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Abstract

Chemical ionisation mass spectrometers (CIMS) equipped with a radioactive ion
source (usually 2'°Po) to generate iodide ions are frequently used devices for at-
mospheric trace gas measurement with a broad field of application. Within the
scope of this thesis a chemical ionisation quadrupole mass spectrometer (CI-QMS)
with a novel electrical discharge ion source was characterised and proved to repre-
sent a promising alternative to similar instruments based on a radioactive ioniser,
particularly in environments where a permission for ?'°Po is difficult to obtain or
transport is not feasible. In addition to the well-established detection of peroxy-
acetyl nitrate (PAN), nitryl chloride (CINO,) and peracetic acid via I~ primary
ions, the instrument is capable of measuring sulphur dioxide (SO,), hydrogen chlo-
ride (HCI), acetic acid and pyruvic acid through additional ion-molecule-reactions,
unique for the radio-frequency (RF) discharge ion source. The compact design and
flexibility of the CI-QMS allow for stationary, airborne and shipborne measure-
ments with limits of detection (20, 1s) of a few tens of pptv (parts per trillion by
volume) for CINOy and SO,, which is beneficial for the investigation of chlorine-
and sulphur-related chemistry in the polluted marine boundary layer. Due to a
high variability in the background signal, the application as a PAN detector is
limited to polluted conditions or low temporal resolution.

The CI-QMS with its discharge ion source was successfully operated in three
different field studies under variable atmospheric conditions ranging from mixed
urban / rural to remote forested to polluted marine environment. During the NO-
TOMO campaign, which took place at a forested mountain-site in south-western
Germany, generally high levels of primary and secondary pollutants (SOs and
PAN) were measured, which reflected the influence of nearby urban conglomera-
tions and industry on local air quality. In addition, CINO, mixing ratios of several
hundred pptv were observed at this continental site, indicating the importance
of aerosol chloride transported inland from coastal regions. The IBAIRN cam-
paign, which took place at a remote site in the Finnish boreal forest with limited
anthropogenic influence, was characterised by large biogenic emissions and low
nitrogen oxide (NO,) levels. The first gas-phase measurements of pyruvic acid,
a widely unexplored biogenic acid, in the boreal forest revealed its ubiquity and
impact on radical chemistry in late summer. During AQABA, a shipborne cam-
paign designed to study air quality and climate around the Arabian Peninsula,
a unique dataset of CINO,, HCl and SO, in severely understudied regions like
the Red Sea and the Arabian Gulf was collected. Mixing ratios of CINO, ranged
from the limit of detection in the Arabian Sea to several hundred of pptv over the
northern Red Sea, the Gulf of Oman, the Gulf of Suez and the Suez Canal, mainly
due to high nitrate radical (NO3) production rates and the availability of particu-
late chloride. However, the overall production efficiency, i.e. the CINO; yield per
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NO3 molecule formed in the reaction of nitrogen dioxide (NOy) with ozone (O3),
remained generally low due to exceptionally high nocturnal temperatures, which
shifted the equilibrium from nitrogen pentoxide (N2Oj5) towards NOj. In combi-
nation with elevated NOj reactivity towards volatile organic compounds (VOCs)
this resulted in the dominance of direct NOj3 losses over the heterogeneous uptake
of NyOj5 to the particle phase, with the latter representing a crucial step in the
formation of CINOy. The photolysis of CINO, and the oxidation of HCI (released
by acid displacement) were determined to be important sources of chlorine radicals
in polluted parts of the marine boundary layer over the Mediterranean Sea and
the Arabian Peninsula, recycling NO, and potentially enhancing oxidation rates
of several hydrocarbons.

The successful long-term operation in field campaigns confirmed the suitability
of the CI-QMS as an alternative to 2'°Po-based instruments for future measure-
ments of CINO,, SO, HCI, PAN and pyruvic acid in regions where observational
data is lacking, in order to enhance the quality of atmospheric models and to
deepen our understanding of tropospheric trace gases with an impact on air qual-
ity and climate.



Zusammenfassung

Auf Chemischer Ionisation beruhende Massenspektrometer mit einer radioaktiven
Tonenquelle (tiblicherweise ?'°Po) zur Erzeugung von Iod-Tonen werden aufgrund
ihres breiten Anwendungsspektrums héaufig fir Spurengasmessungen in der At-
mosphére eingesetzt. Im Rahmen dieser Arbeit wurde ein Chemische Ionisation
- Quadrupol Massenspektrometer (CI-QMS) mit einer neuartigen lonenquelle,
die auf elektrischer Entladung basiert, charakterisiert, weiterentwickelt und in
Feldmessungen eingesetzt. Insbesondere in Regionen, in denen es schwer ist, eine
Messgenehmigung fiir 2'°Po zu erhalten oder der Transport nicht moglich ist, stellt
diese Art der Ionenquelle eine vielversprechende Alternative dar. Zusétzlich zur
gut erforschten Detektion von Peroxyacetylnitrat (PAN), Nitrylchlorid (CINOy)
und Peressigsdure mit Hilfe von I~ Priméarionen ist das Instrument in der Lage,
auch Schwefeldioxid (SOs), Chlorwasserstoff (HC1), Essigsdure und Brenztrauben-
sdure zu messen. Dies wird durch neu entdeckte Ionen-Molekiil-Reaktionen er-
moglicht, die nach derzeitigem Wissensstand einzigartig fiir die Entladungsquelle
sind und bei der Verwendung von 2!°Po nicht beobachtet werden. Der kompakte
Aufbau des CI-QMS und die flexible Druckregelung am Gaseinlass ermoglichen
sowohl stationére als auch schiffs- und flugzeuggebundene Messungen. Nachweis-
grenzen (20, 1s) von einigen zehn pptv (parts per trillion by volume) fiir CINO,
und SO, eignen sich hervorragend, um die Chlor- und Schwefelchemie in der ver-
schmutzten marinen Grenzschicht zu erforschen. Allerdings ist der Einsatz als
PAN-Messgerat aufgrund erhohter Variabilitdt im Hintergrundsignal auf schad-
stoffbelastete Regionen oder eine geringe zeitliche Auflésung begrenzt.

Das CI-QMS mit elektrischer Entladungs-Ionenquelle wurde erfolgreich in drei
verschiedenen Feldstudien eingesetzt, die durch unterschiedliche atmosphérische
Bedingungen gekennzeichnet waren. Wéahrend der NOTOMO-Kampagne, die auf
einem bewaldeten Berg in Stidwest-Deutschland stattfand, wurden trotz der eher
landlichen Lage relativ hohe Konzentrationen von priméren und sekundaren Luft-
schadstoffen wie SOy und PAN gemessen, was den Einfluss von Industrie, Verkehr
und umliegenden Stddten auf die lokale Luftqualitiat deutlich machte. AufBer-
dem wurden auch CINO; Volumenmischverhaltnisse von mehreren hundert pptv
beobachtet, die die Bedeutung von Chlorid in der Partikelphase unterstrichen,
welches vermutlich aus Kiistenregionen ins Landesinnere transportiert wurde. Die
IBAIRN-Kampagne, die an einer Messstation mitten im borealen Nadelwald in
Finnland stattfand, war im Gegensatz zu NOTOMO durch hohe biogene Emissio-
nen und niedrige NO,-Konzentrationen geprégt. Im Zuge der Kampagne wurde
erstmals Brenztraubensaure, eine grofitenteils unerforschte organische Saure bio-
genen Ursprungs, im borealen Wald gemessen. Diese Gasphasen-Messungen zeigten
deutlich, dass Brenztraubenséure im Spatsommer im borealen Nadelwald allge-
genwértig ist und einen nicht zu vernachlissigenden Einfluss auf die Radikal-
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chemie hat. Die AQABA-Kampagne konzentrierte sich auf Schiffsmessungen im
Mittelmeer und rund um die Arabische Halbinsel mit dem Ziel, die Luftqualitét
und das Klima im Mittleren Osten zu erforschen. Sie lieferte einen einzigartigen
Datensatz zu CINO,, HCI und SO, Volumenmischungsverhaltnissen in der marinen
Grenzschicht, insbesondere in Gebieten wie dem Roten Meer und dem Arabischen
(Persischen) Golf, in denen kaum Literaturdaten vorliegen. CINOy Volumenmis-
chungsverhaltnisse bewegten sich von der Nachweisgrenze bis zu mehreren hundert
pptv im Roten Meer, im Golf von Oman, im Golf von Suez und im Suezkanal.
Hauptgriinde hierfiir waren die hohe Produktionsrate von Nitratradikalen (NOs)
und die Verfiigharkeit von ausreichend Chlorid in der Partikelphase. Allerdings
war die Produktionseffizienz bzw. die Ausbeute von CINO, pro NO3-Molekiil, das
in der Reaktion von Stickstoffdioxid (NOz) mit Ozon (O3) gebildet wurde, relativ
niedrig, was hauptséichlich auf die auflergewohnlich hohen néchtlichen Temper-
aturen zuriickzufiihren ist. Diese fithrten kombiniert mit einer erhéhten NOs-
Reaktivitat gegentiber fliichtigen organischen Verbindungen (VOCs) zu einer Ver-
schiebung des chemischen Gleichgewichts von Distickstoffpentoxid (N2Oj) hin zu
NOj. Das Resultat war die Dominanz direkter NO3 Verluste gegentiber der hetero-
genen Aufnahme von N,Oj5 in Partikeln, wobei letzteres einen essentiellen Schritt
fir die Bildung von CINO, darstellt. Die Messungen zeigten allerdings auch,
dass die Photolyse von CINO, und die Oxidation von (durch stérkere Séuren aus
Seesalz-Aerosolen freigesetztem) HCI in verschmutzten Regionen wichtige Quellen
fir Chlor-Radikale darstellen, die wiederum zur Regeneration von NO, und zu
gesteigerten Oxidationsraten verschiedener Kohlenwasserstoffe beitragen kénnen.

Das erfolgreiche Betreiben des CI-QMS in verschiedenen Messkampagnen hat
dessen Eignung als Alternative zu ?°Po-basierten Chemische Ionisation - Massen-
spektrometern unter Beweis gestellt. Durch die gleichzeitige Messung von CINOs,
SO,, HCI, PAN und Brenztraubensiure bietet sich das CI-QMS fiir zukiinftige
Messungen in wenig erforschten Regionen an, um unser Verstidndnis von tro-
posphérischen Spurengasen und deren Einfluss auf Luftqualitdit und Klima zu
verbessern.
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Chapter 1
Introduction

Within the scope of this thesis a chemical ionisation quadrupole mass spectrometer
with a novel electrical discharge ion source was characterised and deployed for trace
gas measurement under variable atmospheric conditions.

1.1 Structure of the thesis

The thesis is structured as follows: In Chapter 1 a general introduction to atmo-
spheric chemistry and physics is given and trace gases of interest, including their
relevance for the troposphere, are presented to put the work into a broader scien-
tific context. In addition, the basic principles of chemical ionisation quadrupole
mass spectrometry and the main objectives of the thesis are outlined. In Chap-
ter 2 the chemical ionisation quadrupole mass spectrometer (CI-QMS), which was
developed and characterised within the scope of this thesis, is described in detail
with a focus on the novel electrical discharge ion source and recently discovered
detection schemes for sulphur dioxide (SOs), hydrogen chloride (HCI) and acetic
acid. Furthermore, the applicability of the instrument in various environments
(remote forested, mixed urban /rural and polluted coastal) is demonstrated and
advantages as well as disadvantages to similar instruments equipped with a 2'°Po
ioniser are discussed. In Chapter 3 a field study on pyruvic acid, an ubiquitous
but widely unexplored biogenic acid with an impact on radical chemistry and
secondary organic aerosol (SOA) formation, is presented. Measurements were per-
formed during the IBAIRN campaign in a boreal forest environment in Finland,
which was dominated by large biogenic emissions and low NO, (NO + NO,) condi-
tions. Chapter 4 addresses the exploration of air quality and climate in the marine
boundary layer over the Mediterranean Sea and around the Arabian Peninsula as
part of the AQABA ship campaign, which was characterised by a mixture of dif-
ferent (mostly polluted) conditions. CINO,, a nocturnal NO, reservoir and source
of reactive chlorine atoms subsequent to its photolysis, was observed along the
ship track and its impact on radical chemistry was quantified. Chapter 5 provides
general conclusions drawn from laboratory experiments and field studies as well
as suggestions for further research projects.

1.2 Chemistry and physics of the atmosphere

The atmosphere is a relatively thin layer (= 1.5% of the Earth’s radius) of gas
molecules surrounding our planet. Its chemical composition is crucial for life on
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earth as it provides vital oxygen to animate beings and via the stratospheric ozone
layer protects the surface outside the oceans from harmful solar UV radiation.
The natural greenhouse effect (mainly due to water vapour) increases mean sur-
face temperatures to above the freezing point and allows for water in its liquid
form. The atmosphere also equilibrates the imbalanced solar irradiation at the
equator and the poles, resulting in a global circulation, which is driven by incom-
ing solar radiation, the Coriolis force and phase transitions of water serving as
energy reservoir. In this way the atmosphere controls weather, air quality and
climate.

In the last decades the exploration of physical and chemical processes taking
place in the atmosphere has proceeded faster than ever. However, there are still
many gaps in knowledge which need to be filled in order to extend our under-
standing and to mitigate the effects of climate change and air pollution for future
generations. Within the scope of this thesis several atmospheric trace gases which
directly or indirectly impact air quality and climate were measured with a chemi-
cal ionisation quadrupole mass spectrometer in different environments around the
world to make a small contribution to this task. In this section the chemical com-
position and vertical structure of the atmosphere as well as the relevance of several
trace gases for air quality and climate are examined.

1.2.1 Chemical composition

The atmosphere of the Earth is mainly composed of Ny, Oy and Ar with fractional
concentrations by volume (based on dry air) of 78.08, 20.95 and 0.93 % (Wallace
and Hobbs, 2006). In addition to those (quasi inert) constituents, the atmosphere
consists of a variety of so called trace gases with much smaller mixing ratios rang-
ing from a few pptv (parts per trillion by volume) to several ppmv (parts per
million by volume). Despite their low abundance, they are the main drivers for
atmospheric chemistry and impact the radiative budget and the oxidative capac-
ity of the atmosphere as well as the quality of the air we breathe (Schlager et al.,
2012). Prominent examples are carbon dioxide (COj, ~400ppmv), ozone (Os,
~10-200 ppbv) and nitrogen oxides (NO,, ~10pptv-1ppmv). The spatial and
temporal distribution of water vapour is highly variable (a10ppmv-5%) and is
mainly controlled by evaporation and precipitation with the largest concentrations
found in the lower troposphere over the tropics (Wallace and Hobbs, 2006). In ad-
dition to gaseous compounds, the atmosphere also contains aerosol particles like
water droplets, dust, sea salt or soot and secondary organic aerosol (SOA) formed
from gaseous precursors (Schneider et al., 2006; Seinfeld and Pandis, 2016).

1.2.2 Anthropogenic emissions

The atmosphere can be considered as a large photochemical reactor where emit-
ted trace gases (both anthropogenic and biogenic) are dispersed, transported and
steadily interact with radicals, aerosols and solar radiation. Since the beginning
of industrialisation humankind is emitting gases into the atmosphere which signif-
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icantly alter its chemical composition. Fortunately, toxic gases like, for example,
CO (emitted in combustion processes) do not accumulate in the atmosphere due to
a self-cleaning mechanism involving oxidising agents like OH, which transform most
pollutants into water-soluble products that can be removed from the atmosphere
via dry and wet deposition (Lelieveld et al., 2004). Nevertheless, particularly the
emission of NO,, non-methane hydrocarbons (NMHCs) and particulate matter
(PM;o, PM35) can have an unfavourable impact on air quality and human health,
substantially increasing premature mortality (Lelieveld et al., 2015). Furthermore,
continuously rising emissions of anthropogenic greenhouse gases (characterised by
absorption bands in the infrared region) already led to an exceptional increase in
atmospheric COy and CHy levels compared to pre-industrial times, resulting in a
substantial radiative forcing and thus global warming (Hartmann et al., 2013). To
emphasise that within the last 200 years human activities have become a significant
global geophysical force, the current epoch is more frequently referred to as the
“Anthropocene” (Crutzen, 2006). If greenhouse gas emissions cannot be limited
globally within the next decades, life on earth will drastically change with rising
surface temperature and sea level, increasing frequency and intensity of extreme
weather events, a loss of biodiversity and migration of millions of people (Butchart
et al., 2010; Stocker et al., 2013).

1.2.3 Vertical structure

Atmospheric pressure continuously decreases with height above ground as the pres-
sure at any height z is proportional to the weight of the air in the vertical column
above that level. The pressure decrease can be approximated by the barometric
height formula (Eq. 1.1) which is based on the hydrostatic equilibrium (% = —gp)
and the assumption of an isothermal atmosphere (Wallace and Hobbs, 2006).

Mg
_ _ 1.1
p=Po &P < RT z> (1.1)
The scale height of 2y = (—ﬁi) ~ 8km in Eq.(1.1) defines the point at which

the pressure drops below the fraction 1/e &~ 0.37 and represents the height of
a homogeneous atmosphere, where M denotes the molar mass of air, g is the
gravitational constant and R the universal gas constant. Based on predominant
temperature gradients the atmosphere can be divided into four layers depicted in
Fig. 1.1, which are known as the troposphere, the stratosphere, the mesosphere
and the thermosphere. In the following, the thermal structure of the atmosphere
is briefly outlined, with explanations based on the textbook of Wallace and Hobbs
(2006).

In the troposphere (= 0-13km, up to 17km in the tropics) temperature almost
linearly decreases with height (expect for inversions) due to the heating of the
surface and adiabatic expansion of rising air parcels with transformation of latent
and sensible heat into potential energy. The troposphere is usually well mixed,
contains more than 99 % of the total atmospheric water vapour and hence deter-
mines most of our weather. The temperature decreases with height at an average
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Figure 1.1: A typical mid-latitude vertical temperature profile, as represented by the
U.S. Standard Atmosphere, taken from Wallace and Hobbs (2006).

lapse rate of I' = —g—f ~ 6.5 Kkm™!, which varies due to condensation of water
vapour. In practise, air masses at different heights are often compared by their
potential temperature, i.e. the temperature that an air parcel would attain if adi-
abatically brought to standard pressure (1000 hPa). The potential temperature
can be calculated via Eq. (1.2) (with isentropic exponent s, specific heat capacity
at constant pressure, c¢,, and at constant volume, ¢,) and is conserved for dry
adiabatic expansion or compression.

k—1
@:T(IJ(])(&) with x = 2 (1.2)
p Cy

In the stratosphere (~10-50km), the lapse rate is reversed, i.e. temperature in-
creases with height, mainly due to the absorption of highly-energetic UV radiation
by the ozone layer according to the Chapman reactions (Chapman, 1930). In
contrast to the troposphere, the stratosphere is generally stable and turbulent
vertical mixing is inhibited. However, the tropopause between troposphere and
stratosphere is not an insurmountable barrier for trace gases but allows to a cer-
tain extent for vertical transport in both directions (e.g. stratospheric injection of
sulphur during volcanic eruptions and down-mixing of HCI which has been formed
in the stratosphere). Of particular interest for the climate on Earth (greenhouse
effect and optical properties of clouds) is the upper troposphere—lower stratosphere
region (UTLS, 8-25km, depending on latitude), which can be explored by aircraft
measurements (Hoor et al., 2010; Schlager et al., 2012).
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Figure 1.2: Diurnal evolution of the planetary boundary layer in high pressure regions
over land, taken from Stull (1988).

The temperature in the mesosphere (/~50-85 km) decreases as altitude increases
due to declining O3 concentrations and vertical mixing takes place, while in the
thermosphere temperatures rise again due to the absorption of solar UV radiation
by Oy and Ny (Finlayson-Pitts and Pitts Jr, 1999). The transition from mesosphere
to thermosphere marks the end of the turbosphere, from where on different gaseous
compounds are not well-mixed anymore.

In this thesis the focus is set on processes taking place in the planetary bound-
ary layer (PBL), i.e. the lowermost part of the troposphere (&~ 1km), which is
directly affected by interaction with the surface and by human activities (Stull,
1988). This layer plays a key role for air quality and is characterised by strong
vertical turbulent mixing with wind speeds ranging from zero at the surface to the
velocity of the geostrophic wind at its upper boundary. In this layer also the re-
moval of primary and secondary pollutants via dry and wet deposition takes place,
which is mainly dependent on boundary layer height, surface properties and solu-
bility. During day-time, the PBL usually consists of a convective mixed layer (as
illustrated in Fig. 1.2), whereas during night-time turbulence vanishes and it can
partition into a stable nocturnal boundary layer (where emissions from the surface
can accumulate) and a residual layer on top (Stull, 1988). After sunrise, a new
convective mixed layer starts to form with an entrainment zone at the top where
air from the free troposphere is mixed into the boundary layer. This dynamic
diurnal cycle is particularly reflected in the volume mixing ratio of trace gases,
which have been emitted by sources close to the ground and are dispersed within
a variable mixed layer volume (e.g. biogenic emissions from the boreal forest, see
Chapter 3).



6 Chapter 1 Introduction

Micro- Urban or  Regional or Synoptic or
scale local scale ;mesoscale , global scale
] ] ] |
100 yr f——f——
"CFC's
"N,O
10 yr
<«—— Inter-hemispheric
1yr mixing time
@ Moderately long- jele]
b lived species *Aerosols
b -Jgpos ~<~—— Intra-hemispheric
&} 50,2 mixing time
c 5 2
9 1 day _Ngzoz
5 ey
44 "C,H, g
1hr “CoHg
/Short-lived
species .
100 s . CHy0,
HO,
"NO,
1s |\ OH

1 10 102 10°® 104 105 10° 107
Spatial scale of variability (m)

Figure 1.3: Spatial and temporal (expressed by residence time 7) scales of variability
for some atmospheric constituents, taken from Wallace and Hobbs (2006).

1.3 Trace gases in the troposphere

To gain a better insight into the complex mechanisms influencing air quality and
climate, it is crucial to understand the role of different trace gases. Although these
trace gases are present at low volume mixing ratios (typically pptv to ppmv), they
can be highly reactive and play a key role in tropospheric chemistry (Wallace and
Hobbs, 2006). Some of them are directly emitted (from anthropogenic and bio-
genic sources), others are chemically or photochemically produced from precursors.
The main emission sources are fossil fuel combustion, biomass burning, gas and
oil production, agriculture, vegetation, oceans and soils while the main sinks are
oxidation by OH (and other radicals), photolysis and deposition (Schlager et al.,
2012). Anthropogenic trace gases include carbon monoxide (CO), carbon dioxide
(CO3), NO,, SO2, methane (CHy) and several volatile organic compounds (VOCs),
whereas the most abundant biogenic trace gases are isoprene, monoterpenes and
dimethylsulfid (DMS).

The spatio-temporal distribution of atmospheric trace gases is determined by
an interplay of sources and sinks, transport, mixing, chemical reactions and inter-
action with solar radiation, aerosols and clouds (Schlager et al., 2012). We can
differentiate between short-lived and long-lived trace gases with a residence time
7, i.e. the time after which the initial concentration has decreased to 1/e ~ 0.37.
7 ranges from less than one second to several decades (see Fig. 1.3), depending
on the strength and distribution of sources and sinks (Wallace and Hobbs, 2006).
Assuming steady state (i.e. loss and production rates are in balance), 7 can be
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calculated from 7 = (kjoss) ! with loss rate k.. Long-lived species like CO,, CHy
and nitrous oxide (N2O) with lifetimes from several years to decades (Fig. 1.3)
are typical greenhouse gases which impact the radiation balance of the atmo-
sphere and the Earth’s climate by absorbing long-wave radiation from the ground
(Wallace and Hobbs, 2006). A prominent example are hydro-chloro-fluoro-carbons
(HCFCs) with a residence time of about 100 a, which are responsible for the large
ozone hole discovered over Antarctica during spring time in the 1980s (Solomon,
1988). Although emissions have stopped more than two decades ago thanks to the
Montreal Protocol, the stratospheric ozone layer has hardly recovered due to the
long lifetime of the HCFCs. In contrast, short-lived trace gases like the hydroxyl
radical (OH) and the nitrate radical (NOj3) are very reactive and control the oxida-
tion capacity of the atmosphere (Lelieveld et al., 2004; Liebmann et al., 2018) by
transforming chemical compounds into water-soluble gases, which can be removed
from the atmosphere via wet and dry deposition. Some trace gases like CO, Os
and SO, directly affect air quality and human health due to their toxicity; others
are involved in new particle formation, e.g. SO, after oxidation to sulphuric acid
(Wallace and Hobbs, 2006). In the following sections several trace gases relevant
for this work will be described in more detail.

1.3.1 Nitrogen oxides

Nitrogen oxides, commonly referred to as NO, (NO + NO,), play a crucial role
in atmospheric chemistry as they influence the concentration of tropospheric hy-
droxyl radicals (OH) and are involved in the formation of tropospheric ozone (O3)
(Crutzen, 1970; Logan, 1983), hereby affecting air quality. NO, is mostly emitted
in the form of NO in combustion processes (industry and vehicles) with the highest
concentrations (see Fig. 1.4) found in densely populated and industrialised areas
(Beirle et al., 2003; Krotkov et al., 2016; Seinfeld and Pandis, 2016). A mechanism
for NO formation at high temperatures (e.g. combustion or lightening) was first
postulated by Zeldovich and Raizer (1966) and involves reactions (R 1.1-1.3) where
M= {N,, O2} denotes a collision partner needed for momentum conservation.

O +M — O+ 0+M (R1.1)
O+N, — NO +N (R1.2)
N+ 0, —3 NO+0 (R1.3)

Due to a subsequent and fast cooling the back reactions are usually suppressed and
the emitted NO can be further oxidised to NO; via Reaction (R1.4) (Finlayson-
Pitts and Pitts Jr, 1999).

The spatial and temporal distribution of NO, is dependent on the interplay be-
tween chemical reactions and transport from the emission source. It can be oxi-
dised to other reactive nitrogen species (referred to as NO,) which includes NO,,
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Table 1.1: Global tropospheric NO,, emissions [Tg N a~!] (Ciais et al., 2013).

>~ Anthropogenic 37.5
Fossil fuel combustion and industrial processes 28.3
Agriculture 3.7
Biomass and biofuel burning 5.5
> Natural 11.3
Soils 7.3
Lightening 4
Total 48.8

NOs, N5Os, HNOj3, CINO,, peroxyacetyl nitrates, alkyl nitrates and particulate
nitrate (Singh, 1987). Apart from transformation into reservoir species like peroxy
acetyl nitrate (PAN, see below), the most important tropospheric sink of NO, is
the oxidation to HNOj3 (Reaction R 1.5), which is permanently removed from the
atmosphere via deposition (Logan, 1983).

Global annual tropospheric NO, emissions from 2000-2010 were estimated as
48.8 Tg N a~!, whereby fossil fuel combustion and industrial processes (including
vehicles) represent the major source of NO,, contributing more than 50 % to the
total emissions (Ciais et al., 2013) (Table 1.1). Other anthropogenic sources are
agriculture and biomass or biofuel burning. The remaining 23 % can be attributed
to biogenic sources, which are mainly lightening and microbial activity in soils
(Zorner et al., 2016). For comparison, in pre-industrial times total NO, emissions
were only 13.1 Tg N a=! of which 10.5 Tg N a~! originated from natural sources
(Galloway et al., 2004). Future predictions are highly uncertain and strongly
dependent on the policy decisions of industrialised nations and especially rapidly
developing countries. Figure 1.5 (lower panel) illustrates that NO, emissions in
Europe and the United States have been decreasing within the last decade and
also in China the maximum has been exceeded, whereas emissions in India are
still rising (Krotkov et al., 2016; Gurjar et al., 2016; Miyazaki et al., 2017).

1.3.2 Volatile organic compounds

Volatile organic compounds (VOCs) denote a large group of gaseous species with
high vapour pressure (including isoprene, terpenes, alkanes, alkenes, alcohols, es-
ters, carbonyls and acids), which are emitted into the atmosphere from both the
biosphere and anthropogenic activity (Atkinson and Arey, 2003). They have a
significant influence on reactive atmospheric chemistry via photochemical ozone
production in the presence of NO, (see below) and on the formation, composition
and climate impact of aerosols (Wallace and Hobbs, 2006). From several thousands
of individual VOCs, only a fraction has been studied in detail and sources and sinks
are often not fully constrained. Global annual emissions are estimated as 1300 Tg
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Figure 1.4: OMI-derived maps of (a) PBL SO3 in Dobson units (DU) and (b) tropo-
spheric NOs columns in 10" molecules cm™2 for the years 20052007, with enhanced
pollution levels around major cities and industrial centres, taken from Krotkov et al.
(2016).
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Figure 1.5: Percent change in OMI annual average columns since 2005: SO2 (top) and
NOgy (bottom) over the world’s most polluted regions, taken from Krotkov et al. (2016).
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C a~! (Goldstein and Galbally, 2007) which is about an order of magnitude larger
than total NO, emissions (see previous section). On a global scale, biogenic VOCs
like isoprene and monoterpenes are the dominant components with mixing ratios
up to several ppbv observed in vegetated areas (e.g. tropical and boreal forests)
and a strong dependence on seasonality, temperature and light (Guenther et al.,
1995; Kesselmeier and Staudt, 1999). Anthropogenic VOCs are mainly formed in
incomplete combustions (e.g. vehicles) or other industrial processes like roadworks
and fabrication of dissolvents and refrigerants (Reimann and Lewis, 2007).

For this work the focus lies on the group of organic acids (see Chapter 3), which
are highly variable in their occurrence (due to their relatively short lifetimes) and
are not only found in the atmosphere but also in the biosphere, lithosphere and
hydrosphere (Kesselmeier and Staudt, 1999). They contribute to aerosol acidity
and the formation of secondary organic aerosols (SOA), hence affecting air quality
and climate (Hallquist et al., 2009). Whereas in remote areas (see IBAIRN field
study) mostly biogenic organic acids like acetic and formic acid (mixing ratios up
to several ppbv) dominate, in polluted areas anthropogenic compounds like sul-
phuric and nitric acid (involved in the formation of acid rain) play a major role
(Kesselmeier and Staudt, 1999). With the chemical ionisation quadrupole mass
spectrometer presented in this work, acetic acid (CH3C(O)OH), peracetic acid
(CH3C(O)OO0OH) and pyruvic acid (CH3C(O)C(O)OH) can be detected. Acetic
acid has mostly biogenic sources (vegetation, wood) (Talbot et al., 1990) but can
also be emitted from biomass burning and industrial combustion or can be pro-
duced photochemically. Pyruvic acid originates from both direct biogenic emission
and photochemistry involving precursors like isoprene (Chapter 3). In contrast,
peracetic acid is photochemically produced in the reaction of peroxy radicals with
HO, (see below) and competes with PAN formation at high temperatures and
low-NO, conditions (Crowley et al., 2018).

1.3.3 Photostationary state

The photodissociation of NOy into NO and O(®P) by radiation with A < 420nm
is a key reaction in the troposphere, as the produced oxygen atom immediately
recombines with Os to form Os. In turn, the ozone reacts with NO to form NO, and
Os. Thus, during daytime reactions (R 1.6-1.8) represents a closed cycle without
any net ozone production (red cycle in Fig. 1.6). More precisely, NO and NO, are
in a photostationary state, i.e. NOy production via NO and NO, losses through
photolysis are in balance, such that the rate of O3 concentration change is small
in comparison to its rates of formation and removal (Seinfeld and Pandis, 2016).

NO;y + hv — NO + O(°P) (R1.6)
OCP)+ 0y +M — O3+ M (R1.7)
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The steady-state (ss) ozone concentration is then determined by the ratio between
source and sink reactions in Eq. (1.3).

04l — Jnoz [NOo]

= o5 NOJ (-8)

b= Jno2 [NO,]
kxo+o3 [NOJ[Os]

(1.4)

To illustrate deviations from the photo-stationary state, the Leighton Ratio ¢
(Eq. 1.4) was introduced (Leighton, 1961), which is equal to unity at high NO,
levels but deviates positively from unity when some chemical process other than
the reaction between NO and Oz converts NO to NOs. This condition is fulfilled
in the presence of peroxy radicals (HO5, ROy) formed in the oxidation of VOCs
or CO by OH. Following the exemplary reaction schemes (R 1.9 and R 1.10), NO
can be transformed into NOy without consuming Oz (blue cycle in Fig. 1.6) which
leads to a net photochemical production of ozone (Lelieveld and Dentener, 2000),
influencing air quality (Lelieveld et al., 2002; Kampa and Castanas, 2008).

OH + 02 + CO — COQ + H02

NO; + hv —  NO+O(°P) (R1.9)
OCFP)+0,+M — O3+M

netto: CO+20, —— COy+ O3

RH + OH — R+ Hy0

R+0,+M — RO+ M

NO, + hv 4+ NO+O(°P) (R1.10)
O(°P) + Oy + M — O3+ M

netto: RH+OH+20, —— RO+ O3+ H5O

1.3.4 Photochemistry and PAN

Despite mixing ratios of only a few pptv, the hydroxyl radical (OH) is the most
important oxidising agent in the troposphere, transforming emitted (partially
toxic) trace gases into water soluble compounds that can be removed via depo-
sition (Lelieveld et al., 2016). It is primarily formed in the photolysis of ozone
(A <310nm, Reactions R1.11-1.13), whereby the excited oxygen atom subse-
quently reacts with water vapour to form two OH radicals (representing a sink
for tropospheric O3). However, the yield for this reaction is only about 10 %; most
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Figure 1.6: Scheme of the photostationary state (red cycle), which can be disturbed
by peroxy radicals (HO2 / RO2), formed from the OH-initiated oxidation of VOCs (blue
cycle), resulting in a net ozone (Os) production.

of the excited O('D) fall back to the ground state and recombine with O, to form
O3 again (Seinfeld and Pandis, 2016).

O3 +hy — O('D) + O3 (R1.11)
O('D) + H,O — 20H (R1.12)
O('D)+M — O(°P) + M (R1.13)

As mentioned before, the reaction of OH with CO and VOCs forms hydroperoxy
(HO3) and organic peroxy (RO,) radicals which can further react with NO to form
NO, without consuming Os. In addition, formed CH3C(O)O, radicals are precur-
sors for secondary pollutants like peroxy acetyl nitrates (PANs, RC(O)0OsNO,)
(Roberts, 1990). PAN, which can be measured by the instrument presented in this
thesis, is the most abundant (90 %) of this group of PANs (including PPN, PiBN,
mPAN and others) and can reach levels up to several ppbv. It is also a toxic com-
ponent of the photochemical smog (also referred to as Los Angeles smog), which is
characterised by the reaction scheme (R 1.14) (Haagen-Smit, 1952; Taylor, 1969).

VOCs + NO + hv — O3 + PAN + HNOj + particles (R1.14)

In addition, it is a reservoir species for NO,, (Reaction R 1.15) with an atmospheric
lifetime of a few hours at high temperatures up to several days or weeks at low
temperatures (e.g. in the upper troposphere) (Roberts, 1990). In this way NO,
is transported to remote areas (Singh and Hanst, 1981) and when temperatures
rise again, can be released (Reaction R 1.16) far away from the emission source,
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enhancing local ozone production (Williams et al., 1997).

CH;C(0)0s + NO, + M — CH;C(0)05NO, + M (PAN)  (R1.15)
CH;C(0)0;NO, + M — CH3C(0)O, + NOy + M (R1.16)
CH;C(0)0; + HO, — CH;C(0)OO0H + O, (PAA)  (R1.17)
— CH3C(0)OH + O (R1.18)

— OH + CH;3CO, + O, (R1.19)

CH;C(0)OO0H + OH — CH;C(0)0, + H,0 (R1.20)

At low-NO,, conditions CH3C(0O)0O; reacts with HO, (instead of NO) to form
peracetic acid (PAA, Reaction R 1.17) and acetic acid (R 1.18) or recycles OH via
Reaction (R 1.19). PAA represents an intermediate sink for HOy and CH3C(0O)0O4
and is measured by the instrument presented in this thesis (along with acetic acid).
Major sinks for PAA are the reaction with OH (R 1.20) and wet deposition. Except
for high temperatures or under very low NO, conditions, PAN mixing ratios are
usually greater than that of PAA (Crowley et al., 2018).

1.3.5 Nocturnal chemistry: NO3; and N,O;

In the presence of O3, NO, can further react to the nitrate radical (NO3, Reaction
R 1.21) (Atkinson, 2000), which is an important oxidising agent, especially during
night-time.

NO3 + O3 — NO3 + Oq ( )

NO3 + hv — NO2 + O ( )

NO; + hy — NO + O, (R1.23)

NO; + NO — 2NO, (R1.24)

NO3 + NO3y + M <— N,O5 + M ( )
NO3 + VOCs — products ( )

During day, NOj is rapidly photolysed (Reactions R 1.22 and R 1.23) or reacts
with NO (R 1.24) so that its mixing ratios are usually below the detection limit
(Brown et al., 2003; Crowley et al., 2010). Only after sunset the lifetime increases
so that NoOjs can be formed in the reaction of NO3 with NO, (Reaction R 1.25)
as illustrated in Fig. 1.7. The equilibrium between NOj3 and N,Oj is strongly
temperature-dependent, with NoOj5 formation favoured by high NO, mixing ratios
and low temperatures (Platt et al., 1980). NOj3 can also react with VOCs (Reaction
R1.26) (Ng et al., 2017) to form e.g. alkyl nitrates (Fig. 1.7), which reduces the
rate of formation of N5Os.

1.3.6 Reactive chlorine: CINO, and HCI

The heterogeneous uptake of gaseous NoOjs to the aerosol phase represents an
important atmospheric sink of NO, (Chang et al., 2011) via conversion to HNOj
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Figure 1.7: Reactive nitrogen chemistry during day and night and reactions involved in
the formation of CINOg, with uptake coefficient v, CINOs yield f and CINOy production
efficiency € (see Sect. 4.3.2). Adapted from Phillips et al. (2016).

(Reaction R 1.27) and subsequent removal from the boundary layer via deposition.
In the presence of aerosol chloride, nitryl chloride (CINOg) can be formed along
with HNO3 (NOj3) (Reaction R 1.28) (Behnke et al., 1997; Finlayson-Pitts et al.,
1989) according to Fig. 1.7.

N,O5 (g) + Cl™ (aq) — CINO; (g) + NO3 ™ (aq) (R1.28)
CINO;3 + hy — Cl + NO, (R1.29)

CINOg has a lifetime of more than 30 hours in the nocturnal marine boundary layer
(Osthoff et al., 2008) but is rapidly photolysed during daytime (Reaction R 1.29),
releasing NOy (which is hereby recycled) and reactive chlorine atoms. These Cl
atoms can increase oxidation rates of several VOCs (Fig. 1.7) and compete with
OH-induced reactions during early morning hours (Phillips et al., 2012). CINO,
has been measured at a continental site in Germany during NOTOMO (Sect. 2.7.2)
and in a mostly polluted marine environment during the AQABA ship campaign
(Chapter 4).

Another relevant Cl-containing species is hydrogen chloride (HCl) which is di-
rectly emitted from waste incineration and other industrial processes or released
from sea salt aerosols via acid displacement (Wang et al., 2019). On a global scale
acid displacement is the dominant source of HCI, especially in polluted coastal
regions (see AQABA campaign, Chapter 4) where it is displaced by HNOj3 and
H,S0, (Reactions R 1.30 and R 1.31), themselves originating from anthropogenic
NO, and SOs emissions. HCI is rapidly removed from the atmosphere via wet
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deposition or can further partition into fine mode aerosols, hereby representing
an important source of chloride transported inland from coastal regions, which
enhances continental CINO, production rates (Wang et al., 2019), like indicated
for the NOTOMO campaign (Sect. 2.7.2).

HNO; + NaCl — HCI + NaNOs (R 1.30)

1.3.7 Sulphur emissions and particle formation

Sulphur is mostly inserted into the atmosphere in the form of SO, originating
from combustion of fossil fuels (coal and mineral oil). Natural sources of SO, are
volcanos and microbial activity in oceanic algae releasing dimethylsulfid (DMS,
CH3SCH3) which is further oxidised to SO, (Wallace and Hobbs, 2006). SO has a
tropospheric lifetime of several hours to days and is a primary pollutant affecting
air quality and climate through formation of sulphate aerosol (Seinfeld and Pandis,
2016). The fate of SOy is either deposition or oxidation to HySO,4 by OH following
Reactions (R 1.32-1.35), whereby the OH is recycled in (R 1.34) (Finlayson-Pitts
and Pitts Jr, 1999).

SOy + OH+ M — HSO; + M (R1.32)
HSO3 + Oy — SO5 + HO, (R1.33)
HO, + NO — NO, + OH (R1.34)

SO3 + H, O+ M — HySO, + M (R1.35)

HySO4 has a tropospheric residence time of minutes to hours as it is rapidly de-
posited to aerosols or droplets (Roedel, 2000). It initiates secondary aerosol forma-
tion, influences aerosol acidity and is involved in the occurrence of acid rain (Singh
and Agrawal, 2007). In addition, it is a crucial component of the so called “winter
smog” (also referred to as "London smog”), with negative effects on human health.
Sulphuric acid further acts as cloud condensation nuclei and affects cloud proper-
ties, with sulphate aerosol contributing to a radiative forcing of minus 0.4 W m~2
(Myhre et al., 2013). Global SO5 emissions in the year 2011 are estimated as ~ 100
Tg (SO3) a~! (Klimont et al., 2013), mainly from anthropogenic sources (indicated
by satellite observations in Fig. 1.4a). In the last two decades de-sulphurisation
in the industrial sector has contributed to a substantial enhancement in air qual-
ity in western Europe and the U.S. (Krotkov et al., 2016; Kharol et al., 2017)
and to an embanking of acid rain caused by SO,. More recently China has also
reduced its SO, emissions (Klimont et al., 2013), whereas in India they are still
rising (see Fig. 1.5). In addition, international shipping remains a major emission
source (Corbett and Fischbeck, 1997), significantly contributing to the properties
of marine aerosol and clouds and to air pollution in coastal regions (Coggon et al.,
2012). The role of SO, in the polluted marine boundary layer around the Arabian
Peninsula has been studied during the AQABA ship campaign (see Appendix A).
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1.4 Mass spectrometry for trace gas measurement

Mass spectrometers (MS) are versatile analytic devices which produce (predomi-
nantly single-charged) ions out of a gaseous sample, separate them by their mass-
to-charge ratio (m/z) and thus provide information about the composition of the
sample. In the field of atmospheric science they are widely used for the simulta-
neous detection of atmospheric trace gases with mixing ratios in the order of pptv
and for aerosol composition measurements. In the following, the basic principles of
mass spectrometry will be outlined along with details on chemical ionisation and
quadrupole mass analysers, based on a textbook on mass spectrometry by Gross
(2011). MS consist of three basic elements: ion generation, separation and detec-
tion, the latter two performed under high-vacuum conditions to avoid collisions
with nitrogen or oxygen atoms and to guarantee a long lifetime of the detector.
Depending on the field of application several ways of ionisation, separation and
detection are implemented. Ionisation can be realised thermally or by firing at the
sample with high-energetic electrons, ions or photons, resulting in a different de-
gree of fragmentation of the product ions. The most common ionisation methods
are electron ionisation (EI), chemical ionisation (CI), photoionisation and thermal
ionisation. After being generated, the ions are accelerated by pressure differences
and electrical potentials (with kinetic energy of the ions according to Eq. 1.5) and
focussed by ion guides. Separation can be realised by different analysers, including
magnetic sector field, linear quadrupole, ion trap, Fourier-Transform, ion mobility
and Time-of-Flight MS. After passing the analyser, ions reach the detector where
the electrical signal is amplified and digitalised for further analysis.

1
Eyin = eU = 5 mu?

(1.5)
The intensity of the signal is then derived from the height or more accurately the
area of the peak at a specific m/z. In this work a linear quadrupole analyser in
combination with a chemical ionisation technique using iodide anions was applied,
which is explained in more detail in the following sections.

1.4.1 Linear quadrupole analysers

Since it has been discovered that two- and three-dimensional quadrupole electri-
cal fields can be used for mass analysis (Paul and Steinwedel, 1953), quadrupole
mass spectrometers have become versatile instruments frequently used in litera-
ture (Dawson, 1976, 1986). Main advantages compared to other methods are high
transmission and temporal resolution (about 1s), low ion acceleration voltages
and a light, compact and low-cost design for flexible application (Gross, 2011). A
review on developments in the field of quadrupole mass analysers is presented by
Douglas (2009).

Linear quadrupole analysers consist of four parallel hyperbolically or cylindri-
cally shaped rod electrodes stretched in z-direction (Fig. 1.8), whereby two opposite
electrodes are held at the same potential (DC with superimposed AC voltage). In
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the following the working principle is outline based on Gross (2011). When ions
travel the quadrupole in z-direction, they experience an attracting force from the
electrode with the opposite charge. By applying periodical voltages to the rods,
attraction and repulsion in x- and y-direction will alternate in time, based on the
field potential ® (Eq.1.6) whereby (z,y)=(0,0) is the centre of the quadrupole
and 7q is the field radius (10 mm for the MS used in this thesis), i.e. the distance
from the centre to an electrode. U denotes a DC voltage and V' an AC voltage
with frequency w, which is typically in the order of 1 MHz (1.44 MHz for the MS
used in this thesis) and thus a radio-frequency (RF).

2 2

O(x,y,1) = (m ;y )(U—I—Vcos(wt)) (1.6)

o

The equations of motion in x- and y-direction are expressed in terms of Mathieu
differential equations (Mathieu, 1868) with dimensionless parameters a, ¢ and 7
(Eq. 1.7-1.11):

d*x
Tt (az + 2q, - cos(27)) -2 =0 (1.7)
%y
= + (a, +2q, - cos(27)) -y =0 (1.8)
4eU
g, U 1.9
“ @y m;rdw? (1.9)
2eV
g = 1.10
q W= 2 (1.10)
t
r=" (1.11)

2

For a given set of a, ¢ and w only ions with a specific m/z can traverse the
quadrupole on stable trajectories in the x-y-plane and reach the detector. The
stability of the trajectory of an ion with a specific m/z is defined by the amplitude
of the RF voltage V' and the ratio U/V. This can be illustrated by means of
a stability diagram, where a is plotted against q. Typically quadrupole mass
analysers are operated in stability region I, which is illustrated in Fig. 1.9. To vary
the accepted m/z range of stable ions, both voltages are increased at a constant
DC-to-RF ratio along the load line of a/q = 2U/V = const. To achieve a better
mass resolution, the ratio a/q is increased but this can be realised only to a certain
extent without significantly decreasing the transmission (Gross, 2011).



18 Chapter 1 Introduction

Z
(U + Vcosot) /

-

(

+{U + Vcoswt)

Figure 1.8: Schematic drawing of a linear quadrupole analyser, taken from Gross (2011).
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quadrupole analyser, figure taken from Gross (2011).
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1.4.2 Chemical ionisation

Chemical ionisation (CI) is a soft ionisation method introduced by Munson and
Field (1966) which is similar to electron ionisation (EI) but has the advantage of
generally causing less fragmentation. In contrast to EI, the analyte is not directly
ionised by highly-energetic electrons but via ion-molecule reactions, whereby in
the first step reagent ions are formed from electron ionisation of the reagent gas
molecules, which in the second step transfer charge to the analyte (e.g. via electron
attachment or adduct formation). Depending on the choice of reagent ions, CI
provides a higher sensitivity and selectivity compared to EI and does not require
a high vacuum (< 107* Pa) in the ion source region (Gross, 2011; Huey, 2007). In
general, both positive and negative ions can be generated via CI but — due to a
higher selectivity towards compounds with high electron affinity (e.g. halogens) —in
this work we focus on the application in negative ion mode (NCI). In combination
with a quadrupole mass analyser, chemical ionisation mass spectrometers (CIMS)
are particularly suitable for airborne measurements (Aufmhoff et al., 2012) as they
are characterised by high sensitivity, selectivity, flexibility and an easy handling
(Huey, 2007). The choice of reagent ions strongly depends on selectivity and
sensitivity to trace gases of interest and consideration of potential interferences.
A review on the application of I~ and SFy for the CIMS measurement of reactive
nitrogen species is presented by Huey (2007). I~ ions are known to react very
selectively with, for example, peroxyacyl-radicals and are unreactive with most
abundant trace gases like O3 and NOy so that ions are sufficiently stable on the
time scale of the reaction process. In addition, I~ has a large m/z and one of
the largest mass defects which facilitates identification of product ions if the mass
resolution is high.

Iodide ions are commonly generated in a stream of Ny and trace amounts of
CH;I by the bombardment with alpha-radiation of a 2!°Po ioniser (Slusher et al.,
2004; Phillips et al., 2012) and dissociative attachment of thermal electrons to
CH3l (Reaction R 1.36, where the star depicts an excited state).

CH3l + e~ — (CH3I7)* — I~ + CHj (R1.36)

Advantages of 21°Po ionisers are high stability and generally low chemical back-
ground signals whereas the main disadvantages are restrictions concerning its use
and transport. Alternative ion sources for I~ generation are, however, rarely used
as they often suffer from elevated chemical background signals across the mass
spectrum. In this thesis an electrical RF discharge ion source is applied to gener-
ate primary ions by chemical ionisation from a stream of CH3l / No, similar to an
radioactive ion source. The main difference is the formation of additional primary-
ions including 10, and I(CN), that result in a more complex mass spectrum and
extension of the established detection scheme, as explained in detail in Chapter 2.
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1.4.3 Mass resolution and sensitivity

Two peaks are considered separate from each other when the valley between them
is less than 10 (or 50) % of the intensity of the smaller peak. The mass resolution
R is then defined by Eq. (1.12) where m is the mass which is measured and Am
is the detectable mass difference (Gross, 2011). To separate, for example, N
with 28.0161 atomic mass units (amu) and CO with 27.9949 amu a resolution of
R =~ 1320 would be required. In practise, Am is often derived from the full width
at half maximum (FWHM) of a single peak. Quadrupole mass spectrometers
usually provide unit resolution, i.e. Am = 1, which means that two peaks with a
difference of one mass unit can just be separated (e.g. R = 20 at m/z 20 and R
= 200 at m/z 200) (Douglas, 2009). If higher resolving power is needed, ToF-MS
are preferred, which combine high mass resolution with an unlimited mass range
and fast scanning rates for a complete mass spectrum (Lee et al., 2014).
m

For CIMS instruments, the concentration of the trace gas [P] is usually calculated
from Eq. 1.13, where [P~] is the background-corrected signal of the analyte (in Hz)
and [R™] is the reagent ion signal (Huey, 2007). This equation is valid under the
assumption that the concentrations of neutral species and reagent ions are stable
during the ionisation process (i.e. less than a few percent of the reagent ions are
consumed).

P

Pl =

7] [R™] kt
As the effective rate constant k£ and the effective reaction time ¢ are difficult to
determine (e.g. due to multiple product ions), the effective sensitivity S [Hz pptv!]

is usually derived from calibrations with a known amount of the analyte [P].
(Eq.1.14).

(1.13)

P

[’7]e [P
The instrument sensitivity depends on numerous parameters, including ionisation
efficiency, duty cycle (=100 % for a quadrupole analyser in single ion monitoring
mode), ion transmission and efficiency of the detector. By normalising [P~] by
[R~], drifts in ion source intensity can be accounted for (Huey, 2007). The sensi-
tivity for individual trace gases can be optimised by adjusting pressure, flows and
electrical potentials in CDC, octupole and quadrupole (see Sect. 2.2). Since H,O
can compete with the reagent ion (decreasing the sensitivity) or provide a third
body to stabilise the ion-molecule-cluster (increasing the sensitivity), a correction
factor (cry) needs to be applied to eliminate the relative humidity dependence of
the signal. In the case of CINO; detection with iodide primary ions (see Sect. 2.6)
the concentration is calculated via Eq.1.15.

ICINOQ_] X CRH

"] % Scmnoz

S = (1.14)

[@NOﬂ:[ (1.15)
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Figure 1.10: Allan deviation plot (1o) for the CI-QMS primary ion signal during the
AQABA campaign.

1.4.4 Limit of detection and total measurement uncertainty

The detection limit (LOD) is the smallest amount of an analyte than can still be
distinguished from the background signal. For the field studies presented in this
thesis we define the LOD as 2 times the standard deviation (20, 95 % confidence)
when measuring a blank. Assuming Poisson white noise, the standard deviation
of a signal is given by op = v/P), where P denotes the number of counts. This
implies that the LOD can be enhanced when integrating over a longer period and
thus collecting more ions. In reality, the signal will drift over time due to fluctu-
ations in temperature, ion transmission, detector efficiency etc. and the noise will
deviate from /P for t — co. The instrument precision can be derived from the
stability of the primary ion signal, as exemplary illustrated by an Allan deviation
plot in Fig. 1.10 for the primary-ion signal (I7) during AQABA (Chapter 4). The
precision relative to the signal for raw data (10s temporal resolution) is a few
percent, whereas when averaging over 5-10min (as usually done for stationary
measurements) it decreases to < 1%. Averaging over an even longer period, how-
ever, hardly improves the precision, as it is no longer determined by pure white
noise.

The total measurement uncertainty depends on how precisely product ions of
interest and primary ions can be measured (which is a function of the chosen in-
tegration time, see Fig. 1.10). It also depends on the uncertainty associated with
the subtraction of the background signal, which may vary (e.g. during field studies
where it is recorded & once per hour) due to chemical interferences or memory
effects. Finally, the uncertainty of the calibration standard (which depends on the
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calibration method and data from manufacturers of gas bottles, permeation sources
etc.) largely contributes to the total measurement uncertainty (see Sect. 2.6), in-
cluding the uncertainty of the humidity correction. Further sources of uncertainty
are fluctuations in ion transmission or detection efficiency (which are usually elim-
inated by monitoring the primary ion signal), wall losses (especially for sticky
molecules), and chemical interferences (from unidentified molecules). The overall

uncertainty can be derived from oy = /> ;(0;)?, where o; are the single un-
certainties. To give an example, the total uncertainty of the CINO, measurement
during AQABA was equal to 30 % = 6 pptv, which could mainly be attributed to
the uncertainty of the calibration method (involving thermal dissociation cavity
ring-down spectroscopy, TD-CRDS) and drifts between consecutive background
measurements.

1.5 Objectives of the thesis

As pointed out in Sect. 1.3, trace gases like NO,, VOCs, Oz, PAN and SO, are
key components in the troposphere with a large impact on climate, air quality and
human health. As Fig. 1.11 illustrates, the trace gases measured by the instrument
presented in this thesis are linked to each other through complex chemical and
physical processes, involving emission of anthropogenic (NO,, SO, VOCs) and
biogenic (VOCs) trace gases and interaction with solar radiation, radicals and
aerosols. In the following this reaction scheme is briefly outlined (for more details
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cl N
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Figure 1.11: Simplified scheme of sources, sinks and interactions between measured
trace gases (marked by a star, *). Important pathways are highlighted by letters a—f.

on individual trace gases see previous sections), whereby trace gases detectable by
the CI-QMS are highlighted with a star (*) and different pathways are marked by
letters (a—f) according to Fig. 1.11:
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(a) The dominant atmospheric source of NO,, is the emission of NO from industry
and vehicles and its subsequent reaction with O3 to NOs. During the day,
NO;y can be further oxidised by OH, resulting in the formation of HNOsg,
which is deposited to the surface. In the absence of sunlight NOy forms
NO3, which can further react to NoOs, a precursor for CINOy* and HNOs.

(b) In addition, VOCs can be emitted from both the biosphere (e.g. acetic*
and pyruvic acid®, see Chapter 3) and from anthropogenic sources. They
represent important precursors for peroxy radicals (HOy and CH3C(0)0Os).

(¢) Under low-NO, conditions (see IBAIRN campaign) these peroxy radicals
mainly react with HOy to generate PAA*. In more polluted environments
(see NOTOMO campaign) they will favourably react with NOy to form
PAN*, which is a reservoir species for NO, at low temperatures but will
rapidly decompose at high temperatures (see AQABA, Chapter 4).

(d) Combustion of sulphur-containing fossil fuels produces SO* which can be
oxidised to sulphuric aicd. H,SO,4 can partition into the aerosol phase, form
SOA and act as a cloud condensation nuclei.

(e) In the presence of sea salt aerosol released from the oceans, HCI* can be dis-
placed by HNO3 and HySOy, especially in the polluted marine environment
(see AQABA campaign).

(f) Gas-phase HCl is also in equilibrium with particulate chloride in fine mode
aerosol particles, which can take up N3O5 to form NO; and CINOo*, de-
pending on the particulate chloride concentration. During day CINO, is
photolysed releasing NO5 and Cl-radicals, with the latter being highly reac-
tive towards several hydrocarbons and competing with OH-induced reactions
in the early morning.

Measuring the above mentioned trace gases thus provides important information
on reactive chlorine, sulphur, nitrogen and organic chemistry and reveals the rel-
evance of individual pathways in different environments. It enables us to close
observational gaps in regions where little or no literature data is available and
provides input for atmospheric chemistry models, ultimately extending our under-
standing of the atmosphere.

A widely used method to measure trace gases with high temporal resolution,
sensitivity and low detection limit is chemical ionisation quadrupole mass spec-
trometry (CI-QMS) which has been briefly outlined in the previous section. The
instrument, which is presented in detail in Chapter 2, is a technical evolution of
an existing instrument formerly used to measure PAN, PAA and CINO, (Phillips
et al., 2012, 2013). Within the scope of this thesis it was further developed, exten-
sively characterised in the laboratory and applied in several field studies (Chap-
ter 2-4). It offers the possibility to sensitively measure a mixture of anthropogenic
(e.g. SO2) and biogenic (e.g. acetic acid and pyruvic acid) trace gases including
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Figure 1.12: Overview of measurement sites during NOTOMO (Chapter 2), IBAIRN
(Chapters 2 and 3) and AQABA (Chapter 4). The (approximate) route of the ship
between southern France and Kuwait during AQABA is indicated by the white line.
The map was created with Google Earth.

important reservoir species (e.g. CINO,, HCI, PAN and PAA) and secondary pol-
lutants (e.g. PAN). To enable detection of this unique package of trace gases, the
instrument was equipped with a novel electrical discharge ion source (replacing the
polonium ioniser commonly used in literature), which expanded the established ion
detection scheme (see Chapter 2). Due to its compact design and flexible inlet it
is suitable for stationary measurements as well as for usage on moving platforms
like ships and aircraft.

1.6 Overview of field studies

From 20152017 the instrument was applied in three different field studies around
the globe: NOTOMO (Germany, 2015), IBAIRN (Finland, 2016) and AQABA
(Mediterranean Sea and Arabian Peninsula, 2017). The measurement sites in
Germany and Finland as well as the ship track through the Mediterranean Sea,
the Red Sea, the Arabian Sea and the Arabian Gulf are highlighted on the map
in Fig. 1.12. Within these field studies different aspects of atmospheric chemistry
and the relevance of the above mentioned trace gases in various environments are
explored.
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1.6.1 NOTOMO campaign

The NOTOMO (NOcturnal chemistry at the Taunus Observatory: insights into
Mechanisms of Oxidation) camapign (see Chapter 2) took place at the Taunus
Observatory (50°13"25” N, 8°26’56” E, 825 m above sea level) at the summit of
the “Kleiner Feldberg” in south-western Germany. The measurement site is sur-
rounded by coniferous forest (mainly spruce) and shrubs and known for its rela-
tively remote character in central Germany, with only a few main roads and some
small towns within 5km distance (Crowley et al., 2010). In the following a short
introduction is presented, a more detailed description is given elsewhere (Crowley
et al., 2010; Sobanski et al., 2017). There are two mountains of similar height lo-
cated to the north-east and south-east (Grofier Feldberg at 878 m and Altkonig at
798 m above sea level) and the nearby area in the north-west to north-east sector
can be described as rural, forested and relatively sparsely populated. However,
the site is regularly impacted by air pollution from the south-east to south-west
sector, which originates from the heavily populated and industrialised Rhein-Main
area, including dense traffic systems and urban centres such as Frankfurt, Wies-
baden and Mainz. In addition, the heavily populated and industrialised Ruhr area
is located about 130 km to the north-west. Due to its unique character the mea-
surement site is perfectly suited for studying the interaction of biogenic emissions
from the forest with anthropogenic emissions from industry, agriculture and urban
conglomerations, resulting in partially high levels of NO,, O3, PAN and SO, (see
Sect. 2.7.2).

1.6.2 IBAIRN campaign

Besides rain forest and temperate forest, the boreal forest is one of the largest ter-
restrial biomes on Earth and characterised by strong emissions of biogenic VOCs
including isoprene, monoterpenes and organic acids (Kesselmeier and Staudt, 1999;
Rinne et al., 2005; Hakola et al., 2012). It has a significant impact on the Earth’s
climate as it serves as a global carbon reservoir (Bradshaw and Warkentin, 2015).
In addition, it influences the atmosphere via surface albedo, evapotranspiration
and formation of cloud condensation nuclei and SOA from gaseous biogenic pre-
cursors (Kulmala et al., 2004; Bonan, 2008; Sihto et al., 2011). The IBAIRN (In-
fluence of Biosphere—Atmosphere Interactions on the Reactive Nitrogen budget)
campaign aimed on deepening our understanding of sources and sinks of several
biogenic VOCs and their impact on reactive nitrogen chemistry. In contrast to
atmospheric conditions experienced during NOTOMO, the IBAIRN measurement
site (see Chapters 2 and 3) was only occasionally impacted by anthropogenic emis-
sions (with the nearest city Tampere ~50km to the south-west). Measurements
were performed at the “Station for Measuring Forest Ecosystem-Atmosphere Re-
lations II” (SMEAR II) in Hyytidla (61.846 °N, 24.295°E, 180 m above sea level)
in southern Finland (Hari and Kulmala, 2005), which is located within the boreal
forest (dominated by Scots pine and Norway spruce), in an area characterised by
large biogenic emissions and low NO,, concentrations (Williams et al., 2011; Crow-
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ley et al., 2018; Liebmann et al., 2018). In this work, measurements of SOy, HCI,
PAN and organic acids are reported with a focus on pyruvic acid and its impact
on radical chemistry during late summer (see Chapter 3).

1.6.3 AQABA campaign

The Middle East is a rapidly developing region that is already subject to severe
air pollution and weather extremes and is likely to be heavily impacted by future
climate change with increasing frequency and intensity of droughts, heatwaves and
associated Aeolian dust and pollutant emissions (Lelieveld et al., 2009, 2012, 2016).
The region is characterised by large emissions of NO, and SO, (see Fig. 1.13),
mainly from oil and gas industry (Khatib, 2014), shipping and urban conglomer-
ations, as well as dust particles from the deserts, which interact with pollutants
(Abdelkader et al., 2015). High levels of solar irradiation, VOCs and NO, com-
bine to result in an active photochemistry, especially during summer, and severe
photochemical air pollution with O3 levels regularly exceeding 100 ppbv (Lelieveld
et al., 2009). The AQABA (Air Quality and climate change in the Arabian Basin)
campaign (see Chapter 4) was designed to investigate the factors that cause the
high levels of air pollution around the Arabian Peninsula and especially in the
Arabian (Persian) Gulf region. With a ship track covering the Suez Canal, the
Red Sea, the Gulf of Aden, the Arabian Sea, the Gulf of Oman and the Arabian
Gulf, the intension of this study was to close gaps in knowledge in an area where
observational data is lacking. The campaign took place in summer when tempera-
tures and photochemical activity are highest and provided CI-QMS measurements
of SO,, HCI and CINO, and secondary pollutants like PAN, which is, however,
expected to play a minor role during summer due to its thermal instability. For
this work the focus was set on CINO, formation, resulting from the interaction of
pollutant emissions from ships and petrochemical activity with chloride-containing
aerosol, and the impact of reactive chlorine chemistry in the marine boundary layer
around the Arabian Peninsula.

Besides the Arabian Gulf (see Fig. 1.13), the eastern Mediterranean is another
region, where elevated concentrations of primary and secondary pollutants are fre-
quently reported, especially during summer (Dayan et al., 2017). To study this in
more detail, the ship track during AQABA also included the eastern Mediterranean
Sea, which is regularly impacted by long-range transport of trace gases from con-
tinental Europe and high tropospheric O3 concentrations (Lelieveld et al., 2002).
In particular megacities and Mediterranean harbours are regional hotspots of air
pollution, with elevated NO, concentrations and SO, levels regularly exceeding
several ppbv (Kanakidou et al., 2011; Schembari et al., 2012). To expand the data
coverage in the Mediterranean and Middle East region, SO,, HCI, PAN and CINO,
were measured along the ship track between southern France and Kuwait.
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Figure 1.13: 3-year average OMI SOz (top) and tropospheric NOo (bottom) regional
maps over the Middle East for 2013-2015, taken from Krotkov et al. (2016). The blue
box outlines the Arabian (Persian) Gulf region with high SO3 and NO3 levels due to oil
and gas operations.
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Characterisation of a chemical ionisation quadrupole
mass spectrometer with an electrical discharge ion
source and application in field studies

Philipp G. Eger!, Frank Helleis!, Gerhard Schuster!, Gavin J. Phillips'?, Jos
Lelieveld!, and John N. Crowley!
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This chapter is based on the manuscript “Chemical ionization quadrupole mass
spectrometer with an electrical discharge ion source for atmospheric trace gas
measurement” published in Atmospheric Measurement Techniques (AMT) as Eger
et al. (2019a). It summarises the instrumental development in the laboratory with
a focus on advantages and disadvantages of an electrical discharge ion source for
chemical ionisation mass spectrometry. The applicability for trace gas measure-
ment is examined in three field studies under different atmospheric conditions.

Summary

We present a chemical ionisation quadrupole mass spectrometer (CI-QMS) with
a radio-frequency (RF) discharge ion source through Ny /CHj3l as a source of
primary ions. In addition to the expected detection of PAN, peracetic acid (PAA)
and CINO, through well-established ion-molecule reactions with I~ and its water
cluster, the instrument is also sensitive to SO, HCI and acetic acid (CH3C(O)OH)
through additional ion chemistry unique to our ion source. We present ionisation
schemes for detection of SOy, HCI and acetic acid along with illustrative datasets
from three different field campaigns underlining the potential of the CI-QMS with
an RF discharge ion source as an alternative to 2!°Po. The additional sensitivity
to SOy and HCI makes the CI-QMS suitable for investigating the role of sulphur
and chlorine chemistry in the polluted marine and coastal boundary layer.

2.1 Introduction

Chemical ionisation mass spectrometry using iodide anions (commonly referred
to as [-CIMS) is a widely used technique to measure various atmospheric trace
gases with high temporal resolution and low detection limit. The potential of I-
CIMS for atmospheric trace gas measurement was established in laboratory stud-
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ies (Huey et al., 1995) on chlorine nitrate (CIONO,), which plays a central role
in polar stratospheric O3 depletion (Molina et al., 1987), and dinitrogen pentox-
ide (N9Oj), which, through its heterogeneous hydrolysis on cloud droplets and
aerosols, acts as a sink of gas-phase NO, (NO + NOj) (Lelieveld and Crutzen,
1990; Dentener and Crutzen, 1993). The first applications of I-CIMS for moni-
toring atmospheric composition were for measurement of NyOs5, peroxyacyl nitric
anhydride (PAN, CH3C(0O)O3NO3) and other peroxycarboxylic nitric anhydrides
(Huey, 2007). Since then it has been recognised that several classes of organic and
inorganic trace gases can be detected sensitively by I-CIMS including organic and
inorganic acids, organic nitrates, halogen-nitrates and di-halogens (Phillips et al.,
2013; Lee et al., 2014; Neuman et al., 2016; Priestley et al., 2018). Our instrument
has previously been deployed with a radioactive ion source (*'°Po) to investigate
the atmospheric chemistry of nitryl chloride (CINO,), PAN and peracetic acid
(PAA, CH3C(O)OOH) (Phillips et al., 2012, 2013, 2016; Crowley et al., 2018).

PAN (and other peroxycarboxylic nitric anhydrides) are formed in the atmo-
sphere via the reaction of NOy with peroxyacyl radicals (RC(O)Oy) generated
during the photo-oxidation of volatile organic compounds (VOCs). Slusher et al.
(2004) reported the first detection of PAN, PPN (peroxypropionic nitric anhy-
dride), MPAN (peroxymethacrylic nitric anhydride) and PiBN (peroxyisobutyric
nitric anhydride) using thermal decomposition chemical ionisation mass spectrom-
etry (TD-CIMS) with iodide ions. The most abundant, PAN, is of great impor-
tance owing to its role in transportation of NOy from source regions to remote
areas (Moxim et al., 1996). The detection of PAN and its analogues via I-CIMS
requires thermal dissociation (generally at temperatures close to 100 °C) to the per-
oxy radical, which then reacts with I~ primary ions to form the carboxylate anion,
which is then detected. Compared to gas chromatographic methods for detection
of peroxycarboxylic nitric anhydrides, the I-CIMS technique allows faster mea-
surements with comparable sensitivity and selectivity (Slusher et al., 2004; Roiger
et al., 2011) enabling eddy covariance flux measurements (Turnipseed et al., 2006;
Wolfe et al., 2009). Although the bond dissociation energy of the peroxycarboxylic
nitric anhydrides is similar, Zheng et al. (2011) report lower sensitivity for APAN
(peroxyacrylic nitric anhydride), PiBN, PnBN (peroxy-n-butyric nitric anhydride)
and CPAN (peroxycrotonyl nitric anhydride) and Mielke and Osthoff (2012) re-
port lower sensitivity for MPAN compared to PPN and PAN. Peroxycarboxylic
nitric anhydrides have been measured using I-CIMS in various locations including
boreal forests (Phillips et al., 2013), pine forests (Turnipseed et al., 2006; Wolfe
et al., 2009), urban areas (Slusher et al., 2004; LaFranchi et al., 2009; Wang et al.,
2017b) and the Arctic (Roiger et al., 2011).

Detection of PAA by I-CIMS was reported by Phillips et al. (2013) who per-
formed the first combined measurement of PAN and PAA in a boreal forest in
Finland. PAA acts as a significant sink for CH3C(O)Oy and HO5 under low-NO,
conditions and can compete with PAN formation, especially at high temperatures
(Crowley et al., 2018). As for PAN, PAA was detected as the acetate anion at
a mass-to-charge ratio (m/z) of 59. Unlike other TD-CIMS instruments that de-
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scribe an absence of a residual signal when NO is added to the inlet (e.g. Warneke
et al. (2016)), the I-CIMS deployed by Phillips et al. (2013) and the instrument
presented in this study are very sensitive to PAA at m/z 59. Furgeson et al. (2011)
also describe an interference at m/z 59 that is not titrated by NO and suggest de-
tection of PAA, which is produced in their photochemical source used for PAN
generation. In addition, Veres et al. (2015) report a very similar mechanism to
PAA detection for the detection of pernitric acid (PNA). Differences in the sensi-
tivities of various I-CIMS instruments to PAA at m/z 59 are likely to be associated
with different de-clustering potentials. At m/z 59, the I-CIMS deployed by Phillips
et al. (2013) was insensitive to acetic acid. A wide range of organic acids can be
detected as an I~ cluster with the parent molecule (Le Breton et al., 2012; Lee
et al., 2014) using time-of-flight mass spectrometers (I-CIMS-TOF), which have
a high mass resolution and exploit the iodine mass defect for the identification of
the elemental composition of the organic trace gases detected.

CINOy is formed in the heterogeneous reaction of NyOs on chloride-containing
particles and surfaces during the night (Behnke et al., 1997). The daytime photoly-
sis of CINOs results in the release of chlorine atoms, which enhance oxidation rates
of organic trace gases, especially during early morning hours (Phillips et al., 2012;
Riedel et al., 2012a). Nitryl chloride has been observed by I-CIMS as ICINO; and
IC1™ in the polluted marine boundary layer (Osthoff et al., 2008; Riedel et al.,
2012a), close to the coast, for example in Hong-Kong (Wang et al., 2016) and Lon-
don (Bannan et al., 2015) but also inland in continental North America (Thornton
et al., 2010; Mielke et al., 2011; Faxon et al., 2015), rural continental Europe
(Phillips et al., 2012) and northern China (Tham et al., 2016).

Most I-CIMS systems in operation for atmospheric measurement use a radioac-
tive ion source (usually *'“polonium, an a-emitter) to generate the primary iodide
ions from methyl iodide (CH3l). Although this type of ion source is well-established
and known for its high stability and low chemical background, important and
sometimes unsurmountable obstacles to its use are the safety regulations for the
shipment, storage and operation of radioactive devices containing polonium. Po-
tential alternatives are corona discharge and X-ray ion sources, as commonly used
in atmospheric pressure chemical ionisation mass spectrometers (AP-CIMS) (Jost
et al., 2003; Skalny et al., 2007; Kiirten et al., 2011; Zheng et al., 2015), though
the former have not been used for iodide ion generation.

We have developed a CI-QMS instrument (chemical ionisation quadrupole mass
spectrometer) with an electrical discharge ion source that generates iodide ions
without the use of a radioactive ioniser. Although this instrument was originally
intended for measurement of PAN, PAA and CINO,, we discovered that a wider
variety of gas-phase species, including SO5, HCI and acetic acid could be detected.
In the following we show that the instrument is suitable for measurement (at the
tens of pptv level) of trace gases connected with sulphur and chlorine chemistry,
for example in the anthropogenically influenced marine boundary layer. Its de-
ployment as a PAN detector is limited to environments where PAN mixing ratios
regularly exceed 100 pptv or when high temporal resolution is not necessary.
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Figure 2.1: Schematic diagram of the CI-QMS. The air is sampled through the TDR
(heated inlet) and enters the IMR after optional bypassing through the scrubber and
mixing with calibration gas or nitrogen oxide (NO) for PAN background measurement.
Tons are guided to the detector via the CDC, OCT and QMF. Typical flows (F') and pres-
sures (p) are F} =2.2slm, F, =1.0slm, F3 =0.8slm, p; = ambient pressure, py = 24 mbar,
ps =0.6 mbar, py =6 x 103 mbar, and ps =9 x 107° mbar.

2.2 Instrumentation

Our chemical ionisation quadrupole mass spectrometer (CI-QMS) is based on the
thermal dissociation technique described by Slusher et al. (2004) and Zheng et al.
(2011) and was originally constructed in collaboration with Georgia Tech as a
prototype THS Instruments product. A schematic diagram of the instrument in
its present form is given in Fig. 2.1. The major modification, forced by issues
of the restricted use of polonium on some platforms, is replacement of the 2'°Po-
ioniser with an electrical discharge ion source (see Fig. 2.2). The instrument as
sketched in Fig. 2.1 consists of a thermal dissociation region (TDR), discharge ion
source (DIS), ion molecule reactor (IMR), collisional dissociation chamber (CDC),
octupole ion guide (OCT), quadrupole mass filter (QMF) and detector (DET'). The
four different vacuum chambers are separated by critical orifices and pumped by
a combination of scroll pumps and turbo-molecular pumps. The CI-QMS is built
into an aircraft rack (HALO, Gulfstream G 550) to facilitate airborne operation. A
description of the various parts of the instrument as identified in Fig. 2.1 is given
in the following.

2.2.1 Thermal dissociation region (TDR)

During standard operation a flow (F}) of 2.2L (standard temperature and pres-
sure, STP) min~' (slm) is sampled through the instrument inlet (see Fig. 2.1).
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Ambient air entering the TDR first passes through a 2 um pore size membrane fil-
ter (Pall Teflo) to efficiently remove particles. The thermal decomposition of PAN
takes place in a 20 cm length of perfluoroalkoxy (PFA) tubing (9.3 mm internal
diameter, ID) enclosed in a snugly fitting stainless steel shell heated to 200°C. A
gas temperature of 160-170°C was measured inside the heated section of tubing.
The last 4 cm long section of PFA in front of the orifice to the IMR is not actively
heated but the gas temperature still remains at ~ 130°C, suppressing PAN re-
combination. Due to space restrictions inside the aircraft rack, the oven is curved
over a 90° bend; however no significant reduction in sensitivity due to a loss of
CH3C(O)O4 on the PFA walls could be observed when compared to a straight TD
inlet. A bypass flow of 1slm (F3) decreases the inlet residence time and there-
fore optimises the peroxyacyl radical transmission. However, as PAN is calibrated
in situ with a photochemical source (see Sect. 2.2.7), the fractional transmission
of CH3C(0O)O2 does not need to be known. A total of 1.2slm (F; minus F3) of
the inlet flow enters the IMR via a constant-pressure orifice (see Sect. 2.2.3) and
mixes with the 0.8 slm flow (F3) of CH3I/Ny passing through the ion source. For
ground-level deployment, the TDR is held at ambient pressure resulting in a resi-
dence time of ~200 ms at 1bar. For application in an aircraft, the arrangement of
TDR and constant-pressure orifice can be switched so that a constant pressure of
p1 = 100 hPa is established in the TDR, resulting in a 40 ms residence time. With
this mode of operation, measurements can be made at altitudes up to ~15km
depending on aircraft inlet configuration.

2.2.2 Discharge ion source (DIS)

The radio-frequency (RF) discharge ion source represents the major difference to
[-CIMS instruments commonly described in the literature. It consists of two tung-
sten needles, their tips placed at a distance of approximately 6 mm (adjustable)
from each other (see Fig. 2.2); changing this distance by a few millimetres did
not have a large effect on the overall ion count rate. The vacuum fittings through
which the needles enter the discharge volume can optionally be evacuated to elim-
inate an air leak into the ion source. A 2.5kV voltage (20 kHz) applied across the
tungsten needles leads to the formation of a stable glow discharge (3mA). An RF
discharge was chosen for its advantages for operation in negative ion mode and
because it is easier to handle with regard to electric field geometry and polarity.
The discharge between the tungsten needles can be observed by eye or spectroscop-
ically through a quartz viewing port; a photograph of the glow and the dispersed
N, emission spectrum due to the C3*II, — BPII, transition (Lofthus and Krupe-
nie, 1977; Bayram and Freamat, 2012) is shown in Fig. B.1 of the supplementary
information. The line intensities increase with the voltage applied (= factor of 2.5
from 1500 to 3000 V), but the relative intensities do not change significantly. From
the relative line intensities we calculate that the Ny molecules have a vibrational
temperature of ~3000K (Svarnas, 2013).

In normal operation, a flow of 0.8slm (F3) of 2 ppmv methyl iodide (CH3I) in
nitrogen passes through the ionisation region. In order to prevent the backflow
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Figure 2.2: Schematic drawing of the RF discharge ion source. The high voltage and
the distance between the tips of the tungsten electrodes are variable, as described in the
text. A transformer, which is supplied with up to 200V AC from the internal V25 unit,
applies temporarily fluctuating potentials to both electrodes. The body of the ion source
(coloured in light brown) is made of stainless steel. PVDF is polyvinylidene fluoride.
The region around the electrodes can optionally be pumped as described in the text.

of air from the IMR into the discharge region, the flow through the ionisation
region is kept high (0.8 slm) and passes through a 0.9 mm aperture before entering
the IMR. Similar to the o radiation of a 2'°Po-ioniser, I~ ions are formed via
dissociative electron attachment to CH3l. In contrast to typical corona discharge
ion sources with a current of a few pyA (see, e.g. Kiirten et al. (2011)) our glow
discharge operates at ~3mA, which leads to highly energetic electrons and ions
in the ionisation region and a more complex mass spectrum (see Sect. 2.3).

2.2.3 lon molecule reactor (IMR)

Under standard operating conditions for ground-level measurements, a flow of
1.2slm of the air to be analysed (F} minus F3) is mixed with the 0.8slm flow of
CH3I /Ny (F3) entering the IMR from the ion source. The IMR is evacuated by a
dry scroll vacuum pump (ULVAC DISL-101, 100 L min~') and is held at a constant
pressure of 24 mbar (py). For operation above the boundary layer, an extra 50 cm?
(STP) min~"! (sccm) flow of humidified air is added just in front of the IMR to
ensure that sufficient water vapour is present to form I~ (H2O) clusters. The role
of I7(H50) and other primary-ion clusters with water is discussed in Sect. 2.5.
The constant pressure within the IMR is achieved by use of a variable orifice
consisting of two metal plates, one with a hole shaped like the 2-D projection of
a bike saddle and one with a circular hole, the relative position of which (i.e. the
degree of overlap of the holes) is controlled by a stepper motor. The saddle form
was chosen as it results in a roughly linear relationship between stepper motor
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position and mass flow through the orifice, enabling rapid and precise adaptation
to changes in ambient pressure even during steep ascents or dives of an aircraft.

The temperature in the IMR is above ambient owing to the inflow of heated gas
through the TDR. The exact residence time for trace gases to react with primary
ions in the IMR is not accurately known, as the mixing of the gas flows and
temperature evolution in the IMR are not well characterised. Based on the mass
flow rate into the IMR and its volume (= 100 cm?) and disregarding ion drift due to
the potential applied between the IMR and the CDC, we calculate an approximate
reaction time of ~ 70 ms.

2.2.4 Collisional dissociation chamber (CDC) and octupole ion guide (OCT)

The CDC region consists of an octupole ion guide to accelerate and collimate the
effusive ion beam entering from the IMR. It is separated from the IMR by a critical
orifice (0.8 mm diameter) and held at a pressure of 0.6 mbar (p3), by the Holweck
stage of a turbo-molecular pump (Leybold Turbovac 90i, 90 Ls~! with an Agilent
IDP-3 scroll pump, 50 Lmin~! as a backup pump). A potential difference of typi-
cally 20V is applied in the CDC, which results in the de-clustering of weakly bound
adducts (often with HyO), a simplified mass spectrum and a higher sensitivity to
the product ion of interest. The de-clustering voltage can be varied independently
for each ion of interest, thus optimising sensitivity for individual trace gases. An
example of the variable de-clustering potential during operation of the CI-QMS in
the selected ion monitoring mode (e.g. to measure the I7(H20) cluster or differ-
entiate between acetic and peracetic acid) is given below. An additional octupole
ion guide in the subsequent vacuum chamber (6.0 x 1073 mbar, p,) further colli-
mates the ion-beam and guides it to the detector region. This octupole ion guide
is evacuated by the turbo-molecular stage of the Leybold Turbovac 90i.

2.2.5 Quadrupole mass filter (QMF) and detector (DET)

A radio-frequency generator (Balzers QMH 410-3, 1.44 MHz) provides a combi-
nation of direct and alternating voltage to the quadrupole rods (10 mm) so that
ions with a specific m/z are forced on stable trajectories and reach the detector.
These ions are then detected with a channel electron multiplier (ITT Ceramax
7550 M). The detector chamber is pumped to a pressure of 9.0 x 107° mbar (ps)
by a turbo-molecular pump (Varian V70LP, 70Ls™1).

2.2.6 Scrubber

To determine the instrumental and chemical background the sampled air is au-
tomatically and periodically bypassed into a scrubber (see Fig. 2.1) consisting of
a 20 cm long stainless steel oven filled with steel wool and heated to 120°C. The
trace gases discussed in this work are all destroyed efficiently by the hot metal
surfaces whilst leaving the relative humidity unaffected.
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2.2.7 Photochemical PAN source

For in situ PAN calibration we use a photochemical source based on the method of
Warneck and Zerbach (1992) but with a phosphor-coated Pen-Ray mercury lamp
(Jelight, broad emission centred at 285nm) as described by Flocke et al. (2005).
Typically, 50 sccm of acetone (200 ppmv in synthetic air, Air Liquide) and 5sccm
of NO (1ppmv in Ny, Air Liquide) are mixed in a quartz glass reactor (150 mL
volume, actively cooled by a fan) at 1050 mbar forming PAN (Reactions R 2.1-2.4).

CH;C(O)CHs + hv (05) — CH50, 4+ CH5C(0)O, (R2.1)
CH305 + NO (Og) — HCHO + HO5 + NO, ( )
CH3C(0)0, + NO (03) — CH50, + CO3 + NO, (R2.3)
CH5C(0)05 + NOy + M — CH3C(0)0,NO, + M (R2.4)
CH;3C(0)O + HOy; — CH3C(O)OOH + Oq ( )
—— CH5C(O)OH + Os (R2.6)

The calibration source converts NO almost stoichiometrically to PAN (conversion
>95%) and results in a mixing ratio of about 4 ppbv of PAN in the TDR. The
PAN source is continuously operated and its 55 sccm output drains into the exhaust
line, periodically switching into the main flow during scrubbing. The conversion
efficiency of NO to PAN was checked using thermal dissociation cavity ring-down
spectroscopy as described previously (Phillips et al., 2013). The PAN source also
generates both PAA and acetic acid (R 2.5-2.6), which, as described below, are
also detected by the CI-QMS.

2.2.8 Electronics and data acquisition

The vast majority of the instrument’s electronics are controlled by a "V25” system
developed in-house. The V25 handles the interplay between single components
such as flow controllers, pressure gauges, magnetic valves, thermocouples, heaters,
MS potentials and RF generators. All command sequences and measurement cy-
cles (background, calibration, etc.) can be customised and fully automated for
operation in aircraft or in remote locations. During measurement campaigns we
usually focus on specific trace gases and operate in selected ion monitoring mode,
typically monitoring between 3 and 10 different values of m/z to increase the tem-
poral resolution. Different m/z values can be adjusted in a few milliseconds by
variation of the direct voltage and the amplitude of the alternating voltage applied
to the quadrupole rods. The integration time of the detector for a single channel is
usually set to 10 ms for primary ions and 100 ms for product ions, which represents
a compromise between high signal-to-noise ratio (S/N) and high temporal reso-
lution. For each m/z monitored, the integrated signal is calculated by summing
up eight individual channels, resulting in a total integration time (for one prod-
uct ion) of about 800 ms. Higher-frequency measurements are possible at the cost
of a reduction in the signal-to-noise ratio. The counts for each channel and the
integrated counts as well as the most important system parameters are saved on
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Table 2.1: Ton source configurations (i-v) according to Fig. 2.3 and primary ions ob-
served.

Ion source Source gas Inlet gas Primary ions (most abundant first)
i 20po CH3I/Ny  Air I~ (H20),
ii 20po CH3l/Air  Air I~ (H20),, O3 (H20),, CO3z
iii RF discharge CH3I/Ny  Air I7(H20),, I(CN);, CNO~, NO;, 105
iv. RF discharge CH3I/Ny Ny I7(H20),, I(CN),, IH(CN)~
v RF discharge I3/Ns Air I7(H20),, 105, 10, , 105, NOy

Notes: “Air” refers to synthetic hydrocarbon-free air. Number of water clusters n = {0,1}.

an internal PC card and can additionally be collected and monitored online using
customised LabView software. To identify additional traces gases of interest, the
whole mass spectrum (m/z 1-256) is occasionally scanned and recorded, which
takes about 1-2 minutes.

2.2.9 Size, weight and power consumption

The CI-QMS is situated in a compact aircraft rack (65 cm x 55 cm x 140 cm, HALO,
Gulfstream G 550) with a total weight of 135 kg and a power consumption of 0.9 kW
with the vacuum pumps as the main power consumers. The two vacuum scroll
pumps require 230 V AC input whereas all the other components are operated
with 24V DC from an AC/DC converter that either can be supplied with 230V
AC or 115V AC (three phases, 400 Hz, for aircraft operation).

2.3 Primary-ion spectra

The deployment of an RF discharge source for iodide ion production leads to a
more complex primary-ion mass spectrum when compared to use of 2!°Po; con-
sequently, a wider variety of trace gases can be detected. Here we compare both
ion sources with respect to sensitivity and achievable detection limits of a num-
ber of trace gases. Figure 2.3 illustrates the primary-ion spectrum with a dis-
charge ion source under various conditions and compares it to that obtained using
210Po. The absolute ion count rates for both ion sources are comparable, i.e. up
to (6+£2) x 10Hz for I=. Details of the configurations (i-v) and primary ions
observed are summarised in Table 2.1.

The primary-ion mass spectrum obtained by passing CH3I /Ny through the
20Pg-ioniser (370 MBq, configuration i) at typical relative humidity (50 % at 25°C)
and low de-clustering voltage (0-2V) in the CDC is dominated by I~ and I~ (H,O)
at m/z 127 and 145, with no other significant ion peaks present at > 0.1 % relative
signal strength to I”. The background signal for all trace gases of interest, i.e. PAN
and PAA at m/z 59 and CINO; at m/z 208 and 210 is consequently negligible and
the detection limits are correspondingly low (a few pptv in 1s integration time).
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Figure 2.3: Primary-ion spectra (using Io/Ng (v) or CH3I/Ng (iii-iv) and using either
pure synthetic air (iii) or Ng (iv) for the inlet gas) obtained using the RF discharge
(iii-v) or 2!Po (i-ii) as an ion source. The integrated counts (eight channels) for each
m/z normalized to the highest peak present are shown, which is I7. For this reason,
true peak shapes are not visible. A description of the different configurations can be
found in Table 2.1.

With RF discharge and CH3I /Ny as an ion source gas (configuration iii, applied
in all the field measurements we discuss below), the primary-ion mass spectrum is
more complex with additional ions such as CNO~ (m/z 42, 37% of I~ at low de-
clustering), CO5 (m/z 60, 32% of I7), NOg (m/z 62, 5% of I7), 105 (m/z 175,
28% of I7) and I(CN)y (m/z 179, 67 % of I7). With the de-clustering voltage set
to 20V (the best S/N ratio for most molecules of interest), the background count
rate compared with 21%Po is elevated by at least 1 order of magnitude for m/z 59,
which is used to monitor PAN and PAA. The high chemical background is assumed
to originate from CHj3l breakdown in the discharge ion source and formation of
O3 in the ion source and IMR. When pumping the region around the ion source
needles the formation of NOg (m/z 62) can be reduced by a factor of 2 but the
other ions still show similar ion count rates. This observation suggests that a
small amount of Os entering the ion source can form additional NO3 . According
to manufacturer’s specifications the nitrogen supply (N2 6.0, Westfalen AG) can
contain up to 0.5ppmv Oy and H,O, which can also result in the formation of
NOj in the ion source.
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To examine the influence of oxygen in the IMR on the primary ions formed we
switched the main gas flow (i.e. that which does not pass through the RF discharge)
from ambient air to pure nitrogen (configuration iv). In this case, apart from I,
only CN~ (m/z 26, 2% of I~ at low de-clustering), IH(CN)~ (m/z 154, 6 % of I7)
and I(CN)y (m/z 179, 9% of I7) remained. While these conditions are unrealistic
for atmospheric measurements they clearly indicate that the presence of additional
primary ions containing O atoms and the elevated chemical background on m/z
of interest are highly dependent on the amount of O, present in the IMR. With
pure Ny in the inlet (configuration iv), background signals at m/z 59, 188, 207
and 208 could be lowered by about an order of magnitude. The use of Ny results
in a drastically reduced sensitivity to SOs, as the primary ion used to detect it
(I03, see Sect. 2.4.2) is no longer abundant. This is illustrated in Fig. B.2 of the
supplementary information where we plot the dependence of the 103 signal (m/z
175) on the fractional pressure of Oy in the inlet and the signal at m/z 207 (ISO3)
used to monitor SOy (see Sect. 2.4.2). Clearly, detection of SO, is not possible
without the presence of O, and is not available when using 2!°Po as an ion source.

In an attempt to improve the detection limit for PAN by lowering the back-
ground signal on m/z 59, Iy, produced from a flow of nitrogen over iodine crystals
(configuration v), was used instead of CH3l. This resulted in a significant reduction
of background signals, especially on m/z 59 and the disappearance of all the ion
peaks containing C and N atoms with just 105 (m/z 175, 51 % of I7), IO (m/z
191, 38 % of I7), 105 (m/z 159, 12% of 1) and NO3 (m/z 62, 8 % of I") remain-
ing. However, use of Iy was accompanied by a drastic lowering of the sensitivity
to PAN, despite comparable I~ ion counts at m/z 127. The decrease in sensitivity
can be traced back to equilibrium between I7, I and I3 .

I +L+Me=1 +M (R2.7)

An equilibrium constant (K, in bar™!) of Koo = [I5]/([I7][L2]) = exp(11300/T') for
reaction (R 2.7) (based on the Gibbs free energy of —94.14kJ mol~*; NIST (2016))
and an estimate (based on its saturation vapour pressure) of the concentration
of I, of ~2x 107" bar) results in the complete dominance (by several orders of
magnitude) of [I5] compared to [I7] in the IMR. While the presence of large con-
centrations of I3 may explain the large signal at m/z 127 following de-clustering,
we conclude that the reaction between I3 and CH3C(O)O; is very inefficient or
does not lead to CH3CO; formation. I, does not represent a feasible alternative
to CH3l for PAN measurement and HCI detection is not possible. However, we
can still detect SO5 via IO, primary ions and also acetic acid presumably due to
(I0;) clusters with CH;C(O)OH.

In another experiment performed with the 2!°Po source, synthetic air instead
of nitrogen was flowing over the polonium ioniser (configuration ii), simulating a
huge leak of oxygen into the source. Besides I~ and I~ (H0O), O3 (m/z 32, 5% of
[7), O3 (H20) (m/z 50, 3% of I7) and CO5 (m/z 60, 2% of ) were present but
ions like 10, and I(CN); that are probably responsible for the detection of SO
and HCI (see below) were not observed as they are unique to the RF discharge ion
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Figure 2.4: Ion detection schemes for SO, PAN, PAA, acetic acid, CINOs and HCI
using the RF discharge ion source.

source. In combination with the experiment where the housing around the tung-
sten needles was evacuated, we conclude that a leak of O, into the discharge region
might increase O; and NOj3 but is not responsible for the complex primary-ion
spectrum observed with our discharge ion source. No change in the ion spectrum
was observed when the linear steel tubing between ion source and IMR was re-
placed by tubing with a 90° bend. This result precludes an important role for
ion formation via highly energetic radiation from the ionisation region reaching
the IMR interacting with O,. The diffusion of oxygen from the IMR into the ion
source is also very unlikely due to a high-volume flow between the ion source and
IMR and the use of a small aperture. We conclude that the role of Os in the
formation of primary ions containing I, O, C and N atoms in the IMR is most
likely related to its role as a trapper and carrier of electrons, possibly as excited
O, anions.

2.4 Detection schemes and calibration methods

Figure 2.4 shows which trace gases we can detect with our instrument using the RF
discharge ion source. The middle branch (b) represents ionisation via I~ and its
water cluster ion and is the same as ?'°Po-based ion generation schemes frequently
used for detection of PAN (Slusher et al., 2004), PAA (Phillips et al., 2013) and
CINOy (McNeill et al., 2006). The outer branches (a and c) are unique to our
CI-QMS using the discharge ion source and can be attributed to the presence
of different primary ions. The presence of H, C and N atoms from CH3I /N,
breakdown in the discharge region leads to the existence of the right-hand branch
(c) that disappears when CH;l is replaced by Iy (see Sect. 2.3, configuration v).
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The usual presence of oxygen inside the IMR is responsible for the existence of the
left-hand branch (a) and is not available with configuration (iv) in which nitrogen
was used for the main gas flow instead of synthetic air. For the combined detection
of PAN, CINOs, SO,, HCI, peracetic and acetic acid, configuration (iii) was used in
all of our field measurements. In the following we discuss in detail the ion-molecule
reactions involved in the detection of these trace gases and also outline how the
CI-QMS is calibrated and which sensitivities and detection limits can be achieved.

2.4.1 PAN, PAA and acetic acid

PAN, PAA and acetic acid are all detected as CH3CO; at m/z 59. Depending
on the relative humidity and the de-clustering potential in the CDC, clusters of
CH3CO5; with HyO are observed at m/z 77. Sensitivities and product yields for
the detection of these three molecules are summarised in Table 2.2. The detection
mechanism for PAN using [~ primary ions is the same as that reported when using
210Pg as an ion source (Slusher et al., 2004). PAN is thermally decomposed inside
the TDR into a peroxy radical (CH3C(O)O3) and NO, via Reaction (R 2.8).

CH3C(0)OOH + I~ (Hy0),, — CH;C(0)O~ (H,0),, + HOT (R 2.10)

The rate coefficient for the thermal decomposition of PAN (at 453 K and 1 bar) is
~2000s~! (Atkinson et al., 2006; [TUPAC, 2019), so that > 99.99 % of PAN should
be thermally dissociated within 200 ms. This could be confirmed by measurement
of the signal due to a stable PAN source whilst varying the inlet temperature. The
CH;3C(0)0Oy product reacts with I™ in the IMR to form CH3CO; (m/z 59) via
Reaction (R 2.9) involving clusters with water vapour. The detection of PAA with
[~ primary ions is believed to be direct, via Reaction (R 2.10) (Phillips et al., 2013).
When using the RF discharge ion source there is also an additional pathway for
PAN and PAA detection, involving I(CN); primary ions, resulting in the formation
of I(CN)CH3CO, which is observed at m/z 212 when de-clustering is switched
off. With de-clustering this ion fragments to m/z 59. However, the sensitivity is
relatively low and the selectivity is not improved as acetic acid is also detected at
this m/z (see Table 2.2).

The separation of PAN from PAA and acetic acid signals when sampling air
masses which contain both trace gases can be achieved by cooling the TDR to
prevent formation of CH3C(0O)O4 and thus detection of PAN (Phillips et al., 2013)
or by adding NO to the TDR in order to remove CH3C(O)O, (Reaction R2.11).

The latter method has the advantage of being more rapid as NO can be switched
in and out of the TDR in a matter of seconds whereas cooling of the inlet may take
minutes. Generally we add NO (100 ppmv in nitrogen, Air Liquide) to the TDR
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Table 2.2: Product yield, sensitivity and limit of detection of the CI-QMS for PAN,

PAA, acetic acid, CINO,, SO, and HCI.

Reactant Product m/z | (vield)pis S%, LODY. | Spor LODpg
PAN CH3CO, 59 | 98 1.04 34¢ 17 3
I[(CN)CH3CO; 212 |2
PAA CH3CO5 59 | 98 0.22¢ 1944 57 4
Acetic acid CH3COy5 59 95 0.62 57
CH3C(O)OH~ 60 |3
I[(CN)CH3CO; 212 |2
CINO, I3*CINO; 208 | 30 0.60 12 35 3
BTCINO; 210 | 10
35Cl™ 162 | 45
B7C1- 164 | 15
SO2 ISO3 207 |8 0.09 56
ISO; 223 | 2
SO3 80 |10
HSO3 81 |17
SO, 96 | 19
HSO; 97 |30
SO; 12 |9
HSOZ 13 |5
HCI I(CN)3>Cl1~ 188 | 18 0.14 135
I(CN)?"Cl~ 190 | 6
3°Cl- 162 | 6
BTCl- 164 | 2
B5C1~ 35 | 51
3TC1- 37 |17

Notes: Parameters are reported for RF discharge (Dis) and 21°Po (Pol) ion sources. *Sensitivity
S (in Hzpptv~!) at 50 % RH (25 °C), normalised to 10° Hz I~ and de-clustering set to 20 V. ®Limit
of detection (LOD, 20, 1s integration time, in pptv). “The LOD is calculated from background
signal at m/z 59 and does not include the worsening in detection limit incurred when acetic acid
and PAA are present at the same m/z as described in the text. “Without de-clustering applied.
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at a mixing ratio of 0.23 ppmv (3.7 x 10 molecule cm™2). Given the approximate
residence time of ca.200ms in the TDR (calculated from the volume of the TDR
and the volumetric flow rate) and the rate coefficient for Reaction (R2.11) of
1.4 x 107 ¢m? molecule™ s71 at 453 K (Atkinson et al., 2006; TUPAC, 2019) we
calculate that more than 99.99 % of the CH3C(O)O, is removed by titration with
NO. When NO is added, we therefore measure only PAA (or the sum of PAA and
acetic acid, depending on de-clustering potential; see below). The signal due to
PAN is then calculated by subtracting the interpolated signal during NO addition.
The use of the RF discharge source also results in sensitivity to acetic acid at
m/z 59, which is not observed using *°Po as an ion source. Rather, detection
of acetic acid has been reported at m/z 187 (ICH;C(O)OH™) (Lee et al., 2014).
Our instrument is relatively insensitive for acetic acid at m/z 187 and, without
de-clustering, we measure acetic acid mainly as (CNO)CH3C(O)OH™ (m/z 102)
and I(CN)CH3CO5 (m/z 212).

When monitoring m/z 59 using the discharge ion source, the background signal
during NO addition consists of both PAA and acetic acid. To differentiate between
them we make use of the fact that the relative sensitivity to PAA and acetic acid
at m/z 59 depends on the de-clustering potential applied in the CDC. We find
that acetic acid is only detected at m/z 59 when a de-clustering voltage of about
20V is applied, whereas PAA is detected at m/z 59 both with and without de-
clustering, albeit with different sensitivity. The difference is related to the fact that
for PAA the product ion is formed directly in Reaction (R 2.10), whereas acetic
acid is believed to initially form a cluster with [(CN); (R 2.12) and only dissociate
to CH3CO5 when the 20V de-clustering voltage (AU) is applied (R2.13).

CH;C(0)OH 4 I(CN); — HCN + I(CN)CH;CO;  (m/z 212) (R2.12)
I(CN)CH;CO; + AU — ICN + CH;CO; (m/z 59) (R2.13)

ICN~, IH(CN)~ and I(CN); are all potential primary ions for detection of acetic
acid, though I(CN); is the most abundant. When NO is added, the mixing ratio of
acetic acid can be calculated by subtracting the signal without de-clustering from
the signal with de-clustering. Unfortunately, the chemical background without
de-clustering at m/z 59 is a factor of 2.5 higher than with de-clustering and the
sensitivity is reduced, which increases the LOD for detection of PAA significantly
(see Table 2.2).

Results of combined PAA and acetic acid measurements from the CYPHEX field
campaign and speciation via changing the CDC parameters can be found in (Der-
stroff et al., 2017). An exemplary time series showing the different measurement
modes of the CI-QMS (scrubber, ambient, NO addition) and the differences in de-
tection of PAA and acetic acid when applying a de-clustering voltage is provided
in Fig. B.3 of the supplementary information.

An enhancement in sensitivity to acetic acid at m/z 59 when using the RF
discharge ion source compared to 2!°Po, is illustrated by the signals obtained from
the photochemical source used to generate PAN, which also generates unquantified
amounts of both PAA and acetic acid (Sect. 2.2.7, Reactions R2.5 and R2.6).
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When using the RF discharge ion source and 20 V de-clustering voltage, the signal
ratio of PAN / (PAA + acetic acid) at m/z 59 is ~0.2. In contrast, using 2!°Po
as an ion source the ratio is ca.0.9. As the relative sensitivity (m/z 59) to PAN
and PAA is similar, this change in ratio reflects enhanced instrument sensitivity to
acetic acid when using the discharge ion source with de-clustering. This represents
a significant disadvantage of the RF discharge source for PAN detection compared
to 21°Po. Not only is the instrumental background at m/z 59 higher, the presence of
acetic acid in ambient air samples means that a larger and more variable chemical
background signal has to be subtracted to calculate the PAN mixing ratio, which
increases the limit of detection and overall uncertainty significantly.

Calibration of PAN, PAA and acetic acid

The in situ calibration of PAN is described in Sect. 2.2.7. The overall uncertainty
of the calibration, based on the uncertainty in dilution, the mixing ratio of the
NO calibration cylinder (1 ppmv) and the conversion efficiency from NO to PAN
is ~10%.

For PAA, two methods, both using a diffusion source containing a commercially
available 39 % solution of PAA in acetic acid, have been used to calibrate the CI-
QMS. In the first, we use simultaneous CI-QMS and wet-chemical peroxide-specific
detection of PAA based on the horseradish peroxidase / catalase / p-hydroxyphenyl
fluorescence measurement technique (Lazrus et al., 1986) in which organic per-
oxides (and peracids) are converted to HyOy (AL2021, Aero-Laser GmbH). The
wet-chemical method is calibrated via standard H,O5 solutions and the overall
uncertainty (related to scrubbing efficiency of PAA) is 13 %. As the AL2021 is not
always available during campaigns, we developed a second approach in which PAA
undergoes transformation to I3 (aq), which can be quantified using aqueous-phase
absorption spectroscopy (Awtrey and Connick, 1951; Friedrich, 2015). Based on
uncertainty in the scavenging of PAA into an acidified, aqueous solution, uncer-
tainty associated with the absorption cross section of I3 and the reproducibility
of I3 signals when sampling from a constant source of PAA, we estimate the total
uncertainty of the I3 method to be ~ 30 %.

For the calibration of acetic acid we use a permeation source (7.33ngmin™" at
30°C, Metronics) with an uncertainty of 8 %. Additionally, we sampled the output
of a diffusion source of pure liquid acetic acid simultaneously using the CI-QMS
(41.2 ppbv after dilution) and an infrared absorption spectrometer measuring CO,
(LI-COR) following the stoichiometric, thermal oxidation of acetic acid to COq
(Veres et al., 2010). The uncertainty of this calibration method is &~ 10 %. Within
combined uncertainty, both methods indicated the same sensitivity of the CI-QMS
to acetic acid.

1

2.4.2 Sulphur dioxide

The ”standard” use of 21%Po-ionisation does not allow for the sensitive detection of
SO, using I~ ions. As outlined in Sect. 2.3, additional primary ions (I0;) formed
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with our RF discharge ion source enable SO, detection as, for example, ISO3 (m/z
207). In addition, ISOy, SO, and SOj are also formed and the relative yields are
listed in Table 2.2. Although the underlying ion-molecule reactions resulting in
their formation are not fully characterised, based on the observation of 105 and
10, in the primary-ion mass spectrum we propose the following scheme (Reactions
R2.14-2.17).

SOy + 1057 — Oy + 1505~ (m/z 207) (R2.14)
SOy + 104~ — Oy + 10,4~ (m/z 223) (R2.15)
SOy + 105~ — 10 + SO,~ (m/z 96) (R2.16)
SOy + 104~ — 10 + SO5~ (m/z 112) (R2.17)

As written, reactions (R 2.14) and (R 2.16) involving the 105 anion are exother-
mic with reaction enthalpies of ~—250 and —113kJmol~!, respectively. The en-
thalpies of formation used to derive these values were taken from the literature:
AH?®(S0,) = —287kJmol™! (Chase, 1998), AH}*(I0) = 126kJmol~" (Goos
et al., 2005) and AH?®(SO;) = —738kJmol~" (NIST, 2016) or calculated from
other thermodynamic properties. The formation enthalpy for 105 (AH7®(IO3)
= —211 kJmol™!) was calculated from its electron affinity (453.5kJmol™!; Wen
et al. (2011)) and the formation enthalpy of 103 (242kJ mol™'; Goos et al. (2005)).
The formation enthalpy for ISO3 (AH?®(ISO3) = —752kJmol™") was calculated
from the SO3-I~ bond strength (161kJmol™!; Hao et al. (2005)) and the forma-
tion enthalpies of I~ (—195kJ mol™'; Goos et al. (2005)) and SOz (—396 kJ mol~*;
Goos et al. (2005)). In the absence of thermodynamic data for 10, , we cannot
assess the reaction enthalpies for Reactions (R2.15) and (R2.17). The iodine-
containing ISO3 (m/z 207) is most specific and suitable for monitoring SOy with
good sensitivity.

Calibration of SO,

SO, is calibrated by the addition of a small flow of SO, from a gas cylinder (1 ppmv
in synthetic air, Air Liquide). The true mixing ratio of SO, flowing from the
bottle into the absorption cell at 1 bar pressure was determined via UV-absorption
spectroscopy using a white-cell and diode array set-up (Wollenhaupt et al., 2000)
and an absorption spectrum (290-320nm) from the literature (Bogumil et al.,
2003). The mixing ratio that was determined in this manner was found to agree
within 10% of the manufacturers specifications. The linearity of the CI-QMS
signal with the SO mixing ratio (up to 60 ppbv) is shown as Fig. B.4a in the
supplementary information.

2.4.3 Nitryl chloride

The scheme for detection of CINO, using I~ ions generated using 2'°Po is well-
established (Osthoff et al., 2008; Thornton et al., 2010). Both IC1~ (m/z 162 and
164) and ICINO3 (m/z 208 and 210) are formed (Reactions R2.18 and R 2.19),
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the latter generally preferred to monitor CINO, in ambient air owing to poten-
tial interference through reactions of other chlorine-containing trace gases forming
ICI™.

CINO; +I" — ICINOy™ (m/z 208 and 210) (R2.18)
CINOg + 17 — ICI™ + NO, (m/z 162 and 164) (R2.19)

The same ions are observed during operation with the RF discharge ion source
with similar product yields for 2!°Po as the ones for the RF discharge reported in
Table 2.2.

Calibration of CINO,

CINO, was calibrated by passing Cly (50 ppmv in nitrogen, Air Liquide) over
NaNO; (30g) and NaCl (10g) crystals in a glass flask (Thaler et al., 2011). The
CINO; generation efficiency was found to be improved by moistening the crystals
by adding 2-3 drops of water. The gas mixture exiting the glass flask, which
contains unreacted Cly, NOy and CINO,, was diluted in 5slm air and sampled
simultaneously with the CI-QMS and a cavity ring-down spectrometer that detects
both NOy and CINO, after thermal decomposition at 420°C to NOy (Thieser
et al.; 2016). CINO, thermograms (Sobanski et al., 2016; Thieser et al., 2016)
indicate that, under the flow and pressure conditions of these calibrations, CINO,
is thermally decomposed to NOy at 420°C (Reaction R 2.20), but there is no
significant loss at 200 °C, the TDR temperature of the CI-QMS.

CINO, + M — Cl+NOy + M (R2.20)

The total uncertainty (=25 %) associated with the calibration derives from uncer-
tainty in the NOy cross section used to calculate NO, mixing ratios in the cavity
ring-down spectrometer and the assumption that all CINO, is detected as NOs.

2.4.4 Hydrogen chloride

Using the discharge ion source we detect HCI as C17, IC1~ and I(CN)CI~, presum-
ably via Reaction (R 2.21-2.23).

HCL + I(CN),~ — HCN + I(CN)CI™  (m/z 188 and 190)  (R2.21)
HCI + ICN~ — HCN + ICL- (m/z 162 and 164)  (R2.22)
HCl 4+ CN™ —— HCN + C1™ (m/z 35 and 37) (R2.23)

Reactions (R2.22) and (R2.23) are weakly exothermic with reaction enthalpies
of ~—25 and —73 kJmol™!, respectively. If available, the enthalpies of forma-
tion used to derive these values were taken from Goos et al. (2005), AHF®(HCI)
= —92kJmol™" , AH?(HCN) = 130kJmol™", AH}*(Cl") = —234kJmol™,
AH?®(CN™) = 61kJmol ™", and Refaey and Franklin (1977), AH7?®*(IC1™) = —155
kJmol~'. AHF®(ICN~) = 92kJmol™" was calculated from the electron affinity
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of IC1 (130kJ mol™", Miller et al. (2012)) and AH7?®(ICN) = 222kJmol~" (Goos
et al., 2005). The I(CN); ion is stable in an aqueous solution (Chadwick et al.,
1980), but la lack of thermodynamic data for it and for I(CN)Cl~ precludes cal-
culation of the energetics of Reaction (R2.21).

As I(CN)CI~, formed by reaction of dicyanoiodate anion with HCI in Reaction
(R 2.21), is the most abundant and specific product ion, HCI is generally monitored
at m/z 188. In the absence of interferences, the ratio of signals at m/z 188 to
m/z 190 and m/z 162 to m/z 164 should be determined by the natural relative
abundance of the 3°Cl and 3"Cl isotopes, which is ~3.13. Plots of the relative ion
signals at m/z 188 versus m/z 190 and m/z 162 versus m/z 164 obtained during
the CYPHEX campaign are given in Fig. B.5 of the supplementary information.
The tight correlation and the slope of 3.09 for the ratio m/z 162 to m/z 164 is
very close to the expected value, indicating that to a good approximation, only
one trace gas containing one Cl atom was measured. In contrast, the ratio of m/z
188 to m/z 190 is significantly lower than expected, and the correlation displays
more scatter. This low ratio indicates that m/z 190 suffers from interference from
another trace gas. A likely candidate is HNOg3, detected as ITHNO; at m/z 190
(Lee et al., 2014). The signals at m/z 188 and m/z 162 are correlated very well
(R? = 0.96) indicating that they both represent HCI only, as no significant CINO,
was present during CYPHEX.

Calibration of HCI

A bottle of gaseous HCI diluted in Ny (60 ppmv) was used to calibrate the CI-QMS
during laboratory operation. The concentration of HCl was determined using UV-
absorption spectroscopy (184.95nm) using a cross section of 2.39 x 107'% cm?
molecule™ (Bahou et al., 2001) as described by (Zimmermann et al., 2016). Once
the sensitivity of the CI-QMS to HCI was established using bottled gas, the output
of a laboratory-built permeation source was measured by comparing signals in the
CI-QMS at m/z 188. The permeation source consisted of a few ml of concentrated
HCl-solution welded into a short length (4cm) of 6.35mm (OD) PFA tubing,
housed in 20 cm of 12.7mm (OD) PFA tubing (at 30 °C) through which 50 sccm of
air flows. The permeation rate measured was 5.2 x 107> scem with an uncertainty
of ~#10%. The linearity of the CI-QMS signal with the HCl mixing ratio was
characterised in the laboratory (R? = 0.99) and is shown as Fig. B.1b in the
supplementary information.

2.5 Dependence of sensitivity on relative humidity

The CI-QMS sensitivity for the trace gases discussed here is dependent on the
amount of water vapour present in the IMR, which will vary with ambient rela-
tive humidity (RH). Broadly speaking, we observe a positive dependence of the
sensitivity (see Fig. 2.5) on relative humidity between 0 and 20 % at 25°C, with a
flattening of the curve between 20 and 80 % RH. This effect is generally explained
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Figure 2.5: Dependence of the ion signal on the relative humidity (at 25°C and 1 bar) of
the air sampled. For PAA + acetic acid on m/z 59 only a combined humidity dependence
is given as their contributions to the signal could not reliably be quantified.

by the reactions proceeding predominantly through clustered primary ions, e.g.
I~ (H20), which is observed at m/z 145. Under weak de-clustering conditions, the
product ions are also clustered with HyO, confirming the participation of I~ (H50).
For the 103 and I(CN), primary ions used to detect SO, and HCI, the water
clusters 105 (H20),, and I(CN); (H20),, are not observed or are very weak, even
without de-clustering. We observe that the concentration of 105 and I(CN); in
the primary-ion spectra is however dependent on the presence of HyO, which ex-
plains the RH dependence of the sensitivity of detection for SOy and HCL. All
ambient measurements of the trace gases discussed here are therefore corrected
for RH effects using calibration curves based on data such as those displayed in
Fig. 2.5.

2.6 Sensitivity, detection limits and total uncertainty

The total uncertainty of the measurement of any of the trace gases listed above
is determined mainly by the uncertainty associated with the calibration method
(and its reproducibility) but may also be influenced by, for example, scrubbing
efficiency and drifts between background measurements (variable for different field
campaigns). The response of the CI-QMS to any one trace gas may also vary
over a period from days to a few weeks due to drifts in temperature, resolution
of the mass spectrometer and degradation of the detector. The sensitivity (i.e.
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signal in Hz per pptv of trace gas) depends on the rate coefficient for the reac-
tion between primary ions and trace gases and the yield of product ions. The
sensitivity may also depend on relative humidity (abundance of HyO clusters) and
de-clustering potential (breakup of weak bonds). The limit of detection (LOD) is
mainly dependent on variability in the background signal for the respective m/z
and can be calculated as 2 times the standard deviation when using synthetic (i.e.
hydrocarbon-free) air or when passing the air through the scrubber (as usually per-
formed during field measurements). In the text below (summarised in Table 2.2),
we report sensitivities (in Hz pptv™') and limits of detection (LOD, 20, in pptv)
obtained under typical measurement conditions (configuration iii from Sect. 2.3)
and, when applicable, compare them to values obtained using 2'°Po as an ion
source.

2.6.1 PAN, PAA and acetic acid

When using ?'%Po as an ion source, an LOD of 3pptv PAN (1s) is achievable,
which is adequate for e.g. airborne operation (Roiger et al., 2011) or flux mea-
surements (Wolfe et al., 2009). The use of the RF discharge for PAN detec-
tion results in an increase in background signal (from a few hertz when using
20Pg to several hundred hertz when using the RF discharge ion source) even in
hydrocarbon-free synthetic air. The LOD calculated from twice the standard de-
viation of a background measurement during the NOTOMO campaign is 34 pptv
(Is). The total uncertainty calculated from measurement precision, background
subtraction (signal drifts, interpolation) and uncertainty in the calibration method
is 15 % 4 27 pptv. However, the uncertainty of the PAN measurement is highly de-
pendent on the levels and variability of PAA and acetic acid present in the air
as their signal has to be interpolated and subtracted. In ambient air masses, the
larger part of the signal at m/z 59 with the RF discharge is due to acetic acid
which sometimes displays variability on the timescale of minutes. In this case the
uncertainty of the background interpolation and therefore the overall uncertainty
of the PAN measurement is drastically increased. This is essentially a selectivity
problem, which limits deployment of the instrument for PAN measurements to
more polluted regions where PAN mixing ratios regularly exceed 100 pptv and/or
high time resolution is not necessary. As described above, the selectivity to PAN
can be improved by switching off de-clustering (no acetic acid detection at m/z
59), which comes with a significant reduction in sensitivity (see below).

In order to differentiate between PAA and acetic acid, the de-clustering volt-
age has to be modulated between 20V and 2V. At the lower voltage, only PAA
is detected but the resultant high chemical background and worsened sensitivity
were found to lead to a poor limit of detection of a few hundred pptv (1s) (see
Table 2.2) which is about a factor of 100 higher than with use of ?'°Po (4 pptv in
1s). At the higher potential the LOD would be much better but the sensitivity to
acetic acid at m/z 59 reduces the selectivity of the measurement. The total un-
certainty calculated from measurement precision, background subtraction (signal
drifts, interpolation) and uncertainty in the calibration method is 20 % + 39 pptv.
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The LOD for acetic acid at m/z 59 is 57 pptv (1s) but the selectivity is reduced
due to the PAA contribution. The total uncertainty calculated from measurement
precision, background subtraction (signal drifts, interpolation) and uncertainty in
the calibration method is 15 % = 45 pptv.

2.6.2 SO,

The sensitivity of the CI-QMS to SO, reported in Table 2.2 is dependent on the
relative humidity (see Sect. 2.5) and is especially dependent on the de-clustering
voltage, the best signal-to-noise ratio being found at 20 V. Although HSO, (m/z
97) has the highest sensitivity of all product ions, we generally monitor the ISOy
ion (m/z 207) as the background signal is lower and the detection limit improved.
Figure B.6 of the supplementary information displays the correlation between both
m/z over a period of 4 weeks during the NOTOMO campaign. The correlation
coefficient (R? = 0.95) is large, from which we conclude that both m/z can be
used to calculate SO, mixing ratios. The detection limit for m/z 207 is 56 pptv
(Is) (based on mnoise in background measurements during the NOTOMO field
campaign), which is sufficient to monitor SOy in lightly polluted areas. At a lower
temporal resolution and when monitoring only ISO3 and I7, the LOD can be
improved to a few pptv (e.g. in 10min). The total uncertainty, calculated from
measurement precision, background subtraction (signal drifts, interpolation) and
uncertainty in the calibration method is 20 % == 23 pptv.

2.6.3 CINO,

Very good detection limits have been reported (Osthoff et al., 2008; Thornton
et al., 2010; Phillips et al., 2012) for the measurement of CINO, via [-CIMS using
210Pg jonisation, a result of low background signal at m/z 208 (ICINO; ) and an
efficient reaction with 1. Using *'°Po, Phillips et al. (2012) achieved an LOD
(20) of 3pptv (1s), which can be compared to the value of 12 pptv (see Table 2.2)
obtained with the RF discharge ion source, the difference stemming from a higher
chemical background signal. With an averaging interval of 5min the LOD can
be reduced to 2-3pptv. CINOs can also be detected as IC1~ (m/z 162 and 164),
which provides higher sensitivity compared to ICINO; (see Table 2.2) but can
suffer from a significant interference due to HCI, which is likely to be present in
air masses containing CINO,. For example, 1ppbv HCI contributes a signal at
m/z 162 which is equivalent to 60 pptv CINOs at this m/z. Monitoring CINO, at
m/z 208 is more specific, with an equivalent signal due to 1 ppb HCI of less than
10 pptv, which can be accounted for when measuring HCI in parallel (at m/z 188,
see above). It should be noted that the interference at m/z 162 is not unique to
the RF discharge but has also been observed when using a *'°Po-ioniser (Phillips
et al.,, 2012). The total uncertainty for CINOy measurement, calculated from
precision, background subtraction (signal drifts, interpolation) and uncertainty in
the calibration method, is 30 % 4 6 pptv.
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2.6.4 HCI

Sensitivities and product yields for several ions connected to HCI detection are
reported in Table 2.2. AsIC1™ (m/z 162 and 164) suffers from a CINO, interference
(see above) and Cl~ (m/z 35 and 37) could possibly arise from other Cl-containing
species, the more specific ion I[(CN)CI~ (m/z 188 and 190) is used to monitor HCI.
The LOD for m/z 188 is 135 pptv (1), which can be further improved by extended
averaging if high time resolution is not required. The total uncertainty calculated
from measurement precision, background subtraction (signal drifts, interpolation),
scrubbing efficiency (it takes more time to remove HCI in the scrubber than e.g.
SO3) and uncertainty in the calibration method is 20 % 4 72 pptv.

2.7 Application in the field

Our CI-QMS instrument has been deployed in different ground-based field cam-
paigns including ones at coastal (CYPHEX, 2014), forested (IBAIRN, 2016) and
mountain sites (NOTOMO, 2015) in Europe. In the following we present subsets
of the data from these campaigns in order to indicate how the instrument with an
RF discharge ion source (configuration iii in Sect. 2.3) performs in the field.

2.7.1 CYPHEX 2014

During CYPHEX (Cyprus Photochemistry Experiment, summer 2014), located
at a coastal site on the eastern Mediterranean island of Cyprus, we measured
chemically aged air masses with origins in continental Europe (Meusel et al., 2016;
Derstroff et al., 2017). A time series of SO, and HCI for a 3-week period of the
campaign is shown in Fig. 2.6. SO, was detected for the first time using the
CI-QMS during CYPHEX in which observations of covariance between the signal
at m/z 207 and particulate sulphate provided the first clues to the identity of
the mass peak as ISO; and indications of sensitivity to SO,. As we had not
anticipated CI-QMS sensitivity to SO,, calibration was performed post-campaign.
We observed SO, mixing ratios as high as 11 ppbv, the plume-like nature of which
strongly suggests nearby point sources such as ship traffic or air masses originating
from power plants in continental Europe. Our measurements are consistent with
other observations in the coastal Mediterranean boundary layer. Bardouki et al.
(2003) found SO, mixing ratios up to 3 ppbv in Crete (August 2001) and Schembari
et al. (2012) report average daily mean values of several ppbv in different western
Mediterranean harbours measured in the summers of 2009 and 2010. Kanakidou
et al. (2011) conclude that megacities can be hotspots of air pollution in the
eastern Mediterranean, with average SOy mixing ratios of 1 ppbv measured in Crete
(1997-1999), 8 ppbv in Istanbul (1998-2008), 10-15ppbv in Athens (1995-1997)
and 48 ppbv in Cairo (1999-2000), where about 70 % originates from industrial
activities.

Similar to SOs, the measurement of HCl was unexpected, the isotopic ratio of
3:1 for the signals at m/z 162 and 164 (IC17) providing evidence that the trace
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Figure 2.6: CI-QMS time series of SO2 and HCI mixing ratios during the CYPHEX
field campaign in Cyprus.

gas measured contained one Cl atom. The identification of HCl was confirmed
during the campaign, in which a permeation source was built and used to peri-
odically supply HCI to the CI-QMS. Calibration of the permeation source ensued
post-campaign as described in Sect. 2.4.4. HCIl mixing ratios up to 3 ppbv were
observed which could be attributed to the release of HCIl from sea salt aerosols
when polluted air masses from continental Europe reached the coastal site. The
covariance between HCI and SO, in Fig. 2.6 suggests that an acid displacement
mechanism involving SO, oxidation to HySO,4 and transfer of HySO4 to aqueous
sea salt aerosol was involved. The median value of the HCl mixing ratio for the
CYPHEX campaign was 790 pptv, which can be compared with reports of me-
dian values of 600-700 pptv HCI over the Atlantic near Europe and values of up
to 6 ppbv in the polluted coastal boundary layer on the Isles of Shoals, 10 km off
the southern Maine coast, USA, with an average of 600 pptv (July—August 2004)
(Keene et al., 2007, 2009).

2.7.2 NOTOMO 2015

The mountain-site campaign NOTOMO (NOcturnal chemistry at the Taunus Ob-
servatory: insights into Mechanisms of Oxidation, summer 2015) took place in a
rural location in south-western Germany with significant urban influence (Soban-
ski et al., 2017). A time series of SOy, CINOs and PAN mixing ratios and the
signal at m/z 59 (contributions from acetic and peracetic acid) is displayed in
Fig. 2.7. During NOTOMO, SO, was monitored as ISO3 (m/z 207) and HSO,
(m/z 97), and a very good correlation between both signals (R? = 0.95) within a
period of 4 weeks confirmed that both ions reliably represent the same molecule
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Figure 2.7: CI-QMS time series of CINOy, SO2 and PAN mixing ratios and m/z 59
during the NOTOMO field campaign in Germany. The signal at m/z 59 was converted
to ppbv, assuming that it consists only of acetic acid (no peracetic acid). The mixing
ratios are therefore only an upper limit. For comparison with the PARADE campaign
at the same location see Fig. B.7.

(see Fig. B.6). The SO, mixing ratios exceeded 1 ppbv on most days, with maxi-
mum values up to 5 ppbv. The likely origins of SO, at this site are emissions from
coal-burning power plants in the local Rhine-Main urban conglomeration and the
heavily industrialised Ruhr area to the north-west.

CINO; was detected during NOTOMO as ICINO, (m/z 208 and 210). Mixing
ratios ranged from 0 to 500 pptv and were above 50 pptv during 10 out of 29
campaign nights. High levels of CINOy were generally associated with mixed
marine and continental air masses from the north-west which had passed over
the English Channel and the polluted Ruhr area. The data are consistent with
previous measurements (using the CI-QMS equipped with a ?'°Po ioniser) at the
same location and similar time of year (Phillips et al., 2012) whereby comparable
CINO; mixing ratios were observed (see Fig. B.7 of the supplement).

We measured PAN at m/z 59 and observed mixing ratios generally ranging be-
tween 0 and 2 ppbv throughout NOTOMO, occasionally reaching 3 ppbv. PAN lev-
els predominantly peaked in the afternoon, when photochemical activity is usually
highest. Compared with results from PARADE (see Fig. B.7 of the supplement)
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in which PAN had been measured with a precursor version of this instrument with
a 2Po-ioniser, frequency and amplitude of the PAN mixing ratios throughout
the campaign were very similar. However, due to the high and variable chemical
background at m/z 59, as already pointed out in Sect. 2.4.1, the detection limit
during NOTOMO was about an order of magnitude worse than in PARADE (see
Table 2.2). As we did not require higher temporal resolution than a few minutes for
analysis, this was not a key issue here. The measurements with the RF discharge
ion source had adequate sensitivity towards PAN in this moderately polluted region
and have the additional advantage over 2'°Po of simultaneous detection of SO, and
HCI. In contrast, the differentiation between PAA and acetic acid is problematic.
During NOTOMO, we were unaware of the sensitivity towards acetic acid at m/z
59 and the signal without PAN (i.e. during titration of CH3C(O)O5 with NO) was
measured with 20 V de-clustering only and therefore represents a combined signal
of PAA and acetic acid. Although peracetic acid calibration was performed during
the campaign, this is not considered reliable because the PAA diffusion source also
contains significant amounts of acetic acid. For this reason, we present only an
upper limit for acetic acid, ranging between 0 and 8 ppbv. From the PAN-to-PAA
ratio calculated for PARADE (about 10) we would also expect several hundred
pptv of PAA to be present (see Fig. B.7 of the supplement), which would lower
this approximate acetic acid mixing ratio significantly.

2.7.3 IBAIRN 2016

The IBAIRN campaign (Influence of Biosphere-Atmosphere Interactions on the
Reactive Nitrogen budget, summer 2016) took place in boreal forest in Hyytiéla,
Finland, an area with large biogenic emissions and low-NO, conditions (Liebmann
et al.,, 2018). The CI-QMS inlet was located at about 6 m height within the
canopy. A time series of SOy, HCl, PAN, PAA and the signal at m/z 59 that has
contributions from both acetic and peracetic acid is shown in Fig. 2.8.

During IBAIRN SO, was monitored by the CI-QMS as ISO3 (m/z 207) with
mixing ratios up to 1 ppbv. SO, mixing ratios were largest when the air originated
from the north-east (point sources like coal-burning power plants in northern Fin-
land and Russia) but only occasionally exceeded 100 pptv in this remote, forested
environment. Independent SOy measurements, using a TEI 43 CTL fluorescence
analyser (SMEAR II station, University of Helsinki) were made on a tower at
a 16 m height (5m distant from the CI-QMS inlet but approximately at canopy
height) and allow a direct comparison to be made. The datasets are generally
in good agreement (Fig. 2.8a), although some SO, plumes were only observed at
the higher inlet due to strong gradients in trace gas concentrations resulting from
boundary layer dynamics.

HCI (Fig. 2.8b) was measured as I(CN)Cl~ (m/z 188 and 190) with mixing
ratios up to 300 pptv showing a distinct diurnal profile with a maximum in the
afternoon, which reflects temperature-dependent changes in partitioning between
the gas phase and particle phase in which HCI is converted into NH,CI.
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Figure 2.8: CI-QMS time series of SO2, HCl, PAN and PAA mixing ratios and m/z
59 during the IBAIRN campaign, which was undertaken in boreal forest. The red SO9
trace was obtained using a TEI 43 CTL fluorescence analyser (SMEAR II). The signal at
m/z 59 was converted to ppbv assuming that it consists only of acetic acid (no peracetic
acid). The mixing ratios are therefore only an upper limit.

The combined PAA and acetic acid signal at m/z 59 obtained with de-clustering
at 20V (Fig. 2.8e) displays the diurnal profile expected from photochemically
generated trace gases with night-time depositional losses. However, as explained
in Sect. 2.7.2, we cannot easily separate the contribution to the signal from PAA
and acetic acid. When NO is added (see Fig. B.3), the signal at m/z 59 with low
de-clustering is due to PAA only (Fig. 2.8d), but the PAA detection limit is poor
due to a low sensitivity and elevated and variable background signal during zeroing.
The PAA contribution to the total signal at m/z 59 is likely to be substantial but
cannot be calculated as the sensitivity of the CI-QMS to PAA during de-clustering
(Fig. 2.8e) is unknown, a result of the presence of unknown amounts of acetic acid
in the PAA diffusion source. The use of a 2!%Po-ioniser would have greatly improved
the PAN (see Fig. 2.8¢c) and PAA data quality, as evidenced by the PAN and PAA
measurements reported for the same location during 2010 (Phillips et al., 2013;
Crowley et al., 2018).
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2.8 Conclusions

The CI-QMS with an RF discharge ion source is a promising alternative to similar
instruments using 2!°Po-based ion sources and can be deployed in environments
for which permission to use of 2!°Po may be difficult or impossible to obtain or
to which transportation is not feasible. The use of the RF discharge results in an
extension of the established detection schemes (e.g. for CINOy and PAN) using
I~ ions, and we have identified ion schemes involving 10, and I(CN)_ primary
ions that additionally enable detection of SO, and HCL. Detection limits (20, 1s
integration) are 56 pptv for SOy, 135 pptv for HCI and 12 pptv for CINOy which
makes the CI-QMS a useful tool for investigation of atmospheric processes related
to sulphur and chlorine chemistry. Application of the instrument with the RF
discharge ion source for PAN detection is limited to polluted environments where
mixing ratios usually exceed a hundred pptv and high temporal resolution is not
needed. This restriction is mainly due to a background count rate that is higher
by 1-2 orders of magnitude compared to the use of ?'Po and due to a strong
dependence of the measurement uncertainty on the variability of the subtracted
interpolated background signal (consisting of PAA and acetic acid). A PAN detec-
tion limit (in the absence of PAA and acetic acid) of 34 pptv in 1s was obtained,
though this value will rarely be reached in boundary layer air masses where acetic
acid and peracetic acid are abundant. Similarly, while sensitive detection of PAA
(requiring de-clustering) is precluded by the detection of acetic acid at the same
m/z, the selective detection of acetic acid is uncertain due to the contribution of
PAA.

The deployment of the CI-QMS with RF discharge and its advantages and dis-
advantages compared to instruments using 2!°Po-based ionisation are illustrated
in three campaign datasets, which demonstrate its potential to monitor trace gases
at mixing ratios ranging from a few tens of pptv to a few ppbv. If the scientific
focus is on PAA and PAN, the RF-discharge-based CI-QMS is clearly disadvan-
taged compared to the more selective and sensitive 2!°Po-based ionisation. On the
other hand, the potential to measure CINOy without logistical obstacles related to
transport and (mobile) operation of radioactive sources and the added benefit of
simultaneous measurement of HCl and SO, may in some instances tip the balance
in its favour.
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This chapter is based on the manuscript “Pyruvic acid in the boreal forest: first
measurements and impact on radical chemistry” published in Atmospheric Chem-
istry and Physics Discussions (ACPD) as Eger et al. (2019¢). It focusses on the first
measurements of pyruvic acid in a boreal forest environment during the IBAIRN
campaign, for which SO, HCl, PAN and PAA /acetic acid mixing ratios have
been reported in Sect. 2.7.3

Summary

Pyruvic acid, CH3C(O)C(O)OH, is an organic acid of biogenic origin that plays a
crucial role in plant metabolism, is present in tropospheric air in both gas-phase
and aerosol-phase and is implicated in the formation of secondary organic aerosols
(SOA). Up to now, only a few field studies have reported mixing ratios of gas-
phase pyruvic acid and its tropospheric sources and sinks are poorly constrained.
We present the first gas-phase measurements of pyruvic acid in the boreal for-
est as part of the IBAIRN (Influence of Biosphere-Atmosphere Interactions on
the Reactive Nitrogen budget) field campaign in Hyytidld, Finland, in September
2016. The mean pyruvic acid mixing ratio during IBAIRN was 96 pptv, with a
maximum value of 327 pptv. From our measurements we derived the overall pyru-
vic acid source strength and quantified the contributions of isoprene oxidation and
direct emissions from vegetation in this monoterpene-dominated, forested environ-
ment. Further, we discuss the relevance of gas-phase pyruvic acid for atmospheric
chemistry by investigating the impact of its photolysis on acetaldehyde and peroxy
radical production rates. Our results show that, based on our present understand-
ing of its photo-chemistry, pyruvic acid is an important source of acetaldehyde in
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the boreal environment, exceeding ethane/propane oxidation by factors of ~ 10
and = 20.

3.1 Introduction

Organic acids play a crucial role in tropospheric chemistry. They influence the
acidity of aerosols and cloud droplets and are involved in the formation of sec-
ondary organic aerosol (SOA), thereby impacting air quality and climate (Kanaki-
dou et al., 2005; Hallquist et al., 2009). Pyruvic acid (CH3C(O)C(O)OH), the
simplest a-keto-acid, is omnipresent in plants where it is central to the metabolism
of isoprene, monoterpenes and sesquiterpenes (Magel et al., 2006; Jardine et al.,
2010) and is also found in tropospheric air, especially in the boundary layer of
vegetated regions (see Sect. 3.1.3).

The boreal forest is one of the largest terrestrial biomes on Earth covering about
10 % of its land surface and emitting large amounts of biogenic VOCs into the at-
mosphere (Kesselmeier and Staudt, 1999; Rinne et al., 2005; Hakola et al., 2012).
It serves as an important global carbon reservoir (Bradshaw and Warkentin, 2015)
and impacts the Earth’s climate not only through forest-atmosphere carbon ex-
change but also via surface albedo, evapotranspiration and formation of cloud
condensation nuclei and SOA from gaseous biogenic precursors (Kulmala et al.,
2004; Bonan, 2008; Sihto et al., 2011). Our work focusses on the first measurement
and chemical impact of pyruvic acid in a boreal forest environment.

3.1.1 Atmospheric sources of pyruvic acid

There are several known routes to the photochemical formation of pyruvic acid in
the troposphere. In clean air, pyruvic acid is generated during the photo-oxidation
of isoprene via the ozonolysis of methylvinylketone (MVK) and subsequent hydrol-
ysis of the Criegee intermediates formed (Jacob and Wofsy, 1988; Grosjean et al.,
1993; Paulot et al., 2009). Pyruvic acid is found in the photolysis (in air) of
methylglyoxal (Raber and Moortgat, 1995), itself formed from the OH-initiated
oxidation of several biogenic VOCs (Arey et al., 2009; Obermeyer et al., 2009)
including monoterpenes (Yu et al., 1998; Fick et al., 2003). The aqueous-phase
oxidation of methylglyoxal also leads to formation of pyruvic acid (Stefan and
Bolton, 1999). In addition, pyruvic acid is found in anthropogenically influenced
air masses where it is formed in the photo-oxidation of aromatics in the presence of
NO, (Grosjean, 1984; Praplan et al., 2014) and via the reactions of peroxy radicals
generated in the oxidation of propane, acetone and hydroxyacetone (Jenkin et al.,
1993; Warneck, 2005). It is also suggested to be formed in biomass burning plumes
(Andreae et al., 1987; Helas et al., 1992). Finally, pyruvic acid is believed to be
directly emitted by vegetation as indicated by measurements of very high mix-
ing ratios under oxidation-free conditions in a tropical rain-forest biome (Jardine
et al., 2010).
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3.1.2 Atmospheric sinks of gas-phase pyruvic acid

Like other di-carbonyls, pyruvic acid has a UV-absorption spectrum that extends
into the visible part of the electromagnetic spectrum (Horowitz et al., 2001) and is
thus photolysed rapidly by actinic radiation. Experimental studies indicate that
pyruvic acid has a lifetime with respect to photolysis of a few hours (Grosjean,
1983; Winterhalter et al., 2001). In contrast, the rate constant for reaction of
pyruvic acid with OH is slow (1.2 x 107'3 cm® molecule™! s7, (IUPAC, 2019)) and
this may be considered a negligible sink with a lifetime of ~ 3 months (Mellouki and
Mu, 2003). The photolysis of pyruvic acid proceeds mainly (= 60 %) via exothermic
decarboxylation involving a 5-membered transition state that decomposes to CO,
and methyl-hydroxycarbene (CH3COH), the latter rearranging to acetaldehyde
(IUPAC, 2019). Other product channels observed are CH3CO + HOCO (=35 %)
and CO + CH3C(O)OH (=5 %) (see Sect. 3.3.2 for more details). With a Henry’s
law solubility of ~3 x 10> Matm™! (Staudinger and Roberts, 1996), pyruvic acid
is highly soluble so that wet and dry deposition and partitioning into the aerosol-
phase are expected to be important sinks, especially at high relative humidity,
thus contributing to SOA formation (Carlton et al., 2006; Tan et al., 2012; Griffith
et al., 2013; Reed Harris et al., 2014; Eugene and Guzman, 2017).

3.1.3 Observations of ambient gas-phase pyruvic acid

Pyruvic acid was first observed by Andreae et al. (1987) in the Amazonas region
(Brazil) as well as in the southern US, with most (85-93%) found in the gas-
phase, where mixing ratios ranged from 10 to 400 pptv. Andreae et al. (1987)
reported the highest mixing ratios for the Amazon forest near the top of the for-
est canopy, which was considered consistent with formation from the oxidation of
isoprene in the boundary layer and removal by dry deposition. Similarly, aver-
age daytime mixing ratios of pyruvic acid over central Amazonia of (254 15) pptv
(forest canopy) and (15=+15) pptv (free troposphere) (Talbot et al., 1990) were
consistent with model predictions (Jacob and Wofsy, 1988) of pyruvic acid for-
mation from isoprene degradation. Helas et al. (1992) found pyruvic acid mixing
ratios up to 800 pptv in and above the equatorial African rain forest which could
not be attributed to isoprene oxidation, indicating additional sources. Pyruvic
acid levels of up to 200 pptv in the rural continental atmosphere at a mountain
top site over the Eastern U.S. were thought to originate from biogenic emissions
and possibly photochemical production (Talbot et al., 1995). In regions influenced
by anthropogenic emissions, pyruvic acid has been measured at mixing ratios of
up to 500 pptv whereby the diurnal profiles indicated a dominant photochemical
source (Mattila et al., 2018), and it was present in an urban air mass in the Los
Angeles Basin and New York (Khwaja, 1995; Veres et al., 2008). Very low mixing
ratios (= 1 pptv) of pyruvic acid were found in the marine boundary layer over the
Atlantic Ocean (63 °N to 39°S), confirming the importance of continental sources
(Baboukas et al., 2000). The largest recorded ambient mixing ratios of pyruvic
acid (up to 15ppbv) were reported in an experimental tropical rain forest biome
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(Jardine et al., 2010) and were accompanied by isoprene levels exceeding 100 ppbv
with other terpenoids up to ~ 10 ppbv. In the biome, photochemical production
and loss of pyruvic acid are not important and the high pyruvic acid mixing ratios
were attributed to direct emissions.

Pyruvic acid is a potentially important but unexplored atmospheric component
which is present in the gas-phase as well as in the aerosol phase (Andreae et al.,
1987) and, along with other di-carbonyls, has been proposed to be a potentially
important source of CH;C(0O)0Oy and HO, radicals in areas dominated by biogenic
emissions (Crowley et al., 2018). So far, elevated pyruvic acid mixing ratios have
only been observed in temperate or equatorial forests where isoprene emissions were
large. In the following, we present the first gas-phase measurements of pyruvic acid
in the boreal forest where isoprene levels (in September) were generally low and
investigate its impact on photochemical radical production in this environment.

3.2 Methods

The IBAIRN campaign (Influence of Biosphere-Atmosphere Interactions on the
Reactive Nitrogen budget) took place in the boreal forest in Hyytidla, Finland, in
September 2016 during the summer—autumn transition. Measurements were per-
formed at the “Station for Measuring Forest Ecosystem-Atmosphere Relations 11”7
(SMEAR II) in Hyytidld (61.846°N, 24.295°E, 180 m above sea level) in southern
Finland (Hari and Kulmala, 2005), in a forested area which is characterised by
large biogenic emissions and low NO, concentrations (Williams et al., 2011; Crow-
ley et al., 2018; Liebmann et al., 2018). The vegetation in the surrounding 50 km
is dominated by Scots pine and Norway spruce and the site is only occasionally
influenced by anthropogenic emissions, with the nearest city (Tampere) located
~ 50 km to the south-west. A detailed description of the measurement site can be
found elsewhere (Hari and Kulmala, 2005; Hari et al., 2013). Meteorological pa-
rameters including wind direction, wind speed, temperature, relative humidity and
precipitation are continuously monitored at various heights on the 128 m SMEAR
IT tower and distributed via an on-line data exploration and visualisation tool for
SMEAR stations (Junninen et al., 2009). Measurements of NOj radical reactivity,
alkyl nitrates, highly oxygenated molecules (HOM) and meteorological parameters
during the IBAIRN campaign have recently been reported (Liebmann et al., 2018;
Zha et al., 2018; Liebmann et al., 2019). Unless stated otherwise, the trace-gases
discussed in this paper were sampled from the centre of a high volume-flow inlet
(10m3min~!, 0.15m diameter, 0.2s residence time) made of stainless steel, the
top of which was located at a height of 8m above the ground. The top of the
canopy around the clearing was at ~20m.

3.2.1 CI-QMS measurement of pyruvic acid

Pyruvic acid was detected with a chemical ionisation quadrupole mass spectrom-
eter (CI-QMS) equipped with an electrical, radio-frequency (RF) discharge ion
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source, described in detail by (Eger et al., 2019a). The CI-QMS detected pyruvic
acid as CH3C(O)C(0O)O~ at a mass-to-charge ratio (m/z) of 87. The sensitivity
was 4.8 Hzpptv™! per 10°Hz of 17, which resulted in a detection limit (LOD)
of 15pptv (10s, 20) or 4pptv (10min). The detection scheme is believed to
be similar to the one reported for acetic acid (Eger et al., 2019a) and involves
the reaction of pyruvic acid with I(CN); primary ions to initially form HCN
+ I(CN)CH3C(0)C(0)O~ (m/z 240) which then dissociates to CH3C(O)C(O)O~
(m/z 87) when a 20V de-clustering voltage is applied in the collisional dissocia-
tion chamber. Laboratory experiments with the same instrument equipped with
a 21%Po ioniser revealed that detection at m/z 87 is also possible with I~ (when a
de-clustering voltage is applied), though the sensitivity was significantly lower.

As detection of pyruvic acid during IBAIRN was not expected, the instrument
was calibrated post-campaign by simultaneously monitoring the output of a diffu-
sion source (98 % pyruvic acid, Sigma-Aldrich) with the CI-QMS and an infrared
absorption spectrometer measuring CO, (LI-COR) following the thermal oxidation
of pyruvic acid to 3 COy molecules (Veres et al., 2010). The CI-QMS sensitivity
to pyruvic acid was found to be independent of relative humidity (RH) for RH
>20%. For dry air, however, the sensitivity drops to about 60 % of the sensitiv-
ity derived with humidified air reflecting the importance of water clusters in the
reaction with the primary ion.

A flow of 2.5 L (standard temperature and pressure, STP) min~! was drawn into

the CI-QMS via a 3m long 6.35 mm (outer diameter, OD) PFA tubing and then a
20 cm section of PFA that was heated to 200 °C, required for PAN detection (Eger
et al., 2019a). A membrane filter (Pall Teflo, 2 um pore) was placed between
the high-volume inlet and CI-QMS sampling line to remove particles and was
exchanged regularly to avoid accumulation of particulate matter. The ion molecule
reactor was held at a pressure of 18 mbar and a de-clustering voltage of 20V
was applied in the collisional dissociation chamber. The background signal was
determined by periodically passing ambient air (for 10 min) through a scrubber
filled with steel wool where pyruvic acid was efficiently destroyed at the hot surfaces
(120°C). Due to pyruvic acid’s high affinity for surfaces, it typically took 5-10
minutes to remove >90% of the signal, which resulted in a background signal
that co-varied with the ambient signal at m/z 87. In order to circumvent this,
we corrected the data using a constant background signal derived from ambient
measurements in which pyruvic acid mixing ratios were close to the detection limit
or when the inlet was overflowed with synthetic air whilst calibrating other trace
gases. We have increased the total uncertainty on the pyruvic acid mixing ratios
to 30 % =4 10 pptv to account for this.

The sensitivity of the CI-QMS to pyruvic acid can be accurately derived from
laboratory-based calibrations. However, m/z 87 is subject to potential interfer-
ences owing to the limited mass resolution (=1 atomic mass unit, amu) of our
quadrupole mass spectrometer. In the following, we discuss potential contribu-
tions of other trace gases to m/z 87 and examine the evidence that supports the
assignment to (predominantly) pyruvic acid.
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Analogous to the detection of PAN (CH3C(O)O2NO,) as the acetate anion at
m/z 59, we would expect the CI-QMS to detect C4 nitric anhydrides (peroxy-
isobutyric nitric anhydride, PiBN and peroxy-n-butyric nitric anhydride, PnBN)
at m/z 87 following thermal dissociation to a peroxy radical, which reacts with
I~ to form C,H;O5. As the CI-QMS detects the peroxy-acids at the same m/z
as the nitric anhydrides with the same carbon-backbone, we would also expect to
detect peroxyisobutyric acid and peroxy-n-butyric acid (Phillips et al., 2013). The
CI-QMS was set up to measure PAN during IBAIRN and we therefore regularly
added NO to our heated inlet to zero the signal from PAN and thus also PiBN and
PnBN. The lack of signal modulation at m/z 87 while adding NO enables us to
conclude that the contribution of PiBN and PnBN was insignificant, which is con-
sistent with the low mixing ratios of PAN (the dominant nitric-anhydride at this
and most locations) observed during IBAIRN. Mixing ratios of PiBN and PnBN,
generally associated with anthropogenically influenced air masses, are expected to
be low at this site. Similarly, although differentiation between pyruvic acid and
peroxyisobutyric / peroxy-n-butyric acid was not possible with our instrument, we
expect the C4 peroxy-acids to be present at very low concentrations in this pristine
environment as their organic backbone is derived from organics of mainly anthro-
pogenic origin (Gaffney et al., 1999; Roberts et al., 2002, 2003). Similar arguments
help us to rule out a significant contribution on m/z 87 from butanoic acid (which
can react with I(CN); in a similar manner to acetic and pyruvic acid), which ac-
companies anthropogenic activity (e.g. traffic emissions, see Mattila et al. (2018))
and would not acquire continuously high concentrations at this site. Assuming
similar sensitivities for butanoic and acetic acid, i.e. 0.62 Hzpptv™! (Eger et al.,
2019a) concentrations of exceeding 2.5 ppbv would be required to account for the
signal at m/z 87.

While the low resolution of the CI-QMS cannot differentiate between molecules
of 87.008 amu with the formula C3H303 (the anion from pyruvic acid) and 87.045
amu with the formula C,H7;05 (the anion from PiBN, PnBN or butanoic acid), a
second measurement of the exact mass of the anion detected at m/z 87 was pro-
vided by an Aerodyne high-resolution long time-of-flight chemical ionisation mass
spectrometer (HR-L-ToF-CIMS), equipped with iodide (I7) reagent ions (Lopez-
Hilfiker et al., 2014; Riva et al., 2019). This instrument was located about 50 m
away from the common inlet and sampled at a height of 1.5m above the ground.
Although neither the instrument nor its inlet transmission was calibrated for pyru-
vic acid, the signals at 214.921 amu (C3H,O3-17) and 87.008 amu (C3H303) con-
firmed the assignment of m/z 87 to a molecule with three of each C- and O-atoms,
and thus pyruvic acid. Figure C.1 of the supporting information shows that the
dominant contribution to m/z 87 is an ion of formula C3H303, which is a factor
of ~10 larger than that assigned to C;H;0O5;. The HR-L-ToF-CIMS, which was
operated under conditions that minimised de-clustering, also identified a signal at
214.921 amu that could be assigned to C3H4O5-17, which was about a factor of 10
higher than for the fragment at 87.008 amu. The correlation coefficient between
both signals was 0.77, the deviation from unity likely being related to different
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response to ambient relative humidity for formation and detection of the cluster
and fragment. Pyruvic acid has been detected previously using a HR-L-ToF-CIMS
(Lee et al., 2014) whereby a strong dependence of the sensitivity on the relative
humidity was observed. If the same factors apply to the instrument used during
IBAIRN, a significant change in sensitivity (up to a factor of 2) would have been
observed over the course of the diel cycle when RH varied, for example, from 50 %
at noon to 100 % at night. One might also expect a reduction in inlet transmission
for this soluble, sticky trace gas at high relative humidity. As we have reported
previously from the IBAIRN campaign (Liebmann et al., 2018), differences in mix-
ing ratios of trace gases measured using the inlet at 8 m (e.g. CI-QMS) and that
at 1.5m (e.g. HR-L-ToF-CIMS) were great, and especially for soluble trace-gases,
displayed different diel profiles due to the impact of ground-level fog in the evenings
at the lower level. For these reasons, the uncalibrated HR-L-ToF-CIMS signal is
used only to support the identification of pyruvic acid at m/z 87.

3.2.2 Other trace gases and meteorological parameters

Measurements of Oz, NO, NO,, VOCs and meteorological parameters (T, RH,
wind speed and direction, photolysis rate coefficients and UVB-radiation) during
IBAIRN have recently been described in detail (Liebmann et al., 2018, 2019).
Briefly, O3 was measured by a commercial ozone monitor (2B-Technology, Model
202) based on optical absorption spectroscopy with a LOD of 3 ppbv (10s) and a
total uncertainty of 2% =+ 1ppbv. NO was monitored using a chemiluminescence
detector (CLD 790 SR, ECO Physics, Dirnten, Switzerland) with a LOD of 5 pptv
(60s) and a measurement uncertainty of 20 %. The NO, dataset was provided by
a b-channel, thermal dissociation cavity ring-down spectrometer (TD-CRDS) with
a LOD of 60pptv (60s) and a total uncertainty of 6 % (Sobanski et al., 2016).
CO was measured by a quantum cascade laser (QCL) spectrometer with a total
uncertainty of < 20%. VOC measurements (isoprene and monoterpenes) were
performed with a gas chromatograph (Agilent 7890B GC) coupled to an atomic
emission detector (JAS AEDIII, Moers, Germany) with an accuracy of 5% (see
supplement of Liebmann et al. (2018)). The GC-AED provides useful information
on the contribution of a-pinene, 5-pinene, A-3-carene, camphene and d-limonene
to the sum of monoterpenes. Isoprene and total monoterpenes were additionally
measured with a proton transfer reaction time of flight mass spectrometer (PTR-
TOF 8000, Ionicon Analytic GmbH) (Jordan et al., 2009; Graus et al., 2010), which
was located about 170 m away in dense forest, sampling at a height of 2.5 m above
ground. As the PTR-ToF-MS provides a higher temporal resolution than the GC-
AED (&1 data point per hour), we used this dataset to investigate potential co-
variations of pyruvic acid with isoprene and total monoterpenes, bearing in mind
that the mixing ratios of monoterpenes observed at the two locations sometimes
differ owing to an inhomogeneous distribution of sources and poor mixing within
the canopy (Liebmann et al., 2018).

Temperature and relative humidity were measured at the common inlet as well
as on the nearby SMEAR II tower at a height of 8 m above ground. Wind direction



66 Chapter 3 First gas-phase measurements of pyruvic acid in the boreal forest

and speed were measured on the SMEAR II tower (8 m) along with Ultraviolet-B
radiation (UVB, 280-320 nm, Solar Light SL501A radiometer, 18 m); the data was
provided via SMART-Smear (Junninen et al., 2009). Photolysis rate coefficients
(Jno2, Jnos and Jpy,) were calculated from actinic flux measurements at 35m
height using a spectral radiometer (Metcon GmbH) and evaluated cross sections
and quantum yields (Burkholder et al., 2015). OH radical concentrations were
calculated from the correlation of ground-level OH-measurements with ultraviolet
B radiation intensity (UVB, in units of Wm™2) at the Hyytidla site (Rohrer and
Berresheim, 2006; Petdjé et al., 2009; Hellén et al., 2018). To account for gradients
in OH between ground-level and canopy height (Hens et al., 2014), the calculated,
ground level OH concentrations (50 % uncertainty) were multiplied by a factor of
2.

3.3 Results and discussion

The IBAIRN campaign was characterised by relatively high day-time tempera-
tures for September and frequent night-time temperature inversions which were
accompanied by drastic losses of ozone and an increase in monoterpenes in a very
shallow nocturnal boundary layer of ~35m compared to ~570m during daytime
(Hellén et al., 2018; Liebmann et al., 2018; Zha et al., 2018; Liebmann et al., 2019).
The high variability in the boundary layer height over the course of the diel cycle
dictated the diel pattern of many of the trace gases. A time series of pyruvic acid
mixing ratios together with isoprene, monoterpenes, NO,, O3 and meteorological
parameters is presented in Fig. 3.1. Pyruvic acid was present at mixing ratios of
17-327 pptv, with a mean value of (96 £ 45) pptv and a median of 97 pptv (based
on 1740 data points at 10 min temporal resolution). On several days the pyruvic
acid mixing ratios co-vary with those of isoprene and monoterpenes, with night-
time maxima resulting from emissions into the very shallow boundary layer, which
is especially apparent in the period 9-15 September 2016.

In the following we focus briefly on data from two days (9-10 September, see
Fig. 3.2) during which the local wind direction /speed and 48 h back-trajectories
(HYSPLIT, Draxler and Rolph (2011)) indicated that the air had occasionally
passed over a sawmill to the south-east before reaching the measurement site.
As previously observed at this site (Eerdekens et al., 2009; Williams et al., 2011;
Hakola et al., 2012) air impacted by the sawmill has greatly elevated monoter-
pene mixing ratios. In this case >2ppbv of monoterpenes were observed on 9
September, 21 UTC and also > 1 ppbv on 10 September, 19 UTC. For the latter
event, pyruvic acid and monoterpene mixing ratios were strongly correlated with
R? = 0.83 (Fig. C.2) between 14:00 and 20:00 UTC. Values of R* > 0.75 were
also observed on other days (e.g. 13 September 12-23 UTC and 14 September,
620 UTC). We later show that, although isoprene mixing ratios were enhanced
(up to ~200pptv) and co-varied with pyruvic acid as well (e.g. R? = 0.89 on
10 September, 14-22 UTC, see Fig. C.2, and R? = 0.80 on 13 September, 12-23
UTC), they were too low to contribute significantly to pyruvic acid formation via
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Figure 3.1: Time series of pyruvic acid mixing ratios, photolysis rate (Jpy:), isoprene
and monoterpenes (PTR-ToF-MS, GC-AED), NO, (NOy + NO), Os, RH, temperature
(at 4 and 125m, with night-time inversions indicated by the coloured area) and wind
speed and direction during the IBATRN campaign.

reaction with OH or O3. When considering the whole campaign, the correlation
of pyruvic acid with isoprene and monoterpenes was much weaker (see Fig. C.2).
Further, no correlation (R? < 0.1) was found between pyruvic acid mixing ratios
and actinic flux, temperature or relative humidity and there was no indication
of elevated pyruvic acid mixing ratios in anthropogenically influenced air masses,
marked by high levels of NO,. Below we show that known photochemical sources
of pyruvic acid are insufficiently strong to account for the observed mixing ratios.

3.3.1 Sources and sinks of pyruvic acid

Figure 3.3 shows a diel profile of pyruvic acid, isoprene, monoterpenes, O3, OH and
photolysis rate coefficient (J,y,) for the whole IBAIRN campaign. The diel profile
of pyruvic acid neither follows the actinic flux (or OH) nor O3 (markers of photo-
chemical activity), but has features in common with isoprene and total monoter-
penes including a rapid increase between 15 and 17 UTC prior to a decrease in
mixing ratio towards midnight. The diel patterns observed are mainly determined
by the interplay between production/emission rate (dependent on temperature
and light), the boundary layer height and chemical and physical loss processes,
such as dry deposition. On nights impacted by strong temperature inversions, the
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Figure 3.2: Time series of pyruvic acid, photolysis rate (Jpy:), isSoprene, monoterpenes
(MT), NO,, O3, RH, temperature and wind speed and direction for 9-10 of September
2016 where the measurements were impacted by emissions from the nearby sawmill (in
particular on 9 September, 16-21 UTC and 10 September around 19 UTC).

17:30 UTC peak was more pronounced indicating the important role of boundary
layer dynamics. The diel profile of pyruvic acid bears more resemblance to that of
isoprene than to that of monoterpenes, which may indicate that the emission rate
is sensitive to both temperature and levels of photosynthetically active radiation
(PAR). It is also conceivable that pyruvic acid is not only emitted by the same
vegetation as isoprene or monoterpenes but that fresh undergrowth and decaying
vegetation may play a role. Enclosure experiments would be useful to clarify this.

Combining measurement of the mixing ratios of isoprene, monoterpenes and
pyruvic acid with calculated loss rates of each enables rough estimation of the
source strength of pyruvic acid relative to that of monoterpenes or isoprene. The
rate constant for reaction with of OH with pyruvic acid is slow (Mellouki and Mu,
2003) so that its main chemical sink during the day is photolysis, with a photolysis
rate coefficient of J,y, &~ 4x107° s at solar noon (& 10:00 UTC, see Fig. 3.3). The
high solubility of pyruvic acid (see above) implies that dry deposition will be an
important sink. To assess its impact on pyruvic acid lifetimes we use the day-time
deposition velocity for HyOs (Vgep = (8 +4) ¢cm s™1) previously reported for this
location (Crowley et al., 2018). The rationale for using the deposition velocity
for HyO, as surrogate for pyruvic acid is a similar solubility (Hpsoe ~ 1 x 10°
Mol atm™). Using kgep = Vaep A~ ' and a boundary layer height h of 570 m at
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solar noon (Hellén et al., 2018) results in a loss rate constant for deposition of
kgep = 1.6 x 107* s71. The overall loss rate (photolysis + deposition) of pyruvic
acid is then Ly, = 2.0 x 107* s7!, corresponding to a lifetime at solar noon of
1.4 h. We emphasise that the calculated lifetime (and thus the source strength
we derive below) are very sensitive to the estimated deposition rate and are thus
subject to major uncertainties.

To calculate the lifetime and the emission rates (at 10:00 UTC) of isoprene and
monoterpenes, we assumed that reaction with OH (at 1.5 x 10° molecule cm ™3, see
Fig. 3.3) and Oj are the main loss processes and that dry deposition is insignificant.
For isoprene, we used the rate coefficients evaluated by IUPAC (Atkinson et al.,
2006; TUPAC, 2019), for the monoterpenes we used the rate coefficients (also from
IUPAC) for a-pinene, which constituted, on average, more than 50 % of the overall
monoterpene mixing ratio. This resulted in a loss rate constant for isoprene (Lisop)
and monoterpenes (Ly) of 1.4 x 107 s71 for both trace gases, corresponding to
a lifetime of ~2h.

Assuming steady state (ss) for all three trace gases, the source strength for pyru-
vic acid (Spyr) relative to the emissions rates of isoprene (Ej,,) or monoterpenes
(Eyr) is given by Eq. (3.1) and (3.2) where [pyr], [isop] and [MT] are the measured
mixing ratios of pyruvic acid, isoprene and monoterpenes.

Spyr _ [pyr]ss prr (3 1)
Eisop [iSOP]ss Lisop ‘

Spyr — [pyr]SS prr (32)
EMT [MT}SS LMT

Taking the diel averaged mixing ratios of pyruvic acid, isoprene and monoterpenes
at 10:00 UTC (83, 22 and 168 pptv) and the loss terms calculated above, results
in a pyruvic acid source strength relative to isoprene and monoterpenes (based
on the PTR-ToF-MS measurements) of 5 and 0.6, respectively (Table 3.1). When
using the (low time resolution) GC-AED dataset for isoprene and monoterpenes,
these values increase to 10 and 0.9, respectively.

In steady-state, using Spyr = [Pyr]ss Lpyr, the pyruvic acid source strength needed
to account for the observed 10:00 UTC mixing ratios of ~80 pptv is S,y = 60 pptv
h™! (or 12pptvh~! when neglecting dry deposition, see Table 3.1). These values
can be compared with the production rate of pyruvic acid from the photochemical
oxidation of isoprene, which we calculate to be 0.02 pptvh~!, orders of magnitude
too small to explain the pyruvic acid mixing ratios observed. The basis for this
calculation were measured isoprene and Oz mixing ratios and the results from
chamber experiments (Grosjean et al., 1993; Paulot et al., 2009) that report a
pyruvic acid yield from isoprene oxidation of &~ 2 %. Pyruvic acid is also a product
of the ozonolysis of methyl vinyl ketone (MVK), with a yield of ~5% (Grosjean
et al., 1993). In order to explain the observed pyruvic acid mixing ratios by the
production rate from MVK alone would require 16 ppbv of MVK, which is a factor
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Table 3.1: Calculated source strength of pyruvic acid (Spyr), production rate from

isoprene + O3 (Spyr (isop+03)) and emission rates of isoprene (Ejisop) and monoterpenes

(EnvT) at solar noon.

Source strength / emission rate Jpyr = 4 X 10°° ¢! Jpyr = 4 X 107° g1

[pptvh—!] kdep =16 x 107° 571 kqep = 0
Spyr 60 12
Spyr (isop+03) 0.02

PTR-ToF-MS GC-AED
Eisop 12 6
Byt 94 65

Notes: Sy, is the net source strength (emission rate 4+ production rate) of pyruvic acid based
on measured mixing ratios at solar noon, the assumption of steady-state and that photolysis
(Jpyr) and deposition (kqep) are the only significant loss processes. The net source strength
is derived for two different values of kqep as discussed in the text. Py, (isop03) is the rate
of photochemical production of pyruvic acid from isoprene oxidation. The net isoprene and
net monoterpene emission rates (Eisop and Eyr) were calculated using their mixing ratios and
considering the reactions with OH and Os as the only relevant loss terms. Emission rates are
shown for both VOC datasets (PTR-ToF-MS and GC-AED).

~ 60 more than observed at this site during September (Hakola et al., 2003) and
clearly not feasible.

As the degradation of monoterpenes is not expected to generate pyruvic acid
(Vereecken et al., 2007; IUPAC, 2019), we conclude that, in the boreal forest around
Hyytiala, the main source of pyruvic acid is direct emission from the biosphere
and not photochemical production via reactions of OH or Os. This is consistent
with the measurements of (Jardine et al., 2010) who report high mixing ratios of
pyruvic acid resulting from direct emission in an O3 and OH-free environment.
Measurements in different seasons and enclosure experiments would be useful to
validate these conclusions.

3.3.2 Role of pyruvic acid in the troposphere

In this section, we assess the potential role of pyruvic acid as source of radicals
and other reactive trace gases in the boreal forest. Figure 3.4 provides an overview
of the sources and sinks of pyruvic acid. The dominant photochemical loss process
of pyruvic acid is its photolysis. Experimental data on its UV-cross-sections and
photodissociation quantum yields have recently been evaluated by the TUPAC
panel (IUPAC, 2019). The thermodynamically accessible dissociation pathways
are listed below (R 3.1-3.3).

CH;C(0)C(0)OH + hy — CH;CHO + CO, (R3.1)
— CH;3CO + HOCO (R3.2)
— CH;C(O)OH + CO (R3.3)
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Figure 3.4: Sources of pyruvic acid and mechanism of formation of CH3CHO, HO4
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methyl vinyl ketone, MGLY = methylglyoxal. Numbers in parentheses indicate branch-
ing ratios. CH3COH is the methyl-hydroxycarbene that is believed to mainly rearrange
to form CH3CHO.
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Table 3.2: Calculated production rates of acetaldehyde (CH3CHO), HO2 and
CH3C(0)Oz from the photolysis of pyruvic acid at solar noon.

CH3CHO production rate [pptvh!] Jpyr =4 x 1070 71 J,0, =16 x 107 571
Pyruvic acid + hv 6.3 25.2
OH + ethane 0.6 0.6
OH + propane 0.3 0.3
OH + n-butane 1.3 1.3
HO; production rate [pptvh~!]

Pyruvic acid 4+ hv 4 16
OH + O3 12 12
OH + CO 100 100
CH3C(0)Os production rate [pptvh=!]

Pyruvic acid 4+ hv 4 16
CH3CHO + hv 5 5

Notes: The production rates of CHsCHO, HO2 and CH3C(O)O4 from pyruvic acid photolysis
are derived for two different values of Jyy using quantum yields of 0.2 and 0.8 (see text). The
production rates of CH3CHO formation from alkanes are based on estimated mixing ratios (see
text). The production rate of HOy from the reaction of OH with O3 and CO is based on calculated
OH and measurements of Oz and CO during IBAIRN. The production rate of CH3C(0O)O2 from
CH3CHO was calculated using a mixing ratio of 100 pptv of acetaldehyde.

Photolysis of pyruvic acid in the actinic region (A >310nm) results mainly in the
formation of acetaldehyde CH;CHO + CO, (R3.1) with a yield of 60%. The
second most important channel (R 3.2, with a yield of 35%) leads to formation
of organic radical fragments which react with O to form the peroxy radicals

CH;3C(0)0O5 and HO4 (Reactions R 3.4 and R 3.5).

Acetaldehyde (formed in Reaction R3.1) is an air pollutant which plays an im-
portant role in tropospheric chemistry as a source of PAN (Roberts, 1990), PAA
(Phillips et al., 2013; Crowley et al., 2018), HO, radicals (Singh et al., 1995) and
ultimately, via methyl peroxy radical oxidation, HCHO (Lightfoot et al., 1992).
Based on campaign-median pyruvic acid mixing ratios and photolysis rates mea-
sured during IBAIRN (see Fig. 3.3), we calculate an acetaldehyde production rate
of Penscno = 0.6 Jyy, [pyr] = 6.3pptvh~! at local noon (Table 3.2, Fig. C.3).
On a global scale the main source of acetaldehyde is OH-initiated photochemical
production from alkanes, alkenes, ethanol and isoprene with alkanes accounting
for about one half of the total production of 128 Tg a~! (Millet et al., 2010).
Minor sources are direct biogenic emissions (23 Tg a™!), anthropogenic emissions
(2 Tg a=!) and biomass burning (3 Tg a™!). As alkanes were not measured during
IBAIRN we estimate the mixing ratios of the three most abundant alkanes (ethane,
propane and n-butane) from monthly averages measured at Pallas and Uto (both
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Finland) for the years 1994-2003 (Hakola et al., 2006), which are consistent with
measurements at Pallas in 2012 reported by Hellén et al. (2015). Combining mean
(September) mixing ratios of 1000 pptv of ethane, 250 pptv of propane and 150 pptv
of n—butane with OH rate coefficients of kopyethane = 2.4 X 10713 ¢cm?® molecule™!

kOH+propane = 1.1 x 10712 em?® molecule™ s7! and konin-butane = 2.35 x 10712
cm?® molecule™ s71 at 298 K (IUPAC, 2019) and acetaldehyde yields (at 0.1 ppbv
of NO,) of 0.50, 0.24 and 0.69 (Millet et al., 2010), results in a total CH3CHO
production rate from OH + alkanes of 2.2pptvh™! at local noon (Table 3.2).
From these calculations we conclude that emission and subsequent photolysis of
pyruvic acid is likely an important source of CH3CHO in this environment and
may impact our current understanding of the acetaldehyde budget (Millet et al.,
2010) in forested regions in general.

The dominant sink of CH3CHO is the reaction with OH (R 3.6) with a rate
constant of 1.5 x 107" cm?® molecule™ s~ (IUPAC, 2019) to form the CH3CO
radical. This then reacts in air (R 3.4) to form CH3C(O)O,, which is the precursor
of PAN (CH3C(O)O3,NO,, R3.7), peracetic acid (CH3C(O)OOH, R 3.8), acetic
acid (CH3C(O)OH, R 3.9) and CH30, (R3.10 and R 3.11), and which can recycle
OH (R 3.10).

OH + CH;CHO + Oy — CH;3C(0)0, + H,0 (R 3.6)
CH;C(0)0s + NO, + M — CH3C(0)05NO, + M (R3.7)
CH;C(0)0s + HO, — CH;C(0)O0H + Oy (R3.8)
—— CH;C(O)OH + Oy (R3.9)

—— OH + CH;0, + CO, (R3.10)

CH;C(0)0; + NO + 0y — CH;0, + CO, + NO, (R3.11)

The second most important photolysis channel for pyruvic acid is Reaction (R 3.2),
which leads to formation of HOs and CH3C(O)0O,. These radicals play a crucial
role in photochemical ozone production (Fishman and Crutzen, 1978), in the re-
cycling of OH (in the presence and absence of NO,) and, as described above, in
PAN formation.

The production rate (10:00 UTC) of HOy and CH3C(0O)0Oy from pyruvic acid
photolysis is given by Pyo2 = Penscos = 0.35.J,5 X [pyr] and is equal to 4 pptvh .
This value is roughly equivalent to the production rate of CH3C(O)Os from the
OH-initiated acetaldehyde oxidation (the major source of this radical) assuming
typical values of 100 pptv CH3CHO and 1.5 x 10° OH molecules cm™ and using
kourcmscao = 1.5 x 107! em?® molecule™ s™1 (TUPAC, 2019). We therefore
conclude that pyruvic acid photolysis in this environment is an important source
of the CH3C(0O)0; radical both directly (R3.2 and R3.4) and via acetaldehyde
formation (R 3.1 and R 3.6).

Taking median O3 and CO mixing ratios (at 10:00 UTC) found in IBAIRN,
we can easily show that the rate of HOy formation (4 pptvh™!) from pyruvic acid
photolysis (reactions R 3.2 and R 3.5) is minor compared to that from OH + Oj
of 12pptvh™! (with kogio3 = 7.3 x 107! cm?® molecule™ s7!) and OH + CO of
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100 pptvh=! (with komprco = 2.1 x 10713 ecm?® molecule™ s7!) (IUPAC, 2019). Tt
is also negligible compared to the total HO, production rate of 100-600 pptvh=*

previously derived in this environment (albeit in summer) via measurement of HO,,
(Hens et al., 2014).

So far, to calculate the photo-dissociation rate constant for pyruvic acid (Jpy,)
we have used the ITUPAC recommendation of an overall quantum yield of 0.2 at
atmospheric pressure. There are however several inconsistencies in the experi-
mental data sets on pyruvic acid photolysis, with two groups reporting quantum
yields that are a factor of ~4 larger at this pressure (Berges and Warneck, 1992;
Reed Harris et al., 2017). If these large quantum yields were to be correct, the
calculated production rates of CH3CHO and CH3C(0O)0O4 would increase by a fac-
tor of 4 (see Table 3.2) so that Pcpscno = 28 pptvh™! (Table 3.2). Moreover,
Reed Harris et al. (2017) report much lower yields of CH;CHO, and suggest that
other processes may compete with rearrangement of the methyl-hydroxycarbene
(CH3COH) necessary to form acetaldehyde. They propose that in air, initially
formed methyl-hydroxycarbene may react with Oy to form CH3CO and HO,. If
this is correct, the intermediate step (R 3.6) in which OH reacts with acetaldehyde
to form CH3C(O)Os in air, is bypassed, so that pyruvic acid photolysis would
be an even more important source of PAN. This alternative fate of the methyl-
hydroxycarbene radical is depicted with the dashed line in Fig. 3.4.

3.4 Conclusions

Mixing ratios of pyruvic acid of 17-327 pptv (mean of (96 +45) pptv) were mea-
sured in the boreal forest in Hyytiald, southern Finland, during a field study in
late summer (September 2016). Campaign averaged, diel profiles of pyruvic acid
displayed similar features to those of monoterpenes and isoprene. Combining the
mixing ratios of pyruvic acid with its loss terms enabled calculation of the source
strength at solar noon of ~60pptvh~!. There appears to be no known photo-
chemical mechanism to generate pyruvic acid at this rate and we suggest that
pyruvic acid is, to a large extent, emitted directly from the biosphere. We show
that pyruvic acid, at the mixing ratios observed in September, represents an im-
portant source of acetaldehyde and the acetyl peroxy radical, thus enhancing the
formation of PAN, Cy-organic acids and CH30,.

We conclude that, during late summer / autumn, pyruvic acid is an important
biogenic VOC in the boreal forest which has previously received little attention.
Further field and enclosure studies are necessary to quantify its emissions and role
during other seasons and to better understand its sources and sinks (e.g. generation
in OH /O3 / NOj initiated oxidation of terpenes and dry deposition rates) in the
boreal forest as well as in other environments. In addition, further laboratory
studies are required to resolve discrepancies in the literature data on the pressure
(and wavelength) dependence of both the overall photolysis quantum yield and
the product distribution during pyruvic acid photolysis.
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This chapter is based on the manuscript “Shipborne measurements of CINO, in the
Mediterranean Sea and around the Arabian Peninsula during summer” published
in Atmospheric Chemistry and Physics Discussions (ACPD) as Eger et al. (2019b)
and accepted for final publication in ACP. Here results from the AQABA ship
campaign are presented with a focus on CINO, production efficiency and its impact
on radical chemistry.

Summary

Shipborne measurements of nitryl chloride (CINO,), hydrogen chloride (HCI) and
sulphur dioxide (SO;) were made during the AQABA (Air Quality and climate
change in the Arabian BAsin) ship campaign in summer 2017. The dataset in-
cludes measurements over the Mediterranean Sea, the Suez Canal, the Red Sea,
the Gulf of Aden, the Arabian Sea, the Gulf of Oman and the Arabian Gulf (also
known as Persian Gulf) with observed CINO; mixing ratios ranging from the limit
of detection to =600 pptv. We examined the regional variability in the gener-
ation of CINO,y via the uptake of dinitrogen pentoxide (N2Oj;) to Cl-containing
aerosol and its importance for Cl-atom generation in a marine boundary layer
under the (variable) influence of emissions from shipping and oil industry. The
yield of CINO; formation per NOjs radical generated was generally low (median
of =~ 1-5% depending on the region), mainly as a result of gas-phase loss of NO3
dominating over heterogeneous loss of NyOs, the latter being disfavoured by the
high temperatures found throughout the campaign. The contributions of CINO,
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photolysis and OH-induced HCI oxidation to Cl-radical formation were derived
and their relative contributions over the diel cycle compared. The results indicate
that over the northern Red Sea, the Gulf of Suez and the Gulf of Oman the for-
mation of Cl-atoms will enhance the oxidation rates of some VOCs, especially in
the early morning.

4.1 Introduction

The AQABA (Air Quality and climate change in the Arabian BAsin) campaign
was designed to study air quality and climate in a region (Eastern Mediterranean
and Middle East) that is likely to be heavily impacted by future climate change
with increasing frequency and intensity of droughts, heatwaves and associated
Aeolian dust and pollution emissions (Lelieveld et al., 2012). As the Arabian
Gulf already suffers from some of the most polluted air on Earth with Oz levels
regularly greater than 100 ppbv (Lelieveld et al., 2009), one aspect of the campaign
was to investigate the factors that contribute to high levels of air pollution in the
region. This includes the impact of reactive chlorine chemistry resulting from the
interactions of pollutant emissions from ships and petrochemical activity with sea-
salt, under conditions influenced by intense photochemistry and high temperatures
during summer.

The heterogeneous uptake of gaseous NoOj5 to the aerosol phase represents an
important atmospheric sink for NO, (NO + NO,) via conversion to nitric acid
(HNO3), which is efficiently removed from the boundary layer via deposition
(Lelieveld and Crutzen, 1990; Dentener and Crutzen, 1993; Macintyre and Evans,
2010). In the presence of aerosol chloride, nitryl chloride (CINO;) can also be
formed along with HNO3 (NO3) as shown in Reaction (R4.1) (Finlayson-Pitts
et al., 1989; Behnke et al., 1997).

NQO5 + (HQO or Cl_) — (2—f) X NOg_ + fX CINOQ (0 S f < 1) (R41)
CINO, + hv — Cl+ NO, (R4.2)

CINO, has a lifetime of more than 30 hours in the nocturnal marine boundary
layer (Osthoff et al., 2008) but is rapidly photolysed after sunrise (Reaction R 4.2),
releasing nitrogen dioxide (NO;) and chlorine atoms.

The formation of CINO, can have a significant impact on regional NO, cycling
and radical chemistry especially in the polluted coastal and marine boundary layer
(Simon et al., 2009; Riedel et al., 2014; Sarwar et al., 2014). The Cl-atoms formed
in Reaction (R4.2) can enhance oxidation rates of several volatile organic com-
pounds (VOCs) especially during early morning hours (Phillips et al., 2012; Riedel
et al., 2012a; Young et al., 2012) thus contributing to photochemical ozone pro-
duction (Simon et al., 2009; Riedel et al., 2014; Sarwar et al., 2014; Faxon et al.,
2015; Wang et al., 2019).

The chemical processes involved in the formation of CINOs are complex and,
as outlined in Fig. 4.1, involve the sequential oxidation of NO, to N5O5 via NOj3
(Reactions R4.3-4.5). During the day NOj is rapidly photolysed via Reaction
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NO2 J’

N02 NOg p— N2Os —> CINO»
VOCs| l (1= )
NO5

Figure 4.1: Simplified scheme of chemical reactions and parameters involved in the
formation of CINOg. The CINO;y production efficiency per NO3 formed is denoted as
€. The uptake coefficient to the particle phase is represented by ~ and the CINOs yield
(per N2Os taken up) by f.

(R4.6 and R4.7) or reacts with nitrogen oxide (NO) via Reaction (R 4.8) so that
N5Oj formation is supressed. The heterogeneous reaction of NoO5 with particles is
thus, to a good approximation, limited to the night-time. The equilibrium between
NO3 and N3O5 (Reactions R4.4 and R4.5) is strongly temperature-dependent,
with NoOj5 formation favoured by high NO, mixing ratios and low temperatures.
NOj3 can also react with volatile organic compounds (VOCs) (R4.9) forming e.g.
alkyl nitrates, which also reduces the rate of formation of NyOs.

NO; + O3 — NO; + O, (R4.3)
NO3 + NO; — N,05 (R4.4)
N,O5 + M — NO; + NO, + M (R4.5)
NO; + hv — NO + O, (R4.6)
NO; + hv — NO2 + O ( )
NO3; + NO — 2NO, ( )
NO3 + VOCs — products ( )
)

The N,Oj loss rate via heterogeneous uptake to particles is described by Eq. (4.1
where ¢ is the average molecular velocity of NoOs, A is the particle surface area
concentration and v is the uptake coefficient.

d[N,Os] ~ 7cA

22 = — 2 N,04] (4.1)

The uptake coefficient, v, has been characterised in several laboratory investiga-
tions (see Bertram and Thornton (2009); Chang et al. (2011); Ammann et al.
(2013) for summaries) and in numerous field studies where it has been found to be
highly variable (between 5 x 10~* and 0.11) and dependent on temperature, rela-
tive humidity (RH) and aerosol composition (Brown et al., 2006; Bertram et al.,
2009; Brown et al., 2009; Riedel et al., 2012b; Wagner et al., 2013; Morgan et al.,
2015; Brown et al., 2016; Phillips et al., 2016). A value of v =~ 0.03 has been
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derived from measurements in the polluted marine environment (Aldener et al.,

2006).

The CINO; yield, f, which controls the relative formation rates of NO; and
CINO; in Reaction (R4.1), is determined by the [C17] to [HyO] ratio in the aerosol
phase (Behnke et al., 1997; Bertram and Thornton, 2009; Ammann et al., 2013),
and can vary between zero to unity (Thornton et al., 2010; Wagner et al., 2012;
Riedel et al., 2013; Phillips et al., 2016; Wang et al., 2016; McDuffie et al., 2018a).
In Fig. 4.1 we introduce the CINOy production efficiency e, which is the yield of
CINO; per NO3 molecule formed in Reaction (R 4.3) and will be discussed in detail
in Sect. 4.3.2.

The established method to measure atmospheric CINO, mixing ratios from a
few tens of pptv (part per trillion by volume) to several ppbv (parts per billion by
volume) is Chemical Ionisation Mass Spectrometry (CIMS) using iodide ions to
generate I-CINO; which can be detected at a mass-to-charge ratio (m/z) of 208
and 210 (McNeill et al., 2006). The first measurement highlighting the importance
of CINOy in the polluted marine boundary layer was performed by Osthoff et al.
(2008) who detected mixing ratios exceeding 1 ppbv along the coast of Houston,
Texas, originating from ship-plumes and urban and industrial NO, sources. This
was the starting point for numerous measurements of CINO, in various locations
around the globe with an initial focus on coastal areas in the United States (U.S.),
e.g. the Los Angeles Basin in California (Riedel et al., 2012a; Wagner et al., 2012;
Young et al., 2012). Other studies included coastal sites in Canada (Osthoff et al.,
2018) and coastal / urban sites in the United Kingdom (Bannan et al., 2015, 2017;
Priestley et al., 2018; Sommariva et al., 2018). Whereas CINO, was initially be-
lieved to play a significant role only in areas with marine influence (Behnke et al.,
1997; Keene et al., 1999), mid-continental measurements in the U.S. (Thornton
et al., 2010; Riedel et al., 2013; Faxon et al., 2015) revealed the importance of
anthropogenic sources (e.g. industrial combustion, cooling towers, natural gas ex-
traction and suspension of road salt) and sea salt chloride transported inland.
Further studies reported significant mixing ratios of CINO, at a semi-rural site in
continental Germany (Phillips et al., 2012, 2016) and at a mid-continental urban
site in Canada (Mielke et al., 2011, 2016). Observations at continental sites could
be reproduced by a global model (Wang et al., 2019) when considering the trans-
port of HCI (aq) which had been initially formed in the gas-phase through acid
displacement in coastal regions. More recently, CINOy at the > 1 ppbv level has
been observed in the heavily industrialised North China Plain (Tham et al., 2016;
Liu et al., 2017; Wang et al., 2017a; Tham et al., 2018), with even larger mixing
ratios measured in Beijing (Le Breton et al., 2018; Zhou et al., 2018) and Hong
Kong (Wang et al., 2016).

The great variability seen in CINO, mixing ratios in different locations reflects
regional variability in its efficiency of production, which, as described above in-
volves a complex set of chemical reactions, both in the gas- and particle phase and
which will vary over time and space. Most measurements of CINO, to date have
been measurements at single locations, though some data from mobile platforms
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such as aircraft (Mielke et al., 2013; Lee et al., 2018; McDuffie et al., 2018a,b) and
ships (Kercher et al., 2009; Riedel et al., 2012a) are available. With respect to un-
derstanding the formation and role of CINOy, much of the atmospheric boundary
layer remains unexplored.

Here we present shipborne measurements of CINO, in the marine boundary layer
of the Mediterranean Sea and around the Arabian Peninsula, including the Red
Sea and the Arabian Gulf. With a ship track from southern France to Kuwait
we provide a unique marine CINO, dataset with a large spatial coverage. This
allows us to investigate the CINOy production efficiency e and its regional impact
under various atmospheric conditions ranging from polluted marine and coastal
environment to low-NO, conditions in chemically aged air masses.

4.2 Methods

4.2.1 AQABA campaign

The measurements presented in this study were performed during the AQABA
campaign which took place along the sea route between southern France and
Kuwait in summer 2017. Five air-conditioned measurement containers with a va-
riety of gas-phase and aerosol instrumentation were set up on-board the research
vessel Kommander ITona which departed from Southern France on 24 June 2017
and passed various regions including the Mediterranean Sea, the Suez Canal, the
Red Sea, the Gulf of Aden, the Arabian Sea, the Gulf of Oman and the Arabian
Gulf (see Fig. 4.2), reaching its destination Kuwait on 31 July 2017 (first leg) and
covering a latitude / longitude span of 12-43°N and 6-60 °E. After a short break
in Kuwait the ship returned via the same route to southern France, arriving on 2
September 2017 (second leg). The trace-gases described in this paper were sam-
pled from the centre of a common, high volume-flow inlet (10m?®min—!, 0.15m
in diameter, 0.2s residence time) made of stainless steel, which was located on a
measurement container at the front of the ship at a height of approximately 5.5 m
above the foredeck.

Depending on the wind direction relative to the movement of the vessel, mea-
surements were occasionally impacted by emissions from the stack of our own ship.
Especially on the first leg, the relative wind direction was frequently from behind
where the chimney was located. All datasets were filtered prior to analysis for
periods where the measurements were contaminated by stack emissions to avoid
a potential bias in the results. The filter is based on short-term variation in NO
and SO, signals and relative wind direction and reduces the useful data coverage
to 58 % on the first leg and 95 % on the second leg.

4.2.2 Measurement of CINO,, HCI and SO,

Nitryl chloride (CINO,), hydrogen chloride (HCI) and sulphur dioxide (SO3) were
detected with a Chemical Ionisation Quadrupole Mass Spectrometer (CI-QMS)
using an electrical, radio-frequency (RF) discharge ion-source. The instrument and
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the ion-molecule-reactions involved in the detection of the above-mentioned trace
gases are described in detail by Eger et al. (2019a). Briefly, CINOy was monitored
as [-CINO; at a mass-to-charge ratio (m/z) of 208 and 210 subsequent to the
reaction of CINOy with I~ (McNeill et al., 2006; Osthoff et al., 2008; Thornton
et al., 2010). I-CINO; is more specific than ICl~ (m/z 162 and 164) and has a
lower background signal, providing a sensitivity of 0.61 Hzpptv—! per 10°Hz of
[~ at m/z 208 (and 0.20 Hz pptv™! at m/z 210), a limit of detection (LOD) (20,
5min) of 12 pptv and a total measurement uncertainty of 30 % + 6 pptv. We chose
the signal at m/z 208 for its higher signal-to-noise (S/N) ratio to calculate the
CINO; mixing ratios reported. For the whole campaign dataset, the ratio between
m/z 208 and 210 was 3.08 (with R? = 0.96, see Fig. D.la), which is very close
to the expected value of 3.13 derived from the natural abundance of the *Cl and
37Cl isotopes. In addition, correlation plots from different regions (Fig. D.1b—f)
indicate the absence of significant interferences at either of the two m/z.

HCI was observed as I[(CN)Cl~ (m/z 188 and 190) (Eger et al., 2019a) with a
sensitivity of 0.17 Hz pptv~! per 10°Hz of I~ at m/z 188 (and 0.05Hzpptv~! at
m/z 190), a detection limit of 98 pptv and a total measurement uncertainty of
20 % £+ 72 pptv. As m/z 190 suffers from known interferences (e.g. Il HNO3) and
has a lower S/N ratio, we used m/z 188 to calculate the HCI mixing ratios reported.
SO, was detected as ISO3 (m/z 207) with a sensitivity of 0.10 Hz pptv—! per 10° Hz
of I7, a detection limit of 38 pptv and a total uncertainty of 20 % =+ 23 pptv.

A flow of 2.5slm (standard litres per minute) was drawn into the CI-QMS in-
strument via a ~3m long 6.35mm (OD) PFA tubing while a 20 cm section of
the inlet line in front of the IMR (ion molecule reactor) was heated to 200°C to
enable detection of peroxyacetyl nitrate (PAN) which is not reported here. The
IMR region was held at a pressure of (18.00+0.05) mbar by a dry vacuum scroll
pump. The background signal was determined by periodically bypassing ambient
air through a scrubber filled with steel wool where the trace gases of interest are
efficiently destroyed at the hot surfaces (120°C). To avoid condensation of water
in the inlet lines in the containers, the pressure in the sampling line was reduced
to ~ 700-800 mbar with a bypass flow of ~5slm and by including an additional
~ 50 cm long (coiled) piece of 3.18 mm (OD) PFA tubing. A 2 um pore size mem-
brane filter (Pall Teflo) was placed between high volume-flow inlet and CI-QMS
sampling line to remove particles and was exchanged regularly to avoid accumula-
tion of particulate matter. No indication for CINO, formation via NoO5 reactions
on salty surfaces in the inlet line was observed during AQABA, i.e. whenever we
changed the particle filter or the inlet line, no change in signal was observed.
Further the CINO,-to-N,Oj ratio was highly variable during AQABA (range of
0.35-59 with a median of 3.2) and CINO, was occasionally measured in periods
where no NyO5 was present.

CINO, was calibrated twice during the campaign by simultaneously sampling
a source of CINOy via the CI-QMS and by a thermal dissociation cavity ring-
down spectrometer (Sobanski et al., 2016). CINOy was generated by passing Cly
over NaNO, as described previously (Thaler et al., 2011; Eger et al., 2019a). HCI
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was calibrated four times throughout the campaign by adding a small flow over
a permeation source to the main flow and monitoring the CI-QMS signal at m/z
188 and 190. SO, calibrations were performed seven times during the AQABA
campaign by addition of a known flow of SO, from a gas cylinder (1ppmv in
synthetic air, Air Liquide). In contrast to CINO, and HCI, correction of the SOy
signal for its relative humidity (RH) dependence was necessary, which we derived
from calibrations during AQABA where the RH was actively varied between 1 and
80 %.

The CI-QMS was operated in selected ion monitoring mode measuring mainly
CINO,, HCI, SOy, PAN and peracetic / acetic acid with a temporal resolution
of approximately 15s for each molecule. Changes in sensitivity were captured by
permanently monitoring the primary ion signal (I~ and its water cluster) during
ambient measurements and a background signal was recorded every 100 minutes.
For further analysis, all data sets were averaged to 5 min temporal resolution. Our
CINOg, HCI and SO, datasets provide about 12500 data points distributed over
61.4 days with interruptions due to background determinations, calibrations, filter
and gas bottle changes and instrument power-down at the harbours of Jeddah and
Kuwait. For periods where the ship was in motion, the data coverage for all three
trace gases was about 80 %.

4.2.3 Other trace gases

O3 was measured by a commercial ozone monitor (2B Technologies, Model 202)
based on optical absorption at 254 nm with a detection limit of 3 ppbv (10s) and
a total uncertainty of 2 % =+ 1 ppbv. Mixing ratios of NO, and NO, (NO, = NO,
+ reactive nitrogen trace gases + particulate nitrate) were monitored via thermal
dissociation cavity ring-down spectroscopy (TD-CRDS) using a modified version
of the instrument described by Thieser et al. (2016). The difference between the
NO, and the NO, signal is referred to as NO,, which includes organic nitrates
(peroxyacetyl nitrates and alkyl nitrates), NO3z, NyOs, CINO,, HNO3 and par-
ticulate nitrate. In contrast to Thieser et al. (2016), the TD-unit was operated
at 850°C to ensure detection of HNOj3 and nitrate in the particle phase. The
detection limits for NO, and NO, were 80 and 160 pptv, respectively, with total
uncertainties of 9% £ 30 pptv. NO, was calculated from measured NO, and NO,
with a detection limit of 160 pptv and a total uncertainty of 13 % + 42 pptv. NO,
(LOD = 52pptv (1s), total uncertainty = 7%) and NoOs (LOD = 6pptv (1s),
total uncertainty = 15 %) were measured by a five-channel TD-CRDS described
by Sobanski et al. (2016). NO and NOs were measured by a chemiluminescence
detector (CLD 790 SR, ECO Physics, Duernten, Switzerland) (Fontijn et al., 1970;
Li et al., 2015). The LOD (5s) was 21 pptv for NO and 52 pptv for NO, and the
total uncertainty 6 % respectively 7%. The NO, data was in good agreement with
the CRDS dataset (R* = 0.95) with a mean deviation of 6 %. The hydroxyl radical
(OH) was measured using a Laser-Induced-Fluorescence method (Martinez et al.,
2010; Novelli et al., 2014).
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4.2.4 Meteorological parameter and actinic flux

Photolysis rates (Jo(m), Jowoz and Jnos) were calculated from wavelength re-
solved actinic flux measured by a spectral radiometer (Metcon GmbH; Meusel et al.
(2016)) located close to the common trace-gas inlet. Cross sections and quantum
yields were taken from Burkholder et al. (2015). J-values were not corrected for
upwelling UV radiation and are estimated to have an overall uncertainty of &~ 10 %.
A commercial NEPTUNE weather-station (Sterela) monitored various parameters
such as temperature, relative humidity, wind speed and direction, speed of the
vessel and GPS position.

4.2.5 Aerosols

An Aerosol Mass Spectrometer (Aerodyne HR-ToF-AMS, DeCarlo et al. (2006))
measured PM; non-refractory aerosol composition (30 s time resolution), including
sulphate, nitrate, ammonium, chloride and total organics with an overall uncer-
tainty of 35%. An Optical Particle Spectrometer (OPC, Grimm model 1.109)
measured the size distribution from 250 nm to 32 um (6s time resolution) with
a total uncertainty of 25%. A Fast Mobility Particle Spectrometer (FMPS, TSI
model 3091) provided particle size distributions from 5.6nm up to 560nm (1s
time resolution). The particle surface area concentrations for PM; and PM;q were
calculated from the OPC and FMPS datasets, the overall uncertainty of these
variables is estimated to be 30 %. The inlet for the aerosol instrumentation was
located at the top of a measurement container at a distance of ~5m to the com-
mon, trace-gas inlet described above. In order to avoid condensation in inlet lines,
aerosol samples were passed through a drying system which reduced ambient rel-
ative humidity to an average value of ~40 % in the measurement container. We
calculated the ambient PM; particle surface area concentration (A) from the mea-
sured surface area concentration using a hygroscopic growth factor (on average
1.32£0.24) based on ambient RH and aerosol composition. The calculation of
the growth-factor is described in the appendix (Fig. D.2-D.5). The water soluble
fraction of total suspended particles (TSP) was monitored with hourly resolution
using a Monitor for AeRosols and Gases in Ambient Air, MARGA (Metrohm App-
likon Model S2), sampling at a distance of ~5m from the common gas-phase inlet.
In this work only results from Na®™ and Cl~ measurements (TSP), with detection
limits equal to 0.05 and 0.01 g m~3, will be used.

4.3 Results and discussion

In the following, we use only data (5 min averages) which were free from contami-
nation by the ship’s own exhaust (see Sect. 4.2.1).
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Figure 4.2: Map of nocturnal CINO2 mixing ratios (1-hour averages) for (a) first and
(b) second leg, together with (median) night-time mixing ratios of Oz, HCl, NOy and
SO; for different regions (data from both legs combined) demarked by the dashed lines.
Maps are based on geospatial data from Kartverket.
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4.3.1 Overview of measurement regions and CINO, mixing ratios observed

Figure 4.2 illustrates the ship’s track during AQABA, divided into seven regions
demarked by dashed black lines: The Mediterranean Sea (Med. Sea, 30 June — 01
July and 24-30 August 2017), the Suez Canal including the Gulf of Suez (Suez,
02-03 July and 22-23 August), the Red Sea (03-15 July and 17-21 August), the
Gulf of Aden (16-18 July and 15-16 August), the Arabian Sea (Arab. Sea, 19—
23 July and 07-14 August), the Gulf of Oman (24-27 July and 05-06 August)
and the Arabian Gulf (Arab. Gulf, 28 July — 04 August). On the first leg, the
CI-QMS measurements started south of Crete; on the second leg measurements
terminated close to Sicily after two months of almost continuous measurement.
Maximum CINO, mixing ratios observed during each night ranged from the limit
of detection to 586 pptv (see Fig. D.6 for details). Figure 4.2 shows 1-hour averaged
CINO, mixing ratios along the ship track during (a) first and (b) second leg. Text
boxes indicate the median night-time mixing ratios of Oz, HCl, NOy and SO, for
the different regions where data from the first and second leg datasets have been
combined. The night-time mean, median and range of the mixing ratios of these
trace gases (and also of NOy, temperature, relative humidity, NO3 production rate
and PM; particle surface area concentration) are listed in Table 4.1; a time-series
of measured CINO,, HCI, SO, and O3 is provided in Fig. D.7 in the appendix. The
predominant air-mass origin for each night was derived from 48 h back-trajectories
calculated with HYSPLIT (Stein et al., 2015; Rolph et al., 2017) and is illustrated
for both legs in Fig. D.8. While Fig. 4.2 provides an overview of the measurements
during both legs, Fig. 4.3 highlights two 9-day periods indicating features that
characterised the transition from one region to the next. Based on these two
figures, we will discuss observed CINO, mixing ratios and related parameters for
the seven regions defined above.

Over the Mediterranean Sea, during periods when the CIMS was operational, we
encountered mainly aged air masses, which had passed over Italy, Greece or Turkey
(Fig. D.8), characterised by relatively high O3 levels but low NOy-to-NO,, ratios.
As illustrated in Fig. 4.1 the formation of CINO, is initiated by NOj production
which will depend on Oj levels and availability of NO,. For the Mediterranean
Sea the low NO, mixing ratios resulted in a weak NOj production term (Table
4.1 and low CINO, mixing ratios. The only exceptions are two nights south of
Sicily on the second leg where CINO, mixing ratios up to 439 pptv were observed,
which coincided with an increase in NOy originating from industrial sources on the
mainland (Sicily and Italy). There are no previous measurements of CINOy over
the Mediterranean Sea but our data can be compared to the output of a regional
model (Li et al., 2019) which predicts monthly average CINOy mixing ratios up
to 100 pptv in the south-eastern Mediterranean Sea and around Sicily, in broad
agreement with our observations.
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Figure 4.3: Time series of CINO;y and trace gases related to its production (NOy and
O3) as well as the NO3 production rate, p(NOs), CINOg photolysis rate (Jonoz), PM;
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The Suez Canal and the Gulf of Suez were impacted by fresh emissions from
ships, industry and urban centres with high NO,, SOy, HCl and CINO; mixing
ratios. On the night 22-23 August 2017 we measured the highest CINO; mixing
ratio of the whole campaign (586 pptv) due to exceptionally high NO, levels and
NOj3 production rates.

Over the Red Sea, Oj levels were elevated with the highest NO3 production
rates (up to 0.7 pptvs™') observed when approaching the Gulf of Suez with NO,,
transported south from the region around the Suez Canal, the city of Cairo and the
Sinai Peninsula (see back-trajectories in Fig. D.8). CINOs mixing ratios exceeded
200 pptv on most of the nights (with a maximum of 480 pptv) whereby elevated
PM; particle surface area concentration and HCI mixing ratios indicated increased
heterogeneous uptake and chloride availability.

Over the Gulf of Aden, with air mainly originating from Somalia, O3 levels were
close to 25 ppbv and NOy mixing ratios regularly exceeding 5 ppbv resulted in a
NOj3 production rate up to ~ 0.2 pptvs—!. However, the PM; particle surface area
concentration remained low and CINO, was detected only occasionally (maximum
of 379 pptv).

Over the Arabian Sea we experienced strong winds from the south with 48 h
back-trajectories touching the coast of Somalia. CINO, was generally below the
detection limit (maximum 56 pptv) and NOy, HCl and PM; particle surface area
concentration were very low. Missing local sources of NO, and low O3 mixing
ratios resulted in a weak NOj production term, partially responsible for the lack
of CINO,. Low mixing ratios of CINOy were occasionally detected that originated
from single ships or point sources on the mainland.

Upon entering the Gulf of Oman, which marks the transition between remote
marine environment and increased emissions from petrochemical industry and ship-
ping lanes, NOj3 production rates increased significantly due to higher NO, and
O3 levels. CINO, mixing ratios exceeded 200 pptv during two consecutive nights
with a maximum value in this region of 376 pptv.

The Arabian Gulf was characterised by very high ozone levels (sometimes ex-
ceeding 150 ppbv) and SO, mixing ratios that generally exceeded 5 ppbv. For the
first leg (sailing into the Arabian Gulf), the air-mass passed over Kuwait whereas
for the second leg (sailing out of the Arabian Gulf) it mainly passed over Iran. In
the Gulf region, which was heavily polluted by emissions from shipping and petro-
chemical industry, we also observed the highest HCl and PM; particle surface area
concentration throughout the whole campaign. However, despite high NO3 pro-
duction rates (=~ 0.4pptvs™!) due to NO, emissions from oil and gas refineries as
well as emissions from shipping and urban areas, we only observed relatively low
CINO; mixing ratios with a maximum value of 126 pptv close to Kuwait.

Consistent with Osthoff et al. (2008) we find significant amounts of noctur-
nal CINO; in aged ship-plumes that could be identified by a defined peak-shape
(Fig. D.9) and covariance of NOy and SO, indicative of upwind point sources. As
SO, and NOs are co-emitted from the combustion of ship fuel, it is not surprising
that they show a co-variance. The consequence of the co-emission of NOy and SO,
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is that CINO, is generally observed in the presence of both whereby high CINO,
mixing ratios were associated with aged ship-plumes.

Figure 4.4 shows diel profiles of nitryl chloride for the Red Sea and the Gulf of
Oman together with the photolysis rate constant Jenoz illustrating that mixing
ratios generally decreased at sunrise with a CINO, lifetime of a few hours. Diel
CINO; profiles for other regions (Fig. D.10 in the appendix) look generally similar
but with a varying maximum mixing ratio. Over the Red Sea CINO; was often
observed in plumes, whereas mixing ratios over the Gulf of Oman increased con-
tinuously after sunset indicating that we sampled a more homogeneously polluted
air mass in which CINO, accumulated over the course of the night. The median
mixing ratio in the afternoon was still around 10 pptv, which we attribute to an
HCI interference at m/z 208 and 210 described by Eger et al. (2019a) rather than
to the presence of CINO, during the day when its production rate is close to zero
and its lifetime is short due to photolysis. The magnitude of the HCI interference
at the m/z used to monitor CINO, was derived during HCI calibrations on-board
the ship and found to be 0.006 Hz (pptv of HC1)~! which is about 1 % of the CINO,
count rate of 0.61 Hz (pptv of CINOy)~! at 10° Hz of I~. However, during ambient
air measurements the interfering signal was variable with a campaign average of
(0.008 £ 0.005) Hz pptv—!, which implies that a correction based on the HCI signal
alone is not sufficient. The variable offset at the CINO, mass contributes to the
total measurement uncertainty and can be significant when analysing data close
to the detection limit. Although on occasions several hundred pptv of CINO, were
observed, below we show that the CINOy production efficiency was generally low.
Reasons for this are examined in the following sections.

4.3.2 CINO, yield per NO; molecule formed

We define the CINO, production efficiency (€) during AQABA as the number of
CINOs molecules generated per NO3 molecule formed from the reaction of NO,
with O3 (Reaction R4.3). The instantaneous production rate of NOj is given
by k1[NO,][O3] and the total number of NO3 molecules formed over the course
of the night is derived using a rate coefficient of k; = 1.4 x 10713 exp(—2470/T)
cm?® molecule™ s71 (IUPAC, 2019) and integrating the NO3 production term from
the beginning of the night (¢y) to the time of the measurement (¢) according to
Eq. (4.2). In this calculation we assume that [NO,| changes over time but [Oj3]
stays constant in good approximation.

NOgJu = | 1[0 [NO] (1) dt (4.2)

In order to account for the pre-sunset production of NOjs at high solar zenith
angles where NoOj5 could already be detected, ty was defined as the point in time
at which Jxos was below 0.017 s7! (about 10 % of maximum value during day).
This was typically 30-50 minutes prior to sunset. All data points before sunset
were however excluded from the analysis due to the increased uncertainty in the
reaction time. The NOy mixing ratio at the beginning of the night, [NOs]y, was
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derived from the measured NO, mixing ratio at time ¢ via Eq. (4.3) by assuming
that NOs had been consumed by reaction with O3 but the Oz mixing ratio did
not change significantly. Consequently, the amount of NO3 produced along the air
mass trajectory is equal to the difference between calculated [NO,]y and measured

INOo|(t).

The CINO, production efficiency e can be determined by inserting the integrated
NOj production over the course of the night and the measured CINO, mixing ratio
(assuming no losses) into Eq. (4.4).

[CINO,]

€= +—— 4.4

NOslun @4
To account for fresh emissions of NO (e.g. by passing ships), the reaction time
t" was calculated from Eq.(4.5) according to McDuffie et al. (2018b), where s
represents the number of NOy molecules required to make NO, and is 1 when NOjy
reacts directly with VOCs and 2 when NOj reacts with NOs to form N,Os5, which
subsequently hydrolyses to HNOj.

: [NO,]
t" = (k1[O3]s) In ([NOﬂ) (4.5)
As discussed later, the direct NOj3 losses are dominant throughout the campaign
compared to the heterogeneous NoOs production, so to a good approximation, s
1. As discussed by McDuffie et al. (2018b), inherent to the use of this expression
is the assumption that NO, is conserved during the night; any losses of NO, (e.g.
via deposition of HNOj3) lead to an underestimation of the true reaction time. As
the calculated, night-time air mass age depends on the ratio between [NO,] and
[INO,], the calculation breaks down whenever a fresh NO emission (e.g. from a
nearby ship) is injected into an air-mass and unreacted NO is still present. To
avoid this, we only analyse CINO, data when NO is below the detection limit. In
addition, we only consider data points where the calculated age of the air mass is
equal to or exceeds the time elapsed since sunset as these air masses are unlikely
to have been impacted by recent emissions. As the loss of NO, via deposition will
result in an air mass age that is shorter than the true one, we relax the criterion
for equality of reaction times by also including calculated air mass ages that are
up to 25 % shorter. The reduced dataset provides 1742 data points with a median
value of € = 2.7% for the whole campaign. The data reduction is described in
more detail in the appendix (all the data shown in the manuscript corresponds to
the application of method C), where the sensitivity of € to these limitations and
additional constraints is discussed. Here, we emphasise that even when limiting
the dataset to CINOy mixing ratios exceeding 100 pptv (see Table D.1), the CINO,
production efficiency still remains relatively low (¢ = 6.4 %, Fig. D.11). Although
the median values would be modified (Fig. D.12), the relative differences between
the regions and especially the low € observed over the Arabian Gulf persist.
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Figure 4.5: Median night-time values of € (the CINOs yield per NO3 molecule formed)
calculated via Eq. (4.4). The size of the symbols represents (logarithmic scale) the me-
dian NOj3 production rate, p(NO3), ranging from 0.001 pptvs~! in the Arabian Sea to
1.2 pptvs~! in the Suez Canal. Different regions are separated by the dashed black lines.

4.3.3 Temporal and regional variability in ¢

To compare the efficiency of CINO, formation in different regions, a median value
for € was derived for each individual night with the results illustrated in Fig. 4.5 in
which the size of the circles (first leg) and stars (second leg) scales with the median
NOj production rate (for a more detailed plot with 1-hour averaged data points
see Fig. D.13). Despite high NO3 production rates (high O3 and NOs levels), the
lowest values of € were observed over the Arabian Gulf, whereas elevated values of
e were found e.g. over the Arabian Sea, where NOj3 production was lowest.

Fig. 4.6 displays box-plots of € for each region, calculated from between 41 and
546 data points per region. The median CINO, production efficiency e displays
large night-to-night variability and interregional variability with the highest value
found over the Gulf of Aden and the Arabian Sea (median = 4.7 %) and the lowest
value found over the Arabian Gulf (median = 0.8 %). Median values of € (in %)
derived for the Mediterranean Sea, the Suez Canal, the Red Sea and the Gulf
of Oman were 2.9, 2.7, 2.1 and 2.0. In the following, we examine the factors
that cause the generally low efficiency in CINO, production and also the regional
variability in e.
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Figure 4.6: Box plots of € (CINOg production efficiency) for different regions, based on
all corresponding individual night-time values calculated from Eq. (4.4).

4.3.4 Factors influencing the CINQO, production efficiency

The uptake of NyO5 to aerosol particles can proceed via hydrolysis to HNOj as
well as formation of CINO,, with yield f (see Fig. 4.1). Assuming no night-time
losses, the concentration of CINO, is given by Eq. (4.6).

[CINOQ] = € [NOg}int = f (khtkjftkd> [NOB]int (46)
Fair = Z(kVOC)i [VOC]; + kno4nos [NO] (4.7)
khet =7 (/f) Keq [NOQ] (48)

The overall CINO, production efficiency € as derived in Sect. 4.3.2 is dependent
on f and on the relative rates of direct NOjz loss (kqir, Eq.4.7) and indirect
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NOj3 loss (knet, Eq.4.8) where A is the particle surface area concentration, ¢ is
the mean molecular velocity of NyOs ((24400 £ 160) cms™! during AQABA) and
Keq = modRts = 2:8 X 10727(T/300) =% exp(11000/T) cm® molecule™ (TUPAC,
2019) is the temperature-dependent equilibrium constant (Reactions R4.4 and
R 4.5). During night-time, kq;, is determined by the NOj reactivity towards VOCs
and NO, ke by the rate of heterogeneous uptake of NoO5 to aerosol particles. In
the following we calculate f and ~ from our measurements, compare the values
with the literature and quantify the contributions of ke and kg; to the overall
NOj loss rate.

If no particulate chloride is available, f is zero and two NOj3 ions are produced
according to Reaction (R4.1) whereas if the particulate chloride concentration is
large, f approaches unity and one NOj3 anion plus one CINO, molecule are formed.
As particulate nitrate (NOj3) can leave the particle as HNO3 we can derive f from
Eq. (4.9), where p signifies a production rate.

_(p[NO3]+p[HNOs]  \7'
f_2< CINO, +1) (4.9)

Equation (4.9) assumes that NoOj; uptake is the sole mechanism for the night-time
production of HNOj. In principal, as demonstrated by Phillips et al. (2016), f can
be derived from field data using measured production rates (or concentrations) of
inorganic nitrate (NO3 + HNO3) and CINO, according to Eq. (4.9). For AQABA,
we derived the mixing ratio of total inorganic nitrate from measurements of NO,
(corrected for CINOg and N5Os) assuming that, for this marine environment the
contribution of organic nitrate in both gas- and particle phases is small compared
to inorganic nitrate. f could be derived using Eq. (4.9) whenever there was a sig-
nificant correlation (over a period of several hours) between CINO; and inorganic
nitrate, as illustrated in Fig. D.14 for data obtained in the Gulf of Oman (25-26
July 2017) for which f = 0.60 & 0.04. The spatially and temporally variable sources
of pollution during AQABA meant that requirement of a homogeneous fetch over
periods of hours was rarely fulfilled and only a handful of values for f could be
derived this way. Further values derived are 0.42+0.06 (Red Sea, 15 July 2017),
0.84+0.09 (Gulf of Oman, 24-25 July 2017) and 0.65 £ 0.05 (Mediterranean Sea,
29 August 2017.), indicating that the values of f were generally large whenever
CINO5 was observed.

B ko [C17] B
/= (kal-[Cl] + k‘Hzo[HQO]> B (

N "

f can also be calculated (Eq.4.10) if the relative concentrations of particulate
chloride and water are known (Behnke et al.,; 1997; Bertram and Thornton, 2009),

where (k%lo) = 450 is the ratio of rate constants (Ammann et al., 2013) for reaction

of NO3 (formed along with NO3 upon dissociation of NoOj5 in the aqueous-phase)
with either C1~ or HoO. The aerosol liquid water content [HO] and chloride ion
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Table 4.2: Regional variability in CINOgy production efficiency (e€), CINOg yield (f),
N2Oj5 uptake coefficient () and heterogeneous NOjs loss rate (kpet)-

Region €% f ol Ehet [107° s71]
Med. Sea 2.9 0.53 0.034 4.4

Suez 2.7 0.90 0.031 69.7

Red Sea 2.1 0.86 0.031 12.9

Gulf of Aden 4.7 0.76 0.031 8.5

Arab. Sea 4.7 0.87 0.036 1.8

Gulf of Oman 2.0 0.50 0.033 64.8
Arab. Gulf 0.8 0.17 0.036 34.3

Notes: f was alculated from Eq. (4.10); v was calculated from Eq. (4.11).

concentration [Cl7] were calculated using the E-AIM model (Clegg et al., 1998;
Friese and Ebel, 2010) and the ambient temperature and relative humidity along
with PM; nitrate, sulphate, ammonium and chloride mass concentrations (ugm™3)
as reported by the AMS. From the median aerosol composition (PM;) in the seven
different regions we calculated median values of f, which are shown in Table 4.2.
The values of f obtained via Eq. (4.10) were variable between regions, with medians
of 0.53 in the Mediterranean Sea, 0.90 in the Suez Canal, 0.86 in the Red Sea, 0.76
in the Gulf of Aden, 0.87 in the Indian Ocean, 0.50 in the Gulf of Oman and 0.17 in
the Arabian Gulf. To put these numbers in context, a value of f = 0.9 corresponds
to a ~1.1molL~! CI~ solution. MARGA measurements of C1~ and Na™ (total
suspended particles, TSP) also indicated sea salt concentrations up to 20 ugm=2 in
the coarse mode over the Arabian Sea. A comparison of the [C17] (TSP) from the
MARGA (which detects NaCl as well as NH,Cl) with the (largely) non-refractory
[C17] reported by the AMS reveals a strong co-variance. The AMS concentrations
(PM;) were on average =~ 1% of those reported by the MARGA (TSP) with the
correlation between them indicating that the AMS chloride (PM;) is mainly due to
sea-salt rather than NH4Cl. If we assume that ~ 10 % of the sea salt mass (TSP)
is associated with the fine mode (PM;) as previously derived (Sommariva et al.,
2018), we can use the MARGA (TSP) [Cl7] to estimate that the true PM; [Cl7]
would be about an order of magnitude higher than measured by the AMS. Under
the assumption that this is true, f is >0.67 in all seven regions implying that a
lack of CI™ is not the reason for low values of €, as may be expected for a marine
environment.

Previous derivations of f in a marine environment (Texas coast) yield values
between 0.1 and 0.65 (Osthoff et al., 2008) whereas even larger values (up to 0.9)
have been reported for inland sites impacted by anthropogenic emissions (Young
et al., 2013) or by long-range transport of sea-salt (0.035 < f < 1) (Phillips
et al., 2016). A median value of 0.138 (0.003 < f < 1) was derived for airborne
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measurements in a coastal region during winter (McDuffie et al., 2018a).

V=B (“(“W“”[@Q_> .

The uptake coefficient, 7, can be estimated using the parameterisation in Eq. (4.11)
(Bertram and Thornton, 2009), where B = 3.2 x 1078 s, k = (1.15 x 10° —
1.15x10%xp(—0.13[H2O(1)])) s~* is the rate constant for the reaction N,Os(aq)
+ Hy0(1), @ = 0.06 denotes the ratio of rate constants for reactions HoNOZ (aq)
+ H,0(1) and HoNOZ (aq) + NOj (aq) and b = 29 denotes the ratio of rate con-
stants for reactions HyNO3F (aq) + C1~ and H,NO7 (aq) + NO3 (aq). Using AMS
data for [NO3z | and [Cl7] we derive v = 0.033 +0.003 where the standard devia-
tion encompasses the weak inter-regional variation (see Table 4.2). This value is
consistent with v = 0.03+0.02 reported by Aldener et al. (2006) for a polluted
marine environment. The large values of v reflect the low PM; particulate nitrate
concentrations observed during AQABA where the high temperatures favour the
partitioning of particulate nitrate and HNO3(g) to the gas-phase. A suppression
of ~ through the presence of organics in the particle phase has been reported
(Bertram et al., 2009), though the low (generally < 2) organic-to-sulphate ratio in
particles observed during AQABA suggest that this is not likely to be important
for the present analysis.

The campaign averaged, fractional contribution of coarse mode particles (PM;g
minus PM;) to the total particle surface area concentration A was only (14 +14) %
so that the uncertainty incurred when using the PM; particle surface area concen-
tration to derive the heterogeneous NOj loss rate (kpet, Table 4.2) from Eq. (4.8) is
negligible. However, during two periods (of 2-5 days duration) when the ship was
sailing through the Gulf of Aden / Arabian Sea / southern Red Sea and air masses
originated from the deserts of Eritrea, Djibouti and Ethiopia, the contribution
from the coarse mode particles to the aerosol surface area increased to about 60 %
mainly due to dust (and sea-salt). The relative contribution of dust and sea-salt to
the coarse mode was estimated using MARGA measurements of Ca®>" and Na* in
TSP. The dust loading was calculated by assuming that the dust aerosols of Saha-
ran origin consist of 10 % calcium (Molinaroli et al., 1993). Freshly generated dust
particles do not contain chloride and the uptake of NoOj to them (v = 0.02+0.01
for Saharan dust, Tang et al. (2012)) does not result in CINO, formation (f = 0)
but contributes to ke through the additional aerosol surface area, thus lowering
the CINO, production efficiency. In contrast, the uptake of NoO5 to coarse mode
sea-salt particles has a CINO, yield f close to unity (Ammann et al., 2013), and
can therefore enhance formation of CINO,. Throughout the whole campaign, the
contribution of dust to the uptake of NoOs to coarse mode particles was much
larger than that of sea-salt (on average (134 10) % with a range of 0-40%). A
close examination of the periods (14-19 July and 15-17 August 2017) strongly
influenced by dust particles did not reveal any (anti)correlation between elevated
dust concentration and CINOs mixing ratios. This is also reflected by the relatively
high median value of € over the Gulf of Aden where the highest concentrations of
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coarse mode particles were observed.

Using a campaign average of ¢ = 2.7% and a maximum value of f = 1 we
can show that, with 97.3%, the direct (gas-phase) loss of NOj3 (kqi;) is much
more important than indirect losses via NoOjs uptake (kyet), which contribute the
remaining 2.7 %. Assuming a very conservative estimate of f = 0.5 would still
result in a contribution of 94.6 respectively 5.4 %. To put this into context, over
the Gulf of Oman we calculated a median value of kpe = 6.5 x 1074 s (Table 4.2)
which would result (assuming € = 2.0% and f = 0.5) in a direct NOj3 loss term
towards VOCs of kg, = 1.6 x 1072 s7!. The relatively small contribution of the
heterogeneous loss term is readily explained by high mean night-time temperatures
of 25-35°C during AQABA, which favour the existence of NO3 rather than N5Os.
To illustrate this, we calculate that a nocturnal temperature of 20°C (rather than
30°C) would increase the contribution of ke to 21 % of the total NOg loss and lead
to 3 times higher CINO, mixing ratios assuming that the rate constants for reaction
between NOj3 and reactive trace gases are not strongly temperature-dependent. A
further reduction in temperature to 10°C would lead to equality in kpe; and kgir
and result in a factor of seven more CINO, than observed.

The direct (gas-phase) loss rate of NO3 can also be calculated from Eq. (4.7) if
the concentrations of all VOCs contributing to its reactivity are known. However,
for a large fraction of each night NO3 was below the detection limit (ca. 5pptv)
despite a high production rate (large mixing ratios of NOy and O3). A steady-state
analysis of NO3 production and loss indicated a high total reactivity which could
not be attributed to measured trace gases (kqi;) or heterogeneous losses of NyOj
(knet)- A detailed analysis of the NOj lifetime and the role of VOCs is beyond
the scope of the present manuscript and will be described in detail in a separate
publication.

4.3.5 Comparison with literature

In the following, we compare the generally low values of € derived during AQABA
with previous determinations. Mielke et al. (2013) report a yield of CINO, relative
to the total amount of NO3 formed at night of 0.7% to 62% with a median of
12 % in the polluted coastal boundary layer in Pasadena, California. In contrast,
CINOy production efficiencies derived for the urban boundary layer of Calgary,
Canada (Mielke et al., 2016), were significantly lower, ranging from 0.1 % to 4.5 %
(10" and 90*™" percentiles, median 1.0 %). Osthoff et al. (2018) report very low
efficiencies with a median of 0.17 % and a maximum of 5.4 % for the Lower Fraser
Valley of British Columbia, Canada, potentially due to a lack of available aerosol
chloride. For AQABA we derive a region-dependent median efficiency of 1-5%
with a campaign median of 2.8 %, despite similar conditions to Mielke et al. (2013),
i.e. mostly polluted marine environment. The difference can be attributed to
exceptionally high nocturnal temperatures during AQABA with a median of 25—
35°C for different regions, shifting the equilibrium from N,Os5 towards NOz and
favouring direct NOj3 losses. For comparison, daily minimum temperatures during
the study reported by Mielke et al. (2013) were 10-20°C (Ryerson et al., 2013)
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whereas the lowest temperature measured during the whole AQABA cruise was
22°C. Based on the CINO, dataset reported by Phillips et al. (2012) for continental
Germany, where CINO, mixing ratios up to 800 pptv were reported, we calculate
values of € that range from 0.4 % to 12.3 % (10 and 90*® percentiles) with a median
of 2.6 %. On nights where CINO, mixing ratios above 100 pptv were observed,
range and median increase to 5.0-24.1% and 10.6 % respectively. Compared to
AQABA the yield per NO3 molecule formed on nights where CINO, was present
at levels > 100 pptv is about a factor of 2 higher for this dataset, again most likely
a result of the lower nocturnal temperatures.

4.3.6 Cl atom generation from CINO, and HCI

In this section we assess the role of two gas-phase chlorine reservoirs, CINOy and
HCI as sources of Cl atoms during AQABA. Other potential Cl sources (e.g. Cly
photolysis) are not considered here as we do not have experimental data to quan-
tify their impact. Compared to the complex route to CINOy formation described
above (Fig. 4.1), the formation of HCI in the polluted marine environment can
be traced back to its displacement from sea-salt particles by stronger acids, such
as HySO4 and HNOj3 (Keene et al., 1999). The high emission rates of NO, and
SO, by ship traffic resulted in enhanced concentrations of both NOs and SO, (see
Fig. D.9) during parts of the AQABA campaign. Both NOy and SO, are oxidised
via OH to form HNOj3 and HySOy, both of which can be taken up by sea-salt con-
taining aerosol releasing HCl. The release of HCI through acid displacement leads
to a deficit in particulate C1~ concentrations which can be expressed in terms of
a chloride depletion factor (Eq.4.12) where [Na™] and [Cl7] represent the concen-
trations in molm™2 and 1.174 is the molar ratio of C1~ to Na™ found in sea-water
(Zhuang et al., 1999).

+1 _
Cl depletion [%] = 100 (1'174 [Na™] — [ ]>

174 [Na'] (4.12)

In Fig. 4.7 we present a time series (Gulf of Oman / Arabian Gulf) in which
significant differences in particulate Na* and Cl~concentrations coincide with high
mixing ratios of NOy, SO, and HCI (chloride depletion up to 90 %) indicating
efficient HCI acid displacement by HNO3 and H5SOy in this region.

The instantaneous production rate of Cl atoms from the photolysis of CINO,
(pClenoz) is given by the photolysis rate constant for CINOs (Jono2) and its
concentration (Eq.4.13) whereas the instantancous Cl production rate from HCI
(pClycr) requires knowledge of the OH concentration (Eq.4.14) and the rate co-
efficient for reaction between OH and HCI (kopinca = 1.7 x 10712 exp(—230/T)
cm?® molecule™! s7! (Atkinson et al., 2007; ITUPAC, 2019)).

pClanoz = Jewoz [CINO,] (4.13)

pClucr = konnar [OH][HCI] (4.14)
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Figure 4.7: Co-variance between mixing ratios of SO, NO9 and HCI and particulate
chloride depletion (calculated from Eq. 4.12) illustrated by the difference in C1~ and Na*
(PM;) measured. Chloride depletion of up to 90 % indicates effective acid displacement
of HCI by HNOg3 and H2SOy, in this region.

In the following analysis, we focus on two consecutive nights in the Gulf of Oman
region (Fig. 4.8) where we observed a monotonous increase of CINO, mixing ratios
up to ~ 300 pptv during the second half of the night followed by a decrease over a
4-hour period starting at sunrise (upper panel). The corresponding Cl production
rate from CINO, photolysis reaches a maximum of 0.8 x 10° molecule cm™3 s™! on
the first night and 0.7 x 10° molecule cm™ s=! on the second night.

2J01p[03] kn2o[H20]
Emz20 [HQO] + kno [NQ] + k02[02]

pOHps = (4.15)

To place this in context, we also make a rough estimate (lower limit) to the rate of
OH radical production (pOHgpz) from the photolysis of O3 in the presence of HyO
(Eq.4.15), where Joip is the photolysis rate constant for Os, kyao = 2.4 x 107!
cm?® molecule™ s71 kny = 2.15 x 107 exp(110/T) ¢cm® molecule™ s~ and
koo = 3.2 x 107" exp(67/T) cm?® molecule™! s™! (IUPAC, 2019) refer to re-
actions of O('D) with H,O, Ny and O, respectively. As we do not consider other
OH production channels (e.g. photolysis of HONO or HOs + NO), which can be
of importance under more polluted conditions, pOHp3 represents a lower limit of
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Figure 4.8: Time series of CINOy mixing ratios, Jcino2 photolysis rates and production
of Cl-radicals from CINOs photolysis (pClcino2) and OH-radicals from Og photolysis in
the presence of HoO (pOHpgs) for two consecutive nights in the Gulf of Oman.

pOH. Although the maximum, midday OH production rates from Oz photolysis
(=~ 1 x 10" OH molecules cm ™3 s71) are about an order of magnitude higher than
Cl atom production rates, during the first ~2 hours after sunrise, pCleno2 and
pOHgps are roughly equal for this particular case-study.

In order to examine the regional dependence of Cl formation we calculated the
CINO; production rate from the regional median values of €, the NO3 production
rate and the length of the night as described previously. As CINOs is completely
photolysed to Cl during daytime, the total Cl-production from CINO, photolysis
(3Cleivoz) is equal to the median amount of CINO, formed during the night. The
total Cl-production from HCl + OH (XClyc) was calculated by integrating the
production rate pClyc (based on [HCI| and [OH] measurements, Eq.4.14) over
the median diurnal profile. To calculate the contribution of O3 photolysis to the
OH production (X0OHps), we integrated pOHops (calculated via Eq.4.15) over the
median diel profile. In Table 4.3 we summarise the average, total daytime produc-
tion of OH and Cl in the seven regions. The median radical production over one
diurnal cycle calculated for the Suez region is exemplified in Fig. 4.9, whereby we
assume an initial 363 pptv of CINO, at sunrise (Table 4.3), which is subsequently
photolysed according to Jeno2. Considering the entire campaign, we conclude
that Cl-atom formation via CINO, photolysis and OH-initiated HCI oxidation are
of similar magnitude, though their relative contributions show large regional vari-
ability. For example, Cl formation from OH + HCI (XClyq) is a factor ~ 10 more
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Table 4.3: Regional variability in € and pNOj3 as well as OH and Cl radical production
integrated over one diel cycle.

Region € [%] leO;), 2201(}11\]02 2201}101 2ZOH();_?, 3ECltota1/EOH03
Med. Sea 2.9 0.012 18 234 12364 2.0
Suez 2.7 0.231 363 170 13216 4.0
Red Sea 2.1 0.053 48 53 12411 0.8
Gulf of Aden 4.7 0.043 96 24 5608 2.1
Arab. Sea 4.7 0.004 11 3 4639 0.3
Gulf of Oman 2.0 0.130 155 127 12649 2.2
Arab. Gulf 0.8 0.077 25 50 10985 0.7

Notes: XClgno2 and XClgc are the integrated formation of Cl atoms from CINOgy and HCI
respectively. YOHogs is the integrated formation of OH from O3 photolysis. 'Unit: [pptvs™!;
Zunit: [pptv]; Junit: [%)].

p(Cl or OH) [10% cm™ s7]

0 2 4 6 8 10 12 14 16 18
Hour of day [UTC]

Figure 4.9: Production of Cl-atoms (from CINOy photolysis and HCl + OH) and OH-
radicals (from Oz photolysis) over one diurnal cycle in the Suez Canal / Gulf of Suez.
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important than CINOs photolysis (XClenoz) over the Mediterranean Sea where
the NOj3 (and thus CINO,) production rate was low owing to low NO,, levels and
where the OH concentrations were highest. This is consistent with Li et al. (2019)
who indicate the importance of HCI over the eastern Mediterranean Sea for which
monthly average mixing ratios of 0.5—1.5 ppbv were predicted by a regional model.
Y.Clyq is also a factor ~ 2 higher than XClgnoo over the Arabian Gulf where the
CINO, production efficiency, €, was low. In all other regions X Clcnoe was about
equal to XClyc or higher by factors between ~ 1 and 4. This in in broad agree-
ment with Riedel et al. (2012a) who report roughly equal importance of CINO,
and HCI as chlorine atom sources in the polluted marine boundary layer of the
Los Angeles region. They also report a maximum midday Cl production rate from
CINO, photolysis of 0.6 x 10° molecule cm ™3 s~1, which is similar to the production
rates we obtained over the Gulf of Oman (Fig. 4.8).

When comparing the total number of chlorine atoms generated during the day
(3XCliotal = XClanoz + XClye) with the total number of OH formed from O3
photolysis (XOHgpjs) over the same period, we find the expected domination of OH
for all regions. The largest contribution of Cl to the total radical production (4 %)
was observed over the Suez Canal where the Cl production was highest (about 32 %
from HCI and 68 % from CINO;). The lowest ratio of Cl-to-OH production was
observed over the Arabian Sea, reflecting the low levels of NO, and very low rates
of NOj3 generation. Although only (at maximum) ~4 % of the radicals generated
are Cl atoms, they react more rapidly than OH with some classes of hydrocarbons,
especially saturated hydrocarbons and small oxygenates. For example, the relative,
room temperature rate coefficients (k¢ / kon) are 16, 61, 127 and 242 for reaction
with CHy, CH30H, C3Hg and CyHg, respectively (Atkinson et al., 2004; TUPAC,
2019). The impact of chlorine atoms is thus mainly seen in the oxidation rates of
unsaturated hydrocarbons, the relative concentrations of which may be modified
according to the relative abundance of OH and Cl and the relative reaction rate
constants. For the AQABA campaign, evidence for such effects has been reported
by Bourtsoukidis et al. (2019), and for the global scale Wang et al. (2019) conclude
that oxidation by Cl atoms accounts for 1.0 % of methane loss with larger impacts
on ethane (20 %), propane (14 %), and methanol (4 %).

4.4 Summary and conclusion

The AQABA campaign, which took place in summer 2017 along the sea route from
southern France to Kuwait provided the first CINO, measurements in the marine
boundary layer of the Mediterranean Sea, the Suez Canal, the Red Sea, the Gulf
of Aden, the Arabian Sea, the Gulf of Oman and the Arabian Gulf. Along the
ship track we observed a large variability in CINOy mixing ratios with nocturnal
maxima ranging from below the detection limit over the Indian Ocean to a few
hundred pptv over the Gulf of Oman, the northern part of the Red Sea, the Gulf of
Suez and the Mediterranean Sea close to Sicily / Italy with a campaign maximum
of =~ 600 pptv observed over the Gulf of Suez.
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The overall CINO, production efficiency, i.e. the yield of CINOy per NO3 molecule
formed in the reaction of NOy with Og, was generally low (median of 2.7 % for the
whole campaign) and highly variable within individual nights and between differ-
ent regions with values (in percent) of 2.9, 2.7, 2.1, 4.7, 4.7, 2.0, and 0.8 over the
Mediterranean Sea, the Suez Canal, the Red Sea, the Gulf of Aden, the Arabian
Sea, the Gulf of Oman and the Arabian Gulf, respectively. The relatively low
CINOy production efficiency compared to previous measurements in the polluted
marine boundary layer or at continental sites was attributed to high nocturnal
temperatures during AQABA (25-35°C), which significantly shifted the equilib-
rium between NO3 and N,O5 towards NO3 and lowered the importance of NyOs
uptake to particles relative to direct NOjs losses. The low CINO, production effi-
ciency in the Arabian Gulf (< 1%) results from a combination of high tempera-
tures, enhanced NOj reactivity and lowered chloride availability. The photolysis
of CINOy was found to represent an important source of chlorine radicals in the
early morning in areas where efficient night-time production was observed, and
was augmented (and sometimes exceeded) by Cl atoms formation from the reac-
tion of OH with HCI, especially in areas where ppbv levels of HCl were observed
such as the Mediterranean Sea or the Arabian Gulf. Although the amount of
Cl atoms generated were found to be a factor 25 to 300 less than the amount of
OH molecules generated from Oj photolysis, the high rate coefficients ratio for Cl
compared to OH reactions towards some hydrocarbons imply that Cl may enhance
hydrocarbon oxidation, especially in the early morning.
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Chapter 5
Conclusions and Outlook

Within the scope of this thesis a chemical ionisation quadrupole mass spectrometer
(CI-QMS) with an electrical discharge ion source was characterised and deployed
in three field studies under variable atmospheric conditions, measuring the trace
gases CINO,, SOy, HCI, PAN, PAA, acetic acid and pyruvic acid.

5.1 Characterisation of the instrument

Chemical ionisation mass spectrometers (CIMS) equipped with a ?!°Po ioniser
to generate I~ primary ions from a mixture of CH3l and Ny are frequently used
devices for atmospheric trace gas measurement with a broad field of application.
The CI-QMS described in this thesis is a technical evolution of a former instrument
equipped with a radioactive ion source (*!°Po), which focussed on the measurement
of PAN, PAA and CINO, (Phillips et al., 2012, 2013). By replacing *'°Po by
an electrical discharge ion source (see Chapter 2), the CI-QMS was successfully
modified for measurements in environments where permission for 2'°Po is difficult
to obtain or transport is not feasible. Extensive characterisation in laboratory
experiments was necessary to identify newly discovered ions and detection schemes
and to reveal potential sources of the generally elevated background signals across
large parts of the mass spectrum. In addition to the well-established detection
of CINO,, PAN and PAA via I~ primary ions, the instrument turned out to be
capable of measuring SO,, HCI, acetic acid and pyruvic acid through additional
ion-molecule-reactions involving IO, and I(CN)_ primary ions, unique for the RF
discharge ion source (see Chapter 2).

Limits of detection (LOD, 20, 1s, see Table 5.1) for the trace gases reported in
this thesis are 12 pptv for CINOs, 56 pptv for SO, 135 pptv for HCI, 15 pptv for
pyruvic acid, 34 pptv for PAN (in the absence of PAA and acetic acid), 194 pptv
for PAA (in the absence of acetic acid) and 57 pptv for acetic acid (in the absence
of PAA). When averaging datasets to 5 minutes temporal resolution, which is
usually adequate for the analysis of data obtained from stationary or slow-moving
platforms, LODs can be enhanced by a factor of 3—4. The LOD for CINO, is thus
comparable to the use of 2'9Po, and furthermore, the additional benefit of detecting
SOy, HCI, acetic acid and pyruvic acid provides various scopes of application. The
instrumental sensitivity to different trace gases ranges from 0.1 Hzpptv—" for SO,
at m/z 207 (relatively low due to multiple product ions) to 4.8 Hzpptv~! for
pyruvic acid at m/z 87.

Due to its compact design and easy handling the CI-QMS can be applied in
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Table 5.1: Sensitivity and limit of detection (LOD) of the CI-QMS with electrical
discharge ion source for measurable trace gases (CINOsg, SO2, HCL, pyruvic acid, PAN;,
peracetic acid and acetic acid).

Trace gas Product ion m/z S [Hzpptv™!] LOD [pptv]
CINO, [°CINO, 208 0.60 12

SO2 ISO3 207 0.09 56

HCI I(CN)35C1~ 188 0.14 135
Pyruvic acid CH3(C)OC(O)O~ 87 4.80 15

PAN CH;C(0)0~ 50 1.04 340

PAA CH3C(0)0~ 59 0220 194°

Acetic acid ~ CH3C(0)O~ 59 0.62 57¢

Notes: Parameters are reported for the CI-QMS with RF discharge ion source. Sensitivity S
at 50 % RH (25°C), normalised to 10° Hz I~ and de-clustering set to 20 V. Limit of detection
(LOD) for 20 and 1s integration time. “LOD in the absence of PAA and acetic acid. *Without
de-clustering applied. “L.LOD in the absence of PAA.

both stationary measurements (see NOTOMO and IBAIRN campaigns, Chapters
2 and 3) and on moving platforms like aircraft or ship (see AQABA campaign,
Chapter 4). The instrument was successfully operated under difficult conditions
onboard a research vessel for more than eight weeks and is thus well-suited for
long-term operation with minimal maintenance (exchanging gas bottles and par-
ticle filters), which was also confirmed by measurements during NOTOMO and
IBAIRN.

The CI-QMS was proved to be particularly useful when the main focus is on
sulphur- and chlorine-related chemistry, which applies, for example, to the pol-
luted marine boundary layer (see AQABA, Chapter 4). Though the simultaneous
measurement, of CINO,, HCl and SO, the CI-QMS has advantages over similar
instruments equipped with a 2!%Po ioniser, its application as a PAN detector is
accompanied by a high background signal and chemical interferences, and is thus
limited to polluted regions (see NOTOMO, Chapter 2) or low temporal resolution.
This represents a major disadvantage compared to the use of 21°Po, especially for
aircraft measurements, where a high temporal resolution is crucial. A further dis-
advantage is that differentiation between PAA and acetic acid, which are detected
at the same m/z, is only feasible by modifying de-clustering potentials, which
results in a strongly increased LOD for PAA.

To overcome problems with the limited mass resolution of the applied quadrupole
analyser, it would be useful to equip a time-of-flight analyser (CIMS-ToF-MS)
with a similar discharge ion source to that described in this thesis. In this way
individual contributions to a certain m/z and thus chemical interferences could
be potentially identified. Further, more details of the ion chemistry involved in
SOy, HCI, acetic acid and pyruvic acid detection could be revealed, resulting in a
potential extension of the reported detection scheme.
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5.2 Results from field studies

The CI-QMS has been applied in three different field studies (NOTOMO 2015,
IBAIRN 2016 and AQABA 2017) from remote to polluted and continental to
marine environment, for which the results are summarised in Table 5.2. Depending
on the overarching question, a different set of trace gases was measured and various
aspects of atmospheric chemistry were investigated.

5.2.1 NOTOMO campaign at a forested mountain-site

The NOTOMO (NOcturnal chemistry at the Taunus Observatory: insights into
Mechanisms of Oxidation) campaign took place at a rural (forested) mountain-site
in south-western Germany with significant urban influence in July 2015. It was
characterised by generally high NO,, O3, SOy and PAN mixing ratios throughout
the whole campaign, which reflected the influence of nearby urban conglomerations
and industry on local air quality. Mixing ratios of SO, regularly exceeded 1 ppbv
(occasionally up to 5 ppbv), with a likely origin from coal-burning power plants in
the Rhine-Main urban conglomeration and the heavily industrialised Ruhr area.
CINO, above > 50 pptv was also observed during 10 out of 29 campaign nights
with a maximum value of 500 pptv, which is comparable to polluted coastal en-
vironments. High levels were associated with mixed marine and continental air
masses from the north-west, which had passed over the English Channel and the
polluted Ruhr area. The observed CINO, mixing ratios are consistent with previ-
ous measurements at the same location and similar time of the year (Phillips et al.,
2012, 2016) and indicate the importance of fine mode particulate chloride trans-
ported inland, which has probably been formed by acid displacement in polluted
coastal regions and subsequent partitioning of HCI to the particle phase. Due
to a high photochemical activity and the presence of both NO, and VOCs (from
anthropogenic and biogenic sources), PAN mixing ratios sometimes approached
3ppbv, with a range of observations from a few hundred pptv to a few ppbv.
The observed diurnal profile was similar to that of O3 with a characteristic maxi-
mum in the afternoon where the actinic flux and thus photochemical activity was
highest. Although differentiation between PAA and acetic acid was not possible
during NOTOMO, the generally high combined signal indicated the importance of
biogenic acids at this site, with acetic acid probably being directly emitted by the
surrounding vegetation and peracetic acid being photochemically generated from
organic peroxy radicals reacting with HO,.

5.2.2 IBAIRN campaign in the boreal forest

The IBAIRN (Influence of Biosphere-Atmosphere Interactions on the Reactive
Nitrogen budget) campaign took place in Hyytidld, Finland, in a boreal forest
environment, in September 2016. It was characterised by large biogenic emissions
and low-NO, conditions, with much lower Oj levels than during NOTOMO and
observed mixing ratios of SO, and PAN close to the detection limit. Only occa-
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Table 5.2: Overview of field campaigns and trace gases measured.
Trace gas NOTOMO IBAIRN AQABA
Location south-west southern Med. Sea and
Germany Finland Arab. Peninsula
Time period July 2015 September 2016 June—-August 2017
Conditions mixed urban /rural remote forested mostly polluted marine
(stationary) (stationary) (shipborne)
NO, [ppbv]
Mean + STD 21+1.5 0.4+£0.4 4.248.7
10-90th percentiles 0.8-4.0 0.1-0.7 0.1-10.6
maximum 10.5 7.6 78.0
O3 [ppbv]
Mean + STD 50+ 23 2449 51+24
10-90th percentiles 25-84 11-35 23-75
maximum 144 46 167
CINO; [pptv]
Mean + STD 20+43 < LOD 40 £ 60
10-90th percentiles 0-41 < LOD 0-91
maximum 520 < LOD 600
SOz [ppbv]
Mean + STD 0.44+0.5 0.05+0.08 1.4+22
10-90th percentiles 0.1-1.0 0.01-0.11 0.1-3.7
maximum 4.6 1.06 35.0
HCI [ppbv]
Mean + STD - 0.07+0.05 0.84+0.8
10-90th percentiles - 0.02-0.14 0.0-1.8
maximum - 0.31 5.5
PAN [ppbv]
Mean + STD 0.7+0.4 0.06 +0.08 0.03+0.16
10-90th percentiles 0.3-1.2 0.00-0.16 0.00-0.15
maximum 3.5 0.34 1.90
Pyruvic acid [pptv]
Mean + STD - 95 £45 -
10-90th percentiles - 35-155 -
maximum - 330 -
T [°C]
Mean + STD 16.9+£5.7 10.6 £3.9 30.4+4.0
10-90th percentiles 9.7-25.0 5.3-15.6 25.8-35.2
maximum 31.5 20.0 46.2

Notes: STD = standard deviation. NO,, Os and T were measured by instruments other than
the CI-QMS. For details on NOTOMO, IBAIRN and AQABA see Chapters 2—4, respectively.
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sionally SOy plumes up to 1ppbv were registered when the air originated from
the north-east, most likely from point sources (e.g. coal-burning power plants) in
northern Finland and Russia. PAN levels now and then increased to a 200 pptv,
reflecting an incidental increase in photochemical activity and the presence of
NO, at this remote site. However, a more detailed analysis of PAN and PAA was
precluded by the (above-mentioned) instrumental limitations. CINOy remained
below the detection limit during the whole campaign, most probably due to a lack
of NoO5 because of the high nocturnal NOj3 reactivity reported by Liebmann et al.
(2018), which prevented N,Os5 and thus CINO, formation. In addition, a lack
of particulate chloride could also play a role, as the site was rarely impacted by
marine air masses from the south. In contrast, biogenic emissions from the boreal
forest in late summer / autumn were still large and mixing ratios of pyruvic acid
regularly exceeded 100 pptv.

Pyruvic acid and its impact on radical chemistry

Pyruvic acid is a largely unexplored organic acid of biogenic origin that plays a
crucial role in plant metabolism, is present in tropospheric air in both gas-phase
and aerosol phase and is implicated in SOA formation. During IBAIRN the first
gas-phase measurements in the boreal forest were performed, with observed mixing
ratios ranging between 20 and 330 pptv. By assuming steady-state and estimating
the pyruvic acid loss rate through photolysis and deposition, the source strength
(at local noon) was estimated as ~ 60 pptvh™!, which could not be explained by
photochemical production from isoprene, as commonly suggested in the literature.
Similarities with the diurnal profile of isoprene and monoterpenes (as well as oc-
casional co-variations when air had passed over a sawmill), revealed that pyruvic
acid is most likely emitted directly from the biosphere. With the mixing ratios
observed in September, pyruvic acid represents an important source of acetalde-
hyde and acetyl peroxy radicals, enhancing the formation of PAN, Cy-organic acids
and CH30,. To quantify its source strength and role during other seasons and to
better understand its sources and sinks in the boreal forest, further field and enclo-
sure studies will be necessary. Also, model calculations using the IBAIRN dataset
could help to more accurately define its role. Measurements in other environments
would be useful to constrain the role of pyruvic acid in the troposphere in general.

5.2.3 AQABA ship campaign around the Arabian Peninsula

The AQABA (Air Quality and climate change in the Arabian BAsin) ship cam-
paign took place along the sea route between southern France and Kuwait in
summer 2017. The aim was to study air quality and climate in a (largely unex-
plored) region (Eastern Mediterranean and Middle East) that suffers from severe
air pollution and is likely to be heavily impacted by future climate change. After
departure from southern France the research vessel passed various regions includ-
ing the Mediterranean Sea, the Suez Canal, the Red Sea, the Gulf of Aden, the
Arabian Sea, the Gulf of Oman and the Arabian Gulf. During AQABA, a spatio-
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Figure 5.1: Map of (a) PAN mixing ratios (1-hour averages) for the first leg, together
with (median) night-time mixing ratios of Og, HCl, NOy and SOs for different regions
(data from both legs combined) demarked by the dashed lines. (b) SO2 mixing ratios
(1-hour averages) for the second leg, together with 48 h back-trajectories calculated with
HYSPLIT (Stein et al., 2015; Rolph et al., 2017).
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temporally variable mix of anthropogenic (mainly petrochemical) and biogenic
(mainly DMS) emissions, dust particles and maritime aerosols was sampled. For
a substantial fraction of the campaign the measurements were also impacted by
emissions from other ships (especially in the narrow and crowded shipping lanes
in the Suez Canal and the Arabian Gulf), characterised by a distinct peak shape
and the co-variance of SOy and NO, signals.

Along the ship track a high variability of SO, mixing ratios was observed, with
the lowest values detected in the Arabian Sea due to missing sources, and high
mixing ratios (several ppbv) found in the Arabian Gulf, the Gulf of Suez and the
Suez Canal (see Fig. 5.1 and Appendix A). In particular over the Arabian Gulf,
SO, levels regularly exceeded 5 ppbv and even approached 20 ppbv close to Kuwait
where emissions from oil and gas industry were strongest (originating from Kuwait,
Iran and offshore platforms). Further, ship traffic represented a major source
of SO, emissions in this region and the SO, dataset has been used to calculate
emission factors from different types of vessels (Celik et al., in preparation) and
to estimate the sulphur content of the ship diesel used (which is, in contrast to
European waters, not regulated). In addition, Pfannerstill et al. (2019) reported
that, in narrow sea-way regions during AQABA, SO, and CO from ship exhaust
accounted for 4-6 % of the observed OH reactivity. The CI-QMS observations of
SOs underline that the Arabian Gulf region is subject to major air pollution and
are in broad agreement with OMI satellite data (see Fig. 1.13), which also indicate
several SOy hotspots in this region. The large SO, emissions are also reflected
in the dominance of sulphate in the aerosol phase, which can have a significant
impact on cloud properties and climate.

In contrast, elevated PAN mixing ratios > 100 pptv were only occasionally ob-
served during the AQABA campaign (see Fig. 5.1 and Appendix A), as the high
average temperatures in summer (usually > 30°C) resulted in a thermal lifetime
of typically less than one hour. Thus transport of PAN over longer distances was
precluded and only very local sources could be detected, for example in the Ara-
bian Gulf, which was characterised by remarkably strong photochemical activity
with O3 mixing ratios exceeding 150 ppbv. Here PAN levels up to 2 ppbv were
measured when approaching or leaving the harbour of Kuwait. However, models
predict much higher PAN levels in the Gulf region during winter when thermal
decomposition is minimised and transport might play a more important role. It
would thus be of interest to perform further PAN measurements around the Ara-
bian Peninsula during other seasons to verify these predictions and to quantify the
importance of PAN for the Middle East region.

CINO, and its impact on radical chemistry

CINO, mixing ratios observed along the ship track ranged from below the detec-
tion limit over the Arabian Sea to a few hundred pptv over the Gulf of Oman, the
northern part of the Red Sea, the Gulf of Suez and the Mediterranean Sea close to
Sicily and Italy (see Fig. 5.2). The largest value of ~ 600 pptv was registered over
the Gulf of Suez, due to both high NO, concentrations and particulate chloride
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Figure 5.2: Map of nocturnal CINOy mixing ratios (1-hour averages) for the second
leg, together with (median) CINOy production efficiencies € (see Chapter 4) calculated
for different regions (data from both legs combined).

availability. The overall CINO, production efficiency e, i.e. the yield of CINOy per
NO3 molecule formed in the reaction of NOy with O3 (see Sect. 4.3.2), was gener-
ally low with a campaign median of 2.7 % and the lowest efficiencies found in the
Arabian Gulf (Fig. 5.2), where NOj reactivity and temperatures were highest. De-
spite high sea salt concentrations, € remained relatively low compared to previous
measurements in the polluted marine boundary layer or at continental sites, which
can be explained by exceptionally high nocturnal temperatures during AQABA,
shifting the equilibrium from NyOs towards NO3 and lowering the importance of
N,;O5 uptake to the particle phase relative to direct NOgs losses. Nevertheless,
the photolysis of CINOs as well as the oxidation of HCI, which had been released
from acid displacement by HoSO4 and HNO3, were found to represent important
sources of chlorine radicals in the polluted marine boundary layer (with variable
fractional contributions). Although OH formation rates were about two orders of
magnitude larger than for Cl, the high rate coefficient ratio for reactions of Cl
compared to OH towards some hydrocarbons (e.g. propane) suggests a potentially
enhanced hydrocarbon oxidation in some areas.

The AQABA campaign confirmed that the CI-QMS is well-suited for future
measurements of CINO, in areas where CINO,, HCI and SO, play an important
role and transport of 2'Po might not be feasible. In this way the instrument
can contribute to the closure of observational gaps in understudied regions, as
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CINO; measurements are mainly available for North America, Europe and China.
It would also be of interest to conduct measurements over a longer time period in
certain regions around the Arabian Peninsula or to realise additional measurements
along the coast to draw a more detailed picture of the importance of CINO; in
the whole area. Further measurements in other seasons would help to investigate
if lower temperatures in winter would lead to higher CINO, mixing ratios than
observed during AQABA. Measured CINO,, HCI, SO, and PAN are also valuable
for improving regional and global chemistry models in order to contribute to a
better understanding and prediction of atmospheric processes in the Middle East
region.
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Appendix A

Additional measurements during AQABA

A.1 SO, measurements

A high variability of SO, mixing ratios was observed along the ship track during
AQABA with the lowest values detected in the Arabian Sea due to missing sources
and high mixing ratios found in the Arabian Gulf, the Gulf of Suez and the Suez
Canal. As illustrated in Fig. A.1, SOy mixing ratios over the Arabian Gulf region
regularly exceeded 5 ppbv and even approached 20 ppbv close to Kuwait due to
emissions from petrochemical industry and ship traffic. Large SO, signals were
usually accompanied by the dominance of particulate sulphate in PM; aerosol
composition, suggesting a significant impact on cloud properties and radiative
forcing. Elevated SO, mixing ratios were also observed over the Gulf of Oman and
over the northern part of the Red Sea /the Gulf of Suez where back-trajectories
calculated with HYSPLIT (Stein et al., 2015; Rolph et al., 2017) indicated that
air masses have passed over the polluted region around Cairo, the Suez Canal or
the Sinai Peninsula. The transit through the Suez Canal was characterised by SO,
levels greater than 10 ppbv from local industry and accumulation of ship exhaust.
In the Mediterranean Sea, SO, mixing ratios only occasionally exceeded 1 ppbv,
e.g. in chemically aged air masses transported from southern Europe or when
passing the Strait of Messina between Italy and Sicily. For a substantial fraction
of the campaign our measurements were impacted by emissions from nearby ships
(especially in the narrow and crowded shipping lanes in the Suez Canal and the
Arabian Gulf), whereby single ship plumes could be identified by their sharp peak
shape and co-variance of SOy and NOy signals. In contrast to European waters
where the sulphur content in ship diesel is regulated, for international shipping it
can be very high, leading to increased SO, emissions.

Our measurements are in broad agreement with OMI satellite observations
shown in Fig. 1.13 for the years 2013-2015 (Krotkov et al., 2016) where the whole
Arabian Gulf region could be identified as SOy hotspot with local maxima found
in Kuwait, at offshore oil and gas platforms and along the coast of Iran. The
high values seen around Dschidda (west coast of Saudi-Arabia) are only partially
reflected in the AQABA dataset due to the predominant wind patterns. The high
SOy levels in the Arabian Gulf are also in line with preliminary EMAC model
calculations (personal communication with Andrea Pozzer, MPIC Mainz) along
the ship track predicting several ppbv of SO, although the observational data is
characterised by much higher short-term variability due to poorly resolved point
emission sources (ships and oil and gas platforms).
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Figure A.1: Map of 1 h-averaged SO, mixing ratios during AQABA together with 48-h
back-trajectories (HYSPLIT) for (a) first and (b) second leg.
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A.2 PAN measurements

PAN mixing ratios > 100 pptv were only occasionally observed during the AQABA
ship campaign due to high average temperatures (> 30°C) resulting in a thermal
lifetime of typically less than one hour. Thus transport of PAN over longer dis-
tances was precluded and only very local sources could be detected. In the Arabian
Gulf, which was characterised by remarkably strong photochemical activity with
O3 mixing ratios exceeding 150 ppbv, PAN levels up to 2ppbv were measured
when approaching or leaving Kuwait harbour (Fig. A.2), indicating local sources
of NO, and NMHCs on the mainland (Kuwait city on the first leg and Iraq / Iran
on the second leg). These high PAN mixing ratios measured in the western Ara-
bian Gulf are in line with severe O3 pollution reported by Lelieveld et al. (2009)
with main NO, and VOC sources in this region being power generation, transport
and industry. In addition, elevated mixing ratios of PAN were observed in the
eastern part of the Arabian Gulf around Dubai and in the Gulf of Suez, where
air masses originated from western Egypt. In this region PAN followed a typical
diurnal pattern with a maximum around noon as expected for a photochemically
produced species, whereas for major parts of the campaign we could rarely identify
a diurnal pattern. High PAN levels were also detected in the narrow Suez Canal
where industrial and urban sources are in close vicinity. In contrast, missing NO,
sources in the Arabian Sea, the Mediterranean Sea and in large parts of the Red
Sea typically led to PAN mixing ratios below 100 pptv for most of the campaign.

Our observations are in broad agreement with Krotkov et al. (2016) who report
elevated NOy column densities from OMI satellite data for the years 2013-2015
in the Arabian Gulf around Kuwait and Dubai and in the region around Cairo
(Fig. 1.13). Elevated NO, levels are also seen for Jeddah and surroundings (Saudi-
Arabia) but these were not reflected in the AQABA data as the predominant wind
direction in this area was from the north-west. For the Central Gulf region (25—
30N, 45-55°E) Lelieveld et al. (2009) report model calculated PAN mixing ratios of
~ 200 pptv during summer, which are relatively low due to the thermal instability
of PAN at high temperatures. For the winter months, however, values between 0.5
and 2.5 ppbv are predicted which suggests that PAN is of major importance during
the latter season. This is in line with only sporadic observations of high mixing
ratios in July / August where the AQABA campaign took place, and highlights the
need for further measurements during the winter months.
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Figure A.2: Map of 1h-averaged PAN mixing ratios during AQABA together with
(median) night-time mixing ratios of Oz, HCI, NO2 and SO3 for different regions (data
from both legs combined) for (a) first and (b) second leg.
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Supplement of Chapter 2

This supplement provides additional figures and information on Chapter 2 “Char-
acterisation of a chemical ionisation quadrupole mass spectrometer with an elec-
trical discharge ion source and application in field studies”.
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Figure B.1: Photo: Ny emission observed between and around the pointed tungsten
tips of the electrodes of the RF discharge source. Right: The emission spectrum was
recorded with an Ocean-Optics USB-4000 spectrometer with optical fibre at various
high-voltages. The strongest features (not fully resolved using the low-resolution (A\ ~
1.5nm) spectrograph) can be assigned to transitions from the ground vibrational level
of the electronically excited Ny (C3IL,) state to the B3II, state.
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Figure B.2: (a): Dependence of 103 signal (m/z 175) on the fractional pressure of Oy
in the IMR when adding 800sccm No / CHsl through the RF discharge region. (b):
Signal at m/z 207 (ISO3) for a constant amount of SOz over the same range of Oj
partial pressures.



149

14:00 14:20 14:40 15:00 15:20 15:40 16:00
N 1.2x10° | ' ' ' ' ' ' ' ' N
I
= 9.0x10° [ 2 .
o) PAA only
L 6.0x10* |
Q .l PAA + acetic acid
£ 3o0x10*F
00 == S : : :
————————————— - =\ 20V
Titration [ | 1 de-cl
|
Ambient |- ' -
|
Scrubber 1
———————————————— 2V
1 1 N 1 N 1 N 1 N
14:00 14:20 14:40 15:00 15:20 15:40 16:00

Figure B.3: Exemplary time series of the CI-QMS signal at m/z 59 when sampling
from the photochemical PAN calibration source described in Sect. 2.2.7. The instru-
ment periodically switches between the states “scrubber”, “ambient” and “titration”
(i.e. addition of NO). In ambient mode we measure the total signal of PAN, PAA and
acetic acid. When adding NO to the inlet, the peroxyacyl radicals are titrated and
the signal consists of PAA and acetic acid only. Changing the de-clustering voltage (at
15:00 UTC) from 20V to 2V results in the complete loss of sensitivity for acetic acid.
During measurements of ambient air, the de-clustering voltage is usually changed more
frequently, which means for each data point we firstly measure the signal at m/z 59 with
high de-clustering and immediately afterwards with low de-clustering.
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Figure B.4: (a) Linear dependence of count rate at m/z 207 (ISO3) on the SOy mix-
ing ratio of the sample measured.
(I(CN)CI7) on the HCI mixing ratio.
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Figure B.5: (a) and (b): Correlation of ion signals at m/z 162 versus m/z 164 (IC17)
and m/z 188 versus m/z 190 (I(CN)C1™) during CYPHEX. The expected slope resulting
from the isotopic abundance of 33Cl to 37Cl is 3.13. (c) Signal at m/z 188 versus m/z
162. The linear correlation indicates that both ions are from the same trace gas, HCI.
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Figure B.6: Correlation between the CI-QMS measurement of SOy at m/z 207 (ISO3)
vs. m/z 97 (HSO; ) during NOTOMO.
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Figure B.7: Measurements of CINOy, PAN and PAA using CI-QMS with a 29Po-
ionisation source during the PARADE campaign, which took place at the same location
and similar time of year as the NOTOMO campaign in which the RF discharge was
deployed. The CINO;, data during PARADE has been reported by Phillips et al. (2012).
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Supplement of Chapter 3

This supplement provides additional figures and information on Chapter 3 “Pyru-
vic acid in the boreal forest: first measurements and impact on radical chemistry”.
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Figure C.1: Signals measured by the HR-L-ToF-CIMS for the ions detected at m/z
87.008 (assigned to pyruvic acid) and 87.045 (assigned to butanoic acid).
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Figure C.2: Upper panel: Correlation plots of pyruvic acid and isoprene / monoterpenes
(MT) for 10 September 2016 (air mass influenced by sawmill). Lower panel: Correlation
plots of pyruvic acid and isoprene / MT for the whole IBAIRN campaign
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Figure C.3: Acetaldehyde (CH3CHO) production rates over the diel cycle based on
measurements (median diel profiles for IBAIRN) of pyruvic acid and Jpyr (assuming a
photolysis yield of ¢ = 0.2), calculated OH and estimated mixing ratios of alkanes from
literature data (see manuscript). The dashed vertical line indicates solar noon.
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This supplement provides additional figures and information on Chapter 4 “Ship-
borne measurements of CINO, in the Mediterranean Sea and around the Arabian
Peninsula during summer”.
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Figure D.2: Correlation between PM; (AMS) ammonium and sulphate (in molm™3).

D.1 Corrections to the aerosol particle surface area
concentration

To derive the ambient PM; particle surface area concentration A from the mea-
sured dry particle surface area concentration (AMS) we applied a hygroscopic
growth factor based on ambient RH and PM; aerosol composition. From the AMS
measurements we derived the molar ratio of sulphate to ammonium of ~2.2 (see
Fig. D.2), which is close to the ratio of ~2 for completely neutralised ammonium-
sulphate aerosol, indicating its dominance in the fine mode during AQABA. For
most of the campaign (NHJ)2(SO3 ™) contributed 80-100 % to the total inorganic
PM; aerosol mass (see Fig. D.3) while nitrate and chloride were less abundant. A
relative humidity-dependent growth factor G, for the particle diameter was cal-
culated using the parameterisation (Eq. D.1) of Lewis (2008) for pure ammonium-
sulphate drops with a = 0.78 and b = 1.90.

1 1/3
Gamsu = b D.1

“ ( 1o RH) (-1
The growth factor was calculated considering the RH of the sample air after pass-
ing the aerosol dryer (see Sect. 4.2.5) which was usually in the range 40+ 10 %.
To account for the organic mass fraction we calculated the volume fraction v,y of
organics using a typical density of 1400 kg m ™3 for oxidised organics in aged atmo-
spheric aerosol (Gysel et al., 2007) and the volume fraction vams, of (NHJ )2(SO37),
assuming that all NH; and SO?~ measured originated from ammonium-sulphate.
In the next step we derived a combined growth factor by applying a mixing rule
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Figure D.3: Contribution of ammonium-sulphate to the total non-refractory inorganic
PM; aerosol mass.

(Eq.D.2) where the water activity a,, was approximated by the relative humidity
(Gysel et al., 2007).

1/3
Gmixed ~ <Z U; G?) (D2)

For the organic fraction a growth factor of Goe = 1.20 £ 0.10 at a,, = 0.9 and

a ratio of (?Lg ~ 2 was reported by Gysel et al. (2007). Assuming a similar

amsu 1.8
RH-dependence for G than for Gups, results in Eq. (D.3) which can be inserted
into Eq. (D.2) along with Eq. (D.1).
1

GOI‘g ~ 1 + 1 (Gamsu - 1) (D3)
The resulting surface area growth factor G4 = (Guixed)? as a function of RH is
shown in Fig. D.4. The particle surface area concentration (PM;) reported in
Table 4.1 already includes this correction. The distribution of surface area growth
factors for the whole AQABA campaign is shown in Fig. D.5 and has a campaign

average of 1.32+0.24.
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Figure D.4: Surface growth factors for pure ammonium-sulphate (black) and for a
mixture with organics (red).
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Figure D.5: Distribution of calculated surface area growth factors G 4 for the whole
AQABA campaign.
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Figure D.6: Map of maximum CINO, mixing ratios on individual nights together with
(median) night-time mixing ratios of Oz, HCl, NO2 and SOs for different regions de-
marked by dashed lines. Circles and stars represent data obtained on the first and second
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Figure D.10: Diurnal profiles of CINO3 for (a) all regions combined, (b) the Mediter-
ranean Sea, (c) the Suez Canal and Gulf of Suez, (d) the Gulf of Aden, (e) the Arabian
Sea, and (f) the Arabian Gulf. p10 and p90 correspond to the 10th and 90th percentiles.
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D.2 Additional details to the derivation of the CINO,
production efficiency ¢

To investigate the uncertainty related to assumptions made in the calculation of e,
we define five different methods A-E and compare them to each other by applying
them to the whole AQABA dataset (Fig. D.11).

Method A: The starting point t, for NOjs formation is set to sunset minus
(40 £10) min as described in the manuscript but all data points before sunset
were excluded from the analysis due to a large uncertainty in reaction time. This
way N4 = 4175 values of € were obtained throughout the campaign. In Method A,
we inherently assume that the air mass we probe has not been influenced by fresh
NO emissions since the beginning of the night. A fresh NO emission would mean
that the air mass at the beginning of the night would have contained less NOy
than calculated in Eq. (4.3) resulting in an overestimation of the integrated NOs
production and thus values of € calculated by Method A represent a lower limit.

Method B: To account for fresh emissions of NO (e.g. by passing ships), the re-
action time t' was calculated from Eq. (4.5) where s represents the number of NOq
molecules required to make NO, and is 1 when NOj reacts directly with VOCs
and 2 when NOj reacts with NOy to form N,Oj, which subsequently hydrolyses
to HNOs. As discussed later, the direct NO3 losses are dominant throughout the
campaign compared to the heterogeneous NoOj5 production, so to a good approxi-
mation, s = 1. As discussed by McDuffie et al. (2018b), inherent to the use of this
expression is the assumption that NO, is conserved during the night; any losses of
NO, (e.g. via deposition of HNOj3) leading to an underestimation of the true reac-
tion time. Whenever ¢’ is shorter than the time elapsed since sunset (see Method
A), t' is used to integrate the NO3 production term. As the calculated, night-time
air mass age depends on the ratio between [NO,| and [NO,], the calculation breaks
down whenever a fresh NO emission (e.g. from a nearby ship) is injected into an
air-mass and unreacted NO is still present. In this case the NO, to NO, ratio
would be decreased and the age of the air-mass overestimated. To avoid this, we
only use data where NO is below the detection limit, resulting in a total number
of Np = 2987 data points.

Method C': Here we only consider data points where the calculated age of the
air mass (as derived in Method B) is equal to or exceeds the time elapsed since
sunset as derived in Method A. These air masses are unlikely to have been impacted
by recent emission. As loss of NO, by deposition will result in an air mass age
that is shorter than the true one, we relax the criterion for equality of reaction
times by also including calculated air mass ages that are up to 25 % shorter (i.e.
t' > 0.75(t — to)). The resulting dataset is reduced to No = 1742 data points. All
values of € discussed in the manuscript were derived using Method C.

Method D: CINO4 mixing ratios close to the limit of detection (LOD) result in a
higher uncertainty and variability in e, especially when the NO3 production term
is also small. In Method D we use only data in which the CINO, mixing ratio is at
least 25 pptv, which represents the LOD + the median, daytime HCl-interference
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Figure D.11: Box plot of € derived by the different methods A-FE for the whole AQABA
campaign. The whiskers represent the 10th and 90th percentiles.

(Sect. 4.3.1). This drastically reduces the size of the dataset to Np = 280 data
points.

Method E: Here we examine the efficiency of CINO, formation only during a few
nights when its mixing ratio exceeded 100 pptv. The intention here is not to derive
e.g. a regional mean value, but to indicate that even when biasing the dataset to
apparently efficient CINO, generation, € remains low. In Method E, only Ng = 50
data points remain (1.2 % of the dataset analysed in Method A).

We summarise values of € as median and mean values for the entire campaign
in Fig. D.11, segregated into the five different methods used to select data and
derive the reaction time. As described earlier, Method A can be understood as a
lower limit for e providing a median efficiency of only 1.4 % with a range from
0-8 % (10th and 90th percentiles) and a large difference between mean and median
values. More reliable median values of € = 2.8 % and 2. % are provided by Methods
B and C. Method D, results in identical median and mean values of ¢ = 4.5%,
although a bias towards higher values is difficult to rule out as low CINOy mixing
ratios were excluded. For Method F, where we only consider data with CINOy >
100 pptv, we derive a larger median value of € = 6.4%. If we consider only the
individual maxima in the CINO, mixing ratio (above 100 pptv) on any particular
night, we derive 17 values of € that vary between 1.1 and 11.2% which are listed
in Table D.1.

In Fig. 4.5 and 4.6 we exclusively report values of € derived by Method C. In
comparison to Fig. 4.6, Fig. D.12 illustrates how the box-plots for the seven regions
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Figure D.12: Median values of € (CINO2 production efficiency) for each region, cal-
culated from individual night-time values (between 10 and 104 per region) based on
Eq. (4.4) but using Method D instead of Method C.

would be altered when applying Method D instead of Method C. The variability is
generally decreased and median values are shifted towards higher values, but the
general picture and conclusions are not changed.
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and (b) second leg, calculated via Eq. (4.4).
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