night-time value is

not obtainable). Correction for changing NO2 photolytic conversion efficiency due to O3

in the photolysis cell (see Sect. 2.3.2, Eq. 2.10) might also be appropriate when O3 varies

greatly or calibration in ambient air is not possible, i.e. in zero air, which contains no O3.

Yang et al. (2004) identified a statistical source of error when determining NO and NO2

by chemiluminescence. Yang et al. (2004) demonstrate that uncertainties in averaging

signals which fall below ∼ 10 times the 1σ limit of detection result in large errors in the

NO2 : NO ratio, with extreme bias exhibited when signals fall below a signal-to-noise ratio

∼ 5. This work shows that using weighted geometric mean of PMT counts to determine

NO and NOx (and hence NO2), rather than the un-weighted or arithmetic mean, results

in the least measurement bias. This error is in addition to any artefact signal biasing

either NO or NO2, as well as uncertainties in, for example, the NO2 conversion efficiency.

Some measurements made in remote (low-NOx) locations, such as Antarctica and over the

open ocean have at times identified an unexplained imbalance in the Leighton relationship

(Bauguitte et al., 2012; Frey et al., 2013, 2015; Hosaynali Beygi et al., 2011). Measured

NO2 concentrations are higher than would be expected from the observed NO, O3, and

jNO2 along with reasonable concentrations of other oxidants (peroxy radicals, halogen

oxides). Various explanations have been posited in order to overcome the apparent oxi-

dation gap, typically relying on an unmeasured oxidant, or pushing known chemistry into

theoretical realms by theorizing high turnover of short-lived species (Cantrell et al., 2003;

Frey et al., 2013, 2015; Hosaynali Beygi et al., 2011). An alternative explanation would be

an unknown interference on the NO2 measurement increasing its apparent concentration,

if this interference has a similar diurnal concentration profile.

Here we explore the potential of PAN (as a probe for other NOy species) to interfere with
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chemiluminescence NO2 measurements. In Sect. 2.3 we provide details of the experimental

studies undertaken. In Sect. 2.4 we describe the results of experiments introducing differ-

ing concentrations of PAN into NO2 converter/chemiluminescence systems. In Sect. 2.5

we analyse the potential for errors with different NOx systems to investigate the interfer-

ence on the measurement of NO2 from PAN. In Sect. 2.6 we evaluate the impact of this

interference on NO2 measurements and on the Leighton relationship through the use of

a global model. Lastly, we provide conclusions in Sect. 2.7.

2.3 Experimental details

In Sect. 2.3.1 we describe the two chemiluminescence instruments used for the analysis.

The NO2 converters are described in Sect. 2.3.2. In Sect. 2.3.3 the LIF instrument used

to provide a reference analysis is described. We describe our protocol for production of

PAN by acetone photolysis in Sect. 2.3.4. We provide details of the zero-air generation

in Sect. 2.3.5. Then in Sect. 2.3.6 we describe the experimental methodology of PAN

interference tests and Sect. 2.3.7 describes residency time tests.

2.3.1 Instrumentation

Chemiluminescent measurements were performed using dual-channel Air Quality Design

Inc. (Golden, Colorado, USA) instruments equipped with UV-LED-based photolytic NO2

converters – commonly referred to as blue light converters (BLCs). Two similar instru-

ments were employed: the “laboratory” NOx analyser (Sect. 2.3.1.1), on which the ma-

jority of the experiments were performed, and the “aircraft” NOx analyser (Sect. 2.3.1.2),

on which only temperature-controlled BLC experiments were performed.

Both instruments feature independent mass-flow-controlled sample flows on each channel

(NO and NOx). The wetted surfaces of the instrument are constructed of 1/4 in. PFA

tubing, with the exception of 316 stainless steel unions/MFC internals.

Both instruments are calibrated for NO by internal, automatic standard addition. Cal-

ibration for NO2 converter efficiency is by internal automatic gas-phase titration of NO

with O3 to form NO2 with the NO signal measured with the BLC lamps active and inac-
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tive as described by Lee et al. (2009). Artefacts in both NO and NO2 are measured whilst

sampling zero air.

2.3.1.1 Laboratory NOx analyser

The laboratory NOx analyser from Air Quality Design Inc. (AQD) is a custom dual-

channel instrument designed for fast response and very low limit of detection (LOD) of

2.5 pptV averaged over 1 min. The dual-channel design means that there are effectively

two separate NO chemiluminescence instruments working in parallel. Both channels have

identical flow paths and share identical duplicate equipment: ozonizers, MFCs, PMTs,

etc. Both channels share the same vacuum pump – an Edwards XDS 35i. One channel is

equipped with a BLC immediately in front of the MFC flow control/low-pressure side of the

system. It is possible to analyse NO with one channel and NOx with the other to provide

a constant, fast measurement (1 Hz) of NO and NO2. Alternatively, a single channel can

be used with the BLC in a switching mode so that it is active for only 40 % of the duty

cycle to provide NO and NO2 measurement – the other 60 % of the duty cycle is devoted

to NO (40 %) and measuring zero (20 %). In this case the second channel might be used

for NOy by connection of a catalytic converter to the inlet as is the set-up at the Cape

Verde Atmospheric Observatory GAW station (Lee et al., 2009). In these experiments

both modes were used in order to replicate different instrument designs: a switching mode

with a 40 % duty cycle of the NO2 converter and a total sample flow of 1 standard L min−1,

and a parallel mode with a 100 % duty cycle of the NO2 converter with a total sample

flow of 2 standard L min−1. Chemiluminescent zero is determined for 30 s every 5 min. A

chemiluminescent zero is acquired by increasing the NO + O3 reaction time by diverting

the sample flow to a pre-reactor, where greater than 99 % of NO is reacted. The pre-reactor

is a PFA volume immediately prior to the detection cell through which usually only O3

flows but which, during zero, both the sample gas and O3 flow. In this way, photon counts

arising from slower (∼ 2 orders of magnitude) alkene + O3 reactions are accounted for and

subtracted from the NO signal.

The nominal sensitivity of the instrument is 3.5 and 4.0 counts s−1 ppt−1(± 5 %) on chan-

nel 1 (NO) and channel 2 (NO and NOx) respectively. The ± 5 % uncertainty arises from

the error in the NO standard concentration, the error of the sample and standard mass

flow controllers, and the reproducibility of the sensitivity determination. Sensitivity drift
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was mitigated by performing all experiments under an overflow of stable zero air; thus, NO

changes in, for example, humidity, which affects chemiluminescent quenching, occurred.

The 1 min LOD (2σ) is ∼ 2.5 pptV.

2.3.1.2 Aircraft NOx analyser

The aircraft NOx analyser, also from AQD, operates similarly to the lab NOx analyser,

with some alterations to make it suited to aircraft operation. These changes do not

affect its use on the ground. It can therefore be considered analogous to the lab NOx

analyser with the exception of the BLC. This is of a non-standard design that uses six more

powerful UV diodes which require active Peltier/forced air cooling in order to maintain an

operating temperature close to ambient. The special requirements for this NO2 converter

are primarily because of the high sample flow rates needed to measure NOx fluxes on an

airborne platform at reduced pressure. However, in this study the sample flow rate was

a constant 1 standard L min−1 per channel at ambient temperature and pressure.

The nominal sensitivity of the instrument is 8.3 and 11.6 counts s−1 ppt−1(± 5 %) on chan-

nel 1 (NO) and channel 2 (NOx) respectively. The 1 min LOD (2σ) is ∼ 1.0 pptV.

2.3.2 NO2 converters

Photolytic converters for the two chemiluminescent systems were supplied by AQD and

manufactured according to their proprietary standards (Buhr, 2004, 2007). Other pho-

tolytic NO2 systems have also been developed with variations in design, but operating

similarly (Pollack et al., 2011; Sadanaga et al., 2010). Experiments with either NO2 con-

verter were carried out at ambient temperature and pressure: 20 ◦C, 1 atm.

Photolytic converters employ Reaction 2.1 to convert NO2 to NO over a narrow wavelength

band, thus providing a more selective NO2 measurement to that provided by molybdenum

catalysts (Ridley et al., 1988; Ryerson et al., 2000). The conversion efficiency is determined

by Eq. 2.10, where t is the residence time within the photolysis cell. Here k[Ox] is the

concentration and rate constant of any oxidant that reacts with NO to form NO2 (Ryerson
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et al., 2000).

CE =

[
jt

jt+ k [Ox] t

] [
1− exp(−jt−k[Ox]t)

]
(2.10)

The rate constant of photolysis of NO2 (j), and thus the rate of production of additional

NO beyond that in the original sample, is given in Eq. 2.11.

j(T ) =

∫ λ max

λ min
F (λ)σ (λ, T )φ (λ, T ) dλ (2.11)

In Eq. 2.11 j is the rate constant (s−1), F is the spectral photon flux (photons cm−2 s−1

,nm−1), σ is the absorption cross section of NO2 (cm2), φ is the quantum yield (dimen-

sionless) of NO2 photo-dissociation, and T is the temperature (Burkholder et al., 2015).

The j value of the converter is practically determined by the irradiant photolysis power

of the UV-emitting elements and how efficiently the power is used.

2.3.2.1 Standard BLC

Standard BLCs consist of two ends housing the UV LEDs (1 W, 395 nm, UV Hex, Norlux

Corp.) within a heat sink to which a cooling fan is attached. The ends are bolted to

a central section with rubber gaskets forming an airtight seal. Within the centre section

a propriety Teflon-like material block is housed which serves as a highly UV-reflective

(> 0.95) cavity through which the sample gas flows (Buhr, 2007). On two of the opposing

sides of the centre section are 1/4 in. Swagelok fittings acting as an inlet and outlet for

the sample gas.

The volume of this illuminated sample chamber is 16 mL, which, with a standard flow rate

of 1 standard L min−1, gives a sample residence time of 0.96 s. Additional lamp end units

were also supplied by AQD.

The conversion efficiency of the standard BLC with a sample flow of 1 standard L min−1

was between 22 and 42 % (j= 0.2 – 0.6 s−1) depending on the combination of lamp units

used, whilst the external temperature of the converter was typically 34 to 45 ◦C. All

experiments were carried out with sample gas at ambient temperature and pressure: 20 ◦C,

1 atm.
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2.3.2.2 High-powered BLC

The high-powered BLC of the aircraft instrument is designed to operate at a higher flow

rate (1.5 standard L min−1) and lower pressure (∼ 300 Torr), and therefore lower residence

time, to that of the standard BLC to allow fast time resolution measurements from an

aircraft. For this reason a greater number (six) of more powerful UV LEDs (2 W, 395 nm,

Nichia Corp.) are used in order that the conversion efficiency is acceptable under these

conditions. The lamps are placed evenly along two sides of a cylindrical cavity of the same

highly UV reflective Teflon with inlets at opposing ends. The high-powered BLC lamps

are actively (Peltier) cooled to 47 ◦C, and without Peltier cooling reached 77 ◦C. It was

therefore possible to control the internal temperature of the BLC by varying the power

supplied to the Peltier elements via the temperature controller.

The volume of this illuminated sample chamber is 10 mL, which, with a standard flow rate

of 1 standard L min−1, gives a sample residence time of 0.60 s, resulting in a conversion

efficiency of 93 % (j= 6.5 s−1).

2.3.3 TD-LIF analyser

Laser-induced fluorescence (LIF) provides a direct NO2 measurement, as opposed to chemi-

luminescence with conversion. A direct method of NO2 determination to compare with

the BLC NO2 converters is desirable in order to properly know the source of any “artefact”

NO2 signal.

The thermal dissociation laser-induced fluorescence (TD-LIF) system is a custom in-

strument developed for aircraft and ground-based observations of NO2, peroxy nitrates

(
∑

PNs), alkyl nitrates (
∑

ANs), and HNO3. A detailed description of the TD-LIF in-

strument can be found in Di Carlo et al. (2013), with a short description given here. The

instrument uses LIF to detect NO2 concentrations directly (Dari-Salisburgo et al., 2009;

Matsumoto and Kajii, 2003; Matsumoto et al., 2001; Thornton et al., 2000) and, coupled

with a thermal dissociation inlet system, allows measurement of
∑

PNs,
∑

ANs, and HNO3

after conversion into NO2 (Day et al., 2002). The TD-LIF comprises four main parts: the

laser source, the detection cell system, the inlet system, and the pumps. The laser source

is a Nd:YAG double-pulse laser (Spectra-Physics, model Navigator I) that emits light at
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532 nm with a power of 3.8 W, a repetition rate of 15 kHz, and 20 ns pulse width. The

detection cell system comprises four identical cells, one for each compound class, to allow

simultaneous measurements. Each cell is formed by a cube and two arms where the laser

beam passes through the sample air flow in the centre of the cell. Perpendicular to both

(laser beam and air flow) there is the detector that is a gated photomultiplier with lens and

long-pass filters to optimize the fluorescence detection, minimizing the non-fluorescence

light that reaches the detector (Di Carlo et al., 2013; Dari-Salisburgo et al., 2009). The

pump system includes a Roots blower coupled to a rotary vane pump to maintain a flow

of 6 L min−1. The common inlet system is split into four channels: one at ambient tem-

perature to measure NO2, and the last three heated at 200, 400, and 550 ◦C to thermally

dissociate
∑

PNs,
∑

ANs, and HNO3 respectively into NO2 (Di Carlo et al., 2013). To

minimize quenching due to atmospheric molecules, and therefore increase the sensitivity

of the TD-LIF, each cell is kept at low pressure (3–4 Torr). This increases the fluores-

cence lifetime of NO∗2 and facilitates the time gating of the photomultiplier to further

reduce the background (Dari-Salisburgo et al., 2009). The TD-LIF is routinely checked

for background by an overflow of zero air in the detection cells and is calibrated by stan-

dard addition of a known amount of NO2 from a cylinder (NIST traceable) diluted in

zero air – the flow of both zero air and NO2 being MFC- controlled. The time resolution

of the measurements is 10 Hz and the detection limits are 9.8, 18.4, 28.1, and 49.7 pptV

(1 s, S/N = 2) for NO2,
∑

PNs,
∑

ANs, and HNO3 cells respectively (Di Carlo et al.,

2013).

2.3.4 PAN preparation

In order to test the sensitivity of the instrument to peroxyacetyl nitrate (PAN) interfer-

ences, it was prepared by means of the photolysis of acetone and NO in air as described

by Meyrahn et al. (1987) and later by Warneck and Zerbach (1992); Flocke et al. (2005).

Reactions 2.12 – 2.16 show the reaction sequence by which PAN is formed by acetone
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photolysis (Singh et al., 1995).

(CH3)2CO + hν → CH3CO• + CH•3 (2.12)

CH•3 + O2 +M → CH3O
•
2 +M (2.13)

CH3O
•
2 + NO→ CH3O

• + NO2 (2.14)

CH3O
• + O2 +M → CH3C(O)O•2 +M (2.15)

CH3C(O)O•2 + NO2 +M → CH3C(O)O2NO2 +M (2.16)

Here, NO2 reacts stoichiometrically with the peroxyacetyl radical to form PAN. In practice,

an excess of acetone is used to ensure that NO reacts completely. A dedicated “PAN

generator”, as used by Whalley et al. (2004), was employed to produce a consistent source

of > 95 % pure PAN (Flocke et al., 2005; Mills et al., 2007). The generator consists of

flow control elements for the NO standard gas, the acetone flow, and the zero-air diluent

flow; a thermostated (30 ◦C) acetone permeation oven consisting of a reservoir of HPLC

grade acetone (ACS grade, Acros) with a silicone permeation tube placed in the head-

space through which zero air flows; and a Pyrex glass photolysis cell illuminated by UV

light centred at 285 nm (Pen-Ray mercury lamp, UVP). The Pyrex functions to filter

wavelengths below 290 nm within the photolysis cell, thus minimizing PAN photolysis

(Mills et al., 2007).

A minor product also found in the photolysis of acetone is methyl nitrate, MeONO2, which

is typically approximately 1 % of the total yield (Mills et al., 2007). The proposed origin

of the methyl nitrate (Williams et al., 2014) is shown in Reaction 2.17 and formaldehyde,

which is formed as a major by-product is shown in Reaction 2.18 (Singh et al., 1995;

Warneck and Zerbach, 1992).

CH3O
•
2 + NO→ CH3ONO2 (2.17)

CH3O
• + O2 → CH2O + HO2 (2.18)

Methyl nitrate is also found in the atmosphere through oceanic emission (Moore and

Blough, 2002) and as a product of the thermal decomposition of PAN (Fischer and

Nwankwoala, 1995; Roumelis and Glavas, 1992; Warneck and Zerbach, 1992).

All flow rates within the PAN generator were calibrated using a Gilian Gilibrator-2 air

flow calibrator (Sensidyne). The PAN generator is capable of continuously producing

0.1 – 20.0 ppbV PAN. Linearity and mixing ratio of the PAN output was confirmed by a
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PAN-GC equipped with an ECD detector as described by Whalley et al. (2004), and also

by complete reduction back to NO using a heated (325 ◦C) molybdenum catalyst (Thermo

Environmental). The LIF instrument, described in Sect. 2.3.3, was used to quantify NO2

produced directly in the PAN generator, which other authors (Flocke et al., 2005) have

found to be the main impurity, with the results presented in Sect. 2.3.6 showing that ≤ 1 %

NO2 is emitted directly.

2.3.5 Zero air

Zero air was generated from dried (−40Td) compressed air by subsequent filtering through

a cartridge of molecular sieve (13×, Sigma Aldrich) to ensure a consistent humidity

throughout all experiments and was regenerated by heating to 250 ◦C for 24 h when nec-

essary. A second filter cartridge placed after the molecular sieve was packed with Sofnofil

(Molecular Products) and activated charcoal (Sigma Aldrich) in order to remove ozone,

NOx, and VOCs which may be present in the compressed air. Zero air generated from the

compressed air and filter cartridges system and zero air from an Eco Physics AG PAG 003

pure air generator (the industry standard) were both sampled by the NO chemilumines-

cence analyser. No difference in the counts of the NO analyser as observed between the

two sources of zero air, both showing levels of NO below the LOD (< 2.5 pptV). Thus the

NO content of both sources of zero air was considered to be insignificant and comparably

low.

The NO2 content of any zero air used is critical (more so than NO) in this study. In

order to determine the NO2 content of the zero-air sources, a direct measurement of NO2

was required in order to avoid biasing the experimental procedure. The LIF instrument

described in Sect. 2.3.3 was used to compare the zero-air sources (Table 2.1).

Zero air from both the PAG 003 and the filter stack was sampled by the NO2 LIF anal-

yser. Additionally, high-grade bottled zero air (BTCA 178, BOC speciality gases) was

analysed for NO2. Table 2.1 shows the photomultiplier counts per second whilst sampling

1.5 standard L min−1 of zero air. The dark counts of the PMT in the absence of laser light

are typically less than 3 counts s−1. The counts recorded are therefore the sum of any NO2

fluorescence and scattered laser light. It is clear that the Sofnofil–carbon filter system

has an advantage over both the PAG 003 and BTCA 178 zero-air sources in that a lower
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signal for NO2 fluorescence was observed. Typical sensitivity of the LIF NO2 channel

was ∼ 180 counts s−1 ppb−1; thus, a 4 – 4.5 counts s−1 improvement in zero background

equates to 22 – 25 ppt improvement in accuracy. Consequently, all dilution, zeroing, and

PAN generation utilized the Sofnofil–carbon filter system.

Table 2.1 – Comparison of the NO2 observed from measurement of three zero-air sources (Eco

Physics AG PAG 003, BOC speciality gases BTCA 178, and Sofnofil–carbon–13× molecular sieve

filters) by LIF. The average of ten 1 min averages is shown in pptV, normalized to the lowest

reading, in raw PMT counts s−1 as well as the standard deviation of those averages.

PAG 003 BTCA 178 Sofnofil–carbon

Normalized concentration (pptV) 23.06 26.17 –

Signal (counts s−1) 88.10 88.66 83.95

Standard deviation 1.64 1.56 1.81

2.3.6 Experimental procedure

The NOx analysers were first calibrated for sensitivity/converter efficiency whilst sampling

zero air by overflowing the inlet from the internal source prior to the experiment for at

least 2 h. This is because the PAN from the generator is in zero air which has a very low

dew point (−40Td) and the sensitivity of the NOx analyser is reduced by high humidity

in ambient sample gas. This means that switching the NOx analyser from sampling

ambient (humid) air to zero air causes the sensitivity to rise slowly and the humidity

inside of the reaction cell to decrease. After establishing an NO flow (4.78 ppm NO in

N2, BOC speciality gases) of 0.5 mL min−1 into the PAN generator, the acetone flow was

then adjusted to ∼ 10 mL min−1 and the diluent flow of zero air adjusted to achieve the

desired output mixing ratio. The internal zero air of the NOx analyser was then shut

off so that the NOx analyser was sampling zero air from the PAN generator. Note that

the total flow from the PAN generator always exceeded the sample requirements of the

NOx analyser with excess flow vented to the atmosphere. The system was then allowed to

stabilize until a consistent NO value was recorded on the NOx analyser. Next, the acetone

photolysis lamp of the PAN generator was switched on so that acetone was photolysed in

the presence of NO to form PAN. Complete NO conversion to PAN was indicated by the

fact that in all cases the NO signal measured by the NOx analyser fell to ∼ 0 ppbV after

the acetone–NO mixture was illuminated by the photolysis lamp; > 99.5 % conversion was
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reported by Mills et al. (2007) with the same system. The diluent flow from the PAN

generator was then varied to achieve PAN mixing ratios of between 0.2 and 1.3 ppbV.

The corresponding NO2 signal was recorded once stable. This procedure was repeated for

various combinations of BLC lamps/assemblies and analyser operation modes.

In order to investigate any interference from un-reacted acetone, the NOx analyser was

allowed to sample the output of the PAN generator with the photolysis lamp off, i.e. a flow

of acetone and NO gas. No additional NO2 signal relative to zero air was observed during

these experiments at any mixing ratio of NO.

To investigate any interference from un-reacted peroxy radicals left over from photolysis

of excess acetone, produced in Reaction 2.12, the NOx analyser was allowed to sample

acetone that had been photolysed within the PAN generator in the absence of NO. NO

was then added downstream of the photolysis cell at the NOx analyser inlet. In this way,

any peroxy radicals exiting the PAN generator will cause a loss of NO and a production

of NO2 which can be quantified. No loss of NO or production of NO2 was observed,

indicating that peroxy radicals from acetone photolysis within the PAN generator do not

have a long enough lifetime (self-reaction or surface loss) before entering the BLC to cause

an interference or “PERCA-like” (PEroxy Radical Chemical Amplifier; Clemitshaw et al.

1997) chemistry within the BLC.

It should be noted that sampling acetone does cause a small increase in the chemilumi-

nescent zero count (a few hundred counts on a signal of ∼ 4000) of the NOx analyser

as acetone does react with ozone; this chemiluminescence interference is known (Dunlea

et al., 2007) and is accounted for in the measurements by the chemiluminescent zero taken

every 5 min described in Sect. 2.3.1.1.

To test whether the PAN generator produced any NO2 directly (i.e. rather than as a con-

sequence of decomposition of PAN to NO2 within the BLC), a direct measurement of NO2

was employed using the TD-LIF described in Sect. 2.3.3. The measured signal relative

to pure zero air was measured in the LIF NO2 channel when sampling various mixing

ratios of PAN from the generator as shown in Fig. 2.1. It is evident that the NO2 signal

observed while sampling PAN from the generator lies within the noise of the zero signal

measurement. In this case each point represents a 10 min average, as does the zero mea-

surement. With an averaging time of 10 min the theoretical limit of detection is estimated
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Figure 2.1 – The average raw counts per second (left) and pptV (right) recorded by a LIF

instrument when sampling various mixing ratios of PAN (in red) and zero air (black). The variance

of the zero-air signal is also shown (dashed black). The average signal while sampling PAN falls

within the noise of the zero signal.

to be less than 0.1 pptV – taking a 10 Hz LOD of 9.8 pptV, and averaging 6000 points (i.e.

10 min), the precision improves by a factor of approximately 1/
√
n, where n is the number

of points averaged

It was therefore determined that only PAN could be an interfering species in the BLC

from the PAN generator. The small percentage of methyl nitrate which may be produced

is discounted due to it being less thermally labile that PAN itself. Additionally, the

percentage interference observed is significantly greater than any expected or reported

methyl nitrate yield from PAN synthesis by acetone photolysis i.e. 1 % (Mills et al., 2007).

In the following discussion we address the possibility of photolytic and thermal dissociation

of PAN or methyl nitrate to NO2 and subsequently NO within the photolytic converter.

2.3.7 Residence time

The residence time of PAN in the 2.7 m PFA inlet linking the PAN generator to the NOx

analysers (shown in Table 2.2) was varied by varying the flow rate. This was achieved

by altering the sample flows through the each of the NOx analyser channels (which share
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a common inlet). Residence times were 2.10 and 1.05 s−1 for one- and two-channel opera-

tion respectively.

2.4 Impact of PAN on NO2 measurements

In this section we describe experiments investigating the impact of PAN on the two NO2

instruments’ measurements. In Sect. 2.4.1 and 2.4.2 we explore the interference in the

laboratory instrument with a range of BLC converters, eliminating any possibility for

inlet effects in Sect. 2.4.3, and in Sect. 2.4.4 we explore the interference in the aircraft

instrument which has an active cooling of the converter. In Sect. 2.5.1 we investigate

whether photolytic decomposition of PAN could lead to the interferences, and in Sect. 2.5.2

we investigate whether thermal decomposition could be the source.

2.4.1 Standard BLC and laboratory NOx analyser in constant mode

PAN was introduced to the laboratory NOx analyser, equipped with a BLC as described

in Sect. 2.3.2.1, diluted in zero air through a range of mixing ratios. The resulting mixing

ratio recorded by the analyser is presented in the following sections. Figure 2.2 shows that

the artefact NO2 signal is proportional to increasing PAN mixing ratios. An artificial signal

corresponding to 8 to 25 % of the initial PAN mixing ratio was generated. The percentage

conversion of PAN to NO2 is on average highest at the lowest converter efficiency and vice

versa. Potential reasons for this effect are addressed in Sect. 2.5.2.
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Figure 2.2 – The measured NO2 artefact signal (a) of the supplied PAN mixing ratio, and as

a percentage (b), for three BLC units operating in constant mode separated by NO2 conversion

efficiency. Green: 41 ; red: 35 %; blue: 22 %.

2.4.2 Standard BLC and laboratory NOx analyser in switching mode

Figure 2.3 shows the artefact NO2 signal resulting from PAN using the same three BLC

units operated in switching mode (40 % duty cycle). The percentage PAN conversion

observed is lower in all cases than in the corresponding constant mode. This is likely

due to the lower lamp temperature as a result of operating only 40 % of the time. The

relationship between conversion efficiency and signal is not as clearly evident here as

for constant mode operation (Fig. 2.2). It is possible that the greater variation in the

measurement due to the lower amounts of NO2 produced obscured any trend; however, it

is clear that there is still a significant proportion of PAN measured as NO2 – an average

of 5.8 %.
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Figure 2.3 – The measured NO2 artefact signal as a function of the supplied PAN mixing ratio (a),

and as a percentage (b), for three BLC units operating in switching mode separated by NO2

conversion efficiency. Green: 41 %; red: 35 %; blue: 22 %.

2.4.3 Inlet residence time effects

It is not clear from either Fig. 2.2 or 2.3 whether the PAN decomposition occurs within the

BLC exclusively or within the inlet of the system, as has been claimed previously (Fehsen-

feld et al., 1987). Previous studies (Fehsenfeld et al., 1990; Ridley et al., 1988; Sadanaga

et al., 2010) have also reported a small PAN interference with photolytic converters, while

some have found the contribution to the NO2 signal from PAN to be negligible (Ryerson

et al., 2000). Others (Val Martin et al., 2008) acknowledge the possibility for interference

and estimate a small (2 to 4 pptV) positive bias. The photolytic converter designs in these

studies vary greatly in their implementation and do not have the same ubiquity as BLCs

used here, i.e. within the GAW network (Penkett et al., 2009).

Table 2.2 – Effect of varying the residence time of PAN (1.0 ppb) within a 2.7 m PFA inlet on

artefact NO2 in switching mode.

Inlet residence time (s−1)

0.84 1.05 1.40 2.10

NO2 (%) 5.4 5.4 5.2 5.3

Table 2.2 demonstrates that the residence time of PAN within the inlet does not affect
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the signal arising from PAN decomposition in our system. This rules out any significant

contribution from PAN decomposition in the inlet to any artefact signal. The inlet in

this case consists of ∼ 2.7 m 1/4 in. PFA tubing shielded from light and held at 20 ◦C. In

other applications – for example if the inlet is heated, contaminated, or has a very long

residence time – it is quite possible that significant PAN decomposition occurs.

From these experiments it is evident that a significant NO2 signal is observed when sam-

pling PAN diluted in zero air. The signal seen corresponds to around 8 to 25 % of the

PAN supplied, which represents a significant interference. The possibility of thermal de-

composition within the inlet was ruled out.

2.4.4 High-powered and actively cooled photolytic NO2 converter

Figure 2.4 shows the difference in NO2 signal between the cooled and un-cooled high-

powered BLC described in Sect. 2.3.2.2. In all of the cooled cases the NO2 measured was

significantly lower than in the un-cooled case; this accounts for any increased artefact (the

signal recorded when sampling zero air) in the un-cooled case. The conversion efficiency

was 93 % for NO2→ NO.

Figure 2.4 – The measured NO2 artefact signal as a function of the supplied PAN mixing ratio (a),

and as a percentage (b), for the cooled (blue) and un-cooled (red) high-powered BLC.

The effect of actively cooling the BLC lamps is significant, as apparent in the much lower

NO2 concentrations measured whilst sampling a range of PAN mixing ratios (Fig. 2.4). It
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is therefore evident that there is a significant effect of cooling the UV LEDs which acts to

mitigate any signal arising from PAN.

2.5 Results

2.5.1 Possible photolytic interferences of BLCs

There exists potential for photolytic interferences in photolytic converters, e.g. HONO,

depending on their spectral overlap. Here we investigate this possibility with BLCs by

taking the spectral output of a range of LED units against the absorption cross sections

of various atmospheric compounds.

Spectral radiograms of the UV-LED elements of standard BLCs were obtained using an

Ocean Optics QE65000 spectral radiometer coupled to a 2π quartz collector. The spec-

trometer and collector optics were calibrated using an NIST traceable light source (OL

FEL-A, Gooch and Housego) and ultra-linear power supply (OL 83A, Gooch and Housego).

The light source is a 1000 W quartz–halogen tungsten coiled-coil filament lamp with spec-

tral irradiance standard F-1128. The lamp was operated at 8 A DC (125 V), with the

lamp–collector distance fixed at 50 cm. Calibration was carried out in a light-sealed cham-

ber. Spectra of the BLC UV-LED lamps were taken within the same light-proof chamber

with the same distance between the lamp and collector.

Figure 2.5 shows the spectral emission of six different BLC UV-LED units. These units

ranged in age from new to nearing the end of their service life – i.e. the conversion

efficiency of the whole BLC unit had fallen below acceptable limits. As the LED units

age, the relative intensity of their outputs declines; this decrease in intensity can be due

to dimming of the overall output or failure of individual array elements determined by

visual inspection during operation. It should be pointed out, however, that the light

intensity of the UV LEDs is not directly proportional to the NO2 conversion efficiency

of the complete whole BLC. Rather, the conversion efficiency is strongly dictated by the

condition of the reflective Teflon-like cavity. For example, disabling one of the two lamps in

a BLC does not reduce the conversion efficiency by half but by a much smaller percentage.

Additionally, replacing the UV-LED elements of a converter whose conversion efficiency

has dropped below 30 % with new lamps will not lead to a recovery of the conversion.
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Figure 2.5 – Spectral output vs. wavelength of two new, previously unused BLC lamps (no. 1,

solid green; no. 2, dashed green), two used lamps (no. 3, solid red; no. 4, dashed red) still within

acceptable conversion efficiency, and two which fall below acceptable limits (no. 5, solid blue; no.

6, dashed blue). The NO2 quantum yield is shown in black.

Scrupulous cleaning of the reflective cavity with solvent and mild abrasion of the surface

will, however, recover the conversion efficiency considerably. This is because Teflon-like

block is a bulk reflector, that is, the UV penetrates up to ∼ 1 cm into the material. It is this

reflective property that makes most efficient use of the light and achieves high conversion

efficiency at low residence times. Adsorption of any UV absorbing material on the surface

reduces the reflectivity dramatically. Additionally, the Teflon block is somewhat porous

and so contaminants may penetrate into the bulk (or at least below the surface). Solvent

may remove most of the contaminants (though strong solvents can damage the block);

however, those which have moved below the surface can only be removed by removing

the contaminated layer of Teflon. The porosity also gives rise to the artefact NO2 signal

as new material off-gases (as can other surfaces, e.g. LED lens). Sample gas may also

diffuse into, and out of, the bulk very slowly giving a small memory effect as NOx and

NOy exchange with the sample stream.

Figure 2.6 depicts the absorption cross sections of atmospheric nitrogen compounds taken

from Burkholder et al. (2015) against the measured spectral output of UG5 UV-passing

filter glass (Schott, 1997) used in lamp-type photolytic converter (PLC) optics (e.g. Eco

Physics AG PLC 760), and the averaged measured spectral output of six individual BLC
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UV-LED arrays of varying running hours. Also shown is the NO2 quantum yield (Gardner

et al., 1987; Koepke et al., 2010). It can be discerned that the UV-LED output overlaps

fully with the NO2 absorption band and the NO2 quantum yield and is therefore photon-

efficient. It is also shown that there is minimal overlap with HONO and no overlap in

the spectrum at all with PAN. It has been shown that there is no overlap with methyl,

ethyl, or isopropyl nitrate (Carbajo and Orr-Ewing, 2010; Talukdar et al., 1997) – methyl

nitrate being a minor impurity in PAN synthesis. There is only very minor overlap in the

PLC optics spectrum with PAN, methyl ethyl, and isopropyl nitrate. PLC optics exhibit

a great deal of overlap with HONO, which the UV LEDs do not. Both systems suffer some

overlap with NO3 radicals and BrONO2, more so in the case of PLC optics than for UV

LEDs. It is evident that PAN is unable to be photolysed in a BLC, nor in other types of

photolytic converters, due to the narrow spectral output of UV not having overlap with

the PAN absorption spectrum. Other species such as HONO, BrONO2, and NO3 radicals

may constitute a photolytic interference.
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2.5.2 Possible thermal interferences in BLCs

The thermal and electronic characteristics of the standard BLC lamps were found in bench

tests and are summarized in Table 2.3. Each lamp was run constantly whilst recording

the surface temperature and power draw of the light-emitting element. The surface tem-

perature was recorded once a stable maximum had been reached and maintained for at

least 10 min – representative of using a BLC in constant mode. The ambient temperature

during the experiments was 20 ◦C.

Table 2.3 – Peak surface temperature and current drawn by BLC lamps in a bench test at 20.0 ◦C

showing converter efficiency, current, and surface temperature.

Lamp Converter BLC lamp surface Current

no. efficiency temperature (◦C) draw (A)

(%) ±1 ±0.05 ±0.0005

1 41 79.8 0.969

2 75.3 0.953

3 35 77.6 0.933

4 74.0 0.931

5 22 76.2 0.916

6 56.4 0.567

Table 2.3 describes the power draw and surface temperature of three BLC UV-LED lamp

pairs measured during tests, along with their NO2 → NO converter efficiencies when as-

sembled as a complete BLC. The surface temperature of the individual lamps correlates

positively with the power drawn by each lamp (R2 = 0.96) and indeed with output in-

tensity (Fig. 2.2), but with each lamp pair there is only weak correlation (R2 = 0.43)

between converter efficiency and temperature. It is worth noting that the power con-

sumption is a combination of the light output, heat dissipation, and power to the cooling

fan. It is clear, however, that the temperature experienced by the sample gas within the

NO2 converter is significantly above ambient. In fact, the entire NO2 conversion cavity

is heated by the lamps, leading to external temperatures of the converter of between 34

and 45 ◦C. It is known that the major product from thermal decomposition of PAN is

NO2 (Reaction 2.19; Roumelis and Glavas 1992; Tuazon et al. 1991). The NO2 produced

thermally within the converter may then be photolysed to NO and thus be measured as
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NOx and attributed to atmospheric NO2.

CH3C(O)OONO2 
 CH3C(O)OO• + NO2 (2.19)

A model of the gas-phase thermal decomposition of PAN over a range of temperatures

within the BLC with a residence time of 0.96 s is shown in Fig. 2.7. The model run was

conducted in FACSIMILE kinetic modelling software (MCPA Software Ltd.) using rate

constants from IUPAC evaluated kinetic data (Atkinson et al., 2006).

The model output indicates that measurable PAN decomposition to NO2 occurs above

∼ 50 ◦C. At the maximum LED surface temperature recorded (80 ◦C), the model predicts

∼ 30 % decomposition of PAN to NO2. However, as only the two UV-LED lamps are at

such an elevated temperature, we can expect a temperature gradient/heating rate within

the BLC so that the average temperature seen by the sample gas over the 0.96 s residence

is somewhat lower. We assume that only gas-phase decomposition occurs, rather than any

surface enhanced heterogeneous process; however, as the BLC has Teflon, stainless steel,

rubber, conformal coating, etc. contacting the sample gas (some of which maybe heated

to an extent), it is a possibility. Ryerson et al. (2000) found no measurable heterogeneous

PAN decomposition on the quartz surface of their converter. It is expected that, in

a switching mode with only 40 % duty cycle of the lamps, the LED surface temperature

would be lower also. This is borne out when using the external surface temperature of

the BLC as a proxy – the temperature was lower in switching mode than in constant

mode for the same conversion efficiency. It is shown more clearly in the inset that an

average temperature of 60 ◦C would cause a 4.6 % decomposition of PAN and account for

the NO2 measured during experiments with the standard BLCs. Therefore, together with

the spectral measurements reported in Sect. 2.5.1, it seems highly unlikely that the source

of the artefact signal is through direct photolysis of PAN, leaving thermal decomposition,

modelled in Fig. 2.7, the remaining explanation.

In Sect. 2.4.1 the percentage conversion of PAN to NO2 was found to be, on average,

highest at the lowest converter efficiency and vice versa. The fact that the converter

temperatures are very similar at different converter efficiencies (Table 2.3) suggests that

the percentage of PAN thermally dissociated in each case is similar. An explanation for

the inverse relationship between percentage conversion of PAN to NO and conversion effi-

ciency (Fig. 2.2) lies in the way that the NO2 concentration is derived, which is an inverse

function of the assumed conversion efficiency as in Eq. 2.10, where converter efficiency is
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Figure 2.7 – Model of thermal decomposition of PAN to NO2 with a residence time of 0.96 s at

temperatures between 0 and 150 ◦C. Inset is detail of 45 to 85 ◦C. The red shaded area corresponds

to the temperature range of the UV LEDs of a BLC. Kinetic data from IUPAC (Atkinson et al.,

2006).

expressed fractionally. If in fact the conversion efficiency of PAN to NO in the converter

was not related to the measured NO2 to NO conversion efficiency but instead a constant

value, then the apparent relationship between CE and percent conversion would disappear.

This explanation is consistent with the fact that, when the average conversion percentage

in Fig. 2.2 is normalized to conversion efficiency, the percentage for the three BLCs is re-

markably similar (Table 2.4) to the average PAN decomposition of 4.6 % needed to produce

the spurious signal observed. Above a threshold temperature of 25 ◦C, the NO2 formed

in Reaction 2.19 may be vibrationally excited (likely NO2 (2A1)) through the dissipation

of internal energy from the parent PAN molecule (Mazely et al., 1995); this NO∗2 is then

more readily photolysed to NO within the BLC than ground-state NO2. The discussion

above suggests that a similar proportion of the NO2 evolved from thermal dissociation

of PAN is converted to NO within the BLC, leading to the apparent inverse correlation

between conversion efficiency and PAN “artefact”. Consequently, the lower NO2 → NO

conversion efficiency of a BLC, the greater the positive error in NO2 when PAN is present.
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Table 2.4 – The average percentage conversion of PAN to NO2 measured, and normalized to the

converter efficiency of each BLC.

Converter

efficiency (%) ±1

41 35 22

Measured % 10.8 15.9 19.6

Normalized % 4.4 5.2 4.3

2.6 Atmospheric implications

We have shown that a significant proportion of PAN can be decomposed under the nor-

mal operating conditions of a BLC equipped NO chemiluminescence instrument, leading

to a spurious increase in measured NO2 of 8 to 25 % of the PAN supplied. The UV-LED

light source was found to reach a temperature of 56 to 80 ◦C in normal operation, with

the surface temperature correlating positively with power draw and output intensity. The

elevated temperature of the UV LEDs causes a positive bias in NO2 by thermal decom-

position of PAN.

The positive bias in NO2 measurements by NO chemiluminescence using BLCs has impli-

cations for remote background sites. Figure 2.8 shows the thermal decomposition profiles

of many common NOy species. Whereas only a small fraction of PAN is found to convert

to NO2 at the operating temperatures (∼ 5 % at 60 ◦C) of the instrument, a number of

more thermally labile compounds exist.

The degree of gas-phase thermal decomposition within the instrument will depend upon

the thermal profile of the air (T (t)) as it passes through the instrument. This can be

parameterized as a mixing time-scale (τ s) for temperature from the ambient temperature

(T0) to that of the BLC (TBLC) as in Eq. 2.20.

T (t) = T0 + (TBLC − T0) exp

(
− t
τ

)
(2.20)

The time constant for which thermal equilibrium is reached within the cell, τ , is calculated

as 0.42 s from the observed PAN decomposition of 4.6 %, at 20 ◦C ambient temperature,

a BLC temperature of 75 ◦C, and a 1 s residence time. This allows calculation of the

potential interference from other thermally labile NOy compounds.
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Figure 2.8 – Thermal decomposition profiles of IONO2, �; BrONO2,©; ClONO2, I; HO2NO2, •;

N2O5, J; C2H5O2NO2, �; CH3C(O)CH2O2NO2, �; MPAN, �; PAN, N; and PPN, H. Calculated

from IUPAC recommended kinetic data (Atkinson et al., 2004, 2006, 2007) using FACSIMILE ki-

netic modelling software (MCPA Software Ltd.) based on 1 s residence time. Note that CH3O2NO2

is not shown but has the same profile as CH3C(O)CH2O2NO2.

Given a first-order loss of the PAN-like compound and a temperature profile within the

instrument as described in Eq. 2.20, we have Eq. 2.21:

d[PAN]

dt
= −k(T )[PAN] = −k(t)[PAN]. (2.21)

Given the laboratory observations of the temperature dependence of the rate constant

(typically k(T ) = A exp(−B/T )), and the parameterized temperature within the instru-

ment (T (t)), the fraction of the compounds that will have decomposed can be found by

numerical integration.

Figure 2.9 uses output from the GEOS-Chem model (version 9.2, http://www.geos-chem.

org; Bey et al. 2001) run at 2◦ × 2.5◦ resolution, plus updates described in Sherwen

et al. (2016a), to provide an estimate of the interference on NO2 from the decomposition

of NOy species within a BLC photolytic converter. The species used for this analysis

are PAN, MPAN, PPN, IONO2, BrONO2, N2O5, CH3O2NO2, and HO2NO2. Thermal

decomposition information are taken from IUPAC evaluated kinetic data (Atkinson et al.,

2004, 2006, 2007). Interferences are calculated for each month of a 1-year simulation and

the maximum value shown. The estimate assumes a BLC conversion efficiency of 100 %

NO2 →NO and thus does not include the extra signal from the photolysis of NO∗2→NO
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with converters where conversion is less than unity – in this case a multiplying factor

exists.

Figure 2.9 – GEOS-Chem model output showing the monthly maximum percentage over-reporting

of NO2 determined by BLC/chemiluminescence (a) zonally and (b) by altitude in any month of

a 1-year simulation. Panels (c) and (d) show the same in absolute pptV values. Surface values

are the maximum over-reporting in any month; zonal values are the maximum over-reporting in

any month and in any of the longitudinal grid boxes. The MD160 cruise track of Hosaynali Beygi

et al. (2011) is also shown in panels (a) and (c), as are the locations of the studies of Bauguitte

et al. (2012), F; Frey et al. (2013, 2015), N; Griffin et al. (2007), •; Kanaya et al. (2007b), �; and

Yang et al. (2004), �.

Figure 2.9 shows that in extreme circumstances NO2 may be over-reported by many hun-

dreds of percent. These are in regions that typically have low NOx concentrations and

are cold (polar), or in the upper troposphere. Here, the concentration of compounds

such as PAN and HO2NO2 are high relative to NOx and it is not surprising that thermal

decomposition can have an impact. Upper tropospheric overestimates of NO2 concentra-

tions could be as high as 150 pptV, which we find due to CH3O2NO2 abundance, which

has previously been identified as a possible interference in NO2 measurement by LIF and
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chemiluminescence (Browne et al., 2011; Nault et al., 2015).

The NO2 bias shown in Fig. 2.9 impacts the modelled Leighton ratio. In Fig. 2.10 the model

is sampled every daylight hour for every surface grid box for the month of March. The

calculation shown in red is the Leighton ratio calculated from the modelled concentrations

of NO, NO2, jNO2, O3, T , HO2, RO2, BrO, and IO. The model values are in general close

to 1. In blue the same calculation is performed but including the interferences on the NO2

channel. The instrumental decomposition of NOy over a range of BLC lamp temperatures

between 20 and 95 ◦C is shown (described by τ of 0.42 s and a residency time of 1 s). Here

there are significant interferences.

Figure 2.10 – Leighton ratio calculated for each surface model grid-box for each daylight hour for

March by the GEOS-Chem model as a function of the grid box NO2 concentration. The instrument

interference is characterized by a numerical solution of Eq. 2.21 with τ = 0.42 s and a residence

time of 1 s. Red shows the values calculated without the interference on the NO2 concentration

and blue indicates the values calculated with the interference. The interferences are calculated for

different lamp temperatures, 20 to 95 ◦C.

As shown in Fig. 2.10 the Leighton ratio can be extremely perturbed from what would be

predicted for NO2 converters which operate above ambient temperature. This is especially
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true in low-NOx environments.

Unusual Leighton relationships have been seen in a range of previous studies (Baugui-

tte et al., 2012; Cantrell et al., 1997, 2003; Frey et al., 2013, 2015; Griffin et al., 2007;

Hosaynali Beygi et al., 2011; Kanaya et al., 2007b; Yang et al., 2004), leading to either

hypothesizing (a) an unknown, unmeasured, selective oxidant “compound X” or (b) the-

oretical mechanisms by which NO is converted to NO2, which may be accounted for, in

part, by a previously unaccounted for instrument bias our study has suggested. It is note-

worthy that the studies of Bauguitte et al. (2012), Cantrell et al. (2003), Frey et al. (2013,

2015), Griffin et al. (2007), Hosaynali Beygi et al. (2011), Kanaya et al. (2007b), and Yang

et al. (2004) were all in locations where we predict a significant interference (indicated in

Fig. 2.9), impacting on the observed Leighton relationship and complicating interpreta-

tion. However, whether specific NO2 measurements have been influenced by a thermally

labile NOy bias will depend on the specific instrument conditions and geometries.

2.7 Conclusions

Measurements of NO2 collected using some types of photolytic converter and chemilumi-

nescence systems may be significantly biased in low-NOx environments. Thermal decom-

position of NOy species within the NO2 converter can produce spuriously high readings;

this is especially true in pristine environments and at high elevations, where the NOy

to NOx ratio may be high. Over-reporting of NO2 has been shown to lead to apparent

gaps in oxidation chemistry which cannot be explained with any available measurements.

Unexplained high NO2 : NO ratios in such regions have led to theorization of an unknown

“compound X” which selectively oxidises NO to NO2.

Our study suggests a need for characterization of individual NOx instruments using the

BLC/NO chemiluminescence technique (or similar) with respect to interference from ther-

mally decomposing NOy species. A convenient method for this would be with a pure PAN

source, or any other readily available NOy species.

In order to mitigate overestimation of the NO2 mixing ratio by thermally dissociating PAN

and other compounds, it is imperative to avoid heating of the sample above ambient. This

can be achieved by separating the gas flow from contact with the UV-emitting elements,
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and by cooling the photolysis cell. Reducing the residence time of the sample gas within

an instrument where it may not be possible to maintain ambient temperature of the

sample is an alternative, i.e. where the ambient temperature is infeasibly low. This can

be achieved by operating at reduced inlet pressure, with the additional benefit of faster

response time. It is desirable to have the highest possible NO2 → NO conversion efficiency,

i.e. unity, to minimize uncertainty in NO2 and to remove any multiplying effect of more

easily photolysable vibrationally excited NO2. It would also seem prudent that the sample

gas should contact only chemically inert, non-porous materials in order to mitigate any

heterogeneous processes or memory effect – quartz being an ideal material for photolysis

cells.
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Chapter 3

HONO measurement by

differential photolysis

This chapter was presented as an article in the journal Atmospheric Measurement Tech-

niques.

Reed, C., Brumby, C. A., Crilley, L. R., Kramer, L. J., Bloss, W. J., Seakins, P. W., Lee,

J. D., and Carpenter, L. J.: HONO measurement by differential photolysis, Atmospheric

Measurement Techniques, 9, 2483-2495, doi: 10.5194/amt-9-2483-2016, 2016.

‘’There is no harm in repeating a good

thing.”

Plato
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3.1 Abstract

Nitrous acid (HONO) has been quantitatively measured in-situ by differential photolysis at

385 and 395 nm, and subsequent detection as nitric oxide (NO) by the chemiluminescence

reaction with ozone (O3). The technique has been evaluated by Fourier transform infra-red

(FT-IR) spectroscopy to provide a direct HONO measurement in a simulation chamber

and compared side by side with a long absorption path optical photometer (LOPAP) in the

field. The NO–O3 chemiluminescence technique is robust, well characterized, and capable

of sampling at low pressure, whilst solid-state converter technology allows for unattended

in-situ HONO measurements in combination with fast time resolution and response.
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3.2 Introduction

Nitrous acid (HONO) is a major source of hydroxyl (OH) radicals in the boundary layer

(Elshorbany et al., 2009; Kim et al., 2014b; Levy, 1973). HONO can be formed homoge-

neously through reaction of nitric oxide (NO) with OH, heterogeneously through several

pathways, or emitted directly (Kleffmann, 2007; Lammel and Cape, 1996; Spataro and

Ianniello, 2014; Su et al., 2011). HONO is formed heterogeneously on surfaces through

the reaction of NO2 with H2O (Bröske et al., 2003). This heterogeneous formation of

HONO is a net source of OH radicals in the troposphere and is an important mediator of

air quality, particularly in polluted environments (Finlayson-Pitts et al., 2003; Gutzwiller

et al., 2002; Lee et al., 2016). Combustion sources of HONO are direct emission from on-

road vehicle exhausts (Rappenglück et al., 2013), aircraft and diesel emissions (Lee et al.,

2011a), and biomass burning (Roberts et al., 2010). Emission from snowpack as also been

documented (Beine et al., 2008; Zhou et al., 2001), and more recently biogenic sources of

HONO have been identified from nitrite-producing bacteria (Oswald et al., 2013; Su et al.,

2011) and soil crusts (Weber et al., 2015).

In urban areas HONO can be the major net source of OH (discounting radical cycling

driven by e.g. NO), contributing up to 80 % of daytime OH production in winter and

50 % in summer (Elshorbany et al., 2009; Kleffmann, 2007; Villena et al., 2011). However,

the sources of HONO and the many processes by which it forms are not well understood

(Kleffmann et al., 2006; Sörgel et al., 2011; Spataro and Ianniello, 2014; Villena et al.,

2011). There is a clear need for in-situ measurement of HONO in order to better un-

derstand its chemistry and emissions. Currently, methods of detecting HONO are either

remotely through differential optical absorption spectroscopy (DOAS, Febo et al. 1996;

Hendrick et al. 2014; Stutz et al. 2010) or by filter/denuder sampling (Acker et al., 2005,

2006; Febo et al., 1993, 1996; Ianniello et al., 2007). A variety of in-situ techniques exist:

namely, quantum cascade–tuneable infra-red laser differential absorption spectrometry

(QC-TILDAS, Lee et al. 2011b), ion drift chemical ionization mass spectrometry (ID-

CIMS, Levy et al. 2014), ambient ion monitor–ion chromatography (AIM-IC, Markovic

et al. 2012; VandenBoer et al. 2014), stripping coil–visible absorption photometry (SC-

AP, Ren et al. 2011), negative-ion proton-transfer chemical ionization mass spectrometry

(NI-PT-CIMS, Roberts et al. 2010), incoherent broadband cavity-enhanced absorption
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spectroscopy (IBBCEAS, Pusede et al. 2014), and, as used in this study, long path ab-

sorption photometry (LOPAP, Heland et al. 2001). LOPAP has been characterized quite

extensively by other authors (e.g. Clemitshaw 2004; Kleffmann and Wiesen 2008; Kleff-

mann et al. 2006, 2013; Ródenas et al. 2013).

Here, we demonstrate the exploitation of a known HONO interference for photolytic NO2

conversion systems (Pollack et al., 2011; Ryerson et al., 2000; Sadanaga et al., 2010, 2014;

Villena et al., 2012) to provide a simple photolytic technique for quantitative analysis of

HONO.

3.3 Experimental details

The differential photolytic HONO technique, henceforth referred to as pHONO, was de-

veloped from an existing fast NOx analyser, described in Sect. 3.3.1. The photolytic

converter is described specifically in Sect. 3.3.2. Characterisation and calibration are de-

scribed in Sects. 3.3.3 and 3.3.4. The precision, limit of detection, artefacts, interferences,

and uncertainties are described in Sects. 3.3.5 and 3.3.6.

3.3.1 Differential photolysis instrument

Measurements were performed using a dual-channel Air Quality Design Inc. (Golden,

Colorado, USA) instrument equipped with a UV-LED-based photolytic NO2 converter –

commonly referred to as a blue-light converter (BLC) as described in chapter 2.

Briefly, a dual-channel NO chemiluminescence analyser operates in parallel with duplicated

independent equipment. The two channels share a common inlet allowing for parallel

calibration. One channel is equipped with a photolytic NO2 converter so that NOx can be

determined with that channel whilst also measuring NO concurrently. This allows for fast

(1 Hz or greater) determination of NO and NO2. A chemiluminescent zero is taken every

5 min by increasing the NO + O3 reaction time. Practically, the sample flow is diverted to

a PFA volume so that > 99 % of NO is converted, any residual chemiluminescence signal

arises therefore from slower (∼ 2 orders of magnitude) O3 + alkene reactions (Drummond

et al., 1985).
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In order to be able to also measure HONO, the NOx channel was redesigned so that the

photolytic converter (Sect. 3.3.2) operates in a switching mode. That is, the two lamps of

different wavelengths operate alternately on a 50 % duty cycle. The lamps switch every

30 s, allowing for 1 min time resolution data.

3.3.2 NO2–HONO photolytic converter

Photolytic converters were based on those supplied by Air Quality Design and manufac-

tured according to their proprietary standards (Buhr, 2004, 2007), and they are described

in chapter 2. Two UV-LED arrays are positioned at opposing ends of a cavity which is

highly reflective to UV. Sample gas is introduced at one end of the illuminated cavity,

exiting at the other. NO in the sample exiting the converter is enhanced over the original

by photolysis of NO2 or HONO, thus by calibration of the conversion efficiency these can

be quantified.

Modifications were made to the control of the UV-LED elements to allow independent

switching of the lamps. The wavelength of one lamp was changed from standard (395 nm)

to 385 nm in order to overlap better with the HONO absorption spectrum, whilst the

actual UV-LEDs (3 W, LED Engin, Inc.) are more efficient and higher powered than

those used in chapter 2.

The volume of the illuminated sample chamber is 16 mL, which, with a standard flow

rate of 1 standard L min−1, gives a sample residence time of 0.96 s, assuming plug flow,

at standard atmospheric temperature and pressure (SATP). The NO2 → NO conversion

efficiency of the standard BLC with the sample flow of 1 standard L min−1 was ∼ 89 % with

both lamps illuminated. Individual lamp conversion efficiencies were 72.9 and 81.3 %± 0.1

for the 385 and 395 nm lamps, respectively. Determination of the conversion efficiency is

detailed in Sect. 3.3.3.

3.3.3 Characterisation

Spectral radiograms of the UV-LED output were obtained using the same procedure and

equipment described in chapter 2 using an Ocean Optics QE65000 spectral radiometer

coupled to a 2π quartz collector within a light-sealed chamber. Figure 3.1 shows the
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measured spectral emission of two UV-LED units of two different wavelengths, 385 and

395 nm. Also shown is the absorption cross section of HONO, BrONO2, and the NO2

quantum yield (Burkholder et al., 2015).

Figure 3.1 – The measured spectral output of two UV-LED elements, nominally 385 nm output

in dark blue and 395 nm in red. The HONO absorption spectrum is shown in light blue, whilst the

NO2 quantum yield is shown in dashed black. The absorption cross section of BrONO2 is shown

in green.

It is clear that there is greater overlap, calculated to be 30 %, of the HONO absorption

features with the 385 nm LED than at 395 nm. In reaction 3.2 we see that NO is produced

stoichiometrically through the photolysis of HONO. In this way, illuminating an air sample

at either wavelength yields a signal, which we shall denote as NO†2 and which represents the

sum of contributions from NO2 and HONO (Reactions 3.1 + 3.2) in differing proportions

depending upon wavelength.

NO2 + hν (< 410 nm)→ NO + O(3P) (3.1)

HONO + hν (< 390 nm)→ NO + OH (3.2)

The difference in NO†2 signal measured at 385 and 395 nm corresponds to the difference

in conversion efficiency of HONO and NO2 between the two wavelengths. Differences in

NO2 conversion efficiency of each lamp may be readily calibrated for and so taken into

account (see Sect. 3.3.4). The difference in NO†2 signal measured at 385 and 395 nm can
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therefore be used to calculate the HONO present in the sample Eq. 3.3:

NO2
†
385 −NO2

†
395

HONO CE385 −HONO CE395
= [HONO] (3.3)

Apparent HONO conversion efficiency (CE), HONO CE385–HONO CE395, is determined

experimentally as described in Sect. 3.3.4.

3.3.4 HONO and NO2 conversion efficiencies

The NO2–HONO converter system was calibrated for both NO2 and HONO conversion

efficiency. NO2 conversion efficiencies were determined following the procedure outlined

by Lee et al. (2009). Conversion efficiency is the proportion of reactants (NO2 or HONO)

from Reactions 3.1 and 3.2 which are photolysed to NO. This is dependent on the jNO2

and jHONO of the UV source, the residence time, and the concentration of oxidants of

NO in the photolysis cell as described by Eq. 3.4, (Ryerson et al., 2000). Here t is the

residence time within the photolysis cell, and k[Ox] is the concentration and rate constant

of any oxidant that reacts with NO. Typically this would be ozone, however, OH formed

from HONO photolysis must also be considered.

CE =

[
jt

jt+ k [Ox] t

] [
1− exp(−jt−k[Ox]t)

]
(3.4)

The NO + OH back reaction occurs after an air sample has exited the photolytic converter

but before entering the high vacuum of the analyser, causing a decrease in signal from

HONO as discussed in Sect. 3.3.6. A similar reaction of NO + O3 also occurs, however this

is ∼ 3 orders of magnitude slower than NO + OH (Atkinson et al., 2004) and insignificant

on the short (0.11 s) time-scale in our instrument.

The sensitivity of a detector in counts per second per part per trillion (cps / ppt) is de-

termined by adding a 7.5 mL min−1 mass-flow-controlled flow (MFC) of NO calibration

gas (4.78 ppm NO in N2, BOC) to the inlet of the analyser whilst sampling an overflow

of zero air free from NOx, VOC, and ozone. This equates to a calibration concentration

of 12.5 ppbV NO per channel. Zero air was generated by scrubbing dried (−40 Td) com-

pressed air using Sofnofil (Molecular Products) and activated charcoal (Sigma Aldrich)

traps. As described in chapter 2, this combination results in the lowest NO2 signal. The

sensitivity was ∼ 6.8 and ∼ 6.4 (±5 %) cps / ppt for the NO and NOx channels, respectively.

In order to determine the NO2 converter efficiency, a portion of the NO added to the inlet
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is first titrated to NO2 by reaction with ozone, typically generating 10.0 ppbV NO2. Ozone

is generated by illuminating a small flow (∼ 10 mL min−1) of O2 with a broad-output low-

pressure mercury UV lamp (BHK Inc.) The analyser signal (photomultiplier counts in Hz)

is then recorded with neither UV-LED illuminated and then with each illuminated in turn

to determine the increase in signal arising for each lamp. The conversion efficiency (CE)

is then determined as in Eq. 3.5, where, when calibrating in zero air or at high mixing

ratios relative to the measurement, ambient (Amb) values may be neglected. Ambient

signals must be considered when calibration and measurement levels are comparable, and

in a changing background.

CE = 1− (NO.HzUntitrated −NO.HzAmb.1)− (NOx.HzIlluminated −NOx.HzAmb)

(NO.HzUntitrated −NO.HzAmb.2)− (NO.HzTitrated −NO.HzAmb.3)
(3.5)

The NO2 conversion efficiency was determined to be 72.9 % (j = 1.3 s−1) and 81.2 %

(j = 1.7 s−1)± 0.1 for the 385 and 395 nm lamps, respectively.

Calibration for HONO was achieved by sampling a permeation source over a range of

dilutions using methods modified from Taira and Kanda (1990) and Febo et al. (1995).

Nitrous acid was generated by the reaction of hydrochloric acid with sodium nitrite salt

as described by Febo et al. (1995), shown in Reaction 3.6.

HCl + NaNO2 → HONO + NaCl (3.6)

In order to achieve a continuous source of HONO, a permeation tube (Kin-Tek, HRT-

010.00-BLANK/U) was filled with HCl (37 %, Fluka, AR grade) and placed in a ther-

mostated (30 to 55 ◦C) permeation oven (Kin-Tek, 585) with NaNO2 salt (Fluka, AR

grade). The permeation oven was flushed with 1.5 standard L min−1 zero air. The reac-

tion is limited by HCl which permeates at a low rate thus allowing low concentrations

(< 50 ppb) of HONO to be generated continuously.

As side products of Reaction 3.6 can also be produced, the output of the permeation source

was continuously analysed for impurities. In Reaction 3.7 NO and NO2 can be formed by

the gas phase self-reaction of HONO. In Reaction 3.8, HNO3 can be formed by reaction

between adsorbed and gas phase HONO.

2 HONO(g) → NO + NO2 + H2O (3.7)

HONO(ads) + NO2 → HNO3 + NO (3.8)
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To quantify HONO without any direct measurement and close the nitrogen balance, NO,

NO2, and total NOy (NO + NO2 + other reactive oxidized nitrogen species such as HNO3,

HONO, PAN) were measured continuously. The differential photolysis instrument itself

was used to quantify the NO. NO2 was measured directly using an EPA certified Teledyne

API T500U which uses Cavity Attenuated Phase Shift (CAPS) spectroscopy from Aero-

dyne Research Inc. (Kebabian and Freedman, 2007; Kebabian et al., 2005, 2008), to avoid

any HONO interference which would have been present in a photolytic measurement. This

is because the T500U uses a 450 nm band-pass for NO2, whereas HONO absorbs only be-

low 390 nm as shown in Fig. 3.1. Glyoxal is a possible interference in the CAPS technique

as it also absorbs in the 440–460 nm range (Volkamer et al., 2005), however all VOC are

scrubbed from the zero air during calibration. The nitrate radical (from particulate ni-

trate) is also an interference in the CAPS technique as it absorbs above ∼ 400 nm (Stark

et al., 2007), however the T500U is fitted with a high-efficiency particulate air (HEPA)

filter to mitigate this. Nitric acid which absorbs below 340 nm (Rattigan et al., 1992) is

also not an interference. Total NOy was quantified using a Thermo Environmental 42c TL

NOx analyser equipped with a molybdenum catalytic converter which has been shown to

quantify NOy species such as HONO and HNO3 (Clemitshaw, 2004; Fehsenfeld et al., 1987;

Villena et al., 2012; Williams et al., 1998). The TEI 42c TL and Teledyne API T500U were

calibrated either directly with an NO standard or by gas phase titration of NO to NO2

using a Monitor Europe S6100 Multi Gas Calibrator. Production of HNO3 (Reaction 3.8)

would be indicated by an enhancement in NO over NO2, as NO and NO2 are produced

stoichiometrically through the self-reaction of HONO (Reaction 3.7, whereas HNO3 pro-

duction consumes NO2 and produces NO. Thus, HNO3 can be indirectly quantified by

the NO : NO2 ratio, and was found to be a minimal contribution to total NOy. As such,

HONO can reasonably be presumed to be equivalent to [NOy] – ([NO] + [NO2] + [HNO3]).

Measured quantities are shown in Table 3.1.

The stability of the HONO permeation source was recorded over a 12 h period using NOx

measured by the differential photolysis analyser (the most sensitive measurement available)

as a proxy for NO, NO2, and HONO. The stability was found to be ± 0.01 ppb h−1, with

a standard deviation of 0.4 ppb. The uncertainty in the HONO source is determined by a

combination of the accuracy of the NO, NO2, and NOy measurements and their respective

calibrations. The NO calibration uncertainty, due to MFC flows and standard gas accuracy

is 5 %, similarly for the CAPS NO2 and Thermo 42i TL NOy. This results in an overall
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Table 3.1 – Showing the distribution of NOy species NO, NO2, HNO3, and HONO produced from

the HONO permeation source.

No. NOy ppb NO ppb NO2 ppb HNO3 ppb HONO ppb

measured measured measured calculated calculated

1 20.40 3.34 2.64 0.35 14.08

2 19.29 2.96 2.35 0.30 13.68

3 16.82 2.59 2.10 0.26 11.89

4 14.95 2.27 1.87 0.20 10.62

5 13.40 2.05 1.73 0.16 9.45

6 12.15 1.86 1.58 0.14 8.57

7 11.09 1.70 1.46 0.12 7.81

8 10.17 1.60 1.35 0.11 7.14

Percent – 15.5 12.8 1.3 70.4

uncertainty in [HONO] of 8.7 %.

In Fig. 3.2 the observed conversion of HONO, that is the difference between HONO con-

version by the 385 and 395 nm lamps, is shown. As can be seen HONO conversion is

consistently 6.54± 0.21 % more at 385 nm than 395 nm. The fact that the “apparent

HONO conversion” (HONO CE385 – HONO CE395 in Eq. 3.3) is constant as a function

of HONO means that the determination of [HONO] should be a linear function of the

difference in NO†2 signal at 385 and 395 nm.
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Figure 3.2 – Difference in HONO conversion between 385 and 395 nm UV-LEDs over a range of

dilutions. Median values are in red, whilst all data are shown in grey. Linear fit is in black, error

bars show standard deviation of the mean values.

3.3.5 Measurement precision and limit of detection

The precision of NO chemiluminescence detection is the ability to discriminate signal from

photon counting noise. The photon counting noise is taken as the standard deviation of the

pre-chamber zero signal (determined every 5 min as described in Sect. 3.3.1) in Hz (counts

per second) divided by the sensitivity in cps pptV−1. The average zero count rate was

∼ 3000 Hz on both channels with a 1σ standard deviation of ∼ 75 Hz, giving a precision

for NO of 11.0 and 11.7 pptV for 1 s data with sensitivities of 6.8 and 6.4 cps pptV−1 for

channels 1 and 2, respectively. The precision for NO2 and HONO (channel 2) must be

divided by their conversion efficiencies. This results in a precision for NO2 of 16.0 and

14.4 pptV for 1 s data at 385 and 395 nm, respectively. The HONO precision is calculated

from the (constant) differential conversion efficiency as 179.9 pptV for 1 s data.

The limit of detection is defined as the precision multiplied by 1/
√
n, where n is the

number of data points (Lee et al., 2009). For 1 min data the LOD for NO is 1.4 pptV.

As the NOx channel operates on a 30 s switching cycle, the 1 min data are actually only

averaged over 30 s. Thus, the 1 min NO2 limit of detection is 2.6 pptV (calculated from

the CE of the 395 nm lamp), and the limit of detection of HONO is 32.8 pptV averaged

over 1 min. However the HONO limit of detection must also account for the NO2 limit
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of detection at both 385 and 395 nm, resulting in an overall HONO LOD of 38.3 pptV

averaged over 1 min.

3.3.6 Measurement artefacts, interferences, and uncertainties

It is noted that at both 385 and 395 nm there is potential photolytic interference from

BrONO2 (or in fact any other compounds which photolyse to give NO at either wave-

length), with similar spectral overlap (Fig. 3.1). Assuming a quantum yield of 1 integrated

over all wavelengths for BrONO2, 21.5 ppt of BrONO2 at 385 nm and 18.1 ppt at 395 nm

would be required to produce a 1 ppt error in the NO2–HONO signal. Due to the low abun-

dance (< 10 pptV) of BrONO2 in the lower atmosphere (Yang et al., 2005), interference is

therefore likely to be minimal (Pollack et al., 2011). The difference in conversion for the

different lamps equates to a maximum error in HONO determination of 3.4 % [BrONO2]:

typically much less than 1 pptV.

Thermal interferences can also become apparent if the photolytic converter raises the

temperature of the sample gas above ambient (see chapter 2). Thermally labile NOy

compounds, e.g. peroxyacetyl nitrate, may decompose within the converter, resulting in

a positive signal when measuring in NOx mode. This will be true at either 385 or 395 nm

wavelengths. Under the reasonable assumption that the temperature of the photolysis cell

is the same at both wavelengths, then, as shown in chapter 2, the interference scales with

NO2 conversion efficiency. In this case the difference in thermal interference at 385 nm is

10.2 % greater than at 395 nm owing to having a lower NO2 conversion efficiency. This

represents a small bias in the HONO measurement, which can be eliminated by having NO2

conversion efficiencies equal at both wavelengths as was the case during field measurements

in Sect. 3.4.2. When NO2 conversion efficiencies are equal, thermal interferences affect

only the NO2 measurement, when they are unequal, some uncertainty proportional to the

difference in NO2 CE is introduced.

Zero offset artefacts have been shown to manifest in photolytic converters (Gao et al., 1994;

Del Negro et al., 1999; Pollack et al., 2011; Ryerson et al., 2000). That is, when sampling

NOx-free synthetic air, a non-zero signal is observed when the photolytic converter is

illuminated. This is attributed to NOx production from species adsorbed on the walls of

the photolytic converter once illuminated by UV (Pollack et al., 2011). These artefacts
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were accounted for during calibration by sampling an overflow of NOx-free zero air whilst

recording the analyser signal when the photolysis cell was illuminated at 385 and 395 nm.

The artefacts were found to be 368 and 319 (±5 %) pptV, respectively. There was 0 pptV

artefact in NO. UV-induced artefacts vary with time (Ryerson et al., 2000) and have

intrinsic uncertainty in their determination, they thus contribute to overall measurement

uncertainty.

This spurious artefact signal can be minimized by periodic cleaning of the inside of the

photolysis cell (Pollack et al., 2011; Ryerson et al., 2000), by choice of cell material (see

chapter 2), and by lensing the UV light so as not to illuminate the walls of the cell –

sacrificing some conversion efficiency (Ridley et al., 1988).

The effect of the back reaction of OH + NO to reform HONO before detection of NO,

thus reducing the NO signal in the NOx–HONO measurement in the presence of HONO,

is another possible source of uncertainty. As a greater proportion of HONO is photol-

ysed at one wavelength respective to another, the sample inside and exiting the converter

necessarily has differing OH concentrations. The effect on the NO signal detected was

calculated using a box model in FACSIMILE kinetic modelling software (MCPA Software

Ltd.). Kinetic data for Ox, HOx, and NOx reactions are taken from IUPAC Evaluated

Kinetic Data (Atkinson et al., 2004). The box model was initiated with the NO, NO2

HONO, and HNO3 concentrations shown in Table 3.1. NO, NO2, O3, and OH concen-

trations at the outlet of the photolysis cell after 1 s illumination at each wavelength were

calculated. The residence time between an air sample exiting the photolysis cell and en-

tering the high vacuum of the NO analyser through the ∼ 25 cm of 1/4 in. PFA tubing is

0.11 s. The air sample is a mixture of mostly NO, O3, OH, and unconverted NO2. The

absence of UV irradiation results in chemistry analogous to night-time NOx chemistry

with the addition of a significant OH source. The interference from the OH + NO reaction

was determined as the decrease in [NO] during the 0.11 s residence time as a percentage

of measured [HONO]. The discrepancy was calculated to vary linearly with [HONO] from

−0.97 to −2.10 % over the range of calibrations, with differences between lamps well within

the accuracy of the calibration. The degree of interference from OH in NO2 and HONO

determination was found to be a function of k([OH] + [NO]) on the time-scale here (0.11 s).

Reducing the residence time after the photolysis cell would reduce the error in HONO and

NO2 (in the presence of HONO). Conversely, a system with a suitably long residence time
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between the photolysis cell and detector may experience little-to-no HONO interference as

the OH + NO back reaction begins to dominate. There is of course a trade-off in that the

data must be corrected for ambient ozone affecting the NO : NO2 ratio. It is important to

note that there can never be any negative interference in NO2 caused by the presence of

HONO, only positive or none.

Outside of calibration the effect of the OH back reaction with NO is likely to be less

significant due to the presence of volatile organic compounds (VOCs) which also react

with OH with comparable rates to NO. It is therefore difficult to know the absolute

HONO conversion of each UV-LED without very accurate OH reactivity/VOC concentra-

tion measurements. Due to these unknowns, it would not be possible to correct the NO2

signal for HONO interference as might be hoped.

Additional uncertainties arise in the HONO measurement from sampling a changing NO†2

background. Changes in signal when illuminating a sample at 385 nm cannot be attributed

to NO2 or HONO without also knowing the corresponding signal at 395 nm which nec-

essarily is measured at different time. This uncertainty can be reduced by increasing

the differential conversion (which was 6.54 % in our system). We make the first order

assumption that the NO2 or HONO background changes on slower time-scales than the

instrument response, and that it does not change over the course of two 30 s cycles.

Thus, the uncertainty in the differential conversion is a combination of the uncertainty

in the HONO calibration source (8.7 %), the uncertainty of the sensitivities (5 %), NO2,

and HONO conversion efficiencies (5 %), and the uncertainty in the artefact (5 %). This

results in an overall root sum of squares uncertainty of 15.8 % in [HONO].

3.4 Results and discussion

The pHONO instrument was evaluated in an atmospheric simulation chamber (Sect. 3.4.1)

and compared in the field side by side with LOPAP (Sect. 3.4.2).
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3.4.1 Chamber measurements

The Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC) is a simulation

chamber facility based at the School of Chemistry, University of Leeds (Glowacki et al.,

2007a). HIRAC is a cylindrical stainless-steel chamber with a total volume of ∼ 2.25 m3,

containing four fans for mixing throughout the chamber, and with a total mixing time of

∼ 60 s. The stainless-steel structure of HIRAC allows for pressure-dependent experiments

to be carried out, over the range of ∼ 0–1000 mbar. Numerous sample ports are located

around the chamber allowing the attaching of instruments or introduction of gas. A

multi-pass Fourier transform infra-red (FT-IR) instrument (Bruker IFS/66, 128.52 m path

length) is present to allow spectra of the gas within the chamber to be taken (Glowacki

et al., 2007b). HIRAC is also capable of operating over a range of temperatures (−40 to

70 ◦C).

Experiments were carried out at ambient temperature (20 ◦C) and pressure (1000 mbar),

whilst the chamber was kept dark. HIRAC was filled with 80 % N2 (BOC, UHP, 99.998 %)

and 20 % O2 (BOC) before HONO was synthesized external to the chamber following a

modified procedure described previously by Taira and Kanda (1990). A 1 % aqueous

sodium nitrite solution was added drop-wise to a 30 % aqueous solution of sulphuric acid.

The resulting Reaction 3.9 produces HONO, which was added directly to the chamber

via a continuous flow of N2 over the reaction mixture. This is analogous to the perme-

ation source, however, side products need not be considered due to the direct HONO

measurement afforded by FT-IR.

2 NaNO2 + H2SO4 → 2 HONO + Na2SO4 (3.9)

FT-IR spectra were taken at 60 s intervals with a spectral resolution of 1 cm−1, whilst the

differential photolysis analyser sampled from the chamber. Dilution of the HONO–NO–

NO2 mixture was achieved by partial evacuation of the chamber and subsequent refilling

with synthetic air (N2/O2). The average HONO concentration determined from the aver-

age of two distinct absorbance lines at 1264 cm−1 (trans-HONO, Q-branch) and 853 cm−1

(cis-HONO, Q-branch) in the FT-IR using absolute line strength data from Barney et al.

(2000). The absorptivity data were 5.22± 0.52× 10−19 cm2 molecule−1 (1264 cm−1, trans-

HONO) and 9.00± 0.90× 10−19 cm2 molecule−1 (853 cm−1, cis-HONO). Barney et al.

(2000) showed there to be discrepancies between various published line strengths, as did
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Lee et al. (2012), thus there is some inherent uncertainty in the absolute [HONO] deter-

mined by FT-IR. Some of the spectra used in quantification are shown in Fig. 3.3.

Figure 3.3 – FT-IR spectra of dominant HONO absorbance lines at 1264 and 853 cm−1 over a

range of concentrations.

Figure 3.4 shows the strong positive correlation between the HONO measured by differen-

tial photolysis and by FT-IR within the HIRAC chamber up to ∼ 140 ppbV, deviating at

higher mixing ratios. Systematic offset between the pHONO and FT-IR can be attributed

to uncertainties in the FT-IR line strength data for HONO and the uncertainty in the

pHONO calibration as indicated by the x (15.8 %) and y (10.0 %) error bars. However,

the data lie close to or on the 1 : 1 correlation line when these uncertainties are included.

Studies have also shown there to be large discrepancies between different published line

strengths for HONO (Barney et al., 2000; Lee et al., 2012), which constitutes a greater

uncertainty in [HONO] derived by FT-IR of up to +33 % and −25 to −30 % (Barney et al.,

2000) depending on the particular cross section used.

Figure 3.4 shows that at lower HONO mixing ratios, < 140 ppb, there is better agreement

between the pHONO and FT-IR measurements, whereas the response of the differential

photolysis technique appears to be suppressed at high [HONO]. This is a result of how a

photolytic converter operates as expressed by Eq. 3.4 in Sect. 3.3.4. Having two LEDs with

different HONO absorption overlap results in two values for j(HONO). Using the j(NO2)

values already found (1.3 and 1.7 s−1) as an easily determined proxy for j(HONO), the

change in conversion with oxidant concentration can be approximated.

80



3.4 Results and discussion

Figure 3.4 – HONO determined by FT-IR (y axis) versus HONO measured by the pho-

tolytic/chemiluminescence differential photolysis instrument (x axis). Median values at each di-

lution are in red, all values are shown in grey. The 1 : 1 line is shown for reference as well as an

exponential fit above 140 ppbV HONO. Error bars show the 15.8 % calibration uncertainty of the

pHONO instrument and the 10.0 % uncertainty in the FT-IR cross section (Barney et al., 2000).

Figure 3.5 shows how the percentage conversion of any precursor that dissociates to NO, in

this case HONO and NO2, changes with increasing oxidant concentration. In the case of O3

the total conversion decreases linearly with increasing [Ox], whilst the difference between

the two remains constant (9 %). Conversely, with OH, conversion decays exponentially in

total, and as a difference between two LEDs of different j. This effect can be seen clearly

above 150 ppbV HONO in Fig. 3.4. Below 140 ppbV a constant difference in conversion of

6.54 % is a reasonable approximation.

The high HONO mixing ratios within HIRAC, necessary to be detected by FT-IR (LOD

∼ 40 ppb), were several orders of magnitude higher than would be expected in the at-

mosphere where ppt (Beine et al., 2006; Ren et al., 2010; Zhang et al., 2009, 2012) to

low ppb (Acker et al., 2006; Febo et al., 1996; Hendrick et al., 2014; Kanaya et al., 2007a;

Stutz et al., 2004) are typical. Thus, this non-linearity at high [HONO] is unlikely to

pose a serious limitation of the differential photolysis method, with the possible exception

of areas with very high NOx backgrounds. This could be partially mitigated by having

greater photolysis power at 385 nm, in combination with moving to shorter wavelengths

with better overlap with the HONO absorption cross section. It is clear in Fig. 3.1 that

81



Chapter 3: HONO measurement by differential photolysis

Figure 3.5 – Simulated conversion (open circles) and difference in conversion (closed circles) for

photolytic converters with different j in the presence of OH (red) and O3 (grey) oxidants.

the 385 nm UV-LED has significantly lower light output than at 395 nm, this is reflected

in their respective NO2 conversion efficiencies (72.9 and 81.3 %). Alternatively, separate

385 and 395 nm converters can be employed working in parallel, thus doubling the num-

ber of UV-LEDs and doubling the photolysis power at each respective wavelength. This

would also allow for fast measurement simultaneously, i.e. 1 Hz or faster. Alternatively,

the lower conversion efficiency at high [HONO] could be calibrated for, though, as shown

in the following section, in typical atmospheric conditions no calibration or correction was

required.

3.4.2 Field measurements

The Weybourne Atmospheric Observatory (WAO, Penkett et al. 1999) is a regional Global

Atmosphere Watch (GAW) station located on the North Norfolk coast, UK 52◦57′01.5′′N

1◦07′19′′ E). The WAO has a long history of atmospheric measurements stretching back

to its inception in 1994. During summer 2015, the WAO was host to the Integrated

Chemistry of Ozone in the Atmosphere (ICOZA) campaign, ostensibly measuring ozone

production rates. As part of the campaign a long path absorption photometer (LOPAP-

03, QUMA Elektronik & Analytik GmbH, Heland et al. 2001) was deployed in order to

measure HONO. Alongside the LOPAP, the NO, NO2, HONO (differential photolysis)

instrument described in Sect. 3.3.1 measured at a 1 min time resolution.
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During the ICOZA campaign, a high variation of HONO concentrations (up to∼ 500 pptV)

were observed by the LOPAP between 29 June and 7 July, providing an ideal opportunity

for comparison between the two methods. The pHONO was deployed with replacement

UV-LEDs with greater output. Both the 385 and 395 nm lamps had the same photon flux,

indicated by identical individual NO2 conversion efficiencies (∼ 89 %), in the expectation

that better HONO conversion, and therefore sensitivity, would be achieved. The estimated

increase in overlap with the HONO adsorption spectrum of the new 385 nm LED was 45 %,

compared to 30 % calculated for the original LED. Thus lamps were installed as is without

calibration to mitigate the fall in output over time that affects the LEDs, particularly

the 385 nm LED. The decreasing output is believed to be a result of the power control

circuitry of the LEDs which does not limit the current draw immediately after power is

supplied, only after a few seconds. This means every time the lamp is switched on it

outputs its maximum (with corresponding heat), which, when used in a 30 s−1 switching

mode as here, shortens the life considerably.

The pHONO instrument sampled from an inlet box (also housing a NOy converter) located

∼ 4 m from ground level on the sampling tower at Weybourne. The sample point was

connected to the instrument by a 12 m 1/4 in. PFA line (Swagelok) which was shared by

the CAPS NO2 instrument, thus the flow rate was ∼ 3 standard L min−1, resulting in a

residence time of ∼ 3 s. The LOPAP instrument, which has its own inlet, sampled from

the roof of a specially converted van located 20 m away up-slope. Consequently, both

instruments sampled at a similar height and there was clear, unobstructed line of sight

between them. The pHONO inlet was only ∼ 1 m above the Weybourne observatory roof,

which may have contributed to the turbulent dynamics observed in the data especially

during daytime. The pHONO instrument was calibrated for NO sensitivity in ambient air

twice nightly at 00:00 and 04:00 LT, NO offset was taken between these times by assuming

it is equivalent to a stable night-time NO value in remote regions away from any source,

where NO should be zero in the presence of ozone (Lee et al., 2009). NO2 conversion

efficiencies were determined in zero air once per week. Limits of detection were 1.5 and

1.9 ppt averaged over 1 min for NO and NO2, respectively. The LOPAP was operated

and calibrated according to the standard procedures described in (Kleffmann and Wiesen,

2008), with a detection limit of 3 pptV and time resolution of 5 min. Zero measurements

using high-purity N2 (N5 grade, BOC) were performed every 12 h on the LOPAP.
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Figure 3.6 shows the HONO time series from both the LOPAP and pHONO instruments

during the 8 days of concurrent HONO measurements.

Figure 3.6 – HONO time series during July 2015 at the Weybourne Atmospheric Observatory

(WAO) measured by LOPAP (grey) and pHONO (red).

There is reasonable agreement (R2 = 0.58, y = 0.82x) between the established LOPAP

method of HONO measurement and that provided by the pHONO instrument without

correction or calibration (Fig. 3.6). During the high-ozone and high-HONO events ob-

served on the first and second of July especially there is very good agreement (R2 = 0.70,

y = 0.83x) between the two. Gaps in the data represent times where the pHONO limit

of determination was reached – where there are too few points in the averaging window

after statistical analysis of the data to be meaningful, e.g. < 2 points in a 5 min averaging

window. This is because in real atmospheric conditions the pHONO instrument is ham-

pered by the time resolution at which data are collected, i.e. if there is strong turbulence,

meaning the NO2 or HONO concentration varies rapidly on a time-scale shorter than that

at which data are collected, then wide scatter is observed as was the case at Weybourne.

Strong boundary layer transport meant that the NO2 measurement varied by up to 1.5 ppb

in a minute, this was most evident during the mornings. The limitation is because of the

way the data must be processed by interpolating between measurements and subtraction of

the 395 nm signal form the 385 nm signal. Decreasing the time between photolysis switch-

ing (from 30 s) would obviously decrease this effect, but, ultimately, separate 385 nm (or

lower) and 395 nm analyser channels are required. Consequently the data analysis routine
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for the pHONO data includes tests for the variability of the data, discarding points which

show > 5 % variation from the subsequent point. Data failing this test are discarded and

result in gaps, this is the effective limit of determination. The data are then treated with

a robust locally weighted scatter plot smoothing (LOESS, Cleveland 1979) algorithm to

remove extreme values. The gaps in the time series of LOPAP (Fig. 3.5) were due to the

removal of zero measurements and false spikes due to bubbles passing the detector.

Figure 3.7 demonstrates the level of agreement in the measured HONO concentration by

the LOPAP and pHONO methods between 29 June and 7 July. In Fig. 3.7, the data

have been fitted by orthogonal distance regression (Boggs et al., 1987), which allows for

errors in both x and y data but which has been shown to possibly overestimate the slope

(Carroll and Ruppert, 1996), and by simple linear regression. In either case a strong

positive correlation is exhibited, suggesting the replacement UV-LEDs had the desired

effect without the application of corrections for the HONO conversion efficiency. The

slopes of 0.82 and 1.02 suggest that the new 385 nm lamp was able to convert the majority

of HONO. The discrepancy suggests that up to ∼ 18 % of HONO was converted by the

395 nm lamp. The scatter evident in Fig. 3.7 is attributed to atmospheric dynamic effects

resulting in a rapidly changing NO2 background on time-scales faster than the response

of the instrument (30 s−1), leading to a coefficient of determination of 0.58. Non-zero

intercepts indicate a small systematic offset may be present in the pHONO instrument,

though more likely is an effect of scatter on the regressions. Disagreement between the

two methods (e.g. 30 June) is likely due to local contamination from diesel-powered

agricultural and construction equipment operating nearby, and by the exhaust of the

fluorescence assay by gas expansion (FAGE) instrument (Whalley et al., 2013). The FAGE

can discriminate HO2 and RO2 by complete reaction of HO2, with NO necessitating high

NO concentrations. The exhaust is vented through a vat of Sofnofil sorbent which removes

most NOx but may also oxidise NO to HONO, which then may be sampled differently by

the pHONO instrument and LOPAP due to their relative locations to the FAGE exhaust.

Accuracy and uncertainty in unstable conditions could be improved by measuring at the

two different wavelengths concurrently, rather than consecutively. In the same way pho-

tolytic NO2 measurement is improved by measuring concurrently with NO, rather than

consecutively. This would require three chemiluminescent analysers in parallel, with

two photolytic converters. However, in ambient indoor air quality monitoring, where
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Figure 3.7 – Correlation between HONO measured by LOPAP (x axis) and pHONO (y axis).

The simple linear regression is shown in blue, and the orthogonal distance regression in green. The

1 : 1 line is shown for reference.

HONO is seen as increasingly important (Gligorovski, 2016), a simple single-channel, dual-

wavelength design might be appropriate and useful.

3.5 Conclusions

An instrument for in-situ determination of HONO photolytically has been developed,

characterized, and deployed in the field as a proof of concept. During an atmospheric sim-

ulation chamber comparison, the HONO measured correlated well with FT-IR measure-

ment. During field tests the photolytic HONO instrument agreed reasonably (R2 = 0.58,

y = 0.82x) well with the established LOPAP instrument, though the limitations of having

a two-channel sequential measurement were apparent at times, this would be easily over-

come in a three-channel concurrent system. Calibration would gain from a pure HONO

source, currently the pHONO calibration requires an independent, direct NO2 measure-

ment and NOy measurement.
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Chapter 4

Evidence for renoxification in the

tropical marine boundary layer

This chapter was presented as an article in the journal Atmospheric Chemistry and

Physics.

Reed, C., Evans, M. J., Crilley, L. R., Bloss, W. J., Sherwen, T., Read, K. A., Lee, J. D.,

and Carpenter, L. J.: Evidence for renoxification in the tropical marine boundary layer,

Atmospheric Chemistry and Physics, 17, 4081-4092, doi: 10.5194/acp-17-4081-2017, 2017.

“It doesn’t matter how beautiful your

theory is, it doesn’t matter how smart

you are. If it doesn’t agree with

experiment, it’s wrong.”

Richard P. Feynman
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4.1 Abstract

We present 2 years of NOx observations from the Cape Verde Atmospheric Observatory

located in the tropical Atlantic boundary layer. We find that NOx mixing ratios peak

around solar noon (at 20–30 pptV depending on season), which is counter to box model

simulations that show a midday minimum due to OH conversion of NO2 to HNO3. Pro-

duction of NOx via decomposition of organic nitrogen species and the photolysis of HNO3

appear insufficient to provide the observed noontime maximum. A rapid photolysis of ni-

trate aerosol to produce HONO and NO2, however, is able to simulate the observed diurnal

cycle. This would make it the dominant source of NOx at this remote marine boundary

layer site, overturning the previous paradigm according to which the transport of organic

nitrogen species, such as PAN, is the dominant source. We show that observed mixing ra-

tios (November–December 2015) of HONO at Cape Verde (∼ 3.5 pptV peak at solar noon)

are consistent with this route for NOx production. Reactions between the nitrate radical

and halogen hydroxides which have been postulated in the literature appear to improve

the box model simulation of NOx. This rapid conversion of aerosol phase nitrate to NOx

changes our perspective of the NOx cycling chemistry in the tropical marine boundary

layer, suggesting a more chemically complex environment than previously thought.
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4.2 Introduction

The chemical environment in the remote marine boundary layer (MBL) is characterized

by very low concentrations of nitrogen oxides (NOx = NO + NO2) i.e. 10 to < 100 pptV

(Carsey et al., 1997; Lee et al., 2009; Monks et al., 1998), high concentrations of water

vapour, and the presence of inorganic halogen compounds, resulting in net daytime ozone

(O3) destruction (Dickerson et al., 1999; Read et al., 2008; Sherwen et al., 2016b; Vogt

et al., 1999). This MBL loss of ozone plays an important role in determining the global

budget of ozone and the overall oxidizing capacity of the region. Understanding the

concentrations of NOx in these environments is thus important for determining the global

ozone budget, alongside wider atmospheric chemical impacts.

NOx in the remote MBL has been attributed to (a) long-range transport and decomposi-

tion of species such as peroxy acetyl nitrates (PAN), organic nitrates, or HNO3 (Moxim

et al., 1996), (b) shipping emissions (Beirle et al., 2004), (c) a direct ocean source (Neu

et al., 2008), and (d) its direct atmospheric transport (Moxim et al., 1996). However,

more recently the possibility of “renoxification” by rapid nitrate photolysis on a variety

of surfaces has garnered attention. Photolytic rate enhancements have been reported on

aerosol nitrate (Ndour et al., 2009; Ye et al., 2016b), urban grime (Baergen and Donaldson,

2016, 2013), natural and artificial surfaces (Ye et al., 2016a), and in laboratory-prepared

organic films and aqueous solutions (Handley et al., 2007; Scharko et al., 2014; Zhou et al.,

2003).

The oxidation of NO2 to HNO3 by OH is the predominant sink for NOx in the remote MBL

- reaction 4.1. NOx can also be converted into aerosol phase nitrate via the hydrolysis of

N2O5 (Reaction 4.2, Evans and Jacob 2005), but this is a slow gas phase process in these

low-NOx environments. NOx can be returned through HNO3 photolysis (Reaction 4.3) or

reaction with OH (Reaction 4.4), but in general these processes are again slow in the gas

phase and so HNO3 can deposit to the surface, be washed out by rain, or taken up by
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aerosol (Reaction 4.5).

NO2 + OH +M → HNO3 +M (4.1)

N2O5 + H2O(aer) → 2 HNO3(aer) (4.2)

HNO3 + hν → OH + NO2 (4.3)

HNO3 + OH→ NO3 + H2O (4.4)

HNO3(g) + aerosol→ HNO3(aer) (4.5)

More recently the production and subsequent hydrolysis of halogen nitrates (IONO2,

BrONO2, ClONO2) have been suggested to be a potentially important sink for NOx in

the marine boundary layer

In this paper we investigate the budget of NOx in the remote MBL using observations of

NOx and HONO collected at the Cape Verde Atmospheric Observatory during 2014 and

2015. We use a 0-D model of NOx, HOx, halogen, and VOC (volatile organic compounds)

chemistry to interpret these observations and investigate the role that different NOx source

and sink terms play.

4.3 Methodology

The Cape Verde Atmospheric Observatory (CVO), a WMO Global Atmospheric Watch

(GAW) station, is located in the tropical North Atlantic (16.864, −24.868) on the island

of São Vicente and is exposed to air travelling from the north-east in the trade winds

(Carpenter et al., 2010). In general, the air reaching the station has travelled many days

over the ocean since exposure to anthropogenic emissions; thus the station is considered

representative of the remote marine boundary layer (Read et al., 2008). A large range of

compounds are measured at the CVO (Carpenter et al., 2010), but we focus here on the

NO and NO2 continuous measurements, alongside HONO measurements that were made

for 10 days in winter 2015.

4.3.1 NO and NO2 observations

NO and NO2 are measured by NO chemiluminescence (Drummond et al., 1985) coupled

to photolytic NO2 conversion by selective photolysis at 385–395 nm as described in chap-
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ters 2 & 3 as well as by Lee et al. (2009), Pollack et al. (2011), and Ryerson et al. (2000).

A single photomultiplier detector switches between 1 min of chemiluminescent zero, 2 min

of NO, and 2 min of NOx measurement.

Air is sampled from a common 40 mm glass manifold (QVF) which draws ambient air from

a height of 10 m above ground level. The manifold is downward-facing into the prevailing

wind at the inlet and fitted with a hood. The manifold is shielded from sunlight outside

and thermostated within the lab to 30◦C to prevent condensation. Air is drawn down by

centrifugal pump at ∼ 750 litres per minute resulting in a sample flow speed of 10 m s−1

and a residence time to the NOx instrument of 2.3 s. Humidity and aerosol are reduced by

two dead-end traps at the lowest points of the manifold inside and outside the lab, which

are drained off regularly. Manifold sample flow, humidity, and temperature are recorded

and logged continuously.

Air is sampled a 90◦ to the manifold flow through 1/4 inch PFA tubing at 1 standard litre

per minute, being filtered through a 47 mm, 0.22µm mesh filter before entering the NOx

analyser.

The humidity of the sample gas is further reduced by a Nafion dryer (PD-50T-12-MKR,

Permapure), fed by a constant sheath flow of zero air (PAG 003, Eco Physics AG), which is

also filtered through a Sofnofil (Molecular Products) and activated carbon (Sigma Aldrich)

trap. This reduces sample humidity variability, which affected NO sensitivity through

chemiluminescent quenching (Clough and Thrush, 1967), where sample humidity can vary

from 60 to 90 % (Carpenter et al., 2010). Calibration for NO sensitivity and NO2 converter

efficiency occurs every 73 h by standard addition to ambient air as described by Lee et al.

(2009); in this way correction for humidity affecting sensitivity and O3 affecting NO2

conversion efficiency is unnecessary. Sensitivity drift between calibration is < 2 %, within

the overall uncertainty of the measurement. Zero air is also used to determine the NO2

artefact signal which can arise when NOx-free air is illuminated at UV wavelengths due

to the photolysis of HNO3, etc., adsorbed on the walls of the photolysis cell (Nakamura

et al., 2003; Pollack et al., 2011; Ryerson et al., 2000). NO artefact correction is made

by assuming that it is equivalent to a stable night-time NO value in remote regions (Lee

et al., 2009), away from any emission source, where NO should be zero in the presence

of O3. Chapter 2 showed that thermal interferences in NO2 using this technique may

cause a bias in cold or temperate remote regions but that in warm regions, such as Cape
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Verde, the effect is negligible. Photolytic interferences such as BrONO2 and HONO and

inlet effects may also alter the retrieved NO or NO2 (see chapters 2 & 3). These effects

are considered to be sufficiently small, as found in chapters 2 & 3, that the concentrations

of NO and NO2 can be determined within an accuracy of 5 and 5.9 % respectively at the

(very low) levels present at CVO. The instrument having a zero count rate of ∼ 1700 Hz

with 1σ standard deviation of that signal (∼ 50 Hz), this gives a precision of 7.2 pptV

for 1 s data with typical sensitivity over the measurement period of 6.9 cps pptV−1. The

resultant limits of detection for NO and NO2 are 0.30 and 0.35 pptV when averaged over

1 h.

4.3.2 HONO observations

Between 24 November and 3 December 2015, a long-path absorption photometer (LOPAP,

Heland et al. 2001) was employed at CVO to provide an in-situ measurement of nitrous

acid. The LOPAP has its own thermostated inlet system with reactive HONO stripping

to minimize losses so does not sample from the main lab manifold. The LOPAP inlet was

installed on the roof of a container lab ∼ 2.5 m above ground level, unobstructed from the

prevailing wind. Calibration and operation of the LOPAP was carried out in line with the

standard procedures described by Kleffmann and Wiesen (2008). Specifically at CVO, the

sampling conditions were set in order to maximize the sensitivity of the LOPAP, using a gas

sampling flow rate of 2 standard litres per minute. A two-point calibration was performed

using a standard solution of nitrite (NO−2 ) at concentrations of 0.8 and 10µg L−1. To

account for instrument drift, baseline measurements using an overflow of high-purity N2

were performed at regular intervals (8 h). The detection limit of the LOPAP (2σ) was

calculated by the variability during a typical baseline measurement under N2 and was

found to be 0.2 pptV. The relative error of the LOPAP was conservatively set to 10 % of

the measured concentration.

4.3.3 Box model

We use the Dynamically Simple Model of Atmospheric Chemical Complexity (DSMACC)

atmospheric chemistry box model (Emmerson and Evans, 2009) is used to interpret the

NOx observations. It use the Kinetic Pre-Processor (KPP-2.1, Damian et al. 2002) to solve
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ordinary differential equations generated from the reactions and their kinetic information

(Sandu and Sander, 2006). Rate information is assimilated from; Master Chemical Mech-

anism for near explicit organic reactions (MCMv3.3.1, Bloss et al. 2005; Jenkin et al. 1997,

2003, 2015; Saunders et al. 2003); inorganic rates are taken from IUPAC (Atkinson et al.,

2004, 2007) and JPL (Burkholder et al., 2015) evaluated databases and are detailed in

tables below; clear sky photolysis rates are calculated by the Tropospheric Ultraviolet and

Visible model (TUV, www2.acom.ucar.edu/modeling/tuv-download; Madronich 1993).

We focus on the summer season (June, July, and August) as this has the largest data

coverage (N = 153) and is out of the dust season, which extends through winter and

spring (Carpenter et al., 2010; Fomba et al., 2014; Ridley et al., 2014) and coincides with

the lowest NOy mixing ratios (Carpenter et al., 2010). The model is run for day 199 at

16.864◦N, −024.868◦W. We initialize the model with the mean observed H2O, CO, O3,

VOCs (Carpenter et al., 2010; Read et al., 2012), and 100µm2 cm−3 aerosol surface area

(Carpenter et al., 2010). We also initialize the model with 1.5 pptV of I2 and 2.5 pptV of

Br2 to provide ∼ 1.5 pptV of IO and ∼ 2.5 pptV BrO during the day, consistent with the

levels measured over 9 months at the CVO during 2007 (Mahajan et al., 2010b; Read et al.,

2008). We use the average diurnal cycle of the measured HONO concentrations, described

above. Terms for entrainment of free tropospheric O3 and PAN allow for their mixing

down over a time-scale of 1 day to balance their loss. Solar radiation at this location in

the tropics shows little seasonal variation, hence photolysis rates are similar in summer and

autumn. This measurement period was also free of dust influence. We assume clear-sky

conditions for photolysis. The meteorological parameters pressure, temperature, relative

humidity, and boundary layer height are set to median values reported by Carpenter et al.

(2010). Boundary layer height is fixed at 713 m as no overall seasonal or diel pattern

is evident in the boundary layer height at Cape Verde (Carpenter et al., 2010). This is

expected at a site representative of the marine boundary layer, which has almost no island

effects (except for very rare instances of wind outside the north-westerly sector, which are

excluded). Thus, we discount any influence from boundary layer height changes on the

diurnal cycles presented.

The unconstrained model is run forwards in time until a stable diurnal cycle is attained,

i.e. ∼ 3 days. The base case chemistry has only gas phase sources plus gas phase and

deposition sinks for NOx as described in appendix A where a full description of the model
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chemistry is provided.

4.4 Results and discussion

4.4.1 Diurnal cycles in NOx and HONO

Figure 4.1 shows the measured mean diurnal cycles of NO, NO2, NOx, and O3 observed in

each season (meteorological spring, summer, autumn, and winter) during 2014 and 2015.

Every season shows a strong diurnal cycle in NO, peaking after solar noon at around

∼ 13:00 to 14:00. The diurnal cycle of NO2 is much less pronounced but also exhibits

weak maxima in the early afternoon. Overall this leads to a maximum in NOx during the

day. This behaviour is consistent throughout the year and air mass, though not necessarily

on a “day-to-day” basis.

The observed diurnal cycle in NOx is hard to explain with conventional chemistry. The

increase in night-time NOx suggests a continuous source, but the maximum around noon

suggests a photolytic source. Given that the predominant NOx sink is reaction with OH

to form HNO3, it would be expected that there would be a minimum in NOx during the

day rather than a maximum. Similar observations have been reported previously (Monks

et al., 1998) at the Cape Grim Baseline Air Pollution station (−40.683◦ S, 144.670◦W),

a comparably remote site in the Southern Hemisphere, and during the Atlantic Stratocu-

mulus Transition Experiment (ASTEX) cruise (∼ 29◦N, 24◦W), which reported similar

daytime NOx production (Carsey et al., 1997). The observed behaviour in the CVO NOx

was historically attributed to atmospheric thermal decomposition of NOy species (Lee

et al., 2009).

Figure 4.2 shows the average diurnal cycle at CVO of measured HONO concentrations.

The data exhibit a strong daytime maximum peaking at noon local time (solar noon

∼ 13:20) and reaching near zero at night, indicating a photolytic source. HONO is lost

through deposition, photolysis, and reaction with OH, whilst night-time build-up is often

observed (Ren et al., 2010; VandenBoer et al., 2014; Zhou et al., 2002); here, HONO

appears to reach a steady-state concentration of ∼ 0.65 pptV throughout the night. This

pseudo steady-state behaviour of nocturnal HONO has previously been reported in the

polluted marine boundary layer by Wojtal et al. (2011), albeit with much higher HONO
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Figure 4.1 – The observed seasonal diurnal cycles in NO, NO2, NOx, and O3 at the CVO GAW

station during 2014 and 2015. NO is shown in red, NO2 in blue, NOx in black, and O3 in green.

Shaded areas indicate the standard error of data.

mixing ratios.

Daytime production of HONO is similarly hard to reconcile if its formation is by the

homogeneous OH + NO reaction (or other gas phase HOx-NOx chemistry, e.g. Li et al.

2014). With NO mixing ratios below 5 pptV, OH measured peaking at ∼ 0.25 pptV during

the RHaMBLe campaign (Carpenter et al., 2010; Whalley et al., 2010), and a maximum

noontime jHONO of 1.2× 10−3 s−1, a steady-state HONO mixing ratio of ∼ 0.04 pptV is

found (k (OH+NO) = 7.4× 10−12 mol cm−3 s−1). An additional daytime source of HONO

must be present to explain the observed concentrations.

Both the long-term NOx and the short-term HONO observations made at CVO are can-

not be explained with purely gas phase chemistry. Both datasets show daytime maxima
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Figure 4.2 – The observed average HONO diurnal measured at CVO during 24 November–

3 December 2015. Shaded area indicates standard deviation of data. Dashed red line shows the

HONO limit of detection.

indicative of a photolytic source of NOx and HONO, whereas gas phase chemistry would

predict minima in NOx during daytime and 2 orders of magnitude less HONO.

4.4.2 Box modelling of NOx sources

Using the box model (Sect. 4.3.3), we explore the observed diurnal variation in NOx and

understand the role of different processes. Classically, the predominant source of NOx

in remote regions is considered to be the thermal decomposition of compounds such as

peroxyacetyl nitrate (PAN), which can be produced in regions of high NOx and transported

long distances (Fischer et al., 2014; Jacobi et al., 1999; Moxim et al., 1996). We consider a

source of PAN which descends from the free troposphere and then thermally decomposes

to NO2 in the warm MBL. The main sink of NOx is conversion to HNO3, which is slightly

counterbalanced by a slow conversion of HNO3 back into NOx through gas phase photolysis

or reaction with OH. Figure 4.3 shows the model with a source of PAN, which results in

mixing ratios of 5–8 pptV, consistent with the few measurements made in the marine

boundary layer, most notably by Jacobi et al. (1999), who measured levels from < 5 to

22 pptV in the tropical Atlantic, and Lewis et al. (2007), who reported PAN mixing ratios

of ∼ 10 pptV in the remote mid-Atlantic MBL.
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Figure 4.3 – Left shows the measured (solid lines) and modelled (dashed) NOx and HONO

diurnal behaviour at the CVO GAW station where the dominant source of NOx is a source of PAN

descending from the upper troposphere having been transported from polluted regions. Shaded

areas are standard error of the observations (NOx N = 153, HONO N = 10). O3 – green; NOx

– black; NO2 – blue; NO – red; HONO – yellow; PAN – pink. Centre is the difference between

measured and modelled NOx (black) and HONO (yellow). Right shows the rates of production

and loss of NO and NO2 from sources listed in descending order of contribution over a 24 h period

accounting for > 95 % of the total.

It is evident from the base case model results shown in Fig. 4.3 that the model fails to

calculate the NOx and HONO diurnal cycles. Modelled NOx concentrations do increase

during the night, consistent with the observations, but the model’s minimum for NOx oc-

curs during the day when the observations show a maximum. The modelled and measured

HONO is also shown in Fig. 4.3, both peaking during midday with observations reaching

3.5 pptV whilst the model simulates only ∼ 0.2 pptV, underestimating HONO at all times.

It is clear that long-range transport and thermal decomposition of NOy species such as

PAN alone cannot explain the NOx diurnal at Cape Verde. A PAN-type continuous ther-

mal decomposition forming NOx would be inconsistent with the diurnal maximum in NOx

which is observed. The NOx source necessary to support a noontime maximum would

have to show a strong daytime maximum to counter the strong diurnal in the sink.

This need for a diurnal cycle in the NOx source also suggests that the shipping source

of NOx is unlikely to explain the diurnal cycle. The dominant source of ship NOx in

the region is represented by the large container ships which pass the region on their way

to South America or the Cape of Good Hope. It is unlikely that these emissions are

systematically higher during the day than during the night, and thus they are unlikely to

explain the observed diurnal signal.
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There have been a number of studies which have identified much faster photolysis of nitrate

within and on aerosol than for gas phase nitric acid. These include studies using real-

world natural and artificial surfaces (Baergen and Donaldson, 2013; Ye et al., 2016a,b),

laboratory substrates such as organic films and aqueous acid solutions (Handley et al.,

2007; Scharko et al., 2014; Zhou et al., 2003), aerosol nitrate (Ndour et al., 2009; Ye

et al., 2016b), and a model estimate (Cohan et al., 2008). These studies have found

that particulate nitrate photolysis rates can be up to ∼ 3 orders of magnitude greater

than gas phase HNO3 photolysis in marine boundary layer conditions (Ye et al., 2016b).

There is also broad agreement between different studies on the main photolysis product

being nitrous acid (HONO), with NO2 as a secondary species. The product ratio appears

dependent on aerosol pH, with HONO production only occurring at low pH (Scharko et al.,

2014). This is shown in Reaction 4.6 as particulate nitrate (p-NO3) photolysing to HONO

and NO2 in a ratio x : y.

p-NO3 + hν → xHONO + yNO2 (4.6)

There is also evidence that the photolysis rate is positively correlated with relative hu-

midity (Baergen and Donaldson, 2013; Scharko et al., 2014). As such, particulate nitrate

photolysis rates appear to increase with increasing aerosol acidity and relative humidity.

With the CVO site experiencing relative humidity of 79 % on average (Carpenter et al.,

2010) and aerosol containing a significant acidic fraction (Fomba et al., 2014), particulate

nitrate photolysis could have a role to play in the NOx budget at Cape Verde.

In order to explore the implications for Cape Verde NOx chemistry, we re-ran the base

model removing the PAN source but including particulate nitrate (p-NO3) photolysis

(Reaction 4.6) leading to HONO and NO2 production, scaled to the gas phase photolysis

of HNO3. This parameterization nominally represents photolysis of nitrate within and

on aerosol; however, conceptually it includes any additional surface production of HONO

and NO2. We use an aerosol phase concentration of nitrate of 1.1µgm−3 (equivalent

to 400 pptV), which is the mean concentration found in PM10 aerosol at Cape Verde,

with little apparent seasonal variability (Fomba et al., 2014; Savarino et al., 2013). The

branching ratio of HONO to NO2 production from Reaction 4.6 (x and y) was set to 2 : 1

in line with the findings of Ye et al. (2016b). We scale the p-NO3 photolysis rate to gas

phase HNO3 photolysis by factors of 1, 10, 25, 50, 100, and 1000. The study of Ye et al.

(2016b) describes enhancements of up to ∼ 300 fold. The impact on the summer months
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is shown in Fig. 4.4.

Figure 4.4 – The difference between measured and modelled of NOx at CVO during summer

months when photolysis of nitrate is considered. The rate of particulate nitrate photolysis has

been scaled to the rate of HNO3 photolysis by factors of 1, 10, 25, 50, 100, and 1000.

Including the photolysis of aerosol nitrate changes both the mean concentration and diur-

nal cycle of NOx significantly. The diurnal NOx is now flat or peaks during the daytime,

more consistent with observations. We find that the best approximation is achieved when

the rate of particulate nitrate photolysis is ∼ 10 times that of HNO3, which is broadly con-

sistent with laboratory-based observations (Zhou et al., 2003). A wide variability of p-NO3

photolysis rates on different surfaces is reported (Ye et al., 2016b); thus the photolysis of

nitrate is uncertain and likely to be variable with aerosol composition. In all particulate

nitrate photolysis-only scenarios, depicted in Figs. 4.4 it is evident that p-NO3 photolysis

alone does not give the observed increase in night-time NOx observations. Conversely the

PAN-only scenario shown in Fig. 4.3 is insufficient to sustain daytime NOx. It is therefore

likely that the actual source of NOx is a combination of PAN entrainment from the free

troposphere and particulate nitrate photolysis.

Combining the free-tropospheric source of PAN and the photolysis of particulate nitrate at

a rate of 10 times the gas phase, HNO3 photolysis (Fig. 4.5) results in a model simulation

with roughly twice as much NOx both at night and during daylight but a roughly flat
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Figure 4.5 – The modelled diurnal profile of NOx at CVO during summer months when photol-

ysis of nitrate (set at 10× the gas phase HNO3 photolysis) and a tropospheric PAN source are

considered. Shaded areas for NOx are the standard error of the observation. O3 – green; NOx –

black; NO2 – blue; NO – red; HONO – yellow; PAN – pink.

diurnal profile. Simulated HONO peaks at local noon, similar to the observations, though

the simulation underestimates the midday peak. Nocturnal HONO mixing ratios agree

with observations being non-zero at ∼ 0.5 pptV.

Introduction of an additional source of NOx is able to roughly produce a flat diurnal

cycle, though it is not able to simulate a definite peak of NOx during daytime. With

the addition of a source and no change in sinks for NOx this is unsurprising and leads to

relative overestimation of NOx particularly at night. It is therefore likely that one or more

NOx sinks are absent from the base simulation, which must be explored further.

4.4.3 NOx sinks

Aside from loss to HNO3 directly through reaction with OH (Reaction 4.1), NOx is also lost

to nitrate by reaction with halogen oxides (XO) forming halogen nitrates (Reaction 4.7,

Keene et al. 2009). Read et al. (2008) showed how halogen oxides mediate ozone formation

and loss at Cape Verde, thus also exerting an indirect effect on NOx.

XO + NO2 +M → XONO2 +M (4.7)
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Figure 4.6 shows the rates of production and loss analysis for NOx in this simulation

with both PAN thermal decomposition and particulate nitrate photolysis. The largest

net source of NOx after net sinks (such as halogen nitrate cycling) are removed is nitrate

photolysis to HONO and NO2. The major net sink of NOx is the formation of nitric acid

by reaction of NO2 with OH. However, uptake of HNO3 onto aerosol and subsequent rapid

(compared to gas phase HNO3) photolysis act to balance this.

Figure 4.6 – Left is the total production and loss analysis for NOx of the combined model

of particulate nitrate photolysis and PAN decomposition over 24 h. Right is the same analysis

discarding the major balanced sinks of fast cycling short-lived species.

The pronounced drop in modelled NO2 at sunrise is due to the production of halogen

nitrates (Reaction 4.7) when HOX rapidly photolyses to produce XO, which can then

react with NO2 to produce XONO2. XO is formed quickly and spikes in concentration,

leading to the rapid loss of NO2. This feature is not observed in the NOx observations

during any season.

The diagnostics in Fig. 4.6 show the role of the different sinks of NOx. In that simulation

these are dominated by the gas phase reaction between NO2 and OH, but with the rapid

formation and subsequent hydrolysis of BrONO2 and IONO2 (Reaction 4.8) playing a

major role (Sander et al., 1999). The uptake coefficient (γ) of halogen nitrates onto

aerosol therefore could have a strong influence on the NOx diurnal.

XONO2 + H2O(aer) → HNO3(aer) + X+ + OH− (4.8)
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We perform a sensitivity analysis on the effect of the uptake coefficients on the NOx and

XO diurnals. We do this in a particulate nitrate photolysis-only simulation, without PAN,

to isolate the effect of XONO2 hydrolysis on nitrate NOx cycling. Figure 4.7 shows the

effect of changing γ of XONO2 (X = Br, I) within recommended ranges (Burkholder et al.,

2015; Saiz-Lopez et al., 2008) on Saharan dust and sea salt – the predominant coarse-mode

aerosol by mass at Cape Verde (Carpenter et al., 2010; Fomba et al., 2014), ranging from

0.02 to 0.8.

Figure 4.7 – Sensitivity analysis of the effect of changing reactive uptake coefficients (γ) of halogen

nitrates , XONO2 (X = Br, I), on NOx (top), and XO (bottom) diurnal behaviour during summer

months at CVO. The difference between measured and modelled values is plotted. Particulate

nitrate photolysis is set at 10 times the rate of gaseous HNO3. NOx – black; IO – turquoise; BrO

– purple

Increasing the γ of XONO2 from 0.02 (the low end of recommended values) to 0.1 results

in small changes to both the NOx and XO diurnals. The loss of NOx at sunrise becomes

more pronounced, whereas the XO diurnals become slightly more ‘square’ or ‘top-hat’

as per the observations of Read et al. (2008). Increasing the γ to the upper extreme

(γ = 0.8) results in a spike in BrO at sunrise, which consumes the majority of NO2

though the formation of BrONO2. No combination of uptake coefficients can completely

reproduce the characteristic XO diurnals due to poor constraints on heterogeneous halogen

chemistry (Abbatt et al., 2012) in addition to gaps in the understanding of gas phase

halogen chemistry (Simpson et al., 2015).

The effect on the NOx diurnal of changing γ is clear in that greater uptake coefficients

recommended by Burkholder et al. (2015) result in objectively worse simulation of both the

NOx and XO diurnals. It is therefore likely that information is lacking from the XO–NOx

chemistry scheme as it is currently known.
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4.4.4 HOI/HOBr-NOx chemistry

Recently, IO recycling by reaction with NO3 has been proposed by Saiz-Lopez et al. (2016),

who calculated that the Reaction 4.9 of HOI + NO3 producing IO and HNO3 has a low

enough activation energy and fast enough rate constant to be atmospherically relevant in

the troposphere.

HOI + NO3 → IO + HNO3 : k = 2.7× 10−12(300/T )2.66 (4.9)

This mechanism provides a route to nitric acid and thus particulate nitrate at night, whilst

also leading to nocturnal IO production leading to loss of NO2 by IONO2 formation.

Including this new reaction and re-running the model leads to a diurnal profile of IO much

more representative of the observations. This however introduces a more pronounced loss

of NOx at sunrise and sunset and also results in NOx peaking during the day, which fits

better with the observations as shown in Fig. 4.8. HONO is still underestimated during

daytime though nocturnal values agree well.

Figure 4.8 – Left is the modelled NOx and HONO diurnal cycle for the CVO site during summer

months with the inclusion of night-time HOI chemistry. Centre shows the difference between

measured and modelled values of NOx (black) and HONO (yellow). Right is the observed (adapted

from Read et al. 2008) and modelled IO and BrO. Observations are solid lines, whilst modelled

values are shown dashed. Shaded areas are standard error of the observation. O3 – green; NOx –

black; NO2 – blue; NO – red; HONO – yellow; PAN – pink; IO – turquoise; BrO – purple.

The inclusion of this HOI + NO3 reaction reproduces the general NOx and O3 diurnals

more closely than without; i.e. the model produces a daytime maximum in NOx. There

are also effects on the halogen oxide behaviour. The simulated BrO has a flatter profile,

which more closely matches the observations. However, modelled IO is now non-zero

at night and the sunrise build-up and sunset decay still occurs more abruptly than the
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observations.

Although the NOx and O3 diurnals are reproduced more closely with this new chemistry,

there is still disagreement with the observed NOx diurnal at sunrise and sunset especially

indicating a missing reaction or reactions. To best approximate the observed diurnal

behaviour an analogous HOBr + NO3 night-time Reaction 4.10 was introduced with a

rate 10 times that of HOI + NO3 as calculated by Saiz-Lopez et al. (2016).

HOBr + NO3 → BrO + HNO3 : k = 2.7× 10−11(300/T )2.66 (4.10)

This results in an improved reproduction of the observed NOx diurnal, Fig. 4.9. This

is a purely speculative representation in order to reproduce the observed NOx diurnal

and highlights how some mechanistic knowledge of NOx–halogen–aerosol systems is still

missing.

Figure 4.9 – NOx, O3, HONO at CVO during summer months compared to model values when

HOI and HOBr + NO3 is included in the simulation. Top left: NOx, O3, HONO, and PAN diur-

nal cycles. Top middle: expanded view of modelled and measured HONO. Top right: observed

(adapted from Read et al. 2008) and modelled IO and BrO. Bottom left: difference between mod-

elled and measured NOx and HONO. Bottom right: the net production and loss analysis for NOx

in this simulation. O3 – green; NOx – black; NO2 – blue; NO – red; HONO – yellow; PAN – pink;

IO – turquoise; BrO – purple. Measured values are solid lines, modelled values are dashed.
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With HOX + NO3 chemistry included in the model as in Fig. 4.9, significant loss of NOx at

sunrise and sunset is eliminated and agreement is improved over any previous simulation.

Greater HONO production is also simulated, with up to ∼ 3.0 pptV predicted – in line

with the observations shown in Fig. 4.2. This is due to reaction rate of HOBr + NO3

now being similar to that of OH + NO3 (k = 2.00×10−11) thus the OH + NO reaction

forming HONO becomes more important. Halogen oxide modelled diurnal cycles remain

broadly consistent with observations. Diagnosis of the net production and loss terms for

NOx reveal that nitrate photolysis to HONO or NO2 contribute ∼ 80 % of all NOx, with

decomposition of PAN contributing the remainder. Major net sinks of NOx are shown to

be the reaction with halogen hydroxides and OH to form HNO3. Nitric acid is then taken

up on surfaces and recycled to NOx through photolysis to NO2 and HONO.

Figure 4.10 – Shown are NOy diurnals for the CVO site during summer months in the base

scenario (left), with HOI + NO3 chemistry included (centre), and with HOI and HOBr + NO3

chemistry included (right). BrONO2 – green; IONO2 – teal; PAN – pink; NO3 – orange; N2O5 –

black; p-NO3 – red.

The improvement can be better understood by diagnosing the modelled NOy distribution.

In Fig. 4.10 the distribution of PAN, IONO2, BrONO2, N2O5, NO3, and particulate nitrate

(p-NO3) is shown for the base case scenario (where entrained PAN is the sole source of NOx

in the MBL), for the particulate nitrate photolysis case including HOI + NO3 chemistry,

and for the same case additionally including HOBr + NO3 chemistry. The major feature

changing through the different simulations is the magnitude and shape of the BrONO2

diurnal. From the base run to the inclusion of HOI + NO3 chemistry and particulate

nitrate photolysis, a major increase in BrONO2 mixing ratio is expected at sunrise and

sunset. It is this rapid production of BrONO2 which consumes NOx, resulting in the

sharp dips at these times not seen in the observations. In the HOBr and HOI + NO3 and

particulate nitrate photolysis case these features are eliminated and halogen nitrates do
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not spike at sunrise or sunset. Nitrate is shown to be conserved by hydrolysis of halogen

nitrates on surfaces and uptake of nitric acid. This cycling leads to an NOx diurnal profile

which is more representative of the observations.

In models which included nitrate photolysis a strong diurnal cycle in particulate nitrate

presents itself which is depleted during the day and recycles at night, being conserved

overall. The daily average concentration remains constant in-line with the integrating

filter sample study of Fomba et al. (2014).

Unsurprisingly, the inclusion of HOX + NO3 chemistry results in lower mixing ratios of

NO3 at night. In all cases N2O5 (in black) is effectively zero at all times due to very

low NOx mixing ratios in this pristine environment and the relatively high ambient tem-

peratures (24.5 ◦C) where the N2O5 lifetime is ∼ 3 s. This precludes N2O5 channels to

NOx (and ultimately nitrate), consistent with the experimental findings of Savarino et al.

(2013) at Cape Verde, who found isotope ratios which were incompatible with high produc-

tion rates of HNO3 from N2O5 hydrolysis and concluded that N2O5 and nitryl compound

(ClNO2, BrNO2) levels in this region are very low. This is consistent with our own and

other studies modelling the pristine marine boundary layer at Cape Verde of Sommariva

and Von Glasow (2012). This is in contrast with more polluted regions where N2O5 has

been shown to be a route to NOx and ClNO2 (Kim et al., 2014a).

The agreement in modelled and observed NOx improves, and the modelled values fall

within the error of the observations. Additionally the approximate BrO diurnal is achieved

without the characteristic “horns”; however, replicating IO observations is still problem-

atic.

A dramatically changing NOx diurnal could be expected to have an effect on OH and HO2

mixing ratios. The difference between the base model case, where PAN decomposition is

the dominant daytime source, and the final model, where the NOx is more accurately de-

scribed by particulate nitrate photolysis and HOX + NO3 chemistry, is shown in Fig. 4.11.

In the case of OH the change from the base model to the final model is an increase of 3.3 %

at the maximum; for HO2 the increase is a more significant 8.6 % (or 1.7 pptV). However,

this is well within the uncertainty of measured values Whalley et al. (2010). Figure 4.11

shows that even with dramatic changes in the NOx simulation, the OH and HO2 changes

very little comparatively despite increased daytime HONO production.
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Figure 4.11 – Modelled OH (left) and HO2 (right) mixing ratios comparing the base case model

where PAN decomposition is the dominant source of NOx in the remote MBL (solid lines) with the

final model where the dominant source of NOx is particulate nitrate photolysis and HOX + NO3

chemistry is included (dashed lines).

From these simulations it would appear that the photolysis of surface-adsorbed nitrate

may be the dominant source of NOx in the marine boundary layer around Cape Verde.

Photolysis of aerosol nitrate or nitrate in solution would be capable of producing a diurnal

cycle in NOx, which was consistent with the observations when HOX + NO3 chemistry

is considered also. Whilst agreement between model and observation is improved, there

is a clear gap in understanding the halogen–NOx–aerosol system in the remote marine

boundary layer.

4.5 Conclusions

Fast aerosol nitrate photolysis is shown to be likely the primary source of NOx in the remote

tropical Atlantic boundary layer. A 0-D model replicated the observed halogen, O3, OH,

NOx, and HONO levels when including particulate nitrate photolysis at a rate of∼ 10 times

that of gas phase nitric acid, consistent with previous laboratory measurements. Model

optimization shows that this new source of daytime NO2 is compatible with observations

and currently known chemistry at night and at midday but that at sunrise and sunset

there is disagreement due to the treatment of halogen oxides at these times. Recently
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suggested halogen hydroxide + nitrate radical chemistry may provide better agreement

between model and observation if theoretical reactions can be substantiated.
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Concluding remarks

This thesis aimed to better understand the NOx budget in the remote marine boundary

layer by interpretation of observations from the Cape Verde observatory. To interpret

the observations effectively it was first necessary to fully understand the measurement

technique, and determine what further observations would be needed in order to achieve

that.

In studying the NO2 photolysis–NO chemiluminescence technique interferences were found

that could lead to compromised data, and ultimately misinterpretation. Whilst catalytic

converters based on molybdenum have long been shown to convert higher NOx species

(Dunlea et al., 2007; Grosjean and Harrison, 1985; Winer et al., 1974) it was assumed that

photolyitc converion would not suffer the same problems. It was shown how measurements

of NO2 made using NO2 photolysis–NO chemiluminescence may suffer biased towards over-

reporting NO2 in low-NOx environments. The design of the NO2 converter was found to

promote thermal decomposition of NOy species to NO2 resulting in spuriously high NO2

being reported. Measurements made in remote (i.e. low-NOx) environments, and where

the ambient temperature is lower than that of the NO2 converter (at high altitude and

latitude) were modelled to be especially affected.

The over-reporting of NO2 results in seemingly high NO2 : NO ratios and deviations from

the photo-stationary steady state which could be interpreted as evidence for a missing

oxidant or “compound X”. However, without supporting evidence from other measure-

ments of oxidants this missing oxidant must necessarily selectively oxidise NO to NO2.
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This entirely logical but erroneous outcome depends on the supposition that photolytic

NO2 measurements are direct and absolute, however we find that this is not the case.

It has been demonstrated through characterisation of a widespread implementation of pho-

tolytic NO2 measurement that it indeed suffers interference from thermally decomposing

NOy species. Furthermore, it has been demonstrated that the interference can manifest

itself as high NO2 : NO ratios in remote and cold regions which may explain observations

made in these regions which exhibit a degree of perculiarity e.g. Hosaynali Beygi et al.

2011; Bauguitte et al. 2012; Frey et al. 2013, 2015; Griffin et al. 2007; Kanaya et al. 2007b;

Yang et al. 2004. Measurements made in warm regions where thermally labile NOy mixing

ratios are generally much lower are less affected by interference thus were used in the study

of the tropical maine boundary layer here.

Future interpretation of NO2 measurements made using photolytic instruments can be

made incorporating the limitations of the technique, and future measurement systems

can be tailored to the environment in which they will be operated with the information

provided in chapter 2.

It was found through study of the NO2 photolysis–NO chemiluminescence technique that

an unwanted interference could be exploited in order to quantify another reactive nitrogen

species; nitrous acid. Nitrous acid, or HONO, itself also poses questions as to it’s origin in

many situations as in chapter 4, seemingly emitted by surfaces and bacteria alike. A simple

in-situ measurement based on photolysis and detection as NO with fast response was built,

characterised, and deployed. During an atmospheric simulation chamber comparison,

the HONO measured corresponded well with FT-IR measurement. During field tests

the photolytic HONO instrument agreed reasonably well with the established LOPAP

instrument, though the limitations of having a two-channel sequential measurement were

apparent at times, this would be easily overcome in a three-channel concurrent system.

Finally, through interpretation of NO, NO2, and HONO data collected at the Cape Verde

observatory it was shown that fast aerosol nitrate photolysis is likely the primary source of

NOx in the remote tropical Atlantic boundary layer. By using A 0-D model which contains

relevant Ox, HOx, NOx, halogen and the MCM VOC reaction scheme it was possible to

approximate halogen, O3, OH, NOx, and HONO observations when particulate nitrate

photolysis was included as a source of NOx at a rate of ∼ 10 times that of gas phase nitric

110



acid. Additionally, the inclusion of newly posited reactions between halogen oxides and

the nitrate radical resulted in the best agreement between modelled and observed NOx

and HONO data suggesting a role for these theoretical reactions.

Another study of nitrate photolysis in the remote boundary layer found photolysis rate

of surface nitrate ∼ 3 orders of magnitude greater than that of gas phase nitric acid Ye

et al. (2016b). However, when the same rate is included in the DSMACC model as

presented in chapter 4 Fig 4.4 it is clear that there is poor agreement with observations.

The Ye et al. 2016b study is based upon laboratory studies of a filter samples collected

aboard the NSF/NCAR C-130 aicraft during the Nitrogen, Oxidants, Mercury and Aerosol

Distributions, Sources and Sinks (NOMADSS) study. It may be that the nature of sea salt

nitrate aerosol collected on these filters in the NOMADSS study offer a much enhanced

photolysis rate to the saharan dust nitrate aerosol predominant at Cape Verde.

A further more recent modelling study of Cape Verde data by Ye et al. 2017 sought to

interpret NOx and HONO observations made during the RHaMBLe campaign of 2007.

Though the data pre-dates that used in chapter 4, the study is more recent. In the study

of Ye et al. (2017) a 0-D model, combined with NO and NO2 data from the Cape Verde

observatory, plus HONO data collected by mist chamber coupled to ion chromatography

was set up in order to test the applicability of nitrate photolysis. In that work NOx and

HONO are modelled during daylight hours from 2 hours after sunrise to 2 hours before

sunset. Ye et al. (2017) find a nitrate photolysis rate scaled to 15 times that of gas phase

nitric acid is sufficient to loosely reproduce the observed NOx and HONO. This is in line

with the 10x used in chaper 4, however Ye et al. (2017) do not consider and transport of

reactive nitrogen e.g. PAN which is a sink in their model and the second biggest source in

chaper 4. Ye et al. (2017) state that observations of PANs and their precursors featuring

a peak at noon to afternoon points to a PAN sink for NOx, however the model study

in chapter 4 shows that this is entirely consistent with PAN being a net source of NOx

at Cape Verde. In fact, without a thermal (from e.g. PAN) or direct source of NOx it

decrease over night – inconsistent with the build-up seen in observations.

The study of Ye et al. (2017) includes cycling of halogen nitrates as a mechanism of NOx

recycling as in chapter 4, however the gamma (γ) used is 0.8 as recommended by JPL

(Burkholder et al., 2015) which was shown to result in halogen oxide diurnal profiles which

dissagree with what was observed by Mahajan et al. (2010a), though halogen oxides, and
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by extension their effect on O3 are not presented in Ye et al. (2017).

The picture of NOx chemistry in the remote marine boundary layer can now be updated

with this new knowledge from that presented in the introduction (Fig. 1.2) to that shown

here in figure 5.1.

Figure 5.1 – A simplified representation of NOx chemistry in the remote boundary layer updated

to include photolysis of nitrate and HOX + NO3 reactions.

With more understanding of what NOx chemistry is occurring, simulation of the coupled

oxidation chemistry is improved with respect to the observations. Inclusion of this new

chemistry will allow the lifetime of oxidants, and the fate of emissions to be modelled with

more certainty.

The implications of nitrate photolysis as a source of NOx on the wider atmosphere where

the effect may be more subtle due to convolution with direct emission deserve further

study. It may be that nitrate photolysis is able to explain gaps between models based upon

emission inventories and observations, for example. A greater number of measurements

of HONO, PAN, NOx and particulate nitrate in remote regions would help narrow down

the range nitrate photolysis rates, whilst global modelling that includes nitrate photolysis

will determine what effect its inclusion has on discrepancies between current models and

observations.

Furthermore, a new fast response HONO instrument described in chapter 3 of this thesis

could prove beneficial in accurately determining HONO fluxes. Further development into

a system with two dedicated photolysis channels should eliminated much of the variability
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and noise sen with the single switching channel system used in chapter 3. Fast respnse,

high sensitivity, and minimal interferneces would be beneficial in polluted areas where

surface production of HONO and NO2 could be significant, albeit subtle, contributors to

the overall reactive nitrogen budget. Coupled with fast aerosol nitrate measurements, a

fast and accurate HONO measurement would be invaluble in deterimning HONO : NO2

branching ratios from nitrate photolysis in-situ.
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Appendix A

Tables of chemical reaction rates

and reactive uptake coefficients

used in the DSMACC model
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A: Tables of chemical reaction rates and reactive uptake coefficients used in the
DSMACC model

Rates used in the DSMACC model were primarily taken from IUPAC and JPL recom-

mendations respectively only if both sources recommended a rate. Rates from JPL took

preference to those of IUPAC due to their being more up to date.

Table A.1 – Rates of Ox reactions used in DSMACC model.

# Reaction K / cm3 molecule−1 s−1 Ref

1 O3P + O2 → O3 1.40×10−14a [1,2]

2 O3P + O3 → 2 O2 8.00×10−12e(−2060/T ) [2]

3 O1D + O2 → O3P + O2 3.30×10−11e(55/T ) [2]

4 O1D + N2 → O3P + N2 2.15×10−11e(110/T ) [2]

5 O1D + H2O→ 2 OH 1.63×10−10e(60/T ) [2]

6 O1D + O3 → O3P 2.40×10−10b [2]

a Formally a pressure depedent reaction in the DSMACC model, quoted here at 300 K

and 1 bar N2. See ref 2 for ko, Kinf and Fc.

b value independent of temperature over the range 103–393 K.

[1] Atkinson et al. (2004)

[2] Burkholder et al. (2015)
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Table A.2 – Rates of HOx reactions used in DSMACC model.

# Reaction K / cm3 molecule−1 s−1 Ref

1 O + OH → H + O2 1.80×10−11e(180/T ) [2]

2 O + HO2 → OH + O2 3.00×10−11e(200/T ) [2]

3 O + H2O2 → OH + HO2 1.40×10−10e(−2000/T ) [2]

4 H + O3 → OH + O2 1.40×10−10e(−470/T ) [2]

5 H + HO2 → 2 OH 7.20×10−11a [2]

6 OH + O3 → HO2 + O2 1.70×10−12e(−940/T ) [2]

7 OH + OH→ O + H2O 1.80×10−12b [2]

8 OH + HO2 → H2O + O2 4.80×10−11e(250/T ) [2]

9 OH + H2O2 → HO2 2.90×10−12e(−160/T ) [1]

10 OH + H2 → H2O + H 2.80×10−12e(−1800/T ) [2]

11 OH + CO→ HO2 1.44×10−13×KMT05* [1]

12 HO2 + O3 → OH + O2 1.00×10−14e(−490/T ) [2]

13 2 HO2 → H2O2 2.20×10−13×KMT06*× e(600/T )+ [1]

1.90×10−33 × [M ]×KMT06*× e(980/T )

* See table A.8

a value independent of temperature over the range 245–300 K.

b value independent of temperature over the range 233–580 K.

[1] Atkinson et al. (2004)

[2] Burkholder et al. (2015)
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A: Tables of chemical reaction rates and reactive uptake coefficients used in the
DSMACC model

Table A.3 – Rates of NOx reactions used in DSMACC model.

# Reaction K / cm3 molecule−1 s−1 Ref

1 O + NO → NO2 KMT01* [1]

2 O + NO2 → NO3 KMT02* [1]

3 O + NO3 → NO2 + O2 1.00×10−11a [2]

4 O + NO2 → NO + O2 5.10×10−12e(210/T ) [2]

5 H + NO2 → OH + NO 4.00×10−10e(−3400/T ) [2]

6 OH + HONO → NO2 + H2O 2.50×10−12e(260/T ) [1]

7 HO2 + NO → OH + NO2 3.30×10−12e(270/T ) [2]

8 HO2 + NO2 → HO2NO2 KMT09* [1]

9 HO2+ NO3 → OH + NO2 4.00×10−12b [1]

10 NO + O3 → NO2 + O2 3.00×10−12e(−1500/T ) [2]

11 NO + NO3 → NO2 + NO2 1.50×10−11e(170/T ) [2]

12 NO2 + O3 → NO3 1.20×10−13e(−2450/T ) [2]

13 NO2 + NO3 → NO + NO2 + O2 4.50×10−14e(1260/T ) [2]

14 2 NO3 → 2 NO2 + O2 8.50×10−13e(−2450/T ) [2]

15 NO2 + NO3 → N2O5 KMT03* [1]

16 N2O5 → NO2 + NO3 KMT04* [1]

17 OH + NO→ HONO KMT07* [1]

18 OH + NO2 → HNO3 KMT08* [1]

19 OH + NO3 → HO2 + NO2 2.00×10−11c [1]

20 HO2NO2 → HO2 + NO2 KMT10* [1]

21 OH + HNO3 → NO3 + H2O KMT11* [1]

22 OH + HO2NO2 → NO2 + prods 3.20×10−12e(690/T ) [1]

* See table A.8

a value independent of temperature over the range 298–329 K.

b at 298 K.

c at 298 K.

[1] Atkinson et al. (2004)

[2] Burkholder et al. (2015)
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Table A.4 – Rates of Bromine reactions used in DSMACC model.

# Reaction K / cm3 molecule−1 s−1 Ref

1 Br + O3 → BrO + O2 1.70×10−11e(−800/T ) [1]

2 BrO + NO2 + M → BrNO3 +M 5.20×10−31(T/300)−3.2 [2]

3 BrNO3 → BrO + NO2 2.00×1013e(−12360/T ) [3]

4 BrO + HO2 → HOBr + O2 4.50×10−12e(500/T ) [1]

5 Br + HO2 → HBr + O2 4.80×10−12e(−310/T ) [2]

6 HBr + OH → Br + H2O 6.70×10−12e(155/T ) [1]

7 BrO + NO → Br + NO2 8.70×10−12e(260/T ) [1]

8 2 BrO → 2 Br + O2 2.70×10−12a [1]

9 2 BrO → Br2 + O2 2.90×10−14e(840/T ) [1]

10 Br + HCHO → HBr + HO2 1.70×10−11e(−800/T ) [2]

11 Br + NO3 → BrO + NO2 1.60×10−11b [1,2]

12 HOBr + NO3 → BrO + HNO3 2.70×10−11e(300/T )
2.66

This work

a value independent of temperature over the range 250–390 K.

b at 298 K.

[1] Atkinson et al. (2007)

[2] Burkholder et al. (2015)

[3] Orlando and Tyndall (1996)
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A: Tables of chemical reaction rates and reactive uptake coefficients used in the
DSMACC model

Table A.5 – Rates of Iodine reactions used in DSMACC model.

# Reaction K / cm3 molecule−1 s−1 Ref

1 I + HO2 → HI + O2 1.50×10−11e(−1190/T ) [1]

2 IO + NO2 + M → INO3 + M 7.70×10−31(T/300)−5 [1]

3 INO3 → IO + NO2 1.10×1015e(−12060/T ) [1]

4 OH + HI → I + H2O 1.60×10−11e(440/T ) [3]

5 IO + NO → NO2 + I 7.15×10−12e(300/T ) [1]

6 I + O3 → IO + O2 2.30×10−11e(−870/T ) [3]

7 IO + HO2 → HOI + O2 1.40×10−11e(540/T ) [1]

8 HOI + OH → IO + H2O 5.00×10−12a [4]

9 2 IO → I + OIO 0.38×(5.40 × 10−11e(180/T )) [1,2]

10 2 IO → 2 I + O2 0.11×(5.40 × 10−11e(180/T )) [1,2]

11 OIO + NO → IO + NO2 1.10×10−12e(542/T ) [5]

12 I2 + NO3 → INO3 + I 1.50×10−12b [1]

13 I + NO3 → IO + NO2 1.00×10−10c [1]

14 HOI + NO3 → IO + HNO3 2.70×10−12e(300/T )
2.66

[6]

a at 320 K.

b value independent of temperature over the range 292–423 K.

c at 298 K.

[1] Atkinson et al. (2007)

[2] Bloss et al. (2001)

[3] Burkholder et al. (2015)

[4] Riffault et al. (2005)

[5] Plane et al. (2006)

[6] Saiz-Lopez et al. (2016)
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Table A.6 – Rates of mixed halogen reactions used in DSMACC model.

# Reaction K / cm3 molecule−1 s−1 Ref

1 BrO + IO → Br + 0.8 OIO + 0.2 I 1.5×10−11e(510/T ) [1]

2 I + BrO → IO + Br 1.20×10−11a [2]

3 Br + IO → BrO + I 2.50×10−11a [3]

a at 298 K.

[1] Atkinson et al. (2007)

[2] Burkholder et al. (2015)

[3] Bedjanian et al. (1998)

Table A.7 – Aerosol reactive uptake coefficients (γ) used in DSMACC model in the form

UPTAKE(γ, T, Surface Area, Mass).

# Reaction γ Ref

1 N2O5 → 2 p−NO3 0.02 [2]a

2 HNO3 → p−NO3 0.15 [2]a

3 NO3 → p−NO3 0.012 [2]a

4 HOBr → 0.5 Br2 0.02–0.80b [3]

5 BrNO3 → HOBr + p−NO3 0.02–0.80b [1,3]

6 HBr → 0.5 Br2 0.02–0.80b [3]

7 HOI → 0.5 I2 0.02–0.80b [3]

8 HI → 0.5 I2 0.02–0.80b [3]

9 INO3 → HOI + p−NO3 0.02–0.80b [1,3]

a Data from IUPAC datasheets of uptake coefficients on Saharan dust.

b Sensitivity analysis performed on uptake coefficients.

[1] Burkholder et al. (2015)

[2] Crowley et al. (2010)

[3] Saiz-Lopez et al. (2008)
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A: Tables of chemical reaction rates and reactive uptake coefficients used in the
DSMACC model

Table A.8 – Complex rate coefficients of pressure dependent reactions used in the DSMACC

model taken from the MCM model.

# Ref

KMT01 K0 1.00×10−31 × [M ] × (T/300)−1.6 [1]

Kinf 3.00×10−11 × (T/300)0.3

Fc 0.85

KMT02 K0 1.30×10−31 × [M ] × (T/300)−1.5 [1]

Kinf 2.30×10−11 × (T/200)0.24

Fc 0.6

KMT03 K0 3.60×10−30 × (T/300)−4.1 × [M ] [1]

Kinf 1.90×10−12 × (T/300)0.2

Fc 0.35

KMT04 K0 1.00×10−3 × (T/300)−3.5×e
(−11000/T )×[M ] [1]

Kinf 9.70×1014 × (T/300)0.1×e
(−11080/T )

Fc 0.35

KMT05 K0 1 + ((0.6×[M ])/(2.652 × 1019 × (300/T ))) [1]

KMT06 K0 1 + (1.40×10−21 × e(2200/T ) × [H2O]) [1]

KMT07 K0 7.40×10−31 × (T/300)−2.4 × [M ] [1]

Kinf 3.30×10−11 × (T/300)−0.3

Fc e(−T/1420)

KMT08 K0 3.30×10−30 × (T/300)−3.0 × [M ] [1]

Kinf 4.10×10−11

Fc 0.4

KMT09 K0 1.80×10−31 × (T/300)−3.2 × [M ] [1]

Kinf 4.70×10−12

Fc 0.6

Continued overleaf...
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Table A.8 - continued.

# Ref

KMT10 K0 4.10×10−5 × e(−10650/T ) × [M ] [1]

Kinf 4.80×1015 × e(−11170/T )

Fc 0.5

KMT11 K1 + K2 [1]

K1 2.40×10−14 × e(460/T )

K2 (K3 × [M ])/(1 + (K3 × [M ]/K4)

K3 6.50×10−34 × e(1335/T )

K4 2.70×10−17 × e(2199/T )

[1] Atkinson et al. (2004)

NOTE: The chemical mechanistic information was taken from the Master Chemi-

cal Mechanism, MCM v3.3.1 (Jenkin et al., 1997; Saunders et al., 2003), via website:

http://mcm.leeds.ac.uk/MCM
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Abbreviations

AIM-IC ambient ion monitor ion chromatography

ANs alkyl nitrates

AQD Air Quality Design Inc.

ASTEX Atlantic Stratocumulus Transition Experiment

BLC blue light converter

BOC British Oxygen Company

CAPS cavity attenuated phase shift

cps counts per second

CRDS cavity ring-down spectroscopy

CVO Cape Verde Atmospheric Observatory

DOAS differential optical absorption spectroscopy

DSMACC Dynamically Simple Model of Atmospheric Chemical Complexity

EPA Environmental Protection Agency

FAGE fluorescence assay by gas expansion

FT-IR Fourier transform-infra red

GAW Global Atmospheric Watch

HIRAC highly instrumented reactor for atmospheric chemistry

HPLC high pressure liquid chromatography

Hz hertz
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IBBCEAS incoherent broadband cavity enhanced absorption spectroscopy

ICOZA Integrated chemistry of ozone in the atmosphere

ID-CIMS ion drift chemical ionisation mass spectrometry

IUPAC International Union of Pure and Applied Chemistry

JPL (NASA) Jet Propulsion Laboratory

KPP Kinetic Pre-processor

LED light emitting diode

LIF laser-induced fluorescence

LOD limit of detection

LOPAP LOng Path Absorption Photometer

LT local time

MBL marine boundary layer

MCM Master Chemical Mechanism

MFC mass flow controller

NI-PT-CIMS negative-ion proton-transfer chemical ionisation mass spectrometry

NIST National Institute of Standards and Technology

PAG pure air generator

PAN peroxy acetyl nitrate

PAN-GC peroxy acetyl nitrate gas chromatograph

PERCA PEroxy Radical Chemical Amplification

PFA perfluoroalkoxy alkane

pHONO photolytic HONO
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PLC photolytic converter

PM particulate matter

PMT photomultiplier tube

PNs peroxy nitrates

ppb parts per billion

ppt parts per trillion

PSS photo-stationary steady state

QCL quantum cascade laser

QC-TILDAS quantum cascade tunable infra-red laser differential absorption

spectroscopy

RHaMBLe Reactive Halogens in the Marine Boundary Layer

SATP standard atmospheric temperature and pressure

SC-AP stripping coil–visible absorption photometry

TD-LIF thermal dissociation laser-induced fluorescence

TUV Tropospheric Ultraviolet and Visible model

UHP ultra-high purity

UTC Coordinated Universal Time

UTLS upper troposphere–lower stratosphere

UV ultra violet

UV-LED ultra violet-light emitting diode

VOC volatile organic compounds

WAO Weybourne Atmospheric Observatory

WMO World Meteorological Organization
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