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I ntroduction

HOx (=OH+HQ) radicals play a key role in tropospheric chergis®H is the main oxidant
and reacts with most of the trace gases that argeeinin the atmosphere. H®@adicals are
mainly produced from the reaction of OH with CO asmdatile organic compounds and play
an important role in the formation of tropospheaone. To understand the impact of human
activities on the atmospheric composition, atmodgphehemistry models are supported by
laboratory and in-situ measurements.

The concentration of HOx radicals is very low witbncentrations of less than 0.1 pptv and
10 pptv for OH and H@respectively. Due to their very low concentratiotiee selective
detection of OH and H{xradicals was a challenge for experimentalistse€t&in methods for
OH and HQ radicals were developed since the 1980s. In Chdptthe summary of these
different methods is presented. Special attentsogiven to the FAGE (Fluorescence Assay
by Gas Expansion) technique since it is the onewlaa chosen at the University of Lille. In
the end of the first chapter, the methods that omea®H reactivity are presented.

In Chapter 2, a detailed description of the diffénearts of UL-FAGE (University of Lille —
FAGE) is given. The calibration procedure is préseén The sensitivity of UL-FAGE is
shown to be adapted for ambient measurements.r&iffenterference tests were conducted
in order to check the selectivity of our instrumeamid are presented in the last part of the
second chapter.

The UL-FAGE was deployed for the first time in éifént field campaigns during the course
of this thesis. First, the UL-FAGE was intercomphreith the FZJ-LIF in the SAPHIR
chamber in April 2010. The results of each expenim&re detailed in the Chapter 3. A
statistical analysis of the data allowed the agesdnbetween the two instruments and the
impact of possible artefacts on the measureme@tband HQ radicals to be verified.

In Chapter 4, the preliminary results of the Comp@tdl the SURFIN campaigns are given.
The goal of the CompOH field measurement was teraoimpare the UL-FAGE with the
LATMOS-CIMS in ambient air for the measurement oH.OSimilar to the Chapter 3,
statistical analysis was made in order to undedstdre differences between the two
instruments. The SURFIN campaign aimed at exploting role of radicals in indoor
chemistry. The first OH and HOndoor measurements are reported. The photolgdes r
intensities and the concentration of HONO were olexk to be key parameters in the

formation of OH radicals indoors.



The last chapter is dedicated to OH reactivity mesments. In the first part, a description of
the UL-OH reactivity system is presented. Then, riggults of the CompOH campaign in
which the UL-OH reactivity system was intercompavath two other CRM instruments are
detailed. Finally, the results of the study of thaction between N® and HO as a potential

source of OH radicals are presented.
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HOx measurement in the troposphere

Introduction

The hydroxyl radical, OH, is the main oxidant ire tttoposphere during daytime and a key
intermediate in the formation of secondary polltéan the troposphere such as ozong),(O
nitric acid (HNQ) and peroxyacetyl nitrate (PAN). Field measuremeot OH, HQ
concentrations and OH reactivity are used to vadidamospheric chemistry models that help
to predict the evolution of the oxidising capaaifythe atmosphere. The comparison between
models and measurements in specific locations aliowprovement of our knowledge on the
fast photochemical processes occurring in the sppere (Stone et al.,, 2012). Since the
1990s, over 60 field measurement campaigns weranagd to observe OH and H@n
various environments (e.g. polar, mega-city, seofibiped, polluted, marine, marine
boundary layer, with biogenic emissions).

The first reliable measurements for OH (Campbedllgt1986; Eisele and Tanner, 1991; Hard
et al.,, 1992; Perner et al., 1976) and for,HOantrell and Stedman, 1982; Hanke et al., 2002;
Hornbrook et al., 2011; Mihelcic et al., 1985) damied earlier model studies (Crutzen, 1973,
1974; Levy, 1971) predicting concentrations inréege of 18and 18 molecule cnt for OH
and HQ, respectively. OH and HOconcentrations are very low and highly variablehwi
time and location. Hence, their detection requieetiniques with high sensitivity, selectivity
and time resolution. The development of such imsénts was and still is a challenge for
experimentalists over the last 30 years.

A review of the techniques for the measurement &f &hd HQ will be given in the
following paragraphs with attention drawn on theidféscence Assay by Gas Expansion
(FAGE) technique as it is the one that was chosethe presented work at the University of

Lille. The last section concerns techniques thasuee the OH reactivity.
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HOx measurement in the troposphere

1. HOx radicals in the tropospheric chemistry

Planet Earth is surrounded by a layer of solidjidigand mainly gas constituents called the
atmosphere. The atmosphere can be divided intadayamely troposphere, stratosphere,
mesosphere, thermosphere and exosphere (not refg@ésen Figure 1) characterized by a

temperature inversion profile as can be seen omr&igy.

THERMOSPHERE
100—
—] 10—3
80— - 102
B
e [ MESOSPHERE &
= 10 g
£ 601 s
2 3
5]
I p--o--oooo- STRATOPAUSE -)--------------- 417 8
40—
N STRATOSPHERE 4
20—
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Temperature, °C

Figure 1. Temperature profile as a function oftiegght of the Earth’s atmosphere
(Seinfeld and Pandis, 1998)

The Earth atmosphere is composed of 78 % 20.9 % Q, 1% Ar and 0.036 % of CO
(Seinfeld and Pandis, 1998). Water vapour is thet meost ambient constituent with
concentration that can vary up to 3 %. The remgirgas constituent is composed of a
multitude of volatile components with concentrasidielow 1¢ mole fraction (i.e. 1 ppm, 1
part per million by volume) called trace gases.

Trace gases are either emitted from biogenic sewsaeh as forest environments (so-called
Biogenic Volatile Organic Compounds (BVOC), e.gpsene, monoterpenes) or from oceans
(halogenated hydrocarbons). Also, human activitedease an important amount of trace
gases called anthropogenic Volatile Organic ComdeiOC) such as from car exhausts (e.
g. aromatic compounds, GONQ,) or industries (e.g. CFC; ChloroFluoroCarbons)teAf
being emitted in the atmosphere, these trace gamego through different processes: (i)

deposition (dry or wet), (ii) transport over longstdnces or (iii) chemical transformation.
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HOx measurement in the troposphere

Since about 90% of the total mass resides in th@osphere (Wayne, 2000), most of these
different processes will occur in this lower pdrtlee atmosphere.

As the major constituents of the atmosphere arerewattive, it was long thought that only
slow chemical transformations were occurring in dt@osphere. One of the first hints that
lead scientists to investigate the fate of the dbalspecies released in the troposphere in
more details was the formation of photochemical g sunny days in Los Angeles in the
1940s (Haagen-Smit, 1952). The characteristichofqchemical smog days were: a decrease
in visibility (due to particles), crop damage ane éritation, due to the generation of highly
oxidizing species. Soon it was recognized thatfénmation of pollutants such as;(HNO3

and solid particles were linked to the combinattbhigh VOC and N@concentrations in the

presence of light
VOC + NO + hv - O3 + HNOz + ... + particles (R1)

1.1. HOx chemistry

Levy (Levy, 1971) first hypothesized that OH radicaould play a central role in the
degradation of VOC in the troposphere during deetiwhich in the presence of N©ould
lead to the formation of photochemical smog. Heettgyed a 15 reactions chemical model of
the CH, and CO oxidation in which HQ= OH + HQ) radicals species were at the centre of
a chain reactions mechanism and were rapidly ioterert.

The main source of OH in the troposphere is vigpthatolysis of Q (A < 310 nm) to form an
electronically excited oxygen atom'D) that reacts with water vapour to form OH.

O3 + hv (A < 310 nm)— O('D) + Ox(*Ag) (R 2)

O(D) + H;0 — 2 OH (R 3)
The excited OP) can also be quenched (i.e. deactivation of guited molecular entity by
collision with other substituent though a non-réigi&process (Ni et al., 2006) to from Op)

that can react with £xo recycle Q.

O('D) + 0, — OCP) + & (R 4)
O(D) + N, > OCP) + N, (R 5)
OCP)+Q+M— O3+ M (R 6)

13



HOx measurement in the troposphere

The fraction of O{D) atoms that forms OH is dependent on th® ldoncentration as can be
seen from (R 3). For water mixing ratio equal t6 %, 10 % of the GD) reacts with HO to
form OH rather than being quenched byadd Q.

The primary source via the photolysis of [(R 2)-(R 3)] is defined as

P(OH) =2x f x[O,] x j(O'D) Eg. 1

wheref is the fraction of OP) that reacts with kD to form OH rather than being
guenched by Nand Q defined as

—_ kOlD+H20[H 20] Eq 2

kOlD+H20[H ZO] + kOlD+02[OZ] + kOlD+N2[N 2]

Other sources of OH radicals are the photolysislONO, HO, and the reaction of alkenes
with O3 (Monks, 2005).

The OH radical initiates the oxidation of hydrocamb species (e.g GHthat leads to the
formation of HQ[(R 7) to (R 10)]. In the presence of NO, K3 quickly recycled back to
OH and NQ [(R 11)] and so the hydrocarbon oxidation is emeanby the HOx/NOx
catalytic cycles. The photolysis of N@ then leading to the formation o IR 12)-(R 13)].
Under high NOx conditions, the oxidation of hydrdmans leads to the formation of;.O
However, under very high NOx conditions the reactlietween OH and NO[(R 15)]
dominates and can lead to a decrease in tlew@rentration.

OH + CH, —» CHz + H,O (R7)
CHs; + O, + M — CHO, + M (R 8)

CH30; + NO — CH;0 + NG (R9)

CH;0 + O, —» HCHO + HGQ (R 10)
HO, + NO— OH + NG (R 11)
2(NO, + hv (A < 420 nm)— NO + OFP)) (R12)
2(0CP) + Q@ + M — Oz + M) (R 13)
CH, + 40; + v — HCHO + HO + 2G; (R 14)
OH+ NG, + M — HNOs+ M (R 15)

Two different regimes can be established: high N@ad low NOx conditions. As opposed to
high NOx conditions, under low NOx conditions (tygily NO concentration lower than 100

ppt), the main losses of H@nd methyl peroxy radicals G8, are via self reaction or cross

14



HOx measurement in the troposphere

reactions. Then, £s mainly consumed by the reaction with H® 21) and with OH (R 21).

In addition, under very low NOx conditions, the pilgsis of G can be considered as a major

ozone loss.
CH30; + CH;O, — 2CH;O + others products (R 16)
CHs0 + O, —» HCHO + HG (R17)
HO; + HO, —» HO, + O (R 18)
CH30, + HO, — CH;O0H + G (R 19)
HO, + O — OH + 20 (R 20)
OH+(O; - HO,+ O, (R 21)

Figure 2 is a simplified representation of the pcttbns and losses of HOx radicals and their
role in the oxidation of Cldand CO. OH is converted to H®ia propagation reactions with
CH4 and CO and Hg@is recycled back to OH after its reaction with @ Q. An additional
significant source of H@is the photolysis of HCHO. OH radicals are remofredh the HOx
cycle with their reaction with Noto produce HN@ (R 15). It is a termination reaction as it

removes radicals from the gas phase.

HNO;

HCHO

hv 2 2
03 F->»- CH;00H

H,0

Figure 2. Oxidation of ClHand CO in the presence of NO. Implications of Oid BO,.
(Wayne, 2000)

As they are dependent on the chemical compositimOH and HQ concentrations in the
troposphere will vary greatly depending on the fmra as well as the meteorological
conditions. The range of concentration for OH ranfgem below 1®up to 10 molecule crit

and its lifetime from ms in polluted areas to h<lean environments. For HGhe range of

15



HOx measurement in the troposphere

concentration is from 7o 1G molecule crit and its lifetime as for OH varies from 10 s in

polluted areas to 1 min in clean environments.

The OH concentration is the balance between theéustmn and the loss.

—d[OH] = P(OH) + Ky65.03lHO, ][O3] + Koo [INOI[HO, ] + Zvi L+ P

dt
_zk0H+x[x][OH] Eq. 3

The first four terms of the equation are for theduction of OH Xvjji[i] which is the sum of
the photolytic source of OH (e.g HONO®, CH;O0H) wherev; is the OH vyield, jjthe
photolysis frequency in“sand [i] the concentration in molecule €nand P’ which is the
additional OH production from other processes saglmzonolysis of alkenes. The last terms
encompass all the different losses of OH via reactith NG, or VOC, it is the sum of the
product of the bimolecular rate coefficid@ji:x in cnt moleculé* s* and the concentration
of the OH sinks, X and the OH concentration givemiolecule crii. Since the atmospheric
lifetime of OH is less than 1 s, its concentrati®mot affected by transportation and a steady
state is rapidly reached in the atmosphere. Theoappationd[OH]/dt = 0 can be made so
the OH concentration is given as the ratio betwesesources and its sinks.

Intensive field campaigns were set on the grounid an airplane accompanied by a large set
of ancillary measurements in order to constrain@itand HQ sources and sinks. The main
interest of these measurements is to check ourrstaaeling of the fast photochemical
reactions with the simulation of the measured Ol BEIi©, concentrations using chemical
models such as the Master Chemical Mechanism (M@kBhkin et al., 2003; Saunders et al.,
2003). If discrepancies appear between the modekltla® measurement, it helps to either
improve the model by for example adding chemicakima@isms or point out potential
measurement errors.

In order to improve tropospheric models the addalaneasurement of the total OH reactivity
recently became of interest. The total OH reagtiigtthe rate at which the OH decays due to
its reaction with mainly VOC, NOx and CO. Indeedhigh number of VOC are emitted in the
troposphere from anthropogenic and biogenic sowandgecent studies have shown that only
a limited fraction are routinely measured usingidtad techniques (PTR-MS, GC) (Lewis et
al., 2000) and the unmeasured VOC will affect thelidy of the model as the OH losses are

underestimated.

16



HOx measurement in the troposphere

The total OH reactivityk’, is the sum of the rate at which all individuaksjes are reacting

with OH, it is given as

k'= z kx+0H [X]= kCO+OH [CO]+ kCH4+OH [CH4] + k03+OH [03] + kNO+OH[NO] + kN02+OH[NOZ]

+ Z kVOCi +OH [VOC| ] + Z kothers+OH [OtherS] Eq 4

wherekx.on is the bimolecular rate coefficients of the reawtof X with OH, [X] is

the concentration of each trace gas.

The measurement of ambient reactivity can be coeatptr calculated OH reactivity obtained
from the individual reactivity of each measureccé&rggas knowing their concentrations and
their bimolecular rate coefficients with OH. Durifigld measurements, it was often observed
that the measured total OH reactivity was gredten the calculated reactivity obtained from
the measurement of the individual trace gas coragon indicating that a fraction of VOC
was unmeasured (Carlo et al., 2004; Lee et al.9;2NB0Ischer et al., 2012b; Yoshino et al.,
2006).

As already mentioned previously, a large fractib’VOCs are not being measured (Lewis et
al., 2000). Among VOCs, Oxygenated Volatile Orga@ompounds (OVOC) (i.e. alcohols,
aldehydes, ketones and acids), which are oxidapooducts from the reactions of
hydrocarbon species with oxidant such as the Oitagdare found to be difficult to quantify
with high accuracy (Apel et al., 2008). The gapassn the measured and the calculated OH
reactivity can be partly resolved by taking inte@mt the portion of reactivity coming from
unmeasured OVOC species. Chemical models such asMBM can estimate the
concentration of these species and from the bimtdecate coefficient the reactivity of each
individual species can be estimated. Lee et ale @teal., 2009) using this method found that
for their measurement at a coastal site in theddnitingdom, they could reduce the fraction
of missing OH reactivity. During the entire campaighey measured on average a OH
reactivity of 4.9 &. From the calculated OH reactivity which includ&imeasured individual
species, they found a missing OH reactivity of 37U%ing the MCM model, which included
~ 800 species they were able to reduce the missangon down to 30 %. They observed that
oxygenated species such as aldehydes or ketoneshagmg the strongest impact on the
missing fraction. However, a significant fractiohmissing OH reactivity remains. In forest

environments, the unexplained portion of measueagttivity was found to be even higher
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(Carlo et al., 2004; Nolscher et al., 2012b). lest environments, it highly depends on
environmental factors (e. g. temperature, typereéd, mechanical stress). Nolscher et al.
(NoOlIscher et al., 2012b) found that in their comdis the missing OH reactivity would be
explained if 780 to 3500 compounds with an avetgigelecular rate coefficient &= 5 x
10** cm?/s were not detected. Questions remain in ordexpdain the missing OH sinks.

The experimental techniques allowing the quantiiea of HOx radicals and the OH
reactivity are presented in the following sections.

1.2. Comparison between measurements and models

Field measurement of OH and kKl@nd models that try to reproduce their conceminatiare
intertwined as they both contribute to the improeetmof our knowledge of the tropospheric
chemistry. On one hand, measurements have demiaos&r&ertain lack in our understanding
while models pointed out measurement errors. Somesti models and measurements agreed
for the wrong reasons e.g. the underestimatiorn@roverestimation of the OH sources and
sinks could have lead to a fake agreement.

In a very recent review by Stone et al. (Stonelegt2912), the comparison between the
measurements and the models is summarized foriglte dampaigns where OH and HO
were measured over the last decade. The discremamtiserved between models and
measurements differ depending on the environmdiisy can be attributed to a lack in the
understanding of the fast tropospheric chemistthatime when the model calculations were
performed and/or the absence of supporting measmsm(e.g. OVOC, halogen oxides,
HONO,...) that help to constrain the models. Howe¥eym many field campaigns, new
knowledge was brought up such as the role of halogéles in the marine boundary layer or
the polar environment in the HOx chemistry. Thedprainance of HONO and carbonyl
photolysis as well as the ozonolysis of alkenasrban environments was highlighted.

In recent field campaigns in biogenic environmettg, overestimation of the measurement
over the models showed that the chemistry of peragycals in very low NOx environments
is not understood (Kubistin et al., 2010; Lu et dD12; Mao et al., 2012a; Whalley et al.,
2011).
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2. Review of the techniques for HQ radicals measurement

The different measurement techniques for the (fieeation of OH and H@were reviewed in

details by Heard and Pilling (Heard and PillingD20 In this section we shall discuss briefly
the techniques other than the FAGE technique btit wimilar performances in term of
sensitivity and time resolution. Attention will lecused on the FAGE technique in section 3.

2.1. Measurement techniques for OH

The DOAS (Differential Optical Absorption Spectropy) and the CIMS (Chemical

lonization Mass Spectrometry) techniques have apewable time resolution and sensitivity
to the FAGE for the measurement of tropospheric Thty are fundamentally different from
the FAGE technigue in which OH is detected usingetdnduced Fluorescence (LIF). The
DOAS technique is an absorption technique in wid¢his detected over a very long path. It
is an absolute technique and as such does notreeapy calibration. In the CIMS technique,
OH is chemically converted to,HO, and detected using mass spectrometry. The difesen

between the techniques are an advantage as theyt maj be affected by the same

interferences.

2.1.1. DOAS

As for the FAGE, the DOAS technique is a spectrpgcmethod. It is based on the extinction
of a UV-light beam travelling in the atmospheredbsorption of OH over a long absorption
path according to the Beer Lambert law

In(II_OJZJOH x[OH] x1 Eq. 5

where | and d are the light intensities after and before tramgllithrough the air
sampledgoy is the absorption cross section in cm?, [OH] s @H concentration in molecule
cm’®, | is the absorption path length in cm.
DOAS was one of the first methods that was abldei®ct OH radicals in the troposphere
with a first measurement reported in 1975 (Perbat.e1976). As it is an absorption method,
the measurement is absolute and the accuracy cgligonl and onooy (accuracy of 7%). In
consequence, the DOAS technique is often considased reference measurement. OH is
detected using the strong well-resolved absorptitational lines around 308 nrady ~ 10%°

cm?). DOAS instruments have a minimum detectabti&aipdensity of In@/1) ~ 10°- 10° so
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in order to detect [OH}=2.5 x 18 cm? the absorption path length needs to be in theerang
of 0.4 to 4 km.

Usually, DOAS instruments are composed of 4 diffeedements:

- a broadband light source that encompass more om&n OH absorption line (often 6
absorption lines). It eases the spectral analygisa@ally in the subtraction of other molecules
(e.g. HCHO, S@ and Naphthalene) fine structure absorptionsenstime spectral range. The
light intensity needs also to have a high luminadee to the long path length and a
homogeneous spectral profile for each laser pslsecessary.

- an open multiple reflexion cell that improves #gpatial resolution. At first, single path set-
ups were used over a long absorption length (ukOt6 km at Fritz Peak (Mount and Eisele,
1992)) which resulted in the averaging of the me=®H concentration over a large spatial
range. The long absorption length needed in ordeachieve a good limit of detection is
nowadays reached using a multi pass system wheeataance mirror and two rear mirrors
are separated by 10 to 40 m (Heard and Pilling320Che light beam travels approximately
hundred times which gives an effective path lengghto 4 km. DOAS instruments are
nowadays using multi path system (Hausmann e1@97; Brauers et al., 2001) that improves
the spatial resolution.

- a high resolution spectrograph (=500 000) to iob#adifferential optical absorption of the
narrow OH line transitions (2.5 pm due to Doppled aressure broadening)

- a cooled (-45°C) photo diode array detector.

The limit of detection is ~1 x $@&m? for 5 min average and a path length of 3 km (Detrn
al., 1995; Brauers et al., 2001).

One of the disadvantages of the DOAS techniqueeislifficulty to extract the OH absorption
lines from the absorption spectrum which is thevodution of all the different ambient
species that absorb in the same range. Moreovere §§OAS instruments do not measure at
one “point” contrary to ancillary measurements, inddal errors can be introduced in the
measured to modelled comparison. Complex and tioresuoming numerical analysis are
needed to retrieve the OH concentrations. The ddgas are the calibration free and in-situ
measurement without possible losses on walls opkagnnozzles. The DOAS installed in
the SAPHIR chamber in Juelich is the only in sex\(i6tone et al., 2012).
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2.1.2. CIMS

The CIMS technique is a mass spectrometry technadneze OH is chemically converted in a
reactor at atmospheric pressure into a moleculecdrabe ionized and then detected using a
mass spectrometer (Eisele and Tanner, 1991; EE@8h; Berresheim et al., 2000; Kukui et
al., 2008).

Air is sampled into a reactor where OH rapidly tsg@0-20 ms or 1-2 ms) with isotopically
labelled®'SO; to produce K*SO, via the following mechanism

S0, + OH + M— H*SO; + M (R 22)
H¥*SQ; + O, — S0 + HO, (R 23)
¥30; + HO + M — H.*'SO, + M (R 24)

H,*'SQ, is detected as ¥80; after its chemical ionization using NGon. NO;™ ions are
generated separately in a sheath from HM® either a radioactive source or a corona

discharge.

H,3SQ, + NO; — H3*'SO, + HNO; (R 25)

H3'SQ, is then measured using a quadrupole mass specaorBeickground signal is low
due to the low abundance Y8 isotope compare 8S (4.3% compare with 94.9%). The OH

concentration measured is determined from tf%@&, /NO; ratio, the reaction time and the
rate coefficient of the ionization reaction (R 2%jowever, the rate coefficient of the
ionization reaction is not well known and the CIMEhnique is calibrated using a®
photolysis calibration procedure (s&el). The limit of detection of the CIMS is below’1
cm® for 5 min average (Eisele et al., 1996) and de the most sensitive of all techniques
measuring OH.

The main disadvantage of the technique is the séhsito high NO concentration where the
HO, formed in (R 23) can generate OH and cause dicaltsignal. Care was taken in order
to reduce this effect by lowering the reaction ti(kaikui et al., 2008; Tanner and Eisele,
1995) nevertheless corrections are needed whenunregsn highly polluted environments.
High concentrations of propane are added downstteame reaction zone between ambient
OH and SQ@to remove additional OH formed from H@ecycling with NO. Finally, reactions
that would oxidize**SQ; into 3*SO; would cause an artificial £SO, signal. Mauldin et al.
(Mauldin et al., 2012) recently found out that dtabd Criegee intermediates were oxidizing
SO into bSOy in their CIMS instrument.
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2.2. Measurement techniques for HQ

Three methods are used to detect;H&licals, the MIESR (Matrix Isolation Electron 6pi
Resonance) technique, the FAGE technique and imgrovethods of the PERCA (peroxy
radical chemical amplifier) technique. Even if ttime resolution of the MIESR (Matrix
Isolation Electron Spin-Resonance) technique iddss than the other techniques described
here, it should be mentioned as it is the only lab& direct and absolute method for the
measurement of ambient HOHO, radicals are trapped onto @ matrix held at 77 K
before being detected off line using electron spsonance spectroscopy. The FAGE
technique measured H@fter its conversion to OH by addition of NO. Qdithen measured
by LIF. It is the most sensitive technique for HA@ith LOD better than 0.1 ppt. More recently,
new techniques (3 CIMS and 1 LIF) based on PERC£ewleveloped to measure selectively
HO,. PERCA measures the sum of peroxy radicals JHO[RO;]) and is not selective to
HO,. HO, and RQ are simultaneously converted into OH and,N§ addition of NO and CO

via the reaction mechanism (R 26) to (R 33).

RO, + NO— RO + NQ (R 26)
RO + O, - R'CHO + HO» (R 27)
RO, + NO + M— RONO + M (R 28)
RO + NO + M — RONO + M (R 29)
HO, + NO— OH + NG (R 30)
HO, + NO— HONO; (R 31)
OH + NO + M— HONO + M (R 32)
OH+CO+Q+M—->HO,+CO,+ M (R 33)

A chain reaction is triggered which leads to themfation of several hundreds of NO
molecules for one initial HO NO, can be detected by chemiluminescence after itdiosa
with an aqueous luminol solution (Cantrell and &tad, 1982; Cantrell et al., 1984). For the
three CIMS methods, the competition between thetiws (R 27) and (R 29) is use to
enhance or reduce the conversion of,R®OHO,. One method varies the,@oncentration
(Hanke et al., 2002), a second one varies the N@ertration (Edwards et al., 2003) and the
most recent one varies bothyJ@nd [NO] (Hornbrook et al., 2011). OH radical®guced
from (R 30) are converted to,80, [(R 22)-(R 25)] which is then detected by mass
spectrometry. For the LIF method (Miyazaki et @D10), HQ and RQ are separated in a
pre-reactor using their different loss rate onaces. R@Qor HO,+RO, are converted to NO
using the PERCA method before being detected by LIF
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Table 1 summarizes the different technique thatsomeaHQ with the exception of the
MIESR. These methods are able to measure the sathtbe peroxy radicals and with some
speciation to H@given asu.

The lack of direct measurement techniques is dukeghysico-chemical properties of HO
For spectroscopic methods, it has a broad absarjtithe UV 6102(200 nm)= 4.35 x 1t
cm? molecul@ (Crowley et al., 1991) along with many other pgroadicals and it does not
fluoresce. It has been detected in the near IPorelgut the best limit of detection that can be
obtained is 1 molecule crif in a low pressure (50 Torr) cell using the CRDAWi§/ Ring
Down Spectroscopy) method (Thiébaud and FittscBO06). A new cavity method called
NICE-OHMS (Noise-Immune Cavity-Enhanced Optical étetlyne Molecular Spectroscopy)
was used for the detection of k@adicals and showed promising sensitivities (40%° 1
molecule crif) but still not sufficient for atmospheric measuesrn (Bell et al., 2012). For
mass spectrometry methods, its ionization potemrargy is relatively high (IP=11.5 eV
(Foner and Hudson, 1955)) and at this energy ath@ecules present in the atmosphere
would fragment and so the mass spectrum wouldffieult to interpret.

2.2.1. MIESR

The MIESR is a technique that is capable of meagusimultaneously and selectively
different radical species HORGO,, CH;C(O)0,, NO,, and NQ using electron spin-resonance
spectroscopy (ESR) after collecting radicals onoéd anatrix. At first HQ, RO, and
CH3C(O)O; could not be properly distinguished in the spisoreance spectrum but after the
replacement of the initially used,® matrix with O and the improvement of the numerical
analysis the ability to measure selectively HEmpared to other peroxy radicals was
achieved (Mihelcic et al., 1978, 1985, 1990).

Air is sampled (20 L/h) after gas expansion throaghozzle into a vacuum chamber (0.1
mbar). The radicals are trapped onto a polycrystalte (O) matrix placed on a coldfinger
held at 77 K using liquid nitrogen. To collect egbwadicals on a coldfinger the sampling
time is usually about 30 min. Samples are stored7aK (up to 2 weeks without radical
losses) and analysed afterwards in the laboratsinguelectron spin resonance. The scan of
one sample takes 1 hour however 5 h are neededén i thermally stabilize the ESR cavity
and to do the intrinsic spectrum of the coldfinfgter warming up the chamber).

The method is in principle absolute because all rimicals collected on the matrix are
detected using ESR. However losses of radicalsugireollision with surfaces of the orifice
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Table 1. Techniques for selective measurement of ii$thg chemical method.

Speciation Detection Calibration
Oro2 Time
Instruments , Y([HO ]+ Chemical LOD (ppt) Acc. Reference
Method | [HO]; [ROJ* RO,) specie Method | response| Method (SIN=2) (26)
sample H0
i S ) - : photolysis/ | 0.5 ppt for 1 (Hanke et al.,
ROx-MAS dilution in 0.25-0.30 0.90 HSO, MS 1 min calibrated min 30 % 2002)
O,or N,
lamp flux
41 %
H,O (HO,
variation of ) i . , photolysis/N | 0.41 ppt for | mode) | (Edwards et
PerCIMS 1 NO 0.10-0.15 0.80-0.90 HSO, MS 30 min o 15 s 3506 al., 2003)
actinometry (RO,
mode)
H,O
variation of N . : photolysis/ 2 pptfor 1l 0 (Hornbrook
PerCiMS 2| No and @ 0.15 1.0 HSO, MS Lmin | calibrated min 35% | etal, 2011)
lamp flux
: H,O : .
Selective Och30~=0.85* _ . . 0.41 ppt for 1 ) (Miyazaki et
PERCA-LIE denuder t10,=0.10* 1.0 NQ LIF 1 min phoFonS|s/Q min al., 2010)
actinometry

MS: Mass Spectrometry, LIF: Laser Induced Fluoresegairo: is the conversion efficiency of R@ HO,.
* For the selective PERCA-LIF, the two modes ar©fRand} ([HO2]+[RO,]). For the RQ@ mode, the sampled air passed through the denuder
and the 90% of H@is removed whereas 15% R@ removed. For more details see text. ** Intexfexe with certain ROwithin the FAGE cell

was discovered later (Fuchs et al., 20&kp, (isoprene)=1.21 probably due to the Rierference.
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and signal losses in the ESR measurement are uliiffic quantify and so generally the
method is calibrated (Schultz et al., 1995). Fer ¢hlibration, H@ radicals are produced by
breaking H molecules using a corona discharge to form H atdrhen, H reacts with £to
generate HQ HO, are then titrated using NO to form d@nd OH. A previously calibrated
NO, signal is used to calibrate the KH€gnal. A high NO concentration is needed to emsur
that all the OH produced from the reaction of H@th NO are lost to form HONO (via OH +
NO + M— HONO + M) and not H®via the reaction of OH with HH, + OH + Q@ — HO,

+ H,0) that recycles back HOThe total error of the calibration for H@ estimated to be
+15% (Mihelcic et al., 1985). The limit of deteatits 2.5 x 16cm* (1 ppt).

The main disadvantage of the technique is the tiaselution with a sampling rate of one
coldfinger in 30 min (also limited by the number a¥ailable coldfinger) and the time
consuming analysis.

The MIESR method was deployed on field and airarafasurements (Mihelcic et al., 1985)
but only one recent measurement was reported éintercomparison with the FZJ-ROx-LIF
in the SAPHIR chamber (Fuchs et al., 2009).

2.2.2. Selective PERCA/LIF

Recently, Miyazaki et al. (Miyazaki et al., 2010j)oposed a new method to measure
selectively HQ and RQ. In order to effectively separate H@om other peroxy radicals,
they took advantage of the fact that the,H@s rate on surfaces is more important than the
loss rate for other peroxy radicals (e.g:0h).

They added to a previously built PERCA-LIF (Sadanag al., 2004a) a pre-inlet where
sampled air is passed through a glass tube fillital spherical glass beads (1 mm diameter)
called a denuder. As air passed through the dendderto the different heterogeneous loss
rate of HQ compared to Rg) 90% of HQ can be removed when only 15% of M are lost.
By either passing through the denuder or not, tteayeither only measure R@r the sum of
HO, and RQ. Then sampled air is brought to a PERCA reactlmamtber where CO and NO
are added in order to produce high N€dncentration (100 times the initial concentratidn
peroxy radicals) via a chain reaction. N®finally detected in a low pressure cell using.L
They have tested different types of material far denuder (two types of Teflon: PFA, PTFE
and glass) and observed that H&hd RQ losses were less sensitive to relative humidity

using the glass denuder.
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The limit of detection for H@is 1 x 16 cm® (< 1 ppt) for 1 min of measurement. The new
method has been tested for ambient measurementshamah encouraging results. However,
CH30O; is the only peroxy radical which has been tested @0 measurements from field

campaign were reported.

2.2.3. CIMS methods for HO, measurements

Up to date, 3 instruments were developed (Edwatdsal.e 2003; Hanke et al.,, 2002;
Hornbrook et al., 2011) for the selective measurgné HO, and) ([HO,]+R0O,) which are
all based on the CIMS technique (Eisele and Tanb@9l). HQ and RQ radicals are
detected after NO is first added into a reactioantcber to convert OH via (R 30). OH is then
converted to BESQy after its reaction with SOin the presence of @ and Q (see 2.1.2).
Finally, H**SO; is detected using mass spectrometry [(R 22) to5JR Zor the measurement
of OH, isotopically labelled*S0; is needed to differentiate,#4SO, produced in the reaction
chamber with ambient £SO, which have concentration in the same order of ritage than
OH. However, HQ concentrations are 100 times higher tha®®i(g) therefore isotopically
labelled**SQ; is not needed.

The 3 instruments are based on the PERCA technibat is using chemical
amplification to convert Hand RQ to NO, by adding NO and CO. However, PERCA is
not selective and so recent methods adjusted csiovetime, [NO] and [g] to select HQ
from X(RGO,). Therefore, measurements are made in two differedes, “HG-mode” and
“HO,+RO,-mode”. After adding NO to the sampled air, the mlwal mechanism is the
following [(R 26) to (R 32)]. (R 26), (R 27) and (BO) are radical propagation reactions
whereas (R 28) and (R 29) are termination reactiBysadjusting the ratio [NOJ/[@), the
authors are able to chose one mode to another tlengompetition between (R 27) and (R
29). For the “H@mode”, high NO concentrations are used to favéuR9) compared to (R
27). When the NO concentration is low, the H&ahd RQ are both measured; it is the
“HO,+RO,-mode”. Comparison between the different instrummexain be done by looking at
the conversion efficiencies for each mode. In th#O3-mode”, oro2 (i.€. conversion
efficiency for RQ species) needs to be as low as possible wherdhs itHO,+RO,-mode”,
aroz2+Ho21S aimed to be close to unity. For CIMS techniquadibration is needed and known
amount of HQ radicals are produced by,® photolysis using a Hg lamp at 185 nm. The
lamp flux needed for knowing the HQ@oncentration is obtained either by actinometric
methods (@or N;O) or by calibrating the Hg lamp flux using a cadited UV phototube.
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All three instruments follow a similar measurempnicedure. Air is sampled via a
nozzle into a low pressure chamber (0.2-0.3 mbdrerer RQ and HQ are selectively
converted to OH by addition of NO. $@ simultaneously added so that the OH generated i

converted to KSO, in the presence of 4. H,SO, is then reacted with NQin a ion-

molecule reactor before being detecting as H$6ing a quadrupole mass spectrometer. The
yield of bSO, molecules per initial HOmolecule (also called chain length) is controlbgd
the reaction time and the ratio between the J$RO] ratio (i.e competition between (R 22)
and (R 32)). Usual reaction time is of 0.1 s anpletieling on instruments chain length varied
from 5 to 15.

Hanke et al. (Hanke et al., 2002) developed anunsnt named ROXMAS where sampled
air is diluted by a factor of 9 either in,Nor the “HO,-mode” or in Q for the “HO+RO,-
mode”. For the “H@mode”, Q concentration is reduced down to approximately 290 t
decrease the rate of the reaction (R 27) and sa oidke HSO, measured comes from the
ambient H@ converted to OH via (R 30). For the “RHRO,-mode”, the sampled air is
diluted in Q ([O2] > 70 %), in this case, removal of peroxy radicatsl alkoxy radicals via
reactions (R 26), (R 28) and (R 29) is reduced #ral total peroxy is measured. The
conversion efficiency for the “H@mode” is between 0.25 and 0.30 and 0.90 for the
“HO2+R0O, mode”.

On the other hand, Edwards et al. (Edwards et2803) varied the NO concentration to
measure selectively HOand RQ. Under high NO concentration (NO ~ 2300 ppm), the
reaction (R 29) is favoured compared to the reac{® 27), it corresponds to the “HO
mode”. Under low NO concentrations (NO~5 ppm),dpeosite happens and this is the “HO
+ RO, mode”. The conversion efficiencies reached ar@ ©10.15 and 0.80 to 0.90 for the
“HO,-mode” and the “H@*RO, mode” respectively. By varying the NO concentnatithe
SO, concentration must be varied simultaneously topk#dge same chain length. The
drawback of this method is the long time (30 miagded to purge the NO-line between the
two modes (Hornbrook et al., 2011).

The most recent development for H@easurements using CIMS technique were made by
Hornbrook et al. (Hornbrook et al., 2011). They timed the methods of Hanke et al. (Hanke
et al., 2002) (dilution in @or N,) and Edwards et al. (Edwards et al., 2003) (varnabf NO
concentration) to obtain a more selective technigudHO, and RQ. They did an extensive
analysis of the conversion efficiency over a widage of [NOJ/[Q] ratio (10° to 10%). In

measurement conditions, under low [NOY[@i.e. equal to 2.53 x 17 they measured a

27



HOx measurement in the troposphere

conversion efficiency of 100 % for R@nd HQ. For the “HQ-mode”, at high [NOJ/[Q] (i.e.
equal to 6.80 x If), they obtained a conversion efficiency of appmoadely 15 %. Under
their optimal conditions, they studied the convamsfficiencies for a variety of hydrocarbons
(alkanes, alkenes and aromatics) in the two difitereeasurement modes as can be seen in
Table 2. The large range of conversion efficienaoeboth measurement modes reflects the
complexity of chemical mechanism involved in thewersion of R@ to HO, by addition of
NO.

Table 2. Conversion efficiencies measured by Hamokeet al. (Hornbrook et al., 2011) for
different RQ precursors.
Comparison between GHind the alkanes (without GHthe alkenes and the aromatics tested.

0RO2
RO; precursor “HO»+RO,-mode” “HO,-mode”
CH, 1.22 0.17
alkanes 0.94-1.41 0.28-1.03
alkenes 1.18 -1.52 1.11-1.37
aromatics 0.89-0.94 0.75-0.89

"methylpropane was not taken into account. Measumesnshowed very low conversion
efficiency in both modes due to the absence-bydrogen in the R@structure.

At very low [NO]/[O,] ratio (below 10) they observed conversion efficiencies greaten tha
(up to 1.5) that could not be explained by the d&ath chemical mechanism (R 22) to (R 32).
More than one H®is produced from the conversion of RO HO, or SQ is oxidized to S©@
via an additional mechanism. Including decompositio isomerisation processes of RO that
could lead to the formation of additional KHi@to the model did not fully explain these
observations. However, the oxidation of S® SQ via a combination of 3 complex
mechanisms summarized in reaction (R 34) invol\R@p (or RO), NO and @gave a good

agreement between the measurement and the model.

RO, (or RO) + S@ + NO + G —— RO, (or RO) + NQ + SG; (R 34)

However, many kinetic parameters were not knownaastlidy of the oxidation of S@nder

low NO condition is needed.
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3. Review of the FAGE instruments

Prior to the first attempt to measure OH radicahaamtration in the troposphere, OH
concentration measurements in the stratospherg usinwere made (Anderson, 1976). OH
is one of the natural chemical species (along WittNO, CI, Br) that catalytically destroy;O

in the stratosphere (Wayne, 2000) and its measunemeof great importance in order to
model the @ concentration in the stratosphere. The technidehaces made by the Harvard
group (Wennberg et al., 1994) for their aircraffLhelped grandly in the development of
other techniques that measured troposheric OH.chhaeacteristics of the set up were a high
repetition rate CVL (copper vapour laser) lase2® nm (Q interference reduced in the
stratosphere due to lower amount ofC)l White-cell, measurement cycle for signal and
background (on- and off-resonance}F£as chemical modulator, reference cell and a gated
PMT.

The first measurements of OH and Hftom the early 1970s up to the 1990s using LIF at
atmospheric pressure were subject to controversytalthe high level of the {nterference.

In the 1980s, at the same time as the LIF measureateatmospheric pressure, a new
technique called FAGE (Fluorescence Assay by Gamiision) was developed in which air
is sampled in a low pressure cell and OH is detebteLIF. The FAGE technique improved
the quality of the measurements as the level ofGheterference was reduced. The FAGE
technique has been nowadays developed by many g is recognized as reliable and

sensitive.

3.1. First attempts to measure OH and HQ using LIF

Early measurements of ambient OH concentrationggusiF were made by exciting the OH
at 282 nm A" (v=1) — X2 (v"'= 0) and collecting the fluorescence at 308 nm at
atmospheric pressure as it is used commonly foero#tpplications (kinetic, combustion,
plasma,...). The excitation/detection scheme is coieve as the fluorescence emission can
be separated from the laser emission using arfenéerce filter. The excitation laser was fired
using a low repetition rate laser (e.g. 0.1 Hz &mdJ) in ambient air at atmospheric pressure.
In consequence, the excited OH radical were maielgxing to the ground state via non
radiative collisional quenching and only few exdit@H fluoresced. The fluorescence lifetime
was shortertuo~ 1 ns, at 1 atm) than the laser pulsg«£20 ns). In addition, at atmospheric

pressure, Rayleigh scattering as well as Ramatesicat by Q, N, and HO were degrading
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the sensitivity with high non resonant fluorescebaekground. Wang and Davis (Wang and
Davis, 1974) measured OH concentration up to 1B¥cm?* in the early afternoon and
below 5 x 16 cmi® at night. However, they later (Wang et al., 19f8ind out that they were
producing a high amount of OH (ca. 200 to 1000 sirhggher than in clean atmosphere) in
the photolysis pulse via the photolysis of. @ne characteristic was that the 2-photon
production and excitation of OH occurred within eme laser pulse due to the high laser
energy density. Davis et al. characterized thigrfatence experimentally (Davis et al.,
1981a) and theoretically (Davis et al., 1981b) ahdwn that the artefact OH was much
higher than the ambient OH. Improvements were magehortening the laser pulse or
expanding the laser beam (Wang et al., 1981). Hewaletection of OH by LIF at
atmospheric pressure was abandoned after the gerdgral OH measurements during the
NASA GTE/CITE campaign where the OH concentraticzasured were biased with artefact
OH generated from thes@hotolysis (Crosley, 1995; Heard and Pilling, 2003

A laboratory method using a 2-photon excitation wWasgeloped to overcome the difficulties
encountered with the first LIF instruments (Bradghet al., 1984). For this method, the OH
radical was first excited using an IR laser (2.¢.1.43 um) to the second vibrational<£2)
level of the electronic ground state?(¥ before being excited to the first electronic etat
(A% (v=1) or A’ (v'=0)) using a UV laser (345-351 nm). The OH fluaressce was then
collected at 309 nm using pass band filter and @tgrhultiplicator. The advantages of this
technique are multiple, at 343 nm, thgdDsorption cross section was too low and th®(
guantum vyield close to zero and so OH generate@blgecame negligible. In addition, the
different light interferences (Rayleigh and Mie tseang) were also reduced because the
detected OH fluorescence was blue-shifted. One lshalwwas the difficulty at that time to
generate laser pulse in the near IR, they injeaté80 nm dye laser beam into a Rlaman
cell and after using a Pellin-Broca prism they sefeal the 1.43 um second Raman lines from
the other Raman lines. However, this method wasmapplied to field measurement.

Figure 3 summarizes the 3 different schemes tha¢ weed for the measurement of the OH
fluorescence at 308 nm, (a) 1-photon excitatioB8& nm and fluorescence collection at 308
nm, (b) 2-photon excitation at 1.43 um and 351 oitowed by fluorescence collection at
308 nm and (c) 1-photon excitation at 308 nm arigcton at 308 nm.
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Figure 3. Schematic representation of the energgldeand transition used for the
measurement of the OH fluorescence at 308 nm.
a) 1-photon excitation atx=282 nm, b) 2-photons excitation &f, 71.43 um andiex,

»=351 nm and c) 1-photon excitation at 308 nmi), (collisional vibrational transfer.
Collisional processes: rotational transfB), (and quenchingd). Figure adapted from Smith
and Crosley (Smith and Crosley, 1990) and Bradsleaval. (Bradshaw et al., 1984).
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3.2. Developments of the FAGE technique

The FAGE technique was pioneered by Hard and OrBfigard et al., 1979). Taking into
account the difficulties encountered by the presiguoup that detected OH using LIF at
atmospheric pressure they developed an instrumsetalp where ambient air was sampled
though an orifice into a low pressure cell. At lpnessure, OH fluorescence radiative decay
was then increased due to lower quenching and dneresonant fluorescence background
decreased because Rayleigh and Raman scatteringaded linearly with pressure. In the
first version of the FAGE (Hard et al., 1984), Othsvdetected at 282 nm using a low
repetition rate (30 Hz) and a relatively high erygpgr pulse (0.6 mJ) and in consequence was
subject to the @interference. In order to determine the portionthe fluorescence signal
coming from the @photolysis, two cells were run in parallel andbime of them ambient OH
was removed by reaction with a chemical modulaie:. (sobutane) that was injected few
millimetres below the nozzle. The OH fluorescenigaa was then the signal in the first cell
minus the signal in the second cell with the chaimmodulator. However, during a field
campaign at a coastal site in Oregon (Hard etl8Bg), at night they measured negative net
signal that was later attributed to the reactiomobutane with electronically excited oxygen
atom, OfD), produced in the laser pulse that generated &fitals in the second cell while
no OH fluorescence signal was measured in thedalt These measurements were contested
by different studies. Smith and Crosley (Smith &wbsley, 1990) used a photochemical
model to simulate the interference of &d isobutane on the measurement of OH with the
FAGE technique using the conditions given by Hardale (Hard et al., 1986). From the
simulation results, Smith and Crosley gave someiirements in order to reduce these
interferences. For the sOnterference, they advised use of a lower enenggepas well as
exciting the OH radical at a 308 nnf3 (v'=0) «— X?II; (v"= 0). They proposed that instead
of using a low repetition rate YAG laser and a dy&82 nm the authors should installed a
high repetition rate copper vapour laser with a dyeitting at 308 nm. Indeed, the; O
absorption cross section is 25 times lower at 3thtat 282 nm. The fact that the
fluorescence is at the same wavelength as thea¢incitdid not bring any difficulties since the
OH fluorescence was already detected after the [adee to reduce the background signal.
They also pointed out that by using high repetitiate lasers care needed to be taken that the
sample flow was renewed between each laser puldesanOH produce from the 3O
interference could not be detected in the followudses. To reduce the interference coming
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from the reaction of GD) with isobutane, they advised to use a hydrogea 6lefin such as
chlorotrifluoroethene (&CIFs;) for the background measurement using chemicalutatidn.
Hard et al. (Hard et al., 1992) took into accoum& tequirements of Crosley and Smith and
the last version of the PSU FAGE owned the mairrasdtaristics of the FAGE techniques
which are nowadays utilized by the different gro@psund the world. The characteristics
were:

- Air sampled through a nozzle (~ 1 mm) into a j[m®wssure chamber (few Torr)

- High-repetition rate laser with low energy pefgau(~1 puJ)

- Excitation of OH at 308 nm followed by fluorescercollection at 308 nm

- Gated detectors in order to limit laser scattgrin

- On and off resonance measurements cycle

- Calibration of the OH fluorescence signal usingeaternal source of HOx radicals

- Measurement of HOafter addition of NO

Following the work made by Hard and O’Brien, 4 grePennState University; FZ Juelich;
University of Leeds, University of Tokyo) developedtruments to measure tropospheric OH
and HQ based on the FAGE technique. More recently, 3 ggaindiana University, MPI
Mainz, and University of Lille) built a FAGE instment based on the instrument developed
by the PennState group. Table 3 summarizes thereiff FAGE instruments that are

currently running.
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Table 3. Configurations and performances of the EAGtruments during recent field measurements.
All these instruments have been involved in numefa@ld measurements in very different environmeimés affected their performances so the
performances are given for one specific campaign.

Instruments characteristics Reference
Rep. rate / . A 3 Accuracy
Groups Type of cell PwI MW Nozzle size  Detector R, (hPa) LOD (S/N=2) in cm (26)
OH HQ
University of Single-pass 5 kHz / 22x10 5.6 x 10 for o (Whalley et al.,
Leeds (UK) ground 9to 20 0.8 mm CPM 1.33 for 150 s 150 s 40% 2010)
0.5-1) x (Lou et al., 2010)
, 8.5 kHz 0.4 mm ( (1-3) x 10 for
FZJ (Germany) Single-pass 10-60 CPM 3.5 10° f_or 5 5 min 40 %
min
GTHOS 1.0 mm (Faloona et al.,
Pennsylvania Stat¢ (ATHOS) 3 kHz (1'5 mm) MCP 4-5 (25x16 (2.5 x 16 for 32 % 2004; Ren et al.,
University (USA) Multi-pass 1-15 ’ (3-12) for 1 min) 1 min) 2012)
cell
Indiana University | Multi-pass 6 kHz 78x16 4.4x1G6for8 0 (Dusanter et al.,
(USA) cell 1-15 1.0/mm MCP 53 for 5 min min 40% 2009)
. HORUS (Martinez et al.,
MPI, Mainz Multi-pass  S.HZ 125 mm MCP o5 510x10 20x10forl L4 g0, 2010)
(Germany) cell 3-6 for 1 min min
5 5 (Fuchs et al., 2010;
FRCGC, . 10 kHz 53x1 5.5 x 10 for o Kanaya et al., 2001;
Yokohama (Japan Single-pass 5-9 1.0 mm PMT 2.9 for 73 s 51s 40% Schlosser et al.,
2009)
University of Lille | Multi-pass 5 kHz . .y 50 3.5 x 1_(5 1.1 x 1_(5 for 1 40% This work
(France) cell 1-3 for 1 min min

HORUS: HydrOxyl Radical measurement Unit basedieoréscence Spectroscopy, FRCGC: Frontier Res&ystem for Global Change, GTHOS: Ground-based
Tropospheric Hydrogen Oxides Sensor, ATHOS: Airlecfnopospheric Hydrogen Oxides Sensor, FZJ: Forsgdrentrum Jilich, MPI: Max-Planck Institute, CPM:
Channel Photomultiplier, MCP: Multi-Channel Pat® P Photomultiplier
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3.3. Description of the different aspect of FAGE instrunents

In the following sections, we will describe in somhetails the different aspects of the FAGE
instruments which are the gas expansion, the adigd, the type of laser, the type of

detectors, the reference cells and the calibragohnique.

3.3.1. Air sampling

After air is sampled through a small orifice it a molecular beam in a supersonic free jet
expansion. In the expansion, the temperature aagtbéssure quickly decrease, leading to
less collisions and a slower chemical reactivitpder pressure conditions used in the FAGE,
shockwave structures (i.e. large fluctuations ie temperature and the gas density) are
observed that correspond to the transition fromsingersonic to the subsonic gas velocity
regimes. The position of the Mach disc that maheslioundary between the supersonic and
the subsonic expansion, xan be calculated knowing the orifice diametethd,background
pressurg, and the external pressiypgby the equation given as (Miller, 1988)

X Py

=067x%

Zm Eg. 6
d Py

After the Mach disc, the gas velocity enters iulbs®nic regime and the temperature recovers

back to ambient temperature as can be seen oneFMgur

Mach disk

nozzle to laser distance

Figure 4. Schematic representation of the tempergofile in the gas expansion.
Adapted from (Creasey et al., 1997h).
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Creasey et al. (Creasey et al., 1997b) performsetias of experiment where they varied the
distance between the nozzle and the laser by nmautiie nozzle on bellows. They measured
the rotational temperature by scanning the lasextite several rotational lines looking at the
distribution of the ground state rotational popoias of the OH excitation spectrum. They
tested different nozzle sizes (0.2 to 1.0 mm) dmapes (conical or flat). They saw that the
temperature recovery after the Mach disc proceedtdddifferent pattern in agreement with
observations made by Stevens et al. (Stevens @984), Holland et al. (Holland et al., 1995)
and Kanaya et al. (Kanaya et al., 2001). The distaat which the rotational temperature is
recovering back to ambient was shown to be depérmtethe size of the orifice, the shape of
the nozzle (e.g. flat, conical) and the backgropressure. Measurements showed that for a
nozzle of 1 mm, ambient temperature was measucediple of tens of centimetre (10 to 30
cm) below the nozzle. Along with the temperaturd #re density, the fluorescence lifetime is
also varying with the distance between the nozabk the laser probing zone. Creasey et al.
(Creasey et al., 1997b) observed that the fluorescdifetime reached a maximum in the
supersonic region before the Mach disc. After thecMdisc the fluorescence lifetime was
shown to follow the same profile as the temperatune decreased with the distance from the
nozzle (Creasey et al., 1997b; Kanaya et al., 206lliprescence lifetime dependens on the

collisional quenching rate.

3.3.2. Type of cells

The first groups that developed FAGE instrumentsgied measurement cells that minimize
stray light from the laser scattering. All cellssausually anodized black and baffles are
installed along the laser path. Two type of cellsenbeen developed, single pass type (Heal
et al., 1995; Holland et al., 1995; Kanaya et2001) and multi-pass type (Brune et al., 1995).
The differences between single pass and multi pals$ie in the volume sampled by the laser.
For single pass, the repetition rate and the baameter are higher than for multi pass cells.
The advantage of single pass cells is that thefamence due to photolysis is reduced
compared to multipass cells, whereas with the pass cells the LIF signal is increased. Also,

the background signal is expected to be highemmukipass cells.

3.3.3. High repetition rate lasers

One of the major advances of the FAGE techniquetivasigh the use of high repetition rate
lasers. At first, all groups were using Copper Maploaser (CVL) to pump tunable dye laser
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systems (Brune et al., 1995; Heal et al., 1995]andl et al., 1995). Nowadays, CVL are
replaced by frequency doubled YAG lasers from Spdehysics or Photonics Industries. The
532-nm wavelength is then used to pump either @apip solid crystal (Photonics Industries)
or a dye system (e.g. Lambda Physic Scanmate, UfeinNew Laser Generation”, Harvard
design, SIRAH). Usually, dyes are a mix of Rhodamiiluted in a solvent (e.g. methanol,
ethanol, isopropanol) that fluoresce at 616 nm. Tlge fluorescence is doubled using
doubling crystal (e. g. BBO: Beta Barium Borate)dgive a wavelength of 308 nm with a
maximum power varying from 15 to 100 mW, linewidtbm 4.5 to 7 GHz and pulsewidth
from 20 to 40 ns (Dusanter et al., 2009; Kanayal.et2007; Lu et al., 2012). For the MPI-
FAGE and the PennState FAGE, the dye cavity systeinased on the Harvard design
(Wennberg et al., 1994).

For the solid laser, two CLBO (Cerium Lithium Baahon linear optical crystals are used to
generate the required 308 nm wavelength. The TpSapvelength output (924 nm) is
frequency tripled to generate the required 308 navelength in two stages. First, the
fundamental output wavelength is doubled using BQIL(Cerium Lithium Borate) crystal to
obtain a 462 nm wavelength. In a second stagemaf®mguency generation is performed with
a second CLBO crystal by mixing the 924 nm and4#2 nm wavelength (Bloss et al., 2003)
to generate the 308 nm wavelength. The output paaear bbe up to 150 mW, the pulse

linewidth and the pulse length are of 0.065%amd 35 ns, respectively.

3.3.4. Fluorescence detection

The collection of the OH fluorescence is done atsame wavelength as the excitation (308
nm) for reasons given elsewhere (see section 2tlxhe working pressures of FAGE
instruments (few hPa), the OH fluorescence lifetifiag; ~ 300 ns) is much larger than the
laser pulsetaser~ 20 ns). In this case, the detection of the muebker OH fluorescence is
temporally shifted from the laser pulse as candas ©n Figure 5. To do so, the detectors are
gated meaning that they are switched off duringlalser pulse (so they do not saturate) and
rapidly switch on to collect the OH fluorescenceeathe laser pulse.
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Laser pulse
t~20ns

OH
fluorescence

N Y oFF
Detector Ton~ 300 ns
status N

"

ON

t

Figure 5. OH fluorescence detection using gatedatiet

In addition, optical systems were optimized in ortle collect the maximum of the OH
fluorescence emitted after the laser pulse andmmze! light scattering. The set of lenses used
for collecting the OH fluorescence depends on eathup but the Figure 6 shows a simplified
arrangement. The OH fluorescence is collected pelipelar to the laser beam and collimated
using converging lenses. Then, it passed throughreow band filter having its maximum
transmission centred on the OH fluorescence wag#isnj. ~ 310 nm, bandwidth ~ 5 to 15
nm) to reduce solar light, red-shifted fluoresceatéhe walls, and potential fluorescence of
other chemical species (Dusanter et al., 2009)allyinthe optical train is ended with a
converging lens that focused the OH fluorescenctherdetector. On the opposite side of the
fluorescence detection, a concave mirror can bedda double the solid angle seen by the

detector.

» Laser
1 beam
1

M L | L

Figure 6. Simplified OH fluorescence collection
M: Concave mirror, L: Lens, |: bandpass interfertene

Three different types of detector have been usedotmt photons emitted from the OH
fluorescence: MCP (Micro Channel Plate), CPM (ClegnRhotoMultiplier) and PMT

(Photomultiplier). Along with detectors, home-busivitches were developed by each group
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in order to turn on the detector as fast as passifier the laser pulse in order to measure as
much of the OH fluorescence as possible. As thardiscence decays exponentially, the delay
between the laser pulse and the start of the fhowerece collection strongly affect the
sensitivity. Detectors are usually composed of &ments: a photocathode, an electron
multiplier and an anode. The photocathode conwbgsphoton into electrons. Electrons are
then accelerated using high-voltage potential betwethe photocathode and the
electronmultiplier. Electronmultipliers are madedi$crete dynodes for PMT, a channeltron
for CPM, multiple electron multipliers for MCP. Thadectrons from the photocathode are
amplified and detected on the anode. Importantrpatars to choose the type of detector are:
the current gain, the quantum efficiency in the Wg,ability to be gated and the recovery
time (time after the detector is “ON” after beingitthed “OFF”). Current gain and quantum
efficiency are lower for MCP than for PMT and CPNbwever, MCP detectors are internally
gated using an ICCD (Intensified Charged Coupleié@gvso do not suffer from after pulse
signal feedback and have a very short recovery boteare more expensive than the others.
Among PMT and CPM, CPM exhibits a shorter recoviemye and a lower after-pulsing
feedback.

3.3.5. Reference cells

The OH excitation peak has a very narrow linewiltld since the laser wavelength can drift
with time and ambient conditions (e.g. temperatureflerence cells are used to select and
stabilize the OH excitation laser wavelength. UsudD branch lines of the first electronic
excited state are used for the excitation of OHe Todulation from on to off resonance is
achieved with the reference cell by moving the dagavelength to the side of the excitation
line. Three types of reference cell are usef Mapour thermolysis using a hot filamentH
vapour photolysis via a mercury lamp, and microwdigeharge of KD vapour in air. The
design of the different reference cells used bydifferent groups is similar. Air is pulled in a
low pressure cell after bubbling through a watsereoir, the excitation laser passed through
one axis of the cell and the OH fluorescence ifect#dd at right angle using a detector (e.g.
PMT, CPM). The On-Off resonance modulation can &scachieved using a Fabry-Perot

etalon.
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3.3.6. Measurement sequence

Usually, FAGE measurements follow a common pattéiinst, the laser wavelength is

scanned in order to find the OH excitation peak(1§ Qi(2) or Q(3)) using the reference

cell (the peak is chosen to be intense and eallytified in the spectrum structure). The laser
wavelength is then automatically fixed on the OHcigtion peak and the on-line

measurement starts for several tens of seconds @ ts). Then, the laser wavelength is
moved to a wavelength where OH is not absorbingkapd for several tens of second, this is
the off-line measurement. The off-line measurenwgnal is the combination of the laser
scattering, and also of possible chemical spe@esy a broad UV absorption in the 308 nm
range where OH is measured. It is subtracted flwon-line signal and after calibration the
resulting signal is converted to OH concentratkinally, the laser wavelength is moved back

on-line and so on.

3.3.7. Deployment on field campaigns

The FAGE technique was developed both for grourdlarcraft measurements. For ground

based measurements, the laser, the electronichamqump are set inside a container or in a
building while the cells are placed on top of tleatainer or on a tower several meters above
the ground depending on the aim of the measurefeemtground, above forest canopy, in a
cloud). The laser beam is brought to the cell usipiical fibres.

3.3.8. HO> measurement with FAGE

FAGE instruments are able to measure both OH and nd@icals. HQ are detected after

being converted to OH with NO. In general, FAGE exxpentalist set the NO concentration
to have a conversion efficiency close to 100% hewet high NO concentration the reaction
(R 36) becomes significant and therefore an efiicyeof 100% cannot be achieved. The

maximum conversion efficiency is around 90 to 95%.

HO,+ NO — NO, + OH (R 35)
OH+ NO — HONO (R 36)

Pure NO gas is mixed to the sample gas via a leop (Teflon) with many small holes
perforated. Ascarite can be used to trap HONOdhaatbe found in pure NO cylinder. NO is

flowed through a Teflon pipe and care must be takdeakage. In effect, if water vapour is
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mixed with pure NO, nitric acid is formed and camthge the mass flow controller used to
regulate the NO flow. The NO concentration addethéosample air and the conversion time
vary depending on each set up from 0.04 to 0.6%h®INO concentration and 0.5 to 3 ms for
the conversion time.

The possibility that R@could be recycled to HOwas always questioned and tests were
made with C1 to C4 alkanes (Creasey et al., 2002h$ et al., 2010; Kanaya et al., 2001;

Mather et al., 1997; Ren et al., 2004a; Stevers.e1994). Results showed an insignificant
conversion usually inferior to 5%. This is explalney the slow reaction rate (R 38) of the

alkoxy radicals (RO) with @at the low pressures and thus low @ncentration of FAGE

instruments.
RO, + NO — RO+ NGO, (R 37)
RO+ O, - R'CHO + HO (R 38)
RO+ NO— RONO (R 39)

However, a recent work from Fuchs et al. (Fuchalgt2011) showed that certain alkoxy
radicals (with alkenes and aromatics as parentief)ecould undergo fast decomposition or
iIsomerisation that lead to high recycling of R©@ HO, within the conversion time and with

NO concentrations commonly used. These findingd Wwé discussed in section 3.6

(Interference for HO2 measurements).

3.4. Type of calibrations

Laser induced fluorescence is a direct but relatie¢hod. The fluorescence signal (in ¢ts.s
is proportional to the OH concentration, [OH] (irokecule.cnT), and the laser power P (in

mW). The relationship that links the signal to @ld concentration is given as

S

[OH =P

Eq. 7

where C is the sensitivity in cts/s/molecule¥mw.

3.4.1. Theoretical sensitivity

In principle, the sensitivity can be calculatedattetically (Holland et al., 1995; Stevens et al.,

1994) using the following equation
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C2
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where
fgate = exp{— Al j - exr{_mc—;_-rcj Eq. 9
=L Eq. 10
Trad
andz = (12, +k [M])"* Eqg. 11
B12 Einstein B-coefficient for absorption (Dimpfl andrisey,
(cm® Jts?) 1979)
Q.(3)=1.01 x 16"
Avp (cn?) OH Doppler broadening calculated
Avi(cm™) laser linewidths measured
AN/N fraction of OH molecules in the rotational calculated
level being excited
| (cm) length of the laser beam overlapping the measured
ambient airstream
€ collection efficiency of the optics calculated
n detector quantum yield from manufacturer
T transmission of the optics from manufacturer
fgate fraction of the OH fluorescence detected calculated
AT, time delay of the counter gate with respeacheasured
to the laser pulse
Te length of the counter gate measured
T fluorescence lifetime OH measured
Q quantum yield of OH fluorescence calculated
Trad natural radiative lifetime (German, 1975)
Trad= 688 ns
Kq rate quenching constant of OH (Bailey et al., 19909;
Copeland and Crosley,
1986)
[M] number density of air molecules in the gasneasured
beam
Pin/Pamb ratio of densities inside and outside the calculated
sampling chamber
Ysampling sampling efficiency for OH radicals

The sensitivity obtained from the theoretical equats only an approximation due to the

estimations that need to be made for the excitdeogth, the collection efficiency of the
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optics and the sampling efficiency of the OH raldicdhis is the reason why calibration
methods were developed to generate known amoudHadnd HQ.

3.4.2. Experimental calibrations

Several methods were developed to generate knomecentrations of OH and HGand they
were reviewed by Dusanter et al. (Dusanter et28(Q8). The most common one is the
photolysis of water vapour by a mercury lamp Aat184.9 nm to produce an equal

concentration of OH and HQia the following mechanism.

H,O + hv (L = 184.9 nm)— OH + H (R 40)
H+O+M— HO, + M (R 41)

The quantum yield for OH and H is equal to 1 (Adan et al., 2004).

Hg lamps have two strong emissions in the UV at4&hd 253.7 nm. The photon flux is
approximately 8 times higher at 253.7 nm than a4.981m (Schultz et al., 1995) in
consequence an interference filter is placed intfod the Hg-lamp to only select the radiation
at 184.9 nmd1s4.6-6.9x10™ cm?2 moleculé, (Atkinson et al., 2004)) and avoid; Photolysis

at 253.7 nmd = 1.1 x 10" cn? moleculé', (Atkinson et al., 2004)) that could produce extra

OH via the following mechanism

Os + hv (A = 253.7 nm)-> O(D) + O, (R 42)
O(D) + H,O — 2 OH (R 43)

However, it should be mentioned that even if regidight at 253.7 nm is irradiating the air,
this process is minor because of the low conceatraif O; (maximum 10 ppb) generated
during calibration.

The OH and H@concentrations are given as

[OH] = [Hoz] =[H ZO]XGHZO X Figqq Xt Eq. 12

where [HO] is the concentration of 4 in molecule ¢, o0 is the absorption cross
section in crimoelculé', Figs0is the lamp flux in photons ¢frs* and t is the exposure time
in s. The HO concentration is measured with an hygrometgso was measured several
times and found to be 7.1419%° cn? moleculé' (Cantrell et al., 1997; Creasey et al., 2000;
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Hofzumahaus et al., 1996). Two parameters neeca tméasured: the lamp flux g9 and
the exposure time (t) of the gas flow in front k¢ amp.

A direct method is to use a detector to measuréathe flux at 184.9 nm e.g. NIST calibrated
Cs-l phototubes (Faloona et al., 2004). For thethod, care must be taken to precisely
characterize the photon flux distribution of thenfaas it is within the calibration tube. A
precise mapping of the actinic flux is done by wagythe distance of the lamp compared to
the photodiode, the lamp current and the aperiaee B addition, to reduce reflexions on the
wall of the calibration source, the lamp flux idlitoated and the inner tube is coated with
black paint so that the 185 nm photons are effelstimbsorbed on the wall.

Others methods are indirect, the lamp flux is algdiby actinometry either with,@r N,O.
When using the pD actinometer (see details in (Edwards et al., PO@3e experiments need
to be done separately from the calibration whereasO, the method can be applied
simultaneously with the #D photolysis, @is photolyzed producing @R) that reacts with ©

to from & via

Oz + hv (L = 184.9 nm)— O(CP) + OfP) (R 44)
OCP)+Q+M— O3+ M (R 45)

The generated £concentration measured with a commercial analigeised to determine

the lamp flux times the exposure time (Fxt) via

(F Xt):—zx[c[;j]gl o Eq. 13
At 184.9 nm, @ absorbs in the highly structured Schumann-Rungelbavhere the ©
absorption cross sections varied within severatiadf magnitude as can be seen on Figure 7.
An extensive discussion was made by Dusanter éDakanter et al., 2008) concerning the
previous studies that observed variations of thaliorption cross sections depending on the
lamp used. The conclusion was that it is highlyoramended to measure regularly the
absorption cross section of @ the conditions used during the calibration.
Calibration procedures differ depending on the flegime (laminar or turbulent) used in the
calibration source. For laminar flows (Reynolds em< 2000), the flow is characterized by
a higher flow in the centre of the tube (where dlreis sampled into the FAGE) than on the

walls (where the air is sampled to the &alyzer). In consequence, the flow in the ceotre
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the tube has a shorter exposure time and gh@@centration (as well as the [OH] and [#)O

is smaller.

le-19

le-20

(cm?.molecule")

le-21

absorption cross section

le-22 L . .
184 184.5 185 185.5 186

‘Wavelength (nm)

Figure 7. Q spectrum in the Schumann-Runge bands (Yoshinlo, 1992).

A correction factor (called P) is applied to takéoi account the radial velocity of the flow.
The advantage of this method is the low radicaddesand the relatively low gas flow but the
correction factor has to be determined. Anothewbexk is the difficulty to place the
calibration source on another FAGE setup in arréot@parison framework. For calibration
using a turbulent flow, the radial velocity of tlew is flat therefore there is no need to
correct the measureds@oncentration. One drawback is the need to chenaetthe higher

heterogeneous loss rate of radicals by moving théabhp along the calibration source.

3.4.3. H,O dependence of the sensitivity

The fluorescence lifetime of OH is function of tha&tural radiative lifetime and the quenching
of excited OH with collision partners namely,ND, and HO. Knowing the quenching rate
coefficients for N, O, and HO, the dependence of the®iconcentration on the fluorescence
lifetime can be determined. For,® mixing ratio of 3% and P=1.5 Torr, the fluoresoen
lifetime is decreasing theoretically by 20% (for nmaletails see Chapter 2) compared to dry
air.

The relative instrument sensitivity as functionHyO was tested in the first versions of the
University of Leeds (Creasey et al., 1997a) and FAGE (Hofzumahaus et al., 1996).
Creasey et al. (Creasey et al., 1997a) observhadra slecrease of the relative sensitivity with
a factor of 1.74 between the calibration atQH=265 ppm and the ambient® mixing ratio

([H20]=1%) similarly to Hofzumahaus et al. (Hofzumahatsal., 1996) whom measured a
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decrease of 2.2 of the sensitivity between thébcation HO concentration and the ambient
H,O concentration (see Figure 8) where the theottetadaulation predicts a decrease of 20%.
The reason postulated was the formation eDHtluster in the supersonic expansion that
would scavenge OH and H@adicals. Holland et al. (Holland et al., 2003setved that by
reducing the size of the orifice from 0.75 to 0.snthe HO effect on the sensitivity was
reduced. Dusanter et al. (Dusanter et al., 200@guen orifice nozzle of 1 mm angdZ=5.3
hPa observed a dependence of the sensitivity amaidn of water in agreement with the
theoretical quenching of the OH fluorescence. Was also observed for the GTHOS with an

orifice equal to 1 mm and a cell pressure of 5 (g#ea Figure 9).
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Figure 8. Relative instrument sensitivity as fuoctof HO
Left: a) OH cell, b) H@cell. Orifice size= 1.0 mm&=0.59 Torr (Creasey et al., 1997a)
Right: OH cell. Orifice size= 0.75 mmdp=1.3 mbar (Hofzumahaus et al., 1996)
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Figure 9. Instrument sensitivity as function gfHfor the 1U-FAGE (right) (Dusanter et al.,
2008) and the GTHOS (left) (Faloona et al., 2004)
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The behaviour of the instruments regarding thecefté the humidity on the sensitivity is
strongly dependent on each apparatus (nozzle s&zslape, background pressure) and needs
to be tested. Ambient measurements are correcteithdoquenching of the OH fluorescence
with H,O in order to get the real concentration. The FAG&Eruments and the calibration
process were described in this section. The nettosewill be dedicated to the reliability of
the measurements through the presentation of theni@ known interferences for the

measurement of OH and HO

3.5. Interference for OH measurements

Two different types of potential interferences aatready well identified for OH
measurements using the FAGE technique: spectral coesinical interference. Spectral
interference occurs when a chemical species isdhaing in the same wavelength range as
OH. Its contribution can be subtracted from the fudrescence signal by the on-line and
off-line wavelengths (Ren et al., 2004b). Chemirdkrferences are associated with the
photolysis of chemical species that produce OH.yTére particularly important when two
laser pulses are exciting the same sampled aimal¥When using high repetition rate lasers
(few kHz), care should be taken to have a flow heglough to renew the sampled volume
between each laser pulse in order to limit thisetyp interference. Additional chemical
interference can be via the generation of OH raslwéhin the low pressure FAGE cell from
“dark” reaction i.e. non-photolytic.

Extensive interference tests were made by Ren.efRa&n et al., 2004b). In their study,
spectral interferences were tested for naphthalsukhur dioxide and formaldehyde and
chemical interferences were tested for ozone (u ppmv), hydrogen peroxide (up to 120
ppbv), nitrous acid (up to 5 ppbv), formaldehydp {0 250 ppbv), nitric acid (up to 50 ppbv)
and acetone (up to 200 ppmv). Interferences frophthealene, ozone and acetone were
identified. Except for @ none of the chemical species tested were affgctire OH
measurement under ambient conditions. The napmhalaterference can be avoided by
changing from the ¢§2) to the Q(3) excitation line or using an offlilelower than the ¢}2)
line. In this section, more attention will be givienthe ozone interference and the production

of OH inside the cell by other species.
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3.5.1. Ozone interference

The Q photolysis produces an interference signal of @Mas observed in the first attempts
to measure OH using LIF at 282 nm (for more detallsut the observed interference see
sections 3.1 and 3.2) and even though FAGE imstnis are now working at 308 nm (where
the G absorption is lower), ©is still the main chemical species affecting OHasweement
which should be tested for each instrument. Rexh. éRen et al., 2004b) observed a quadratic
dependence with the laser power of the OH intenf@¥esignal meaning that a two photon
process is involved (one to photolyse ozone pradpu@¢D) that reacts with water to form
OH that is then excited by the second photon). Ohaterference was measured to be in the
range 16 to 10° cmi® [OH] per ppb [Q] which would add a slight offset in highly pollate
environments. Holland et al. (Holland et al., 198bserved that the LQnterference signal
was linear with respect to the laser power and lcoled that the OH would be produced from
a dark reaction on the detection cell’s walls. twale (Lu et al., 2012) have reported ap O
interference only dependent on thg @ncentration of (6 + 2) x $@&m> [OH] per ppb [Q]
during the PRIDE campaign.

3.5.2. Internal OH production

The decomposition of chemical species in the loasgure cell that could produce OH was
mentioned by Dusanter et al. (Dusanter et al., R0@ne example given was the
unimolecular decomposition of Criegee intermedidtes generate OH with high yields at
low pressure (Kroll et al., 2001). This artificedurce of OH would be linear with respect to
the laser power and so the only possible way tealet would be to use a chemical
modulator.

Periodic addition of an OH scavenger (e.g. perfipoopylene, GFg) in or above the FAGE
cells permits to measure which fraction of the OH kignal is coming from spurious OH
compared to ambient OH. Indeed, ambient OH wilttedith GFs and if any OH signal is
still detected it would correspond to artificial Ofhe use of chemical modulator was often
made at the beginning of the FAGE development ileorto validate the technique by
regularly injecting GFg into the detection cell to measure the “real” Céthground (Stevens
et al., 1994) however its utilization became lggdesmatic in the following years because the

measurements withz:Es were close to zero.
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Recently, large discrepancies between the modetrandeasurement of OH (up to a factor
10) were observed for several field campaigns nedwwy areas (Hofzumahaus et al., 2009;
Lelieveld et al., 2008; Ren et al., 2008; Whallely a&, 2011). The apparent lack of
understanding of the BVOC oxidation with OH triggerthe development of new oxidation
mechanism of BVOC (e.g. isoprene) that could explthe higher OH concentration
measured compared to the model (Butler et al., 2B0&umahaus et al., 2009; Paulot et al.,
2009a, 2009b; Peeters et al., 2009; Taraborredli.e009, 2012). However, Mao et al. (Mao
et al., 2012b) admitted the possibility that OH smeaments using FAGE were maybe
affected by interferences in this kind of enviromteTo test this hypothesis, they carried out
series of experiments during a field measuremerat farestry environment (BEARPEXQ09)
and in the laboratory to verify if their FAGE apptars was subject to the measurement of
spurious OH. Two measurement approaches were uahked c‘'OHwave” (wavelength
modulation) and “OHchem” (chemical modulation). “@&ve” is the common approach to
measure OH. First, the laser wavelength is tuneano®H excitation line for 10 s (in the case
of Mao et al., variable depending on the differgrdups) and then the wavelength is shifted
where OH is not absorbing for another 10 s to mreasiie background. The difference
between the on-line and the off-line signals is #wecalled “OHwave”. For the second
approach: “OHchem”, a Teflon tube (dia. 1.2 cm) whksed into a small cylinder on top of
the FAGE nozzle and an excess @F&(5 sccm in ~10 L/min, approx. 500 ppm) was mixed
periodically to the air sampled through 4 needM#hen the GFs flow was added the
measured signal corresponded to the backgrounalsighe difference between the signal
with and without GFs addition is called “OH chem.”. Because no OH Issaere observed
by adding the cylinder on the nozzle “OHchem” candirectly compared to “OHwave”.
Results showed that the “OHchem” was on averageetwower than the “OHwave”
indicating that artificial OH was produced inside tFAGE cell. The power dependence of
the spurious OH was shown to be linear and so tssibility that a chemical species was
photolyzed to produce OH in one laser shot andcteden a second laser shot was discarded.
Therefore, the decomposition of chemical speciegdthetically BVOCs intermediate
oxidation products) in the low pressure cell is tqm®bable nevertheless the mechanism is
not clear.

As GsFg is sampled inside the FAGE cell, the OH produceide the detection cell can also
be partly removed by 4Es. In order to determine how much of the internal ®&s removed
inside the FAGE cell by £ and obtain the “real” ambient OH concentratiorolatory

experiments were conducted in which a Hg lamp waseg at three different positions
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(above the inlet, below the inlet and above thedein axis) to generate OH (~100 ppt) from
the HO photolysis via (R 40) and measure the fracti@ Was removed by4Es

H,0 + hv (A = 184.9 nm)— OH + H (R 40)

The addition of @Fs showed that 95 % of the produced OH was removeghwihe lamp was
placed above the inlet, 25 to 60% when the lamphedsw the inlet and 3 to 10 % when the
lamp was placed above the detection axis.

Mao et al. (Mao et al., 2012b) observed that thfemdince between the “OHwave” and the
“OHchem” varied and was correlated with the tempee As it is not known when FAGE
instruments are subject to an interference signal imternal production of OH, both
measurement approach need to be used in the fieid. differences are observed between
“OHwave” and “OHchem” therefore the OH signal measuis the real concentration.
However, as can be seen on Figure 10, if a diftaxraa observed between “OHchem” and
“OHwave” the real OH ([OH}.) concentration will be “OHchem” minus the fractionm
internal OH that is not removed byke.

laser off line C;Fs on

oy [ 1 [

i (1- 0)[OH], o,
[OH] — —

inter

I O([OH] inter

L
>

v

“OHwave” “OHchem”

[OH] = [OH]amb+ [OH] [OH]chem: [OH]amb+ (1'a)[OH]inter

wave inter

Figure 10. Schematic representation of the “OHwared “OHchem” measurement
approaches.
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The relation between [OH}, [OH]chemand [OH}aveis given as (Mao et al., 2012b)

[OH]chem _1+ a
[OH] amb — [OH] wave Eq 14
[O H] chem o X [OH] chem
[OH]wave

wherea is the fraction of internal OH ([OR},) that is remaining with addition ofsE. Mao

et al. (Mao et al., 2012b) measured a value=tf.83. During BEARPEXQ09, the ratio between
“OHwave” and “OHchem” was 0.5 so the [OQR[JF0.8 x [OH}hem Finally, the agreement
between the model and the measurement was beitgy the OH concentration measured in
the “OHchem” mode ([OH}end[OH]moder1.4) than for the *“OHwave” mode
([OH] cherd[OH]moder3.1). From the results obtained by Mao et al. (Maal., 2012b), it is
now essential that OH measurements using FAGEum&nts, especially in forestry areas,

must characterized the generation of OH insidecélis.

3.6. Interference for HO, measurements

For long, it was thought that the FAGE instrumené&se only selective to HOradicals and
the reactions that convert peroxy radicals to,H@h NO addition were too slow (see
paragraph 3.3.8). ROradicals from C1 to C4 alkanes have been foundhaee a low
conversion to H@within the conversion time and it was assumed ¢hia¢r peroxy radicals
would follow the same scheme.

Intercomparative measurement for H€howed in general good agreement (see more details
in Chapter 3) however during the HOxComp intercorafpae measurement (Fuchs et al.,
2010), differences beyond their respective unaatites were observed in ambient air as well
as in the chamber between the 3 LIF instruments ghdicipated in the intercomparative
measurement. It gave some hints that either thleraabn or the measurement technique was
suffering from potential unknown interferences.

To understand the observed differences, Fuchs.efFachs et al., 2011) extended the
interference analysis to other peroxy radical sgmeduch as alkenes and aromatics. The
methodology was the following: VOC species weredigd into the calibration source placed
above the FAGE nozzle and VOC concentrations wemxcess compare to the OH radical

concentrations (~£0cm®) so that all OH radicals were consumed. After tieacwith OH
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produced from the photolysis of water, they fornpedoxy radicals. The possibility that the
hydrocarbons would produce radicals from the plystslby the mercury lamp at 185 nm was
tested by injecting dry air into the calibratiorusme. No LIF signal was observed and so the
hydrocarbon photolysis was assumed to be negliggxeept for propane). Since the origin of
the interference is generation of KHOy the reaction of ROwith NO in the FAGE, three
parameters are essential: the NO concentratiorgdheersion time and how well NO mixes
into the jet. The NO concentration was varied calenost 4 orders of magnitude ($1@o
10 cm®) and the conversion time was changed by modifyfrgyorifice size (0.2 and 0.4
mm). The conversion time was measured experimgntall fitting with the MCMv3.1
mechanism the conversion of H@ OH with different NO concentrations. For thd @am
orifice the measured conversion time was 2.7 ms$ewhbr the 0.2 mm orifice it was reduced
to 0.18 ms. The relative detection sensitivity afle RQ was obtained from the ratio of the
detection sensitivity of the RGspecie against the sensitivity toward H®he hydrocarbons
chosen were methane, ethane, cyclohexane, ethesgene, isoprene, MVK, MACR and
benzene. In their usual measurement conditionfig@rsize=0.4 mm, [NO]~18 cm®) they
observed as expected that the relative sensitfiglkanes was low (<0.05) whereas for the
other species the relative sensitivity was up t%8By changing the conversion time (using
the 0.2 mm orifice), the relative sensitivity fdr the tested R@was much lower for the same
NO concentration.

The general oxidation mechanism of any hydrocarienshown in Figure 11. From the
reaction of hydrocarbon with OH, a peroxy radida(3; is formed. RQ s then reacting with
NO to produce an alkoxy radicals. Then two différelnannels are proposed for the alkoxy
radical either an abstraction reaction with © form a carbonyl species and KHOr the
unimolecular decomposition (or isomerisation) oé talkoxy radical to form a carbonyl
species. The abstraction reaction is slow for alkpxg radical while the unimolecular
reaction is dependent on the hydrocarbon parenexample is given for ethane and ethene
in Figure 12. For ethane, the fate of the alkoxyical goes only via the slow abstraction
reaction to form H@ On the other hand, for ethene, there is a commpetior the B-
hydroxylalkyl alkoxy radical between the decompositand the reaction with OFor most
alkenes, the rate of decomposition is dominantianthe case of ethene at P=1.5 Torr, the
decomposition channel is three orders of magnitéager than the £abstraction reaction.
Similar isomerisation or decomposition mechanisrstexfor dialkenes (e.g isoprene) and

aromatics (e.g. benzene).
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RO
decomp. < > Q
K Ky

carbonyls + HQ
Figure 11. Oxidation mechanism of hydrocarbon

Since all the FAGE groups used NO concentratioditeato conversion efficiencies for HO
greater than 0.9, it is not surprising that all FA@struments suffered from this interference.
Similar RQ detection sensitivity were measured for the MPIGEA(Fuchs et al., 2011) and
the ATHOS (Ren et al., 2012). The University of ie¢-AGE determined an RO2 detection
sensitivity of 12% for the OP3 set up (Whalleylet2011).

The impact of the R©detection on the previous H@easurement by the different LIF will
vary depending where the field measurement tookepés the interference is only significant
for unsaturated hydrocarbons and aromatics which wmmainly emitted in polluted
environments and in areas where the atmosphevaded with BVOC (e.g forest).

Reducing the NO concentration and/or the conversioe will reduce the sensitivity of the
FAGE instruments to RObut also reduce their sensitivity to H@uchs et al. (Fuchs et al.,
2011) reduced the conversion time by changing tifee® size which reduces by a factor 4
their sensitivity to H@ and the sensitivity the different RQvas below 0.2. Most of the
FAGE instruments were having LOD for HMelow 1 ppt and as the concentration of
ambient levels of H@is above this limit, therefore the reduced cowditior the conversion
of HO, to OH will not affect the ability to measure K@ many different environments.
However, even by reducing the NO concentration taedconversion time, a fraction of RO

is detected and the H@etection using FAGE instrument is never fullyeséve.
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HC—CH3; + OH H2C:CH2 + OH
\ 0, (O
HaC OH B-hydroxyalkyl peroxy
3 \ alkyl peroxy radical radical
0—0
\ NO k, = 8.3 x 1602cn¥.s? \ NO k, =9.0x102cnd.s?
H3C—\ +N OH
o
02 k’3= 690 S:l decomp/ \02
H3C + H
No ©, H,C=0 + H,C—OH o_
+ HG,
|
k';=230¢
H,C=0 + HO,
k',=2.0x 10s?

Figure 12. Oxidation mechanism (MCMva3.1) with OH &hane (left) and ethene (right)

The rate coefficients are given at T=300 K, and.BIDbrr ([O;] = 9.7 x 16° cm®). To ease

the comparison, the rate of the RQ#®@actions are given in thé prder.

This paragraph was dedicated to the descriptiagheoFAGE instruments in the quantification
mode. As mentioned in the introduction, the OH tigdg measurement (OH lifetime) is an
important parameter to measure in field campaignonder to get the most complete
estimation of the HOx budget. For that, as the FAB&ruments can detect OH in the
atmosphere, with some modifications, it can alsoused in a reactivity mode. This
configuration as well as other techniques measufdid reactivity is presented in the

following part.
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4. Review of the OH reactivity techniques

Three methods were developed to measure routiheljoss rate of OH. For two of them, the
OH decay rate is directly measured with time byolwing OH decay by LIF using a FAGE
instrument. For the third one, the OH reactivitpisained relatively meaning that instead of
measuring the OH decay directly, they measure treaentration variations of a known
reactant ([X]) in the presence of artificially geaed OH in zero air and ambient air due to
the competition of the reactions of OH with [X] atlte trace gases present in ambient air.
Table 4 summarizes the performance of the diffeag@piaratus that are currently being used
to measure total OH reactivity. It can be mentitigat Jeanneret et al. (Jeanneret et al.,
2001) built a set-up for OH reactivity measuremesing a pump and probe LIDAR
technique but since this technique is not deplayethe field, the description is not given
here.

4.1. Flow tube OH reactivity method

The OH reactivity flow tube method, based on thecldarge-flow technique, was first
developed by Kovacs and Brune (Kovacs and Brun@lRfbr ground base measurements.
The technique was then adapted for airborne measunte(Mao et al., 2009). Also, a very
similar flow tube reactivity system was built aetbniversity of Leeds (Ingham et al., 2009)
and deployed on several ground base field campaigns

In this method, the OH radicals (several hundredppt) are produced continuously by
photolysis of HO using a Hg lamp - (R 40) - placed inside a mowafjector. Ambient air is
pulled inside a turbulent flow tube where it is euxwith the OH radicals. In presence of
ambient air, OH is reacting with the trace gases$ @etected using the FAGE technique by
sampling one portion of the flow into a low pressgell and detecting OH using LIF (more
details in section 3). By varying the distandglietween the OH source and the OH detection,
at a constant flow, the reaction timet) is changed and so the OH signal measured by LIF
(9. The logarithm of the OH fluorescence signal listted against the reaction time (see
Figure 13) and using a non-linear regression aigatii®® OH loss ratk’ is derived (Eq. 10).
The loss ratd’ is the sum of the reactivity of each individuaésjgs present in the mixture
and of the loss rate of OH due to physical proce@se heterogeneous loss, diffusion loss)

In(ij = k'xt Eq. 15
S

0
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wherek'= klwall +Z kX+OH [OH]

The different reaction times are obtained by movheyinjector from the OH detection using
a stepping motor. Usually 8 to 15 points are mesbur order to retrieve the loss rate. As the
absolute OH signal is measured, the backgrounds(§s) due to laser scattering needs to be

measured by moving the excitation wavelength @f@H resonance using a reference cell.

N

zero air

ambient air

In(S-8) / a.u.

reaction time (s)

Figure 13. OH decay measured with the flow tuber@attivity method

The critical parameter to be determined in thishwoétis the reaction time which is the
distanced divided by the flow velocity. The flow velocity is constantly measured withat h
wire anemometer placed downstream of the sampbktigTthe anemometer is then calibrated
by injecting a known concentration of a trace gashXt reacts with OH. By varying the
concentration of the trace gas, the bimolecula caiefficient is obtained from the pseudo-
first order plot and compared with literature vau@he good agreement indicates the
accurate determination of the flow rate.

From the HO photolysis, simultaneous to the OH production k&dlicals are formed via (R
40). In the presence of high concentration of NQA (ppb), HQ is recycled back to OH via
the reaction HQ+ NO— OH + NG, and the measured OH decays are curved. The vedult
be an underestimation of the total OH reactivity.cérrection method was described by
Shirley et al. (Shirley et al., 2006) in which tregio of the absolute concentration of [OH]
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and [HQ] is calculated in order to determine the portidrthe measured OH signal that is

coming from the OH-recycling reaction.

4.2. Flash photolysis OH reactivity method

The flash photolysis method was developed at tHe/@ dletropolitan University (Sadanaga
et al., 2004b). It was deployed in numerous figchpaigns and was applied to the study of
car exhaust in laboratory experiments (Nakashinah €2010).

In this method, ambient air is pulled into a phg$td cell and the OH radical are produced
from the photolysis of @at 266 nm in the presence of water vapour ancctisteoy LIF at

308 nm in a low pressure cell placed perpendidhkareactor

O3 + hv (L = 266 nm)— O(D) + O, (R 46)
O(D) + H,O0 — 2 OH (R 47)

After the photolysis laser pulse, OH decays throtighreaction with the trace gases present
in the photolysis cell or via other losses (e.getmeneous). The OH decay is measured by
time resolved LIF using high repetition rate las@@ kHz i.e. 100 us time resolution). The
OH concentration produced by flash photolysis imlower than the concentrations of the
reactants present in ambient air so the pseudaoofider approximation is applied and the OH
concentration decay is defined as a single expaienth

[OH] =[OH], exp(k'xt) Eq. 16

wherek’ is the pseudo first order decay rate of OHin s

Sadanaga et al. (Sadanaga et al., 2004b) obsdraethé OH decays were displaying a strong
double exponential decay where the first rapid comemt was hypothesised to be due to
perturbations by the laser shot. In consequendg,tbe second component of the OH decay
was taken for the total OH reactivity measurememcivwas the combination of the true OH
reactivity and physical diffusion within the phatsis cell. By changing the laser beam profile
from a Gaussian (Quanta-Ray INDI-40, Spectra PBysto a top hat (Tempest 300,
NewWave Research), they observed a change in thed@idy profile from a double
exponential to a single exponential decay (Y. Nakaa; personal communication). Lou et al.
(Lou et al., 2010) using the same method do noemes the same OH decay profiles as
Sadanaga et al. (Sadanaga et al., 2004b). A pessiplanation would be that in their set up
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the laser photolysis beam is expanded to incrdsseatio of the photolyzed volume versus
cell volume and so reduce the first rapid loss Bf O

As for the flow tube method, the OH decays canfiexied by the OH recycling reaction of
HO, in the presence of high NO concentration. Howewercontrast with the flow tube
method, HQ is not produced simultaneously with OH and thesrilerence is much less
important. Nevertheless, HQOs produced from the reaction of CO+OH and frone th
oxidation of VOC with OH and recycling under po#éidtenvironments need to be taken into
account in the data analysis. The reaction of Oth W that leads to the formation of HO

needs also to be taken into account.

4.3. Comparative Reactivity Method (CRM)

The total OH reactivity measurement by CRM is atreé method where the OH reactivity is
determined by following the decrease of the comeginh of a reactant in the presence of OH
in zero air and in ambient air using an appropridétector (e.g. PTR-MS, GC-FID)
(NOlIscher et al., 2012a; Sinha et al., 2008). Fagl4 represents the CRM measurement
pattern. First, a reactant [X], usually absentnrbaent air (e.g. pyrrole), is diluted in zero air
after flowing through a glass reactor and its cotreion is recorded (C1). Afterwards, a
steady concentration of OH, produced by photolgdi$d,O, is added to the reactor. The
reactant concentration is decreasing because gt#ution of X with OH (C2). By replacing
the zero air with ambient air, the reactant comagion is increasing due to the competition
between the reactions of OH with X and OH with themical species present in ambient air
C3).

The OH reactivity is then given as

_C3-C2

air m X kpyrole+OH xCl Eq 17

The CRM reactor is a small glass tube which waggdes specifically in order to reduce the
photolysis of VOC present in sampled air by the kadiation emitted from the Hg. It has
three inlets for the injection of the reagent, (ple, GHsN), the ambient or the zero air and
the OH radicals. The sampled air is diluted in zaraand introduced inside the reactor in the
presence of OH and pyrrole. The pyrrole concemtnais monitored either with a PTR-MS
(m/z=68) or a GC-FID. First versions were improvey placing the sampling pump
downstream of the reactor (reduce loss of VOC m¢iiet pump) and a catalytic converter is

now used for air zero measurement to keep the htyniodnstant between zero air and
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ambient air measurements as humidity is affectif@®®1S measurement (No6lscher et al.,
2012a).
As for the flow tube method, HQOs produced simultaneously to OH and in the present

high NO concentration OH-recycling is observed emdected when needed.

C1

X + zero air

(X]

C3

X + ambient air + OH

c2

X + zero air + OH

Time

Figure 14. Schematic representation of the CRM oreasent pattern (Sinha et al., 2008)
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Table 4. Performances of the different OH reagtimieasurement techniques
[OH] is the artificial OH concentration generatéds the time resolution

Typical
: sampling [OH]/ K wan / S* NO correction factor LOD/ Uncertainty
Groups Technique flow rate / ppt (zero air) for specific [NO]** s* (20) tls (1e) Reference
slpm
University of Flow tube / _ 12 0. (INngham et al.,
Leeds (UK) LIE 4 1.6 1.39 at 3.74 ppb 10-13 % 2009)
< 1.05 at < 0.05 ppb (Kovacs and
Flow tube / .
Penn State LIF (ground 10-100 5.2 1.08 at 1 ppb Brune, 2001,
. . 1.4 at5 ppb Kovacs et al.,
University base) > at 10 pob 200
(USA) Flow tube / Lo M D
ow tube 0 ao etal.,
LIF (aircraft) 100 2.9 1.1at1 ppb %" 2009)
Flash (Sadanaga et
TMU (Japan) photolysis / ~40 4.0 <1.05 at 20 ppb 15% g
LIE al., 2004b)
Flash
, 1.05at<5 ppb (Lou et al.,
FZJ (Germany) pholt_cl)llzySIS/ <200 1.4 1.1at>5 ppb 2010)
CRM/ PTR- ~16 i (Sinha et al.,
MPI, Mainz MS <1.05 at <3.5 ppb 2008)
(Germany) CRM/ GC- -1 i ~1.5at 10 ppb (Nolscher et
FID al., 2012a)
i 1.13 at 5 ppb
LSCE (France) CRMM/SPTR -* - 1.29 at 10 ppb (D(zgllgozr(c))lig et
1.82 at 20 ppb "
University of Flash-
. Y photolysis / 40 4.5 - This work
Lille (France) LIE

MPI: Max Planck Institute, TMU: Tokyo Metropolitdgniversity, LSCE : Laboratoire des Sciences du @tiet de I'Environnement, FZJ :

Forschungszentrum Julich
* OH concentrations not given however from MPI-CRKAH] should be in the range of 10 ppb.
**factor by which the measured reactivity need &rbultiplied to correct for OH-recycling
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Conclusion

Among other methods described in this chapter,RA&E technique was shown to be a
technique that can be adapted to the measuremémipokpheric OH and HCas it owns the
necessary sensitivity and the time resolution. Ridge discrepancies for OH and HO
between the model and the measurement with FAGE: wdserved and attributed to
interferences. The new interferences were obsesirest FAGE instruments were deployed
in an increasing variety of environments especitily ones rich in BVOC species. For the
detection of a fraction of ROn the measurement of HCthe reduction of the NO and/or the
reaction time was found to be an appropriate smiufior future measurements. However, for
previous measurements, the measured concentrdtid®pwas in fact [H@*] which is the
sum of [HQ] plus a fraction of [RG]. No attempt is made to obtain the true [ijiOnstead,
the sum of HQ@ and RQ is modelled and the sensitivities of each,Ra@r specific NO
concentration obtained from laboratory experimants used to compare the [FHneasured
with the [HG*] modelled The newly discovered unknown OH generation ingdeFAGE cells

is a new challenge for the groups that runs FAGEuUmMents. The systematic application of a
chemical modulator to measure the OH interferemgpeas is now needed. In addition, each
FAGE instruments owns its specific characterisiics. geometry, flow profile) and the
amplitude of the interferences will vary from onestrument to another and laboratory
experiments to characterize those interferencemamnegress.

The OH reactivity methods are relatively new comegan the FAGE instruments. They are a
powerful tool to improve atmospheric chemistry mledand their importance in field
campaigns is indisputable.

At the University of Lille a FAGE instrument for ghmeasurement of OH, HGnd OH
reactivity was developed over the last 6 years. ddtailed description of each component is

given in the next chapter.
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I ntroduction

The hydroxyl (OH) and the hydroperoxy (KQradicals can be detected using the FAGE
technique pioneered by Hard et al. (Hard et alf9) @escribed in the Chapter 1. At the PC2A
laboratory, the development of the UL-FAGE staiite@005 and was deployed on the field
for the first time in April 2010. This chapter isdascription of the actual UL-FAGE set up:
the instrument, the calibration and the specifa&iof the instrument through interference
tests.

During the course of this thesis, some technicahglks and major numerical advances were
made from the original setup to control, record ameélyze automatically the parameters
needed for retrieving the HOx concentrations. Afsom each field campaign we improved
our knowledge and we nowadays better anticipatenthmeerous problematic situations that
arise on the field.

The calibration is a crucial but delicate step & the absolute HOx concentration. The
calibration source as well as the procedure willpbesented. A strong dependence of the
sensitivity on water vapour has been observed argtill not understood. The instrument is
now running automatically with limit of detection$ approximately 4 x 10cm® and 5 x 18
cm® for 1 minute of integration time for OH and K@espectively.

Possible interferences were tested both insideSteHIR chamber and during laboratory
experiments with ozone and acetone and will beudses in this chapter.
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1. Description of the UL-FAGE

The UL-FAGE instrument shown on Figure 1 is basedhe PennState design (Faloona et al.,
2004). It is composed of a sampling nozzle, tworiscence cells, a pumping system, a laser,
a wavelength reference cell and an acquisitioregyst

Ambient air is pumped at 9.2 L/min (BOC Edwards GXI®L) through a 1 mm orifice after
gas expansion into a low pressure cell (P~1.5 T@atametrics Barocell 600A pressure
transducer). The first cell is for the measuren@r®H. The second cell placed downstream
of the first cell is for the measurement of fHaiter the injection of NO to convert Hanto

OH. The distance between the nozzle and the mafdiee OH cell is of 144 mm and of 346
mm to the middle of the Hzell. OH is excited via a well selected line ie th-X(0, 0) band
around 308 nm and its fluorescence is collectegpgreticularly to the laser beam and
detected after the laser pulse by gated CPM. Themssure is decreased from atmospheric
pressure to few Torr in order to increase the Qdrscence lifetime beyond Rayleigh and
Mie scattering time region making possible its sile detection.

Fluorescence
collection

pressure

CPM gange

e injection

Figure 1. Drawing of the UL-FAGE.

The different parts and aspects of the UL-FAGE d@gscribed in details in the following

paragraphs.
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1.1. OH excitation

OH radicals are excited from the first vibratioséhte of the ground electronic state I{X?
v”’=0) to the first vibrational state of the firstectronic state (A%, v'=0). For the UL-FAGE,
the Q(3) transition ak. = 308.1541 nm is generally used to excite OH ®@didt has a strong
absorption ¢on (Qu(3)) ~ 10™ cn? moleculé' (Dorn et al., 1995)) and has the advantage of
being part of a clearly identifiable triplet compdswith the X3)-Q1(3)-Pi(1) as can be seen
onFigure 4

11.1 L aser system

The UV laser beam to excite the OH A-X (0, 0) bab@08 nm is obtained using a frequency
doubled dye laser (Sirah Laser PrecisionScan PRECHPR) pumped by the frequency
doubled output of a Nd:YVQIlaser (Spectra Physics Navigator |l YHP40- 532QW)e
schematic of the laser is shown on Figure 2. TheGY@utput power is of 4.9 W with a
repetition rate of 5 kHz and a pulse width of 20 Tise dye used is a mix of 0.17 g/L of
Rhodamine 610 (also called Rhodamine B) and of @@4of Rhodamine 640 diluted in
ethanol (4 Litre). The output laser power obtairseedf 50 mW with a fresh dye mixture. The
laser wavelength is tuned with a mirror gratinghwat line width of 0.15 cih The renewing
of the dye is dependent on the measurement fregu@rcthe field (e.g. during HCCT), the

laser dye was changed every 3 weeks for approxiynbi2ehours per day of measurement.

Laser Nd:YVO,
5 kHz

L,004, =616 N
Pg= 460 mi %50 =308 him
Ep,= 0,1 mdipulse Pl 50 mitd

compensator Ep 5= 15 pJipulse

lens
grating
prism m : Pellin-Broca
doubling prisms
cristal <‘: O
mirror. %

lens’

Figure 2. Schematic of the laser system used ®Uih-FAGE
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112 Optical train

The laser beam is delivered to the OH, the,ld@d the reference cells by a set of optics. At
the output of the laser, a telescope is used teddhe beam. The output laser beam is an
“almond” shape and two cylindrical lenses (MelleseGLQC, f=75mm and 50 mm) are set
through the beam path in order to round the lasambreducing the losses through the fibers
coupling. A first 80/20 beam splitter (Melles Gridi6BSQ035/R80/T20) divides the laser
beam to the OH fibre holder with a collimator (MslIGriot, 13 FOA 101) used to focus the
beam into the fiber. A second 50/50 beam splitiézlies Griot, 16BSQO035) divides a second
time the laser beam to the KHfbre mount (same as OH) and to the referencevielh prism.
After the prism (Melles Griot, AR308, 01PQB001/07®)e beam is reflected on a window
and the reflexion is aligned onto a photodiode (Haratsu, S1722). A second photodiode
(Hamamatsu, S1722) is placed behind the refereglteRhotodiodes are regularly calibrated

and used to record the laser power.

Pr

BS BS

W
SIRAH LASER

Reference cell

B

Figure 3. Schematic of the optical train

P: Periscope, LC: Cylindrical lenses, BS: Beamt&pl|iW: window, C: Collimators, Fc:
Fiber Connectors, PD: Photodiode, Pr: Prism
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For the two OH and H©cells, optical fibores (200 um diameters) assemblgt fibre
connectors (sma 905) are used to bring the examitdéiser beam to the FAGE cells: (i) a 60
cm fibre from the fibre holder to a vertical boavd the edge of the laser table with the
purpose to check regularly the aligning and th@uatupower, (ii) a 10 m fibre (OZ optics, BFI
Optilas, QMMJ-55-UVVIS-200/240-3A-3) from the veral board to the FAGE box and (iii)
a 30 cm fibre from the FAGE box to both OH andH@lls. The first fibre is used to check
the alignment of the optical train by measuringlts®r power at the exit of the fibre and also
the intensity and shape of the laser spot. The diher fibres bring the laser from the
container to the FAGE cells. After exiting the ld#ire, the laser beam is collimated
(collimators: Melles Griot, 13 FOA 101). The optinwverall transmission is of 16% for the
OH cell and of 8% for the H{xell. The laser power is approximately twice higimethe OH
cell compared to the second cell. The laser powtreaentrance of the OH cell is in the range
of 1.6 to 3 mW while it is of 0.8 to 1.5 mW at taetrance of the HEcell. A detail schematic

of the optical train is shown on Figure 3.

1.1.3. Gas expansion

Within the gas expansion, the temperature decraéadess Kelvin up to the Mach disc before
rising up. The relative intensity of the differacitation peak can be used to determine the
rotational temperature of the gas flow within thAGE cells through the Boltzmann
population distribution analysis (Creasey et a@97b; Kanaya et al., 2001; Stevens et al.,
1994). The attempt to measure the temperaturemiktid UL-FAGE was made by fitting the
measured spectrum with the theoretical spectrunairvdd with the LIFBASE software
(Luque and Crosley, 2009) represented by solidsline Figure 4. From the rotational
distribution, we obtained a rotational temperatafeapproximately 345 K (above ambient
temperature) for both OH and H®©ells which are distant from the nozzle from 14¢h and
346 mm respectively. The reasons of these obsenstare not understood. Previously,
several authors observed a recovery of the temperatside the FAGE cells up to ambient
temperature when the distance between the nozzlettenlaser was increased. This is In
contradiction with what we observed since the esarhe excitation spectrum is measured
between the two cells which are separated of 200 Wi rotational temperature was also
estimated inside the reference cell whep®Hhs thermalized at high temperature to form OH
radicals. A rotational temperature of 855 K wasinested consistent with the water
thermolysis temperature range.
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Figure 4. Normalized OH excitation spectrum meas$simultaneously in the’icell (left - top), the
2" cell (left - bottom) and the reference cell (lefop). The solid lines represent the theoretical
spectrum obtained using the LIFBASE software (Luguoé Crosley, 2009) by adjusting the
temperature T (P=1.5 Torr, resolution of 0.2 nn1).t@e top left figure is also represented the
theoretical spectrum at T=300 (dashed line).

1.2. Multi-pass cells

As discussed in the Chapter 1, cells to detect lDbtéscence can be single or multi-pass. For
the UL-FAGE, two identical multi-pass cells (10x1@xcm) with the PennState design are
used to detect OH and HBasically, a multi-pass cell is a set of 3 misravith one in the
front and two at the back of the cuci cell. The & miiameter laser beam enters the White-cell
via the cut-edge of the front concave mirror (Mgleriot) and reflects on one of the two rear
concave mirrors (Melles Griot). Usually, the cedl aligned so that the number of passes
through the cell is of 38 to 40. Two baffles anedizvith black aluminium are located after
the first mirrors and before the two rear mirrorsd &he cells are anodized with black
aluminium to reduce scattered light. Between theefexit and the cell entrance, a prism is
placed to reflect the output beam onto a photod{odaddition to the 2 photodiodes placed at
on the optical train).

The aligning of the White cell can only be doneatthospheric pressure as the adjusting
screws for the rear mirrors are placed inside #ium-sealed part of the cells. The stability
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of the White cell aligning was proven as the FA@&Hscwere transported over long distances

and no changing was observed.

Figure 5. Sectional drawing of the FAGE cell
MEg: Front Mirror, W: Window, B: Baffles, I: Interferneter, Mk: Rear Mirrors, L: Lenses, I:
Pass band interferometer.

1.3. OH fluor escence detection

The OH fluorescence is collected at right anglehwéspect to the laser beam. A system of
two plano-convex lenses is used to collimate theriscence and then focus it on the detector.
An interference band pass filter (Barr Associateg)laced in between the two lenses with a
bandwidth of 4.7 nm centred on 308 nm and a peaisinission of 61 %.

The fluorescence is detected by CPM modules (Pétkirer, MP-1982) in a counting mode
including a CPM tube, a power supply and elect®iiaz discrimination, amplification and
pulse shaping. This mode permits to collect eadtqrhas an individual pulse of a few volts
and a width of 25 ns. This is particularly usefuldur case since the signal level is weak.
CPM tubes are composed of a photocathode, a chaubeehnd an anode (see Figure 6). The
photons from the OH fluorescence hit the photoath@ialkali material) and are converted
into electrons via the photoelectric effect. Thecaons are then accelerated from the
photocathode to the channel entrance and as thelgehvall of the channel tube secondary

electrons are produced which lead to an amplificetithe signal (gain ~ 3 x 0
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Figure 6. Schematic representation a CPM (PerkimeE)

To reduce the background signal and avoid the lddarding” the detector, the CPM is
switched off during the intense laser pulse. Thisans that the voltage applied on the
photocathode is set to be higher than the voltapgéied on the channel entrance so that the
electrons are not directed toward the channel eograRapidly after the laser pulse, the CPM
is switched on by decreasing the voltage appliedh& photocathode below the channel
entrance voltage. Two home made switches are oseqrt the CPM on. For the OH cell, the
switch is in negative mode (HV1= -1.98 kV; HV2=18.kV, channel entrance=-2.09 kV), it
is based after the design in Kanaya and Akimota@ga and Akimoto, 2006). The rise time
for the CPM in negative mode is of 41 ns and thietifae (not displayed on the Figure 7) of
2.7 us. These performances are not as good asnth@resented by Kanaya and Akimoto
where for a similar system they measured a rise winl7 ns and a fall time of 2.08 us,
mismatches between the CPM and switch impedande explain these discrepancies. On
the Figure 7 is represented a time chart for theatien of OH in the first cell having a switch
in negative mode to open the CPM 300 ns afterdkerlpulse. The total delay between the
start of the measurement and the laser pulse39®ins and the fluorescence is collected for
800 ns. The main drawback of the gated CPM is #@teation of a parasitic pulse after the
switched is turned on. In consequence the dataisitiqn is delayed to start after the CPM
parasitic pulse. The CPM is gated a second timgslafter the laser pulse for 800 ns for the
measurement of the background signal. In absentasef, we observed that the background

counts were on average 5% lower than the signaitsou
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Figure 7. Time chart for the detection of the Ottbflescence with the switch in negative
mode.

For the HQ cell, the CPM is turned on using a switch in pgesimode. The CPM is switched
on when the voltage applied on the photocathodeedse from 130 V to O V (channel
entrance voltage = 50 V).

The measured fluorescence decay is shown on FRjuféne OH fluorescence signal is the
integral of the exponential decay during the meament gate after the laser pulse. The
fluorescence signal is counted from 500 ns afterl#iser pulse up to 1.3 us after the laser

pulse.
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Figure 8. OH fluorescence decay after opening #teator.
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14. Data acquisition

The pulses from the fluorescence photons collelotetthe CPM of the OH and the H®ells
are counted with National Instruments counting didtional Instruments PCI-6602). The
data acquisition time is controlled by a delay gatw. The delay generator (DG535,
Stanford Research Systems) is triggered interratll$y kHz and starts: the YAG, the two
detector switches (for OH and HQ@ells) and the acquisition. The photodiode sigraaks
measured on an oscilloscope (LeCroy, WJ334-A) wisckonnected to a PC via a LAN
connection. The data is displayed and recordedyubim Labview program (v.11).

1.5. Reference cedll

In order to measure the fluorescence signal fontpagéive atmospheric measurements, it is
necessary to set the laser wavelength on resonaititehe OH excitation line. For that a
reference cell where OH is produced with a high atable concentration is used. The
reference cell is a stainless steel cube (10x1@ri0 Ambient air is drawn through a needle
valve into the cell kept at approximately 2 Toringsa diaphragm pump (Pfeiffer vacuum,
MVP055-3). HO is dissociated using a 30W-hot filament (ThernaogoSEI 10/25) to
generate OH radicals by thermolysis. A fractioriha laser beam passes through the cell via
windows placed at Brewster's angle and excitesQheradicals. The fluorescence signal is
collected with a non-gated CPM (Perkin EImer MPA®3 and acquired on a National
Instruments counting card (National Instruments-BZ31). The reference cell is used to tune
the laser dye wavelength on resonance with the r@hkition and control the measurement
cycles using the Labview program. The Figure 9 shthe FAGE measurement routine. First
the laser wavelength is scanned over the OH tiangihere Q(3)) which is the SCAN mode.
The wavelengthj, at which the signal is maximum (§) is recorded and then the laser
wavelength is set on the maximum of the OH tramsjtthis is the GO ONLINE mode. If the
averaged signal over 2 points is lower than a Holesvalue (usually 95% of the&), the
laser wavelength is incremented by 0.01 nm (RELOf#de). The laser wavelength can be
incremented up to 4 times and if the signal id kiiver than the threshold value the laser
wavelength is automatically scanning. On the othand, if the signal value is over the
threshold, the measurement is turned to the ONLiNIEe. After 20 s, the laser wavelength
is set atr+0.05 nm for 20 s where the laser wavelength isonger on resonance with OH
transition (OFFLINE mode). Finally, the laser waargjth is set back to ONLINE and the

measurement routine repeats itself. When the lasarelength is set on resonance, the
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average over 5 consecutive points needs to be awbreshold value otherwise the laser
would automatically scan.

The stability of the reference cell signal is deterant for the quality of the measurement.
The signal is affected by the laser wavelengthJdker power and what we call the “filament
stability”. Before installing the Thermocoax filanmte simple “chromel alumel” filament
(R=500/m) were used. Under the heat (T~600°C) the filanveas getting distorted and the
laser beam was then hitting it causing high andabée background signal. In most cases, the
measurement had to be stopped (up to 15 min evéiguis) in order to adjust the filament

and realign the laser beam inside the cell.

FAGE measurement cycle

2,000

O SCAN
GO ONLINE
O RELOCK @ A
1| & onune 48 o Tt &8 Chay
CoOFE | & o A o e ol N
L5009 5 oFRINE 5
| s

1,000

Srefcell / Cts s

500

@
B O e T, 7

04+————— e e

11:47:30 11:48:00 11:48:31 11:49:00 11:49:30 11:50:00 11:50:30 11:51:0¢
Time

Figure 9. Reference cell signal with the differerdde used for the measurement cycle.

1.6. Ambient measurements

In 2011, the University of Lille 1 invested in a aseirement container to deploy the FAGE
instrument during field campaigns as can be seehigure 10. The laser system and part of
the electronics are placed inside the containersasea platform on top of the container is set
to install the FAGE box (nozzle at around 3.5 mwabthe ground). The FAGE box contains:
the FAGE cells, the CPM switches, gas lines (for &@d N), and air conditioning system in
order to keep the temperature constant inside dlxe ®nly the nozzle is exiting the box. All
the signal electronic cables to trigger the actjoisiand collect the signal are brought from
the container to the FAGE box. The 10 m and 30 phcdibres are used to bring the laser
light to the cells.

Figure 11 is an example of an ambient measureminttiae raw signals of the OH cell, the

HO, cell and the reference cell. As can be seen,igmalsof OH is only slightly coming out

85



Development of a FAGE instrument for the quantifma of HOXx radicals

of the noise whereas for the H©@ell the on resonance signal can clearly be oleservhe
measurement shown was taken around noon when theasd we can see a strong

background signal measured with the second gatkeohst cell.

FAGE

NO inlet

\ Signal g il
UL-FAGE || electronic
W[l cables

Container

Figure 10. UL-FAGE container during CompOH.
The FAGE box is placed on top of the container.
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Figure 11. Raw data measured on the 01/07/201hgl@ompOH campaign.
Bottom — Signal reference cell, Middle — Raw f&gnal and averaged data, Top — Row OH
signal and averaged data. The error bars are givén
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2. Calibration

The LIF detection is a very sensitive techniqueibig not absolute. The fluorescence signal
needs to be calibrated to a standard. As discusséite Chapter 1, the sensitivity of the
FAGE technique can be obtained theoretically butesof the parameters are not accurately
known and the calibration using an external soofddOx radicals is preferred.

The sensitivity is defined as

Eq. 1

C = Suox in cts §/molecule crit/mw
[HOX]x P

where $ox is the fluorescence signal in ct§ $HOx] is the concentration in molecule
cm® and P is the power in mW.
Several types of calibration methods are used temgge known concentrations of OH and
HO, and calibrate the OH fluorescence signal for FAG&ruments (Dusanter et al., 2008).
The one chosen for the calibration of the UL-FAGEthe UV water photolysis. 4
photolysis at.=184.9 nm produced an equal amount of OH radicadsHatoms [(R 1)]. In
air, H atoms are rapidly reacting with @ form HG via [(R 2)]

H.O + hv (Az=184.9 nm)» OH + H (R1)
H+O,+M—>HO,+M (R2)
It is usually assumed that the yield of OH and;H&dicals from the photolysis of water at
A=184.9 nm is equal to 1. However, the H-atoms awoelyced with high kinetic energy
(~1.58 eV), called H*. Reactions of H* with,((R 3)] or HO [(R 4)] to form OH is

energetically possible and are in competition il reaction [(R 5)] that removes the excess

of energy.
H*+ O,—>OH+O (R 3)
H* + H,O — H, + OH (R 4)
H*+M — H+ M (R 5)

Fuchs et al. (Fuchs et al., 2011) checked thisilptigsin two steps by measuring the HO
concentration. First, they added an excess of GO4)| to the flow so that all the OH
produced from reactions (R 1), (R 3) and (R 4)amverted to H@Q In a second step, they
injected deuterated methane £ the air flow to scavenge the OH radicals preduand

only measuring the H{concentration from the reaction [(R 2)].
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CO + OH + Q — HO, + CO (R 6)
CD4 + OH + @ — CD50, + HDO (R7)

They found that the ratio between the Hf@ncentration measured with the addition of,CD
and with the addition of CO was equal to 0.50 aowctuded that the yields of OH and KHO
from the HO photolysis were indeed equal to 1.

The OH and HQ@concentrations are proportional to the water vapomcentration [kO] in
molecules cnii, the HO absorption cross sectiaf,o at 184.9 nm in cm? molecute the

lamp flux F in photons cihs®, the quantum yielg equal to 1, and the exposure time tin s.

[OH] =[HO,] =[H,0] x g};,, x F x pxt Eqg. 2

The flux of the lamp can be determined using th@€inometry method. £s photolyzed at
184.9 nm to produce two oxygen atom in their et@ttr ground state (Okabe, 1978) [(R 8)].
OCP) reacts with @to form G [(R 9)].

0, + hv (\=184.9 nm)— OCP) + OFP) (R 8)
2(0CP) + @+ M — Os + M) (R9)

The G concentration generated is used to calculateatmg flux knowing the @absorption

cross section and having a quantum ygldqual to 2.

[0,] =[O,]x 0, X F x gixt Eg. 3

Thus, combining Eq. 2 and Eqg. 3, the OH and,ld@centrations are then defined as

1, [O5]X[H,0] % Gyp0 Eq. 4

[OH) =[HO,] =2 = 22

The water concentration is measured using a dewt poigrometer (Michell Instruments
S8000) and the [€) concentration using a commercial analyzer (Thed®p. The absorption
cross section of ¥ is equal tosnzo = 7.14 x 10° cn (Cantrell et al., 1997). For Othe
absorption cross section measured by Dusanter @uwanter et al., 2009) was chosew, =
1.20 x 10 cn? moleculé’). Ideally, the @ absorption cross section should have been

measured for each Hg lamps that were used for d@hbration of the UL-FAGE since a
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significant variations were measured in the lampssion wavelength for different lamps
(Hofzumahaus et al., 1997) however the experimers mot yet performed as the calibration
cell need to be redesigned.

In our conditions, the ©concentration ranges from 2 to 8 ppb. On field gaigns, the KD
concentrations varied from few ppm to 3000 ppm byimy to the main flow with air that
passes via a bubbler. Thg &ncentration can be decreased by lowering th&amg flux by
reducing the voltage of the lamp power supply.

Using the @ actinometry method, the concentration range igtéidnby the respective limits
of detection of the @analyser (LOD = 1 ppb) and the® hygrometer (LOD=-40 °C dew
point). The minimum concentrations that can beheddor OH and H@are approximately 5
x 10' cm®.

2.1. Calibration source

The calibration source is shown on Figure 12. & rectangular tube made of aluminium (1.2
x 1.2 x 50 cm) with 5 rectangular holes in whiclkeré-height Suprasil (6.0 x 1.5 x 0.2 cm)
windows are placed in between rubber seals. TwokBl@f aluminium are placed on each

side of the tube to maintain the windows.

.’ A 40 L/min air/H,0

Toward O, and
H,0 analyzer

Figure 12. Photo of the calibration cell
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The air flow is controlled by two mass flow contess (30 SLPM air, 10 SLPM air,
Bronkhorst) and injected in the calibration cela \8/8" Swagelok fitting at a flow of 40
SLPM. At this rate, the air is flowing in turbulerggime with a Reynolds number of 3700.
Dusanter et al. (Dusanter et al., 2008) measuredatiial air velocity profile using a pitot
tube with a calibration cell (1.27 x 1.27 x 30 camyd flow rate (50 SLPM) similar to the UL-
FAGE calibration source. They measured a flow vgld8% higher in the centre of the tube
however since the flow regime is turbulent the Otd &0, concentrations generated inside
the tube are homogeneous. The same assumptiordéimaur conditions.

The zero air was generated by a zero air gene(Breitfuss) where ambient air is dried,
purified by two Pt catalysts (T°C= 400 °C), andeiis filled with purafil and charcoal. Filters
filled with Drierite are sometimes used in ordedty the air ([HO]<100 ppm) since the J@
concentration coming out of the air zero generaarot constant and linked to the ambient
humidity. The air purity coming out of the zero generator was not checked and there is a
possibility that this would vary depending on theity of the air in. However, we observed
that the NQ concentration tends to increase (up to few ppiey @ long period of use (e.g. 2
hours). During the CompOH field campaign, the &irozgenerator was placed in one corner
of the measurement container and hypothetically tduihe relatively high temperature the
generator supplied air with a highly variablegQHconcentration which render the calibration
impossible. Instead, air zero for the calibratiomsvsupplied from cylinder (AirLiquid, alpha
1, 5.0).

The Hg lamp is placed in an aluminium block ancedixo the calibration source using 3
screws. Nitrogen is flowed (~50 ccm) through thmpahousing mainly to cool the lamp and
also to avoid absorption by,Qhat could reduce the lamp flux. The Hg lamp enutg
radiation at two intense wavelengths254 nm and\=184.9 nm. An interferometer filter
(Melles Griot 185NB20) is placed inside the lamus$iag to reduce the strong light emission
at A=254 nm that could photolyze ;0oos (A=254 nm) = 1.13 x I cm? moleculd
(Atkinson et al., 2004)) and generate an additi@tdlradical concentrations via

O; + hv (2=254 nm)— O('D) + O; (R 10)
O(D) + H0 — 2 OH (R 11)

At the bottom of the calibration cell, four 1/8 Syedok fittings are used to sample part of the
excess flow towards thes@nd the HO analyzers. A type K thermocouple is located at th
exit of the calibration source to measure the teatpee.
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2.2. Calibration procedure

Figure 13 presents an example of a calibratiom@®fQH fluorescence signal in the OH and in
the HQ cell at a constant # concentration equal to 150 ppm and a power ot/ for
OH and 0.9 mW for H@ After the Hg lamp is switched on, thg €bncentration along with
the OH signal in the first and in the second celincreasing. When the signal is stable, 10
sccm of NO are added downstream of the first cetianvert the H®into OH. The signal is
increasing in the second cell as it is the sumhef®H and H@signals. Afterwards, the Hg
lamp is turned off in order to measure theb@ckground signal. In order to modulate the OH
and HQ concentration, the £2concentration is varied several times by adjustireg power
voltage supply using a Variac.

The signal on resonance minus the signal off resmnas divided by the laser power and
plotted as function of the OH concentration caledafrom the @ and the HO
concentrations and corrected from the losses irtkidecalibration source (see 2.4). A linear
regression is applied to the calibration data goamtd the slope obtained is the sensitivity (see
Figure 14).
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Figure 13. Example of a calibration measurement.
Top — Right: Signal in 1st cell, Bottom — RightgBal in the 2nd cell; Top — Left:0
concentration, Bottom — Left: @ concentration
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For HO,, the sensitivity is obtained for a specific NO centration. The signal with NO
minus the signal without NO is plotted against H®, concentration (same calculation than
for OH but we assume that there is no JHI0sses between the generation and the
measurement, details in paragraph 2.4) and tipe slbtained from the linear regression is the
HO, sensitivity of the UL-FAGE.

500 ‘ .
Sor/P = (1.37+0.01) -10°® x[OH] + (28.6+19.4)

[ 8] B
) ) e
) ) )

[a—
o)
)

(SOH'Sbkgd)/ P (CtS/ s/ l‘llW)

0 1.0x108 2.0x108 3.0x108
[OH] / molecule cm™

Figure 14. Calibration curve for the OH cell at(=150 ppm
Signal divided by the laser power as function ef @H concentration.

2.3. Calibration uncertainty

The calibration uncertainty is mainly arising frahee uncertainty on the OH and the HO
concentrations. While calibrating, the concentraiof OH and H@are high enough that the
noise is negligible compared with the OH LIF signiie uncertainty of the parameters used
for the calculation of the OH and HQoncentrations is given in Table 1. Using the
propagation of errors method, the uncertainty oa $ensitivity for the UL-FAGE was
estimated to be of 23 % to 41 %. The large unagstaange is due to the uncertainty on the
O3 measurement. By measuring the absorption crosmseaf O, with our Hg lamp, we

could improve our calibration uncertainty.
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Table 1. Uncertainty on the parameters used tameate the sensitivity of the UL-FAGE

Parameters Range Percentage
[O4] 310 ppb 10 -33%
[H-0] 150 — 3000 ppm 5 %

orzo (Cantrell et al., 1997) 7.14 x thent 3%

602 1.20 x 10° cnt 20 %*

Total 23-41%

*Hofzumahaus et al. (Hofzumahaus et al., 1997) oreaisin their calibration conditions a
variation of the @absorption cross section depending on differentarps. The @
absorption cross section varied from 1.1 to 1.0%°tnt. We did not measure the
absorption cross section of @ our conditions and assume it to be of 1.20 X’

2.4, Radical losses

The advantage of using a turbulent flow within tadibration source is the homogeneity of
the OH and H@concentrations across the cell however the heteraus losses on the wall
of the source are important and need to be knowthes®H concentration can be corrected.
To do so, the OH losses were measured by varyiagdistance between the exit of the
calibration source and the nozzle using the differindows along the tube. The OH
concentration was varied over one order of mageit{i®@H] = 16-10° cmi®) in the typical
calibration concentration range. OH and H@dicals can be lost either via self- or cross-
reactions or on the wall of the cell. Within oupitgal radical concentrations and reaction time
between 10 (lower window) and 60 ms (higher windowjlical-radical reactions are minor
(less than 1 % with [OH]=[HE@=1x10’ cm® and t=10 ms) and the OH losses within the

calibration source are mainly on the wall of th#.ce

OH + OH— H,0 + O¢P) (R12)
OH+HQOQ, - H,O+ O, (R 13)
HO; + HO, — H02 + O, (R 14)
OH + wall— losses (R 15)
HO, + wall — losses (R 16)

The Figure 15 shows the evolution of the signaluastion of the distance from the exit of
the calibration source. The measurement points \igezl with a linear regression. By
extrapolating the signal to the origin, we measuosdes for OH radicals independent of the
OH concentration within our range and equal to 9.8246. The losses for HQadicals were
not measured because of the experimental constrambrder to determine the Hsses,
high concentration of CO (~1 %) is added to theflaiv to convert all the OH radicals into

HO, within one millisecond so that only HQadicals are present in the calibration source.
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However, since the air is flowing in excess abdweriozzle in the room, it is not conceivable
to perform this experiment.
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Figure 15. Evolution of the signal as function loé distance from the exit of the calibration
source.

Calibrations performed at 40 SLPM for 6 OH concatidns. Errors are given as.1
2.5. H,O quenching

As already discussed in the Chapter 1, the OH dlsence lifetimes, is reduced due to the

quenching of the OH electronic excited’fA, v=0) state with N, O, and HO via [(R 17)]
affecting the sensitivity of FAGE instruments.

OH (A’z*, v=0) + M — OH (X°IT*, v''=0) + M (R 17)

The fluorescence lifetime is given by Eq. 5

7 = (oo + i [M])” Ea. 5
wheret,q is the natural radiative lifetime ir'1lskq is the quenching rate coefficient in

cm® s* and [M] is the quencher concentration in molecué’.

A natural radiative lifetime of.q= 1.45 x 16 s* (1/ 1,4 = 688 ns) was measured by German

et al. (German, 1975). The temperature dependdrtbe guenching rate constants fof, Q>

and HO are given in Table 2.
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Table 2. Quenching rate constants of the OBE{AV/=0) electronic state by N O, and HO.
The rate constantdare given asg= A x T"2— B x T?+ C where T is the temperature in K.

Quencher| A (cths’K™) B (cnt.s’K*?3) C (cnt.s? Reference
N, -1.67 x 10" -1.73x10%  2.31x10° (Copeland and Crosley, 1986)
O, 1.01 x 10" 1.66 x 10  5.13 x 10"* (Copeland and Crosley, 1986)
H,0 -4.02 x 10° -4.47 x10°  531x 10 (Bailey et al., 1999)

In the troposphere, the concentrations of &hd Q remain constant whereas theCH
concentration is varying up to 3%. The fluorescequantum yields,, can be calculated as
function of the HO concentration (Eq. 5) and compared with the expartal measurements.
The theoretical quenching of the OH?EA, v'=0) electronic state as function of8 is shown

in Figure 17 as a dashed line.

Eq. 6

Tnat

Mo =
Toa + 2 Ko X[M]

The influence of the D concentration on the OH fluorescence lifetime whtained by
varying the HO concentration from 100 to 23000 ppm within thibecation source. As kO

is the source of OH and HQOwhen the water is increased to high level it pess$ high
concentration of OH up to 6 x molecule crit. At these concentrations we measured very
high fluorescence signal (up to 30000 ¢ty and observed that the detector was saturating as
the fluorescence signal was no longer exponerdgialaam be seen on Figure 16. To avoid the
CPM saturation the CPM gate was moved by 200 nisth&l experiments in dry and wet
conditions were conducted with the CPM gate setr#0ut. In addition, care was taken with
the @ measurement at high humidity where differencesevadrserved previously (Williams
et al., 2006). Before and after eackCHvariation points, the zero (i.e. Hg lamp off) the &
analyzer was taken. We did observed an offsetddpénds on the relative humidity however
this offset did not vary significantly before anftea each measurement. The é@ncentration
was taken as the difference between the lamp ongrilre average before and after when the
lamp was off (see paragraph 2.8).

On Figure 17 is shown the evolution of the senjtin the two cells as function of water.
The comparison with the theoretical quenching (fayure - dash line) is in strong
disagreement with the data points measured. Stlepgndency of the sensitivity as function
of water was already observed by Hofzumahaus @tlafzumahaus et al., 1996) and Creasey
et al. (Creasey et al.,, 1997a) (see Chapter 1).ekpganation given was that,@ clusters

were formed in the cold gas expansion and were esigagng OH and H® radicals.
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Afterwards, Holland et al. (Holland et al., 2003gmtioned that by reducing the nozzle size
from 0.75 to 0.4 mm and so the gas expansion teathyperthey could eliminate the additional
losses of OH and HOn the gas expansion.
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Figure 16. OH fluorescence decay during th® ldependence on the sensitivity experiment
Top — Before moving the CPM gate, Bottom — Afterving the CPM gate
Solid lines represent a single exponential decay

At first sight, the measurements made with the WAGE are similar to the observations of
the two previous studies and a significant corcgctieed to be applied to the OH and HO
measurement due to possible condensation of wateéhd gas expansion. However, the
laboratory results regarding the® dependence of the sensitivity are in contradictath

the observations made at the SAPHIR chamber inl 10 where the UL-FAGE was
compared with the FZJ-LIF (see Figure 18). Moreailet about the results of the
intercomparative measurement in Juelich are gimeGhapter 3. Here, we only focus on the
first day of the experiments and on the OH measentiwhen the water in the chamber was
varied stepwise from 0 to 1.8 %. The H@easurements can not be compared because of the

RGO, interference on both FAGE instruments that coedhe results.
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Figure 17. Evolution of the sensitivity of the UIAGE as function of water
Bottom - HQ cell, Top - OH cell
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theoretical quenchin@(H,0) = —005x[H,O[° + 034x[H,0[" - 086x[H,0] +1

Figure 18 displays the OH measurements by the UGEAnd the FZJ-LIF. The Lille OH
measurements were either corrected using the tigsdrguenching (top left plot) or using the
H,O dependence sensitivity obtained from laboratapeements (bottom left plot).

The correlation plots clearly show that using tharection obtained from laboratory
experiments, the two instruments are in disagreeémespecially when the water vapour
concentration in the chamber is high. During thpesinents at SAPHIR, the calibrations
were performed with very low water concentratiad,(] < 1000 ppm) and so the sensitivity
was only slightly affected by the unexplained extéss (loss < 8%). The conclusion that can
be drawn from the SAPHIR measurements is thatdbselk observed during a calibration are
not reproduced during ambient measurements. Th&omeaof the losses of OH and HO
radicals during a calibration are not clear buihsée be linked to high concentration levels.
The experiment was repeated several times and aime ®bservations were made. Even
though the concentration of OH and HpEroduced within the calibration were high (240
cm®) at elevated kD concentrations, gas phase losses are unlikelytalube very short
reaction time (10 ms) between the generation ofraéldécals and their sampling through the

orifice.
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Figure 18. Comparison of the experimental and #texal HO correction on the UL-FAGE
measurements.

Experiments performed at the SAPHIR chamber onlAgff 2010. Left — OH measurements
by the UL-FA GE (red dots) and the FZJ-LIF (bladkts) with the theoretical correction (top)
and the experimental correction (bottom). Rightosr€lation plots between the UL-FAGE
and the FZJ-LIF with the theoretical correctiompitand the experimental correction (bottom)

The nozzle geometry was raised as a possibilityiferextra losses. The nozzle has a specific
shape (see Figure 19) and when the high flow Hatedover the nozzle eddies can be formed
between the lips and the inlet that could causeadasses of OH and HOThe calibration
source was placed over the FZJ-LIF nozzle and ygeod agreement within their respective
errors was observed when a known OH concentratialtylated using the Lille procedure)
was compared with a calibrated signal from the EE-indicating that our calibration

procedure works.

Figure 19. Representation of the UL-FAGE nozzle
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Tests were made by changing the nozzle shape &fltHeAGE (flat 1 mm, conical 400 pum)
but over a too small ¥ concentration range and so conclusions can nohdwee if the
nozzle shape has an influence on the extra losafradicals at high water concentration.
The policy that was adopted is the systematic ctie of the sensitivity factor to zero air
using the experimental & dependence on the sensitivity. Calibrations ay l@v water are
preferred as sensitivity dependence on water & d&®ng. Then, the measurement data are
corrected using the theoretical fluorescence quagcHh his solution is not fully satisfactory
however the intercomparative measurement in Jualichin Paris displayed good agreement

using this procedure.

2.6. NO conversion

HO, is detected in a second cell downstream fromitsedell after addition of a flow of NO
to convert it to OH. In order to know the conversefficiency,sqoy, (i.€. ratio between the
converted HQ@ concentration versus the initial HQoncentration) and the conversion
reaction time (t) one can adjust the NO concemtnaéind plot the conversion efficiency as
function of the NO concentratiom,o, = f([NO]). When added to the gas stream, NO can
either react with H@to produce OH or react with OH to form HONO.
HO, + NO— OH + NG (R 18)
ky = 8.28 x 132 cn?® s* (Atkinson et al., 2004)
OH + NO + M— HONO + M (R19)
ko = 7.39 x 1G* cn?® s* (Atkinson et al., 2004)

The differential equation system is given as

9] i [0, )xno] -
d[oH] Eq. 8

=k x [HO,] x[NO] - k, x [OH] x[NO]x[M]

Hard et al. (Hard et al., 1992) solved the systéuifterential equations in order to obtain the

conversion efficiency as function of NO. The eqoiatsolution is

— [OH] = kl X —k. x xt) — —k., x X X
oz ()= 110 1 = (o xim=k) < (©XPEK XINOIXD) ~exptk, XINOJx[MIxt) - Eq. 9
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Figure 20. Evolution of the signal as functionlodé NO concentration.
P=1.5 Torr and [Hg) = 6.1 x 18 cm* during CompOH.

The experiment was made by varying the NO conceorérom 4x 10" up to 3.5< 10" cmi
® with a constant H@ concentration. As the NO concentration is incrdatiee signal
measured in the second cell reached a plateauspomnding to a conversion efficiency close
to 1. As can be seen on Figure 20, the signal medsn the second cell close to the full
conversion is 3 times larger than without NO. Iniédgrl case, meaning that all the H@ere
converted to OH, the ratioyS,+01/Son could not exceed 2. This difference is explaingd b
the larger lost of OH (mainly heterogeneous losshgare to H@from the calibration source
to the detection zone. From the calibration oftilie cells for OH radical, we know that the
sensitivity for OH between the cell 1 and the @gltlownstream of cell 1) is twice as big.

For calculating the conversion efficiency, we méueassumption based on the calibration of
the two cells for OH that 50% of OH radicals arst lbetween the two cells and that no losses
occurred from the generation in the calibratiortie detection zone in the second cell for
HO,. By multiplying the 34 ([NO]=0) by 1.5 and subtracting the signal frore tbtal signal
measured in the second cell, we are able to peottmversion efficiency as function of the
NO concentration and derive the conversion timectihis in these conditions t=(1.40+0.02)
ms. Assuming that the losses between the two walisld be underestimated by 2% (i.e.

multiply by 1.53), the conversion time would belo3 ms.
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Figure 21. Conversion efficiency of H@ OH as function of the NO concentration
At P=1.5 Torr and [HG= 6.1 x 13 cmi®. The solid line represents the fit obtained ushey
equation derived by Hard et al. (Hard et al., 1998 conversion time derived was t=1.4 ms.

Pure NO cylinders (AirLiquide) are used to convdf, to OH. An interference signal is
observed when NO is injected into the FAGE cellsiicy from the photolysis of impurities
(e.g HONO) coming from the cylinder. In order tagrthese impurities, Ascarite (sodium
hydroxide coated silica) can be used, however, bgeiwed that the trapping efficiency was
evolving with time and so we decided to not use @agping system. In consequence, we
characterize the NO interference as function ofNieflow and the laser power (see Figure
22) and subtract it from the HGignal. The artefact signal is measured regulmtyeach
calibration. Zero air is introduced through thellm@tion source and the laser power is varied

at the NO flow use during the measurement.
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Figure 22. Power dependence of the NO impuritiesrfiearence for [NO] = 1.4 x tHcm*
The solid line is a least squares power fittingweih order of 2.
Error bars ared.
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2.7. Limits of detection

The limit of detection is defined as

S Eg. 10
[OH]. .. :Ax [14.&)( /M
CxP m n t

where S/N is the signal to noise ratio, C the isigity in cts/s/molecule.ciymw, P
the power in mW, m and n the number of measuremerind off resonance afSkgqis the
background signal in cts/s, t is the measuremsTd in s.

The limit of detection was calculated for the diffiet field campaigns in which the FAGE
instruments was deployed and grouped in
Table 3 and in Table 4 for OH and for Kif@spectively. As can be seen, the LOD for OH was

relatively steady over the last two years as noomefpanges were made on the detection
system. For HQ the limit of detection is depending on the cosiar efficiency. The NO
concentration was reduced in order to limit theedgdbn of RQ with the UL-FAGE as

explained in the next section 0.

Table 3. Evolution of the OH sensitivities and L@ the different field campaigns
S/IN=2, m=n=1,t=40s

C P (mW) Skga(Cts/s) [OH]mIn
(cts/s/molecule (molecule criv)
cmmw)
SAPHIR 2010 1.94 x 10 2.04 14 4.2 x 10
HCCT 2010 1.13 x 10 2.12 9 5.6 x 10
CompOH 2011 1.82 x 10 1.70 9 4.3 x 10
Surfin 2011 1.58 x 1D 1.90 9 4.5 x 10

Table 4. Evolution of the H{Osensitivities and LOD for the different field caangns
SIN=2, m=n=1,t=40s

C P (mw) Skga(Cts/S) | eno2 [HO,]min
(cts/s/molecule (molecule cri)
cmmw)
SAPHIR 2010 1.64 x 10 0.77 10 45 % 1.1x %0
HCCT 2010 2.04 x 10 0.75 37 96 % 1.8 x %0
CompOH 2011 4.56 x 10 0.90 21 15 % 5.0 x 0
Surfin 2011 6.11 x 10 0.92 22 15 % 3.7x %0
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2.8. Futureimprovementsfor the calibration

One of the drawbacks of the calibration procedsithé long response of the @nalyzer. For
the Q@ analyzer, we observed that a rapid change in #@ ¢bncentration was causing a
brutal decrease of thes@oncentration read by the apparatus which lealow recovery to
the zero (often a negative offset)

One way to reduce the calibration time would bentasure the lamp flux with a phototube
placed opposite to the lamp. The phototube woulddnto be calibrated prior to the
calibration with an @analyzer or a calibrated photomultiplier. Alsog thmp flux could be
reduced (nowadays limited bys@nalyzer LOD) and so the concentration used fer th

calibration would be closer to the ambient conamn range for OH and HO
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10 L5 11°10 11:50

I !

[=1

= 0r

[}

2 ; 3‘-—_
-].0 o B
200 ® ]

=]
-30

10:45 11:00 11:15 11:30 11:45 12:00 12:15
Time

Figure 23. Q analyzer response to sudden change in relativediym

3. Possibleinterferences

Ren et al (Ren et al., 2004) tested a large numf@mospherically relevant chemical species
as potential interference source for OH measurenusiig the FAGE technique. The
conclusion we as none of the chemical speciesdesbelld affect the OH measurement. The
recent work from Mao et al. (Mao et al., 2012) whigghlighted the presence of an unknown
interference source of OH inside the FAGE cellsairiorestry environment. Fuchs et al.
(Fuchs et al., 2011) showed without any doubt $iigatificant amount of R@radical species
were detected when using high NO concentration tsednvert HQ to OH. Solutions were

103



Development of a FAGE instrument for the quantifma of HOXx radicals

proposed to reduce and characterize each FAGEumsetits toward these interferences
however it changed the perception on the selegtofitthe FAGE technique. The magnitude
of these interferences is dependent upon each.detmameters such as cell material, sample
flow, pressure, gas expansion profile differ andldampact the interference of instrument.
The main contributor to OH interference signalies the Q photolysis inside the FAGE cells
that lead to the formation of OH and a lot of effaas made through the years to reduce it.
For the UL-FAGE, the formation of an artificial O$ignal was tested for {and acetone.
Tests on the R@interference have not been done yet and only gmdmnon the field

measurement is presented.

3.1 Osinterference

The formation of OH via the photolysis is generaliyderstood as a 2-photon process in
which 1-photon photolyzes 00 produce an excited oxygen atom that reacts widlker
vapour to form OH. A second photon is then neededetect the artificial OH formed. In
consequence, the OH interference signal has a aimdiependence with the laser power.
This interference is reduced if the volume sampigthe excitation laser is renewed between
each pulse. Ren et al. (Ren et al., 2004) obseavegaiadratic dependence of the interference
signal with the laser power confirming the 2-photprocess. However, Holland et al.
(Holland et al., 1995) observed a strong iBterference which had surprisingly a linear
dependence of the artificial OH signal as functbthe laser power for a given concentration
of Os. It was attributed to an unknown dark reactiondaeghe FAGE cells in the gas phase or
on the wall. They tested different sort of materjalack paint, Teflon, black anodized
aluminium) and observed that the interference wamnmal using black anodized aluminium
and by increasing the nozzle diameter. Lu et al €L al., 2012) recently reported ag O
interference for the OH measurements of (6+2) X @@ only dependent on the ;0
concentration.

We have tested thez@nterference by varying thez@oncentration up to 1 ppm and the laser
power from 0.6 to 3 mW. The experiment was donelihyting a small flow of Q produced
from the photolysis of @with a Hg lamp with zero air in the photolysislagded for kinetic
measurements. # was injected ([K0]=0.3 %) by flowing an air zero flow through a wat
bubbler. The @and HO concentrations were measured downstream of the tiibe using
standard analyzers. First, the; ©@oncentration was varied at constant laser power a
repetition rate. The results are shown on Figuré/2d observed a linear increase with a slope
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equal to (1.7+0.3) x £ocm* [OH] per ppb of @. This interference would be insignificant for
most of ambient measurements however OH conceraéin be corrected in highly polluted
environments such as cities where é@ncentration can be as high as 200 ppb (Lei.et al
2007).

To understand through which process the OH is predlunside the FAGE cells, the 308 nm
laser power was varied in the range used for ambneasurement from 0.6 to 3 mW fog O
concentrations of 340 and 1160 ppb. The resultstase/n on Figure 25 and surprisingly, we
observed a linear dependence of the interferempelsas function of the laser power which

indicates that the OH produced frorg i© not via a 2 photon photolytic process.

3.0x108 . . . . .

2 5%105 L [OHlier= (1.720.3)x10° [05] + (2.1£1.8)x10° T
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Figure 24. OH interference concentration as fumctibthe Q concentration
Pon =2 mW, rep. rate = 5 kHz, p@]=0.3%

This result is in disagreement with the work of Reral. (Ren et al., 2004) but in agreement
with the study of Holland et al. (Holland et al99b). The reasons to explain this linear
dependence of the OH formation as function of thecentration of @ are not clear. The
possibility that OH is produced via an unknown da&ction (i.e. non-photolytic) on the wall
of the cell or in the gas phase was proposed biakidlet al. (Holland et al., 1995) can not be
drawn and future test would be needed. Howeveshawn on Figure 24, the OH production

from G is insignificant under ambient conditions.
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Figure 25. Power dependence of thgr@erference. The solid lines represent a linear
regression. The dashed lines represent a squapetdience of the signal as function of the
laser power. rep. rate = 5 kHz,JB[=0.3 %

One additional test was made in which the repetitade of the laser was varied. We observed
that the OH interference signal was independentthan repetition rate confirming the
hypothesis that OH is produced from a dark reactiod not from a photolytic process. For

this test, care was taken to keep the same energyutse when the repetition rate was varied.
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Figure 26. OH signal as function of the repetitiate.
[O3]=340 ppb

3.2. Acetoneinterference

The photolysis of carbonyl species within the FAGHSs at 308 nm was tested with acetone.
A known mixture of acetone (Sigma Aldrich) in Was diluted in zero air and introduced into
the photolysis cell and the OH fluorescence sigvas observed. As for the test with,@he

test was made with different concentrations of @oetand laser powers. At 308 nm
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(Gacetonfh=308 nm) = 1.61 x I& cm2, (Gierczak et al., 1998)) the photolysis aftane leads
to the formation an acetyl radical (gED) and at low pressure and in the presence,pf O
high yield of OH were measured from the reactiorCéCO with G, (Blitz et al., 2002;
Tyndall et al., 1997).

CH3C(O)CH; + hv (A = 308 nm)— CH3;CO + CH; (R 20)
— 2CH; + CO (R 21)
CH3CO + G — OH + products (R 22)

First, the acetone concentration was varied frot th. 13 ppm. The OH concentration
measured as function of the acetone concentratishown to be linear ( see Figure 27).
From the linear regression, we obtained that therfierence signal is of 9.81 x %6m® per
ppmv of acetone. For 10 ppbv of acetone, the Oetfietence would be of ~1 x 16m?>. It is
slightly higher than the interference signal repdrby Ren et al.(Ren et al., 2004) where an
OH interference concentration of ~7.5 x* n> was reported for 10 ppbv of acetone. The
impact of this interference is small as the ambag#tone concentration is generally lower
than 10 ppbv (Finalyson-Pitts and Pitts, 2000).

1.4x10¢
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Figure 27. OH interference concentration as fumctibthe acetone concentration
Power=2 mWw, P=1.5 Torr

Contrary to @, the OH signal was observed to show a quadrapentience with the laser
power indicating that the OH was produced from@h@ton process in agreement with the

expectation.
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Figure 28. OH interference signal from acetoneuastion of the laser power

Solid line represents a least square fit with agroef 2.
[CH3COCH;] = 13 ppm, P=2 mW, rep. rate=5 kHz

3.3. RO, interference

The sensitivity of the UL-FAGE instruments towardrtain RQ species as described by
Fuchs et al. (Fuchs et al., 2011) that could atieetmeasurement of H@vith FAGE has not
been tested yet. As explained by Fuchs et al. @athl., 2011), this interference will depend
on the NO concentration as well as the reactioe.tifihe NO concentration used by the UL-
FAGE was different for every field campaigns. Tldative sensitivity for several RQvas
calculated using the MCM v3.2 mechanism in our messent conditions. As can be seen in
Table 5, the H® measurements were strongly affected by the R@rference during the
HCCT 2010 campaign while during the CompOH and 8¥RFIN campaigns the NO
concentration was reduced limiting the sensititityRO, species. During the intercomparison
in Juelich, the calculated RGensitivities were significant for 3 of the spacibat were
injected inside the chamber i.e. isoprene, toluané p-xylene. However, the calculated

sensitivity to phenol is within our measurementertainty.
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Table 5. Calculation of the relative sensitivitydifferent RQ species with different NO
concentrations using the MCM v3.2 mechanism
The conditions were P=1.5 Torr, T=295 K and t=rhsg!

alRoz = gROZ
HO2
SAPHIR 2010 HCCT 2010 CompOH / Surfin 2011
Species | [NO]=4.9 x 18°cm?® | [NO] =3.0 x 1d*cm® | [NO] = 1.4 x 18°cm®
grHo2=0.45 gro2= 0.96 gno2=0.15
methane 0.00 0.01 0.00
ethane 0.00 0.06 0.00
ethene 0.27 0.91 0.08
propene 0.27 0.89 0.08
isoprene 0.24 0.82 0.07
benzene 0.09 0.30 0.03
toluene 0.16 0.53 0.05
p-xylene 0.15 0.50 0.04
phenol 0.04 0.13 0.01

The chemical mechanistic information was taken fritme Master Chemical Mechanism,
MCM v3.2 (Bloss et al., 2005; Jenkin et al., 20@&&unders et al., 2003), via website:
http://mcm.leeds.ac.uk/MCM.

When HQ measurement were affected by the detection of $@cies, the measured KHi®

called [HGQ*], it corresponds to the sum of the B@oncentration plus the sum of the RO
concentration of each species times the relativssithéty (oroz) within the measurement

conditions.
[HO,*] =[HO,]1+ Y (ake, X[RO,]) Eq. 11

No measurement techniques are available for theiatpn of each R@ These techniques
CIMS or PERCA measure the sum of all the,Rpecies. In general, rather than correcting
the [HO*] data, a model calculation is run to match theOp by calculating the
concentration of each peroxy radicals. The caledlatoncentration for each peroxy radicals
is multiplied to the relative sensitivity of eachdividual RQ obtained from laboratory
measurements or using the MCM mechanism to cakctttedm. The [H&¥] measurement is

then compared to the calculated [fivia Eq. 11.
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Conclusion

We have presented the UL-FAGE for the quantificattd OH and HQ radicals with the
different parts described in details. With limitdstection of 4 x 10cm® and 5 x 1&cm for
integration time of 1 minute for OH and HQhe UL-FAGE has a sufficient sensitivity to
measure on the field HOx radicals.

The UL-FAGE was for the first time deployed in firdd during the course of this thesis. The
optimization of the apparatus toward a completermation was done and we have been able
to successfully measure OH and H@dicals. The validation of the UL-FAGE was mage b
a series of two intercomparative measurementsarSthPHIR chamber in Juelich (Chapter 3)
and in ambient air near Paris (Chapter 4).

Future improvements on the calibration source éaened. The installation of a photodiode
to record the lamp flux will allow lower OH and H@oncentrations to be reached in their
atmospheric concentration range. In addition, #wstelr response of the photodiode compare
with the @ analyzer will make the calibration quicker. ThglHlependence on the sensitivity
using the calibration source still need to be usid&d and tests will be made with different
nozzles size and shape.

Interferences on the FAGE system need to be claized following the work of Mao et al
(Mao et al., 2012) for OH and Fuchs et al. (Fudhal.e2011) for H@. The conclusion from
these two works will be used to better prepare WheFAGE instruments for the next
measurement campaigns. For H@he NO concentration was reduced for the ladd fie
campaigns where the UL-FAGE was deployed howeuverference tests are needed to be
made in order to obtain the relative sensitivities the different RQ species for the
campaigns at the SAPHIR chamber and during HCCT.

In the next chapter, we present the results ofritegcomparative measurement with the FZJ-
LIF at the SAPHIR chamber in Juelich in April 2010.
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Intercomparative measurement in the SAPHIR chamber

Introduction

In April 2010, we performed a 9 days intercompaetmeasurement at the SAPHIR
chamber (Juelich, Germany) between the FZJ-LIF dgfarngszentrum Jilich — Laser
Induced Fluorescence) and the newly developed UGEA(University of Lille —
Fluorescence Assay by Gas Expansion) in the frani@ecEuropean project Eurochamp 2
which aims at integrating European simulation charslfor investigating atmospheric
processes. The two instruments both measured OH H@d radicals and the
intercomparative measurement took place for balitads.

This intercomparison provides a process for testing reliability of the different
instruments detecting OH at very low concentratiothe atmosphere. Indeed, as soon as
the OH radical was shown to be the primary oxidanthe troposphere, techniques that
allowed detecting its very low concentration weexeloped. In the following years, the
intercomparison of the newly developed instrumeits respect to one another became of
interest in order to test the reliability of thdfelient instruments. In the first part of this
chapter, we have summarized the different interaatpre measurement for OH and HO
In the next section, the experiments at the SAPEHBRmMber were split into two parts. In
the first one following the HOxComp measurementtqrol, the HO, O; and NOXx
concentration levels were changed stepwise in otalererify the response of the two
instruments towards those three species. In thialinproject, the second part was
dedicated to the study of the oxidation of glyo¢@H,0O,). However we failed to detect
any glyoxal after injecting it inside the chambérstead, in the 5 remaining days of
measurements we studied the chemistry of CO, phandl isoprene under different
conditions of @ and NOx. Also by shadowing the chamber, we ingastd radical
chemistry in the darkness. In addition, the Lilldileration source was placed above the
FZJ-LIF nozzle on both OH and H@ells.

The DOAS (Differential Optical Absorption Spectropg) as well as the MIESR (Matrix
Isolation Electron Spin Resonance) were not avigldbring the time of the measurement
S0 no absolute measurements were carried out. HowBr the quantitative aspect of the
intercomparison, we relied on the facts that thd-EEF was intercompared previously
with the MIESR for HQ@ (Fuchs et al., 2009; Platt et al., 2002) and WithDOAS for OH
(Fuchs et al., 2012; Schlosser et al., 2007, 2@08) showed good correlation in all the
intercomparative measurements. Hence, the FZJ-la§ wged as the reference method for

this campaign in order to validate the UL-FAGE.
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1. History of intercomparative measurement for OH and
HO,

1.1. Intercomparative measurements for OH

All reported intercomparative measurements in gwemnt years for the OH quantification
measurement are summarized in Table 1. Most ahteecomparative measurements were
made in ambient conditions during field campaiggm®nd and aircraft) dedicated to the
study of different environments (TOHPE 1993, POPCIOR994, TRACE-P 2001,
ARCTAS 2008). In general, intercomparative measwr@s) have shown relatively good
agreement. However due to the high temporal anal hariation of the OH radical, they
were subject to discrepancies that could be exgihby different air masses sampled by
each instrument. This can be reduced by workirlgrie atmospheric chambers where the
air sampled by each instrument should be homogenélduee campaigns took place in
the SAPHIR chamber in 2003, 2005 and 2011 and tBeCGbmp campaign organized in
2005 was the only campaign dedicated specificalltheé intercomparison of a large set of
OH instruments.

Schlosser et al. (Schlosser et al., 2007) presahtdirst intercomparative measurement
between the FZJ-LIF and the FZJ-DOAS techniqueeeaSAPHIR chamber (Simulation
of Atmospheric PHotochemistry In a Large Reactidra@ber). They carried out a series
of experiments in standard conditions where noetrgases were added and some others
where HCHO, NO, N@ O;, CO and HO were added in different combinations. They
observed a very good agreement between the twaimshts (r2=0.93, slope=0.99) over 6
valid measurement days. 3 days where discarded fr@manalysis because they have
shown poor correlation and differences beyond timalined systematic errors of the two
instruments. The possible explanations given ferdisagreement were the instability of
the LIF calibration, interferences with other mailss and photochemical or chemical
gradients inside the chamber volume.

In 2005, the first formal blind intercomparison@H measurement techniques took place
at SAPHIR as part of the HOxComp campaign (Schlossal., 2009). The instruments
that were compared inside the chamber were 3 LIB{HF, MPI-LIF, FRCGC-LIF) and

1 DOAS (FZJ-DOAS). Over the 6 days of measuremeéhtxperiments were carried out
where BO, O; and NOx were varied stepwise in order to checkptitential interferences
of these species on each instrument. The 3 othey Ware dedicated to the study of the
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Intercomparative measurement in the SAPHIR chamber

aging of the Juelich ambient air inside the chamtter ozonolysis of alkenes in the dark
chamber and the photooxidation of several hydramasbThe analysis showed a very good
agreement between all the instruments within 12%e Torrelation between each
instrument pair spanned between 0.71 to 0.91 ferctirrelation factor (r2) and between
0.88 and 1.10 for the slope (a). By taking the DO#f&Shnique as the reference
measurement, no significant interferences werergbdewith the LIF systems depending
on the HO, NG, and Q concentration.

The most recent intercomparative measurement ma8&RHIR was made between the
FZJ-LIF and the FZJ-DOAS in 2011 (Fuchs et al.,20The goal of the experiment was
to reproduce the conditions (high VOC concentrajdaw NO concentrations) observed
during the Pride-PRD2006 campaign in China: undeesé¢ conditions the OH
concentrations measured by the FZJ-LIF were highan the model predictions by a
factor of two at low NO ([NO] < 0.3 ppb) (Lu et a2012). Experiments were made for CO,
t-butene, isoprene, MVK, MACR, benzene, mesitylaokiene and p-xylene. The 20 days
of measurement showed a very good agreement. Dpe €lqualled 1.02 and the linear
correlation coefficient was r2=0.86. The generabdy@agreement between the DOAS and
the FZJ-LIF reduced the possibility of an artef@ti measurement during the Pride-
PRD2006. However, discrepancies were observed wbeking at the individual
measurement days for MVK and toluene: for both secLIF measured 30 to 40% larger
OH concentration than the DOAS showing potenti&rierences from these species on

the FAGE measurements.

1.2. Intercomparative measurements for HQ

Contrary to OH, intercomparative measurements f@, ldre fewer. To date, 6 were
reported, they are summarized in Table 2. Founheftwere made in ambient air (Fuchs et
al., 2010; Platt et al., 2002; Ren et al., 2003,20nd 2 others at the SAPHIR chamber
(Fuchs et al., 2009, 2010). The BERLIOZ campaigilatf et al., 2002) and the
intercomparison made by Fuchs et al. (Fuchs ek@09a) were the only ones where an
absolute technique (MIESR) was used for the inteparative measurement. For one of
them the exchange of the calibration source wa®smeed (Ren et al., 2003).

During HOxComp, 3 LIF instruments (FZJ-LIF, FRCGO~LMPI-LIF) took part in the
formal blind intercomparison for HOneasurement techniques. The absolute measurement

by MIESR failed to work so no absolute referencs weailable. In consequence, only the
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Intercomparative measurement in the SAPHIR chamber

relative variation of HQ by the 3 LIF was looked at. They observed thatageeement
(slopes and correlation coefficients) varied froay do day. The main conclusion was that
the systematic observed differences could come fthemical interferences that would
cause a variable artificial HOsignal depending on each FAGE instruments. The
conclusion was drawn since the design of the measemt cells as well as calibration
procedure was similar for OH and H@r the 3 instruments and the simultaneous OH
intercomparison showed good agreement and so auiedny problems link to calibration
or sensitivity changes. They have shown that tfferénces in HQ were correlated with
H,O and Q concentration levels inside the chamber. Fgd Ha disagreement at low,€&l
concentration ([HO] < 0.6 %) was shown whereas at higher humidityhed instruments
agreed within their respective errors. It was codet that an unknown parameter was
influencing the HQ@ detection but not the calibration at low vapounaentration. For ¢)
the agreement between the three instruments itiuh@nated chamber was good however
an offset in the measured KH@oncentrations was observed between the MPI-LtFtha
two other LIF for elevated f£concentrations (130-150 ppb) in the dark chamber.
addition, systematic differences were seen durieigods of darkness between the MPI-
LIF and the two other LIF but the amplitude of theagreement varied from day to day
even when similar ©concentrations were used. This was counter batabgehe lack of
offset signal with the MPI-LIF during the ozonolysof alkenes experiments in the
darkness where thes@oncentration maximum was 100 ppb. The differdmewsveen all
the experiments in the darkness and the ozonolsperiment was the absence of
photolytically produced species which may be th&e® of signal in the MPI-LIF.

In 2006, an intercomparison was made at SAPHIR éatvthe FZJ-LIF and the MIESR. 2
experiments were made, the first one was the ph@ton of CH, and the other one was
the ozonolysis of 1-butene in the dark chamber.e Rufailure of the flow system of the
FZJ-LIF for the ozonolysis experiment, the expeninead to be repeated but without the
MIESR that was already disconnected from the chamibee two experiments were made
in very similar conditions. The overall agreemeiatswery good with a slope of 0.98 and a

linear correlation coefficient of 0.98.
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Table 1. Sum up of OH intercomparative measurements

Sum up of the different intercomparative measurdsifem OH radicals. N is the number of paired measents, r2 is the coefficient of
determination, a is the slope, b is the interceft® cm®. LIF: Laser Induced Fluoresence, FAGE, RO radiocarbon instrument, DOAS:
Differential Optical Absorption Spectroscopy, CIMShemical lonization Mass Spectrometry

Campaign Instruments N r2 a b Measgrement Comments Reference
X y site
CITE 1 GaT-LIF/FMC-LIF - - - - aircraft, - low sensitivity which made (Beck et al.,
1983/84 lidar/WSU-RC marine and the intercomparison 1987)
continental irrelevant
California, USA - self-generation of
tropical marine OH by laser
Hawaii, USA photolysis of Q at 282 nm
1992 PSU-LIF WSU-RC 22 0.74 2.9 0.93 clean rural poor sensitivities data (Campbell et al.,
environment averaged over 30 to 60 min 1995)
Washington for FAGE discrepancies in
state, USA time resolution (90 s for RC)
and location (different air
sampling)
TOHPE NCAR- NCAR- 140 0.62 0.82 0.06 clean and DOAS measured 20% highefMount et al.,
1993 DOAS CIMS polluted concentration than CIMS ~ 1997)
environments  Disagreement explained by
Colorado Rocky different air masses
Montains, USA sampling
POPCORN FZJ-LIF FzJ- 137 0.80 1.01 0.28 clean rural exclusion of data points (Brauers et al.,
1994 DOAS environment when wind direction 1996)
corn field, perturbed DOAS
Germany measurement
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Table 1. Continued

Instruments Measurement

Campaign N r2 a b : Comments Reference
X y site
PEM Tropics B ATHOS- NCAR- - - - - aircraft (up to 8 instruments in 2 different  (Eisele et al.,
1999 LIF CIMS km) aircrafts 2001)
very clean intercomparison made when

environment aircrafts were on a similar

Pacific Ocean location (two instances)
LIF/CIMS ratio increases
from 0.8 near the surface to
1.6 at 8 km height.
Correction needed for
ATHOS-LIF (see below)

TRACE-P ATHOS- NCAR- - 0.88 1.58 -0.31 aircraft instruments in 2 different  (Eisele et al.,
2001 LIF CIMS (0.88) (0.96) () veryclean aircrafts 2003)
environment altitude dependence
Pacific Ocean  CIMS/LIF ratio decrease
when altitude increases.
A calibration error was
found for the ATHOS-LIF
and data were corrected by
multiplying the data by a
factor of 1.6 (Mao et al.,
2010; Ren et al., 2008). Italic
data are after correction
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Table 1. Continued

Campaign Instruments N r2 a b Measurement Comments Reference
X y site
2003 FZJ-LIF FzJ- 400 0.93 0.99 -0.08 SAPHIR 9 valid days of (Schlosser et al.,
DOAS chamber, measurements 2007)
Juelich, correlation and regression
Germany obtained from 6 measurment
days
3 measurement days were
discarded from the analysis
explanations given are
instability of LIF calibration,
interferences with other
molecules, photochemical or
chemical gradients inside the
chamber volume
HOxComp FZJ- MPI-LIF 238 0.91 0.98 10.14 SAPHIR 6 days of measurements  (Elshorbany et
2005 DOAS chamber (H20, NG, Os, aging al., 2012;
FZJ- FZJ-LIF 420 0.79 0.95 -0.23 Juelich, ambient air, ozonolysis of Kanaya et al.,
DOAS Germany alkenes, photooxidation of 2012; Schlosser
FZJ- FRCGC- 399 0.77 1.09 -0.09 hydrocarbons) et al., 2009)
DOAS LIF 3 LIF, 1 DOAS
FRCGC- MPI-LIF 199 0.71 1.01 -0.41 very good agreement within
LIF 12% of the slope from unity
FRCGC- FZJ-LIF 356 0.75 0.88 -0.01
LIF
FZJ-LIF MPI-LIF 264 0.84 1.10 10
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Table 1. Continued

Instruments

Measurement

Campaign N r2 a b : Comments Reference
X y site
HOxComp FRCGC- MPI-LIF 277 0.75 1.26 -0.63 Ambient 3 days of measurements  (Elshorbany et
2005 LIF Juelich, 3 LIF, 1 CIMS al., 2012;
FRCGC- DwWD- 301 0.82 0.75 -0.31 Germany heterogenity in the slopes bitanaya et al.,
LIF CIMS polluted high correlation 2012; Schlosser
FRCGC- FZJ-LIF 339 0.8 1.06 -0.21 maximum two distincts groups of et al., 2009)
LIF concentrations instruments DWD-
FZJ-LIF  MPI-LIF 395 0.76 1.29 -0.29 NO=13 ppb, CIMS/MPI-LIF and
FzJ-LIF DWD- 460 0.84 0.7 -0.04 O3=65 ppb FRCGC-LIF/FZJ-LIF,
CIMS different locations for both
MPI-LIF  DWD- 328 0.96 0.59 10.08 groups that can explain the
CIMS discrepancies
2011 FZJ- FZJ-LIF 2495 0.86 1.02 0.1 SAPHIR 20 days of measurements (Fuchs et al.,
DOAS Juelich, Photochemical degradation 2012)
Germany of VOCs (benzene, t-butene,

isoprene, MVK, MCAR,
toluene, mesitylene, toluene,
p-xylene) under low NO
concentrations (0.1-0.3 ppb)
LIF measured 30-40% more
for MVK and toluene
experiments
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Table 1. Continued

Campaign Instruments N r2 a b Measurement Comments Reference
X y site
ARCTAS ATHOS- NCAR- - 0.72 0.89 0.03 aircraft CIMS/LIF ratios (Ren et al.,
2008 LIF CIMS measurement - function of altitude 2012)
over ratio ~1 below 4-5 km
Alaska ratio > 1 above 4-5 km

(all instruments not explained same observation
in the same than TRACE-P and PEM TB
aircraft) - function of water
ratio < 1; HO < 5000 ppm
ratio~1; HO > 6000 ppm
maybe due to CIMS (¥
dependent reaction to produce
H.SOy)
Observed to modelled ratios
- function of altitude
good agreement below 6 km for
CIMS and LIF
- function of NO
ratio > 1 at NO < 10 ppt for LIF
ratio < 1 at NO>1 ppb for CIMS
- function of isoprene
ratio up to 6 for LIF and CIMS
for isoprene > 1 ppb
LIF interference (Mao et al.,
2012), no explanations for
CIMS

GaT: Georgia Institue of Technology, FMC: Ford MaoBmmpany, PSU: Portland State University, WSU: i#agton State University, NCAR:
National Center for Atmospheric Research FZJ: Famsgszentrum Julich, MPI: Max Planck Institute, RRC Frontier Research Center for
Global Change, ATHOS: Airborne Tropospheric Hydmo§xides Sensor, DWD: Deutscher Wetterdeinst
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Table 2. Sum up of HOntercomparative measurements

Sum up of the intercomparative measurements madd®a N is the number of paired measurements, r2 istle#ficient of determination, a is
the slope, b is the intercept in ppt. MIESR: Matgglation Electron Spin Resonance, LIF: Laser-batuFluorescence (conversion of HO
OH by addition of NO), PerCIMS: PeroxyRadical Cheahilonization Mass Spectrometry

Measurement

Campaign Instruments N r2 a b : Comments Reference
X y site
BERLIOZ MIESR  FZJ-LIF 14 0.88 1.03 0.15 semi-polluted 2 days of measurements uséBlatt et al.,
1998 site for the intercomparison 2002)
near Berlin,
Germany
2003 GTHOS- PerCIMS - 0.85 0.93 0.60 ambientand 4 days of intercomparison (Ren et al., 2003)
LIF calibration Excellent agreement from
source exchangecross-calibration and sources
Pennsylvania, swapping within 5%.
USA
HOxComp FRCGC- MPI-LIF 334 0.97 1.46 1.31 ambient day timm® absolute measurement (Fuchs et al.,
2005 LIF due to MIESR failure. 2010b)
MPI-LIF  FZJ-LIF 506  0.92 0.59 -0.39 3 measurement days in
FZJ-LIF FRCGC- 81 0.98 1.19 -0.53 ambient, 6 measurements in
LIF SAPHIR
agreement varied from day to
HOxComp FRCGC- MPI-LIF 138 0.93 2.95 0.51 ambient night day
2005 LIF time bad agreement at low,B
MPI-LIF  FZJ-LIF 222  0.92 0.75 -0.45 (<0.6%)
FZJ-LIF FRCGC- 35 0.70 0.46 0.10 interference partly due toz0
LIF in dark chamber for the MPI-
LIF

GTHOS: Ground-based Tropospheric Hydrogen Oxides&e
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Table 2. Continued

Instruments

Measurement

Campaign N r2 a b : Comments Reference
X y site
HOxComp FRCGC- MPI-LIF 625 082 1.26 0.36 SAPHIR (see above for comments) (Fuchs et al.,
2005 LIF (386) (0.97) (1.24) (0.84) 2010b)
MPI-LIF  FZJ-LIF 2201 092 1.19 -0.80
(1347) (0.98) (1.22) (-1.31)
FzZJ-LIF FRCGC- 573 0.93 0.69 0.28
LIF (362) (0.98) (0.66) (0.20)
2006 MIESR  FZJ-LIF 7 0.98 0.98 -1.2  SAPHIR 2 expets : methane  (Fuchs et al.,

photooxidation, 1-butene  2009)
ozonolysis in the dark

chamber (problem encounter
with the LIF instrument,
ozonolysis experiment

repeated in the same

conditions without the

MIESR instrument)
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Table 2. Continued

Instruments Measurement

Campaign N r2 a b : Comments Reference
X y site
2008 ATHOS- PerCIMS - 0.72 0.86 3.9 aircraft CIMS/LIF ratios (Ren et al.,
ARCTAS LIF measurement  function of altitude 2012)
over ARCTAS Aratio ~ 1.72
Alaska ARCTAS-CARB, ARCTAS B
(all instruments ratio ~ 1 up to 6 km
in the same ratio > 1 up to 6 km
aircraft) function of water

ratio > 1; HO < 3000 ppm

ratio ~ 1; HO > 3000 ppm
Observed to modelled ratios
function of altitude

good below 6 km for CIMS and
LIF

howevern impact of Houptake on
aerosols not well parameterized,
possible change on the ratio
function of NO

ratio increased for both CIMS and
LIF when NO increased

missing HOx source in the model
function of isoprene

little dependence of ratio observed
to model

LIF data corrected for RO
interferences, sensitivity to
isoprene=0.68
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2. Experimental details

The intercomparative measurement was made betweedli-FAGE and the FZJ-LIF inside
the SAPHIR chamber (Figure 1). Both instruments lzased on the design developed by
Hard at al. (Hard et al., 1984) called FAGE. Airsempled in a low pressure cell after gas
expansion where OH is detected by LIF. In Tablen8 main characteristics of the two
instruments are noted. The main difference betwikentwo is the type of fluorescence
excitation cell used: in the case of the UL-FAGHnalti-pass cell is used whereas the FZJ-
LIF used a single pass cell. Single pass celldbalieved to be less sensitive to interferences
due to a smaller probed volume and also to haveweerl background signal. Another
difference is the separation of the two cells @ and HQ) for FZJ-LIF whereas for the
UL-FAGE the HQ cell is placed downstream of the OH cell.

Figure 1. Photos at the SAPHIR chamber
Right — SAPHIR chamber, Left — Positions of the BAGE nozzle and the FZJ-LIF nozzles
inside the chamber

2.1. SAPHIR chamber

The SAPHIR chamber is in operation since 2001s ldesigned to investigate tropospheric
photochemistry under natural light conditions araswvell characterized in different works
(Bohn et al., 2005; Rohrer et al., 2005). The chemtias a volume ~ 270%18 m long, 5 m
diameter) and is constructed of a double-walled FHE&orine-ethene-propene) cylinder held
by a steel-frame. FEP walls have 85% transmissiooJV-A and UV-B. The working

pressure is held 50 Pa above ambient pressurel@n tor avoid ambient air contaminating the
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chamber. The louvre-system allows shadowing of tdhember and changing of the
photochemical conditions. Rohrer et al. (Rohrealgt2005) showed that HONO and HCHO
are the principal sources of radicals as it is ¢hse for most of the large atmospheric
chambers.

The chamber has a large set of instruments indt@iégmanently for the measurements of
trace gases. Ancillary measurements were made §qiU¥ absorption-spectrometry), NO
(chemiluminescence), NO(chemiluminescence), CO (gas chromatography), ghyss
frequencies (spectroradiomater), hydrocarbons uito(gas chromatography), B (IR
absorption, hygrometer) as well as temperaturepagsksure. Trace gases;(§ CO,, Os, NO,
CO, toluene, p-xylene, phenol and isoprene) wede@ddo the chamber depending on the
experiments. KD concentration was controlled by adding to thegputow evaporated Milli-

Q water. The chamber has already been used focamgarative measurements of different
techniques that measured HCHO (Wisthaler et a08R00H (Fuchs et al., 2012; Schlosser et
al., 2007, 2009), HO(Fuchs et al., 2009, 2010b), N@uchs et al., 2010a) and OVOC (Apel
et al., 2008).

2.2. FZJ-LIF

The FZJ-LIF was developed in the 1990s by Hofzummahand Holland and a detailed
descriptions can be found elsewhere (Holland et1&95). The instrument participated to
field campaigns in different environments (POPCOBERLIOZ, Pride-PRD2006) and was
involved in a series of intercomparative measurén@nOH (POPCORN, HOxComp) and
for HO, (BERLIOZ, HOxComp). For OH measurements, the FIE-4greed well with the

DOAS at the SAPHIR chamber for 3 intercomparatiwasurements:

- Schlosser et al., (Schlosser et al., 2007) Q23, slope=0.99
- HOxComp (Schlosser et al., 2009) r2=0.79, opst0.95
- Fuchs et al., (Fuchs et al., 2012) r2=0.86, lope=1.02

For HQ,, it is the only instrument that was compared wiié only available absolute
method, MIESR. During BERLIOZ (Platt et al., 200#)d an intercomparison at SAPHIR
(Fuchs et al., 2009b), the agreement was very gotdlinear correlation equal to 0.88 and
0.98 respectively. In both cases, the slope wasedio unity. However, during HOxComp, the

agreement between the FZJ-LIF and 2 others LIFunsnts was shown to vary from day to
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day (see 1.2). Discrepancies could not be explam# the correlation between the different
instruments was impacted withs@nd HO. Recently, Fuchs et al. (Fuchs et al., 2011) have
shown that the instrument used for the interconspariwas subject to interference due to

recycling to HQ of certain types of ROfollowing NO addition thus generating artificialQ4.

2.3. UL-FAGE

During the intercomparative measurement, the UL-EA®as very similar to the set up
described in Chapter 2. The main difference wasatiteence of a second measurement gate
for the detection of the solar background on the ¢@Hl after detecting the OH fluorescence
signal (see details in Chapter 2). For the,Hd@asurements, the NO gas kit used during the
campaign was borrowed from the FZJ group. NO wiisated from a 2L pure NO cylinder
(99.99%) and was additionally purified with AscariThe flow was adjusted inside the UL-
FAGE using a mass flow controller. On Figure 2dpresented the conversion efficiency as
function of the NO concentration made during abralion at SAPHIR. The solid line was
obtained using the equation derived by Hard efHdrd et al., 1992) for a conversion time
equal to 1.4 ms (details can be found in Chapter RUring the entire campaign, the NO
concentration was kept at 4.9 x*3@m* which corresponded to a conversion efficiency of

approximately 40%.
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Figure 2. Representation of the conversion efficyesss function of [NO]

The solid line represents the conversion efficieasyunction of the NO concentration
obtained from the model given by Hard et al. (Hetrdl., 1992). [HG = 4.1 x 18 cm?®,

P=1.5 Torr, t=1.4 ms.

The calibration factors measured for OH and ;H&ere taken from the average of 7

calibration points where the,B concentration was varied between 180 and 910 fpen}
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concentration was on average equal to 7.7(x1.5)gmubthe laser power for OH, Powgs
2.04(x0.09) mW and for HE) Powef0,=0.77(x0.03) mW.

Table 3. Characteristics and performances of thdsAGE and FZJ-LIF during the
intercomparative measurement

UL-FAGE FZJ-LIF
cell assembly HO, cell downsteram separate cells

of OH cell
inlet nozzle size (mm) 1.0 0.4
sample flow rate (litre/min) 9.5 1
distance nozzle - detection (cm) 15 10
cell pressure (hPa) 2.0 3.8
laser rep. rate (kHz) 5 8.5
laser beam shape (cell) multi-pass (White type) ndo@ mm diameter
time resolution (s) 55 30
dependence of sensitivity on water  fluorescencacjuag fluorescence quenching
calibration 0,/03 actinometry
type of detector CPM MCP
OH
laser power (mW) 2-2.5 35-40
accuracy (2) 30 % 20 %
LOD (S/N=2) (16 cm®) 3.8 3
HO,
laser power (mW) 0.8-1.2 35-40
conversion efficiency ~45% >90%
conversion time (ms) 14 2.7
NO concentration 0.10% 0.15%
(absolute concentration / fam?®) (4.9) (14)
NO purification Ascarite (sodium hydroxide-coateitca)
interference from NO addition <0.3 ppt not correcte 0.2-0.3 ppt
accuracy (2) 30 % 20 %
LOD (S/N=2) (16 cm®) 1.1 1

& CPM: Channel Photon Multiplier, MCP : MultiChanRédte

2.4. Measurement protocol

The chamber was flushed overnight with ultra-pynettsetic air obtained by evaporation of
liquid N2 and Q (Linde, purity > 99.9999%). Measurements weredgiby done from 7:00 to
15:00 (UTC). At the beginning of each day, a cotregion of approximately 100 ppm of
CO, was added. It was used as a tracer to check thedeneity of the air mixture inside the
chamber. When the roof is open and the chambersi@ate, turbulences take place in the
chamber and a complete mixing takes approximatélynin. In the dark chamber, due to

weaker convection, a fan is turned on to increaseair mixing.
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For the first 4 days, toluene and p-xylene with agoriration of approximately 6 ppb were
For theCH

experiments (April 18 and 16"), a second injection of 6 ppb of toluene and pERrgl was

injected in the dark chamber 30 to 60 min before shutters were open.

made when the water concentration was increasetidaecond time. The louvre system was
closed for each D injection on the 13and only for the second injection o§®ion the 16
similarly with the experiments on the"land the 1% where the roof was closed only for the
second injection of @and NQ respectively.

For the other days except on thd'1@jections of the studied trace gases were maumuhe
chamber was open and the chamber was only clostnd &nd of the measurement. On the
19", the chamber stay closed for most the measureamehivas open only for 90 min.

3. Results

The intercomparative measurement was carried otteirSAPHIR chamber over 9 days. The
type and the measurement conditions are listechbieT4. The first 4 days were dedicated to
test the response of both instruments toward3 ¢ivice), Q and NQ. For the second part of
the intercomparative measurement campaign, asiagdlan the introduction, the goal was to
study the photochemistry of glyoxal. However, sigtgoxal was not observed by the PTR-
MS after being injected, two days were focused @huder insolate conditions (Ij7and in
the dark chamber (9. Then two experiments on phenol were made finsten low ozone
(April 20™ and secondly under high ozone concentration (A1) before studying the

isoprene chemistry under high &d low NOx concentration (2.

Table 4. List of the different experiments mademyithe intercomparison
The values given are the maximum for each expetimen

Date NO NQ O3 HO joip jno2 jHoNO Type of
ppbv ppbv ppbv % 10fs® 10°s®' 10%*s®'  experiments
13/04 0.21 0.75 4.72 184 7.21 5.04 8.23 O
14/04 0.23 0.86 183.810.88 6.73 5.46 8.95 9]
15/04 (dark)| 0.03 0.17 83.71 0.87 - - - Gs
15/04 0.73 6.88 83.71 0.87 9.24 5.62 9.19 NOx
16/04 0.22 0.64 194 1.27 6.79 4.34 7.06 O
17/04 3.921541 9254 0.92 9.77 5.85 9.66 CcoO
19/04 (dark)| 0.0815.74 52.13 1.03 - i . co
19/04 449 15.74 52.13 1.03 9.50 5.35 8.82 CcoO
20/04 1.09 2.08 10.04 1.02 9.72 5.69 9.46 Phenol
21/04 1.39 540 48.11 0.79 8.89 6.41 10.76  Phenol
22/04 0.53 1.41 5958 0.93 9.37 6.44 10.56 Isoprene
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The HO interference experiment was repeated due to seammical problem observed with
the UL-FAGE on the 13/04/2010. We found that the ptotodiodes (at the exit of the OH
FAGE cell and of the reference cell) that were ufmdthe power measurements were not
reliable. The photodiode signal was not respondingarly with the laser power. The
photodiode signal was increasing whereas we were that the laser power decreased
(hypothetically a temperature dependence on théogdhamle signal). In order to retrieve the
laser power during the’'Iday of measurement, we therefore used as a peference the off
resonance signal in the first cell when the chamb&s closed. The background signal is
linearly dependent with respect to the laser poagert is coming from the laser scattering
inside the FAGE cell. Within the chamber conditiowe assumed that through the complete
day, the off-resonance signal was solely impactgdhle laser power. For the rest of the
intercomparative measurement, the laser power egslarly measured (ca. every 30 min)
through each measurement day at the exit of tlee.I&som the independently measured fibre
transmission we retrieved the input laser powertlier OH and the HOcell. In the next
paragraphs (3.1-3.6), the effect of@® O; in insolate and dark conditions, NOx, CO, phenol
and isoprene on the HOx measurements is desciitiémiyed by the calibration test. In the
paragraph 3.8, a statistical analysis for the dveaapaign as well as a day to day analysis is
presented.

3.1. H,0 interference tests

On the 18 and 18", the water vapour was varied stepwise at fouethit relative humidities
0, 20, 50 and 70 %. Profiles are displayed on EdurThe measurements conditions were
different between the two days:

- the averaged temperature was lower on tf&(16.3 + 2.7) °C instead of (16.2 + 4.5) °C on
the 13") with scatter clouds whereas on th&' 18e sky was clear.

- for both days, the concentration of NO was belovppb and [N¢] below 1 ppb.

- the Q@ concentration was higher on the™®ith a maximum equal to 5 ppb where the
maximum on the 16equalled 2 ppb

- on the 18, the roof was closed for each® injection whereas on the "léhe roof was
closed only for the second:@ injection.

On the 1%, the OH concentration profiles for both instrunsentere similar. The OH
concentration slightly increased above the backgaignal for both instruments for the first

insolate period and clearly above the LOD for thst rof the measurement day when the
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louvre-system was open. The maximum concentratieasared was approximately 6 x°10
cm®. For each dark period, the OH concentration insfidechamber was below or close to
the LOD for both LIF instruments. The HQOneasurement by the two different FAGE
instruments was more contrasted. While the sameerdration variations were observed by
the two instruments, the ratio between the two labsaconcentrations varied significantly
during the course of the measurement. During tts¢ iifnsolate period, under dry conditions,
the agreement was good. During the second inspkied (from 10:04 to 12:00), the HO
concentration measured by the FZJ-LIF was 40 %ehmitfian the UL-FAGE whereas it was
80 % higher for the last two periods when the nwaf open (from 12:56 to 14:10 and from
14:55 to 16:05). These differences seem to be ledeewith the HO concentration: the HO
concentration ratio ([H&rzJ/[HO2]Lie) With the increase in ¥ concentration increased
inside the chamber. The concentration measuredebi#ZJ-LIF was continuously higher by a
factor of two compared to the UL-FAGE even durihg third and the last dark periods (from
14:10 to 14:55, and from 16:05 to 16:30).

On the 18, the OH concentration measured by the two instriseas three times lower
than on the 18 with a maximum equal to 2 x 1@m?® During a large part of the
measurement (from 6:45 to 14:08), the OH conceaatratas close to the limit of detection of
both instruments. As a difference from the measerenon the 18, the HQ concentration
was in very good agreement for both instrumentsterms of variation and absolute
concentration. For the first insolate period (fr8Bm3 to 11:00) and the first dark period (from
11:00 to 12:02), the agreement is excellent, bostruments measured the same;HO
concentration with less than 5 % difference. Far #econd insolate period, the FZJ-LIF
measured 20 % more than the UL-FAGE. These reapdtsn contradiction with the ones
obtained on the Bwhere the agreement between the two instrumentsesha dependence
on the HO concentration inside the chamber.

From the HO interference test experiment, we can concludetiigaOH measurements were
not significantly affected by the variation ob®l inside the chamber. However, for the HO
measurements we observed a strong disagreemeheatst where the FZJ-LIF measured
higher concentration than the UL-FAGE. The diffeeretween the FZJ-LIF and the UL-
FAGE increased when the,® concentration increased. On the™16he disagreement
between the UL-FAGE and the FZJ-LIF was within tt@mbined uncertainty of both
instruments. We can not conclude whether the, if@asurement by both instrument was

affected by HO as contrary results as observed when the H2@xestriment was repeated.
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Figure 3. Measurement profiles for April"l8Left) and April 18" (Right)

From down to up:

- VOC measurement profiles.

- HO;, profiles for the FZJ-FAGE (black dots) and the BAGE (red dots).

- Profiles of NO (solid black line), N{Xsolid red line), @ (solid green line) and 4 (solid
blue line). The concentrations are given in ppb MO, NG, and Q. For HO, the
concentration is given in %.

- OH profiles for the FZJ-FAGE (black dots), the BAGE (red dots) and the j(D).
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3.2. O3 interference tests

The influence of @on the measurement of OH and Hi&y the two LIF was tested in two
different conditions, first in the open chamber itanty to the HO and NQ tests and
secondly, in the dark chamber where onkya@®d HO were injected.

O3 is the principal source of interference in the FAGell. Indeed, @ can be photolyzed
within the FAGE cells at the OH excitation wavel#n¢B308 nm) to form OH via the reaction
between OD) and water vapour. The OH formed within the FAGH can be then probed
by a second laser pulse in case the probed volsmetifully refreshed between two laser
pulses. Through years, one of the reasons to chthedaser excitation wavelength from 282
nm to 308 nm was to diminish the iterference. Indeed, the;@bsorption cross section is
approximately 25 times lower at 308 nm than at 282 On the other hand, all FAGE
instruments work with high repetition rate laserorder to increase their sensitivity. For the
UL-FAGE, the repetition rate is kept at 5 kHz whiofeans that in order to reduce any
interference from the photolysis of species tham® OH the probed volume would need to
be renewed every 200 ps.

The & interference is relatively straightforward to chaerize in laboratory by injecting a
known amount of @and water through the calibration source. Durimdpi@nt measurements,
the interference by £can be corrected from it knowing the laser powleg, repetition rate,
the @ and the HO concentrations. However, experiments in chambaditions can bring

additional information for the £nterference for both instruments.

3.2.1. Open chamber

For the Q test measurement in the open chamber (Apfﬂ),14 concentrations of Owere
reached 0, 70, 130 and 180 ppb. The water wasdogstant at approximately 0.8 %, [NO] <
0.2 ppb and [Ng) < 1 ppb. Measurement profiles are shown on KEdurThe experiment
started at 6:45 and after the gas addition®(Ht 7:40, p-xylene and toluene at 8:48) the roof
was open at 9:35. The first;@ddition was made at 10:40 followed by a secorel iarthe
dark chamber at 12:12 and a last one at 13:21 (ochaopen).

Before the roof was open, the OH and H&ncentrations measured by both instruments
scattered around their respective limits of detecti Afterwards, the OH and HO
concentration increased following the; Photolysis frequencies j{®). When the second
injection of Q (up to 130 ppb) in the dark chamber was doneQiHeconcentration measured

by the two LIF was slightly above the detectionitiof the two LIF due to the £nterference
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that generated artificial OH inside the FAGE celisr HG,, the Q addition in the dark can
be clearly seen on the none-corrected,;Hofiles of the two instruments for the same
reasons. For the last insolate period, the UL-FA(BH the FZJ-LIF measured the same OH
concentration up to 4 x f@m?® For the two insolate periods, the H@oncentrations
measured by the FZJ-LIF were 50 to 60 % higher floarthe UL-FAGE. The maximum
concentration measured by the FZJ-LIF was 10%ct®’ and 6 x 1&cm? for the UL-FAGE.

3.2.2. Dark chamber

On April 158", during the first part of the experiment (from @ 10:15), the louvre system
was kept close in order to check thei@erference for both LIF in the dark chambes.vias
injected stepwise 3 times to obtain concentratafri®7, 56 and 83 ppb with a constant water
concentration of 0.8 %. The OH and KHEbncentration increased slightly accordingly with
the well-known ozone interference that generatgfscaal OH in the FAGE cells.

The concentrations of OH and KH®neasured by the FZJ-LIF and the UL-FAGE were
averaged for each stepwise addition. The resuissaown on Figure 4 where the OH and
HO, concentration for both instruments are plotteduastion of the @ concentration inside

the chamber.
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Figure 4. Representation of the [OH] (Ieft@ and [H@right) measured during the 30
interference test in the dark chamber on April.TBhe red squares represent the OH and HO
concentrations measured with the UL-FAGE, the bldats the OH and H{concentrations
measured by the FZJ-FAGE. The solid lines repreadimear regression fit. The dashed line
on the left-graph for the [OlH}; is a linear regression without taking into accaimet value at
[O3] = 0 ppb.
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The table summarized the linear regression anafgsishe Q interference in the dark
chamber. For the UL-FAGE, we measured for OH aeriatence of 1.15 (+ 0.72) x 16m*
per ppb of @Qand 1.99 (+ 0.16) x £&m? per ppb of @for HO.. The Q interference for the
OH cell is in agreement with the laboratory expemts (see Chapter 2 for more details,
[OH]inert= (1.7 £ 0.72) x 1dcm® per ppb of Q)

Table 5. Results of the linear regression analysise Q interference in the dark chamber.
For the UL-FAGE, rep. rate=5 kHzp=2.5 mW, Ro>= 1.0 mW.
For the FZJ-LIF, rep. rate=8.5 kHzg &35 mW, Rio= 35 mW.

a, slope in
cm>[OH] / ppb[O 3] b, intercept in cm®
[OH]ie | 1.15 (£ 0.72) x 19 1.64 (+ 3.56) x 10
[OH]Fz; | 3.59 (+0.58) x 19 2.40 (+ 0.58) x 19

[HOluie | 1.99 (+ 0.16) x 10 5.83 (+ 0.62) x 1©
[HO)ezy | 3.55 (+ 0.59) x 19 1.37 (+ 0.27) x 10

For the FZJ-LIF the ©interference in the OH cell found was slightly Emthan the one
given by Lu et al. (Lu et al., 2012) where theytexdaan Q interference of 6 (+ 2) x f@m*
per ppb of Q. However, for the HQcell, for both instruments the interference meedwras
with 3.55 x 18 cm® much larger than previously quoted with an intemee of (2 x 1Dper
ppb of Q., (Lu et al., 2012)). This might be due to actrduction of HQ@ from ozonolysis
of residual hydrocarbons in the dark chamber thigtriered with the @test.

From the Q interference test in the open chamber, the OH anreagents by both instruments
did not seem to be affected by the increase ofQkeoncentration inside the chamber.
However for HQ, the FZJ-LIF measured higher hK@oncentrations than the UL-FAGE
throughout the measurement day. In the dark chamieeiobserved a small increase of the
OH and the HQ concentrations measured by both instruments whenQ} concentration
increased. The comparison with the laboratory erparts for OH is in agreement for both
instruments. For HE we concluded that an unknown dark reaction inglte chamber
corrupted the interference test. For the both umsénts, the OH and the H@etection cells
are similar and so theOnterference is expected to be in the same ramdmih cells as

observed in laboratory experiments.
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3.3. NOXx interference test

The NOXx test measurement (April")5wvas done after thesQest in the dark chamber. NO
was injected twice with concentration of 5 ppb. Tingt one was made at 11:22 in the open
chamber leading to the increase of the NO condsmrtraip to 0.6 ppb. The second NO
injection was made in the dark chamber at 13:22N@) concentration increased from 2.3 to
6.9 ppb. When the chamber was open for the seamad(14:17), the NO increased up to 0.7
ppb. Because of thesOnterference test made during the first part @ ¢éxperiment, the O
concentration stayed at a high level {{& (69 + 5) ppb) during the NQnterference test.
After the roof was open (10:15), the OH profile @b®d by the two instruments were
identical. The OH concentration increased up to Tcni® during the first insolate period.
During the dark period, the concentration measwasl steady and close to the LOD and for
the last insolate period, the maximum OH conceiotnavas 5 x 10cnmi®. As for the 18, the
HO, concentration ratio between the two instrumentsedaduring the course of the
measurement and for this day the agreement gotowedrthrough the course of the day.
Before the first N@ injection, the FZJ-LIF measured 50% more H@an the UL-FAGE
whereas the disagreement decreased to 30% leswafls. During the dark period, the
agreement is worse and the FZJ-LIF measured 60% than the UL-FAGE. For the last
insolate period, the measured Hncentration by the FZJ-LIF was only 20% higheant
the concentration measured by the UL-FAGE.

The agreement between the UL-FAGE and the FZJ-LdB5 tetter when NOx were added
inside the chamber. The same observations were thatdey HOxComp where the MPI-LIF
agreement with the two other LIF was improved tog same experiment when NOx were
added. During HOxComp, the N@xperiment was made under high CO concentratiof {5
800 ppb) and low ©concentration (20 ppb) while in our conditions @yeconcentration was
high (80 ppb) and no CO was added. It is intergstonnotice that the NOconcentration
influences the H@detection by the LIF instruments despite differeoniditions even though
no clear explanations can be given. The,d@ncentrations are too low to have any influence
on the detection inside the FAGE cells. The improget in the agreement may result from a
modification of the chemical composition inside tlamber that removes species
responsible for an HQinterference. However, for the other measuremeys dvhen NQ
were injected inside the chamber, no clear infleeoicNQ, on the agreement of the two LIF

can be drawn.
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April 14" - 05 experiment April 15% - 05 experiment (dark) April 15" - NOx experiment
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Figure 5. Measurement profiles for April 14Left), April 15" — dark chamber (Middle),
April 15" (Right)

Caption: same as for Figure 3.

3.4. CO experiments

In order to simulate a simple chemistry but invotyiOH and HQ@ formation/consumption,
NO and NQ were also injected. CO is one the main sink of i@khe troposphere. CO is
emitted from combustion processes such as forest fir car exhausts. Its concentration
varies from 100 ppb in clean environments to fewngp highly polluted areas. From its
reaction with OH, it produces HQvhich is one of the precursors of the fOrmation in the
troposphere. A simplified mechanism of the oxidataf CO with OH that leads to a net
production of Qis given below (R 1) to (R 6)

The experiment was made on two days in differgfitlconditions as can be seen on Figure 6.
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OH + CO— H + CO, (R 1)
H+ 0+ M— HO, + M (R2)
HO, + NO— OH + NO, (R 3)
NO, + hv — NO + O (R 4)
O+ +M— 03+ M (R 5)
CO+2Q+ v — O3+ CO, (R 6)

On the 1%, only one injection of 1.5 ppm of CO was made 18): In addition, 2 injections
of NO, (5 ppb and 10 ppb) were made which brought the Btilcentration up to 16 ppb.
The NO concentration increased along with the, Nffction up to 3.9 ppb. £xontinuously
increased up to 37 ppb during the experiment abd ppb addition was made at 15:45 in the
dark chamber. D0 was added to the chamber at the start of therexpet and decreased
linearly from 0.90 to 0.73 % (from 8:00 to 16:45).

On the 18, 2 injections of CO of 2 ppm each were made (487and 9:50). A N©
concentration of 5 ppb was added at 8:12. FromGl(N® was added at a constant flow rate
(40 cc). At 10:22, the flow rate was first decrehdy half (20 cc) and again (10 cc) from
10:55 to 11:25. During the NO addition ([NO] < (ab), the NQ concentration increased up
to approximately 16 ppb. A second injection of N&@ 10 ppb at 14:37 was made which
increased the Nfconcentration from 4.8 to 13 ppb. The NO conceiatnastayed below 0.1
ppb when the chamber was closed, it increased wiechamber was open to 2.5 ppb and
again up to 4.5 ppb along with the second;N{ection. A concentration of 50 ppb ot @as
added to the chamber at 7:23. Following the adulittbe Q concentration decreased to 13
ppb when the chamber stayed closed before incigagjain up to 32 ppb after the chamber
was open (13:19). For the first part (from 6:38®18), the experiment was made in the dry
chamber ([HO] < 0.1%), afterwards [pD] was constant at 1.0%.

In the beginning of the 17 the OH profiles observed were the same for bpaeatus. After
the chamber was opened, the concentration increagetd 2 x 10 cmi®. After the CO
addition, the concentration decreased sharply dmwhx 16 cm®. However, after the first
NO; injection, the UL-FAGE measured systematically 2Bgher OH concentrations than
the FZJ-LIF. For HQ after the chamber was open, both instruments unedsdifferent
profiles. The FZJ-LIF observed an increase up ® 2.1¢ cm® whereas the UL-FAGE
observed 1.9 x focm® (25% lower). However, 1 hour after the roof wasmgd the
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concentrations measured by both instruments weetichl. After the CO addition, again,
both instruments observed different profiles; tl&HEIF measured 30% more than the UL-
FAGE, however, after 1 hour, the FZJ-LIF measuraly A0% more than the UL-FAGE.
When NQ was added (12:16), the HQconcentration measured by both instruments
decreased sharply down to 2 x21€m?3 After the second Ninjection (14:07), H®
decreased by a factor of two down to 1 % &@i>. Both instruments were in good agreement
from 12:16 to 15:00. When the chamber was clos&DQ), both instruments observed an
increase in the HOconcentration but with different magnitudes. Befdhe Q injection
(15:45), the concentration measured by the FZIW#s 60% higher than UL-FAGE. After
the addition of 50 ppb of Hthe FZJ-LIF measured only 30 % more H@an the UL-FAGE.
On the 19, in the dark chamber, the OH concentration stayeldw the LOD of both
instruments and increased up to 6 £ A& when the chamber was open (13:19). FopbH®
the dark chamber, the two IF observed a slow irsered the concentration up to 3 x’ 1Hon*>
after 5 ppb of N@ were added (8:12) inside the chamber. After trmosg CO injection
(9:50), the HQ concentration decreased below 1 x’ ¥n®. The HQ concentration
increased a second time up to 5 % &0 when a small NO flow was added to the chamber
(starting at 10:06). At 13:19, the chamber was edeand when the second 10 ppb,NO
injection was made, the OH decreased down to 2°ct@® before decreasing below the
LOD of the two instruments after the shutter wasetl at 15:52. Both instruments measured
the same OH concentration within their respectineentainty. Same observations can be
made for HQ, the concentration increased up to 2 & a®* after the roof was opened and
decreased down to 5 x 16m*when NQ was added. After the chamber was closed (15:52),
a large discrepancy was observed in the absoluteendration measurement for KHQhe
FZJ-LIF measured on averaged 80% more H@n the UL-FAGE.

For the two CO experiments, the OH concentratioasueed by the UL-FAGE and the FZJ-
LIF were in agreement. OH was observed to incr@aske dark chamber at the end of the
measurement on the "1 7or unknown reasons. For HOthe measurement was affected by
unknown dark reactions that lead to the formatibH©, or RG.. The agreement between the

two instruments was variable depending on the ¢mmdi inside the chamber.
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April 17 - CO experiment April 19 - CO experiment

[
W

jO(D) / 10% st

[
<
T

Eist 6r
2
2 4t
=10}
) 2|
5
0 |
0 =
50 - 1
— [NOJ /ppb 30
— [NO;]/ppb
40 [0s)/2 / ppb
— [H0]%10/%
30 20

2
=]
T

—
<
T

[HO,] / 108 em®

=T - =]
e e S e

3,500 [

~— 3,000 |

2,500 -

1,500

1,000 | 2,000 |

[CO] /ppb

1,500
500 1 1,000
500

0 L——mr — T
6:15 815 10:15 12:15 1415 16:15 6:35 835 10:35 12:35 1433 16335
Time (UTC) Time (UTC)

Figure 6. Measurement profiles for AprilL{Left) and April 19" (Right)
Caption: same as for Figure 3.

3.5. Phenol experiments

Phenol is one of the main products of the aromatiislation (e.g. benzene) with OH.
Volkamer et al. (Volkamer et al., 2002) showed tinadler atmospheric conditions, the yield
of phenol from the oxidation of benzene with OH wiasto 53%. Phenol oxidation with OH
was studied by Berndt and Boge (Berndt and Bog@3R0Two different pathways are
proposed for the reaction of phenol with OH. Thampath (yield ~ 0.76 to 0.87) goes via
the OH addition to form an OH-phenol adduct thaictenvith G to form catechol and HO
with a yield of 0.73 to 0.80. The minor path goes &n H-abstraction to form phenoxy
radicals. Under high NOx conditions, different aurth ((Berndt and Bége, 2003) and
references therein) reported the formation of mpiienol (yield ~ 0.036 to 0.067) and p-
benzoquinone (yield ~ 0.010 to 0.037).
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catechol, yield ~ 73-80 %

HO
o OH
+ OH =2 [OH-phenol adduct] 2 + HO,

Figure 7. Simplified oxidation mechanism of phewith OH.

HO

The experiment on phenol was repeated twice witflerent G concentrations. On the %0
the ozone concentration stayed below 10 ppb whiléhe 2%, an Q injection brought the
concentration up to 50 ppb (see profiles on Fig)re

On the 28, only phenol was injected (15 mg) when the chamizes exposed to the sunlight.
The NO concentration reached a maximum of appraelypd ppb at noon, £concentration
increased up to 10 ppb and NGp to 2 ppb. KO was injected at 7:28 up to 0.95 % and
decreased constantly down to 0.85 at the end ahtresurement (14:10).

On the 2% a first injection of @ (50 ppb) was made in the dark chamber at 8:04.rGbk
was then opened (8:30) and thereafter phenol (§)5was added followed by an injection of
5 ppb of NQ. The Q concentration decreased from 48 to 33 ppb, theimar
concentration of NO and NQvas 1.5 and 5.5 ppb respectively. Th& Blmarked by highly
variable photolysis frequencies due to clouds.

On the 28, the OH profiles measured by both instruments weeesame. After the roof was
opened (8:22), the OH concentration increased Wxd 0 cni®. When phenol was injected
(10:40), OH decreased sharply down to 4 @@ and stayed constant up to the end of the
measurement. The HQrofiles observed by the two instruments werehslygdifferent. As
seen already on the ".7when the roof was first opened the H@ncentration measured by
the FZJ-LIF was 30% higher than the UL-FAGE buea#5 min both instruments measured
the same concentration for 90 min. After addingnahethe FZJ-LIF measured continuously
30% more HQ@than the UL-FAGE.

On the 2 as for the 26, the OH profiles were identical for the two instrents. The OH
concentration was strongly dependent on the rachiahat highly varied during that day. OH
decreased from 7 x 1@m® to 3 x 16 cm?® after phenol was added (10:10) but no clear
observations can be made after NGas added (12:28) on the OH concentration measwyred
any of the two instruments. For HGhe FZJ-LIF measured 30 % more than the UL-FAGE
during the course of the day independently of tditeon of and NQ (12:28). After NQ was
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added, the Hconcentration decreased from approximately 3%ci®® down to 1 x 1&cmi

3

For the two phenol experiments, the agreement legtwiee two instruments was observed to
be good for OH measurements. For e FZJ-LIF measured higher concentration than th
UL-FAGE.

3.6. Isoprene experiment

Isoprene is by far the main biogenic VOC emittedregs in the troposphere (Guenther et al.,
1995). Several recent field campaigns (Kubistimlet2010; Lu et al., 2012; Whalley et al.,
2011) in forestry environments under high isoprané low NOx concentrations have shown
significant differences between the measured aadaktculated OH concentrations indicating
a missing source of OH. These disagreements haggeted many theoretical and
experimental studies (Taraborrelli et al., 2012)néw chemical mechanism of the isoprene
oxidation was developed (Peeters et al., 2009)hichvOH is recycled from isomerisation of
hydroxyperoxy radicals, from the photolysis of omé the isomerisation product,
hydroxyperoxy aldehydes (HPALD) and from the reactof HOQ, with isoprene peroxy
radicals. The main oxidation products of isoprereemaethylvinylketone (MVK), metacrolein
(MACR) and formaldehyde.

On the last day of the campaign, we studied thpréste oxidation under highs@nd low
NOy concentration. @was injected (12:01) up to a concentration of pb gfter the roof had
been opened followed by a 5 ppb injection of isopr€l2:19). The water concentration
varied from 0.9 to 0.8 %, the maximum NO andJOncentrations were 0.5 ppb and 1.4 ppb
respectively. OH profiles for both instruments warerery good agreement during the entire
experiment: for the first part (from 6:58 to 10:46)e OH concentration was below the LOD
of both LIF instruments. After the roof was opeR:6R), the OH concentration increased up
to 1.5 x 10 cmi®. When isoprene was added the OH concentratioredsed sharply down to
2 x 10 cm® before slowly rising to reach a concentrationgfraximately 5 x 19cmi® at the
end of the measurement. In the case of,HOarge disagreement between both instruments
has been observed. As for OH, before the roof vp@ned, the H@concentration inside the
chamber was below the LOD of the two instrumentéterAit was opened, the HO
concentration increased to around 2 & A& and the FZJ-LIF measured 30 % more than the
UL-FAGE. When Q was added, the HQconcentration increased to 3 x®1dvi® and the
FZJ-LIF measured 40 % more than the UL-FAGE. Afteprene was added, a large
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disagreement was observed between the two appai@tusg the first 20 min after the
injection, the FZJ-LIF measured on averaged 85%entizain the UL-FAGE, this agreement

decreased to around 40% more for the last 20 nfordéhe roof was closed (15:10).
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Figure 8. Measurement profiles for April 2qLeft), April 21% (Middle) and April 23°
(Right).

Caption: same as for Figure 3.

For OH, good agreement was observed between theinstauments. For HE) after the
isoprene injection we observed a strong disagretrbetween the FZJ-LIF and the UL-
FAGE. The difference between the HO2 measuremeatedsed toward the end of the

measurement.
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3.7. Calibration source exchange

One major possible source of discrepancy betweernvto similar LIF instruments comes
from the calibration procedure. Even though thehtegues used to generate known
concentrations of OH and HQ@re similar for both instruments, exchanging taébcation
source is of great interest to check out systensatimrs. Details of the UL-calibration source
are given in Chapter 2 whereas a description of RA@ calibration source is given by
Aschmutat et al. (Aschmutat, U. et al., 1994). both calibration sources,s@ctinometry is
used to determine the lamp flux. With the goal émeyate lower HOx concentrations, the
FZJ-LIF calibration source flushes® is flushed in front of the lamp in order to redube
lamp flux by absorption of the UV radiation by®l However, the @produced from the ©
photolysis is then too low for being measured vétstandard @analyzer. Therefore, they
use a photodiode to measure the lamp flux that pvasiously calibrated for higher ;O
concentration. The main difference between thedaldoration sources is the use of turbulent
flow for the UL-calibration source whereas the FAlibration source uses a laminar flow.
Therefore, the calibration source from FZJ coultibeadapted to the UL-FAGE because the
coupling between the UL-FAGE nozzle and the FZJibcation source would need to be
characterized precisely. Indeed, using a lamimav the gas flow profile across the cell is not
flat and the position of the cell with respecthe hozzle could impact the concentration by a
factor up to 2.

We placed the UL-FAGE calibration source on the -EERJ and generated known
concentration of OH and HOThen, the FZJ-LIF converted the signal obtaimgd an OH
(or HG,) concentration using their calibration factors.Tlable 6 is listed the 3 calibration
points made for the OH FZJ-cell at 3 differerdCHconcentrations. The concentrations are
given with their uncertainties which were calcuthfeom the propagation of errors of each
parameter uncertainty. The calibration source exghaneasurement is represented on Figure
9.

Table 6. OH and H@concentrations calculated for the calibration sewexchange
The I uncertainty for the FZJ-LIF is of 10% and of 1566 the UL-FAGE.

[Os] / ppb  [HO]/ °Cdp [OH]'i"es/ 10° [OH] FZJ3/ [OH]rz/[OH]Lie

cm 10° cm
point 1 5.6 -20.22 1.75 1.57 0.90
point 2 5.2 -27.26 0.81 0.72 0.88
point 3 4.3 -18.77 1.57 1.42 0.91
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The results show a systematic overestimation of dbiecentration by the UL-FAGE of
approximately 10 % compared with the FZJ-LIF. Thiserestimation is coherent with the
statistical analysis (see next paragraph 3.8)hithvthe data measurement points were plotted
in a correlation plot [OHL~f(JOH]Lie). The slope obtained from a linear regressionyanal

for the overall dataset was of 0.86 in agreemettit thie calibration source exchange.

2.5x10°

¢ [OH]ezs
= [OH]caibrite
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1.5%10° +

IOI[]W,] /em?
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17:30 1740 17:50 18:00 18:10 18:20

Time

Figure 9. Calibration source exchange.
Uncertainty of 10% for the FZJ-LIF data points afid 5% for the UL-FAGE.

3.8. Statistical analysis

For the data analysis, as the measurement timeitiesois different for both instrument (30 s
for the FZJ-LIF and 55 s for the UL-FAGE), we usth@ Lille measurement time as a
reference time for the whole data set and the FX3HE measurement points were linearly
interpolated to each Lille measurement points wibeth instruments were measuring

simultaneously (see Figure 10).
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Figure 10. Data interpolation

Example of data processing made before correldfiflgand FZJ measurement data set. The
original FZJ measurement points (green triangles)iaearly interpolated (black squares)
with respect to the Lille measurement points (riecles).
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In order to determine the correlation (i.e. linempendence) between the concentrations
measured by the two LIF instruments, the data wsotted on scatterplots where the
concentration (OH or HE from UL-FAGE was displayed on the x-axis and itterpolated
concentration from FZJ-FAGE on the y-axis. The sgquaf the Pearson correlation
coefficient, r2, also called coefficient of determaiion was used to determine the degree of
association between the two data set e.g. if radll,variations in the OH (or HY
concetration observed by one instrument were diserwed by the other.

A linear regression analysis was applied to thétesqdots using the linear equation y=ax+b.
The slope a is used to show the quantitative mrlahip between the two instruments: ifa=1,
both instruments measured the same concentratiotisnwtheir respective errors. The
intercept b allows checking if one or both instrumiseare having an offset.

In the first step of the data analysis we consuidree all data sets independently of the

conditions. In a second step, we have analyzed d@cindividually.

3.8.1. Analysis of the all data set

On Figure 11 are represented the scatter plothéwhole 9 days of measurements for OH
(left) and HQ (right). With a number of 3745 measurement poitiits,result for OH shows a
very good agreement between the FZJ-LIF and thd=AGE with a slope equal to 0.86 (in
agreement with the exchange of the calibrationa®ueind an insignificant intercept equal to
1.42 + 0.24 x 10cmi>. The correlation coefficient obtained was 0.93: A®;, with the same
number of common measurement points, the slopenagotas 1.50 with a small positive
intercept of 1.48 + 0.12 x1@ni®. The correlation coefficient is very high and ddwa0.96.
There is a clear discrepancy for the H@easurement by both instruments beyond their

additional respective errors.

N=3745 1.0x10° +
2.0x107 | a=0.86 (0.04)

b=1.42 (20.24)x10° cm®

i 7.5%108 ¢
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Figure 11. Scatter plots for OH and Hfor the 9 days of measurement.
OH (left) and HQ (right). The solid lines correspond to a lineagression fit using the
equation y=ax+b. The dashed line represents thenkl
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3.8.2. Day by day analysis

In a second analysis, each day was analyzed selyairabrder to give better insights for the
possible differences observed between the twoumsnts in different conditions. The scatter
plots for each OH measurements days are represemefigure 12 with results of the
statistical analysis displayed in Table 7. For )HQ@catter plots and results of each
measurement day are displayed in Figure 13 analneT8. The analysis for OH displayed a
very good agreement from day to day (rz> 0.76) pioa the 18 where the correlation was
equal to 0.56. On this day, the OH concentratiamd®m the chamber was very low during the
course of the measurement reaching a maximum df@® &ni>,

For HO,, the day by day analysis showed contrasted reasltsan be seen on Figure 13 and
in Table 8. The correlation coefficients obtaineergvalways greater than 0.90. However, the
slopes indicating the quantitative agreement batwke two apparatus vary from day to day
with the FZJ-LIF measuring consistently higher anmtcation than the UL-FAGE except on
the 19" (a=0.94) where the concentration measured intiaenber were low ([HE) < 2x 1F
cm®) and most of the experiment was done in the darkthe first 3 measurement days (13-
14-15), the agreement between the two LIF is thesd with slopes greater than 1.39. On the
22" (isoprene experiment), the correlation between tthe instrument is not linear. It
corresponds to days where aromatics (toluene, greylor alkenes (isoprene) species were
injected inside the chamber and where the OH cdratén was elevated ([Oblgrage™> 3 X

10° cm?®). This has to be compared with the measurementhen1é® where the OH
concentration stayed very low during the day ([@ksge~ 1 x 16 cm®). The agreement for
HO, on this day was good (a=1.15) even though tolaernkp-xylene were injected inside the
chamber. The photolytic activity was lower due lkauds that reduced the light intensity. The
experiments with addition of phenol showed a défgrbehaviour. The analysis of the two
experiments with phenol (20-21) showed a betteeement on the 20(a=1.18) than on the
21% (a=1.32): on the 2Dno O was added inside the chamber but where the OHecoration
was higher. For the CO experiments (17-19), a beaifgreement is obtained for the
experiment on the 19(a=0.94) where the chamber was dark for most efmieasurement.
However, for the last period of the measurementhin dark after the chamber had been
opened for 90 min, a large disagreement is obsemttdthe FZJ-LIF measuring 80% more
HO, than the UL-FAGE. The same observations were wbdeon the 17 where a large

disagreement is observed for the last measureneeioidpafter the chamber was closed.
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Table 7. Results obtained from the day by day amafpr OH measurements.

Results obtained from the day by day analysis @&ttatter plots for the OH measurements.
N, is the number of points, r2 coefficient of det@ration. From the linear regression fit, a is
the slope, b is the intercept in®1ni>, errors are &

N a, slope b, intercept r2

13/04/2010528 0.99 + 0.02 -0.49 =+ 0.57 0.76
14/04/2010360 0.89 + 0.02 0.52 + 0.56 0.86
15/04/2010352 0.83 + 0.02 2.72+ 0.69 0.86
16/04/2010358 0.65 + 0.03 1.85* 0.42 0.56
17/04/2010513 0.90 + 0.01 -3.20+ 1.21 0.91
19/04/2010524 0.73 £+ 0.01 178+ 0.31 0.87
20/04/2010303 0.83 £ 0.01 045+ 1.38 0.95
21/04/2010370 0.88 £ 0.02 1.20+ 0.91 0.86
22/04/2010437 0.95 £+ 0.01 068 + 0.86 0.93
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Figure 12. Day by day scatter plots for OH measer@sby the UL-FAGE and the FZJ-LIF.
Solid lines represent linear regression analysis.
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Table 8. Results obtained from the day by day amafpr HQ measurements.

Results obtained from the day by day analysis efttatter plots for the H®neasurements.
N, is the number of points, r2 coefficient of det@ration. From the linear regression fit, a is
the slope, b is the intercept in®ini®, errors are &

N a, slope b, intercept r2

13/04/2010528 1.60 £+ 0.02 -483 + 4.39 0.94
14/04/2010360 1.57 £ 0.01 6.73+ 2.43 0.99
15/04/2010352 1.34 £ 0.0 13.48+ 3.84 0.97
16/04/2010358 1.15 + 0.01 -1.66+ 1.51 0.98
17/04/2010513 1.25 + 0.01 -2.28 + 2.98 0.95
19/04/2010524 0.94 £+ 0.01 3.62+ 0.71 0.90
20/04/2010303 1.18 £+ 0.02 4.84+ 2.84 0.91
21/04/2010370 1.32 £ 0.01 222+ 1.34 0.99
22/04/2010437 1.62 £ 0.01 -13.05+ 3.34 0.97
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Figure 13. Day by day scatter plots for fHH@®easurements by the UL-FAGE and the FZJ-LIF.

Solid lines represent linear regression analysis.
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3.8.3. Precision of the two instruments

There are three parameters that define the qualdymeasurement: the limit of detection, the
accuracy and the precision.

The measurement in the dark chamber in the abs#nO& and HQ were used in order to
determine the precision of the two instruments. da& points were taken from each start of
measurements when the chamber was close excettefd®" when the @ interference test
was made and the $%or the CO experiment in the dark chamber sincth lostruments
were subject to an{nterference.

On Figure 14 histogram plots are used to repraberfrequency distribution for OH and HO

for both instruments. The histogram were fittedwétnormal distribution equation

f (X) = height x ex _In(Z)X(X_XOJ

abkg

From the fit, we obtained the centrg)(&nd the HWHM (Half Width Half Maximumjpyg.
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Figure 14. Frequency distribution for OH and for HGr measurements in the dark chamber.

For OH and H@ the UL-FAGE showed a higher precision than thgd-EEF. For OH, the
precision obtained for the UL-FAGE was 2.4 ¥ t&i° and 5.6 x 10cmi® for FZJ-LIF. At
least a part of this difference can be attributedhe fact that the FZJ-LIF had a better time
resolutionAt=30 s instead oAt=55 s for the UL-FAGE
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4. Discussion

In this section, we shall discuss the results fthmintercomparative measurement between
the UL-FAGE and the FZJ-LIF by putting them in ppastive with the results reported after
the HOxComp campaign (Fuchs et al., 2010; Schlctsal, 2009) and the recent work from
Fuchs et al. (Fuchs et al., 2011) which descrilpedetails the newly found interference of
RGO, in the detection of HOby FAGE instruments.

For OH, the agreement was very good between theLtwonstruments over the 9 days of
measurements. No systematic interference was foureh Q, H,O, NOx concentrations
were varied inside the chamber. This result is caftewith what has been concluded for the
OH intercomparison inside the chamber between 3(EE-LIF, MPI-LIF and FRCGC-LIF)
and the DOAS during HOxComp (Schlosser et al., 2009

For HO,, the two instruments showed a very high correfafar each measurement day (r?>
0.90). However the quantitative agreement variednfone day to another similarly to the
observations made during HOxComp: here also a tugrelation was observed between the
measurements but the absolute concentrations cooldbe assessed due to unknown
interferences. In addition they found that the meament by the 3 LIF was correlated
towards Q and HO. As already mentioned by Fuchs et al. (Fuchd.e2@10), the good
agreement for the OH measurements (Schlosser ,eR@9) eliminated several possible
explanations for the systematic observed differenégehomogeneous sampled air, systematic
error in the calibration, lack of reproducibilityf ehe calibration and intrinsic variable
instrument sensitivities. Two possible reasons wgiken, unknown dependencies of the
detection sensitivities on chemical compositiond ehemical interferences that could cause
artificial HO, signal. These arguments were reinforced afterwaydsuchs et al. (Fuchs et al.,
2011) whom found that RQadicals formed during the oxidation of certairiciical species
(e.g. alkenes, aromatics) could recycle fast enddi@h from their reaction with NO within
the FAGE cell, thus leading to an artificial H@ignal. They showed that within their
measurement conditions ([NO] = 1.3 x*4@m?® and tonersior2.7 Ms), artificial H@ was
generated with a different number of species (dy&kane, ethene, propene, isoprene, MVK,
MACR and benzene) with for some of them relativasgerities up to 80% i.e. each RO
radical generates a LIF signal corresponding toHI38 radicals. This new interference is
dependent on the NO concentration as well as theersion time within the FAGE and thus

different from one apparatus to another. They &dsted the possibility of water dependence
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on the sensitivity of H@such as observed during HOxComp and showed thiatr wapour

was not influencing the conversion of H©® OH within their measurement conditions.

4.1. Intercomparison for OH

The intercomparison between the two LIF instrumestiswed an excellent agreement over
the 9 measurement days inside the SAPHIR chamhgrof03745 concurrent measurement
points, we obtained from the linear regressionyasila slope equal to 0.86 and an intercept
of 1.42 + 0.24 x 17 below the limit of detection of both instrumente coefficient of
determination was equal to 0.93 which indicatedt thagreat part of the concentration
variations as well as the absolute concentratiosislé the chamber were observed by the two
FAGE instruments. This result is interesting knayvithat the conditions (chemistry,
photochemistry) were very different from one day &mother. The measured OH
concentration range varied over two orders of ntagei approximately from 2.0 x 160 2.4

x 10" cm®,

From the day by day analysis, the slope varied foor to 1.12 and the intercept from -3.20
x 10° to 5.25 x 186 cm™. 8 out of the 9 days of measurements showed la dogrelation
between the two instruments with r2 ranging frome0to 0.95. On April 18, the coefficient

of determination r2=0.56. The averaged concentatiteasured by the UL-FAGE was
[OH]ave 7.58 + 9.78 x 1Donly two times higher than our limit of detectioh64 + 10.3 x
10’ for the FZJ-FAGE). During half of the day, the ®@bhcentration inside the chamber was
below the limit of detection of both instrumentdius, the correlation analysis may not be
valid.

The calibration source exchange helped understgnthe difference between the two
instruments. The ratio ([OH}/[OH]Liie) obtained when UL-FAGE calibration source was
placed on top of the FZJ-LIF nozzle, is in very d@greement with the ratio obtained for the

all data set.

4.2. Intercomparison for HO,

The linear regression analysis of the all data fetshe HQ measurements gave a slope of
1.50 and an intercept of 1.48 + 0.12 X&@&i°. It showed that over the 9 measurement days
the FZJ-FAGE measured 50% higher H&ncentration than the UL-FAGE. The overall

uncertainty given by both instruments can not erplthe differences observed by both
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instruments. As it was observed during the HOxCothp,Q and HO dependency on the
correlation were tested.

It can be concluded that the interference due ¢oR6) radicals had a significant impact on
the HQ measurement. The two FAGE instruments were prgbabbject to the RO
interference with different magnitudes. In TablesSummarized the relative sensitivities of
the two instruments toward the RGf the hydrocarbon introduced inside the chamloeind
the intercomparative measurement. Lu et al (LU.eR@12) described a procedure that allows
estimating the impact of the detection of R@dicals on the measured KHCGoncentration
measured. A strong effect of this interference alaserved on April 22 during the isoprene
experiment. When isoprene was injected inside thamber, the FZJ-LIF measured
concentration up to 2 times higher than the UL-FAB#icating that the peroxy radicals
generated during isoprene oxidation gave risegbdri HQ signal in the FZJ-LIF than in the
UL-FAGE. In Table 9 are summarized for both instemts the relative sensitivity of RO
radicals generated from the different species weate injected inside the chamber. It can be
seen that the sensitivity for the isoprene;R©3 times higher for the FZJ-LIF than for the
UL-FAGE. This is in agreement with the large digenecy observed on April 22

Instead of correcting the H@oncentration for the interference, a model isdusecompare
the measured H{concentration with [Hg¥] corresponding to the concentration of FHElus

a fraction of RQ detected as HQO[HO,*] = [HO ] + Xaro{RO]). The relative sensitivity of
each RQ obtained experimentally is used for the compariddre modelling of HQand RQ
inside the SAPHIR chamber was not performed yetsmdo conclusions will be given on
the impact of R@ on the detection of HOfor both instruments. In addition, for the UL-
FAGE, the relative sensitivity of the different R@as not yet measured in the laboratory and
only the one obtained from the MCM could be used.

During the course of the intercomparative measunemmexplained formation of HOvas
observed in the dark chamber especially on Apfil 47d on April 18' after the chamber was
closed at then end of the measurement. These ®ffeste already observed in previous
measurement in the SAPHIR chamber and are duent@ shamber effects which are not
well characterized probably heterogeneous reactmmsthe wall of the chamber. It is
interesting to observe that the response of bothargpus toward the unexplained HO
formation is contrasted. During the morning darkeriment on April 18, both instruments
agreed well within their respective errors whereasApril 17" and April 19" when the

chamber was closed strong disagreement was obsdreddleen the two LIF. This

157



Intercomparative measurement in the SAPHIR chamber

disagreement could indicate that R€pecies are formed inside the chamber. These wirkno

HO, formation processes render the modelling even mamgplex.

Table 9. Comparison of the sensitivity to REpeciesproy, for the UL-FAGE and the FZJ-
LIF.

For the UL-FAGE, the sensitivities were obtainethgshe MCM v3.2. For the FZJ-LIF, the
different sensitivities were obtained experimengtéiluchs et al., 2011; Lu et al., 2012).

UL-FAGE FZJ-LIF
Species | [NO]=4.9 x 18°cm® | [NO]=1.3 x 16*cm®
enoz= 0.45 enoz> 0.90
isoprene 0.24 0.79
toluene 0.16 0.86
p-xylene 0.15 0.8
phenol 0.04 -

2 Experimental value$,Estimation from benzene

4.2.1. Impact of H,O on HO, measurements

During HOxComp, Fuchs et al. (Fuchs et al., 20&@prted that HOmeasurements between
the LIF instruments had larger discrepancy at latewconcentration (0-0.6%) than at higher
once (0.6-1.8%). For the present measurement, #tervinterference test was made twice:
first on the 18 and repeated on the "L6The protocol varied between these measurements
and the HOxComp measurements. For th@ kest, p-xylene and toluene were injected twice
inside the chamber whereas only water was injedtethg HOXComp.

As already mentioned in the Results part, conttadicresults were observed between the
two instruments for both measurement days (seeigurd-15). To check the possibility of
H2O interference on the detection of H@e binned the measurement data in 4 different
ranges of HO concentration. On the ¥3we observed without any doubt a dependence of the
HO, concentration measured by the two instrumenthemiater vapour whereas on thé'16
the water dependence is less clear. In Table 1Qratged the coefficients obtained from the
regression analysis for each water concentratiogaaAt low water ([HO] < 0.1 %), the
slope is close to unity. For highee® concentrations (0.1% < pB] < 0.6%), the FZJ-LIF
measured 38% more than the UL-FAGE. Above 0.6%skbiges do not evolve and from the
linear regression we obtained a slope of approxitpdt.8. On the other hand, on thé"1the

H,O dependence is less obvious. We did observe apase in the slopes when theCH
increase but only from 0.94 to 1.18.
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The possible explanations for the observed diffees are not clear knowing that the
experiments were repeated using the same exacttiomsd The observed 40 dependency
might have been actually biased by the,R@erference described by Fuchs et al. (Fuchs et
al., 2011). In effect, p-xylene and toluene arehtmomatics species and candidates to form
RO, that can recycle OH after addition of NO inside FAGE cells. Assuming that the main
differences observed by the two LIF were due téed#ht detection sensitivities towards these
RO,, the different results observed on thd" E#d on the 16 showed the difficulty to apply
any correction to the HOmeasurements. The detection sensitivity of the€g &an be
established in separate laboratory experimentsrti@less the ROconcentration inside the
chamber will also depend on the oxidation condi#io®n the 18, the OH concentration
measured inside the chamber was 3 times lowerdhahe 18 due to a lower light intensity
that might have affected the R©@oncentration and so the H@easurements. From these
measurements, we can not assess if the two LIF w8uenced by water vapour due to this
additional interference that render the analysmpex.

Table 10. Results obtained from the linear regoesti for the HQ data as function of [}D].
N is the number of points, a is the slope, b isitibercept in 10cm®, r2 is the coefficient of
determination.

[H>0] = 0.00 to 0.10% [KD] = 0.10 to 0.60%
April 13th April 16th April 13th April 16th
N 149 143 145 60
a, slope 1.04+ 0.00 0.94+ 0.01 1.38+ 0.08 1.04+ 0.03
b, intercept -0.23+ 0.03 0.15+ 0.05 046+ 2.72 0.65+ 0.42
r2 0.87 0.98 0.97 0.96
[H-0] = 0.60 to 1.20% [KD] = 1.20 to 1.90%
April 13th April 16th April 13th April 16th
N 111 97 123 58
a, slope 1.77+ 0.13 1.18+ 0.03 1.78+ 0.15 1.12+ 0.05
b, intercept 0.37+ 4.66 0.31+ 0.66 1.18+ 2.68 1.65+ 1.17
r2 0.99 0.99 0.99 0.97
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Figure 15. Scatter plots for the H@&nd OH measurements on April"i@eft) and April 18"
(right).

Top. For HQ, the data were divided in groups of different watgpour concentration in the
chamber between 0.0 to 0.1 % (black dots), 0.1830 (green dots), 0.6 to 1.2 % (red dots)
and 1.2 to 1.9 % (yellow dots). Bottom. For OH, tiwerelation plots are shown for the all
data set. The solid lines corresponds to a linegression fit using the y=ax+b equation. The
dashed line is the 1:1 line.

4.2.2. Impact of Oz on HO, measurements

O; concentration inside the chamber was seen toendfle the correlation between the
different LIF instruments during HOxComp in darkndttions. Fuchs et al. (Fuchs et al.,
2010) reported that the MPI-LIF measured higher iQhe dark chamber than the two other
LIF in the presence of Qwvhereas no correlation towardg @as observed when the chamber
was illuminated. The results of the; @st made on the f4were binned into different

concentration range and as can be seen on Figuthel& concentration did not influence

the correlation between the two instruments whenctiiamber was illuminated as observed

during HOxComp.
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Figure 16. Scatter plots of H@oncentration on the T4vhen the ozone concentration was
varied.

Conclusion

The intercomparative measurement between the ULEAGd the FZJ-LIF was a success.
The absence of absolute measurement techniqgue®Hoand HQ made the quantitative
analysis difficult however the FZJ-LIF was interquemed with the DOAS for OH (3 times)
and with the MIESR for HQ(2 times) and has shown excellent agreement. isemuence,
the FZJ-LIF can be considered as the referenceumsint in this intercomparative
measurement. Following the measurement protocolhef HOxComp campaign the two
instruments were tested in a series of experimevitere HO, O;, NOx and VOC
concentrations were varied in order to check thespective response.

For OH, the instruments agreed really well over@ltays of measurements and none of them
seemed to suffer from any significant interference.

For HO, the contrasted results showed the sensitivityhef two instruments towards the
recently discovered RO interference. The FZJ-LIF measured consistenthghéu
concentration than the UL-FAGE. During the first days of the intercomparative
measurement. #, O; and NOx were varied in order to determine the aasp of HO2
measurements to these species. However, the peesénioluene and p-xylene and their
respective oxidation products in the chamber bigkedresults and no conclusions can be
drawn on the possible interference on the deteafadO, towards HO, NOx and Q. The
isoprene experiment confirmed the high potentiaihed alkene to produce R@adicals that
can recycle OH inside the FAGE cells after the taldiof NO. The strongly different results
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observed on the 3and the 18 when the HO interference test was repeated showed the
difficult task that will arise when previous H@neasurements need to be corrected towards
the RQ interference will be needed. Not only the concaign of the primary emitted VOC

is needed but also a model calculation model wittetailed oxidation mechanism of each
VOC species is needed to estimate the total &@centration.

From the phenol experiments, we observed that isagceements between the two apparatus
were less important than when toluene, p-xylenesoprene were added to the chamber
which could indicate that the peroxy radicals pitlifrom the oxidation of phenol have a

lower detection sensitivity in the H@ell.
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I ntroduction

In this chapter is presented the results obtainau the deployment of the UL-FAGE in two
different campaigns CompOH and Surfin. The UL-FA@B&s also deployed for 7 weeks
September-October 2010 in Goldlauter (Germany)nduthe HCCT campaign. The results
from this measurement will not be presented inttgsis. The aim of the CompOH campaign
was to intercompare the UL-FAGE with the LATMOS-C3Mor OH measurements. This
campaign is complementary to the first intercongmaribetween the UL-FAGE and the FZJ-
LIF in the SAPHIR chamber in April 2010. Firstlyprrary to the Juelich comparison, the
two instruments use OH detection systems which faredamentally different, mass
spectrometry for the CIMS and LIF for the FAGE. Tihterest is that they will be subject to
different kinds of interferences. Secondly, theeiobmparison was held in ambient air,
contrary to the controlled conditions in the atnfemc simulation chamber in Juelich. One of
the drawbacks to intercompare two instruments ibiant air is the possibility that they are
sampling different air masses which might biasrdsallts. In addition, the chemistry is more
complex and the variety of species is greater hntefore more realistic. The campaign was
held in July 2011 near Paris. The preliminary ressate presented here.

In the second part, we present the results obtalnadg the SURFIN campaign that was held
in downtown Marseille at the end of July 2011. Hual of SURFIN was to understand the
chemical mechanism that lead to the formation dfuent such as HONO indoors. HOx
radicals are known to play a role in the indoorrolstry however their concentrations are
expected to be very low and no direct OH and, H@asurements were reported. Up to now,
the role of radicals in the indoor chemistry is sidered as minor. During the indoor field
campaign, OH and H{radicals were observed above the detection lifrih@ UL-FAGE up

to 1.5 x 16 cm® for OH and 2.0 x 10cm® for HO,. A correlation between the HONO
concentration, the HONO photolysis rate and theswessl OH concentration was established
indicating the key role of HONO as a source of CGidicals. The preliminary results are

presented.
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1. CompOH

The CompOH field campaign took place in Palaisezar Paris from the®ito the 13' of July
2011. The field campaign had two main objectivelse Tirst one was the intercomparison
between the UL-FAGE and the LATMOS-CIMS (Kukui ét 2008) in ambient conditions
for 5 days. In the second part of the campaignjfférdnt instruments that measure OH
reactivity were compared: the LSCE-CRM, the MPI-CRN the UL-OH reactivity system
(see Chapter 5).

In this part, the interest will be focused on theercomparison between the CIMS and the
FAGE instruments for the quantification of OH raa&c The CIMS and the FAGE techniques
are the main instruments available for the measen¢mf OH radicals. Both techniques own
sufficient time resolution and detection limit fmmospheric measurement. The description of
the CIMS technique was given in the Chapter 1. &y, OH radicals are converted into

H,SQO, after addition of S@into a reactor at atmospheric pressurgS® is then ionized and

measured as HSOusing mass spectrometry. It is the most sensit@ahnique for the
measurement of OH radicals with limit of detectiose to 1 x 10cm®. The fundamental
differences between the two techniques are ofesteas they will be subject to different kinds
of interferences.

The CIMS and the FAGE techniques have already beepared in the past and the results
can be found in Table 1 of Chapter 3. Three int@ygarison were made between the
ATHOS-LIF and the NCAR-CIMS during airborne measueats: PEM Tropics B (Eisele et
al., 2001), TRACE-P (Eisele et al., 2003) and ARGT/Ren et al., 2012). For the PEM
Tropics B and the TRACE-P campaigns, the two imsemts were set in two different
aircrafts and the intercomparison took place whesytwere at the same location. For
TRACE-P, the two instruments showed a very goodetation with f=0.88 and a slope
equal to a=0.96 (after correction, for more detag® Chapter 3) indicating an excellent
agreement between the two instruments. Howeverbdtin PEM Tropics B and TRACE-P
campaigns the ratio between the CIMS and the Liéredeses for higher altitudes. During
ARCTAS, a very detailed analysis was made for #wlts of the intercomparison between
the NCAR-CIMS and the ATHOS-LIF. Contrary to theotfirst airborne campaigns, the two
instruments were located inside the same aircfag.agreement between the two instruments
was good with a correlatioi=0.72 and a slope a=0.89. The differences weredst mases

explained by the combined measurement uncertairftythe instruments. The OH
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measurement by the NCAR-CIMS and the ATHOS-LIF wesmpared to a box model. The
observed-to-modeled OH ratio was compared as fumcof the NO and isoprene
concentrations. For very low NO concentration, theserved-to-model OH ratio was higher
for the LIF than for the CIMS whereas the opposteeen at high NO where the observed-to-
model OH ratio was higher for the CIMS than for tHE indicating differences between the
instruments. Both instruments observed an increfifige observed-to-model OH ratio when
isoprene concentration increased. This indicatatsdither isoprene oxidation mechanisms are
incomplete or both techniques suffered from theesanterference in environments dominated
by BVOC.

Another intercomparison between the DWD-CIMS andtl3er LIF instruments (FZJ-LIF,
FRCGC-LIF, MPI-LIF) was made in 2005 during HOxComp ambient air in Juelich,
Germany (Schlosser et al., 2009). The correlatetween the LIF instruments and the CIMS
was good with7>0.82. Each instrument pair showed good correlatmthe other hand, the
slopes were in a range between 0.59 and 0.75 tmficahat the LIF instruments
systematically measured higher concentration then GIMS instruments. The measured
differences were explained due to the instrumentations which impacted the
intercomparative measurement as different air nsasgere sampled. The intercept was
insignificant between the DWD-CIMS and two LIF inshents (FZJ-LIF and FRCGC-LIF)
whereas it was important between the DWD-CIMS deNIPI-LIF but was not explained.
The DWD-CIMS was not intercompared in the chamhgr t some technical problems.

The instruments intercompared in this study ardthd-AGE and the LATMOS-CIMS. The
UL-FAGE was compared with the FZJ-LIF inside theFFAR chamber and showed a very
good correlation4=0.93 and a slope equal to 0.86 with an insignifidatercept over a large
range of conditions (see Chapter 3). The smallroksedifference could be explained in great
part by differences in the calibration of the twwstruments. The LATMOS-CIMS was
intercompared with another FAGE instrument in tHPHORE atmospheric chamber in
Valencia. Differences were observed depending erreéhative humidity. The agreement was
very good at low humidities (RH< 10 %) whereas ragrdisagreement was observed at high
humidities. The LATMOS-CIMS was deployed during tREEGAPOLI campaign on the
same site as the present work (Michoud et al., paaéd during OPALE (Oxidant production
over Antarctica land and its export) in Antarct{gakui et al., 2012; Preunkert et al., 2012).
HOx measurements in urban and suburban areas ewesved previously in different studies
(Dusanter et al., 2009; Stone et al., 2012). Meamants in such areas are of importance as

they help to understand and characterize the coypketween HOx and NOx in the presence
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of VOCs that leads to the formation of pollutaniseces like @ and particles. The
comprehension of the urban chemistry is essentiadlraw strategies aiming at reducing
anthropogenic impact on air quality. These envirenta are characterized with high
concentrations of ©and NOx up to hundreds of ppb. Measured HOx cdratons were
observed to be as high as 20 X ¢6i® during the SOS campaign in Nashville (Martinealet
2003) and as low as 1.4 x%€n® during the PMTACS winter campaign in New-York (Ren
et al., 2006). During day time, the HONO photoly#iee carbonyl photolysis and the reaction
of O3 with alkenes was identified as important sourdesl©x radicals (Stone et al., 2012).
Detection of HOx radicals during night-time measueats in urban environments is rare
because their concentrations are close to the éfraetection of most instruments. At night,
if the NO concenctration is low enough, the maindarts are @ and NQ which reacts
rapidly with unsaturated hydrocarbons to produce &id HQ radicals. During BERLIOZ,
concentrations of 1.8 x 10cm® and 1.0 x 19 cm® were observed for OH and HO
respectively (Geyer et al., 2003). Similar concatmins were observed during the TORCH
campaign (Lee et al., 2009). The highest OH comagah reported at night was measured
during the PROPHET campaign (Sillman et al., 200@) concentration of 0.04 ppt (~1.0 x

10° cm®). The HQ concentration was 5.0 x 16m during the same period.

1.1. Experimental section

1.1.1. Site description

The intercomparative measurement campaign betweenUt-FAGE and the LATMOS-
CIMS took place between theé'lnd %' July 2012 at the SIRTA (“Site Instrumental de
Recherche par Télédétection Atmosphérique”) obsarydHaeffelin et al., 2005; Pietras et
al., 2007). The SIRTA is a French national atmosphabservatory dedicated to cloud and
aerosol research and is located at Palaiseau iwmleéERolytechnique” area (48.718°N,
2.207°E), 20 km south-west of Paris (France) inemisurban environment. The site is
downwind of Paris under anticyclonic conditions aadeives oceanic air masses from west

from the France the rest of the time (Freutel et28112).

1.1.2. Ancillary measurements

The intercomparative measurement was supporteddey af ancillary measurements. Other
than OH, the UL-FAGE measured BH@nd the LATMOS-CIMS measured the sum of peroxy
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radicalsX(RO,+HO,) species. Total OH reactivity measurement wereenaih the MPI-
CRM (Nolscher et al.,, 2012; Sinha et al., 2008) #mel LSCE-CRM (Dolgorouky et al.,
2012). Photolysis frequencies measurement (j(O{RY),), (HONO), j(HCHO) and j(NQ))
were made using a spectroradiometer (B. Bohn, itirstiir Energie und Klimaforschung”,
Forschungszentrum Jilich). The spectroradiometer placed on top of the Lille container.
The stable species measured weggThermo 49 i), NOx (Thermo 42 i), CO (GC), HONO
(NitroMac, (Huang et al., 2002)), HCHO (Le Calvéakt 2009), VOC (GC, cartridge) and
meteorological parameters (T, P, RH, wind diregtidrhe VOC species were not measured
during the first days (start on thB)4f the campaign and so their measurements aresirg
discussed here, more attention will be given in @mapter 5. The location of the different
instruments is displayed on Figure 1.

0,, NOx, H,0,
PTR-TOF-MS, &
L-OH reactivity

UL-FAGE |
(OH, HO,) ¢

4l !l_ﬁ‘r spectroradiometer ...
; ¥

Additional measurements: canisters for VOCs, CO, T, P, wind direction

Figure 1. Photograph of the measurement site d@omgpOH with the location of the
different instruments.

The LATMOS-CIMS measured OH and Réadicals from the ™ up to the 18 of July. The
UL-FAGE measured OH and H@adicals from the tto the 8. On the &, the maxima of
the two OH profiles measured by the UL-FAGE and tAdMOS-CIMS were shifted by
approximately 2 hours with maximum of approximat&lg x 10 cm® for both instruments.
This disagreement was already discussed durindgaavaarkup meeting in Ocober 2011 and
no explanations have been found yet. It is wortticimgy that on the 8, the UL-FAGE
suffered from some troubles with the mass flow aalgr that regulate the NO flow. In
consequence, we intervened on top of the UL-FAGQGHainer to replace the faulty MFC with
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a spare one. During this operation, the NO line toalle open and burst of NO was released
on the site. However, changing the MFC took onlymis and it is unlikely that the NO
concentration released into the atmosphere had anclmpact on the local chemistry
knowing that the two instruments were only separdby approximately 4 meters. In
consequence, the intercomparative measurement m#edi to the first 3 common
measurement days (02/07, 03/07, 04/07) and the bigtveen the2and the 5.

The performances of the two instruments during GOripare given in Table 1. The UL-
FAGE was calibrated at the beginning of the campdig§0/06) and at the end of the
intercomparison (05/07). The average of the twdbcaion points was used for obtaining the
OH concentration, &= (1.83+0.21) x 18 cts/s/cni/mW. The UL-FAGE calibration source
was placed on top of the LATMOS-CIMS inlet. Theulés have not been analyzed yet and so
will not be shown in this work. The LATMOS-CIMS wasso calibrated after the campaign

with a calibration cell based also on the watertplysis.

Table 1. Performances of the UL-FAGE and the LATMOIMS for OH measurement

Instruments LOD /ci Time resolution / s Uncertainty 1
UL-FAGE 4.5 x 10 60 15 %
LATMOS-CIMS 5.0 x 16 600 15 %
1.2. Results and discussion

The first five days of the CompOH campaign are ldigepd on Figure 2. The conditions were
similar for the 5 measurement days. The temperatereased slowly from the®'to the 5.
The temperature average was of 290 K with a maxinefirB02 K during the day and a
minimum of 281 K at night. The sky was almost cldweg for the entire measurement period.
The average relative humidity was ~51 %. On thening of the #, a pollution plume from
the morning traffic was measured at the site wi débncentration increasing up to 15 ppb,
NO, up to 25 ppb and CO up to 220 ppb. It corresponttedhe highest reactivity
measurement during this period wiktoy=15 $'. Generally, the OH reactivity measured
spanned between 1 and 7.sThe Q concentration displayed a diurnal profile with a
maximum in the afternoon and a minimum at nightonfFrthe  to the & the Q
concentration observed were similar with maximuné@fppb during the day and a minimum

of 20 ppb at night. On thé"4the Q concentration increased sharply up to 80 ppb amihgl
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the night between thé"4and the % the Q observed concentrations stayed at approximately
40 ppb. The OH concentration profiles were simitam the 1st up to the 4th with exception
of the 5th where higher concentrations were medsuree HONO concentration was only
partially measured since the NITROMAC instrumenrffesed from technical problems. The
maximum concentration was observed on the mornirtgeo4" with a value of [HONO]~10
ppt. The formaldehyde concentration was relatigdady with an averaged concentration of
3.2 ppb. In Table 3 and Table 2 are summarizedlitherent species measured along with

their mean, maximum and minimum values.
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Figure 2. Measurement profiles during the OH quiation intercomparison

Top — OH measurement profiles for the UL-FAGE amel €IMS in cn?, j(O'D) in s*
2"%window — NQ and CO measurement profile in ppbKMPI-CRM) in st

34 window — HCHO and HONO measurement profiles in ppb ppt respectivelyygruo and
jhonoin s

Bottom — HQ and RQ measurement profiles in €O in ppb
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Table 2. [OH], [HQ] and [RQ] concentrations measured during CompOH
The data measured on th&\Bere not taken into account.

[OH] / 10° cmi® [HO,] / 1¢% cmi® [RO,] / 1P cm®

mean max mean max mean max
UL-FAGE 349+262 1249 1.04+059 3.27 - -
LATMOS-CIMS  3.63+2.66 10.29 - - 243 +1.18 8.17

Table 3. Summary of the mean, maximum and minimtitheancillary measurements
during CompOH from 01/07 to 04/07.

Species mean min max
NO / ppb 2.4 +3.6 0.1 19.8
NO, / ppb 8.4+4.7 0.9 27.7
O3/ ppb 41.8+16.4 0.5 79.0
CO/ ppb 118.8+229 753 2225
HCHO / ppb 3.2+0.9 0.10 7.6
HONO / ppt 111.7+90.0 31.0 5121

Photolysis rates

j(0'D) / 10° s* 76+9.4 0 28.4
j(HONO) / 10*s* 5.8+55 0 15.2
j(HCHO) /10° s* 1.1+1.1 0 3.2
j(H-0,) / 10° s* 26+2.6 0 7.3

OH reactivity

Kon/s" 36+23 -15 175

121 | nter compar ative measur ement

The data for both instruments were interpolated tain. All the scatter plots are shown on
Figure 3 and the results are summarized in Tabuding the 3 measurement days 1630 data
points were measured simultaneously. By takingethiere data set and plotting [Ofd}s as
function of the [OHjace On a scatter plot, we obtained a slope of a=0.87.04 and a
correlation coefficient of?=0.75. The intercept obtained from the linear resji@n analysis
was of b=(5.74 + 0.54) x 20cm® The analysis was repeated for each individual
measurement days as well as the night between "thaend the 5 (from 22:00 to 6:00).
Disparities are observed between the different oreasent days with a slope varying from
0.69 on the % to 0.94 on the'8 We also observed significant intercepts abovedttection
limit of both instruments when looking at individuameasurement days with a maximum
intercept equal to (14.27 + 1.21) x°n™ on the 4. The difference between the relatively
low intercept obtained from the analysis of thedalta set with the large intercepts obtained
on the ¥ and the ¥ is due to the presence of the night data whereL&BMOS-CIMS
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measured on averaged 50 % less OH than the UL-FAB&eed, during the night

measurement a strong disagreement is observed dretive two instruments. The night was
characterized by a high and steady €@ncentration. High HOconcentrations were also
measured with the UL-FAGE. A detailed descriptidrih@ night measurement is given in the
paragraph 1.2.2.

—
S

All data

Tuly 27¢

[

[OH]ems / 10¢ em®

July 4-5* night g [OH]Line / 10° cm®

[OH]cms / 106 em®

0 s 10 ;* s 10
[OH]Lie / 10° cm® [OH]Line / 10° cm®
Figure 3. Scatter plots of day by day OH measurésnand for all OH measurements during
CompOH.

Solid lines represent linear regression analysis.

Table 4. Results obtained from the statistical ysialfor OH measurements.

N is number of common points. a, is the slope, thésintercept in 10cm™ obtained from the
linear regression analysis using the equation y=bxg is the slope obtained from the yxa
equation.

Date N a,slope b, intercept  r? ao

02/07/2011 279 0.78+0.03 6.25+1.24 0.77 0.89+0.01
03/07/2011 463 0.94+0.02 11.52+090 0.61 1.10x0.02
04/07/2011 534 0.69+0.02 14.27+1.21 061 0.94x0.01
04-05/07/2011 269 - - - -
night

All 1630 0.87+x0.01 5.74+0.54 0.75 0.98+0.01

The results obtained from the day by day analysigate that at least one of the instruments
suffers from an interference affecting the measer@gmNevertheless, the slopes are in the
same range than for the other intercomparison$, lgher concentrations measured for the
FAGE compared to the CIMS, like reported by Scrdost al. (Schlosser et al., 2009) during

HOxComp. Therefore, our results are consistent thighresults obtained at HOXxComp. Also,
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similarly to the (DWD-CIMS — MPI LIF) instrument pave observed a significant intercept
that can not be explained. The correlation is rogaod as the previous intercomparitive
measurement (from 0.61 to 0.77 for this campaigmpared to 7>0.72 for previously
reported studies, see Chapter 3). Taking into adcthe combined uncertainties of the two
instruments and the fact that ambient air masse® weobed, we can consider that the
instruments are in a relatively good agreement.

In order to understand the differences observeddsst the two instruments, we plotted the
[OH]cims/[OH]Lile  concentration ratio as function of different cheahi species. The
dependence of the [OHps/[OH]Lie concentration ratio as function of NOg,H,0O and
[OH]Lie is shown on Figure 4. On the NO dependence, treeatent is observed to be better
at higher NO concentrations. For,Qhe agreement is good between the two instruments
except when [g] >70 ppb with a ratio equal to 1.44. The UL-FAGE subject to an ©
interference which was observed to be independetiteolaser power (1.7 x $1QOH] cm
per ppb of Q). However under the £concentration range measured during CompOH the
interference signal would not exceed 1 x°1€m> Therefore, the UL-FAGE OH
measurements were not corrected for the knowmterference. For the dependence cOH
the agreement is worse for highegQHconcentrations but the observed difference isiwit
the combined uncertainties (x56% af).2 When we plot the [OR]us/[OH]Liie concentration
ratio as function of the [OH}., we see that the ratio is varying from 0.7 at h@H
concentration to 1.4 at low OH concentration. Tédosfirms that the correlation between the
two instruments is not linear over the measuredeotration range. The UL-FAGE measured
higher concentrations than the CIMS in the high ©#hcentration range. In the low
concentration range, the UL-FAGE measured lowerceotrations than the CIMS. It is
interesting to notice that the opposite is obseduihg the night time measurement (low OH
concentrations) where the UL-FAGE measured higlwrcentration than the LATMOS-
CIMS. From these results, no clear correlation banmade between the variation of the
concentration of g NO and HO and the discrepancies between the instrumentsder to
characterize the differences between the two ingnis, a chemical model will be performed
as it has been done by Ren et al. (Ren et al.,)Z0L2ARCTRAS.

Here, we have presented the preliminary resultsthef intercomparative measurement
between the UL-FAGE and the LATMOS-CIMS. The gehagreement is good however
significant observed discrepancies need to be statst.
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Figure 4. Dependence of the [Qinfs/[OH]Lie ratio as function of NO (left), £Xright) and
H,O (bottom)

The data point are interpolated to 1 min.

The red square are the averaged calculated ondbM@e G and HO data

1.2.2. Nighttime measur ement

During CompOH, measurements of OH and,H@re made during the night between tffe 4
and the 8. The mean and maximum concentrations of the diffespecies measured are
given in Table 5. As can be seen Bigure 5 the CO along with the NOconcentration
reached a maximum at around 1 am. The ozone coatientdecreased through the night
from ~70 ppb to ~35 ppb and was on averaged ofpb4 phe NO concentration decreased
rapidly below the detection limit (0.1 ppb) of thealyzer after twilight. VOC measurement
were made with cartridges during the night measargrand mean values are shown in Table
6. Toluene and m,p-xylene were having the highestentration with 2.54 ppb and 1.56 ppb
respectively. The VOC concentration increased aloith the CO and N@concentration

during the night indicating that the measuremetet sertainly received the plume from Paris.
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We observed that the OH concentration decreasebofibrinstruments along with the ozone
photolysis rate, j(éD). The UL-FAGE measured higher OH concentratiomnththe
LATMOS-CIMS. The ratio between the [O&his/[OH]uiie was of 0.54 and improved to 0.65
when the UL-FAGE data were corrected for thgiQerference. The measurement of HO
showed a more complex profile. First the H@ncentration decreased from 7 % &fn* to

4 x 16 cm® at 22:00. Afterwards, we observed an increase®HG concentration up to 1.3

x 10° cm® around midnight before the HQoncentration decreases while CO and,NO
increased up to 5 x i@m®. Then, the HEconcentration stayed constant until 6 am. A sharp

decreased down to 1 x 16m* is then observed when the NEbncentration increased.

Table 5. Mean and maximum values for the diffematsurement between 22:00 and 6:00

on the &' to 58" night.
Species Mean Max
[OH]Lite / ci® 4.20+3.28 x 10 1.67 x 10
[OH]Lite / ci® 3.45+3.28 x 10 -
(O3 correction)
[OH]cms/ cmi® 2.25+3.49 x 16 1.54 x 16
[HO,] e / € 5.96+4.84 x 10 1.27 x 18
[RO2]cims/ cmi® 3.40+1.22 x 16 8.17 x 16
Kon/ st 2.68+1.98 7.79
[NO] / ppb <0.1 <0.1
[NO,] / ppb 11.9+ 4.0 215
[O3] / ppb 44.3+9.8 69.3
[HCHO] / ppb 3.6:0.5 4.4
[CO]/ ppb 122. % 50.7 191.8
j(O'D) / s* <1.7 x 10° -

Table 6. Mean and standard deviation of VOC measen¢s during the"to 5" night.

VOC species | Mean/ppb SD /pphVOC species| Mean/ppb SD /ppb
benzene 0.21 0.04/1,3,5TMB 0.26 0.06
ethyl benzene 0.08/1,2,4 TMB 0.51 0.13
heptane 0.17 0.03/1,2,3TMB 0.13 0.03
octane 0.18 0.04| m,p xylene 1.56 0.29
toluene 2.54 0.38|isoprene 3x16  4x10°
o-xylene 0.52 0.09
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The observed variation in the H@oncentration during that night indicates that H@x
chemistry was rather complex. The discrepancy bmtwhe OH measurement between the
UL-FAGE and the LATMOS-CIMS is not clear howeveetmeasurement was supported
with extensive ancillary measurements and a fuho® model simulation might help to

understand these differences.
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Figure 5. Nighttime measurement during CompOH betwiae 4 and the 5.

1* plate (top) — OH measurements from the LIF (bkdats) and the CIMS instrument (blue triangles).
The red and blue solid line are the 10 min avefagthe [OH] ;e and the [OH}us respectively. The
green line is the ozone photolysis rate,'{yd

2" plate — HQ (black squares) and RQed squares) measurements from the LIF and thSCI
instruments

3" plate — Measurement of CO (black squares)r& line), NO (green line) and Nblue line)

4™ plate — OH reactivity measurement by the MPI-CRA®C measurements

1.2.3. Profileinterpretation
In order to interpret the profiles obtained, anotlype of analysis can be performed based on
a simple calculation of the main production andstonption pathways. As already discussed

in Chapter 1, the primary production of OH is frtime photolysis of @to produce an excited
oxygen atom that reacts withy® to form OH (reactions (R 1) and (R 2)).
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O3 + hv (<310 nm)— O(D) + O, (R1)
O(D) + H,O — 2 OH (R 2)

The primary production P(OH) is then given as
P(OH) = 2x f x[O,] x j(O'D) Eqg. 1
where j(3D) is the photolysis rate of ozone and f is

k01D+H20[H20] Eg.2
[H ZO] + kolD.|,[\]2 [N 2] + k01D+02 [02]

k01D+H20

where thekoip+,0, Koip+n, andkolp+o, are the reaction rates for the reaction wig®H

and the quenching reaction with @nd N.

The highly complex mechanism of OH consumption essdthe prediction of the OH
concentration difficult however it was observedtttitee OH concentration followed a linear
relationship with respect to the f{D) ozone photolysis rate (Ehhalt and Rohrer, 2008
steady state OH concentration can be assumed t@tibebetween the OH production from
the O3 photolysis, P(OH) divided by the OH losdd§)H) via the reaction of OH with its
different sinks (e.g. hydrocarbons, O

P(OH) Eqg. 3

[OHI =1 on)

A similar relationship can be obtained for Hé&nd j(3D). Under low NOx conditions, HO

is lost mainly via its self reaction so the H&ncentration will be proportional to the square
root of j(O'D).

The empirical equation that described the relahgnbetween the OH concentration and the

ozone photolysis rate is given by

[OHorHO,] = ax j(O'D)" +c Eqg. 4

where the coefficienta, b andc represent the average influence of the chemiocat@mment
at a specific location on OH (Rohrer and Berreshelf06). The exponerii reflects the
combined effect of the different photolytic proeesgphotolysis of @ H,O,, HONO, HCHO
and NQ). The coefficient represents the chemical sources and sinks of @Hhanterm ¢

reflects the contribution of all the light indepemd processes. High linear correlation using
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this equation reflects that the chemistry involoaah be well represented by a simple model
based on the OH steady state assumption and idynthinen by variations of j(éD). The
coefficients ap andc for different campaigns were summarized by Stord.g{Stone et al.,
2012).

On Figure 6 is shown the correlation plots of gpwith OH and H® during CompOH. For
OH the correlation was observed to be independetiteoNO concentration. The data were
fitted using Eq. 4 by fixing the coefficient b to(linear fit) and by letting the coefficient b
free. The correlation obtained were similar fortbdit (0.67 for b=1 and 0.69 for b free)
indicating that 70 % of the OH variation can belaiqed by the variation of j(tD). Dusanter

et al (Dusanter et al., 2009) observed a very ioear correlation between OH and 1)
(r>= 0.16) during the MCMA campaign in Mexico in a yeolluted environment. The slope
(a) representing the specificity of the local chemyiwas of 3.33 x 16 cm® (2.05 x 18" cm

® when b=1). This value is one of the highest resbifsee Table 8) however most of the
campaigns were in remote areas (e.g MBL, Antarcti@uring the TORCH campaign,
Emmerson et al. (Emmerson et al., 2007) observeldge of 1.07 x 18 cmi® for a power
coefficient b equal to 1.06. In our case, the goedfit b was obtained to be of 0.62. This
reflects that in our condition the HOx chemistrysiemplex and that a steady state approach
in which OH is mainly produced via the; @hotolysis is not appropriate.

For HO,, the linear correlation between W@nd j(JD) for the all data sets was low with
r’=0.36. Nevertheless, we observed as expectedhbatarrelation varied depending on the
NO concentration In previous studies, the “low NgEgime” was set to be below 130 ppt for
Holland et al. (Holland et al., 2003) and below 3@ for Kanaya et al. (Kanaya et al., 2001).
The “low NO regime” is defined when the main lo$dH®, is through its self reaction. The
correlation between jtD) and HQ was observed to be dependent to the square root of
j(O'D) between 0.1 and 1.0 ppb with b=0.55. A correlat?=0.76 was obtained for NO
concentration below 0.5 ppb lower than the con@fabbtained by Vaughan et al. (Vaughan
et al., 2012) during the SOS campaign in Cap Vésde Table 9). Between 1 and 2 ppb, no
correlation can be observed between'fPand [HQ)], this transitional regime was observed
between 0.3 and 1 ppb by Kanaya et al. (Kanay&,e2G01). Above 2 ppb, the correlation
between j(3D) and HQ was observed to be linear indicating that.Hi@dicals might be lost
principally by reactions with molecules other tHd@®, (Kanaya et al., 2001). All the results
from the data analysis for OH and K&e given in Table 7.
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Figure 6. Correlation of j(&D) with OH (left) and HQ (right).

The correlation coefficients for linear regression analysis are 0.67 for OH @36 for HQ
for the all data set.

Left panel — The solid lines correspond to the hoear regression fit using Eq. 4 for a fixed
b and for a fee b. Right panel — Correlation of pwith HO, with different NO
concentration.

The data were binned in different categories cpoeding to different NO concentration
range. Black squres: 0.1<NO(ppb)<0.5; Red squér&sNO(ppb)<1.0, Green lozenges:
1.0<NO(ppb)<1.5, Dark blue triangles: 1.5<NO(phs Light blue triangles NO(ppb)>2.0

Table 7. Summary of the coefficients obtained fiem 4 for OH and H®

al/ 10t cem?® b c/ 1 cm? r?
[OH] 3.33+0.15 0.62 +0.03 0.46 +0.12 0.69

(2.05 + 0.03) @) (1.40 £0.05)  (0.67)

al10%cm?® b c/ 10 cm? r?

0.1<NO(ppb)<0.5 1.00+0.46  0.55+0.05 4.16 £ 0.37 0.76
0.5<NO(ppb)<1.0 9.06+1.38  0.55+0.08 5.04+1.24 0.58

[HO,] 1.0<NO(ppb)<1.5 - - - 0.08
1.5<NO(ppb)<2.0 - - - 0.17
NO(ppb)>2.0 7.32£2.10 0.91+0.19 -2.24 +2.06 0.69

The concentration of OH showed good correlatiorfumstion of j(O'D). The coefficients
obtained are in the same range as previously obdeRor HQ, we observed a dependence of
the correlation with j(¢D) as function of the NO concentration. Under lov® Nondition
(NO < 1.0 ppb), the HOconcentration was dependent to the square dD)(@hereas the
dependence was observed to be linear at high NCeatmrations (NO > 2.0 ppb).
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1.2.4. HO,/OH concentration ratio

The HQ/OH ratio is an interesting parameter as it depemdthe processes that interconvert
HOx radicals. The H&OH ratio depends on the NOx and the VOC conceatraDH reacts
with VOC, CO and @to produce H@whereas H@reacts with NO and £Xo regenerate OH
thus the ratio HQOH is decreasing when the concentration of NOeased. During the
CompOH campaign, the NO concentration was on aeerafj2.4 + 3.6 ppb with peaks up to
~20 ppb. On Figure 7 is represented the M® ratio measured as function of the NO
concentration. Observed ratio varied between 101&@dfor NO concentration between 0.1

and 20 ppb.

1,000

100 =a

[HO,]/[OH]

10

!’!ii
i

0.1 1 10 100
[NO1/ppb

Figure 7. Correlation plot between the $#QH ratio and NO
Red squares are the mean calculated on binned NO da

Dusanter et al. (Dusanter et al., 2009) summariredcampaigns in urban and in suburban
areas in which the H{OH ratio was measured. The results obtained dufiojmpOH are
consistent with the previous observations. Durif@RCH campaign, the HEODH ratio
varied from 10 to 70 for NO concentrations betw8ehand 9.9 ppb similar to our conditions

(Emmerson et al., 2007).
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Table 8. Summary of the correlation between [OH] g0'D)
a, b and c are in molecules €nAdapted from Stone et al. (Stone et al., 2012)

Campaign Location Year a/10" b d10° r? References
POPCORN Rural Germany 1994 3.9 0.95 0.04 £0.01 6 0.8 (Holland et al., 1998; Rohrer and Berresheim6200
ALBATROSS | Remote Atlantic Ocean 1996 1.4 1.3 0.2D24 0.72 (Brauers et al., 2001; Rohrer and Bkeies, 2006)
BERLIOZ Rural Germany 1998 2.0 0.95 0.43+£0.02 10.9 (Holland et al., 2003; Rohrer and Berresheim6200
MOHp Rural Germany 1998-2.4 0.93 0.13+£0.01 0.88 (Rohrer and Berreshed@6p

2003
MINOS Coastal Crete 2001 2.2 0.68 0.01 £0.05 0.90(Berresheim et al., 2003; Rohrer and Berresheim,

2006)

NAMBLEX Coastal Ireland 2002 1.47+0.08 0.84+H.0 0.44+0.06 - (Sommariva et al., 2006)
TORCH Urban UK 2003 1.07+0.04 1.16+0.05 0.6263 - (Emmerson et al., 2007; Stone et al., 2012)
CHABLIS Antarctica 2005 0.25+0.16 0.74+£0.04 DHAO012 - (Bloss et al., 2007; Stone et al., 2012)
RHaMBLe Coastal Cape Verde 2007 1.73+0.57 0.02&% 0.9+0.45 (Stone et al., 2012; Whalley gt24110)
OP3 Tropical forest Borneo 2008 0.94+0.11 0.6u09 0.20+£0.07 - (Stone et al., 2012; Whalleglgt2011)
SOS Coastal Cape Verde 2009 1.19 0.98 £0.05 0.50 0.59 (Vaughan et al., 2012)
OPALE Antarctica 2011 1.58 0.56 0.03 0.71 (Kukuaket 2012)

Table 9. Summary of the correlation between jHahd j(O'D)
a, b and c are in molecules €niNO] is in ppb.

Campaign Location Year  [NO] a b d10° r? References

SOAPEX Coastal Tasmania 1999 <0.002 - 0.49 +£0.03 - - (Creasey et al., 2003)

ORION99 Coastal Okinawa 1999 <0.3 - ~0.5 - - (Kanaya et al., 2001)
>1 ~1.0

BERLIOZ Rural Germany 1998 all data - - - 0.36 (ldod et al., 2003)

SOS Coastal Cape Verde 2009 <0.1 4.72 053+002 5 7 0.88 (Vaughan et al., 2012)
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1.3. Summary of the CompOH campaign

The intercomparative measurement between the ULEAGd the LATMOS-CIMS was a
success. The two instruments measured simultanedushg 3and a half days. The last day
of the intercomparison was not taken into accownthe two instruments measured very
different profiles. The reasons for these obseowatiare not clear and investigation is under
way. The correlation between the two instruments waod with ¥=0.75. The slope
indicating the absolute agreement between the bidF the CIMS was of 0.87 within the
uncertainty errors of the two instruments and aeraept of 5.74 x 0cmi®. However, when
analyzing individual days we observed a great digpaith significant intercepts. During the
nighttime measurement the UL-FAGE measured 40% rtiae the LATMOS-CIMS. The
possibility that one or both instruments were scibfe interferences is raised. For the UL-
FAGE, no discrepancies were observed when it waspaoed with the FZJ-LIF in the
SAPHIR chamber. A future model study might helpibalerstand these disparities.

In a second part, the interpretation of the OH B profile as function of the photolysis
frequency was made. For OH, we observed that teenigtry during CompOH could not be
assimilated to a simple steady state. The E@ncentration was observed to be dependent to
the square root of j(tD) at low NO concentration (NO< 0.5 ppb) in agreameith previous
studies. For NO concentration higher than 2 ppe,dependence between Kénd j(OD)
was linear. The ratio HfLOH was shown to vary between 10 and 120 for NCceptration
varying between 0.3 and 20 ppb.
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2.  SURFIN

The project SURFIN was lead by the Laboratoire GaiRrovence (University of Provence)
in collaboration with the PC2A (University of Lilend the LISA (University of Paris 7 and
12). The aim of the project was to study indoomaiséry and its impact on air quality.

In recent years, more attention was given on in@aroguality as people in urban areas spend
almost 90% of their time indoor (Finalyson-Pittgldritts, 2000). The main indoor pollutants
can be emitted from indoor sources, transporteth fomtdoor or produced indoor through
chemical reactions. Sources of indoor pollutants @arious from cooking to cleaning
products or smoking with emissions of particles,, G@x and VOC.

For NOx species, observations have shown that indoocentrations were generally higher
than outdoor concentrations especially when conoustources were present in the room.
Otherwise, the indoor and outdoor concentrationsevgdown to have similar concentration
profiles since removal of NO and N@ relatively slow on surfaces (Finalyson-Pittsl &htts,
2000). HONO is a major indoor pollutant (Finlaydeitts et al., 2003) and the reaction of
NO, on surfaces in the presence ofHvia (R 3) is known as a major source

2NO, + H,O [0 T, HONO + HNG (R 3)

HONO can also be directly emitted from gas stoved @ncentrations up to several tens of
ppb were measured in indoor environments (FeboPamdno, 1991). HONO concentrations
increased rapidly in an unvented room in the preserfi NQ whereas they decrease rapidly
when the room is vented (e.g. windows open). FoC\&pecies, indoor sources are numerous
(e.g. carpets, furniture polish, room freshenerwith concentrations generally higher than
outdoor. OVOCs such as aldehydes and ketonessra@along the volatile species which are
directly emitted indoors. In contrast with the otlgas species, concentrations of ozone, a
strong outdoor pollutant, are generally lower indammpared to outdoor since it is
decomposed on surfaces or titrated with NO to preddQ (Finalyson-Pitts and Pitts, 2000).
Indoor gas phase reactions are mainly dominateithdoypzonolysis of alkenes which initiates
radical chemistry through the formation of OH. Tdieemistry is then similar to the outdoors
chemistry where hydrocarbon species are oxidize@Hyto produce peroxy radicals which
generate HQIin the presence of NO. Finally, H@ recycled to OH via the reaction with NO.
Reactions of @with alkenes are slow and steady state OH coratgonis were estimated to

be of 1.7 x 10 cm™ assuming indoor ©concentration of 20 ppb (Weschler and Shields,
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1996) and typical alkenes concentrations (up to jgl). Weschler and Shields (Weschler
and Shields, 1997) reported the first indirect md®H measurements. They measured the
decay of 1,3,5-trimethylbenzene concentration aftgrcting G (~100 ppb) and d-limonene
(~100 ppb) inside a room. 1,3,5-trimethylbenzeag the advantage of only reacting with the
OH produced from the ozonolysis of d-limonene. Arrage OH concentration of 7.5 x°10
cm® was found. For more information, indirect measweeta and model study of the OH
indoor chemistry were reviewed by White et al. (Whet al., 2010).

One of the major differences between indoor andlat is the lower photolysis rates.
Outdoor the radical chemistry is driven by photauoleal reactions which are initiated by the
photolysis of species such; ©r HONO. Indoor, photolytic sources of radicale atrongly
reduced as regular windows (BK7) have only a lam$mission in the UV spectral range and
the ratio of visible light transmitted versus Ught transmitted was estimated to be of ~3 to
5 (Carslaw, 2007). On Figure 8 is represented t&&l8 spectrum in the UV along with the
light transmission through a BK7 glass window.
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Figure 8. HONO spectrum and light transmissionulgioa BK7 glass window

Carslaw (Carslaw, 2007) performed a model studyvimch a detailed chemical model
(MCM) was used to investigate indoor air chemisiiye results predicted OH concentration
up to 4 x 18 cm® and up to 10 ppt (~2.4 x 48m?) for HO,. In the base case scenario, the
outdoor photolysis rates were calculated usingse€am scattering model (Hough, 1988) and
the transmission in the visible was assumed to &£10% and in the UV Jy= 3%.
Sensitivity tests were made for different photaysate intensities considering the only two
previous studies from Nazaroff and Cass (Nazaraftl &Cass, 1986) (&ine=0.7%,
Tuv=0.15%) and from Drakou et al. (Drakou et al., 190Rsine=25-30%, Tv=70-80%).
Using the light conditions from Drakou et al. (Doaket al., 1998), the OH concentration was
increased by 248% and by 54% for Fhereas using the light conditions from Nazaroid a

189



Ambient HOx measurements : CompOH, SURFIN

Cass, the OH concentration decreased by 41% alathgtike HQ concentration by 8%.
These findings highlighted the importance of thdoior photolysis rate intensities. Especially
the transmission in the UV causes uncertaintiece@ming the concentration of OH which
can be produced indoor through photolysis phenomé&he is why as recommended by
Weschler (Weschler, 2011) in a recent review oroamdhir, direct indoor measurements of
OH concentrations are strongly needed.

The OH radical concentration measurement indooratt@snpted in a classroom in Marseille
city centre in July 2011. OH and HQ@adicals were measured using the UL-FAGE, others

measured species were HONQ, NOx, aldehydes, photolysis frequencies and VOC.

2.1. | nstrumentation

The UL-FAGE performance during the SURFIN campasygiven Table 10. The UL-FAGE
was calibrated twice at the beginning of the cagypand in the middle of the second week.

Table 10. Performance of the UL-FAGE during SURFIN
C is the sensitivity in cts/s/cBmW, LOD is the limit of detection in cthfor S/N=2

C LOD (1 min) LOD (10 min)
OH 1.58 x 10 4.5 x 10 1.4 x 16
HO, 6.11 x 10 3.7x16 1.2x 16

The UL-FAGE was placed close to a window (approxetyal.5 m) on the West-East axis so
that the nozzle was irradiated by direct sunlighthie late afternoon from 17:00 to 19:00. The
LICOR instrument (LI-1800) that measured the phatial rate frequencies was placed close
to the FAGE nozzle. All the other measuring instemts were located in the adjacent room.
The following instruments were used in the campaigrone analyzer (TEI, 42i), NOXx
analyzer (TEI49i TL), a specific analyzer for theasurement of HONO (NITROMAC), a
Fluorescence Assay by Gas expansion instrument BEJA@ Proton Transfer Reaction Mass
Spectrometer Time of Flight (PTR-TOF-MS), a SMP$a(® Mobility Particle Sizer) and
photolysis rates were measured with a spectroragtem({LI-1800). Four powerful fans were
installed in each corner to ensure air homogenedigle the room. A stainless steel sampling
line was setup from the middle of the measuremdstscoom through the door to the

communicating classroom where all the instrumergsevget up (Figure 9).
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Figure 9. Schematic representation of the positibthe UL-FAGE and the LICOR in the
classroom.

/

2.2. M easur ement pr otocol

The measurements were performed between July, d9alg, 28 2011 in a classroom with
dimensions of 7.00x6.50x3.74 m (total volume 179).rhe air exchange rate (ARE) was
obtained by measuring the decay of acetonitrilé thas injected through the main door
before each experiments.

Two to three experiments of 4 hours were carried & different times of the day,

corresponding to different light intensity leveis:the morning (11 00 a.m. to 15.00 p.m.),
afternoon (15.00 p.m. to 19.00 p.m.) and night@21p.m. to 00:30 a.m.). The first hour of
each experiment was used as a blank before ditfét®a concentration levels were injected
(from 50 to 180 ppb) inside the room with differealative humidities (from 30 to 80 %) to
enhance the production of HONO. Between each exat the room was vented by opening
the windows and the main door for 30 min. In tw@exments, no N@was injected inside

the room so the measurement was made with ambient N
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2.3. Results and discussion

The indoor photolysis frequencies of HONO, HCHO a@¢ indoors were measured
continuously. The photolysis rate of HON@Qejo, Was in the range of 4 to 8 x 16 for the
time period in which direct sunlight shone onto EhW€OR (in the evening between 17:00 and
19:00). For the rest of the dayojio Was in the range of 2 to 4 x 1@™. The photolysis
frequencies of other species (ozone and formaldshwhich could potentially represent a
source of OH and HOwere always below the detection limits of the sradiometer (10
s1). The transmission spectrum of the light througgwindow was not characterized. The O
concentration stayed always below 10 ppb during eadperiments. Measured HONO
concentrations varied from 5 to 15 ppb dependinghenNQ concentration and the relative
humidity.

On Figure 10 is displayed the averaged concenirgtimfile averaged over 6 days of
measurements (from the 2@ip to the 28) where the conditions were similar. On thé"19
the LICOR instrument was located further away frohe FAGE nozzle. Afterwards,
considering the sun trajectory, the LICOR was plage the same axis to the FAGE nozzle.
On the 3 last days, experiments introducing pelgiand burning candles within the room
were conducted for other purposes (study of theaohpf soot particles on indoor chemistry
or degradation of pesticides indoor) and in consage are not taken into account in the
present analysis. In the morning measurement peribé OH concentration was
approximately of 4 x 10 cm® whereas for the night measurement period the OH
concentration stayed below or close to the limidefection of the UL-FAGE around 2 x°10
cm®. When the sunlight was directly striking onto thezzle concentrations up to 1.5 x°10
cm® were measured. For HCthe concentration stayed always below 2.5 %cio® (1 ppt).
The HQ concentration did follow the OH profile when lighiis on the nozzle.
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Figure 10. Averaged over 6 measurement days
The grey zone corresponds to the time period whemdom was purged.

On Figure 11 is represented the measurement pextbon July 21 Two experiments were
carried out from 11:00 to 15:00 in which 50 ppbND, were injected and from 15:30 to
19:30 where no NPwas injected. The door and windows were closed1a®0 and the
HONO concentration increased up to 5 ppb. After fingt NO, injection, the HONO
concentration continued to increase up to 7 ppld.5A00, the door and windows were opened.
The HONO concentration decreased rapidly whereasamean increase in the;@nd NO
concentration due to the high exchange rate wittdamrs. After closing the door and
windows (15:30), the N®concentration increased while the NO ang @ncentrations
decreased indicating that NO was titrated witht@produce N@ The HONO concentration
increased up to 6 ppb. The OH concentration medsdueing the morning experiment was
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between 2 to 5 x £0cmi® and increased up to 1.2 x®1€m?® when sunlight hit the FAGE
nozzle around 17:30. The OH and H&ncentrations followed the HONO photolysis rate.
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Figure 11. Measurement on the 21/07.
All data were interpolated or averaged to 10 min.

It is clear that the OH formation observed in thtelafternoon is linked with the HONO
photolysis rate intensity. All the measurement detae either interpolated or averaged to 10
min and scatter plots were made to parameterizéOtheformation. The data analysis was
limited to the afternoon period (16:00 to 19:00)enhthe sunlight was passing through the
room as for the rest of the time periods no sigaiit OH formation was observed. The
averaged data were used to plot the OH concemratidunction of the product of the HONO
photolysis rate times the HONO concentration. Ttveetation coefficient obtained from the
linear regression analysis wés0.50 (see Figure 12). Another source could betwolysis

of NO,, producing @, reacting with alkenes, so that the éncentration stays low but the
OH production increases.
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Figure 12. Scatter plot: [OH] vidgnox [HONO]

[OH] as function of the product of the HONO phowi$/rate and of the [HONO], [OH] =

(2.75 + 0.79) x 18 (jnono* [HONO]) + (4.05 + 0.70) x 10 r’=0.50;

Errors are given atcl

The concentration of 1.4 x 4@m?® (juono=1.5 x 10° s*, [HONO] = 6 ppb) is to our
knowledge the highest OH concentration measuredoindt is interesting to remark that the
chemical model from Carslaw (Carslaw, 2007) predictimilar OH concentrations similar to
the concentrations measured by the UL-FAGE in tasscoom in Marseille. Of course, the
model study by Carslaw (Carslaw, 2007) was notinuaur conditions and so the absolute
measured data can not be compared. When the lighiowy scattered through the room, the
averaged OH concentration was of 4 X &6i° whereas the averaged maximum OH was 8 x
10° cm® when the sunlight directly stoke the UL-FAGE nezzTarslaw (Carslaw, 2007) ran
chemical models with different scenarios in whibh tight intensities was varied. In the base
case scenario a modelled OH concentration of 4%ch®’ was obtained. The major OH
source was the ozonolysis of aromatics (P(@k)=53 x 10 cmi® s*) whereas the photolysis
of HONO (P(OH)ono=7 x 1G cm® s') was a minor source. Monoterpenes measurement
were made using the PTR-ToF-MS but were not availabthe time of the redaction and so
the estimation of the production rate can not bedendn a second scenario, the UV
transmission was increased and the modelled OHecwration increased up to 1.3 x°1on®
now with a strong contribution of the HONO photadyas a source of OH similarly to our
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measurement when the light struck onto the nozZleis scenario is similar to our
measurement when the light struck onto the noZziging this period, the OH production
rate from the HONO photolysis peaks up to 2 %d@® s™.

However, for HQ, the predicted maximum concentration was of 8 ippthe base case
scenario and 12 ppt in the second scenario, 10stimgher than the maximum HO
concentration measured during the entire campdige.ratio ([HQ]/[OH]) modelieaWas of 600
whereas it was of approximately 20 during the entmeasurement period. A possible
explanation would be that during the same perioel,NO concentration in the room spanned
between 3 to 7 ppb whereas in the model study bssl@a (Carslaw, 2007) the NO
concentration indoor was for most of the day beloppb which in consequence increases the
lifetime of HO, and so its concentration. The low NO concentraitioitine model is explained

by the reaction of NO with £

NO + G;— NO, + G, (R4)

The ratio [HOJ]/(OH) as function of the NO concentration is regmeted on Figure 13. It can
be seen that for most of the measurements the fd@jentration was higher than 1 ppb and
so the [HQJ/[OH] was lower than the low NO condition as pmeeel by Carslaw (Carslaw,
2007).

1,000

100

10

[HO:|/|OH]

0.1 . .
0.1 1 10 100

NO/ppb

Figure 13. Correlation plot between [R(QOH] ratio and NO.
All data were interpolated to 1 min for OH and H&hd averaged to 1 min for NO

A simulation of the chemistry occurring under oanditions will be performed and will help
to understand the concentration profile of OH asll ves the low HQ@ measured

concentrations.

196



Ambient HOx measurements : CompOH, SURFIN

In recent studies (see Chapter 1, Interferencésyas observed that the OH and HO
measurements using the FAGE technique were sutgertterferences. For HQthe NO
concentration used to convert blfdto OH was set to a low value so that the interfee due

to the detection of ROspecies was diminished. For OH, some tests usisig @ere
performed at the end of the field campaign in teeiqud when the nozzle was exposed to
direct sunlight. But due to the short direct sumiigeriod and the weak sunlight on this day,
no conclusion can be drawn. However, the facttt@tOH signal was very low except when
the sun was striking the nozzle proves that pheisligy sunlight is the major source of OH
signal, while interferences due to species like FBDNresent in similar concentrations during
sunlight period and in the shade do not affecinie@asurement. A potential interference could
only be due to other short live species linked piatolysis process.

24. Summary of the SURFIN campaign

The first direct measurement of OH and Hi{ddoor was a success. We observed OH
concentration up to 1.4 x 4@m* when the sunlight was striking directly onto tfeenpling
nozzle. Concentrations of 4 x°1€m* were observed when the room was not directly atsol
At night, the measured OH concentrations were ctsleelow the limit of detection of the
UL-FAGE (LOD = 2 x 18 cm®) indicating that even during the morning when ostgttered
light entered the room, non-negligible photolytousces of OH existed. OH was observed in
both forced conditions when NOwas injected inside the room to enhance the HONO
formation as well as when no injections were mab& indoor photolysis of HONO is
confirmed as a potential source of OH radicals withduction rates. The Honcentration
was always measured below 1 ppt. The OH concemtrattas observed to be highly
dependent on the photolysis rate intensities whity during the course of the day. The
orientation of the room as well as the size ofwhedows will affect the OH concentration
and thus the position of the measuring instruméntdeterminant. The modeling of the
experiment will probably help to understand theembed profiles. For future investigations of
the indoor radical chemistry, the choice of themnas of high importance. It is also clear that
the radical concentrations throughout the room il variable with higher concentrations
close the window and lower in the center of thewo®he time of the day as well as the time

of the year will be determinant.
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Conclusion

In this chapter we have presented the preliminasylts of the two campaigns in which the
UL-FAGE was deployed in the summer 2011. The UL-EAfas intercompared for a second
time during CompOH: after the intercomparison tmther FAGE within the SAPHIR
chamber, a comparison was made in ambient air lasdtime with another technique, the
LATMOS-CIMS. The results obtained show a good datren between the two instruments
however some discrepancies were observed: duriegdty significant intercepts were
obtained from the linear regression analysis amigitt the UL-FAGE measured 40% more
than the LATMOS-CIMS. We hope that a box model migielp to understand the
discrepancies as no clear correlation of the f@id]cums/[OH]Lie Was observed as function
of NO, G; and HO.

During SURFIN, we reported the first direct measwueat of OH indoor. Concentrations as
high as 1.5 x 10cm® were measured when the sunlight was shinning theeFAGE nozzle.
The correlation betweemndgno[HONO] and the OH concentration indicated that [MQ|
was a major source of OH indoor. Background dé&y @@ncentrations of 4.5 x 1@m*
were measured on average. At night, the OH coratéomt was below or close to our limit of
detection, 2.0 x Tocm®. During the day time, the correlation betwegs\p[HONO] and the

OH concentration indicated that [HONO] was onehaf tnajor source of OH indoor.
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OH reactivity set-up : Application to ambient aathdratory measurements

I ntroduction

The OH radical due to its high reactivity goverhs tifetime of most trace gases of biogenic
and anthropogenic origins present in the troposphé&s mentioned in Chapter 1, the
oxidation of hydrocarbons with OH radicals in thegence of NOx leads to the formation of
secondary products such as &d PAN. The rate at which OH radicals react wibst of
trace gases is called OH reactivity. Three diffetechniques have been developed for the
measurement of the OH reactivity and were describ&thapter 1. In Lille, in parallel to the
development of the FAGE instrument for the quardiion of HOx radicals, we adapted the
set-up for the measurement of the total OH reagthwy coupling the FAGE cells with a laser
photolysis cell such as developed by Sadanaga € adlanaga et al., 2004). In the first part
of this chapter, we describe the Lille instrumemd she different tests that were run in order
to validate the instrument. In a second part, wes@nmt the results of the intercomparative
measurement between the UL-OH reactivity instrusenth two other instruments based on
the CRM method during the CompOH campaign in J@¥12 This is the first report of an
intercomparative measurement of OH reactivity tégpies in ambient air. In addition to OH
reactivity measurements, the OH reactivity set-@s wsed to perform kinetic measurements.
In the last part of this chapter, we present tseilte of the study of the reaction between
excited NQ with H,O as a potential source of OH radicals in the tsppere.
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1. Development of the UL-OH reactivity system

The UL-OH reactivity system was built following therk of Sadanaga et al. (Sadanaga et al.,
2004). A photolysis cell was coupled to a FAGE telineasure time resolved OH radicals by
LIF at A=308 nm. OH radicals are produced in the photolgsit from the UV photolysis

(A=266 nm) of Qin the presence of water vapour.

O3 + hv (A=266 nm)— O('D) + O (R1)
O(D) + H0 — 2 OH (R 2)

The OH decays are measured taking advantage dfigherepetition rate of the fluorescence
excitation laser used on FAGE instruments that ides/high time resolution up to 100 pus.
For the UL-FAGE, the high repetition rate laser wgaserally triggered at 5 kHz and so a
time resolution of 200 pus was achieved.

Two different configurations were tested; eitheg phhotolysis cell was set along the FAGE
cells (called “on-line configuration”, OLC) or penpdicular to them (called “ninety degree

configuration”, NDC) as shown on Figure 1.

In Out
266 nm ‘ll
pulsed laser —'1 "_H
u_I T j_ 1 1 l_u
r>
OoLC e
Out 308 nm high el
" NO -+ I ) i
repetition 1 o7 |
266 nm rate laser |
pulsed laser T >
'-| An () === Pump ]
—
2 |
- ___J 308 nm high 1 ¥
repetition AT |
rate laser _l NDC
308 nm high 308 nm high
repetition rate repetition rate
laser laser
Pump

Figure 1. Configuration set up for kinetic and teaty measurement.
Left — On line configuration, Right — Ninety Degreenfiguration

Generally, the photolysis laser and the excitati@ne running independently. The photolysis
laser repetition rate can be varied from 0.1 tdH¥Chowever we usually preferred a rate of 1
or 2 Hz depending on the flow conditions in orderéfresh the gas mixture between each

photolysis laser pulse.

208



OH reactivity set-up : Application to ambient aathdratory measurements

One delay generator was used to trigger the detestistem, i.e. the FAGE system including
the LIF laser, the switches, the CPM, the referamatesignal acquisition. But contrary to the
guantification mode, the start of the acquisitiédrOdd and the HQ@ cell signals was triggered
with the Q-switch of the photolysis laser. The mitygis laser is either triggered internally or
using a second delay generator depending on the df/photolysis laser (different models
have been used during this thesis). Since the 5dxditation laser is running independently
from the photolysis laser, all points recorded with time window of 200 us are considered
equivalent, giving a resolution time of 200 ps.sT'hmethod is possible, because the kinetic
decay rates generally measured are on the tenglisecond timescale, so the jitter of 100 ps
resulting from the non-synchronization of the twedrs can be considered negligible.

Both photolysis cells are made of aluminium, closadne side by a Suprasil quartz window
(CVI Melles Griot) mounted on flanges which alloetphotolysis laser beam to enter. In the
OLC, the photolysis cell is a cylinder of 48 cm dowith an internal diameter of 5 cm. The
other end is connected to the sampling cone oFABE cell. In the NDC, the photolysis cell
is a square tube of 100 cm long with an interndé ©if 6 cm. The distance between one end
and the sampling nozzle to the FAGE is of 50 cnr.the NDC, the other end is equipped
with a window similar to the first one and a beaumg is used to trap the laser beam. For
both cells, gas is introduceta Swagelok fittings at the quartz window end, at dliger end
four more Swagelok fittings are mounted equallycsgaaround the cylinder: these fittings
allow a pump to be attached along with additiormahgling instruments (§) NOx, HO) as
well as pressure/temperature monitoring.

The validation of the two configurations was subjgfca paper by Amedro et al. (Amedro et
al., 2012) and only the main results are preseht@. In principle the measurement is
straightforward: OH radical are generated from phetolysis of Q and the OH decay is
recorded however the profile analysis needed totlgeetOH reactivity is subject to careful
considerations. Sadanaga et al. (Sadanaga etO@4) »bserved that the OH decays were
displaying a strong double exponential decay where first rapid component was
hypothesised to be due to perturbations by the lsiset. In consequence, only the second
component of the OH decay was taken for the tokalr€activity measurement which was the
combination of the true OH reactivity and OH phgs$idiffusion in the flow tube. By
changing the laser beam profile from a Gaussiara(@@iRay INDI-40, Spectra Physics) to a
top hat (Tempest 300, NewWave Research), they vddexr change in the OH decay profile
from a double exponential to a single exponentiecay (Y. Nakashima; personal

communication). Lou et al. (Lou et al., 2010) usthg same method did not observed the
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same OH decay profiles as Sadanaga et al. (Sadabada 2004). A possible explanation
would be that in their set up the laser photolygam is expanded to increase the ratio of the
photolyzed volume versus cell volume and so redoedirst rapid physical loss of OH.

Using the flash photolysis method, the main unaetas due to the choice of the starting
time of the exponential fit relative to the photi/shot. Indeed, during the first few ms, both
physical diffusion of the OH in the photolysis calid chemical processes are affecting the
OH decay. In consequence, the start of the fit s¢ede determined. This can be done by
measuring the bimolecular rate coefficients of avin reaction. This will also affect the
range of decay rates that can be measured byasle flhotolysis method because longer the
physical phenomena last, the later the fitting tcaa start thus limiting the measurement of
fast decay due to the lack of measurement pointsefample, decay faster than 4bfer the
TMU instrument (Y. Nakashima, personal communiagtiand 60 ¢ for the FZJ instrument
are not measured accurately. Lou et al. (Lou et28110) observed a deviation from the
linearity between the calculated and the measuceddécays greater than 60 $-18%
deviation for decays of 100's

For the UL-FAGE, a series of tests were carried iaubrder to understand the physical
processes occurring after the laser photolysisepuls both configurations, the OH decay
profiles are composed of a rise followed by a dea&éych can either be represented as a
single or double exponential. The main issue dai@rmine when the chemical reaction does
dominate over the physical diffusion. Severalritiprocedure were tested to reproduce the
observed signals: single exponential decay, sirdponential rise follow by a single
exponential decay and single exponential rise ¥l by a double exponential decay. For
reactivity measurement purposes, care was takehdse a starting time for the fits where
physical effects were diminished and so the usa single exponential equation to fit the
decay profile was possible.

Strong physical diffusion phenomena occur when @éicals are produced only in a small
volume compare to the cell volume. It takes longerreach homogeneity of the OH
concentration inside the photolysis cell is longereach and will thus affect the decay profile.
By expanding the laser beam the impact of the physffect can be reduced as shown on
Figure 2. However as the laser beam is expandedribryy density is decreased along with
the signal intensity. To validate the technique #relfitting procedure rate constants of well
known reaction was measured for both configuratidie kinetic measurements were made

under pseudo first order conditions where the coimagon of the reactant, X was much

210



OH reactivity set-up : Application to ambient aathdratory measurements

higher than the concentration of OH. The kineti@mw@ement was made for reactions of OH

with CH,, CO and GHg in both configurations. Results are given in Tahble

CH, + OH— CHs + H,0 (R 3)
CO+OH+ Q- CO;+ HO, (R 4)
CsHg + OH— CzH7 + H,O (R 5)

o Zero air - non-expanded beam

o Zero air - expanded beam

OH Signal / a.u.

Time (s)

Figure 2. Comparison between two OH time decay profiles no zér in the NDC: Non-
expanded beam (dia~0.6 cm), expanded beam (diar®.0The solid line corresponds to a fit

using single exponential rise followed by a doubtponential decay 0=9.7 s*. The dashed
line represents a fit using a single exponentiabgigk o = 13.9 §'.

Table 1. Summary of the rate coefficients measurdxth configutations at 296 K
Reference values are given from (Atkinson et &06)

Kcha+oH Kco+on Kcans+oH
Non-Expanded Expanded Non-Expanded Non-Expanded
NDC (72+0.7)x 10> (5.8+0.1) x 16° (2.7+0.2)x10° (1.04+0.7) x 10°
OLC (6.2 +0.2) x 18° (25+0.7) x 18° -
Reference (6.0 + 0.2) x 10° (2.3+0.7) x 13° (1.05 +0.7) x 10?

The advantages and drawbacks of the OLC can beareahpo those of the NDC. In the OLC
air is sampled from the centre of the photolysetlime, in line with the macroscopic gas
flow direction, therefore the influence of physiedfects such as diffusion are decreased. As
the initial increase in signal is fast but non-exgatial, the fitting of the OH decay is started
after a fixed delay with respect to the photolylser. This delay has been deduced
empirically by measuring well-known rate constafisom the measurement of well-known
rate constants, we estimated that decays of up@s2can be measured in this configuration.
Beyond 200 3, the linearity was not fulfilled. In the NDC ai sampled from the extremity

of the photolyzed volume at 90° with respect torttecroscopic gas flow direction. Therefore,
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in this configuration physical effects such asufon and probably turbulences influence the
OH profile much more. The rise is slower and expiaé functions enable the fitting of the
complete profile. Depending on the size of the plysed volume, either mono- or
biexponential decays will be used to fit the exmemtal traces as good as possible. Decays of
up to 100 & can be measured in this configuration. Even thofagter decays can be
measured in the OLC configuration, a major drawbaickhe OLC is that the entire FAGE
cells must be rotated by 90° from their quantifimatconfiguration, making switching from
guantification to reactivity mode slow and tediolibe NDC does not require this rotation,

and therefore a faster change is possible, an tapoissue during field campaigns

2. Intercomparative measurements during CompOH

OH reactivity measurements have become systematimgl field campaigns since the
measurement of OH total loss helps to increasautiterstading of the HOx chemistry. To
date, almost 30 field campaigns with measuremeht©ld reactivity were reported in
different environments. Total OH reactivity in urbareas such as Tokyo (Yoshino et al.,
2006, 2012), New York (Ren et al., 2003), MexicayCiShirley et al., 2006) or Paris
(Dolgorouky et al., 2012) was measured in rangmfd® to 200 3. In these environments,
OH reactivity was dominated by the reactivity oésigs emitted from anthropogenic sources
such NQ, alkenes and aromatic species. Measurements Wgree@nducted in coastal areas
(Lee et al., 2009) and in environments dominatedth®y emission of Biogenic Volatile
Organic Compounds (BVOC) (Carlo et al., 2004; Niéscet al., 2012; Lou et al., 2010;
Whalley et al., 2011). As already discussed inGhapter 1, OH reactivity measurement can
be compared to calculated OH reactivities. CaledlaDH reactivities are obtained by
summing product of the concentration times the baadar rate coefficients of each reactant
(e.g. NQ, CO, VOC) with OH. In many cases, it was obsertleat the calculated OH
reactivity was smaller than the measured OH reiigtimdicating that a portion of reactive
species reacting with OH were not measured. THerdifice between the measured reactivity
and the calculated one is called missing reactiitgpending on the conditions and also on
the availability of supporting VOC measurements (BTR-MS), it was shown that up to
90% of the measured OH reactivity was not explaitednost works, the unknown reactivity
is attributed to secondary oxidation products s Oxygenated Volatile Organic
Compounds (OVOC) and also primary emitted prodscish as undetected monoterpenes
(Carlo et al., 2004; Lee et al., 2009; Ndlschalgt2012; Yoshino et al., 2012).
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Up to date, OH reactivity measurements were madeg s different methods described in
Chapter 1 and none of these methods were interaetp®uring the second part of the
CompOH campaign, an intercomparative measuremeok folace between 2 CRM
instruments and 1 flash photolysis method. Unfataly, measurements from the LSCE-
CRM were only available for the last three dayshaf campaign and only for one day and a
half for the UL-OH reactivity. In the following ps; we present the preliminary results of the

OH reactivity intercomparative measurements.

2.1 Experimental conditions

Three instruments were intercompared. The two CRWPI{CRM and LSCE-CRM)
characteristics can be found in the Table 4 inGhapter 1. A detailed description of the UL-
OH reactivity system during CompOH is given in tbdowing paragraphs. The two CRM
instruments are very similar and were describeceaent studies (Dolgorouky et al., 2012;
Nolscher et al., 2012). The CRM technique is veffeent from the flash photolysis method.
First, the total OH reactivity is determined indilg by measuring the concentration of a
reagent (pyrrole) in different environments (withidawithout artificially added OH radicals
and in zero air and in ambient air) using masstsp@etry. In the flash photolysis method the
OH decay is measured directly by LIF. In Table Zisnmarized the performances of the
three OH reactivity techniques that were intercoragaluring CompOH.

The flash photolysis technique has a better limdetection than the CRM however the CRM

has larger dynamic range since they can measuree@ttivity up to 300

Table 2. Performances of the 3 OH reactivity teghas during CompOH

Groups Method LOD /5 Kmax/ S* time res. / Uncertainty
(20) S (10)

MPI, Mainz CRM/PTR-MS 3-4 300 10-60 16-20 %

LSCE, Paris CRM/PTR-MS 3 - 120 20 %

University  of| Flash 0.6 100 30-120 15 %

Lille photolysis/LIF
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21.1 UL -OH reactivity

During CompOH the ninety-degree configuration wasferred as we changed from the
guantification mode to the OH reactivity mode ie timiddle of the campaign. Installing the
OH reactivity system in the OLC is time consumingce the FAGE cells need to be set
horizontally. On July 8 the FAGE cells were moved inside the container taedphotolysis
cell was installed on top of the FAGE cells. A 1dong 3/8” Teflon line was installed on a
mast on top of the container to sample ambientvéir a rate of approximately 12 L/min. 9.5
L/min were pumped through the FAGE cells and ~2rhih were sampled by an additional
diaphragm pump set at the end of the photolysisicerder to increase the refreshing time.
The pressure in the cell was lower (P~725 Torr tenospheric pressure due to a restriction
of the flow through the Teflon line. The pressuneghe FAGE cells was equal to 1.72 Torr.
OH was produced from the photolysis of ambiegtwith a 266 nm laser expanded beam
(dia~20 mm) with a frequency of 2 Hz (Quantel Baitit B). The laser beam was aligned to
be in the middle of the photolysis cell. The laseergy was of 10 mJ which corresponded to
an energy density of 0.9 mJ/énThe photolysis laser energy was observed to di#esand
measured using a photodiode (Hamamatsu, S1722jebefdering the photolysis cell. OH
decays were measured at 308 nm with the 5 kHz SIR&Sdr. The choice was made that
neither Q nor HO was added to the ambient air sampled. This methsdhe advantage that
no dilution of the air sampled is made which eadleel data analysis. For zero air
measurements, synthetic dry air (99.9 %, Air Lig)idv/as used in which az@oncentration

of 65 ppb (using an ozone generator, Ansyco) a6 ppm of HO (using a bubbler) were
added. On Figure 3 is represented the OH decay &woraero for an accumulation of 60
photolysis laser shots.

The OH reactivity time resolution was set to beé36fs meaning that each OH decays were
accumulated over 60 photolysis laser shots. Av&@ied from approximately 10 to 50 ppb
during the measurement and ne Was added to the sampled flow the signal to nmse
(S/N) varied as function of the ambient @ncentration. To obtain the OH reactivity data a
Labview based program was developed to fit the yeceking into account the signal to
noise variations. Before fitting each OH decay, $ignal to noise ratio was checked and
compared to a chosen empirical value (typicallyF2)st, we selected a time range from 0.03
to 0.05 s, representative of the maximum signaglleand we calculated the signal mean
divided by the standard deviation. If the meandbd by the standard deviation was higher
than 2, the OH decay was fitted and the next Otaylezas analyzed. However, if the S/N
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was lower than 2, we added the present OH decdytivi following one. The S/N test was
run again and if S/N>2 the signal was fitted. lash conditions, when the reactivity was high
and/or the @ concentration was low, the time resolution wasdmed since 2 to 3 decays

were needed to be added in order to fulfil theecn.
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Figure 3. OH decay in zero a,= 4.4 + 0.2 &
[03]=65 ppb, [HO]~3000 ppm, [OH]~7 x Tcm?®
The solid line represents in a single exponengabgs. Fit starts at t=0.06 s

This represents a drawback of sampling the amlagnfi.e. no Q or HO addition) alone
which counterbalance the advantage of the nonidiiutn order to improve the system, we
recently installed a new ozone generator based ldg Eamp flow tube (UVP, 97-0067-02)
which has the advantage to provide highddncentration with a very low flow. However,
this instrument was not yet available during Comp&id using the ©diluter (Ansyco) high
flows would have been needed to increase theoDcentration.

Zero air measurement was made three times on lthen@t on the 10th at the beginning, in the
middle and at the end of the measurement. On Figjise representation of a typical zero air
measurement during CompOH. Zero air decay measmtsmeere carried out in the same

pressure conditions as ambient measurement i.3°Fafr.

215



OH reactivity set-up : Application to ambient aathdratory measurements

b
gt

o
23t
22
2 |
1 |
0 T T | T T T T T | T T T T T | T T T
12:33 12:43 12:53
Time

Figure 4. Example of a zero air measurement dCoigpOH
Error bars ared.fit error on the decay raté

The average of the zero air decay rate over tHeeezempaign was found to be 4.8 + 06 s
The minimum OH reactivity variation that can be swead with the UL-OH reactivity system
is obtained from the standard deviation of the n&fazero air decay rates. From the example
given on Figure 4, we obtained a mean of 4-Jasd a standard deviation of 0.3 So, we
estimate our limit of detection to be of 0:6at 2 uncertainty. The main contribution for the
zero decay rate comes from OH losses via physicalstbn through the photolysis cell
volume. The cylinder purity was given as 99.9 % #mal water was ultrapure (Milli-Q). In
order to know the impact of the impurity in the@air decay measurement, we estimated the
concentration these impurity species would neetbecassuming the impurity react at the
same rate of:

- isoprenek=1.1 x 10" cm?/s) (Atkinson et al., 20086), [impurity] = 1.5 ppb

- methane (k=6.0 x 10-15 éfa) (Atkinson et al., 2006), [impurity] = 25 ppm

The accuracy of the OH decay rates was obtainethégsuring the rate coefficient of the
reaction between OH and CO (R 4). The reaction stadied under pseudo first order
conditions i.e. [CO]>>[OH]. Pseudo-first order mtewere measured for different
concentration of CO and the second order rate icomit was obtained from the pseudo-first
order plot (see Figure 5).

K'= Koy co[COJ +k Eq. 1

zeroair
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A 0.1% CO diluted in M flow was mixed with zero air with £and HO. Flow rates were
controlled using calibrated mass flow controlle@®n the left panel of the Figure 5 is
represented the OH decays rates for the differétc@Gncentrations used for calibrating the
UL-OH reactivity system. On the right panel a pseticst order plot is represented where the
pseudo first order rate coefficierk'sare plotted as function of the CO concentratiéinem a
linear regression analysis (Eg. 1) we obtaineds#@nd-order rate coefficient which is in
good agreement with the recommended IUPAC valuenimvibur pressure conditions
(Korsco=2.26 x 10" cm® s?, (Atkinson et al., 2004)). The intercept of 5 2represents the

air zero decay.
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Figure 5. Plots of the OH decays for different Gidaentrations (left) and pseudo-first order

plot of the CO+OH reaction (right)

P=725 Torr, errors bars are 1
Left — Solid lines represent single exponentialaysc Right — Solid line represents linear

regression

2.1.2. M easur ement details

During the first part of the campaign, the OH reaist was continuously measured by the
MPI-CRM. The observations showed that the total @dctivity was very low with an
average of 3.6+2.3%sover the first 5 days of the campaign. The 3 imsgnts measured
simultaneously only for 1 day and a half for diéfet reasons. While the MPI-CRM was
running continuously, the LSCE-CRM got importantheical problems and only measured
from the & up to the 10. For the UL-OH reactivity, electronic problems oomed with the
photolysis laser. Fortunately, we were able toaeplthe broken components however we
were able to measure only for 1 days and a hadf ¢thafternoon and the 1. The original

plan, additional to ambient measurements, was jectirknown VOC mixtures in the three
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different apparatus and compare the measured Qdtivia However, due to the numerous
technical problems of the UL-OH reactivity and ttfeCE-CRM these experiments could not
be realised. Instead, on the last afternoon ofcdm@paign, the three sampling lines were
joined together and artificial OH reactivity wasngeated from cigarette smoke, car exhaust,
grass or melon were made in order to test theumsnts on a larger range of reactivities and
the measurement compared. In the end, only 9 hafusemultaneous ambient measurement
are available. Intensive VOC measurements alonlg Wdx, CO and @were made during
this time periods. In Table 3 is summarized thenmaad standard deviation of the ancillary
measurement between th& and the 19 of July. In addition, we assumed that the ,CH
concentration was constant and equal to 1.8 ppm.
(http://'www.ncdc.noaa.gov/oa/climate/gases.html).

Table 3. Mean and standard deviations of NO,N®, CO and VOCs between th& and
the 10" of July

Species mean + SD Species mean + SD
NO / ppbv 217 benzene / pptv 113 £52
NO, / ppbv 5+4 ethylbenzene / pptv 265 + 225
O3/ ppbv 31+10 heptane / pptv 66 + 84
CO / ppbv 110+ 25 octane / pptv 72+78
ethane / pptv 725+ 434 toluene / pptv 940 + 1133
ethylene / pptv 729 £ 522 1,3,5-TMB / pptv 107 £ 119
propane / pptv 351+484 1,2,4-TMB / pptv 200 £ 251
propene / pptv 194 + 126 1,2,3-TMB / pptv 47 £ 59
n-butane / pptv 292 +193 m,p-xylene / pptv 582 + 647
i-butane / pptv 316 £ 303 o-xylene / pptv 195 + 214
acetylene / pptv 218 £ 163 isoprene / pptv 15+15
1,3-butadiene / ppty, 345 + 350

2.2. Results and discussion

On Figure 6 is represented the measurement obothk @H reactivity by the three different
instruments along with the measurement of CO; &d NOx for the complete
intercomparison. The analysis of the results ig sgb two parts:

()  ambient measurement from th® @idday up to the TOmidday,

(i) forced OH reactivity measurement on the afterndaiuty10".
All the data were averaged or interpolated to 5.nfiar the ambient measurements, the
calculated OH reactivity was determined using thancentration of each individual

measurement and the bimolecular rate coefficientngn Table 4.
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Figure 6. OH reactivity measurement between thar@ the 10.

Top panel — Ancillary measurements: CO (black d@s)red line) NO (blue line) and NO
(green line)

Bottom panel — OH reactivity measurements: UL-OégLtivity (black dots),
2.2.1. Ambient measurements

A close up of the ambient measurement is givenigaré 7. On the 9th afternoon, the NOx
concentration was very low with concentration of ld@d NQ lower than 1 ppb. The CO
concentration was of 100 ppb. The €dncentration reached a maximum of approximatgly 4
ppb. During this first period (from 12:00 to 18:0H)e measurement by the Lille and the MPI
instruments are similar with the measurement déady OH reactivity ok’ oy(MPI) =1.62 +
0.74 §" andk’on(Lille) =1.47 + 0.34 & in agreement with the calculated OH reactivity
(calculated) = 1.43 + 0.21's During this period, the OH reactivity was domathiy CO,
CH4 and NOx and accounted for almost 75% of thal tOH reactivity as can be seen on
Figure 8. The percentage of missing OH reactivityirdg this measurement period was of
4 % for Lille and 13 % for Mainz. On the other hattte LSCE instruments displayed a very
different profile with a maximum reactivity of agptimately 10 & around 4 pm and a mean

of K'on(LSCE) = 5.40 + 2.10°5(74 % of missing reactivity). The strong disagreetrof the
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LSCE measurement was afterwards related to theanpe inside the container however

no corrections of the data were given at the tifnerding this manuscript.

k'oa(LSCE)
'ou(MPT)

15 L +  k'on(Lille)

— k'ou(calculated)

Kon/s!

0k

I
09/07 21:35
Date

| |
09/07 09:35 09/07 15:35

| |
10/07 03:35 10/07 09:35

Figure 7. Close up of the ambient measurementédyhitee instruments
OH reactivity measurements from LSCE (red dots)) igReen dots) and Lille (blue dots)
The solid line represents the calculated OH regtiv

Il [NO] I saturated hydrocarbons
I [NO;] [ Junsaturated hydrocarbons
1 [0s] I aromatics

I [CO] 1058% 3-569%
C[CH.] '

20.04%

0.2968%
4.704%

30.74%

Figure 8. Pie chart of the contribution of the elifnt measured species to OH reactivity. from
12:00 to 18:00 on July™®

During the night a pollution plume from Paris wdsserved with a sharp increase of the CO
and NQ concentrations around 3 am on thd'10he UL-OH reactivity instrument was not
measuring. The LSCE and the MPI instruments medsexéremely different profiles. The
LSCE-CRM measured a decrease of the reactivity @dsethe MPI-CRM observed a slow

increase in agreement with the calculated OH reictiOn the morning measurement of the
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10", all three instruments were measuring but nonthefn were measuring the same OH
reactivity. The calculated OH reactivity showed ttl@H reactivity was dominated in
decreasing order by the NOx, the aromatic hydranapNO, the unsaturated species and CO
(Figure 9). Comparison with different instrumenistt both CRM underestimated the OH
reactivity (the MPI-CRM underestimated by a faotdr0.6, the LSCE-CRM by a factor of
2.2) whereas the UL-OH reactivity overestimated @id reactivity by 24%. During this
period, the NO concentration was 1.98 + 0.78 ppls Well known that the OH reactivity
methods suffer from a NO interference mainly duéhrecycling of OH via the reaction of
HO, with NO which tends in both methods to underediinthe OH reactivity. The MPI-
CRM data are the only data corrected for the NGQerfatence: during the morning
measurement period, the raw data were multipliedm@rage by a factor of 2.3 in order to
obtain the final data. No correction on the OH te#y data as function of the NO
concentration was given for the LSCE-CRM and the-QH reactivity. From laboratory
measurements it was found for the LSCE-CRM fourat #t a concentration of 5 ppb the
total OH reactivity needed to be multiplied by atéa 1.13 (Dolgorouky et al., 2012).
However, the NO concentration was only of 2 ppb mreathat the correction would be less
than 10%. For the UL-OH reactivity, the dependentehe decay rate measurement as
function of the NO concentration was not yet paerfed. Nevertheless, the Lille instrument
was inspired from the Tokyo OH reactivity instrurh@nwhich a correction of less than 5 %
was estimated for a NO concentration of 20 ppb.

Definitive conclusions are difficult to draw as thiata are still preliminary and some
corrections are needed for the LSCE-CRM. Howevwemfthese results, we observed that
during an unpolluted event the MPI-CRM and the UH-@activity were in agreement within
their respective errors whereas during the modeérptdlution event on the morning of the
10", they have shown a disagreement. Even though fREQRM OH reactivity data were
corrected for the NO concentration, the OH reaistidata were lower than the calculated OH
reactivity. The NO correction on the OH reactivitieasurement using the UL-OH reactivity

instrument will be performed in the near future.
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Il [NO] I saturated hydrocarbons
I [NO,] [ Junsaturated hydrocarbons
[ [0s] I aromatics

I [CO] 11.57%
[ [CH,] '

23.49%

11.01%

1.11%
3.574%

10.01%,
0.5297%

Figure 9. Pie chart of the contribution of the eliint measured species to OH reactivity from
9:00 to 12:00 on July 10

Table 4. Bimolecular rate coefficients of the diffist organic and inorganic species measured

during CompOH.

The rate coefficients are given at T=298K and P4 For the OH reactivity calculation,

ambient pressure and temperature were used (Atkiasd Arey, 2003).

Species rate coefficients Species rate coefficients

I norganic - Unsaturated hydrocarbons

NO 1.8 x 10" ethylene 9.1 x I¥

NO, 1.1 x 10! propene 3.0 x 18

O3 7.3 x 10** acetylene 1.0 x 18

co 2.2 x10° 1,3-butadiene 2.9 x 16

isoprene 1.0 x 18

Organic

- Aromatics - Saturated hydrocarbons
benzene 1.2 x 18 methane 6.4 x 18
ethylbenzene | 7.0 x 16 ethane 2.4 x 18
toluene 5.6 x 1% propane 1.1 x 1§
1,3,5-TMB 5.7 x 10° i-butane 5.0 x 16’
1,2,4-TMB 3.3 x108° n-butane 2.4 x 18
1,2,3-TMB 3.3 x10° heptane 4.4 x 18
m,p-xylene 1.1 x 18 octane 7.1 x 1V
o-xylene 1.7 x 18

222



OH reactivity set-up : Application to ambient aathdratory measurements

2.2.2. For ced measur ements

For the last measurement period in the afternochefld’, the 3 sampling lines were joined
together (see Figure 10) and artificial OH reatgiwvas produced from melon, grass,

cigarette smoke, cola, onion and car exhaust.

Figure 10. Photograph of the experiment performeduwy 1¢' during CompOH

The aim of this experiment was to generate a higkactivity range than the ambient
reactivity. No ancillary measurements were perfatna@ring this period and so only the
profile and absolute reactivities can be lookedTae OH reactivity measurement displayed
spikes due to the presence of for example grabe @&ntrance of the sampling line. Generally,
we observed a relative good agreement betweenhtke tnstruments. However, the MPI-
CRM observed much higher OH reactivity than the otleer instruments especially the UL-
OH reactivity set-up. The main reason is that wieattants were placed in front of the line a
puff containing high concentration of VOC was sagdplDue to the high VOC concentration,
the OH generated inside the photolysis cell reagtey rapidly and in consequence it was not
possible to record any OH decays as the signabigerratio was too low. This shows one
limitation of the UL-OH reactivity system in the mfiguration such as used during CompOH
when only ambient ©is used to generate OH radicals. Ideally, by agldirtconstant high ©
concentration (60 to 100 ppb) through the photslysell, the signal will become less
dependent on the ambieng Goncentration. When car exhaust was sampled weltserved
that MPI-CRM measured negative reactivity due te thgh NO concentration (data not

corrected). During this experiment, the UL-OH reatt did not measure any significant
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reactivity because of the too high reactant comaéioh released from the car exhaust. The

problem of this experiment was the high variatidnttee reactivity which limits the data

interpretation.
40 | L cola
120 « k'ou(LSCE) \
'ou(MPT)
100 smoke CaL
- i rass . exhaust
w 80 \ g onion
Z 60T onion | I ,_ / N :
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Figure 11. OH reactivity measurement on July 1@traoon.
Lille (black dots), LSCE (Red dots), MPI(green dots

We have presented the first intercomparative measemts between three instruments that
measure OH reactivity. Due to technical problenmy @ small data set can be used for the
analysis. Preliminary conclusions show that unden-polluted conditions the flash
photolysis and the CRM technique show very goo@@gent. However, under a moderated
pollution event, we observed that, compared to d¢hkulated OH reactivity, the CRM
instruments were underestimating the OH reactivty factor from 0.6 to 2.2 indicating that
the applied NO correction was not sufficient. Tivist attempt to intercompare the CRM with
the flash photolysis technigue was a relative ssgcdt showed the need to undergo
intercomparison in a similar fashion to the comgami made for HOx quantification in more
controlled conditions. Intercomparative measuremaould be performed in atmospheric
chambers such as the SAPHIR chamber where corglitan be controlled and varied over
large ranges. The impact of NO on the measurenfédHareactivity is one of the main issue

and need to be investigated for every instrument.
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2.2.3. Correlation plots

An additional to analyze and compare the OH rergtimeasurement during the
intercomparison is to plot one measurement vemsathar measurement. Figure 12 presents a
scatter plot where the OH reactivity measuremerta geints from the MPI-CRM were
plotted as function of the UL-FAGE OH reactivitytdgoints. For the correlation plot, the
data were averaged to 5 min. Since large variativee observed on the "LGafternoon
during the non-ambient measurement, the data weskided from the scatter plots. Only
were included the data from th& @fternoon and the Yomorning. During this period, both
apparatus measured 70 simultaneous points. By iagpylinear regression to the data points,
we obtained a slope equal to 0.41 + 0.02, an iefgrof 0.82 + 0.17 5and a coefficient of
determination 7= 0.80. These results indicate that most of théatians were observed by
the two instruments however the quantitative agergms poor. The UL-OH reactivity
system measured 60 % higher OH reactivity than Mi-CRM instrument. As already
discussed previously, the most likely explanatiauld be that one or the two instrument are

poorly characterized for the well-known NO integiece.

20 =
a=041=0.02
b=0.82+0.17

15 ¢ 2 =0.80

e N=70
= 10l e

g 10

=

20

K'on(Lille) / s

Figure 12. Scatter plots of the OH reactivity meament by the MPI-CRM vs. the UL-
FAGE OH reactivity system. Data were averagedtarh Errors are given a1l The solid
line corresponds to a linear regression, y = ax+b.
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3. Sudy of thereaction between NO,* and H,O

In this work, we took advantage of the high sewisytiof the FAGE technique to study the
controversial reaction between BGnd HO as a source of OH radicals.
Indeed, a new potential source of atmospheric OBl iweently proposed through the reaction

of electronically excited N&by visible light with BO via the following mechanism

NO, + hv (A > 420 nm)— NO* (R 6)
NO2* + H,O — OH + HONO (R7)

The electronically excited NOcan also be deactivated through collisions withept

molecules
NO,* + H,O0 — NO, + H,O (R 8)
NO>* + N —» NO, + No (R 9)
NO,* + O, - NO, + O, (R 10)

Li et al. (Li et al., 2008have studied the reaction at low pressure by exehQO, in the 560-
640 nm range in the presence of water vapour amg urs-situ laser induced fluorescence to
follow the OH formation. They have reported a redv@stant for the reaction (R 7) of 1.7 x
103 cn?® st and shown that the OH generated had a linear depee with respect to energy
flux which excluded a multi-photon absorption pregeThe upper limit, defined ag/lk (i.e.
ratio between reactive quenching and collisionangphing), obtained in their work was 1 x
10°,

In a previous study, Crowley and Carl (Crowley &wtl, 1997) observed an OH formation
below 450 nm from a 2-photons absorption by,N&xading to O(D) formation followed by
the reaction with BD. Nevertheless, they did not observe OH formaio®32 nm, where the
2-photon process is not sufficiently energetic dmf O¢D), and they established an upper
limit equal to 7 x 18, more than one order of magnitude lower than trereported by Li et
al (Li et al., 2008).

Wennberg and Dabdub (Wennberg and Dabdub, 200&)rpexd a model accounting for the
result from Li et al. (Li et al., 2008)ynder polluted urban conditions. Even though this
reaction has a low yield (1 x 1) i.e. fraction of NG* that reacts with KO rather than being
guenched (reactions [(R 8)-(R 10)]) to HQa significant increase in percentage of O

concentration up to 40 % was calculated.
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The disagreement between the two studies and th&lgd® major impact of this reaction on
atmospheric chemistry lead to a new study by Caal.gCarr et al., 2009). They failed to
observe OH formation from the excited N@action with HO using an unfocused laser
excitation. The upper limit calculated from theiudy was 6 x 19 at the 3 level, in good
agreement with Crowley et al. (Crowley and Carl97P They concluded that the OH
formation observed by Li et al. (Li et al., 2008)uld have been generated from a multi-
photon process even though this possibility wasdut by Li et al. (Li et al., 2008). They
highlighted that the dependence of OH signal oarlfisence although linear had a negative
intercept which was in contradiction with a singleoton absorption process. Li et al. (Li et
al., 2009)gave an answer to this comment, they mentionedthi@gahegative intercept was
likely due to an electronic offset and that therggdluence used was higher in their study.

To conclude on whether this reaction is relevantatmospheric chemistry, we studied the
reaction using a laser photolysis cell coupledA&GE (Fluorescence Assay Detection by Gas
Expansion) cells for the detection of OH radicadsg an unfocused and a focused excitation
beam. The high sensitivity of the FAGE permits ébedt lower OH concentrations than in the
previous studies. Here are only presented higldighthe results obtained from the study of
the excited N@reaction with HO, more details can be found in Amedro et al. (Aroezt al.,
2011).

A photolysis flow tube was coupled to the FAGE aallthe 90° configuration in order to
follow OH decays. Gas was pumped continuously ftbenlaser photolysis cell (held at 11
Torr in He) through a small aperture (1 mm) inte (PAGE detection cells (1.5 Torr) at a
flow rate of 300 ccm STP. The excitation beam isegated by a dye laser (Quantel TDL50,
Rhodamine 590), pumped by a frequency doubled Yaser (Quantel YG 781C) and had a
repetition rate of 2 Hz. For the excitation of N@he dye laser beam has been used directly at
565 nm with pulse energies of 9 to 15 mJ pllswhile for the relative calibration
measurements a doubling crystal was introducedtitdaser beam ands@as photolysed at
282.5 nm in the presence of®iwith pulse energies of 3 mJ pufse

O; +hv — O(D) + O (R 11)
O(D) + H,O — 20H (R 12)

The low yield of OH formation from the reaction [} along with the low time resolution,
due to the separation between radical generatiahdatection in our system obliged the
experimental conditions to be chosen carefullyrigheo to achieve the detection of OH. The
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measurements were made at low pressure (11 TorurhReland with a maximum NO
concentration set to 2 x ¥0cm®in order to diminish the rate of the strongly depemt
reaction of OH with N@ and be able to follow the OH decay rate throughrdaction with
NOs..

Figure 13 shows the OH signals from the calibratiath O; at 282.5 nm and from the
reaction of excited N@with H,O at 565 nm under unfocused conditions (upper geg@nd

under focused conditions (lower graph b).
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Figure 13. Formation of OH radicals from @losed symbols, 3 mJ at 282.5 nm excitation)
and NQ (open symbols, 15 mJ at 565 nm excitation): gi@tunfocused excitation laser
and graph (b) focused laser.

We can clearly see that under unfocused condithen®H formation was observed from the
excited NQ reaction with HO even though the sensitivity was 3-4 times higtan in
focused conditions, due to the bigger distance éetwthe beam and the nozzle, involving
mores losses by diffusion out of the probing voluifias is a clear indication that the single-
photon absorption process used to explain the fitomaf OH from the excited N£reaction
with H,O can be ruled out as the same laser power beed), tise same OH concentration
should be produced in both configurations, and khba even better seen in the unfocused
condition where the sensitivity is higher. From theasurements under unfocused conditions,

and using the calibration factor from the @ilibration, the upper limit obtained was 8 %°10
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at the & level, in agreement with the results from Caralef{Carr et al., 20099nd Crowley

et al. (Crowley and Carl, 1997).

From the measurements under focused conditionsisind the @ photolysis calibration, the
upper limit calculated was 1 x £0n good agreement with Li et al. (Li et al., 2008)can be
seen on Figure 14howing thedependence of the OH-signal seems to be linear lagtir
fluence, that the linear regression does not plassigh the origin and shows a negative
intercept. It is interesting to remark that the sasbservations were made by Li et al. (Li et
al., 2008) and they explained it as an electroffeet In our experiment, we do not observe
any electronic offset, this is understandable asgégneration and the detection are physically
separated and also time delayed ¢ 2 ms). The dashed line in Figure 14 represants
squared dependence of the OH-signal as functidimeoéxcitation beam, involving a 2 photon
absorption by the same NOIt can be seen that such dependence can not ddedesd;

however, our energy range is too small to drawfarther conclusions.
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Figure 14. Intensity of the OH fluorescence sigrgh function of the photolysis energy: full
line linear regression, dashed line squared depeedaf OH-signal as function of photolysis
energy.

Figure 15 shows the dependence of the OH signiairasion of the NQ concentration and it
can be observed that the linear regression dogsasstthrough the origin even though no OH
was observed in the absence of NQi et al. (Li et al.,, 2008)proposed a mechanism

involving two excited N@* that could explained the Ok{1) they observed in their work

NO,* + H,O — NO, + H,O* (R 13)
NOs* + H,0 — OHW" > 1) + HONO (R 14)
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As this mechanism would involved two excited MQhe OH signal should exhibit a squared
dependence on the reactant concentration NG well as on the laser fluence as pointed out
by Carr et al. (Carr et al.,, 2009). In our expemnmehe reactant concentration decreased
rapidly due to diffusion out of the very small pblysis volume, thus information about the

mechanism from the Figure 15 are difficult to dezlteliably.

0 5.0x10% 1.0x10* 1.5x10% 2.0x10* 2.5x10%
[NO:] / molecule.cm™

Figure 15. Intensity of the OH signal as functidN®, concentration: full line linear
regression

In this work, we have shown that the OH formaticont the NQ excited reaction with O

at 565 nm was not originated from a single absonpprocess. Nevertheless, due to the
experimental conditions, conclusive information @ibthhe mechanism can not be drawn. The
compelling experiment in this work is that we olveer OH radicals with a similar yield to Li
et al. (Li et al., 2008)vhen using a focused excitation beam, but we didobeerve any OH
when using an unfocused beam. The OH yield fore¢hetion (R 7) calculated from our study
was 8 x 10 more than one order of magnitude lower than treabtained from Li et al. (Li

et al., 2008). In consequence, from our results,rémction does not play any significant role

under atmospheric conditions.

230



OH reactivity set-up : Application to ambient aathdratory measurements

Conclusion

In this chapter, we described the OH reactivithtegue that was developed at the University
of Lille. Based on the flash photolysis method, @escribed the different tests that were
conducted to understand the physical effects ttiattathe OH decay profile. By expanding
the laser beam, we were able to obtain single exptaad decays which are easier to analyze.
Two different configurations were tested. The Oal@onfiguration (OLC) was found to be
less affected by physical effects compared to theety Degree Configuration (NDC). Also,
the range of reactivity measured is larger in th&€@han in the NDC. However, the NDC is
more appropriate when the FAGE was deployed ofiigteesince the FAGE cells do not need
to be turned.

The UL-OH reactivity system was deployed for thstftime during CompOH where it was
intercompared with two other instruments basechenGRM technique. The results showed a
good agreement under very low NO conditions whetkssrepancies were observed under
high NO concentration. The need to perform otmeéercomparative measurements under
more controlled conditions was shown.

Also, we demonstrated that the high sensitivityhaf UL-OH reactivity instrument could be
adapted for kinetic measurements with the studthefNG* with H,O reaction. We have
shown that the OH formation from the P@xcited reaction with O at 565 nm was not
originated from a single absorption process. Insegaence, from our results, we concluded

that this reaction does not play any significame taender atmospheric conditions.
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Thesissummary

From this thesis work, we have shown that the UIGEAIs suitable for the ambient
measurements of OH and K@dicals. The UL-FAGE was designed following thenerous
improvements that were made over the last 20 y@&es.instrument is now fully automated
and can be deployed on the field much more edséy &t the beginning of this thesis. The
purchase of the measuring container along withktih@wvledge we have learnt through the
different field measurements will be useful for theure campaigns.

In Chapter 1, from the review of the different teicjues that measures OH and £i@e put
the development of the UL-FAGE in perspective. Measients of OH radicals using the
FAGE technique have been very successful. The GiBnique is the only other available
technique that owns the sensitivity and time resamhufor the measurement of OH. Recently,
Mao et al. (Mao et al., 2012) showed that theitrumeents based on the FAGE technique was
suffering of an unknown interference. They obsertret the OH was produced internally
within the FAGE cells. For HE the FAGE technique was up to recently thoughbveahe
most sensitive and selective technique. Howevearh§&et al. (Fuchs et al., 2011) showed that
detection of certain ROspecies were corrupting the BHieasurement using FAGE. These
newly discovered interferences for the measurenoén®H and HQ cast doubt on the
selectivity of the FAGE technique.

Each part of the UL-FAGE was described in ChaptefTi2e calibration procedure was
explained. The LOD for OH and HOwas found to be of 4 x f0and 5 x 10 cm®
respectively for one minute integration time. Theisg HO dependence of the sensitivity
using the calibration source could not be reproduceiring ambient measurements.
Interferences were observed fog @nd acetone. Results have shown that these ireedes
were negligible in most of environments. Howeveg wbserved that the ;Onterference,
contrary to acetone, was independent of the lageep This indicates that OH is produced
internally from an unknown dark reaction i.e. ndmo{olytic.

In Chapter 3, we presented the intercomparativesaremnent with the FZJ-LIF in the
SAPHIR chamber in 2010. The results have shown »xaellent agreement for the OH
measurement over a wide range of concentrationcanditions. From the exchange of the
calibration source, we concluded that a great gfatie difference measured between the two
instruments was due to the calibration. For,H®e correlation was found to be very good
however the FZJ-LIF measured on average 50 % nhare the UL-FAGE. Both instruments
suffered from the R@interference with different magnitudes.
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Two ambient measurements in which the UL-FAGE wasayed were presented in Chapter
4. During CompOH, the UL-FAGE was intercomparedhwihe LATMOS-CIMS. The
correlation was good but non-linear. The explametitor this have not been found yet. In a
second part, we reported the first direct measunénoé OH and HQ radicals indoor.
Concentrations up to 1 x 4@m* and 2.5 x 10 cm® were measured for OH and KHO
respectively. We observed that the formation of @é$ linked with the HONO concentration
and the photolysis rate intensities even thought mbthe UV light spectra is cut out by the
windows.

In the last chapter, attention was given to thesuesament of OH reactivity. We presented the
apparatus that was adapted from the FAGE systemetsure OH reactivity. The UL-OH
reactivity was deployed during the CompOH intercanafive measurement. Agreement was
observed between the UL-OH reactivity system aedMii?l-CRM instrument under low NO
condition. However, strong disagreement was obseruader moderately high NO
concentration. The UL-OH reactivity system was alsed for the study of the reaction
between N@ and H,O as a new potential OH source. From our measuriemerconcluded

that this reaction has no impact on the troposplaremistry.
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Abstract

HOx(=OH+HO,) radicals play a central role in the degradation of hydrocarbons in the
troposphere. Reaction of OH with hydrocarbons leads in the presence of NOx to the formation
of secondary pollutants such as Os. Due to its high reactivity, the concentration of OH radicals
(<0.1ppt) and its lifetime are very low (<Is). In order to validate atmospheric chemistry
models, the development of highly sensitive instruments for the measurement of OH and HO,
is needed. An instrument based on the FAGE technique (Fluorescence Assay by Gas
Expansion) was developed at the University of Lille for the simultaneous measurement of
HOx radicals. The limit of detection for OH and HO, is of 4 x 10° cm™ and 5 x 10° cm™
respectively for 1 min integration time, appropriate for ambient measurements. The
instrument was deployed in 4 field campaigns in different environments: simulation chamber,
rural, suburban and indoor. The Lille FAGE was validated during 2 intercomparative
measurements in an atmospheric chamber and in ambient air. In parallel, the FAGE set-up
was adapted for the measurement of the OH reactivity. OH reactivity is the measure of the
total loss of OH radicals that includes the reaction of all chemical species with OH. Ambient
air is sampled through a photolysis cell where OH is artificially produced and it decays from
the reaction with reactants present in ambient air is recorded by LIF in the FAGE. The OH
reactivity system was deployed during an intercomparative measurement and used for the
study of the reaction between NO,* and H,O as a source of OH.

Keywords: HOx radicals, FAGE, Intercomparative measurement, OH reactivity
Résumé

Les radicaux HOx (=OH+HO;) jouent un rdle central dans la dégradation des hydrocarbures
dans la troposphere. La réaction d’OH avec les hydrocarbures mene en présence de NOx a la
formation de polluants secondaires comme I’ozone. Du fait de sa réactivité élevée, la
concentration en OH (<0.1 ppt) ainsi que son temps de vie (<1 s) sont faibles. Pour valider les
modeles de chimie atmosphérique, le développement d’appareils capable de mesurer ces tres
faibles concentrations est nécessaire. Un appareil basé sur la technique FAGE (Fluorescence
Assay by Gas Expansion) a été développé a 1’Université de Lille pour la mesure simultanée
des radicaux HOx. La limite de détection atteinte est de 4 x 10° cm™ pour OH and et 5 x 10°
cm™ pour HO, pour un temps de mesure de 1 min. L’appareil a été utilisé dans 4 campagnes
de mesure dans différents environnements : en chambre de simulation, en milieu rural, en
milieu urbain et a l’intérieur d’une classe. Le FAGE de Lille a été¢ validé grace a 2
intercomparaisons en chambre de simulation et en air ambiant. En parallele, le FAGE a été
adapté pour la mesure de la réactivité d’OH. La réactivité d’OH est I'inverse du temps de vie.
L’air ambiant est échantillonné au travers d’une cellule de photolyse dans laquelle OH est
produit. La décroissance d’OH mesurée est due a la réaction de OH avec les réactifs présents
dans I’air ambiant. L’appareil de mesure de la réactivité d’OH a participé a une campagne de
mesure ou il a été intercomparé. De plus, la réaction entre NO,* et H,O comme nouvelle
source potentielle d’OH a été étudiée.

Mots clés: radicaux HOx, FAGE, intercomparaison, réactivit¢ OH
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