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ABSTRACT

A laser induced fluorescence instrument was tested fog IN@surements. Laboratory tests

at the University of York indicated that the instrument could be efficiently used far NO
measurements in a polluted atmosphere, with the installatid a gas phase titratiosystem

also showing promising results for NO characterisation. However, deployment at the Cape
Verde Atmospheric Observatory for measurements in the remote marine boyrdger
resulted in a significant overstimation of N@mixing ratios. The LIF instrument measured
NG levels that were around 8 times higher than those measured by a standard
chemiluminescence analyser. The measurement inaccuracy was concluded tedsdt af
some kind of leak within the instrument. This meant thatN©Othe laboratory would also
have been detected, resulting in greatly enhanced mixing ratios than would have been
expected. This led to the conclusion that, in its current configuratiosjnstrument would

not be suitable for longerm NQ measurements in the remote boundary layer. This, along
with consumable restrictions meant that theser induced fluoresceneeas not used for NO

measurements at the Cape Verde Atmospheric Observatory

A photolytic chemiluminescence analyser was used to measukei@sions from oil and

IFa NA3Ia Ay (GKS b2NIK {SIF Fa LING 2F GKS | A
2015. Substantial N@nhancements were observed during the campaign, witterous
exceedances of 10,000 pptv (10 ppbv). The direct integration method was used to derive NO
emissions coming from a specific set of rigs in the North Sea. These were then scaled up to
evaluate the NAEI estimates for the whole North Sea drilling nedibis study found that

the NG emissions from oil and gas rigs in the North Sea are poorly represented by the NAEI,

with over 40,000 tons per year being unaccounted for. Such a substantial discrepancy
highlights the need for regular assessment of inveptestimates, as these provide a basis

for air quality directives and legislation, which in turn, are put in place to protect and improve

local and regional air quality.
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CHAPTER 1: INTRODUCTION

1.1 Motivation for this Study

Nitrogen oxides (NO= NO + Ng) are trace species which have a central role in atmospheric
chemistry. They are predominantly emitted via fossil fuel combustion processes, with one of
the most significant sources being the road transport sector. Natural sour¢é®afclude

lightningand soil, though these are minimal in comparison.

NQemissionglay a role irthe formation of photochemical smégand affectthe oxidative

capacity of the atmosphere, through their involvement in photochemical cycles which result

in the formation of topospheric 0zon€0s).3>4*When photolysedQsis a major source of the
hydroxylradical(OH) which controls the lifetime of many other atmospheric species, such

as methane and carbon monoxide, through its ability as a powerful oxidising agent. Methane

is a potent greenhouse gas, thus meaning tR&k mixing ratic also have an indirect effect

oni KS SIFNIKQA& NIRALIGAGS) ikdfNdacsynahdthedHvadibek 3 Sy RA
providing a sink for NGand having an additional impact on the polluted atmosphérghis
reactionalsoreduces the radicaiixing ratics, therefore causing elevatedixing ratics of

gases which would have ordinarily been removed from the atmosphere.

It is the rapid interconversion between nitric oxide (NO) &l which results in their direct
part in the formation of tropospheri©s, should their ambienimixing ratos besufficiently
high. Unperturbed, the interconversion ofsONO and N@establish a photestationary state
equilibrium whereby no net ©production or destruction occurs This equilibrium is
represented by reactionsk) and @) below, whereNO reacts withOs; to form NQ. Thisis

then photolysed back to NO by sunlight.

/.10 1)
./ EBEaO ./ [ O < F nHAN YO
/I 0o |/ -o - @3)

Reactions (8B) result in no net formation ds, should there bao other species which could
cause additional NO to N@ansformationsThis is rarelyhe case, with peroxsadical§y RQ)

catalysing the interconversion between NO andNO

13



RQ are predominantly found irtlean or moderately polluted conditions, and are formed

during the OHnitiated oxidation of hydrocarbon@ refers to any organic group):
2( 1 1 ©° 21 (1 4)

TheRQ radicalthen reactswith NO, producing an organic oxy real (RO) and NO
2/ 1o 27 (5)

The NQis then photolysed, ultimately leading to the production@f If themixing ratis of
NQ are extremely low, the RQ radicalsundergo recombination reactiongather than
reacting with NO. This consequentlyterminates the radical chain meaning thatQ;
destruction dominatesinder these conditionsdHowever, at highdlO, mixing ratics, theRQ
radicals oxidise NO to NO'highen leads to ne©; production which has impacts on human
hedth, as well as natural vegetation and crop yi€ldg hecritical NQ level at which this
change from an @destroying regime to an £producing regime occuris known as the ©

compensation point, and typically lies between 5 and 100 pbtv.

The main daytime sink ®Q, is the formation of nitric acid (HN{ through the reaction of
gaseous Ngand theOHradical. Thenocturnalatmospheric chemistry dflQ,is dominated
by an accumulation of the nitrate radical (jy@nd its reservoir speciedinitrogen pentoxide
(N2Gs), 1t which results from reactions (6) and (7), shown bel@¥ith no photolysis occurring
at night NQ instead reacts withD; to generate theNG; radical. Reaction of Ne@with NG
results ina chemical equilibrium witiN.Os. TheN:Os can result in further acid deposition,

through its subsequent reaction with atmospheric water vapour to foHiQ.
S /I © ./ / (6)
. P @)

The HNQ is scavenged by precipitation in the lower troposphere, resulting in wet
deposition! The NO, Neand HNQcan also be taken up as gases or solid particles by plants
and surfaces (dry deposition).is by this deposition procetizat NO has detrimental effects

on the environment, through the resultant acidification and eutrophication of ecosystéms.
Thiscycle is completed through the recyclingdNQ back toNQ,. Thiscan occutthrough

the reaction of HN@with the OHradicalor by photolysis.
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As well as having detrimental impacts on the environmBl@; emissions are known to have
significant effects on human healfftNO; in particular causes respiratory problems on both
short and longterm scales. Highmixing ratics of the species can cause inflammation of the
airway, while longerm exposure may reduce lung capacity and cause enhanced

susceptibility toallergeng®!4

1.2 Global Distribution dfiQ«

As discussed previously, the dominant sourcéNGk emissions in the troposphere is the
combustion of fossil fuels, with a high proportion coming from the road transport sé¢@r.
mixing ratics are therefore highly variable axss the globe, on both temporal and spatial

scales, as a result of the namiform distribution of sources and sinis.

The lifetime ofNQx in the lower troposphere igxtremely short, in the order o& few
hours8!” This means that the highestixing ratos are often observed in close prmity to

the emissions sourcesuch adargecities with extensive road networkBlO, mixing ratics
measured in the boundary layer above such an area are typically on the scale of several tens
ppbv? For examplea study by Aruffo et al. (201¥)measured themixing ratis of various
species over the metropolitan area of London, with maximi@ mixing ratis of around

30 ppbv being detected downwind of the city.

In contrast in the upper troposphereN O, emissions persist faeveral day3®'’ Here,it can

be transported to remote region@vhere there are minimal local sources of )@y reservoir
species such gseroxyacetyhitrate (PAN. This species thermally decomposes at altitudes
below 7 km, which subsequently releadé®; into the remote troposphere’>?*°Due to their
locationaway from large emission sourc@$Q, mixing raties in remote regions are several
orders of magnitude smaller than those measured in industrialised areas, rarely exceeding
200 pptv?A good represention of the remote atmosphere ithe Cape Verde Atmospheric
Observatory (CVAO), which is used for ltergn measurements of atmospheric species,
such asNQ,andGs. Various sidies have taken place at this site, with typioaking ratis of

NO being well below 30 ppti?
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1.3 Instrumental Techniques for the MeasuremenhNak

The measurement dfiQcisextremely challenging for a number of reasons. The first of which
is the fact that there ia largedynamic range ahixing raties which are spread neaniformly
around the earth, as discussedsdaction1.2. NO mixing ratis also change on a timescale
of hours, with any primary emissions being converted into other species extremely duickly.
This highlights anotherhallenge associated witNO, measurements: selective detection.
Species such aBIN@Q and PAN can easily decompose into ;N@us meaning that

interferences from these species are often detected.

1.3.1 NG Measurement Techniques

Differential Opticahbsorption Spectroscopy (DOAS)

Many spectroscopic methods have been developed for the measurement gf Wtich

exploit the broad absorbance spectrum of N® the ultraviolet and visible regions of the
electromagnetic spectrurd. An example of such a tecigue for NG measurementsis

DOA%, which is based on the use of a beam of white light of a specific wavelength which is
aFT2ft RSRé 0@ -teflectarsNING adsorptitn bhldasiabkBciated with the returning

light beam are used to determine which raolilles are present at any point in the beam path.

The amount of the absorber (i.e. the amount of a particular speaies)g the light path is

GKSY RSGSNN¥AYSR GKNRdzZEAK (KS | LihsStarkoDrt af igty 2 F [

absorbed to the distace it travels through an absorbing medifar example, alix.

Cavity Enhanced Absorption Spectroscopy (CEAS)

Another technique which has also been applied to, N@asurements i€EA%*?* Where
DOAS is applied to smaller molecules through tuning to naimes of the absorption
spectra, CEAS is more applicable to larger molecules with broader spectra through the use of
a broadband source. This means that it can be used to observe several species

simultaneously. CEAS is therefore essentially a rpalis ariant of the DOAS technique.
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Cavity Ring Down Spectroscopy (CRDS)

This is another spectroscopic technique which has been widely used fog NO
measurement$>® ¢ KA a YSGK2R ¢2NJa o6& GiN)Y LWAyYy3IE | a
which is defined by severhlgh reflectivity mirrors, thus causing the intensity of laser light

to build up.The laser light is tuned across very narrow individual lines of a spectra. This makes

it possible to measure a particular molecule, by selecting a laser frequency whicedsto

specific absorption lines associated with that molecule. When the laser is turned off, the light

pulse decays, undergoing thousands of reflections between the mirrors. This then eventually
emerges through one of the mirrors, with the instrument rsaeing how long it takes for the

fAIKG G2 RSOlFe (G2 mMkS 2F AlaR20FKAGNY S OPIEKE
down time decreases when the absorbing species is introduced into the cavity and can

therefore be used to determine thmixing atio of said species in the air sample.

Cavity Attenuated Phase Shift Spectroscopy (CAPS)

Thisk £t 42 ¢g2NJa Ay | AAYAEIFINIgle G2 /w5{ Ay GKI
mirror-defined cavity. The photons are then reflected between the ongrand slowly leak

out of the cavity, travelling to the detector. The wave form resulting from the coupling of the

square or sine wave modulated light source and the cavity is slightly shifted from the original
waveform, and it is this which is measuredthe detector. The technique is used to measure

the mixing ratioof a molecule which absorbs in the same wavelength band as the light within

the cavity. For example, Kebabian et al. (26088ed a 430 nm light emitting diode (LEB)

light source with arabsorption wavelength specific to NGAbsorbance of the light by the

molecule in question (for example, BOadds another loss term into the instrument, causing

a phase shift that is proportional to itsixing ratia

Tunable Diode Laser Absorption $Smescopy (TDLAS)

The TDLAS techniquses a laser diode which is tuned to a wavelength for the measurement
of a specific species and has been used for the measurement of troposphernN@rious
occasiong®?° As with other spectroscopic techniques, TBLses the Bedrambert law to

directly relate the absorption of light by a chemical species taitsng ratio The method
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works by passing laser light though the gas in the sample cell, towards the detector. The light
is absorbed if the species in quigst is present. The size of the absorption peak can be
accurately measured and subsequently used to determinerthng ratioof a species in the

air sample. As with CRDS, TDLAS is particularly useful for gaseous molecules with narrow,
strong and distintcabsorption bands. These molecules are quantified by tuning the laser
diode over a small wavelength range, thus making it possible to identify the absorption bands

and attributethem to a particular species.

Laser Induced Fluorescence (LIF)

Although allof the spectroscopic techniques discussed can be specific o tN® LIF
techniquecombines this with a much higher sensitivity, as well as providing a diresituin
fast response technique for N@etection?' A variant of this technique, fluorescence assay
by gas expansion (FAGE) was used fordi@ntificate y o6& DS2NHS I R hQ.
usinga frequency doubled Nd:YAG laser. This resulted in a detection limit opd®0
averaged over one minutat an SNR (signal to noise ratiafjone. Fong and Brune (1997)
found that this detection limit could be improved to 300 pptv through the use afrable

dye laser and muHpass alignment. More recent developments of the technique have shown
consistently high levels of sensitivity. Thornton et al. (280f@gr example, used a two
wavelength excitation instrument, resulting in a detection limit ofopv averaged over ten
secondsat an SNRf two. A YAG @witched intercavity doubled laser was used for NO
guantification by DarBalisburgo etal. (2009)? This instrument had an extremely low
detection limit of 10 pptv averaged over one minute, and was used in a number aidyrou
based and aircraft campaigfs43>3¢ thus giving assurance that this technique could
accurately quantify N@mixing ratios in a range of atmospheric environments. The LIF
technique itself works by selectively exciting N@blecules through one of their molecular
transitions, using a narrolwand laser. In most cases, the transition used in LIF is between
the ground?A; electronic state and the excited®; electronic state of N© When N@absorbs

a photon in the visible region for this transition, it becomes electronically excited, becoming
NG*. On relaxation back to its ground state, M@mits redshifted fluorescencewhich is

proportional to themixing ratioof NG in the air sample.
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Thermal Dissociatiebaser Induced Fluorescence-{1IB)

The LIF technique has been developed further fesiitn measurements of othereactive

nitrogen (NQ) species, namely alkyl nittes K SNB | F i SNJ NI ¥, fehoddBifRates 2 | & «
(KSNB I TG SNIJ NB § S MNR RThid i2as deén daneé Hy doénbining two analytical
techniques, thermal dissociatioand laser induced fluorescenée.Most NQ species

thermally dissociate tproduce NQand a radical species (x):
8./ EARW ./ (8)

The NQis measured directly by laser induced fluorescence, as discussed previously. The
organic nitrates anddNQ channels of the instrument are heated to their respective
dissociation temperatres to form N@ which is then measured by laser induced
fluorescence. The temperatures requirém complete dissociation dPNs ANsand HNQ

are 200°C, 400°C and 650°C, respectively. A similar instrument was used by Di Carlo et al.
(2013§8for simultareous N@, PN ANandHNQ measurements. The instrument was found

to be sensitive and fast enough with a time resolution of 0.1 seconds) to provide accurate
NG and organic nitrate measurements, with detection limits of 9.8, 18.4, 28.1 and 49.7 pptv
for NG detection by the N@cell, PNcell, ANcell andHNQ ccell, respectively.

1.3.2 NO Measurement Techniques

Chemiluminescence

Aside from spectroscopic methods, the most widebed and commercially available
technique for NQdetection is based on the gghase chemiluminescent reaction of NO and
()3.39,40

Lot 9)
/0 .| Eu (10)

NO reacts withOs; to produce the electronically excited MOmolecule (reaction (9)). The
excited NQ@ molecule fluoresces at wavelengths in the visible and #ef@ared regions of

the electromagnetic spectrum (i.e. wavelengths longer than 600 “n#A. cooled
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photomuliplier tube (PMT) detects the photons released during fluorescence. The sample is
kept uncer low pressure in order to maximise the fluorescence lifetime of the*NThe
intensity of the signak proportional to thamixing ratioof NO, when th&; is in excess, thus
meaning that this technique provides a direct measurement of NO. This meé#modlso be
applied toindirect NG measurements, by convertingto NO prior to chemiluminescence
detection. This signal then represents theixing ratio of total NO, in the air sample.
Generally, instruments which use ti@ chemiluminescence techniquéérefore have two
operating modes, one which measures NO directly, and one which measurebl@talhe
difference between these two signals can then be reported as the ambienng ratioof

NO:.

NG, Converters

Many commecial instruments use a heatedolybdenum(Mo) catalyst to reduce the NO

to NO#%42 Although this method has proved to be highly successful in terms etdNRO
conversion efficiencies (often converting around 90% of the td@MO),** one of its biggest
downfalls is the fact that the conversion is not specific to..NQther reactive nitrogen
species, such as PAN and HM@y also decompose to produce NO on contaith the
heated Mo catalysti®*34445 This consequently means that, rather thaolelybeing due to
NG, it is more likely thattie subtraction of the NO signibm the total NO;, signal will be
representative of the summenhixing ratioof all nitrogen species which have been reduced

to NO.

A variation of this instrumentation involves a photolytic, rather than a catalytic converter.
This method exploits the fat¢hat, in the presence of UV radiation (at wavelengths shorter
than 420 nm), N@readily photodissociates to form N&.Photolytic conerters can
therefore be used to convert N@ NO specifically, over a narrow wavelength bégtialis
minimising interferences from species like PAN and HINOnumber of different types of
photolytic converters have been tested for Nguantification, including metahalide and
high pressurexenon lamps. Although these have shown conversion efficiencies of up to
70%7%4" they required a huge amount of power for continuous opesatimeaning there
was scope tamprove the conversion efficiencies and develop a photolytic converter
which was more economical to use. Such converters came in the fdrElRélight-emitting

diodes) These have longer lifetimes and lower power requirements compared to the metal
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halide andxenon lamps*? and provide consistently high conversion efficiencies of around
9094 (compared to 70% using metal halide or xenon lamps).The use of LEDs in thévhear
region, which produce radiation of wavelengths 385 to 405 ara known to be particularly
efficient at specifically converting N with recent work demonstrating a particularly high
affinity for NQ O2 Yy SNEA2Y dzaAy 3 o d{@lso ¥nvwn @D iluez8ghtt A I K § ¢
02 y @S NI S NELEDSRaMd piovel tb Bednvaluable in chemiluminescebesed NQ@
measurements and are nowwidely used in both grounlased and airborne research
campaigng®183849 However, theyare not without interferencesThe wavelength of many of
these converters coincigewith the photolysis wavelength of other ambient nitrogen
containingspecies, such as chlorine nitrate (CIQNRBromine nitrate (BrONg) and nitrous

acid (HONO¥ There are also many atmospheric species which thermally decompose to
produce NQ at the operating temperatures of the converters. A recent study reported a
significant interference fromthe thermal decompaition of PANiIn a BL&quipped
chemiluminescence analys&This study alsaised model estimates to postulate that the
decomposition of other Ng&containing specieuch as peroxynitric acid (RXID:)) may also

be leading to theover-reporting of NQ mixing ratiosby chemiluminescence analysers, via

positive interferences in the BLC.

Although the specificity problem has been substantially minimised through the use of
photolytic converters in chemiluminescence instruments, the ndawwnfall of the technique

is its inability to directly measure NOThe only way that the N@an be observed is if it is

first converted into NO, as discussed earlier in the chapter. This means that the appasent NO
signal is still likely to suffer froninterferences, thus affecting the accuracy of the
measurements. This is where direct NfBeasurement techniques, such as laser induced
fluorescence, have a big advantage over the chemiluminescence method. These two

techniques will be discussed in greatetail inchapter 2

1.4 Aims and Obijectives of the Study

One of the main aims of the study was to asse$®alFinstrument forNOmeasurements

in a remote atmospheric environment. The instrument was first tested for ambient NO
measurements alongsideRinstrument in York, with further experiments being undertaken
to characterise the instrument fadQ measurements. On completion of these experiments,

the LIFwasdeployed at theCVAQN order to assess its ability to measure the low.Rxing
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ratios observed at this remote site, which is widely representative of the marine boundary
layer. Observations from the laboratory tests in York would then be used to configure the LIF

for NO measurements at the observatory.

Another objective of the study wa® tmeasureNQ, in a polluted environment, through
participationinthe U &SR F AND2NYS ahAiAft FyR DI &aé¢ | ANONI
the Facility for Airborne Atmospheric Measurements (FAAM) in Cranfield. The survey flights
of the campaign tooklpce over the active oil and gas drilling areas of the North Sea, with a
view to measuring the atmospheric emissions from the rigs. As a point souN®, of the
National Atmospheric Emissions InventoNAEIC this will be described in detaih chapter
4), it was hoped that observations regarding oil and gas rig emissions could be used to assess
the accuracy of inventory estimates. This could then also havetdongimpacts, particularly

in terms of air quality legislation in the UK.
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CHAPTER 2: EXPERIMENTAL

2.1 Introduction to the TELIF Instrument

The TDLIFinstrument used during this research project was originally developed at the

/] 9¢9at{ S5SLINIYSyid 2F tKeairlolftf IyR / KSYAOI¢
groundbased neasurements ofNG..32 It was a very similar instrument to thanitially

developed by Day et ah 2002%” The instrument has four channels, which enables direct
measurement ofNQ;, via laser induced fluorescence. The remaining three channels are

heated for the simultaneous detection of tiedzY 2 F G241t LISNRE& Yy A (NI (

total alkyl itratea ¢ 1 ahdHE@, via thermal dissociation.

2.1.1 Instrument Components

Light Source

Although similar to the original FOIF instrument, one key difference is the light source used.
The instrument used in this work uses aW®itched, pulsed Nd:YAG é&swhich emits light

at 532 nm. The laser has a maximum power of 3.8 W, with a 15 kHz repetition rate and a
pulse width of 30 ns. The energy per pulse (in units of Joules per pulse) can be calculated by

dividing the laser power by the repetition rate, tha:

%l A ®AEOI1 OA . ¢® &p t D OI OA Equation 21

The units of laser power and repetition rate can be converted into Joules/second and
seconds, respectively (1 W = 1 Joule/second and 1 Hz = 1 second), hence why the resultant
energy is given in units of Joules/pulse. As can be seEguation2.1, the enegy of each

laser pulse igxtremely low, whichmakes the laser suitable for the use in the lasetuced
fluorescence measurement technique. The laser pulses have sufficient energy to solely act

as an excitation source for the N@olecules, without dissoating other species present in
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the sampled ambient air. This could affect the accuracy of theddta, producing molecules
which are able to quench the fluorescence, thus meaning that it is essential to minimise the

dissociation through the use of a Iqgyewered laser.

High reflectivity mirrors are also installed between each cell, which direct the laser beam
towards the next detection cell. The laser must be well aligned, ensuring that as much of the
laser light passes through each of the detection cdllsis will mean that the maximum

number of fluorescence photons are detected, thus resulting in as accurate a measurement
as possible. To monitor the laser power during calibrations and measurements, photodiodes

are located before the entrance of each detion cell.

NO; Spectroscopy

Spectroscopic techniques such as laseluced fluorescence are used for NO

measurements, due to the nature of the absorption crssstion of NQitself.

The majority of the crossection lies in the visible region, withmaaximum observed at
approximately 420 nni2The reason behind this lies in the interaction between the ground
state and first excited state of NOThe upper vibrational levels of the ground state
configuration of N@(X?2A;) are strorgly coupled to the first excited state configuratiof (
2B,) via Herzbergeller interactions$! As a result, there are an extremely high number of
energy levels in thailtraviolet-visible region of the electromagnetic spectrum, thus also
meaning that the tansitions between these energy levels are optically active. It is these

interactions which provide a basis for the nature of the absorption esestion of NQ
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Figure 21: Absorption cross section of N@t 300K and 760 Torr. Letters (a) to (i
represent the excitation wavelength used in various LIF instruments. (a) Bradst
et al. (199952 (b) Matsumi et al. (200FF, (c) Matsumoto et al. (2008%, (d) George
YR hQ. NR&gthisthesisdiey Bog and Brune (1997} and (f) Perkins et al.
(1999%2

As the majority of the crossection is in the visible region (400 to 700 nm), it means that the

radiation wavelength used to excite the bN@olecule can be chosen based on the particular
instrumentin question, some of which are shownhkigure 21. In order to understand why

these wavelengths were selected, it is first necessary to get a clear idea as to what an
absorption crossection actually is. The definition of an absorption cresstion isd (i K S

effective area of the molecule that a photon needs to traverse in order to be absorbed. The

larger the absorption crossection, the easieritistophoS EOA S G KS Y2t SOdz S«
seen inFigure 21, the corresponding absorption crosectionsat the excitation wavelengths

used are large, thus increasing the likelihood of absorption of the radiation. As previously
mentioned, the light source in the instrument used during this project is an Nd:YAG laser

which emits UV radiation at 532 nm. Thiswekength corresponds to the second harmonic

of the Nd:YAG laser and, as can be seekigare2.1, has been used in other instruments

for the detection of N@?2-3° due to the absorption crossection of N@being relatively large

at this wavdength. Another benefit of using 532 nm is that there are no otherpjese

absorbers at this wavelength, aside fr@da°>**° The Rayleigh scattering cressction of air

is also modest at this wavelength>’which assists in reducing the backgroundaigpf the

instrument. A single pass configuration is used in the instrument. This is similar to that used

by Matsumoto et al?! whose study found that using such a configuration can dramatically
NERdzOS G(GKS AyaidNdzySydiQa tAYAOG 2F RSGSOlGA2y®

wavelength, powerful laser consagntly means that the laser would be simpler to align,
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whilst also providing laser light powerful enough to supply all 4 detection cells for-giriin

measurement of N&@ PNs, ANand HNG.

Excitation of N@at 532 nm results in fluorescence at wavelehgtlonger than 630m,
allowing for optical filtering of the laser radiation. This was also observed by Matsumoto et
al.2*'who used an Nd:YAGskxr with the same excitation wavelength. This feature of the laser
also means that it possible to deduce that the only origin of the fluorescence is the NO
present, AlthoughQ; also absorbs UV radiation at 532 nm, it does not fluoresce at
wavelengths longr than 630 nm, thus meaning it is impossible for the fluorescence signal to
be due toCs.

Detection Cells

The four detection cells in the instrument comprise of a central cubic structure, with two
cylindrical arms on opposite faces of said cube. ifitexnal assembly of the cells has many
features which are in place to reduce the background signal. These arms hold a sequence of
baffles, which reduce scattering of the laser light inside the cell, whilst also minimising the
amount of external solar lighthat reaches the central cubic part of the detection cell. A

schematic illustrating the assembly of one of thes¢edtion cells is shown iRigure 22.

U |

me—m-——— Optical filters

| | | | Output windows

>
. *
Reflector

Laser beam

Figure 22: Schematic o& LIF detection cell
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The walls of the cell, along with the asrand baffles are coated with a low fluorescent optical
black paint, which also acts to minimise any scattering within the cell. The cells are also

designed to maximise the fluorescence signal measured.

An aluminiumcoated concave mirror is mounted beldve centre of each detection cell,
which directs the laser beam towards the PMT detector. This, along with two lenses, which
are placed before the PMT, act to maximise the photon collection efficiency of the
instrument. In order to minimise the amount o&Ran or Rayleigh scattering, there are a
number of low fluorescence optical filters. These work by separating the fluorescent and
nonFf dz2NBaOSyild LK2G2ya 06KAOK Odsge lateS. Thesez dza K
filters are nonfluorescent and are pecifically chosen, as they need to transmit over the
range of wavelengths at which Mfluoresces. As a result, the fact that the filters are non
fluorescent means it is possible to deduce that there is no fluorescence coming from the
filters, solely theNG, molecules. There are two lorass filters, which cut out wavelengths

of 620 and 640 nm (to reject any Rarrsgattered radiation), whilst transmitting more than

85% above 640 nm. In addition to these, there are also two filters which reject any Rayleig
scattered radiation at 532 nm, also demonstrating a very high transmission (>95% above 640
nm). These lenses and filters are therefore in place to optimize the fluorescence detection

and minimise any nofluorescent photons that reach the detector.

Samgping and Inlet System

The common inlet consists of a PFA tube, which samples ambient air at a flow rate of
approximately 8.5 L/minOnce the air reaches the instrumerthe flow is split into four
channels. The first of these channels is another PFA twbé&h is kept at ambient
temperature to measure ambieniixing ratice of NG in the detection cell in closest
proximity to the light source (i.e. the N@ell). The other three channels comprise of U
shaped quartz tubes, which are heated to differerperatures using a heated 132 W wire
and connect the inlets to the respective detection cellbe temperatures are specifically
chosen to correspontb the thermal dissociation temperatures &QNG; specieg200°C),
RONGspecieq400°C) antHNQ (550°C) At the exit of each of these quartz tube, there is a
pinhole which acts to dramatically reduce the pressure from ambient to around 50 Torr. This
means that the residence time of the sample air in the tubes is reduced, minimising any

recombination reations which could occur. The sample air then travels through another PFA
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tube to a stainless steel tube in the centre of the detection cell, bringing with it another

pressure drop, this time to around 4 Torr.

Vacuum System

The pressure within the detectiocells needs to be maintained aé3Torr, at a flow rate of

6 standard litres per minutes{pm). A pump system, which includasroots blower couple

to a rotary vane pump, maintains these required pressure and flow conditiomspressure
conditions ae required in order to minimise the collisional quenching (which contributes to
the background signal observed), whilst also maximising the fluorescence lifetime for the
delayed timegating detection. This is the standard detection method used in LIF
instrumentation>2* In this method, the PMT detectorseanot turned on until around 0.25
nanoseconds>s) after the laser pulse. After this time delay, at the end of the laser pulse,
the fluorescence is measwt& 2 NJ | N2 d&y RK hpa >A & NBFSNNBR). (2
This procedure is shown Figure 23. Low pressurdscritical in this method, as this ensures

that the lifetime of the fluorescence exceeds the laser pulse, thus allowing it to be deéf&cte
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Figure 23: Time gating detection method used of LIF detection ofz2NC
(Figure taken from Dari Salisburgo et al. (2009)
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2.1.2 Instrument Parameters

Sensitivity

The instrument sensitivity has a great influence on the quality of the data, meaning it is

therefore important to discuss the factors which affect®ithe overall equation which gives

the sensitivity of LIF (, in units of counts per second per pplis’ given below

] — | —— mub 44suRrRy T

Where:

A= frequency of incident radiation (photort)s

S = fluorescence signal (photond)s

C = collection efficiency

Nno2= Mixing ratio of N@(ppbv)

Icr= effective path length where fluorescence takes place (cm)
" #) = absorption cross section (émolecule?)

P(N) = photons flux (photons

aq = quenching factor (cfh

V= volume of fluorescence (¢

m A OF) =fraction of photons emitted into volume of fluorescence

' £ = quantum efficiency of PMT

8 ) = normalized fluorescence spectrum of the molecule
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During work with the instrument, the sensitivities of the N®N, ANand HN@channels

were found to be staldl at 173, 83, 46 and 18 counts per second per ppbv (c/s/ppbv). This
decline in sensitivity from the N@ the HNQ cell can be explained usiguation 2.2 with

a gradual decrease in laser powsaying a key role in thisiowever, it should be noted tha

it is not possible to quantify arms inthis equationhence illustrating a need for an actual
calibration. The sensitivity of the instrument is a function of the collection efficiency and the
fluorescence photons. The collection efficiency is dependn the quality of the optics
which are used to collect the fluorescence signal, along with the quality of the PMT, which is

used to detect the fluorescence photons.

The amount of fluorescence photons that reach the detector (i.e. the degree of ficemee
observed) is affected by a number of competitive processes. Another way that the excited
NG molecules can lose energy is through collisional quenching with other molecules, namely
nitrogen and oxygen moleculeEhe sensitivity of the instrument therefore improved in a
number of ways. The first is to increase the number of fluorescence photons by reducing the
instrument background. Methods of reducing the background signal were discussed in
section2.1.1, with low pressure operation and the use lmdiffles and optical filters being
some of the key examples. Increasing the laser power also increases the amount of
fluorescence photons. Referring back to the decline in sensitivity observed from thesNO
the HNQ cell, this can be put down to the laspower gradually weakening at it travels
through the instrument. As the sensitivity is a function of fluorescence photons, which
depend partly on the power of the laser, the more powerful the laser, the higher the

sensitivity will be (in conjunction witbther factors discussed above).
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Background signal

The background signal can have significant impacts on instrumental performance,
particularly through its contribution to the instrumental sensitivity (see later). In order to
keep the backgroundlown to a minimum, it is important to consider where the signal

actually comes from.

The background signal comprises of a number of terms:

Equation2.3
Where:

Bchamber= Optical scatter from surfas inside the detection cell

Br.scater= SUM Of pressure dependent Raman, Rayleigh and Mie scattering

Bsolar = solarinduced background

Bewr= dark current of the photomultiplier tube

Bnterference = any timedependent signal, such as flusaence or scétring from other

atmospheric gases or aerosols

As discussed previously, the design of the detection cells plays a key role in the reduction of

the background signal. The low fluorescent paint coating the arms and baffles of the
detection cell, as wellsathe baffles themselves, reduces the amount of scattered laser light

OAN DS QpankbK ST ENXY O D ¢KS ol FFES& taz2 +FOG G2 YAyY
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correspond to that resulting from Raman and Rayleigh scattering.

¢ KSpschte USN)Y A& Ffa2 YAYAYAASR 0KNRdAzZAK (GKS dz
collisobnal quenching, by keeping the pressure low (between 3 and 4 Torr). This low pressure

has a key role in the delayed time gating detection, which also reduces the amount of Raman,
Rayleigh and Mie scattering that occurs within the instrument. Photons etinéitea result

of Raman or Rayleigh scattering have a sinlifietime to the laser pulseAs a result of this,
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these photons are not detected when using the thg&ting method, so do not affect the

fluorescence counts.

Limit of Detection

The limit ofdetection of the LIF instrument is dictated by thignal to noise ratigSNR,
GKAOK Ay Gdz2NYyZ Aa RSLISYRSy( 2y 0FBgudion2%KS aSya
and the background (B, which is calculated ugiggation 2.3.

The mixing ratids then determined through the division of the fluorescencenaidyy the

calibration factor (se Equation 28).

It is assumed that the statistics of the photon counts is Poissonian and that the same amount

of time is spent on measuring the backgroundiaspent on measuring the fluorescence

signal. With these assumed conditions, ®BiRcan be calculated usirtgquation 24, where

€ NBTFTSNBR (2 GKS Ffd2NBAOSYONBFSHAI i 2RIKSO B

signal.

3.2 — Equatbn 24

At the limit of detection, the fluorescence signakinXis considered to be much lower than
the background signal, B. As a result of tBigiiation2.4 is then rearranged to become:

8 3. 2— Equation 25

The detection limit ighen calculated usingquation2.6:

—_— — Equation 26

The detection limits (1s, SNR = 2) for.NENsANs and HNgare 9.8, 18.5, 28 and 49.7
pptv, respectively?® It should be noted howevethat theselimits of detection correspond
to calibrations which wre carried out in a laboratorythus sampling laboratory air
Therefore, forcalibrations andneasurengntsin remote atmospheric environments, such as
Cape Verde, it is vital that any interferences and leaks within the instntiare minimised,

as these could cause significant interferences.
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Calibration and Background Procedures

LIFis not an absolute techniagy and the instrument used in this work does not have an

automated calibration or background measurement system in place.

Calibrations of the instrument are done by first overflowing the lines and detection cells with
zero air by opening the zero air valvThis is done in order to ensure that the instrument is
no longer measuring ambient air, thus providing a background measurement. The
background signal has a number of sources, whichgaren inEquation 23. In this work,

the zero air was supplied fromBTCAL72cylindercontaining synthetic aifs ppmv, certified

by BOCfor less than 1 ppmNQ), filtered with aSofnafilactivated charcoal trap.

The instrument is then calibrated by standard addition of a knavixing ratioof NG from

a standard cylinder (5 ppm NIST traceable), which is diluted in zero air. The flows of both
the NQ and the zero air are controlled using internal mass flow controlleq2@standard
cubic centimetres per minutes¢cn) and 0¢ 20,000 sccm, respgively). Both of these flows
are manually selected in order to give a calibratioiing ratioof NGQ. Flowsgenerally used

for calibrationsduring this workwere 50 sccm NG in 8000 sccm zero air.This gives a
calibration NQ mixing ratioof approximatey 35.8 ppbv. This calibratiomixing ratiois
calculated by multiplying thenixing ratioin the cylinder by the dilution factor (i.e. the

dilution of NQwithin the total gas flow), that is:

./ PPAO WS P T HNRAD——ro Equation 2.7

Where:

vV bk NQ flow (sccm)

v TS8SNRe T T SNR AN Ff2g 6addyYvo

The instrument software works by taking a known amount o$ {l®. the calibratiommixing
ratio) and dividing this by the counts observed during the calibration. This then gives the

instrument sensitivity.

The mixing ratio observed is then determined through the division of the fluorescence signal,

602dzyia LISNI 4502y R0O 08 G(KS OFtAGNIGAZY TFIO
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The NQ@channels of theristrument were not calibrated during this work, as these were done

I £ ® ARGle ofNighttirie Chahbtsy MICaheolling K S
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Equation 28

the Oxidising Capacity of the Atmosphe(RONOCO) campaigh

2.1.3 Detection of Organic Nitrates and Nitric Acid

As mentioneckarlier in the chapterthe PN, ANand HN@channels are heated to dissociate
the aforementioned compounds into NOThis results in the indirect formation and
measurement oNG,. Each of these channels therefore measure ambn@y, as well abllQ
which isproduced from the thermal decomposition of the respective compounitise
instrument is therefore also able to simultamasly detect the dissociated compounds.
Mixing ratics of these species are determined by subtracting the id@duced in the cooler
cell, from that produced in the warmer cell. For example,iNmixing ratiois calculated by
subtracting the N@producedin the PNcell (heated to 200°C), from that in the NEell
(ambient temperature).Figure 24 is a schematic of the instrument layout. The LIF

instrument measures NOPNs, ANsand HNQ at a resolution of 10 Hz. Each channel has a

flow rate of 1.5slpm, giving a total flow rate ttwugh the instrument of 6.0 slpm
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Figure 24: Simplified schematic of the LIF instrument
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2.1.4 Error Analysis

It is important to ensure that the data obtained from the instrument is as accurate and
reliable as possible. This therefore means that the uncertainties and errors associated with

the instrument andhe data need to be considered.

As the calibration oftte instrument determines the sensitivities of each of the instrument
channels, the procedure needs to be done as accurately as possible. The accuracy is
dependent on the uncertainty associated with the mixing ratio of; MOthe standard
cylinder. Cylindes of between 2 and 10 ppniNG; are typically used (the cylinder used during

this research project was certified to contain 5 ppMG,) and have an uncertainty of

between 1 and 3%.

The accuracy of the calibration also depends on the uncertainty of the floassontrollers

used for the air and NQlows. This uncertainty therefore depends on the flow rate of the air
and NQ. The mass flow controller used for the air flow has uncertainties of between 3.4 and
1%, when the flow rate is 1500 and 5,000 sccmpeetsvely. The mass flow controller used

for the NQ calibration gas has uncertainties of between 100 and 1%, when the flow rate is
0.2 and 20 sccm, respectively. It should also be noted that there is a relative error in the
sensitivity itself, of approxiately 3%. In its current configuration, the accuracy of the
channels of the LIF instrument is considered to be 10, 22, 34 and 46% for th& NICAN

and HNQchannels, respectivel.

As discussed previously, ttatal mixing ratiosof PNsANsand HNQ@are determined through

the subtraction of the N@produced in the cooler cell, from that produced in the warmer

cell. This means that the limit ofetection of each of the channels depends on the signal,

along with the uncertainties associated with the channels in question. This is expiassed
Equation2906 St 246> NBFSNNRAYy3I (2 &airadyrta FTNBY | R2l

associated uncertairgs.

"ol A A Equation 29

There are also some potential interferences which have errors, although are very small and
easily quantifiable, associated with them. These interferences include the reduction,of NO
by G; at higher temperatures and the complexation of N@producePNsor HNOs. The total

error associated with all three of these interferences summed together, is less than 5%. The
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most likely interference, however, is the heterogeneous conversion of-dé@aining
compounds (e.g. XDs) to NQ in the sample lines or the oxidation of NO to NBowever,

this interference is minimised by simply increasing the sample flow rate.

2.1.5 General Laboratory Testing of the LIF

General InstrumentdDperation

Once theinstrument was turned on, parameters needed to be set before it could be used for
laboratory testing. The laser power of the instrument was gradually dialled up to full power,
at a wavelength of 532 nm, thus providing a suitably long time period for itbded and

thus, the laser, to heat up and reach full power. This is an extremely important factor for

optimal instrumental performance, due to the spectroscopic nature of the technique.

On stabilisation of the laser at full power, the instrument was catéat using the procedure

given insection 2.1.2 Flows used for the calibrations in the lab were 50 sccmilN®000

sccm zero air, which resulted in a calibration mixing ratio of 35.8 ppbv. Background checks
were also conducted, using the method descdbesection 2.1.2 After conducting several
calibrations and background checks, the sensitivities and zero signals were found to be stable

at the values given ifable 2.1

Table 21: LIF sensitivity anBackground counts

Instrument Background signal Channel Sensitivity
Channel (counts) (c/s/ppbv)
NG, 78.0 178
PN 83.3 83.1
AN 64.3 46.0
HNQ 130 18.3
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These calibrations and background were conducted on a regular basis, in order to monitor
any changes in sensitivities of the individual channels. If the values deviated too much from
the values given above, the likely cause was misalignment of the lassuch cases, the

laser power was reduced to 30%, meaning it was then safe to open the instrument and adjust

the mirrors on the relevant detection cells, in order teakgn the laser.

Zero Air Supply Testing

It is important to have a good source péro NQ, as this makes it possible to assess
interferences on both the LIF and other instruments used for M@asurements.The
instrument wastherefore used to evaluate the quality of different zero air supplies in the
laboratory (i.e. rather than to teésthe performance of the instrument itself). The first
potential source of zero air tested was a pure air generator (with a Sofnafil/activated charcoal
trap), which was used for all background air measurements required by the various
instruments in the labratories. The second supply was a BTCA cylinder (¥,mamified by

BOC). The air coming from this cylinder was also scrubbed with a Sofnafil/activated charcoal
trap (as with the pure air generator). These supplies were connected to the zero airrinlet o
the LIF, with the instrument then left running for a period of approximately 10 minutes in

order to monitor the background counts on the Neéhannel.

The results of the zero air supply test are illustratedrigure 25. NQ mixing ratics from

both sources never got above zero, with very little difference observed between.thbm
negative N®@ mixing ratios observed are due to a small bias associated with either the
background measurements or in the calibration factor (see section 2.1.2), as these
parameters are used to derive the Nf@ixing ratio. However, the uncertainty of the mixing

ratio retrieval is sufficiently large that the negative values are within the measurements.

The results of this test led to the conclusitmt the gas cylinder wasot required for
background measurements of the LIF whilst in York, the supply from the pure air generator
was good enoughAnother purpose of these tests was to evaluate the BTCA cylinder as a
zero air supply for the use of the LIF in Cape Verde. Theteenadure of the site would
mean that the cylinder would be the only feasible source of zero air for the instrument, thus
meaning it had to contain next to no MO he results from this test therefore also provided

evidence that the cylinder would be a table supply for the deployment of the instrument
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in Cape Verde. With extremely lomixing ratie of NQ being expected at the site, this

backgroundmixing ratioshould not have a significant effect on the instrument sensitivity.

—e— Pure Air Generator —e—BTCA Cylinder
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Figure 25: Evduation of zero air supplies for the LIF instrument

Ambient Measurements and Compariswrith a Chemiluminescendastrument

Inlets of the LIF and photolyticchemiluminescencéP-CL)nstrumenti®were placed outside
in order to measure ambientixing ratie of NQ at the University of York campus in

Heslington, YorkseeFigure 26).
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Figure 26: LIF and FCL measurements ®Q; in Heslington
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A direct comparison between the two instruments would also give an indication as to how
reliable their measurements aré\s can be seen iRigure 26, both instruments measured
very similar N@mixing raties over the time period studiedChemiluminescence is a standard
technique for atmospheritNO, measurementslt has been used in a number of ground
based and airborne studies to provide reliable d&t#:5'Therefore, the comparability of the

LIF and>-CLdata provided some assurance that the Ndxing ratie measured by the LIF

could be trusted to be aaccurate representation of the surrounding atmosphere.

The LIF was then used moeasure ambientmixing raticc of NQ at the University of York
campus m Heslington, Yorkver two days in October 2014igure 2.5. Three of the four
channels were used to measure N& this stage (i.e. not heated), in order to directly to
compare the channels in terms of nominal Maxing ratice and trends observed. THNO;
channel was not used due to problems encountered with the cell assembly and

consequential sensitivity issues.
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Figure 27: LIF measurements diQ; in Heslington, Yorktaken between 1% and 16"
October 2014

All of the channels were fourtd be comparable with each other, with each measuring very
similar N@Qmixing raticc and trendsThemixing ratic show an upward trend from around
05:10, reaching a maximum at around 08:30. The reasoning behind this increase can be put

down to the fact hat this time period coincides with the morning rulbur.
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In the UK as a whole, the main contributionNi®, emissions comes from the road transport
aSO0G2NE 6AGK NBIdzZ I N SEOSSRIyO0Sa 2F GKS K2 dz
I YR n A, respackivlyf? The proportion ofNO, which is being emitted in the form of

NG, hasalso been increasing over the past few yefdfd,particularly in areas which are

close to the source (i.e. close to roads). These increases coincide with the inicrease

number of newer diesel vehicles in the natiorildet. These vehicles contain oxidation

catalysts, which convert NO to W@hus resulting in an increase in direct emissions of. NO

On a more local scale, diesel vehicles in and around York are \ggonsible for the
majority of direct N@Qemissions. A report was published by the City of York Council in 2011,
which provided details on the N@missions on the main road through Fulford, York (less
than 2 miles from the university campu$)The remrt found that, although they made up a
smaller proportion of the vehicle fleet, diesklelled vehicles were responsible for
approximately three times the N@missions than petrol vehicles (12.4% compared to 3.6%).
The high volume of buses travellingaind around York were also believed to be responsible
for a high proportion (32%) of local N@missions in 2011, despite only making up
approximately 2% of the total vehicle fleet. With regular bus services travelling through the
university campus, it isherefore likely that these, along with other diesel vehicles, are the

sources of these high N@vels in the early morning.

The NQ mixing ratice measured in Heslington were then compared to those measured in

Fishergate, Yorlgver the same time perioff. These twodata-sets areshown inFigure2.8.
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Figure 28: NQ measurements irFishergate andHeslington taken betweenl5" and
16" October 2014)
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The NQ mixing ratios measured iRishergateshow similar trends to those measured in
Heslington Figure 27) with elevations observed during the morning and evening #ustr
periods.However,looking atFigure 28, a large difference ilNG: mixing ratios in the two
areas is evident. Levels Fishergate are consistently much higher thdge seen in
Heslington. For example, at 18:00, the N@xing ratics in Heslington were around 5 ppbv.
However, the N@ mixing ratio in Fishergate at this time wasver ten timeshigher,
approaching 70 ppbv. This can be explained by the fact that Figheigyaituated in the
centreof York, thus meaning that it regularly witnesses high volumes of traffic, travelling into
and out of the cityHeslington, however, is a suburban villagigh much lower traffic counts
compared to the city centréAs discusse previously, the dominant NGource in York (and

in the UK as a whole) is the transport sector. This therefore means that the observations
surrounding N@mixing ratics in Fishergate can be attributed to the abundant road traffic

emissions in the surrouting area.

2.1.6 Characterisation fdlOMeasurements

The measurement of NO is just as important as the measurement gfads$@he two species
quickly and easily convert. This means that they are able to catalyse many reaction cycles.
One of the mostmportant reaction cycles which is initiated by the oxidation of NO ta NO
involvesQs. If the mixing ratis of NQ, are too low,RQ radicals react with each other, rather

than with NO, terminating the radical chain. In these conditions, therefOsalestruction
dominates. However, at high&Q, mixing raties, theRQ radicals oxidise NO to NQwhich

then leads to nes; production via the photochmical cyclerepresentedby reactionq1) to

(3) (seesection 1.). It is therefore important to consider bothe NO and N@mixing ratics,

as these can dictate whethdd; production or destruction processes will dominate in a

particular atmospheric environment.

The LIF was originally designed to measure, NM®s,ANsand HNQ, through thermal
dissociation (sesection2.1.3. Howeverthe aim of these experiments was to try to measure

NO by titration. This involved the use of only th€, and PNchannels, which were selected
based on their highensitivities. The Nf{zhannel was used to measure ambient\aXxing

ratios. ThePNchannel was used to measure NO. This was done by installing a gas phase
titration (GPT) system, i.e. a supply of NO @gdnto the apparatus. On addition of sufficient

Os into the system, the N@and PNchannel signals should divergeitiwthe difference in
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signal being due to the production of converted Ni®. that produced through the reaction

of Oz and NO). With theO; being in excess, this would mean that tha&xing ratio of
converted NQ@ could then be considered to be equivalent to tha@xing ratioof NO. A
schematic of the setip can be seen iRigure 29. As seen on the schematic, an NO standard
cylinder (5 ppm) provided the NO supply, with a mudias calibrato(Monitor Europe model
S6100rcting as thed; source. Due to flow rate constraints of the midtis calibrator, both

the AN and HNO; channels were capped, giving a total flow rate o&Ifm during NO
characterisation experiments. Mass flow controllers were also put in placaltén the
dilution factors of the two species during subsequent laboratory experiments. The ultimate
objective of these experiments was to characterise the LIN@measurements. This was
done using a range of instrumental configurations and reactiomitioms, which were used

to find the optimal conditions needed for the highest conversion efficiency possible. The set
up giving the highest conversion efficiencies would then be used to measure NO on

deployment of the instrument at th€VAQ

Zero air line
5 L/min
100 sccm
— Vent
MO
standard
LIF
inlet HNO; channel
Fort1 ; Qutput O .r-—f“"f AN channel
ML-J“I_EES ? - ‘ﬂ channel
calibrator ,._::_._—-—— MO, channel
LIF

Figure 29: Schematic of theLIF configuration for NO characterisation
(the GPT channel is shown in red)

Calculation of Conversion Efficiency

In order to characterise the LIF instrument M®measurements, an essential parameter to
monitor is the conversion efficiency (i.e. how much of M@is converted toNG, through

titration with Os). In order to calculate this, the following rsiLbe done for eachataset.
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1 Allow thePNchannel signal (i.¢he converted Ngsignal) to stabilise

I Take the average of the converted N{ata

9 Calculate themixing ratioof NO that is being used duritige test in question. The 5
ppmv cylinder is diluted to themixing ratio required in each test. In order to

determine this dilutednixing ratiq Equation2.10below is used.

AUl Eil AABDACED I O Equation2.10

Dividingthe averaged converted Ny the calculated NOnixing ratiothen derives the

proportion of NQ which has been successfully converted into NO.

Determination of O; Mixing Ratio Required for Conversion

In order to make efficient NO measurements, it was first necessary to determine the lowest
mixing ratioof O; required for theGPT The NO cylinder was diluted in zero air to 50 ppbv,
with differentO; mixing ratics being added to the system by manually changing#wmutput

of the multigas calibrator. Thenixing ratics of Oz used were 600, 700, 900, 1500, 3000,
6000, 10,000 and 20,000 ppbkigure 2.10 shows the results of said experimenthe

conversion efficiency reaches a peak conversion efficiency as 10,000 ppbis efdded.
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Figure 210: Determination otthe Oz mixing ratio required for gas phase titration
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Although the conversion efficiey was slightly higher using 200 ppbv (41.59% and
41.98%, respectively), this was not considered a great enough improvement with such a large
increase inO; mixing ratia It was therefore decided that a@s; mixing rationo higher than
10,000 ppbv would be used in further experimenés can be seen iRigure 210, the
conversion efficiency did not exceed 42%, i.e. less than half of thevBEOconvertedThe

most likely &planation for this is the limited mixing time for the NO anglv@thin the
instrument channel, i.e. the reaction chamber was not large enough to ensuraltiaitthe
NOreactedwith Os; to produce NQ@before detectionhence resulting imeducedconverson

efficiencies

Monitoring the Conversion at DifferenNOMixing Ratios

As themixing ratioof O; required for titration had been determined, it was then necessary
to vary themixing ratioof NO. This would mean that it would be possible to assess the
consistency of the conversion efficiency, thus giving an indication of the applicability for NO

measurements in Cape Verde.

The NOmixing ratics were varied between 60 and 40 ppbv at 5 ppbv intervals, with each
individual test using a differentZnixingratio (10,000, 500, 6000and 300 pply). The @
mixing ratiowas changed in order to confirm or refute the initralxing ratiorequired for
efficientGPT

—e— 10,000 ppbv O2-¢— 7500 ppbv O3-e— 6000 ppbv O3-e— 5000 ppbv O3
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Figure 2.11: Assessing the effect of changing NO mixing ratios on the conversion
efficiency of the LIF instrument
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From these experiments, a maximum conversion efficiency of 57.8% was found, using 7500
ppbv Q and 20 ppbv NOFjgure 211). However, a decrease in conversion efficienas
observedas the NOnixing ratiowas increasedThis could be explained by the fact thaeth
is smaller proportion oNO available to react with the constant supply af @eaning that

less converted N©s produced, thus resulting in an overall lower conversion efficiency.

Increasing Reaction Timélterations in Tube Diameter

As discussed previously, the mixing time of NO asnke@ds to be maximised, as this would
likely increase the amount of converted NProduced, thus improving the conversion
efficiency. One way of doing this would be to irase the reaction volume. In order to test
this hypothesis, two lengths of ¥z inch PFA tubing (10 and 30 cm) were added BiNthe
channel.Table 22 displays the results of these tests. With the addition of the 30 cm piece of
tubing increasing the conversiafficiency by around 5%, the;@ixing ratiowas changed

to look at the impact this had on the conversion. Table 22 shows a maximum conversion

efficiency of 90.9% was found using 30 cm of tubing and 10,000 pphyv of O

Table 22: The effect of inerasing the reaction volume using ¥z intibing

Reaction Tube Residence Mixing Ratioof Conversion
Length / cm Time /s Oz / ppbv Efficiency / %
10 0.157 7500 84.3
30 0.471 7500 89.8
30 0.471 10,000 90.9

In order to see if 90.9% conversion could be improved uponirixéngtime was increased
further, byan extra 3 inches to the reaction volunterior to starting any experiments using
the trap, the background signals of both the N@d PNchannels were fst measured for
approximately 10 minutes. The 10 minute averaged values were then subtracted from the

data obtained during subsequent experiments.

The trap was then tested over a range of Ming ratics, which were varied between 30
and 100 ppbv, at 10 ppbv intervals. Eacixing ratiowas tesed for a period of 15 minutes

and theresults can be seen Figure 212,
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Figure 212: Evaluating the effect of increased reaction volume at differé&® mixing ratios

The results from thesexperiments confirmed theadding the3 inch diameter reaction
volume improved the conversion efficiencyegtly, thus emphasising the key role that the

NO and ®@mixing time has on the performance of the LIF f@ Bharacterisation.

Alteration of O; Source: Mercury Lamp

I ALISOGNIt OFfAONI GA2Y fIF YL 60Y2RSt cnopZ YLty
/ 2NL1I2 NI GA2Yy e 0 NI gitdative Qs sodrce ibSNOckaRctdrisatiornt of the

LIF. The lamp works by producing narrow, intense lines from the excitation of argon gas and
mercury vapour, operating at 13 to 23 milliamps (mAjiswould be a more practical option

than the multigas calibratordue to the much reduced space and weight requirements,
particularly for transportation and deployment in Cape Vertige lamp in question emitted

UV light at a wavelength which leads to photolysis of molecular oxygen (185 nm). The oxygen
molecules then reactvith the dissociated oxygen atoms, thus producing The lamp was
inserted into an empty reaction vessel, which was then covered in a layer of black insulation,
to minimise exposure to the harmful UV radiatiddue to the fact that the lamp was in the
preliminary stages of testing, its suitability as@ysource was as yet unknown. The seal of

the lamp was therefore only temporary.

46



Once the lamp was installed into tiNchannel of the instrument, a background sigoél
around 3 ppbv was observaitior to the lamp being turned on. The poor seal of the lamp
was believed to be the reason behind this. The background of the instrument was run for
approximately 5 minutes prior to each test, with the averaged value then being subtracted

from the measured corerted NQ (i.e. thePNchannel signal).

An initial test was conducted to assess the efficiency of the lamp iG#&rocess. The
power of the lamp was dialled up to its maximum, with the NO cylinder being diluted to 5,
10 and 20 ppbv using the mutiascalibrator. The results of these tests can be se€Tainle

2.3.

Table 23: Testing the mercury lamp at various NO mixing ratios
Mixing Ratioof NO / ppbv Conversion Efficiency / %

20 35.9
40 46.3
60 48.6

During these tests, the signal from tfNchannel signal (i.e. the channel containing the
mercury lamp) showed a substantial amount of fluctuation. As a background signal had been
observed on initial implementation of the lamp, these fluctuations weresabgred to be a
result of the instability of the lamp (hamely the rudimentary seal with the reaction vessel).
In order to see if this was indeed the case, the background signal dNahannel was
measured without the lamp Hine. This gave values at around zero. When the lamp was
re-incorporated into the channel, the background signal went back up to 3 ppbv, thus
confirming that the lamp was behind the poor background signal. The decision was then
made to test the lamp further, with other alteratiorte the instrument configuration, in

order to test the lamp under a range of reaction conditions.
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Testing the Mercury Lamp: Increasing the Reactitube Length

The reaction tube lengthwas increased in an attempt to improve the initial conversion

efficiency achieved using the mercury lamp (48-68¢eTable 23). A range of lengths of %
inch PFA tubing (20, 30, 50,a18nd 150 cm) were added the instrument, with each tube

being tested using three different N@ixing ratics: 20, 10 and 5 ppbv. Tlwerresponding

resicence times were calculated for each length of tubing, usinggaleulated values of the

tubing volume and the flow rate (3 slpm). The mercury lamp at maximum power was used

as the @source. Results dhe experiments can be seenTalde 2.4.

Table 24: Testing the mercury lamp with various reaction tube lengths

Tube Length  Residence  Conversion Conversion Conversion
/cm Time /s Efficiency Efficiency Efficiency
(5ppbv NO)/ (10 ppbv NO)/ (20 ppbv NO)
% % | %
20 0.0503 11.1 29.7 36.1
30 0.0754 13.0 30.5 38.0
50 0.126 52.7 48.2 43.0
100 0.251 11.6 31.4 38.8
120 0.302 N/A 22.0 34.7

The tests highlighted the issue of the background signal coming from the lamp, particularly

when longer reaction tubes were used. TRisi

iKS

NBF a2y 6Ke
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tube 5, where the background was found to be higher than the average convertauiXi®g

ratio (which was around @ ppbv). The data was therefore not considered to be reliable,

which significantly outweigheds practicality in terms of working in the field. A more

permanent, secure seal would be required future use irthis type of experiment.

NO Characterisation: Concluding Remarks

After conducting these experiments, it could be concluded that the conditions required for

maximum (> 90%) conversion were the use of the ngas calibrator as thé; source, with

the addition of 3 inch diametereaction volume in thd®’Nchannel Although more practical
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in terms of field work, the mercury lamp was not deemed suitabléNfdrcharacterisation in
its current configurationThe lowestO; mixing ratiorequired for efficient conversion was
found to be 10000 pplv, thus meaning that this, alomgith the aforementioned apparatus,

would be used to measure NO in Cape Verde.

2.2 Introduction to theAirborne PCL Instrument

The instrument used for airborn®lQ, measurensy & RdzNAYy3I GKS Hnamp
campaignis aP-CLA y & i NHzY Sy (i R SdEI{INER DRa AGTYA N0 WODE 6/ 2
instrument detects NO directly from the chemiluminescence resulting from the reaction of

NO andOs. NG is then quantified using the same instrument, by first photolytically
converting N@ to NO using blue light LEBiodes centred at 385 nthfollowed by

chemiluminescence.

The instrument is fitted into a rack, which can then be installed in the B0l research
aircraft used for the airborne measurements. It is then possible to sample and measure air
in-situ during flights around a particular area of interest. Typically, the aircraft flights at a
speed of 200 knots (100 m/s), thus meaning that it is fidsdo obtain measurements with

high spatial resolution, if the both the sampling and analysis of the air are conducted using a

sufficiently high tine resolution (typically 1 Hz).
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2.2.1 Instrument Components

The instrument has five components; a tebannel chemiluminescence analyser, a two
channel ozoniser, a calibration control box, an inlet panel and a data acquisition instrument.

A schematic of the instrument configuration can be seeRigure 2.3 below.

[ 16
13 [ 18] 14 17 ] 18
1 7
B
3 and 24 on shelf unit
Intercom [——————————Empty slot
23 behind 4 on rack s E
mounting strips —®
10
5
12
8, 21and 22 behind 15 ———F—» 15 7
1 = power distribution 9 = NOx snooper 17 = O; regulator
2 = PAN software 10 = NOx power distribution 18 = standard regulator
3=PC 11 = NOx pump 19 = PAN regulator
4 = PAN instrument 12 = NOx data logger 20 = WAS druck
5 = PAN power distribution 13 = NO¥ inlet box 21 =PAN fan
6 =PAN pump 14 = 0, cylinder 22 = pump power distribution
7 = NOx ozoniser 15 = standard cylinder 23 = software power supply unit
8 = NOx control box 16 = NO/N; cylinder 24 = |aptop power supply unit

Figure 2.B: Box schematic of FCLinstrument

Figure 214 overleaf is a detailed flow schematic of theCR instrument. This gives a great
amount of detail regarding the constituent parts of the instrument, and they are all

connected to each other to enable timeasurement of NO and NO
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NGO Inlet Box

The inlet box (13 oRigure 2.B) houses the calibration valve for NO andANThe zero valve

is used for zero air displacement calibrations, as well as testing for artefacts in the zero air
ddzLILJ e ¢KSNB Aa Ffaz

640A), which is used to regulate the pressure as the aircraft changes altitude during the

flights.

I LINBaadzaNE O2ydeINRf f SNJ

The inlet box also contains the two mass flow controllers in the instrument (manufactured

by MKS, model GE50A); one for the NO channel and one for@heldnnel. The N£and

NQ, converters are housed in the inlet box. The JNf@nverter is a photolytic BLC

OYl ydzFlF OGdzNBR o6& a5NRLX Si

aSladaNBYSyi

centred at 395 nm. The assembly of the inlet box is displayEdjure 2.15

Air sampling pipe

2.0 slpm
760¢ 275 Torr

q—®-|— NOx
7A

Pressure controller
MKS P
RANAT3TS1VA2V
2.0 slpm
220Torr
NQ:cal NOcal
dump ' dump
Blue Light
Converter
Mass flow controller ; '
MKS [ X M

GE50A00810104SBVO._¢

'

NO2 NO
Sample flow Sample flow
1 slpm 1 slpm
at 25 Torr at 25 Torr

Figure 2.15Flow diagram of FCL inlet box
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NO Calibration Box and Calibration Procedure

This part of the aircraft rack (8 dfigure 2.B), contains the mass flow controller for the NO
calibration gas. One of the main components situated in the control box iGR¥eell. The

cell comprises of an aluminium block containing a Teflon tube. A small amount of air and
calibration gas then flowthrough this cell and, when illuminated by a peay lamp (which

is also situated within the aluminium block), the NO calibration gas is titrated witl®ihe

(SS ahi2yAaSNE &aSOGA2y T2 NThe aNBitsell if Eraaddsr, G A 2 y 0

thus starting the NQchannel calibrations (it is left off for the NO channel calibrations).

The instrument is calibrated using the method of standard addition, whereby a small flow of
the NO calibration gas (5 sccm) is added to the flow of ambient sampld.@@2@ ¢ccm) in
both instrument channels. Thmixing ratioof the NO calibration gas used is 5 ppmv.
However, the cylindemixing ratiois diluted at the inlet. Thimixing ratioof NO at the inlet

is calculated by multiplying thmixing ratioin the cylinakr by the flow dilution (i.e. 5/1000).

On doing this, the inlemixing ratiowas calculated to be 25,000 pptv (25 ppbVhe
calibration procedure consists of two cycles. The first cycle calibrates for the sensitivity of
the NOchannel, by flowing NO gas nitrogen. The second and final cycle calibrates the
sensitivity of the Nechannel, using the NO calibration gas with the ad®edr his then gives

a knownmixing ratioof NQ. The instrument measured the background signal using a duty
cycle of a 15 seem long zero measurement, every two minutes. However, the zeros could

be manually paused for a certain time period, if necessary.

This standard addition calibration method requires a low and stable background of NO and

NG. As a result, preand postflight calibrations required a N@rap to be connected to the

inlet. These calibrations were done around 90 and 30 minutes beforedfikend repeated

prior to instrument shuidown. If the calibrations results were outside 15% of the nominal
sensitivities, these were changed to the bedition results. It was important to do this, as it

was these numbers which were then used to calculate the flight data. The trap was then
removed and the inlet line attached to the instrument. This also meant that afligit

calibrations could only béone on a straight run above the boundary layer (typically between
yInnn FYyR wmnZnnn Fiod LT 2yfe I aljdzaOlé OF f
channels) was done, a straight and level run was not required. It did, however, require a

stablebackground, so was typically done above the boundary layer.
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NO Detector

This contains the cooling housing for the PMT detectors (gigare 2.B). The PMTs are

cooled to-25°C using a thermoelectric refrigerated chamber. This chamber leads to a
reduction in the anode dark current through the cooling of the photocathode. This improves

the SNRof the instrument. The preeaction and reaction volumare also located in this part

of the instrument. The prehamber system involves the addition@fupstream of the main
NBIFOG2NE YR GKA& LINPOARSA GKS AyaldNHz¥SyidQa

further in section2.2.2

Also housed ithisbox are the pulse amplifier/discriminator, as well as the pressure sensor
and power suppliefor the snooper instrument. This part of the instrument atemtrols the
high voltage applied to the PMT detectors, the zero and vacuum valves, through tioé use

switches, which have three settings: on, off and automatic.

Ozoniser

The ozoniser, which is housed in the control box, genei@esing a corona discharge tube
OYl ydzFl OGdzZNBR 060& ahi2yS {SNIPAOS&E£0dP ¢KAA LI
molecules into two oxygen atoms using an electric discharge. These unstable oxygen

molecules then react with other oxygen molecules, thus fornixg

Data Acquisition System

This part of the instrument consists of &B port accessible data acquisitiorat (LabJack),
a connection panel thatontains the instrumentonnections and a laptop computer.
oDagFactory software is used for the running of the instrument, with the LabJack data

acquisition card also being controlled by said software.
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Photolytic Converter

The instrument is able to quantify ambient N@ixing ratics if it is first preconverted to NO.

This takes place in the second instrument channel, wherelyidN@hotolytically reduced to

NO using UNLED conveers (or BLQsThe efitiencies of these converters have been found

to exceed those of others (namely metal halide and xenon lamps). They showed maximum
NG:to NO conversion efficiencies of around 90%, compared to the 70% achieved using metal
halide or xenon lamp$:% These converters are centred at a wavelengt895 nm, which is
known to have a specific affinity for NQo NO conversio® The subsequent
chemiluminescence from the reaction of this NO ahds then used to quantify the NO

mixing ratio.

Photolytic converters have been shown to have a significant advantage over the use of
heated molybdenum converters. These work by reducing tdONO. However, although
relatively cheap, they are known to experience interferences fromdpecies (e.g. organic

and particulate nitratestHHNOs), reducing these, as well as N@ NO*042

There are a number of different types of photolytic converters, namely metal hiaidps,

xenon ac lamps and LEDStudies have provided evidence that ligimitting diodes have
distinct benefits over the use ohetal halide and high pressure xenanc lamps. These
include lower power requirements and longer operational lifetimes, whilst also prayili

higher NQconversion efficiency than the aforementioned lanips.

Cross saction (10718 em2molecule)

pak wiuenb Zop pue fususiu) 37 peajEwion

Wavelength (nm)

Figure 2.16 Emission spectra of 18W Nichia (black) and 0.5W Hamamatsu (gre
LED converter centred at 365 nm, and a BLC spectrum (blue) centred at 3@Bh@
spectrum has beemultiplied by a factor of 5 for clarity. The absorption cross sectic
of N (red), NQ quantum yield (shaded grey) and other chemical species are a
depicted. (Figure taken from Pollack et al. (201%)
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TheBLdn the instrument used during this rearch project is similar to that used in a study

by Pollack et aféwhich compaed three different types of LED. The BLC used by Pollack et
al. consisted of two 395 nm LED modules at each end of the photolysis, thus producing
emission in the same wavelengthterval as the BLC used in this thesis. As seéigure

2.15 the BLC, centred at 395 nm, has a distinct advantage. As well as showing good overlap
with the NQ absorption cross section, the wavelength emitted from the BLC exhibits a very
poor amount ofoverlap with the absorption cross section of HONO. The affinity of 395 nm
for NG photolytic conversion tdHNOs thus provides a great amount of analyte selectivity
within the channel, due to the low probability of other species, such as HONO, being
photolyzed. This provides the reasoning behind the use of a BLC in the airborne

chemiluminescence instrument.

The totaINQ, is therefore quantified simply through addition of the direct NO measurement
from the first channel, and the indirect N@easurement in te second instrument channel.
NO andNO measurements are therefore synchronous, as a result of the dual channel
configuration.This is a key requirement for the instrument, particularly in terms its use for

airborne measurements, which require it to measat a resolution of 1 Hz.

2.22 Instrument Parameters

NOMixing Ratios and Sensitivities

The measurement dhe NOmixing ratiois direct, as this corresponds to the signal observed

when the LEDs in thBLCare turned off. It is calculated usikguation 2.11

o Equation 2.11

Where:

NGQOheas= counts recorded by PMT while in measure mode

NQeroint = interpolated value of averaged counts recorded while ingiramber mode
NGsensint= interpolated value of the sensitivity

56



The sensitivity of the NO chanrisldetermined usingquation 212:

] _ Equation 2.12

Where:
NOreasint= interpolated value of the measwaode counts

NQeaconc=Mixing ratioof the NO calibration

NG, Mixing Ratios and Sensitivities

Themixing ratioof NQ is calculated in a similar way to NO, udiguatian 2.13

L Equation 2.13

Where:
NO2neas= counts recorded by PMT while in measure mode
NOZeroint = interpolated value ofverage countsneasured in the zero mode

NO2_NOgnsint= interpolated NQ sensitivity for the instrument
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The NQchannekensitivity is calculated usiigguation 2.14

. g Equation 2.14

Where:
NO2Z.=average of counts from thestrument in calibration mode
NO2neasint= interpolated valueof the measuremode counts

NO2_NO2Zaiconc =Mixing ratioof the NQ calibration

d%»SNRP¢ LyaldNHz¥Syild a2RSa
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with NO before reaching the PMT detector. This means that all chemiluminescence occurs

here and a background signal of the PMT is measured. The signal resulting from the addition

of Oz in the prechamber accounts for any interferences (namely, the reaatfa®; with

hydrocarbons and the reaction chamber waffsYj Kdza 3JIAGBAy3I GKS AyaidNd
background) reading. This is a result of the reaction of NOQaiteting faster than most of

these interference reactions. Then, during measure mode, @hés added to the main

reaction chamber. The difference in & between said measure mode and the zero mode

(when O is added to the praeaction volume) corresponds to the N@ixing ratioin the

sample air. It is the chemiluminescence resulting from the-giesse titration (i.e. the

reaction of NO ans) which ighen observed by the PMT.

The other zero mode is when zero air is added to the sample lines, thus giving an indication
of the artefact associated with each instrument channel. This mode is particularly important
when looking at the errors associated wihe instrument, and is discussed furthesgction

2.2.3.
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2.2.3 Error Analysis

It is important to carry out error analysis associated with the instrument, as this allows
assessment of the reliability of the data obtained during the flights. Thisvesdboking at

both the accuacy and precision of the data.

Accuracy

The accuracy of the observations is affected by a number of uncertainties. The first of which
is in the calibration procedure. The total accuracy of the calibration depends on the errors
associated with three instrumental features; the sample and calibration gas MF@sixihg

ratio of the NO standard and the N@onversion efficiency.

It is vital that during calibrations, thaixing ratioof NO standard gas that is added to the

system is measured with as high an accuracy as possible. This consequently depends on the
accuracy of the sample and calibration gas mass flow controllers. These have an associated
accuracy of 1% each, and are aaltbd before, during and after any research campaign using

a digital flow meter. This ensures that they are measuring flows as accurately as possible,

thus minimising the error associated with the mass flow controllers. It is also important to

check themixingratio2 ¥ (0 KS NBFSNBYy OS 3l & | dhixingrato G KS Y
This is done using the ACTRIS protocolsi{#ee/www.actris.eu/ for details).

Themixing ratioof the NO standard is known to an acatyaf £1% (British Oxygen Company
(BOC), certified to the UK National Physical Laboratory). TheM@¥Nhould be stable for

5 years (certified by BOC). The oxygen cylinder has a high purity level of N2.6. This means
that it has a guaranteed minimum ptyiof 99.6% and maximum impurity level of 0.4%,
certified by BOC.

There is also an error associated with the NOnversion efficiency that the instrument

measures. This is particularly important for the MN@xing ratios that are measured during

the calitvation. This error is only small, at 1%, but must be considered as an important
O2YLRYySYyl Ay (GKS RSIUSNYAYLFGA2Y 2F GKS AyaidN

As a very efficient quencher of both the excited state ot Bi@l reactions that produce the
backgraind signal, water vapour can significantly affect the sensitivity of the instrument

through alterations of the background signal. During the flights, changing altitudes leads to
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coincident changes in ambient humidity. This would lead to significant instntath
interferences, thus affecting the accuracy and reliability of the data. This issue is minimised
by humidifying the ozonisers. This ensures controlled conditions whilst also meaning that the
background signal, and hence, the sensitivity of the ins&mntris not affected by water

vapour during the flights.

The NGOsreaction upstream of the reaction chamber also has uncertainties associated with
it. The reaction can affect theaixing ratioof NO that is measured by the NO channel, thus
meaning that iis required to correct for the NO titration. This is done using a system specific
correction algorithm, whereby the NO sensitivity measured over several calibration cycles is

plotted against the coincident measured Rixing ratia

As well as these systemi@aerrors, it is also important to consider the instrument artefact.

¢tKA&d RSTAYSR d GOGKS LI NByG araylrt YSI adzNg

and is quantified for both channels by looking at thixing ratice measured when the zero

air is added to the sample lines. An example of the artefact data is shokigune 217.

NO NO2
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Mixing ratio / pptv
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Time

Figure 217: Sample artefact data from the L instrument

The average artefact of the NO and Nebannel is approximately 8 pptv and 107 pptv,
respectively. At such lomixing ratis, these artefacts can be considered insignificant when
looking atNQ;, levels in the ppbv range, such as those observed in the oil and gas flight
plumes. However, the agfact does need to be taken into account when measuring the low

level NQ, such as during background data analysis. These artefacts would then be more
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comparable to the low NOmixing ratios measured in the background air (seetion4.3),
hence meaninghey would be a far more prominent aspect of the error analysis associated

with this low level data.

Precision

The precision of the measurements made by the instrument is assessed by looking at the
variation in NO and Nnixing raticc when theNQ trap is attached to the inlet, i.e. when
0KS AyaidNUzySyid AaANQ-RSBBSSIAONDEE al YL Ay3 «a
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precision of the data in the N@hannel at the same resolutida 53.2 pptv. On averaging

GKS RFEGEF G2 | mn aSO02y R NFBa2 fdznkeRigestimatédS H -~ L
to be 18.8 and 32.3 pptv, respectively. This observed enhancement in precision is a result of

the coincidental improvement of th&NRthat occurs when data is averaged up in such a

way.

Total Error

The total error associated with the instrument and its measurements takes both the accuracy
and precision errors into account. It is calculated by taking the root sum of squares of these
errors. The total error is calculated at a rangentiking ratics, accounting for the range of
atmospheric conditions which the instrument may be exposed to during airborne

measurements.

The total accuracy error (i.e. the error associated with the instrumentibredion) is
calculated as being 4%. This comprises of; 1% error on the two mass flow controllers, 1%
error on the NO standarchixing ratioand 1% error on the Nzonversion efficiency. For

ease of comparison, the error is given in fractional form. €hisr is independent of the
mixing ratiomeasured, so remains constant when thexing ratiois altered. The total
precision error is calculated by dividing the calculated precision bynthéng ratioin

question and is again given as a fractional error.
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Table 2.5 Total errors associated with 1 Hz NO daia the RCL instrument H °
precision: 25.3 pptv)

NOMuixing Accuracy Precision Total

Ratio / pptv Error Error Error
5000 0.04 0.00506 0.0403
2000 0.04 0.0127 0.0420
1000 0.04 0.0253 0.0473
500 0.04 0.0506 0.0645

100 0.04 0.253 0.256

Table 26: Total errors associated with 1 Hz N@ata on the RCL instrument H °
precision: 53.2 pptv)

NG Mixing Accuracy Precision Total

Ratio / pptv Error Error Error
5000 0.04 0.0106 0.0414
2000 0.04 0.0266 0.0480
1000 0.04 0.0532 0.0666
500 0.04 0.106 0.114
100 0.04 0.532 0.533
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Table 2.7 Total errors associated with 10 second NO datathe RCL instrument H
precision: 18.8 pptv)

NOMixing Ratio Accuracy Precision Total
/ pptv Error Error Error
5000 0.04 0.00376 0.0402
2000 0.04 0.00939 0.0411
1000 0.04 0.019 0.0442
500 0.04 0.0376 0.0549
100 0.04 0.188 0.192

Table 2.8 Total errors associated with 10 second Ndata on the RCL instrument
OH  LINBOA&AZ2YY onHdo LI GV

NG; Mixing Accuracy Precision Total

Ratio / pptv Error Error Error
5000 0.04 0.00646 0.0405
2000 0.04 0.0162 0.0431
1000 0.04 0.0323 0.0514
500 0.04 0.0646 0.0760
100 0.04 0.323 0.326

As can be seen ihables2.5-2.8, the precision error only becomes a more significant part of

the total error at extremely lownixing ratis. The instrument was exposed to relatively high

mixing ratici RdzZNAy 3 GKS ahAf +FyR DFaé¢ FEA3IAKAG OF YLI
should not be considered as the main source of error when assessing the reliability of the

data from these campaigns. It is the accuracy of the instrument calibration whichsnaak

greater contribution to the overall uncertainty of ti¢O, data.
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2.2.4 Laboratory Testing of the AirbornedR Instrument

Conversion efficiency: the influence of ambient pressure

The P [ AyadNdzySyidQa dzasS Ay FANDB2NYyS OFYLI ATy
sometimes dramatic changes in ambient conditions, such as pressure, that come with
changes in altitude. If the pressure istnmontrolled, the conversion efficiency of the

instrument is affected. The residence time of ti€), instrument is a function of pressure. A

laboratory experiment was undertaken to evaluate the efficiency of the internal blue light
converter at a range gfressures. The pressure was changed manually, ranging from 220 to

720 Torr, and the results of said experiment can be sedialre 2.9%andFigure 2.18below.

Table 2.9: Monitoring the conversion efficiency of theQRinstrumentwith
respect to pressure changes

Pressure /Torr Residence Conversion
time/ s efficiency / %
220 0.295 45
300 0.403 53.4
400 0.537 63.3
500 0.671 68.5
600 0.805 74.4
700 0.939 77
720 0.966 77.2
90
L 80
> 70
o
S 60
@ 50
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B 40
"é 30
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10
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Residence time / s

Figure 2.18: Monitoring the conversion efficiency of theJR instrument with respect
to pressure changes
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With a variation of approximately 30% across a range@dsures, the experiment confirmed
the fact that the conversion efficiency changes with residence time (and hence pressure).

This highlighted the importance of control the pressure at which the instrument operates.

Airborne measurements are taken at higdsolution, typically 1 Hz (or 1 second), in order to
match the timescale of atmospheric changes that take place. In order for@leiRstrument

to do this, the minimum residence time required is 1 second. As can be séablm?2.9 at

the lowest presare tested (220 Torr), the corresponding residence time was around 0.3
seconds. This means that a pressure of 220 Torr would be high enough to provide

measurements with a resolution of 1 Hz.

During the flights, the photolysis pressure was kept constaimguan internal pressure
controller, at approximately 220 Torr. This is done to minimise the effects illustrakdune

2.18 thus ensuring that the conversion efficiency and the instrument as a whole, would not

be affected. Altitude and pressure datétained duringtest flight B903are illustrated in

Figure 2196 St 26 AYRAOF GAYy3 (GKS adFoAftAde waeleF (GKS

range of altitudes.
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Figure 2.19 Variation of inlet presure of the PCL instrument with changes ir
altitude (test flight B903)
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CHAPTER 3: MEASUREMENNOFIN THE REMOTE ATMOSPHERE
TDLIF DEPLOYMENT AT TME@

3.1 NQOMeasurementsn the Remote Atmosphere

NO,emissions in the remote boundary layer, such as the North Atlantic Ocean are very low,
due to their location away from large emission sources (e.g. vehicular combustion and
biomass burning). This consequently means that there are very few local emissi@sin

these areas.

The amount oNQ, directly transported to remote regions is also very low. Any priniy

is reacted away on a timescale of a few hours. This occurs through the oxidation bff NO
the hydroxyl radical, and the hydrolysis of(d onto aerosol surface® Instead, it is
produced via the thermal decomposition of compounds such as PAN. is a secondary
pollutant which is produced in regions of hifQ and volatile organic compound (VOC)
mixing ratios. Its stability in the migtoposphere means that it is capable of lerapge
transport, acting as 8lO, reservoir in the process. However, PAN thermally decomposes at

altitudes below 7 km, releasingQx into the remote atmospheré®°

Regions such Cape Verde are extremely sensitive to any slight changes in atmospheric
conditions, particularly in terms dds; production. Thids a result of the measured mixing
ratios of NQ, often being extremely close to what is known as tecompensation point.

This is the level dliQ at which there is a switch from net destruction net production of

Qs. It is widely believed that this is found between 5 and 100 pyw®,'° with the actual
compensation pointdepending orthe time of year, the location in the troposphere and the
mixing ratios of tropospheri®©; and water vapour. The measurementO, at the CVAQs

well documented, with consistent dflQ, mixing ratios which lie within this cruci&lQ
range!®’®As a result of this, only minimal increasaNO, mixing ratios in remote areas like
Cape Verde could lead to a significant amour®gbroduction in the marine boundary layer,

and in turn, have widgeaching impacts on the global background atmospHére.
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3.2 Site Description

TheCVAQs located on the island of Sao Vicente in the Cape Verde archipelago, off the west
coast of Africa. The site is part of the World Meteorological Organisation Global Atmosphere
Watch (WMOGGAW) longerm monitoring network, which measures a comprehensaege

of atmospheric species across the globe. (See

http://www.wmo.int/pages/prog/arep/gaw/gaw _home_en.htnfor more information.)

The main objective of the measurements at the sitéoigmprove understanding of the
interactions which take place between the ocean and the air, through the monitoring of
trends of important atmospheric species. The CVAO is situated in the North Atlantic Ocean,
meaning that the majority of air masses obged at the site are welbrocessed within the
marine boundary layer, with minimal influence from local pollution sources. The location of
the site also means that a number of air masses of various origins are observed, with the
atmospheric chemistry takingplace in the surrounding marine atmosphere being
significantly influenced by loagnge transport® There are four main areas of air mass
origin: the Atlantic Ocean, continental Africa, coastal Africa and Europe. The influence of
these air masses varidgpending on the time of year, with continental Africa being the most
dominant air mass in winter months and air masses of Atlantic or coastal African origin having

the most influence during the spring and summer months.

3.3 Objectives of Deployment

As discussed ichapter 1, existing standard N@neasurement techniques only measure NO
indirectly, by first converting it to NO. A common way aiing) this is to use heated
molybdenum catalysts, which reduce N@ NO. However, there have been noted
interferences from other Ngspecies, which also thermally decompose to produce.R®
Photolytic converters have been shown to minimise these interferences, usimgwna
wavelength bands of radiation to specifically convert RONQ94148 However, Reed et al.
(2015%° recently investigated interferences in photolytic N@easurements, using a BLC
equipped chemiluminescence instrument. A notable increase in MQing ratio was
reported in the photolysis cell in the presence of PAN, thus indicating that the decomposition

of PAN could also be a potentially significant source of interference for photolytic

67


http://www.wmo.int/pages/prog/arep/gaw/gaw_home_en.html

chemiluminescence instruments. Earlier studies had atgdechan interference from PAN

with photolytic converters?2

These interferences are likely to lead to an eestimation of N@mixing ratios, Wth the

FLILI NBy Gak Byl € FOhGdz £ e NBLNBaSydAy3a || NFy3aSs
surrounding atmosphere. The use of direct.Nfieasurement techniques alleviates this

issue, by exploiting spectroscopic features which are specific to N@ laser induced
fluorescence technique for example, is now a wdeltumented method for direct NO
quantificatior?>**3"38and has en developed to ensure minimal interferences from other

atmospheric species are observé8eesectiors 1.3 and 2.1

The TBELIF instrument used in this study has provided reliable M@&asurements in a
number of field campaign$:32*8However, prior to this study, the instrument had not been
used to measure NOin the remote boundary layer. A key requirement of the
instrumentation used for atmospheric measmnents is that it is able to perform just as well
in remote locations, as well as in regions which experience high pollutant mixing ratios. The
TDLIFinstrument was deployed at the CVA® January 2015, in order to assess the
performance of the instrumenin terms of remote N@measurements. The N@ata from

the TDLIF would then be compared to the steady state,N@xing ratio, along wittdata
from a chemiluminescence instrument, which takes loagn measurements of NQand
NO) at the observatory. Aethiled description of this instrument can be found in a paper by
Lee et al. (2009% This instrument measures higher N@ixing ratios than expected at the
CVAOQ. This means that there is scope for improving the reliability and accuracy-t#riong
measurements at the site, ithh the deployment of the TRLIF being an attempt to do so.
Configuration of the TILIF for NO measuremengdso tookplace, using the experimental
setup and reaction conditions that gave the maximum conversion efficiency imdtirg

tests conducted irYork.

3.4 NONO-O:z;Photostationary state

As discussed inhapter 1, the cycle involving NO, N@nd Q generally results in no net
chemistry occurring, with the three species reaching a ptrstédionary state after only a few
minutes!It is possible to predict the photstationary state mixing ratios of any one of these

three species by usirigquation 3.1
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— Equation 3.1

Where:

J = rate of N@photolysis (1 x 1&s?)*

k, = rate coefficient for the reaction of NO withy 1.90 x 16 molecules cnis?)™
[NO] = number density of NO (moleculesYm

[Os] = number density of gfmolecules crr)

[NG;] = number density of N@molecules crr)

*measured by a spectral radiometér

At the CVAQO, there is a chemiluminesceh® analyser which is used to take lotegym
measurements of NO and MNQA steady state calculation can be done to determine the
mixing ratio of N@expected at the CVAO, whiwalll give an indication as to how accurately
the chemiluminescence analyser is measuring.N@is is done by looking Bfjuation 3.1in

more detail.

The photostationary state equation is rearranged in terms of the;Xxing ratio.

A _ Equation3.2

The mixing ratios of NO art@ used in subsequent calculations refer to those measured at

CVAO in January 2007, at 33.4 and 4.5 pptv, with respéafdad NO°

The NO andD; mixing ratios were converted to number densities, and could be substituted

into Equation3.2, along with the kinetic constants, to derive the N@imber density.

px Wp i T 1 AAGT AO
Equation 3.3
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In order to convert the Néghumber density back into a mixing ratio (for direct comparisons
with 2015 measurements of the same units), the number of air molecules i df@in must

be alculated. This is done usindam of the ideal gas equation.

06 .E4 Equation 3.4

Where:

P = pressure (Pa)

V = volume (%)

N = number of molecules

ks = Boltzmann constant (1.381 x %0 K)

T = temperature (K)

Equation 3.4is then rearranged interms of thédzY 6 SNJ 2 F Y2t SOdzZf Sa 0 A dSc

— 8 &Zpmnt AHO 1 AAOIT Addation3.5

In order to calculate an N@ixing ratio, in pptv, the number density of Ni® divided by the

number of air molecules in 1 érof air and multiplied by 1 trillion (1 x 33).

.1 1 EgPAOEE @pDp T

X @ O Equation 3.6

This means that the theoretical average daytime;MaXing ratio at the CVAO in January
2007 is 7.6 pptv. The mean daytime Nfiixing ratio measured by the chemiluminescence
instrument, however, is approximately 6 times higher than this, at 42.4 ¥pithis finding

in itself is unsurprising, aseveral studies have reported a significant imbalance between the
measured N@and that expected from steady state calculations, particularly in- N®,

environments’>’¢"
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This has led to a number of hypotheses regardingdttedza S 2 F (KA & a3IlF LIE 06 S
and measured N£mixing ratios in the remote environment. One suggestion is that there is

d42YS &2NI 2F aYeadSNRéZ dzyYSI adzNBR 2BARI yi
Hosaynali Beygi et al. (200%fpund that the NQ/NO ratio in the southern Atlantic Ocean

was around a factor of seven higher that what would be predicted by the Leighton

relationship (i.e. the steady state calculation).

The supporting measurements of other atmospheric species su€h,asarba monoxide
andRQ radicals, proved to by typical of the surrounding atmosphere. The authors therefore

attributed the discrepancy to an unknown oxidant, which selectively converts NO4o NO

Another postulation surrounding the owestimation of N@ measuements in remote
environments is that there are species in the atmosphere which, although only being present
in trace quantities, are reacting with NO to produce;N&everal studies have suggested that
the species in question are halogen oxid&sor example, Bauguitte et al. (201Hreported

a significant discrepancy between observed and calculategdN@ratios. However, the
reaction of the halogen oxides with NO was shown to have an impact on thelQ@atios.

When the halogen oxides were includiedhe steady state calculations, the agreement with
the observations vastly improved. This suggested that the halogen oxides were reacting with
NO to produce N thus resulting in increased the NRO ratios that were previously

unaccounted forn the seady state calculation.

TheLIF instrument was deployed at the CVié@@rovide a direct, interference free method
of NQ detection in order to confirm the high N@bserved with the chemluminescence
instrument. This wouldalsoprovide an insight into itsuitability for NQ measurements in a

remote atmospheric environment.
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3.5 Results and Discussion

3.5.1 NOMeasurements at CVAO: January 2015

The raw 1 Hz NQlata was converted into a mixing ratio using the background counts and
sensitivities assaated with the instrument channel. (Seection2.1.1for the procedure.)
These values were likely to change over the course of the campaign for a number of reasons,
an important factor to consider when looking at the worked up.N@Xxing ratios from the

instrument.

The NQdata (using the Ne&xhannel only) from thellF instrument measured during the
deployment is shown ifrigure 3.1 along with the N@mixing ratios as measured by the
chemilumirescence analyser at the site. The chemiluminescence instrumest only
operating intermittently during the time of the campaign, hence why its time series is much

shorter in comparison that of the LIF.

LIF ——CL
400

350

300

250

200

150

NG, mixing ratio / pptv

100

o A

0
20-Jan 22-Jan 24-Jan 26-Jan 28-Jan 30-Jan O01-Feb

Date

Figure 3.1:LIF and CL measurements of N& CVAO inJanuary 2015LIF = laser
induced fluorescencinstrument, CL = chemiluminescence instrument. The verti
gridlines correspond to midnight of each day
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Table 3.1: Average N{nixing ratios measured at CVAO in
January 2007 and January 2015

Average Daytime  Average Night time

NG (pptv) NC: (pptv)
LIF 167.6 179.9
CL 25.7 40.5
CL (2007f 42.4 35.8

@8Daytime data refers to data between 11:00 and 15:00, and night time di
refers to data between 20:00 and 04:00

As can be seen ifable 3.1 the average daytime and nigtitne NQ mixing ratios measured

by the TBLIF were both found to be nearly 7.5 and 4.5 times higher than the measurements
taken by the chemiluminescence analyser, respectivel(.S &adz adl yadAl £ a3 LE
LIF and chemiluminescence instrument can be clesglgn onFigure 3.1 showing a
significant ovetestimation of N@ by the LIF instrumentThis ovefestimation can be
confirmed through comparison of CVAO Ndata measured by the chemiluminescence
instrument in January 200@&lso shown imable 3.).1°The average daytime mixing ratio of

NG was found to be 42.4 pptv, which is only approximately 20 pptv higher than that which
was meaasred in the same month of 2015 his illustrateshat the chemiluminescence data

in 2015 is consistent with other year§he daytime N@measurements from both the LIF

and chemiluminescence instruments are much higher than the expected steady state mixing
ratio of 7.6 pptv. As discussed previously, this is aroon observation for N©
measurements in the remote troposphere, even for the standard measurement techniques,
such as chemiluminescence. However, at nearly 20 times higher than the steady state mixing
ratio, and nearly 8 times higher than the chemilumioesce data, the NOmixing ratios
measured by the LIF instrument are extremely unlikely to be truly representative of the air

sampled at the CVAO.

3.5.2 Instrument Performance

Before one can give a possible explanation behind this poor performance ®Dxh#-, it is
FANRG AYLRNIFyd (2 NBFSNI ol O] (G2 GKS AyaidNdz
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CVAOQ. The instrument was run in the laboratory at the University of York in order to run
various experiments, and to assess the performance of the unmsnt in a polluted
atmospheric environment. Whilst there, several calibrations per day were conducted, in

order to get a stable background and sensitivity for all of the instrument channels. The
sensitivity of the N@channel stabilised at approximately3Q@ c/s/ppbv (the sensitivities of

the other three instrument channels can be seensiction 2.1.5 Confidence in the
AyadNHzySyidQa REGF 61 & LINPOGARSR o6& (K® O2YLN
analyser in the same laboratory, which showed very similar mixing ratios that were

representative of the surrounding area. (s&ection2.1.5.

The TELIF was then deployed at the CVAO and the calibrations were conducted in exactly
the same manner as ilork, running several per day to ensure stable calibration data.
However, a clear decline in the Bl€hannel sensitivity was observed, dropping from by 80
c/s/ppbv from 180 down to 100 c/s/ppbv. LookingFigure 3.1and Table 3.1 one can see

that the chaniuminescence analyser and the-LIF data are not comparable, with the only
noticeable difference being the sensitivity of the instrument. However, the sensitivity is
dependent on a nhumber of factors, meaning that it is not sufficient to directly littkthe

poor performance of the instrument. As discusseddntion2.1.2the sensitivity is a function

of the collection efficiency. This depends on both the quality of the optics in the instrument
and on the quality of the PMT detector. The optics playuxial role as these collect the
fluorescence photons, i.e. the fluorescence signal. The laser alignment therefore has to be as
good as possible, as this determines how much of the laser light passes through each
detection cell. However, such a largeecestimation of the N@mixing ratios by the LIF are
unlikely to be due solely to the maignment of the laser, particularly due to the fact that

the data measured came from the first detection cell of the instrument (i.e. theddl). As
described ad illustrated insection2.1.], this cell is in the closest proximity to the light
source, with only two reflective mirrors between the two instrument components, thus
meaning the laser power entering the would have been rgatimal. Therefore, slight mis
alignment of the laser would only be likely to result in a minimal @stimation of NQGby

the detection cell.

The high mixing ratios of NObserved by the LIF must have therefore bekme toa leak
within the system. Looking at the configuration detinstrument, the components most
likely to be prone to leaks would be the connection between the inlet line and the inlet box

and the connection between the N@nlet and the LIF instrument itself. Should either of
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these experience leaks, the B@etected by the instrument would be representative of not
only the ambient air, but also the air within the laboratoJthough such leaks could not be
found during the deployment, theseould provide an explaation as towhy such elevated

NG, mixing ratios wereaneasured by the instrument.

NO Measurements

The LIF instrument was set up for NO measurements at the CVAO using the GPT configuration
described irsection2.1.6 A standard synthetic air cylinder (BTCA cylinder, 5 ppmv, certified

by BOC) was used as@nstant supply of air for the{3ource, i.e. the mukgas calibrator.
Although only running at a pressure of around 2 bar for the NO measurements, the cylinder
was also used as the zero air supply for the instrument calibrations. These calibrations were
critical to the operation of the instrument and required zero air at a pressure of 4 bar, in
order to completely flush all instrument channels. As discussed earlier in the chapter, the
comparison of N@data from the LIF and the chemiluminescence instrotniedicated a
substantial oveestimation of NQmixing ratios by the LIF, which was believed to be due to
some kind of leak within the instrument. This would have impacted on any other
measurements made by the instrument. Therefore, for the sake oferwimg) the synthetic

air cylinder for the instrument calibrations, it was considered more viable to use the
instrument solely for NOY S| adzZNBYSyiaz ¢gKAfad GKS O dzas

sensitivity was determined.

Concluding Remarks

The TBLIFinstrument showed promising results when used to measure E@els in a

polluted atmospheric environment (i.e. at the Unisity of York). Howevegver-estimation

of NQlevels at the remote monitoring site of the CVAO was observed, with average mixing

ratios being orders of magnitude higher than both the chemiluminescence analyser and the
expected steady state mixing ratio. This has led to the conclusion that the sensitivity of the
instrument is likely to have been ovestimated. It is thought that ther mayhave been

432YS RA&ANHzZLIGA2Yy (2 (K $rleaks aithiNdrY §sfeiivghieh h@s2 v F A 3 dz
caused the decline in sensitivity. This means that it would not be a viable instrument for long

term NQ measurements at the CVA®Its current configration.
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CHAPTER : 4AIRBORNE NOMEASUREMENTS IN A POLLUTED
ATMOSPHEREE | 9 &hL[ 9 D! {¢ /!lat!LDb 6f{'

4.1 Atmospheric Emissions from Oil and Gas Rigs

The oil and gas industry supplies the UK with more than 70% of its total primary energy, with
2At YSSGAYy3I o1z 2F GKS O2dzy iNBE Q& GNI yaLRNI &
and electricity generatiof® The industry also has substantial economic benefits, supporting
2SN nanInnn 2206a FyR 0SAy3 ofigang &QuddyEd. NE Q& f
billion in production tax in 2013/1%.

However the processes involved in the industry, namely extraction, stabilisation and export
of hydrocarbons have substantial atmospheric emissions associated with them. The
continued operationof the offshore oil and gaglatforms also release gases through
activitiessuch as combustion, gas flaring and tank loadifithe gases emitted by these

processes are given irable 4.1

Table 4.1: Gases emitted by oil and gas platforms
Processes Gases released

Fuel combustion and gas
flaring

Carbon dioxide (G

Carbon monoxide (CO)

Methane (Ch)

Nitrogen oxides (N

Sulphur oxides (SP

Nitrous oxide (AD)

Volatile organic compounds (VOC:
Methane (Ch)
Chlorofluorocarbons (CFCs)

Tank loading

=A =2 =2|=2=_=a=0=0=2

Refrigeration ad firefighting

As can be seen imable 4.1 the oil and gas platforms release a range of gases into the
surrounding atmosphere. According to Oil and Gas tHK largest emission from the
platforms in the UK is GOwith a 2014document by the industry reporting the production
of around 14 million tonnes of G@ 20138
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Many oil and gas platforms, particularly in the North Sea, are often manned, hence meaning
that they require a large amount of power generation through fuehbastion. AsTable 4.1
shows, this process leads to the production and subsequent release of a number qf gases
includingNQ. In order to allow them to operate continuously, these rigs often require
support vesselehich also produce N@hrough fuel comlstion. As result, although the NO
produced by the platforms is relatively small when compared te (26,000 tonnes
produced in 2013}, their operation involves continuous processes that can potentially emit

substantial amounts of NGnto an environmehwhich is otherwise relatively clean.

Although the oil and gas industry is known to have many benefits in terms of meeting the
''YQa SySNHe& RSYlIYyRa |yR SO2y2vyesr (KSaS adzmacl
number of impacts on the environment onragional, even global scale. The emission of

potent greenhouse gases, such as &l CHthrough fuel combustion contributes to global

warming, due to their stability in the atmosphere and subsequent long atmospheric lifetimes

(5200 and 12 years, respéatly)® The reaction between VOCs and .N@so has

implications for tropospheridd; formation. This has knoebn effects for the oxidative

capacity of the atmosphere through the role ©f as a precursor foDHradical formatiorf

and as a strong oxidising agent in itself. Théradical is one of the maost powerful oxidising

agent in the atmosphere, controlling the lifetime of many potent greenhouse gases such as
methane®8 meaning that troposphericd; £ a2 Kl a |y AYRANBOG A YL
radiative balance. As well as thémosphere, tropospheri€©s; also has adverse impacts on

human health, vegetation and crop yield through oxidative damage it c&ubke. acidic

gases, N@ and SQ can also cause damage to ecosystems through acidification and

eutrophication!t!?
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4.1.1 Oil and Gas Emissions in the North Sea

¢CKS b2NIK {SI 2Af FyR 3I+ra FAStRa y2g O02yaidal
around 173 rigs drilling. The sheer scaleh#f bil and gas industry, particularly in the North

Sea is shown iRigure 4.1 which shows the number of operational rigs around the UK. The

majority of rigs in the southern sector of the North Sea are gas rigs, whilst most in the

northern sector are oiligs.

Data'SIONCAA, U.S! Navy, NGATGEBCO
Image Landsat

Image IBCAC! G()()SIC earth

Figure 4.1: Operational oil and gas platforms around the UK. Each sym
represents a platform

The oil drilled from the North Sea rigs is a mixture of hydrocarbons, comprising liquid
petroleum and natural gas, which originate from #ensive petroleum reservoirs beneath

the sea bed. This high activity means that the North Sea is a hive of emissions, which results
in there being a huge amount of potential for wideaching atmospheric impacts. For
example, the production of NOn the North Sea could lead to surplus grotladel ozone
formation in places such as Scandanavia, through its transportation bylil@agreservoir

specieqe.g. PANon a regional scale.

As a result, legislation is in place, which has a tight confroffehore chemical discharges
YR FGY24LKSNAO Syriaarzyaod 9ElFYLX Sa 2F &dz0
I 2YYAUGYSyGé o/ w/ 0 GKS da9! 9YA&adaA2ya ¢NI RAY:
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possible, as these provide estimates for current and likely future samis from particular

sources.

42 hAf YR DIFIda wA3l 9YAdaAz2yd Ay GKS b2

During the summer of 2015, a series of\ay flights took place over operational oil and gas
FTAStRa Ay (GKS b2NIK {186 Eseakcly aircraft.S A lrafigeof C! ! a
measurements were made during the campaign, which are listdélie4.2. The airborne

photolytic chemiluminescence anaérs described irsection2.2, was used to measure NO

emissions during the flights. The aim of the campaign was to fly downwind of active oil fields,

taking measurements in the plumes from oil and gas rigs. The direct integration method

would then be usedor one of these flights, which would target specific rigs and calculate

the average emissions produced by each rig, in tons per year, which would then be compared

to the respective estimates from tHdAEl

The NAEI comprises the Greenhouse Gas Inven@rG() and the Air Quality Pollutant
Inventory (AQPI). The inventory is maintained by Ric&## and is funded by Department

of Energy and Climate Change (DECC), the Department for Environment, Food and Rural
Affairs (DEFRA), the Scottish and Welsh govemsy along with the Department of
Environment in Northern Ireland. The NAEI estimates annual emissions of a number of air
pollutants, most of which date back to 1970. In order to compile these inventories,
information from a wide range of sources is colégl. These sources can range in scale, from
individual point sources such as power plants, to national energy statistics. Inventory data is
used in a number of applications which rely on them being as accurate as possible. The
estimates provide informatio about the sources and trends in emissions of greenhouse
gases and other air pollutants, which can have adverse effects on human health and the
natural environment. This, in turn means that the appropriate air quality reduction policies
can be implemented® ¢ KS RI GF OFy 06S dzaSR (2 GN¥ Ol GKS
legislation targets for both regionairgollution and climate change. This would tHaing

the importance of improving the local, national and global environment to light.
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Although several species were measured during the campaign, this thesis chapter will focus
solely on N@emissions from the rigs, as these are point sources within the NAEI, thus

meaning that the measurements taken in plumes from individual rigs can be useddesa
the accuracy of these estimates.
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Table42LyaiG NHzySyda |yR YSIFadaNBYSyida YIRS 2yandi K¢
DIFaé¢ OF YL} ATy

Species / Method / Averaging Precision, Affiliation, reference
parameter instrument details  time accuracy
Position, winds, INS, GPS;ort 0.1s ndénms | 1 FAAM
u, v, w turbulence probe i Petersonand
Renfrew
(2009%°
Humidity (Dew  Hygrometer, 0.25s +05-£3K 1 FAAM
point General Eastern dependent M Strom et al.
Temperature 1011b on dew (1994¥¢
point and
ambient
conditions
Temperature Rosemount 0.05s + 0.3K T FAAM,
Aerospace Ltd. 1 Lenschow
sensor 102 AL (1986}’
CcoO VUV resonance/ 1s 1 ppbv, 3% 1 FAAM.
fluorescence, 1 Gerbig et al.
Aerolaser 5002 (1999%8
Os UV absorption, TEI 4 s 1 ppbv, 1 FAAM
49C 5% 1 Wilson and
Birks (2006%
CQ,CH Cavity enhanced 1s 2.5 ppbv 1 FAAM/
absorption for CH and University of
spectrometer, Los 0.5 ppmv Manchester,
GatosResearch Inc for CQ T hQ{ KSI
(2013§°
NO, NQ@ Chemiluminescence 10 s 5 pptv for 1 FAAM/
with photolytic NO and 15 University of
conversion for N@ pptv for York
Air Quality Design NG (10 s 1 Leeetal
Inc. averaging) (2009¥°
NMHCs (Whole  GCFID (flame 30 sill Species 1 University of
air samples ionization time for dependent, York
(WAS)): (eC detector), Perkin ~ WAS typically 5 1 Hopkins et al.
NMHCs (alkanes, Elmer pptv (20031
alkenes,

aromatics); small
0-VOCs (acetone
methanol,
acetaldehyde,
ethanol); DMS

Cloud physics CDP (Cloud Droplet 1s 1 FAAM
Probe) 1 Rosenberg et
al., (2012%
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4.2.1 FlightTracks

Flights took placén both the northern andouthernsectors otthe North Sea. Both of these
sectors are home to a high density of operational platforms, tSgare 4.). This therefore
means that flying in these active areas would provide a great deal of insight into the

atmospheric impacts of oil and gas platforms in the North Sea.

Southern Sector of the North Sea: Flights B907, B908, B910 and B912

Four survey flight took place over the southern sector of the North Sea, each of which
involved conducting cross wind legs dowmind of the oil fields at 15Petres. These legs
were then repeated, his time at an altitude of 30fnetres. These were done in order to
establishthe vertical extent of the emission plumes resulting from the oil platforms in this
sector of the North Sea. The route of the four flights are showfigares 4.24.5. The plots

are coloured by altitude, which was measured throughout the duration offligkts using

the aircraft radar altimeter.

Flight BO07: 18May 2015

Altitude / m

0.533400 - 100.000000
100.000001 - 300.000000
300.000001 - 400.000000
400.000001 - 600.000000
G00.000001 - 700.000000
T00.000001 - S00.000000
500.000001 - 1000.000000
1000.000001 - 1200.000000
1200.000001 - 1300.000000
1300.000001 - 1500.000000
1500.000001 - 1600.000000
1600.000001 - 1800.000000
« 1800.000001 - 1900.000000
« 1900.000001 - 2100.000000
« 2100000001 - 2200.000000

# & % ¥

Figure 4.2 Route flown during flight B907
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Flight B908: 2DMay 2015

Testing of the newly turbulence probe took place during this flight, which are represented

by the high altitude flight loops oRigure 4.3elow.

Altitude / m

« 0.223600 - 200.000000

« 200.000007 - 300.000000

« 300.000007 - 500.000000

« 500.000001 - 700.000000
700.000001 - 800.000000
200.000007 - 1000,000000
1000.000007 - 1100.000000
1100.000001 - 1300.000000
1300.000001 - 1500.000000
1500.000001 - 1600.000000
1600,000007 - 1300.000000
1800.000007 - 2000.000000

« 2000.000001 - 2100.000000

« 2100.000001 - 2300.000000

« 2300.000001 - 2500.000000

Figure 4.3 Route flown during flight B908

Flight B910: 26May 2015

Altitude / m

« 140.035573 - 300.000000

« 300.000001 - 500.000000

« 300.000001 - 600.000000

« 600.000001 - 800.000000
B00.000001 - 900.000000
S00.000001 - 1100.000000
1100.000007 - 1300.000000
1300.000001 - 1400.000000
1400.000007 - 1600.000000
1600.000007 - 1700.000000
1700.000007 - 1900.000000
1900.000007 - 2000.000000

« 2000.000001 - 2200.000000

«  2200.000001 - 2300.000000

« 2300.000001 - 2500.000000

Figure4.4: Route flown during flight B910
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Flight B912: 9 June 2015

During this flight, a circuit around the Vale of Pickering was conducted, in order to collaborate
with groundbased measurements over the same time period. This is represented by the low

altitude circuit to the north of the Humber estuary, illustrateddgure 4.5 below.

Altitude / m

o 0.342900 - 200.000000

« 200.000001 - 300.000000

& 300.000001 - 500.000000

« 500.000001 - 700000000
700.000001 - 300.000000
200.000001 - 1000.000000
1000.000001 - 1200.000000
1200.000001 - 1300.000000
1300.000001 - 1500.000000
1500.000001 - 1700.000000
1700.000001 - 1800.000000
1800.000001 - 2000.000000

« 2000.000001 - 2200.000000

o 2200.000001 - 2300.000000

¢ 2300,000007 - 2500.000000

Figure4.5: Route flown during flight B912
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Northern Sector of the North Sea: Flights B913 and B918

Two survey flights around the northern sector of the North Sea. As with the southern sector
flights, cross wind legs were conducted at different altitudes, downwind of the rigs in the

area.

Flight B913: 23June 2015

During this flight, cross winligs were conducted at an altitude of 152.4 metres, followed
by 304.8 metres, as with the southern sector flights. It also included a circuit over the vale of

Pickering, in order to coincide with gromhdsed measurements.

Altitude / m

£.553199 - 200000000
200,000001 - 300,000000
300.000001 - 500.000000
500.000001 - 700.000000
700.000001 - 300.000000
800.000001 - 1000,000000
1000.000001 - 1200,000000
1200.000001 - 1300.000000
1300.000001 - 1500.000000
1500.000001 - 1700.000000
1700.000001 - 1800.000000
12800.000007 - 2000,000000
o 2000,0000071 - 2200000000
o 2200,0000071 - 2300.000000
e 2300,000001 - 2500000000

. O % @

Figure 4.6 Route flownduring flight B913

Flight B918: 23July 2015

The objective of this survey flight differed from the others in the campaign. In this case, a
specific set of rigs in the northern sector of the North Sea were selected, namely the Forties
and Nelson rig¢circled inFigure 4.8. The aim of the flight was to sample gas plumes from

these rigs. This would be achieved by first sampling upwind, followed by conducting multi
altitude cross wind legs downwind, thus flying through the gas plumes of each of the

targeted rigs several tiss. The emissions from each rig could then be calculated using the
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direct integration method gection4.4). Flying altitudes ranged from 31 metres to 457
metres. This would give an indication as to the vertical extent of the gas plume. The flight

also irvolved a circuit around the Vale of Pickering to repeat earlier flights.

Altitude / m

o 0.685800 - 200.000000

& 200.000001 - 300.000000

& 300.000001 - 500.000000

o 500.000001 - 700000000
700000001 - 2300000000
200.000001 - 1000.000000
1000.000007 - 1200.000000
1200.000001 - 1300.000000
1300.000001 - 1500.000000
1500.000001 - 1700.000000
1700.000001 - 1800.000000
1800.0000071 - 2000.000000
2000.000001 - 2200.000000

& 2200.0000071 - 2300.000000

«  2300.000001 - 2500.000000

Figure 4.7 Route flown during flight B918

Altitude £ m

« 0.685800 - 200.000000

« 200.000001 - 300.000000

« 300.000001 - 500.000000

« 500.000001 - 700.000000
700.000001 - 200.000000
200.000001 - 1000.000000
1000.000001 - 1200.000000
1200.000001 - 1300.000000
1300.000001 - 1500.000000
1500.000001 - 1700.000000
1700.000001 - 1800.000000
1800.000001 - 2000.000000
2000.000001 - 2200.000000

«  2200.000001 - 2300.000000

« 2300.000001 - 2500.000000

Figure 4.8 Location of Forties and Nelson rigs
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4.2.2 NQEmissions from North Sea Rigs

Determination ofSurface Layer Height

As previously discussed, a substantial amount of ill®mitted from oil and gas platforms,
predominantly from power generation processes (namely gas or diesel consumption). In
order to quantify these emissions as accurately as possible, it is first necessary to determine
the altitude below which the emigss are trapped. In most cases, this is what is known as
the boundary layer height. This boundary layer is the lower part of the atmosphere, and is
between 1 and 2 kilometres deep. It is characterised by large amounts of turbulence, which,
in turn means hat the air within this layer is well mixed. Within the boundary layer, a normal
temperature profile is observed, with warm air rising into cooler air. A common result of such
a convective layer is cloud formation, with condensation occurring as the wiamses and

cools. However, the layer at the very top of the boundary layer is what is known as an
AYBSNEAZ2YS 2NJ aOFLIWIAyYy3IéE fF@8SNE 6KSNBE (KS y?2
dense, cold air now sits below the warm air. As a result of thisrgmon, cloud formation is
capped, thus forming a barrier and trapping air and pollution below it to within the boundary

layer.

However, the boundary layer height was not considered to be particularly important when
sampling very close to the oil and gdatforms. This would only be relevant if the flights had

been much further downwind of the rigs, the N@ould have been well mixed in the

boundary layer. Instead, the surface layer height was used. The surface layer is the lowest

part of the boundary Iger (typically the bottom 10%). As a result, the composition of this

layer, along with its turbulence characteristics, are directly influenced by contact with the
SINIKQa &ddz2NFIFOSo 'a gA0K GKS G2L) 2F GiKS 0 2 dzy
OKEF NI OGSNRESR o6& F GSYLISNI Gdz2NB= 2NJ 4O LILA Y :
formation and trapping of pollutants below this height. During the campaign, therefore, the

cloud layer base was assumed to be the upper limit of the surface lay#risasould be

where the gas plume close to the rigs would be trapped. The surface layer height was
estimated from the potential temperature, dew point temperature and relative humidity

vertical profiles associated with each flight. These profiles indicateelatively consistent

surface layer height of around 300 metres. The N&a was therefore filtered for a surface

layer height of 300 metres and below, thus ensuring that the M@ing ratios would be

confined to this altitude. A detailed explanatias to how the surface layer height is inferred
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from the potential temperature and humidity profiles is givensiction4.4, whereby this

height is used to derive N@missions in the direct integration method.

NQ Plumes from Rigs in the Southern Seofdhe North Sea

Flight B9O7

As with all southern sector flights, flight B907 involved conducting cross wind legs at altitudes
of 152 metres and 305 metres, downwind of operational rigs. It should be noted that the
flights were planned on days whegither southerly or northerly winds dominated. This
would then make it possible to measure direct emissions from rigs, as these would travel

downwind, towards the flight path.

The surface layer N@nixing ratios measured during these flight legs are ithtstd using
flight track plots which are shown below. White crosses are used to indicate the location of
the operational rigs with respect to the flight track. The orange lines coming from the flight
track are also shown on the map. These represent theidanm wind direction measured
during the flight. As can be seen on the flight track pl&igyre4.9 and Figure4.10), the

wind came predominantly from the nortlvest, with an averaged direction of 330° and
speed of 4 metres per second over the coursthefflight, making it possible to measure the

gas plumes from the oil and gas rigs.
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Figure 4.9 B907 N®@mixing ratios during the flight legs conducted at 152 metres
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Figure 4.10 B907 N®@mixing ratios during the flight legs conducted at 305 metres

A time series spanning the entirety of the flight is showfigure 4.11This plot was used
to relate the elevations in NQwith the location of the plane using the flight track plots
(Figues 4.9 and 4.1
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Figure 4.11B907 surface layer N@nixing ratios (red) and flight altitudes (green)
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Several distinct plume peaks were observed during the flight, ranging in intensity, as seen in
the time series plot for the flightHigure4.11). The smallest peaks observed were between
approximately 4,000 and 8,000 pptv. However, much larger peaks were also detected during
the flight, ranging from approximately 26,000 up to 39,000 and 41,000 pptv. As can be seen
on the flight track plots,He majority of these peaks were seen when the wind was coming
directly from one, if not many, of the nearby oil and gas rigs in the area. Thus making it highly
fA1Ste GKIG GKSasS LISIr1a 6SNB LI NI 2F GKS NR 3
of rigs around the flight track, and uncertainties associated with wind direction variations, it
is extremely difficult to assign peaks to individual rlgshould be noted however, that an
interesting sustained increase in N@ixing ratios was seen, appiionately 8 nautical miles

off the east coast of the UkkdeFigure4.9). The N@mixing ratios here increased to between
approximately 4,000 and 7,500 pptv. In this case, there are no rigs nearby which could have
caused this increase. Instead, this is miikely to be die toNQinfluences from the Humber
estuary andLincdnshire coastline, namely sources such as road transport, shipping and
power plants. This changeke marine boundary layer signature, thus meaning that once
travelled downwind, into the North Se#his increased NOmixing ratiodetected by the

instrument during the survey flight.

Flight B908

The NQmixing ratios measured in the surface layer for the cross wind legs at 152 metres
and 305 metres are given iigure4.12and Figure4.13. As with flight B907, the lines on the
flight tracks below show that the wind during flight B908 was navisterly, with an average
direction of 315° and an average speed of 8 metres per second. It was therefore possible to
detect emissions from the oil and gas rigs in the surrounding area, as per the objective of the

campaign.
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[MOx] / pptv
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Figure 4.12B908 N®@mixing ratios during the flight legs conducted at 152 metres
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Figure4.13 B908 N@mixing ratios during the flight legs conducted at 305 metres
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The time series displaying all surface layex M@ing ratios for flight B908 is shown in
Figue 4.14below.
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Figure4.14:B908 surface layer N@nixing ratios (red) and flight altitudes (green)

Several notable gas plumes were observed during the flight, showing maximum mixing ratios
of approximately 27,000 pptv. Smaller plumes were also detected, though these were still
shown to contairaround 4,000 to 5,000 pptv of NQAs can be seen in the flight track plots,
these plumes were measured in close proximity to a number of operational oil and gas rigs
in the area, thus highlighting the fact that these are the sources of these increasat) mix

ratios.
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Flight B910

The NQmixing ratios measured in the surface layer for the cross wind legs at 152 metres
and 305 metres are shown igure4.15andFigure4.16. The lines on the flight tracks below
illustrate the northwesterly windexperienced during this flight (as with the previous two

flights), averaging at 316°, with an average wind speed of 5 metres per second.
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Figure 4.15B910 N®@mixing ratios during the flight legs conducted at 152 metres
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Figure4.16. B910 N®@mixing ratios during the flight legs conducted at 305 metres
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The time series displaying all surface layex M@ing ratios for flight B910 is shown in

Figure4.17below.
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Figure 4.17B910 surface layer NO@nixing ratios (red) and flight altitudes (green)

The flight track plotsKigure4.15and Figure4.16) show that many gas plumes originating
from the oil and gas rigs were detected during the flight. As can be seen in the time series
plot for the flight (Figure 4.1%, there were a number of plumes containing between
approximately 3,000 and 8,000 pptv of N@hich are substantial amounts in themselves.
However, as with the previous flights, there were several plumes which showed higher
mixing ratios, ranimg from around 10,000 to a maximum of 18,000 pptv. Although extremely
high compared to the rest of the flight, these mixing ratios are lower than those observed
during flights B907 and B908, which showed plumes of approximately 41,000 and 23,000
pptv, respectively. The reasoning behind this difference is likely to be a combination of
factors associated with the wind experienced by each flight. The wind speed experienced by
flight B910 (5.04 metres per second) was much lower than that experienced byB8gBt

(7.86 metres per second), thus explaining the lower observed mixing ratios between those
two flights. However, flight B907 saw a slower average wind speed (4.2 metres per second)
than flight B910, but still showed much higher mixing ratios. The reémahis is therefore

likely to be due to the wind direction, which could have varied a lot more in one of these

flights, thus affecting the detection of the direct emissions coming from the rigs. However,
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without further investigation into other paramets, it is extremely difficult to justify these

as the reasons behind the differences observed.

The sustained increase in N@nning up the east coast of the UK, observed during flights
B907 and B908 was also seen in this flight [Sgare4.15). However, in this case, the mixing
ratios rarely exceeded 2,000 pptv, which was lower than those measured during the
analogous runs of flights B907 and B908, where mixing ratios of 3,500 pptv and above were
seen. This is again likely to be a result of tiffecent wind speeds and directions associated

with each of the flights.

Flight B912

The NQmixing ratios measured in the surface layer for the cross wind legs at 152 metres
and 305 metres are shown in the flight track pldeg(re4.18andFigure4.19). The wind
direction for the flight was nortieasterly, averaging at 37°, which is represented by the
orange lines shown on the flight track plots. The average wind speed during the flight was 9

metres per second.
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Figure4.18:B912 N@mixing ratios during the flight legs conducted at 152 metres
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Figure 4.19B912 N®@mixing ratios during the flight legs conducted at 305 metres

The time series displaying all surface layex M@ing ratios for flight B912 is shown in

Figure 4.20

18000 - 3000
16000
- 2500
2 14000
o
o
E 12000 - 2000 =
@ P
= 10000 =5
= - 1500 2
‘E 8000 <
g
Z 6000 - 1000
4000
| | - 500
2000 |
0 A Jh[ " | JLH L_L\MAJM&ML 0
08:30:00 09:30:00 10:30:00 11:30:00
Time

Figure4.20. Flight B912 surface layer N@ixing ratios (red) and flight altitudes (green)
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The gas plumes from the many oil and gas rigs in the surrounding area of the North Sea were
detected during the flight. It is possible tieduce this by looking at the flight track plots,
which show the average wind direction of 3Ffgure4.18andFigure4.19). These show that

the elevated N@mixing ratios were often observed when the plane was directly downwind

of one, or several of thags.

Compared to the other flights in the southern sector of the North Sea, the majority of gas
plumes observed in flight B912 were a lot smaller, ranging from around 1,000 to 4,000 pptv,
as can be seen on the time series plot for the flighggre 4.20. However, the largest gas
plume detected during this flight contained approximately 16,000 pptv of Nlke reasons

for the lower mixing ratios in flight B912 compared to other flights are as yet unclear. One
possible reason could be the fact the windthrer coming from a NNW direction (as in flights
B907, B908 and B910), instead comes from a NNE direction. This therefore could have meant
that plumes from particular rigs that were detected by the earlier three flights, were not seen
during B912, as the mwd was coming from a slightly different direction. However, as
discussed earlier, it is very difficult to link plume peaks to particular rigs, so it is hard to say

whether this is, in fact, the reason behind the lower plume mixing ratios.
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NQ Plumes from Rigs in the Northern Sector of the North Sea

Flight B913

As with the southern sector flights, flight B913 involved conducting cross wind legs at
altitudes of 152 metres and 305 metres. TheR(Xing ratios measured in the surface layer
for these legs are shown Figure4.21andFigure4.22 As with the southern sector flights,

the flight tracks deronstrate that the average wind direction over the course of the flight
was northwesterly, at 335°, with an average speed of 8 metres per seddady of the gas
plumes were detected when flying directly downwind of some of these rigs, meaning it was

possible to count the majority of them as direct rig emissions.
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Figure4.21:B913 N@mixing ratios during the flight legs conducted at 152 metres
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Figure 4.22B913 N@mixing ratios during the flight legs conducted at 305 metres

The time series displaying all surface layek MQing ratios for flight B913 is shownRigure
4.23below.
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Figure 4.23Flight B913 surface layer N@ixing ratios (red) and flight altitudes (green)
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As with all previous flights in the southern sector of the North Sea, flight B913, baded in t
northern sector of the North Sea, also measured plumes which contained quite a wide range
of NQ:mixing ratios. The majority of the plumes seen on the flight showeghhixing ratios

of around 2,000 to 5,000 pptv. There were two larger gas plumes d=testiiring the flight,
containing N@mixing ratios of approximately 9,000 and 11,000 pjptwese are considerable
amounts of NQ g KAOK NS o0SAy3 SYAGGSR Aylaz2z vy
environment. So it important that these peaks can be linked tliy¢o the rigs. This can be

done by looking at the background N@ixing ratios.

Flight B918

The time series displaying all surface layek MQing ratios for flight B918 is shownRigure
4.24below.
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Figure4.24: Flight B918 surface layer N@nixing ratios (red) and flight altitudes (green)

Two runs of this flight, runs 10 and 11, were conducted at 381 metres and 457 metres,
respectively. The plane was therefore flying above the surface layer at these altitudes,
meaning that it woulde unlikely that N@mixing ratios measured during these runs would
been part of the gas plume from the rigs. As a result, there are no surface layenik@g

ratios to analyse for these two runs. TheMa@Xing ratios measured during runs conducted
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in the surface layer are shown kigures 4.251.40. The flight experienced a souttesterly

wind, with an average direction of 247° over the course of the flight. This is shown on the
plots, signifying where emissions from the rigs are likely to be detemtethe flight path.
Figure 4.25howsthat the NO, mixing ratios were much lower when the plane was flying
directly upwind of the rigs, with a maximum of around 850 pptv being observed. This
indicated that any enhancement in Na@bserved in the subsequent downwind runs must be
coming from the rigsFigure 4.25lso shows that higher mixing ratios of up to around 1400
pptv were observed. These enhancements were therefore likely to have been a result of gas

plumes from other rigs denwind of the flight track.
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Figure 4.25B918 N@mixing ratios upwind of Forties and Nelson rigs
(Run 2: 31 metres)

101



[MNOx] / pptv
@ 481455973 - 550.000000
@ 550.000001 - 600.000000
@ 600.000001 - £50.000000
£50,000001 - 700.000000
700,000001 - 750.000000
750.000001 - 300.000000
200,000001 - 850.000000
850,000001 - 900.000000
900.000007 - 950.000000
950000001 - 1000.000000
1000.000001 - 1050000000
1050.000001 - 1100000000
1100.000001 - 1150.000000
@ 1130.000001 - 1200.000000
& 1200.000001 - 2200.000000

Figure 4.26 B918 N@mixing ratioson Run 3
(31 metres 5 nautical miles dowwind of Forties andNelson rigs)

[MCx] / pptv
& 469.812279 - 750.000000
& 730.000001 - 1000,000000
@ 1000.000001 - 1250.000000
1250.000001 - 1500.000000
1500.000001 - 1730.000000
1750.000001 - 2000.000000
2000.000001 - 2230.000000
2250.000001 - 2500.000000
2500.000001 - 2750.000000
2750.000001 - 3000.000000
3000.000001 - 3250.000000
3250.000001 - 3500.000000
3500.000001 - 3750.000000
@ 3730.000001 - 4000000000
@ 4000.000001 - 13000.000000

Figure 4.27 B918 N@mixing ratioson Run 4
(76 metres 5 nautical miles downwind of Forties andelson rigs)
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[NCx] / pptv
@ 361.091160 - 400.000000
@ 400.000007 - G00.000000
@ 600.000007 - 300.000000
&00.000001 - 1000.000000
1000.000001 - 1200.000000
1200.000001 - 1400.000000
1400.000001 - 1600.000000
1600.000001 - 1800.000000
1800.000001 - 2000.000000
2000.000001 - 2200.000000
2200.000001 - 2400.000000
2400.000001 - 2600.000000
2600.000001 - 2800.000000
@ 2800.000001 - 3000.000000
@ 3000.000001 - 13000.000000

Figure 4.28 B918 N@mixing ratioson Run 5
(152 metresp nautical miles downwnd of Forties andNelson rigs)

[NOx] / pptv
& 375.822666 - 400.000000
@ 400.000007 - 600.000000
@ 600.000007 - 800.000000
800.000001 - 1000.000000
1000.000007 - 1200.000000
1200000007 - 1400,000000
1400.000007 - 1600.000000
1600.000007 - 1800.000000
1800.0000071 - 2000.000000
2000000007 - 2200.000000
2200.000001 - 2400.000000
2400.000001 - 2600.000000
2600.000001 - 2800.000000
@ 2300.000007 - 3000.000000
@ 3000.000007 - 16000.000000

Figure 4.29B918 N@mixing ratioson Run 6
(305 metresp nautical miles downwnd of Forties and Nelson rigs
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[MNOx] / pptv
@ 367.276939 - 400.000000
@ 400.000001 - G00.000000
@ ©00.000001 - 800.000000
800.000001 - 1000.000000
1000.000001 - 1200.000000
1200.000001 - 1400.000000
1400.000001 - 1600.000000
1600.000001 - 1800.000000
1800.000001 - 2000.000000
2000.000001 - 2200.000000
2200.000001 - 2400.000000
2400.000001 - 2600.000000
2600.000001 - 2800.000000
@ 2200.000001 - 3000.000000
@ 3000.000001 - 8500.000000

Figure4.30: B918 N@mixing ratioson Run 7
(305 metres,10 nautical miles dowwind of Forties and Nelson rigs)

[MOx] / pptv
@& 358.4209345 - 700.000000
& 700.000007 - 300000000
@ 3500.000001 - 900.000000
900.000001 - 1000.000000
1000.000001 - 1100.000000
1100.000001 - 1200,000000
1200.000001 - 1300.000000
1300.000001 - 1400.000000
1400.000001 - 1500.000000
1500.000001 - 1600.000000
1600.000001 - 1700.000000
1700.000001 - 1300.000000
1300.000001 - 1900.000000
@ 1900.0000017 - 2000000000
& 2000.000001 - 6500.000000

Figure 4.31B918 N@mixing ratioson Run 8
(152 metres,10 nautical miles downund of Forties and Nelson rigs)
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[MOx] / pptv
@ 321.305738 - 700.000000
@ 700.000001 - 800.000000
@ 200.000001 - 900.000000
00.000001 - 1000.000000
1000.000001 - 1100.000000
1100.000001 - 1200.000000
1200.000001 - 1300.000000
1300.000001 - 1400.000000
1400.000001 - 1500.000000
1500.000001 - 1600.000000
1600.000001 - 1700.000000
1700.000001 - 1800.000000
1800.000001 - 1500.000000
@ 1900.000001 - 2000.000000
@ 2000.000001 - 3500.000000

Figure 4.32B918 N@mixing ratioson Run 9
(76 metres, 10 nautical miles downwnd of Forties and Nelson rigs)

[MOx] / pptv
@ 266459383 - 500.000000
@ 3500.000001 - 600.000000
@ 600.000001 - 700.000000
700.000001 - 800.000000
B00.000007 - 900.000000
500.000001 - 1000.000000
1000.000001 - 1100.000000
1100.000007 - 1200.000000
1200.000007 - 1300.000000
1300.000001 - 1400.000000
1400.000001 - 1300.000000
1500.000001 - 1600.000000
1600.000001 - 1700.000000
@ 1700.000001 - 1800.000000
@ 1200.000007 - G00D.DDO0DD

Figure 4.33B918 N®@mixing ratioson Run 12
(305 metres 15 nautical miles downwind of Forties and Nelson figs
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[MOx] / pptw
@ 226.829419 - 400.000000
& 400.000001 - 600.000000
@ G00.000001 - 800.000000
200.000001 - 1000,000000
1000.000001 - 1200.000000
1200.000001 - 1400.000000
1400.000001 - 1600.000000
1600.000001 - 1200.000000
1800.000001 - 2000.000000
2000.000001 - 2200,000000
2200.000001 - 2400.000000
2400.000001 - 2600.000000
2600.000001 - 2800.000000
@ 2300.000001 - 3000.000000
@ 3000.000001 - 4200.000000

Figure4.34: B918 N®@mixing ratioson Run 13
(229 metres,15 nautical mileddownwind of Forties and Nelson rigs)

[MOx] / pptv
@ 188.615104 - 500.000000
@ 500.000007 - 600.000000
@ 600.000001 - 700.000000
700.000001 - 200.000000
200.000001 - 900.000000
900.000001 - 1000.000000
1000.000001 - 1100.000000
1100.000001 - 1200000000
1200.000001 - 1300.000000
1300.000001 - 1400.000000
1400.000001 - 1500.000000
1500.000001 - 1600.000000
1600.000001 - 1700.000000
@ 1700.000001 - 1300.000000
& 1800.000001 - 6600000000

Figure 4.35B918 N@mixing ratioson Run 14
(152 metres,15 nautical miles downwind of Forties and Nelson figs
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[MOx] / pptv
@ 212.345713 - 500.000000
@ 500.000001 - 600.000000
@ G00.000001 - 700.000000
700.000001 - 800.000000
800.000001 - S00.000000
900.000007 - 1000.000000
1000.000001 - 1100.000000
1100.000001 - 1200.000000
1200.000001 - 1300.000000
1300.000001 - 1400.000000
1400.000001 - 1300.000000
1500.000001 - 1600.000000
1600.000001 - 1700.000000
@ 1700.000007 - 1800.000000
@ 1800.000001 - 3800.000000

Figure 4.36 B918 N@mixing ratioson Run 15
(152 metres20 nautical miles downwind of Forties and Nelson rigs

[NOx] / pptv

207.179837 - 400,000000
A00.000001 - S00.000000
500.000001 - 600.000000
G00.000001 - TOO.000000
700.000001 - 200.000000
800.000001 - 900000000
900.000001 - 1000.000000
1000.000007 - 1100.000000
1100.000007 - 1200.000000
1200.000007 - 1300.000000
1300.000001 - 1400.000000
1400.000001 - 1500.000000
1500.000001 - 1600.000000
1600000001 - 1700.000000
1700.000001 - 1800.000000
1800000007 - 1900.000000
1900000007 - 2000.000000
@ 2000.000001 - 2100.000000
@ 2100.000001 - 2200.000000
@ 2200.000001 - 14000.000000

Figure 4.37B918 N®@mixing ratioson Run 16
(229 metres20 nautical miles downind of Forties and Nelson rigs)
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[NOx] / pptv

& 166.553343 - 600.000000

& 600.000001 - 700.000000

@ 700.0000071 - 200000000
800.0000070 - S00.000000
G00.000007 - 1000000000
1000.000001 - 1100,000000
1100,000001 - 1200.000000
1200.000001 - 1300,000000
1300.000001 - 1400,000000
1400.000001 - 1500,000000
1500,000001 - 1600.000000
1600000001 - 1700,000000
1700.000001 - 1800,000000

@ 1800.000001 - 1900.000000

& 1900.000007 - 3800.000000

Figure4.38 B918 N®@mixing ratioson Run 17
(305 metres20 nautical miles dowwind of Forties and Nelson rigs)

[MOx] / pphv
@ 312984355 - 600.000000
@ G00.000001 - 800.000000
@ 200.000001 - 1000.000000
1000000001 - 1200,000000
1200.000001 - 1400,000000
1400000001 - 1600.000000
1600.000001 - 1800.000000
1800000001 - 2000,000000
2000000001 - 2200.000000
2200000001 - 2400,000000
2400000001 - 2600.000000
2600.000001 - 2800,000000
2800.000001 - 3000.000000
@ 3000.000001 - 3200.000000
@ 3200.0000071 - 32200.000000

Figure4.39 B918 N®@mixing ratioson Run 19
(91 metres,1 nautical mile downvind of Forties and Nelson rigs)
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[NOx] / pptv

& 310.657299 - 600.000000

@ 600.000001 - 200.000000

@ 200.000007 - 1000.000000
1000.000007 - 1200000000
1200.000001 - 1400.000000
1400.000007 - 1600.000000
1600.000001 - 1800000000
1800.000007 - 2000.000000
2000.000001 - 2200000000
2200.000007 - 2400.000000
2400.000001 - 2600000000
2600,000001 - 2800000000
2800.000001 - 3000.000000

@ 3000.000001 - 3200.000000

@ 3200.000001 - 30500.000000

Figure 4.40B918 N@mixing ratioson Run20
(61 metres,1 nautical mile downwind of Forties and Nelson rjgs

As describedn section4.2.], the objective of flight B918 wadse target a specific group of

rigs (i.e. the Forties and Nelson rigehe flight then involved conductimgulti-altitude cross

wind legs at a range of distances downwind of these rigs. It would then be possible to look
at the gas plumes observed during the flight in greater detail. The lower density of rigs in this
area of the North Sea meant it would be pdésito focus in on Nmissions coming directly
from the gas plumes of these specific rigs. However, it should be noted that, although not
many, there were other operational rigs in this area of the North Sea, thus meaning that
some of the peaks observetkre likely to have been a result of diffusion of gas plumes from

several rigs.

As can be seen in the flight track plots, a large number of gas plumes were detected during
the flight, most of which were seen when flying directly downwind of the rigs. Sdnvhich

were seen at a range of altitudes and distances from the rigs, thus highlighting the sheer
vertical and horizontal boundaries of the rig emissions. Themiging ratios within these
plumes was found to vary, as with the other North Sea fliglte.Shallest plumes observed
during the flights contained between around 5,000 and 10,000 pptv (as can be seen in both
the flight track plots Figures 426¢ 4.40) and the times series ploFigure4.24)). However,

much larger plumes were also detected dugyithe flight, particularly the closer the plane
was to the rigs. As can be seerfFigures 4.261.29, when the plane was only approximately

5 nautical miles away from the Forties and Nelson rigs,mging ratios of between 12,000
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and 18,000 pptv were olesved. The mixing ratios increased further when the plane was
even closer to the Forties and Nelson rigs, with gas plumes containing around 30,000 pptv
being measured when the plane was only approximately 1 nautical mile downwind (see
Figure4.39andFigue 4.40).

NGO Plume Mixing Ratios from Rigs in the North Sea: a Summary

As discussed throughowection 4.2 the NQ plume mixing ratios measured in each flight
showed a large amount of variation, despite many of them taking place in similar areas of
the North Sea. A summary table listing all flights, along with their associated wind speeds
and maximum plume mixing rat is shown below.

Table 4.3 summary of N@plume mixing ratios measured during the
GhAft VR DlFaé¢ OFYLIAIY

Flight Number (sector Average Maximum NQ Plume
of the North Sea) Wind Speed / m 3 Mixing Ratio / pptv
B907 (Southern) 4.18 41,083
B908 (Southern) 7.86 26,757
B910 (Southern) 5.04 18,056
B912 (Southern) 8.93 16,402
B913(Northern) 8.31 11,873
B918 (Northern) 8.32 32,177

The table above indicates that generally, the highest plume mixing ratios were observed
when the wind speeds were lower, as a result of minimal dilution. For example, flight B907
obsened both the highest mixing ratio and the lowest wind speed of all the flights, whilst

flight B908observedboth higher wind speeds and lower plume mixing ratios.

However, there are other factors which are likely to have contributed to the variabilityeof
plume sizes. One of these is the distance of the flight track from the rigs. This is particularly
evident when looking at the mixing ratios measured during flight B918, which saw very high
mixing ratios of NQdespite the wind speediso being relativly high Table4.3). This flight
involved transects at multiple distances downwind of the rigs and the maximum mixing ratio

of 32,177 pptv was measured during a run less than 1 nautical mile downwind of the rigs.

110



The mixing ratios measured in the gas phsmduring each flight were also likely to be
influenced by the emission rates of the rigs, as they may have been operating at different
capacities when each flight took place, thus resulting in the variableeM@sions. The
boundary layer height would b have affected the mixing ratios measured during each
flight, as this dictates the area into which the gases are emitted into and thus, affects how

diluted the emissions are.

In summary, it is likely that the plume sizes observed across all flight§in th h A f FYR DI
campaign are a combination of emission rate, wind speed, distance from the rigs and the
boundary layer height. Each of these variables would need to be investigated more

extensively to determine their exact influence on the mixing ratiosepbed.

4.3 Background N(Mixing Ratios

Although the primary aim of the campaign was to look at the direct &fiissions coming

FNRY GKS 2Af FyR 3Fa LXLFTGF2NYaz Ad Aa Ffaz &
onto which these emissions are being added to. This background acts a baseline for
atmospheric composition in the surrounding area, i.e. it jles information about the

levels in the area that are not necessarily from specific sources. For example, background

NQ mixing ratios could result from the rigs, but they could also be from shipping or the UK

itself.

In order to understand the origins tfie background N and to confirm that most of the
elevated mixing ratios were coming from the oil and gas rigs, it is first necessary to look at
the data from the flights and determine what the average background mixing ratios were
during each flight. fiis would provide information regarding N@hich is not due to one
particular local influence (e.g. rigs).This was done by plotting a histogram, in order to show
the distribution of the N@data obtained during each flight. The data was first filteretht®
surface layer altitude and below, as this is where the emissions would be confined to (and
hence would be well mixed). An example of such a histogram, constructed for flight B907, is

shown inFigure 4.41

The distribution was constructed using all Mf@ata below the surface layer height. The data
was binned in 10 pptv bins, for mixing ratios up to 10 ppbv (10,000 pptv). A Gaussian fit was
iKSy tSlad alddNBE FAGGSR G2 GKS oFO13INRdzyR

111



standard deviation, both of whicdre in units of pptv. Plotting a histogram in this way makes

it possible to statistically derive the background.N&s the mean of the Gaussian fit takes
out the influence of the higher mixing ratios associated with the plume interferences, which
are bimed into the higher bins of the histogram (hence why the majority of the data lies in
the low-level regions). Histograms like this could therefore be used to derive the background

levels of NQobserved outside of the gas plumes during each flight.

100 -+ :

Bo07
Fit Type: least squares fit
Function: Gaussian
Coefficient values

mean =414.77

80 —
: sdev  =589.73

# occurrences

I I I I \
0 2000 4000 6000 8000 10000
NOx concentration, ppt

Figure4.41:Histogram showing the distribution of N{lata from flight B907. The dashed box
represents the data used for the Gaussian fit

Flight B907

As can be seen irigure 4.41the mean background N@ixing ratio during flight BOOWas
found to be414.77 pptv, with a standard deviation of 589.73 pptv. It is unclear as to why the
standard deviation for the NObackground was so high for this flight. One possible
explanation involves the stability of the air mass, though this cannot be confirmedwitho

further investigation.

The mean background mixing ratio was found to be 414.77 pptv, which is relatively high. This
can be explained by looking at where the air sampled during the flight originated, that is by

constructing back trajectories. The Hybrid Sirgdaticle Lagrangiamtegrated Trajectory
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(HYSPLIT) modélvas used to produce-Bay back trajectories for each of the flights.
Typically, four trajectories were produced for each flight; two during the 152.4 metre legs,
followed by two during the 304.8 metre legs. This wlase in order to monitor the origins

and paths of the air parcels that were sampled over the course of the flights. Any changes in
these would therefore mean that different air masses with different chemical compositions
may have been sampled, thus affeg the background mixing ratios measured during the
flights. The back trajectories for flight B907 are showRigure4.42, with eachtriangle on

the plots representing the position of the air parcel at every 12 hour interval.

Source * at 5319N 230E
Source * at 5360N 036E

Meters AGL
Meters AGL

Source * at 53.20N 237E
Source * at 53.60N 035E

Meters AGL

Meters AGL

Figure 4.2: 5day backtrajectories for flight B907

The back trajectories above all show relatively similar origins and routes for the background
air sampled during flight B907. In all cases, the air travelled from theN@yare of the

Arctic Circle and North Atlantic. However, the air parcel then travelled over the UK at
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altitudes of around 700 metres, meaning that it was likely to be in the boundary layer at this
time. This therefore increased the mixing ratio of iCthe air parcel, through accumulation

of pollution from the surface, via the extensive number of transport and inddsdsed
sources in the UK. By the time the air parcel reached the North Sea, it would have had
substantial amounts of N@ncorporated into it prior to any influences of the oil and gas rigs
being detected. This, therefore, provides an explanation as to why the backgroupnd NO

mixing ratio was particularly high for flight B907.

Flight B9OS

The histogram showing the background N@ixing ratios measured during the flight is

shown below, with very few occurrences of spikes ins Nxing ratio, as expected for
background air. The mean backgroundxxing ratio was found to vary at different times

during this flight. As seen in the histogralRigure 443), two Gaussian curves could be fitted

i2 GKS RIFGFS IABAY3T G2 YSIy o6l O1ANRdzyR YAEA
deviations of 83and 70 pptv, respectively. These small standard deviations support the fact

that these are the true average background mixing ratios, showing that the majority of the

background mixing ratios were distributed very closely around these values.

B908
Fit Type: least squares fit
100 — Function: Gaussian

first fit) Coefficient values
mean =127
sdev =83

80 1 second fit) Coefficient values

mean  =872.13
sdev =70

60 —

# of occurrences

40

204

0 2000 4000 6000 8000 10000
NOx concentration, ppt

Figure 443: Histogram showing the distribution of & data from flight BO08
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A possiblaeason for this variation in background is that two different air masses were being
sampled over the course of the flight, each having different chemical compositions. The back
trajectories constructed for the flightigure 444), can be used to give andication as to

whether this was, in fact, the case.
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Figure 444: 5day back trajectories for flight B908

As can be seen irigure 444 above, the air remained at altitudes of 600 metres and below

over the course of its trajectory, thus meaning it would be greatly influenced by pollution
from the surface. The trajectories of the air parcel sampled, particularly at the start and end
of theflight, did not show a great amount of difference, i.e. the air mass sampled during the

flight was likely to have the same, if not, very similar chemical composition. They all suggest
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NQ sources around. However, the air parcel then travelled over the UK, thus increasing the
mixing ratio of N@present. As a result, these changes in background mixing ratios were most

likely a consequence of local Néburces, namgl nearby rigs and ships, which could have

contributed additional NQto the air parcel during the flight.

Flight B910

As with flight B908, the mean background,MXxing ratio was found to fluctuate during the

B910 flight. As can be seen in the histogr&imre 445), two Gaussian curves give two mean

0l O1IANRdzy R YAEAY3 NIXGA2a 2F no yR wmady
pptv, respectively.
| B910
I Fit Type: least squares fit
Function: Gaussian
first fit) Coefficient values
300 — mean =43
sdev =31
second fit) first fit) Coefficient values
mean =198
sdev =61
o
8
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Figure 445: Histogram showing the distribution of N@lata from flight B910

As with flight B908, the back trajectories of the air sampled during flight B910 can provide an

insight into the reasons behind the variability in the background mixing raflesse are

shown inFigure 4.46
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Source * at 5319N 245E
Source * at 5361N 035E

Meters AGL
Meters AGL

Source * at 5319N 252E

Meters AGL

Figure 446: 5day back trajectories for fght B910

The trajectories associated with flight B910 show that the air masses sampled over the
course of the flight were likely to have been the same or extremely similar in terms of
background N@mixing ratios. All four trajectories indicate that tladr parcel was initially

part of the typical marine boundary layer, containing minimal amounts af N@s boundary

layer signature would then have been altered, however, as the air crossed over the UK at
altitudes of around 1000 metres and below, i.e.the boundary layer, thus accumulating
NQemissions from the surface. As with B908, this therefore does not explain why variations
in background mixing ratios were observed. It does, however, support the findings regarding
the background mixing ratios éimselves. Similar trajectories were found for flight B908,
meaning similar background mixing ratios may have been expected for B910. However, the
wind speed was much lower for this flight (as discussed earlier), thus meaning that it is likely

that reducedamounts of N@reached the flight track (and were subsequently detected),
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