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Abstract

Hydroxyl radicals (OH) are the main daytime oxidant, which determine the tropospheric oxidation
capacity of an environment by limiting the chemical lifetime of most trace gases including volatile
organic compounds (VOCs) and nitrogen oxides (NOx = NO + NO,). In the oxidation process of VOCs
by OH, hydroperoxy (HO,), and organic peroxy (RO,) radicals are produced and they can regenerate OH
through reactions with nitric oxide (NO). This ROx (= the sum of OH, HO,, RO;) cycle play a key role in
converting primary emissions to secondary air pollutants such as ozone and secondary organic aerosols
(SOA) (Levy, 1971; Carslaw et al., 2010; Li et al., 2019). Therefore, understanding the production and
destruction of atmospheric ROx radicals is essential to develop strategies for efficiently mitigating
secondary air pollutants.

Measurements of atmospheric ROx radicals require highly selective and sensitive techniques
because their atmospheric concentrations are very low with typical daytime values for OH of 10°- 107 cm’
3 and for HO, and RO, of 107 - 10° cm’3). Over the last decades, various instruments for the detection of
radicals have been developed and used in various field campaigns and chamber experiments. However,
recent studies showed that some of the instruments used extensively to investigate the chemistry of
radicals in the atmosphere may suffer from interferences (Fuchs et al., 2011; Novelli et al., 2014a; Fuchs
et al., 2016; Hofzumahaus and Heard, 2016). For the accurate investigation of radical chemistry,
quantifying and correcting for these interferences are necessary.

In this study, investigations of the atmospheric OH, HO,, RO, and ROx radical chemistry and
their impacts on the tropospheric ozone formation were performed for data obtained during the Jiilich
Atmospheric Chemistry project Campaign (JULIAC) performed in the atmospheric simulation chamber
SAPHIR at Forschungszentrum Jiilich (FZJ), Germany. Ambient air was continuously drawn into the
chamber through a 50 m high inlet line for one month in each season throughout 2019. As the location is
surrounded by a mixed deciduous forest and is located close to a small-size city (Jiilich), the sampled air
was influenced by both anthropogenic and biogenic emissions. The dataset allowed to investigate the
diurnal and seasonal variations of tropospheric trace gas concentrations to quantify how chemical
processes affect the production of ozone at different levels of nitrogen oxides. This helps improving the
understanding of tropospheric chemical mechanisms for conditions representative for a rural environment.

To achieve accurate OH measurements, a chemical modulation reactor (CMR) used in the laser-
induced fluorescence (LIF) instrument of Forschungszentrum Jiilich was implemented and characterized
in this work. The characterization included laboratory tests and chamber experiments. Besides dedicated
experiments in synthetic air, the new technique was extensively tested in the JULIAC campaign.
Measurements of OH radicals using the CMR-LIF technique are compared to measurements by
Differential Optical Absorption Spectroscopy (DOAS) in synthetic and ambient air in the atmospheric
simulation chamber SAPHIR in chamber experiments and in the JULIAC campaign. The latter allowed
the investigation of possible interference signals for a range of chemical and meteorological conditions in
a rural environment. During the JULIAC campaign, good agreement was obtained between OH radical
measurements performed with the new CMR-LIF instrument and a reference instrument. All observed
interferences by the CMR-LIF could be fully explained by the well-characterized interference from ozone.
No evidence for unexpected interferences was found. This demonstrates that the new chemical
modulation system of the FZJ-LIF instrument is suitable for measurements of interference-free OH
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concentrations for conditions encountered in the JULIAC campaign. Furthermore, a chemical model of
the CMR system was developed in this work and applied to account for potential changes of the OH
transmission and scavenging efficiency of the CMR system, if specific mixtures of reactive atmospheric
trace gases are sampled.

Using the accurate radical measurements and measurements of various trace gases detected by
state-of-art instruments, OH, HO,, RO, and ROy radical production and destruction rates were analyzed
for the spring and summer periods of the JULIAC campaign. For NO mixing ratios below 2 ppbv, a
significant OH sources with a rate of up to 3.5 ppbv h™' was required to balance the OH destruction rate.
This missing OH source could be explained by a combination of a missing primary radical source and
missing conversion reactions of peroxy radicals to OH. For NO mixing ratios higher than 2 ppbv, OH
production and destruction rates were balanced, but missing HO, production and RO, loss pathways with
rates of up to 6 ppbv h™ and 12 ppbv h™, respectively, were needed to balance production and destruction
rates. In addition, imbalances in the ROx radical budget indicated a missing primary ROx source with a
rate of up to 3 ppbv h”'. However, uncertainties in the discrepancies were high, when they were highest,
because measured HO, and RO, concentrations were close to the limit of detection in these air masses
with high NO mixing ratios of more than 4 ppbv.

The photochemical net ozone production rate was investigated in the JULIAC campaign. By
considering the JULIAC-SAPHIR system as a large photochemical flow reactor, the measured Ox (O5 +
NO,) production rates in the chamber could be determined from the differences between the measured
NO, and O; concentrations in the SAPHIR chamber and in the air that is flowed into the chamber. The
comparison between this Ox production rate and the Ox production rate calculated from the NO,
production from the reactions of peroxy radicals (HO, and RO,) with NO and Oy destruction reactions
using measured radical and trace gas concentrations showed good agreement within the uncertainties
(13 %) of the methods. This indicates that the reaction of peroxy radicals (RO, and HO,) with NO is the
main contributor to the net Ox formation and the reaction of OH with NO, is the main Ox loss. It also
demonstrates a high reliability of the measurements of HO, and RO, radical concentrations by the LIF
instrument. Results confirm our current chemical understanding of tropospheric ozone formation for
chemical conditions in a rural environment.
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Chapter 1 Introduction

1.1 Tropospheric OH, HO;, and RO; radical chemistry

The troposphere is the lowest layer of the atmosphere of the Earth where we live. The composition of
the ambient air is influenced by the emissions from human activities and natural processes, which
impact both the quality of the air we breathe and the Earth’s climate. During the last few centuries,
the chemical composition of the troposphere has been drastically impacted by human activities, which
caused, among others, photochemical smog, acidic rain, and affected the climate (Finlayson-Pitts,
2000). The World Health Organization (WHO (2016)) reported that air pollution contributes to
approximately 7 million premature deaths per year, and about 92 % of the worldwide population is
exposed to toxic air. In total, 0.6 million children die every year from air pollution making it the most
frequent cause of death of children (WHO (2018)). The severe impacts of air pollution on human life
and the planet have drawn an interest to investigate atmospheric chemistry and establish efficient air
pollution regulatory policies.

Air pollution is caused not only by the emission of primary pollutants, but also by secondary
pollutants generated through the oxidation process of the primary pollutants in the atmosphere. The
investigation of the radical mechanism is essential to study the degradation process of atmospheric
trace gases and develop air pollution control strategies.

The hydroxyl radical, OH, is a highly reactive oxidant and therefore it has typically a sub-second
chemical lifetime in the atmosphere. Due to its high reactivity, OH is the most active daytime
atmospheric oxidant making it responsible for the chemical transformation of most trace gases
(Finlayson-Pitts, 2000).

In the troposphere, OH is primarily produced via the photolysis of O; (Reaction R1.1) at short
wavelengths (A < 340 nm) (Takahashi et al., 2002) and the subsequent reaction of an electronically
excited oxygen atom, O('D), with water vapor (Reaction R1.2).

05 + fv (< 340nm) — O('D) + 0, (R1.1)
0(*D) + H,0—> 2 0H (R1.2)

O('D) can also be quenched via collisions with other molecules (M: N, and O,) yielding an oxygen
atom in the ground state, O(’P), that reacts with O, and regenerate O; (Reaction R1.3 and R1.4).

0(D) + M - 0CP)+ M (R1.3)
OCP) + 0,+M— 05+ M (R1.4)

As the OH formation rate depends on the water vapor mixing ratio, the OH production rate by the
photolysis of O; can be calculated as:

Pon,0,+6v = 2j(0'D) X [03] X @on (Eq.1.1)
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where j(0'D) is the photolysis frequency for the formation of O('D) and gy is the branching ratio
of the reaction of O('D) with H,O (Reaction R1.2) and O('D) taking quenching by N, and O, into
account:

Por = KRy 2[H20]
% ™ k1.2 [H0] + kgy 5[N] + kg1 3[02]

(Eq.1.2)

k; is the reaction rate coefficients for the given reactions (Atkinson et al., 2004). The photolysis of
nitrous acid (HONO) (Reaction R1.5) can also be an important primary OH source (Alicke et al.,
2003; Kleffmann et al., 2005; Li et al., 2014):

HONO + fiv (< 390nm) — OH + NO (R1.5)

In addition, OH can be primarily produced from the photolysis of oxygenated VOCs such as
unsaturated hydroperoxyl aldehyde (HPALD) (Peeters and Miiller, 2010; Wolfe et al., 2012; Liu et al.,
2017) and methanol (Atkinson et al., 2006) and from the ozonolysis reaction of alkenes (Jenkin et al.,
2019).

The produced OH radical initiates the oxidation of inorganic and organic compounds. In the case
of carbon monoxide (CO) (Reaction R1.6) and volatile organic compounds (VOCs) (Reaction R1.7),
hydroperoxy radicals (HO,) and organic peroxy radicals (RO,) are produced in a radical chain
reaction (Figure 1.1):

CO+ OH — CO, +H (R1.6a)
H+ 0, + M> HO, + M (R1.6b)
RH + OH + 0, - RO, + H,0 (R1.7)

In the atmosphere, there are more than 10* — 10° of inorganic and organic compounds that react
with OH. All atmospheric reactants (X;) are summarized in the total OH reactivity (kop) that is the
inverse of the chemical OH lifetime (tgy):

1
kon = = E Kon+x; [Xil (Eq.1.3)
OH i

Here, ko 4x, represents the rate coefficient for the reaction of OH with X;.

In the presence of NO, the formed RO, reacts with NO to produce alkoxy radicals (RO) and NO,
(Reaction R1.8). The alkoxy radicals can undergo three different competing reaction pathways: 1)
they can react with O, to yield HO, and a carbonyl compound (Reaction R1.9), 2) they can undergo
unimolecular isomerization, which yields a hydroxy-substituted alkoxy radical, 3) or they can
undergo unimolecular decomposition to generate an alkyl fragment (R”") and a carbonyl compound
(Reaction R1.10) (Orlando et al., 2003).

RO, + NO — RO + NO, (R1.8)

RO + 0, —» R'CHO + HO, (R1.9)
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RO — R'CHO + R” (R1.10)

A minor fraction (5 — 20 % depending on the organic moiety (Jenkin et al., 2019)) of the reaction of
RO, with NO produces alkylnitrate compounds (RONO,) (Reaction R1.11).

RO, + NO — RONO, (R1.11)
HO, also reacts with NO regenerating an OH radical (Reaction R1.12).
HO, + NO — OH + NO, (R1.12)

Due to this efficient radical regeneration process, OH concentrations on the order of 10° cm™ can be
sustained even in environments where the OH reactivity is high. NO, produced in the reaction of
peroxy radicals (HO, and RO,) with NO can photolyze back to NO producing O; (Reaction R1.13
and R1.4).

NO, + Av (< 420nm) — O(C’P) + NO (R1.13)

This net ozone production is the most important source of tropospheric ozone. As the produced NO
quickly reacts with O yielding NO, again (Reaction R1.14), NO, NO, and O; reach a photo-
stationary state in the troposphere.

NO + 05 — NO, + 0, (R1.14)

Reactions of OH with NO, can terminate the radical propagation by producing nitric acid (HNO;)
(Reaction R1.15).

OH + NO, + M — HNO; + M (R1.15)

Also, HO, and RO, react with NO, (Reaction R1.16 and R1.17) to produce peroxy-nitric acid
(HO,NO,) and peroxy-alkyl nitrates (RO,NO,) that can act as radical reservoir species.

HO, + NO, + M 2 HO,NO, + M (R1.16)
RO, + NO, + M 2 RO,NO, + M (R1.17)

However, HO,NO, and RO,NO, are thermally labile and can quickly decompose back to peroxy
radicals and NO,. Therefore, concentrations are in a thermal equilibrium.

In environments with low NO concentrations, HO, and RO, radical recombination reactions
(Reaction R1.18 — 1.20) can become competitive with the reaction of peroxy radicals with NO and
can therefore play an important role in the termination of the ROx cycle.

HO, + HO, — H,0, + 0, (R1.18)
HO, + RO, - ROOH + 0O, (R1.19)
RO, + RO, — Products (R1.20)
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In addition, RO,, can undergo unimolecular H-shift reactions (Vereecken and Noziére, 2020).
Subsequent decomposition of the products could produce OH and HO, radicals. The reaction rate
coefficient highly depends on the structure of organic moiety. The most widely known example of
unimolecular H-shift reactions of RO, is the isomerization of RO,, which are produced from the
isoprene oxidation by OH (Peeters et al., 2009; Peeters and Miiller, 2010; Crounse et al., 2011;
Peeters et al., 2014). Recently, theoretical calculations of the reactions in the photo-oxidation of
isoprene (Leuven Isoprene Mechanism, LIM) revealed specific RO, isomers formed in the reaction of
isoprene with OH can undergo fast H-shift reactions (Peeters et al., 2014). An HO, radical together
with an hydroperoxy-aldehyde (HPALD) are formed, which can rapidly produce OH by its photolysis.
The impact of the isomerization reaction of the specific RO, isomers is enhanced, because several
RO, isomers can rapidly interconvert. Because these H-shift reactions are unimolecular reactions,
they increase in importance, if concentrations of reactants of competing bi-molecular RO, reactions
such as NO are small as it is typically observed in forested environments. Radical production from
RO, isomerization reaction has also been found for one of the most important organic products of
isoprene, methacrolein (Crounse et al., 2012, Fuchs et al., 2018). Furthermore, some RO, produced
from the aromatic and monoterpene oxidations by OH or ozone can undergo H-shift reactions with
the subsequent addition of O, to the alkyl position and form highly oxidized RO,, which can
contribute to the formation of highly oxidized molecules (HOMs).

Recent studies (George et al., 2007; Taketani et al., 2008, 2009; George et al., 2013; Lakey et al.,
2015; Song et al., 2020) found that HO, uptake onto aerosol surfaces could be another significant
radical-termination process.

Stable products of radical termination reactions (Reaction R1.11 and R1.18 — 1.21), for example,
HNO;, ROOH, RONO, and ROOR, can be often removed out of the atmosphere by washout by
precipitation. They can also be deposited on aerosol and thereby contribute to the formation of
secondary organic aerosol (SOA).

Secondary products from the oxidation of VOCs, for example formaldehyde (HCHO), can be
important sources of HO, for example from photolysis reactions (Reaction R1.21 — 1.24) and the
reaction with OH (Reaction R1.25).

HCHO + hv (< 360nm) — H, + CO (R1.21)
HCHO + hv (< 335nm) — H + HCO (R1.22)
H+0,+M— HO, + M (R1.23)
HCO + 0, HO, + CO (R1.24)
HCHO + OH — HCO + H,0 (R1.25)

In addition, as for the OH radicals, HO, and RO, are produced from the ozonolysis of alkenes.

Recent studies (Young et al., 2014; Bannan et al., 2015; Le Breton et al., 2018; Sommariva et al.,
2021) showed that the oxidation of VOCs by chlorine atom (Cl), which can be for example produced
by the photolysis of nitryl chloride (CINO,) that accumulates during the night can be a source of RO,
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radicals in particular in the early morning. Finally, the nitrate radical (NO;) produces RO, radicals
after its reaction with VOCs in particular during nighttime (Sillman et al., 2002; Lu et al., 2014; Stone

etal., 2014).
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Figure 1. 1: Schematics of the tropospheric OH, HO,, and RO, radical reaction chain.
Red arrows represent inter-radical conversion reactions. Blue and green arrows show
radical initiation and radical termination reactions, respectively.

1.2 Detection of atmospheric OH, HO; and RO,

OH, HO, and RO, radical concentrations are typically small in the troposphere. This makes their
detection in ambient air very challenging as it requires a high detection sensitivity and low radical
loss during sampling. Calibration methods are needed, in which a known concentration of radicals is
produced, because it is not possible to store radicals in a calibration standard gas mixture like done
for other trace gases. So far, several methods have been used for the measurements of OH, HO, and
RO, radicals in ambient air, including laser-induced fluorescence (LIF), chemical ionization mass
spectrometry (CIMS), peroxy radical chemical amplification (PERCA), differential optical absorption
spectrometry (DOAS) and matrix isolation electron spin resonance spectroscopy (MIESR).

The laser-induced fluorescence (LIF) technique is the most commonly used method for the
detection of atmospheric OH radicals. The atmospheric OH radical measurement by LIF was
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pioneered in 1975 using pulsed laser excitation of OH at an absorption line at 282nm (A(V' = 1) —

X(v" = 0) vibronic transition) (Baardsen and Terhune, 1972; Wang and Davis, 1974; Hard et al.,

1984). The excited OH molecules emit fluorescence at longer wavelengths (A = 311-307 nm), and the
emitted photons can be collected by a photomultiplier tube (PMT). Although this method can
discriminate scattered laser light from fluorescence with an optical filter, the excitation at 282nm has
the disadvantage that high concentrations of artificial OH is concurrently produced by the efficient
photolysis of ozone in the detection cell (Smith and Crosley, 1990). To reduce this interference, OH

excitation at an absorption line at 308nm (A(v' = 0) — X(v" = 0) vibronic transition) is used in current

LIF instruments for the detection of OH, since the absorption cross section for ozone is a factor of 30
lower at 308 nm compared to 282nm. The 308 nm excitation wavelength also increases the OH
detection sensitivity by a factor of 4 because of the high OH absorption cross section. Since the
fluorescence photons are collected at a similar wavelength range between 311-307nm, a time delayed
gated photon detection and counting system is used(Stevens et al., 1994; Holland et al., 1995; Heard
and Pilling, 2003). A short laser pulse (10 — 40 ns) with a high repetition rate (5 — 10 kHz) is applied
to separate the OH fluorescence that lasts for several 100ns at low pressure from the laser-scattered
light (Hofzumahaus and Heard, 2016). To minimize physical and chemical loss of OH and to increase
the fluoresce lifetime of OH by reducing collisional quenching, ambient air is sampled into a low
pressure (~4 hPa) detection cell through a critical orifice (Fluorescence Assay by Gas Expansion,
FAGE).

With the LIF technique, also HO, radicals can be indirectly measured by its chemical conversion
to OH in the reaction with NO (Reaction R1.12), which is injected in the detection cell. The
converted OH is subsequently measured with the same detection set-up as for OH giving total HOx
(OH + HO,) concentrations. The HO, concentration is obtained by subtracting the contribution of the
signal from ambient OH. Recently, some LIF instruments have been extended to measure RO,
concentrations. This can be achieved by the addition of a chemical converter, in which RO, radicals
are converted to HO, by NO (Reaction R1.8 and R1.9) on top of the fluorescence cell (Fuchs et al.,
2008; Whalley et al., 2013; Lahib, 2019). Excess CO is added in the converter to convert OH that is
formed in the reaction of HO, with NO back to HO, (Reaction R1.6), because OH has a higher wall
loss rate compared to HO,. Consequently, only HO, radicals are present at the end of converter.
Downstream of the converter, the formed HO, is sampled into the detection cell, in which it is further
converted to OH by the reaction with excess NO (Reaction R1.12). The RO, concentration is obtained
by subtracting the contribution of the ambient HOx concentrations. A detailed description on the OH,
HO, and RO, radical measurements by the FZJ-LIF instrument used in this work can be found in
Chapter 2.

The chemical ionization mass spectrometry (CIMS) technique has also been widely used for field
measurements of OH and peroxy radicals, especially in pristine and forested environments
(Berresheim et al., 2000; Handisides et al., 2003; Sanchez et al., 2018; Lew et al., 2020). With the
CIMS instrument, OH radicals are indirectly measured by the chemical conversion of isotopically
labelled **SO; to sulfuric acid (H,**SO,) and subsequent detection of H**SO,” (Reaction R1.26-28) by
mass spectrometry (Eisele and Tanner, 1991; Tanner et al., 1997; Berresheim et al., 2000).

SO, + OH + M — HSO; + M (R1.26)
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HSO; + 0, — SO + HO, (R1.27)
SO; + 2H,0 — H,S0, + H,0 (R1.28)

Although the CIMS technique has the lowest detection limit for the measurement of OH radicals (1 —
3 % 10° cm'3) (Tanner et al., 1997; Heard and Pilling, 2003), it can suffer from interferences in
polluted environments where the ambient NOx level is higher than 2 ppbv because of the OH
regeneration from the reaction of NO and HO, (Tanner et al., 1997).

HO, and RO, radicals can be measured by the CIMS instrument by conversion to OH with NO in
the inlet. In contrast to the LIF instruments, the concentration of the measured species, H,SO4, is
amplified, because a reaction cycle is established in the inlet system (Reaction R1.12, R1.26-28), in
which several H,SO, molecules per sampled ROx molecule are formed, before the air enters the mass
spectrometer (typical chain length of 10 - 15) (Cantrell et al., 2003; Edwards et al., 2003; Ren et al.,
2005; Hornbrook et al., 2011). Recently, a direct measurement of HO, using the CIMS method has
been developed. In these instruments, HO, is detected as an ion cluster (HO, Br’) (Sanchez et al.,
2016; Albrecht et al., 2019).

Another indirect technique for the measurement of peroxy radicals is the peroxy radical chemical
amplification (PERCA). With this technique, the sum of HO, and RO, radicals concentrations is
obtained. The initial radical concentration is amplified as NO, in a reaction cycle that is established
by the injection of NO and CO in the inlet of the instrument (Reaction R1.6, R1.8, R1.12, chain
length 50 to 100). NO, is then measured by a Luminol detector, laser-induced fluorescence, cavity
ring-down spectroscopy (CRDS) or cavity enhanced-absorption spectroscopy (CEAS) (Hernandez et
al., 2001; Edwards et al., 2003; Sadanaga et al., 2004; Green et al., 2006; Liu and Zhang, 2014).

While LIF and CIMS instruments require calibration of the sensitivity by applying a radical
source that produces a known amount of OH, HO, and RO, radical concentration, the differential
optical absorption spectrometry (DOAS) is an absolute method for the detection of OH radicals as it
relies only on the molecular differential absorption cross-section of OH and the optical path length.
The DOAS measures ambient OH concentrations based on the wavelength-dependent absorption. A
picosecond long laser pulse is passed through the air and the transmitted light intensity is spectrally
analyzed by an Echelle grating spectrograph coupled to a linear photodiode array detector. Lambert-
Beers law cannot be directly applied because the light intensity without absorber is not concurrently
measured. Therefore, a polynomial function that is fitted to the light intensity as a function of the
wavelength is subtracted from the measured transmitted intensity. The polynomial function describes
the wavelength dependent initial light intensity that is reduced by scattering of the light and the part
of the absorption by trace gases, which has a weak wavelength dependence. After the subtraction,
only narrow absorption lines of trace gases are left in the signal. Lambert-Beers law can be then
applied by replacing the initial light intensity by the polynomial fit function and the absorption cross
section by the differential absorption cross section that needs to be experimentally determined. If
several absorbers are present, a superposition of the differential absorptions of the single compounds
is optimized to describe the total signal. The DOAS instrument is the most accurate instrument for the
measurement of OH concentrations with an 1o accuracy of 6.5% because it is only limited by the
knowledge of the differential absorption cross section and the optical path length (Hausmann et al.,
1997). Therefore, it is used as a reference for OH measurements (Hofzumahaus and Heard, 2016).

24



The only currently available DOAS instrument for the measurement of atmospheric OH radicals is
permanently mounted in the atmospheric simulation chamber SAPHIR (Simulation of Atmospheric
Photochemistry In a large Reaction Chamber) at Forschungszentrum Jiilich, Germany (Dorn et al.,
1996; Hausmann et al., 1997; Schlosser et al., 2007; Schlosser et al., 2009)

Concentrations of HO,, RO,, and CH;CO; radicals have also been measured by matrix isolation
electron spin resonance spectroscopy (MIESR) (Mihelcic et al., 1985; Mihelcic et al., 1990; Mihelcic
et al., 2003). Briefly, the radicals in the air are sampled through a nozzle and trapped in an ice matrix
at a temperature of 77 K. Radical concentrations are measurement by electron spin resonance (ESR)
spectroscopy in the laboratory. Due to the similar electronic structure of most RO, radicals, this
method cannot distinguish between different RO, radicals except for CH;CO;. Although this
technique does not require calibration, it has a few critical limitations. First, a long sampling time is
required to trap a sufficient number of radicals and the analysis of one sample takes approximately 8
hours, which results in a very low time resolution, and it is very demanding for the operators. Second,
it requires maintaining the sample at very low temperature between sampling and analysis, which is
difficult to achieve during field campaigns especially in remote locations. Consequently, this
technique has not been employed since 2005.

1.3 Measurement-model comparisons of ambient radical concentrations measured in
field campaigns in various environments

Measurements of OH, HO, and more recently RO, radicals have been performed in various field
campaigns from a small number of groups worldwide. Results are often used to test the current
understanding of OH, HO, and RO, radical concentrations by comparing measured concentrations to
calculations using numerical chemical box models, in which radical precursors and OH reactants are
constrained to measurements.

In forested environments characterized by low NOx (NO + NQO,) levels and emissions of biogenic
VOCs (BVOCs) like isoprene and monoterpenes, discrepancies between simulated and observed OH
and HO, radical concentration were largely diverse. In isoprene-rich forests such as tropical forests,
there was a tendency for models to underestimate OH radical concentrations up to a factor of 10
whilst HO, concentrations were relatively well predicted (Tan et al., 2001; Lelieveld et al., 2008;
Kubistin et al., 2010; Whalley et al., 2011). The missing OH source was attributed to a regeneration
reaction of OH in oxidation process of isoprene. Theoretically postulated (Peeters et al., 2009; da
Silva et al.,, 2010; Peeters and Miiller, 2010; Peeters et al., 2014; Wang et al., 2018) and
experimentally confirmed (Crounse et al., 2011; Berndt, 2012; Crounse et al., 2012; Wolfe et al.,
2012; Fuchs et al., 2013; Fuchs et al., 2014; Teng et al., 2017; Fuchs et al., 2018; Novelli et al., 2020)
RO, isomerization reactions in the oxidation of isoprene could partly explain the field observations.
In forests, where monoterpenes dominate hydrocarbon, such as boreal forests, both of OH and HO,
were significantly underpredicted by simulations (Wolfe et al., 2011; Kim et al., 2013; Hens et al.,
2014; Wolfe et al., 2014; Griffith et al., 2016). The data analysis showed that an unknown, additional
HO, source was missing in the models. Consequently, the predicted HO, concentration and the OH
production from the reaction of HO, with NO were underestimated, causing also an underprediction
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of OH. Consistent with field observations, theoretical (Vereecken et al., 2007; Vereecken and Peeters,
2012; Moller et al., 2020) and chamber (Kubistin et al., 2010; Rolletter et al., 2019) studies also
conclude that HO, is more efficiently regenerated in the oxidation of monoterpenes than is currently
explained by models.

For field campaigns in polluted urban region, where radical propagation is often dominated by the
reaction of peroxy radicals with NO, OH radical concentrations predicted by box model calculations
could often reproduce the observation within 50%, if NO mixing ratios were high (> 1 ppbv), while
calculated HO, concentrations were substantially underpredicted by up to a factor of 3. This
discrepancy had an increasing tendency for increasing NOx concentrations (Ren et al., 2006;
Dusanter et al., 2009; Chen et al., 2010; Ren et al., 2013; Brune et al., 2016; Griffith et al., 2016;
Chen et al., 2017; Tan et al., 2018; Whalley et al., 2018; Slater et al., 2020; Whalley et al., 2020).
Similar as for HO, radicals, simulated RO, concentrations showed significant discrepancies compared
to observations for NO levels higher than 1 ppbv. These discrepancies cause a large underestimation
of net ozone production rates in models for high NOx conditions (Tan et al., 2018; Whalley et al.,
2018; Slater et al., 2020; Whalley et al., 2021).

In semi-polluted suburban and rural regions, where a wide range of VOC and NOx conditions can
be encountered by the transport of plumes from nearby cities or forests, diverse results from the
comparison of modelled and measured OH and HO, radical concentrations were found. In the
BERLIOZ (BERLIner Ozone experiment, 1998) campaign performed in the small town Pabstthum,
Germany, it was found that the model could reproduce the observed OH, HO, and RO, concentrations
also at high NOx mixing ratios (>5 ppbv), when the air masses were transported from the city of
Berlin, but the model overpredicted the radical concentrations by a factor of 1.5 to 2 even at low NOx
conditions in most cases (Konrad et al., 2003; Mihelcic et al., 2003). On the other hand, in field
campaigns in the Pearl River Delta, China (Hofzumahaus et al., 2009; Lou et al., 2010; Lu et al.,
2012), and in Michigan, USA (Sillman et al., 2002), as well as in Wangdu, China (Tan et al., 2017),
observed OH concentrations were higher than the model results by a factor of 3-5 at NO levels below
1 ppbv. In contrast, measured HO, concentrations were well described by the simulation (within
30%), suggesting that additional OH regeneration from RO, and/or the presence of additional primary
radical source were needed to explain the observations. The study by Tan et al. (2017) in particular
found a good agreement between modelled and observed RO, concentrations at low NO (<0.3ppbv),
but the simulation showed a significant underestimation of RO, by a factor of 3 to 5 when the NO
mixing ratio exceeded 1 ppbv. Another study performed in Jiilich, Germany, (Kanaya et al. (2012))
found that model results could reproduce the observed OH concentrations, but the modelled HO,
concentrations overestimated significantly by a factor of 1.9 the measured HO, radical concentrations
over a range of NO mixing ratios from 0.1 to 10 ppbv.

The level of agreement between simulated and observed radical concentrations in various
environments shows the degree of understanding of the underlying radical chemical mechanisms.
Even though good agreement was found in some cases, there were significant unexplained
discrepancies between modelled and observed concentrations of OH in isoprene-rich forested regions
(Tan et al., 2001; Lelieveld et al., 2008; Kubistin et al., 2010; Whalley et al., 2011) and of HO, and
RO, in both of monoterpene-rich forested (Wolfe et al., 2011; Kim et al., 2013; Hens et al., 2014;
Wolfe et al., 2014; Griffith et al., 2016) and polluted areas (Tan et al., 2018; Whalley et al., 2018;
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Slater et al., 2020; Whalley et al., 2021), while different results were found depending on the
abundance of NO in rural environments(Konrad et al., 2003; Mihelcic et al., 2003; Kanaya et al.,
2007; Hofzumahaus et al., 2009; Lou et al., 2010; Lu et al., 2012; Tan et al., 2017).

A chemical budget analysis using measured OH, HO, and RO, radical concentrations is an
alternative method to assess the strength of different radical production and loss paths. This allows to
identify possible missing chemical processes. The experimental budget is performed by comparing
the total production and destruction rates for the different radicals. This requires that radical
concentrations are in a steady state, but this assumption is typically justified due to their short
chemical lifetime. As a large number of measurements needs to be available (e.g., ko, OH, peroxy
radicals), there have been only few studies focusing on the analysis of the experimental budget for
OH radicals so far (Handisides et al., 2003; Hofzumahaus et al., 2009; Brune et al., 2016; Whalley et
al., 2018; Tan et al., 2019; Whalley et al., 2021).

In field campaigns in China, a larger OH radical destruction rate compared to the production rate
was observed in the afternoon pointing to a missing OH radical source, especially, when NO mixing
ratios are low (< 2ppbv) (Hofzumahaus et al., 2009; Tan et al., 2019; Whalley et al., 2021). On the
other hand, studies in the USA and Europe showed no significant gap between the OH production and
destruction rates (Handisides et al., 2003; Brune et al., 2016; Whalley et al., 2018). Recently, radical
measurements including RO, enabled the investigation of HO,, RO, and ROx production and
destruction rates in field campaigns in China (Tan et al., 2019; Whalley et al., 2021). Tan et al. (2019)
showed that a missing RO, loss process was required to balance production and destruction rates in
Wangdu in summer, while HO, production and destruction rates were balanced. This suggests a
missing conversion process of RO, radicals to OH in addition to the reaction of peroxy radicals with
NO. Whalley et al. (2021) found large imbalances in the peroxy radical budgets for measurements in
Beijing, indicating a substantially slower propagation of RO, radicals to HO,.

1.4 Calculation and measurement of ozone production rates in field campaigns

Tropospheric ozone is a hazardous air pollutant that affects the environment and human health in
multiple ways. In addition, ozone is as a greenhouse gas that contributes to the climate warming. In
addition to its direct radiative forcing, ozone can have a warming effect due to its negative impact on
vegetation resulting in a decreased CO, consumption by plants (Simpson et al., 2014). Due to its
strong damaging effect on plants, ozone decreases crop yields, so that high ozone concentrations can
be a thread for global food security and ecosystem functions (Ainsworth et al., 2012; Bisbis et al.,
2018; Mills et al., 2018). The highest concern, however, is the impact on human health. Ozone has
been linked to cardiorespiratory diseases and to an increased infant mortality (Requia et al., 2017;
Schraufnagel et al., 2019). It is estimated that increased ground ozone concentrations cause a million
of premature deaths per a year (Cohen et al., 2017). Therefore, efficient regulatory strategies for
ozone are essential to improve air quality.

Tropospheric ozone is nearly exclusively produced by the reactions of peroxy radicals (HO, and
RO,) with NO (Reaction R1.8, R1.12). In the troposphere, ozone is in a photochemical equilibrium
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with NO, which acts as a reservoir for ozone (Section 1.1). Therefore, the production of Ox (the sum
of O, and NO,), P(Ox), can be interpreted as an ozone production potential. This approach is only
valid, if there are no direct emissions of NO; as it is the case for example for vehicle emissions. The
major Ox loss is the reaction of NO, with OH to form HNO; (Reaction R1.15). Therefore, the net
instantaneous Ox production rate (Py,) can be calculated as (Martinez et al., 2003; Kanaya et al.,
2007; Ren et al., 2013; Brune et al., 2016):

Poy = kno+102[NOJ[HO;] + kno+ro2[NOJ[ROZ] — Loy, (Eq.1.4)

where Lo, represents the Ox loss rate including the reaction of NO, with OH and other O; and NO,
loss pathways.

The calculation of the ozone production rate using Eq. 1.4 requires OH, HO, and RO, radical
concentrations either from measurements or model calculations. Therefore, discrepancies between
radical concentrations from models and measurements not only question our knowledge of chemical
mechanisms, but also strongly affect the ability of atmospheric models to correctly predict ozone
concentrations. Previous studies have calculated the Oy production rates based on modelled and
measured HOx (OH + HO,) radical concentrations in urban areas (Martinez et al., 2003; Kanaya et al.,
2007; Ren et al., 2013; Brune et al., 2016). As these studies found that box model calculations could
reproduce HO, concentrations for ambient NO concentration below a few ppbv, Ox production can be
expected to be well predicted for these conditions. For high NO concentration, however, the Ox
production rate using modelled HO, has been found to be smaller compared to using measured HO,
due to the inability of the model to correctly predict HO, concentrations (Brune et al., 2016). In
addition, the lack of measured RO, radical concentrations limited the analysis. Recently, Whalley et
al. (2021) showed a comparison of the Ox production rates from model and measurement of ROy in
the center of Beijing using measurements from their newly developed ROx-LIF system. This study
also found a large discrepancy between Oyx production rates calculated using either modelled or
measured radical concentrations due to the large underestimation of modelled HO, and RO,
concentrations compared to measurements (Figure 1.2).

In the last ten years, several instruments have been built to directly measure the ozone production
rate in ambient air. This measurement was pioneered by Cazorla and Brune (2010) with the
Measurement of Ozone Production Sensor (MOPS). This method relies on the comparative
measurement of ozone evolving in two flow reactors (volume of 10 — 30 L). One reactor is kept in the
dark (reference chamber), while the other is exposed to sunlight (irradiated chamber). The residence
times of the sampled air in the reactors is on the order of 5 min. Photochemical ozone production can
occur only in the irradiated chamber and other processes impacting the ozone concentration occur in
both chambers in the same way. The net O; production rate can then be calculated from the difference
of the measured O; concentrations in both chambers. The method applied by the MOPS instrument
has several limitations for example due to the high uncertainty of wall effects such as heterogeneous
NO; loss that can vary with relative humidity (Cazorla et al., 2012) and HONO production from
Teflon surfaces in the irradiated chamber (Baier et al., 2015).
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Figure 1. 2: Mean Ox production rates calculated from modelled (black line) and
measured (red line) ROx concentrations during the AIRPRO campaign in Beijing, China.
Coloured areas represent 25" and 75" percentile confidence limits. Adapted from the
open access publication Whalley et al. (2021), under the CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

More recently, ozone production rate (OPR) systems were further developed in different groups
using a similar measurement principle (Sadanaga et al., 2017; Sklaveniti et al., 2018). The major
differences of the OPR instrument compared to the MOPS instrument is the use of a quartz flow tubes
instead of Teflon tubes. However, O; and NO, losses can become very significant in the instruments,
so that only a high detection limit is achieved (6 ppbv hr"), which does not allow to measure typical
daytime O; production rates in remote and forested environments. Therefore, the current OPR and
MOPS instruments face many challenges to produce reliable O; production rate measurements in
ambient air (Sklaveniti et al., 2018).

1.5 Outline of the work

In the following, the experimental procedures and instruments used in this study for the measurement
of trace gases and aerosol property in the atmospheric simulation chamber SAPHIR during the Jiilich
Atmospheric Chemistry Project (JULIAC) campaign are described (Chapter 2).

In Chapter 3, the Forschungszentrum Jiilich LIF instrument for the measurements of OH, HO, and
RO, radical concentrations in use at the SAPHIR and its calibration method are described in detail.
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Furthermore, the implantation and characterization of the chemical modulation reactor (CMR) used as
part of the LIF instrument at Forschungszentrum Jiilich for the detection of radicals is described. The
characterization includes laboratory tests and chamber experiments. Furthermore, a model is developed to
provide estimates of the influence of various conditions that could be experienced in different on the
chemical modulation efficiency. Measurements of OH radicals using the CMR LIF method are compared
to measurements by Differential Optical Absorption Spectroscopy (DOAS) in synthetic and ambient air in
the atmospheric simulation chamber SAPHIR. The latter allowed the investigation of possible
interference signals for a range of chemical conditions in a rural environment. This work was published
by the author of this thesis in the journal Atmos. Meas. Techn. (Cho et al., 2021).

In Chapter 4, ambient measurements of OH, HO,, and RO, radical concentrations as well as of OH
reactivity during the JULIAC campaign are presented. The dataset allows investigating the diurnal and
seasonal variation of tropospheric trace gas concentrations and aerosol properties in order to quantify how
local chemical processes affect the degradation of VOCs at different levels of NOx. Results improve the
understanding of tropospheric chemical mechanisms for conditions that are typical in central Europe. To
explore missing radical sources and/or sinks, a chemical budget analysis of OH, HO,, RO, radicals, and
their sum (ROy) is performed using measured species and well-established chemical mechanisms.

Lastly, Chapter 5 describes the photochemical net ozone production rate in the JULIAC campaign.
By considering the JULIAC-SAPHIR system as a large photochemical flow reactor, the Ox production
rate in the chamber can be determined from measured NO, and O; concentrations in the incoming flow
and in the SAPHIR chamber. In addition, this chapter shows the comparison of these Ox production rate
values with calculations using turnover rates of Ox production and destruction reactions by using
measured peroxy radical and trace gases concentrations.
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Chapter 2. The Jiilich Atmospheric Chemistry Project
(JULIAC): Investigation of photochemistry in rural air
using the atmospheric simulation chamber SAPHIR

2.1 The atmospheric simulation chamber SAPHIR

The atmospheric simulation chamber SAPHIR (Simulation of Atmospheric PHotochemistry In a large
Reaction chamber) is built for the investigation of photochemical and nighttime chemical processes of
trace gases and aerosols under tropospheric conditions in a controlled system (Figure 2.1). The air in
the chamber is well mixed and there are no unaccounted sources or losses of traces gases, so that
processes can be investigated without the influence of transport and segregation. The SAPHIR
chamber is located on the campus of Forschungszentrum Jiilich, Germany. With the instrumentation
summarized in Table 2.1, the chemical conditions in the chamber can be well characterized.

Figure 2. 1: Picture of the SAPHIR chamber. At the right side, the tower is seen at which
the inlet line for ambient air was mounted in the JULIAC campaign. Copyright to:
“Forschungszentrum Jiilich / Sascha Kreklau*

The chamber has a cylindrical shape (length: 18 m, diameter: 5 m, volume: 270 m®) and is made
of a double Teflon (FEP) film, which has a light transmission higher than 0.8 over the complete solar
spectral range (Bohn and Zilken, 2005). A slight overpressure is maintained inside the chamber and
clean nitrogen is used to flush the volume between the inner and outer FEP films to prevent
contaminations from outside the chamber. A replenishment flow of synthetic air is continuously
injected to compensate for leakages and air consumption of instruments, which dilutes trace gases at a
rate of approximately 6 % h™' (equivalent to a lifetime of 16 hours). Two fans are mounted inside the
chamber to ensure a homogeneous mixing of trace gases. A shutter system allows to operate the
chamber in light or dark conditions. Previous investigations of atmospheric chemistry in the chamber
show that chamber specific processes are well characterized (Bohn and Zilken, 2005; Rohrer et al.,
2005; Novelli et al., 2018) and are adequately considered in the evaluation of experiments. Due to the
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use of the Teflon film, the chamber has photolytic sources of nitrous acid (HONO) and formaldehyde

(HCHO) with typical source strengths of 0.3 — 0.7 ppbv hr'" and 0.07 — 0.5 ppbv hr™", respectively, for
typical ambient conditions (Karl et al., 2004; Rohrer et al., 2005).

Table 2. 1: Specification of instruments that performed measurements in the JULIAC campaign in

the SAPHIR chamber.
Species ?g:ss?giglent Instrument Time resolution  Limit of detection (1o) 1o accuracy
Measurements in the SAPHIR chamber
OH CMR-LIF @ 270 s 0.7 x 10°cm™ 18 %
OH DOAS . 1345 0.8 x 10°cm™ 6.5 %
HO, LIF @ 47s 0.8 x 10’ cm™ 18 %
RO, LIF a 47s 2.0 x 107 em™ 18 %
OH reactivity (koy) LP-LIF : 180s 035" 18 %
s a
Photolys¥s Spectroradiometer 60 s b 18 %
frequencies
ESA 42¢
04 UV photometry TS 49i 60 s 0.5 ppbv 2%
AN 41m
NOx R Eco Physics TR780 NO: 20 pptv NO: 5%
(NO+NO,) Chemiluminescence 60 s NO,: 30 pptv NO,: 7 %
CO,CO,, CHy,  Cavity ring-down  Picarro CO and CH: 1 ppbv )
H,0 spectrosco G2401 60s CO,: 25 ppby 3%
2 D! Py H,0: 0.1 %
HONO LOPAP ! 180s 5 pptv 10 %
HCHO Cavityring-down ;0.0 G2307 300 0.1 ppbv 10 %
spectroscopy
CINO, Mass spectrometry I-CIMS 60 s CINO;: 2.1 pptv 27 %
PTR-TOF-MS 30s 15 pptv 14 %
VOCs VOCUS 30s
GC-FID 30 min
Total acrosol SMPS 7 min 10nm — Tpm N/A
surface area
Measurements in the JULIAC inlet
Os UV photometry Eco Physics CraNOx 68s 1 ppbv 2%
NOx I Eco Physics CraNOx NO: 20 pptv NO: 5%
(NO+NO,) Chemiluminescence 68 s NO»: 30 pptv NO»: 7 %
o CO and CHy: 1 ppbv
CO, CO,, CH,,  Cavity ring-down Picarro G2401 60's CO,: 25 ppbv 5%
H,O spectroscopy

H,0: 0.1 %

* Custom-built instrument.

"Several orders of magnitude lower than the maximum value at noon.
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2.2 The JULIAC campaign

The Jilich Atmospheric Chemistry Project (JULIAC) was conducted at Forschungszentrum Jiilich
(FZJ, 50.908° N, 6.412° E), Germany, and included one-month long intensive measurement periods in

each season throughout 2019 (Table 2.2). The campus is surrounded by a deciduous forest and is
located near a small city, Jilich. There are several large cities, Cologne, Aachen, Diiren and
Diisseldorf within distances of approximately 40 km. Therefore, the sampled ambient air was
influenced by both biogenic and anthropogenic emissions.

Figure 2.2 shows a schematic drawing of the JULIAC inlet system and the connection to the
SAPHIR chamber. Ambient air was sampled from 50m height through a SilcoNert”™ coated inlet tube
(104 mm i.d.) with a flow rate of 660 m* h” using a blower (Aerzener Maschinenfabrik, AERZEN
Turbo G3 Typ: TB 50-0.6 S). The transit times from the top of the JULIAC tower to the ground and
further to the SAPHIR chamber were 3.1 s and 1.2 s, respectively. Several sensors were mounted on
top and along the inlet line to monitor ambient pressure, temperature, and relative humidity. In
addition, an ultrasonic anemometer for 3D-wind data was mounted on top of the tower. The

temperature in the inlet line was controlled to be slightly higher than ambient temperature (+1 to 2 °C)

to avoid water vapor condensation in the line. Approximately 50% and 90% of coarse particles with
diameters of 2 — 3 um and 6 — 10 um, respectively, were removed by a cyclone (LTG, ZSB-6). A 3/2-
way valve controlled the sampled flow of the ambient air directed to the chamber. Close to the valve a
sampling line was installed for the measurement of the chemical composition (e.g., NOx, VOCs and
05) of the air that is flowed into the chamber. The flow rate into the chamber was 250 m® h™' resulting
in a residence time of the air in the chamber of approximately one hour.

Ambient air

\ l—'=‘-| /
9?—’ Top weather cap

Tower ——— JULIAC inlet line

X ~——— Container sampling line
= SAPHIR supply line
777> Heating

\
1

§ | T Ultrasonic valve
660 m¥h — Blower flow meter

50 m

Heated .
Cyclone Incoming
measurement
Excess air point

Figure 2. 2: Schematics of the JULIAC-SAPHIR flow system.
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Although the design of the JULIAC campaign intended to investigate ambient air, chemical and
physical conditions were also influenced by the chamber.

First, while the sampled ambient air is transferred to the chamber, the air composition could be
changed by wall losses. At least of part of the atmospheric radicals are expected to be lost in the inlet
system. However, this loss does not impact radical concentrations in the SAPHIR chamber, because
radicals are rapidly achieving again steady state concentrations for conditions in the SAPHIR
chamber. Wall losses of other trace gases are assumed to be negligible. The assumption was checked
by several comparisons of the measurements of OH reactivity at several positions in the inlet system
like before the cyclone and after the blower where most significant wall losses of trace gases are
expected. The differences in the OH reactivity measured at these positions is small ((2+5) %)
indicating no significant losses of trace gases.

Second, due to the transmission through the Teflon film and shading of construction elements of
the chamber, the absolute actinic flux density is 20 to 40 % smaller than outside of the chamber. It is
worth noting, however, that the relative spectral distribution of the solar radiation does not change
(Bohn and Zilken, 2005).

HONO and HCHO are emitted from the chamber film when it is exposed to solar radiation
(Section 2.1). These sources significantly change the concentrations of HONO and HCHO in the
chamber.

Lastly, there is an aluminum plate underneath the chamber that can be raised in order to walk
inside the chamber. Although this plate does not have direct contact with the Teflon film during the
experiments, it is heated by solar radiation. As a result, the air temperature in the chamber at daytime
is usually a few (during winter and autumn) to several (during spring and summer) degrees higher
than the ambient temperature outside the chamber.

During each intensive measurement period of the campaign, the shutter system of the chamber
was open at nearly all times and measurements were continuously performed except for breaks for
calibration measurements of instruments which was done approximately every 7 days for one day.
The chamber roof was occasionally closed for the entire day to protect the chamber film from strong
wind gusts and/or precipitation. Reference experiments with clean synthetic air were performed
before and after the intensive periods to investigate possible changes in the strength of HONO and
HCHO emissions of the Teflon film and to check for instrumental backgrounds. Few specific
experiments were performed, in which chemical species (e.g., NO,, Os, Cl,) were injected in addition
to the ambient air. In some experiments, the high flow of ambient air was stopped in the morning, in
order to observe the evolution of trace gas concentrations under perturbated conditions.
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Table 2. 2: Experiment days in each intensive period of the JULIAC campaign 2019. Special
experiments were for example experiments with zero, addition of trace or experiments, in which the
high flow of ambient air through the chamber was stopped.

Intensive period Calibration or shutter system closed ~ Special experiments
Winter 14. Jan. — 10. Feb. Jan.: 17, 22, 23, 26, 27, 28, 30, 31 12. Feb.
(ULIAC) Feb.: 02, 03, 09
Spring 09. Apr. —06. May Apr.: 11, 17,24, 27,28, 30 08. Apr., 09. May., 10. May,
(JULIAC-II) May: 04, 05 02. May — 03. May

Summer 04. Aug. —02. Sep.  Aug.: 09, 10, 15, 17, 18, 21, 29 01. Aug., 02.Sep., 22. Aug. —
(JULIAC-III) 23. Aug.

Autumn 28. Oct. —24. Nov.  Oct.: 26, 27, 30, 31 31. Oct., 29. Nov., 19. Nov. 20.
(JULIAC-IV) Nov.

Nov.: 02, 03,04, 12, 18

2.3 Instrumentation during the JULIAC campaign

A large suite of instruments was available for the experimental studies in the SAPHIR chamber
during the JULIAC campaign. Measurements used for the analysis is this work are listed in Table 2.1
together with the measurement technique, time resolution, 16 accuracy and precision.

The concentrations of OH, HO, and RO, radicals were measured by the FZJ laser-induced
fluorescence (LIF) instrument. The principle of the LIF technique is described in Section 1.2 and
details of the specific FZJ-LIF instrument in Section 3.1.

The calibration-free differential optical absorption spectroscopy (DOAS) instrument, which is
permanently installed in the chamber simultaneously measured OH, HCHO, SO, and naphthalene. It
provides an absolute reference for OH radical measurements with a 1o accuracy of 6.5 % (Hausmann
et al., 1997; Schlosser et al., 2007; Schlosser et al., 2009). Broad-band UV radiation at 308.04 nm is
emitted by a dye laser operated at a repetition rate of 82.2 MHz. Two mirrors are mounted at the ends
of the chamber in a distance of 20 m. The laser light is multiple times reflected in a White cell
configuration resulting in a long absorption path length of 2.2 km. The absorption signal is detected
by a high-resolution Echelle spectrometer coupled to a photodiode array detector.
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Figure 2. 3: Schematics of the Jiilich laser flash photolysis and laser-induced
fluorescence instrument (LP-LIF) for the measurement of the OH reactivity.

In addition to the measurement of radical concentrations, the total OH reactivity (kop), which is
the inverse of the chemical OH lifetime (toy, Eq. 1.3), was measured by combining a flow tube,
through which ambient air is flowed (flow rate 10 to 20 slpm), and a time-resolved measurement of
the OH radical concentration by LIF (Figure 2.3) (Fuchs et al., 2017). In the flow tube, a large amount
of OH (up to 1 x 10" cm?) is artificially generated by a laser flash photolysis (266 nm, 1 Hz
repetition rate) of ozone in a humid air (Reaction R2.1 and R2.2).

0, + Av (A = 185nm) > 0+ 0 (R2.1)
0+0,+M> 0;+M (R2.2)

Part of the air (3 L slpm) is further sampled to a fluorescence detection cell to detect OH radicals.
The OH decay measured at a high time resolution of 1 ms follows a pseudo first-order loss (Eq. 2.1),
so that an exponential fit gives directly the OH reactivity:

[OH]; = [OH], e™out (Eq.2.1)

An instrumental zero loss rate in the flow tube likely due to the wall loss and diffusion of OH is
checked and by sampling synthetic air at least once per a day. All measurements are corrected for the
zero value. Typical values were 1 to 2 s™ during the JULIAC campaign. At the chamber, the air from
the chamber is sampled through a stainless-steel inlet line with a SilcoNert™ coating (i.d.: 10mm,
length: approximately 5 m), minimizing the loss of OH reactants.

Photolysis frequencies were calculated from spectral actinic flux densities measured by a
spectroradiometer outside the chamber. Calculations take into account the transmission of the
chamber film and shading of the structure of the chamber (Bohn et al., 2005; Bohn and Zilken, 2005).

In the chamber, NOs radical concentrations were monitored by a custom-built cavity ring-down
spectroscopy (FZJ-CRDS) instrument that is similar to the instrument described in Wagner et al.
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(2011); nitrous acid (HONO) by a custom-built long-path absorption photometer (LOPAP)
(Kleffmann et al., 2006; Li et al., 2014); CO, CO,, CH,4, and H,O by a cavity ring-down spectroscopy
instrument (CRDS, Picarro); nitric oxide (NO) and nitrogen dioxide (NO,) by a chemiluminescence
instrument with a photolytic converter (CL, Eco Physics); and O; by UV absorption instruments
(Ansyco and Thermo scientific). Measurements by different instruments agreed within 5%.
Furthermore, concentrations of O3, NOx, CH,, CO,, CO and water vapor were additionally measured
in the inlet system before the air entered the SAPHIR chamber by combined monitors (CraNOX, Eco
Physics; CRDS, Picarro).

VOCs were detected by a gas chromatography — flame ionization instrument (GC-FID, Gerstel), a
proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS, Ionicon) (Jordan et al.,
2009) and a VOCUS PTR-TOF instrument (Aerodyne). Although three different instruments were
used to identify various VOC species, the three instruments measured only concurrently on 28 days
out of 112 days. The VOC species that were detected in the JULIAC campaign are listed in Table 2.3.
In the summer and autumn periods, CINO, was observed by a chemical ionization mass spectrometer
applying ionization with iodine (I-CIMS) (Sommariva et al., 2018). Aerosol total surface area was
measured by a scanning mobility particle sizer (SMPS).

Table 2. 3: List of VOC species measured in the JULIAC campaign.

Species Instrument
alkenes pentene, hexene VOCUS
alkanes hexane, heptane, decane, nonane GC-MS
aromatics toluene, xylene, benzene, phenol, furan, PTR-TOF-MS

styrol, cresol

BVOCs isoprene, monoterpenes, sesquiterpenes VOCUS

OVOCs acetaldehyde, acetone, acetonitrile, VOCUS
acrolein, adipinic acid, benzaldehyde,
butanone, cyclohexanone, formic acid,
glycolaldehyde, glycolic acid,
hydroxyacetone, methylglyoxal, methyl
vinyl ketone, methacrolein, nopinone,
pentanone, pinonaldehyde, succinic acid
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2.4 Characterization of the SAPHIR chamber with the JULIAC inlet system for
ambient air sampling

In the JULIAC campaign, the SAPHIR chamber was operated as a continuously stirred
photochemical flow reactor, through which ambient air was flowed, (Section 2.2, Fig. 2.2). The
residence time of air in the chamber for the operational conditions (flow rate of 250 m® h™") during the
JULIAC campaign was characterized in a separate experiment on 23 April (Fig. 2.4). A high
concentration of the non-reactive tracer (CO,) was injected into the chamber, while ambient air was
flowed through the chamber, and the decay of its concentration was observed. The fraction of the
measured CO, concentration that was due to the CO, in the ambient air flowed into the chamber was
calculated from the CO, measured in the incoming air at JULIAC inlet system described in Section
2.5. Figure 2.4(b) shows the total CO, concentrations and the contribution from ambient CO,. The
excellent fit of the experimental data to an exponential decay function over four orders of magnitude
shows that the air in the chamber is homogeneously mixed. The residence time of the air inside the
chamber (chamber volume V = (2774£3) m’) is determined from the measured decay to be t =
(1.13£0.01) h for a volumetric flow rate of the air flowing into the chamber of 250 m® h™. For further
calculations in this work, the actual residence time of air in the chamber, T, is calculated from the
measured volume flow rate V of the incoming air:

A\ —
T=5= Kar | (Eq.2.2)

K.ir , the inverse of the residence time, is the air exchange rate. This calculation assumes that the
chamber volume V is constant.

00:00:00
24.01.20

T ,l 100000 L B e M
(a) f : co, i the incoming air (b)
550 |- \ CO, in the chamber =
| 10.000 — ) —
\ Pulse response function
\ t
\ g 9(®) < exp(=7)
E \ s 1.000 — L
& 500~ \\ . ~ T=4081s
] \ O 0.100+ -
N Q
8 \
L \\ 0.010/- .
450~ \ N +  CO, inthe chamber X
~_ 0001}~ —— Exponential fit ] -
1 L L 1 L L | L L | L | P RN W ATV U W W T AN S (T Y
(2188(%(2)8 06:00:00 12:00:00 18:00:00

2 4 6 8 10 12 14
Time since injection /h

Figure 2. 4: (a) Time series of mixing ratios of CO, in the incoming ambient air and in
the chamber, when CO, was injected in the chamber. (b) Exponential decay of the
measured CO, mixing ratios in the chamber after subtracting the contribution from
ambient CO,. The limit of detection of the instrument detecting CO, was 0.025 ppmv. A
fit to the pulse response function (g(t)) gives the residence time (t) of air in the chamber.
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2.5 Evolution of trace gas concentrations and determination of net chemical production
rates

The observed concentration of a trace gas in the chamber ([X]) is determined by its concentration in
the ambient air flowing into the chamber ([X]iyet), the air exchange rate (k,i-) and its chemical
production (P) and destruction rate (D).
I = Kpir - [Xlintet — Kair - [X]+ P— D (Eq. 2.3a)
ac  Sair inlet air q.4.0a
The differential equation can be written for further numerical calculations using discrete values with
a time step At:

ARG — ey - [Ximte(ti1) — kaie - [X](tio) + P(t) — D(t;) (Eq.2.3b)

If there is no chemical production or destruction on the time scale of the residence time of air in
the chamber (P = D = 0), the concentration of the species in the chamber is only due to its
concentration in the air transported into the chamber ([X]irans)- In this case, the concentration in the
chamber can be iteratively calculated from the time series of concentrations measured in the inlet line
using Eq. 2.3b:

Xlerans(ti) = At kg - [Xintee(tiz1) + (1 — At kqir) - [X](ti1) (Eq. 2.4)

Equation 2.4 can also be used to calculate the concentration of a trace gas that would be expected, if
there was no chemical production and destruction on the time scale of residence time of air in the
chamber. Differences to the actual concentration measurement in the chamber indicate that there was
chemical production or destruction.

The rate of the net chemical production and destruction rate (P(t;) — D(t;)) of a species X can be
iteratively calculated from Eq. 2.3b, if concentrations are measured in the inlet line and in the
chamber:

P(t) — D(t;) = X0 (6 - (KT — [Xlimee () (Eq. 2.5)

To test the predictability of the concentration of a trace gas in the without chemical production
and destruction chamber from the concentration in the inflowing air ([X]¢rans), the measurements of
CH,4 and CO, were used, because concentrations of these species were both measured in the JULIAC
inlet and there is no significant chemical production and destruction within the residence time of air
inside the chamber. Figure 2.5(a) shows the comparison of the CH, concentrations measured in the
inlet, measured in the SAPHIR chamber and expected in the chamber from calculations using Eq. 2.4.
The differences between calculated and measured concentration in the chamber were insignificant
(0.4 %, maximum difference 10 ppbv). Maximum differences are within the accuracy of
measurements that are limited by the instrumental offsets that were determined from comparisons of
measurements, when both instruments sampled the same air mass. The average offsets between
instruments were (3£6) to (6+9) ppbv). In addition, for the whole JULIAC campaign, the average
deviation between measured and calculated methane concentrations in the chamber was less than 14
ppbv or 0.7% relative to the average measured CH,4 concentration. Similarly, deviations between
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measured and calculated CO, concentrations in the chamber were less than 0.5% (Fig. 2.5). The
excellent agreement between calculated and measured concentrations for long-lived species
demonstrates that the flow system of the JULIAC-SAPHIR system is well understood and
characterized.
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Figure 2. 5: (a) Concentrations of CH, measured in the inlet, in the chamber and
expected in the chamber from transportation from the inflowing air. (b) Relative
differences between measured and calculated concentrations in the chamber ([CO;]chamber
- [COs]ians)- Grey areas indicate nighttime (solar zenith angles > 90°). Results from the
days shown in this figure are representative for the results from the entire campaign.
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Figure 2. 6: (a) Concentrations of CO, measured in the inlet, in the chamber and
expected in the chamber from transportation from the inflowing air. (b) Relative
difference between measured and calculated concentrations in the chamber ([CHy]chamber -
[CH4]ans)- Grey areas indicate nighttime (solar zenith angles > 90°). Results from the
days shown in this figure are representative for the results from the entire campaign.
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Chapter 3. Radical detection by laser induced fluorescence
and characterization of a chemical modulation reactor
(CMR) for the measurement of atmospheric
concentrations of hydroxyl radicals

The content of this chapter was published in the journal Atmos. Meas. Techn. by the author of this
thesis as part of the Ph.D. work. Parts of the text and figures in this chapter are adapted from the open
access publication Cho et al., 2021, under the CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0).

3.1 The Forschungszentrum Jiilich LIF instrument for OH, HO; and RO, radical
concentration measurements

In Chapter 1, the principles for the measurement of OH, HO, and RO, radicals with LIF technique
were described. This section focuses on the specific properties of the Forschungszentrum Jiilich LIF
instrument in use at the atmospheric simulation chamber SAPHIR.

The instrument includes a laser module stored in a container and a measurement module mounted
below the SAPHIR chamber (Figure 3.1). A schematic of the fluorescence detection cells in the
Forschungszentrum Jilich (FZJ)-LIF instrument is shown in Figure 3.2. The measurement of OH
radicals is achieved by sampling air (1.1 slpm =1 L min™ at 1 atm, 20 °C) through a 0.4 mm pinhole
nozzle into a low-pressure (4 hPa) detection cell. A sheath flow of 800 sccm (1 scem = 1 ¢cm® min™ at
1 atm, 20 °C) N, injected downstream of the nozzle avoids accumulation of contaminations from the
sampled air. Also baffles arms containing multiple baffles to reduce laser stray light are flushed with
a flow of 200 sccm N».

The sampled air crosses the single-pass laser beam in the center of the detection cell with a
velocity of about 200 m s™ without having wall contact. The OH radical is resonantly excited by the
UV laser pulse (308 nm) produced by a narrow-bandwidth (2.5 pm) tunable dye laser system. The
dye laser system is pumped by a frequency doubled Nd:YAG laser, which provides short laser pulses
(25 ns) at a repetition rate of 8.5 kHz. The UV power is typically 30 — 40 mW. A reference cell, in
which a high concentration of OH radicals is generated by pyrolysis of water vapor by a hot filament,
is used to track the OH excitation line and to automatically correct of slow drifts of the laser
wavelength.

The OH fluorescence is detected by a micro-channel plate photomultiplier (MCP) connected to a
gated photon counting system. To distinguish the OH fluorescence from background signals, the
excitation wavelength is modulated on and off the peak of the OH Q,(3) absorption line (Fig. 3.3)
(Hofzumahaus et al., 1996). The photon count rates are integrated over 25 s and 10 s in the on- and
off- resonance mode, respectively, in order to acquire a sufficient number of fluorescence photons
and to obtain a precise background signal. A complete measurement cycle including times for tuning
the laser wavelength takes 45 s.
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Figure 3. 1: Schematic of the FZJ-LIF instrument used at the SAPHIR chamber for the
detection of OH, HO, and RO, radicals. The laser module is located inside a container.
The 308 nm laser light is divided into three optical fibers (BS: beam splitter; L: lens) that
guide the light to (1) the measurement module mounted below the SAPHIR chamber, (2)
the reference cell and (3) the OH reactivity instrument. Ambient air is sampled into the
low-pressure detection cells that are separated by glass windows (W). Reactive gases
(NO, CO and propane) are injected into the HOx and ROx cells (NO), the ROx converter
(NO and CO) and the chemical modulation reactor (CMR) (propane). Baffle arms (BAs)
and detection cells are continuously purged with pure nitrogen. The position and the
power of the laser beam are monitored by a photodiode (PD) and a position-sensitive
diode (PSD). Adapted from the open access publication by Tan et al. (2017) under the
CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0).
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Figure 3. 2: Schematics of a fluorescence cell in the FZJ-LIF instrument. Adapted from
(Broch, 2011).
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Figure 3. 3: Excitation spectrum of OH showing rovibrational absorption lines around
308 nm. The spectrum was acquired in a laboratory experiment with the calibration
source on top of the OH measurement cell. Signals from the OH cell and the reference
cell are shown.
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The measured OH concentration resulting from the wavelength modulation of the exciting laser
is hereafter called [OH]wavyg and is calculated as:

[OH]wave = S‘(/:vﬂ = CL X (Son — Sorr) (Eq.3.1)
OH OH

Here, Syavg is the OH radical fluorescence signal normalized to the UV laser power. It is obtained
from the difference between Sgy and Sopg, the on- and off-resonance signals, respectively. Coy is the
OH radical detection sensitivity, which is obtained from the calibration of the instrument. During the
JULIAC campaign, a chemical modulation reactor (CMR) was mounted on the top of the OH cell to
measure potential interferences in the OH measurement. Further description of the CMR can be found
in the following sections.

The HOx fluorescence cell, which runs in parallel to the OH cell, is similar to the OH cell.
Ambient air is sampled through a small pinhole (0.2 mm) resulting in a flow rate of 0.28 slpm. HO,
radicals are chemically converted to OH radicals in the reaction with NO (Air Liquid, 1% NO in N,,
purity > 99.9990 %) that is injected downstream of the inlet nozzle (Fuchs et al., 2011). The NO

concentration in the fluorescence cell is ~2.5 X 103cm™3

, resulting in an HO, to OH conversion
efficiency of approximately 20 %. By using the small pinhole and small flow rate the residence time
of air in the fluorescence cell is shorter compared to the OH cell. This and operating the cell with
moderate NO concentrations minimize possible interference from specific RO, radicals as shown by

Fuchs et al. (2011).
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Figure 3. 4: Schematic of the ROx-LIF system for measurements of RO, radical
concentrations. Adapted from Fuchs (2007).
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In the ROy cell (Fig. 3.4), which runs in parallel to the OH and HOx cells, RO, radicals are
measured using a two-step radical conversion (RO, — HO, — OH). The RO, radicals are sampled
with a flow rate of 7 slpm into the ROy converter (~ 25 hPa), where a mixture of NO (Air Liquide,
500 ppmv NO in N, purity > 99.9990 %) and CO (Air Liquide, 10% CO in N,, purity > 99.9990 %)
is injected. The NO converts the RO, radicals to HO, radicals and the CO converts the OH formed
from the reaction of HO, radical with NO back to HO,. Concentrations are chosen, such that the
equilibrium concentrations are on the side of HO,. At the end of the converter, the HO, radical are
sampled with a flow rate of 3.5 slpm into the fluorescence cell, where radicals are finally converted to
OH radicals by injection of excess NO (Linde, 99.9%) (Fuchs et al., 2008). A much higher NO
concentration of 1.0 X 10'7cm™3 compared to the NO concentration in the HOx cell is used to
maximize the HO,-to-OH conversion efficiency. After the subtraction of the signals from HO, and
OH concentrations measured in the other two cells, the total RO, concentration from the ROy signal
is obtained.

The sensitivities of the instrument are calibrated with a radical source, which can produce a
known amount of OH, HO, and RO, radicals. In the radical source, OH and HO, are produced by the
photolysis of water vapor at 185nm in the presence of oxygen (Reaction R3.1 and R3.2). This method
is widely used for the calibration of instruments detecting HOx radicals (J. Creasey et al., 1997;
Kanaya et al., 2001; Hard et al., 2002; Holland et al., 2003; Faloona et al., 2004; Hofzumahaus and
Heard, 2016).

H,0 + hv (A = 185nm) — H + OH (R3.1)
H+0, +M— HO, + M (R3.2)

Figure 3.5 shows a schematic of the calibration source, which is used for the calibration of the FZJ-
LIF instrument. Humidified clean synthetic air (flow rate: 20 slpm) is flowed through a quartz glass
tube (20 cm length, 18.7 mm i.d. with a frit at the top, Reynolds number Re = 1920). At the end of the
flow tube, a known amount of OH and HO, is produced by the irradiation with 185 nm radiation from
a low-pressure discharge mercury lamp (pen-ray lamp). Equal concentrations of OH and HO, are
produced and can be calculated as:

[OH] = [HO,] = [H,0] on,0 Pon trad. l1gsnm (Eq.3.2)

Here, oy, is the absorption cross section of H,O at 185 nm that has a value of 7.24+0.2 x 102 cm?
(Hofzumahaus et al., 1996; Cantrell et al., 1997; Creasey et al., 2003). ®qy is the OH quantum yield
of the photolysis reaction. The value of the yield is 1.0 (Engel et al., 1992). t,,q is the irradiation
time, and [; g5, is the lamp intensity from the mercury emission line at 185 nm. Because values are
specific for the design of the calibration source, they are experimentally determined by ozone
actinometry. As the synthetic air contains oxygen, oxygen is concurrently photolyzed at 185nm and
forms ozone (Reaction R3.3, R3.4).

0, +hv (A =185nm) > 0+ 0 (R3.3)
0+0,+M-> 0;+M (R3.4)

Similar to OH (Equation 3.2), the produced O; concentration is calculated as:
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[03] = [0g] Ggfzf Do, trad. ligsnm (Eq.3.3)

Unlike the absorption cross section of water, the absorption spectrum of oxygen has a distinct

structure around 185 nm (Sedlacek, 2001). Therefore, the effective absorption cross section of oxygen
(ogfzf) is specific for the emission of an individual mercury lamp (for example, G%fzf = (1.2840.05) x
10° cm” for the calibration source used in this work). The value needs to be determined in laboratory
experiments (Hofzumahaus et al., 1996; Creasey et al., 2000). The ozone yield in the photolysis

reaction is ®q, = 2 derived by stoichiometry.
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Figure 3. 5: Schematic of the radical source used to calibrate the sensitivity of the FZJ-
LIF instrument.

By combining Equations 3.2 and 3.3, the OH and HO, concentrations produced by the calibration
source are calculated as:

[H,0] om0 Pon

(Eq.3.4)
[0,] G(E)fzf Do,

[OH] = [HO,] = [0s]

The mixing ratio of the produced ozone (several ppbv) is close to the limit of the detection of
standard ozone photometers. Therefore, the ozone concentration is related to the intensity of the
radiation (Ip) monitored by a phototube. The linear relationship (slope a) between the phototube
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signal and the produced ozone concentrations is determined in a separate laboratory experiment, in
which the O; concentration is detected by a modified chemiluminescence detector (CLD, Eco
Physics), which allows to accurately measure O; mixing ratios in the low ppbv range. Variations of
the residence time of air in the illumination section of the radicals are accounted for by considering
the measured volume flow rate of the air (Qy), so that the ozone concentration produced during the
calibration can be calculated as:

[05] = ¢ (Eq. 3.5)
The air in the calibration source used in this work flows as a plug flow that ensures a uniform
distribution of OH and Oj; in the calibration gas. The uniform distribution was confirmed by ozone
measurements with the chemiluminescence detector showing that the ozone concentration in the
central flow was the same as the mean ozone concentration in the calibration source within a few
percent.

For the calibration of the HO, sensitivity of the instrument, 250 ppmv of CO (Air Liquide, 10%
CO in N,, purity > 99.9990 %) is added to the synthetic air in the calibration source in order to
convert OH to HO, (Reaction R3.5). The doubled HO, concentration that is provided.

CO+ OH — CO, +H (R3.5a)
H+ 0, + M—> HO, + M (R3.5b)

For the calibration of the RO, sensitivity, 0.1 % methane (CH,) (Air Liquide, purity > 99.9990 %) is
added to the calibration gas leading to the production of methylperoxy radicals (CH;0,) in the
reaction of OH with methane (Reactions R3.6, R3.7):

OH + CH,—> CHj + H,0 (R3.6)
CH; + 0, + M—> CH30, + M (R3.7)

In this operational mode of the calibration source, the same concentrations of CH;0, and HO, are
produced. Because the instrument measures the sum of RO, and HO, concentration, the ROx system
needs to be separately calibrated for HO, running the calibration source with CO. From both
calibration measurements together, the RO, sensitivity can be determined.

Because the rate constants of the reaction of RO, with NO and RO decompositions vary for
different RO, radicals, the RO, sensitivity may also differ. Laboratory tests adding different
hydrocarbons instead of CH,4 in the calibration source leading to the production of organic peroxy
radicals in the reaction with OH showed that RO, radicals formed from simple alkanes, alkenes and
isoprene can be measured with almost the same detection sensitivity as methylperoxy radicals (Fuchs
et al., 2008). Therefore, the instrument is typically only calibrated for methylperoxy radicals, if
ambient air containing a complex mixture of different RO, species is analyzed.

The 1o accuracy of the calibration is 10 % from Gaussian error propagation of errors from the
parameters used in the calculation of the radical concentrations (Holland et al., 2003). During the
JULIAC campaign, calibrations of the FZJ-LIF instrument were performed approximately every 7
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days (Section 2.2). Values varied only approximately 15 % demonstrating a good reproducibility of
the calibration. The overall 1o accuracies of the measurement of OH, HO, and RO, concentrations
are calculated to be 18 % (Table 2.2), if the reproducibility of the calibration is additionally taken into
account. Details of the calibration of the instrumental sensitivity, if the CMR is applied, is described
in Section 3.3 and 3.4.

3.2 Potential interferences in radical concentration measurements by the LIF
instrument

3.2.1 Potential interferences in the OH concentration measurement

Previous studies have investigated and reported possible interferences in the detection of ambient OH
by LIF instruments, which originate from the formation of OH inside the instrument. OH can be for
example formed inside the detection cell from the laser photolysis of ozone in the presence of water
(Holland et al., 2003; Ren et al., 2004), from the laser photolysis of acetone (Ren et al., 2004; Fuchs
et al., 2016), from the ozonolysis of alkenes (Ren et al., 2004; Novelli et al., 2014b; Fuchs et al., 2016;
Rickly and Stevens, 2018), and by unknown reactions of nitrate radicals (NO;) (Fuchs et al., 2016).
Most of these interfering species do not to play a role at ambient concentrations with the exception of
ozone photolysis in humid air. This interference is often corrected in ambient air measurements based
on laboratory characterization experiments (Holland et al., 2003).

In accordance with a recommendation from the International HO, workshop 2015 (Hofzumahaus
and Heard, 2016), the majority of LIF instruments nowadays applies a chemical modulation method,
in order to account for possible interferences. This method is also applied in CIMS instruments
detecting OH (Berresheim et al., 2000). Chemical modulation is done by periodically scavenging the
ambient OH by addition of a reactant (propane or hexafluoropropene) before the air enters the
detection cell. Any remaining OH fluorescence signal can then be attributed to OH produced inside
the detection cell (Mao et al., 2012; Novelli et al., 2014a; Tan et al., 2017; Rickly and Stevens, 2018;
Tan et al., 2018; Tan et al., 2019; Woodward-Massey et al., 2020) (Table 3.1). The difference
between the signal without and with the scavenger provides interference-free ambient OH signals,
from which OH radical concentrations are calculated applying a calibration factor. However, no
distinct reason for the different behavior of instruments have been identified so far.

After considering interference measured by specific LIF instruments using CMR systems (PSU,
MPI, IU, Table 3.1), a significantly improved agreement was found between measured OH
concentrations and chemical box model predictions in field campaigns (Mao et al., 2012; Feiner et al.,
2016; Mallik et al., 2018; Lew et al., 2020). In these cases, measured interferences contributed 40 -
80 % to the total signal in daytime and 50 -100 % in nighttime in campaigns in forested environments
(Mao et al., 2012; Hens et al., 2014; Novelli et al., 2014a; Feiner et al., 2016; Lew et al., 2020).
Smaller contributions of 20 - 40 % to the total signal were found in campaigns in coastal (Mallik et al.,
2018), rural (Novelli et al., 2014a), and urban (Brune et al., 2016; Griffith et al., 2016) environments
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during daytime, but interferences in nighttime were sometimes similar to those found in forested

environments.

Table 3. 1: Characteristics of chemical modulation reactors developed for OH LIF instruments from

different groups worldwide.

Parameter FZ]* PKU® MPIC PSU ¢ IU ¢ UL '
Volume flow (slpm) 21 21 150-280 7 39 32
Residence time (ms) * 18 22/18" not specified 100 not specified 20
Reaction time (ms) | 11 19/11" 2.5-4 25/107 50 20
Scavenger C3Hg C3Hg C3Hg C3F6 C3F6 C3Hg
S

cavenger. . 3-500 100 150-500  400-1200 110 or 1100
concentration (ppmv)
Scavenger reactivity *' 7700 - 3000 or
4 -1 2 2 -
") 540 70 - 13500 700 26000 0000 - 60000 30000
OH scavenging (%)™ 96" 80-97" 80-95° 94° >90 >99"
OH transmission (%) " 64" 70" 731 ~1007 ~ 100 >95 %1
Reference This Té%f;; L Novelli et al. Mao et al. Rickly and ]\\2; (;::;Vztr(;
t > 2014 2012 t 201 '
study 2018) (2014a) (2012)  Stevens (2018) (2020)

“Forschungszentrum Jiilich, Germany.

" Peking University, Beijing, China.

¢ Max-Planck-Institute for Chemistry, Mainz, Germany.

4 Pennsylvania State University, PA, USA.

¢ Indiana University, IN, USA.

"University of Leeds, UK.

¢ Total transit time.

" The shorter time applies to the CMR version as used in Tan et al. (2018).

! Transit time from the injectors to the inlet.

) The shorter time was used by Feiner et al. (2016).

¥ Assuming homogeneous mixing in the CMR flow.

! The scavenging reactivity was calculated assuming homogeneous mixing. The used rate coefficients for C3Hg and C;Fs + OH radical are
1.1 x 102 and 2.08 x 1072 cm? s™ at 298K, respectively (Dubey et al., 1996; Atkinson et al., 2006).
™ Corresponds to (1- &) x 100%.

" Measured in synthetic air.

© Measured in ambient air with OH produced photolytically by Hg lamp radiation.

P Corresponds to By, * 100%.

9 Measured in ambient air in the presence of ambient OH concentrations at daytime.

In field campaigns, in which other LIF instruments using chemical modulation (PKU and UL,
Table 3.1) for OH concentration measurements, insignificant interferences were observed after the
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well-quantified photolytic ozone interference had been subtracted (Tan et al., 2017; Tan et al., 2018;
Tan et al., 2019; Woodward-Massey et al., 2020). These field studies were performed under the
conditions of rural in Wangdu (Tan et al., 2017), suburban in Per River Delta (Tan et al., 2019) and
Beijing (Tan et al., 2018; Woodward-Massey et al., 2020) in China, in which less influences
(ozonolysis reaction rates of several ppbv h™' from simple alkenes, isoprene and monoterpenes) by
BVOC emission than in forested environments were present.

Some studies suggest that the observed interferences may be partly caused by the dissociation of
stabilized Criegee intermediates (SCls) that are produced from ozonolysis of alkenes (Novelli et al.,
2014b; Novelli et al., 2017; Rickly and Stevens, 2018). However, laboratory and chamber studies
(Fuchs et al., 2016; Woodward-Massey et al., 2020) found insignificant interference from the
ozonolysis of BVOCs for atmospheric concentrations of reactants. It remains an open question, which
chemical species and processes produce OH interferences in some of the LIF instruments and how the
technical design and operating conditions of the instruments influence the magnitude of the
interferences. Chemical modulation seems to be an appropriate way to account for these measurement
artefacts. However, the accurate evaluation of chemical modulation measurements can be challenging
and could result in systematic errors in the measured OH concentration, because chemical reactions of
atmospheric trace gases can disturb the efficiency of the chemical modulation method. In this study,
the chemical modulation method is applied to the OH measurements by the FZJ-LIF instrument.
Details of characterization and implementation of this method and discussion about the interferences
in the JULIAC campaign are shown in the following sections.

3.2.2 Potential interferences in HO, concentration measurements

As the HO, radical is detected after it has been converted to OH in the reaction with NO, the OH
interference described in the section above could also impact the measurement of HO, radicals.
However, given the range of ambient HO, concentrations, which are typically more than an order of
magnitude higher than ambient OH concentrations (Heard and Pilling, 2003), interferences that are
highly relevant for OH do often not play a significant role in the HO, measurement.

In the presence of NO in the HO, detection cell, RO, radicals can be converted to HO,, so that
they could cause an interference in the HO, measurement (Fuchs et al., 2011; Whalley et al., 2013;
Lew et al., 2018). However, for RO, radicals from C; to C, alkane compounds, the RO, to HO,
conversion efficiency in the LIF detection cell is negligible because of the slow reaction rate of H-
atom abstraction from the alkoxy radical by O, required to produce HO, (Reaction R1.9) in the low
pressure detection cell (Ren et al., 2004). For example, only less than 5% of methylperoxy radicals
(CH;0,) converts to HO, at the pressure in the detection cell (4 hPa) (Holland et al., 2003).

In contrast, RO, originating from the OH oxidation of large alkenes (including isoprene),
aromatics and oxidized VOCs can lead to a significant interference with a RO, conversion efficiency
of up to 80% for operating conditions that are optimized to achieve a high sensitivity for the detection
of HO, (Fuchs et al., 2011). This RO, interference can be substantially reduced by lowering the NO
concentration and shortening the residence time of air in the detection cell, both of which reduce the
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conversion efficiency for HO, and RO, radicals. RO, conversion to OH requires two reaction steps
with NO and HO, conversion only one reaction step, so that the RO, interferences can be suppressed
while sustaining a sufficiently high sensitivity for HO,.

3.2.3 Potential interference and limitation in RO, concentration measurement

OH interferences listed in Section 3.2.1 are typically negligible for the detection of RO, radicals. This
is again due to the much higher ambient concentrations of RO, compared to OH.

The measurement of RO, radicals by LIF instruments requires converting RO, to HO, radicals in
a conversion reactor upstream of the fluorescence detection cell (ROx-LIF, Section 1.2, 3.1).
Sampling of ambient air in highly polluted environments could cause perturbations in the radical
production and destruction in the converter. Fuchs et al. (2008) showed that impacts on the RO,
detection sensitivity from ambient NO concentrations between 0.2 ppmv and 1.0 ppmv, which are
values that could be observed in highly polluted environments, are small. The sensitivity is changed
by 0.04% per 1 ppbv NO. In addition, other species contained in ambient air such as CO, NO, and
VOCs show a negligible impact on the RO, sensitivity of the instrument. Another possible
interference could be due to the peroxy radical production from the thermal decomposition of peroxy
nitrates such as peroxy acetyl nitrate (PAN), pernitric acid (PNA, HO,NO,) and methyl peroxy nitrate
(MePN, CH;0,NO;), which are in a thermal equilibrium with peroxy radicals and NO, (Reaction
R3.8,R3.9).

HO, + NO, + M 2 HO,NO, + M (R3.8)
CH, +NO, +M 2 CH,0,NO, + M (R3.9)

Fuchs et al. (2008) showed that the interferences from PNA and MePN can be up to 1.7 % and
6 %, respectively, for 10 ppbv of ambient NO,, while the decomposition of PAN is negligible due to
the small decomposition rate for conditions of the conversion reactor (2.6 x 10™ s™ at 25 hPa and 298
K, (Burkholder et al., 2015)). Whalley et al. (2018) also investigated the possible impact of MePN
decomposition in the converter by assuming that the measured RO, is dominated by CH;0, ([RO,] =
[CH;0,]) for conditions encountered in the Clean air for London project (ClearfLo) in summer 2012.
The MePN concentration was estimated from the measured RO, and NO, concentrations resulting in
concentrations in the range of 0.3 to 0.5 x 10° cm™. Correcting for potential MePN decomposition in
the conversion reactor improved the agreement between modelled and measured RO, concentrations
for conditions of high NO mixing ratios (> 2 ppbv). However, as the RO, speciation was not
unknown, the correction is highly uncertain.

Because RO, measurements by the ROx-LIF instrument rely on the RO, conversion to HO,, RO,
radicals which do not yield HO, after their reaction with NO cannot be detected. Although most RO,
radicals produced from the reaction of organic compounds with OH radicals yield HO,, some
nitrated-RO, radicals formed from the reaction with NOs radicals cannot be measured, because some
nitrated-alkoxy radicals (nitrate-RO) formed from the reaction of nitrated-RO, and NO decompose
and form NO, instead of HO, in the conversion reactor.
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Recently, Novelli et al. (2021) and Vereecken et al. (2021) investigated the degradation
pathways of nitrated-RO formed from C, to Cs nitrated-RO, by combining experimental, theoretical
and modeling studies. They found that nitrated-RO, radicals from for example the NO; oxidation of
ethene, propene are detectable, because the reaction of nitrated-RO with O, yielding HO, is the
dominant degradation path. In addition, nitrated-RO, radicals from larger parent VOCs such as 1-
pentene and trans-2-hexene can be detected, because isomerization and decomposition reactions of
nitrated-RO forming HO, dominantly. In contrast, the study shows that ROx-LIF instruments cannot
detect most of the nitrated-RO, formed from the NO; oxidation of cis-2-butene, 2,3-dimethyl-2-
butene, and isoprene due to their fast fragmentation to NO, and a carbonyl product and epoxidation
for nitrated-RO in case of isoprene for conditions of the converter. Therefore, this study emphasized
that a careful investigation of the VOC speciation is required in campaigns, in which RO, is measured
in nighttime.

Table 3. 2: HO, and RO, background signals used in the evaluation of HO, and RO, measurements
in the JULIC campaign, and upper limits for HO, and RO, background signals.

HO; background Upper limit HO, RO, background Upper limit RO,

/10" cm? background / 10" cm™ /107 em™ background / 107 cm™
Winter 0.4+0.6 1.2 0.5+0.2 2.8
(JULIAC-I) to 2.8+0.4"
Spring 1.0+0.15 2.0 0.5+0.2 2.5
(JULIAC-II)
Summer 1.0+0.6 2.1 2.8+0.5 5.4

(JULIAC-III)

Autumn 0.0 1.5 0.0 1.5
(JULIAC-IV)

* Variable RO, background concentration was observed; from 14. Jan. to 25. Jan.: (0.5+0.2) x 10" cm?, from 263 Jan. to 06. Feb.: (1.6+0.2)
x 107 em™, from 07. Feb. to 10 Feb.: (2.8+0.4) x 10" cm™.

3.24 Corrections of background signals in HO, and RO, concentration
measurements in the JULIAC campaign

A small background signal is observed in the HOx and ROx measurements, when NO is injected
into the fluorescence cells. This can be quantified, if clean synthetic air without radicals is sampled. A
possible explanation for the observed signal is that OH is produced from the laser photolysis of
HONO, which could be heterogeneously produced from the conversion of nitrogen oxides on wall
surfaces (Kiinstler, 2020). Typical background signals for HO, and RO, are equivalent to radical
concentrations of less than 1x107 cm™ and 3x10” cm?, respectively. The background is routinely
characterized by sampling the clean synthetic air during the calibration procedures or, specifically for
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the FZJ-LIF instrument in operation at the SAPHIR chamber, by measuring during clean-air phases of
experiments, when the chamber is only filled with synthetic air. This allows to correct measurements
for the background.

In the JULIAC campaign, HO, and RO, background signals were between 0 — 2.1 x 107 cm” for
HO, and 0 — 5.4 x 107 cm™ for RO, (Table 3.2) determined from reference and laboratory
experiments, in which no HO, and RO, radicals are expected. Only few reference experiments with
only synthetic air were performed during each intensive period in the JULIAC campaign. In addition,
unlike in previous field campaigns (Tan et al., 2017; Tan et al., 2018; Tan et al., 2019), where
calibrations were performed every second or third day, calibrations were only performed once per
week in the JULIAC campaign to avoid an artificial perturbation of the air composition in the
chamber by venting reactive trace gases from the calibration system into the chamber. HO, and RO,
background signals applied in the evaluation of ambient HO, and RO, concentrations were taken
from the reference experiments, because background signals determined in calibration measurements
were highly variable and gave often higher values than the lowest signals observed in the ambient air
in the chamber (Table 3.2). Because the NO concentration injected in the HOx detection cell for the
measurement of HO, radicals is much lower compared to the NO injected in the ROx detection cell
for the measurement of RO, radicals, the background signal in the HO, measurements was much
lower than that in the RO, measurements. The uncertainties from the HO, and RO, background
signals were included in the uncertainty of radical concentrations.

3.3 The Forschungszentrum Jiilich LIF OH instrument with the chemical modulation
reactor (FZJ-LIF-CMR)

Within this work, a chemical modulation reactor was developed for the FZJ-LIF instrument for
interference-free OH measurements (Cho et al., 2021).

Hydroxyl radicals originating not from ambient air but formed in the detection cell are also
detected by the LIF instrument, because they can be excited by the laser in the detection volume. To
quantify the interference signal from internally generated OH radicals, the majority of LIF
instruments now apply chemical modulation in order to correct possible interferences in accordance
with a recommendation from the International HOx Workshop 2015 (Hofzumahaus and Heard, 2016).

A schematic of the CMR system is shown in Figure 3.6 and instrumental characteristics are listed
in Table 3.2. The reactor consists of a 79 mm long PTFE Teflon tube with 10 mm inner diameter that
is mounted in an aluminum body. Two stainless steel injectors (1/8” o.d. tubes with 50 um pinhole or
1/16” o.d. tubes) are located 50 mm above the nozzle pinhole of the detection cell pointing to the
center of the CMR tube.

A constant flow of 500 sccm nitrogen (N,, purity > 99.9990 %) or a mixture of nitrogen as carrier
gas and the OH scavenger molecule (Air Liquide, propane, purity > 99.95 %, (5.0+£0.1) % mixture in
nitrogen, purity > 99.999%) controlled by mass flow controllers is injected into the air flow sampled
through the CMR. When propane is added, the resulting propane mixing ratio downstream of the
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injectors is 19 ppmv for typical operational conditions. This concentration of propane was chosen to
efficiently scavenge OH radicals (90 — 95 %) in the CMR but to avoid scavenging OH radicals in the
detection cell of the instrument (Section 3.4.3). Propane is used as an OH scavenger because it does
not photolyze at the excitation wavelength at 308nm of the laser and it does not react with other
oxidants (e.g., NO; and Os), which could produce OH radicals in the CMR. When switching from the
mixture of the scavenger in nitrogen to pure nitrogen, the injection lines are flushed for 15 s with a
flow rate of 700 sccm to remove any residual scavenger molecule from the lines. The measurement
time with addition of propane is 135 s, followed by another period of 135 s without propane injection.
A complete cycle therefore takes 270 s.

Ambient air with OH

@ / Flow tube (10 mmi.d.)
' Injector tubes

Propane e |

+N == =
z S g iy

[

L

Pump

)

Inlet nozzle of low-
Pressure detection cell

OH detection

Figure 3. 6: Schematic drawing of the chemical modulation reactor (CMR) that is
mounted on top of the OH LIF detection cell. 20 slpm of ambient air is drawn through a
PTFE flow tube (79mm length; 10mm inner diameter). Part of the flow (1.1 slpm) is
sampled into the low-pressure cell for the OH detection downstream of the CMR, and 20
slpm of excess air is removed by a pump. A nitrogen flow of 0.5 slpm containing 19
ppmv propane as an OH scavenger is added via two 1/8” (0.d.) (50 um pinhole) or 1/16”
(0.d.) injector tubes 50 mm above the nozzle of the detection cell. The distance between
the injector tips is less than 1 mm.

For typical measurement conditions, 20 slpm ambient air is sampled. The flow rate downstream
of the injectors is increased to 21.1 slpm due to the additional flow. It is controlled by a flow
controller (Bronkhorst, model low A-p) connected to a membrane pump which removes 20 slpm of
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excess air, while the OH measurement cell samples 1.1 slpm, resulting the air residence time of 17.8
ms.

Without added scavenger (N, mode of operation), the OH signal obtained from a wavelength
modulation (on-off-resonance) measurement cycle (Section 3.1) is

SN2 = Sou + Si. (Eq.3.6)

It contains the signal Soy from ambient OH radicals which pass the CMR and reach the inlet nozzle of
the detection cell and potentially an interference signal S; from OH radicals that are produced inside
the cell (internal OH). When the scavenger is added (SC mode of operation), a large percentage
(typically 96 %) of atmospheric OH radicals is removed by the reaction with propane. The OH signal
in the scavenger mode is

S3% = aSon + Si. (Eq.3.7)

It consists of the OH signal from the residual ambient OH, which is reduced by a factor a due to
scavenging, and the signal from interferences S;. The residual factor a has to be determined
experimentally (Section 3.4.2), in order to calculate Soy and S; from a cycle of measurements in the
scavenging and nitrogen modes.

N2 sC
SOH - SOH

S = — Eq.3.8
oH R (Eq.3.8)
sc N2
OH — %Sof
S = ——mM8M8M8M8 Eq.3.9
i 1-« (Eq )

The conversion of Spy into an interference-free ambient OH concentration, [OH]cyxey, requires
calibration.

1

OH =
[OH]chEm ConBua

Son (Eq.3.10)
In addition to the detection sensitivity Coy of the OH detection cell without the CMR, the OH
transmission of the CMR in the N, mode (By) needs to be known. In the present system, the
transmission is reduced due to wall loss reactions and has a typical value of 64 %. The values of the
detection sensitivity Coy and transmission 3y, have to be determined either separately or together
(Con * Bn2) by calibration measurements (Section 3.4.1).

The interference OH signal S; can be converted into an equivalent OH concentration in analogy to
Eq. (3.9).

[OH]; =

— . (Eq.3.11)
CouBnz d

It should be noted that the application of the CMR relies on the assumption that interfering chemical
species, which produce OH inside the instrument, are not affected by switching between N, and
scavenger injection in the CMR. Furthermore, it is assumed that internally produced OH is not
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scavenged by propane inside the OH detection cell. The latter assumption was confirmed for this
instrument (Section 3.4.3).

3.4 Characterization and test of the CMR system for clean air conditions

3.4.1 OH transmission of the CMR without OH scavenger

The loss of OH radicals in the CMR and the scavenging efficiency were determined in laboratory
experiments using the radical source, which is also used for absolute calibration of the instrument
(Section 3.1). The radical source was operated with a total flow of 24 slpm, which overflowed the
inlet of the CMR tube. It is worth to noting that the radical source produces a plug flow that ensures a
uniform distribution of OH.

Several tests were performed to characterize potential OH loss on the surfaces in the CMR. Three
regions can be distinguished (Figure 3.6): the entrance section above the injectors, the injector tubes,
and the reaction section downstream of the injectors. The flow in the entrance section is in the
transition regime between laminar and turbulent (Reynolds number, Re = 2800), but turbulence is
further increased by the injectors, which protrude approximately 4mm into the flow tube. In order to
quantify potential OH loss on the surface of the injectors, the stainless-steel injectors were replaced
by Teflon tubes of the same geometry to compare the OH loss. Within the measurement precision
(+3%), no difference in the transmission of OH was found, when the material of the injectors was
changed. Since Teflon and stainless steel have orders of magnitude different surface reaction
probabilities for radicals (Rozhenshtein et al., 1985), the result suggests that OH loss on the injector
surfaces is negligible regardless of its material because of the overall small surface that is provided by
the injectors.

Since the injector tubes do not cause OH losses, the OH transmission in the N, mode (By) can be
described as the product of transmissions of the entrance section (B°) and the reaction section (By2)
(Figure 3.6). Here, the superscripts e and r denote the entrance and reaction sections, respectively.

Bnz = B® X BN (Eq.3.12)

The values of the transmissions B° and B, were experimentally determined using clean air as carrier
gas for OH. Parameters determined for clean air conditions without ambient OH reactants (OH
reactivity koy = 0) are indicated by the superscript (0) in the following.

The OH transmission of the CMR tube without the injectors was determined by measuring OH
from the radical source with and without the CMR mounted on the OH cell. A transmission B2, of
0.81 + 0.02 was determined for a flow rate of 21.1 slpm. Assuming that the OH loss is caused by only
wall loss reactions following first order kinetics, a rate coefficient of k,, = 11.8 s is calculated from

B'?ube = exp(—kWAt) (Eq. 313)
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where At is the transit time through the tube. The rate coefficient, k,, that was obtained can be used to
estimate the transmission of the entrance section ()

B0 = exp(—Kk& At,) (Eq.3.14)
which has a transit time At, = 6.6 ms, yielding a transmission $¢° = 0.92.

With the 1/8” injectors and nitrogen injection, an OH transmission of B%, = 0.64 + 0.03 was
measured for the complete CMR system operated at a flow rate of 21.1slpm. In addition, the OH
radical transmission was investigated for various flow rates between 12 and 21.1 slpm (Figure 3.7).
An increasing flow rate has two opposing effects. First, it decreases the residence time in the CMR
leading to an increase of the OH transmission from about 60% at 12 slpm to 65% at 15 slpm. Second,
an increasing flow rate causes more turbulence and therefore a faster transport of radicals to the wall.
The compensating effects are the likely reason for the flattening of the transmission curve at flow
rates above 15 slpm (Figure 3.7). Further increase of the flow rate to higher values than 21 slpm does
not improve the OH transmission in synthetic air.
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Figure 3. 7: Total OH radical transmission for varying the flow rate in the CMR.

To minimize the possible effect of secondary chemistry, the CMR was operated with the fastest
flow rate that could be technically achieved (21.1 slpm), which gives a transmission B%, of 0.64.
Using the experimental values of B, and f&°, the OH transmission of the reaction section in the
CMR system for clean air (Eq. 3.12) is Bll:ig= 0.69. With a transit time At,. = 11.2 ms, a wall loss rate
coefficient k%, =33 s is obtained (Table 3.3).
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This number can be compared to estimates assuming that there is no resistance for transporting
OH to the walls. In this case, the rate coefficient kg for wall loss due to collisions with a reactive
surface can be calculated for a cylindrical tube with radius R by

ki=vy— (Eq.3.15)

(Zasypkin et al., 1997). For OH with a mean molecular velocity T of 610 m/s (298 K) and reaction
probability of y = 2.5x107 for Teflon surfaces (Rozhenshtein et al., 1985), a wall loss rate kg =152 s~
! is obtained. The measured rate coefficients for OH loss (k) (Table 3.3) are an order of magnitude
smaller, indicating that OH loss in the CMR tube is limited by turbulent transport to the walls. The
different loss rates in the regions of the CMR indicates that transportation in the reaction section is
approximately three times faster compared to the CMR entrance region.

The same procedure was used to determine also the CMR transmission for HO, radicals, which
provides information needed to calculate corrections of the OH transmission in polluted air, when OH
could be artificially produced by the reaction of HO, with NO in the CMR (Section 3.5). For these
tests, the calibration source was operated, such that only HO, radicals are provided by adding CO
(300 ppmv) in order to convert all OH to HO, (Fuchs et al., 2011). In order to detect HO,, the CMR
was mounted on the HO, detection cell of the LIF system. The measured transmissions and wall loss
rate coefficients for HO, are listed in Table 3.3. The rate coefficients for HO, are a factor of two
smaller than for OH as could be expected, because HO, is less reactive compared to OH. If the wall
loss was limited by the reactive collision frequency at the wall surfaces, a larger difference would be
expected, because the reaction probability y on Teflon surfaces is about a factor of ten smaller for
HO, compared to OH (Rozhenshtein et al., 1985).

Table 3. 3: Transmission () and wall-loss rate coefficients (k,,) for OH and HO, in the chemical
modulation reactor (1/8” injectors) when nitrogen is injected.

OH HO,
ky/s" B ky/s' B
Entrance section * 12.3 092 55 0.96
Reaction section ” 33 0.69 145 085
Total CMR - 0.64 - 082

* Transit time is 6.6 ms.

" Transit time is 11.2 ms.
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3.4.2 Scavenging efficiency in the CMR

The same radical source operated with clean synthetic air was also used for the characterization of the
scavenging efficiency. For this, changes of the chemical composition of air due to chemistry in the
reaction section needs to be considered. This changes, when either nitrogen or propane is injected into
the CMR. When no propane is injected (N, mode), OH is only lost by wall reactions:

r,0

N2 = exp(=ky, At,) (Eq.3.16)

In the scavenger mode, additional OH loss occurs by the gas-phase reaction with propane. The
OH transmission is then given by

r,0

sc = exp(—[ky + kscJAty). (Eq.3.17)
where K. is the pseudo first-order rate constant of the reaction between OH and propane.
Kse = kOH+propane[pr0pane] (Eq.3.18)

Here, Kot propane 18 the bimolecular reaction rate constant of the scavenging reaction, which has a
value of 1.1 x 10" ecm® s at 298 K for propane (Atkinson et al., 2006).

The fraction a of ambient OH transmitted through the CMR, when the CMR is operated in the
scavenging mode, is given by the ratio of transmissions with scavenger 3%, and without scavenger

Brz-
_ BL
BNz
In the specific case of sampling synthetic air (no ambient OH reactants present, koy = 0), Eq. 3.19
becomes

a (Eq.3.19)

1,0

0 _ SC
— ,r,0
N2

= exp(—kg At,). (Eqg.3.20)

The value of a® was experimentally determined for OH in synthetic air from experiments with the
radical source by calculating the ratio of OH signals measured with and without scavenger. It is worth
noting that the value of the residual factor ' is different for ambient air containing OH reactants (kon
#0). The residual factor in ambient air is discussed in Section 3.5.

Figure 3.8a and 3.8b show the measured dependence of a® on the added amount of propane for
different instrumental conditions. For small amounts of propane, the fraction of OH transmitted
through the CMR, a°, decreases nearly exponentially as expected from Eq. 3.20, when homogenous
mixing of the scavenger can be assumed. At higher scavenger concentrations, however, a® levels off
and decreases slower than expected from an exponential decay. This behavior indicates
inhomogeneous mixing of propane in the CMR flow.
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Figure 3.8a also shows that the use of 1/8” injectors leads to an improved mixing compared to the
use of 1/16” injectors. The likely reason is that the 1/8” injectors produce a larger flow resistance in
the CMR tube and produce higher turbulence in the flow because of their larger outer diameter. The
disadvantage of the 1/8” injectors is a smaller CMR transmission of f%, = 0.64 compared to a value
of 0.75 for the 1/16” injectors. Thus, the faster mixing of propane using the 1/8” injectors goes along
with a higher OH wall loss.

Figure 3.8b shows that the carrier gas (N,) flow rate in the injectors has only a minor influence on
a®, when the injector flow rate is changed between 100 sccm and 500 scem. In order to ensure fast
exchange of the gases in the injector lines, the higher flow rate of 500 sccm was chosen for routine
operation. For the majority of the results shown in this study, the 1/8” injectors were used to
maximize the mixing in the CMR. The 1/16” injectors were only tested during part of the JULIAC
experiments (Table 3.4).
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Figure 3. 8: a. Residual factor (a”) of OH (= remaining fraction of OH) in the CMR for
humidified synthetic air. The OH air mixture is provided by an OH radical source. o’ is
shown as a function of the calculated concentration of propane (at 298 K and 1 atm),
which is injected as a scavenger together with 500 sccm N, into the CMR flow. The
experimental o values are shown for two types of injectors with different outer diameter
(1/8” and 1/16”). The blue open squares indicate the condition used for standard
operation of the CMR in this work. Measurements are compared to calculations assuming
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either homogeneous or inhomogeneous mixing. b. Same as a., showing measured o’
values for different injector flow rates. c. Ratio of experimental and modelled a” for the
case with 1/8” injectors and 500 sccm N, injector flow. d. Measured removal of OH
inside the OH detection cell by OH scavenging (see text).

Table 3. 4: Operational conditions of the CMR during the JULIAC campaigns.

Winter (I) Spring (II) Summer (III) and
Autumn (IV)
Period 14 Jan. — 11 Feb. 9 Apr. — 6 May 4 Aug. —2 Sep.
28 Oct. — 24 Nov.
Injector type 1/8” injectors 1/16” injectors 1/8” injectors

Carrier flow
Propane concentration

Scavenging efficiency *°
OH transmission **

Limit of detection ¢

500 sccm
15 ppmv
91%
64 %
0.7 x 10 cm™3

200 - 300 sccm
15 -25 ppmv
> 85%
75 %
0.8 % 10° cm™3

500 sccm

19 ppmv
96%
64 %
0.6 x 10° cm™3

* Determined in clean synthetic air (koy = 0).
® OH scavenging efficiency = (1 - &) x 100%.
¢ OH transmission (Bxz) of the complete CMR.
¢ Signal-to-noise ratio = 1, averaging time: 45s.

* From 01.02.2019 to 11.02.2019 the CMR was not mounted

Ideally, the remaining OH downstream of the CMR would be zero (a=0), when the scavenger is
applied. In this case, the OH signal in the scavenger mode would be exactly the interference signal
from internally produced OH (S; = Sg};) and the ambient OH signal would be simply given by the
difference of signals in both modes (Soy = SN& — SE&5;). Higher propane concentrations should
result in smaller o values, but experiments shown in Figure 3.8a indicate that increase of the propane
mixing ratio to higher values than 20 ppmv results in only small increases of a. If the propane
concentration is further increased, however, there is the danger that also ambient OH is scavenged in
the detection cell. This would lead to an underestimation of the interference signal. Therefore, a
propane concentration in the CMR of 19 ppmv was chosen for routine operation in this work. It is
worth noting that 19 ppmv is the mixing ratio that is expected, if the injected propane is
homogeneously mixed in the air flowing through the CMR. With this flow of propane 96 % of OH is
scavenged (a® = 0.042) corresponding to an effective scavenging rate coefficient of k&f = 283 s (Eq.
3.20). This value is a factor of 1.8 smaller than calculated for homogenous mixing of the scavenger
(kge =513 ™).

A plausible explanation for the weaker than expected dependence of the residual factor o on the
propane concentration is incomplete mixing of the injected scavenger. A minor fraction f of a few
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percent of the total CMR flow containing little or no scavenger would explain the observed
dependence of a® (Figure 3.8a). The part containing no scavenger (k4. = 0) can be imagined as gas
filaments, in which OH radicals are completely transmitted (a; (ks = 0) = 1). They would be
embedded in the turbulent flow, in which the scavenger is present. This major part of the flow
(fraction: 1-f), would contain all the injected propane. Assuming good mixing the remaining OH is
decreased to oy (Kge = KoH+propane[Propane]) < 1). The average a® of the total CMR flow would
then be the superposition of the two parts of the flow:

o = (1 - f) (2%} (ksc) + f(xl(k,sc = 0)
=1 -0y (k) +f (Eq.3.21)

Using Eq. 3.20 and 3.21 gives
a® = (1—1) exp (ksc At;) +f. (Eq.3.22)

This simplified model describing inhomogeneous mixing can provide a better description of the
observed dependence of the residual factor a on the propane concentration than Eq. 3.20 (Figure 3.8 a,
c), if a small fraction of air without scavenger (f=0.04) is assumed. In this case, the calculated
scavenger reactivity kg is 534 s, which is only slightly higher than the value expected for complete
homogeneous mixing.

3.4.3 Scavenging of OH in the fluorescence detection cell

The concentration of propane is chosen, such that OH radicals are only scavenged in the CMR, but
not in the detection cell. Calculations suggest that less than 1% of OH radicals are scavenged in the
detection cell with a propane mixing ratio of 19 ppmv because the low pressure (4 hPa) reduces the
scavenger concentration and the residence time in the detection cell is short (3ms).

Tests were performed to confirm that scavenging in the detection is not relevant. One test was
proposed by Woodward-Massey et al. (2020) and was also done in this work. In this test, the radical
source was operated as a pure HO, (Section 3.1). The CMR was mounted on the HO, detection cell,
which operated with 10 times higher NO concentration than during typical operation for ambient HO,
concentration measurements by injecting 8 sccm of a 10% NO mixture in nitrogen (Linde). Therefore,
a high efficiency of the HO, to OH radical conversion of 85 % is achieved. The HO, radical
concentration provided by the radical source is not affected by the propane injection in the CMR, but
the HO, is converted to OH in the detection cell. If a significant amount of OH radicals was
scavenged by propane inside the detection cell, a difference between the measured signals with and
without propane injection in the CMR would be expected. Different propane concentrations (10 to 75
ppmv) were tested (Figure 3.8d). A small amount of (3+2) % of internal OH was scavenged when 19
ppmv of propane was applied. An increase of internal removal up to a value of (5£3) % was observed
for the highest propane mixing ratio (75 ppmv).
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The internal scavenging value of (3+2) % for the operation conditions of the CMR in this work
applies to OH radicals, which are internally formed and have a similar residence time as OH produced
from the HO, to OH conversion (ca. 2 ms) in the test experiment. OH that is for example produced
photolytically in the center of the fluorescence cell, where the laser beam is located, has a much
shorter residence time (ca. 0.1ms) before it is removed by the fast gas flow and will therefore be
much less affected by internal scavenging. As discussed by Woodward-Massey et al. (2020),
internally produced OH that is immediately formed after the sampled air has passed the inlet nozzle
would have a longer residence time, which could be larger by up to a factor of two compared to the
HO, conversion experiment. Even in this case, however, internal scavenging would have a small
effect and is therefore considered to be negligible for the operation of the CMR in this work.

3.4.4 Performance of the LIF-CMR system in experiments with clean air in the
SAPHIR chamber

The conversion of fluorescence signals Sgy to OH concentrations requires the experimental
determination of the sensitivity, Coy, and the OH transmission By, (Section 3.3, Eq. 3.10). The
combined detection sensitivity Coy X By, of the measurement system with the CMR can be
determined with the radical source (Section 3.1). The superscript (0) in Y, indicates that the
calibration was done in synthetic air without other OH reactants (kgy = 0).

The validity of the calibration was tested by comparing the OH concentrations with
measurements by the OH DOAS instrument, which provides an absolute reference for OH
concentrations in the SAPHIR chamber. In these experiments, the chamber was filled with humidified
clean synthetic air. The chamber roof was opened allowing for the photolytic formation of OH
radicals from nitrous acid (HONO), which is photochemically produced from the chamber walls
(Rohrer et al., 2005) (Section 2.2).

Figure 3.9 shows the OH radical concentrations measured by the DOAS and LIF-CMR
instruments. The difference between the measured time series is on average (0.29 £ 0.9) x 10® cm™,
which is less than 5% of the average measured OH concentrations between 08:30 and 12:00. Thus,
measurements by both instruments agreed well within the combined 1o accuracies of the LIF-CMR
(+ 18%) and DOAS (+ 6.5%) measurements, which confirms the validity of the calibration of the LIF
instrument. A linear regression, which considers the precision of measurements from both
instruments, yields a slope of 0.97. The good agreement gives confidence in the applied chemical
modulation technique under the operational conditions, and in the laboratory-determined parameters
a® and Copx BY, used for data evaluation.

The implementation of the chemical modulation system in the FZJ-LIF instrument has specific
disadvantages compared to the operation of the LIF OH detection without the CMR. It requires a
longer measurement time, because half of the time is spent for the measurement of interferences in
the scavenger mode. In this work, measurement of ambient OH (N, mode, 135 s) contains three on-
off resonance cycles for the wavelength modulation, which yield three ambient OH data points (45 s).
The subsequent scavenger mode (135 s) takes again three wavelength modulation cycles. Another
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disadvantage of the CMR is the reduction of the OH detection sensitivity by a factor of 1.6 due to OH
wall loss in the CMR, yielding a 1o limit-of-detection (LOD) of 7 X 10% cm™ at a time resolution of
45s.

'? 15 [ T T T ]
5 i % ]

L ° ® o®" ‘. ] i
S 0f wre ot e § ok
~ : 0 ® )i - . .ﬁ:'g..:* T
= F [} * i
'8 S e A
2 L ? |
% L& ]
]
= N i
o - ® OH (DOAS) | 1
I L ® OHepew (LIF)] 1
@) —5 | 1 1

08:00 09:00 10:00 11:00 12:00

Time (UTC)

Figure 3. 9: Time series of OH concentrations measured by DOAS and LIF (with CMR)
instruments in an experiment with humidified synthetic air in the SAPHIR chamber. The
measured OH reactivity in the chamber air was less than 2 s'. The chamber was
illuminated by solar radiation. OH was mainly produced by the photolysis of nitrous acid
emitted from the chamber wall. All data are 300s average values.

Accuracy and precision of the OH measurements are generally worsened, if the CMR is used,
compared to the OH measurement without the CMR, because OH concentrations determined from the
chemical modulation, [OH]cuewm, requires a higher number of experimental parameters (Coy, 0, Pn2)
for the evaluation than from the wavelength modulation [OH]wave. In addition, several measurements
from the different modes are required, each of which contributes additional noise. The 1o accuracy of
OH measurements depends on the accuracy of the calibration (10 %) and the reproducibility of the
experimental determination of the parameters Coy > BY, and o®. However, the influence of the
accuracy of a is small by definition (Eq. 3.8). Over the one-year long JULIAC campaign, the
reproducibility was 15% and 10%, respectively, resulting in a total 1o accuracy of +18 %. Additional
uncertainties arise when air pollutants influence the chemistry in the CMR (Section 3.5).
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3.4.5 Test of the CMR for known interferences

The main purpose of the CMR system is to discriminate the signal from ambient OH radicals and
signals interferences. Two types of known interferences (from ozone photolysis and NO; radicals)
were re-investigated in this work by making use of the chemical modulation technique. These tests
were done in synthetic air to avoid potential interferences from other sources.

3.4.5.1 Interference from ozone photolysis

It is well-known that internal OH can be produced by photolysis of O; in humid air by the 308 nm
laser radiation applied for the excitation of OH in the LIF instrument (Holland et al., 2003). The
magnitude of the interference is proportional to the concentrations of ozone and water vapor, and the
laser power:

OHinterference,0,+H,0 & [03] x [H;0] x Laser Power (Eq.3.23)

OH concentrations measurements using the wavelength modulation, OHyyayg, are routinely
corrected for measurements by the FZJ-LIF instrument based on laboratory characterization
experiments. Experiments were done in this work without and with the CMR for a range of conditions
(Figure 3.10). Mixing ratios were varied with maximum values of 450 ppbv ozone and 1.8 % water
vapor. The laser power was changed between 10 and 20 mW. Laboratory tests were performed by
using the calibration source as a flow tube to overflow the inlet of the instrument with a total flow of
11 slpm, but without producing radicals. Ozone produced by a home-built ozone generator was added
to the air and measured in the excess air with a UV photometer (Ansyco). Relative humidity was
monitored by a humidity sensor (HMT 333, Vaisala). In two additional experiments in the SAPHIR
chamber, water vapor and ozone were added in synthetic air in the dark (chamber roof closed). Their
concentrations were measured by the instruments listed in Table 2.1 (Section 2.1).

The OH interferences observed in the laboratory and SAPHIR experiments scale linearly with the
product of ozone and water vapor mixing ratios as expected (Eq. 3.23, Figure 3.10). Results from all
three experiments with and without the CMR agree within 15 %. On average, the interference is
equivalent to an OH concentration of (3.4 + 0.3) X 10 cm™ per 50 ppbv of O5 and 1 % water mixing
ratio, which is at the limit-of-detection for the LIF instrument without the CMR, and a factor of two
below the limit-of-detection for the instrument with the CMR. The value of the interference agrees
well with earlier determinations for the FZJ-LIF instrument that resulted in values of (2.7 + 0.8) X

10° cm™ (Holland et al., 1998) and (3.2 + 0.8) X 10° cm™ (Holland et al., 2003) for the same
conditions.
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Figure 3. 10: OH interference signal expressed as equivalent ambient OH concentration
from the laser photolysis of ozone in humidified synthetic air for a range of
concentrations of ozone, water vapor and laser power. Tests were done with and without
the CMR in experiments with a flow tube or in chamber experiments. Measurements
were fitted to a linear function forced through the origin. The red box specifies the
interference signals expected for concentrations of ozone and water vapor typically
observed in the lower troposphere.

3.4.5.2 Interference from NO;

Fuchs et al. (2016) have reported an OH interference from NO; radicals by an unknown mechanism
producing OH in the FZJ-LIF instrument. The observed interference was independent of water vapor
in the gas phase and independent of the laser power. The reported interference signal in the presence
of 10 pptv NOs was equivalent to an atmospheric OH concentration of 1.1 X 10% cm™3,

In the present work, the interference from NO; was determined applying chemical modulation.
The experiments were performed in the SAPHIR chamber. NOj; radicals were injected by flowing air
over a trap with N,Os crystals, so that NO; is produced from thermal decomposition of N,Os. This
method has the advantage that there is no ozone present, which could add an additional artificial OH
signal. Figure 3.11 shows a linear increase of the measured OH interference with increasing NO;
concentrations, which was measured by a cavity ringdown instrument similar to the instrument
described in Fuchs et al. (2009) and Wagner et al. (2011). A linear regression analysis yields a slope
that is equivalent to an OH concentration of 5.8 X 10%* cm™3 per 10 pptv NO;. The value is roughly 2
times smaller than the results reported in Fuchs et al. (2016). The reason for the discrepancy between
the two tests is unclear. One reason could be NOs loss to the wall of the CMR. As the origin of the
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NO; radical interference in the LIF instrument is unknown, it cannot be ruled out that other
experimental conditions affected the interfering signal. In any case, the small interference from NO;
is negligible for ambient OH measurements for the FZJ-LIF instrument, regardless of whether
chemical modulation is used or not. A similar conclusion was drawn from experiments by
Woodward-Massey et al. (2020) for the LIF instrument used by the University of Leeds (UK).
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Figure 3. 11: Correlation between the measured OH interference expressed as equivalent
ambient OH concentration determined by chemical modulation, and the NO;
concentration measured during an experiment, when NO; (from thermal decomposition
of frozen N,Os crystals) was present in the chamber. Measurements are fitted to a linear
function forced through the origin.

3.5 OH concentration measurements in ambient air applying chemical modulation

3.5.1 Sensitivity study of the influence of ambient conditions on the performance of
the chemical modulation

3.5.1.1 Model description of the impact of ambient conditions on the OH transmission
efficiency
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When polluted air containing high OH reactivity (kgy) is sampled by the CMR, the reaction of OH
with atmospheric reactants competes with the OH loss by wall reactions and scavenging inside the
CMR. Therefore, an influence of the OH reactivity on the OH transmission and scavenging efficiency
is possible. In addition, OH radicals could be produced by chemical reactions in the CMR. A simple
kinetic model is used to quantify these influences. In the atmosphere, the ambient concentration of
short-lived OH radicals is in steady state and can be calculated from the total OH production rate and
OH reactivity.

[OH], = Kom (Eq.3.24)

Here, Py, represents the photolytic OH production rate, which is dominated in the lower troposphere
by the photolysis of O; and HONO (Reaction R1.1, R1.2, R1.5). P4 denotes non-photolytic (dark) OH
production, which includes the reaction of HO, radicals with NO (Reaction R1.12), ozonolysis of
alkenes and, for example, isomerization reactions of RO, leading directly to OH formation.

When the air enters the CMR, photolysis reactions stop, but chemical reactions of OH with
atmospheric reactants and dark OH production continues, as long as the reactants that produce or
destroy OH are not lost in the CMR tube. In many atmospheric environments, the reaction between
HO, and NO (R3.12) with a reaction rate constant of Kyygaino = 8.1 X 107 cm® s at 298 K
(Atkinson et al., 2004) is the dominant non-photolytic source of atmospheric OH. It can be assumed
that the OH production from Reaction R3.12 continues inside the CMR at the same rate as in the
ambient atmosphere, because concentrations of HO, and NO do not significantly change. HO, is
relatively short-lived, but during the short transit time of 18 ms through the reactor, its conversion to
OH is small for typical conditions. Even high ambient NO mixing ratios of 30 ppbv lead only to a
conversion of HO, to OH of less than 10%. Furthermore, HO, loss is partly compensated by HO,
production from the reaction of atmospheric RO, with NO. Also, the loss of HO, by wall reactions is
small (18%) (Section 3.4.1). NO has an even longer chemical lifetime (on order of several minutes)
than HO,, which is usually determined by the reaction of NO with O3 and peroxy radicals (HO, and
RO,).

As a result of the ongoing chemical reactions, ambient OH concentrations relax in the CMR to a
new steady state resulting in a concentration [OH]’ and having a chemical lifetime tqy.

[OH]' = Pa

- 4 Eq.3.2
Ko + Ky + Ko (Eq.3.25)

1

g = ——————— Eq.3.26
ToH Kon + Ky + Koo (Eq )

The relaxation follows first order kinetics and the reaction time t in the reactor determines the degree
of relaxation. The general time law for such a transition from an initial concentration [OH], (t = 0) to
a final concentration [OH]' is given by

[OH](®) = [OH]o + ([OH]' ~ [OH]o} [1—exp(—r,; )] (Eq.327)
H
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Using this expression, an OH transmission 3 can be defined for a tube with the transit time At of the
air.
[OH](At)
B = (Eq.3.28)
[OH]o

The initial OH concentration ([OH],) is reduced compared to the ambient OH concentration by the
factor ¢ (c [OH],) with a value of the reduction factor of ¢ = 1.0 for the entrance section and ¢ = 3¢
for the reaction section (Figure 3.6). Making use of the relationships in Eq. 3.24, 3.25 and 3.26, the
transmission can be written as

ﬁ (C' kOH' kw' kSC' At)
1 P k

1+ {— 4w o -
C phV+Pd kOH + kw + kSC

1} [1 = exp(—[Kon +ku + kel A0)]
(Eq.3.29)

More specifically, the OH transmissions for the entrance and reaction sections in the modes with
and without scavenger are obtained as:

B¢ = B (c=1,kon ki ksc = 0,At,) (Eq.3.30)
BNz = B(c =B kou ki, ksc = 0,At,) (Eq.3.31)
Bsc = B (c= B kon kiy, Kec, Aty) (Eq.3.32)

These formulas can be inserted in Eq. 3.12 and 3.13 to calculate the OH transmission 3y, and
residual factor a as functions of the OH reactivity. It is worth noting that in the case that no ambient
OH reactants (kgyg = 0) are present, Eq. 3.30, 3.31 and 3.32 become identical to Eq. 3.14, 3.9 and
3.11, respectively.

3.5.1.2 Modelling the scavenging assuming homogeneous mixing of the scavenger

The kinetic model (Section 3.5.1.1) can be used to estimate the influence of the ambient OH reactivity
and dark OH production on the determination of interferences and ambient OH concentrations. The
OH wall loss rate coefficients, k§, and kY, are taken from the characterization experiments (Table
3.3). The reaction times are At, = 6.6 ms and At. = 11.2 ms. Homogeneous mixing of the propane in
the scavenging mode is assumed and an effective rate coefficient k&= 283 s™ is applied as calculated
from the experimentally derived value for the residual factor a® = 0.042 (Section 3.4.1).

The extraction of the ambient OH signal Spy and the OH interference signal S; from the measured
OH signals in the scavenging and nitrogen modes (Eq. 3.8 and 3.9) requires the knowledge of the
remaining fraction of ambient OH in the scavenging mode (a). Figure 3.12a presents modelled values
of a as a function of atmospheric OH reactivity for different ratios of dark-to-total OH production
rates Pg/(Ppy+Pq). The dependence is shown for reactivities from 0 to 100 s, a range that is typical
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for the lower troposphere (e.g., Lou et al. (2010)), and for Py/(Py,+Pq4) ratios between 0 and 1. The
parameter o shows a considerable variation for these conditions with the largest effect for high OH
reactivities. For kgy = 100 s, o varies from 0.042 to 0.3 for variations of the fraction of dark OH
production (P4/(Ppy+Pq)) from 0 to 1. The latter case with Pq >> Py, is typical at nighttime. In the
special case of only photolytic production of OH (P4 = 0) meaning no OH production inside the CMR,
the residual factor a remains constant (same as the experimental value a®= 0.042) and becomes
independent of the OH reactivity. In this case, the OH reactivity from ambient OH reactants adds to
the total first-order loss rates and cancels out in Eq. 3.19, yielding Eq. 3.20. Small non-photolytic OH
production (P4) would be expected, for example, in an environment with low NO mixing ratios,
where the reaction of HO, with NO does not play a significant role. Under atmospheric conditions,
when the production Py exceeds the photolytic OH production, the remaining fraction of ambient OH
reaching the nozzle increases due to the ongoing dark OH production in the CMR. Its sensitivity to
the OH reactivity increases with increasing fraction of dark OH production and becomes largest at
nighttime, when ambient OH is only produced by dark reactions.

0.4 ‘ ‘ T T 1.5 v : g T
Py / (Pn+Py (a) (b)

= 03} ]
2 0.2f 1 <
] <
he]
o 01F 2 B
o

. 3
& -
= @
22 |
’ 3
0.6 . L 1 L -0.1 L . L L
0 20 40 60 80 100 0 20 40 60 80 100
kow / 87 ko / s

Figure 3. 12: Theoretical dependence of the residual factor a (a.) and normalized
transmission Byz/BYz (b.) on the OH reactivity in the sampled air. The applied model
assumes homogeneous mixing. Parameters are taken from the characterization
experiments of the CMR. The dependence is shown for different ratios of dark to total
atmospheric OH production rates. A ratio of one corresponds to nighttime (without
photolytic OH production), while a ratio of zero denotes a case without dark OH
production. Panels c. and d. show the bias in the determination of the ambient OH signal
(Son) and interference signal (S;), if the koy dependence of a is not taken into account.
The biased signals SOH* and Si* are calculated with the residual factor in the synthetic air
sampling o’ without the consideration of the chemical perturbations by the sampled air
(see text).
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The sensitivity of the calculated ambient OH signal Sqy (Eq. 3.8) and the OH interference signal
S; (Eq. 3.9) to variations of the residual factor a can also be seen in Figure 3.12. A biased signal Sy
would be obtained, if the influence of OH reactivity on the signal obtained from the chemical
modulation was neglected.

SE)H 1 -«
= Eq.3.33
Son 1= o0 (Eq )
The corresponding bias in the interference signal Sj is:
Si— S So
L QL. 5 (Eq.3.34)
Son Son

Figure 3.12d demonstrates that the interference signal would be systematically overdetermined,
while the ambient OH signal would be correspondingly underestimated (Figure 3.12c), if the
chemistry in the CMR was not considered. This effect is largest at night, when up to 25% of the true
ambient OH signal could be wrongly assigned as interference for high OH reactivity of kgy = 100 s™.
The error remains generally small (< 5%) for all contributions of dark OH production (P4/(Ppy+Pgq)
in the range between 0 — 1), if OH reactivities stay below 10 s™. More generally, the influence of the
OH reactivity on the residual factor a is small, when the OH reactivity is much lower than the
scavenger reactivity (here 283 s™) and therefore introduces only a small perturbation of the CMR
chemistry.

3.5.1.3 Modelling of the scavenging assuming inhomogeneous mixing of the scavenger

A reduced effective reactivity of k&f= 283 s compared to the reactivity of the scavenger expected

from homogeneous mixing is used in the analysis in the previous section (Figure 3.12). As an
alternative approach, inhomogeneous mixing with different scavenger concentrations in two different
parts (Eq. 3.21) can be applied to describe the observed scavenging efficiency (Section 3.4.2). A
small fraction f = 0.04 of air would be required to contain little or no scavenger to explain
observations. This part does not contribute to chemical modulation (o; = 1). The main part (1-f) of
the gas flow is assumed to contain well-mixed propane with a scavenger reactivity of ke, = 534 5™ as
expected from the propane addition. Similar as in the model assuming homogeneous mixing,
chemical perturbations in the CMR from the chemistry of ambient reactants (Eq. 3.20, 3.31 and 3.32)
can then be applied to calculate the dependence of the residual factor o, on the OH reactivity of the
sampled air (Eq. 3.21).
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Figure 3. 13: Calculated dependence of the residual factor o and ratio Sgy/ Soy on the
OH reactivity in the sampled air using a model that takes inhomogeneous mixing of the
scavenger into account. The dependence is shown for different ratios of dark to total
atmospheric OH production rates. The coloured horizontal lines denote the same ratios of
dark to total OH production rates as used in Figure 3.12.

The results presented in Figure 3.13a are very similar to the results obtained, if homogeneous
mixing with reduced scavenger reactivity is assumed. Again, the residual factor o is constant (0.042)
and independent of the OH reactivity, if there are only photolytic OH sources (P4 = 0). In this model,
the constant offset of f = 0.04 in the Eq. 3.21 represents ambient OH that was not scavenged in the
minor fraction of air with no scavenger. In the bulk flow, however, essentially all OH is depleted by
the high scavenger reactivity of 534 s™. If there is also dark OH production (Pq > 0), the residual
factor a increases with increasing OH reactivity like in the case of assumed homogeneous mixing.
The maximum sensitivity to OH reactivity is again obtained for a Py/(Py,+Pq) ratio of 1, for
example, for very high NO concentrations or for night time conditions (Pq = 0).

The main difference between the results assuming either homogeneous or inhomogeneous mixing
is a slightly weaker sensitivity to the OH reactivity in the case of inhomogeneous mixing. This can be
explained by the higher scavenging reactivity in the bulk flow. Thus, a varies from 0.042 to 0.22 at an
OH reactivity of koyg = 100 s for the model with inhomogeneous mixing, whereas the span is
slightly larger reaching 0.3 in the model with homogeneous mixing. As the results for o are very
similar, also the ratio Sgp/ Soy gives comparable results (Figure 3.12¢ and Figure 3.13b).

3.5.1.4 Model description of the OH transmission

The conversion of the signals Sgy from ambient OH and S; from interferences to concentrations
requires the knowledge of the transmission By, (Eq. 3.10 and 3.11). As the calibration of the LIF-
CMR instrument gives the combined sensitivity and OH transmission for OH in clean air Coyx %,
(Section 3.4.4), the ambient concentration derived from the chemical modulation (Eq. 3.10) can be
rewritten as
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1 0
X N2 % Son (Eq.3.35)

[OH]chem = =5~
Con B%z N2

Here, the normalized function By,/BY, contains the dependence of the OH transmission on the OH
reactivity in the sampled air shown in Figure 3.12b. The value of the function By,/B%, is much more
sensitive to the OH reactivity from OH reactants contained in the sampled air than the remaining
fraction of OH in the scavenger mode, a. Without scavenger, the atmospheric OH reactivity competes
only with wall loss, for which the rate is of similar magnitude as the loss rate due to ambient OH
reactants (Kgg). In an environment with little NO, i.e. with no dark OH production P4/(Py,+Pg) =0,
the reactivity due to OH reactants has to be added to the wall loss rate. The normalized ratio Byo/B»
decreases exponentially with — kg (Ate + At,) in this case. Under this condition, the normalized
transmission decreases by a factor of 6, when the OH reactivity koy reaches a value of 100 s
Without taking this effect into account, the calculated ambient OH concentration would be extremely
underestimated in an environment with very little NO. However, when the OH reactivity remains
below 10 s, the OH concentration is underestimated by less than 15%.

When the value of Py/(Py,,+Pq) ratio exceeds 0.7, the dependence of the normalized transmission
on OH reactivity becomes weak. In this case, the normalized transmission is around 1.0. It exceeds
100% transmission at P4/(Pp,+Pgq) = 1. This means that the loss of OH in ambient air during the
transit in the CMR is smaller than expected from measurements in clean synthetic air. The condition
Pq/(Pny+Pg) = 1 implies that the total atmospheric OH production continues when the air enters the
CMR. Inside the CMR, OH wall reactions compete with gas-phase reactions (kgy). When Koy is
much larger than k,,, the expected steady-state of OH in the CMR is the same value as in outside air,
which means that the transmission By, becomes effectively 1.0, and By/BX= 1/B%,.

3.5.2 Atmospheric OH radical measurements with the FZJ-LIF-CMR instrument
during the JULIAC campaign

The JULIAC campaign was designed to investigate tropospheric chemistry in a rural environment,
which is influenced by biogenic and anthropogenic emissions. The one-year campaign made use of
the SAPHIR infrastructure and instrumentation (Chapter 2). During the four intensive JULIAC
periods in 2019 (Table 3.5 and 3.6), OH measurements were performed by the LIF instrument with
the newly developed chemical modulation system. In addition, OH was measured by the DOAS
instrument for some periods of the JULIAC campaign (winter, summer, and autumn periods). Besides
studying atmospheric chemical processes, the campaign offered the opportunity to test the chemical
modulation system under atmospheric conditions. The CMR was partly operated with different types
of injectors and with different propane concentrations (Table 3.4). For a short time between 1 to 11
February 2019, OH detection was done without the CMR system to increase the OH detection
sensitivity for measurements of low wintertime OH concentrations.

75



3.5.2.1 Influence of ambient conditions

The possible influence of ambient conditions on the chemical modulation results was investigated for
the conditions of the JULIAC campaign. The ratio of the dark-to-total OH production, P4/(Py,+Pq),
was calculated from the reaction of HO, and NO (Reaction R1.12) and the photolysis of O; and
HONO (Reaction R1.1, R1.2, R1.5). The ratio was between 0.7 and 1.0 most of the time during
spring, summer, and autumn periods (Figure 3.14). Only in the winter season, the range of values was
broader (0.4 - 1.0). The low values of the ratios are due to high NO, concentrations in the morning,
which suppressed the HO, concentration and the OH production by the reaction of HO, with NO,
until NOy concentrations decreased later in the day.

During all seasons, measured OH reactivities were relatively low (< 15 s) (Table 3.5) with few
exceptions in the winter period where the OH reactivity reached 30 s™'. In the JULIAC campaign, the
predicted influence of the OH reactivity on the residual factor o and the OH transmission By
remained small (Figure 3.15). The influence on the calculated ambient OH signal was mostly less
than 5 % during the spring, summer, and autumn periods, and less than 12 % in the winter period
(Figure 3.15c). For the encountered Py/(Py,+Pq) ratios of 0.7 - 1.0, the normalized transmission of
the CMR system, By2/BX,, Was only weakly dependent on the OH reactivity and the variability was
less than + 5% in most cases (Figure 3.15b). When ambient OH concentrations were calculated (Eq.
3.10 and 3.11), the influences of the OH reactivity on the remaining OH, «, and the OH transmission,
Bn2, are included. The bias, when the influence of the OH reactivity on the calculated OH
concentration is neglected, can be described by the ratio

[OH]" Son Bnz
— Son y Pnz .3.
[OH] Son B2 (Eq.331)

shown in Figure 3.15d. [OH]* represents the biased OH concentration that is evaluated without the
consideration of the changes in residual OH after scavenging by propane injection and OH
transmission (using a® and BY,), whereas the correct [OH] takes the changes by using a (Eq. 3.33)
and Byz (Eq. 3.35) into account. For Pd/(Pd+Phv) ratios between 0.7 and 1.0, the biases in the
evaluated OH concentrations ([OH]*/[OH]) from the residual factor & and OH transmission By
partly compensate each other due to the increase of the OH transmission Byz. For Pd/(Pd+Phv) ratios
smaller than 0.7, the biases add up and lead to an increasing underestimation of the ambient OH
concentration, when the OH reactivity becomes larger.

Although during the winter season the influence of the OH reactivity on the calculated ambient
OH signal could reach 12%, its combined influence on the calculated OH concentration is on average
2 % for the entire data set from the JULIAC campaign. If the corresponding corrections were applied,
the number of OH radical data points would be reduced by 20 %, because not all data (e.g., HO,, NO,
HONO) needed for corrections were always available. For this reason, no additional corrections were
applied to the calculations of the OH radical concentrations for the data set of the JULIAC campaign.
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Figure 3. 14: The median ratio of dark to total atmospheric OH production rates during
the four periods of the JULIAC campaign (grey lines). Pg is the calculated reaction rate
of HO, with NO (Reaction R1.12), and Py, is the OH production rate from the photolysis
of ozone (Reaction R1.1, R1.2) and HONO (Reaction R1.5). For the calculations,
measurements were averaged to 300s (Table 2.1). The coloured horizontal lines denote
the same ratios of dark to total OH production rates as used in Figure 3.12 and 3.13.

Table 3. 5: Summary of meteorological conditions and trace gas concentrations during daytime of the
JULIAC campaign (median values with 1o standard deviations of ambient variabilities).

OH NO 0; H,0 koy kyoo® T j(O'D) Py Py

/10%cm™ /ppbv /ppbv /% /st /st /°C /10°sT /ppbys! /ppbvs!
14 Jan. — 11 Feb. 0.27 0.3 22.3 0.6 6.1 2.2 4.7 0.3 0.2 0.15
9 Apr. — 6 May 1.6 0.2 41.6 0.7 5.8 3.0 15.6 2.0 1.9 0.6
4 Aug. — 2 Sep. 3.0 0.2 38.5 1.4 6.3 32 266 3.6 1.9 0.4
28 Oct. — 24 Nov. 0.4 0.8 16.8 0.8 5.6 1.7 8.4 0.5 0.9 0.1

* Volume mixing ratio

" OH reactivity of non-methane VOCs, calculated as the difference between measured total OH reactivity and the sum of calculated
reactivities of CHy, CO, O3, NO, and NO,.
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Table 3. 6: Summary of meteorological conditions and trace gas concentrations during nighttime of
the JULIAC campaign (median values with 1o standard deviations of ambient variabilities).

OH/10°cm™ NO/ppbv O3/ppbv H,0/%* koy/s' kyoc’/s' T/°C

14 Jan. — 11 Feb. 22.8 0.6 6.3 2.5 2.4

9 Apr. — 6 May 40.1 0.7 5.8 32 10.0
N/A® N/A®

4 Aug. — 2 Sep. 314 1.4 6.0 3.8 17.7

28 Oct. — 24 Nov. 15.0 0.7 6.5 2.4 4.6

* Volume mixing ratio
"OH reactivity of non-methane VOCs, calculated as the difference between measured total koy and the sum of calculated reactivities of CHa,

CO, 03, NO, and NO,.
“Below the limit of the detection.
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Figure 3. 15: Modelled dependence of the CMR properties on the OH reactivity for the
chemical conditions during the different seasons 2019 in the JULIAC campaign. Here,
the model for a homogeneously mixed scavenger was applied. Theoretical dependence of
the residual factor o (a.) and normalized transmission Byz/BY5 (b.) on the OH reactivity
in the sampled air. The applied model assumes homogeneous mixing. Parameters are
taken from the characterization experiments of the CMR. The dependence is shown for
different ratios of dark to total atmospheric OH production rates. A ratio of one
corresponds to nighttime (without photolytic OH production), while a ratio of zero
denotes a case without dark OH production. Panels c. shows the bias in the determination
of the ambient OH signal (Sop), if the dependence of o is not taken into account. Panel (d)
shows the ratio of corrected to uncorrected ambient OH concentrations, if the dependence
of the parameters o and By, on the OH reactivity is taken into account.

3.5.2.2 Comparison of OH concentrations measured in the JULIAC campaign

The combined OH data set measured by the DOAS and the LIF-CMR instruments which accounts for
the correction of the potential interference was used for an OH measurement comparison in ambient
air. Only summertime (August) data are used, because OH concentrations measured in the other
JULIAC periods were either close to the limit of detection of the instruments (winter and autumn) or
the DOAS instrument was not operated (spring). In general, the measurements by LIF and DOAS
instruments agree well within their combined 1o accuracies of 18% and 6.5 %, respectively (Figure
3.16). An exception is the heat wave period between 22 and 26 August, when the floor beneath the
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chamber was continuously heated by the strong solar radiation. In this period, the measurements by
the LIF instrument were systematically higher by about 25% than those by the DOAS instrument. The
reason for the discrepancy is not clear as no issue with either instrument was found.
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Figure 3. 16: Time series of OH concentrations measured by LIF-CMR (red line) and
DOAS (blue line) instrument and the interference signal of the LIF instrument
determined from the CMR measurement scheme during the summer period of the
JULIAC campaign. All data points are 30 min averages. Vertical dashed lines denote
midnight. Grey coloured areas indicate when the chamber roof was closed. Data gaps
occurred when measurements were stopped for calibration measurements of instruments.

The scatter plot of the OH data and the results of a linear regression are shown in Figure 3.17.
The linear regression is forced through the origin because of the small number of data points in
nighttime, when OH concentrations from both of instruments are expected to be zero. The slope of
the regression line is 1.11 + 0.02. The deviation of the slope from unity is well within the instrumental
accuracies. This demonstrates that there were no significant systematic errors from the calibration of
the instrument with the CMR system. The residual of the fit scatters symmetrically around zero
without exhibiting any specific dependence, which implies that there is a linear relationship between
the two OH measurements.

Similar good agreement was found in previous intercomparisons between OH concentration
measurements by the DOAS and FZJ-LIF instruments, when the LIF instrument used wavelength
modulation only and data were corrected for the known ozone interference. These intercomparisons
were performed in photochemistry experiments in SAPHIR for a wide range of different VOCs and
chemical conditions (Schlosser et al., 2007; Schlosser et al., 2009; Fuchs et al., 2012; Novelli et al.,
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2018; Rolletter et al., 2019; Novelli et al., 2020), and in a field campaign in relatively clean air in
North East Germany (Hofzumahaus et al., 1998).
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Figure 3. 17: Correlation plot between OH concentrations measured by the FZJ-LIF-
CMR and the DOAS instruments during the summer period of the JULIAC campaign.
Data from the strong heat wave period between 22 and 26 August were excluded (see
text). The blue line is a linear fit of 3-minute data set weighted with the statistical errors
of both instruments and forced to the origin. Vertical and horizontal bars denote the 1o
precision of the measured data points. The below panel shows the residuals of the OH
concentrations obtained from the difference between the OH concentrations measured by
the FZJ-LIF-CMR instrument and the linear fit. Green dashed lines represent the value of
the standard deviation of the residuals.

3.5.2.3 OH interferences determined by the CMR system during the JULIAC
campaign

The time series of the OH interference in the OH concentration measurements that were determined
by chemical modulation system during the summer period are presented in Figure 3.16. The
interference signal shows diurnal variations with minimum values at night and maximum values
around midday. Median values (5 Aug. to 1 Sep.) of the interference signal exhibit a diurnal variation

with a maximum daytime value of 0.9 X 10° cm™3 and a minimum nighttime value of 0.4 X
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10 cm™3. The highest value of the interference signal of 2 X 10° cm™3

occurred during the heat
wave from 22 — 29 August, when the daytime air temperature reached 40°C and ozone mixing ratios
were 100 ppbv, respectively. At the same time, the total OH reactivity reached the highest values (19
s™) during the JULIAC summer campaign with a contribution of reactivity from organic compounds
(kvoc) of up to 14 s™. During the other seasons, interfering signals at daytime were lower with

maximum values of 1 X 10° cm™3 (Figure 3.18).
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Figure 3. 18: Measured OH concentrations and OH interference signals by the LIF
instrument with the CMR system and DOAS instrument during the JULIAC campaign in
the winter, spring and autumn periods. During the spring period, the DOAS instrument
was not operated. All data are 30 min average values. Dashed lines denote midnights.
Grey coloured areas indicate when the chamber roof was closed.

The OH interferences measured during all four periods of the JULIAC campaign are compared to
the expected interferences from the laser photolysis of ozone (Figure 3.19). The expected ozone
interference is calculated using the parameterization of the ozone interference signal (Eq. 3.23)
resulting from the three different chamber and laboratory experiments (Figure 3.10). It is worth
noting that there is a slight curvature in the parameterization of the ozone interference (Figure 3.19)
because of the fluorescence quenching effect by water vapor in the detection cell (Holland et al.,
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2003). This becomes visible in this data set due to the large range of the water vapor mixing ratios
experienced in the JULIAC campaign.

The comparison demonstrates that the measured interference signals can be on average explained
by the known ozone water interference within the uncertainty of the parametrization for the entire
data set that includes a large range of atmospheric conditions. The maximum difference between the
measured and the calculated ozone interferences is (3.4 = 2.5) X 10% cm™3 for the highest ozone and
water vapor concentrations. This difference is well below the limit of detection of the LIF-CMR
technique (7 X 10% cm™3). Thus, there is no evidence for a significant, unexplained OH interference
for the atmospheric conditions in the JULIAC campaign (Table 3.5). It is worth noting that the
potential contribution of NO; to the interfering signal was negligible for the entire campaign due to
the low NO; concentrations that were maximum 10 pptv.
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Figure 3. 19: Averaged OH interference measured during all periods of the JULIAC
campaign (vertical bars are standard deviations of averaged data) compared to
calculations of the expected ozone interference using the parameterization determined in
laboratory experiments (Eq. 3.23, Section 3.4.5.1). The red dotted lines represent the
uncertainty of the parameterization. Each data point includes more than 100
measurements.

3.6 Comparison of the CMR system of the FZJ-LIF instrument with systems of other
LIF instruments and challenges of the application in specific environments

The tests of the CMR system performed in experiments with synthetic air (Section 3.4) and with
ambient air during the JULIAC campaign (Section 3.5) demonstrate that the new chemical
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modulation system of the FZJ-LIF instrument is suitable for measurements of interference-free
ambient OH concentrations and for determining interferences from OH that is artificially produced
inside the instrument. The theoretically expected dependence of the OH scavenging efficiency and
OH transmission on ambient conditions could not be tested, because the effects for conditions
experienced in the JULIAC campaign were too small to be clearly detected within the precision of the
measurements. Thus, for atmospheric OH reactivities below 15 s, it was sufficient to use the CMR
parameters and calibration factors that were determined in synthetic air.

In other field campaigns with higher OH reactivities (> 30 s™), for example in strongly polluted
urban air or in forested environments, the accurate evaluation of OH measurement by the LIF
instrument with the CMR could be more challenging. As shown in Figure 3.12a and 3.13a, the
residual factor o could significantly increase at high OH reactivities. If not properly corrected, this
leads to an overestimation of the calculated interference signal and therefore a systematic
underestimation of ambient OH concentrations on the order of (15 - 25) % (Figure 3.15).

The sensitivity of the CMR parameters to the OH reactivity in the sampled air can be reduced by
applying higher scavenger concentrations. Some other research groups use much higher scavenger
concentrations in their chemical modulation systems (Table 3.1) with reactivities that are a factor of 5
to 100 higher than in the CMR system in this work (Mao et al., 2012; Novelli et al., 2014a; Rickly
and Stevens, 2018; Woodward-Massey et al., 2020). For scavenger reactivities above 10,000 s, the
influence of atmospheric OH reactivity on the scavenging efficiency becomes negligible. However,
this has the danger that also internally produced OH could be scavenged and therefore the determined
interference signal too small. Differently from other groups, which did not observe such an effect in
their instruments, the characterization experiments performed in this work indicate that up to 5 % of
the internally produced OH could be scavenged, when the injected propane concentration is increased
by a factor of 4 (Figure 3.8d). To avoid scavenging of internally produced OH, the scavenger
concentration is kept low enough. Only one other group operating a chemical modulation method in
their LIF instrument reported scavenging of internally produced OH with an efficiency of up to (5 -
10) %, but this was observed for an exceptionally high scavenger reactivity of 30,000 s™ (Woodward-
Massey et al., 2020). Currently, it is not clear, why the FZJ instrument seems to be more sensitive to
scavenging of internally produced OH than other instruments.

It can be very challenging to determine the change of the OH transmission of the CMR system
with changing ambient conditions, when no scavenger is added. The value of this transmission (8y2)
needs to be known in order to calculate the ambient OH concentration from the retrieved interference-
free ambient OH signal (Eq. 3.10). The transmission in the N, mode depends on the wall loss rate, the
atmospheric OH reactivity, and the transit time through the chemical modulation reactor (Figure
3.12b). While the impact for the ambient conditions in the JULIAC campaign was small (Section
3.5.2.1), a considerable impact would be expected, for example, in a pristine environment like in the
Amazonian rain forest. Here, OH reactivities up to 70 s were reported (Sinha et al., 2008), while the
dark OH production from the reaction of HO, with NO can be small compared to the total OH
production rate. Novelli et al. (2020) estimated the chemical regeneration of OH from the reaction of
HO, with NO to be 10% in an isoprene rich forest, where NO mixing ratios were only 10 pptv, which
according to the steady-state condition (Eq. 3.24) would correspond to a P4/(Py,+Pq) ratio of 0.1.
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For such conditions, the kinetic model for the CMR predicts a decrease of the OH transmission by a
factor of 2.5 - 3. A large correction would be required to account for this effect.

Novelli et al. (2020) also pointed out that additional OH regeneration occurs by isomerization of
isoprene peroxy radicals, which increases the non-photolytic regeneration rate to about 50 % of the
OH loss rate. Even if this increased the P4/(Py,y+Pq) ratio to 0.5, the predicted decrease of the CMR
transmission would be still a factor of 1.5. Therefore, the chemical OH regeneration including
processes like RO, isomerization needs to be known to calculate the CMR transmission, if the system
is operated in environments, in which RO, isomerization contributes significantly to the OH
production.

One possibility to reduce the sensitivity of the transmission with respect to the ambient OH
reactivity is to shorten the transit time in the CMR system. The CMR system of the instrument of the
group at Max-Planck-Institute for Chemistry in Mainz (Novelli et al., 2014a) uses a residence time
which is a factor of 3 - 4 shorter than in the system in this work. A similar reduction in the FZJ
system would lead to much smaller change of the OH transmission By, (< 10%) at high OH
reactivity values. The main disadvantage is the requirement to draw a large air flow on the order of
100 slpm through the CMR. Such a high flow rate has several problems. The radical source that is
used for calibration in this work and that has been trusted for many years in the past provides a
maximum air flow rate of 30 slpm and would therefore need to be newly designed. Second, delivering
high flows of clean (synthetic) air for calibration and characterization is expensive. Third, the
application in the SAPHIR chamber would not be possible because this high flow rate exceeds the
total amount of air that can be sampled from the chamber during standard operation.

Another solution to quantify the impact of ambient conditions on the OH transmission is to
measure the transmission in-situ in the field by taking measurements of OH with and without the
CMR on top of the fluorescence cell in the same air. This directly provides the transmission for the
prevailing conditions, but works only reasonably, if OH measurements are interference-free. With
interference from internally produced OH, the transmission is overestimated. In order to track
changes of the CMR transmission with changes of the ambient OH reactivity and of Py/(Ppy,+Pg)
over the course of a day, the transmission needs to be frequently determined. This complicates an
automatic operation of the system, because the CMR needs to be regularly removed. A number of
groups determined the CMR transmission in the field by this approach, but did not discuss the
possible influence of ambient conditions on their results (Table 3.1). Mao et al. (2012) reported
negligible OH loss in the CMR system in field tests, and Woodward-Massey et al. (2020) found less
than 5 % sensitivity reduction in ambient air, if the CMR system is mounted. Both systems used
transit times similar to the system in this work. Contrary, the MPI instrument reported lower
transmissions of 73 % during tests in daytime for a much shorter residence time in their CMR system.
Because of the sparse information about the characteristics of chemical modulation reactors in
literature, it is not possible to perform more quantitative comparisons.

Different CMR prototypes built in Jiilich were tested with the Peking University LIF instrument
(PKU-LIF) in three field campaigns in China (Tan et al., 2017; Tan et al., 2018; Tan et al., 2019). The
reactor diameter and total air flow were the same as in this work, but different reactor lengths, injector
types, scavenger concentrations and injection flow rates were applied (Table 3.1). The tests were
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performed under different ambient conditions in campaigns in summer 2014 in Wangdu south of
Beijing (Tan et al., 2017), in autumn 2014 in Heshan in the Pearl River Delta in southern China (Tan
et al., 2019), and in winter 2016 in Huairou north of Beijing (Tan et al., 2018). In each case, the CMR
was occasionally mounted for a few hours on top of the OH cell of the LIF instrument to investigate
possible OH interferences. The scavenging efficiency was determined in the field using an OH
calibration source.

Similar to observations during the JULIAC campaign, no significant unknown OH interference
signals were detected with the exception of the campaign in Wangdu (Tan et al., 2017) where high
mixing ratios of isoprene (up to 3 ppbv) was present. In this campaign, unexplained interference

signals equivalent to OH concentrations of (0.5 - 1) X 10° cm™3

were found with an 1o uncertainty
of 0.5 X 10° cm™3. Around noontime, these signals were less than 10 % of the ambient OH signals.
However, the magnitude of the interference was small compared to the interferences found in field
observations with other LIF instruments in forested environments (Mao et al., 2012; Hens et al., 2014;

Novelli et al., 2014a; Feiner et al., 2016; Lew et al., 2020).

The evaluation of the measurements with the CMR from the PKU-LIF instrument did not take
into account the possible dependences of the sensitivity on ambient conditions. If corrections as
discussed in Section 3.5 are applied, about half of the unknown interference could have been an
artefact due to the unaccounted influence of the atmospheric OH reactivity on the scavenging
efficiency at daytime with OH reactivities of about 15 s'. At nighttime, however, including
corrections for the influence of OH reactivity does not make a difference. Tan et al. (2017) reported
that the sensitivity loss of the OH detection with the CMR compared to the sensitivity of the
fluorescence cell without CMR system was only 5 %. This result was derived from calibration
measurements with and without the CMR system using an OH calibration source with a longer flow
tube (Fuchs et al., 2012) compared to the one used in this work that does not provide a uniform OH
concentration over the area of the flow tube, because the longer residence allows to establish a
laminar flow, which has a radial flow velocity profile. A comparison of results for the OH
transmission obtained with this radical source and with the plug-flow radical source used in this work
(Section 3.4.1) shows that the transmission reported by Tan et al. (2017) needs to be corrected from
0.95 to 0.7. This value is in in good agreement with the results for the CMR in the present work. A
correction of the transmission as suggested, however, does not have any impact on the main findings
of the study by Tan et al. (2017), because the CMR system was only applied for short periods. Tan et
al. (2017) used OH concentrations derived from the wavelength modulation of the LIF instrument
corrected for calculated ozone interferences for the interpretation of data.
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Chapter 4. Measurements of radical and trace gas
concentrations and experimental chemical budgets of OH,
HO,; and RO, radicals in the JULIAC campaign

4.1 Measurements of radical and trace gas concentrations during the JULIAC
campaign

4.1.1 Meteorological and chemical conditions during the JULIAC campaign

Measurements of meteorological parameters, trace gas concentrations, and aerosol properties were
performed in the chamber for one month in each season in 2019. A broad range of meteorological and
chemical conditions was encountered. During the winter and autumn periods (Fig. 4.1 and 4.4), the
overall temperature and solar UV radiation were low, and precipitation often occurred resulting in
low photochemical activity. In contrast, during the spring and summer periods (Fig. 4.2 and 4.3), the
temperature was high with a heat wave event, which occurred between 24 and 31 August, when the
temperature reached up to 40°C.

Opverall, relatively clean air was sampled during the whole JULIAC campaign with CO and NO
mixing ratios below 0.3 ppmv and 2 ppbv, respectively. However, more polluted plumes with NO
mixing ratios higher than 4 ppbv were occasionally observed, especially in winter and autumn.
Overall, the concentrations of anthropogenic VOCs (e.g., benzene and toluene) were low with mixing
ratios of less than 0.5 ppbv.

Even though the measurement site is surrounded by a deciduous forest, the concentration of
biogenic organic compounds (isoprene and monoterpenes) was generally low compared to previously
reported values of isoprene mixing ratios, which ranged between 0.5 to 4 ppbv in summer, on the
campus of the Forschungszentrum Jiilich (Komenda et al., 2003; Spirig et al., 2005; Kanaya et al.,
2012). During summer 2019, the observed maximum isoprene and monoterpene mixing ratios
reached 0.8 ppbv and 0.15 ppbv with median values of 0.15 ppbv and 0.03 ppbv, respectively. It is
important to note that the sampling point for the JULIAC was approximately 20 m higher than the
canopy level of the deciduous forest (height: ~ 30 m). In addition, severe droughts and heat waves in
2018 and 2019 caused widespread damage to trees as reported by the Federal Ministry of Food and
Agriculture (BMEL, 2021). This may be one reason for the low concentrations of biogenic VOCs
during the JULIAC campaign.

Nitrous acid (HONO) and formaldehyde (HCHO) concentrations in the chamber were affected by
the light-driven emission from the film of the chamber resulting in peak concentrations (HONO: 0.5 —
0.8 ppbv and HCHO: 2 — 6 ppbv) in the morning when the chamber was illuminated, and these
species started to be released by the chamber film.
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41.2 OH, HO;, and RO; radical concentrations and OH reactivity during the
JULIAC campaign

Time series and median diurnal profiles of measured OH, HO,, and RO, radical concentrations and
OH reactivity are shown in Fig. 4.5 — 4.8 and Fig. 4.9 and 4.10, respectively, for each season.

During winter and autumn (Fig. 4.1, 4.4 and 4.10), median daytime OH concentrations were
below 1 x 106 cm™, more than a factor of five smaller compared to values in spring (Fig. 4.6) and
summer (Fig. 4.7) due to the low primary radical production at low solar UV radiation, even lower
than previously reported wintertime OH concentrations in other field campaigns (Heard et al., 2004;
Ren et al., 2006; Kanaya et al., 2007; Tan et al., 2018; Ma et al., 2019). The low wintertime OH
concentrations in the JULIAC campaign are partly due to the low photolysis frequencies in the
chamber, which were up to 40 % lower than values outside of the chamber.

During spring and summer (Fig. 4.6, 4.7 and 4.9), median OH concentrations were up to 6 — 8 X
10% cm™, which is within the range of values that have been observed in other field studies in
summertime in urban and suburban areas (Tan et al., 2001; Ren et al., 2003; Kanaya et al., 2007; Mao
et al., 2010; Lu et al., 2013; Brune et al., 2016; Tan et al., 2017; Whalley et al., 2018; Tan et al.,
2019). The photolysis frequency of ozone was also reduced in the JULIAC campaign due to the
transmission of the chamber film like in winter and autumn. However, the photolysis of HONO
emitted from the chamber wall significantly contributed to the primary OH production, so that a high
OH production rate was achieved. The highest OH concentrations (1.2 X 107 em™) occurred during
the summer heat wave period.

The diurnal OH concentration profile shows a high correlation with the ozone photolysis rate
(jotp) as expected because ozone photolysis is often the most important primary OH source.
However, in the JULIAC campaign, the photolysis of HONO gain the most importance due to the
emission of HONO from the chamber (Section 2.2). A linear regression analysis (Fig. 4.11) between
the OH radical concentrations and jg1p yields a slope of 8.0 x 10'* em™ s with an insignificant
intercept of 3.0 x 10% cm™. A significant intercept would indicate OH concentrations above the limit
of detection of the instrument (~ 5.0 x 10° cm™) in the night, when photolysis frequencies are
essentially zero. No nighttime OH was also observed in other field campaigns in Germany (Ehhalt
and Rohrer, 2000; Handisides et al., 2003; Holland et al., 2003), but was found in field campaigns in
China with concentrations of up to 2.4 x 10° em” (Lu et al., 2014; Rohrer et al., 2014; Tan et al.,
2017; Tan et al., 2018; Whalley et al., 2021). The slope of the correlation in the JULIAC campaign is
2 — 3 times higher than found in other field campaigns in similar environments (Ehhalt and Rohrer,
2000; Handisides et al., 2003; Holland et al., 2003; Tan et al., 2017). The high value of the slope is
likely due to the additional OH production by the photolysis of HONO (Reaction R4.1, Table 4.1)
which is emitted from the chamber wall in the presence of light.

Due to the low photochemical activity observed in winter and autumn (Fig. 4.5 and 4.8), also
peroxy radical (HO, and RO,) concentrations during these periods were approximately a factor 10
lower than concentrations in spring and summer (Fig. 4.6 and 4.7). The maximum HO, and RO,
concentrations were observed with values of 8.0 x 108 cm™ and 7.0 x 108 cm™, respectively, during
the heat wave period in August.
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In spring and summer, peroxy radical concentrations show a similar diurnal pattern as often
observed in rural areas (Sillman et al., 2002; Holland et al., 2003; Ren et al., 2005; Hofzumahaus et
al., 2009; Tan et al., 2017). Both, HO, and RO, radical concentrations, were suppressed in the early
morning (between 05:00 and 07:00) due to the reaction with NO, which peaked with concentrations
of up to 1.5 ppbv at that time. Peroxy radical concentrations were usually highest in the afternoon
(~14:00), when NO concentrations were low. At the same time, O; concentrations were maximum
due to efficient ozone production by the reaction of peroxy radicals with NO (Reaction R4.9 and
R4.10, Table 4.1).

During winter and autumn, HO, and RO, radical concentrations show different diurnal profiles.
HO, concentrations built-up together with NO and reached peak concentrations at noon. In contrast,
daytime RO, concentrations were suppressed by high NO leading to a fast loss of RO, by the reaction
with NO. In these seasons, the low radical concentrations led to slow inter-radical conversions by the
reactions with NO, but, for OH and HO,, other radical production pathways such as the reaction of
HCHO and OH and the photolysis of HONO and HCHO sustained radical concentrations during
daytime. In addition, the RO, production from the reaction of OH and VOCs (Reaction R4.8) was low,
so that RO, concentrations were close to the instrument’s limit of detection (< 2x107 cm’3). RO,
concentrations increased after sunset, when NO concentrations were essentially zero, because NO
production by the photolysis of NO, stopped and NO rapidly reacted with ozone, while RO,
production from the reactions of VOC with NO and O; still exists. Maximum RO, concentrations
were reached at midnight.

The measured OH reactivity (koy) ranged between 4 and 33 s during the campaign. The highest
value was observed on 21 January, when a highly polluted plume containing 50 ppbv of NO was
sampled.

The measured OH reactivity can be compared to calculated OH reactivity obtained from
summing up the product between measured OH reactant concentrations and their reaction rate
coefficients with the OH radical. On average, 2.5 s (40 %) of the measured OH reactivity could not
be explained by the calculated OH reactivity during the spring and summer periods (Fig. 4.9). NOx,
CHy4, CO, and VOC:s contributed approximately 18, 5, 14 and 20 %, respectively, to the measured OH
reactivity. Reactivity from isoprene had the largest contribution among the VOCs with values of up to
5 % of the measured OH reactivity. During winter and autumn (Fig. 4.10), the average measured OH
reactivity was approximately 20 % (1.4 s™') higher than the calculated OH reactivity. NOx (52%), CO
(24%), and the sum of the measured VOCs (17%) contributed most to the entire reactivity.
Unfortunately, the number of detected VOC species was small (Table 2.3). It is likely that the
unaccounted OH reactivity is due to unmeasured VOCs. This, however, does not impact the analyze
performed in this study as the measured OH reactivity is used to determine the loss rate of OH
radicals.
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4.1.3 Nighttime observation of OH concentrations during the JULIAC

During all JULIAC periods, nighttime (solar zenith angle > 90) OH concentrations were very low
with a mean value of (2.0 +0.7) x 10* ecm™, which is below the limit of detection of OH
measurements with the FZJ-CMR-LIF instrument (0.7 x 10® cm®) (Fig. 4.9 and 4.10). The
nighttime mean value of the measured interference in the OH signal was equivalent to an OH
concentration of (0.2 + 0.3) x 10® cm”, of which more than 90% originated from the well-
characterized interference from ozone photolysis (Chapter 3). Together with the overall low VOC
reactivity around 4 s, this indicates that there was no substantial OH source at nighttime.

This result is consistent with observations in other field campaigns performed in Germany
(Ehhalt and Rohrer, 2000; Handisides et al., 2003; Holland et al., 2003), for which nighttime OH
concentrations of less than 1 X 10° cm™ were reported. However, in several other field studies
conducted in urban areas, nighttime OH concentrations in the range of 0.2 to 3 x 10° cm”™ were
found, for example in campaigns in China (Lu et al., 2014; Rohrer et al., 2014; Tan et al., 2017; Tan
et al., 2018; Ma et al., 2019; Tan et al., 2019; Wang et al., 2019; Whalley et al., 2021), in the US
(Martinez et al., 2003; Brune et al., 2016; Griffith et al., 2016), and in the UK (Ren et al., 2003;
Vaughan et al., 2012). In these studies, the nighttime OH concentrations could not be explained by
the model-predicted values and raised questions about the presence of interferences in the OH signal
that were measured by LIF instruments (Mao et al., 2010; Lu et al., 2014).
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In some of the campaigns, the chemical modulation method was applied, and a large fraction of
the observed nighttime OH concentrations (OHcppyv) could be attributed to interferences. After
correcting for these interferences, OH measurements agreed with model predictions in some cases
(Mao et al., 2012; Novelli et al., 2014a; Brune et al., 2016; Tan et al., 2018; Ma et al., 2019; Whalley
et al., 2021). However, significant nighttime OH concentrations (OHcyugm) above the detection limit
that were higher than model predictions were observed in campaigns in the US (Griffith et al., 2016)
and in China (Tan et al. (2017); (2019)). The reason of the model-measurement discrepancies of OH
concentrations is unclear.

Overall, results from previous campaigns and this study strongly suggests the necessity of the OH
interference correction by the chemical modulation method to study nighttime OH chemistry.

4.14 Data quality check of radical measurements

OH concentrations were measured by both the FZJ-LIF-CMR and the DOAS instruments (Chapter 3).
Unfortunately, the DOAS instrument was not operated in spring due to technical problems. OH
concentrations measured by both instruments agreed well within the measurement uncertainties
during the summer period (linear regression slope: 1.11 + 0.02) except for the heat wave, when the
OH concentrations measured by the LIF instrument were systematically higher by 25% than
concentrations measured by the DOAS instrument (Section 3.5.2.2). Therefore, the OH concentration
measured by the DOAS instrument was used for the analysis of the radical budgets for this period.
The overall good agreement between the two OH data sets gives confidence that OH radical
concentrations were not affected by artefacts or calibration errors. In addition, the observed OH
interferences in measurements by the FZJ-LIF-CMR instrument could be well explained by the well-
understood and characterized interference from ozone photolysis by the exciting laser beam at 308nm.

The quality of peroxy radical concentration measurements could be assessed by the consistency
of ozone production rates calculated from either peroxy radical concentration in the chamber or from
ozone and NO, concentration measurements in the chamber and in the air flowed into the chamber
(Section 2.2). The detailed mathematical description of the determination of the Ox production rate is
shown in Chapter 5. In addition, the odd oxygen (Ox) production rate can be calculated from the NO,
production from the reaction of peroxy radicals (HO, and RO,) with NO and NO, destruction in the
reaction of OH. An overall good agreement within 15% between both methods to calculate ozone
production rates is found in the JULIAC campaign during spring and summer periods, when ozone
production rates were higher than the precision of the calculations for most of the time. The
consistency of both methods indicates that peroxy radical measurements are accurate within 40 %.
More details about the comparison are shown in Chapter 5.
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4.2 Chemical budget calculations

A chemical budget analysis was done for OH, HO,, RO, radicals and the sum of all three radicals
(ROy) using the data set collected during the JULIAC campaign (Chapter 2) following the chemical
mechanism in Figure 1.1 and Table 4.1. Rate coefficients and their uncertainties were mainly taken
from ITUPAC recommendations (Atkinson et al., 2004; Atkinson et al., 2006; Cox et al., 2020) or from
more recent studies (Table 4.1). If not otherwise specified, radical production and destruction rates
are calculated using only measured quantities.

4.2.1 OH radical chemical budget

The production rate of OH radicals includes primary production reactions (Reaction R 4.1, R 4.2, and
R 4.5, Table 4.1) and radical interconversion reactions (Reaction R 4.10 and R 4.11, Table 4.1):

Pon = juono[HONO] + @onjo1p[03] + kr410[NOJ[HO,] + Kkgra11[03][HO,]
+Z{@on'Kkaslalkene] [03]} + Po sop. (Eq.4.1)

In Eq. 4.1, oy is the effective OH yield of the ozone photolysis reaction including the subsequent
reaction of O('D) with H,0, which produces 2 OH radicals. q@qy! are the OH yields of the ozonolysis
reactions of alkenes (i), and k; represents the reaction rate coefficients of the corresponding reactions
(Table 4.1).

In addition, as introduced in Section 1.3, regeneration of OH radicals from unimolecular reactions
(1,6-hydrogen shifts) of isoprene-RO, radicals (Z-6-RO,-1 and 1II) are included (Popsop) in the
calculations of OH production rates in this work. The nomenclature for the RO, isomers and the
calculation of concentrations and reaction rates follows Peeters et al. (2014). Because there was no
measurement of specific RO, radicals, the RO, (isop.) radical concentration from isoprene is
estimated from steady state conditions considering production from the reaction of isoprene with OH
and destruction in bi-molecular (ky;) and unimolecular (Kpyx 1,6—1) reactions:

[RO, (isop. )]s = <izelborencllOn] (Eq.4.2)

Kpi+Kkpulk 1,6-H
kpi = (Kra.o + Kra.14)[NO] + kg4 15[RO;] + Kr4.16[HO>] (Eq.4.2a)

Here, ky,; is the RO, removal rate due to bi-molecular reactions with NO (Reaction R4.9 and R4.14),
RO, (Reaction R4.15) and HO, (Reaction R4.16). kyyjk 1,6—5 18 the bulk 1,6-H shift isomerization
reaction rate constant that can be applied to the sum of all RO, isomers formed in the reaction of
isoprene with OH as introduced by Peeters et al. (2014) can be calculated by:

Kpuk 1,6-1 = 0.62 X kg 6 1y + 0.31 X kq 611 () (Eq.4.3)
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Table 4. 1: Chemical reactions with rate constants and their uncertainty used for the chemical radical
budget analysis. Rate constants are listed for standard conditions (T=25 C, P=latm). The radical
budget analysis in this study uses the actual measured air temperature and pressure.

k (25C, latm)/

No. Reaction cm’s”! Uncertainty®  Reference

Radical initiation reactions

R4.1  HONO+hv — OH +NO j(HONO)®

R42  Osthv — O('D)+0, jO'D)°

R4.2a O('D)+H,0 — 20H 2.1x10™"° +13% IUPAC

R43  HCHO+hv — 2HO, + CO j(HCHO) ®

R44  CH;CHO+hv— CH;0,+HO,+ CO j(CH;CHO'®

R45 Alkenes+0O;—OH, HO,, RO,+Products
Propene+O;— Products® 1.0x10™"7 +20% IUPAC
cis-But-2-ene+0;— Products® 1.3x107° +12% TUPAC
1-Pentene+03— Products® 1.0x10™7 £20% Saunders et al. (2003)
2-Hexene+0;— Products 1.1x107"7 £20% Saunders et al. (2003)
Isoprene+0; — Products® 1.3x10"7 +13% IUPAC
o-pinene+O; — Products” 9.6x10™"7 +£20% IUPAC

Radical interconversion reactions

R4.6  HCHO+OH+0,—CO+H,0+HO, 8.5x10™" £10% IUPAC

R4.7  CO+OH+0,—CO,+HO, 2.3x1078 6% IUPAC

R48  VOC+OH+0, — RO;+H,0'

R49  RO,NO—RO+NO; (1-0) X 9.0x10™  +20% Jenkin et al. (2019)

R4.10 HO,+NO—OH+NO, 8.5%x10™? +13% IUPAC

R4.11 HO,2+0;—OH+20, 2.0x10"° +29% IUPAC

Radical termination reactions

R4.12 NO,+OH—HNO, 1.0x10™" +30% IUPAC

R4.13 NO+OH—HONO 9.7x107"? +13% IUPAC

R4.14 RO,+*NO—RONO) 0% 9.0 x10™ +£20% Jenkin et al. (2019)
R4.15 RO,+RO,—Products" 3.5x10°3 £50% Jenkin et al. (2019)
R4.16 RO,+HO,—»ROOH+0,' 2.2x10™" +50% Jenkin et al. (2019)
R4.17 HO,+HO,—H,0,+0," 4.5%x107" +20% IUPAC

Cl reactions

R421 CINO,+thv—CI+NO, J(CINO,)

R4.23 CHVOCs—RO,"

* 1o uncertainty

® Measured photolysis frequencies are used (Table 2.1).

¢ Yield for OH: 0.36, HO»: 0.10, RO,: 0.42 from Novelli et al. (2021).

4Yield for OH: 0.36, HO,: 0.15, RO,: 0.51 from Novelli et al. (2021).

¢ Yield for OH: 0.32, HO,: 0.09, RO,: 0.37 from Novelli et al. (2021).

"Yield for OH: 0.48, HO,: 0.11, RO,: 0.59 from Novelli et al. (2021).

¢ Yield for OH: 0.26, HO,: 0.26 from Malkin et al. (2010).

" Yield for OH: 0.8 from Cox et al. (2020).

! The turnover rate of this reaction is calculated from measured OH reactivity from VOCs and OH concentrations.

JRate constant for the class of alkyl (> C2) + oxygenated RO, species (Jenkin et al., 2019). The assumed 20% uncertainty covers the range

of published values including the low value for CH;0, (7.7x10™'2 cm® s™) but excludes values for acyl peroxy radicals (2.0x10"" cm’® s™).
The applied value for the branching ratio o is 0.05.

¥ Rate constant for the CH;0, + CH;0, reaction. Self- and cross-reactions of RO, species have strongly structure-dependent rate constants
that can be as high as reaction rate constants of RO,+HO, reactions (R4.16) (Jenkin et al., 2019).

! Published rate constants vary between 0.5x10"" cm® s™ and 2.2x10™"" em® s depending on the chemical structure of the RO, species
(Jenkin et al., 2019). Here, the upper limit value is applied.

™ At 1% water vapor mixing ratio.

" For the calculation of the RO, production rate, it is assumed that the rate limiting step is the production of CI from the photolysis of CINO,.
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In Eq. 4.3, the factors 0.62 and 0.31 are the branching ratios of the OH addition to the specific
position of isoprene which can from the Z-6-RO, isomers. kq 6_ (1) and ky 6_y (1) are the product of
the isomer-specific reaction rate coefficient and the fraction of the Z-3-RO,-I and II radicals that can
isomerize. The values of the rate constants are parameterized as functions temperature and the bi-
molecular loss rate of RO, (ky;, Eq. 4.2a) in (Peeters et al., 2014):

Kyomt = 9-50 X 107571 x exp (= 2522) + 1.79 x 1077 exp (222 x kyy
(Eq.4.3a)
Ky () = 3-80 X 1013571 x exp (— 1";“5) +582x 10 2 exp (@) x kp; (Eq. 4.3b)

To account for the OH production from isomerization reactions, it is assumed that the
isomerization produces only one OH radical per Z-3-RO,-I and II molecule from the photolysis of
HPALD (Section 1.1) resulting in a radical production that is equal to the loss rate of the bulk RO,
from isoprene, Dz_s_go, 1sop.:

Pomisop. = Dz-5-R0y,1s0p. = Kbulk 1,6~ [RO2(isop.)]ss (Eq.4.4)

The loss rate of OH radicals is determined by the product of the total OH reactivity (kon) and the
OH radical concentration:

Don = kon[OH] (Eq.4.5)

4.2.2 HO; radical chemical budget

The production rate of HO, radicals includes primary production (Reaction R 4.3, R 4.4, R 4.5,
Table 4.1) and interconversion of radicals (Reaction R 4.6, R 4.7, R 4.9, Table 4.1):

Puo, = 2jucuo[HCHO] + kg4 ¢[HCHO][OH] + kg4 7[CO][OH] + kg4 4[NO][RO,]
+ X{¢no, Kkas[alkene] [03]} (Eq.4.6)

Here, the photolysis frequency of HCHO includes only radical generating pathways. The reaction rate
constant kg, 9 includes the yield of HO, from the reaction of NO with RO, (Reaction R 4.9)
competing with the formation of organic nitrates (Reaction 4.14). Because there are no measurements
of specific RO, radicals, a yield of 5 % for the formation of organic nitrates is assumed for all RO,.
The influence of the variability of the organic nitrate yield on the results is discussed in Section 4.3.1.
®yo Zi is the HO, yield from the ozonolysis of alkenes (i). The reactions of OH with H, and O; are not
considered due to their negligible contributions to the total HO, production.

The loss rate of HO, radicals is determined by HO, reactions with NO (Reaction R 4.10), O,
(Reaction R 4.11), RO, (Reaction R 4.16), and HO, (Reaction R 4.17) and potentially aerosol uptake:

Dyo, = (Kra.10[NOJ] + K4 11[03] + Kra16[RO2] + 2kg4 17[HOZ] + Kper ) [HO,] (Eq.4.7)
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The reaction of HO, radicals with NO, is not included as the thermal equilibrium between HO,NO,
and HO, radicals and NO, can be assumed for the temperature observed during JULIAC.

The first order loss rate from heterogeneous uptake of HO, radicals on aerosol (kpet) can be
described as:

Yeff. * VHo, * [AS]
Kpee = % (Eq.4.8)

Viio, is the mean molecular velocity of HO, (4.44 X 10° cm s at 298K) and [AS] is the aerosol
surface area concentration and y.¢ the effective uptake coefficient. Previous laboratory showed a
large variability for the uptake coefficient yg giving values ranging from 0.08 to 0.6 depending on
the aerosol chemical composition and its physical state (George et al., 2007; Taketani et al., 2008,
2009; George et al., 2013; Lakey et al., 2015; Song et al., 2020; Tan et al., 2020). In the JULIAC
campaign, measurements of aerosol properties did not allow to determine an HO, uptake coefficient.
In order to estimate, if aerosol uptake could have been of relevance, an upper limit of the uptake
coefficient of 0.2 was used in the calculations. This high value was determined from a field
measurement, in which the HO, uptake coefficient was measured on aerosol sampled in the North
China Plain (Taketani et al., 2012).

4.2.3 ROj; radical chemical budget

Primary sources of RO, radicals include all oxidation reactions of VOCs with OH, CI, NOj; radicals
and Os. Because the number of measured VOC species in this study was limited (Table 2.3) and
because it is generally difficult to capture the entire spectrum of atmospheric VOCs (Goldstein and
Galbally, 2007; Lou et al., 2010), the measured total OH reactivity (kog) is used to calculate the RO,
radicals production from the reactions of VOCs with OH. First, the contributions from CO, NO, NO,,
HCHO, and Oj; is removed from the measured OH reactivity as these species do not form RO,
radicals upon reaction with OH radical. This value is then defined as the VOC reactivity (kyoc). By
using this methodology, it is assumed that any observed OH reactivity that cannot be attributed to
measured OH reactants is caused by unmeasured VOCs. RO, production from ozonolysis and Cl
oxidation are included from only the reaction of measured organic compounds.

The impact of the oxidation of VOCs by the NO; radical on the RO, production rate is generally
negligible during daytime due to the fast NO; destruction by photolysis and reaction with NO.
Because the analysis focuses on daytime NO; reactions are not considered.

Cl concentrations were not measured in the JULIAC campaign, but the pre-cursor species nitryl
chloride (CINO,) was measured for part of the campaign. CINO, can accumulate during nighttime,
but it is rapidly photolyzed after sunrise yielding NO, and Cl atoms (Reaction R 4.20). Therefore, the
potential impact of RO, production from the oxidation of VOC by ClI radicals produced from the
photolysis of CINO, can be investigated. The CI atom can react with organic compounds and produce
RO, radicals. The RO, production rate from Cl radicals can be calculated as:
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Pro,.c1 = jaino, [CINO,] (Eq.4.9)

This can be considered as an upper limit for RO, radical production from this process as it is assumed
that one RO, radical is formed from the reaction of each Cl atom produced by the photolysis of
CINO:.. This is justified as most of Cl atom is expected to react with VOCs due to its fast reaction rate
with VOCs (Tanaka et al., 2003). Consequently, the RO, production rate is calculated as:

Pro, = kvoc[OH] + E{@ro, kkyslalkene]'[05]} + Pro, (Eq.4.10)
Here, @ro 21 is the RO, yield from the ozonolysis of alkenes (i) (Table 4.1).

The destruction rate of RO, includes its reaction with NO, HO,, and RO, and the loss rate of
specific isoprene-RO, radicals, Dy_s_go, isop.» due to unimolecular reactions (Eq. 4.4):

Dro, = {(Kra.9o + Kra.14)[NO] + 2kg4 15[RO;] + Kkra16[HO,]}[RO2] + Dz_s5_ro,150p. (Eq.4.11)

4.2.4 ROx radical chemical budget

In the chemical budget of the sum of OH, HO, and RO,, inter-radical conversion reactions cancel out
and only initiation and termination reactions are included. Therefore, the ROx radical budget analysis
allows to investigate whether there are missing primary radical sources or termination processes.

The production rate of the ROy radical is given by the sum of rates from radical initiation
reactions (Reaction R 4.1 —R 4.5 and R 4.21 —4.23, Table 4.1):

Pro, = jnono[HONO] + @onjorp[03] + 2jucHo [HCHO]
+ Z(@on * PHo, T PRro,)Kraslalkene]'[03]} + Pro, c1 (Eq.4.12)

The loss rate of the ROx radical is calculated by the sum of rates from radical termination
reactions (Reaction R13-R17):

DRro, = (Kra.12[NO2] + kg4.13[NOD[OH] + kg4 14[NO][RO,] + 2kg4 15[RO,]?
+ 2Kp4.16[HO2][RO,] + 2kp417[HO,]? (Eq.4.13)

Radicals can be additionally produced from the photolysis of other oxygenated organic
compounds not included in Eq. 4.12. Unfortunately, only acetaldehyde (CH;CHO), methyl vinyl
ketone (MVK), methacrolein (MACR), and methyl glyoxal were detected during part of the campaign.
Calculations show that the radical production rate from the photolysis of these species was less than
0.1 ppbv h™, so that it can be expected that photolysis of other OVOCs overall played a minor role for
conditions of this campaign.

107



4.2.5 Uncertainty of the calculated production and destruction rates

The uncertainty of each production rate or loss rate is calculated by the Gaussian summation of 1o
accuracies of measured quantities (Table 2.1) and reaction rate coefficients (Table 4.1).

For reactions of RO, with NO (Reaction R 4.9), HO, (Reaction R 4.16), and RO, (Reaction R
4.15), generic reaction rate coefficients are applied for the sum measurement of RO, radical
concentrations (Table 4.1, Jenkin et al. (2019)). Depending on RO, species, rate coefficients of the
NO reaction with RO, (Reaction R 4.9) range from 7.7 x 1072 cm™ s (for CH;0,) to 1.1 X
10~ em™ 5! (for c-CsHo0,) (Jenkin et al., 2019). The uncertainty of the rate coefficients varies from
6 to 30 % (1 o uncertainty). In the calculations here, the upper limit value of the uncertainty of 30 %
is applied.

The reaction rate constants for reactions of RO, with HO, and with RO, vary by more than an
order of magnitude. In the calculations in this work, 50% uncertainty is used for the reaction rate
constant of RO, with HO, reactions.

The highest contribution in the uncertainty of the peroxy radical measurements is due to the
uncertainties in the background signal of the measurements with values of up to 1.0 x 107 cm™ for
HO, and 2.8 x 107 cm™ for RO, (Section 3.2.4).

4.3 Results of the OH, HO;, RO, and ROx radical chemical budgets

Due to the very low photochemical activity observed in autumn and winter, which resulted in radical
concentrations close to the detection limit of the instrument, a chemical budget analysis is performed
only for the campaigns in spring and summer and focusses on daytime (solar zenith angle (SZA) <
90).

Time series of the OH, HO,, RO, and ROy radical turnover rates for spring and summer periods
are presented in Figures 4.12 and 4.13, respectively. All radical production and destruction rates
showed diurnal variations with maximum values in the afternoon and minimum values at night. The
highest OH turnover rates of up to 17 ppbv hr' were observed on 31 August, when the air
temperature reached 40°C. Highest turnover rates for HO,, RO,, and ROx radicals occurred on 29
April with values of 14 ppbv hr’, 15 ppbv hr', and 4 ppbv hr’', respectively, when the NO mixing
ratio exceeded 9 ppbv.

It is expected that radical production and destruction rates are balanced. A balanced chemical OH
budget was indeed observed on 16 and 29 April and 16 August to 2 September. However, the daily
peak in the diurnal profiles of the OH production rates was often lower than the maximum destruction
rates (on average, 2 ppbv hr'') in April (Section 4.3.1) except on 16 and 29 April and in the first week
of August (Section 4.3.2).

In the spring period, the production and destruction rates of peroxy radicals (HO, and RO,) were
generally balanced. If there is an imbalance between the production and destruction rates, it indicates
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a missing radical production or destruction process. Significant discrepancies larger than 4 ppbv hr
are only found on 21 and 29 April, when high NO mixing ratios above 2 ppbv were observed. Details
of the radical budgets in these periods are described in Section 4.2.4. In contrast, in the summer
period, HO, destruction rates were higher than production rates (on average 2 ppbv hr') from 4
August to 20 August. Destruction and production rates were balanced from 22 August to 2 September
(details are shown in Section 4.3.3). The RO, production rate was slightly (on average 1 ppbv hr')
higher than the destruction rate from 14 August to 25 August, but, on other days, agreement between
RO, production and destruction rates was observed.

ROy radical production and destruction rates were 2 to 4 times smaller than those of OH, HO,
and RO, due to the cancelation of inter-radical conversion reactions. Overall, ROx radical production
and destruction rates were balanced during both periods, spring and summer. A higher ROy radical
destruction than production rate, however, was found on 29 April and the ROy destruction rate was
0.5 to 1 ppbv hr'' lower than the production rate during the heat wave period in August.

Three different cases differing in the chemical and meteorological conditions (Table 4.2, Fig.
4.12 and 4.13) are described in the following sections. Firstly, in Case #1 (Section 4.3.1), changes in
the chemical radical budgets due to varying NO mixing ratios from 9 to 0.01 ppbv on different days
between 20 to 22 April and 29 April are shown. In the second case, Case #2 from 5 to 8 August
(Section 4.3.2), significant imbalances in the OH and HO, budgets are continuously observed. Lastly,
Case #3 during the period of heatwave from 22 to 31 August (Section 4.3.3), the results of radical
budgets are shown, when there was high photochemical activity. Reasons for observed discrepancies
between radical production and destruction rates are discussed in Section 4.4.1.
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Table 4. 2: Summary of trace gas concentrations and temperatures for each case study given as
daytime mean values with 1o standard deviations. For Case #1, daily averaged values are shown. For
Case #2 and #3, the daytime mean values are averaged over the period.

Period NO/ppbv  Os/ppbv  kou/s’ T/C
20 Apr. 2019 0.6 56.5 8.8 206
21 Apr. 2019 02 61.7 8.5 20.1
Case #1
22 Apr. 2019 0.1 58.1 6.6 20.7
29 Apr. 2019 13 29.0 6.8 153
Case tip | 00 Aug 2019 -08 Aug. 02 33.0 59 23.0
2019
Case#3 | 22 A% 23 31997 31 Aug. 03 50.6 8.8 252

43.1 Results of Case #1: Chemical radical budgets for conditions with different
NO mixing ratios

Radical concentrations and radical production and destruction rates highly depend on the NO
concentration as the reaction of peroxy radicals with NO dominates the overall turnover of radicals
(Reaction R 4.9 and R 4.10) at high NO mixing ratios (> 1 ppbv). During the period from 20 April to
22 April and 29 April, high peaks of the NO mixing ratios were observed in the morning (06:00 —
10:00 UTC), which sharply decreased in the afternoon. The highest NO mixing ratio of 9 ppbv was
observed on 29 April, and daily peak mixing ratios of NO decreased from 4 to 0.8 ppbv (Fig. 4.14)
from 20 April to 22 April. The data set during this period allows to investigate the sensitivity of the
OH, HO,, RO, and ROx radical budgets for very different NO levels (Fig. 4.14 and 15). Other
chemical and meteorological conditions in this period are shown in Table 4.2.

As shown in Figure 4.14, the reaction of HO, with NO (Reaction R4.10) was the dominant OH
radical production pathway contributing more than 70 % to the total OH production rate on all days in
this period. The peak value of the calculated production rate was highest on 29 April as 7 ppbv hr’,
and lowest on 22 April with a value of 4 ppbv hr', while the peak of OH destruction rates did not
significantly change. On each day, a maximum of the total OH production rate was observed in the
morning slightly after the peak of the NO concentration followed by a gradual decrease of values till
nighttime. The photolysis of HONO (Reaction R4.1) was the most important primary OH source
during daytime contributing approximately 20 % to the total OH production. The reaction of HO,
with ozone (Reaction R4.11), the photolysis of ozone (Reaction R4.2), and the ozonolysis of alkenes
(Reaction R4.5) contributed less than 3 % to the total OH production. In addition, regeneration of OH
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from unimolecular reactions of isoprene-RO, radicals (Eq. 4.3 and Reaction R4.18 and R4.19)
contributed only 1% of the total OH production due to the low isoprene concentration (< 0.2 ppbv)
and the competition of unimolecular reactions with the bimolecular reaction of RO, with NO. The
OH production and destruction rates were balanced on 29 April for the entire day and in the early
morning (before 08:00 UTC) on 20 — 22 April, when NO mixing ratios were higher than 1 ppbv. A
discrepancy of up to 3.5 ppbv h' (47 % of the total OH destruction rate) between production and
destruction rates was found for low NO mixing ratios (<1 ppbv). This is larger than the uncertainty of
the calculation.
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Figure 4. 14: Production and destruction rates of OH, HO,, and RO, radicals for the
period of Case #1. In addition, the differences between the destruction and production
rates are shown. Grey areas and black dashed lines indicate the uncertainty from the
experimental errors of the measured quantities (Table 2.1) and the reaction rate
coefficients (Table 4.1).

The HO, production could mostly be attributed to the reaction of RO, with NO (Reaction R4.9),
which contributes up to 90 % of the total production rate on 29 April and 78% from 20 to 22 April.
The remaining part of the HO, radical production was due to the photolysis of formaldehyde (6 —
16 %) and the reaction of formaldehyde with OH (5 — 12 %). Other HO, production reactions played
only a minor role (< 0.5 %). The HO, destruction was mostly governed by the reaction of HO, with
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NO (Reaction R4.10, contribution on average 87%) and to less extend by the reaction of HO, with
RO, radicals (Reaction R4.16, contribution on average 8%). The HO, destruction and production
rates showed good agreement within the uncertainty of calculations during the entire day on 21 and
22 April and in the late afternoon on 20 and 29 April, when the NO mixing ratio was lower than 2
ppbv. Large imbalances were observed in the morning on 20 and 29 April with values of up to 6 ppbv
h™ (50 % of the total HO, production rate). However, the uncertainty of the calculations for
conditions of high NO mixing ratios was high due to the high uncertainties in HO, and RO,
background signals. Therefore, the imbalances were closed within the uncertainty limits.

The reaction of RO, with NO (Reaction R4.9) dominated the RO, destruction rate contributing to
the total loss rate more than 85 %. When the NO mixing ratio was low, < 1.5 ppbv, (21 and 22 April),
the RO, termination reaction with HO, gained in importance with contributions of more than 10 %.
Like for the OH radical chemical budget, unimolecular decomposition reactions of isoprene-RO,
radicals were negligible with a contribution to the RO, destruction rate of less than 1 %. The daily
maximum RO, destruction rate appeared in the morning together with the peak of the NO
concentration and decreased shortly before noontime, while the NO concentration was decreasing. In
contrast, the RO, production rate reached maximum values at noon and showed much less variability
compared to the destruction rate. This imbalance between the production and destruction rates was
most significant in the morning on 29 and 20 April with values of up to 12 ppbv h™ (86 % of the total
RO, destruction rate). Similar to the HO, budget, the uncertainties from the NO background signals
were high, so that the imbalances were closed to the uncertainty limits.
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Figure 4. 15: Production and destruction rates of ROx radicals for the period of Case #1.
In addition, the differences between the destruction and production rates are shown. Grey
areas and black dashed lines indicate the uncertainty from experimental errors of the
measured quantities (Table 2.1) and the reaction rate coefficients (Table 4.1).

Figure 4.15 shows the calculated ROx production and destruction rates. The photolysis of HONO
(Reaction R4.1) and HCHO (Reaction R4.3) were the dominating radical initiation processes
contributing to the total production rate on average 56 % and 41 %, respectively, on 20 — 22 April,
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and 88 % and 10 % on 29 April. In the morning on 29 and 20 April, when NO mixing ratios were
high with values above 2 ppbv, the reaction of OH with NO, (Reaction R4.12) was the most
important radical termination process contributing up to 53 % to the total ROx destruction rate. At
these times, the reaction of OH with NO contributed to the ROx loss rate 34 % and 11 %, respectively.
In the afternoon on 21 and 22 April, radical self-reactions (Reaction R4.15 — 4.17), and, in particular,
the reaction of RO, with HO, (Reaction R4.16), dominated the ROx destruction due to the low NO
mixing ratios. On 20 April, a slight imbalance between the ROy production and destruction rates of
up to 1 ppbv h™' (45 % of total ROx destruction rate) was observed during daytime, while, on 21 and
22 April, the budget was closed in the morning and it started to deviate around noon until sunset (up
to 1 ppbv h™', 58 % of the total ROx turnover rate). A significant discrepancy of up to 3 ppbv h™ (70 %
of total ROy turnover) was observed from 06:00 to 12:00 on 29 April.

43.2 Results of Case #2: Chemical radical budgets for conditions with low NO
mixing ratios and medium temperature

For the period between 5 and 8 August, the chemical budget analysis was performed. During this
period NO mixing ratios were low with a median value of 0.2 ppbv. The temperature was typical for
summer with a median value of 27°C (Table 4.2). Figure 4.16 shows the median diurnal experimental
production and destruction rates for OH, HO,, and RO, radicals in this period.

Similar to Case #1, the OH production was dominated by the reaction of HO, with NO (Reaction
R4.10) and the photolysis of HONO (Reaction R4.1). A significant imbalance between OH
production and destruction rates of up to 3 ppbv h™ (53 % of the total OH destruction rate) was found,
which cannot be explained by the combined uncertainty of the calculations.

Concerning the HO, chemical budget, the major contribution to the HO, production was due to
the reaction of RO, with NO (Reaction R4.9), while the HO, destruction was dominated by the
reaction of HO, with NO (Reaction R4.10). The total HO, production rate was significantly (2.5 ppbv
h') higher than the destruction rate (40 % of the total HO, production rate), which cannot be
explained by the uncertainty of the calculations.

The RO, production and destruction rates were well balanced. The reaction of RO, with NO
dominated the overall RO, production and radical self-reactions played a minor role. In addition, the
availability of CINO, data during this period allowed to assess the potential impact of the reaction of
VOCs with CI (Eq. 4.9) on the RO, radical production. Due to the low mixing ratio of CINO, of less
than 0.4 ppbv, the RO, production form Cl was insignificant (<0.1 ppbv h™') and much lower than the
RO, production from the reaction of OH with VOCs.

Rates of the ROy initiation and termination reactions are shown in Figure 4.17. Similar as in the
period between 20 to 22 April, the maximum difference between ROy production and destruction
rates was small (0.5 ppbv h™). The OH regeneration from isoprene-RO,, the potential HO, uptake on
aerosol, and radical production from CI reactions had no significant impact on the radical chemical
budget in this period.
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43.3 Results of Case #3: Chemical radical budgets for conditions with low NO
mixing ratios and high temperature

During the heat wave from 22 to 31 August, the temperature was high (maximum: 42°C) and air
masses were stagnant (wind speed at 50 m: < 4 m/s). No precipitation occurred. Ozone mixing ratios
reached maximum values of 100 ppbv and daytime NO mixing ratios were relatively low with
average values of 0.3 ppbv. (Table 4.2). Radical production and destruction rates for this period are
shown in Figure 4.18 and 4.19. During this period, the OH concentration measured by the LIF
instrument was 25 % higher than values measured by the DOAS instrument. Therefore, the OH
concentration measured by the DOAS instrument was used for the analysis of the radical budgets for
this period.

The OH destruction rates were up to 2.0 ppbv h™' (23 % of the total OH destruction rate) higher
than the total production rate, which was dominated by the reaction of HO, with NO (Reaction
R4.10). However, this discrepancy was smaller than the total uncertainty of the analysis. The impact
of OH regeneration from unimolecular reaction of isoprene derived RO, was larger than for the other
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cases (on average, 4%) consistent with the high isoprene concentration (~0.8 ppbv) and high
temperature that favors emissions from plants (Vila-Guerau de Arellano et al., 2009; Sarkar et al.,
2020).
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Figure 4. 18: Median values of production and destruction rates of OH, HO,, and RO,
radicals for the period of Case #3. In addition, the differences between the destruction
and production rates are shown. Grey shaded areas and black dashed lines indicate the
uncertainty from experimental errors of the measured quantities (Table 2.1) and the
reaction rate coefficients (Table 4.1).
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The HO, production and destruction rates showed a good agreement throughout daytime. Once
again, the major HO, radical sink was the reaction of HO, with NO (Reaction R4.10). The major
source of HO, radicals was the reaction of RO, with NO (Reaction R4.9). The contributions from the
photolysis of HCHO and the reaction of HCHO with OH to the HO, production rates were larger
compared to other cases contributing to the total production rate up to 15% and 13%, respectively,
due to higher HCHO mixing ratios of up to 8 ppbv (Fig. 4.3).

Given the uncertainty of the calculation, the RO, production and destruction rates were overall
well balanced. Again, most of the RO, destruction was due to the reaction of RO, with NO (Reaction
R4.9). Although the destruction and production rates were balanced for the single radicals within the
uncertainty of the calculations, the rates of radical initiation and termination reactions showed a
significant imbalance. The total radical termination rate was up to 1.4 ppbv h” higher than its
production rate throughout daytime. The maximum difference cannot be explained by the uncertainty
of the calculations at noontime when the difference was highest.
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coefficients (Table 4.1).
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4.4 Discussion of the chemical budget analysis

4.4.1 Discussion of discrepancies in the radical budgets

In all cases described in Section 4.3, discrepancies of up to 3.5 ppbv h”' between OH production and
destruction rates are found for NO mixing ratios below 2 ppbyv, indicating a missing OH production
process with rates that range from 25 % (Case #3) to 53 % (Case #2) of total OH destruction rates. As
the measured OH reactivity (koy) absolutely quantifies the chemical loss rate of OH including all OH
reactants, the calculation of the OH destruction rate (Eq. 4.5) carries a small error. In addition, the
measurement of OH concentrations by the LIF instrument is interference-corrected using the CMR
system and is checked against OH measurements by the DOAS instrument (Chapter 3) and therefore
has also a high accuracy. For these reasons, the calculated OH destruction rate has only an uncertainty
of 25 %.

HO, and RO, radical measurements are also highly reliable as the calculated Ox production rates
using the measured HO, and RO, concentrations are consistent with the Ox production rate
determined from O; and NO, measurements (Section 4.1.4 and Chapter 5). Because the reaction of
HO, with NO (Reaction R4.10) accounts for more than 70 % of the total OH production rate (Section
4.3), and other OH sources (e.g., the photolysis of HONO and Os) play a minor role, the observed
discrepancy between the OH production and destruction rates are unlikely affected by unaccounted
systematic errors.

Furthermore, previous analysis of the OH budget during photochemical experiments in the
SAPHIR chamber showed no evidence for a missing OH source originating from chamber wall
effects (Kaminski et al., 2017; Fuchs et al., 2018; Novelli et al., 2018; Rolletter et al., 2019; Rolletter
et al., 2020). For all these reasons, the most plausible explanation for the discrepancy between
production and destruction rates of OH radicals observed in the JULIAC campaign is an unaccounted
process of producing OH radicals.

In all cases described in the previous sections, a small imbalance in the ROy budget of up to 1.4
ppbv h™ is found and this implies the presence of unaccounted primary OH sources. One possible
explanation for this discrepancy could be the lack of measured alkenes that can produce radicals in
their ozonolysis reactions. The contributions of ozonolysis of measured alkenes to the radical
production were very small with values in range of 0.005 to 0.03 ppb h™. To test the possible impact
of the ozonolysis of unmeasured alkenes on the radical production, the OH reactivity that cannot be
explained by measured OH reactants (on average, 2.5 s') is assumed to originate from 1.5 ppbv
propene and 1.0 ppbv cis-2-butene. Both species were not measured during the campaign but are
commonly found in forested environments (Goldstein et al., 1996; Rhew et al., 2017). Especially, cis-
2-butene reacts with O; with an exceptionally fast reaction rate constant (Table 4.1). Including these
additional VOCs could increase the radical production rate by more than an order of magnitude for all
cases (Fig. A.1 — A.3). This increase in the ROy production rate would close the budget within the
uncertainties for the periods in Case #1 (except for 29 April, Fig A.1) and Case #2 (Fig A.2), but it
cannot explain the missing ROx sources found on 29 April (Fig A.1) and for the Case #3 (Fig A.3)
due to small unaccounted OH reactivities and too high discrepancies.
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Therefore, the unaccounted primary OH source alone would not be sufficient to explain the
discrepancy in the OH radical budgets. The additional missing OH source seems to be related to
missing RO, or HO, loss reactions. This is suggested by a RO, destruction rate that is up to 1.5 ppbv
h' higher than the RO, production rate in the period of Case #1 (Section 4.3.1) and a missing HO,
loss reaction with a rate of up to 2.5 ppbv h™ in the period of Case #2 (Section 4.3.2). Although there
are large uncertainties in the difference between production and destruction rates for single radical
species, values of the differences consistently indicate an unaccounted RO, or HO, to OH
propagation pathway together with a missing primary OH source.

As a direct RO, to OH regeneration reaction, the OH production from the isomerization of the
isoprene-RO, (Eq. 4.3) is included, but its contributions to the total OH production in all cases are
minor. Therefore, the inferred missing OH source at low NO mixing ratios is likely caused by the
combination of missing primary radical sources and inter-radical conversion reactions.

For NO mixing ratios higher than 2 ppbv, OH production and destruction rates are balanced while
significant imbalances between production and destruction rates are observed for production and
destruction rates of HO,, RO, and ROx radicals. A missing HO, sink with a rate of up to 6 ppbvh™, a
missing RO, source with a rate of up to 12 ppbv h" and a missing ROy source with a rate of up 3
ppbv h'is needed to explain the discrepancies. As discussed in Section 3.2.4, the uncertainties in the
turnover rates of HO, and RO, reactions with NO for such high NO concentrations is high due to the
high uncertainties in the HO, and RO, background signals. As a sensitivity study, the production and
destruction rates using the upper limits for HO, and RO, background signals are shown for the entire
Case #1 period in Figure A.4 (Appendix). In this case, the imbalances in the HO, and RO, production
and destruction rates are significantly decreased, and the budgets are closed within the large
uncertainties.

Because ROx production and destruction rates are much less affected (less than 3%) by the
uncertainty from the HO, and RO, background signals than the individual HO, and RO, budgets, the
imbalance in the ROx budget is still significant and indicates that a radical source is needed. As the
OH budget is balanced and the HO, budget does not require an additional HO, source, a missing ROx
source can partly explain the missing RO, source (Figure A.4). A missing RO, source could originate
from the VOC oxidation by Cl radicals. Although oxidation of organic compounds by CI produced
from CINO, does not have a significant effect on the RO, production in the summer period, a possible
impact from CI chemistry on the RO, production and therefore also on the ROx production on 29 and
20 April cannot be ruled out, because the instrument detecting CINO, was not available during the
spring period of the campaign.

As described in Section 4.2.5, the same rate coefficients for the reaction of all RO, species with
NO (Reaction R4.9), RO, (Reaction R4.15), and HO, (Reaction R4.16) are used in the calculations
taking values from structure activity relationship by Jenkin et al. (2019). The reactions of RO, with
RO, and HO, play a minor role for the destruction of RO, and HO, radicals. However, the rate
coefficient of the reaction of RO, and NO has a large impact on both the HO, and RO, budgets as this
reaction is the major production pathway for HO, and the main loss pathway for RO, radicals. A high
limit for this rate coefficient would assume that all RO, would behave like c-CsHoO, having a rate
constant of 1.1 x 107 ¢cm™ s™ (at 298 K), which is approximately 20 % higher than the rate
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coefficient used in the calculations. If this value is applied for the period between 21 and 22 April as a
sensitivity study (Fig. A.5), the observed discrepancies in the RO, budgets can be closed during times
when the RO, production rate was higher than the destruction rate and NO mixing ratios were low.
However, although the use of the high limit rate coefficient reduces the discrepancies in the RO,
budgets, changes are smaller than the uncertainty limits.

In another sensitivity study, a low limit for the rate coefficient of the reaction of RO, with NO
assuming that all RO, behaves like CH;0, having a rate constant in the reaction with NO of 7.7 X
1072 cm™s™ (at 298 K), which is approximately 17 % lower than the used rate coefficient, is applied.
However, , this cannot explain the observed discrepancy in the period of Case #2 (Fig. A.6), when the
RO, production rate was lower than the destruction rate. To close the HO, budget, a 56 % smaller rate
coefficient (5.0 x 10712 cm™s™) would be needed. However, this is much lower than reported rate
coefficients for the reaction of RO, and NO. In addition, the use of such a low-rate coefficient would
make a significant imbalance in RO, chemical budget.

Furthermore, an additional uncertainty in the HO, production rate comes from using a fixed,
small organic nitrate yield of 0.05 for all RO, species in the reaction of RO, with NO. A sensitivity
test varying the organic nitrate yield from 5 % to 20 % is performed. The use of a higher yield
decreases the discrepancy in the RO, budgets only from 2 to 1.5 ppbv h™. It is worth noting that the
organic nitrate yield generally increases for larger hydrocarbons, for which also the rate coefficient of
the reaction of their RO, with NO is faster compared to small VOCs. Therefore, the presence of
unmeasured large hydrocarbons is unlikely the reason for the imbalance in the HO, budget, because
the high nitrate yield and the fast reaction rate coefficient are expected to partly compensate the
effects on the HO, production rate.

The potential impact of heterogeneous uptake of HO, on aerosol surface (Eq. 4.8) is overall
insignificant in all cases, even if an already high effective uptake coefficient of 0.2 is assumed
(Section 4.2.2). In the period of Case #3, the HO, loss rate due to uptake on aerosol surface would be
up to 0.15 ppbv h™', when the aerosol surface area was high with values of up to 3.0 x 102 yum? cm™.
The contribution to the total loss rate, however, would be still very small (<4%). HO, uptake has also
a high uncertainty, because the uptake coefficient highly depends on the aerosol properties.
Measurements in this campaign did not allow to determine the uptake coefficient. However, even
using an exceptionally high effective uptake coefficient of 0.5 that was determined in a campaign in
China (Taketani et al., 2008) would increase the HO, loss to the acrosol surface up to 0.32 ppbv h
(13% of the observed discrepancy). Therefore, no matter what the value of the effective uptake
coefficient would be, the heterogeneous uptake of HO, on aerosol surface was insignificant during the
JULIAC campaign.

4.4.2 Comparisons with other field campaigns investigating the radical budgets

Similar studies of the chemical budgets for OH, HO,, RO,, and ROx radicals like in this work were
performed for measurements in campaigns in a suburban area in the Pearl River Delta (PRD), China,
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in autumn 2014 (Tan et al., 2019), and in central Beijing, China, (Whalley et al., 2021) in summer
2017.

Tan et al. (2019) observed median rates of propagation reactions for OH, HO, and RO, radicals
ranging from 10 to 15 ppbv h™', while rates for ROy initiation and termination reactions were on the
order of 3 to 4 ppbv h™ during daytime for chemical conditions characterized by anthropogenic
pollution. From the comparison between the radical production and destruction rates, up to 7 ppbv h”'
(45 % of the total OH turnover) of a missing OH source and a missing RO, sink with a similar rate
were found at low NO mixing ratios (< 1 ppbv), while HO, production and destruction rates were
balanced. The authors suggested that an additional chemical mechanism that efficiently converts RO,
to OH without NO is required. Tan et al. (2019) proposed that HOx radicals could have been formed
by auto-oxidation of specific RO, species which include multifunctional groups such as -OH, -OOH,
or -CHO. Assuming such a mechanism could reasonably explain the missing RO, loss pathway and
the mixing primary OH source. Tan et al. (2019) also showed that a hypothetical radical propagation
mechanism by an unknown reactant, which would convert RO, to HO, and, subsequently, HO, to OH
as proposed by Hofzumahaus et al. (2009) could describe the missing OH source and RO, sink. The
mixing ratio of such a reactant can be expressed as an NO equivalent that reacts with peroxy radicals.
For the conditions of the campaign in Tan et al. (2019) the NO equivalent was 0.4 ppbv.

The OH budget for the JULIAC campaign showed a missing OH source with a rate ranging
between 2 and 4 ppbv h™' (50 % of the total OH destruction rate) for low NO mixing ratios. The rate
of the missing OH source in this study is smaller compared to that reported in Tan et al. (2019).
However, considering that the overall OH radical turnover rates in the JULIAC campaign are about
twice as small, the relative importance of the missing chemical pathways on the OH production is
similar like in the campaign in the Pearl-River-Delta 2014.

The mechanism suggested by Tan et al. (2019) is likely not the only explanation for discrepancies
in the radical budgets observed in this work. Although, a small missing RO, sink with a rate of up to
1.5 ppbv h™' was found together with a missing OH source on 21 and 22 April (Section 4.3.1), which
fits the auto-oxidation pathway suggested by Tan et al. (2019), there are also other cases, where
missing HO, and ROy sinks were observed, and missing OH sources that are likely not only
originate from RO, to OH conversion reactions, but also from HO, to OH conversion and primary
OH production. This indicates that the origin of missing OH sources observed in field campaigns
could differ depending on the chemical conditions, even if NO mixing ratios are similar.

Whalley et al. (2021) analyzed the chemical budgets for radicals over a wide range of NO mixing
ratios (0.1 to 104 ppbv) for measurements performed in central Beijing, China. Compared to the
results in Tan et al. (2019) and to results in this study, the rates of ROx initiation and termination
reactions were 2 to 4 times higher and the rates of radical propagation reactions for OH, HO, and RO,
were 5 to 10 times higher due to fast inter-radical conversion reactions in the presence of high NO
concentrations. Similar as in this study, a significant missing OH source with a rate of up to 15 ppbv
h™ (50 % of the total OH destruction) was found for conditions of low NO mixing ratios. The value of
the missing OH source was more than 3 times higher than in the JULIAC campaign and in the
campaign reported by Tan et al. (2019). The HO, production rate observed in Beijing by Whalley et
al. (2021) largely exceeded the destruction rate by a factor of 3 — 5 for conditions of low NO mixing
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ratios. In contrast, production and destruction rates of RO, and ROy radicals were well balanced. This
was also the case for OH at high NO mixing ratios, when very high imbalances of up to 50 ppbv h
were observed for HO, and RO, budgets.

In Whalley et al. (2021), reducing the rate of radical propagation reactions from RO, to HO, by a
factor of 10 would close the observed gaps between production and destruction rates. This suggests
the presence of a significant fraction of large and multifunctional VOCs (e.g., monoterpenes and
long-chain alkanes), which undergo multiple RO, to RO, conversion by unimolecular isomerization
of alkoxy radicals formed in the reaction RO, with NO instead of producing HO, by O, abstraction.
Such a RO, radical reaction chain would be similar to an increased chemical lifetime of RO, radicals,
if RO, species cannot be distinguished by instruments like in the RO, sum measurements performed
by the LIF radical instruments. Whalley et al. (2021) showed that RO, production by the
isomerization reaction of RO in the oxidation of a-pinene would largely reconcile discrepancies
between modelled and measured RO, concentrations (the observation-to-model ratio decreases from
6.2 to 1.8), if the OH reactivity from unmeasured OH reactants was attributed to a-pinene.

Applying a reduced rate constant for RO, to HO, propagation reactions as suggested in Whalley
et al. (2021) to the calculations in this work could close the observed large discrepancy between HO,
and RO, production and destruction rates for high NO mixing ratios on 29 April. In this case, a
reduction by a factor of 2 would be required. As discussed in Section 4.3.1 and 4.4.1, reduced
reaction rate constants of the RO,+NO reaction could be expected for RO, from large VOCS.
However, the reduction would need to apply to all RO,, most of which are not derived from large
VOCs, even if OH reactivity that is not explained by measured OH reactants is attributed to them.
Therefore, it seems unlikely that the mechanism suggested by Whalley et al. (2021) affected results in
this work. In addition, it cannot be excluded that observed imbalance in HO, and RO, budgets in the
JULIAC campaign were caused by the instrumental artifacts due to the high uncertainty of the RO,
background signal.

124



125



Chapter 5. Investigation of tropospheric ozone formation
in a rural area in West-Germany in the JULIAC 2019
campaign

5.1 Determination of the net odd oxygen (Ox) production rate from ozone and NO;
concentration measurements

One goal of the JULIAC campaign was to determine the net ozone production rate in ambient air.
Because of the photochemical equilibrium between ozone and nitrogen dioxide, it is useful to
investigate the sum of both called odd oxygen (Ox). The Ox production can be interpretated as ozone
production potential (Chapter 1). The assumption is, however, that there are no direct emissions of
NO,, which is fulfilled inside the SAPHIR chamber.
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Figure 5. 1: (a) Concentrations of Ox (sum of NO, and O;) in the inlet and in the
chamber and expected in the chamber, if there was no chemical production and
destruction (Chamber calc.). Grey areas indicate nighttime (solar zenith angle > 90°). (b)
Relative and absolute differences between measured concentrations and calculated
concentrations expected without chemical production and destruction in the chamber.

The net Ox production during the JULIAC campaign can be calculated from measured ozone and
NO, concentrations, both of which were simultaneously detected in the inlet and in the chamber by
different instruments (Figure 5.1) using Equation 2.5 (Po, no,&0,)- Because the Ox concentration that
is produced on the time scale of the residence time of air in the chamber is small compared to the total
Ox concentration, calibrations and offsets of the instruments are crucial to be accurately and precisely
determined.

The precision of the net Ox production rate can be determined from the experiments when the
roof of the SAPHIR chamber was closed, i.e., the photolysis rates within the chamber were zero. For
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these dark conditions, no significant Ox production is expected in the chamber, so that the
concentrations inside the chamber are only determined by the concentrations in the inflowing air
similar (Section 2.5) and the precision can be calculated from the comparison of these values. For two
of the three intervals of measurements in the dark (9 to 10 Feb. and 27 to 28 April), a 1o precision of
the Ox production rate of 0.3 ppb hr' was achieved. For the third interval of measurements in the
dark (2 to 3 Nov.), the precision was 0.5 ppb hr''. In these periods, there was continuous precipitation
and trace gas concentrations were very low (measured OH reactivity: < 4 s™'). Therefore, also Ox
destruction processes can be assumed to be negligible.

The 1o accuracy of the net Ox production rate is calculated to be 8 % from the gaussian
summation of the accuracy of the instrument’s calibration factors (Table 2.1) and the uncertainty of
the residence time (1 %) in the chamber (Eq. 2.2).

For the calculation of the net Ox production rate, it is of particular importance that the
instrumental offsets between instruments do not differ, because only differences between
measurements are used (Eq. 2.5). However, the offset of a specific instrument may also drift over
time. This can introduce an additional systematic error of the Ox production rate. In order to examine
the stability of the offset, instruments measuring at the inlet switched periodically every 20 to 30
minutes to sampling air from inside the chamber during some periods of the campaign. This was done
every 2 to 3 days for the entire day from 5 August to 23 August. 1c variabilities of the offsets in the
measurements of the NO, and O; instruments were 0.4 ppbv and 0.5 ppbv, respectively. These offsets
drifted during the summer period of the campaign adding 0.5 ppbv hr' to the uncertainty of the Ox
production rate. For the other periods of the JULIAC campaign, the same additional uncertainty is
taken into account.

5.2 Calculation of the net odd oxygen (Ox) production rate from turnover rates of single
reactions

Measurements of radical and trace gas concentrations in the JULIAC campaign allowed to calculate
the net Ox production rate by another approach, in which the turnover rates of reactions contributing
to the production or destruction of NO, and Os are summed up.

For conditions of the JULIAC campaign, the ozone is produced from the photolysis of NO,
formed in the reaction of peroxy radicals (HO, and RO,) with NO (Reaction R5.3 and R5.4). The
most important destruction of Ox is expected to be the loss of NO, in the reaction with OH radicals
(Reaction R5.7) (Finlayson-Pitts, 2000). Therefore, the net Ox production rate can be approximated
by the turnover rates of these reactions:

Poy base = Krs3[NOJ[HO,] + kgs 4[NO][RO,] — kgs 7[NO,][OH] (Eq.5.1)

Here, k; are the rate coefficients for the specific reactions (Table 5.1). A yield of 5 % of organic
nitrates formed in the reaction of RO, with NO is assumed as it is expected that the majority of
organic peroxy radicals originate from small organic species, which typically have a low nitrate yield
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(Chapter 4). For the rate coefficient of the reaction of RO, with NO (Reaction R5.4), an average rate
coefficient is applied for the sum measurement of RO, radicals (Jenkin et al., 2019).

Equation 5.1 only includes the most important odd oxygen production and loss reactions. This
approach can be extended by including additional reactions which have minor contributions, such as
the reaction of nitrous acid with OH, photolysis of nitryl chloride and ozone, reactions of ozone with
OH, HO,, NO, and alkenes:

Poyextend = Pogbase T Krs.s[HONO]J[OH] + jeino2 [CINO,] — kgs g[HO2][03] — krso[OH][03] —
¢ jorp[03] — 2(1 — B)kgs.11[NO,][03] — Zkgs 1i[alkene];[05] (Eq.5.2)

Here, j; are photolysis frequencies for the specific species, and ¢ is the fraction of O('D) reacting
with H,O. The factor 3 takes into account that only a fraction of NO; formed in the reaction of NO,
with O; leads to an effective Ox loss due to the rapid reformation of NO, mainly during daytime (see
below for details). All quantities required to calculate the ozone production rate using Eq. 5.2 were
measured in the JULIAC campaign.

In the atmosphere, Ox production from the reaction of nitrous acid (HONO) with OH radicals
(Reaction 5.5) and the photolysis of nitryl chloride (CINO,) (Reaction 5.6) may not be regarded as net
odd oxygen production on a long-time scale but rather as Ox reservoir species, because both are
produced from heterogeneous reactions of NO,. Concerning HONO, this is complicated, because the
sources of HONO in the troposphere are not well known (Stemmler et al., 2006; Stemmler et al., 2007,
Su et al.,, 2011; Li et al., 2014). In the JULIAC campaign, a significant fraction of the HONO in the
chamber was released by the chamber film (Chapter 2). For calculations of the odd oxygen net
production in the JULIAC campaign, the reaction of HONO with OH and the photolysis of CINO,
need to be considered as odd oxygen sources, because they are not formed by for example
heterogeneous conversion of NO, to HONO or CINO, on the time scale of residence time of air in the
chamber, so that there is no corresponding consumption of Ox. The additional Ox production and
destruction by chlorine radicals (e.g., the reaction of Cl with Os), which can be produced from the
photolysis of CINO; is not taken into account. The possible role of Cl radicals is further discussed in
Section 5.4.2.

The extended calculation of the Ox production rate (Eq. 5.2) also includes the production of
nitrate radicals (NO;) from the reaction of NO, with O; (Reaction R5.10) meaning the loss of two Ox
molecules. NO; and its reservoir species N,Os formed by its reaction with NO, (Reaction R5.14) can
act as odd oxygen reservoir, because NO, can be reformed by NO; photolysis (Reaction 5.17a, b) or
reaction with NO (Reaction R5.13). However, they can also be permanent sinks, if NO; reacts with
VOCs (Reaction R5.16) or N,Os is taken up on particles.
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Table 5. 1: Chemical reactions with rate constants and their uncertainties used for the calculation of
Ox (NO, + O3) production rates. Rate constants are listed for standard conditions (25 C, latm). For
the calculation of the Ox production rate, the actual measured air temperature and pressure are used.

No. Reaction k (25C, latm) / cm’ ™! Uncertainty  Reference

Ox production reactions

R5.3 HO,+NO — OH+NO, 8.5x107"? +13% IUPAC
Jenkin et al.

R5.4 RO,2+NO — RO+NO,° (1-0)x9.0x10™" +20% (2019)

R5.5 HONO+OH — NO,+H,0 6.0x107"? £20% IUPAC

R5.6 CINO,+ hv — NO,+Cl j(CINO,)" b

Oy destruction reactions

R5.7 NO,+OH — HNO, 1.0x10™" £30% IUPAC

R5.8 HO,+0; — OH+20, 2.0x107" £29% IUPAC

R5.9 OH+0; — HO,+0, 7.3x10™ +£20% IUPAC

R5.10 O5+hv+H,0 — 20H+0, ¢ xj(0'D) "™ b

R5.11 NO,+0; — NO3+0, 3.5x107" 7% IUPAC

R5.12 Alkenes+0O; — Products®

NO; reactions

R5.13 NO;+NO — 2NO, 2.6x10"" +13% IUPAC

R5.14 NO;+NO, — N,0s 1.2x10™ +20% IUPAC

R5.15 N,05 — NOs+NO, 4.5x107 +£50% IUPAC

R5.16 NO;+VOC — RO, f f

R5.17a  NOs+hv — NO,+O, j(NO3 M) b

R5.17b  NOs+ hv — NO+O, j(NO; R)° b

* lo uncertainty.
" Measured photolysis frequencies (Table 2.1).

¢ Rate constant for the class of alkyl (> C2) + oxygenated RO, species (Jenkin et al., 2019). The assumed 20% uncertainty covers the range
of published values including the low value for CH;0, (7.7x10" cm® s™') but excludes values for acyl peroxy radicals (2.0x10™"" cm’ ™).
The assumed value for the branching ratio a is 0.05 (see discussion in text).

4The major fraction of the O('D) formed from the photolysis of O; reforms Os. The net O; loss is due to the subsequent reaction of O('D)
with H,O. Therefore, the branching ratio ¢ is multiplied in addition to the photolysis frequency.

¢ See Table 4.1.

"Variable.

Rapid NO, regeneration from the photolysis of NO; and the NO; reaction with NO, both of which
are mainly relevant during daytime, is accounted for in Eq. 5.8 by including the fraction of Ox that is
regenerated in these reactions. Odd oxygen is only lost in these reactions due to the small yield of NO
(approximately 13%) in the photolysis of NO; (Reaction R5.17b):

JNO3 Rs.17a+KR5.13[NO] (Eq.5.3)

iNO3,R5.17aFiNO3 R5.17b HKR5.13[NO]

During nighttime, further reactions of NO; with NO, and VOCs are of importance because of the
absence of light and the rapid reaction of NO with ozone (8 = 0). The reaction of NO; with NO,
produces dinitrogen pentoxide (N,Os), which concentration is in a thermal equilibrium with NO;. On
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the time scale of the residence time of air in the chamber during the JULIAC campaign, no
reformation of odd oxygen is expected once NOjs is produced in the night.

Another reaction involving NO, is the reaction of peroxy radicals with NO, and NO, production
from the thermal decomposition of the products (e.g., HO,NO,, PAN). Because thermal equilibrium
is reached within less than 1 min., there is no net effect on the NO, concentration for conditions of the
JULIAC campaign.

For experiments in chambers, O3 and NO, loss on the wall could be significant. However, tests in
the SAPHIR chamber demonstrated that these are negligible specifically for the short residence time
of air during operation in the JULIAC campaign.

The uncertainties of the Ox production rates using Equation 5.7 or 5.8 were calculated by the
Gaussian summation of the 1o accuracies of the measured quantities (Table 2.1) and of the reaction
rate coefficients (Table 5.1). The reaction rate constant of the RO, reaction with NO (Reaction R5.4)
as well as the nitrate yield carry a higher uncertainty because averaged values are used, because the
sum measurement of RO, does not give the speciation of these radicals. Generally, the use of the
higher limit reaction rate constant and nitrate yield does not make significant changes (less than 10 %)
in the Ox production rate calculations. The detailed discussion of the errors of all quantities can be
found in the context of the discussion of the chemical radical budget that makes use of the same
quantities (Chapter 4).

5.3 Results of the calculations of the net odd oxygen (Ox) production for measurements
in the JULIAC campaign

Due to the very low photochemical activity during winter and autumn periods, the net Ox production
rates were below 3 ppbv h”' with daytime mean value of 0.2 ppbv h™'. These values are close to 1o
accuracy of the methods used for the calculation. Therefore, only results from the spring and summer
periods of the JULIAC campaign are further discussed similar to the analysis of the radical chemical
budgets (Chapter 4).

Time series of the Ox production rate calculated from NO, and O3 measurements in the incoming air
and in the chamber are shown in Fig. 5.2 for the spring period in Fig. 5.3 for the summer period.

In the morning, ozone production raised fast, reaching often peak values around noon, before
values decreased slowly during the afternoon. Values around sunset were close to zero. For typical
conditions in spring and summer, Ox production rates were between 5 to10 ppbv h™' during the day.
Highest values of up to 17 ppbv h™" were observed during the heatwave period (21 to 31 August).

Small destruction of Ox with a rate of less than 0.6 ppbv h™' were observed during some nights in
the spring period, but these values are not significant, considering the uncertainty of the calculation.
In contrast, on some days during the summer period (Fig. 5.3), Ox destruction rates of up to 2 ppbv h’
! are observed, higher than the uncertainty of the calculation.
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Figure 5. 3: Time series of Ox production rates calculated from NO, and Os
measurements in the incoming air and in the chamber during the summer period of the

JULIAC campaign. Vertical dashed lines denote midnight. Grey shaded areas indicate
calibration days or days when the chamber roof was closed. All data points are 30 min

averages.



Figure 5.4 shows the median diel values of turnover rates contributing to the Ox production and
destruction for the spring and summer periods of the JULIAC campaign. As highlighted in Section
5.2, only measured concentrations are used for these calculations.

For the spring period, the Ox production was dominated by the reaction of HO, and RO, radicals
with NO, which contributed similarly to the entire Ox production rate with contributions of 49 % and
50 %, respectively. During the summer period, the contribution of the RO, reaction with NO to the
total Ox production was slightly higher (57 %) than the contribution of the reaction of HO, with NO
(42 %). The other Ox production pathways considered in Eq. 5.2 were negligible in both periods. The
overall calculated daytime Oy destruction was dominated by the reaction of NO, with OH (78 %)
followed by the photolysis of O; (13%) during both seasons. The contributions of other Ox loss
pathways were less than 5%.
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Figure 5. 4: Median diel profiles of turnover rates of reactions contributing to the Ox

production and destruction for (a) the spring period and (b) the summer period of the
JULIAC campaign.

During the day, the difference between the sum of turnover rates of the Ox production and
destruction reactions, if either only the reaction of peroxy radicals with NO and the reaction of OH
with NO, (Eq. 5.1) or additional reactions (Eq. 5.2) are considered, is less than 1 %. The additional
reactions contributed only up to 0.5 ppbv h' to the net production rate. During the night, Ox
destruction due to the reaction of NO, with O; that is only included in the extended calculation (Eq.
5.2) was significant with a rate up to 1 ppbv h™.
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5.4 Discussion of the net odd oxygen production for measurements in the JULIAC
campaign

5.4.1 Comparison of results from the different methods for determining the net Ox
production rate

Figure 5.5 shows the comparisons between the Ox production rates calculated from NO, and O;
measurements and from turnover rates of production and destruction reactions considering either few
reactions (Eq. 5.1) or extended chemistry (Eq. 5.2) during 5 days in the spring and summer periods of
JULIAC campaign. Results are representative for the entire campaign. The full timeseries are shown
in Figure A7 in the Appendix.

Net Ox production rates calculated by using the base or extend chemistry agree well with
calculations using NO, and O; measurements within their uncertainties. Small discrepancies are
observed in the mornings on 20 and 23 April and in the afternoons of all days from 19 to 23 April,
when the ozone production rate calculated from NO, and O; measurements is higher than rates from
chemistry-based calculations. However, considering the uncertainties of the methods, the
discrepancies are not significant. Ox losses at night are driven by the reaction of NO, with O3
(Reaction R5.11) in the extended chemistry-based calculation, but calculations using NO, and O;
measurements do not result in negative values during the spring campaign. Only in some nights (on
23, 25 and 26 August) during the summer campaign, the net Ox production rate calculated from NO,
and O; measurements reflects the expected loss. The nighttime Ox loss is further discussed in Section
5.4.2.
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Figure 5. 5: Time series of the net Ox production rate calculated from either NO, and Os
measurements or turnover rates of reactions (base and extended chemistry, Eq. 5.1, Eq.
5.2) (a) from 19 April to 24 April and (b) from 23 August to 29 August. Coloured areas
indicate the uncertainties of the Ox production rates. Grey areas indicate nighttime. All
data points are 30 min averages. Periods shown here are representative for the entire
spring and summer periods of the JULIAC campaign.

Diel median profiles and correlation scatter plots of Ox production rates calculated using either
NO, and O; measurements or turnover rates of reactions during the spring and summer periods are
shown in Figure 5.6. Results of all methods well agree with a tendency that calculations using
turnover rates of reactions give slightly higher values around noon and slightly lower values in the
afternoon compared to calculations using NO, and O; measurements.
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Figure 5. 6: Median diel profiles of the net Ox production rates calculated from either
NO, and O; measurements or turnover rates of reactions using (a and b) the base
chemistry (Eq. 5.1) or (c and d) the extended chemistry (Eq. 5.2) during the spring (a and
¢) and summer (b and d) periods of the JULIAC campaign. Coloured areas indicate the
25" and 75" percentiles of the Oy production rates.
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Figure 5. 7: Correlations between the net Ox production rates calculated from either NO,

and O; measurements or turnover rates of reactions using the base chemistry ((a), Eq. 5.1)
or the extended chemistry ((b), Eq. 5.2) during the spring and summer periods of the

JULIAC campaign. Vertical and horizontal bars denote the errors of the measured data

points. Data points in the correlation plots are 1 min average values.

The correlations (Fig. 5.7) between the results of the different methods to calculate the net Ox

production rates are excellent with R? values of 0.87 and 0.84, respectively. The linear regression
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analysis results in a slope of 0.88 indicating that Ox production rates calculated from NO, and O;
measurements are 12% higher than calculations using turnover rates of few reactions (base case
chemistry). The linear regression gives a small positive intercept of 0.11ppbv h™' that is smaller than
the accuracy of the calculations.

If the extended chemistry is used to calculate the net Ox production rate, the correlation of these
values and the net Ox production rates calculated using NO, and O; measurements further improves
compared to the base chemistry. The slope of the regression line is close to unity (1.03). The negative
intercept of -0.58 ppbv h™' is mainly caused by the small differences in the results of both methods at
night. Calculations of turnover rates using the extended chemistry give on average a net Ox
destruction of 0.58 ppbv h™' lower than calculations using NO, and O; measurements. If nighttime
data is excluded from the regression, the slope (0.89) is similar to the slope achieved in the regression
with the calculations using a small number of reactions. This again emphasizes that the daytime
tropospheric ozone production is mostly explained by peroxy radical reactions with NOx (Reaction
R5.3, R5.4 and R5.7), while the investigation of the nighttime Ox loss needs a more detailed analysis
(Section 5.4.2). The good agreement between calculations using turnover rates of reactions or NO,
and O; measurements also highlights the reliability of measured HO, and RO, radical concentrations
by the LIF instrument.

5.4.2 Potential impact of additional Ox production or destruction reactions on the
net Ox production rate

Although the overall agreement between the different methods to calculate the net Ox production
rates is excellent during the spring and summer periods of the JULIAC campaign, there are specific
times, when the calculated Ox production rates based on the turnover rates of reactions give higher
values of up to 3 ppbv h™' than then calculations based on NO, and O; measurements. This is the case
in the early morning on several days (Fig. 5.5 and Fig. 5.6). An additional Ox destruction reaction
would be needed to reconcile this discrepancy.

Although Oy destruction by the reaction of O; with alkenes was included in the calculations using
the extended chemistry (Eq. 5.2), the number of the measured alkene species was limited to hexene,
pentene, isoprene and monoterpene species during the JULIAC campaign. Therefore, unmeasured
alkenes could have additionally contributed to the ozone destruction. As described in the RO radical
budget analysis (Section 4.4.1), 1.5 ppbv of propene and 1.0 ppbv of cis-but-2-ene could account for
the observed OH reactivity (on average, 2.5 s™) that is not explained by measured OH reactant
concentrations. As a sensitivity test, additional Ox loss due the ozonolysis of these alkene species is
included in the calculations of the net Ox production rate (Fig. 5.8). This increases the Ox loss rate
from the ozonolysis of alkenes from 0.02 ppbv h™ to 0.4 ppbv h™', reducing the observed differences
in the morning, for example, from 3 ppbv h™ to 2.5 ppbv h" on 29 April, but worsening the
agreement between the methods in the afternoon. Although this change is an upper limit, because it is
unlikely that all unmeasured OH reactants were alkene species, the sensitivity test cannot explain the
observed discrepancy on 29 April.
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Figure 5. 8: Median diel profiles of turnover rates of reactions contributing to the Ox
production and destruction for (a) the spring period and (b) the summer period of the
JULIAC campaign like in Figure 5.4. Here, the Ox loss due to the ozonolysis of alkenes is
calculated using an upper limit of their concentration by attributing OH reactivity that is
not explained by measured OH reactants to alkene species.

The impact of the chlorine radical (Cl) release from the photolysis of CINO, on the Ox production
was not considered in Eq. 5.2 (Section 5.2). However, if a significant fraction of Cl reacted with O;
and NO,, an additional Ox destruction would be observed. To investigate the potential impact of
chlorine chemistry on the net Ox production rate, the Cl reactivity due to the reaction with Oz, NOy,
CO and VOC:s is first calculated using reaction rate coefficients in Table 5.2. Results are shown in
Figure 5.9 for the period when measurements of both instruments detecting organic compounds (GC-
FID and VOCUS) were available (5 to 8 August). The loss of chlorine atoms was dominated by the
reactions with Os (47 %), alkane species (27%, mainly CH,) and biogenic organic compounds (16 %,
mainly isoprene).

The reaction of Cl with O; (Reaction R5.18) would lead to an additional Ox destruction,

Cl+ 03 — ClIO+ 0, (R5.18)
but Oy is regenerated in the decomposition process of ClO in the presence of NO (Reaction R5.19):

Cl0O + NO — Cl+ NO, (R5.19)
Therefore, Cl from the photolysis of CINO,, which reacts with ozone, does not effectively destroy Ox
molecules.
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Figure 5. 9: Chlorine radical reactivity calculated from measured reactant concentrations
for the period from 5 August to 8 August of the JULIAC campaign.

Cl atoms also potentially reacted with unmeasured VOCs, which would be part of the OH
reactivity that was not explained by measured OH reactants. Considering that the reaction rate
constants of reaction of saturated VOCs with Cl atoms are a few orders of magnitude higher
compared to the reactions with OH (Young et al., 2014), unmeasured VOCs may have had a large
contribution to the total Cl reactivity (approximately 25 to 250 s™). It is worth noting that the Ox
production from the reaction of peroxy radicals with NO (Reaction R5.3 and R5.4) is included in the
calculations regardless, if RO, is produced from OH or CI reactions with organic compounds.
Therefore, it can be assumed that most of the Cl atoms released from the photolysis of CINO, were
consumed by VOCs and therefore the contribution of the reaction of Cl atoms with O; and NO,
would be negligible.

During nighttime, a significant discrepancy of approximately 1 ppbv h™ between the methods for
calculating the net Ox production rates is observed in the median diel profiles (Section 5.3).
Calculations using O; and NO, measurements do not reflect net ozone destruction as expected from
the consumption of O; and NO, in the production of nitrate radicals. This discrepancy could be
explained, if the nitrate radical regenerated O; or NO, instead of acting as a permanent Oy loss. Ox
could be regenerated from the reaction of NO; with nitrated-RO, radicals by yielding an alkoxy
radical, RO, and NO,. If VOC species forming nitrated-RO, radicals from the reaction with NO; are
short alkenes (e.g., cis-2-butene and 2,3-dimethyl-2-butene) or isoprene, the formed nitrated-RO may
lead to an additional NO, molecule by decomposition of the nitrated-RO (Novelli et al., 2021;
Vereecken et al., 2021). However, these species would need to be the dominant VOCs in the JULIAC
campaign to significantly impact the net odd oxygen production rate. In order to explain why there is
no O destruction observed from calculations using O; and NO, measurements, essentially every NO;
radical would need to regenerate NO, from the reaction of nitrated-RO, radical with NO;. This is
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unlikely the case due to the competition with other reaction pathways in the night (RO,+RO, and
RO,+HO, recombination reactions; oxygen addition to the alkoxy radical instead of decomposition).
It is worth noting that this mechanism would not be important during daytime, because the calculated
NO; loss is dominated by its photolysis and the reaction with NO.

Table 5. 2: Rate constants of the reaction of organic compounds with chlorine used for the
calculation of the Cl reactivity. Rate constants are listed for standard conditions (25 C, 1atm). For the
calculation of the Ox production rate, the actual measured air temperature is used.

Measurement k (25 C, latm) /

Compound technique cm’s’ Reference

Methane CRDS* 1.0x10™" JPL 2020

i-Pentane GC-FID® 1.93x107" Anderson et al. (2007)
Alkanes Hexane GC-FID® 3.2x10™° Anderson et al. (2007)

Aschmann and Atkinson
Nonane GC-FID" 4.28x1071° (1995)
Aschmann and Atkinson

Decane GC-FID® 4.87x107"° (1995)

Benzene GC-FID" 1.3x107"° Shi and Bernhard (1997)
Aromatics gy, ihenzene  GC-FID® 1.0x107"° Shi and Bernhard (1997)

Toluene GC-FID" 6.2x10"" Wang et al. (2005)

Xylene GC-FID" 1.5x10™"° Shi and Bernhard (1997)
BVOC Isoprene VOCUS® 43x10™"° Orlando et al. (2003)

S

Monoterpene  VOCUS® 5.3x10"° Finlayson-Pitts et al. (1999)

MVK VOCUS® 2.2x10™"° Orlando et al. (2003)

Acetaldehyde ~ VOCUS® 8.0x10"" IUPAC

Acetone VOCUS® 2.1x10™M" IUPAC

Benzaldehyde ~ VOCUS® 9.6x107"" (Noziere et al., 1994)
OVOCs Butanone VOCUS® 4.0x10™" IUPAC

Ethanol VOCUS® 1.0x10™"° IUPAC

Propanal VOCUS* 1.3x107"° IUPAC

Propanol VOCUS* 8.6x10™" IUPAC

0, UV photometry ~ 1.2x107 JPL 2020

. NO, CLD! 2.0x10™" JPL 2020

Inorganics 4 1

NO CLD 1.9x10 JPL 2020

“ Cavity ring-down spectroscopy
®Gas chromatography — flame ionization detection
“VOCUS proton-transfer-reaction time-of-flight mass spectrometer

¢ Chemiluminescence detector
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5.4.3 Potential simplification of the calculation of the net Ox production rate by
using peroxy radical production rates determined from the measured OH
reactivity

The calculation of the net ozone production rate based on turnover rates of reactions (Eq. 5.1, 5.2)
discussed so far takes advantage of the measurement of peroxy radical concentrations. If they were
not available, but OH reactivity and OH concentrations were measured, the production rate of peroxy
radicals can be calculated. Assuming that peroxy radicals exclusively react with NO, so that ozone is
subsequently formed, the peroxy radical production rate can be used to approximate the ozone
production rate. In the following, it is discussed, how this simplification compares to the calculations
using detailed chemistry.

In this approach, the reactions of peroxy radicals with NO in Eq. 5.1 is replaced by the RO,
production rate obtained from the product of the OH reactivity from organic compounds (kvoc,
Section 4.2.3) and the OH concentration. The number of ozone molecules produced from each
reaction of OH is 2 because of the subsequent reactions of the organic peroxy radical and of the
hydroperoxyl radical with NO (Reaction 5.3, 5.4):

Poy. kyoc = 2kvoc[OH] — kgs 7[NO,][OH] (Eq 5.4)

The comparison between the calculated Ox production rates using the VOC reactivity and the Ox
production rate calculated from O; and NO, measurements during the spring and summer periods is
shown in Figure 5.10 and 5.11. For both periods, spring and summer, calculations using VOC
reactivity are 20 — 60 % higher compared to the calculations using O; and NO, measurements. A
linear regression analysis of results from both methods demonstrates a high correlation with an R?
values of 0.87. As expected from the comparison of the time series, the slope of the linear fit is 1.41.
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Figure 5. 10: Time series of Ox production rates either calculated from NO, and O;
measurements (Pg, no,g0,) OF from turnover rates of reactions using peroxy radical
production rates calculated from OH reactivity measurements (Po, i) for the period (a)
from 19 April to 24 April and (b) from 23 August to 29 August of the JULIAC campaign.
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Coloured areas indicate the uncertainties of the Ox production rates

. Grey areas indicate
nighttime. All data points are 30 min averages.
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Figure 5. 11: Median diel profiles of the net Ox production rate calculated from either
NO, and O; measurements or turnover rates of reactions using peroxy radical production
rates calculated from OH reactivity measurements for the spring (a) and summer (b)
periods of the JULIAC campaign. Coloured areas indicate the 25" and 27" percentiles of
the Ox production rates. Correlations (c) between results from the different methods are
in addition shown. The black line is the result of a weighted linear fit. The grey area is the

prediction band, where 95% of experimental values are expected. Data points in the
correlation plots are 1 min average values.

The higher values of the Ox production rate using the VOC reactivity compared to the
calculations using O; and NO, measurements can be expected, because an ozone yield of 2 is
assumed for each OH reaction with an organic compound. This method therefore neglects reactions
that compete with the reaction of peroxy radicals with NO such as peroxy radical recombination
reactions, organic nitrate formation and unaccounted peroxy radical sinks which do not produce Ox.

In the analysis of the chemical radical budget for conditions of low NO mixing ratios (Chapter 4),
results from the Case #1 indicates that a small missing RO, sink with a rate of up to 1.5 ppbv h™ is
required to balance the RO, production and destruction rates. In Case #2, an additional HO, sink with
a rate of up to 2.5 ppbv h™ is required to explain the imbalance in chemical HO, radical budget. These
radical destruction processes which do not produce Oy are neglected in the Ox production calculation

using OH reactivity and could contribute to the higher values for the Ox production rate than obtained
in the other calculations.
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Another reason for differences in the Ox production rate values could be that reactions that
produce peroxy radicals primarily, for example, HO, productions from HCHO, ozonolysis of OVOCs
and unaccounted other primary radical sources are neglected. In the analysis of the chemical radical
budget (Chapter 4), a missing primary ROx radical sources with a rate of 3 ppbv h™ and 1.4 ppbv h™!
are observed in the Case #1 and Case #3 periods, respectively. Neglecting these reactions leads to an
underestimation of the Ox production rate calculations using OH reactivity. In general, unaccounted
Oy production and destruction processes can partly compensate each other, but they increase the
uncertainty of the calculations.

Previous studies calculated the net ozone production efficiency by using the calculated VOC
reactivity from the product of the sum of the observed VOCs with their rate coefficient with the OH
radical (Kleinman et al., 2002; Murphy et al., 2007; Farmer et al., 2011; Fitzky et al., 2019; Romer
Present et al., 2020; Zavala et al., 2020). In these studies, the VOC reactivity was used as a proxy for
the reaction of peroxy radicals with NO by assuming that the peroxy radical chain propagation by NO
dominates the ozone production and that other loss processes for peroxy radicals were negligible,
similar as Eq 5.4. In addition, Yang et al. (2017) showed the role of the unmeasured VOCs on the
ozone production by comparing ozone production efficiencies calculated from the sum of the
measured VOCs and the ozone production from the VOC reactivity obtained by subtracting the
inorganic reactivity from the measured total OH reactivity. In two different locations (Beijing and
Heshan) in China, the ozone production efficiencies constrained by the measured OH reactivity were
significantly higher, on average 21 % and 30 %, respectively (Yang et al., 2017). Therefore, deriving
the VOC reactivity from the OH reactivity measurement can help to approximate the ozone
production, but peroxy radical measurements are necessary for an accurate calculation.

5.4.4 NO dependency of the net Ox production rates

Figure 5.12 shows the median Oy production rates calculated from either NO, and O; measurements
or from turnover rates of reactions using the different sets of reactions depending on the NO mixing
ratios observed in spring and summer. As discussed in the previous sections (Section 5.4.1, 5.4.3), all
calculations well agree within their uncertainties over the range of NO except for the calculation
using the VOC reactivity. The Ox production rates derived from the various methods show an
increasing trend to values of 4 ppbv h™ with increasing NO mixing ratios up to NO mixing ratios of
0.3 ppbv. For NO mixing ratio higher than 0.3 ppbv in summer, the Ox production rates remain at
similar values. In summer, the Ox production rates show a slight decreasing trend as NO increase, but
the range of NO mixing ratios are limited in relatively low less than 4 ppbv.

Other previous field studies have also calculated the Ox production rate based on the turnover
rates of reaction of NO with peroxy radicals similar to Equation 5.1 and 5.2 (Ren et al., 2013; Brune
et al., 2016; Tan et al., 2017; Whalley et al., 2018; Whalley et al., 2021) from the observed and
modelled peroxy radical concentrations (Section 1.5). The calculations using the observed peroxy
radical often showed an increasing Ox production with increasing NO mixing ratios similar to the
results in the JULIAC campaign. In contrast, calculations using modelled peroxy radical
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concentrations were often much lower in environments with high NO mixing ratios (>2ppbv),
because peroxy radical concentrations were underestimated by model calculations.

The agreement of the Ox production rate calculations from NO, and O; measurements and the
turnover rates of radical reactions during the JULIAC strongly supports that the reaction of peroxy
radicals with NO is the main contributor to the net Ox formation. Therefore, in order to predict
surface O concentrations and in order to establish an efficient ozone control policy, it is essential to
achieve accurate predictions of peroxy radical concentrations by model calculations.
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Chapter 6. Summary and conclusions

The goal of this work was to investigate the chemistry of atmospheric hydroxyl (OH) and peroxy
(HO, and RO,) radicals and their role in tropospheric ozone (O;) formation during the Jilich
Atmospheric Chemistry project (JULIAC) campaign. Ambient measurements of atmospheric radicals,
trace gases, and aerosol properties were performed during JULIAC using the atmospheric simulation
chamber SAPHIR at Forschungszentrum Jiilich, Germany. Ambient air was continuously flowed at a
high rate through the chamber sampling from a 50m high inlet line for one month in each season
throughout 2019. Tests with unreactive trace gases such as methane and carbon monoxide
demonstrate that the JULIAC-SAPHIR flow system is well characterized, and trace gases are well
mixed. Their concentrations in the chamber can be calculated from their concentrations in the air
flowing into the chamber and the residence time of air in the chamber.

OH, HO, and RO, radical concentrations were measured as part of this work in the campaign. A
chemical modulation reactor (CMR) was implemented and characterized for the measurement of
interference-free OH radical concentrations in this work. Results were published in the journal Atmos.
Meas. Techn. (Cho et al., 2021).

In order to optimize the operational parameters of the CMR system, several laboratory tests were
conducted by using an OH calibration source to provide a continuous and stable OH radicals
concentration. The flow rate in the reactor was found to be optimum at 21.1 slpm to minimize OH
losses on the walls of the CMR. This resulted in an OH transmission of 64 %. In addition, it was
found that a concentration of 19 ppmv of propane that was injected together with a carrier gas of 500
sccm Nyprovided an efficient mixing of the scavenger in the CMR flow tube. A scavenging efficiency
of about 96% was achieved without any significant removal of radicals in the low-pressure detection
cell (less than 3 %).

Characterization experiments performed in the SAPHIR chamber with humidified synthetic air
showed a very good agreement within 10% between the OH concentrations from the FZJ-LIF-CMR
and the Differential Optical Absorption Spectroscopy (DOAS) instruments demonstrating that the
CMR system accurately accounts for potential interferences. Interferences from laser photolysis of
ozone in humid air and from NO; reactions in the detection cell known from previous studies with the
FZJ-LIF instrument were investigated. The photolytic ozone-water interference was found to be
equivalent to an OH concentration of 3.4 X 10° cm™3 for 50 ppbv O; and 1% water vapor mixing
ratio. These values are within the range of values previously determined in laboratory characterization
experiments (Holland et al., 1998; Holland et al., 2003). The observed interference in the presence of
ambient levels of NO; was negligible in the experiments in this work similar to finding in previous
investigations (Fuchs et al., 2016).

The FZJ-CMR-LIF instruments was deployed in four campaigns in different seasons while
ambient air was flowed through the SAPHIR chamber (JULIAC campaign). The comparison of OH
measurements by the FZJ- LIF-CMR and DOAS instruments in the summer period showed good
agreement within the uncertainties of measurements. Values of the LIF instrument were on average
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only 11 % higher than measurements by the DOAS instrument, which is in agreement with the
humidified synthetic air experiment. The interferences measured in the summer had a median diurnal
variation with a maximum value equivalent to an OH concentration of 0.9 X 10° cm™3 during
daytime and a minimum value of 0.4 X 10° cm™3 at night. The highest interference equivalent to an
OH concentration of 2 X 10° cm™2 occurred in a period with high temperature (up to 40 °C) from 22
to 29 August, when also the ozone mixing ratio increased to 100 ppbv. Interference observed in the
JULIAC campaign could be fully explained by the well-characterized ozone interference. No
additional interferences were observed.

A simple kinetic model was developed in this work to estimate possible perturbations of the OH
transmission and scavenging efficiency in the CMR caused by reactants in ambient air for different
atmospheric chemical conditions. It was found that, for the air composition encountered in the
JULIAC campaign, the impact on the evaluated OH concentration was small (2 %). However, in
other environments, in particular those with high VOC reactivity and low NOx concentrations, OH
loss reactions with atmospheric constituents inside the CMR system could cause significant changes
of the transmission and the scavenging efficiency. For example, for air containing OH reactants
equivalent to an OH reactivity of more than 40 s, ambient OH can be depleted in the CMR by more
than a factor of 2 in the reaction with these compounds for residence times of air in the CMR system
of 20 ms like in the system used in this work. This effect could be reduced, if a very high sampling
flow rate was used.

For the future applications of the CMR system for OH measurements by the LIF instrument, such
perturbations need to be considered for the specific chemical conditions of a field campaign, in order
to evaluate if corrections need to be applied. This means, that although the chemical modulation
method was developed to eliminate interferences in ambient OH measurements, its application
requires careful considerations. In addition, the OH detection sensitivity, precision as well as the time
resolution are worse compared to the system without the CMR. So far, for experiments in the
SAPHIR chamber, OH radical measurements by the FZJ-LIF have exhibited good agreement with
measurements by DOAS demonstrating interference-free measurements without the need of the
chemical modulation method (Schlosser et al., 2007; Schlosser et al., 2009; Fuchs et al., 2012;
Novelli et al., 2018; Rolletter et al., 2019; Novelli et al., 2020). However, it is not possible to exclude
the presence of an unknown interference for all the possible environments. Therefore, the application
of chemical modulation will remain an important tool for the detection of ambient OH by LIF
instruments.

Ambient measurements of OH, HO,, and RO, radical concentrations as well as OH reactivity and
concentrations of other trace gases were measured during the JULIAC campaign. The reliability of
the radical measurements by the FZJ-CMR-LIF instrument was assessed by either simultaneous
detection by independent instruments for the OH radical or by the comparison of the measured and
calculated Ox production rates for HO, and RO, radicals. These comparisons give a high confidence
in the radical concentrations measured in the JULIAC campaign.

In the spring and summer periods, median OH concentrations reached up to 7 x 106 cm™ at noon.
HO, and RO, showed their maximum concentrations with values of 3 X 106 cm™ and 4 x 10° cm'3,
respectively, in the afternoon. In the autumn and winter periods, different diurnal patterns were
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observed with median OH and HO, concentrations that were significantly lower compared to the
other seasons with values of 0.8 x 10° cm™ and 2.2 X 107 cm™, respectively. Maximum values
occurred at noon. Daytime median RO, concentrations were close to the limit of the detection
(0.8 x 10”7cm™) with maximum values occurring at midnight in autumn and winter periods.

Overall, the concentrations of OH reactants were relatively low resulting in a median value of the
OH reactivity of 6 s in spring and summer. The highest reactivity of up to 33 s™' was observed on 21
January, when a highly polluted plume containing 50 ppbv NO was sampled. In spring and summer,
inorganic compounds (NOy, CHy4, CO, and Os) contributed on average 40 % to the total measured OH
reactivity, while 20 % could be explained by measured organic compounds. A significant fraction
(40 %, 2.5 s™") of the OH reactivity remained unexplained and is likely due to unmeasured VOCs. In
winter and autumn, the contribution of VOCs and the unaccounted OH reactivity were 14 % and
23 %, respectively. These values are smaller than in the other seasons due to the increased
contributions of inorganic compounds (63 %) to the total OH reactivity.

Chemical budget analyses of OH, HO,, RO,, and ROx radicals were performed in this work for
the campaigns in spring and summer. For most conditions, the high concentrations of radicals were
sustained by the regeneration of OH via reactions of HO, and RO, radicals with nitric oxide (NO). In
the budget of the sum of all radicals (ROx), the photolysis of HONO and HCHO contributed most to
the primary radical production. The reactions of OH with NO, and RO, with HO, dominated the
radical termination processes. On average, daytime radical turnover rates in spring and summer
ranged between 3 to 5 ppbv h™ and 5 to 6 ppbv h™', respectively, for OH, HO, and RO, while total
rates of ROy initiation and termination reactions were below 2.0 ppbv h”'. The maximum OH radical
turnover rate of 17 ppbv h™ was observed during a heat wave period in August, while the highest HO,,
RO, and ROy turnover rates were 11.7, 13.5 and 4.8 ppbv h™', respectively, observed in the spring
period when NO concentrations exceeded 9 ppbv.

For NO mixing ratios higher than 2 ppbv, OH production and destruction rates were balanced. In
contrast, an additional HO, loss reaction and an additional RO, production pathway with rates of 6
ppbv h™' and 12 ppbv h', respectively, were required to balance production and destruction rates.
However, the discrepancies found in individual radical budgets had large uncertainties due to
uncertainties of the background signal in the measured HO, and RO, concentrations for high NO and
low RO, concentrations. For the same conditions a primary RO, source with a rate of 3 ppbv h” was
needed to balance the RO, destruction rate. Because only RO, budget is required an additional source,
the missing primary ROy source indicates that the part of missing RO, source likely attributed to
missing primary RO, source. Unfortunately, in this period, the potential impact of chlorine chemistry
could not be examined due to CINO, measurement was not available. Therefore, more investigation
of radical budget for the high NO environment with the consideration of Cl chemistry would be
beneficial to identify the missing RO, source.

On the other hand, for NO mixing ratios below 2 ppbv, an accounted OH source with a rate of 3.5
ppbv h! was commonly needed to balance the OH destruction rate in spring and summer. This OH
source could be a combination of a missing primary radical source (0.5 ~ 1.4 ppbv h™) and an
unaccounted inter-radical conversion reaction of HO, to OH (rate of 2 ppbv h™") or RO, to OH (rate of
1.5 ppbv h).
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The potential impact of OH regeneration from RO, isomerization reactions from isoprene-RO,,
HO, loss due to uptake on aerosol and radical production from chlorine chemistry initiated by the
photolysis of CINO, was examined in this work. However, their impact on the radical budgets was
negligible for conditions of the JULIAC campaign.

In order to see if the discrepancies in radical budgets can be explained by the changes of the
assumptions made in the budget calculations, for example, the inclusion of unmeasured alkenes to the
radical production from their ozonolysis reactions and uses of the lower and higher limits of the
reaction rate constants for the reaction of RO, with NO, sensitivity tests were performed, but
generally, they could not explain whole discrepancies. For chemical conditions, when the contribution
from the HO, and NO reaction to the OH production reduces in importance, competing radical
pathways such as isomerization reactions of RO, radicals, OH formation from ozonolysis of alkenes
or photolysis of multifunctional organic compounds could gain in importance and need to be properly
accounted for. These processes remain relatively poorly constrained and investigated and the lack of
direct measurements (e.g., multifunctional VOC) limits our understanding.

The missing OH source at low NO mixing ratios observed in this work is consistent with findings
in other field campaigns (Tan et al., 2017; Tan et al., 2019; Whalley et al., 2021). The high reliability
of radical data in this study gives further confidence that the discrepancies arise from unaccounted
chemical processes rather than from instrumental artefacts.

The photochemical net ozone production rate was determined for the measurements in the
JULIAC campaign as one goal of this work. A direct measurement of the net Ox (sum of NO, and Os)
production rate in the SAPHIR chamber was obtained from the difference between NO, and Os
concentrations measured in the chamber and in the air that is flowed into the chamber. Daytime net
Oy production rates in the spring and summer periods were on average 3.2 and 4.1 ppbv h’,
respectively. The highest Ox production rates were observed during a heat wave in August with rates
of 17 ppbv h™.

The net Ox production rates calculated from NO, and O; measurements were compared to Ox
production rates calculated from turnover rates of radical reactions contributing to the production or
destruction of NO, and O; using the measured radical and trace gas concentrations. Ox production
rates calculated using a limited set of reactions (base case) considered the atmospherically most
important Ox production process from the reaction of peroxy radicals (RO, and HO,) with NO and
the major Oy destruction reaction by the reaction of OH radicals with NO,. Calculations considering
an extended set of reactions included other minor Ox production and destruction reactions such as the
photolysis of CINO, and O; and the reactions of O; with NO, and HO,. During daytime, both
calculations using the turnover rates of radical reactions agreed well with the net Ox production rates
calculated from NO, and O; measurements. This demonstrates that the reactions of peroxy radicals
with NO is the main contributor to the net Ox formation and the reaction of OH with NO, is the main
Ox loss in a rural environment as expected.

During nighttime, the calculation based on the extended chemistry including Ox loss by the
reaction of NO, and O; results in a negative net Ox production rate (up to 2 ppbv h'), whereas
calculations using NO, and O; measurements were nearly zero except for some days during the
summer period. Possible explanations for this discrepancy could be nighttime NO, production from
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NO; oxidation processes of specific VOCs such as short alkenes (cis-2-butene and 2,3-dimethyl-2-
butene) and isoprene.

Another approach to calculate the Ox production rate makes use of the VOC reactivity obtained
from the measured OH reactivity after subtracting the contributions from CO, NO, NO,, HCHO, and
O;. The production of peroxy radicals is calculated from the turnover rate of the reaction of VOCs
with OH assuming that every peroxy radicals leads to the production of 2 ozone molecules in the
reaction with NO. However, this method neglects other peroxy radical production and termination
processes. Ox production rates calculated by this approach are significantly higher (on average 41 %)
than values from the other Ox production rate calculations applied in this work. This indicates that
HO, and RO, radical termination processes need to be taken into account for an accurate calculation
of the ozone production rate.

This investigation of the ozone formation for the comprehensive measurements in the JULIAC
campaign including radical and NO, and O; measurements confirms the current chemical
understanding of tropospheric ozone production from the reaction of peroxy radicals with NO.
Therefore, results demonstrate that accurate predictions of radical concentrations in atmospheric
models are crucial in order to accurately predict the formation of secondary pollutants such as ozone.

Chemical conditions in the JULIAC campaign were representative for conditions in a rural
environment. Further investigations of the tropospheric ozone formation in more polluted
environments with similar methods as applied in this work would be beneficial. This could be
achieved by performing chamber experiments like in the JULIAC campaign, but adding additional
reactants such as NOx and VOCs to the chamber air to simulate polluted environments. Results can
be used to develop ozone pollution control policies in urban areas.
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Appendix

Table A 1: Specification of the FZJ-LIF-CMR instrument used in this study.

Symbol

Definition

Equation number Value

Unit

SOH

*
SOH

SOh
St
[OH]CHEM
[OH],
[OH],
[OH]

Con

Ambient OH signal obtained from chemical
modulation

Ambient OH signal obtained from chemical
modulation when the influence of kqy on the
chemical modulation is neglected.

Interference signal obtained from the
chemical modulation

Interference signal obtained from chemical
modulation when the influence of koy on the

chemical modulation is neglected.

OH fluorescence signal obtained from the N,
mode

OH fluorescence signal obtained from the
scavenger mode

OH concentration measured by chemical
modulation

OH interference measured by chemical
modulation

Steady state ambient OH concentration

Steady state OH concentration in the CMR

OH detection sensitivity obtained from
calibration
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Eq. 3.6 and 3.5

Eq.3.33

Eq. 3.6 and 3.9

Eq.3.34

Eq. 3.6

Eq.3.7

Eq. 3.10

Eq.3.11

Eq.3.24

Eq.3.25

Eq.3.1

Counts mW 's™!

Counts mW 's™!

Counts mW 's™!

Counts mW 's™!

Counts mW 's™!

Counts mW 's™!

cm’

cm’

cm’

cm’

cm’ Counts™ s



0
Btube

BN:

Be

Be,O

B2

r,0
N2

Bsc

r,0
N

Residual factor representing the fraction of
ambient OH that is not scavenged by propane
in the reactor

The residual factor when clean synthetic air is
carrier gas for OH

General function to calculate the OH
transmission of a tube section of the CMR

OH transmission of the CMR tube without
built-in injectors when clean synthetic air is
carrier gas for OH

OH transmission of the CMR for the N, mode

OH transmission of the CMR for the N, mode
when clean synthetic air is used as carrier gas
for OH

OH transmission in the entrance section

OH transmission in the entrance section when
clean synthetic air is carrier gas for OH

OH transmission in the reaction section (N,
mode)

OH transmission in the reaction section (N2
mode) when clean synthetic air is carrier gas for
OH

OH transmission in the reaction reactor section
(scavenger mode)

OH transmission in the reaction section
(scavenger mode) when clean synthetic air is
carrier gas for OH

Fraction of the total CMR flow which does not
contain scavenger

OH wall loss rate coefficient in the CMR tube
without built-in injectors

OH wall loss rate coefficient in the entrance
section of the CMR tube

OH wall loss rate coefficient in the reactor
section of the CMR tube

Scavenging rate coefficient of OH by propane
in complete homogenous mixing case

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

3.19

3.20

3.28

3.13

3.10

3.12

3.12

3.14

3.12

3.16

332

3.15

3.21

3.13

3.14

3.16

3.18

0.042

0.81

0.64

0.92

0.69

0.03

0.04

12.3

33

513
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Effective scavenging rate coefficient of OH by

kgg propane obtained from scavenging efficiency 283 s
tests
Scavenging rate coefficient of OH by propane
kge  in the fraction containing no propane in case of 0 st
inhomogeneous mixing
Scavenging rate coefficient of OH by propane
ke in the fraction containing propane in case of Eq. 3.21 534 s
inhomogeneous mixing
At The transit time through the CMR tube Eq.3.13 17.8 ms
At,  The transit time through the reactor section Eq.3.17 11.2 ms
At,  The transit time through the entrance section Eq.3.14 6.6 ms
“ Variable

" Dimensionless
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Figure A. 1: Chemical budgets for OH, HO,, and RO, radicals similar to Figure 4.15
(Case #1 period), but using the high limits for the concentration of alkene species that

contribute to radical production by ozonolysis reactions (Section 4.4.1).
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05.08. — 08.08. 2019
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Figure A. 2: Chemical budget for the sum of OH, HO,, and RO, radicals similar to
Figure 4.17 (Case #2 period), but using the high limits of alkene concentrations
contributing to radical production by ozonolysis reactions (Section 4.4.1).
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22.08 - 31.08. 2019
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Figure A. 3: Chemical budget for the sum of OH, HO,, and RO, radicals similar to
Figure 4.19 (Case #3 period), but using the high limit of alkene concentrations
contributing to radical production by ozonolysis reactions (Section 4.4.1).
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Figure A. 4: Chemical budgets for OH, HO,, and RO, radicals similar to Figure 4.14, but
RO, radical concentrations were calculated using the upper limit of the RO, background

signal of the measurements (Table 3.2).
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Figure A. 5: Chemical budgets for OH, HO,, and RO, radicals similar to Figure 4.14 for
2 days in the spring period, when NO concentrations were low, but using the low limit of
the reaction rate coefficient of the reaction of RO, with NO, 1.1 x 10712 cm? gt (at
298 K for ¢-CsHy0,) to calculate the turnover rate of this reaction.
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Figure A. 6: Chemical budgets for OH, HO,, and RO, radicals similar to Figure 4.16
(Case #2 period), but using the low limit of the reaction rate coefficient of the reaction of
RO, with NO, 7.7 x 10712 ¢cm> ™! (at 298 K for CH;0,) to calculate the turnover rate

of this reaction.

05.08. — 08.08. 2019

NO+HQ,
05+HO.
HONO+hy
Qs+hv
aﬂ(ene5+03
ROZ(ISE.JP.E.
Isomerization
kguOH (LIF)

-- la uccurocyl

» RO,+NO
HCHO+hy
®» CH;CHO+hv
e OH+HCHO
OH+CO
alkenes+0y

D:: w/ uptake

06:00 12:00 18:00
Time [UTC]

159

o RO+NO

o RO,+RO,
RO,+HO

. ROZ(ISO|3,2
Isomerization

Proz

-- P
+ PBrgy(CI4VOC)




20 =T T I ¥ T T T I T T T
o (3)
- — measured
< 10} —— calculated (ext)
‘§ ino,
S
o
5k L | 1 1 1 L | L L
20FT T T T T T T T T T
b (b)
- —— measured
S — calculated (base)
2 INo,
=3
&
o
Sk L | 1 ! 1 1 | 1 1 1
NF T T T T T T T T T
o (€
- —— measured
< 10F — calculated (kyoc)
2 -
a INo,
2
3
o
Y ST T T S T | I T T
11.04.2019 16.04.2019

21.04.2019
time [UTC]

26.04.2019

01.05.2019

Figure A. 7: Timeseries of calculated Ox production rates using different methods.
Calculations using measured O; and NO, concentrations in the chamber and in the air
flowing into the chamber (“measured”) are compared to (a) calculations of turnover rates
of reactions using only the major reactions (P, pase)- (b) calculations of turnover rates of
reactions using an extended set of reactions (Po, extend)> and (¢) calculations using OH
reactivity from organic compounds to calculate the production rate of peroxy radicals
(Pog kyoe) in the spring (a-¢) and summer (d-f) periods of the JULIAC campaign. Details
of the different calculation methods are explained in Chapter 5. Grey areas indicate times
when the chamber roof was closed. The intensity of solar radiation indicating
photochemical activity is shown as ozone photolysis frequency outside the chamber.
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