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 Deutsche Zusammenfassung V 

Deutsche Zusammenfassung 

Ob Klimawandel oder Luftverschmutzung: Die chemischen und physikalischen Prozesse in der 

Atmosphäre haben wichtige Auswirkungen auf die menschliche Gesundheit und Ökosysteme. 

Dabei ist die Atmosphäre mehr als ein Gemisch aus Stickstoff, Sauerstoff, Wasserdampf, 

Helium und Kohlenstoffdioxid. Es gibt zahlreiche Spurengase, deren Gesamtanteil am 

Volumen weniger als 1 % ausmacht. In dieser Arbeit werden Stickstoffoxide, Schwefeldioxid, 

Kohlenstoffmonoxid und Schwefelsäure näher betrachtet, die im Rahmen der flugzeugbasierten 

Messkampagne Chemistry of the Atmosphere: field experiment in Europe (CAFE-

EU)/BLUESKY gemessen wurden. 

Die Stickstoffoxide NO und NO2, als NOx zusammengefasst, besitzen hauptsächlich 

anthropogene Quellen, allen voran fossile Verbrennung und industrielle Prozesse. Zwischen 

NO und NO2 besteht ein photochemisches Gleichgewicht, sodass in der Atmosphäre vor allem 

NO2 in relevanten Konzentrationen vorkommt; dies wirkt aufgrund der Bildung von 

Salpetersäure, HNO3, in wässriger Lösung beim Einatmen ätzend und ist entsprechend 

gesundheitsschädlich. Troposphärisches Ozon, O3, wesentlicher Bestandteil von Sommersmog, 

wird hauptsächlich durch die Reaktion von NO mit Peroxiden (HO2 und RO2) gebildet. In der 

Stratosphäre entstehen NOx hauptsächlich durch die Photodissoziation von Lachgas, N2O, das 

aufgrund seiner langen Lebenszeit von der Tropo- in die Stratosphäre transportiert werden kann 

und dort die wichtigste Stickstoffquelle darstellt. In der Stratosphäre tragen NOx zum 

katalytischen Abbaumechanismus des Ozons bei (Bliefert, 2002; Seinfeld and Pandis, 2016). 

Schwefeldioxid, SO2, ist ein toxisches Gas, dessen atmosphärische Quellen hauptsächlich 

anthropogen sind, nämlich fossile Verbrennung und industrielle Prozesse; Senken sind trockene 

und feuchte Deposition, wobei letztere zu saurem Regen führen kann. Seit den 1980ern sinken 

die globalen SO2-Emissionen. SO2 kann in der Atmosphäre zu Sulfat und Schwefelsäure 

oxidiert werden, was Hauptbestandteil des Wintersmogs ist. Der wichtigste Mechanismus ist 

die Oxidation mit dem Hydroxylradikal, OH˙, unter Beteiligung von Wasserdampf. In der 
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Stratosphäre ist Carbonylsulfid, OCS, die wichtigste Schwefelquelle, da es analog zum N2O 

dank seiner langen Lebenszeit von der Tropo- in die Stratosphäre transportiert werden kann 

(Bliefert, 2002; Seinfeld und Pandis, 2016). Typische Konzentrationen von Schwefelsäure sind 

105 cm33 nachts und 107 cm33 tagsüber in der Troposphäre sowie 105 cm33 tagsüber in der 

Stratosphäre (Clarke et al., 1999; Weber et al., 1999; Fiedler et al., 2005; Arnold, 2008; Kürten 

et al., 2016; Berresheim et al., 2000). 

Kohlenstoffmonoxid, CO, ist ein toxisches Gas, das zu gleichen Teilen durch direkte 

Emissionen (v.a. Biomasseverbrennung und fossile Verbrennung) und In-situ-Oxidation (v.a. 

von Methan, Isopren und industriellen Kohlenwasserstoffen) in die Atmosphäre gelangt. Die 

Hauptsenke ist die Reaktion mit OH˙ in der Troposphäre. Seit 2000 sinkt die globale CO-

Konzentration (Bliefert, 2002). 

Doch neben Gasen sind auch Aerosolpartikel fester Bestandteil des Gemisches Luft, welche 

luftgetragene feste oder flüssige Teilchen sind. Primäre Aerosolpartikel werden direkt als 

solche in die Atmosphäre emittiert, während sekundäre Aerosolpartikel in der Atmosphäre 

gebildet werden, indem gasförmige Vorläufersubstanzen mit geringer Flüchtigkeit auf primären 

Partikeln kondensieren oder durch Zusammenclustern und Anwachsen komplett neue Partikel 

bilden. Aerosolpartikel ermöglichen als Wolkenkondensationskeime erst die Bildung von 

Wolken und wirken somit 3 neben ihrem direkten reflektierenden Effekt 3 durch Änderung der 

Wolkenbedeckung und -eigenschaften insgesamt kühlend aufs Klima und beeinflussen die 

lokalen und globalen Wasserkreisläufe. Doch sie haben auch negative Auswirkungen auf die 

menschliche Gesundheit und sind für eine Verkürzung der durchschnittlichen Lebensdauer in 

Regionen mit hohen Feinstaubbelastungen verantwortlich (Seinfeld und Pandis, 2016; Bellouin 

et al., 2020; World Health Organization, 2016). 

Neben den bisher betrachteten neutralen, also ungeladenen Gasen und Partikeln sind Ionen in 

der Gasphase sowie geladene Partikel ebenfalls Bestandteil der Atmosphäre. Sie spielen bei 

vielen atmosphärischen Prozessen eine wichtige Rolle, wie etwa bei Gewittern, 

Radiowellenübertragung und ionen-induzierter Nukleation von Aerosolpartikeln. Die 

Hauptquellen für Ionisation in der Tropo- und Stratosphäre ist die galaktische kosmische 

Strahlung, die entgegen ihrem Namen hauptsächlich aus Protonen und ³-Partikeln (primäre 

Partikel genannt) besteht und in der Erdatmosphäre durch Kollision mit Luftmolekülen 

Teilchenschauer von sekundären Partikeln (u.a. Myonen, Pionen und Neutrinos) hervorruft. Die 

primären und sekundären Partikel können die Luftmoleküle ionisieren unter Entstehung von 

N+, N2
+, O+, O2

+ und Elektronen. Sauerstoff reagiert rasch mit letzteren zu O3 und O2
3. Diese 
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Kationen und Anionen reagieren weiter, bis Ionenclustern der Summenformeln 

(HNO3)n(H2O)mNO3
3 und H+(H2O)n(B)m gebildet werden, wobei B Basen wie Methanol, 

Aceton, Ammoniak oder Pyridin sind. Weitere Ionisationsquellen sind der Zerfall des 

Radioisotops 222Rn in Bodennähe und ionisierende Solarstrahlung oberhalb der Stratosphäre. 

Atmosphärische Ionen haben zwei wichtige Senken: die Wiedervereinigung, auch 

Rekombination genannt, bei der sich ein Kation und ein Anion gegenseitig neutralisieren sowie 

das Anhaften an Aerosolpartikeln. Letztere Senke ist vor allem in der Troposphäre aufgrund 

der relativ hohen Konzentration an Aerosolpartikeln relevant (Arnold, 2008; Viggiano und 

Arnold, 1995; Bazilevskaya et al., 2008; Hirsikko et al., 2011). 

Die Ion-Ion-Rekombination kann durch den Rekombinationskoeffizienten α beschrieben 

werden, der als Reaktionsratenkoeffizient die Einheit cm33 s31 besitzt und temperatur- und 

druckabhängig ist. Ein Übersichtsartikel über die verschiedenen Theorien und 

Parametrisierungen für α in Abhängigkeit von Druck und Temperatur bzw. Höhe, dessen Ziel 

es ist, das bestehende Wissen zusammenzufassen und der Community der 

Atmosphärenwissenschaften zugänglich zu machen, ist Teil dieser Dissertation (Zauner-

Wieczorek et al., 2022b). Thomson hat eine Theorie zur Beschreibung von α entwickelt, die 

einem thermodynamischen Ansatz folgt. Zentraler Bestandteil der Theorie ist der 

Kollisionsradius d um die Ionen, bei dem sie sich gegenseitig elektrisch anziehen (Thomson 

und Rutherford, 1896; Thomson, 1924). Auf Grundlage von Thomsons Theorie wurden 

Parametrisierungen entwickelt, die makroskopische Größen wie die Temperatur und den Druck 

enthielten, so etwa die Formel von Israël (1957). Für Standardbedingungen (1013 hPa, 273 K) 

ist von einem Wert von 1,7 ⸱ 1036 cm33 s31 für α auszugehen (Lenz, 1932; Israël, 1957; Bates, 

1982). In den 1970er Jahren haben Gringel et al. (1978), Rosen und Hofmann (1981) und Morita 

(1983) Ballonmessungen durchgeführt, bei denen sie gleichzeitig die Ionisierungsrate und die 

elektrische Mobilität bzw. Ionenkonzentration gemessen haben, um daraus α für einen Bereich 

zwischen 10 und 45 km Höhe abzuleiten. Oberhalb von 10 km Höhe weist α einen 

abnehmenden Trend auf. Für die Troposphäre ist davon auszugehen, dass α etwa konstant 

bleibt, wobei hier genaue Beobachtungen aus Feldmessungen fehlen. Auf den oben genannten 

Ballonmessungen basieren weitere Parametrisierungen, wie etwa die von Arijs et al. (1983) und 

Brasseur und Chatel (1983); die Monte-Carlo-Simulation von Bates (1982) stimmt mit den 

Beobachtungen überein. Außerdem wurden in Zauner-Wieczorek et al. (2022b) Theorien, die 

die Anhaftung von Ionen an Aerosolpartikel beschreiben wie etwa die Theorie von Hoppel und 

Frick (1986), auf die Ion-Ion-Rekombination angewandt, indem für das Aerosolpartikel 

angenommen wurde, dass es so groß wie ein Ion und einfach geladen sei. Die verschiedenen 
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Theorien und Parametrisierungen wurden für die Bedingungen der US-Standardatmosphäre mit 

den Feld- und Modelldaten sowie den Labordaten von Franchin et al. (2015) verglichen. Keine 

der Theorien konnte für den betrachteten Höhenbereich von 0350 km die Daten vollumfassend 

reproduzieren. Für 0320 km bzw. 0322 km empfehlen sich jeweils die Parametrisierungen von 

Israël (1957) und Brasseur und Chatel (1983); für den Bereich von 10325 km die 

höhenabhängige Parametrisierung von Bates (1985); oberhalb von 25 km die Formel von Smith 

und Adams (1982) und oberhalb von 30 km die Theorie von Hoppel und Frick (1986). Der Ion-

Ion-Rekombinationskoeffizient findet zum Beispiel Anwendung bei der Berechnung der 

Anzahlkonzentration der gasförmigen Schwefelsäure aus Messungen von Nitrat- und 

Hydrogensulfat-Ionen in der Atmosphäre, wie von Zauner-Wieczorek et al. (2022a) für 

Messdaten der CAFE-EU/BLUESKY-Kampagne beschrieben. 

Die Messkampagne CAFE-EU/BLUESKY fand vom 16. Mai bis 9. Juni 2020 über Westeuropa 

während der Lockdowns in vielen Ländern bei reduziertem Luft- und Straßenverkehr und 

industrieller Produktion statt. Die Forschungsflugzeuge HALO und Falcon vom Deutschen 

Zentrum für Luft- und Raumfahrt (DLR) waren mit Instrumenten ausgestattet, die zahlreiche 

Spurengase (u.a. NOx, O3, SO2, H2SO4, OH˙), Aerosolparameter (u.a. Konzentration, 

chemische Zusammensetzung, Größenverteilung) sowie meteorologische und physikalische 

Parameter (u.a. Temperatur, Druck, Windgeschwindigkeit, Strahlung) gemessen haben. Die 

Flüge haben einen Bereich von Spanien bis vor die Küste Irlands abgedeckt, mit Fokus auf 

urbanen Agglomerationen, kontinentalem Hintergrund, Ausfluss hochreichender konvektiver 

Wolken und der maritimen Grenzschicht. In Voigt et al. (2022) wurden die Details der 

Kampagne und Instrumentierung sowie die wichtigsten Ergebnisse beschrieben. Über dem 

Großraum Frankfurt konnte ein Rückgang von reaktiven Stickstoffverbindungen (NOy) von 

40370 % und von Kohlenstoffmonoxid von 20340 % im Vergleich zu 199432005 beobachtet 

werden. Auch NOx-Messungen des Nadir-Scanning-UV/VIS-Spektrometers GOME-2 auf dem 

MetOp-Satelliten zeigen eine globale Reduktion von NOx um 12 % und bis zu 55 % über 

urbanen Ballungsräumen im Vergleich zum Zeitraum 201532019. Diese Reduktionen sind 

neben veränderten meteorologischen Rahmenbedingungen auf die verringerten Emissionen von 

Luftfahrt, Transport auf der Straße und Industrie zurückzuführen. Simulationen mit dem 

MECO(n)-Modell zeigten außerdem eine Reduktion von bis zu 10 % für O3, bis zu 13 % für 

CO und bis zu 34 % für NOy für ein Lockdown-Szenario im Vergleich zu einem Business-as-

usual-Szenario. Der NOy-Rückgang war hauptsächlich den verringerten Emissionen beim 

Transport in der Luft und auf der Straße zuzuordnen. Darüber hinaus wurde am 1. Juni 2020 

eine Reduktion des CO-Mischungsverhältnisses über der Po-Ebene im Vergleich zur 
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HYSPLIT-Simulation festgestellt, bei der keine Emissionsreduktion implementiert war. 

Schwefeldioxid wies in der Stratosphäre erhöhte Hintergrundwerte auf, die auf den 

Vulkanausbruch des Raikoke im Jahr 2019 zurückzuführen sind. 

Neben den Spurengasen wurden auch Aerosolpartikel während CAFE-EU/BLUESKY 

untersucht. Unterhalb von 5 km war die Aerosolmassenkonzentration von Aerosolpartikeln mit 

einem Durchmesser ≤ 1 µm (PM1) um einen Faktor 233 niedriger als bei früheren 

Messkampagnen über Europa. Die Masse von Black Carbon war durch Lockdown-Effekte um 

bis zu 40 % reduziert. Die Konzentration von Aerosolpartikeln > 18 nm war zwischen 4311 km 

um 30370 % reduziert im Vergleich zu 200532015. Außerdem konnte eine Verringerung der 

aerosolbasierten optischen Dicke von 40 % im Vergleich zu 201532019 festgestellt werden. 

Das Spektrum der nach unten gerichteten spektralen Irradianz für einen solaren Zenithwinkel 

von 45° war während CAFE-EU/BLUEKSY zu kürzeren Wellenlängen verschoben, wodurch 

die Farbe des Himmels vom menschlichen Auge als blauer wahrgenommen wurde. Darüber 

hinaus führte die starke Verringerung des Luftverkehrs zu einer geringeren Contrail-Cirrus-

Bedeckung und damit zu einer verringerten cirrusbasierten optischen Dicke. 

Während CAFE-EU/BLUESKY wurden mithilfe der Ionenquelle Switchable corona-powered 

ion source (SCORPION), die an ein Flugzeit-Massenspektrometer (TOF-MS) gekoppelt und 

auf HALO installiert war u.a. Schwefelsäure (H2SO4), C2-Amine (z.B. Dimethylamin, DMA, 

(CH3)2NH) und Methansulfonsäure (MSA, CH3SO3H) gemessen. Diese Ergebnisse werden an 

anderer Stelle veröffentlicht. Die SCORPION-Quelle ist eine neu entwickelte Ionenquelle, die 

auf dem Prinzip der chemischen Ionisation durch Corona-Entladung basiert. 

Massenspektrometer können geladene Moleküle nach ihrem Masse-zu-Ladungs-Verhältnis 

trennen und detektieren. Um neutrale Moleküle nachzuweisen, müssen diese in einer 

Ionenquelle zunächst ionisiert werden. Neben der klassischen, „harten< Elektronenstoß- oder 

der „weicheren< Elektrospray-Ionisierung stellt die chemische Ionisation eine weitere Methode 

dar, um Analyten „weich<, also möglichst ohne Fragmentierung zu ionisieren. Im Falle der 

SCORPION-Quelle wird gasförmige Salpetersäure durch Corona-Entladung zu Nitrationen 

und -clustern ((HNO3)032NO3
3) ionisiert. Diese Reagenzionen können wiederum neutrale 

Analytmoleküle durch Ladungstransfer oder Adduktbildung ionisieren. Das SCORPION-

System verfügt über einige speziell an den Einsatz im Flugzeug angepasste Eigenschaften. So 

ist der Fluss durch die Einlassleitung hoch, um den verlustreichen Kontakt zu den Wänden zu 

minimieren. Ein automatisiertes Druckstufensystem bewirkt einen konstanten Druck von 

200 hPa in der Ionenquelle trotz unterschiedlicher Außendrücke. Zudem wird durch ein 
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Gegenstromprinzip im Bauteil der Coronaentladung verhindert, dass reaktive Nebenprodukte 

in die Ionen-Molekül-Reaktionszone gelangen, wo sie mit den Analyten reagieren und so die 

Messergebnisse verfälschen könnten. 

Neben der Konfiguration im chemischen Ionisationsmodus kann das SCORPION-TOF-MS 

aber auch im atmospheric pressure interface (APi) Modus betrieben werden, d.h. die 

Coronaspannung wird ausgeschaltet und damit die Bildung von Reagenzionen gestoppt; 

natürliche Ionen können so gemessen werden. Die Ergebnisse dieser Messungen während 

CAFE-EU/BLUESKY für den Höhenbereich 4,7313,4 km sind in Zauner-Wieczorek et al. 

(2022a) beschrieben. Es wurden übereinstimmend mit der Literatur die nitratbasierten Ionen  

(HNO3)032NO3
3 und die sulfatbasierten Ionen (H2SO4)031HSO4

3 und (HNO3)HSO4
3 im 

negativen Modus sowie protoniertes Pyridin (H+(C5H5N)) im positiven Modus detektiert. Die 

Zählraten der nitratbasierten Ionen wiesen einen positiven Trend mit der Höhe auf, während 

die sulfatbasierten Ionen keinen signifikanten Trend zeigten. Das Maximum des protonierten 

Pyridins zeigte sich zwischen 4,638,5 km Höhe. Aus dem Verhältnis der nitratbasierten und 

sulfatbasierten Ionen konnte unter Zuhilfenahme der Parametrisierung des Ion-Ion-

Rekombinationskoeffizienten (vgl. Zauner-Wieczorek et al., 2022b) die Anzahlkonzentration 

von gasförmiger Schwefelsäure bestimmt werden. In der Höhenklasse von 8,739,2 km wurde 

die höchste durchschnittliche Konzentration von 7,8 ⸱ 105 cm33 festgestellt. Darüber zeigte sich 

ein abnehmender Trend mit durchschnittlich nur noch 1,9 ⸱ 105 cm33 in der obersten 

Höhenklasse von 13,4 km. Zudem wurde beim Flug durch eine Mischphasenwolke auf 5,3 km 

Höhe bei 261 K Außentemperatur ein Ereignis von erhöhter Ionenzählrate (insbesondere 

nitratbasierte Ionen), Partikelkonzentration (Partikel < 100 nm) und relativer Luftfeuchte 

aufgezeichnet werden. Dieses Ereignis kann womöglich durch den balloeketrischen Effekt 

(Christiansen, 1913) beim Zerplatzen von flüssigen Wolkentröpfchen auf der Oberfläche des 

Flugzeugs oder des Einlasses erklärt werden. 

Die CAFE-EU/BLUESKY-Kampagne stellte eine einzigartige Möglichkeit dar, 

Luftschadstoffe während einer Zeit massiv reduzierter Emissionen durch die Industrie und den 

Transport in der Luft und auf der Straße zu messen. Die Untersuchung natürlicher Ionen und 

der daraus abgeleiteten Schwefelsäurekonzentration stellen die ersten Messungen in der oberen 

Troposphäre und unteren Stratosphäre dar, die seit fast drei Jahrzehnten durchgeführt wurden. 

Durch diese Dissertation wurde somit ein Beitrag zur Atmosphärenwissenschaft geleistet, um 

die chemischen Prozesse in der Atmosphäre besser zu verstehen, die letztendlich auch auf die 

menschliche Gesundheit, Ökosysteme und das Klima wirken.  
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1 Motivation 

Humans have left an impact on their surroundings ever since. Commencing with the Industrial 

Revolution, when the enormous exploitation of fossil fuels became a central part of the 

upcoming new economic system in the Global North 3 Capitalism 3, the impacts of this grew 

to geological scales because the activity of humans not only affected their direct surroundings 

and had a short temporal effect, but also global and permanent effects, e.g. the addition to the 

natural greenhouse effect by the continuous emission of carbon dioxide to the atmosphere 

through fossil fuel burning. In 1856, the greenhouse effect of carbon dioxide was first described 

by Eunice Foote (who has only received credit for this discovery recently; Foote, 1856), 

however, it has taken societies more than 150 years to grasp the full impact of their behaviour, 

namely that global warming leads to extreme weather conditions, hot temperatures, and a rise 

in sea level that makes vast areas uninhabitable and causes the extinction of numerous species 

(IPCC AR6 Working Group I, 2021). In addition, land use change has resulted in desertification 

and loss in biodiversity and air pollutants such as particulate matter, sulfur dioxide, or nitrogen 

dioxide that have adverse health effects on humans and cause a decreased average life 

expectancy especially in industrialised regions (World Health Organization, 2016). These are 

further example of the detrimental effects caused by the expansive and intensive economic 

activities of humans, especially in the societies of the Global North. 

In order to understand these impacts, research in various disciplines is necessary to uncover the 

related mechanisms and processes. This research should be conducted not for the sake of 

research itself, but for the production of knowledge from which societies and especially 

vulnerable groups can benefit. With regards to climate change and air pollution, atmospheric 

scientists need to investigate the chemical and physical mechanisms that lead to adverse climate 

or pollution effects. This is inevitable should societies wish to preserve and enhance the safety 

and well-being of all people and ecosystems. 
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This dissertation seeks to contribute a small piece to the vast puzzle of atmospheric sciences. 

During the first COVID-19 lockdown in Europe, the emissions of some pollutants were cut 

enormously, especially in the aviation and ground-based travel sector and the manufacturing 

industry. One focus of this work is, thus, to investigate the effects of the lockdown on certain 

air pollutants during the Chemistry of the Atmosphere Field Experiment in Europe (CAFE-

EU)/BLUEKSY measurement campaign such as nitrogen oxides, sulfur dioxide, ozone, and 

particulate matter which can have severe adverse health effects especially in urban areas. 

Moreover, climate change, as a global and long-term phenomenon, is fuelled by different 

chemical species and their respective emission processes. Aerosol particles have an overall 

cooling effect on the climate (Bellouin et al., 2020) and the knowledge of their formation and 

their effects on the climate is important in order to tailor the responses of politics and societies 

on climate change mitigation and adaptation. Therefore, another focus of this work is to 

investigate the concentrations and spatial distribution of a precursor gas for aerosol nucleation 

3 sulfuric acid 3 in order to broaden the data set that, eventually, chemical and climate models 

can be based on, especially in the free troposphere and lower stratosphere where field data of 

the precursor gases are scarce. A third focus is on the atmospheric ions that influence many 

atmospheric processes such as ion-induced aerosol nucleation. Many theories have been 

developed to describe the recombination of gas-phase ions. Therefore, in this dissertation, these 

theories are compared to find favourable approaches for atmospheric conditions. 

The topics of this dissertation address different short- and long-term processes that affect the 

climate as well as local air quality. Ultimately, these pieces are interrelated and are part of the 

huge puzzle of atmospheric science that needs to be solved for the benefit of present and future 

societies. 
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2 Introduction 

2.1 Constituents of the atmosphere 

Figure 1: Layers of the atmosphere and temperature trends (red line) after Seinfeld and Pandis (2016). 

The Earth is surrounded by a layer of gases, the atmosphere, which is held by the Earth’s 

gravity. Due to the decreasing gravitational effect with increasing altitude, the density of the 

atmosphere and, therefore, also the pressure are the greatest at the surface and continuously 

decrease with increasing altitude. The atmosphere can be divided into several layers with certain 

characteristics. From 0 km to approximately 12 km altitude, the troposphere is characterised by 
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a decreasing trend of temperature and a turbulent, vertically well-mixed air mass. The border 

to the next sphere, the stratosphere, is called the tropopause (TP); this is higher at the equator 

(ca. 17 km) and lower at the poles (ca. 6 km), while its height is furthermore dependent on the 

season. At the TP, the temperature decrease ceases and is inverted further in the stratosphere 

which ranges up to an altitude of 45355 km; this is where the stratopause lies. The above-lying 

mesosphere is characterised by a negative temperature gradient up to the mesopause at 

approximately 80390 km altitude. Above the mesopause, the thermosphere follows with a 

positive temperature gradient; the thermosphere ends at the thermopause at approximately 

500 km altitude. Above the thermopause, the exosphere represents the outermost layer of the 

Earth’s atmosphere, ranging up to approximately 10,000 km (Seinfeld and Pandis, 2016). 

Figure 1 shows the layers of the atmosphere up to an altitude of 120 km and the corresponding 

temperature trends. 

The atmosphere’s main constituents are nitrogen (N2, 78 %), oxygen (O2, 21 %), and argon (Ar, 

0.9 %). The content of water vapour (H2O) is highly variable and generally decreases with 

increasing altitude. Close to the ground, a mixing ratio of up to 3 % is possible. There is an 

almost endless number of trace gases that add up to < 1 % of the atmosphere (Seinfeld and 

Pandis, 2016), however, these can have a big impact on meteorology, the climate, ecosystems, 

and human health. Of these trace gases, the so-called greenhouse gases (GHGs) have 

experienced the greatest attention in public discussion because of their relevance to the climate. 

Without GHGs, life on Earth, as we know it, would not be possible because they ensure that 

the average surface temperature on our planet is +15 °C. Without the naturally occurring GHGs, 

of which H2O and carbon dioxide (CO2) are the most important, the temperature would be  

318 °C on average and the majority of the Earth would be uninhabitable. However, the ever- 

increasing anthropogenic emissions of CO2, methane (CH4), and nitrous oxide (N2O) fuel the 

greenhouse effect causing the global mean surface temperature to rise continuously. The global 

mean temperature increased by 1.1 K between 185031900 and the 2010s; the global mean 

mixing ratio of CO2 rose from 280 ppm in pre-industrial times to more than 410 ppm today. 

Depending on the emission scenario, the global mean temperature will rise by another 0.4 to 

4.4 K by 208132100. This global warming leads to irrevocable changes of geophysical and 

biological cycles, extreme weather conditions, and the rising of the sea level, amongst other 

effects (IPCC AR6 Working Group I, 2021). Moreover, some trace gases can have more direct 

adverse health effects, for instance, due to irritation and damage of the respiratory tract or due 

to the pollution of the biosphere. 
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Some trace gases with low volatilities have the potential to form aerosol particles from the gas 

phase. Apart from these, aerosol particles can also be emitted as such into the atmosphere. 

Aerosol particles form part of the mixture of the air, which is only regarded on a first 

approximation as a mixture of gases. Besides neutral gases and particles, gas-phase ions are 

also part of the atmosphere. In the following subchapters, some important chemical species in 

the atmosphere are introduced that were measured during the CAFE-EU/BLUEKSY 

measurement campaign, which was aimed to investigate the effect of the COVID lockdown on 

atmospheric pollutants, trace gases, aerosol particles, and atmospheric ions  (see Sect. 3.2). 

Trace gases that are either responsible for urban air pollution (NOx, SO2, CO) or participate in 

the formation of aerosol particles (H2SO4) are introduced in Sect. 2.1.1, followed by aerosol 

particles in Sect. 2.1.2, while atmospheric ions will be described in Sect. 2.1.3. 

2.1.1 Trace gases 

In the atmosphere there exist numerous trace gases. In this chapter, some of the most relevant 

trace gases that were measured during the CAFE-EU/BLUESKY campaign are introduced with 

respect to their formation and emission, their impact on atmospheric chemistry, and their 

environmental relevance; these gases include nitrogen oxides, sulfur dioxide, sulfuric acid, and 

carbon monoxide. 

Nitrogen oxides (NOx) 

The nitrogen oxides NO and NO2 are typically referred to as NOx. The main sources of NOx in 

the troposphere are anthropogenic sources (total: 37.5 Tg N a31) of which fossil fuel combustion 

and industrial processes (28.3 Tg N a31) are the most dominant, along with biomass burning 

and biofuel burning (5.5 Tg N a31) and agriculture (3.7 Tg N a31). The natural sources of NOx 

(total: 11.3 Tg N a31) are lightning (4 Tg N a31) and soils (7.3 Tg N a31) (Seinfeld and Pandis, 

2016), while the main sink is wet deposition (Bliefert, 2002). 

There exists a photochemical equilibrium between NO2 and NO under participation of O, O2, 

and O3 according to Reactions (R1) to (R3) (Bliefert, 2002): 

NO2 + hν (λ < 420 nm) → NO + O        (R1) 

O + O2 + M → O3 + M         (R2) 

O3 + NO → O2 + NO2          (R3) 
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Both NO and NO2 are toxic gases, although atmospheric NO has no significant health effects 

due to its low concentration in the atmosphere. NO2, on the other hand, is very water soluble, 

forming nitric acid, HNO3, with water. In the respiratory system, therefore, NO2 is converted 

to HNO3 which causes irritation of the mucous membrane, coughing, pulmonary oedema, and 

eventually death. NO2 also adversely affects certain animals and plants, even at low mixing 

ratios (Bliefert, 2002). 

NOx play a crucial role in atmospheric chemistry. Tropospheric ozone, O3, is mainly produced 

via the reaction of peroxides (HO2 and RO2) with NO. Only 10320 % of tropospheric ozone 

originates from the stratosphere (Seinfeld and Pandis, 2016). Thus, local concentrations of 

tropospheric ozone are influenced by the NOx concentration. High NOx levels can lead to high 

(and potentially harmful) ozone levels. Summer smog, also called photochemical smog or Los 

Angeles smog, is characterised by high levels of ozone and is formed when high levels of UV 

light, NOx, and volatile organic compounds (VOCs) coincide, e.g. in large cities during sunny 

days in summer (Haagen-Smit, 1952; Sillman et al., 1990). 

The source of stratospheric NOx, on the other hand, is the photodissociation of N2O (see 

Reactions (R4) and (R5)) which has a longer lifetime than the reactive nitrogen oxide species 

NOy and can, therefore, be transported from the troposphere into the stratosphere (Seinfeld and 

Pandis, 2016). NOy is the sum of NOx and all of their oxidation products in the atmosphere, 

including HNO3, nitrous acid (HONO), the nitrate radical (NO3˙), dinitrogen pentoxide (N2O5), 

and peroxyacetyl nitrate (PAN, CH3C(O)OONO2) (Seinfeld and Pandis, 2016). 

N2O + hν → N2 + O(1D)         (R4) 

N2O + O(1D) → 2 NO          (R5) 

NOx contributes to the catalytical depletion mechanism of stratospheric ozone (see Reactions 

(R6) and (R7)) (Seinfeld and Pandis, 2016; Crutzen, 1970; Johnston, 1971): 

NO + O3 → NO2 + O2          (R6) 

NO2 + O → NO + O2          (R7) 

Sulfur dioxide (SO2) 

Sulfur dioxide is a toxic gas whose main sources in the atmosphere are anthropogenic. The 

global emission of SO2 is estimated to be 64.2 Tg S a31, of which fossil fuel combustion and 

industry are responsible for the largest part (56.3 Tg S a31), followed by volcanoes  
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(6.6 Tg S a31) and biomass burning (1.3 Tg S a31) (Lee et al., 2011). Background mixing ratios 

are 20350 ppt in the marine boundary layer and up to 1 ppb for continental air masses, while 

urban levels can be as high as several hundred ppb. The sinks of SO2 are wet and dry deposition. 

Its atmospheric lifetime is around 1 week, while the tropospheric lifetime is 2 days (Seinfeld 

and Pandis, 2016). SO2 can be oxidised to sulfate and sulfuric acid in the liquid phase (through 

O3 and H2O2) and gas phase, respectively (Seinfeld and Pandis, 2016). SO2 and sulfate particles 

are responsible for the so-called London smog or winter smog that causes severe respiratory 

diseases that may become fatal, as was the case in London in 1952, when thousands of people 

died (Bliefert, 2002). The wet deposition of SO2 lowers the pH value of the rain leading to acid 

rain, acidification of lakes and soils, and damage to foliage (Bliefert, 2002). The global 

emissions of SO2 have reduced since the 1980s by means of the desulfurisation of fossil fuels 

and waste gases in combustion processes (Bliefert, 2002). 

Sulfuric acid (H2SO4) 

Sulfuric acid, H2SO4, is the oxidation product of sulfuric compounds such as SO2 and carbonyl 

sulfide, OCS. In the gas phase, the oxidation of SO2 with the hydroxyl radical OH˙ is dominant 

(see Reactions (R8) to (R10)) (Stockwell and Calvert, 1983; Jayne et al., 1997). The hydroxyl 

radical is formed from the photodissociation of O3 to O(1D) and O2 and the subsequent reaction 

of O(1D) with H2O to OH˙ (Seinfeld and Pandis, 2016). As ozone photolysis requires sunlight, 

OH˙ and H2SO4 are, thus, formed during daytime only. Typical orders of magnitude for the 

number concentrations of sulfuric acid in the troposphere are 105 cm33 during nighttime and 106 

to 107 cm33 during daytime, while in the lower stratosphere, they are in the order of 105 cm33 

during daytime (Clarke et al., 1999; Weber et al., 1999; Fiedler et al., 2005; Arnold, 2008; 

Kürten et al., 2016; Berresheim et al., 2000). 

SO2 + OH˙ + M → HSO3˙ + M        (R8) 

HSO3˙ + O2 → HO2˙ + SO3         (R9) 

SO3 + 2 H2O → H2SO4 + H2O        (R10) 

In the stratosphere, OCS is the most important precursor to sulfuric acid and sulfate because 

OCS has a lifetime of approximately 7 years in the troposphere and is, thus, the only sulfur 

compound that is transported to the stratosphere in an appreciable amount. The only exception 

is SO2 that is occasionally directly injected into the stratosphere through strong volcanic 

eruptions (Seinfeld and Pandis, 2016). In the stratosphere, OCS is photolysed and transformed 



8 Constituents of the atmosphere  

to SO2 (Crutzen, 1976), which then undergoes further oxidation to sulfuric acid as described 

above. The main sources of OCS are emissions of OCS and the precursors carbon disulfide, 

CS2, and dimethyl sulfide (DMS), (CH3)2S, from the oceans (279 Gg S a31) and anthropogenic 

sources of OCS and CS2 (180 Gg S a31). The main sinks are the uptake by plants  

(238 Gg S a31) and soils (130 Gg S a31) as well as the reaction with OH˙ (94 Gg S a31) (Seinfeld 

and Pandis, 2016). 

Carbon monoxide (CO) 

Carbon monoxide is a toxic gas whose sources to the atmosphere are direct emissions (1,2303

1,400 Tg CO a31) and in-situ oxidation (1,45031,550 Tg CO a31) in approximately equal parts. 

The sources of direct emissions are mainly anthropogenic via biomass burning  

(700 Tg CO a31) and fossil fuel burning (650 Tg CO a31), while natural sources  

(200 Tg CO a31) only account for a smaller proportion. The precursors for the in-situ oxidation 

are mainly methane, isoprene, and industrial hydrocarbons (Seinfeld and Pandis, 2016). The 

atmospheric lifetime of CO is 1 to 4 months (IPCC AR6 Working Group I, 2021). The sinks of 

CO are the reaction with OH˙ in the troposphere (2,050 Tg CO a31) and, to a much smaller 

extent, the uptake by soils (250 Tg CO a31) and the photochemical depletion in the stratosphere 

(107 Tg CO a31) (Bliefert, 2002). The tropospheric mixing ratio of CO is approximately 

100 ppb in the northern and approximately 50 ppb in the southern hemisphere (Bliefert, 2002). 

Since 2000, the global burden of CO has decreased (IPCC AR6 Working Group I, 2021). 

2.1.2 Aerosol particles 

As a first approximation, the atmosphere can be considered as a mixture of gases, however, it 

also contains airborne particles in the size range from 1 nm to 50 µm. Thus, technically 

speaking, the atmosphere is an aerosol, i.e. a mixture of gases and particulate matter that is 

suspended in the air. The suspended particles are called aerosol particles (Seinfeld and Pandis, 

2016). 

One can distinguish primary and secondary aerosol particles based on their source. Primary 

aerosol particles are emitted as such into the atmosphere; examples of natural sources of 

primary aerosol particles are mineral dust, pollen, and sea salt. Soot and tyre wear particles are 

examples of anthropogenic origin. On the other hand, secondary particles are formed via 

condensation of low volatile gases on existing aerosol particles or in situ from the gas phase in 

a process called new particle formation (NPF). In this process, gas molecules of substances with 

low volatilities cluster together as shown in Figure 2. The volatility describes the eagerness of 
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a compound to be in the vapour phase. This is dependent on the compound-specific evaporation 

enthalpy and the temperature (Donahue et al., 2011). The volatility of a compound can be 

classified along the spectrum of the vapour saturation concentration into discrete volatility bins 

based on the volatility basis set (VBS) as performed for organic compounds (Donahue et al., 

2011; Donahue et al., 2012; Schervish and Donahue, 2020). Generally speaking, atmospheric 

trace gases with large volatilities contribute to chemical reactions in the gas and liquid phase, 

whereas gases with low volatilities tend to interact with aerosol particles or change their 

aggregation state to the solid or liquid phase.  

The aforementioned initial cluster can grow in size through condensation of additional 

molecules or shrink by the re-evaporation of molecules (see Figure 2). Once the critical size of 

approximately 1 nm is reached, the re-evaporation ceases and it is defined as an aerosol particle. 

Further particle growth is possible through further condensation of vapours on the existing 

particle or through coagulation of two or more particles (Seinfeld and Pandis, 2016). Aerosol 

particles can be characterised by their size or chemical composition. For their characterisation 

by particle size, different modes are defined: the nucleation mode (< 10 nm in diameter), the 

Aitken mode (103100 nm), the accumulation mode (0.132.5 µm), and the coarse mode 

(> 2.5 µm) (Seinfeld and Pandis, 2016). 

Figure 2: Scheme of new particle formation and growth after Kirkby (2007). CCN – cloud condensation 

nucleus. 

Depending on their size and chemical composition, aerosol particles can act as cloud 

condensation nuclei (CCN), enabling water vapour to condense onto them and form liquid cloud 

droplets. The homogeneous nucleation of water vapour, i.e. the condensation on its own, is only 

possible for a supersaturation of approximately 6, i.e. when the vapour pressure of water 

exceeds the saturation vapour pressure by a factor of 6 (Seinfeld and Pandis, 2016). Such values 

are never observed in the atmosphere where the relative humidity barely exceeds a few per cent 

above 100 %. Heterogeneous nucleation, the condensation on a foreign substance, is already 
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observed below 100 %. This is because the saturation vapour pressure can be lower for mixtures 

than for the pure substances. 

Some of the most important chemical systems for new particle formation are the systems of an 

acid, water, and a base. Nucleation-inducing acids comprise sulfuric acid, iodic acid, and nitric 

acid, while ammonia and several amines such as dimethyl amine are examples of bases known 

for their contribution to nucleation. Furthermore, in purely biogenic systems, particle formation 

is observed by highly oxygenated organic molecules (HOMs) (e.g. Hoppel, 1987; Kirkby et al., 

2011; Almeida et al., 2013; Chen et al., 2015; Kirkby et al., 2016; Kürten et al., 2016; Tröstl et 

al., 2016; Kürten et al., 2018; Simon et al., 2020; Wang et al., 2020; He et al., 2021; van Rooy 

et al., 2021; Wang et al., 2022). 

Aerosol particles also affect the optical thickness of the atmosphere. The optical thickness, or 

optical depth, τ, is defined as the path from the Earth’s surface (or the position of the observer) 

to the top of the atmosphere (TOA) in which radiation experiences Rayleigh and Mie scattering 

by aerosol particles and absorption by gases. For the absorption of gases, it is defined following 

the Lambert3Beer3Bougouer law, according to Eq. (1) (Liou, 1992): � =  ∫ �(�) ∙ �(�) d��TOA�0 ,         (1) 

where z is the altitude, k is the absorption coefficient, and ρ is the air density. The aerosol optical 

thickness (AOT) can be defined likewise. Larger aerosol concentrations lead to a stronger 

scattering of the sunlight, thus affecting the irradiance reaching the Earth’s surface and shifting 

the wavelength of the light; observations of the change in AOT during the CAFE-

EU/BLUESKY campaign will be further discussed in Sect. 4.1.2 (Voigt et al., 2022). 

Aerosol particles have numerous effects on meteorological systems, the climate, the biosphere, 

and the human body. Thus, aerosol particles play a crucial role in the formation of clouds and, 

subsequently, in the local and global water cycles (e.g. Jardine et al., 2015; Li et al., 2022). Due 

to their influence on cloud formation and cloud properties, and because of the direct reflection 

of sunlight, aerosol particles have a significant influence on the radiative forcing and, thus, on 

the climate (IPCC AR6 Working Group I, 2021). In total, aerosol particles and their changes to 

optical cloud properties have a negative radiative forcing and, thus, a cooling effect on the 

climate. The largest uncertainties in climate models, however, result from the uncertainties in 

the quantification of the aerosol effects on the radiative forcing (IPCC AR6 Working Group I, 

2021). Therefore, further research is necessary to improve the climate models so that societies 

can cope better with climate change and tailor their mitigation and adaptation strategies. 
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The impact of aerosol particles on human health is also significant. Particulate matter does not 

only affect the respiratory system, causing diseases such as pneumonia and lung cancer, but 

small aerosol particles can also enter the cardiovascular system through uptake in the alveoli 

and cause diseases including stroke or ischaemic heart disease (Lelieveld et al., 2019). Air 

pollution is estimated to decrease the average life expectancy in Europe by 2.2 years (Lelieveld 

et al., 2019) and in northern China by 5.5 years (Chen et al., 2013). Therefore, stronger 

measures to decrease the indoor and ambient burden of particulate matter in populated regions 

need to be taken. 

Apart from sulfuric acid which was mentioned earlier, a number of other precursor gases 

contribute to NPF and secondary aerosol formation such as methanesulfonic acid (MSA), 

HOMs, ammonia, or amines, to name but a few. MSA, CH3SO3H, is an oxidation product of 

dimethyl sulfide, DMS, along with SO2 (Hatakeyama et al., 1982; Shen et al., 2022; van Rooy 

et al., 2021). DMS is emitted mostly from the oceans (Seinfeld and Pandis, 2016) and, thus, 

MSA-rich air is a proxy for a marine origin of air masses. HOMs are a class of molecules that 

originate from volatile compounds such as terpenes or sesquiterpenes and have undergone an 

autoxidation process that has led to an increase in oxygen atoms in the molecules and, thereby, 

a decrease in volatility (Ehn et al., 2012; Crounse et al., 2013; Ehn et al., 2014). Ammonia, 

NH3, is mainly emitted from agriculture, including animal husbandry, while other sources of 

NH3 include industry, vehicles and volatilisation from soils and oceans (Behera et al., 2013). 

As a base, ammonia can stabilise nucleation clusters that contain water and acids (Kirkby et al., 

2011). Amines are derivatives of ammonia with the formula NR3, where R can be alkyl or aryl 

groups or a hydrogen atom. Amines in the atmosphere originate from anthropogenic sources, 

such as animal husbandry, industrial emissions, and composting, and from natural sources such 

as biodegradation (Ge et al., 2011). As bases, amines can contribute to NPF, similar to NH3 

(Almeida et al., 2013; Kürten et al., 2016). 

2.1.3 Atmospheric ions 

In the previous subchapters, the neutral constituents of the atmosphere, namely gases and 

aerosol particles, were discussed. The atmosphere, moreover, contains charged species: ions in 

the gas phase and charged aerosol particles. 

The main source of ionisation in the lower part of the atmosphere, i.e. in the troposphere and 

stratosphere, are galactic cosmic rays (GCRs). These <rays= are, in fact, mostly protons and ³ 

particles, also called primary particles. These are modulated by the 11-year cycle of solar 
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activity and are partly deflected by the Earth’s magnetic field. However, the part that is able to 

penetrate the Earth’s atmosphere induces showers of secondary particles consisting of pions, 

muons, and neutrinos, amongst others, upon collision with an air molecule (Bazilevskaya et al., 

2008). The primary and secondary particles are able to ionise the air molecules, yielding N+, 

N2
+, O+, O2

+, and electrons. The latter quickly react with oxygen, forming O3 and O2
3. These 

initial cations and anions experience further reactions that ultimately lead to the ion clusters 

(HNO3)n(H2O)mNO3
3 and H+(H2O)n(B)m, amongst others, where B are bases such as methanol, 

acetone, ammonia, or pyridine (Viggiano and Arnold, 1995; Shuman et al., 2015). A more 

detailed description of the atmospheric ion chemistry is given in the introductory section of the 

research article <Mass spectrometric measurements of ambient ions during CAFE-

EU/BLUESKY= (see Sect. 4.3.3) (Zauner-Wieczorek et al., 2022a). Close to the ground, the 

decay of the radioisotope 222Rn emitted from the soil is an additional sources of ionisation as 

well as lightning (Viggiano and Arnold, 1995). Above the stratosphere, solar energetic particles 

(SEPs) contribute to the ionisation of atmospheric compounds (Bazilevskaya et al., 2008). 

The sinks of atmospheric ions are their mutual neutralisation, also called recombination, and 

the attachment of ions to aerosol particles. The latter process is predominant in regimes with 

large concentrations of aerosol particles, i.e. especially in the lower part of the troposphere. In 

the upper part of the troposphere and above, the ion3ion recombination is predominant. An 

exhaustive review on the history of the research on the ion3ion recombination coefficient α, its 

theories and parameterisation is presented in the review paper <The ion3ion recombination 

coefficient α: comparison of temperature- and pressure-dependent parameterisations for the 

troposphere and stratosphere= (see Sect. 4.1.1 and 4.3.1) (Zauner-Wieczorek et al., 2022b). This 

review was motivated by the need for a pressure- and temperature-dependent parameterisation 

of α in order to derive the number concentration of gaseous sulfuric acid from the measurements 

of nitrate and hydrogen sulfate ions during the CAFE-EU/BLUESKY campaign (see Sect. 4.1.3 

and 4.3.3) (Zauner-Wieczorek et al., 2022a). 

Ambient ions affect several atmospheric processes such as the propagation of radio waves 

(Basu et al., 1985), the slight conductivity of the atmosphere that enables thunderstorms 

(Harrison, 2011), or the ion-induced nucleation (IIN) of aerosol particles (Hirsikko et al., 2011). 

The first observation of an enhancement of aerosol particle concentrations during an event of 

increased atmospheric ion production by SEPs was reported by Shumilov et al. (1996). Yu and 

Turco (2000) enunciated the concept of the IIN, stating that newly formed molecular clusters 

can be thermodynamically favoured if ions are involved. Thereafter, the importance of ions in 
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NPF has been shown in several studies (e.g. Kazil and Lovejoy, 2004; Curtius et al., 2007; Kazil 

et al., 2008; Kirkby et al., 2016). 

2.2 Mass spectrometry 

A powerful method to identify analytes by their mass is mass spectrometry. The first mass 

spectrometer was developed by J. J. Thomson (Thomson, 1912, 1913). In his vacuum apparatus, 

he deflected the anions produced by a cathode with a magnet and detected them with a Faraday 

cup, separated by their mass-to-charge ratio, m/z (Maher et al., 2015). Mass spectrometers 

consist of three main parts: the ion source, the mass analyser, and the detector. As detectors, 

electron multipliers, Faraday cups, and microchannel plate detectors (MCPs) are used (Maher 

et al., 2015). 

There are four main types of mass analysers. Firstly, the sector field mass analyser uses a 

magnetic field to deflect the ions (Maher et al., 2015). Secondly, a quadrupole mass analyser, 

developed by Paul and Steinwedel (1953), uses an electrical field to deflect the ion (Maher et 

al., 2015). Thirdly, time-of-flight (TOF) mass spectrometers, first described by Stephens (1946) 

and Wolff and Stephens (1953), use the m/z-dependent time of an ion to travel from one point 

of the analyser to the detector for identification, based on Eq. (2) (Maher et al., 2015): 

� = ý√2Āþ √ÿ� ,           (2) 

where t is the time of flight, d is the flight distance, U is the potential difference, and e is the 

elementary charge. Fourthly, there are a number of ion traps using different techniques to both 

trap and analyse ions of a certain m/z (Maher et al., 2015).   

An ion source is necessary to ionise the neutral analytes of interest in order to be able to detect 

them with a mass spectrometer. However, it is possible to detect ambient ions and ion clusters 

without an ion source. This measurement mode is today referred to as the atmospheric pressure 

interface (APi) mode. In fact, the first mass spectrometric application to detect atmospheric 

species were measurements of atmospheric ions, first reported by Johnson et al. (1958) for the 

mesosphere and ionosphere. In the course of time, the APi measurements were expanded to the 

stratosphere and troposphere. More details about the history of atmospheric ion measurements 

are given in the introductory part of the research article <Mass spectrometric measurements of 

ambient ions and estimation of gaseous sulfuric acid in the free troposphere and lowermost 

stratosphere during the CAFE-EU/BLUESKY campaign= (see Sect. 4.3.3) (Zauner-Wieczorek 
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et al., 2022a). Junninen et al. (2010) were the first to perform APi measurements with a TOF-

MS, identifying numerous species by virtue of the much higher mass resolution compared to a 

quadrupole MS. 

From 1985 onwards, neutral analytes in the atmosphere could be measured by coupling a 

chemical ionisation (CI) source to the mass spectrometer (Arnold and Hauck, 1985). There are 

various ionisation techniques that are often divided into soft and hard ionisation techniques. 

The classical hard ionisation technique is electron ionisation; here, an electron impacts the 

analyte causing the loss of an electron from the analyte and, thus, produces the positively 

charged molecular ion. Due to the high energies involved, the molecule usually fragments 

yielding several fragment ions in the mass spectrum (Märk and Dunn, 1985). Among the soft 

techniques, electrospray ionisation (ESI) and CI are some of the most commonly used. In 

classical ESI, the analyte is solved, a high voltage is applied to the solution, and the analyte 

ions are sprayed from the tip of a capillary (Kebarle and Verkerk, 2009). Moreover, there are 

other forms of electrospray techniques in which the gaseous analyte is extracted into 

electrosprayed solvent droplets (extractive ESI, EESI) (Lopez-Hilfiker et al., 2019), or 

chemically ionised by electrosprayed reagent ions (electrospray chemical ionisation, ESCI) 

(Zhao et al., 2017; Zauner-Wieczorek, 2018; Zhao, 2019; Sayed, 2021). In chemical ionisation, 

a reagent ion is provided that ionises the analytes by charge transfer or adduct formation. The 

primary ionisation of the reagent can occur with different techniques, such as radioactive 

sources or a corona discharge (Kürten et al., 2011). In the latter method, a high voltage is applied 

to a corona needle, which results in a discharge and the subsequent reagent ion formation. Since 

reactive side products like OH˙ can be produced in this process, a sheath flow must be provided 

to keep the reactants away from the analytes. Such an ion source was first described by Eisele 

and Tanner (1993). There is a wide range of reagent ions used nowadays that are able to ionise 

different classes of analytes, depending on the possible chemical reactions between the reagent 

ion and the analyte. The ionisation can occur either by clustering/adduct formation, ligand 

exchange, or charge transfer/proton transfer (Hyttinen et al., 2018).  

 provides an overview of selected reagent ions in the negative mode. In Sect. 3.1, a corona-

powered nitrate-based CI source is described that was developed for aircraft-borne 

measurements of low volatile nucleation precursors. 
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Table 1: Overview of negative reagent ions and their respective detectable analytes. 

Reagent ion Analytes References 

Br3 (bromide) HIO3, HOI, I2, HO2, H2SO4, 

oxygenated VOCs 

Sanchez et al., 2016, Hyttinen et al., 2018, 

Wang et al., 2021 

CF3O3 (trifluoro-

methanolate) 

HNO3, ClONO2, N2O5, HCl, SO2, HI, 

H2SO4, H2O, H2O2, organic acids 

Huey et al., 1996, Crounse et al., 2006, 

Hyttinen et al., 2018 

CH33CH2OH3COO3 

(lactate) 

HOMs Berndt et al., 2016a, Berndt et al., 2016b, 

Hyttinen et al., 2018 

CH33CO3COO3  

(pyruvate) 

HOMs Berndt et al., 2016a 

CH33COO3 (acetate) Less oxidised organics, HOMs, 

organic acids 

Yatavelli et al., 2012, Chhabra et al., 2015, 

Brophy and Farmer, 2016, Berndt et al., 

2016a, Berndt et al., 2016b, Hyttinen et al., 

2017, Hyttinen et al., 2018 

CO3
3 (carbonate) SO2, H2SO4 Seeley et al., 1997, Jost et al., 2003, Salcedo 

et al., 2004 

I3 (iodide) ClNO3, NO3, N2O5, HNO3, PAN, 

PAA, SO2, HCl, HOCl, ClNO2, Cl2, 

Br2, BrNO2, BrCl, polar or acidic 

VOCs, oxygenated VOCs 

Huey et al., 1996, Lee et al., 2014, Lee et al., 

2018, Hyttinen et al., 2018, Dörich et al., 

2021 

NO3
3 (nitrate) H2SO4, MSA, HIO3, HOMs (> 4 O 

atoms), C2 amines 

Eisele and Tanner, 1993, Viggiano et al., 

1997, Berresheim et al., 2000, Berndt et al., 

2016a, Berndt et al., 2016b, Hyttinen et al., 

2018 

SF6
3 (sulfur 

hexafluoride) 

H2SO4, SO3, SO2, HNO3, ClONO2, 

N2O5, HCl, O3, Cl2, Cl2O, HOCl, 

CF2O, CF3CFO, Br2O, BrNO3, HOBr 

Huey et al., 1996 
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3 Methods 

3.1 SCORPION-TOF-MS 

Measuring low volatile vapours at different altitudes from on board an aeroplane is a 

challenging undertaking for several reasons. On the one hand, low volatile vapours adhere to 

the inlet walls easily; thus, sampling at cruise speed needs a sophisticated sampling system with 

optimised aerodynamics and minimised turbulence and wall losses. On the other hand, the 

varying pressure at different flight altitudes poses a challenge for instruments that require a 

constant pressure in the inlet system. 

In order to measure nucleation precursors such as sulfuric acid, MSA, or dimethylamine (DMA) 

in an altitude range of 0314.5 km, the Switchable CORona-Powered ION source (SCORPION) 

was developed at the Goethe University Frankfurt which was then coupled to a high-resolution 

time-of-flight mass spectrometer (TOF-MS) (Tofwerk AG). Subsequently, this instrumentation 

was prepared for installation on board the High Altitude Long Range research aircraft (HALO). 

The system consists of an outside sampling system, a connecting tube, a pressure stage, the ion 

source, and the mass spectrometer. The sampling of the air masses is realised by using the LiF-

OH inlet developed by the Forschungszentrum Jülich (Broch, 2011). This inlet system is 

designed to reduce wall losses and was initially developed for measuring the reactive hydroxyl 

radical. During the CAFE-EU/BLUESKY campaign (see Sect. 3.2), the LiF-OH inlet system 

was attached on top of the aircraft in the front third. A brief description of the system follows. 

Attached to the LiF-OH inlet system is a 1.7 m long stainless-steel tube of 25 mm outer 

diameter that is bent twice coplanarly by 90° and 270°, respectively. It is designed to minimise 

wall losses by ensuring a laminar flow at high flow rates (10330 slpm, depending on the 

altitude). The inlet line is connected to the pressure stage by a stainless-steel bellow tube. The 

pressure stage is an aluminium cylinder that contains two critical orifices in the flow direction. 

In front of the first orifice, the inlet pressure is measured by a pressure sensor. There, five tubes, 

which lead to a blower, are connected equidistantly around the cylinder; the blower ensures a 

high flow rate through the inlet line. The critical orifice of 1.4 mm diameter is at the tip of a 
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cone that is pointed towards the inlet line; the critical orifice allows only the core air mass of 

the inlet line to enter the mid-pressure stage, where the pressure is monitored by another 

pressure controller. In this second stage, two tubes are connected to an IDP-3 dry scroll pump 

(Agilent Technologies Inc.), regulated by an automated control valve (MKS Instruments Inc.). 

The valve is opened fully at ground level but is closed completely at maximum flight altitude 

in order to maintain the pressure close to the aimed ion source pressure of 200 hPa. Behind the 

second critical orifice, which is identical to the first one, lays the ion source. Here, a constant 

pressure of 200 hPa is necessary to ensure a comparable ionisation throughout the whole flight. 

The pressure influences the reaction of the reagent ions with the analytes in the ion source, 

therefore, in order to use a constant calibration factor for all flight altitudes, the pressure in the 

ion source must stay constant. To supply the reagent to the ion source, an external reagent 

reservoir within the instrument rack is utilised. This reservoir holds a bottle of aqueous HNO3 

solution (65370 % in H2O, ultra-high purity). A flow of synthetic air from a gas bottle within 

the instrument rack can take up the solved HNO3 into the gas phase; this HNO3 is then injected 

into the ion source in front of the corona needle. 

The ion source consists of two main areas. The ion3molecule reaction (IMR) region, also called 

the drift tube (DT), is attached to the mid-pressure stage on the upper side and to the mass 

spectrometer interface on the lower side. In the upper region, there are the two ion production 

blocks installed perpendicularly to the DT and to each other, respectively. The ion production 

region is built cylindrically inside and contains the corona needle at the outer point, followed 

by the ion source exhaust port, the reagent ion inlet port, the metal-ring cascade, and, closest to 

the DT, the air inlet port. This design ensures a gas flow away from the IMR towards the corona 

needle; any contaminant gases that are produced through the corona discharge are sucked away 

into the exhaust without reaching the analytes with which they could interfere. Through the 

reagent ion inlet port, the HNO3-enriched air is injected into the ion production region where it 

is ionised by the corona discharges. The voltage applied to the needle is between 32000 and  

33500 V. The ions are guided towards the IMR through a voltage applied to the metal ring 

cascade. This cascade consists of five stainless steel rings that are connected by resistors so that 

a decreasing electrical field is yielded along this cascade. When the ions reach the IMR, they 

mix with the sample flow and react with the analytes along the DT. On the bottom of the DT, 

an exhaust sucks the sampled air with a rate of approximately 2.7 slpm through the IMR/DT. 
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Figure 3: Scheme of the SCORPION-TOF-MS. a) Overview scheme of the inlet system, inlet line and 

SCORPION-TOF-MS. b) Detailed scheme of the pressure stage, SCORPION source, and TOF-MS by 

Heinritzi et al. (in preparation). BSQ – big segmented quadrupole, IDP3 and MD1 – pumps, MFC – mass 

flow controller, MFM – mass flow meter, MS – mass spectrometer, SSQ – small segmented quadrupole, syn. 

air – synthetic air, TOF – time-of-flight chamber. 

Ultimately, a flow of 0.16 slpm sampled gas is sucked into the mass spectrometer through a 

pinhole of 0.3 mm diameter. The mentioned flow rates are regulated by mass flow controllers 
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(MFCs) (MKS Instruments Inc.). In order to perform background measurements during the 

flight, the internal synthetic air gas bottle can be connected to the five blower tubes in front of 

the first critical orifice of the pressure control stage by opening a manual valve. This zero air 

can overflow the inlet line when the aircraft is at maximum flight altitude and the inlet flow is, 

therefore, minimal. The setup is shown schematically in Figure 3. A photo of the SCORPION-

TOF-MS installed on board the HALO is depicted in Figure 4 and a photo of the HALO in 

Figure 5. 

Figure 4: Photo of the SCORPION-TOF-MS installed on board the HALO. The black line in the upper left 

corner is the inlet line covered by thermal insulation. 

Figure 5: Photo of the HALO. The white arrow indicates the LiF-OH inlet. 
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3.2 CAFE-EU/BLUESKY campaign 

The first COVID lockdowns in most European countries in spring 2020 resulted in reduced 

road, air traffic, and industrial emissions (Guevara, 2020). Furthermore, there was a subjective 

perception that the sky appeared bluer than usual. To take advantage of this unique situation of 

reduced anthropogenic emissions, the airborne measurement campaign CAFE-EU/BLUESKY 

was conducted between 16 May and 9 June 2020 at the German Aerospace Center (DLR) at the 

airport base Oberpfaffenhofen (OBF) in Bavaria, Germany, employing the two research aircraft 

Falcon (D-CMET), a modified Dassault Falcon 20-E5, and the HALO (D-ADLR), a modified 

Gulfstream G 550. 

The instrumentation was capable of detecting a wide span of atmospherically relevant trace 

gases, aerosol parameters, and meteorological conditions. On board the HALO, there were 

instruments to measure NOx, CO, O3, H2SO4, MSA, C2 amines, and the aerosol particle 

composition, number, and size distribution, while on board the Falcon, NOy, O3, CO, and the 

aerosol particle size distribution were measured, amongst others. A detailed overview of all 

instruments and their references is provided in the research article <Cleaner Skies during the 

COVID-19 Lockdown= (see Sect. 4.1.2 and 4.3.2) by Voigt et al. (2022). 

The measurement flights were performed in Western Europe covering an area between Ireland 

and Spain, up to altitudes of 14.5 km with HALO and 12 km with the Falcon. HALO performed 

one test flight and eight measurement flights and the Falcon performed twelve measurement 

flights (on nine days) and one test flight. Through low approaches at airports, vertical profiles 

in urban regimes could be sampled, while low flight legs above the Atlantic Ocean and the 

Mediterranean Sea allowed for the investigation of maritime air masses. Measurements on 

flight legs perpendicular to the standard flight routes of transatlantic aircraft on the North 

Atlantic Tracks (NAT) were performed to analyse aircraft-related emissions and the outflows 

of cumulonimbus clouds were also probed. Figure 6 shows the map of the altitude-resolved 

flight tracks of all eight HALO measurement flights. The foci of flight nos. 01303 were the 

measurements above Germany and adjacent countries, while the foci of flight nos. 04305 were 

the NAT measurements and of flight nos. 06308, the measurements above the Mediterranean 

Sea and adjacent countries. More details on the flights of both aircraft are summarised by Voigt 

et al. (2022). 

The results of the CAFE-EU/BLUESKY campaign are discussed in more detail in Sect. 4.1.2. 

Additional results from the campaign were, and will be, published in the special issue 

<BLUESKY atmospheric composition measurements by aircraft during the COVID-19 
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lockdown in spring 2020= in Atmospheric Chemistry and Physics 

(https://acp.copernicus.org/articles/special_issue1170.html). 

Figure 6: Map of the flight tracks of HALO (Zauner-Wieczorek et al., in prep.). The colour code indicates 

the cruise altitude and the circles show the airports where low approaches were performed. National border 

data are taken from Greene et al. (2019).  

https://acp.copernicus.org/articles/special_issue1170.html
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4 Publications 

4.1 Summary of the publications 

4.1.1 Summary of <The ion–ion recombination coefficient α= 

The review article <The ion3ion recombination coefficient α: comparison of temperature- and 

pressure-dependent parameterisations for the troposphere and stratosphere= addresses the 

history and the different theories and parameterisations used to determine the ion3ion 

recombination coefficient α for different temperature and pressure regimes. This is necessary 

when α is used for conditions other than pressures and temperatures close to standard conditions 

(i.e. ground level conditions), e.g. when applied to upper tropospheric or stratospheric 

conditions. 

The ion3ion recombination coefficient α is defined as the reaction coefficient of the 

recombination, i.e. the mutual neutralisation of an anion and a cation in the gas phase. One can 

distinguish two mechanisms: the binary (or two-body) and the ternary (or three-body) 

recombination. In the binary mechanism, the two ions recombine upon collision, while in the 

ternary reaction, a third body is involved that acts as a collision body in order to dissipate excess 

(kinetic) energy that would prevent the two ions from recombining. The process of <trapping= 

one of the ions by initial collision is also called three-body trapping. In the atmosphere, the 

ternary mechanism is predominant between ground level and approximately 25 km altitude; 

here, the density of the air is sufficiently high to make the collision with the third body probable. 

Above approximately 40 km, binary recombination is predominant because the density of the 

air is lower and collision bodies are too scarce to overweigh the binary process. Many theories 

and parameterisations account for one or both of the processes; the sum of both is called total 

recombination. 

Thomson and Rutherford (1896) were the first to describe the ion3ion recombination coefficient 

and introduced Eq. (3) that describes the temporal change in the number concentration of gas-

phase ions n: 
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dĀd� = þ 2 ��2 2 �,          (3) 

where t is the time, q is the ion production rate, and L is the loss rate to the electrodes in the 

experimental setup used by Thomson and Rutherford (1896). Assuming steady-state conditions 

(dn/dt = 0) and a negligible loss rate in the experimental setup, one can derive α simply from 

the ratio of the ion production rate and the squared ion concentration (Eq. (4)). This simple 

equation has been used in numerous lab and field experiments. � = þĀ2.           (4) 

Thomson’s theory is based on thermodynamic considerations. The recombination occurs when 

an anion and a cation each collide with a neutral molecule within the ion3ion trapping distance 

dT and subsequently recombine. At the distance dT, the Coulomb potential energy and the 

thermal energy of motion of the ions are equal. The resulting Eq. (5) is: 

ýT = þ24� ∙ �0 ∙ 1.5 �Bÿ,          (5) 

where e is the elementary charge, ε0 is the vacuum permittivity, kB is the Boltzmann constant, 

and T is the temperature. The definition of the ion3ion trapping distance is the foundation of 

many theories and differs significantly among the different approaches. 

Opposed to Thomson’s thermodynamic approach, Langevin (1903) presented a theory that is 

based on the speeds of the ions in an electrical field. Between the 1900s and the 1940s, many 

laboratory experiments were conducted to determine α for various pressure and temperature 

conditions. The values for standard conditions did not differ greatly and were close to  

1.7 · 1036 cm3 s31. This value holds true to date (Lenz, 1932; Israël, 1957; Bates, 1982). The 

experiments showed that for sub-atmospheric pressures, the Thomson theory with p0.5…1 and  

T31.5 dependencies applies, while for super-atmospheric pressures, the Langevin theory with  

p31 and T1 dependencies holds true. In order to use the Thomson theory with macroscopic 

parameters as input, several parameterisations were developed, e.g. the one by Israël (1957) 

(Eqs. (6) to (8)): 

� = 1.95 ∙ 10−6 ∙ (273ÿ )1.5 ∙ �T, with        (6) 

�T = 1 2 4�′4 ∙ [1 2 þ−�′ ∙ (�′ + 1)]2, and       (7) 
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�′ = 0.810 ∙ (ÿ0ÿ )2 ∙ ( ýý0) ∙ �air�ion,         (8) 

where εT is the ratio of successful recombinations per collision, the index 0 indicates standard 

conditions, λair is the mean free path of the surrounding air, λion is the mean free path of the ion, 

and the ratio λair ⸱ λion
31 = 3. 

In the 1960s and 70s, lab experiments with more sophisticated methods and instruments led to 

new theories and advanced parameterisations. Hickman (1979) developed a complex potential 

model that describes the binary recombination coefficient in dependence of T, the reduced ion 

mass, mred, and the electron affinity of the negative ion, EA; this was later refined by Miller et 

al. (2012). A breakthrough in the application of α to different altitudes came with the field 

measurements performed by Gringel et al. (1978), Rosen and Hofmann (1981), and Morita 

(1983). These researchers measured the ion production rate q and the number concentration of 

positive ions simultaneously (however, Gringel et al. just assumed q from past measurements) 

and derived α with Eq. (5) and another method based on the ion mobilities for altitudes of 3 km 

up to 45 km. However, the measurements below 10 km were erroneous, because the aerosol 

sink reaches the same order of magnitude as the recombination sink and, therefore, it cannot be 

neglected any more, thus making Eq. (5) invalid. In general, α has a decreasing trend with 

increasing altitude above 10 km. Nevertheless, these field data boosted the development of 

parameterisations of which some were solely dependent on the altitude h and some were 

dependent on T and p, while considering both the binary and ternary recombination. One such 

parameterisation was presented by Brasseur and Chatel (1983) (Eq. (9)): 

� = 6 ∙ 10−8 ∙ (300ÿ )0.5 + 6 ∙ 10−26 ∙ [M] ∙ (300ÿ )4
, with     (9) 

[M] = 7.243 ∙ 1018 ∙ (ýÿ),         (10) 

where [M] is the number concentration of atmospheric molecules. The first term in Eq. (9) 

accounts for the binary recombination and the second term accounts for the ternary process. 

Furthermore, Bates (1982) presented a Monte Carlo simulation of α for the altitude range of  

0340 km that confirmed the laboratory data for the ground level and the measured field data for 

higher altitudes. 

The ion3aerosol attachment coefficient that describes the attachment of an ion to a charged or 

uncharged aerosol particle can also be applied to the recombination of two ions when assuming 

the radius of the <aerosol particle= to be of ionic size and a single charge of the aerosol particle. 
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In this way, the binary theory of Fuchs (1963) and the ternary theory of Hoppel and Frick (1986) 

can be applied to the ion3ion recombination. It should be noted, however, that Hoppel and 

Frick’s theory needs the input of a known α for standard conditions in order to be able to 

calculate the ion3ion trapping distance. When supplying this information, however, one can 

determine α for different temperature and pressure conditions at different altitudes. 

Furthermore, Filippov’s (1993) theory of the ionic charging of small aerosol particles in 

dependence of the Knudsen number can be used to express the ion3ion recombination 

coefficient as a function of the Knudsen number. 

Since 1985, until very recently, no further developments of the theories or parameterisations of 

the ion3ion recombination coefficient applied to atmospheric conditions have been conducted. 

Lately, Tamadate et al. (2020) presented a hybrid continuum-molecular dynamics (MD) 

simulation of the recombination of NH4
+ and NO2

3 in He at 300 K under different pressures. 

Such simulations can account for physical (T, p) and chemical (gas and ion compositions) 

features and are, therefore, a promising approach to be investigated further. Furthermore, 

Franchin et al. (2015) reported laboratory values for α at standard pressure and a temperature 

range of 218 to 293 K. 

After introducing the theories and parameterisations, the predicted α values were compared to 

the field data of Gringel et al. (1978), Rosen and Hofmann (1981), and Morita (1983) and the 

model data of Bates (1982) as shown in Figure 7, using the conditions of the US Standard 

Atmosphere for an altitude range of 0350 km. Furthermore, they were compared to the 

laboratory data of Franchin et al. (2015). Although there is no theory or parameterisation that 

reproduces the field, model, and lab data equally well for all conditions, some favourable 

parameterisations were identified for different altitude ranges. Between 0 and 20 km altitude, 

Israël’s (1957) parameterisation shows the best agreement with field and model data, while 

between 0 and 22 km altitude, Brasseur and Chatel’s (1983) formula agrees sufficiently well 

and, furthermore, proves to be the best for reproducing the laboratory data by Franchin et al. 

(2015). For altitudes between 10 and 25 km, Bates’s (1985) altitude-dependent parameterisation 

is favourable, while above 25 km, the parameterisations of Smith and Adams (1982) (h 

dependent) and Arijs et al. (1983) (p and T dependent) yield the closest agreement to the field 

data. Above altitudes of 30 km, Hoppel and Frick’s (1986) theory reproduces the field data 

most accurately, however, one has to bear in mind that the data coverage above 35 km remains 

scarce. 
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Figure 7: Comparison of different theories and parameterisations with respect to their predicted α in 

dependence of the altitude h, adapted after Zauner-Wieczorek et al. (2022b). 
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Figure 8: Altitude plots of the (a) numerically determined ion–ion trapping radius d and (b) analytically 

determined limiting sphere probability εδ, each for the field data set of Gringel et al. (1978) (Gr78), Rosen 

and Hofmann (1981) (RH81), and Morita (1983) (Mo83). The dotted curve in panel (a) shows dN after 

Natanson’s theory (Na59). Adapted after Zauner-Wieczorek et al. (2022b).  

A central part in the ternary process of the recombination of two ions is the trapping of one ion 

by a third body. This trapping is accounted for in some theories by the three-body trapping 

distance, also called the ion3ion trapping distance d. Thomson’s dT is given in Eq. (6), while 

Hoppel and Frick (1986) assume a constant d irrespective of the pressure. Natanson (1959) 

introduced a definition of α that aims to unify Thomson’s and Langevin’s approaches. In 

Zauner-Wieczorek et al. (2022b), Natanson’s formula was solved for d numerically using the 

Newton3Raphson method by using the α values from Gringel et al. (1978), Rosen and Hofmann 

(1981), and Morita (1983). The resulting d values are depicted in Figure 8 (a) and show a 

decadic logarithmic trend with increasing altitude and can be expressed by Eq. (11). Moreover, 

using a multivariate fit for T and p, Eq. (12) expresses the temperature and pressure dependence 

of d: 

ý(ℎ) = 10ℎ−(468±15)58.5±2.0 ,          (11) 

ý(�, ý) = (1.9 ± 0.3) ∙ 10−8 ∙ ( ÿÿ0)1.9±0.4 ∙ ( ýý0)−0.19±0.02
.     (12) 

Moreover, the collision probability in the limiting sphere, ε·, a parameter that is necessary in 

Filippov’s (1993) equation, was determined by analytically solving the equation for the 

conditions of the standard atmosphere with the input values of α from Gringel et al. (1978), 

Rosen and Hofmann (1981), and Morita (1983). The resulting values for ε· are shown in Figure 



28 Summary of the publications  

8 (b) and can be expressed by Eq. (13) in dependence of the altitude. A multivariate fit for T 

and p, however, did not yield meaningful results. 

�δ(ℎ) = 10 ℎ−(7.0±0.2)−(6.18±0.06).          (13) 

Thus, while this review article has introduced the most important theories of the recombination 

of two ions and compared the available theories and parameterisations with field, lab, and model 

data for atmospheric conditions, it must be concluded that there is no single theory that agrees 

perfectly with the known values in all altitude ranges. It is reasonable to assume that α is more 

or less constant in the troposphere and decreases with altitude above an altitude of 10 km. The 

ground-level value of α is 1.7 · 1036 cm3 s31. For future research, more field data and model 

simulations are necessary; moreover, MD simulations offer a promising new approach to 

determine α for various chemical and physical systems. 

4.1.2 Summary of <Cleaner Skies during the COVID-19 Lockdown= 

The research article <Cleaner Skies during the COVID-19 Lockdown= by Voigt et al. (2022) 

provides an overview of the CAFE-EU/BLUESKY campaign, its instrumentation, and the most 

important results. The campaign aimed to investigate the changes in airborne pollutants and the 

blueness of the sky during the COVID lockdowns in most European countries; CAFE-

EU/BLUESKY took place between 16 May and 9 June 2020, performing 20 measurement 

flights with the two research aircraft Falcon and HALO over Europe and the Atlantic Ocean. 

The twelve research flights with the Falcon were performed on nine days between 19 May and 

2 June 2020 mainly in Germany, northern Italy, and offshore Ireland with flight tracks 

perpendicular to the NAT. The eight research flights with HALO were performed between 23 

May and 9 June 2020 covering Germany, the NAT, and parts of southern Europe including the 

Mediterranean Sea. Some flights of HALO and the Falcon were performed on the same day to 

ensure the comparability of data. 

The instrumentation on board HALO included the measurement of H2SO4, MSA, C2 amines, 

atmospheric ions (CI-APi-TOF); peroxyacyl nitrates (PANs) (iodide-CIMS); non-methane 

VOCs (NMVOCs) (GC-MS); oxidised VOCs (OVOCs) (PTR-MS); hydroperoxides 

(TRIHOP); NOx, CO (NOAH/ATTILA); submicron aerosol particle composition (C-TOF-

AMS); the aerosol number and size distribution (UHSAS, OPC); CCN, black carbon (BC) 

(CCN-rack); O3 (FAIRO); the actinic flux density (HALO-SR); the pressure, temperature, 

wind, humidity, and aircraft speed, position, and altitude (BAHAMAS); and the H2O mixing 
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ratio (SHARC). On board the Falcon, instrumentation was installed to measure NOy (NOy 

chemiluminiscence detector); O3 (UV absorption photometer); CO2, CH4, CO (cavity ring down 

instrument); HNO3, HONO, SO2, HCl (AIMS); gas phase H2O (frost point and TDL 

hygrometer); the aerosol size distribution, shape, and polarisation (CPCs, OPCs, PSAP, 

PCASP-100X, CAS-DPOL/CIP, UHSAS); and the temperature, wind, meteorological and 

aircraft state parameters (Meteorological Sensor System). For the flight planning, the global 

model EMAC was used in its nudged version. Comparisons after the campaign revealed good 

agreement with an emission-reduced scenario. 

The mixing ratios of NOy and CO in the lower and middle troposphere in the Frankfurt area 

(Germany) were found to be reduced compared to previous years (see Figure 9). The vertical 

profile at Frankfurt measured by the Falcon on 28 May 2020 showed a reduction of NOy by 

40370 % and of CO by 20340 % compared to the 11-year averaged measurements from 

passenger aircraft at Frankfurt airport via the Measurement of Ozone and Water Vapor by 

Airbus In-Service Aircraft (MOZAIC) at the same time of the year. There was no significant 

difference observed for O3 concentrations. These results are supported by data from the nadir-

scanning spectrometer Global Ozone Monitoring Experiment 2 (GOME-2) on board the 

Meteorogical Operational satellite B (MetOp-B), as shown in Figure 10; the global reduction 

of NO2 during the CAFE-EU/BLUESKY period was 12 %, with maximum reductions of up to 

55 % in large cities and urban agglomerations compared to 201532019. The reductions in NOx 

and CO can be explained, in parts, by the prevailing meteorological conditions on the day of 

measurement and, on the other hand, by emission reductions. Additional simulations with the 

MECO(n) model showed that the COVID lockdown led to reductions in O3 of up to 10 %, in 

CO of up to 13 %, and in NOy of up to 34 % when compared to a business-as-usual scenario. 

The reductions in NOy are mainly due to reduced land transport emissions close to the ground 

and reduced aircraft emissions at altitudes above 10 km. Moreover, for the Po Valley (Italy), a 

reduction in CO mixing ratios of up to 30 % was observed on 1 June 2020 compared to the 

Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT) simulations in 

which no reductions in traffic and industry emissions were implemented. 



30 Summary of the publications  

Figure 9: Vertical profiles of the volume mixing ratios of NOy, CO, and O3 during CAFE-EU/BLUESKY 

on 28 May 2020 in the Frankfurt area (blue lines) compared to MOZAIC data from 1994–2005 (median: 

black lines; 5th, 25th, 75th, and 95th percentiles: black dotted lines) and averaged IAGOS data from spring 

2016–2019 (red lines), adapted after Voigt et al. (2022).  

Figure 10: Difference in the tropospheric NO2 between 2020 and the baseline mean 2015–2019 during the 

BLUESKY period, observed by GOME-2 on board the MetOp satellite. Adapted after Voigt et al. (2022). 

The background concentrations of SO2 observed in the continental upper troposphere and lower 

stratosphere (UTLS) during the campaign were in the upper range compared to measurements 

in summer 2004 (ITOP campaign) and summer 2008 (CONCERT campaign). The 

concentrations in the aircraft flight corridors, on the other hand, were reduced compared to 2008 

due to reduced air traffic. The mass concentrations of sulfate particles were reduced in the lower 

troposphere compared to previous campaigns in Europe (EMeRGe-EU in summer 2017 and 

CAFE-Africa in summer 2018) due to reduced anthropogenic emissions, while they were 

enhanced in the stratosphere due to the persistent effect of the Raikoke volcanic eruption in 

June 2019. 
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Below an altitude of 5 km, the concentration of particulate matter with a diameter of ≤ 1 µm 

(PM1) was reduced by a factor of up to 233 during the CAFE-EU/BLUESKY campaign when 

compared to the values from the CAFE-Africa and EMeRGe-EU campaigns; this is consistent 

with the chemical species detected: organic matter, sulfate, nitrate, and ammonium, as Figure 

11 shows. In addition, organic matter mass was also reduced above 5 km altitude. Combined 

with EMAC simulations, a 40 % reduction in black carbon mass was observed due to the 

lockdown effects. The aerosol number concentration of particles > 18 nm was reduced by  

30370 % between 4 and 11 km altitude during CAFE-EU/BLUESKY compared to the IAGOS-

CARIBIC data for May and June between 2005 and 2015. 

Figure 11: Vertical profiles of the aerosol mass concentration of PM1, organic matter, sulfate, nitrate, and 

ammonium during CAFE-EU/BLUESKY (colours) compared to the European data subset of CAFE-Africa 

(dark grey) and EMeRGe-EU (light grey), taken from Voigt et al. (2022). 

The sky over Western Europe appeared bluer than usual during the lockdown period in 2020. 

This perception was investigated by using simulations of the atmospheric radiative transfer 

model UVSPEC using altitude-resolved aerosol optical thickness (AOT) data as an input. The 

AOT data were provided by the Moderate Resolution Imaging Spectroradiometer (MODIS) on 

board the Terra and Aqua satellites. The median AOT for Europe for the period 23 May to 9 

June 2020 was 0.156 at 0.55 µm and 0.247 for the same period in the years 201532019 (see 

Figure 12 (a)); this corresponds to a reduction of 40 % in AOT. Furthermore, the spectrum of 

the diffuse component of downward directed spectral irradiances for a solar zenith angle (SZA) 

of 45° was shifted towards shorter wavelengths for the CAFE-EU/BLUESKY campaign (see 

Figure 12 (b)); this resulted in a bluer colour of the sky as perceived by the human eye (see 

Figure 12 (c) to (e)). 
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Figure 12: The blue sky during BLUESKY. (a) Altitude profile of the aerosol optical thickness (AOT) in 

2020 (blue) and 2015–2019 (red). (b) Irradiance versus wavelength for 2020 (blue) and 2015–2019 (red) at 

a solar zenith angle (sza) of 45°. (c) and (d) Sky colours as perceived by the human eye (left: 2020; right: 

2015–2019). (e) Evolution of the AOT and sky colour in the years 2015–2020. Taken from Voigt et al. (2022). 

The reduced air traffic also led to reduced contrail cirrus cover and contrail optical thickness 

during the campaign period. Moreover, the reduction in the extinction and depolarisation ratio 

of cirrus clouds below 350 °C was observed and may have potentially been caused by the 

reduced air traffic. 

The CAFE-EU/BLUESKY campaign offers a unique dataset on the changes in trace gases, 

aerosol particles, and clouds during the COVID lockdown in Europe, contributing to a better 

understanding of anthropogenic influences on the atmosphere. 

4.1.3 Summary of <Mass spectrometric measurements of ambient ions during 
CAFE-EU/BLUESKY= 

In the research article <Mass spectrometric measurements of ambient ions and estimation of 

gaseous sulfuric acid in the free troposphere and lowermost stratosphere during the CAFE-

EU/BLUESKY campaign= by Zauner-Wieczorek et al. (2022a), results of the APi-TOF-MS 

measurements during the CAFE-EU/BLUESKY campaign are presented. The measurements 

took place between 30 May and 09 June 2020 in an altitude range of 4.7313.5 km for a total of 

6 hours in the negative mode and 0.6312.7 km for a total of 1.4 hours in the positive mode 

above Western Europe. 
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Figure 13: Average mass spectrum (6 hours) recorded during the measurements in the negative APi mode 

during CAFE-EU/BLUESKY, taken from Zauner-Wieczorek et al. (2022a). 

In agreement with the literature, NO3
3, (HNO3)NO3

3, (HNO3)2NO3
3 (called nitrate core ions), 

HSO4
3, (HNO3)HSO4

3, and (H2SO4)HSO4
3 (called hydrogen sulfate core ions) were identified. 

Figure 13 shows the average mass spectrum recorded during the negative APi measurements. 

The peak at m/z = 96 could possibly be assigned to SO4
3, however, it does not agree to the exact 

mass of SO4
3 perfectly. As Figure 14 (a) to (c) shows, the measured count rates were 

significantly increased above the tropopause (10311 km) for NO3
3 and (HNO3)NO3

3, while 

there was no clear trend observed for HSO4
3. From the ratio of nitrate and hydrogen sulfate core 

ions, the number concentration of gaseous sulfuric acid was inferred according to Eq. (14) 

(Arnold and Qiu, 1984): 

[H2SO4] = 1� ∙ �rec ∙ ln (1 + CR(HSO4−)CR(NO3−) ),       (14) 

where k is the reaction rate constant of the reaction H2SO4  +  NO3− →  HSO4−  +  HNO3, trec 

is the ion3ion recombination lifetime and CR is the sum of count rates of the respective core 

ion family. The resulting number concentrations of H2SO4 were in the order of 105 cm33: the 

maximum average value was observed in the altitude bin of 8.739.2 km (7.8 ⸱ 105 cm33), 

whereas the lowest average value was found in the highest altitude bin, i.e. 13.4 km 

(1.9 ⸱ 105 cm33), as Figure 14 (d) shows. The scarce literature suggests that the concentration of 

H2SO4 decreases above 8 km which is in accordance with these findings. Furthermore, the proof 

of principle was reported for measurements in the positive APi mode and protonated pyridine 

(H+(C5H5N)) was detected unambiguously, where its largest abundance was observed in an 

altitude range of between 4.6 and 8.5 km. 
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Figure 14: Vertical profiles of the normalised count rates nCR of (a) NO3
–, (b) (HNO3)NO3

–, and (c) HSO4
– 

and (d) vertical profile of the number concentration of gaseous sulfuric acid, taken from Zauner-Wieczorek 

et al. (2022a). 

During a measurement flight above the Mediterranean Sea offshore Italy at 5.3 km altitude and 

261 K ambient temperature, simultaneous increases in total and nitrate ion count rates, particle 

concentration (in the size range < 100 nm) of nitrate and organics, and relative humidity 

occurred for 30 seconds during an in-cloud measurement. Since mixed-phase clouds are mostly 

liquid at a temperature of 261 K, it is hypothesised that this event was caused by the shattering 

of water droplets on the surface of the aircraft or inlet system due to the balloelectric effect 

(Christiansen, 1913). 

In this publication, the first measurements of atmospheric ions in the UTLS with a TOF-MS 

was reported, providing not only qualitative information on the distribution of nitrate and 

hydrogen sulfate ions, but also quantitative information on the number concentration of gaseous 

sulfuric acid. This information had, until then, only been reported twice in the literature for the 

UTLS (Heitmann and Arnold, 1983; Möhler and Arnold, 1992). 

4.2 Contribution to the publications 

The research article <Mass spectrometric measurements of ambient ions and estimation of 

gaseous sulfuric acid in the free troposphere and lowermost stratosphere during the CAFE-

EU/BLUESKY campaign= is based on measurements with the TOF-MS during the CAFE-

EU/BLUESKY campaign. I participated in the preparation and performance of the 

measurements, analysed the APi-TOF-MS data, and subsequently designed and wrote the 

manuscript except for chapter 2.1. 
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The review article <The ion3ion recombination coefficient α: comparison of temperature- and 

pressure-dependent parameterisations for the troposphere and stratosphere= is an independent 

research project of mine, which was motivated by the requirement to find a suitable formulation 

for calculating the ion3ion recombination coefficient for different altitudes. I designed the 

study, brought together and revised the literature, and coded the theories and parameterisations 

for the comparison except for the theories of Natanson, Fuchs, Hoppel and Frick, and Filippov. 

The calculation of the data points in chapter 8 (Fig. 4; Table B1) were not performed by me. I 

wrote the manuscript except for chapter 6 and parts of chapter 5. 

The research article <Cleaner Skies during the COVID-19 Lockdown= provides an overview of 

the CAFE-EU/BLUESKY campaign and highlights the most important results. I contributed to 

the preparation and conduction of the measurements with the SCORPION-TOF-MS and 

participated as an instrument operator during one of the scientific flights. I analysed the 

SCOPRION-TOF-MS data yielding the sulfuric acid data shown in the publication. 
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4.3 Publications 

4.3.1 The ion–ion recombination coefficient α 
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4.3.2 Cleaner Skies during the COVID-19 Lockdown 
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4.3.3 Mass spectrometric measurements of ambient ions during CAFE-

EU/BLUESKY 
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5 Conclusion and outlook 

In this dissertation, a newly developed nitrate-CI source coupled to an APi-TOF-MS for 

airborne measurements was described, the measurements of atmospheric ions and trace gases 

such as sulfuric acid, nitrogen oxides, carbon monoxide, and sulfur dioxide on board the 

research aircraft HALO and Falcon in the troposphere and lower stratosphere were presented, 

and theories of the ion3ion recombination and its coefficient were reviewed. 

The CI source SCORPION was developed to enable high resolution in-situ measurements of 

low volatile compounds in the troposphere and lower stratosphere. It produces nitrate reagent 

ions from nitric acid by corona discharge. Furthermore, it features an automated pressure 

regulation that ensures a constant pressure of 200 hPa inside the IMR, a high laminar inlet flow 

to minimise wall losses, and a counter-flow setup in the corona discharge ionisation region to 

exclude reactive products of the discharge process from entering the IMR. In the CI mode, the 

SCORPION-TOF-MS can detect species such as sulfuric acid, HOMs, C2 amines, and MSA. 

When switching off the corona voltage, it can also measure ambient ions in the APi mode. Thus, 

the SCORPION-TOF-MS was certified for installation on board the HALO. 

The first HALO campaign employing the SCORPION-TOF-MS, CAFE-EU/BLUESKY, was 

conducted successfully during the first COVID lockdown in Europe in May and June 2020 and 

is described in Voigt et al. (2022). In total, there were eight scientific flights with HALO and 

twelve scientific flights with the Falcon with complementary instrumentation covering trace 

gases, aerosol particles, and meteorological parameters over Western Europe, sampling 

continental, rural, and marine air masses as well as deep convective cloud outflows. A nudged 

version of the EMAC model was used to simulate emissions for flight planning. Due to the 

lockdown, significant reductions in the emission of NOx and CO could be observed over 

industrial areas, in the Po Valley, and above Frankfurt am Main. Similarly, the number 

concentrations and the mass of aerosol particles were reduced in continental profiles, especially 

below 5 km altitude. Moreover, the contrail cover was reduced due to the reduced air travel. 
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The stratospheric sulfur compounds were found to be perturbed due to the outbreak of the 

Raikoke volcano in 2019. Further results from this campaign have already been published and 

are awaiting publication. Future campaigns will focus on biogenic and marine regimes in Brazil 

and the Western Pacific, respectively. 

During the eight scientific flights, the SCORPION-TOF-MS successfully measured 

atmospheric ions, sulfuric acid, MSA, and C2 amines, amongst others. These measurements are 

the first ever reported CI-APi-TOF-MS and APi-TOF-MS measurements in the UTLS region. 

In Zauner-Wieczorek et al. (2022a), the measurements of atmospheric ions in the APi mode 

were described in more detail. In the negative APi mode, the ions and ion clusters  

(HNO3)032NO3
3, HSO4

3, (H2SO4)HSO4
3, (HNO3)HSO4

3, and presumably SO4
3 were detected. 

The ion counts of NO3
3 and (HNO3)NO3

3 showed an increasing trend with increasing altitudes, 

while there was no significant trend for HSO4
3. From the ratio of the nitrate and hydrogen 

sulfate core ions, the number concentration of gaseous sulfuric acid could be inferred. The 

resulting average concentrations were in the range of 1.9 to 7.8 ⸱ 105 cm33 in the altitude range 

of 4.7313.4 km. Maximum values were observed in the altitude bin of 8.739.2 km, while the 

concentrations were lower above the tropopause which is in agreement with the literature. 

Furthermore, an event of increased ion counts, particle concentration, and relative humidity 

lasting for 30 seconds was observed at a 5.3 km flight altitude while passing through a cloud. 

This event could have been caused by the shattering of liquid cloud water droplets on the surface 

of the aircraft or inlet. In the positive APi mode, protonated pyridine was detected and a 

maximum ion count was observed between 4.6 and 8.5 km altitude. More research is necessary 

to resolve the temporal or spatial variations and to identify more ions, especially in the positive 

APi mode. 

In order to calculate the number concentration of sulfuric acid from hydrogen sulfate and nitrate 

core ions as mentioned above, the ion3ion recombination must be known. Since it is pressure 

and temperature dependent, it has different values at different altitudes. Theories and 

parameterisations of the ion3ion recombination coefficient α were reviewed in Zauner-

Wieczorek et al. (2022b) in order to find a favourable formula to calculate α for different flight 

altitudes. Thomson and Rutherford introduced a thermodynamic theory of the recombination 

(Thomson and Rutherford, 1896; Thomson, 1924) and, subsequently, several scientists 

developed parameterisations according to this theory; these parameterisations were dependent 

on the temperature, the pressure, the mass of the ions, and the mean free path of the ions and 

air. In contrast to this, Langevin (1903) developed an electrodynamic theory that was later found 
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to be valid in the super-atmospheric pressure regime, while Thomson’s theory is applicable at 

1000 hPa or below. After α was determined from parameters measured in the field by Gringel 

et al. (1978), Rosen and Hofmann (1981), and Morita (1983), more parameterisations were 

developed, partly as altitude-dependent formulas. α was also simulated by the Monte Carlo 

method as well as hybrid continuum-molecular dynamics simulations by Bates (1982) and 

Tamadate et al. (2020), respectively. Moreover, in the review, ion3aerosol attachment theories 

were applied to the ion3ion recombination and were considered in an intercomparison which 

also included laboratory data from Franchin et al. (2015) and model data from Bates (1982), as 

well as the above-mentioned field data. This intercomparison showed that there is no single 

theory that can describe the ion3ion recombination throughout the whole troposphere and 

stratosphere. For altitudes below 22 km, the parameterisation by Israël (1957) was found to be 

favourable, while above 25 km, the parameterisation by Arijs et al. (1983), and above 30 km, 

Hoppel and Frick’s (1986) theory yielded the best agreement. In addition, the ion3ion trapping 

distance and the collision probability in the limiting sphere 3 two parameters that are important 

in different theories 3 were determined using the aforementioned field data as input. The need 

for further research was identified. Measurements of α in the troposphere are necessary to close 

the existing gap. In addition, measurements in different regions during different seasons are 

necessary to uncover possible spatial or seasonal variations. Furthermore, the magnitudes of 

the temperature and pressure dependence of α need to be determined by model simulations 

since the different theories contradict each other in this regard. 

The results of the CI measurements during CAFE-EU/BLUESKY with regard to sulfuric acid, 

MSA, and C2 amines will be published elsewhere. The comparison of sulfuric acid 

measurements in the CI and the APi mode is pending. In the future, simultaneous airborne 

measurements of these nucleation precursors as well as HOMs and, ideally, NH3 along with 

measurements of the size distribution and chemical composition of aerosol particles are 

necessary in order to study the NPF in the upper troposphere. Due to its relevance in the global 

atmospheric circulation, the tropical upper troposphere is of special interest in this regard. 

Therefore, measurement campaigns above the Amazon rainforest in Brazil (CAFE-Brazil) and 

above the (sub-)tropical Pacific Ocean (CAFE-Pacific) will be conducted in the next months 

and can be complemented by model simulations. One aim of the CAFE-Brazil campaign is to 

verify (or falsify) the hypothesis of pure biogenic nucleation in the upper troposphere above the 

Amazon rainforest; especially the contribution or absence of sulfuric acid in the upper 
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tropospheric NPF needs to be investigated (Andreae et al., 2018). These data are important for 

a better understanding of the chemical systems nucleating in the upper troposphere. 

In this dissertation, advances in the research of atmospheric ions, nucleation precursors, and air 

pollutants were presented 3 pieces in the vast puzzle of atmospheric sciences. The need for 

future research is unchanged in order to unravel remaining questions and to solve the problems 

of today and tomorrow.  
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List of abbreviations and acronyms 

AOT  Aerosol optical thickness 

APi  Atmospheric pressure interface 

BC  Black carbon 

CAFE-EU Chemistry of the Atmosphere: Field Experiment in Europe 

CCN  Cloud condensation nucleus/nuclei 
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