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Abstract

Comparisons of the levels of radicals observed during field campaigns to the results of
detailed chemical box models serve as a vital tool to assess our understanding of the
underlying chemical mechanisms involved in trop@smh oxidation. Recent
measurements of OH radicals are significantly higher than those predicted by models in
certain environments, especially those at lowxNi@luenced by high emissions of
biogenic compounds. Other studies have suggested that fluaresassay by gas
expansion (FAGE) instruments may be susceptible to an unknown interference in the

measurement of OH.

The interference hypothesis can be tested through the implementation of an alternative
method to determine the OH background signal, wihe@H is removed by the addition

of a chemical scavenger prior to sampling by FAGE (known as OHchem). The more
established method to determine the background is to move the laser excitation
wavelength to a value where OH does not absorb (OHwave). TheE&EdSinstrument

was modified to facilitate OHchem by the construction of an inletirpeetor (IP1),

where OH is removed through reaction with propane. Following optimisation, the
modified instrument was deployed at a coastal location in Norfolk, Englandg
summer 2015 as part of the ICOZA (Integrated Chemistry of OZone in the Atmosphere)
campaign, and in the highly polluted megacity, Beijing, in winter 2016 and summer 2017
as part of the AIRPRO (An Integrated Study of AIR Pollution PROcesses im@eiji
project. An automated analysis procedure was written in IGOR to facilitate data workup
and to provide quality assurance and control, ensuring valid comparisons of the two OH

measurements, and between observed and simulated radical concentrations.

The Pl was characterised in terms of sensitivity (virtually identical to traditional FAGE
sampling) and scavenging efficiency (>99% removal). For all three field campaigns,
measurements of OH made using the alternative background technique were in very good
ageement with the traditional method, with intercomparison slopes (OHwave vs
OHchem) of 1.061.16, providing confidence in previous measurements of OH made
using the Leeds FAGE instrument. However, a significant interference was observed at
night during thdCOZA campaign, accounting fe#40% of the total OHwave signai
average although the chemical identity of the species responsible could not be

determined.



il
The ICOZA measurements were compared to radical levels predicted using the explicit
Master Chemial MechanismFor a model constrained to HH@H concentrations were
in agreement with FAGE observations to within instrumental uncertainty (~26%) during
the daytime, for which the rate of OH production from the photolysis of HONO was equal
to that from tle reaction of GD) with water vapour. However, OH levels were
underpredicted by approximately a factor of ~3 at night, which cannot be explained by
OH measurement interferences alone. In contrasst,dServations were overestimated
by ~40% during the dayne and significant concentrations were also observed at night
(~2i 3 x 10 molecule crr), which were underpredicted by up to an order of magnitude.
The daytime H@discrepancy was most severe at low M@els, withmeasuremento-

model rati® of <0.5for NO mixing ratios below 0.1 ppbv.

Total organic peroxy radical (RPconcentrations were also measured during ICOZA,
representing one of the first few FAGE datasets of.R&2vere measurememiodel
discrepancies were found for both day and nighttime pgriwith RQ concentrations
underpredicted by a factor of ~9 on average. In contrast to tHOmodel could capture
daytime RQ observations reasonably well at low NO but the discrepancy was most
severe in the high NO regime, reaching a factor of ~20 @itdVels above 3 ppbv. This
result is consistent with previous studies and suggests that our understanding of

atmospheric oxidation chemistry under high,N©nditions is incomplete.
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Figure 3.5. Example OH mulfioint calibration when sampling through the IPI. Error bai: (@erticali
propagated erroin signal differential; horizontdl systematic uncertainty in radical concentrations from
actinometry (13%), plus lamp variability. The solid line and grey shaded area represent the ODR fit to the
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concentrations are much higher than those observed during adjacent conventional sampling periods (light
blue line). If no correction is applied to the IPI data (dark blue line), the two datasets exhibit improved

E2 10 [T g1 S PP 145
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Figure 5.24. Case study of the heatwave and-bigine event that occurred otduly 2015: (A}(C) FAGE

radical observations and model results, H)y) calculated from FAGHEneasured and modptedicted

HO; andRO, concentrations, and (E) temperature, VKig; (note x2, obtained by subtraction of inorganic

loss rates, see text for details), and NO (right axis). Also shown in panel (D) is the integrated ozone
production (06:0018:00 UTC) calculated from FAGE obwsations, along with measured ozone mixing

ratios (right axis). Colours are analogous to those used in Figures 5.3 and 5.4. In panel (C), the measured
contributions from complex and simple R@adicals are shown by the red and green shaded areas,
respectiely, but only modelled total ROs shown for clarity. Error bars @R in panels (A)(C) include

both accuracy (26%) and precision (15 min standard error, SE) terms; erR{f3jrwere estimated at
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1. Intro duction

1.1 Atmospheric Chemistry

Over the course of the |l ast two centurie
changed dramatically, with atmospheric concentrations of the greenhouse gases (GHGS)
COp, CHsand NO unprecedented in the last 800,00@rgat least The most recent
Intergovernmental Panel on Climate Change (IPCC) report concluded that anthropogenic
GHG emissions are the dominant cause of climate change with >95% ce(fR@G;,

2014) The impact of human activities on the Earth systamlieen so severe that some
academics, including Nobel laureate Paul Crutzen, have called for the establishment of a
new geol ogi cal e p o(Critzen anchStoeriex, r2Q00; Watgtsalc e n e 0
2016)

Another major motivation for studying atmospiechemistry is air pollution and its
associated impacts on human health. While mitigation strategies implemented over recent
years have led to considerable improvements in air quality in many regions, air pollution
is still a severe problem. Worldwide,etttombined effects of all forms of pollution
(ambient and household air, water, occupational, etc.) could be attributed to 9 million
premature deaths in 2015, accounting for 16% of all dgatisdriganet al, 2017)
Diseases caused by air pollution mdbe largest contribution of 6.5 million deaths,
consistent with a previous estim@®HO, 2014) This figure is similar to the number of
deaths from tobacco smoking (~7 million), and over two times more than AIDS,
tuberculosis and malaria combined (~3 iail). The deaths from air pollution were
dominated by ambienparticulate mattér exposure (4.2 million), with a small
contribution from ambient ozone §Oexposure (0.3 million). For the UK, an estimated
29,000 premature deaths (~5% of all deaths) warsethby outdoor air pollution, which
again was consistent with a previous estinff@@MEAP, 2010)and dominated by PM
exposure (~28,000 deaths, 96%). Recently, air pollution was brought firmly into the
public eye as a result of the 2015 Volkswagen sioiis scandal, in which emissions of

nitrogen oxides (NO= NO + NQ), key precursors to ozone and Pdlwere shown to

1Speci fically, parti c finepartiouiate thatteRMs)nwhicher s o
are able to penetrate deeply into the respiratory tract and reach the lungs. Coarse
particulate matter, with dmaeters of 261 0 & my), pdnrdirates into the airways less
but is still associated with adverse health effects.
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be much higher under realorld operating conditions than during regulatory laboratory
tests. It has been estimated that the excesséad@issions from diesel vehicles alone
(including but not limited to those manufactured by Volkswagen) were associated with
about 38,000 premature deaths from JBNMnd ozone exposure worldwide in 2015
(Anenberget al, 2017) Other key issues include strapheric ozone depletion and acid

rain, which can both be attributed to human influence.

Atmospheric chemistry research can be broadly divided into three main areas: field,
laboratory and modelling studies. These three elements are essential to unddgrstand
complex and dynamic processes occurring in ambient air. Field measurements give
insight into the emission, formatipmand loss of different trace gases and aerosols.
Laboratory studies allow more detailed investigation of chemical transformationsl] as w

as the determination of key physical parameters such as reaction rate constants and
product branching ratios. Environmental simulation chambers bridge the gap between
simple laboratory and field studies, allowing investigation of processes undeffisignpli

but more atmospherically relevant conditions. Numerical models are often used for future
predictions (e.g. the impact of climate change on atmospheric composition), but are also
routinely employed to test theoretical understanding of atmospheric spescéy
comparison to observations. When field and model concentrations disagree this suggests
that the model, and hence our understanding is incomplete, prompting further laboratory
and modelling studies until the measurements can be reconciled. Hoiwveheyld be

noted that disagreement may also occur becauae wfcomplete set of measurements,

or poor qualityobservations

1.2 Photochemistry in the Troposphere

Anthropogenic and biogenic emissions of £KEO, SQ, NO« and volatile organic
compounds (VOQsare processed in the troposphere through photochemical oxidation
reactions, mediated by shdrted radicals such as the hydroxyl radical, OH.
Tropospheric oxidation chemistry controls the atmospheric lifetime of primary emitted
species, and their tramgfnations into secondary pollutants. As such, tropospheric
oxidation has implications for climate change, as the lifetimes of GHGs suchzas CH
determine their longerm contributions towards radiative forcing. Similarly,
photochemical reactions involviigOyx and VOCs lead to the production of tropospheric
ozone(a component of photochemical smog), which is harmful to humans, damages

vegetation and is another greenhouse gas. These reactions also lead to the formation of
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low-volatility oxygenated VOCs (OVOQsawhich are precursors to secondary organic
aerosol (SOA), a component of PMBarsantiet al,, 2017)

Tropospheric oxidatioehemistry, summarised irigure 1.1, is dominated by reactions
of hydrogen oxides (HO= OH + HQ), bu other radicals are also important, namely
atomic chlorine (CI), nitrate (N§) and halogen oxide (XO, X = Br, I) radicals. Non
radical oxidants include ©O(alkene oxidation) and #. (aqueous phase particle

reactions).
1.2.1 Hydrogen Oxides (HQ\)

In the troposhere, OH formation is mainly initiated by the photolysis af&D short

wavelengthsR1.1):
Os+h¥ O # O (R1.D

The atomic oxygen product may be formed in either tH@)2(ectronicground state or

an excited electronic state, where the first exoiiedtronicstate, OfD), results in OH
formation. Spin conservation suggests that the dioxygen product must also be in a singlet
electronic state if GD) is formed (R11a):

o,
Gl h\‘v
HONO v O Hfz,:D
2SO, [—so—4OH HOX] ™
RO,NO, o, v 0 ‘XO(X=IorBr)
i y 3 - "H,0,
ROOH " o3 Al i\‘
" RO| RC!_T;‘ HO,NO,

Figure 1.1. Simplified diagran of the HQ reaction cycle. Modified fror&mith(2007)
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Os+hga< 310 nim)+ O g0 ( (R11a)

However, photolysis can also occur through a -$prhidden channel atonger

wavelengths (R1b):

Os+h 310 nm <2< 410 n m) DY+ OFg ) (RL1b)
The photolysis rate of 20 form O¢D), J(O'D), is given by

J(O'D) = Wos(ey T) + o1n(e; T) F(8) do (E1.1)

wherelos(a; T) andt oip(a; T) are the @ absorption crossection and GD) quantum

yield, respectively, which are botemperatureand pressurdependent, anB(a) is the
spectral actinic flux. The actimiflux in the troposphere is much higher at longer
wavelengths, by a factor of more than ten between 300 and 3pWayne, 200Q)Thus

the spinforbidden channel (R1.1b) is significant, despite the fact thattegtand: 01p

fall off dramatically with waelength above 310 nm. This is especially important at low
solar zenith angles (S3Ai.e., dawn and dusk, where the spectral actinic flux is red
shifted because the scattering efficiency of radiation through the atmospheric column is

proportional to 13 (Hofzumahaust al, 2004)
OH is then formed through the reaction of@)(with water vapour:
olD)+H.0 Y 2OH (R1.2)

Only a small fraction (typically ~10%) of the initially formed D} atoms react with
water to form OH, as most are quenched to ti@)@{ectronicground stateia collisions
with other gas moleculgseeSection1.3.5; the OfP) atoms recombine with molecular
oxygen to form @ Additional routes to OH formation from closed shell species include
alkene ozonlysis and the photolysis of nitrous acid (HON&x 400 nm(FinlaysonPitts

and Pitts Jr, 2000), hydrogen peroxide (#2, < 335 nm) and organic peroxides
(ROOH, < ~320 nm), which may dominate primary OH productidPo() under some
conditions. The majority of trace gases emitted in the troposprereaemoved by
reactions initiated by OH, making it the most important daytime oxifasy, 1971)
These reactions are summarised-igure 1.1. The short lifetime of OH, from ~1 s in

clean air to ~10 ms in polied air (Heard and Pilling, 2003)results in very low

1 Hereinafter, cubff wavelengths are expressed as the wavelength at wi(@&298 K)
< 0.5, or if quantum yields are not availahigg; 298 K) < 10?* cn? moleculée! (i.e.,
theydo not correspond to thermodynamic bond dissociation thresholds).
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concentrations, typical daytime values are on the order%ahbcule cr? (equivalent
to 0.04 pptv at sea level).

Oxidation of CH and other alkanes proceeds initialig hydrogen abstraction, fiming
alkylperoxy radicals (Rg) in the presence of O

RH + OH O R + H (R1.3)
R+Q+ M Y:+RO (R14)

where M is a third body, usually-Mr Oy, which energetically stabilises the chemically
activated RQ product through collisional quenching. Oxidat of alkenes and other
unsaturated compounds proceeds through
hydroxyperoxy radicals:

OH + CHR=CHRRYHREH( OH) (R1.5)
CH(OHR-CHR+Q+ M VYV CRICHIRR +M (R1.6)

In the presence of NO, R@adicals prodoe hydroperoxy radicals (HPand carbonyl

species:
R+ NO Y RO + NO (R1.7)
RO+GY ROCHO; + HO (R1.8)

resulting in radical propagatioiithe formation of alkoxy radicals (RO) and (S the
major branch (~705%) of reaction (R1.7), but a minor termiion channel results in
alkylnitrate (RONQ) production Yia an insertion mechanism); the nitrate yield increases
with the number of carbon atoms, and decreases with tempgi@tiardo and Tyndall,
2012)

Lifetimes of HQ range from about 5 to 100 s, tiviconcentrations of ~£amolecule

cm®. HO; is also formediia reactions of OH with CO andz0

OH + CO Y H + CO (R1.9a)
H+O+ M Y2+MO (R1.9b)
OH+QY HB O (R1.10)

and through formaldehyde (HCHO) photolySi®rentis and Kable, 1996; Tatum Ernest
et al, 2012)and OHoxidation(Sivakumararet al, 2003) via H and HCO adicals

HCHO+h o< 361 nmfO Y H (R1.11a)

HCHO+hga< 330 nm) Y H + HCO (R1.11b)

O



H+O+ M Y2+MO (R1.9b)
OH + HCHO Y, OHCO + H (R1.12)
HCO+QY H.GCO (R1.13)

where further oxidation of C®@ia reaction (R..9) produces additional HOOH may be

reformed from HQ@Dby reactions with @and NO (radical propagation):
HO,+OsY OH # 20 (R1.14)
HO.+ NO Y OH + NO (R1.15)

Reaction (R.15) can often be the main source of OH, especially in polluted urban
environments&ectionl.4.2.3. The photolysis of N&(a< 400 nm(FinlaysonPitts and
Pitts Jr, 2000)after productiorvia reactions (R.7) and (R..15 results in @ formation.

The conversion of HOto OH via halogen oxides (XO, where X = Br, I) is another
importart process, particularly in the marine boundary layer (e.g. Sommati
(2006)):

HO,+ XO Y HOX + O (R1.16)
HOX+h & OH + X (R1.17)

Hypohalousacids (HOX) may also be removed by heterogeneous chemistry, reducing the
efficiency of OH formation througreactions (R.161 R1.17). Figurel.1 shows that the
concentrations of OH and HQ@re closely coupled, necessitating the use of BDa
collective term. H@ may be lost through reaction with itself or other peroagicals

(termination):
HO + HO (+ M) Y ¥D2 + Oz (+ M) (R1.18)
HO.+RGQ;Y ROOH: + O (R1.19)

While the peroxide products may photolyse to produce OH, they have short lifetimes with
respect to deposition, resulting in overall loss ofiH&eactions (R.1 8 11.R9) dominate
peroxy radical lossesnd suppress dormationin regions where NO concentrations are
low, such as remote forested areas and the open d®@armadicals may also react with
themselves (selfeaction) and other ROspecies (croseeaction), to yield alkoxy

radicals, alcoholsral carbonylgOrlando and Tyndall, 2012)

Other important HQloss processes include uptake onto aerosol surfacesdiiy) as
the lifetime is OH is too short for physical loss to be significant), and the reactions of OH
with NO, NO2 and SQ, as shown ifrigurel.1l. For HO and RQ radicals, termination
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may also occuvia reactions with N@to form peroxynitric acid (HeNO»), peroxyalkyl
nitrates (R@NO2), or peroxyacyl nitrates (PANs, R(OY00,) in the case df-carbonyl
peroxy radicals (acylperoxy radicals, R(Q)Orhese species can decompose thermally
to reform peroxy radicals and NOand thus they are often referred to as radical

reservoirs.
1.2.2 Other Oxidants

The nitrate radical (Ng) is an important oxidant atght but photolysega-< 610 nm
(FinlaysonPitts and Pitts Jr, 2000yapidly duringthe daytime. NQ is formed in the
reaction ofNO. with Os and is in rapid thermal equilibrium with,®s:

NO2+O3Y NG O (R1.20
NOs+ NOz+ Mz NzOs+ M (R1.21)

where higher temperates favour the reverse reaction (dissociatior{Dd\may also be

hydrolysed to nitric acid (HN§) on aerosol particles:
N2Os(@) +HO( aq) Ys(@a® HNO (R1.22)

Unlike OH, hydrogen abstraction reactions of N\With saturated hydrocarbons,
equivalent to reaain (RL.3), are typically slow(Brown and Stutz, 2012)Addition of
NOs to unsaturated hydrocarbons, analogous to reactidnb)Ris relatively fast,
particularly for biogenic compounds such as terpgAgsnson and Arey, 2003; Ngt
al., 2017) NGz alsoreacts efficiently with aldehydes (RCHO), dimethyl sulfide (DMS,
CHsSCHs) and phenolic compoundsa hydrogen abstraction. Typical nighttime BO
mixing ratios are on the order of 10 pgBrown and Stutz, 2012NGO;s radicals are lost

efficiently to surface and react rapidly with NO:
NOs + NOY 2NO; (R1.23)

and as a result NOevels are generally lower at ground level and close to NO emission

sources

Chlorine atoms (CI) are highly reactive and may contribute significantly to the
tropospheric oxidation 0¥ OCs, particularly in marine regions owing to the abundance
of particulate chloride which results in the formation of photolabile Cl precursors such as
Cl2, HOCI andCINO.. Cl atoms may also be formed from the reaction of OH with HCI
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(Riedel et al, 2012) While CI concentratiorisare very low, ~1&1 1*0nolecule cri?
(SaizLopez and von Glasow, 2012heir reactivitiesowardsVOCs are generally much
higher than OHYoung et al, 2014) For example, the hydrogen abstraction ofsCH
proceeds about 14 times faster with Cl than (SBldnderet al, 2006),and as such ClI
oxidation contr i b wlss®lattetiallZD04; Lawleretaly 20115 | |

In polluted air CINO> may be formed whetie nocturnal NQ@reservoir NOs reacts with

chloride on aerosol particles:
N20s(g) +CI( a q )  Ya(g)GNOEQ) (R1.24)

The resultant CIN@accumulates overnight and photolyé8andeet al, 2011ayapidly

in the morning:
CINO2+h g2<400nm) Y Gl + NO (R1.25)

Reactions (R.241 R.25) represent a major source of Cl under highy@nditions, in

both marine(Osthoffet al, 2008)and continenta{Thorntonet al, 2010; Mielkeet al,
2011)regions, where CIN®Pwas measured using iodide ion chemical ionisation mass
spectrometry (CIMS). Chlorine chemistry can therefore contribute to peroxy radical
formation and hence £production in the morning, however these routes may only be
significant (in comparison to Okxidation) following elevated levels of CIN@uring

the previous nightBannaret al, 2015)

Alkenes also react with the neadical oxidant @, termed ozonolysis reactions. In the

case of propene, for example, the reaction proceeds through two bréielyes, 200Q)
O3+ CH,=CHCHsY C:BHOJ + HCHO (R1.26a)
Y CBO0 + CHCHO (R1.26b)

The products CHDO and CHCHOO are Criegee biradicals, oftemdéed as C1 and C2

Criegee intermediates (Cl), respectively. Ozonolysis reactions are orders of magnitude

slower than the radical oxidations described above, but with much higher concentrations

of Oz (tens of ppbv), these reactions can contribute sigmnificdao the overall loss of

VOCs. This is especially important in biogenic, |0i@x environments at night, owing

CH

11t should be noted that Cl concentrations have not been measured directly but inferred

from other measurements, e.g. Cl atom precursors sudh@s,@r hydrocarbon ratios
away from source regions.
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to high levels obiogenic VOG (BVOCs), for which the dominant species often contain

(di-)alkene moieties (e.g. isoprene, monoterpenes),aamil{>; and OH concentrations.

The Cls are formed with excess energy and are therefore prone to decomposition:

CHsCHOO Y CsH CO + OH (R1.27a)
Y GCHCO+H (R1.27b)
Y CHCO (R1.27c)

These reactions are another important source of pi@ticularlyat night when primary

OH production through reactions IR 7 1) and other photolytic processes are not
possible. OH production has been observed after IR excitation gLiQlst al, 2014b;
Newlandet al, 2015) The Cls may be collisionally stabilggsCl), isomerising to
carboxylic acids (RCOOH) or forming aldehydes and hydroperoxides through reaction
with water vapouior (H20)2, see below)Other routes to sCI formation include alkyl
iodide photolysis followed by oxidatiofwelz et al, 2012; Stor et al, 2013; Liuet al,

2014a) which is likely to be important in marine environmeifise reaction of OH with
CHs02 may potentially be important iremote atmospherd8ossolasceet al, 2014;
Fittscheret al, 2014) although the reaction rate comst was determined to be almost a
factor of two lower after a subsequent stgfélgsafet al, 2016) A more recent modelling

study (Assafet al, 2017)incorporating the new rate constant suggested that while the
impacts of this reaction were still sigmifint, with up to 30% decreases in {Ch
concentrations in a remote marine environment, they may have been overstated initially.
The reaction has also been suggested to be a major source of atmospheric methanol, with
an estimated overall yield of ~30@dulleret al, 2016) although more recent work does

not support thigFerracciet al, 2018)

sCls have also been suggested as important oxidants in themselves,.fan&O
potentially other specig8/lauldinet al, 2012) However, recent studies have shohait t
these impacts may have been overstatedng to fast reaction ahe C1sCl (CH-0O0)
with the water vapour dimgiChaoet al, 2015; Lewiset al, 2015) which therefore
dominatests removal in the tropospheralthoughthis reaction shows a stronggagive
temperature dependen@mithet al, 2015) Similarly, thesyn andanti-conformers of
the C2 sCI, CBCHOO, also show high reactivity towards water vapdizatjeset al,
2013; Shepst al, 2014)

However, it has been shoiHuanget al, 2015)that sCI removal by SQ@lominates over
reaction with water vapour and its dimer for ttdBnethyl substituted sClI, (GHCOO,
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under typical atmospheric conditions (§©50 ppbv relative humidity RH) = 70% at

298 K and 1 atm). This suggests that ladjesubstituted sClIs, such as those derived from
BVOCs, may still be efficient oxidants of 2@ased on relative rate studies of isoprene
ozonolysis in the EUPHORE (EUropean PHOtoREactor) simulation chamber, Newland
et al estimated a steadytate boundarlayer isoprenesCl concentration of 4.1 x 10
molecule cr? (Newlandet al, 2015) assuming isoprene and ozone mixing ratios of 1
and 40 ppby respectively, several orders of magnitude lower than typical OH

concentrations.

1.3 Measurement of HQ using FAGE

1.3.1 Overview

The most common method for the tropospheric detection of OH andadials is the
laserinduced fluorescence (LIF) at low pressure (fluorescence assay by gas expansion,
FAGE) technique, pioneered by Hard andwaarkers in 1979Hard et al, 1979. LIF

has been applied to the measurement of many other trace gases, includingNsdkyO
nitrates (after thermal decomposition to O and HCHO(Heard, 2006; Whallegt

al., 2007; Hottleet al, 2009) FAGE is a highly sensitive and selective situ
measurement technigueith OH detection limits on the order of AMolecule cri¥ for

<1 min integration tim¢Hofzumahaus and Heard, 201®hein situnature of the method

is a major advantage, as the high reactivity of OH, and to a lesser eg&temhéhns that

it is lost quickly to instrument surfaces, and concentrations often fluctuate significantly
on short spatial and temporal scales (e.g. changes irahN®DVOC levels, variations in
photolysis rates due to intermittent cloud covér)typical FAGE design is shown in

Figurel.2.

In FAGE, ambient air is expanded through a critical orifice (~1 mm diameter) into a low
pressure (0.774 Tor2)Y dk)t eeclteicotnr ocneilcl tarnadn stihtei c
pumped using amtense, high pulse repetition frequency (prf) lagégyrel1.2). Early

instruments for OH measurements used 282 nm light to exciteNfe (1 ) 3NjNj0) (

vibronic transition, so that fluorescence at longer wavelength815 308 nm, via the

(1,1) and (0,0) bands) could be easily discriminated from the more intense, laser scattered

light (Hard et al, 1984) However, this resulted in a significant interference from laser

generated OHia reactions (R.1 T ), despite the s@iantial reduction in the rate of

the bimolecular reaction (R2) dueto operation at low pressur@ll current FAGE
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Figure 1.2. Schematic diagram of a typical FAGE instrument for ground I
measuremestof OH and H@radicals. Reproduced frokenaya and Akimot¢2002)
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setups now use 308 nm light to excite thg§( 0 )3NfY)) ti@nsition, with fluorescence
alsocollected at 308 nm (eresonance fluorescence). This reduces the interference by a
factor of ~30, due to a combination of the lower®sorption crossectionand the lower
quantum yield of JQ) at this wavelengthSensitivity is also improved as the OH
absorption crossectionat 308 nm is approximatelgix times higher than at 282 nm
(Heard and Pilling, 2003)

At constant laser power, the resultant fluorescence from3aeeXcited state is directly
proportional to the OH concentration. After collimating thefioeissing, fluorescence
photons are collected perpendicular to both the laser axis and gasine(l.2) by a
detector, such as a aireel photomultiplier (CPM3},and the signal analysed by a photon

counter.The laser may cross the detection volume once (spags), or many times

1 More recently, highly sensitive microchannel plate (MCP) detectors have been adopted
by several groups.
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(multi-pass) with the use of a White cell, which improves sensitivity for a given laser
power but may incise the severity of photolytic interferences (SectloB?. A
disadvantage of eresonance fluorescence at 308 nm is that fluorescence must be
effectively discriminated against the more intense Rayleigh, Mie and wall sdditgrte

from the laser pulse, heved by temporal electronic gating of the detectdio
accomplish this, and @void damage to the detector, it is switched to a low gain state for
the duration of the laser puldgowever, some of the OH fluorescenceasegl out, as it
overlaps with the laser pulse (duration +20 ns(Hofzumahaus and Heard, 20}6)
reducing sensitivity. Two photon collection windows are used to measure the
contributiorsofd et ect or A d aolaklight (enteting througlathedbiole) to

the total signal, in order to determine the signal from OH fluorescence by subtraction.
This process is described in detail for the Leeds grdiaseéd FAGE instrument in
Chapter2.

Low pressure is required as the fluorescence lifetime of OH end&tl beyond the
duration of the laser scattered light due to an increase in the OH fluorescence quantum
yield (as a consequence of reduced collisional quenching of t#é #ate); the
fluorescence lifetime is1 ns at 760 Torrcompared to several hundred nanoseconds at
0.714 Torr (Heard and Pilling, 2003However, this is partially offset by the reduced

number density of OH at low pressures.

In FAGE, HQ is not detectedirectly but is first chemically titrated to Ota injection
of a sufficient quantity of NO immediately downstream of the pinHaigufel.2). 100%
conversion efficiency is not possible due to the competing termolecular reactio

OH + NO + M Y HONO + M (R1.28)

Conversion efficiency is also limited by incomplete mixing of NO into the inlet gas flow.
The fluorescence signal is due to the sum of ambient OH anddi@® therefore [H&)

must be determined by subtraction of the OH sigRlalorescence cells may be mounted

in series or parallel for simultaneous OH and oHf2tection, or alternatively one
fluorescence cell may be used to measure the two species sequentially, as in the case of
the FAGE setup shown iRigure1.2. In FAGE, the background is usually obtained by
tuning the excitation laser wavelengtfi-resonancef a narrow rotational transition in

OH, typically by only a few picometres, in orderdorrect the H@signals for residual

laser scatteiThese subtractions are described in detai apter2.
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1.3.1.1 Calibration

Whilst in principle it is possible to calculate the instrument resp{®sg) to [HOK]
through detailed knowledge of many instrumental paramg@teltandet al,, 1995) such
as the quamm efficiency of the detector, this is difficult in practifideard, 2006)
Instead, FAGE instruments are calibrated by adding known concensrafi@H and
HO:> to the inlet.The FAGE signals are proportional to radical concentrations:

Srox = Crox X [HOy] (E1.2)

whereCuox is the calibration factor for either OH or HQCalibration also accounts for
the losses of OH and H®@n inlet walls, which are significant due to their highly reactive

nature (particularly OH).

The most common calibration method, ahé only one currently used during field
measurements, relies on the photolysis of water vapour in a flow of humidified synthetic
(zero) air delivered directly to the instrument inlBtevenset al, 1994) The 184.9 nm
(vacuum UV) output of a mercury lgmis used to generate equal, naarbient
concentrations (~f0 1°@nolecule crtf) of OH and HQvia:

HO+hfe= 184.9 nm) Y H + OH (R1.29)
H+OQ+ M Y2+MO (R1.9b)
The concentrations of OH and KH@&re given by:

[OH] = [HO2] = [H20] * UH20, 184.9 nm* - or % F184.9 nm t (EL.3

where Oh20, 184.9 nm L on (= 1), and Fisa9 nmare the absorption crosectionof water
vapour, the quantum yield of OH from reactionl@), and the photon flux of the
mercury lampat 184.9 nmrespectivelyandt is the plotolysis exposure time in the flow
tube. Of these quantitie8zo, 184.9 nmandt on are known quantities, and §8] must be
measured (e.g. using a hygrometé@nkaso nmx t is determined indirectly by chemical
actinometry, which relies on the photolysisO, (laminar flow method Aschmutatet

al., 1994), or more recently pO (turbulent flow methodedwardset al, 2003; Faloona

et al, 2004). The assumption that this method generates equal [OH] and] [HO
concentrations was verified experimentalfucts et al, 2009; Fuchset al, 2011)
Uncertainty in FAGE measurements, with typial values of 451 50% (Heard and
Pilling, 2003; Hofzumahaus and Heard, 2Q16ems largely from the accuracy of the
flux measuremenGhapter?). FAGE instruments can also be calibrated with the steady

state OH generated from alkene ozonolysis, i.e. reesc{i@5I R26) (Hardet al, 2002;
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Dusanteeet al, 2008) However, owing to significant uncertainties in the mechanisms of
gas phase alkene ozonolysis, the accuracy of this method is much lower, ~88% at 2
(Dusantetet al, 2008)

An alternative, indirectalibration method involves following the temporal decay of a
hydrocarbon, with a known rate constant for reaction with Blss et al, 2004;
Winiberget al, 2015) From this an OH concentration can be inferred for comparison
with thatobtained by FAGEwhere the A accuracy of the alternative calibration method,
~28%, is comparable to the conventional method described .abtwe sensitivity
towards HQ may be determine(Rl accuracy ~41%in a similar manner by observing
the loss of HQvia the second order saigaction (RL.18) (Winiberget al, 2015)

1.3.2 Interferences

Recent measurements of OH and H@dicals are significantly hightethan those
predicted by models in some environments, especially those influenced by high emissions
of biogenic VOCs such as isoprepeompting intense laboratory research to explain such
discrepancies. While current chemical mechanisms are likely incomplete, it is also
possible that, at least in part, these elevated radical observations have been influenced by
instrumental biases fromterfering species. Interferences have been reported in both OH

and HQ measurements, and are summarised below.
1.3.2.1 OH interferencesi chemical background determination

As described inSection1.3.1, early measurements of OH seréd fom significant
interference due to ozone photolysiard et al, 1984) While this effect has been
reduced in going from 282 to 308 nm detection, it may still be significant, especially at
night or with the use of mulfiass laser setups (&.gp to ~4 x 16 molecule cri¥ in
(Griffith et al, 2016). Laboratory experiments conducted by Ren an@votkers using

the Pennsylvania State University (Penn State) LIF instrument showed negligible
interferences in OH detection for a range of suspectedespédO., HONO, HCHO,
HNO3, acetone and various R@éadicals(Renet al, 2004)

1 This is not always the case for HGs in some environments it has frequently been
overpredited by models. Such studies often incorporate additional mechanisms to
reduce modelled HOconcentrations, for example halogen chemistry and aerosol
uptake.

2 ~9 x 10° molecule cr¥ on average, for campaign mean=83 ppbv, HO = 1.4% and
laser power =2 mW.
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Recent LIF measurements of OH in forested environments are much higher than those
predicted by model@_elieveldet al, 2008; Reret al, 2008; Hofzumahaust al, 2009;

Stoneet al, 2011; Whalleyet al, 2011; Wolfeet al, 2011a) discussed in more detail in
Sectionl.4.22. One hypothesis is that these measurements, at least in part, suffer from
an instrumental bias due to interfering specidse usual background method in FAGE,

where the laser wavelength is scanofferesonancé r om an OHOHwavan) s, i t i
does not discriminate between ambidrg. feal) OH and either OH formed inside the

FAGE cell! or fluorescence from other specias ~308 nm.However, there isan
alternative, QHbhermi) cAlbrmebhadnf{img t he OH I
instruments. This method involsghe addition of a high concentration of an OH
scavengersuch agerfluoropropene (), just beforehe FAGE inlet. Ambient OH is

quickly titrated away by fast reaction with the scavenger,amy interference would
remainin the fluorescence signallThe use of gFs as a scrubber wdsst described by
Stevenset al, to assess the level of lasggneréed G interference, i.e. reactions (RL1.1
R1.2)(Stevenst al, 1994) CsFs is an ideal scavenger for OH in LIF instruments, as it
reacts rapidly and selectively with Okpds k = 2.2 x 10 cm® molecule! s* (Sanderet

al., 2011a), and does not contaiany hydrogen atoms that could serve as a source of
lasergenerated ONia reaction with O{D). Additionally, the presence of strongly bound
fluorine atoms suppresses radical regeneration from the4Bkadduct(Dubeyet al,

1996) Field campaigns durinwhich OH was measured using a chemical background

method are summarised Tiable1.1 and discussed below.

Observations of OH were made during the PROPHET (Program for Research on
Oxidants: PHotochemistry, Emissions and Transpdi¢ld campaign in summer 1998,
located in a mixed deciduous forest in Michig&aloonaet al, 2001) Nighttime OH
measurements were unusually high, with concentrations of ~2 mdi@cule cri¥. On

one night GFs was injected upstream of the OH detewtaxis for ~1 h around midnight,

to determine whether the measurements of OH were valid. The average OH concentration

measured during this period was effectively zeth1( + 3.0 x 18 molecule cr),

1 Reactive species may form OH inside the FAGE cell by three possible mechanisms:
thermal decompositior{promoted by the lovpressure conditions)heterogeneous
reaction (i.e. omon clusters oimlet surfaces), and photolytic (i.e. laggnerated).

2The background must also be corrected for reaction of internally generated OH with the
scavenger inside the FAGE cell.



Table 1.1: Summary of studies of ambient measurements of OH interferences, demonstrating the average contributions of the OHcaltgroucal ba

to the total OH signal.

Beijing

OHchem slope =
0.88

Study Year Location Environment Type Daytime Nighttime Notes Reference
Contribution Contribution
(%) (%)
PROPHET 1998 N Michigan Forest, isoprene dominate| Not tested ~0 Falooneet al.
(2001)
BEARPEX 2009 NE California Forest, MBO dominated | 40i 60 50 OHchem agreed Maoet al.(2012)
well with model
CABINEX 2009 N Michigan Forest, isopreneaininated | Not tested 501 100 Griffith et al.
(2013)
SHARP 2009 Houston, Texas Urban 30 50 Renet al.(2013)
CalNexLA 2010 Pasadena, Urban, downwind of LA 33 Not reported Consistent with Griffith et al.
California known G/H2O (2016)
interference
CalNex-SJV 2010 Bakersfield, Urban 20 80 Bruneet al.(2016)
California
DOMINO 2010 El Arenosillo, near Coastal, close to 50 100 Novelli et al.
HOx Huelva, SW Spain petrochemical industry (2014a)
HUMPPA- 2010 Hyytiala, SW Boreal forest, tggene 60i 80 100 OHchem agreed Novelli et al.
COPEC Finland dominated well with model (2014a)
HOPE 2012 Hohenpeissenberg Rural 201 40 100 Novelli et al.
S Germany (2014a)
SOAS 2013 near Brent, Forest, isoprene dominate| 80 >70 OHchem agreed Feneret al.
Alabama well with model (2016)
Wangdu 2014 North China Plain Rural, urban influenced 10 Not reported Tanet al.(2017)
CYPHEX 2014 Cyprus Coastal, lowNOy 45 100 OHchem agreed Mallik et al.
well with model (2018)
BEST-ONE 2016 North China Plain  Suburban, 60 kn\E of ~0 ~0 OHwave vs Tanet al.(2018)

oT
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suggesting that the high nighttime levels of OH were not due to interferences. Further,
indirect support came from the nighttime decay rates of isoprene, which could be
explained by théevels of OH observed.

The first, continuous use of a scavenger system for LIF measurements of ambient OH
took place dring the BEARPEXD9 (Biosphere Effects on Aerosols and Photochemistry
Experiment Il)field campaign in a California foref#ao et al, 2012), using the Penn

State FAGE instrument (GTHOS: Grouhdsed Tropospheric Hydrogen Oxides Sensor
(Faloonaet al, 2004). OH measurements made using the chemical me(Gels
scavengeriver e on aver agthoseamade ysing tha t&adtienal sgectral
method, and gave much better agreement with a model, as shdwgure 1.3. The
authors concluded that the interference was not laser genexsitind OHsignal scaled
linearly with laser power (on@hoton processhot quadraticallytwo-photon process)

and matched the OH laser excitation spectrum. The difference between the two methods
scaled with ambient temperature and was highly correld®éd- (0.94) with binned
medianOH reactivity, suggesting that the interference was relatB¥@C oxidation.

The same scavenger system was used during the SHARP (Study of Houston Atmospheric
Radical Precursors) campaign in spring 2009, allowing for assessmemrfgrences in

a polluted urban environment (Sectivt.2.3 (Renet al, 2013) Background signals

were on the order of ~2 x 4Molecule crf OH equivalent during the daytime (~30% of

the total OH signal), and ~6 x %@nolecue cm?® at night (~50%). The daytime
contribution of the interference was smaller than for BEARREXMao et al, 2012)

where measurements of OHwave and OHchem were both in agreement with model
predictions (within the @ measurement uncertainty of 40%). However, at night
measurements of OHchem were significantly underpredicted, and thus the levels of OH

observed (~6 x Fmolecule cri¥) cannot be explained by interferences alone.

The Penn State scavenger system was t@e@THOS measurements of OH during
another forest field campaign, the Southern Oxidant and Aerosol Study (SOAS) in
summer 2013, which took place in Alabartfeeineret al, 2016) Median diurnal
OHwave was larger than OHchem by as much as a factor oflfoung the daytime,

with peak concentrations of ~1 x®1&nd ~4 x 1&molecule crt, respectively. At night

the background signal was ~5 x*Ifiolecule cr¥, while OHchem was below the 1 h
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GTHOS detection limit (23 x 1@ molecule cr¥). Similar to the results in a California
forest (Mao et al, 2012) the model was ableotreproduce the observed OHchem
concentrations (Sectidn4.2.3. The diurnal profile of the background signal exhibited a
different shape to that of OHchem, peaking in the afternoon rather than midday, and
persisting throughdulate-afternoon and into the evening. Similarly, the background
signal behaved differently to both OHchem and the model results when binned over
isoprene and NO mixing ratios. The background decreased rapidly with increasing NO,
while the model and OHchemeasurements were virtually constant; the background and
OHchem observations both increased almost linearly with isoprene, but the gradient was

much larger for the background signal.

Similar resultso Mao et al. (2012)were reported by Novelgt al for measurements of

OH made during three separate field campaigns in forested regions of Finland
(HUMPPA-COPEC 2010 Hyytiala United Measurements dPhotochemistry and
Particles in Airi Comprehensive OrganRrecursor Emission and Concentration sjudy
Spain(DOMINO HOx 2010: Diel Oxidants Mechanisms In relation to Nitrogen Oxides)

and GermanyHOPE 2012 HOhenpeil3enberg Photochemistry ExperiméNbvelli et
al.,2014a) The scavenger wasl mjdaetdomudi (nigPla)n g
3), interfa@d to the MPIC Mlax Planck Institute for ChemisiryFAGE instrument
(HORUS, HydrOxyl Radical measurement Unit based on fluorescence Spectroficopy).
wasfound thath e background comprised 30180% of
dayti me, and as high as 601100% at ni gh
interference at high £evels see beloywand propane were used as scavengers, with no
statistically signifiant difference in performance. LIF and CIMS observations agreed
well (within combined instrument uncertainties) with intercomparison slopes
(LIF:CIMS) of 1.31 R = 0.4, poor correlatioas a result of reduced sensitivitye to

low laser power and an atjyeletector) and 0.94Rf = 0.81), for measurements made in
Finland and GermanyespectivelyThe observations of OHchem in Finland were in good
agreement with box model results (SectibA.2.3 (Henset al, 2014) Again, lagr
generated interference was ruled out. Laboratory investigations into the nature of the
interfering species were conducted, which showed that the reaction betwesr O
propene (reaction (R26)) generated high concentrations of OH even in the presgnce
propane scavengefifurel.4). More detailed experiments suggested the likely cause of

the interference was the formatiohsCls,in this casesynCHsCHOO generated from

propene anttans-2-butene ozonolysisyhich decomposthermally to produce OH after
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they are sampled into the lepvessure FAGE ce(Novelli et al, 2014b) This supports

the postulate that the interference is related to oxidation of (alk@sed) BVOCs.
However, these laboratory studies do not explain thagnitude of theobserved
background signal when extrapolated back to ambienar@ alkene concentrations
(equivalent to ~4 x 0OH at 30 ppbv @ 500 pptv propeneMeasurements using the
same instrument in Cyprus in summer 2014 showed that interfesra@cceunted for
~45% and ~100% of the total OHwave signal during the daytime and nighttime,
respectivelyMallik et al, 2018)

The datasets from HUMPRBOPEC 2010 and HOPE 2012 were further analysed to
investigate the origin of the observed interferenigaa (Novelli et al, 2017) For the
HUMPPA-COPEC campaign, conducted in a monoterporainated boreal forest in
Finland, a strong correlation was found between the OH background signal and
temperature B2 = 0.64) for an exponential fit, which is the sams the temperature
dependence of terpene emissions. Relatively strong linear correlations were observed
with Oz levels R2 = 0.49) and the turnover rates of ozonolysis reactions (T®¥R+zkene

[O3] [alkene], R? = 0.42), and to a lesser extent, missDlg reactivity & = 0.25). In
addition, the interference signal was correlated with the unexplaisf@@kproduction

rate R2 = 0.36), which is defined as the source strength from unkno@®Hsources
required to match observe@d${ concentrations (iaddition to the reaction of OH with

SO, which accounted for ~50% of the observed production rate). These results further
support the hypothesis that the interference is caused by sCls formed from the ozonolysis
of BVOCs. For HOPE 2012, correlations wetenauch weaker 2O 0. 26), whi ch ma)
be as a result of the increased anthropogenic influence at this site. However, during the
campaign, addition of SO which reacts rapidly with sCl¢§Taatjeset al, 2014)
suppressed the OH background signals to zero within noisegiimgj¢hat sCls were still

the source of the interference in this environment. In the same work, -stede\sCl
concentrations were estimated by three different approaches: unexpla8®@dHd OH
production rates, and missing OH reactivity. This yidldgerage sCI concentrations of

~5 x 10 molecule cri¥, albeit with an order of magnitude uncertainty, for both field

campaigns. The authors concluded that sCI chemistry is unlikely to have large impacts in

1 Suspected to be from sCI oxidation of 80g.,Mauldin et al.(2012)
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the atmosphere, although in certain environmg@nts boreal forests) they may contribute

substantially to the production ob8IQu.

During some of the nights of the CABINEXCommunity Atmosphere Biosphere
INteractions EXperiment009 campaign (Sectioh.4.2.9, which took pace at the
PROPHET site, a few short OH interference tests were conducted using a prototype
scavenger system interfaced to the Indiana University (IU) FAGE instry@afitth et

al., 2013) CsFs and CO were used as OH scavengers and, in additionkodia, laser
generated @interference, an OH equivalent 6fgtx 1¢ molecule cr? was observed,
accounting for 50100% of the nighttime OH concentrations, in contrast to the
PROPHET 1998 resul(&aloonaet al, 2001) No such tests were performed durthg
daytime, however.

Subsequently, an automategFescavenger injector system was added to the IU FAGE
instrument for measurements of OH during the CaiN&x California Research at the
Nexus ofair quality andclimatechangei Los Angeles) field campgn in summer 2010
(Griffith et al, 2016) While a significant background signal was observed, ~33% of the
total signal at noon, this was consistent with the known, photolytic interference from
ozone (Reactions (RI.R1.2)), as the measured and calcula@dm laboratory
calibrations) interference agreed within combined uncertainties. Measurements of OH
were also made by the Penn State group in Bakersfield in the San Joaquin Valley
(CalNexSJV), where interferences contributed ~20% and ~80% to the totsigDal at

noon and during nighttime, respectivéBruneet al, 2016) The relative contribution of

the interference to OH measurements was similar to that observed in another polluted
environment during the SHARP campai@fRen et al, 2013) but smallerthan the
contributions measured in foregidao et al, 2012; Novelliet al, 2014a; Feineet al,

2016)

Fuchset al.(2016)assessed interferences for Bwschungszentrum Julick4J FAGE
instruments in both laboratory and chamber experiments. Wwesésconducted on the
short (10 cm between sampling and detection) and long (32 cm) inlets used for-ground
based and aircraft measurements of OH, respectively. Based on the reSual®lbfet

al. (2014b) ozone and various alkenedpng with propanesaa scavenger (up to 1000
ppmv, depending on the specific test), were mixed in a flow tUbel( s) that was
interfaced to the FAGE cell nozzle. Interferences were indeed observed in these

experiments, where the magnitude of the background signal was highly correlated with
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the ozonolysis TOR, as shown kigure 1.5. However, this interference is negligible
when scaled back to ambient conditions, equivalent to ~3 ma@cule cr OH at the
maximum TORs of 1.5 ppbv'hobserved in a boreal fore@tlakolaet al, 2012) The
magnitude of the intéerence was larger for the long inlet, increased with cell pressure,
and in accordance with the resultsvtdo et al.(2012)andNovelli et al.(2014a) no laser

power dependence was observed. The background signal remained unchanged with
increasing flowtube concentrations of @ and SGQ, which are known to react rapidly

with sCls, suggesting that the interference was not caused by sCl decomposition, in
contrast to other studi€blovelli et al, 2014b; Novelliet al, 2017; Rickly and Stevens,
2018) During an U-pinene ozonolysis experiment in the SAPHIRinfulation of
Atmospheric PHotochemistry In a large Reaction char(ibar et al, 2004) chamber,

FAGE OH measurements were in reasonable agreement différential optical
absorption spectroscopPQAS, Sectionl.3.3 and modelled concentrations, but only

after correction for the interference.

Similar interference tests were conducted for the IU FAGE instrument, with the
monoterpenek-pinene b-pinene and ocimene andrs scavenge(Rickly and Stevens,

2018) Interference signals were observed at high ozone and alkene concentrations and
were correlated with the ozonolysis TOR, but were small when extrapolated back to
ambient conditions (~4 x ¥@nolecule crf OH equivalent)in agreement witlfruchset

al. (2016) Again, the interference signal was not lagenerated, and increased with inlet
length. Addition of acetic acid (G&OOH), another known sCI scaveng#érelz et al,

2014) eliminated the interference, suggesting 8@l decomposition was the source of
internal OH for the IU FAGE instrument, consistent with similar tests on the MPIC FAGE

instrument(Novelli et al, 2017)

In addition to alkene ozonolysis intermediatesichset al. (2016) reported the first
identification of an interference caused by N&dicals (Sectiod.2.2. Figurel.6 shows

the results from an experiment where onlyd@d Q (in dry synthetic air) were injected

into the dark SAPHIR chambeforming a mixture of N@ and NOs, which were
measured using cavity ring down spectroscopy (CRDS). Unexpected signals were
observed for all radical species measured by FAGE ;(iH@erferences and the
measurement of RCare discussed in the next secticem)d were closely correlated to
observed N® mixing ratios, but DOAS OH measurements were always below its

detection limit (8 x 1®molecule cri¥). The OH interference showed no dependence on
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inlet length, cell pressure, laser power, or humidity, and tlkgraund signal did not
change significantly in the presence of CO scavenger, suggesting the OH was indeed
being formed internally. However, the mechanism for this process is unclear, as it must
involve a hydrogeitontaining compound, yet this is inconerst with the absence of a
humidity dependence. It was postulated that the interference may involve heterogeneous
reactions on instrument surfaces or clusters formed in the gas expansion. Under
atmospheric conditions the interference is small but potgntsdnificant in some
environments, equivalent to 1.1 x>1folecule cr? at 10 pptv NQ. The known
interference from acetor(®litz et al, 2004; Reret al, 2004)was also quantified and
shown to be insignificant (5 x 4@nolecule cr OH at 5 ppbv acetee and 10 mW laser

power).

A prototype IPI system was used to test for interferences in the Peking University (PKU)
LIF instrument(Tanet al, 2017) during a 2014 campaign in Wangdu, a rural site in the
North China Plain (NCP). This FAGE instrument wasttby FZJ and is similar in design

to the instruments describedRochset al.(2016) and would thus be expected to behave
similarly in terms of interferences. Several tests were conducted using propane scavenger,
revealing small but significant interfences of 0.51.2 x 16 molecule cr¥,
corresponding to18B5% of the total OH signals. The largest relative interferencés (30
35%) occurred in the late afternoon and early evening, and there was no discernible trend
with OH reactivity, temperature or ming ratios of NO, isoprene and ozone (and the
product of ozone and isoprene, i.e. the ozonolysis TOR). Longer chemical modulation
tests were conducted during the BESINE (Beijing winter finE particle STudy
Oxidation Nucleation and light Exctinctionsglil campaign (Jan Mar 2016)(Tan et

al., 2018) No significant interferences were found, with an OHwave vs OHchem
intercomparison slope of 0.88 + 0.0 £ 0.80).

The results outlined above demonstrate ,trespeciallyin forested environments,
substanal improvement in modeaineasurement agreement is possible when OH
backgrounds are determined chemically, suggesting that understanding of tropospheric
oxidation processes in such regions may be better than previously tliplaghet al,

2012; Henset al, 2014; Feineet al, 2016) This is further supported by the positive

1 In addition tothe known, lasegenerated ®interferencegquivalent to ~88 x 1¢
molecule crt for the @ mixing ratios observed during each test (assumi@ 1%
and laser power =20 mW).
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identification of two new OH interference candidates in laboratory experiments, namely
intermediates in alkene ozonolysis reactions, which (Nayelli et al, 2014b; Novelli

et al, 2017; Rickly and Stevens, 201&) may not(Fuchset al, 2016)be related to sCls,

and the N@radical(Fuchset al, 2016) although for all cases the observed interferences
cannot explain the magnitudes of the OH background signals under ambient asnditio
However, it is not known whether other LIF instruments suffer the sames letel
interference, whiclarelikely highly dependent on cell design and operating parameters,
especially the residence time of air between sampling and det@dtoelli et al, 2014a;

Fuchs et al, 2016; Rickly and Stevens, 2018pifferences in chemistry between
environments will also contribute, suchN®x andOs levels which are generallijower

in tropical rainforestslue to the reduced influence of air masses of antlyepo origin.
Interferences are likely dependenttbe nature of the dominant BVQ®@hich is usually
isoprene(e.g. (Feineret al, 2016), but sometimes-thethyt3-buten2-ol (MBO) (e.g.

(Mao et al, 2012) or monoterpenesge.g. (Novelli et al, 2014a). However, it was
suggested byreiner et al. (2016) that, despite the differences in BVOC speciation
between these studies, the relative contributions of the background signal were broadly
similar, and thus interferences cannot be attribtdea particularchemical system, but
must result from chemical processes common to different forested environments.
Although, interferences have also been observed in urban enviror(René&t al, 2013;

Brune et al, 2016) with similar absolute magnitudes (albeit wiimaller relative
contributions due to higher OH concentrations), and thus it cannot be ruled out that the

interferences do indeed originate from distinct chemical mechanisms.
1.3.2.2 HO: interferencesi measurement of alkylperoxy (RQ) radicals

Addition of NO tothe ambient air flow inside a FAGE cell results in the possibility of
conversion of any R&species present to H®ia reactions (R.71 R1.8), and finally OH

by reaction (R.14). However, until recently it was assumed that while reactidri7{R
proceeds eitiently, even at the low pressures inside a FAGE cell, reactiv@) i too
slow (e.9.k?%8K chzor02= 1.9 x 10" cm® molecule! st (Sanderet al, 2011a) and
therefore would result in a negligible interference inH@easurements from RO
radicals Renet al. showed that this was indeed the case fof R@icals generated from

a range of species, including alcohols,@ linear alkanes, propene and isoprene, for the
Penn State LIF instrume(Renet al, 2004)
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In 2011, Fuchet al. showed that R¢radicals derived from some organic species lead to
substantial interferences in H@easurements at the standard operating conditions (e.g.
NO injection flow) of theFZJLIF instrument(Fuchset al, 2011) At a cell pressure of

2.6 Torr and a pinhole itth a diameter of 0.4 mm, resulting in a 2.7 ms reaction time
between NO injection and OH detection, conversion efficiencies (i.e.ROOH) o f
>80% relative to H@were reported for alkene (including isoprene) and aromatic derived
RO, species, with a slight negative dependence on water vapour mixing ratio. For the
isoprene oxidation products methyl vinyl ketone (MVK) and methacroleiGN), the
relative sensitivity was ~60%. The interference from methane and ethaneaR@mall
(<10%), but increased to ~50% for the larger-R€rived from cyclohexane. This work
showed that previous measurements had suffered from a significant imesfesgth an
estimated (modelled) positive bias of >30% in daytime observations efiihg the
PRIDE-PRD2006 (Program of Regional IntegiatExperiments ofir quality over the

Pearl River Delta, 2006ectionl.4.2.9 field campaign(Lu et al, 2012) The total HQ
concentration measured by FAGE, [H[Dmay be corrected for systematic biases from

RO; species using the following expression:
[HO'1=[HOz]  #Ur& x [RO))) (E1.4)

where [HQ] is the true H@ concentratin andUrozis the detection sensitivity (relative

to HO,) of each RQ@ radical. However, this requires laboratory determination of the
relative sensitivities of all, or at least the most significant, interfering species, in
conjunction with a detailed checal box model $ectionl.4) to calculatespeciation of

the mixture of R@species present at any given time. Fortunately, the interferences could
be reduced to below 20% by lowering the NO concentration or reaction timsifigyau
smaller pinhole) in the cell. This resulted in a concomitant decrease JrséSitivity,

due to a reduction in the rate of reaction (R14), but under most tropospheric conditions
the sensitivity would still be acceptable (i.e. detection limit @ndider of 16molecule

cmi® or less, ~1% of typical concentrations).

The chemical conversion of RGo OH described above has been exploited for
measurements of total R@= OH + HQ + RO + RQ) in the RQLIF method, first
described by Fuchs and-emrkelrs (Fuchset al, 2008) In ROLIF, ambient air is drawn
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into a differentially pumped flow tube (8n x 6.6 cm), held at a pressure of 19 Torr,
and sufficient NO (0.7 ppmv) is added downstream of the inlet to convertioROH via
reactions (RVR8) and (R4). A large excess of CO (0.17%) is also added to reduce

radical wall losses, by partitioning almost all 0@ HO; via reaction (R.9):
OH+CO+QY H3 CQO+H0 (R1.9)
as OH is lost much more quickly to instrument surfaces than HO

The outletof the flow tube is sampled by a FAGE instrumes & larger pinholge4 mm
diamete), where as usual HOs converted to OH by reaction 1R4). The relatively
long residence time (0.62 s) in the flow tube ensures hightRE0, conversion, with
similar sensitivities (limited by wall loss) for RGspecies derived from 1CCz linear
alkanes, ethene and isoprene. There were no reported interferences, exceptdoel NSO
above 20 ppbv, the accuracy w&0% (41) and for a signalo-noise ratio (SNR) of 2,
the 1 min limit of detection (LOD) was ~0.1 pptv.

The relative detection sensitivities for a limited number o RG&cies were determined
(Renet al, 2012)for the Penn State aircrafased FAGE instrumenATHOS: Airborne
Tropospheric Hydrogen Oxides Send@aloonaet al, 2004). Despite significant
interferences of approximately 60%, this had little effect on measurements diHQy

the ARCTAS Arctic Research of the Composition of the Troposplfremra Aircraft and
Satellites Sectionl1.4.2.9 field campaign, with an estimated bias of ~4%, owing to the
relatively low mixing ratios of alkene and aromatic VOCs observed during this polar

study.

Whalleyet al conducted experinms on the R@interference for the University of Leeds
FAGE instrumerg, and found that the level of interference suffered was highly dependent
on cell design and operating conditiofWhalley et al, 2013) Under the operating
parameters of the grousised FAGE instrument deployed in the OP3 (Oxidants and
Particle Photochemical Processé&ection 1.4.2.3 campaign(Hewitt et al, 2010;
Whalleyet al, 2011)in the Borneo rainforest, where OH loss was dominated by reaction
with isoprengEdwardset al, 2013) an experimental OH yield of 17% was determined
for RO, radicals derived from ethene and isoprene. This is equivalent to a positive bias

with an upper limit of 10% in HOmeasurements, predicted from model simulations of

1 The reduced pressure minimises unwanted bimolecular reactions such xas RO
recombination (reactions (RIBi R1.19)).
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the RQ species present. A new ROF cell, similar in design to that described above
(Fuchset al, 2008) gave an OH yield of 95% from ethederived RQradicals, and OH
yields from a variety of species agreed well with model calcul&tid®®; radicals
generated from large (3and cyclic alkanes had predicted OH yields that were highly
temperature dependent. Whalletyal. showed that by varying the NO flow rate, partial
speciation in R@ measurements could be achieved, between smallC{LC alkane
deived RQG and large alkane aromatie and alkenederived RQ. The Leeds ground
based RGLIF cell design and the subtractions required for partially speciated

measurements of R@adicals are described in detail@mapter 2

Lew et al. (2018)quantified tle level of RQ interference for the IU FAGE instrument,
under the operating conditions of three separate field campaigns, which are discussed in
more detail in Sectioh.4.2 The relative sensitivities (R@ HO, conversion dfciency)
exhibited a slight dependence on the instrument sampling flow, determined by the pinhole
diameter and the cell pressure, and were similar to those obtained fatiche=FAGE
instrument(Fuchset al, 2011) A wide range of R@ species were testi and, in
agreement with previous studi@suchset al, 2011; Whalleyet al, 2013) the relative
sensitivities were generally larger for R@dicals derived from alkene and aromatic
VOCs, and yields increased with carbon number for alkased R@speies. While the

RO, interference was known at the time of two of the field campaigns discussed, it had
not yet been reported when results were first published from the MILAGRO (Megacity
Initiative: LocalAnd Global Research Observations) campaign, whichagaducted in

the Mexico City Metropolitan Area (MCMA) in 200®usanteret al, 2009a; Dusanter

et al, 2009b) A box model was used to estimate the contribution of theifR€ference

during this urban study, which was ~35% on average, where dilkepé species

contributed ~51% to the total interference.

In addition to those from RQadicals, interferences from N@ave been reported in both
HO. and RQ measurements, as discussed in Secti@®.1and shown irFigure 1.6
(Fuchset al, 2016) At typical atmospheritlOz mixing ratios of10 pptv, the equivalent

HO. and RQ signals were 1 x TGand 1.7 x 10molecule crt, respectively, where the

1 This suggests that ondéroz (E1.4) for several R@species is known, others can be
estimated using a box mod@&ectionl.4.1).
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enhanced interference for R@ay be due to the addinal surface area of the ROF
flow tube (Fuchset al, 2008)

1.3.3 Other OH, HO: and RO; Measurement Techniques

Other HQ measurement techniques are not discusseetail here, but include CIMS,
DOAS, Matrix Isolation Electron Spin Resonance (MIESRand PEoxy Radical
Chemical Amplification (PERCAJHeard and Pilling, 2003)The CIMS method relies

on the OHoxidation of**SQ; to H**SQy with detection of SO, following ionisation

by NOG:; (Eisele and Tanner, 199T)otal peroxy radical concentrations ntzymeasured
using CIMS (Peroxy Radical CIMS, PeRCIMS) after conversion to OH using<MNKui

et al, 2008; Elstet al, 2013) similar to the RQLIF method Sectionl.3.2.3, speciation
between H@ and the sum (HO+ EJRray be achieved with the addition of 10 the

NO flow, at low and high NO:éxatios, respectivelfHankeet al, 2002; Edwardst al,
2003; Hornbroolet al, 2011) Background signals must be obtained by the addition of
an OH scavenger, such@®pangEisele and Tanner, 1994) NO, (Kukui et al, 2008)

A major disadvantage of the CIMS technique is that it can only be used in relatively clean
conditions (i.e. low N), as under more polluted conditions recycling of2H@®OH by
ambient NO in lhe SQ titration region becomes significant, although this can be
estimated from the scavenger addition. Typical detection limits (SNR = 2) for eurrent
generation CIMS instruments arei-31x 1¢ molecule cr for OH and ~0.085 x 10
molecule crif for HO; +  E Ra@ime resolutions of ~0i5 min, with accuracies of ~B0
45% at the @ level (Hofzumahaus and Heard, 2016)MS has also been used to detect
HO. directly with Br ionisation(Sanchezt al, 2016) and measured indirectly by the
detection of HGNO; following ionisation by T, with HO; concentrations derived from

co-located measurements of temperature and (@Benet al, 2017)

Other than FAGE, only the CIMS technidugs shown continued successraaticalfield
measurementddowever, one DOAS strumentDornet al, 1996; Brauerst al, 2001)

is still used for intercomparison purposes in the SAPHIR chamber in Jilich, Germany. A
major advantage of DOAS is that it is absolute, i.e. it does not involve external calibration,
only knowledge of the mtical path length and molecular absorption ciessionsare
required. However, DOA8annot measure peroxy radicals, and speottalevals are
complex due tahe presence alverlapping absorption featurekhe SAPHIR DOAS is

currently the most accuminstrument for measurements of OH, 14%/(gatk2it suffers



30

from a relatively large detection limit of 1.6 x®olecule cri¥ (3 min) (Hofzumahaus
and Heard, 2016)

Another, indirect method for the measurementieh + FRsQhe PERCA technique
(Cantrell and Stedman, 1982n this method, additio of NO converts H9to OH
resulting in the formation of N§which is detected (e.g. by luminol chemiluminescence,

LIF, or cavityenhanced absorption techniques such as CRDS):

HO,+ NO Y OH + NO (R1.15)
The OH is reconverted back to HBy the addition bCO:

OH + CO Y H + CO (R1.9a)
H+Q:+ M Y2+MO (R1.9b)

Similarly, in the presence of oxygen, Rfadicals result in the formation of N@nd
HO::

R+ NO Y RO + NO (R1.7)
RO+QGY RO CHIO; + (R1.8)

The above reactions represent a chaiachanism that results in amplification of NO
concentrations, as the H@rmed in reactions (R1i8.9) can go on to react with NO
(R1.15) to produce more OH and henceNDypically, ~100200 NG molecules are
produced for each initial HOnolecule, wih lower amplification factors (chain lengths)
for RO radicals(Hofzumahaus and Heard, 201Bpckground N@signals are obtained
by suppressing the conversion chemistry, either by switching the CO flow witin N
adding CO downstream of the conversiorcteg this may be performed sequentially by
flow modulation (singlechannel), or the background may be measured simultaneously in
a separate reactor (dughannel). This backgrouhdorresponds to the sum of ambient
NO2, the NQ generated from the reactiof ambient Q with reagent NO, plus any NO
formed in the reactor from nemadical sources, e.g. wall chemistry and the thermal
decomposition of HeNO. and PANS.

In PERCA, peroxy radical signals are proportional to the difference i NO
concentrations beteen the two modes/reactors and the effective chain length, which

1In singlechannel mode, background MN€ignals must be interpolated, which reduces
precision (egecially if ambient NQor Gz are fluctuating rapidly) and time resolution
significantly. The technique is thus most accurate under clean air conditions.
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must be determined regularly by calibration. The chain length is highly sensitive to
ambient RH, which introduces the need for correction and hence additional uncertainty
(Mihele and Hastie1998; Miheleet al,, 1999) However, the strength of this dependence
can be reduced if CO is switched for Aoxic ethane, although this is at the expense of
sensitivity as the chain lengths are lower ovepalbod et al, 2016) Typical detection

limits (SNR = 2) and accuraciestjfbf PERCA instruments are ~2B5 x 10 molecule

cm3 (20i 120 s) and 2545%, respectivelydepending on ambients@nd water vapour
levels(Greenet al, 2006; Horstjanmet al, 2014; Hofzumahaus and Heard, 2016)

A new, FAGEDbased technique for detection of thedOklradical, which is not currently
measured in the atmosphere, was describedrigjet al.(2017b) The method relies on
the conversion of C#D-> to CHO using NO (Reaction (R1.7)), with Liéfetection of
CHsO at arexcitation wavelength of ~298 nm, and fluorescence collection ahiédd
wavelengths of 320130 nm (offresonance detection). With an overall uncertainty of 30
34%, the method has a similar accuracy to FAGE measurements of OH andheO
detection linits (SN = 2) for CHO, and CHO were 3.8 x 1Dand 3.0 x10° molecule

cm for 5 min averages. The GB; detection limit was improved to 1.1 x&@olecule

cmi® for 1 h averaging time, which is comparable to typical atmospheric concentrations
of ~0.56 x 10° molecule cr¥, depending on environmeiitVhalley et al, 2010b;
Whalley et al, 2011; Whalleyet al, 2018) Therefore, the technique has potential for
ambient measurements of &b}, for example in low N@environments, or after further
improvements tahe sensitivity, which could achieved through a higher laser repetition

frequency and a shorter inlet.
1.3.4 Instrument Comparisons

Radicals, particularly OH, are difficult species to measure in the troposphere due their
low and highly variable concentrationsdaas such instrument comparisons are essential
procedures for quality assurance in ambient measurements. Given the uncertainties
associated with LIF interferences reported above, intercomparisons between different
measurement techniques, for example betwBAGE and DOAS, are of paramount
importance. An informal comparison between LIF and CIMS was described briefly in
Sectionl.3.2.1(Novelli et al, 2014a)

The mostrecentformal intercomparison campaign, HOomp, took placeni Jilich in
summer 200%Schlosseet al, 2009; Fuchet al, 2010; Kanayat al, 2012) HO.Comp

was a formally blind intercomparison, with 3 days of ambient Hiservatios and 6
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days of measurements inside the SAPHIR chamber. A wide range of isapicNO

mixing ratios (se&ectionl.4.2.9 were sampled and in total, 4 LIF instruments, 1 CIMS

(ambient only) and 1 DOAS (chamber only) instrument participated in the campaign. For

OH (Schlosseet al, 2009) pairwise obsentans were well correlatedf= 0. 757 0. 96)

and generally in good agreement between different instruments and methods, with
intercomparison sl|lopes of 1.01711.13 (chamber)
due to inhomogeneous sampling and calibration issues). FofRdChset al, 2010) the

Jilich MIESR instrument had failed and comparisons could only be made between

different LIF instruments. Again, good correlatiof€€ 0. 8271 0. 98) were repor
the | evel of agreement varied sigandficantl vy,
0.4612.95 (ambient). The wvariability was asso
water vapour. Additionally, interferences from R@®Buchset al, 2011)and NQ (Fuchs

et al, 2016)radicals Sectionl.3.2.3, which were not known about at the time, may have

contributed to disagreements.

An intercomparison between RIOF and the welestablished MIESR technique
(Mihelcic et al, 1985)was also conducted in the SAPHIR chamber in Jijkeithset

al., 2009) Two sets ofexperiments were performed: photooxidation of sGkhder
tropospheric conditions, to generate +#dd CHO2, and dark ozonolysis ofutene to

form HO; and GHsO2. The measurements were in good agreement, with slopes of 0.98
+0.08 (11 , 2=R.98) and 1.02 + 0.1R{ = 0.97) for measurements of H@nd the sum

of ROy, respectively.

An intercomparison of HOmeasurements using LIF and (PeR)CIMS was performed for
the ARCTAS campaign in spring 200Renet al, 2012) Overall, the concerdtions
observed were in good agreement, with slopes (CIMS vs LIF) of &89 0.72) and

0.86 R = 0.72) for OH and HQ respectively. However, a significant offset was
observed for HQ(3.9 pptv, equivalent to ~1 x @t ground level). In general, nmosf

the measurements were in agreement within combined instrumental uncertainties, of 72%
for OH and 59% for H@ (20). The CIMSto-LIF OH and HQ ratios decreased and
increased with altitude, reaching ~0.4 and ~2 above 9 km, respectively. These
discrepancies may be related to water vapour, for example the need for water i the OH
oxidation of**SQy, as they were mosevere at the low water vapour mixing ratios (<3000
ppmv) characteristic of the upper troposphere.
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CIMS and LIF measurements of OH, both using a chemical background technique
(Sectionl.3.2.), were intercompared for the SOA8mpaign in summer 201Sanchez

et al, 2017) Regression of the entire dataset yielded a slope (LIF vs CIMS) of %65 (

= 0.80), indicating an overall negative bias in LIF OH measurements, although this was
still within the uncertainty of the CIMS obs®tions (40% at@. On a diurnal basis, the
discrepancies were significant in the early morning and late afternoon, corresponding to
the times when OH concentrations were below 1 % rh6lecule cr¥. The relative
differences between the two techniques evenost severe at low NO and OH
concentrations, and high OH reactivities. The authors could not explain the origin of these

discrepancies and suggested that further evaluation was required.

Onelet al, (2017a)described the intercomparison of indirect FAB&. measurements

with those made using a direct, CRDS technique, first describethigpaudet al.
(2007) although this has not yet been used for ambient measurements diiel@ its

poor detectin | i mi t®mél€dulexmf ot 0O 30 s averaging
was performed in the Leeds Highly Instrumented Reactor for Atmospheric Chemistry
(HIRAC) chamber, allowing for an intercomparison of measurements at different
pressures. The two nids were in good agreement, with regression slopes (FAGE vs
CRDS) 0f0.836+ 0.004(10) and0.903+ 0.002at chamber pressures of 750 and 110
Torr, respectively.

1.3.5 Utility of Measurements of OH for Chemical Mechanism Evaluation

The short lifetime of OH(~=00 111 s) means that QHsnétand
affected by transport processes. Consequently, a sttaidyOH concentration is reached
within seconds in the troposphere, where OH producken)(is equal to OH losd.6H):

Pon = LoH (E1.5
Lo/ [ OH } konsin[LE = kéoH (E1.6)

wherekon+Ln IS the bimolecular rate constant for the reaction of OH with diRk€O0,
NO2, SO, VOCs etc.), anddn is the OH reactivity (inverse of the OH lifetimigy).
Pon is defined by:

Pon = PoH, primary+ K1.14[HO2][O3] + ki.is[HO2] [ N O]3iJi + PNg (E1.7)

wherePon, primary IS the rate of primary OH production through reaction$.JRR1.2),
% 3iJi accounts for the photolysis of specig¢se.g. HONO, HO,), andPNj is the rate of

t
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OH productiorfrom other chemical processes (e.g. alkene ozonolysis, reacti@7&ly.

POH, primaryis given by
POH, primary = 2f[03] X J(OlD) (E18)

whereJ(O'D) is the ozone photolysis rate (equation (E1.1)),famthe fraction of OD)
atoms that react with wext vapour to yield OH:

f = ko1p+H2dH20] / (Ko1p+H2d H20] + Ko1p+NAN2] + Ko1p+0dO2]) (E1.9)

The denominator in equation (E1.9) accounts for the total loss rateDf &pms, for
both reactive and collisional quenching (i.e. to théPD(electronic sta) processes

neglecting loss to other, less abundant trace gases.

As long as the steagbtate assumption is valid, the OH concentration can be calculated
using measured concentrations of all (lerlgved) speciesthat contribute to OH
production and losonsidering OH reacts with the majority of trace gases present in
the atmosphere t iis difficult to measure alkinks (n) individually, but recently
measurements of the total OH loss r&i®H, have proved valuable as an integrated
method to test olknowledge of OH loss pathwayS€ctionl.3.6.

The equations above describe the photostationary sgtatty (PSS) approach to the
calculation of OH concentrations. Similar steatigte expressions may be derived for
HO>, butthis is more complicated than for OH, as it has many more known sources, and
its seconebrder selreaction must also be taken into account (€grslawet al, 1999;
Whalleyet al, 2018). Consequently, HOand other radical concentrations are normally
calculated using a box model approach, with a more detailed chemical mechanism
(Section1.4.7).

Comparison of modelled and measuradicalconcentrations allows us to evaluate the
performance of the chemical mechanism usélivithe model. Disagreement may result
from inaccurate parameterisation in the model, for example errors in rate constants and
product branching ratioer because of unknown radical sources and shlksrnatively,
disagreement may arise due to a latk®located supporting measuremeatknown

radical sources and sinker if some species are measured incorrectly (e.g. due to
interferencesSectionl.3.2. Modelling approaches and the comparison of modelled OH

and HQ concentrationgo field measurements are discusse8eaationl.4.
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1.3.6 Measurement ofOH Reactivity

It is estimated that 0 1°@rganic compounds have been measured in the atmosphere,
but this number may only be a small fraction of the number of compounds actually present
(Goldstein and Galbally, 2007As discussed i®ectionl1.3.5 it is difficult to measure

the concentrationef all species that contribute to OH loss, but the total OH reactivity,
kéH, may be measured instead. Measuremeni€xpfmay be compared to calculated

and modelled OH loss rates to allow insight into the extent of missawjivity, i.e. the
contribution of unmeasured VOCs to OH loss rate. This contribution may be substantial,
for example during the OP3 campaign, approximat@®dp of the measured OH reactivity
could not be accounted fby calculationsising celocated masurements of VOCs and
other OH sinks(Edwardset al, 2013) where unmeasured intermediates (BVOC
oxidation products generated in the model) contributed ~50% of the calculated reactivity
Models help to identifythe major unmeasurespeciesthat contribue significantly to
missing reactivity, and hence measurements of OH reactivity serve as a guide for which

species should be measuredtinely in field campaigns.

Three methods have been widely reported in the literature for the measurerki@nt of
and arebriefly described here. The first measurements of OH reactivity were reported by
Kovacs and Brune, using the flow tube with sliding injector techr(i§aeacs and Brune,
2001; Kovacst al, 2003; Inghanet al, 2009; Edwardst al, 2013) This method riges

on the LIF detection of OH following the injection of artificially high concentrations of
OH into a flow tube sampling ambient gifon can be extracted from the psetfist-

order decay of the OH signal as a function of reaction time, varied bygithe injector
position and hence residence time of OH in the flow tube before detection. Similarly, the
laser flash photolysis pump and probe techni@ifepter 2 also relies on LIF detection

of OH, but here the 266 nm laser photolysis (pump) ofsQused to generate Oida
reactions (R.1i R1.2), and the OH signal decay (probe) is then observed in real time
(Jeannerekt al, 2001; Sadanagat al, 2004) Finally, the comparative reactivity
technique, which does not employ FAGE, is used to measise indirectly by
monitoring the change in concentration of a reference compound (pyrrole) in the
presence of ambient and synthetic air exposed to high concentrationq 8frbeet al,

2008)

1 For example using proton transfer reactinass spectrometry (PTRS).
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1.4 HOx Measurements and Model Comparisons

The inherently complex mare of the atmosphere means that numerical models are
routinely used in atmospheric chemistty simulate the multitude of physical and
chemical processes occurring simultaneously. Comparisons of model simulations to
observations allow us to assess therent state of our knowledge of atmospheric
processes. Models may also be used to predict future trends, for example the effects of
changing emissions of various pollutants on greenhouse gas concentrations and hence
their contribution towards radiative fang. The international societal response to the
pertinent issues of climate change and air quality is guided by model simulations, and as
such models must be sufficiently accurate to allow us to confidently predict the success

of mitigation strategies toavds these issues.

Models in atmospheric chemistry varytime complexityof their treatment of different
atmospheric processésom 3Dglobal chemistryclimatemodelsthatsimulate radiative
anddynamic (transport and mixingffects in detail wittsimplified chemical processes,
through to zero dimensional box moddieat neglect physical processes (other than
deposition) and instead focus on chemistry. The tcdfiéor reduced complexityfor
example by reducing the number of species in a zero dimeh&ior modeljs that the
model simulation becomes less computationally expensive (i.e. model outputs are
generated more quickly). The short lifetimes of OH and: iH@an that the physical
processes of mixing and transport emsentiallybe neglected, ana zero dimensional

box model, with sufficient chemical complexity, is adequate to modek HO

concentrations.
1.4.1 Box Model Mechanisms

Box models used for the calculation oddical concentrations require inputs, or
constraints, in the form of physical paramstéemperature, pressure, photolysis rates)

and chemical concentrations of leliged species (€ H20O,NOy, VOCs etc.). The model

then calculates concentrations computationally by solving the sets of kinetic differential
equations which determine the mtef transformations between species. Often, many
intermediate species (e.g. OVOCs) are not measured, but their concentrations can be
estimated in theumodperbypydusiwhgra fHispi model
several days until their conceations are approximately equal from one day to the next

(diurnal steadystate). Similarly, measurements of OH reactivity can be used to constrain
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a model when supporting measurements of VOCs and other sinks are not available. A
particularly useful tool ibox models is the ability to perform rate of production (and
destruction) analyses, which orders the relative importance of different prod(@tmn

los§ mechanisms for a given specgieise. to assess the budgets controlling its

concentration

An exampé of a chemical mechanism that can be incorporated within a box model
framework is the Master Chemical Mechanism (MCM), developed in L(&Exdsdergt

al., 1997; Jenkiret al, 2003; Saunderst al, 2003; Blosset al, 2005a; Jenkiret al,

2012; Jenkiret al, 2015) The MCM (current version: MCMv3.8)s a neaexplicit
chemical mechanism, incorporating thousands of speetd®0)and reactiong-17 000)
involved in the complex ggshase tropospheric chemistry of 143 primary emitted VOCs.
However, manyparameters in the MCM, such as rate constants, branching ratios and their
dependence on temperature and pressure, have not been determined experimentally. This
limitation is overcome by using parameterisations predicted from structure activity
relationshps (SARs). Another chemical scheme commonly utilised in box models,of HO

is the Regional Atmospheric Chemical Mechanism (RAGBockwell et al, 1997;

Goliff et al, 2013) which is a reduced chemical mechanism that includes 119 species
and 363 reacti®1 Recently, Reret al compared the results @ke photochemical
mechanisms, including MCMv3.1 and RACM2, to Hi@easurements made during the
SHARP (Study of Houston Radical Precursors) campaign in spring (ZF¥®et al,
2013).While all 5 mechanismgenerally reproduced the measuredktiels, the MCM
resulted in the best agreement with observations gfd@t€rmined using the OHchem
method(Section1.3.2.).

Within 3D global chemistrglimate models, the chemical scheniesd must be vastly
reduced in complexity, to mitigate the computational expense of simulating dynamic and
radiative processes on a global scale. Emmerson and Evans compared six reduced
chemical mechanisms, commonly used in global modelling studies,saglagnear

explicit MCMv3.1 within a box model framewoEmmerson and Evans, 200&)was

found that in general, the mechanisms agreed well for simulations of ©&hdONQ

under polluted conditions, and clean environments with low VOC loadings, lubttex

significant differences in biogenic environments.

1 http://mcm.leeds.ac.uk/MCM/
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1.4.2 HOx MeasurementModel Comparisons in Different Environments

A summary ofthe most recentomparisons of modelled H@oncentrations to field
observations is given below, separated by the type afimeghere measurements were
made. For details of comparisons @arlier field campaigns, and for a more
comprehensive discussion of observations in polar andgeliaied environments, the
reader is referred to the reviewsHdard and Pilling (2003ndStoneet al. (2012)

1.4.2.1 Remote Marine and Coastal

The marine boundary layer (MBL), which accounts for a substantial fraction (71%) of the
atmospheric boundary layer, is characterised by clean air with generally low
concentrations of NOand VOCs. DaytiméiOx observationdiavegenerallybeenwell
reproduced in remote marine regiofStone et al, 2012) although there is still
considerable uncertainty surrounding nighttime xyHfBemistry. Inclusion of halogen
chemistry can be key to reproducing radical concgatrs, since XO (X = Br, ljadicals

act to convert HQ to OH (via hypohalous acids, HOX, séegure 1.1). Model
comparisons to HOmeasurementfom selected field campaigns both remote and

coastal MBL environmentare summased inTablel.2 and discussed below.

The Southern Ocean Atmospheric Photochemistry EXperiment (SOARPEKeld
during the austral summer of 1999 at Cape Grim in Tasmania, Australia, allowed for an
assessment of radical chemistmyder baseline conditions, characterised by extremely
low mixing ratios of NO (<R3 pptv) (Creaseyet al, 2003; Sommarivat al, 2004)
Measured OH concentrations exhibited a strong linear correld®on (.90) with the

rate of primary production (Eqtian (E1.8), Reactions (RI.R1.2)), while HQ
observations were proportional to the square root of this production rate, as expected
under such low NO condition€rease)et al, 2003) Steadystate calculations of OH,

with primary production as the sol@H source and loss to GHand CO only,
overestimated maximum daytime concentrations by ~20%. An MCMv3.0 model
constrained to measurements of 28O and 17 VOCs agreed with a simplified model,
constrained to CHand CO only, to within 510% (Sommarivaet d., 2004) The full

model overestimated OH measurements biy20%, and HQ observations by ~40%,
although agreement for H@ould be reached with inclusion of hetereogeneous uptake
(usingaHo2 = 1). For the one day with DOAS measurements o&v@ilable (maximum

of 0.8 pptv observed), modelled OH concentrations increased by ~10% while\¢{3

decreased by ~10%.



Table 1.2. Summary of selecteHO measurementnodel comparisons in remote marine and coastal environments. All measurements were made using

the LIF technique®Unless otherwise statetROx measured using PERCA.

Campaign  Month(s), Location Platform  Marine OH HO,
Year Environment Type
Measured Model Agreement Measured Model Agreement
3(10° cm?) 3(10°cmd)
SOAPEX2 JanFeb, 1999 Cape Grim, NW Ground Remote 3.5 (average 10i 20% overprediction 2 (average maximum) ~40% overprediction
Tasmania, maximum)
Australia
NAMBLEX  July-Sep, Mace Head, Ground Coastal, strong 3i 8 (noon) Agreement within 25% 0.9/2.1 (noon) Overpredicted by up to a factor of
2002 Ireland halogen influence
INTEX-A JulAug, 2004 N Americaand W  Aircraft Remote ~0.25 pptv up to 6 Median measuremeitd-model Decrease with altitude Median measuremeid-model
Atlantic Ocean km, ~0.86 pptv at2  ratio of 0.95 from ~30'8 pptv for@  ratio of 1.28
km 12 km ~3 fold underprediction at 11 km
INTEX-B Mar-May, Pacific Ocean Aircraft Remote ~2upto12km,no  30% overprediction below 4 km, | Decrease with altitude Agreement within ~10%
2006 trend withaltitude good agreement above 4 km from ~3.50.8 for 012
km
"O0MPH Mar 2007 S Atlantic Ocean  Ship Remote Upto~6 Agreement within ~10% during Up to~4 Overpredicted by up to ~40%
daytime (reduced mechanism) (reduced mechanism)
RHaMBLe  May-Jun, Cape Verde, Ground Remote ~5i 6 (noon), upto 9 Agreement within 20% ~2i 3 (noon), up to 6 Agreement within 20%,
2007 Atlantic Ocean underpredicted in first half of
campaign and at night
®DOMINO Nov-Dec, El Arenosillo, near Ground Coastal, close to Upto~4in Reasonable agreement usinga | Upto ~1.5in Agreement around midday,
2008 Huelva, SW Spain petrochemical continental air, ~2.5  reduced chemical schemeina | continentakir, ~0.75in  significantly underpredicted in
industry in marine air mixed-layer model marine air morning and afternoon
~2.513 total RQ, up ~50% underprediction of nighttime|
to ~20 at night RO,
SOSs FebMar, Jun, Cape Verde, Ground Remote 9 (midday maximum) Agreement within 10%, but 52% | 4 (midday maximum)  Agreement within 26%, within 21%
Sep, 2007 Atlantic Ocean overprediction when constrained when constrained to halogens
to halogens
CYPHEX Jul 2014 NW Cyprus Ground Coastal 6 (midday maximum) Agreement within 10% 6 (midday maximum) Agreement within 17% on average

6€
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The North Atlantic Marine Boundary LayerXiperiment (NAMBLEX) took place at

Mace Head, on the Atlantic coast of Ireland, in summer Z6@ardet al, 2006) In
general, Mace Head is characterised by excegiiprtlean air conditions, where air
masses arriving at the site have frequently spent five days travelling over the Atlantic
Ocean, and thus it may be considered to be representative of Northern Hempisphere
background conditions. In addition, seaweed bexisosed at low tide represent a
significant source of halogerontaining species such asCHl, and CHBg (Carpenter

et al, 1999; Carpentest al, 2003; McFigganst al, 2004)

For NAMBLEX, asteadystate model was able to reproduce the OH measutsméth

a diurnally averaged measureméminodel ratio of 0.96 + 0.35, although there was a
systematic tendency to underpredict in the early morning and late afternoon, and
overpredict around middamithet al, 2006) A cubic equation used to calcidat O,
concentrationsverpredicted them by a factor of 3.22 + 0.69, which was reduced to 1.87

+ 0.61 after inclusion of halogen chemistry and heterogeneous loss processes. Increasing
IO concentrations by ten times the measured DOAS levels, to reflecbrtieahce of

the intertidal region as an iodine source over the DOAS light §&thzLopezet al,

2006) further reduced the overprediction to 1.29 + 0.36.

The impact of 10, which was measured during NAMBLEX, onzidGncentrations was
also investigatetyy Blosset al. (2005b) Under low NQ conditions (<50 pptv NO), up

to 40% of HQ was lost to 10 (Reaction (R1.16)), for daily maximum IO mixing ratios of
0.814.0 pptv (averaged over the DOAS light path). In addition, it was found that up to
15% of OH coull be formed from HOI photolysis (Reaction (R1.17)) at midday. While
BrO could not be measured with 10 simultaneously, due to their different spectral
windows, up to 6.5 pptv was observed. Although BrO reacts more slowly withhd®

IO (by a factor of 3.&t 298 K(Sandeet al, 2011b), and the photolysis rate of HOBr is
4.5 times slower than HOI, thus reducing the rate of HOOH conversion, it§aster

heterogeneous loss relative to photolysis increased the total loss bfyHfnost 60%.

A more compehensive comparison of measured and modelled OH andddfing
NAMBLEX was presented b§ommariveet al.(2006) concentrating on clean days that
were characterised by westerly and navissterly back trajectories and low N{@vels
(<30 pptv NO and 6080 pptv NO&). A time series of measured OH and HO

concentrations along withiarious model scenarios for a six day clean period is shown
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Figure 1.7. Observed (yellow markers, fiztandard deviation) and modelled (lines and markers) OH (left) andrigBt) concentrations during
six day period of the 2002 NAMBLEX campaign. The various model scenarios correspond to different levels of complexity-(balistrained tc
OVOC masurements; io = constrained to halogen measurements; hetohedncreased from 0.006 (at 298 K) to the maximum theoretical v
of 1; het_hoi =01 decreased to from O(8Vachsmuthet al, 2002)to 0.06(Mdéssinger and Cox, 2001)Taken fromSommarva et al. (2006)
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in Figurel.7. The MCM (v3.1) base model was able to reproduce OH concentrations to
within 25%, but HQ was overpredicted by a factor of ~2. Addition of OVOCs
(acetaldehyde, acetone and methanol; note, HCHGtr@aned in all model scenarios)
improved the model agreement for OH and H@emonstrating their importance as
radical sources and sinks. Further improvement was gained after constraining the model
to DOASmeasured 10 and BrO, and inclusion of a detadlestription of heterogeneous

loss processes, taking into account bothgesse diffusion and mass accommodation;
these additions resulted in increases in OH of up to 15% and decreasesahupQo

30%, as shown irFigure 1.7. The radical concentrations were sensitive to the uptake
coeffecients used for HOHOBr and HOI. Increasing the HQptake coefficient to its
maximum theoretical value of unity reduced H&dd OH concentrations by up to 40%

and 30%, respectively, while deasing the HOI uptake coefficient by an order of
magnitude had a negligible impact on H®5%) but increased OH concentrations by up

to 15%. However, inclusion of both heterogeneous and halogen chemistry was still
insufficient to reconcile the radical msurementsHigurel.7), unless it was assumed that

IO concentrations were an order of magnitude greater than those measured by DOAS, to
account for the inhomogeneous distribution of halogen species across the DOAS light
path (asuggested bgmithet al.(2006) based on the evidence providedSajzLopez

et al. (2006).

Elevated HQ concentrations ofiB3 x 10 molecule crf were observed on the one night

of the NAMBLEX campaign with nighttime HQlata availabléSommariveet al, 2007)

while OH levels were always below the instrumental limit of detection (6' mblecule

cm3, 20 s). An MCM (v3.1) model overestimated HEGoncentrations by 3@0%,
although this was within the instrumental uncertainty of 50% and in better agutebare

the daytime result¢§Sommarivaet al, 2006) PERCA measurements of total peroxy
radicals (HQ + FEJR @ere reproduced to within 180% in general, although the
agreement was more variable and there was a tendency to underestimate the observations.
A base model run, constrained only to inorganic species and physical parameters,
underpredicted Hoand HQ +  E Rd®@monstrating that VOCs rather than CO and CH
were the main peroxy radical sources. The ozonolysis of light alkenes maintained a slow
butsteady source of OH, which was compensated by the slow removal of radicals through
the reaction of OH with N@and peroxy radical selfand crosseactions. The model

underestimated DOAS NQconcentrations by factors ofi 50 or more, but were in
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reasonableagreement with CRDS measurements, typically to within588 with a

tendency towards underprediction.

Flights over the western Atlantic Ocean (as well as continental North America) were
conducted as part of thBtercontinentathemical Transport KEperimentA (INTEX-A)

field campaign, in summer 200&ingh et al, 2006) during which the Penn State
ATHOS instrument was mounted -tward the NASA D& for measurements of OH
and HQ (Renet al, 2008) In general, modelled HQoncentrations (NASA Langley
Research Center (LaRC) box mod€rawfordet al, 1999; Olsoret al, 2004) were in

good agreement with observations, with median measurexmemdel ratios of 0.95 and
1.28 for OH and HQ respectively. However, the model success fos sttowed a strong
dependence on altitude, with agreement within ~20% below 8 km, but a factor of ~3
underprediction at 11 km. NO mixing ratios were also elevated in this altitude bin,
suggesting that an unknown K€burce of convective origin was missing from the model.
Themajor HQ sources were also altitugiependent, with primary production (Reactions
(R1.111.2)) and HCHO photolysis dominating at low (<7 km) and high altitudes,
respectively. Similarly, the major HQoss processes were H® RO, self-reactions at

low altitudes (<8 km), but above this level the reactions of OH with NO and NO

dominated.

A second aircraft campaign, INTER, took place over the Pacific Ocean and the Gulf

of Mexico during spring 200§Singh et al, 2009) providing the first airborne
measurerants of OH reactivitfMao et al, 2009) Again, instruments were housed-on
board the NASA D@3, and the LaRC box model was used to simulate radical
concentrations. NO concentrations were generally less thafl mblecule cr,
equivalent to 41 pptv at gnad level. While modelled HOconcentrations were in
excellent agreement with ATHOS measurements, OH was overpredicted at low altitudes,
by ~30% below 2 km. The overprediction of OH coincided with underpredictions of OH
reactivity (~20% missing on averagahd HCHO (not constrained in the model),
suggesting that the discrepancy was related to unmeasured, highly reactive VOCs that
form HCHO as an oxidation product. OH formation was dominated by primary
production (Reactions (R1.1.2)) at low altitudes (~60%elow 2 km), and recycling

from HO; (Reactions (R1.14) and (R1.15)) at high altitudes (~70% iat2Lkm). OH

was lost mainlyia reactions with CO (~60%) and OVOCs (~15%).
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The OOMPH (Ocean Organics Modifying Particles in both Hemisphet@pampaign
took placeover theSouthernAtlantic Ocean in March 200{Beygi et al, 2011) In
general, the air masses encountered were representative of pristine background
conditions, during which average N@ixing ratios of ~13 pptv were observed, among
the lowestever recorded in ambient air. OH and Hf@ncentrations measured using the
MPIC HORUS instrument were well captured by the condensed, sttatgyMECCA
(Module Efficiently Calculating the Chemistry of the Atmosphdrex modelKubistin

et al, 2010) Andysis of Leighton ratios, a measure of the deviation from theN@2

O3 PSS(Leighton, 1961) suggested the presence of an unknownt®®O, oxidant
under low NQ conditions that, based on PERCA measurem@resenet al, 2006) may
also have played a ®in RQ chemistry. Halogen monoxide and DMS chemistry were
ruled out as the source of this discrepancy due to their low modelled (e.d., Byptv)

and measured (DMS ~ 50 pptv) concentrations.

OH and HQradicals were measureder the tropical Atlanti©cean using theniversity

of Leedsgroundbased FAGE instrument (Chapter 2) as part oRbactive Halogens in

the Marine Boundary Layer (RHaMBLe) campaigmich took placet the Cape Verde
Atmospheric Observatory (CVAOYuring summer 2007(Whalley et al., 2010b)
Although the CVAO is located on the island @oSVicente, 500 km off the west coast

of Africa, it is considered to be a remote marine site due to the predominant influence of
clean air arriving from the North Atlantic, at least during spand summe(Leeet al,

2010) Unlike for NAMBLEX, the site is not influenced by halogen emissions from
seaweed beds, but there is a source of reactive bromine through sea salt aerosol chemistry
(Keeneet al, 2009) A box model incorporating the MCMv3.Wjth additional halogen
chemistry and heterogeneous loss processes, was able to simulate the observed OH
concentrations within thellmeasurement uncertainty of 20%. However, while the model
captured the Heobservations within 20% during the later stages of the projectyd®
significantly underestimated by 39% during the first part of the campaign. It was
suggested that elevatedncentrations of HCHO, which was not constrained in the model,
during the first part of the campaign may have accounted for most of this discrepancy.
Similarly, nighttime HQ was significantly underpredicted, but this could be resolved
with the inclusiorof 100 pptv of PAN, which was not measured during the campaign but
could have been entrained from cooler air aloft before thermally decomposing in the
surface layer (to form H&via subsequent acetylperoxy radical chemistry). The dominant

source of OH wagprimary production (Reactions (R112), 76%), with small but
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significant contributions from the photolysis of the hypohalous acids HOBr and HOI
(Reaction (R1.17), 13% total), while it was lost mainly to reactions with CO (Reaction
(R1.9a), 28%), acetaltdgde (25%) and CH(~15%). For HQ, the major sources were
the reactions of OH with CO (41%) and of &MHwith O, (16%), and its loss occurred
mostly through crosseactions with R@radicals (Reaction (R1.19), 40%) as well as
aerosol uptake and surface dsjpion (23%total). In addition, despite low levels of the
halogen oxides BrO and 10, with maximum observed daytime mixing ratios of 2.5 and
1.9 pptv, respectively, they accounted for 19% of the instantaneopbK)(Reaction
(R1.16)).

The Seasonal Oxaht Study (SOS) at the CVAO over the course of 2009 showed that
~70% of the variation in OH and HQ@oncentrations could be explained by diurnal
behaviour, with the remaining 30% due to changes in air (Vassghanet al, 2012)

High summer OH and H{xorcentrations were reported, 9 x®Hhd 4 x 1& molecule

cm3, respectively, approximately double those seen in winter, and pé@sisted
throughout the night at ~1@nolecule crrf. Measurementmodel comparisons for SOS
were presented b$toneet al. (2018) An MCMv3.2 model was able to reproduce the
diurnal trends and absolute levels of OH (model vs obs. slope =RE.89.49) and H@

(slope = 1.26R? = 0.77), although inclusion of halogen chemistry (X = Br, ) resulted in
the overprediction of OH by aétor of ~1.5 at noon (through reactions of XO with,HO

and the subsequent photolysis of HOX). A GECi8&m model could reproduce radical

diel profiles, but overpredicted their concentrations, which may relate to missing oceanic
OVOCs such as formic aciillet et al, 2015) In comparison to the MCM, inclusion

of halogen chemistry had the opposite effect on OH concentrations, since XO chemistry
acted to reduce ozone concentrations and therefore the rate of primary OH production
(O'D + H:0), highlighting te different timescale effects of the two model approaches.
Primary RQ production dominated by'D + H.O (~83%) with some contribution from
HCHO photolysis (~10%), while RQoss occurred at roughly equal rates through HO

+ CHsO:2 (~23%), HQ heterogeneousptake (~21%), and HGelfreaction (~19%).

In contrast to the studies described above that were conducted mostly in remote marine
environments, the DOMINO (Diel Oxidant Mechanisms In relation to Nitrogen Oxides)
field campaign, which took place at a sta site in southwest Spain in autumn/winter
2008, was influenced by air from three major wind sectors: wrizhrstrial (mostly

petrochemical), continental (passing over central Spain) and n{Siirteaet al, 2012)
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Measurements of OH, HGnd OH reactity were greater for the urbandustrial and
continental sectors; observations of OHchem at the same site in 2010 showed that OH
interferences were of a similar magnitude for both of these sectors, contributing
approximately 50% and 100% of the totayjrsal during day and night, respectively
(Novelli et al, 2014a) A case study was performed for one of the days of the campaign,
where a mixedayer model, coupled to MOZART (Model forZone And Related
Tracers) and a reduced chemical scheme, was usedu@a®boundary layer dynamics

and radical concentrationg¢van Stratumet al, 2012) The MOZART scheme
underpredicted OH while the reduced scheme gave good agreement, within ~10% during
the daytime. However, measurement interferences were not accoomtieat f if similar
between the 2008 and 2010 campaigns, would likely bring the measured OH
concentrations closer to the MOZART predictions, which were ~50% of the
concentrations obtained using the reduced chemical scheme during the daytime. In
contrast, HD> concentrations were in good agreement with MOZART simulations around
midday, but substantially underpredicted in the morning (NO +00L5 ppbv) and late
afternoon (NO < 0.05 ppbv), while the reduced scheme generally overestimatéoyHO

up to ~40%),although again interferences were not taken into account. Total peroxy
radical (HQ + FEdJR&@ncentrations were also measured using PERCA, with higher
levels of peroxy radicals observed during the nighttime of up to 2 mbcule cr?
(AndrésHernandezet al, 2013) Nocturnal periods of elevated peroxy radical
concentrations were associated with the arrival of VOC plumes from industrial emissions.
Using a PSS model based on the Leighton (agoghton, 1961)~50% of the observed
nighttime peroxy radals could be accounted for with N€hemistry, with the remainder

likely formed from the ozonolysis of unmeasured VOCs.

The CYprus PHotochemistry EXperiment (CYPHEX) of summer 2014 was characterised
by highly processed marine air masses, with low NO miratigs (<100 pptv) and little
influence from local anthropogenic and biogenic emisgibtalik et al, 2018) OH and

HO: observations were in good agreement (within 10% and 17%, respectively) with a
MECCA-based box model, although H@as underpredictedy up to 38% at high
monoterpene mixing ratios (>80 pptv)+ H.O was the main daytime OH source
(generally >45%), with HONO photolysis important in the early morning (12% daytime
average), while the main OH sinks were CO (35%) and (TH%).
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Field meaarements of OH and HQradicals in the MBL have shown that in general,
models are capable of simulating the observed concentrations to within ~30% or better.
The majority of studies were characterised by clean air masses with low NO mixing ratios
(Sommaria et al, 2004; Hearcket al, 2006; Maoet al, 2009; Whalleyet al, 2010a;

Beygi et al, 2011; Vaughart al, 2012; Malliket al, 2018) where observed OH and

HO. concentrations were generally in the rangé8-8 1¢ molecule cr? and ~14 x

10® molecue cm®. Radical production is normally dominated by the reaction'Bf@ith

water vapour, but HCHO is often an important primary radical sdfrepet al, 2008;
Stoneet al, 2018) Similarly, owing to low primary VOC levels, OVOCs can account for

a sgnificant proportion of OH reactivitySommarivaet al, 2006; Maoet al, 2009;
Whalleyet al, 2010a; Stonet al, 2018) HO« chemistry was shown to be sensitive to
halogen chemistry in some studi@osset al, 2005b; Stonet al, 2018) particulary

the partitioning between OH and H®&ince BrO and IO radicals act to convert HO

OH. Heterogeneous uptake of EHONn aerosols can be a significant HIOss route
(Sommarivaet al, 2004; Sommarivat al, 2006; Whalleyet al, 2010a; Stonet al,

2018, but considerable uncertainty surrounds the treatment of heterogeneous processes
such as in the parameterisation of uptake coefficiemis?)( which are often set to

unrealistically high values to achieve measurernendel agreement.
1.4.2.2 Biogenic,Low NOx

BVOC emissions play an important role in atmospheric chemistry and the climate system
(Pacificoet al, 2009) Isoprene is the dominant VQibbally in terms of emissions, with
annual emi ssion est i ma(Araethetalf 2008untétly f®d 0 T g
tropical forests but with smaller contributions from temperate and boreal forests, the latter
of which is also an important sourcermabnoterpenes. Thus, detailed knowledge of the
atmospheric chemistry of isoprene is of paramount importance for understanding its
effects upon air quality and the Earth system. This is especially true considering that
isoprene emissions are mostly in regiomportant fonetglobal CH; loss.

Isoprene is highly reactive towards radicals, with a lifetime with respect tox@itdtion

of ~1.7 h(for OH = 1.6 x 1&molecule cr¥), due to the presence of conjugated double
bonds(Wayne, 200Q) Global model simul#gons predict substantial depletions of OH
concentrations in tropical forest regions, owing to their high emissions of isoprene, as

shown inFigure 1.8. However, recent measurements in such environments have shown
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Figure 1.8: GEOSChem model simulation of OH concentrations in the lowest 3(
of the atmosphere for July 2005. Black circles show regions where OH is deplet
to high BVOC emissions. Taken froedwards (2011)

substantial model underpredictions in H@oncentrations, discussed below and
summarised iffTablel1.3).

OH and HQ were measured by LIF in Rishiri Island, Japan, in September(R@0Zya

et al, 2007b) While compasons to a RACM box model showed generally good
agreement for OH, within 5% during the daytime when constrained to tH€e was a
tendency for underprediction at low NO levels (<100 pptv). In contrast, daytimevakO
overpredicted by 89% on averagedamderpredicted at NO levels above ~800 pptv.
While isoprene levels were not reported, it only contributed 8% to modelled OH reactivity
as OH was lost mainlyia reactions with CO and CHHowever, total monoterpene
mixing ratios reached up to ~1 ppbvdaexhibited correlations with nighttime OR?(=
0.39)andHO; (R? = 0.60) observations.

LIF observations of HOover the Amazonian rainforest were made during the GABRIEL
(Guyanas Atmosphere Biosphere exchange and Radicals Intensive Experiment with the
Learjet) campaign in 2008utler et al, 2008; Lelieveldet al, 2008; Kubistinet al,

2010; Martinezet al, 2010) Simulations using various box models including the
condensed MECCA box model, with MCM and MIM (Mainz Isoprene Mechanism)
chemistry, showedubstantial underpredictions in both OH and.HDhe degree of



Table 1.3. Summary of selected H@neasurementmodel comparisons in low NObiogenic environments. NO andHs mixing ratios given as mean,

ranges or upper limits where approprig®@ABRIEL results correspond to concentrations measured in the boundary layer over the forest.

Campaign Month(s), Location Platform Measurement NO (ppbv)  CsHsg OH HO,
Year Technique (ppbv)
Measured10° Model Agreement Measured10? Model Agreement
cm®) cm®)
RishiriIsland ~ Sep, 2003 Rishiri Ground LIF 0.0T1.1 <10% of 2.7 (noon) General underprediction for N 1.5 (noon) ~2 fold overprediction
Island, Japan OH < 0.1 ppbv
reactivity
GABRIEL Oct, 2005 Suriname Aircraft LIF 0.02 02.0 55 12.2 fold underprediction 10.5 4.1 fold underprediction
South
America
PRIDE Jul, 2006 PRD, China  Ground LIF 040 116 1.5 (noon) Under predicti o] 1.5(noon) Good agreement
PRD2006
BEARPEX07 Aug-Oct, Blodgett Ground LIF 0.03100. 11 2] ~7(noon) 6 fold underprediction during ~28 (noon) 25% underprediction during
2007 Forest (model warm period (29 °C) warm period (29 °C)
California estimate)
OP3 /I Apr and Borneo Ground and LIF 00. 4 05 2.5 (noon) Underpredictions of ~10 fold ~2 (noon) Average underprediction of
Jun, 2008 Aircraft (OP3 (ground) (ground) (ground, constrained to OH 1.2 (aircraft)
Il only) 01. 2 013 reactivity) and ~5 fold (aircraft)
(aircraft) (aircraft)
PROPHET Jul, 2008 North Ground LIF 00.20 02.5 Poor measurements due to low laser power| ~ 61 12 ( Good agreement (withinl2
Michigan model uncertainty)
CABINEX JukAug, North Ground LIF 00.15 02.0 |~2714 ( n Goodagreement (within®2 ~418 (nOverpredictsed
2009 Michigan model uncertainty)
BEARPEX-09  JunJul, Blodgett Ground LIF 0.074 17 ~1.8 at around Agreement within 40%, but pogq ~8 (noon) Good agreement
2009 Forest, 15:00 correlation
California (OHchemused)
HUMPPA- JulAug, Hyytiala, Ground LIF and CIMS 00. 3 Geneally | ~1. 57 2  Good agreement apart from Upto~8 ~3 fold underprediction
COPEC 2010 Finland .2 periods of high OH reactivity
(OHchemused for LIF)
BEACHON- Aug, 2010 Manitou Ground CIMS and 0.1170. 00. 3 ~5 (noon) Agreement within 20% whre ~20(noon) Generally good agreement,
ROCS Forest, PeRCIMS constrained to HO underpredicte@roundnoon
Colorado ~30total RQ  Total RQ underpredicted by
up to a factor of ~3
SOAS Jun-Jul, Talladega Ground LIF and CIMS Generally 1i8 ~1 (noon) Agreement wihin 15% ~7 (noon) Agreement within 20%
2013 Forest, <0.1 (OHchemusedfor LIF)
Alabama

6V
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Figure 1.9. Observed to modelled ratio as a function of isoprene for measureme
OH made during the GABRIEL campaign in 2005. Taken fkarbistin et al.(2010)

underprediction was found to scale with isoprene concentratiéigare 1.9), and to
reconcile the model with observations, an OH source similar in strength to the isoprene
sink was reque d . I't was postulated that 1 soprene rec

low NOx environments through RQ@adicals.

The PRIDEPRD2006 campaign took place in a rural region in southern China with high

BVOC emissiondHofzumahauset al, 2009) Comparison oLIF measurements to a

RACM model showed a large discrepancy for OH, not apparent under high NO (>1 ppbv)

conditions, but good agreement for H@ood agreement for OH was found when the

mod el i ncluded an unknown r e acgtRé&madica X060, whi ch
and HQ to OH, similar to NO but without the concomitant production £fT® reconcile

observations 0.85 ppbv of X was required, assuming a comparable reactivity to NO.

Similar results were reported by Wolé al for the BEARPEX07 campan, where

again enhanced radical recycling was required to bring a 1D chemical transport model in
agreement with LIF observatiofé/olfe et al, 2011a) Implementation of th®©Hchem
backgroundechnique in BEARPE>09 resulted iletteragreementwith houly average
measuremerib-model (RACM) ratios ofL..4 + 0.3and 3.1 + 0.7 for OHchem OHwave,

respectively suggesting that earlier measurements at the santeadiseiffered from an
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artefact signa(Mao et al, 2012) The model overestimated H®y approxmately 60%
at noon and OH reactivity was marginally underpredicted, which may have contributed
to the good agreement observed for OH.

In 2008, the Leeds FAGE group participated in the OP3 project in Borneo, making
measurements of OH, H@nd OH reactivity(Stoneet al, 2011; Whalleyet al, 2011;
Edwardset al, 2013) Comparison ofircraft observations to an MCM model showed
substantial disagreemergeometric mean ratie5) for OH, while HO; was simulated
reasonably wel{within 20% on averagd)Stoneet al., 2011) The measurement of OH
reactivity at ground level allowed for calculation of OH using the Photostationary Steady
State (PSS) approach (Equationsi(E@), Section1.3.5, where measurements of OH
were greater tharnose calculated by approximately a factor of 10, despite the inclusion
of all known OH sourceéWhalley et al, 2011) Various mechanistic changes, on the
basis of recommendations from contemporary experimental and theoretical studies
(discussed below), we implemented in the moddb assess their impact on Ki@vels:

OH formation from peroxy radical cross reacti¢gbdlon and Crowley, 2008)isoprene
epoxide formation(Paulotet al, 2009) unimolecular decomposition of isoprene RO
speciegPeeterset al., 2009; Nguyeret al, 2010; Peeters and Muller, 201@nd the
incorporation of the unknown species X as mentioned appddoizumahaut al, 2009)
However, none of these changes could fully reconcile both OH andobi€&rvations
simultaneously, exget at ground | evel after incorpc
NO (Hofzumahaut al, 2009)

During the July 2008 PROPHET (Program for Research on Oxidants: PHotochemistry,
Emissions, and Transport) campaign at a deciduous forest in North Michigan, US
FAGE measurements of HO(with an estimated relative detection sensitivity of 90%
for isoprene R@radicals) compared well to RACM simulations, with MIM chemistry
(Griffith et al, 2013) Unfortunately, no meaningful comparison to OH was available due

to instrumental problems.

Measurements at the same site in summer 2009 during the CABINEX campaign gave
good agreement for Ol comparison to a RACNWIM model (average 6.70 + 0.31),

at average isoprene and N@ixing ratios betweeni® and 00.12 ppby respectively
(Griffith et al, 2013) Errorweighted regression of the measurements to modelled OH
yielded a slope of 0.90 + 0.35(2 although the correlation was pod¥® = 0.12). The

model was not constrained to OH reactivity, which was underpredicted in the afternoon
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by a factor of 1.62; however, the average change in OH concentrations was only 30%
when VOC mixing ratios were ineased to match the observed afternoon reactivity.
Additionally, HO," was overpredictedvith a regression slope of 0.64 + 0.05, although

the correlation was much strongBf € 0.86). Radical budget analysis showed that ~40%

of the OH was formedia the reaction of HQ with NO (i.e. propagation, reaction
(R1.15)), and therefore a model constrained te ti®addition to OH reactivity) would

serve to further degrade the level of agreement between measured and modelled OH.
Nevertheless, these results are contrast to other studies isimilar biogenic
environmentswvhere OH is generally underpredicted, although as discussed below, in
more recent campaigns good agreement has been observed between modelled OH
concentrations and measurements made using a chebacaground technique
(OHchem LIF and CIMS). The overprediction of KHiS another disparity, as while in
biogenic environments the level of agreement between model and measurements is more
variable for HQ than for OH, there is a general tendency towaraterpredictionTable

1.3).

Similar to the results oMao et al, (2012) adopting te IPI systemn the Mainz LIF
instrumen{Novelli et al, 2014a)yave good measurememidel agreemeni (00 £ 0.16

for observations of OH ia monderpene dominated boreal forest in Finland during the
HUMPPA-COPEC (Hyytiala United Measurements of Photochemistry and Particles in
Air-Comprehensive Organic) campai@tenset al, 2014) However when constrained

to OH reactivity, OH concentrationvgere underpredicted by ~40% on averaayg] by
~70% during periods of high reactivitykdon > 15 sb). Additionally, OH was
underpredicted during nighttintiring periods of high OH reactivityy 80% indicating

a source of OH related to NQbxidation or potentially from the ozonolysis of
unmeasured BVOCs; these hypotheses are further supported by the substantial
underprediction of OH reactivity by 589% (Nolscheret al, 2012) although this OH
reactivity calculation did not include contributions frommeasured OVOCs (i.e. model
intermediates).HO> was significantly underpredicted (with an upper limit RO
interference of 30%) by a factor of ~3, coinciding with an underprediction of OH

reactivity, suggesting a H@ource from missing reactivity.

Measurenents of OH, HG and RQ radicals were made at the Manitou Forest
Observatory in Colorado, during the BEACH@ROCS (Biechydro-atmosphere

interactions of Energy, Aerosols, Carbon(kiOrganics and NitrogénRockymountain
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Organic Carbon Study) campaigm August 201QWolfe et al, 2014) for which the
dominant BVOCs were MBO and monoterper@sl was measured using CIMS, while
HO. and RQ were measured using PeRCIMe totalconcentrationsf RO measured,

of up to 180 pptv (4.5 x 2@m3), were amongsthe highest ever reportednd a zero
dimensional model with MCMv3.2 chemistry underestimated. BYDup to a factor of

~3, when constrained to OH observations. Based on thedR@nal profile it was
suggested that missing RQources were due to alkeneonolysis reactions, further
supported by an improvement in measurement agreement after implementation of
additional alkene ozonolysis chemistry in the mdedehieved by assuming unidentified,
highly reactive VOCs have the same ozonolysis rate constadtproduct yields as
caryophyllene, based on the methodology describéd/dije et al, (2011b). With the
exception of the hours ~1300600, elatively good agreement was found for HOut

only when the model was constrained to measured OH, which was underpredicted by a
factor of ~4 similarly, OH observations were also in good agreement with the model

(within 20%) when constrained to measured>HO

The SOAS field campaign took place in a dense, mixed (pine/broadleaf) forest in central
Alabama during summer 20{Beineret d., 2016) Measurements of OH and H@nade

using the Penn State GTHOS instrument, which was again equipped with an IPl system
(Maoet al, 2012) were compared to box model predictions using MCMv3.2 (augmented
with explicit isoprene chemistry) and MCMv313 Modelled OH concentrations were in
agreement with observed OHchem throughout the day within combined uncertainties,
with measuremennodel comparison slopes of 0.9% € 0.50) and 0.86R? = 0.52) for
MCMv3.2 and MCMv3.3.1, respectively, and insigoifa nt i nt er ccap.t s ( C
Further support was provided from an OH budget analysis, as simultaneous
measurements of OH reactivitigovacs and Brune, 2001; Mab al, 2009)allowed for
comparison of measured OH production and loss rates (PSS appfeationl1.3.5,

which were in agreement to well within their dncertainty, as well as in agreement with

OH production and loss rates calculated by the two box model mechanisms. Daytime OH
production was dominated by primagroduction from the photolysis of :CGand
subsequent reaction with water vapour (Reactions (RILR), 40 50%) and recycling

from HO, (reaction (R1.15), ~90% for 0800000 and ~30% over the rest of the day).
Ozonolysis reactions contributed ~20% and >8@9o0daytime and nighttime OH
production, respectively, and OH loss was dominated by reaction with isoprene (~60% in

the afternoon)Kaiser et al, 2016) For HQ, the modelled concentrations were in
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agreement with observations during the daytime (D8800) but the observed nighttime
concentrations of ~0i8.8 x 1 molecule crf were underpredicted. Overall, regression
of the measured and modelled H®@ncentrations yielded slopes of 0.5 £ 0.82) and
0.84 R = 0.84) for MCMv3.2 and MCMv3.3.1, respaatly, and intercepts of 7 x 10
cm3,
The studies described above show severe discrepancies between modelled and observed
HOx concentrations, with disagreements of up to a factor of 12 fo(kKiHistin et al,

2010) suggesting major gaps in our undersiagdf oxidation chemistry in biogenic,

low NOx environmentsThe level of agreement for H@as been more variable, but with

a general tendency towards underpredictidowever, as it is possible that some LIF
observatios have suffered from substantiadgesin both OH and H@measurements
(Section 1.3.2), future studies which avoid (or account for) these interferences are
required, which may show that our understanding of photochemistry in forested
environments is better thareviously thought (e.gMaoet al, 2012; Hent al, 2014;

Feineret al, 2016). In future campaigns, simultaneous measurements qfr&{icals
alongside OH and HOwill provide further tests of our understanding of biogenic
oxidation chemistryWolfe et al, 2014)

The difficulty in simulating radical concentrations in forested environnteagprompted
recent theoretical, laboratory and chamber studies to help explain the sources of
discrepancy, through detailed investigations of the mechanisrsopfeine oxidation
under low NQ conditions, as well as lo¢r BVOCs such as monoterpenieslaboratory
studies Dillon and Crowley showed that the reactions of certain peroxy radicals with HO
form OH in significant yieldszia an alternative branch of reamti (R1.19), the dominant

fate of peroxy radicals under low N©@onditions(Dillon and Crowley, 2008)
HO,+RG;Y ROOH, + O (R1.199
HO,+ RQ; Y OH + products (R1.19b)

OH was measured directly by LIF, with an upper limit OH yield from,R&licals
structurally similar to isoprerRO; (ISOPQ) of 0.06. For the equivalent reaction of
acetylperoxy radicals, anotheropene oxidation product, the yield was ~0.5.
Experiments in the Caltech chamber by Paudit al showed that isoprene
hydroxyhydroperoxides (ISOPOOH), formed from the reaction of WiEh ISOPQ,
react with OH to form isoprene epoxid@2aulotet al, 20M®), which are important
precursors to SOA formatidhin et al, 2013; Xuet al, 2014) This reaction reforms OH
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with >75% yield under low N@conditions. OH radical recycling has also been observed
in the OHoxidation of MACR and MVK in simulation chamisgCrounseet al, 2012;
Fuchset al, 2014; Prasket al, 2014) and other isoprene oxidation products such as
glycolaldehyde(Butkovskayaet al, 2006a)and hydroxyacetonéButkovskayaet al,
2006b)in laboratory studieOH production has also beehserved from the photolysis

of ISOPQ (Hanseret al, 2017) although after incorporating this novel route into a box
model, simulated daytime OH concentrations during the OP3 cam{lizalleyet al,
2011) only increased by an average of 1%, far below sburce strength required to

resolve the order of magnitude underprediction.

Ab initio quantum chemical calculations investigating the mechanism of isoprene
oxidation suggest significant radical recycling through the unimolecular decomposition
of ISOPQ isomergPeeter®t al, 2009; Nguyeret al, 2010; Peeters and Muller, 2010)
The Peeters6 mechani sm, or Leuvwarl,6M-sopr e
shifts to form hydroperoxgldehydes (HPALDs), as shown Higure 1.10. These
reactions result in OH and HQ@ields of 0.03 and 0.7%per isoprene molecule oxidised,
respectivelyand the HPALDco-products of the H@forming channelareexpected to
photolyse rapidly to prodecOH with a quantum vyield of ~(Peetes et al, 2009)
Photolysis of HPALDSs results in the formation of per@grd-aldehydes (PACALDS),
which also photolyse to produce additional @Peeters and Muller, 2010Another
channel in the mechanism is the isomerisation of certain ISOp¥gies tfough 1,5H-

shifts, which have also been investigated with density function theory (DFT) calculations
(Silvaet al, 2009) followed by decomposition to form OH, HCHO and either MACR or
MVK. This results in an overall OH yield of ~0.25 from the initialatan of OH with
isoprene. The bulk rate of thegtift isomerisations was predicted to be on the order of
1 s! (Nguyenet al, 2010) recently revised down to ~0.004" sifter subsequent
calculations at a higher level of thedieeterset al, 2014) This study predicted that
~28% of ISOPQreactvia the 1,6H-shift route, but the 1;5-shiftis negligible.

In chamber studies Crounse al provided experimental evidence for the formation of
HPALDs during isoprene oxidatiofCrounseet al, 2011) deteced using CIMS with

CRO reagent ion(Crounseet al, 2006) However, the rate of the 1H-shifts was
determined to be ~0.002!sa factor of ~50 lower than originally predicted using the
Peet er s 0 (Ngeyenhtaln2019)rbut similar to the revexd valugPeeterst al,

2014) 't was esti mat edeactvia the 1,68sHiftirdate (@lbball S OP
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average), and up to 20% in tropical regiolmsa further chamber study, the ISOPO

isomer distribution wamferred fromspeciated measuremts of isoprene nitraté¥eng

et al, 2017) A total HPALD vyield of 25+ 10% was determined by mass balance, which,

if applied to the original studyCrounseet al, 2011) would increase the bulk

isomerisation rate to ~0.003,sslightly closer to theevised theoretical valuPeeterst

al., 2014) Nonetheless, the rate constants for individy&H-shifts were ~40% lower

than the most recent theoretical predicti¢Reeterset al, 2014) while the rates of

ISOPQ dissociation (se€igurel.10) were approximately an order of magnitude faster.
Similarly, t o reconcile the Peeterso me c han|
hydroxyacetone ratios measured during the AMAZE M@& onian aerosol

characterisation Experiment) campaign, th@H-shift rates had to be reducg@garl et

al., 2009) However, the PTRMS measurements of these OVOCs may have been

influenced by biases from ISOPOO(RIiveraRios et al, 2014) The photolysis of

HPALDs has also been confirmed experimentally in chamtoeies by Wolfe and co

wor kers, where a quantum yield of ~& over the
HPALD structurally similar taheisoprenederived G-HPALD (Wolfe et al, 2012)

Recent experiments of low N@soprene oxidation in thEZJ SAPHIR chamber have
shown that the LIM is consistent with the observed levels of OH andH@hset al,
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2013) However, the predicted ratéBeeterset al, 2009; Nguyeret al, 2010; Peeters
and Muller, 2010pf crucial Hshift decomposition reactions weeduced, by factors of
33150 and 21 88 1,53Hehift, respeetively.,, Tee upper limits (LHZS
Crounse Silvain these factors are those reporteddigunseet al. (2011)andSilva et

al. (2009) but the lower limits (LIMFZJ) gave better agresent with observed MACR
and MVK, although these measurements may have suffered from interfef@nees:

Rios et al, 2014) Similarly, incorporation of an unknown oxidant X, as proposed by
Hofzumahaust al. (2009) resulted in good agreement for JMACR and MVK. In
this study, an overal/l OH yield of 767190
Inclusion of LIM-FZJ chemistry produces a factor of 2 increase in OH levels for the
GABRIEL campaign in the Amazonian rainfor¢&ubistin et al, 2010) However, this

still results in a measurememtodel discrepancy by factors of up to Bable 1.3),
demonstrating that while the LIM does contribute significantly to the oxidising capacity
of the atmosphere in biogenic environmeritss still not sufficient to explain field

observations.

The oxidation chemistry of MVK alone was studied in further SAPHIR experiments
(Fuchset al, 2018) where it was shown that OH was underestimated by a factor of 2 at
low NO (100 pptv)when compad to an MCMv3.3.1 model. LIF and DOAS OH
measurements were in good agreement, such that interferences could not be the source of
this discrepancy. The simultaneous underprediction of (i@ which LIF and CIMS
observations were in gdaagreement) suggest that the missing OH was likely not
generated directly from RQsomerisation reactions, but indirectly from missing2HO
For similar SAPHIR experiments investigating the oxidation of M@Dvelli et al,
2018) which is the dominant BVOC in some fores&nvironmentgMao et al, 2012;
Wolfe et al, 2014) good measurememodel agreement (within 15%) was achieved for
OH, HO, k dk, and Q, as well as MBO and its oxidation products (HCHO, acetone).
This is consistent with the results of Meial. (2012) but suggests that MBO chemistry
cannot explain the high OH and H@oncentrations observed in another previous field
campaignWolfe et al,, 2014)

Another recent chamber study of isoprene oxidation, FIXCIT (Focused lIsoprene
eXperiment at the Californidnstitute of Technology), took place in January 2014
(Nguyenet al, 2014) This study is expected to further constrain the mechanism of

isoprene oxidation under low N@onditions.
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1.4.2.3 Polluted Urban and Suburban

While oceans and forests cover most of thabg] air quality issues are more important

in terms of population exposure. As approxi ma
lives in urban areas, it is imperative to understand the tropospheric chemistry in these

regions. Polluted environments are cleaegased by high levels of NOand VOCs,

especially aromatic speciéatkinson, 2000) Model comparisons to Hbservations

from selected field campaigns in polluted regions are summaris@able 1.4 and

discussed below.

The MILAGRO campaign took place iMexico City (MCMA) in March 200§ Dusanter

et al, 2009a; Dusanteet al, 2009b) Comparison of a RACM model to FAGE
observations showed a significant midday OH overestimate, but good agreement was
found after 14:30. leontrast, HQ was underpredicted in the morning but the model was
able to reconcile the measurements after 11:30. This underprediction coincided with high

levels of benzene and toluene, suggesting an unknown source drdth® aromatic

Oy+okene. 51 % HONO |
O('D)+H, 0. 4%
HNOg+hv  14% ™~

114
Cthers 1% \\-\ { ‘ 19.7 OH + NO3 > HONO,

DLBstv:  43%
MEAYHv 38% 15 RO, + MO, = OO, ND,
L N
Oy+alkene 4%
Others 15% | RCO;NG, = OH 3 loss
28 30
QprAane:: Y00 % 04 ROy +NOSONT | HO:+ RO, HO, peraxides 89 %
Ald+hy 12 % L 9%
KETIPAA+DY, 3 % &%
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‘ ? 1%
RO, + RO, HO, < pardrides o %
5%

Figure 1.11. Median daytime rates of radical production and loss, in units ®i
molecule crtf s, for the 2006 MILAGRO campaign. The percentages shown in b
represent the contribution of each process to the overall rdéen TeomDusanteret
al. (2009b)



Table 1.4: Summary of selected H@neasurementodel comparisons in polluted, urban environments. All measurements were mad

the LIF technique, and all campaigns wgreund based except the RONOCO aircraft study.

Campaign Month(s), Location OH HO:
Year
Measured Model Agreement Measured Model Agreement
(10°cnt3) (108 cnd)
MILAGRO  Mar, 2006 Mexico City 4.6 (noon  Overestimated by a factof ~1.7 at | 1.9 (hoon Morning underprediction, good agreemer
Metropolitan median) noon, good agreement after 14:30 | median) after 11:30
Area
TRAMP Aug-Sep, Houston, Texad ~3 (midday Under predi ct ed b]~13 Good agreement in morning, significant
2006 maxium) underpredictiom f ~3 071 50% d
afternoon
SHARP Apr-May, Houston, Texad ~3 17 1 5 Good agreement in general, ~31 10 Good agreement
2009 (noon) overprediction at midday (noon)
CalNexLA  May-Jun, LA, California | ~3i5 Good agreement on weekdays, ~2i'5 (noon) Underpredicted by factor of ~3 on
2010 (noon) overestimated by ~40% on weekend weekdays, and factor of ~1.3 on weekeng
CalNexSJVv Bakersfield, Overpredicted by 30% at midday, | ~2 (noon) Underpredtted by a factor of ~2 in the
May-Jun, California ~7 (noon)  agreement at sunrise, sunset and ni morning
2010
RONOCO Jul 2010 and UK Below N/A ~ 0. 171 0 Underpredicted by a factor of ~2 at night
Jan 2011 LOD
(~0. 61
ClearfLo JulAug, 2012 London ~2i 3 Good agreement when constrained | ~0.2 0.5 Good agreement at moderate NO, ewed
(noon) measured Hoand HONO (PSS), underpredicted at low (<1 ppbv) and high
~35% underprediction for NO < 1 NO (>15 ppbv), respectively
ppbv RO, underpredicted by up to a factor of ~
for NO > 3 ppbv
Wangdu JunJul, 2014 Wangdu, NCP | 5i 15 Good agreement for NO > 0.3 ppbv,| 3i 14 Good agreement, RGignificantly
(daytime underpredicted in afternoon (daytime underpredicted by a factor of 3 for NO >
maxima) maxima) 1 ppbv
BEST-ONE JanMar, 2016 Huairou, NE of | 2i 4 (noon) Agreement within a factor of 1.5 ~0.511 Agreement within a factor of 1.5 for HO
Beijing (daytime and RQ, both increasingly underpredicted
maxima) above 1 ppbv NO

65
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oxidation under high NOconditions.However, reanalysis of this datageew et al,

2018) after the discovery of the RGnterference in H@ measurement@~uchset al,

2011) yielded differat results, where the measured HOwas less severely
underpredicted in the morning, in agreement with the model around midday, and
overpredicted in the afternoon. The improvement in agreement in the morning is
consistent with the efficient conversion sbmaticbased R@species in measurements

of HO», but does not change the conclusion that aromatic oxidation is poorly understood
under high NQconditions, as the model HOwas still lower than the measurements by

a factor of three in the morning, whemmatic VOC concentrations were at their highest.

In addition, while the measured H@DH ratio was closer to model HOOH than
HO2:0OH, it was still underpredicted by a factor of four at high NO levels (>10 ppbv),

suggesting that radical propagation i$ well understood under such conditions.

Nevertheless, the initial MILAGRO modelling stud{Dusanter et al, 2009b)
demonstrated thahe main radical sources were the photolysis of HO¥5%) and
HCHO (24%), and Q reactions with alkeng49%), while themajor loss processes were
the reactions of OH with N£(60%) and NO (20%)and the formation of alkyl nitrates
via NO reactions with R@radicals(14%), as shown ifrigure1.11. This is in contrast to
other enviroments (e.g. rural, marine) where the primary OH sources iphOtolysis
(reactions (R.11 R1.2)). The ratio of HQto OH was underestimated at high NO levels
(NO > 5 ppbv).

HOx was measured during the summer 2006 TRAMP (Texas air qualityistRdgical
andAerosol Measurement Project) campaign in Houston, T@asnet al, 2010) HOx
concentrations were modelled using five different chemical mechanisms, including
RACM and MCMv3.1. While OH was generally underpredicted by betweerb63§
depending on thenodel, HQ observations were in good agreement in the morning, but
were significantly underpredicted during the afternoon. Howévenpuld be noted that
these measurements were made before the implementation of the OHchem method in the
same instrumentMao et al, 2012) andinterferences from Rfradicals(Fuchset al,

2011; Whalleyet al, 2013)were not considered. Analysis of the OH reactivity budget
showed that alkenes (20%) followed by aromatic species (15%) were the most significant
contributorsto OH loss. Similar to the MILAGRO study, the modelled 24QH ratio
agreed well with measurements at intermediate NO levels (~1 ppbv), but at high and low

NO mixing ratios, the modelled ratio was too low and too high, respectively. It was found
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that, undeheavily polluted conditions, the various chemical schemes gave similar results,
likely due to the dominance of reactive nitrogen chemistry. In terms of photochemical
activity, assessed by parameters suclthasphotochemical net ozone productiae
(OPR), Houston(Mao et al, 2010b)bared greater resemblance to the MC{DAIsanter

et al, 2009a; Dusanteat al, 2009b)than New York City(Renet al, 2003a; Reret al,

2003b; Cakt al, 2008) where regulatory action has reduced VOC emissions

Radical clemistry in Houston was investigated further during the spring 2009 SHARP
campaign(Renet al, 2013) briefly mentioned irSection1.4.1 Modelmeasurement
agreement was good in general, but midday Qhkasured as OHchemyas
overpredicted and during nighttime, both OH and -H@ere underpredicted. HO
production was dominated s (30%), OVOC (29%, including HCHO)and HONO

(22%)photolysis, with a smaller contribution from the reaction gfudh alkeneg13%).

The CalNexLA campaign took place in Pasadena, at a site 18 km northeast of downtown
LA, during summer 201(Griffith et al, 2016) OH and HQ@" concentrations were higher
during weekends (and the Memorial Day holiday), due to lowek M®els. In
comparison to a RACM2 naiel, daytime (060R100) weekend OH concentrations were
overpredicted by ~40%, but in good agreement on weekdays (ratio ~ 1). In contrast,
daytime HQ" concentrations were underpredicted on both weekdays and weekends, by
factors of ~3 and ~1.3, respectiyeWhen constrained to measured OH reactivity, which
was underpredicted by ~50%, agreement was observed for OH and weekéndthi®

the model uncertainty (~22 and 35% for OH and:H®spectively, atd), but weekday

HO> was still significantly underpredicted by a factor of ~2. Consequently, the OPR was
substantially underpredicted on weekdays, with only slight improvement after
constraining to OH reactivity, and the discrepancy increased witHéN®s. Photolysis

of carbonyl species (~40%) and HONO (~30%) dominated radical production, while
ozone photolysis (reactions (RLR1.2)) was relatively minor (<20%), and radical
termination was dominated by the reaction of OH withhN@easurements of HQvere

also made in Bakersfield, located in the San Joaquin valley (C&8N) 180 km north
northwest of LA(Bruneet al, 2016) Similar to the results in Pasadena, measuregl HO
and consequently the OPR, greatly exceeded model predictions at higeve(s by
factors of up to ~67 at 10 ppbv NO. Unknown HENOx chemistry was postulated as

the reason for this discrepancy, for example by the hypothetical reaction of vibrationally

excited HONO with molecular oxygen:
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OH+NOY HONO (R1.30
HONO +N.Y HONO (R1.31)
HONO + ;Y H2G NO (R1.32)

However, a recent kinetic and theoretical st(gtschenet al, 2017)of this reaction
showed that while it could not be ruled out thatld@d NQ were formed in small yields

relative to HONO, this pathway canndayp a major role in atmospheric chemistry.

Nocturnal HQ measurements were made on flights over the UK, including London as
well as sempolluted coastal and inland regions, during the RONOCO (Rile
Nighttime chemistry in controlling the Oxidising Capgadf theatmOspheregampaign

in July 2010and January 201(Stoneet al, 2014; Walkeret al, 2015) The DSMACC
(Dynamically Simple Model of Atmospheric Chemical Complexity) md@shmerson

and Evans, 2009with MCM chemistry, was used for comparisenRAGE HQ and
BBCEAS (Broadand CavityEnhanced Absorption Spectrospcopy) INibservations
(Kennedyet al, 2011) While OH levels were always below the instrumental detection
limit (0.6 and 2 x 1®molecule crr for winter and summer respectively), asgicted by

the model, H@ was underpredicted by a factor of ~2 on average. Budget analysis showed
that the production of HOand RQ occurred mainly through VOC reactions with O
while the major HQ sinks were peroxy radical cross reactions, heterogenkess and

the reaction of OH with N© It was postulated that the HQunderprediction (and NO
overprediction) was related to the formation of Hf@m reactions of N@with higher
alkenes that were not included in the model, which were detédtister et al, 2014)

by two-dimensional gas chromatography (GC x GC) but could not be quantified at the
time of publication. The interference in H@easurements from NQFuchset al, 2016)

had not yet been discovered, which, if significant for the Leeda#tiffAGE instrument,

would improve the agreement between measured and modelléd HO

The first UK measurements of CINQ5ectionl.2.2 were made using CIMS during the
ClearfLo (Clean airfor London) campaign in summer 20(Rannanet al, 2015) Co
located FAGE observations of H@ere used to assess the relative importance of OH,
Cl atom (from CINQ photolysis) andzoneoxidation as a function of time of day. This
showed that Cl atom oxidatiahid indeed play a roleespecilly for alkynes, where it
accounted for up to 26% of their losSubsequent studies have demonstrated the
importance of longechain, diesetelated hydrocarbons to OH reactivity, and the

resultant effects on the formation of ozone and §Dé@nmoreet al, 2015; Whalleyet
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al., 2016) In addition, analysis of the HONO budget revealed a strong missing daytime
HONO source(Lee et al, 2016) as observédin many urban field campaigns. After
constraining to measured HONO, daytime modelled OH increased by ab@%ame

into agreement with OH measurements.

A full comparison of measured and modelled OH,.H@d RQ during ClearfLo was
presented bWhalleyet al.(2018) Measurements of OH were in good agreement with
model calculations using the PSS approach (&edti3.5 on average, where the main
OH sources were HONO photolysis and propagation from B2l NO (Reaction
(R1.15)). However, under low NO (<1 ppbv) conditions, OH concentrations were
underpredicted, by ~35% on averageujuto threefold. In contrast, MCMv3.2 modelled
HO> concentrations were overestimated by up to a factor of ten under the same conditions,
and could still not be reconciled after the inclusion of both EH€&osol uptakéusing

2oz = 1) and a representationf autoxidation chemistry, which occurs readily in the
liquid-phase(Bolland, 1949)and is now known to play a significant role in gdmase
BVOC oxidation(Crounseet al, 2011; Ehret al, 2014, Jokineret al, 2014; Berndet

al., 2016; Ehret al, 2017; Zhaet al, 2017) The box model was able to capture HO
concentrations at moderate NO levels1@ ppbv), but was underestimated by ~3 fold at
high NO (>15 ppbv).

RO radicals, measured using the RO technique(Fuchset al, 2008; Whalleyet al,

2013) were predicted well for NO mixing ratios less than 1 ppbv, but an increasing
underprediction was found as NO levels increased above 3 ppbv, even after applying a
correction for the decomposition of methyl peroxy nitric acid {G#O>) in the RQLIF

flow tube Chapter 2.3.1 The simultaneous model overprediction of+@d agreement

for RO, suggests a large uncertainty in peroxy radical cycling under low NO conditions,
and highlights the importance of autoxidation reactions, which serve to reduatetbé

RO. to HO, propagation under such conditions. In further support of this, the HO
discrepancy was largest under easterly flows (from over central London) and high
temperatures, suggesting an influence from complex biogenic andilzgetl VOCs.

As a consequence of the measurenmatiel HQ and RQ disagreements, the OPR

(Chapter5) was overpredicted by ~3 fold at low NO, and underpredicted by up to an

1 Summaries of these studies may be foun&leffmann (2007)and Michoud et al.
(2014)
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Figure 1.12. Mean ozone production ratealculated from observed (red circles) a
MCM modelled (black circles) daytime (06Q®M00) RQ concentrations as a functic
of NO during the summer 2012 ClearfLo campaign. Patterned areas repres
25/78" percentiles. Bin widths are 1 and 5 ppbv Q] between D20 and 2045
ppbv, respectively; lower graph shows the number of R€asurements in each N
bin. Taken fromWhalleyet al. (2018)

order of magnitude at high NO (>7 ppbv, mostly due to the underpredictionf &0
shown inFigure1.12. The main sources of R@vere the photolysis of HONO (40%),
HCHO (20%) and VOCs (~15%), with a daytime average of only 12% from primary
production (ReactiondR({L.1i R1.2)). Radical destruction was dominated by the reaction
of OH with NGO, (32%) and the net production of PANs (35%).

Observations of OH, H&and RQ radicals were made in summer 2014 in Wangdu, using
the PKU FAGE instrumeni§anet al, 2017) While this is a rural site in the NCP, back
trajectory analysis showed thatr anasses were often transported from cities, and
chemical signatures indicated significant influences from anthropogenic (CO), biomass
burning (acetonitrile, CECN) and biogenic (isoprene) emissions. Measured and RACM2
modelled OH agreed to within theirsgective uncertainties (10 and 40% @&} during

the morning and early afternoon when NO mixing ratios were high (>300 pptv), but OH
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concentrations were increasingly underpredicted as NO levels dropped, by a factor of 1.4
at 16:00 to 2 at 20:00. The measured OH could be reproduced afterancbdisine
additional unknown recycling species 0AXo0
explain elevated OH concentrations in campaigns in Ctrilsdizumahauset al, 2009;

Lu et al, 2012; Luet al,, 2013)and other environments with biogenic infleefWhalley

et al, 2011) as discussed faectionl.4.2.2 An NO-equivalent concentration of 100 pptv

of AXO0 was required, which was small er t
due to the higher NO levels and low&H reactivity observed in Wangdu. HO
observations were reproduced within combined uncertainties throughout the day, with a
slight tendency for overestimation in the afternoon. In contrast,cBQrentrations were
reproduced in the afternoon, but werengigantly underpredicted in the morning when

NO levels were high (>1 ppbv), by factors ©63n average, and up to 10 for NO mixing
ratios of ~4 ppbv. Consequently, the OPR (Chaptevas underpredicted by 20 ppbv
(18%) per day. Speciated measurememt®0. (Whalley et al, 2013) showed that
alkene and aromatidhased R@radicals accounted for approximately half of total.RO
concentrations, and were the main cause of the morningiR{2rprediction observed in
Wangdu. The main primary radical sourceseithe photolysis of HONO (38%), HCHO
(18%) and ozone (15%)).

The BESTONE campaign took place in Huairou, a suburban site 60 km northeast of
Beijing, in winter 201§ Tanet al, 2018) High OH concentrations were observed, ~2 x
10° and ~4 x 1B molecule en® for polluted k du ~ 27 st) and cleanK éu ~ 5 s') air,
respectively, which are a factor of two higher than in other urban wintertime sfigdies

et al, 2003a; Emmersoet al, 2005; Kanayat al, 2007a) Primary RQ production was
dominated byHONO photolysis (46%), with significant contributions from alkene
ozonolysis (28%) and OVOC photolysis (24%). RACM2 OHl@d RQ predictions
were in good agreement with observations during clean days, within a factor of 1.5.
However, the agreement wasogw during pollution episodes, and increasing
underpredictions of HOand RQ with NO were found, reaching factors of ~5 (kj@nd

~9 (RQ) at ~6 ppbv NO. Chlorine radic®lOC chemistry was suggested as a partial
explanation for the discrepancy, but chhariradical precursors (£ICINO,) were not

measured during the campaign so this could not be fully assessed.

Measurements of HOduring field campaigns in polluted, urban regions have shown

variable agreement with box models, albeit with smaller discoeparthan found in
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biogenic environmentsSectionl.4.2.9. These studies have highlighted the importance
of HONO (e.g.(Leeet al, 2016) and OVOC(e.qg.(Griffith et al, 2016) photolysis, and
alkene ozonolysige.g. (Dusaner et al, 2009b) reactions in H® formation under
polluted conditions. While alkenes ang#De routinely measured during field campaigns,
accurate measurements of HONO and OVOCs are needed to better constrain the sources
of HO« in models.A common themef urban studies is the underprediction of peroxy
radical concentrations, especially under highxN©Onditions, leading to faster than
expected OPR@Viartinezet al, 2003; Reret al, 2003a; Kanayat al, 2008; Reret al,

2013; Bruneet al, 2016; Grifith et al, 2016) although for H@ this may be related to
interferences from R&radicals(Fuchset al, 2011; Whalleyet al, 2013) However, this
finding still holds for more recent campaigns utilising interfereinee measurements of
HO: as well asdtal RQ radicals(Tanet al, 2017; Whalleyet al, 2018) and it should

be noted that direct measuremef@szorla and Brune, 201@f the OPR (Chaptes)

have also been higher than model predictions at highlél@Is (Cazorlaet al, 2012;
Baieret al, 2017) The consistenunderprediction of H&JOH ratics at high NOmixing
ratios(Dusanteret al, 2009b; Cheret al, 2010; Reret al, 2013; Griffithet al, 2016)
suggests uncertainties in radical propagation chemistrysaadother discrepandhat

must be addressedut again this may have been caused, at least in part, by previously
unrecognised interferences in H@easurement major source of uncertainty in the
chemistry in polluted environments is the oxidation of aromatic compounds under high
NOx conditions, which may be a missing source of ,HDhe RONOCO project
demonstrated the importance of nocturnalsM®idation chemistry in HOproduction
(Stoneet al, 2014; Walkeet al, 2015)

While not discussed in detail in thehapter it shouldbe noted that rural and semi
polluted environments bridge the gap between polluted and pristine regions, allowing us
to test our knowledge of the chemistry of OH and2té@er a wide range of conditions,

for example under various N@nd VOC levelgStoneet al, 2012) Long term CIMS
measurements of OH were made at the Meteorological Observatory Hohenpeissenberg,
a rural site in southern Germany, over 5 years between 1999 andROB&r and
Berresheim, 2006 A strong correlation between OH concentragiand the rate of ozone
photolysis was observe® € 0.985 for monthly averages), due to reactiors{RR1.2).
Comparison of a constrained MECCA box model to observations efitHe upper
troposphere during the HOOVER 2 (KHHOVer EuRope) campaign inly2007 showed

good agreement, with median observed to modelled ratios of 0.98 and 0.96 for OH and
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HO., respectively(Regelinet al, 2013) Comparison to a global circulation model
resulted in poorer agreement, and high OH (up to 3 pptv) and(*& ppty were
measured. Recently, HOneasurements were made during the summer 2012 HOPE
(HOhenpeissenberg Photochemistry Experiment) camp@ipvelli et al, 2014a)

Model comparisons have not yet been reported, but midday maximum OH concentrations
of ~5i 6 x 1¢ molecule cr¥ were observed using both L{®Hchem,Section1.3.2.)

and CIMS, with excellent agreement between the two techniques. FAGE measurements
of HO. during the Hill Cap Cloud Thuringia (HCCT) 2010 campaign in a manndage

in central Germany demonstrated the importance of cloud chemistry in atmospheric
oxidation capacityfWhalleyet al, 2015) In clouds, HQ concentrations were depleted

by as much as 90%, with H@ptake coefficients in good agreement with theoadti

parameterisations.
1.4.2.4 Polar

Several field campaigns have also been conducted in polar regions. However, as all of
these studies precede the discovery of significant interferences in FAGE measurements
of OH and HQ, and are not relevant to the coastal arfian campaigns conducted as

part of this work, only a brief overview is given here.

The level ofmeasuremenmodelagreement in polar environments is more variable. For
example, during the NASA ARCTAS campaigver Alaska and western Canad#pril

2008 FAGE and CIMS measurements of OH andlg@ve surface concentrations of ~5

x 10 and 8 x 10/ molecule cri¥, respectivelyMao et al, 2010a) Comparison with
GEOSChem (Goddard Earth Observing System), a global 3D chemistry transport model
(Beyet al, 2001)showed a 40% underestimate in OH and a bM@restimate of roughly
two-fold. However, good agreement could be achieved by including the uptake.of HO
onto particles (usinguo2 = 0.020.5 over the temperature range PZ20 K). In a
subsequent box met(NASA Langley Research Center) study, the underprediction of
OH exhibited a significant dependence on isoprene mixing ratios, reaching a factor of ~6
at 5 ppbv, in agreement with the results present&dationl.4.2.2(Renet al, 2012)

A box model constrained with MCM chemistry was able to reproduce observed ground
level HO, during the COBRA (Combined iodine and BRomine release on the Arctic
atmosphere) campaign in March 2008 at Hudson Bay, Canada, where approximately 74%
of HOx production resulted from HCHO (emitted from the snowpack) photolysis
(Edwardset al, 2011) This study further highlighted the importance of heterogeneous
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HO: loss, as well as halogen chemistry and the formation ofNR as a radical

reservoir.

More recently, CIMS measurements of OH and the sum efr&{icals were made in the
Oxidant Production in Antarctic Lands and Export (OPALE) project, during the austral
summer of 2011/2012 at Dome C, East Antarciigakui et al, 2014) Median
concentratns of OH and R®radicals were 3.1 x £Gand 9.9 x 10 molecule cr,
respectively, with ~75% of primary radical production through HONO photolysis. At
such high HONO levels an MCM model overpredicted both OH angliy@ factor of

~2, but good agreemewtas found when HONO was reduced by thiad, suggesting

an interference in HONO measurements from:NQ, (Legrandet al, 2014) The
campaigns described above show that, despite the low humidity and solar intensity in
polar locations, radical concenti@ts are close to those found in the marine boundary

layer, due to the importance of snowpack emissions of radical precursors.

1.5 Summary

This introduction has outlined the fundamental reactions controlling oxidation chemistry
in the troposphere (Sectidn?), and the measurement of sing the FAGE technique
(Section1.3). Recently reported interferences in H@etection have been described
extensively (Sectiori.32). A summary of HQ measurements made during intensive
field campaigns in recent years, and their comparisons to detailed chemical box models
was presented in Sectidm4, which features summaries of the key results for each type
of environment. This section highlighted the uncertainties in tropospheric oxidation
chemistry, the most severe of which have been found in biogenic, low($&ation
1.4.2.9 environments, attributed to uncertainties in the meishaof isoprene oxidation.
Significant discrepancies between modelled and measureded€ls have also been

reported in polluted, urban environments (Sectigh2.3.

1.6 Structure of Thesis

In the next chapter, details of theperimental procedures conducted as part of this work
are given, where the main focus is a description of the University of Leeds grased
FAGE instrument and its operating parameters. This section includes details of calibration
procedures, measurentenncertainties, and the equations used to workup the data

collected during field campaigns. A brief description of a custom IGOR program,
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developed in this work to automate the analysis of calibration and ambient data, may be

found in the Appendix.

In Chapter 3, a newhconstructed inlet prenjector (IP1) system is described, which was
built to incorporate an OH chemical background method in the Leeds FAGE instrument
to test for OH measurement interferences. In the IPIl, OH radicals are removed by a
chemia@l scavenger prior to FAGE sampling and detection. The results of experiments
conducted to characterise the IPI in terms of sensitivity and OH scavenging efficiency are
presented, as well as those performed to test for interferences in the ozonolysis of
isoprene. The first three deployments of the Leeds IPI for ambient OH measurements are
described in Chapter 4, with a focus on the ICOZA (Integrated Chemistry of OZone in
the Atmosphere) project, which took place at a coastal UK location in summer 2015. The
magnitude of OH interferences observed during subsequent deployments in winter 2016
and summer 2017 field campaigns in Beijing, China, as part of the AIRBRQ€grated

study of AIR pollution PROcesses in Beijing) project are also described briefly.

In Chapter 5, oxidation chemistry during ICOZA is explored in further detail through
analysis of OH, HQ and RQ radical measurements. The radical observations are
compared to the predictions of a higltgnstrained box model incorporating MCMv3.3.1
chemisty, and a simple photostationary steadgte (PSS) model was used to examine
the experimental OH budget. The dependences of measured and modelled radical
concentrations on NO are explored in detail. In additiorsjtu ozone production rates
(P(O3), OPR)are calculated, and a higlzone, heatwave event is presented as a case
study. Finally, the overall conclusions of this thesis and suggestions for future work are
given in Chapter 6.
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2. Measurements of OH, HQ, and RGO, radicals: the Leeds graind-
based FAGE instrument

In this work, #l data were obtained using instruments located in the University of Leeds
Atmospheric Research shipping container, which acts as a mobile laboratory and
normally resides at the School of Chemistry except durinigwiek periods. The
container is akconditioned and houses a variety of instruments, mostlymamiknted,

which are described in detail below. A schematic of the layout of the container, as set up
for ambient measurements of k&0, and other species (.03 and NQ, Section2.6)

during field campaigns, is shown gure2.1. Several uninterruptable power supplies
(UPS) are used to supply power to most of the instruments and apparatus. TheHmulk of
container, including roof space, is occupied by apparatus required for the functioning of
the Leeds grounlased FAGE instrument (Secti@ril). Not shown inFigure2.1 is the

total OH reactivity istrument (Sectio.4). Unless stated otherwise, all gas flows were

controlled using Mass Flow Controllers (MFC, MKS Instruments 1179A series).

6.6 m

A

A 4

Fluorescence chamber
and HO, inlet RO, flow tube

\ - e
cmlimator\'_ : iJ;LMCP detector
_______ J =

i e i T Elv\

1
1 BT 12 GE
Laser fibre \\J& GB| [Amp] (ISB p] Photodiode
15 m S S~ T CO valve
NO valve & &MFC

& MFC x‘*ﬁ——-———-“; F H———————--———————I
1
Sea container N T I
Beam splitters Pumping 1 |2 1
Hygro- NO, Ozone | g fibre launchers line : 8 H
meter - Timi Gate valve! < 1
i| Timing ate valve 1

Laser Wa\{e \ i PD i
25m control | Master -~ - F_'f [ 1
Scope Nd:YAG Ti:S laser RN I
MFCs Bin EE‘H IESE_ Roots pump 5|5
e =S
. Delay generators Photon countérs T BIER
Chiller Control PC . Rotary pump oliS
Counter timer High volt. supplies PD =3

X I —

Figure 2.1. Schematic of the éeds Atmospheric Research shipping container (n
scale), showing all key features. MFC = mass flow controller, PD = photodiode,
= micro-channel plate, GB = MCP gating box, Amp. = MCP signal amplifier, A/
air conditioning.
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2.1 Overview of the LeedsGround-Based FAGE Instrument

Chapterl.3 outlined the principles behind the measurement of H@icals using the
FAGE technique. The sections below detail the main components of the Leeds- ground
based FAGE instrument.

The University of Leeds groudshse& FAGE instrumenf{Creaseet al, 1997a; Whalley

et al, 2010; Whalleyet al, 2013)has participated in over 25 intensive field campaigns
since its initial deployment in 1996. Measurements of OH; &, more recently, RO
radicals(Whalleyet al, 2013, have been made in a variety of locations, ranging from
pristine open oceafCreaselet al, 2003; Whalleyet al, 2010) rainforest(\Whalley et

al., 2011)and polar(Blosset al, 2007)environments, to coastgbmithet al, 2006)and
semipolluted regons (Creaseyet al, 2001) as well as urban arefldeardet al, 2004;
Emmersoret al, 2007) including a highly polluted megacifizeeet al, 2016; Whalley

et al, 2018)

2.1.1 Laser System

The key features of the laser system used are summarisegline2.2 and described in

detail below. Laser light at 308 nm is provided by an all seiide laser system,

consisting of a frequenegoubled Qswitched Nd:YAG laser (Photonics Industries-DS

53218) ate= 532 nm (~10 W, prf =5 kHzyhich pumps a Ti:Sapphire cavity to generate

broadband nedR radiation in the range 680000 nm. The Nd:YAG rods and pump

diodes and the Ti:Sapphire crystal are water cooled to ~30 °C using a chiller unit, while

the Nd:YAG frequency doublingcrystat 1064 Y 532 nm) is maintain

After expansion of the beam using a series of prisms, a rotatable diffraction grating is
used to select light at ~924 nm. Following alignment, ~1.6 W of IR radiation is produced,
which is refocused into temperaturentrolled (~50 °C, using a Peltier heater) lithium
triborate (LBO) andb-barium borate (BBO) nchinear optical crystals (separated by a
dual wavelength half/fullvave plate), to generate 462 nm lighia(frequency doubling)

and eventually UV radiatioat 308 nmyia sum frequency generation of the 462 and 924
nm light). Typical UV power is in the rangeiBM0 mW. Following this, the UV light is
split between the detection cells (RO« and OH reactivity) and reference cell (Section
2.1.4 via beamsplitters, and coupled to optical fibres (Oz Optics QNSBAUVVIS-
200/2403-5) using optical fibre launchers (Elliot Gold); the laser power is split in the
ratio 71.25:25:3.75 (HQROx cells, OH reactivity instrument and referencalic
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Figure 2.2. Schematic of the laser system used in the Leeds gioasedd FAGE
instrument. WP = halivave plate, M = mirror, L = lens, SHG = second harmc
generation (LBO), THG = third harmonic geagon (BBO), DWP = dual wavelengi
half/full-wave plate. Colour code: greem= 532 nm; red broadband IR and= 924
nm; bluei &= 308 nm.

respectively)The light transmitted through mirror M9 is used to montit@wavelength

of light accuratelyusing a wavemeter (Coherent Wavemaste2@30, 1 pm precision),

as shown irFigure2.2. Laser light is directed into the H@ell using a collimator (Oz
Optics) attached to an entrance arm, then exits through a window into the RO
fluorescence cell, in series as shownFigure 2.1; the collimator results in a beam
diameter of ~10 mm in the fluorescence imaging region (Se2tibd) inside the cells.

The power of the laser lighft-10' 20 mW) exiting the HQ/ROy and reference cells is
measured (after boac signal smoothing) using UV sensitive filtered photodiodes (New
Focus 2032); an additional, fast photodiode (Timing Corr. PBEigare2.1) is used to

measure the position of the laser pulse in time (Se2tbi3).
2.1.2 Fluorescence Cells

As shown inFigure2.1, the two fluorescence cells (H@nd RQ) are located on the roof

of the shipping container in a (weatrsmaled) aluminium box (~1x1x1 m). The two cells
are adjacent toree another, separated by a distance of ~50 cm (e@nrtentre). The

low pressure insidbothcells (~1.21.7 Torr, measured using a capacitance manometer
(Baratron, MKS instrumen}ds provided by the same vacuum system, a Roots blower
(Leybold RUVAC WAU1001) backed by a rotary pump (Leybold SOGEVAC SV200),
connectedvia 10 cm ID stainless steel flexible hose (length 5 m). Aside from the
dimensions of the two inlets (turret versus flow tube), the cells are virtually identical.

They consist of 22 cm ID ainless steel cylinders, where the R©ell
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(2013)
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has also beersandblasted and coated with black Teflon to reduce contributions to the

detector signal from scattered light.

To demonstrate the optical components present inside the cellsj@atopriew is shown

in Figure 2.3. Perpendicular to both the laser axis and the direction of gas flow is an
optical rail which houses a spherical concave mirror (back reflector) and a biconvex lens.
This focusses las@nduced fluorescence light (i.e., from the fluorescemaging
region) into an exit arm which, after passing through a bandpass filter (Barr Associates,
>50% transmission at 308 nm), is imaged ugmg touchingplanoconvex lenses onto

the detector. Both microhannel plate (MCP Photek PMT325) and channel
phaomultiplier (CPM, Perkin EImer 993P) detectarg used in this instrument.

2.1.2.1 HOxcell

Ambient air is drawn into the HGluorescence cell at ~8 sIm through a 1 mm diameter
pinhole nozzle in a flat stainless steel plate (0.1 mm thickness), which sits ohatép

cm tall, 2.54 cm diameter turret as shownFigure 2.4. Recently, the flat turret was
replaced with one with a conical design in order to facilitate the gas flow around a newly
constructed inlet pranjector (IPI) systen{Chapter 3). Supersonic expansion of the gas

results in aollimated jetthatintersects the laser axis in the fluorescence imaging region.

The HQ cell is used to make sequential measurements of OH ap@R@interference
minimisedusing a small flow oNO). In HO, mode, NO (BOC, 99.95%) is injected into

the centre of the cell 7.5 cm below the pinhai@ a single 1.6 mm ID stainless steel
injector using a computarontrolled solenoid valve (Metron Semiconductors). Typically

5 sccm is injected, resultirig a conversion efficiency (i.e., HY OH) of ~2 0 %;

residence time between NO injection and OH detection is ~0(@reaseet al, 1997b)
2.1.2.2 ROXxLIF cell

The RQLIF cell (Whalleyet al, 2013)only differs from the HQcell by the addition of

a differentiallypumped reaction flow tube ab® the cell, as shown iRigure2.5. The

flow tube (83 cm length, 6.4 cm ID) is constructed from aluminium, and internally coated
with halocarbon wax to reduce radical wall losses. Ambient air is drawn into the flow
tube, which isheld at ~30 Torr, at ~7.5 slm through a 1 mm diameter pinhole (1 mm
thickness) in a flat aluminium plate. The FAGE cell samples air at ~5 slm from the base
of the flow tubevia a 4 mm diameter pinhole sat on a 5 cm tall turret, which results in a

cell pressure of ~1.5 Torr.
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Figure 2.5. Schematic of the RQIF cell design. Taken frorvhalleyet al.(2013)

The RQLIF cell is used to measure HEDH + HG)! and RQ (= OH + HQ + RO +
RO,)2 sequentiallyln HOx mode, 250500 sccm CO (BOC, 5% inJNenters the centre
of the flow tube, ~2 cm below the pinhole, through 6.4 mm ID stainless steel tubing. As

a result, all HQis partitioned to H@as a result of reaction (R2.1):
OH+CO+QY H8 CQ+H0 (R2.1)

In RO« mode, 30 sccm NO (BOC, 500 ppmv in)s added together with the CO. This

converts all peroxy radicals to H®ia reactions (R2.2R2.3):

RO+ NO Y RO + NO (R2.2)

14 H Onder most ambient conditions, i.e. QHHO:".

238 H-©ORO; under most ambient conditions, i.e. QHHO, and ROL RO:.
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RO+GY ROCHO; + HO (R2.3)

While some OH, which isost more quickly to the walls of the flow tube than 3
formed through reaction (R2.4):

HO.+ NO Y OH + NO (R2.4)

reaction (R2.1) quickly convertéd:co < 3 ms) the OH back to HO The residence
time in the flow tube is ~0.8 s, ensuring high cersion of RQ to HO,. Inside the
fluorescence cell, NO (BOC, 99.95%) is continuously added (100 dodirg centre of
the cell, 7.5 cm below the pinholga a single 1.6 mm ID stainless steel injector. This
reconverts H@to OH for LIF detectionThe highflow of NO in the fluorescence cell
means that some R@pecies also convert to OH in K@ode (see Chaptér3.2.2and
Section2.3).

2.1.3 Photon Counting and Timing Control

In order to discriminate between fluorescence and sedttigght, temporal gating of the
detector is required, as discussed in Chap®&IA diagram of the timings of the detector
gain state and photon counting windows, optimised for use with MCP detectors, is shown
in Figure 2.6. Detailed descriptions of the analogous process for CPM detectors can be
found inSmith(2007)andFurneaux2009)

In the Leeds grounbased FAGE instrument, gating is accomplished using two delay
generators (Stanford Research Systems-BRS35). One of thdelay generators is used

to definetg and triggers the laser &at+ 5 € s . A fast photodi od
series), in conjunction with a counter timer (Agilent Technologies, 225 MHz universal
counter) is used to measure the actual temporal positithre daser pulse relative tg

which depends on laser power and alignment. This lag time585 . 9 €s) i s u
automatically correct the temporal positions of the gating and photon counting processes
for laser drift. The other delay generator sesignal pulses to gating units which control
whether the detector is in a high or low gain state. This delay generator defines the times
at which the detector changes gain state. The MCP detector is normally in a low gain
state (Anor malresyapasitive gatinmmputse ,f orre qu80 ¢e€s of
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Figure 2.6. Diagram of the timings of the MCP detector gain state (middle trace
photon counting windows (bottom) relativetsand the temporal position of the las
pulse(t op) during one 200 e€s duty cycl

duty cycle (i.e., the inverse of the 5 kHz prf). The MCP is switched to a high gain state

~20ns after the laser pulsgifyce=t1+20ns) f or a dur atiffeeenceof 20 ¢ s.
when using CPM detectors iIs that they are ope
detector is only in a | ow gain state for appl
before and for the duration of the laser pulse (aeegative gating dae). The MCP

detectors, first acquired in 2014, were operated in an analogous manner to CPMs (i.e.,

normally on, and with similar timings) in initial laboratory experiments and during the

2015 ICOZA (Integrated Chemistry of OZone in the Atmosphere) feglchpaign

described in Chapters 4 and 5. Detector signal spiking was found to be a major problem

during this campaign, presumed to be caused by electrical interfepossbly as a

result of high temperatures inside the roof bdsxggre 2.1). Following further

characterisation to improve their performance, the MCP detectors were operated under

the optimised settings described here in subsequent laboratory experiments and the

AIRPRO (an integrated study of AIR pollution PROcesaeBdijing) field campaigns in

2016 and 2017 (Chaptér2).

The gating units, situated inside the roof bBig(re2.1), also differ between the two
detector technologies. Honrtelilt gating units are used with CPM detectors, wlaoh

held at 2900 V (relative to ground) in the high gain state. For MCP detectors, compact
gating units (Photek GM1B0B) are used, and the potential is held at 3900 V in the high
gain state; the signal was sometimes amplified (Photek RA@SQpreamplifie 20 dB
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gain) when using MCP detectors. Initially, the power for the MCP gating boxes (+5 V
DC) and amplifiers (+12 V DC) was supplied from Photek DC power adapters, but is now
provided by a homéuilt low-noise power supply unit (PSU); this was introdliedter

the ICOZA campaign to help reduce signal spiking.

Following the fast decay of the scattered laser light (full width at half maximum (FWHM)

~ 35 nst measured using the fast photodiode), the photon counter (SRS SR400) measures
photons (as electricgdulses) from LIF, solar, remaining laser light and detector dark
countsinal0 e€s coll ection wi ndowinFiure)6adfter ) , wl
the MCP detector switches ti mlatime tohthegMCP g ai n
switch, by which time fluorescence and scattered light havetiegcdecayed to zero,

a 5 e€s collection window measures the si
(B gate). Owing to the faster electronic switching and reducedaitsing effects with

MCP detectors, which are a more recent detector teahpathe A gate starts later when

using CPM detectors, approximatdl§O ns after the laser pulsé. (€20 ns for MCPs).

For one measurement period (i.e., one laser pulse), the signal due to OH fluorescence and
residual laser scatter only (@) is givenby equation (E2.1):

OHsig= AT BIX (E2.1)

whereA is the number of counts measured in the A dais,the counts measured in the

B gate an is the ratio of the two gate widths (= 5 for the optimised timings described
here). This measurement is thiewegraed over 5000 laser pulses to give a signal in
counts $. In order to improve signdb-noise, pulse discriminator levels are applied to
the photon counters, 660 mV and-25 mV (2 mV) for CPM and amplified (nen
amplified) MCP detectors, respectiyebnly pulses with an amplitude greater than the

discriminator level are counted as photons, to distinguish them from electrical noise.
2.1.4 Reference Cell and Data Acquisition Cycle

In the Leeds grountlased FAGE instrument, a reference cell is used to aebutane
the laser wavelength to the peak of théXpbranch of the A" (36 = O 3qY =X 0)
electronic transition a~ 308 nm. Large OH concentrations are produced in the reference

1 Manufacturer quoted pulse width = 24 ns at prf = 5 kHz for a Nd:YAG pump diode
operating current¢p) of 33.00 A (typicalor = 44i 48 A).
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Figure 2.7. Time series of HQ(red line and circles, normalised to laser power)
reference cell (black line) signals during a calibration to illustrate the data acqu
cycle of the FAGE instrument. Areas of the figure are colour coded according tc
position in the cycle (see text for details).

cell via pyrolysis, by flowing humidified laboratory air over a heated Nichrome filament
(V~218V,I~48A)into a small low pressure (~2 Torr) fluorescence chamber. Again,
fluorescence is collected perpendauto the laser axis, using a CPM (Perkin Elmer
993P) in conjunction with a 308 nm bandpass filter (Barr Associates).

The use of the reference cell for FAGE data acquisition is demonstrafteguinre 2.7,
which shows the HOand eference cell signals over the course of one data acquisition
cycle, obtained during a fielbrk calibrationexperimentfor signal clarity(i.e., high

radical concentrationsYhe cycle proceeds as follows:

1. First, the laser wavelength is scanned over émge 307.995308.005 nm to find
the peak position of the(2) branch (blue shaded area).

Following this, the laser wavelength steps back to 307.995 nm and then scans over the
same range again until the reference cell signal (black line) reaches a sptguer¢9b

98%) of its peak value during step 1.
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2. The laser wavelength is held constant and OH (red lineoped circles) is
measured at 1 Hz for a user set period, typically 30 s (orange shaded area).
Generation of a high concentration of HOutside theinlet (i.e., during a
calibration experiment, see Sectidr2.]) results in a much higher signal (<10
counts 3 V1) than for ambient OH (~i@ounts 3 VY).

3. The wavelength remains constant, but NO is injected into theddID(yellow
shaded area). The signal is now due to the sum of OH apdhiah is measured
for a set time (30 s). In the ROF cell (Section2.1.2.2, this is the period during
which the dilute NO standard is injected irtte CO flow (i.e., R@mode, further
details in Sectio.2.1.9.

Steps 2 and 3 are referred to as the online period. The laser is then stepped up to a high,
offline wavelength (308.005 nm).

4. The wavelength is held constant agaimd the background (offline) signal is
measured (grey shaded area). Typically, this is measured for 30 s and split
between 15 s OH background (NO off) and 15 $ B&kground (NO injected).

OH and HQ signals Son andS+o2, can then be expressed using thllowing equations:
SoH = Sonline, NO off | Soffline, NO off (E2.2)

SHo2 = Sonline, NO injected Sonline, NO offl (Soffline, NO injectedi  Soffine, NO off) T [HO?2 (E2.3a)

or, if the offline signal is not changed by NO addition:

SHo2 = Sonline, NO inpeted] Soniine, NO off 1HO2 (E2.3b)

where eaclsterm is the signal (i.eAT B/X) averaged over the time period indicated by
the subscripts; thkioz term accounts for the nexero intercept usually obtained in HO
calibrations (i.e.S102 > 0 when[HO2] = 0, see Sectio.2.1).2 In Figure2.7, the large
increase in signal after the NO injection followed by a decay is caused by an increase in

1 The offline signal is often higher when NO is presertis is suspected to be due to
impuritiesformedin the NO cylinderregulator or gas delivery linsuch as HONO and
HNOs3, which may photolyse to produéexcited)OH. This backgroundfioften higher
when NO has spent considerable time in the gas lines, or an older NO cylinder is used.

2 As a consequence of the impurities described in the above foolneiegenerally
decreases with conditioning of the NO gas delivery line, e.g. over the course of an
extended field campaign.
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the rate of reaction (R2.4) as a result of increas@dfldw (due to a pressure spike);

these first few points are not incorporated in the signal averaging.

2.2 FAGE Calibration

As mentioned in Chaptelr.3, while it is possible to calculate the response of a FAGE
instrument to [HQ] (Hollandet al, 1995) in practice this is difficult. FAGE instruments
may be calibrated by supplying known concentrations of OH,.H@d RQ radicals
(Section2.2.]) to the instrument inlet. The signal response of the instrument to species X

(i.e., OH, HO2 and RQ) is directly proportional to its concentration:
Sc=Cx X [X] (E2.4)

whereCx is the calibration factor, a measure of the instrument sensitivity, for species X.
Cx is one of the factors that determine the limit of detection (LOD) of an insttumen
(Section2.2.9).

2.2.1 Radical Generation and Instrument Sensitivity
2.2.1.1 HOx calibration

OH and HQ may be generated in equal amouischset al, 2011)by the vacuum UV

photolysis of water vapour in the presence of oxy@avenst al., 1994)
H.O+hge= 184.9 nm) Y H + OH (R2.5)
H+Q+ M Y2+MO (R2.6)

For calibration of the Leeds FAGE instrument, radicals are generated in a turbulent flow
tube known as the fiwando. Thi ssection(@.87ixst s of
1.27 cm) black amdised aluminium tube with a Hg(Ar) peay lamp (LOT LSP035)

internally mountedia a Suprasil window at the end. The lamp is maintainediatB0C

using a resistance heater and flushed witl{~8 sccm),2 and its output at= 184.9 nm

is collimated.

The concentrations of OH and H@ay be calculated using equation (E2.5):

1t is also possible that this is simply due to an increase in$as¢tered light at higher
cell pressure. Although not visible ligure2.7, the spike is also present when offline.

2 This helps toprevent the buildup of heat and impurities, especiallg, @vhich has a
strong absorption crossection at 184.9 nm.
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[OH] = [HOz] = [H20] % G20, 184.9 nmXt oH X F1g4.9 nmX t (E2.5)

wherelhzo, 184.9nni= 7.14 x 1F° cn? molecule! (Cantrellet al, 1997)t on = 1 and [HO]
must be measured dugrthe course of the calibratioRigs9 nm( X t ) is determined
indirectly by chemical actinometry (Secti@®.2, which relies on the photolysis 02O
(laminar flow method Aschmutatet al, 1994), or more recently pO (turtbulent flow
method(Edwardset al, 2003; Faloonat al, 2004).

Calibrations were performed using tHgO-basedturbulent flow method, where the flow
regime ensures a constant radial distribution of radicals across the flow tube. This is
achieved (i.e.Re>4000) using a fast flow (40 sIm) of zero air (BOC, BTCA 178), which

is humidified using a water (HPLC grade) bubbler, delivered to the relatively smal cross
section wandria 1 00D perfluoroalkoxy (PFA) tubing. The fast flow also results in a
short otolysis exposure time in the wartd-(7 ms), minimising radical wall losses. A
small portion of this flow (~2 slm) is sampled by a chilled mirror dew point hygrometer
(General Eastern 1311DR sensor and 4x4 Optica, r@3Je+20 °C, error £0.2 °C) to

measure [HO].

During calibrations, the wand is held at a ~45° argl¢he HQ cell inlet using a custom

built housing, with the pinhole sampling air from close to the centre of the wand exit. The
high flow rate (~38 sIm) relative to the inlet flow (maxim ~8 slm) ensures that the
pinhol eflicowdidbu,eri . e. no ambient air is s
Variation of the lamp current {8 mA) is used to control [H{, which is produced at
nearambient levels in the range 5 x71® 1 x 10 molecule cr? (depending on
humidity).

From equation (E2.4), it follows th&lx may be determined from the gradient of a plot
of Sx against [X], as shown iRigure2.8 (X = OH) andFigure2.9 (X = HO). Here, S«
has been normalised to laser power (in mW) using the valfi® @fhich describes the
relationship between the photodiode reading on the Rizaiis, and laser poweP:

f* (V mMW-Y) = PDeeis (V) / P (MW) (E2.6)

f * values (~0.050.07 V mW?!) are obtained from photodiode calibrations with a laser

1 This angle gives the highest sensitivity lfaligh the dependence on angle is fairly
weak), likely due to minimisation of the baskmpling of air that has been in contact
with instrument surfaces.
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Figure 2.8. Example OH calibration plot (see text for experimental details). Error
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Cl bands.
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power meter (Coherent FieldMate). The calibrations shown were performed on the HO
cell with a 1 mm diamer pinhole conical turret inlépictured in Chapter 3.2and an
amplified MCP detector; NO was injected at 25 s¢omHO, measurements, resulting

in a conversion efficiency (i.eGno2:Con) of ~40%!? Figure 2.8 and Figure 2.9 show
strong Inear relationships, with all points on the best fit line (within error), and hence a
relatively small error is obtained in each of the calibration factors (<10%). The
statistically significant offsetlfo. = 1.57 + 0.69 counts’smW) in Figure2.9 is likely

due to impurities formed in the NO cylinder or line, as discussed in Sectigh

2.2.1.2 ROx calibration

Calibration of the RELIF cell (Section2.1.2.9 is performed sligthy differently to HG
calibrations. A key component of this is quantifying the reduction in sensitivity after
addition of NO due to increased partitioning of ;RO OH (and RQ losses through
RONQ: formation) and hence additional wall lossem reactons (R2.2R2.4). Radicals

are generated in the wand and delivered to thd FGlow tube in an analogous manner

to HO calibrations. The same flow rate (~38 slm) is used to ensure that théFRIOw

tube inlet (sample flow ~ 7.5 slm) is ovidbswed, andhe wand is also held at ~45° to the
inlet using a custormade housing. The radical concentrations in the wand are calculated
using equation (E2.5); upon entering the flow tube OH radicals are converted immediately
(U< 3 ms, compared to a residence time of ~0.8 s) tp\Hreaction (R2.1), such that
HO. concentrations are effectively double those calculated using equation (E2.5).

Addition of a hydrocarbon to the wand generates R@icalsvia reaction with OH:
RH+OH+QY R H0 (R2.7)

For typical RQ calibrations, methane is used as the hydrocarbon species, generating
CHz0». High hydrocarbon concentrations ensure quantitative conversion of OHxto RO
such that H@ and RQ concentrations are equal and canchi&ulated using equation
(E2.5).

Figure2.10shows a time series of a typical R€libration experiment, performed at the
start of the ICOZA field campaign. In the first part of the experiment (top panel), no
hydrocarbon is addein order to quantify the reduction in sensitivity with the addition of

dilute NO (500 ppmv standard cylinder, 2 ppmv in flow tube). For the first 30 s of the

1 Higher than the usual NO flow of 5 sccm for ambienti@asurements.
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Figure 2.10. Time series of the RCcell sighal during a calibration experiment (s
text for details); the gas mixing ratios (brown and purple text) are those calcule
the RQLIF flow tube. Top: no hydrocarbon added, only H® formed in the flow
tube; the decrease in signal upon additioN©fis used to quantify the sensitivity rati
A. Bottom: addition of a hydrocarbon (methane) results in 1:1 concentrations;c
and CHO»; So2is the signal due to G2 only.

online period, only CO (500 sccm) is added (5% standard cylinder, 0.86tvitube).
The HQ signal,S+o2+, is given by:

SHo2* = Sonline, dNo offl Soffine( E2 . 7) wher e t he subscript AHO2*0 i
with measurements from the KQell (i.e.,$402), and also because it is this part of the

data acquisition cyclthat is used to calculate ambient fHi@oncentrations (Sectich3);

the subscript AdNOO is used to distinguish be
tube, and the continuous flow (100 sccm) of concentrated NO to thdliR@escence

cell, which converts H&xo OH for LIF detection.
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After 30 s, dilute NO (30 sccm) is added with the CO flow for anothef 3he.reduced
HO:> signal,S+02+ (NO), is given by:

SHo2+ (NO) = S)nline, dNO injectec.l- Soffline (E2.7)
The reductio in sensitivity is expressed as the rafige:
Ano = SHo2+ I SHoz+ (NO) (E28)

which, for the example shown Figure2.10, yieldsAno = 0.714 + 0.041. This ratio is
lower than typical values (>0.9), meaning that the instrumest running at reduced
sensitivity towards R@radicals during the summer 2015 ICOZA campaign. Addition of
a capacitance manometeBgratron, MKS instrumentsp the RQLIF flow tube, to
ensure it was at its optimum pressure of ~30 Torr, improved setysftivithe AIRPRO
campaigns (averagéwo of 0.98 and 0.94 for winter 2016 and summer 2017,
respectively)

In the second part of the calibration (bottom panel)s 390 sccm) is added to the
calibration wand air flow (1.2%gn+cha~ 0.5 ms, compared to a residence time of ~7 ms
in the photolysis region) to generate £ radicalsvia reaction (R2.7). For the first 30
s, only CO is added; these poirisdz+ (CHa)), along with those from the first part of the
experiment (i.e.top panel, noiNO points), may be used to determine the/RBP cell
sensitivity towards H@ Cro2+, using equation (E2.4) in an analogous manner tpdeD
calibrations, as shown Figure2.11. The CHO: radicals do not undeogany significant
reaction and hence make no contribution to the signal during this time pé&modhe
final 30 s of the online period, the addition of dilute NO enables conversion 63,@d
HOz viareactions (R2.22.3), where the presence of CO faates partitioning of HQto
HO:> by reaction (R2.1). The signal due to £0H only, Sroz, is given by:

SR02 = Sonline, dNOinjected | A X SHoz* (CH4) T Soffiine (E29)

1 Similar to HG calibrationsan inverse spike is observed when NO is first injecisd(
result of increased Nfow due topressure builduip behind the solenoid valyghese
first few points are not incorporated in the signal averaging.

2 As discussed in Chapter 1.3.2.2, some peradicals do convert to HOon the
timescale of the fluorescence cell NO injection, and thus do contributeSedheThe
nature of these peroxy radicals, the mechanism of the conversion, and the exploitation
of this to discriminate between certain R@pes in ambient measurements are
described in SectioR.3.
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Figure 2.11. Example HQ" (HO, measued in RQLIF cell) calibration plot (see tex
for experimental details). Error bars ane 9D, wherex-errors represent the sum
quadrature of precision and systematic uncertainty. Best fit line (black) obtain
ODR, grey shaded area represents th€llbands.
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Figure 2.12. Example RQ calibration plot, using methane to generate methylpe
(CHs0Oy) radicals (see text for experimental details). Error bars @reDl, wherex-

errors represent the sum in quadrature of precision and systematic uncertainty.
line (black) obtained by DR, grey shaded area represents th€lbands.
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A plot of Sko2, normalised to laser power, versus Rfdncentrations calculated using
equation (E2.5) yields the ROF RO; calibration factorCro2, using equation (E2.4) as

shown inFigure2.12.
2.2.2 Actinometry

F1s4.9 nmis determinedsia NoO chemical actinometriEdwardset al, 2003; Faloonat

al., 2004) as discussed above. In summary, this involves measuring the NO produced in
the photolysis of DO as a function of Hg lamp curteihe NO is measured using a
commercial NQ chemiluminescence instrument (Thermo Environmental Instruments

Inc. 42C). The actinometry experiment involves three main parts:

1. Calibration of MFCs to ensure accurate concentration measurements.

2. Calibration of he NQ instrument as a function of2® concentration. This is
necessary as the N@strument relies on the measurement of fluorescence from
NO2* formed in the reaction between NO angt @20 can collisionally quench
NO>* back to the ground state, leaditogan underestimation in NO concentration.

3. Under the same experimental conditions as a FAGE calibration, the NO produced
from N2.O photolysis is measured as a function of lamp current. NO concentrations
must be corrected using the data obtained in stefp fllix is then calculated

using literature kinetic and photochemical data.

Figure2.13 shows a typical MFC calibration plot, where flows were measured using a

calibrated flowmeter (Bios DryCal DCite Primary Flow Meter M).

Figure 2.14 shows a representative N@alibration, at an MD mixing ratio of 5.54 +
0.10%. The calibration was performed using a floidl (@ sccm) of a dilute NO standard
(BOC, 450 + 5 ppbv) in 2 simNBOC, 99.998%) and 125 sccm@® (BOC, medical
grade 98%).

This process was repeated in the absence©fadd at a mixing ratio of 12.04 + 0.21%,
to determine the relationship betwe€ro and [NO] as shown inFigure 2.15. As
expected, the sensitivity decreasdightly with increasing BO. The low sensitivity,
which is <0.6(ppbv ppb¥') even in the absence of:@, is likely due to aging of the

fluorescence detector and deterioration of the collection optics.

Following this, a turbulent flow of air (40 sim) @m0 (3.7 slm, 8.2%Cno = 0.527)
was delivered to the calibration warithe NG instrument sampled from close to the
centre of thewvand exit, with a (Ktype) thermocouple attached to the tip of the inlet,
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Figure 2.14. NOy instrument calibration at ~5.5%,@. Best fit line obtained using
least squares fit (errors aré 3D).
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whilst the lamp current was varied betweeiil HDmA.

The chemistry insidente flow tube may be described by reactions (RR812):

N.O+hqa= 184. 9 ,n0fpP) Y N (R2.8)
oMD)+Y GR+0C (R2.9)
O(D)+N2Y OR)+ N (R2.10)
O(D) +N:O Y 2+ (R2.11)
OlD)+N.O Y 2NO (R2.12)

Collisional quenchingf O('D) by NzO is negligibl§Commane, 2009)he rate of D)
production is given by equation (E2.6):

— 00, 8 % O g (E2.10)

where, &  =1.43 x 10"° cn? molecule’ (Sandeet al, 2006) the quantum yield of
O(D), %o =1 (Sandetet al, 2006) andF1s4.9 nmiS thelamp flux. After applying the

steadystate approximation to €) to account for its lossgshe following expression
may be obtaing for the lamp flux:

0 4 _ (E2.11)

where the photolysis exposure tinte; 7.4 mst Figs9 nmas a function ofdmp current
may therefore be calculated from measurements of NO concentration, as skayunen
2.16.2

The actinometry experiment was performed in June 2015, and rate constants were
calculated using temperatudependent equatns taken from Sandet al (2011).The

large uncertainty (3% at 1) is a reflection of the high error obtained after propagation

of kinetic uncertainties through equation (E2.7).

1t is estimated from the flow properties of the wand, but is used only to calculate
F1s4.9 nmfor comparison to other actinometry experiments. For thegsespof FAGE
radical calibration, only the produdtigs.o nmX t) is required, as the total gas flow rate
(and thereford) is the same for actinometry and radical calibration experiments.

2 F184.9 nmvalues must also be corrected to account #® Bbsoption at 184.9 nm using
the BeerLambert law (not described).
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Figure 2.16. Lamp flux as a function of lamp current. Error bars ararid represent
y 1 uncertaintycombined from the sum in quadrature of NO variability (~14%),
errors in rate constants (total ~20%)No (~6%) and the concentration of the N
standard (~4%)X 1 variability in lamp current (~4%). Best fit line (black) obtained
ODR (errors at ), grey shaded area represents th€lLbands.
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A comparison of flux gradients obtained from actinometry experiments performed over
the last four years is shownhkigure2.17. All experiments were performed with the same
lamp underidentical setups (i.e., after the lamp collimator tubes were replaced in
September 2014). It can be seen that the flux gradients obtained are quite variable, ranging
from ~6 14 x 132 photons crif s mA?, although this cannot be explained by variations

in Cno, which remained at a relatively stable value of ~0.58 ppbv/ppbv. Nonetheless, the
gradients are broadly in agreement within their combinedr2ertainties, with a mean

+ 20 value of (9.4 + 5.4) x 8 photons crt s mA? (~60% relative error). There is no

evidence for any lonterm decrease in lamp output due to aging.

The NO/NO method has previously been shown to be in good agreementheith
laminar, Q/Oz-based actinometry experime(®mith, 2007; Furneaux, 2009)n the
present work, the flux gradient was also determined using an alternative, mdétasec|
actinometer as a further check, in which the HCHO produced froe©8Hbhotolysis
was detected using another LIF instrument, described in S&&¢@ryer, 2016) This
yielded a flux gradient of (7.8 + 1.8)10"? photons crif s mA™, in agreement with the
N2O method. However, there were some systematic issues with t6@HIHCHO
method, such as its insensitivity to changingsOH concentrations (T. Ingham, personal

communication), which were not pursued any further.

A key limitation of tre turbulent, NO-based actinometrgxperiment is that the NO is
produced in concentratiotisatare often below 1 ppbv, which are not far abtheeNQ
instrument detection limivf ~50 pptv in 120 s (SNR =2). Previous work byBrumby
(2017)showed that, out of all known sources of error associated with-Badtinometry
experiment (e.g. uncertdies in kinetic rate constants, gas mixing ratios or temperature),
variability in measured NO had the most significant influencei 49%0) on the

determined value d¥184.9 nm; based on Monte Carlo error propagations.
2.2.3 Accuracy and Precision

For all radicalmeasurementshe accuracycan bedetermined by the uncertainty in the
lamp flux gradient obtained in actinometry experimesisce the ODR fitting method
takes into account all uncertainties, of which the uncertainty in kinetic parameters
dominatesTherelative error in the slope for the dataFigure2.16is 13% (1J), which

is consistent with previous estimates of the accuracy of the lamp flux derivedhesing
N2O actinometry methogCommane, 2009; Furneaux, 2009; Walker, 20T he



120

18x10" — 0.70
—_ 16 —
- — 0.60
g
- 14 -
w
o — 0.50
5 12 - #
2
S | c
g 10— 040
c
e o)
-— gl
I3 8 030 £
: g
O 6 — =
x
3 — 0.20
L
4 —
+ 5 ICOZA Cyo ~ 0.10
Average = 9.4 x 10" photons em?s ma”
0 — 0.00

I |

! Sep-14 ~ Jun-15 ! Mar-16 ' Jul-16 ! Aug-16 ! Nov-16 ! Oct-17

Experiment Date

Figure 2.17. Comparison ofampflux gradients (+8) andCno obtained during bD

actinometry experiments for the same lamp over the last four years. Media
gradient =9.0x 102, mean(pink dashed line} 20 = (9.4 + 5.4) x 102 photons crit s

1 mA1 (~60% relative error). The lilac dashed line denotes the NO sensitivity de
from an NO standard cylinder supplied by the University of York during the July
ICOZA field campaign (Chapters and 5). Some experiments performed by Dr. |
Whalley (Sepl4, Jutl6, Augl6), Graham Boustead (Na6) and Eloise Slater (Oc
17).

accuracy is worse (~20% af)lif estimated from the sum in quadrature of errors in rate

constantgWiniberget al, 2015; Brumby, 2017)

In terms of precision, the error in OH measuremefts:)(is obtained from the

propagation of uncertainties in the-@mnd offline signals:

Oon= &oniide, No oft+ UPoffiine, NO off) (E212)
which, assuming Poisson statist{ts., Uoffine = Sriiine), €QUAtES tO:

Oon= &oniie. NO off+ Soffiine, NO off) (E213)

where theSterm is the same as that described in Se&ibri(i.e., equation (E2.2)), and
the (i term corresponds to thél $tandardieviation (SD) of the 1 s online OH signal data
(counts 8 V). The precision in HOmeasurementsifo,) is derived similarly, after

taking into account the additional subtractions required to oBtain
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Onoz = &onlirde, NO oft+ UPoniine, NO injeted + Soffiine, NO off + Soffiine, NO injected (E2.14a)
unlessthe offline signal is not changed by NO addition:
Ooz= &oniirle, NO off+ UPonline, NO injecte) (E2.14b)
and the precision in HOand RQ measurements is given by:
Onozr = @onlire,dNo off + Soffiine) (E2.15)
Oro2= &oniie, dNO off+ Uoniine, dNO injecte) (E2.16)

where theS terms are the same as those described in Se@idnsand?2.2.1.2(i.e.,
equations (E2.3) an(E2.8)) and thel terms correspond to theél EDs of the 1 s signal

data during the time periods indicated by the subscripts.

For the purposes of calibration, as discussed in Se2tihhand presented in Figures
2.8/2.9 and 212, signal errors (i.ey-error bars) are calculated from just the precisional
uncertainty, at the (Llevel, while radical concentration errors (i.e-error bars) are
obtained from the propagatigim quadraturepf accuracy (13% at() and lamp current
variability. Calibration sensitivities are derived from the slopes of linear orthogonal
distance regression (ODR) fits to the data, which take into account errors in bgth the
andx-directions(Boggset al, 1987) Although the fit uncertainties are natorporated

into ambient measurement uncertainty, they are used to assess the level of agreement
between calibrations, for example in the sensitivity comparison describ€taipter

3.3.1

For ambient measurements, thderms in equation$E2.13 E2.16 are replaced by
measurement standard errors (SH), reflect the increase in precision when longer
integration times are used. In addition, an accuracy component (26%) is included with
this precisional term (by summing iquadrature), yielding a total measurement
uncertainty at the®level. As an example, during the ICOZA campaign, the median total
error in OH measurements (all points, day and night) was 9.3mdl@cule cri¥, mostly

from precisional error (7.8 x ¥0nolecule cn®, ~80% contribution to total error), for
median campaign measured OH of 1.7 & mdlecule cr¥ (i.e., ~60% relative error).

For HO, the median total error was 1.3 x’¥folecule cri¥, with lesser contributions

from the precision term (5.5 s04molecule cri¥, ~40%), for median campaign measured

li.e., SD divided by the square root of the number of 1 s data points in each time window.
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HO; of 3.9 x 10 molecule cr? (~30% relative error); the increase in precision fo,HO
is a esult of the much larger sigisabbtained for H®in comparison to OH, owing to its

higher ambient concentrans!
2.2.4 Limit of Detection

The limit of detection (LOD) for the measurementafical Xusing a FAGE instrument,

[X]Lop, is given by equation (E27):

8 — Yemieir _ (E217)
where SNR is the sign#b-noise raib, Cx is the instrument sensitivity &pecies XP is
laser powert (= 1 s) is the measurement period, amdndn are the number of erand
offline points (of durationt), respectively.According to Poisson statisticSine IS
equivalent tahe square of thestandard deviation of the background sigi&Jsiine), and

is given by
Sofine = Sib + Ssb + Suc = Woffine (E218)

whereSp, Spand Sic are the contributions to the total background sig&adide, counts

s from laser scatter, solar scatter and detector dark counts, respectively.

Table 2.1. Comparison of median limits of detection (LOD, SNR = 2) and their
contributing factors (equatigiic2.17) for the field campaigns featured in this work, and
the preceding campaig@learfLo. LP = laser poer; full units ofCx: counts 3 mw?

cm® molecule!; data are only included for measurements with consistent integration
times: 5 min online (4 min OH, 1 min H®O,), 30 s offline.

Field Campaign LP Con [OH] LOD Cuo2 [HO 2] tobp  Cro2 [ROz] LOD

(mw) (10" (1Ccm?® (10%) (10°cn¥) (10% (10°cn?)
ICOZA 16 0.53 6.1 0.89 40 051 50
AIRPRO Winter 11 1.38 7.7 1.96 56 3.22 5.0
AIRPRO Summer 11 137 6.9 361 28 1.16 8.4
ClearfLo

13 9.0 4.2 14

(Whalleyet al, 2018)

1 Despite Con being a factor of ~6 larger tha@ro2, and the need for additional
subtractions in H@ measurements, HOconcentrations were 850 (1G90"
percentiles) times higher than OH during ICOZA.
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Median campaign detection limitor the measurements featured in this thesis are
compared inrable2.1, alongside those from the last major field campaign during which
the Leeds FAGE instrument was deployed, ClearfLo (Clean air for London) in summer
2012 (Whalley et al, 2018) For OH and HQ the detection limits were generally
consistent between the various campaigns, with LODs on the order of 2amdl94 x

10° molecule cri? (5 min online, SNR = 2), respectively. This is despite the instrument
sensitivitybeing a factor of ~3 lower on average during the ICOZA campaign, as it was
offset by higher laser powers and lower background signals. The slight improvement in
detection limits for the fieldwork conducted as part of this thesis relative to the ClearfLo
campaign may be attributed to switching to MCP from CPM detectors; the MCP detectors
have faster electronic switching times and reduced -pfilsing effects, leading to
increased sensitivity and lower background signals.

The detection limits for ROwere nore variable, on the order of ~1 x’¥folecule cri?

under optimum operating conductions, but a factor of ~5 higher during the ICOZA
campaign. This was due to a combination of the reduced sensitivityfantbr (RQLIF

cell pressure not optimised, Sectid.2.1.9, as well as the need to frequently switch to
CPM detectors during the ICOZA campaign because of repeated failures of the MCP

detector on this cell.

2.3 RO: Speciationand Ambient Data Workup

The Leeds grountiased FAGHENstrument can provide measurements of two specific
radical species, OHand HO and tot al organic perjoxy r
For the latter, partial speciation between small (i3) alkanederived RQ (hereinafter
referred t o0, andalkéng aronmtica 0 d RO asy atkanedéri®e@ RQ

( Acompldemxap e &chievedAs discussed irChapter 13.2.2 simple RQ are
converted to alkoxy radicals readily by the addition of NO (reaction (R2.2)). However,
the resultant reactions with.@.e., RO+ QY R & = O », teactib® (R2.3)) are too
slow, at the reduced @ssure inside the FAGE cell (~1.5 Torr), to proceed efficiently on
the timescale between NO injection and the LIF detection of OH. In contrast, for complex
ROz, the NGO and Q-mediated propagation chemistfRO; Y HO¢ O He) fast
enough to allow the foration of OH on the timescale of the NO injection. Mechanisms
for the fast formation of HOfrom these R@types are shown ifigure2.18. A key

feature is the formation & andUt-hydroxyalkoxy radicals (in the case of ethane and
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butane, respectively), which undergo fast unimolecular decomposition and/or reaction
with O; to generate H®

Speciationof RO, radicals isaccomplished through the use of different NO flows in each
cell, as reported bWhalleyet al. (2013)and discussd in Chapte.3.2.2 In the HQ

cell, interferences from complex R@adicals are suppressbyusing a low NO flow (5
sccm, ~3 x 1® molecule crfat 1.5 Torr), which effectively
measuremeritinterferences from complex R@adicak are maximised in the ROF

cell, where injection of a high NO concentration into the fluorescence cell (100 sccm, ~1
x 10" molecule cri?) promotes the conversion of these certain, R@es to OHThe
procedure for the workup of ambient radical dat#ustrated byFigure2.19. On the left
(Figure2.19A), time series ofawHOx and RQ signals (1 s) over two measurement loops
(i.e., peak scan, online, offline) are shown in the top and bottom parsgisctively. The
extraction of OH and H@Oconcentrations from these data is relatively straightforward:
Son andSHo2 (labelled inFigure2.19A) are calculated from equations (Ei223), and the
signals are converted to concentvas using equation (E2.4) with the appropriate
calibration factors (determined regularly during field campaigns). As showigure
2.19B, this yields time series of OH (top panel) and.H@iddle panel) concentratien

with timestamps given by theidpoint of the OH measurement period (UTC, universal
time coordinated)J(O'D) is also shown (top panel) to illustrate the general decrease in
radical concentrationsith photolysis rat@ver the course of the afternoon.

Determinatioro f ][ aRddts partial speciation between simple and complex RO
slightly more complexWhalley et al, 2013) In contrast to calibration experiments
(Section2.2.1.3, SHo2+ (Figure2.19A, calculated using equation (E2.7)) now includes
contributions from interfering, complex RC&i02+ may be converted to an equivalent
HO, concentration, [H@], using Choz+ and equation (E2.4), as shown in the middle
panel ofFigure2.19B. The difference between [HDand [HQ'] is proportional to the

concentration of interfering RQadicals, [RQ]::

[HO21=[HO:]  H{Ur&x [RO)) (E219%)

1 From Figure 4 inWhalleyet al.(2013) the conversion efficiency of ethederived RQ
is estimated at ~10%, well within the instrumental accuracy 680.2The total
contribution of all interfering R@species t&02 measured during the field campaigns
described in this thesis is dependent on the composition of the ambient peroxy radical
pool. To determine these contributions, box modelling studies vicgutdquired.
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Figure 2.18. Mechanisms for the fast formation of Hi@om alkenederived (ethene
t op) matkahed@iGed (-butane, bottom) ROIn the presence of NO. Despi
the lowO> density due to the reduced cell pressure (~1.5 Torr), the reactions p
swiftly enough such that HQand hence OH, formation occurs. Consequently, t
organic peroxy radical types cause interferences in the FAGE detection.of HO

whereUro2 is the conversion efficiency (RY HY OH) for each ind
species. This conversion efficiency varies between different R@l is dependent on
experimental conditions (e.g., residence time between NO injection and OH detection,
[NO] and temperare). For the conditions &Whalleyet al. (2013) which are similar to

those used in this work) ranged from 0.947 to 0.606 for etheramd cyclohexane

derived RQ, respectively. The experimental OH yields were in very good agreement with
those prediad by MCM (v3.2) chemistry, suggesting that the». for each R@do not

need to be determined in the laboratory, but may be modelled instead. As no further
speciation (i.e., between different complex JR@an be achieved using the RO

method, this R@class is reported as the total concentration of complex RO,

derived using an average conversion efficiet®{fkoz:

[HO2'] = [HOZ] + M%Ro2 % [CROY (E2.1%)
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For ambient measurements, th#ko. at any given timés dependent on the compositio

of the peroxy radical pool, and thus its accurate determination requires box modelling
studies foreach field campaign. In this work, a constaftko, of 0.89(+0.12 at ),

based on a recent modelling stuBy.(LisaWhalley, personal communicatiomjas used

to derive cRQconcentrations. This approximation means thatcR@asurements come

with aninherently large uncertainty and their interpretation must be treated with caution.
A time series of cR&concentrations is shown Figure2.19B (bottom panel); it can be
seen that cR@scales with the difference between H@nd HQ (middle panel).

In Figure2.19A, Skozrepresents the signal from other R@dicals, i.e. nofinterfering,

simple RQ. It must first be corrected for the decrease in sensitivity when NO is added

using equation (E2.9), wherBno is determined by regular calibration. The total

concentration of simple RQ[sRQ], may then be derived frorGro2 using equation

(E2.4). Finally,todfor gani ¢ per oxy r adi],arathensioply¢thent r at i on:

sum of simple and complex RO
Z [ R]® [sRO] + [cRO] (E220)

Following on from Sectior2.2.3 the uncertainty in complex ROneasurements is
obtained fromsumming in quadrature the errors in Hénd HQ', and likewise the

uncertainty in total R@from errors in simple and complex RO
2.3.1 Methyl Peroxy Nitric Acid Interference

The NQ: reservoir species peroxy nitric acid (PNA, #ND,) and methyl peroxy nitric
add (MPNA, CHO2NO») have the potential to undergo thermal decomposition in the
ROLLIF reactor, forming H@and CHO;, respectivelyFuchset al, 2008) Since HQ

is measured in the HQell, these measurements are not affected by PNA. However,
MPNA and réated species may contribute to measurements of sR@e RQLIF cell
(owing to a much longer residence time). As discusseWhbglley et al. (2018) it is
possible to estimate the ambient concentrations of MPNA from measure@s®NQ,

and thus the antribution of MPNA to sR@ measurements. Assuming that SR

11t should be noted that some R@dicals are not able to convert to H®the RQLIF
reactor owing to a lack of abstractable hydrogen atoms, such as those derived from
isobutane (CH(CE)3) and certain monoterpenes. However, these $p@des are not
expected to make significant contributions to the ambient peroxy radical pool for t
measurements discussed in this work, e.g. during the ICOZA campaign, isobutane
accounted for only ~ 0.6% of VOC OH reactiviiy average.
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Figure 2.20. Demonstration of the methyl peroxy nitric acid (MPNA, {THNOy)

interference in measurements of simplezR€ing median hourly diurnal profiles frol
the ICOZA campaign. Left axis: concentrations of measured simple RRQ),

MPNA calculated from [sRg) using equationK2.21), and sRQ after the MPNA
correction has been applied. Right axis: estimated fractional contribution of MP
the total SR@signal.

dominated by CHO», and that MPNA undergoes complete dissociation te@lh the

ROLLIF reactorl ambient MPNA concentrations may be estimated using:
[CH30:NO;] = [SRQ] / (1 + (Keq[NO2])™Y) (E221)
whereKegqis the equilibrium rate constant for the reagctio

CH302NO2z CHzO2 + NO2 (R2.13)

which is equal to 2.2 x 18 cm® at 298 K and 1 atr(Sandeeet al, 2011) The corrected
SRQ is then simply obtained by subtracting MPNA from measured,sRO

[SROs]corr = [SROY] i [CH30NO] (E222)

1At 30 Torr and 298 Kthe rate of MPNA decomposition is 0.76(&olden, 2005), such
that after 1 s (RELIF reactor residence time) ~50% dissociates ta@Hdecreasing
to ~30% at 288 K). However, the pressure of thelR©flow tube was not known for
the sSRQ measurement®gatured in this work. Therefore, since the exact decomposition
rate and residence time is not known, 100% conversion was assumed and this
interference thus represents an upper limit.
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To illustrate the effects of thelPNA interference, using measurements of sR@de
during the ICOZA campaign as an example, median diurnal profiles of uncorrectgd sRO
MPNA (estimated from equation (E2)), corrected sR®(equation (E22)), and the
fractional contribution of MPNA tsRG: measurements are showrHigure2.20. During

this campaign, the estimated MPNA concentrations varied froi20.¥ 10 molecule
cm3, but exhibited a relatively flat diurnal profile, with median values df5~8 10
moleculecm (~1i 2 pptv). sRGradicals follow the expected photochemical profile, with
nighttime and daytime levels of ~1 andi32x 1¢ molecule cr¥, respectively. As a
consequence, the relative contribution of the MPNA interference to the totakgal

is higher during the nighttime (~40%) than the daytime (200%6). The contribution also
displays a dependence on NO, with the largest interference%) at high NO
concentrationsX ~1000 ppty. The implications of these dependences, in terms of the
agreenent between measured and modelled Béhcentrationss a function of NOwill

be discussed further in Chapte2.3. For all other analyses in Chapterthe sRQ
observations presented hawet been correctedor MPNA, as the true fractional
contributionof CHsO> to measurements of sR@annot be determinedin accordance
with Whalleyet al.(2018).

2.4 Laser Flash PhotolysisLIF Total OH Reactivity Instrument

The shipping container also houses an instrument used for the measurement of total OH
reactivity,k@mn, which is shown irrigure2.21. Full detailsmay be found irCryer(2016)
andStoneet al, 2016 but the key features are described here. The instrument consists of
an atmospheric pressure flow tube (85 cm length, 5 crodbyled to an OH fluorescence

cell, whichwaslocated on the roof of the container (to the right of the roof bé&*guare

2.1) duringthe ICOZA field campaign and on the roof of the laser rack during the
AIRPRO campaignsThe lav pressure in the fluorescence cell (~2 Torr) is provided by
the same pumping system as the FAGE cells.

The flow tube samples aviei © PFA tubing) from close to
using a vacuum pump (Agilent Technologies {B®ry Scroll Pump)The laser flash
photolysis pump and probe technique is used @BEenneregt al, 2001; Sadanageat

al., 2004) whichinvolvesthe 266 nm laser (Quantel USA CFR 200) photolysis (pump)

of Oz to generate OKia the reaction of GD) with H.O. The OH signladecay (probe)

is then observed in real time by L{Feannerett al, 2001; Sadanags al, 2004) Fitting
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Figure 2.21. Schematic of the laser flash photolyki§ instrument for the
measurement of tat OH reactivity kén). Taken fromStoneet al. (2016)

of the firstorder exponential obtained yielk&®H, after subtraction of the physical decay
rate. 308 nm probe light is generated using the laser system described in Zéctjon

this means that OH reactivity measurements are only available during online points in the
FAGE data acquisition cycle (Secti@ri.4).

2.5 HCHO LIF Instrument

For the field campaigns described in this work, formaldel3CHO) was also measured
using an LIF instrument developed in Leeds, where full details may be foutryeén
(2016) The instrument is based on the desigioftle et al. (2009)and uses a pulsed
(300 kHz) tuneable fibre laser (TFL3000, Novawave)doagate UV radiation at 353.370
nm, which excites the HCHOo5Y 15 rotational transition of the 4’A> Y 31
vibronic band. As with FAGE, gas is sampled into a-fme&ssure detection cell (1110
120 Torr), but broadband fluorescence is collected ashéted wavelengthsst~ 3901
550 nm). The fluorescence detected using a PMT ($eas P25PC photodetector
module) and the signal recorded by gated photon counting (PMS400A, Becker and
Hickl). The background is determined by moving the laser wavelengtn toffline
position = 353.360 nm). The relativelsgompact HCHO instrument is housed in a

shocki nsul ated 190 rack inside a plastic case.
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2.6 Auxiliary Measurements

A variety of supporting measurements are available in the FAGE container. These include
corcentrations of water vapour and nitrogen oxides as discusseelctirons2.2.1and
2.2.2 Ozone, photolysis frequencies and meteorological parameters are also measured

routinely.

Os is measured usgna commercial UV absorption instrument (Thermo Environmental
Instruments Inc. 49C), which has a detection limit of ~500 pptv for 60 s averaging (SNR
= 1). Photolysis rates)) for a variety of species, includirgz Y O(D), NO, H2O;,
HONO and CINQ, may be measured using a gpectral radiometeJ(O'D) is also
measured using d Zilter radiometer (Meteorologie Consult GmbfBohnet al, 2008)

A wireless weather station (Davis Vantage Vue) is situated omttiainer roof to collect

meteorological data: temperature, humidity, wind speed and direction, pressure, rainfall.
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3. The Leeds Inlet Prelnjector (IP1): Design and Characterisation

3.1 Introduction

Chapter 1.3.2.1 described how FAGE groups have made efforts to validate OH
measurements throughcorporation of an alternative, chemical background technique,
OHchem,which was first applied for continuous ambient OH measurements byeMao

al. (2012). This was motivated by observations of radicals inN@y, biogenic
environments (Chaptdr.4.2.9 that exceeded corresponding model predictions by up to
an order of magnitudg.elieveldet al, 2008; Reret al, 2008; Stonet al, 2011; Whalley

et al, 2011; Wolfeet al, 2011; Luet al, 2012) In conventional background
determination (OHwave, Chagt2.1.4), the laser wavelength is moved to an offline
position, i.e., where OH does not fluoresce. However, this method is prone to artefacts
from species that generate OH inside the FAGE cell, and thus it can overestimate the OH
concentrations in ambieair. To determine the chemical background an OH scavenger
is injected, where the scavenger should react quickly and selectively with OH, such as
perfluoropropene (§). This technique, has shown that measuremerdel agreement

is often improved when metlestimates are compared to OHchem rather than OHwave
(Maoet al, 2012; Henst al, 2014; Feineet al, 2016) which suggests that the earlier

discrepancies may have been influenced by OH measurement artefacts.

However, considering the honrtelilt natue of FAGE instruments, those of different
groups share the same main features but differ in many aspects, such as inlet size and
shape, or whether the laser crosses the detection axis once (i.e-pasg)ler multiple

times (multipass). As a resulthé magnitude of any interference is likely to vary
significantly between different instruments. Because of this, a general recommendation
of the 2015 International HOWorkshop (Hofzumahaus and Heard, 201@ps that
different groups should incorporate thewn chemical scavenger system for use in

ambient OH measurements, and to test interferences in the laboratory.

The Leeds grounased FAGE instrument has therefore been modified to incorporate a
scavenger system, through the addition of an inletrpeetor (IP1) system. This chapter
describes the design of the Leeds IPI (Sec8d), and its thorough characterisation
(Section3.3) in terms of sensitivity and its capability to scrub OH fromdhesampled

(i.e., OH removal efficiency). The degree of internal removal, caused by reaction of OH

with the scavenger inside the FAGE cell, is also assessed. Finally, in S8ation
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Figure 3.1. Labelled SolidWorks model of the Leeds Iprovided by Dr. Trevoi
Ingham) The scavenger is injected into the centre of the PFA flow tube via foul
mm ID needles. The thick yellow arrows indicate the direction of the sheath flow

experiments using the IPI system to investigate interferences from the reaction of ozone
with isoprene are described, with conclusions and suggestions for future work given in
Section3.5.

3.2 Design

The Leeds inlet prnjecta (IPI, Figures3.1 and 3.Ris similar in concept to the design

of Mao et al. (2012) and consists of a 4 cm length, 1.9 cm ID perfluoroalkoxy (PFA)
cylinder embedded inside an aluminium housing, which seals to the FAGE cell via an O
ring base. The scaveagis injected into the centre of the PFA flow tube via four 0.25
mm ID needles, 4 cm above the FAGE inlet. The low bore capillary tubing increases the
pressure inside the needles, which faciliated mixing of the scavenger into the ambient air

stream. In tIs work propane (BOC, research grade 99.95%) was used as the main OH



Figure 3.2. Side (A) and top (B) view photographs of the IPI system, mounted o
HOx fluorescence cell.

chemical scavenger, withingilar results (Sectior8.3.2 obtained for GFs (Sigma
Aldrich, 99%). Based on previous investigations of OH interferei8&svenset al,
1994; Dubeyet al, 1996; Faloonat al, 2001; Reret al, 2004; Macet al, 2012; Giffith

et al, 2013) CsFe was used initially as it reacts quickly and selectively with ®H 2.2

x 10%? cm?® molecule! st at 298 K (Sanderet al, 2011), and does not contain any
hydrogen atoms which could serve as a source of-tpgearated OH viabstraction by
O('D) atoms(Stevenset al, 1994; Dubeet al, 1996) However, GFs must be diluted

in an inert gas before it can be flowed through MFCs, and its availability in the UK
became limited in 2015. As such, the more available propane was arsedo$t
laboratory experiments and all ambient measurements, despite the fact that it reacts more
slowly with OH (9s= 1.1 x 10'? cm® molecule! st (Sandeet al, 2011).

As shown inFigure 3.3, the scavenger is diluted inflow of N2 (500 sccm, BOC,
99.998%) prior to injection, whichs controlled using a solenoid valve (Metron
Semiconductors)he valveis housed in a weatherproof box, which sits on top of the roof
box (see Figur&.1) to minimise the length of tubing betarethe valve and the injectors.
Any dead volumeafterthe valveis purged continuouslipy the N dilution flow, using a
narrowbore injector inserted through the tee after the valve, with the injector tip placed
as closed the valve orifice as possiblEhe enables fast flushing of the systenoptimise

the response time before and after scavenger injg@extion3.3.2). The valve state and
scavenger flow over the course of the data acquisition ayetntrolled using austom

program nested within the FAGE softwdveitten by Dr. Trevor Ingham)
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Figure 3.3. Diagram of the gas flows involved in IPl scavenger injection (not to sc
The two mass flow controllers (MFCaye housed in the roof box (see Fig@rd),
where the scavenger MFCi @D sccm) and injection valve (in a weatherproof hou
on top of the roof box) are controlled using the main FAGE PC situated in the cor
laboratory.

In order to reduce radicavall losses, excess ambient air is drawn through the IPI to
generate a sheath flow, via four ports spaced evenly around the flow tube housing as
shown inFigure3.1. This minimises the FAGE sampling of air from near the walthef
cylinder, housing and turrethe total flow rate through the 1l 32 slm of which7 slm
issampled by the FAGE cell and the remainder of the isgwovided by a vacuum pump
(Agilent Technologies IDB Dry Scroll Pump), and measured volumetricaling a
rotameter (Brooks 25205 80 L mir?).

3.3 Characterisation

The operating parameters of the IPI were optimised by performing several
characterisation experiments in the laboratory. The three main factors to consider here
were the sensitivity of thestrument, the scavenging efficiency, and the internal reaction

of the scavenger with OH in the lepvessure fluorescence cMaoet al,, 2012; Novelli

et al, 2014a) Most of these experiments were performed by supplying known
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Table 3.1. Relative sensitivities (IPl on:off, +( for OH and H@ when sampling
through the IPI2HO. data considered unreliable due to problems regulating NO flow in
this experiment’Not quantitative, based on sequential samp(geg text for details).

Experiment OH HO:2

Calibration 2015 | 0.63 £0.15  0.90 £ 0.32
Ambient 2015 0.56+0.07 .60 = 0.07
Calibration 2016 | 0.60 + 0.11 0.79+£0.18
bPAmbient 2017 ~1 ~1

Calibration 2018 | 0.96 + 0.02 Not determined

Final value applied 1.00 1.00

concentrations of OH and H@o the instrument using the calibration wand described in
Chapter2.2 However, in contrast to normal calibration procedures, where the wand is
held at 45° to the pinhole (to minimise sampling of pockets of air whighhaae been

in contact with the metal pinhole surface), IPl characterisation experiments were
performed with the wand positioned parallel to the direction of flow within the IPI (i.e.,
90° relative to the plane of the pinhole), with a distance of ~3 cwelketthe wand exit

and the PFA flow tube. Characterisation experiments were conducted in this way to help
minimise perturbations of the normal flow profile (i.e., the flow during ambient sampling)
inside the IPI.

3.3.1 Sensitivity

Given the very low ambient coectrations of OH (<1 pptv during the daytime, often
<0.01 pptv at night), its measurement is difficult, which makes the sensitivity loss
imposed by the addition of the IPI to the FAGE instrument a particularly important
consideration for OH, and, to a lesgxtent, HQ, detection The reduction in sensitivity

is caused by the presence of additional surfaces, which may remove radicals from the
ambient air sampleNovelli et al, 2014a) It is therefore crucial to minimise these wall
losses, which was acc@iished using the sheath flow described in Se@i@Various
experiments were performed to determine the IPI sensitivity losses, for both OH gand HO
which are summarised ihable3.1 and describeth detail below.
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Figure 3.4. Determination of IPI OH losses from ambient measurements: comps
of OH concentrations measured using two adjacent fluorescence cells config
HOx mode, where the IRVas mounted on cell ¥{axis). Errors are@and corresponc
to the sum of precision (standard error, SE) and systematic uncertainty (26%). Fi
blue line, error at @ obtained byorthogonal distance regression (ODRBIue shadec
area represents 5% confidence interval (Cl) bands. The 1:1 line of agreeme
also shown (dotted red line) for comparison.

Preliminary experiments investigating the sensitivity of the instrument as a function of
the sheath flow, where high radical concentrationsevaslivered to the IPI using the
calibration wand at 90°, showed a general increase in sensitivity with sheath flow (data
not shown). However, above a sheath flow of 25 slm, corresponding to a total flow rate
through the IPI of 32 sIm, the sensitivity tawta OH began to fall off. It was suspected
that this was caused by sampling of lab air, containing OH sinks, in addition to the
calibration gas flow (i.e., the inlet was no longer supplied with an excess of calibration
gas), which was limited to a maximuftow rate of 40 sIm. After consideration of the
practicalities of supplying large quantities of calibration gas during the frequent
calibrations performed in the field, 25 slm was deemed to be the optimum sheath flow
rate, despite the fact that gains im&&vity may be achieved above this. Under these
flow conditions, the residence time of air in the IPI flow tube, prior to FA&®&pding,

is approximately 20 mg. he Rey n ol deé 2700) indicates that (h&flow is in
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between the laminar g 2300 and turbulent (R> 4000) regimes, but regardless, the
entrance length (Birdt al, 1960) of ~2 m (c.f. flow tube length = 4 cm) means that the
flow profile is not remotely close to being fully developed (computational fluid dynamics
simulations wouldikely be needed to determine the real flow profil&) the 25 slm
optimum sheath flow rate, the preliminary experiments (calibration 20Tabte 3.1)
yielded relative sensitivitiesf 0.63 + 0.15 and 0.90 + 0.32 for OH and #i@spectively.

In another experiment, the sensitivities were determined using ambient measurements
(ambient 2015 iTable3.1). Here, both fluorescence cells were configured to run in HO
mode (i.e., no RELIF flow tube on the céhormally used for ROmeasurements), where

one cell (HQ) was mounted with the IPI. Sids-side observations of OH (OHwave)

and HQ, sampled from the Brotherton courtyard outside the School of Chemistry, were
used to derive their relative sensitivitidhe results for OH are shown kigure 3.4,

where a lineaorthogonal distance regression (OCfR) which take into account errors

in both they- and x-directions(Boggset al, 1987) yields a slope (0.564 = 0.072) in
agreemenwith the preliminary experiments. However, the data exhibit a high degree of
scatter, and the lack of points at low concentrations (i.e., <f ma@cule cr¥) meant

that the fit had to be forced through zero, which biased the overall slope (fror0.51
0.56, intercept if floated = 2 x ¥olecule cr¥). In addition, the tw®H datasets exhibit
markedly different diurnal profiles (data not shown) that may relate to light shading
effects in the courtyard, which is clearly not the most ideal ambientlseocation.
Similarly, HO; data yielded a slope of ~0.60, much lower than in the preliminary
experiments. In the ambient case, there were problems with maintaining a stable NO flow,
which likely contributed to the discrepancy for HO

Theratios from he preliminary experiments were based on single;gean calibrations,

and since the ambient comparison in 2015 yielded inconclusive results, further
experiments were required to assess the linearity of the calibratindsthe
reproducibility of the deved sensitivities. Therefore, at the optimum sheath flow, -back
to-back multipoint OH and HQ@ calibrations (using the conventional calibration wand)
were performed (calibration 2016 irable 3.1), alternating between normal (i.@on

IP1) and IPl sampling. Multpoint calibrations demonstrated excellent linearity between
Siox and [HQ] for both OH Figure3.5) and HQ (Figure3.6). Backto-back calibrations
were well reproducild for both species, as shownFigure3.7. The presence of the IPI
results in OH and H@losses of ~40%Cow, ip1/ Con = 0.60 + 0.11) and ~20%C{o2, ipi
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| Cho2 = 0.79 £ 0.18), respectilye which are in agreement with the preliminary
experimeniderived sensitivities.These lossesvere calculated from erreweighted
averages of individual mulpoint calibrations, where the sensitivities from each
calibration were derivedrom the slopes folinear ODR fits to S'°% against radical

concentrations.

During the summer 2017 AIRPRO (an integrated study of AIR pollution PROcesses in
Beijing) field campaign (Chaptet.2), ambient OHwave and OHchem concentrations
were initially derived using a relge IP1 OH sensitivity of 0.86.However, these levels

were significantly underpredicted by a simple model, by approximately a factor of four
around midday (Dr. Lisa Whalley, personal communication). It was suspected that some
of this discrepancy may be digeinaccurate parameterisation of the OH calibration factor
when sampling through the IPI, i.e., that OH losses had been overestimated. Therefore,
another ambient experiment (ambient 2017 able 3.1) was performed where on one

day of the campaign, sequential measurements of OHwave were taken with and without
the IPI present. While this was not a formal intercomparison like the ambient 2015
experiment described above, the summer 2017 campaign provided ideal conditions to
assessRI losses, since the very high radicals levels observed (OH frequently >1 x 10

molecule cr?) in Beijing gave much better sigat@-noise than the analogous experiment

1 Data collected by Dr. Lisa Whalley and Eloise Slater.
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Figure 3.8. Time series of OH cono#rations for a day of sequential IPI/ntl

sampling during the summer 2017 AIRPRO campaign (data collected and

provided by Dr. Lisa Whalley and Eloise Slater). If a 40% reduction in sensitiv
applied toCon for the IPI sampling periods (rdohe), OH concentrations are mu
higher than those observed during adjacent conventional sampling periods (lig
line). If no correction is applied to the IPI data (dark blue line), the two datasets ¢
improved agreement.

in Leeds. The resultsf this experiment are shown for OHkigure3.8. It can be seen

that if a 40% reduction in sensitivity is applied to the calibration factor for the IPI
sampling periods, in accordance with the previous relative sensitivitiesmileed of

~0.6 for OH, the concentrations obtained are significantly higher than those during
adjacent nofPl sampling periods. However, if no sensitivity reduction is applied, the
two sets of OHwave data are qualitatively in agreement, implying thatié sensitivity

loss is close to zero. Similar results were obtained fop HEbise Slater, personal

communication).

Since this ambient test is not quantitative, as it is based on the temporal interpolation of
observed radicals that exhibit strong $fterm variability, the sensitivity loss was refined

in further calibration experiments (calibration 2018Table 3.1).1 It was hypothesised

that the difference between the calibration 2016 and ambient 2017 tests was due to an

inappropriate sampling methodology in the calibration case. For the 2016 experiments,

1 Experiments pdormed by Dr. Lisa Whalley, Eloise Slater, and Jake Allen.
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radicals were generated in the conventional calibration wand (ChaptewnRere it was
thought that positioning the wand parallel to and ~3 cm above the IPI flow tuldé wou
minimise flow perturbations inside the IPI (relative to ambient sampling). However, this
may not have been sufficient such that increased turbulence in the IPI flow tube, due to
the fast wand gas velocity (~10 m €.f. ~2 m & in the IPI flow tubg, may have resulted

in elevated radical wall losses. Thus for the 2018 calibrations, radicals were generated
using a mercury lamp placed over the instrument inlet, so that ambient air with elevated
radical concentrations was sampled, alternating betweeanifPhonrlPI sampling.In

these experiments, the mercury lamp was placed sufficiently far away from each inlet
such that it could be assumed that OH concentrations were uniform in the region the inlet
sampled from. Otherwise, the difference in inlet helggttveen IP1 and netPl sampling

may have resulted in different OH concentrations being sampled, e.g., due to differences
in Oz absorption at 184.9 nm ¢Mas a high crossection at this wavelengthyvhich

would affect the light flux at the point of sahmg. Since ambient variability (e.g., in NO
levels) also affects the atmospheric radical concentrations, the IPWMAbrycle was
repeated several tens of times to ensure sufficient averaging power. These experiments
yielded a mean *®relative OH sensitivity of 0.959 + 0.021 (Eloise Slater, personal
communication), i.e., a <5% sensitivity reduction due to the presence of the IPIl. While
HO: loss was not tested, the relative sensitivity is assumed to be closer to unity since it is
lessreactive than OH. In either case, the correction is smaller than the total instrumental
uncertainty (~26% at®, and as such no corrections were applied to OH o HO
calibration factors for the final workup of ambient data collected during IPlI sampling
periods (Chapters 4 and 5).

The result for OH igonsistent wittprevious studies using similar IPI designs, where no
changes in the instrument sensitivity to OH were obseMea et al, 2012; Taret al,
2017) In contrastNovelli et al. (2014) reporedan OH sampling loss of ~34% based on
ambient measurements of OH with and without the use of theiHt®ever, it is clear
that the 2018 calibration experiment is still not ideshce it involves sequential
sampling,and this should be further refineég performing tests, in a chamber or in the
field, in which IPtderived OH (and Hg) concentrations are compared to an independent
reference For example, theother FAGE cellcould be usedto measure HQ

simultaneouslyanalogous to the ambient 2015 téstt in a better sampling location), or
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the radical concentrations could be compared to another instfurnantindirect method
(e.g., hydrocarbon decafpr OH, HO, selfreaction (Winiberget al, 2015)). The
implications of the uncertainty in sensitivealye assessed in Chapter 5.2.2.3, where model
predictions of radical concentrations are compared to those obtained using theCurrent
factors (i.e.Con, ipi/ Con = CHo2, pi/ Cro2 = 1) and their lower limitsGown, ir1/ Con = 0.6
andCro2, ipi1/ Cho2=0.79).

3.3.2 OH removal efficiency

The OH removal efficiency in ghIP1system is controlled by the injection heigtite
choice of scavenger (i.e., the rate of the reaction of scavenger with Olsgatrenger

and N dilution (delivered to the injectorg)asflows, as well as the sheath flow. A key
requirement here is efficient mixing of the scavenger into the ambient air stream, which
is difficult considering the fast flow rate and hence short residence time of air in the IPI
flow tube Additionally, it is important to consider that some reaction of the scavenger
may occur inside the fluorescence chamber (internal rem®gation3.3.3. This would

give rise to a positive bias in ambient OH concentration measuremadts using t@
OHchem methogdas internal removal could result in loss of interfering OH and therefore
a reduction in the true background signal. Similarly, to minimise lo@¢laheasurement
data, the scavenger must be switched to a steady flow and back off quickly.

The OH removal efficiency may be calculated from the proportion of OH remaining after
injection of the scavenger, obtained from the ratio of the OH signals in the presence

(SPscavengd and absencest™) of the scavenger:
OH Rema|n|ng (%) = 100 SOHscaveger/ SOH (E31)
OH Removal Efficiency (%) = 100 OH Remaining (%) (E3.2)

Initial tests included variation of thexMilution flow, however the OH removal efficiency
was generally low (data not shown), likely due to poor mixing of the scavenger into the
sampled air when the flow rate from the injector is small. As a result,tiguton was

set to the maximum flow of the MFC used (0.5 slm) for all subsequent experiments. Any
further dilution of the ambient air stream would result in a loss of sdahsitiwards the

detection of radicals, however, at 0.5 slm the dilution flow is virtually negligible

1 The data are not yet available, but OH and.M@re measured using another FAGE
instrument (Peking University) during the winter 2016 AIRPRO (AIR pollution
PROcesses in Beijing) campaign, whaduld be used to verify the Leeds Pfactors.
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compared to the total flow rate in the IPI system (32 slm). The injection height of the
scavenger was also varied initially, which affects the scavenffiogecy because of its
impact on the residence time of the scavenger inside the flow tube. However, poor OH
removal efficiencies were observed when the scavenger was injected close (1 and 2.5 cm)
to the FAGE cell pinhole, compared to the injection he{ghtm) used in all other

experiments.

The scavenging efficiency was determined for both propaneCake with good
agreement between the two scavendeigure 3.9 shows the remaining OH signal as a
function of the OH reactivit{kGn = kon+scavenge[SCavenger]calculatedn the flow tube,

which normaliseshescavenger concentrations according to their different reaction rates
with OH. The observed removal efficiency is in broad agreement with the theoretical
scavenging effi@ncy, based on the residence time in the flow tube (~20 ms) and
assuming perfect mixing, suggesting that in this IPI system the scavenger is well mixed
into the gas sampled by the FAGE céh optimum removal of virtually 100% (OH
remaining+ 20 = 0.030 +0.091%) was observed &b ~3000 &', equivalent to ~110
ppmv (2.7 x 18 molecule cri?) propaneThis scavenger concentration was used for
measurements of OHchem during the summer 2015 ICOZA (Integrated Chemistry of
OZone in the Atmosphere) project. rRthe winter 2016 and summer 2017 AIRPRO
projects, a teffiold higher scavenger concentration was used (~1100 ppmv propane), after
internal removal experiments revealed no loss of internal OH at this concentration, as

discussed in detail in Secti@n3.3

The near complete titration of OH achieved here is in contrast to the results of Mao et al.
(2012), Griffith et al. (2013), and Novelli et al. (2@)4where the highest reported
scavenging efficiencies were 94, 95, and >9586pectively. However, in these 1Pl
FAGE systems, the larger residence time of air between FAGE sampling and the LIF
detection axis, as a result of long fluorescence cell inlets, favours the internal removal of
OH. Thus, the scavenger concentrations wetaaged to minimise the impact of internal

OH removal at the expense of the external scavenging efficiency. Similarly, the prototype
IP1 device used by Tan et al. (2017) exhibited poorer OH scavenging efficiencies (80
97%), although this was in part due technical difficulties encountered with the

regulation of the scavenger flow.
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Figure 3.9. Proportion of the OH signal remaining after addition of increa:
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repeat experiments. The blue curve correspondegtinéoretical scavenging efficien
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Another important consideration is the time response of the scavenger injection. The
system should stabilise quickly upon switching on the proghove, and after the
injection period the scavenger must be quickly purged from gas(bee&igure 3.3).

The latter was accomplished using a relatively higldiNition flow, applied directly to

the solenoid valve to minimiseedd volume. The former proved more difficult to
optimise, as filling of the propane line (between the MFC and valve) over the course of
the data acquisition cycle resulted in the buifdof pressure above ambient level from
the propane cylinder backinggssure. The effect of this can be seeiffrigure 3.10,

which shows a time series of the OH signal (produced using the calibration wand) over
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the course ofthe scavenger injection. While purging of the lines after stopping the
scavenger flow (~14:07:15) resultsquick stabilisation to the original OH signal (within
seconds), initial injection of the scavenger (~14:05:30) results in a negative spike in the
OH signal tracelue to the increased scavenging efficieritihen takes approximately 1
minute for the (ackground) signal to stabilise, as the pressure in the scavenger line slowly

returns to neaambient level

This problem may be avoided by careful control, using the FAGE software, of the relative
times at which the MFC and solenoid valves switch statis. dlflows the pressure in the
propane line just before the injection period to be optimised. The pressure must be slightly
above ambient to fill the gas line and facilitate fast mixing of propane intoxttuion

flow, and also because of the use affoa bore needle injectors. However, the pressure
must be low enough to avoid the spiking issues as sdagune3.10. It was found that

the optimum time response was achieved if the MFC valve was switched to open for 15
s befoe the solenoid valve opendelgure3.11 shows the improvement in time response
after implementing this injection method. Following propane injection, it now takes only
~10 s for the background signal to stabiliéne MFC and vale timings were
incorporated into the custom program used to control the valve state and gas flow during

interference tests (Secti@¥) and ambient measurements (Chapters 4 and 5).
3.3.3 Internal removal

Internal removal of OH waguantified by Mao et al. (2012) after forming OH inside the
Penn. State University (PSU) grouRAGE cell using a mercury lamp, and comparing
the OH signal with and without the presence of the scavenges)(@dded externally in

the IPI system. It was tomd that most of the internal removal occurred in the instrument
inlet, rather than in the OH detection axis, with a total loss of ~20%. Internal removal was
not tested in the laboratory by Novelli et al. (281fbr the Max Planck Institute for
Chemistry(MPIC) FAGE instrument, but instead they limited the scavenger (propene
and propane) concentration such that the OH removal efficiency was <95%, in order to
minimise possible reaction of the scavenger with OH inside the fluorescence cell.
However, during mbient, night time tests (constant atmospheric OH concentration
assumed), no change in the OH background signal was observed after increasing the
scavenger concentration by a factor of seven, providing evidence for a lack of internal

removal(Novelli et al, 2014a)
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A novel approach was devised to quantify internal removal of OH in the LeeBAGHE
instrument. Here, sufficient CO (75 sccm, 95 ppmv) was added to the calibration wand,
such that the OH formed (alongside fHi®om the photolysis of water vapowas almost
quantitatively (98.0 £ 0.4%) converted to H®ollowing this, a high flow of NO (50
sccm) was injected inside the FAGE cell, with the injector tip positioned centrally just
below the turret pinhole, to reconvert the Haack to OH for LIF deection. In this
manner, OH was only generated inside the FAGE cell, and not the IPI flow tube, such
that any change in the fluorescence signal could be attributed to internal removal, rather
than OH losses in the flow tube. The internal removal was digghth an analogous
manor to the external scavenging efficiency, using the total fluorescence signal in the

presenceS'%scavengd and absence of the scavendgy):
Internal OH Remaining (%) = 100! %scavenged S (E3.3)
Internal OH Removal (%% 10071 Internal OH Remaining (%) (E3.4)

Figure3.12 shows a time series of the LIF signal during an example internal removal
experiment, expressed as equivalent OH concentrations (i.e., signal dividGed)byn

the first partof this experiment, the external removal was quantified to verify the near
complete titration of OH in the IPI flow tube, in a manner analogous to the tests of the
scavenging efficiency described previously. After the addition of 110 ppmv propane (first
orange shaded area), the OH signal quickly dropped tezegar(from ~7 x 19to ~7 x

10° moleculecm®, ~99.9% removal). Following this, the propane flow was switched off
and NO was added (purple shaded area) to the FAGE cell directly below the turret
pinhole, such that the LIF signal represents the sum of signals from OH apd HO
produced in a 1:1 ratid-uchset al, 2011)in the calibration wand. A high flow (50 sccm)

of NO was used to optimise the H@ OH conversion efficiency, which was

approximately30%.

For the duration of the second part of this experim@, (95 ppmv) was added
continuously (green shaded areas) to the calibration wand, to titrate OHtG-88%
conversion) before the gas was sampled by the IPI. At the same time, NO was injected
constantly into the FAGE cell to reconvert the H@ack to OH for LIF detection. This
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Figure 3.12. Time series of the LIF signal during an internal removal experin
expressed as equivalent OH concdrdres. The raw 1 s data is given by the grey |i
Points where various gases are added to the wand (CO), IPI flow tube (propal
FAGE cell (NO) are indicated by the shaded panels, with the corresponding
averages (H2 shown as markers (see text for detail$)e inset shows more clear
the loss of atmospheric OH (note log scale) after addition of propane, which
observed for internal OH.

Table 3.2. Internal remoal of OH (%, =) as a function of propane mixing ratio in the
IPI flow tube, determined as shownhkigure3.12 (see text for details).

Propane (ppmv) | Experiment no. | Internal removal (%)
110 1 -0.1+4.38
(used for ICOZA) | 2 03x7.7
3 -0.9+16
Average + 2SD -02+1.1
550 1 1.0+9.6
1100 1 1.9+12
(used for AIRPRO) 2 4.2 +11
3 25+11
Average + 2SD 2.8+2.3
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bears resemblance to the procedure for ambient detection plustay the RGLIF
technique, described in detail in Cha@e3 Upon addition of the same concentration of
propane (second orange shaded area), there was no observable decrease in the LIF signal,
indicating no significant internal removal of OH. The averagé in®rnal OH removal
observed for repeat experiments wad + 1.3% at the optimum propane concentration

of ~110 ppmv (ICOZA 2015 conditions). Even at the higher propane concentration used
during the AIRPRO field campaigns (~1100 ppmv), the internal vainwas still very

small, and almost insignificant (2.8 = 2.3%able 3.2). The internal removal can be
compared to that which might be expected theoretically. A flow tube propane mixing ratio
of 1100 ppmv equates todk = 30,000s?, but this is a factor of 760/1.5 lower in the
detection cell, 59-5(assuming constant gas density). In normal operation, NO injection
occurs 10.5 cm below the pinhole, and 7.5 cm away from the laser axis (i.e., total of 18
cm between the pinhole adétection volume), with a residence time of 0.9 ms between
NO injection and OH detectidCreaseet al, 1997; Whalleet al, 2013) The gas likely

slows down between pinhole sampling and NO injection, but assuming a constant gas
velocity, the residenceéme between the pinhole and the laser axis is estimated at 2 ms.
Based on this, an internal removal of ~12% is calculated, which is higher than observed,
likely because the assumption of constant gas velocity is invalid (i.e., the real residence
time iscloser to ~1 ms). However, the calculation also neglects the fact that the density
is higher in the jet, or the perturbation to normal flow caused by moving the NO injector

close to the pinhole.

The maximum propane concentration here was limited by tiye @irthe MFC. In future
experiments, the scavenger concentration should be increased even further to check that
S%cavengedoes decrease accordingly, in order to prove that this is a valid methodology

for the determination of internal OH removal.

3.4 Interference Testing with the IPI

Previous experiments investigated the known interference from ozone in the presence of
water vapour, as well as interferences from intermediates (e.g., due to sCl decomposition)
generated in the ozonolysis of alkenes, nameharieethylethene (TEM), isoprene, and
methyl vinyl ketone (MVK) All gases were mixed in the calibration wand and delivered

1 Experiments performed by Dr. Lisa Whalley avidximilien Desservettaz
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directly to the cell pinhole, similar to normal calibration experiments. Ozone/fwalgr
tests showed that, for the Leeds grodmaged FAGE instrument, this known interference
could be calculated by the following expressf@rhalleyet al, 2018)

OHint (molecule cr?) = 520 (x200) x [G] (ppbv) x [HO] (%) X LP (mW) (E3.5)

which is equivalent to an OH signal 5.2 »® hiolecule cri¥ for typical instrument laser
power LP ~ 10 mW) andatmospheric concentrations og (0 ppbv) and EHO (2%).
The raw signal (i.e., cps, not cps Mycaled quadratically with laser power, confirming
that the signal originated from a tvpioton, lasegeneated process (Dr. Lisa Whalley,

personal communication).

In alkene ozonolysis experiments, which were performed under higl{al€ene]
conditions, it was found that the stesstgte OH generated from ozonolysis reactions
(i.e., atmospheric OH, not intering/internallyformed OH) lead to high OH signals,
even in the presence of a scavengeF{C The scavenger concentration was sufficient

to remove OH (>99%) generated from a mercury lamp (point OH source), but to remove
the steadystate OH from ozonolys, higher concentrations were required. In the case of
TME, the OH signal decreased to close to zero at high scavenger concentrations,
suggesting that the original OH signal was due to atmospheric OH only and that TME
ozonolysis intermediates (e.g., sGls)not cause an OH interference in the Leeds FAGE.
However, for isoprene and MVK, an OH signal remained at high scavenger
concentrations, for which a steastate model predicted OH concentrations close to zero.
This suggests that the signals in the isop/MVK cases were indeed caused by an
interference, although reducing the experimental reaction time improved the
measuremeninodel agreement, suggesting that the discrepancy may relate to the build
up of oxidation products. The remaining OH signal wat lasergenerated for both
isoprene and MVK, and did not exhibit a pressure dependence, suggesting that sCI
decomposition (enhanced at low presdidenahueet al, 2011) was not the cause of

the interference signal. Regardless, when extrapolated backlient levels of ozone

and isoprene/MVK, the interference is negligible (<1 >° Ifolecule cr?# OH

equivalent).

Similar experiments were performed as part of this work using the IPI system, with tests
conducted for @H20 and Q/isoprene (under wet andydconditions,Table 3.3).
Reagent gases were mixed in the calibration wand as before, but the scavenger (propane,

PROP) was injected into the IPI flow tube. The propane concentrations were set to those
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Table 3.3. Summary of interference tests withh @d isoprene (ISO) in the presence of
propane (PROP), based on the datgigure3.13. ®Corrected using equation (E3.50;
=10 ppbv, ISO = 3. ppbv.

Testf] Os H20 ISO PROP OHint (molecule cnr)

(ppmv) (%) (ppmv) (ppmv) Obs.  203/H,0 corr. POP3levels

A 1.64 0.73 0 110| 1.0 x 14 0 N/A
B 1.86 0.07 16 110| 1.9 x 14 1.8 x 10 21
C 1.83 0.98 16 110| 1.6 x 10 8.0 x 10 1
D 1.85 0.07 16 1100 1.4 x10’ 1.3 x 10 15

used for ambient OHchem measurements, such that the tests were representative of
normal atmospheric sampling (i.e., would an interference signal remain in ambient data).
However, to generate sufficient OH signal for quantitative analgzisne and isoprene

were introduced at concentrations that far exceeded their typical ambient Teadglks (

3.3). Unlike previously, low [@:[ISO] ratios were used to suppress the signal
contribution from the atmospheric OH geated by ozonolysis (i.e., isoprene acted as an
additional OH scavenger). To allow sufficient time for steast#fe conditions to develop,

the IPI did not sample from the calibration wand directly, but instead a 30 cm flow tube
(ID ~ 19 mm) was used to extd the IPI (which sampled wand gas at the normal IPI flow
rate of ~32 sim{J~ 0.15 s).

Time series of the interference testing experiments conducted using the IPI are shown in
Figure3.13. In panel A, no isoprene is added, but due to ozone photolysis in the presence
of high [HO] (0.73%) an interferencsignal (OHh) is observed (i.e., signal in the
presence of propane is higher than the offline signal). The magnitude of this signal (OH

~ 1.0 x 10 molecule cr¥) yields a scale factor of 510 + 270 ppb%™* mW?! when
linearly extrapolated down frothe measured [€§], [H20], andLP, in agreement with the

520 + 200ppbv? %! mw?in equation (E3.5).

In panel B, ozone and isoprene react under dry conditions, and an interference signal is
observed again. The low-8 (0.07%) suppressed the/B.0 interfaence, such that this
cannot explain the magnitude of @H~1.9 x 16 molecule crt), suggesting that OH

was formed internally. Under highumidity (H:O ~ 1%) conditions (panel C), GH

(~1.6 x 13 molecule crrf) was similar, but in this case the sigoah be explained almost
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Figure 3.13. OH interference testing examples: (Ay¥B»0 only, (B) Q and isoprene
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entirely by the @H20 interference. Under dry conditions but with a-teld higher
concentration of propane (as used for the AIRPRO campaigns, panel D), the interference
signal from panel B was reduced but remained elevated relative to the offline signal (OH

~ 1.4 x 1@ molecule cr?), where again the contribution from/8.0 cannd explain the
discrepancy. The decrease in @Hetween panels B and D may be attributed to the
suppression of steadstate OH generated from ozonolysis, but the remaining signal
implies that OH was also formed internally in both cases. For the dryprigvane
experiment (panel B), the magnitude of the OH signal is much higher than that calculated
from a steadystate model (~1.4 x $Omolecule cri¥), in accordance with earlier
experiments. Provided that internal removal experiments (Se8t®8 do not show
significant removal at higher propane mixing ratios (>1100 ppmv), tMsoprene
experiments should be repeated at higher propane to determine whetheittsigQdd

decreases accordingly.

The suppression of the interéace signal attributable tos@oprene only (i.e., 8H20
corrected) by the addition of water vapour (pandt£) ~ 1%) suggests that the internal

OH may have been formed from sCls. The simplest C1 and C2 sCls are known to react
quickly with the water spour dimer K ~ 4i 7 x 10*? cm® molecule! st at 298 K for
CH:00 (Chaoet al, 2015; Lewiset al, 2015) and monomerk ~ 1i 2 x 10 cm?
molecule! st for anti-CHsCHOO (Taatjeset al, 2013; Shepst al, 2014; Linet al,

2016), respectively. Readn with the water vapour monomer was also shown to be
relatively fast k ~ 1.2 x 10" cm® molecule! s?, kioss ~ 300 &t at ~1% HO) for the
ensemble of sCls, including the C1 sClI, generated from isoprene ozoifNkyaisndet

al., 2015) The sCl interérence hypothesis could be easily tested by humidifying the high
propane experiment (panel D), to see whethen@é&mains (after @H>O correction).
Alternatively, another sCl scavenger could be used, such as acetic agid8MH which

reacts much morguickly, at least with C1 and C2 sCls~« 1i 3 x 10'° cm?® molecule!

s1) (Welzet al, 2014) CH:COOH was used durings@lkene interference experiments
with the Indiana University (IU) FAGE instrument, since using water as the sCl scavenger
means that Bin« must be corrected for the photolytic ozone interfergftiekly and
Stevens, 20185 could also be used as an sCl scavergerlQ*’i 10°cm® molecule

1 st (Welz et al, 2012; Shepst al, 2014), but it fluoresces at 308 nm and therefore
would raise the background signal and reduce sitmabise. Experiments with acetic

acid or another sCl scavenger should be performed over a range of propane concentrations
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to ensure any remaining @tsignal (at lower propane) is not due to the stestdi OH

generated from ozonolysis.

A review of OH interference experiments conducted on LIF systems can be found in
Chapterl.3.2.1 For experiments conducted with ozone and alkenes, interference signals
have been observed that, upon addition of an sCI sgavéidO, CHCOOH, and S@),

were generally reduced to nemaro levels, suggesting that the source of the interference
was sCIgNovelli et al, 2014b; Novellet al, 2017; Rickly and Stevens, 2018)owever,

for the FZJ LIF instrument, the interferergignal was independent of water vapour and
SO levels, suggesting that the interference did not originate from ($Qthset al,

2016) The results of the present study are inconclusive with regards to the nature of the
Osfisoprene interference, and floetr experiments are required to assess this.

Regardless of whether the signal observed at high propane is due to internally formed
OH, which may have originated from sCls, the equivalent OH concentrations are
negligible when extrapolated back to ambientroical conditions. Assuming a linear
dependence of the interference signal on both ozone and isoprene, the interference (after
Os/H20 correction) is equivalent to <100 moleculebffiable3.3) at the ozone (10 ppbv)

and isopren€3.5 ppbv) levels measured in a NOx, biogenic environment during the
Oxidants and Particle photochemical processes (OP3) campaign ir{r2008t et al,

2010) The insignificance of the interference signal for atmospherically relevant
Os/alkene concemations is consistent with the results of previous interference
experiments, for which equivalent OH concentrations df4~8 1¢ (Novelli et al,

2014b; Fuchst al, 2016)and ~4 x 1®molecule crr (Rickly and Stevens, 2018an be
derived (further deiils in Chaptef..3.2.)).

3.5 Conclusions and Faure Work

This chapter has described the Leeds inleimgeetor, which was based on the design of
Maoetal. (2012). Determination of the reduction in sensitivity, due to radical wall losses
on the additional wfaces present when sampling through the IPI, proved particularly
challenging. After many experiments over several years, it was eventually found that
losses of OH and H{radicals in the IPI were effectively zero, such that the calibration
factors applid to ambient data required no correction. Because of this and the fact that
use of the IPI results in partial shading of the inlet, reducing the solar background signal,

instrumental limits of detection (LOD) are actually better for the IPI compared to
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conventional FAGE sampling. This of course is in addition to the main advantage of the
IPI system: the determination of interferences in ambient OH measurements. It is
therefore recommended that the IPI is used -neatinuously during HQ field

measurementss was the case for the summer AIRPRO campaign.

The OH removal efficiency was characterised and shown to be virtually 100% for the
scavenger concentrations used for fieldwork, with little difference observed betgkeen C

and propane scavengers when norseal to their respective reaction rates with OH.
However, it is possible that the OH removal efficiency has been overestimated, since
these experiments were performed in the same manner as earlier calibration experiments,
where increased radical losses @vebserved that were attributed to increased turbulence

in the IPI flow tube. The same effect would artificially improve the mixing of the
scavenger into the ambient air stream and thus the experiment should be repeated under
conditions similar to those ed in the final calibration tests, which did not perturb the IPI

flow profile. The time response of the scavenger injection was also optimised, where it
only takes ~10 s for the OH chemical background signal to stabilise following injection,
and a few seculs for the OHwave signal to stabilise after the scavenger flow is switched
off.

A novel approach was devised to determine internal OH removal (i.e., reaction of OH
with the scavenger inside the fluorescence cell), in which OH was generated inside the
FAGE cell only after conversion of sampled k\da reaction with NO. It was found that,

at the propane concentrations used for fieldwork, the internal removal was close to zero.
However, to confirm that this method is a valid approach for the determinaiiterofal

OH loss, the propane concentration should be increased further to show that internal
removal is observed at high enough propane. Using another scavengerke)gvotld

give further assurance, or alternatively OH could be generated from argpné&amp

placed inside the FAGE cell, which was how M&al. (2012) quantified internal OH

removal in the Penn. State University instrument.

Tests of the known photolytic interference from ozone in the presence of water vapour

were performed and shown e in agreement with previous work. Recent experinients

1 Experiments performed by Dr. Lisa Whalley, Eloise Slater, and Jake Allen.
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have confirmed the linearity of Gid in ozone, water vapour, and laser power.
Experiments were also conducfedtheozonolysis of isoprenainceinterferences have

been observed previouslyn Os/alkene systemspostulated to originate from the
decomposition of stabilised Criegee intermediates (QIsyelli et al, 2014b) which is
enhanced at low pressuf®onahueet al, 2011) These experiments used low
[O3]:[isoprene] ratios to minimise stdy-state generated OH (i.e., atmospheric, not
internal OH), and were performed using the IPI system to ensure their relevance to
ambient measurements. Interference signals were observed in all experiments, but under
high-humidity conditions this could bexplained entirely by the #H>O contribution

(i.e., interference signal close to zero after correction), supporting the sCI hypothesis, as
these are known to react quickly with water vapour and/or its dimer. Under dry
conditions, the interference was redd at higher propane, suggesting that some of the
low-propane signal was due to steadste generated OH. Overall, the results of these
experiments were inconclusive, and it is recommended that future tests should incorporate
the addition of a more efiient sCl scavenger (e.g., acetic acid), and assess its effects at
various concentrations of propane. Following this, a wider variety of alkenes should be
tested under the same experimental conditions, such as isoprene oxidation products (e.g.,
MVK) or monaerpenegFuchset al, 2016; Rickly and Stevens, 2018)

Fuchset al.(2016)showed that nitrate radicals (M@an also give rise to an interference
signal in FAGE instruments. Preliminary experiments have shown that this contribution
is negligible (afterOs/H-O correction) in the Leeds system for measurements of OH
(Eloise Slater, personal communication), but the interference is also known to affect HO
and RQ and should be determined accordingly.

The Leeds aircraft FAGE systef@ommaneet al, 2010)features a much longer inlet

(28 cm from the pinhole to the OH detection axis), resulting in a longer residence time,
and is therefore likely more prone to measurement interferéfeslley et al, 2013)

Inlet length has been shown to have a considerdfget®n the magnitude of the OH
interference during previous experiments with ozone and alk&nehset al, 2016;

Rickly and Stevens, 2018)nterference tests with the aircraft FAGE instrument are

1 The raw signal (cps) is quadratic due to the natureetwcphoton process, but this
becomes linear after normalisation to laser power (cpsnw
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therefore a matter of urgent priority, and it is recoemded that a similar IP1 system is

designed for ambient aircraft measurements.
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4. Validation of OH Measurements: Field Deployment of the Inlet Pre
Injector (IP1) System

In this chapter, the firdshree deployments of the Leeds inlet-prector (IPI) system for
ambient observations of OH are described. The first of these campaigns, and the main
subj ect of t h i IstegratédaChamestry,of O&Za@ns in thén Atmoséploere
(ICOZA) project at he Weybourne Atmospheric Observatory (WAO) on the Norfolk
coast, UK, in June and July 2015. The latter two field campaigns were conducted as part
o f An integrated Study of AIR Pollution PROcesses in Begi(®RPRO), the first in
November and December P& and the second in May and June 2017. The three
campaigns, one in rural, coastal UK in the outflow of a European megacity (Landon)
summer, and the others in a Chinese megacity over two different seasons, exhibited strong
chemical and meteorologicaiff@érences. This provided an excellent opportunity to
investigate the possible influence of interferences in OH measurements made by the
Leeds grourndbased FAGE instrument over a wide range of chemical space. Although
none of the campaigns were conductedow-NOy, biogenic environments, where, as
described in Chaptdr.3.2.] the most significant OH interferences have been found (see
Table4.3, discussed in later sectior®jao et al,, 2012; Novelliet al, 2014a; Feineet

al., 2016) the summer AIRPRO campaign did bear some resemblance, in that high
BVOC (e.g., up to ~8 ppbv of isoprene) and relatively low NO concentrations (~0.5 ppbv)
were observed in the afternoon. The meteorological and chemical conditions, including
some exmple VOCs, encountered during each campaign are summariSedblag.1

and discussed in further detail in the introductory sections that follow.

For ambient observation$e IPI data acquisition cycleee Chapte?.1.4 consised of

5 min of online and 30 s of offline (spectral backgraund OHwave integration, where

the online period was split into 2 min of OH measurements and 2 min of propane addition
to the IPI flow tube (chemical backgroynfdr OHchen), followed by 1 minof HO,
measurements (by the addition of NO to the FAGE céflterms of instrumental
operation, the only difference between ICOZA and the AIRPRO campaigns was the use
of different propane flows in the IPIl. The propane concentration in the IPI flowiabe
~110 ppmv Kon ~ 3000 &, (b ~ 0.3 ms) during ICOZA but, after internal removal
experiments revealed that the propane level could be increased further (Glapten
tenfold higher concentratiorresulting in a concomitant reduction in the OH lifetime,
was used for both of FAIRPRO campaigns. The propane flow was reduced occasionally
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Table 4.1. Overall meteorological and chemical conditions encountered during each field
campaign, including example VOCs. Values are given asngaian of all points that
coincide with IPI sampling periods, except fif0'D) and Q, which are reported as
diurnally-averaged maxima.

ICOZA AIRPRO winter AIRPRO summer
Dates 3i8 and 1216 Jul, 2015 217 Dec, 2016 23 Mayi 25 June, 201
Location 52U57®N,2 1U 39A58628606N, 11
Meteorological
Temperature (°C) 16 6.1 26
H20 (%) 15 0.4 1.6
Wind speed (m¥ 5.8 0.9 0.4
J(O'D) (10°sY) 16 3.5 19
Chemical
Oz (ppbv) 42 15 20
NO (ppbv) 0.19 22 0.81
NO: (ppbv) 2.2 33 17
CO (ppbv) 100 1120 460
Propandpphbv) 0.26 6.2 3.8
Isoprengppbv) 0.02 0.07 0.38
Benzendppbv) 0.03 1.4 0.46

1

ko (s7) 4.4 38 25

to the ICOZA levels, but this had no observable effect on the backgrount$ sigteaned
for either the winter or summer data. All OHwave data presented here have been corrected
for the known interference froms@ the presence of 4@, using equationg3.5.

4.1 The Integrated Chemistry of OZone in the Atmosphere (ICOZA)

Project

4.1.1 Intro duction

The ICOZA field campaign focussed on the chemistry surrounding the production of
ozone, which is harmful to human hedlikrrettet al, 2009) damages vegetatigrupa

et al, 1998)and is a potent greenhouse ¢g&¥CC, 2014) This campaign ishe subject

of Chapter 5, in which the current scientific understanding of ozone chemistry, and the
reasons that motivate its further study, are explored in more detail. A key component of
the project was the calculation iof situ (i.e., chemical or loc@lozone production rates
(P(0s), OPR)(Cazorla and Brune, 2010; Cazoelaal, 2012)using FAGE measurements

of OH, HO, and RQ for comparison to various observational and model approaches.
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Figure 4.1. Location (pink dot) of the WAO site and clustered four day bi
trajectories for the entire duration of the ICOZA campaigiti 25" July 2015, 3 h
intervals), showing the dominant air mass types. Bluecal European air; brown
North Sea air; red Atlantic air. Modified fromCryer(2016)

The ICOZA campaign took place at the WAO, which is a Global Atmospheric Watch
(GAW) regional station run by the University of East Anglia (UEA). As showFignre

4.1, the site is locatedrothe North Norfolk Coast, UK 52 U576 02 6 6,N40 1 UOQ 7
km NNW of Norwich and ~180 km NE of London. The site is situated 15 m above sea
level and is surrounded by grass fields on three sides, with the fourth facing due north
towards a genthgloped pbble beach. The nearest major road is a ruredald (A147)

located ~800 m to the south.

Alongside Leeds observations of radicals (OHHRD,) (Creaseyet al, 1997; Whalley

et al, 2010; Whalleyet al, 2013) OH reactivity(Stoneet al, 2016) HCHO (Cryer,

2016) and the auxiliary measurements described in Chapter 2 (e.g., photolysis rates), a
variety of supporting instruments were operated by collaborators from the Universities of
Birmingham, Leicester, and York. Observational data were also provigethe
WAO/UEA (e.g., CO, NQ@ O3, SO, VOCs, meteorological data). A full list of the

measurements made during the ICOZA campaign is given in Sdbdé Chapter 5.
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The campaign was due to start ot July 2015officially, but radical measurements
commered on the afternoon of 2Jdune. The last radical observations were made during

the early morning of 2% July, before the campaign end date of 3aly. Overall, OH
measurements were made on 22 days, albeit with variable data coverage (see Chapters 5
and 6). Two IPl sampling period&ere conducted in the middle of the campaign,
separated by a few days4®" July and 1%i 16" July), with a total of nine days where
OHchem measurements are available around midday. For other times, only measurements

of OHwave are available.

The ICOZA campaign was wedluited to an investigation of measurement interferences
owing to the variety of air masses that impact the WAO site. As the site is situated on the
coast, it is subject to clean polar air masses that navelled over the North Sea, as well

as more polluted air that has been influenced by emissions from major UK cities (e.g.,
London, Birmingham) ~124 hours before arriving at the site. Polluted continental air,
containing aged (by up to 36 hours) anthiggrdc emissions from continental Europe,
may also be sampldtleeet al, 2009) In addition, the site is subject to emissions from
local roads, as well shipping influend€ardenast al, 1998)

In general, the ICOZA campaign was characteriSatblie4.1) by moderate temperatures

(16 °C median), high humidity (RH ~ 80%) and strong wind speeds (<§,masmight

be expected at a temperate, coastal location in the summertime. The predominant wind
sector, based on wind directioreasurements at the site, was westerly (~30%), followed

by southwesterly (~20%) and southerly (~15%). Baalectory analysis was conducted

by Cryer (2016) which, similar to the results dfee et al. (2009) for the 2004
Tropospheric ORganic CHemistry priment 2 (TORCHR), showed that the air
reaching the WAO site could be defined by three distinct categories: Local European,
North Sea and AtlanticF{gure 4.1). During IPI sampling periods, the site was
predominantly under thafluence of Atlantic air(Cryer, 2016) as reflected in the
tendency for wind from the W and SW sectors. These air masses spent a considerable
amount of time (~1 day) over the UiQure4.1), often encountering emissions from
urban areas, which underwent photochemical aging during their transport to the WAO

site.

Overall, the levels of pollution observed at the site were moderate, and the lowest of the
three field campaigns discussed in this war&l{le4.1). For example, the OH reactivity
(kon) measured during ICOZA (~4'swas lower than AIRPRO (winter, summer: ~40,
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25 sb) by factors of ~69, and NO (~0.2 ppbv) and N@-~2 ppbv) levels were $420

and ~8 15 times lower, respectively. However, ozonging ratios were relatively high,
with a diurnallyaveraged maximum of ~40 ppbv, driven in part by strong UV and near
UV radiation.

In terms of the breakdown of OH reactivity, loss occurred mostly to (N®5% of
calculated, campaign average) and CO (~2@3tyer, 2016) As a consequence of their
low concentrations, anthropogenic VOCs (AVOCSs) such as propane (~0.3 ppbv) and
benzene (~0.03 ppbv) made only minor contributions (<5% totdiHoalthough it is
evident that the site is impacted by photochefltyicaged air from the relatively high
contribution of carbonyl species (~15%). The dialkenesifadiene and isoprene made
small but significant contributions ton (~12%); the related BVOCs, monoterpenes,
were measured as a sum during ICOZA but wenegdly below the PTRMS (Murphy

et al, 2010)limit of detection (LOD, ~20 pptv in 15 min). In addition, a significant
fraction of kon (~44%) could not be accounted for from thelecated measurements,
suggesting the presence of unmeasured speciesygtitmodelling studies could help
close this gap if simulated levels of OVOCs are sufficient.

4.1.2 Time Series

Time series of OHwave and OHchem measurements for both ICOZA IPI sampling
periods are shown iRigure 4.2 alongside their differences (OHwaveéOHchem also
averaged to 4 h to improve precision) and the calculated interference #bipOO
(subtracted from OHwave), as well as filter radiometer measuremedOt) to
highlight day/night differences. The gaps in the time series are due to instrument
calibrations, as well as instrumental malfunctions (e.g., due to power cuts) and known
operating issues (e.g., cell blockages and reference cell problems, see the Appendix for

more details).

It can be seen frorRigure 4.2that OHwave measurements track OHchaary tightly

for most of the duration of IPI sampling, and both generally follow chang#©hD).
Midday maxima for both OH measurements were in the range<3l¢ molecule crr

for 1 h averages. However, more significant differences were observéghgtwith
median nighttime concentrations of 3.1 and 2.2 X%rfi6lecule cri? for OHwave and
OHchem, respectively; although, it should be noted that even the 1 h data were highly
variable, reaching as far as ~1 »® hiolecule cr? below zero for both measements,

much greater than the median 1 h LOD of ~2 X h@lecule cr? (SNR = 2). Before
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Figure 4.2. Time series of OHwave, OHchem and their difference, the calculate
interference from @H:0 (subtrated from OHwave) andO'D) during the first (top
panel) and second (bottom panel) IPI sampling periods of the ICOZA campaign
black and pink markers represent raw data (4 min), while hourly average OH d
shown by the solid blue and black Isy@nd fowhourly differences (x2 SE) by the re
markers. UTC = Universal Time Coordinated (= GMT = BSI).

























































































































































































































































































































































