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Abstract

Abstract

Nitrogen oxides (NOx) describe the sum of nitric oxide (NO) and nitrogen dioxide (NO2) which

are important trace gases in the troposphere, the layer closest to the earth’s surface. NOx has a

profound influence on atmospheric photochemical processes which majorly impact local air quality

and the formation of tropospheric ozone, which in turn affects the earth’s radiative budget and

global warming. This work presents several studies on the sources and distribution of nitrogen

oxides and their involvement in photochemical processes throughout the troposphere with the aim

to improve our understanding of its role in tropospheric photochemistry and its effects on human

health and climate change.

The first study presented in this work investigates the occurrence of deep convection in the presence

and in the absence of lightning in a developing tropical cyclone based on in situ observations of

nitric oxide (NO) and other trace gases during the research aircraft campaign CAFE Africa (Chem-

istry of the Atmospheric Field Experiment in Africa) which took place in August and September

2018 over West Africa and the Atlantic Ocean. It is shown that the amount of lightning, indi-

cated by peaks in NO mixing ratios, decreases with increasing strength of the observed tropical

cyclone. At an advanced stage of the cyclone, only NO free air from the marine boundary layer

transported upwards through deep convection can be observed from the airborne platform in the

upper troposphere.

The second study presents the development of a new photolytic converter for improved photolysis-

chemiluminescence measurements of nitrogen dioxide (NO2), particularly for aircraft applications

where additional challenges such as rapidly changing ambient conditions are encountered. A con-

ventional photolytic converter was employed for NO2 measurements during the research aircraft

campaign CAFE Africa, which failed due to wall effects impacting the instrumental background

and the occurrence of memory effects associated with ambient mixing ratios of NO and humidity.

Instead, an improved converter made from quartz glass can overcome these drawbacks showing

improved laboratory results.

The third study presented in this work shows the findings on how NOx impacts the formation

of formaldehyde (HCHO) and ozone (O3) based on three ground site measurement campaigns

across Europe. These are the HUMPPA (Hyytiälä United Measurements of Photochemistry and

Particles) campaign in Finland in 2010, the HOPE (Hohenpeißenberg Photochemistry Experiment)

campaign in Germany in 2012 and the CYPHEX campaign in Cyprus (Cyprus Photochemistry

Experiment) in 2014. It is shown that the oxidation of isoprene, methanol, acetaldehyde and

methane accounts for the production of HCHO at all three sites. Acetaldehyde and methane form

HCHO via methyl peroxy radicals (CH3O2) which is favored in the presence of excess NO over

the competing reaction forming methyl hydrogen peroxide (CH3OOH). This ratio, described by

α(CH3O2), is found to provide valuable insight into the sensitivity of O3 to its precursors.

The fourth study investigates the impact of NOx reductions in the upper troposphere due to

reduced air traffic during the European COVID-19 lockdowns. It is based on the research air-

craft campaign BLUESKY which took place over Europe in May and June 2020, in comparison

to the UTOPHIAN (Upper Tropospheric Ozone: Processes Involving HOx and NOx) and the

HOOVER (HOx over Europe) aircraft campaigns in 2003/04 and 2006/07, respectively. The study

is based on in situ observations during the three aircraft campaigns and modeling simulations
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Abstract

by the ECHAM5 (fifth generation European Centre Hamburg general circulation model, version

5.3.02)/MESSy2 (second generation Modular Earth Submodel System, version 2.54.0) Atmospheric

Chemistry (EMAC) model. By the help of α(CH3O2), it is shown that O3 chemistry changed from

a VOC (volatile organic compound) sensitivity in 2003/04 to a NOx sensitivity as an outcome of

upper tropospheric NOx reductions induced by the COVID-19 lockdowns.

The fifth study presented in this work evaluates the impact of NOx on O3 sensitivity in the upper

tropical troposphere across all longitudes, based on EMAC modeling simulations. Lightning is

shown to be the only significant source of NOx in the upper tropical troposphere and the driver of

the dominating O3 sensitivity. Regions characterized by frequent lightning such as South America

and Central Africa show a strong VOC sensitivity, while regions where lightning is sparse such as

South East Asia are clearly NOx-sensitive. The results additionally indicate that α(CH3O2) is a

universal indicator for O3 sensitivity throughout the entire troposphere while the most common

definition in literature, the correlation of ozone production (P (O3)) with NOx, is only valid at the

surface.

The sixth study as part of this work investigates emissions of NOx from the surface based on in

situ observations of NOx concentrations and the vertical wind speed during the aircraft campaign

RECAP-CA (Re-Evaluating the Chemistry of Air Pollutants in California) which took place in

California in June 2021. NOx fluxes are calculated via wavelet transformation, which is a sub-type

of eddy covariance, and compared to the local emission inventory provided by the California Air

Resources Board (CARB). It is shown that NOx fluxes over Los Angeles exhibit a strong weekend

effect and while on the same order of magnitude, can show strong local deviations from the emission

inventory.

This work underlines the importance of nitrogen oxides in different parts of the troposphere.

Understanding sources, and photochemistry at the surface, as presented in two studies, is essential

for improving local air quality and therefore human and plant health. Upper tropospheric processes

that involve NOx, which is presented in the remaining four studies, can provide insights into

weather phenomena, such as the formation of tropical cyclones, and the sensitivity of O3 affecting

the radiative budget and therefore global warming.
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Zusammenfassung

Zusammenfassung

Stickoxide (NOx) repräsentieren die Summe aus Stickstoffmonoxid (NO) und Stickstoffdioxid (NO2)

und sind wichtige Spurengase in der Troposphäre, der der Erdoberfläche am nächsten liegenden

Schicht. NOx hat einen tiefgreifenden Einfluss auf die atmosphärischen, photochemischen Prozes-

se, die große Auswirkungen auf die lokale Luftqualität, sowie die Bildung von troposphärischem

Ozon haben und dadurch den Strahlungshaushalt und die Erderwärmung beeinflussen. Diese Ar-

beit präsentiert mehrere Studien zu den Quellen und der Verteilung von Stickoxiden, sowie ihre

Beteiligung an den photochemischen Prozessen in der gesamten Troposphäre mit dem Ziel unser

Verständnis der Rolle von Stickoxiden in der troposphärischen Photochemie, sowie ihre Auswir-

kungen auf die menschliche Gesundheit und den Klimawandel zu verbessern.

Die erste Studie, die in dieser Arbeit präsentiert wird, untersucht das Auftreten von tiefer Kon-

vektion in An- und Abwesenheit von Blitzen in einem entstehenden tropischen Zyklon. Die Studie

basiert auf in situ Beobachtungen von Stickstoffmonoxid und anderen Spurengasen während der

Forschungsflugzeugkampagne CAFE Africa (Chemistry of the Atmospheric Field Experiment in

Africa), die im August und September 2018 über Westafrika und dem Atlantischen Ozean statt-

gefunden hat. Es wird gezeigt, dass die Menge an Blitzen, angegeben durch das Auftreten von

Höchstwerten im NO Mischungsverhältnis, mit zunehmender Stärke des beobachteten tropischen

Zyklons abnimmt. In einem fortgeschrittenen Stadium des Zyklons wird ausschließlich NO freie

Luft, die aus der marinen Grenzschicht durch tiefe Konvektion nach oben transportiert wird, in

der oberen Troposphäre beobachtet.

Die zweite Studie präsentiert die Entwicklung eines neuen, photolytischen Konverters für verbes-

serte Photolyse-Chemilumineszenz Messungen von Stickstoffdioxid (NO2), insbesondere in Hin-

blick auf Flugzeuganwendungen, für die zusätzliche Herausforderungen wie zum Beispiel schnell

wechselnde Umgebungsbedingungen vorliegen. Ein konventioneller photolytischer Konverter wur-

de für NO2 Messungen während der CAFE Africa Flugzeugkampagne verwendet, die auf Grund

von Wandeffekten, die den instrumentellen Hintergrund und das Auftreten von Speichereffekten

im Zusammenhang mit den NO Mischungsverhältnissen und der Feuchtigkeit der Umgebungs-

luft beeinflussen, scheiterten. Stattdessen kann ein neuer Konverter aus Quarzglas diese Nachteile

überwinden und zeigt verbesserte Laborergebnisse.

Die dritte Studie, die in dieser Arbeit präsentiert wird, zeigt Erkenntnisse wie NOx die Bildung

von Formaldehyd (HCHO) und Ozon (O3) beeinflusst, basierend auf drei Bodenfeldkampagnen

in Europa. Diese sind die HUMPPA (Hyytiälä United Measurements of Photochemistry and Par-

ticles) Kampagne 2010 in Finnland, die HOPE (Hohenpeißenberg Photochemistry Experiment)

Kampagne 2012 in Deutschland and die CYPHEX (Cyprus Photochemistry Experiment) Kampa-

gne 2014 in Zypern. Es wird gezeigt, dass die Oxidation von Isopren, Methanol, Acetaldehyd und

Methan die Produktion von HCHO an allen drei Orten repräsentiert. Acetaldehyd und Methan

bilden HCHO über Methylperoxradikale (CH3O2). Dieser Reaktionsweg ist bei Vorliegen von NO

im Überschuss gegenüber der konkurrierenden Reaktion zu Methylwasserstoffperoxid (CH3OOH)

begünstigt. Dieses Verhältnis, beschrieben durch α(CH3O2), kann einen wertvollen Einblick in die

Sensitivität von O3 auf seine Vorläufer liefern.

Die vierte Studie untersucht den Einfluss von NOx Reduktionen in der oberen Troposphäre durch

verringerten Luftverkehr während der europäischen COVID-19 Lockdowns basierend auf der For-
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Zusammenfassung

schungsflugzeugkampagne BLUESKY, die im Mai und Juni 2020 über Europe stattgefunden hat,

im Vergleich mit der UTOPHIAN (Upper Tropospheric Ozone: Processes Involving HOx and NOx)

und der HOOVER (HOx over Europe) Flugzeugkampagnen 2003/04 und 2006/07. Die Studie ba-

siert auf in situ Beobachtungen während der drei Flugzeugkampagnen und Modelsimulationen

durch das ECHAM5 (fifth generation European Centre Hamburg general circulation model, ver-

sion 5.3.02)/MESSy2 (second generation Modular Earth Submodel System, version 2.54.0) Atmo-

sphärenchemie (EMAC) Model. Mit der Hilfe von α(CH3O2) wird gezeigt, dass die Ozonchemie von

einer VOC (flüchtige organische Substanz) Sensitivität 2003/04 zu einer NOx Sensitivität als Folge

von NOx Reduktionen in der oberen Troposphäre durch die COVID-19 Lockdowns übergegangen

ist.

Die fünfte Studie, die in dieser Arbeit präsentiert wird, analysiert den Einfluss von NOx auf die

O3 Sensitivität in der oberen tropischen Troposphäre über alle Längengrade, basierend auf EMAC

Modelsimulationen. Es wird gezeigt, dass Blitze die einzig signifikante Quelle von NOx in der

oberen tropischen Troposphäre sind und maßgeblich die dominierende Ozonsensitivität beeinflus-

sen. Regionen, die durch frequentierte Blitze charakterisiert sind, wie zum Beispiel Südamerika

und Zentralafrika, zeigen eine starke VOC Sensitivität, während Regionen, in denen Blitze selten

sind, wie zum Beispiel Südostasien, eindeutig NOx sensitiv sind. Die Ergebnisse zeigen außerdem,

dass α(CH3O2) ein universeller Indikator für die O3 Sensitivität in der gesamten Troposphäre

ist, während die gebräuchlichste Definition in der Literatur, die Korrelation der Ozonproduktion

(P (O3)) mit NO, nur am Boden gültig ist.

Die sechste Studie als Teil dieser Arbeit untersucht NOx Emissionen von der Oberfläche basierend

auf in situ Beobachtungen von NOx Konzentrationen und der vertikalen Windgeschwindigkeit

während der Flugzeugkampagne RECAP-CA (Re-Evaluating the Chemistry of Air Pollutants in

California), die im Juni 2021 in Kalifornien stattgefunden hat. NOx Flüsse werden mittels Wavelet-

Transformation, einer Unterart der Eddy Kovarianz, berechnet und mit dem lokalen Emissionska-

taster des California Air Resources Boards (CARB) verglichen. Es wird gezeigt, dass NOx Flüsse in

Los Angeles einen starken Wochenendeffekt aufweisen und, obwohl sie die gleiche Größenordnung

besitzen, lokal starke Abweichungen vom Emissionskataster zeigen können.

Diese Arbeit unterstreicht die Wichtigkeit von Stickoxiden in unterschiedlichen Teilen der Tro-

posphäre. Es ist unabdingbar die Quellen und die Photochemie am Boden zu verstehen, wie in

zwei der präsentieren Studien, um die lokale Luftqualität und damit die Gesundheit von Men-

schen und Pflanzen zu verbessern. Prozesse in der oberen Troposphäre, die NOx involvieren, wie

in den verbleibenden vier Studien untersucht wird, können Einblicke in Wetterphänomene, wie

zum Beispiel die Bildung von tropischen Zyklonen, geben, sowie in die Sensitivität von O3, die den

Strahlungshaushalt und damit die Erderwärmung beeinflusst.
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1 Motivation

1 Motivation

Atmospheric trace gases, and the chemistry they are involved in, significantly influence the habit-

ability of our planet and the survival of its species. In the troposphere, this has two major aspects,

which are the local air quality affecting human, animal and plant health and the abundance of

greenhouse gases contributing to global warming and climate change. Nitrogen oxides (NOx ≡ NO

+ NO2) play a key role in tropospheric photochemistry. Understanding its sources, monitoring

its distribution and investigating its influence on air quality and global warming are the central

aspects of this work.

The foundation of investigating NOx in the troposphere are reliable and accurate measurements.

While this is mostly the case for nitric oxide (NO), nitrogen dioxide (NO2) measurements remain a

challenge [1,2]. These difficulties have been studied as part of this work and a new instrument com-

ponent was developed which shows significant improvements, particularly for upper tropospheric

measurements [2].

NOx is a precursor to tropospheric ozone (O3) which, at the surface, is a hazard to human health

and additionally a greenhouse gas, which severely influences the earth’s radiative budget, partic-

ularly in the upper troposphere [3–5]. The photochemical production and the sensitivity of O3

to its precursors is studied in various locations in order to obtain a broader understanding. One

study focuses on processes at the surface at three different European sites in Germany, Finland

and Cyprus [6]. Besides the production of O3, it also investigates the formation of formaldehyde

(HCHO) in which NOx plays a key role. The distribution across possible reactions pathways is

dependent on ambient mixing ratios of NOx and can provide insights into the dominating O3 sensi-

tivity. Another study evaluates O3 formation in the upper troposphere over Europe based on three

aircraft campaigns across almost two decades. A particular focus is the impact of the COVID-19

European lockdowns, mostly reduced air traffic, which are shown to have a strong influence on the

O3 sensitivity in the upper troposphere, providing insights into effects of potential future changes

of nitrogen oxides [7]. Based on these findings a study using modeled data from the EMAC atmo-

spheric chemistry - general circulation model investigates O3 sensitivity to NOx, with particular

focus on lightning emissions, in the upper tropical troposphere across all longitudes [8].

Besides its consideration from a chemistry perspective, lightning in the upper tropical troposphere

occurs in combination with deep convective processes – the updraft of air from the boundary layer

to the top of the troposphere. The dependence of deep convection and lightning is studied based

on in situ observations in a developing tropical weather system over West Africa and the Atlantic

Ocean, later transitioning into a hurricane causing devastating damage to human life and property

at the U.S. South East Coast [9].

While it is important to study the photochemistry of nitrogen oxides throughout the entire tropo-

sphere, it is also highly relevant to investigate the sources. The studies mentioned above identify

lightning as the major NOx source in the upper tropical troposphere and NOx aircraft emissions

in the upper troposphere in the northern hemisphere over Europe. The sources of NOx at the

surface, particularly in urban areas, are much more versatile and more difficult to quantify, but a

crucial component in local air quality control. NOx fluxes, representing an emission per area and

time, are studied over Los Angeles based on airborne NOx and vertical wind speed measurements.

The calculation is performed using wavelet transformation based on the eddy covariance method

1



1 Motivation

and the resulting fluxes are compared to a local emission inventory [10].

Figure 1 provides a simplified overview of the studies performed as part of this work and their

importance in tropospheric processes and chemistry. This work aims to investigate the role of

nitrogen oxides in various parts of the troposphere and to discuss their impact on us humans and

our planet.

Figure 1: Simplified overview of the studies performed as part of this work. 1○ Studies of deep
convection and lightning in a tropical cyclone, 2○ Improvements of airborne NO2 measurements,
3○ Formaldehyde and ozone formation at the surface, 4○ Influence of the COVID-19 lockdowns on
ozone formation in the upper troposphere over Europe, 5○ Ozone sensitivity in the upper tropical
troposphere across all longitudes and 6○ NOx emissions from Los Angeles via direct airborne
measurements. This figure was self-created.
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2 Introduction

2 Introduction

2.1 The earth’s atmosphere

The atmosphere describes the gaseous blanket of the earth and can be subdivided into several

layers, characterized by the vertical temperature profile, whereby each temperature inversion marks

the beginning of a new atmospheric layer [11, 12]. An overview of the atmospheric layers and

temperature developments can be seen in Figure 2 [12,13].

Figure 2: Schematic overview of the atmospheric layers and the vertical temperature profile. The
exact values depend on the location on the globe. This figure was self-created based on [12] and [13].

The troposphere represents the layer closest to the surface and features decreasing temperature

with altitude by an average rate of 6.5 ◦ Ckm−1 up to the tropopause which marks the transition

to the overlaying stratosphere [12]. The altitude of the tropopause is largely dependent on the

season and its latitudinal position and varies from 6–8 km at the poles to around 15–17 km in the

tropics [11, 14]. Throughout the atmosphere, pressure and density decrease roughly exponentially

with altitude, so that 80% (by weight) of the atmospheric air is accumulated in the troposphere,

which only makes up a small volume fraction of the entire atmosphere [12,15]. The earth’s surface

is heated through absorption of the sun’s radiation and in turn warms the air masses close to

it, which rise, expand due to decreasing pressure and cool down – an adiabatic change of state

explaining the tropospheric temperature gradient [16]. The troposphere additionally holds the
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2 Introduction

majority of the atmospheric water content and is characterized by strong vertical mixing, which

leads to the occurrence of multiple meteorological events [14].

The following layer, the stratosphere, reaches from the tropopause up to around 50 km. It is

characterized by increasing temperature with altitude and poor vertical mixing. This temperature

inversion results from ozone molecules (O3) absorbing UV radiation by the sun, a process that is

vital to life on the earth’s surface. The stratosphere holds 19% of the atmospheric trace gases and

90% of its ozone, mostly accumulated in the ozone layer [12, 17]. UV light from the sun leads to

the homolytic cleavage of diatomic oxygen. Via the reaction with an oxygen molecule, the resulting

oxygen radical forms O3, which in turn can be photolytically cleaved to molecular oxygen and a

radical, restarting the cycle. That way, approximately 98% of the sun’s radiation is filtered and

only the remaining 2% reaches the troposphere, making life on earth possible [12,18].

Above the stratopause follows the mesosphere, which is again characterized by decreasing temper-

ature with altitude, reaching a minimum of around -90 ◦C at the mesopause (∼ 80–85 km), which

marks the transition to the thermosphere. The temperature in the thermosphere increases again

with altitude due to absorption of solar radiation via N2 and O2 dissociation [11,12,15,16].

This work focuses on photochemical processes involving nitrogen oxides in the troposphere, which

holds most of the atmospheric mass and its trace gases, and (together with the stratosphere) forms

the most important layers of the atmosphere affecting the earth’s climate and its living beings.

2.2 The role of nitrogen oxides (NOx) in the troposphere

2.2.1 Photostationary state (PSS)

Nitrogen oxides (NOx), the sum of nitric oxide (NO) and nitrogen dioxide (NO2), play a major

role in the photochemical processes taking place in the troposphere. NO and NO2 can rapidly

interconvert via the reaction of NO with ozone (O3), forming NO2 and its back-reaction starting

with the photolysis of NO2 as shown in Reactions (R1) and (R2), respectively [11].

NO +O3 −−→ NO2 +O2 (R1)

NO2 + hν −−→ NO+O(3P)
O2−−→ NO+O3 (R2)

In photostationary state (PSS), this interconversion does not affect the NOx or the O3 budget

and can be described by the Leighton ratio as shown in Equation (1) with the rate constant k of

Reaction (R1) and the photolysis frequency j of Reaction (R2) [19].

kNO+O3
× [NO]× [O3]

jNO2
× [NO2]

= ϕ ≊ 1 (1)

For polluted regions this correlation needs to be expanded by the oxidation of NO by peroxy radicals

forming NO2 besides Reaction (R1), which we show in Reactions (R3) and (R4) [1, 20,21]. In the
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2 Introduction

upper troposphere, RO2 can be mostly represented by methyl peroxy radicals (CH3O2) [8, 22].

NO + HO2 −−→ NO2 +OH (R3)

NO + RO2 −−→ NO2 +RO (R4)

The (extended) Leighton ratio can for example be used to estimate NO2 mixing ratios from NO

and O3 measurements. Particularly in the upper troposphere, NO2 measurements are a challenge

due to thermal interferences of reservoir species, which we present in Nussbaumer et al. (2021) [2]

and can be found in Section 3.3.

2.2.2 Atmospheric sources and distribution

NOx is mostly emitted as NO and converted to NO2 in the atmosphere by the reactions shown in

the previous section [12]. There are various sources throughout the troposphere with peak emissions

at the surface and in the upper troposphere, which can be either anthropogenic or biogenic. In

the lower troposphere, NOx is mostly emitted from anthropogenic combustion processes, including

internal combustion engines and industrial activity, accounting for approximately two thirds of the

overall NOx emissions [23]. High temperatures during combustion enable the reaction of molecular

nitrogen (N2) and oxygen (O2) from the air to form NO. Further emissions of NOx from the surface

include biomass burning and soil emissions.

Figure 3: Global distribution of NOx at the surface as a 20-year average (2000-2019). The data
is presented on a logarithmic scale which allows for a more detailed view of areas characterized
by low mixing ratios, such as the maritime regions. This figure was self-created based on modeled
NOx data as obtained from Dr. Andrea Pozzer.
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2 Introduction

Figure 3 presents the global distribution of NOx as an average from 2000 to 2019, based on daily

values at local noon. This figure was created using modeled data of the ECHAM5 (fifth generation

European Centre Hamburg general circulation model, version 5.3.02)/MESSy2 (second generation

Modular Earth Submodel System, version 2.54.0) Atmospheric Chemistry (EMAC) model [24].

Elevated mixing ratios can be observed in major cities across all continents and for important

shipping routes, mostly in the Northern Pacific and Atlantic Oceans.

At the surface, particularly in urban areas, NOx emissions have the highest impact on local air

quality and therefore on human health. In order to develop concepts for decreasing the pollutant

load and improving local air quality it is important to not only monitor the ambient mixing ratios

of trace gases, but also to investigate its sources in detail. Local emission inventories can provide

estimates on NOx fluxes, that is a mass emitted per surface area and time, which need to be

validated by measurements [25]. Nussbaumer et al. (2023) [10] presents direct airborne NOx

flux measurements over Los Angeles based on the research aircraft campaign RECAP-CA (Re-

Evaluating the Chemistry of Air Pollutants in California) in June 2021 which can be found in

Section 3.7.

In the upper troposphere, NOx has two major sources which are aircraft (anthropogenic) and

lightning [23, 26]. The amount of NOx that is emitted from lightning is highly uncertain and

estimates range from 2 to 8 Tg/year [27]. The free troposphere between the top of the boundary

layer and the beginning of the upper troposphere does not hold any particular emission sources

and mixing ratios at these altitudes are usually small.

Figure 4: Vertical profile of NO during the aircraft campaign CAFE Africa over West Africa and
the Atlantic Ocean in August and September 2018. This figure was self-created based on NO
measurements during CAFE Africa. A vertical profile of CAFE Africa NO data can also be found
in Tadic et al. (2021) [22].
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The different sources of NOx throughout the troposphere lead to a typical C-shape of its vertical

profile. Figure 4 shows the vertical profile of NO based on measurements during the research

aircraft campaign CAFE Africa (Chemistry of the Atmosphere Field Experiment in Africa) which

took place in August and September 2018 around Cape Verde. Due to its remote location, surface

emission of NO are sparse and the vertical profile therefore only shows a small elevation in the

lower troposphere with average mixing ratios of less than 50 pptv. The expected increase in mixing

ratios in the upper troposphere is particularly pronounced due to the observation of strong lightning

events. The average observed mixing ratio between 13 and 14 km is approximately 200 pptv with an

1σ variability in the order of 100%. This is typical for lightning in the remote upper troposphere

as lightning strokes generate highly variable amounts of NO and deep convection can additionally

transport NO free air from the marine boundary layer upwards. Section 3.2 (Nussbaumer et al.

(2021) [9]) provides more details on a study analyzing lightning events in combination with the

occurrence of deep convection during CAFE Africa in regard to the formation of a hurricane.

Figure 5: Vertical profile of NO during the aircraft campaign BLUESKY over Europe in May and
June 2020. This figure was self-created based on NO measurements during BLUESKY. A vertical
profile of BLUESKY NO data can also be found in the supplementary material of Nussbaumer et
al. (2022) [7].

A different example of a vertical profile of NO is shown in Figure 5 based on measurements during

the aircraft campaign BLUESKY in May and June 2020 over Europe. Since Europe is a densely

populated continent, mixing ratios close to the surface are much higher compared to Africa and

the Atlantic Ocean during the research campaign CAFE Africa as presented in Figure 4. Average

values are around 150 pptv in the lower troposphere, decrease to near zero in the free troposphere

and increase again in the upper troposphere. The average NO mixing ratio between 12 and

13 km is 120 pptv and therefore similar to the surface. While lightning plays a major role in the

7



2 Introduction

tropical upper troposphere, in the northern mid-latitudes upper tropospheric NO mostly results

from aircraft emissions as lightning events are more sparse [27,28]. NO mixing ratios over Europe

and implications of the COVID-19 lockdowns on the upper tropospheric photochemistry involving

NO and O3 are discussed in detail in Nussbaumer et al. (2022) [7] which can be found in Section

3.5.

2.2.3 Formation of O3

NOx and volatile organic compounds (VOCs) are the two main precursors to tropospheric O3

[23, 29, 30]. There are two important reasons to study ozone and its dependence on NOx and

VOCs in the troposphere. First, O3 at the earth’s surface is a health hazard to plants and humans

when inhaled as it can cause various diseases affecting the respiratory and cardiovascular system

[5, 31]. A detailed analysis of O3 formation at three different ground measurement sites across

Europe, which are Finland, Germany and Cyprus, characterized by various background conditions

is provided in Nussbaumer et al. (2021) [6], and can be found in Section 3.4. Second, O3 is a

greenhouse gas and contributes significantly to the earth’s radiative budget – particularly in the

upper troposphere – affecting global warming and climate change [3, 4]. In Nussbaumer et al.

(2023) [8], the mechanisms influencing ozone formation in the upper tropical troposphere with

particular focus on NOx emissions from lightning are discussed in detail, which can be found in

Section 3.6.

Figure 6: HOx cycle, presenting how an OH radical catalyzes the formation of O3 from NO and
a VOC (RH) [32]. Reprinted (adapted) with permission from Nussbaumer and Cohen, Environ.
Sci. Technol. 2020, 54, 24, 15652–15659. Copyright 2020 American Chemical Society.

Figure 6 (reprinted (adapted) from [32], Copyright 2020 American Chemical Society) shows how

ozone is formed from a VOC, here represented by RH whereby R is an organic rest, and NO in

the presence of O2. The reaction scheme is well known in literature and has been reported many
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times (e.g. [23, 33]). The cycle, referred to as the HOx cycle (HOx representing the sum of OH

and HO2), is catalyzed by an OH radical. In the first step, OH reacts with RH (a VOC) under H

abstraction to form H2O and R. The organic radical reacts with oxygen from the air and generates

an organic peroxy radical (RO2). RO2 subsequently oxidizes NO to NO2 and is in turn reduced to

RO, which forms HO2 in the presence of oxygen. In the last step of the cycle, HO2 oxidizes NO

to NO2 while the OH radical is regenerated. In the presence of sunlight and oxygen the two NO2

molecules formed within one turn around the HOx cycle can form two O3 molecules. NO2 and O3

are often investigated as a sum Ox, as they can rapidly interconvert in the presence of sunlight

and each represents the oxidized species. The catalytic HOx cycle can be interrupted by multiple

termination reactions which include self-reactions of peroxy radicals and HOx, the formation of

nitrate species or the reaction of NO2 and OH to form nitric acid (HNO3) [23, 32]. The possible

termination reactions are presented in Reactions (R5)–(R11).

OH + HO2 −−→ O2 +H2O (R5)

HO2 +HO2 −−→ H2O2 +O2 (R6)

RO2 +HO2 −−→ ROOH+O2 (R7)

RO2 +RO2 −−→ ROOR+O2 (R8)

RO2 +NO2
M−−→ RO2NO2 (R9)

RO2 +NO
M−−→ RONO2 (R10)

OH +NO2
M−−→ HNO3 (R11)

Ozone has several loss pathways, including the reaction with OH, HO2 and photolysis, as shown

in Reaction (R12)–(R14) [11, 23]. Reaction (R14) only yields a net loss of ozone, if O(1D) reacts

with H2O to form OH radicals. If it collides with N2 or O2 from the air, O(3P) is formed which

subsequently reacts back to ozone with oxygen. The share of O(1D) that forms OH in competition

with the back reaction to O3 can be described by α(O(1D)) as shown in Equation (2), whereby k

represents the rate constants for each individual reaction [34]. In the lower troposphere, deposition

to the earth’s surface can be considered another loss mechanism. The reaction with NO to form

NO2 (Reaction (R1)) is usually not considered when calculating ozone loss as its reverse reaction

(Reaction (R2)) represents an ozone production pathway.

O3 +HO2 −−→ OH+ 2O2 (R12)

O3 +OH −−→ HO2 +O2 (R13)

O3 + hν −−→ O2 +O(1D)
H2O−−−→ 2OH +O2 (R14)
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α(O(1D)) =
kO1D+H2O × [H2O]

kO1D+N2
× [N2] + kO1D+O2

× [O2] + kO1D+H2O × [H2O]
(2)

Figure 7 provides an overview of the ozone production P (O3) (green) and loss L(O3) pathways

(orange) typically assumed for studies on O3 in the upper troposphere [22,34,35].

Figure 7: Overview of ozone production (green) and loss pathways (orange) typically applied for
the upper troposphere. This figure was self-created based on Nussbaumer et al. (2021, 2022,
2023) [6–8].

At high altitudes (upper troposphere), reliable NO2 measurements are difficult to obtain [1, 2].

Considering NO2-O3-NO photostationary state, the production of ozone can be represented by the

reaction of NO with HO2 and RO2 (mostly CH3O2), which yields NO2, and O3 after photolysis.

Equations (3)–(5) present the calculations of P (O3), L(O3) and the net ozone production rate

(NOPR) with the rate constants k and the photolysis frequency j.

P (O3) = [NO]× (kNO+HO2
× [HO2] + kNO+CH3O2

× [CH3O2]) (3)

L(O3) = [O3]× (kO3
+HO2

× [HO2] + kO3
+OH × [OH] + α(O(1D))× j(O(1D))) (4)

NOPR =P (O3)− L(O3)

=[NO]× (kNO+HO2
× [HO2] + kNO+CH3O2

× [CH3O2])

−[O3]× (kO3
+HO2

× [HO2] + kO3
+OH × [OH] + α(O(1D))× j(O(1D)))

(5)
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The presented method is used to calculate net ozone production over Europe [7] and in the upper

tropical troposphere on a global scale [8], which can be found in Sections 3.5 and 3.6, respectively.

Calculations of net ozone production across Europe at the surface [6] are presented in Section 3.4.

For this study – due to the availability of reliable NO2 measurements at the surface – P (O3) is

calculated via the photolysis of NO2. For L(O3), the reaction with NO and deposition to the

surface are then added as loss mechanisms. The reliability of NO2 measurements depending on

the altitude and additional parameters within the troposphere is discussed in detail in Section 3.3.

2.2.4 Formation of HCHO

Another important trace gas in the troposphere is formaldehyde (HCHO). In secondary processes,

which dominate in remote locations due to the short atmospheric lifetime of HCHO, it is formed

from almost any VOC oxidized by OH or O3, or via photolysis [36–38]. Approximately half of

the production pathways additionally involve NO, and HCHO is therefore closely related to the

processes that also control the availability of O3 [6]. Figure 8 presents a simplified overview of the

production (green) and loss pathways (orange) of formaldehyde.

Figure 8: Simplified overview of formaldehyde production (green) and loss pathways (orange).
This figure was self-created based on Nussbaumer et al. (2021) [6].

At the surface, besides photolysis and the reaction with OH, deposition is additionally considered a

loss mechanism [36]. Methane (CH4), acetaldehyde (CH3CHO), methanol (CH3OH) and isoprene

(C5H8) are found to be the main precursors of HCHO based on ground measurements at three

different sites across Europe which is presented in detail in Section 3.4 [6]. Methanol and isoprene

form HCHO directly via oxidation by OH radicals. Methane and acetaldehyde are first oxidized to
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methyl peroxy radicals (CH3O2). In a second step the reaction with NO (and OH) yields HCHO,

competing with the reaction with HO2 to form methyl hydroperoxide (CH3OOH). The ratio of

CH3O2 that forms HCHO is represented by α(CH3O2) as shown in Equation (6) [6–8].

α(CH3O2) =
kCH3O2

+NO × [NO] + kCH3O2
+OH × [OH]

kCH3O2+NO × [NO] + kCH3O2
+OH × [OH] + kCH3O2

+HO2
× [HO2]

(6)

The reaction of CH3O2 with NO does not only lead to the formation of HCHO via CH3O, but also

to NO2 which subsequently forms O3, as shown in Figure 7. The competing reaction of CH3O2

with HO2 presents a termination reaction of the HOx cycle, as shown in Reaction (R7). Besides

evaluating the formation of HCHO, α(CH3O2) therefore provides information on the sensitivity of

O3, which we will discuss in detail in the following section.

2.2.5 Chemical regime throughout the troposphere

The correlation of O3 and its precursors is non-linear and therefore, changes in ambient NOx

and VOCs can have various impacts on O3 mixing ratios, depending on the local background

conditions [11,39–41]. Due to the implications of ozone for both air quality and climate change it

is highly relevant to study its sensitivity in response to short- and long-term changes of NOx and

VOCs. The dependence of O3 formation on its precursors at the surface is presented in Figure 9.

Figure 9: Non-linear correlation between ozone production and its precursors NOx and VOCs at
the surface. This figure was self-created based on Pusede et al. (2012) [41], Nussbaumer et al.
(2020) [32] and Nussbaumer et al. (2023) [8].
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For low ambient mixing ratios of NOx, O3 production linearly depends on nitrogen oxides, which

is referred to as NOx-sensitive regime. The NOx to VOC ratio is small and the system is only

sensitive to changes in NOx, while changes in VOC do not impact P (O3). For high ambient

mixing ratios of NOx and an elevated NOx to VOC ratio, P (O3) decreases with increases in NOx.

Chemistry under these conditions is referred to as VOC-sensitive regime. Peak production of ozone

marks the transition between the two chemical regimes and the exact position depends on ambient

VOC levels [29,41]. The course of P (O3) with NOx as shown in Figure 9 can be explained by the

HOx cycle and its termination reactions. When the availability of NOx is limited, the HOx cycle

is promoted. OH radicals predominately react with RH (a VOC), leading to the formation of HO2

and RO2 which form NO2 via the reaction with NO, and subsequently O3 via photolysis. Peroxy

radicals are abundant and therefore, increases in NO directly affect increases in O3 formation.

The main termination reactions of the HOx cycle for a NOx-sensitive regime are self-reactions of

peroxy radicals (R6)–(R8). When the availability of VOCs is limited and NOx is present in excess,

the termination reaction (R11) of the HOx cycle becomes relevant. Instead of the reaction of OH

radicals with VOCs promoting P (O3), OH reacts with NO2 to form HNO3, which terminates the

HOx cycle [11, 23, 32, 42]. Various techniques exist to determine the dominant chemical regime

including the weekend ozone effect, the ozone production efficiency, the H2O2 to HNO3 ratio or

the HCHO to NO2 ratio to name some examples [43–46]. A detailed description of these techniques

can be found in Nussbaumer et al. (2023) [8] which is presented in Section 3.6.

Figure 10: Determining the dominant chemical regime using the correlation of α(CH3O2) with
NOx – valid throughout the entire troposphere. This figure was self-created based on Nussbaumer
et al. (2023) [8].

In the upper troposphere, this definition of the dominant chemical regime is no longer valid because

the termination reaction of OH and NO2 forming nitric acid plays a minor role at low temperatures
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and the NO2 mixing ratios are much lower compared to the surface. Instead, the development of

α(CH3O2) with NOx can indicate the dominating O3 sensitivity which can be seen in Figure 10.

For low ambient mixing ratios of NOx, α(CH3O2) increases linearly with increasing NOx, i.e. a

NOx-sensitive regime. In analogy to the definition via P (O3) (as shown in Figure 9), peroxy

radicals are abundant in comparison to NOx and increases in NO promote the formation of O3

and of HCHO. CH3O2 reacts both with HO2 and NO. For high ambient NOx, all available CH3O2

radicals react with NO to form O3 and HCHO and changes in NOx do not affect α(CH3O2) or

ambient O3 levels anymore. Detailed analyses of α(CH3O2) and its suitability to indicate the

dominant chemical regime throughout the entire troposphere and on a global scale are discussed

in detail in Sections 3.4 [6] (lower troposphere in Finland, Germany and Cyprus), 3.5 [7] (upper

troposphere over Europe) and 3.6 [8] (upper tropical troposphere).

2.3 Airborne and ground-based measurements of NOx

Multiple methods for measuring nitrogen oxides exist, which include e.g. absorption spectroscopy,

differential optical absorption spectroscopy (DOAS), laser induced fluorescence (LIF) and catalytic

or photolysis-chemiluminescence (P-CL) [47]. Airborne measurements, which are central to this

work as most of the included studies deal with photochemical processes involving nitrogen oxides

throughout the troposphere, face particular challenges due to variations in altitude, pressure and

temperature, high velocities of the measuring platform, as well as a large variation of mixing ratios

due to the large areas and altitudes which can be covered. Therefore, requirements for aircraft NOx

measurements include low detection limits, high data accuracy, the ability of in situ measurements,

high data resolution, low weight and volume of the instrument, independence of ambient conditions

(as far as possible) and low energy consumption [47]. This section briefly presents two methods

enabling atmospheric measurements of nitrogen oxides which are laser induced fluorescence (LIF)

and chemiluminescence. These methods are most often applied on airborne platforms as they

provide low detection limits and high compatibility with requirements for airborne measurements.

The focus is hereby on NOx measurements via photolysis-chemiluminescence which were performed

and improved as part of this work.

2.3.1 Laser induced fluorescence (LIF)

Laser induced fluorescence (LIF) is a method enabling measurements of atmospheric trace gases via

laser excitation. Different sub-methods can be distinguished. A direct method for NO2 detection

is the single-photon LIF. NO2 is excited by a laser and forms excited-state NO∗
2. During its

relaxation, a fluorescent signal (> 700 nm) is emitted, which can be detected by a photomultiplier

tube (PMT). The signal is proportional to sampled NO2 concentrations in the measured air and

can be converted to mixing ratios via a calibration gas standard [47–50]. For NO, both single

and two-photon LIF detection is possible, whereby a laser excites the molecule once or twice

(two different wavelengths), respectively. The fluorescent emission is detected during de-excitation

providing specific information on the NO molecule [47]. NOx can also be measured indirectly via

the methods described above when NO and NO2 are first converted to NO2 and NO, respectively.

For photofragmentation two-photon NO2 LIF, NO2 is photolyzed to NO and O(3P) by a laser

prior to NO detection. NO can first be oxidized to NO2 through addition of O3 in excess and

14



2 Introduction

subsequently be detected via NO2 LIF detection [10, 51]. NOx data obtained via laser induced

fluorescence measurements are presented in Section 3.7 and Nussbaumer et al. (2023) [10].

2.3.2 Photolysis-chemiluminescence (P-CL)

In contrast to the fluorescence method described in the previous section, chemiluminescence is a

chemical method to measure nitrogen oxides in the atmosphere. It is a direct method for NO

and an indirect method for NO2 detection. NO from the sampled air is converted to excited-state

NO2* with excess O3 in the main reaction chamber. A photon is emitted when falling back to the

ground state, which is detected by a PMT. The signal counts are proportional to the amount of

NO in the sample and can be converted to mixing ratios via instrument calibration with bottled

NO. For the NO2 measurement, NO2 is converted to NO prior to the reaction with O3 and PMT

detection [1, 2, 52]. This is possible via catalytic or photolytic conversion. The catalytic method

is based on a redox-reaction e.g. with molybdenum as reducing agent: Mo + 3NO2 −−→ MoO3 +

3NO. Drawbacks of the catalytic conversion include high temperatures usually – around 300–

350 ◦C – which makes this method not selective to NO2 [53, 54]. For the photolytic method, NO2

is converted to NO using light of a wavelength close to the peak absorption cross section of NO2,

which is 398 nm [47, 52]. The yield of this conversion is referred to as the conversion efficiency

Ce and depends mostly on the light intensity and residence time in the converter. The PMT

detects the sum of NO in the sample and the share (NOc) of NO2 converted to NO, defined by

the conversion efficiency. NO2 can then be calculated from simultaneous measurements of NO and

NOc, as shown in Equation (7) [2].

[NO2] =
[NOc]− [NO]

Ce
(7)

Some other species including alkenes can also generate a chemiluminescent signal after reaction

with O3, which occurs on a longer time scale compared to the reaction of NO with O3. Therefore,

regular pre-chamber measurements are performed, for which O3 is added to the sample flow and

reacts with NO before entering the main reaction chamber. In the latter, only the side reactions

then generate a chemiluminescent signal, which can be subtracted from the measurements excluding

the pre-chamber set-up [1, 35].

The instrument used to perform studies in the scope of this work is a two-channel photolysis-

chemiluminescence instrument. It was originally purchased from ECO Physics (Dürnten, Switzer-

land; CLD 790 SR) and modified manually multiple times. It is described in detail in Tadic et

al. (2020) [35] and Nussbaumer et al. (2021) [2], the latter of which is provided in Section 3.3.

Figure 11 presents a sketch of the instrument’s structure, which was adapted from Tadic et al.

(2020) [35]. The gas supplies are shown in yellow. The O2 supply ensures the formation of O3 for

the chemiluminescent reaction. The synthetic air supply (SynAir) allows for background measure-

ments, and together with the NO supply for instrument calibrations. The NO2 supply is usually

not employed. Mass flow controllers (MFCs) adjust the desired flow rates (usually 1.5 SLM per

channel). The pre-chambers are shown in orange, the main reaction chambers in light gray and
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the photolytic converter, which is present in the channel measuring NOc, is presented in light blue.

Figure 11: Sketch of the photolysis-chemiluminescence instrument which was used to perform NOx

measurements in the scope of this work. This figure was adapted from Tadic et al. (2020) [35].

2.3.3 Challenges in NO2 measurements

Tropospheric measurements of NO are reliable and well-implemented and can reach detection

limits in the low single-digit pptv range. In contrast, NO2 measurements, particularly in the

upper troposphere, where mixing ratios are low, are still a major challenge. This is mostly due

to thermal interferences of NO2 reservoir species, which include for example methyl peroxynitrate

(MPN), pernitric acid (PNA) and peroxyacetly nitrate (PAN) [1, 2]. These can occur in the

photolytic converter of photolysis-chemiluminescence instruments, where temperatures are usually

elevated due to the light for NO2 conversion, but also in any other instrument part with increased

temperatures. The share of reservoir species that release NO2 in the instrument can be estimated
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via first-order decay, as shown in Equation (8) whereby k is the rate constant of the decay and t

is the residence time.

artifact = 1− exp(−k × t)× 100% (8)

Exemplary, for a residence time of 1 s at an instrument part with a temperature of 30 ◦C and a

pressure of 1000 hPa, ∼ 11% of PNA and 93% of MPN, that are present in the sampled air, would

release NO2. This problem arises both in LIF, as well as chemiluminescence instruments [1,2,55]. A

challenge, which has been reported and observed in previous field campaigns for measurements via

photolysis-chemiluminescence, is a memory effect on the walls of the photolytic converter [56, 57].

As part of this work a new improved photolytic converter was developed, which is presented in

detail Nussbaumer et al. (2021) [2] and can be found in Section 3.3.
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3 Results

3 Results

3.1 Overview

This works consists of six studies, four of which have been published in peer reviewed journals. The

remaining two studies have been submitted to Atmospheric Chemistry & Physics and are currently

under review at EGUsphere. I am the first author of all published and submitted papers. I have

analyzed all data, prepared the manuscripts and figures and revised the published papers according

to the referees’ comments. A detailed overview of all author contributions can be found in each

subsection. This section presents the results of each study. Section 4 provides the supplementary

material.

All studies, which are part of this work, deal with the effects of nitrogen oxides throughout the

troposphere, including their sources and their involvement in photochemical processes, particularly

focusing on the role as a precursor to tropospheric ozone.

Section 3.2 presents the role of NOx as a meteorological indicator, showing lightning and convec-

tive events in a developing tropical cyclone over the Atlantic Ocean off the coast of West Africa.

It is shown that deep convection, transporting air from the marine boundary layer to the upper

troposphere, occurs in the developing cyclone independent of its strength, while the number of

lightning events decreases with increasing storm strength based on measurements during the air-

craft campaign CAFE Africa 2018. The study which was published in the journal Atmospheric

Chemistry & Physics is the first to present in situ observations of lightning and convection in a

developing cyclone.

Section 3.3 presents a study on improving NO2 measurements with particular focus on airborne

applications, which still presents a considerable challenge up to today. A new photolytic converter

made from quartz glass was developed, which shows advantages for photolysis-chemiluminescence

measurements through reduced wall effects. The paper presenting this work was published in the

journal Atmospheric Measurement Techniques and is the first to thoroughly analyze and point out

major disadvantages in the use of a conventional photolytic converter on research aircraft.

Section 3.4 shows the role of NOx in the formation of formaldehyde and ozone at the surface,

where these trace gases have major implications for air quality as well as human and plant health.

It is shown that while almost any VOC can form HCHO, four are sufficient to represent HCHO

production at three measurement sites across Europe in Finland, Germany and Cyprus. These

four VOCs are methane, acetaldehyde, methanol and isoprene. A new indicator – α(CH3O2) – is

presented to analyze dominating O3 sensitivity based on NO and HOx measurements. This study

was published in the journal Atmospheric Chemistry & Physics and presents the first calculation

of HCHO production from in situ measurements in Europe.

Section 3.5 presents the impact of reduced mixing ratios of NOx as a result of less air traffic

during the European COVID-19 lockdowns on ozone formation and its sensitivity in the upper

troposphere based on the indicator α(CH3O2) which was first introduced in Section 3.4. It is

shown, that the dominant chemical regime in the upper troposphere has shifted from a VOC

sensitivity to a transition regime over the past 15 years due to general emission reductions, and to

a NOx sensitivity as a result of the COVID-19 lockdowns. This study was published in the journal

Atmospheric Chemistry & Physics and is the first to investigate changes in O3 sensitivity as an

outcome of the COVID-19 lockdowns in the upper troposphere.
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Based on the findings of Sections 3.4 and 3.5 and the use of α(CH3O2) as an indicator for O3

sensitivity, Section 3.6 investigates the impact of NOx on O3 formation and its precursor sensitivity

in the upper tropical troposphere (UTT) on a global scale. It is shown that lightning is the only

significant source of NOx and majorly controls O3 sensitivity in the UTT. Additionally, it is found

that the most common indicator for O3 sensitivity found in literature cannot be applied in the

upper troposphere, but only at the surface. Instead, α(CH3O2) is valid throughout the entire

troposphere and has major advantages over previous indicators, which has never been shown in

literature before. This study was submitted to the journal Atmospheric Chemistry & Physics.

Following a detailed investigation of NOx sources in the upper troposphere, Section 3.7 presents

an evaluation of NOx sources at the surface based on direct airborne observations of fluxes over

Los Angeles. Knowing the exact NOx sources and their magnitude is essential for emission control

and thus the improvement of local air quality. Based on measurements of NOx mixing ratios and

the vertical wind speed, NOx fluxes are calculated via wavelet transformation and compared to an

emission inventory, showing some local discrepancies. The manuscript presenting this study was

submitted to the journal Atmospheric Chemistry & Physics and is the first to investigate NOx

fluxes based on aircraft measurements over Los Angeles.
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3.2 Deep convection and lightning in a developing hurricane

This chapter has been published in the journal Atmospheric Chemistry & Physics as a measure-

ment report. I am the first author of this paper. I have analyzed all data presented, I have made the

figures and I have prepared and revised the manuscript. The co-authors were involved in the pre-

sented research campaign CAFE Africa (Africa 2018) and in proofreading the manuscript. Detailed

author contributions can be found at the end of the paper in the section Author contributions.
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Abstract. Hurricane Florence was the sixth named storm
in the Atlantic hurricane season 2018. It caused dozens of
deaths and major economic damage. In this study, we present
in situ observations of trace gases within tropical storm Flo-
rence on 2 September 2018, after it had developed a rotating
nature, and of a tropical wave observed close to the African
continent on 29 August 2018 as part of the research campaign
CAFE Africa (Chemistry of the Atmosphere: Field Experi-
ment in Africa) with HALO (High Altitude and LOng Range
Research Aircraft). We show the impact of deep convection
on atmospheric composition by measurements of the trace
gases nitric oxide (NO), ozone (O3), carbon monoxide (CO),
hydrogen peroxide (H2O2), dimethyl sulfide (DMS) and
methyl iodide (CH3I) and by the help of color-enhanced in-
frared satellite imagery taken by GOES-16. While both sys-
tems, i.e., the tropical wave and the tropical storm, are deeply
convective, we only find evidence for lightning in the tropi-
cal wave using both in situ NO measurements and data from
the World Wide Lightning Location Network (WWLLN).

1 Introduction

Tropical cyclones are low-pressure systems evolving over
warm tropical waters usually close to the Equator (± 20◦

latitude) – an area which includes the so-called Intertrop-

ical Convergence Zone (ITCZ) (Frank and Roundy, 2006;
Deutscher Wetterdienst, 2020). The ITCZ is a global band
of convection where southeasterly and northeasterly trade
winds converge. It is characterized by rapidly changing
weather events. Air heated by the sun near the Equator rises,
creating low pressures near the surface, which initiates flows
from adjacent areas (Waliser and Gautier, 1993; Wang and
Magnusdottir, 2006; Deutscher Wetterdienst, 2020). In this
region of high ocean temperature and intense solar radi-
ation, humid air can rise deeply into the troposphere up
to 15 km and higher (Collier and Hughes, 2011; Deutscher
Wetterdienst, 2020). This is associated with the formation
of deep, convective cumulonimbus clouds accompanied by
heavy rainfall and thunderstorm activity (Zipser, 1994; Xu
and Zipser, 2012). In the early stages, these systems are re-
ferred to as tropical waves or disturbances which together
with low wind shear and high ocean temperature of 26.5 ◦C
or higher can form tropical cyclones (Frank and Roundy,
2006; Shapiro and Goldenberg, 1998; National Ocean Ser-
vice, 2020b). Wu and Takahashi (2018) suggested that si-
multaneous occurrence of convection and vorticity in dis-
turbances favors tropical cyclone formation. However, the
exact formation mechanism of tropical cyclones from trop-
ical waves is not fully understood today (Wu and Takahashi,
2018; Frank and Roundy, 2006). Tropical cyclones are char-
acterized by their rotating nature around a center originating

Published by Copernicus Publications on behalf of the European Geosciences Union.

3 Results

23



7934 C. M. Nussbaumer et al.: In situ observations of deep convection

from Coriolis forces and the balance of the pressure gradi-
ent (Smith et al., 2005; Gray, 1975). Consequently, tropical
cyclones in the Northern Hemisphere spin counterclockwise
and in the Southern Hemisphere clockwise, while rotating
systems do not develop within about 5◦ latitude of the Equa-
tor (National Ocean Service, 2020a; Gray, 1975). Tropical
cyclones are categorized and named according to the max-
imum sustained wind speed and their geographic origin. A
tropical cyclone formed over the Atlantic Ocean – most of-
ten west of the African continent – with a maximum wind
speed of 64 knots (118 km/h) and higher is defined as a hur-
ricane according to the Beaufort scale. Lower wind speeds
of up to 34 knots (63 km/h) characterize a tropical depres-
sion. Tropical cyclones with intermediate wind speed (34 to
63 knots) are referred to as tropical storms (DeMaria et al.,
2012; National Weather Service, 2020).

Deep convection can affect trace gas concentrations in the
upper troposphere which was, for example, shown by Dick-
erson et al. (1987), who reported increased concentrations
of NO, CO, O3 and other reactive species in a thunderstorm
outflow over the Midwestern United Stated in 1985, and
Barth et al. (2015), with the latter based on observations dur-
ing the DC3 (Deep Convective Clouds and Chemistry) field
campaign. Similar observations were made by Bucci et al.
(2020), who reported convective uplift in the upper tropo-
sphere/lower stratosphere based on the StratoClim aircraft
campaign over Nepal in 2017. It is usually observed along
with lightning. Collision of light ice particles moving up-
wards in cumulonimbus clouds and graupel particles mov-
ing downwards due to gravity in the presence of supercooled
water induces electric charge separation which accumulates
and discharges spontaneously as a lightning flash (Lal et al.,
2014; Liu et al., 2012). Lightning events are frequent over
tropical continental areas such as South America or Africa
where cloud-to-cloud lightning contributes to around 90 %
(Williams and Sátori, 2004; Price and Rind, 1993). While
lightning events over the ocean are less frequent, they are
subject to extensive research with regards to the occurrence
in tropical cyclones. Zipser (1994) reported significantly re-
duced lightning activity over tropical oceans despite heavy
rainfall from convective clouds in comparison to tropical
continental and coastal areas with similar rainfall based on
shipborne observations during the GARP Atlantic Tropical
Experiment (GATE, where GARP represents the Global At-
mospheric Research Program) in 1974. Lal et al. (2014) ob-
served higher lightning activity over continental compared
to oceanic areas based on satellite data from 2000 to 2011.
These results are in line with other published work, e.g., Ce-
cil et al. (2014), Xu and Zipser (2012) and Xu et al. (2010).
Regarding tropical cyclones, DeMaria et al. (2012) reported
more intense lightning activity in tropical storms compared
to hurricanes based on lightning data from the World Wide
Lightning Location Network (WWLLN) and satellite data on
tropical cyclones which is in agreement with findings from
Abarca et al. (2011), who reported a decrease in lightning

density with increasing storm strength. DeMaria et al. (2012)
additionally found greater lightning activity in intensifying
compared to weakening storms, which was also reported by
Zhang et al. (2015).

Measurements of nitric oxide (NO) in the upper tropo-
sphere can provide indirect evidence on the recent occur-
rence of lightning. The heat developed in lightning flashes
allows the abundant N2 and O2 to atomize and then recom-
bine to form NO (Murray, 2016; Huntrieser et al., 2011). In
the upper troposphere, lightning is the main source of NO by
around 80 %, whereas it only contributes about 10 % to the
overall global NO budget (Schumann and Huntrieser, 2007;
Murray, 2016). Over the ocean, the only significant NO emis-
sions are from lightning, ships and aircraft (Bond et al., 2002;
Masiol and Harrison, 2014). NO sources over land are more
versatile including anthropogenic emissions from industry,
vehicles and biomass burning (partly natural) as well as nat-
ural sources from lightning and soil, with the natural sources
dominating over West Africa (Pacifico et al., 2019; Knippertz
et al., 2015). One lightning flash produces approximately (2–
40)× 1025 molecules of NO, which together with NO2 as
NOx have a lifetime of several days near the Equator (Pol-
lack et al., 2016; Schumann and Huntrieser, 2007; Levy et al.,
1999).

Other trace gases can be used to detect convective injection
from the marine boundary layer into the upper troposphere.
These include near-surface emissions of carbon monoxide
(CO) from the photolysis of dissolved organic matter (DOM)
(Stubbins et al., 2006) and methyl iodide (CH3I), which is
produced by algae and phytoplankton as well as aqueous
photochemical processes and is released from the ocean with
an atmospheric lifetime of 4–7 d (Tegtmeier et al., 2013; Bell
et al., 2002). Another possible source could be dust orig-
inated from the African continent which enters the sea or
comes in contact with sea water vapor and produces methyl
iodide as described by Williams et al. (2007). One possible
explanation for the formation of CH3I is a substitution re-
action of methoxy-group-containing species and iodide from
seawater under the presence of iron ions from dust. How-
ever, the mechanism is not yet fully understood (Williams
et al., 2007). Furthermore, phytoplankton forms dimethylsul-
foniopropionate (DMSP) in seawater, which is degraded to
dimethyl sulfide (DMS) and emitted from the ocean’s surface
(Simó and Dachs, 2002; Gondwe et al., 2003). Its lifetime
ranges from 1–2 d and depends on the atmospheric abun-
dance of OH and NO3 which oxidize DMS (Breider et al.,
2010). OH concentrations in turn are controlled by nitrogen
oxides (NOx = NO+NO2) and ozone. The latter is formed
by photolysis of NO2 with O2 and depends on ambient NO
and hydrocarbons (Nussbaumer and Cohen, 2020). Photol-
ysis of O3 and reaction with water vapor yield OH (Levy,
1971; Lelieveld and Dentener, 2000; Tegtmeier et al., 2013).
NOx from lightning plays a key role in OH formation in the
free troposphere (Lelieveld et al., 2018; Brune et al., 2018).
On the other hand, in NOx-poor conditions, e.g., in the ma-
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rine boundary layer close to the surface, the concentrations
of peroxyradicals can build up, leading to O3 destruction and
high levels of H2O2 (Ayers et al., 1992). Due to a strong sur-
face uptake loss of H2O2, concentrations peak at mid-range
altitudes (Weller and Schrems, 1993).

Hurricane Florence was the sixth named storm in the At-
lantic hurricane season of 2018 (AL062018) (Stewart and
Berg, 2019). It developed from a tropical wave over West
Africa, which was first reported on 28 August by the Na-
tional Hurricane Center (NHC) Miami (FL, USA) (National
Hurricane Center, 2018c). On 31 August, a tropical depres-
sion developed which was upgraded to a tropical storm by
the NHC on 1 September (National Hurricane Center, 2018a;
Stewart and Berg, 2019). The tropical cyclone grew to hur-
ricane strength on 4 September (National Hurricane Cen-
ter, 2018b). Hurricane Florence reached its maximum wind
speed of 130 knots (category 4 hurricane) on 11 Septem-
ber and made landfall on 14 September in North Carolina. It
claimed overall more than 50 deaths and caused USD 24 bil-
lion worth of damage mainly from flooding in North Car-
olina and South Carolina (Stewart and Berg, 2019; Paul et al.,
2019).

Some studies have investigated trace gas concentrations
and convective uplift in the upper troposphere through air-
craft observations. Newell et al. (1996) reported in situ ob-
servations of deep convection in Typhoon Mireille in 1991
which they found to be strongest in the wall cloud region.
They additionally detected enhanced NO concentrations in
the eye wall area and suggested lightning as a source based
on observations reported by Davis et al. (1996). Roux et al.
(2020) found the convective uplift of boundary layer air as
well as the inflow of lower stratospheric air to the upper tro-
posphere based on measurements of CO, O3 and H2O during
aircraft typhoon observations over Taipei in 2016. In con-
trast, studies of lightning activity within convective systems
over the ocean and in tropical cyclones are predominantly
based on satellite data and ground-based observations from
the WWLLN (University of Washington, 2020; Abreu et al.,
2010; Bürgesser, 2017; Hutchins et al., 2012b; Bucsela et al.,
2019) Generally, data from in situ chemical measurements in
the upper troposphere are sparse, and to our knowledge, the
in situ aircraft observation of deep convection in tropical cy-
clones accompanied by and in the absence of lightning de-
pending on the stage of development has not been reported
before. In this study, we present airborne in situ observations
of trace gases within a tropical wave on 29 August 2018 and
of the tropical storm Florence on 2 September 2018 based
on measurements during the aircraft campaign CAFE Africa
(Chemistry of the Atmosphere: Field Experiment in Africa).
The data are examined for evidence of the chemical impacts
of deep convection and lightning activity.

2 Observations

The research campaign CAFE Africa took place from Au-
gust to September 2018 over West Africa and the central
eastern Atlantic. Fourteen measurement flights (MFs) were
performed with HALO (High Altitude and LOng Range Re-
search Aircraft) starting from the campaign base in Sal on
Cabo Verde (16.75◦ N, 22.95◦W). A detailed description of
the campaign is provided by Tadic et al. (2021).

In this paper, we report observations based on three mea-
surement flights – MF10, MF12 and MF14. Figure 1 shows
an overview of the geographical locations of the three flights
including satellite images obtained from NASA Worldview
on the day of observation. The images were taken by the
VIIRS (Visible Infrared Imaging Radiometer Suite) instru-
ment carried by the NASA/NOAA satellite Suomi NPP (Na-
tional Polar-orbiting Partnership) based on a daily resolution
(NASA Worldview, 2020). MF10 was carried out on 24 Au-
gust 2018 and was chosen as comparison flight as parts of it
were in close geographical proximity to MF14. We have re-
stricted our analysis to data from MF10 which were obtained
in these parts in a similar geographical area and altitude range
as MF14 (as shown in Fig. 1a). MF12 was carried out on
29 August 2018 and passed over a tropical low-pressure sys-
tem which had recently moved off the West African coast.
Tropical cyclone Florence was passed over on 2 Septem-
ber 2018 in the scope of MF14 west of the Cabo Verde is-
lands after it was upgraded to a tropical storm.

The research aircraft carried multiple instruments for the
measurement of various atmospheric trace gases including
NO, O3, CO, H2O2, CH3I and DMS. NO was measured
via chemiluminescence (detector from ECO Physics CLD
790 SR, Dürnten, Switzerland) with a relative uncertainty of
6 % and a detection limit of 5 pptv (Tadic et al., 2020). O3
mixing ratios were analyzed by UV absorption and chemi-
luminescence with the FAIRO instrument (chemilumines-
cence data with a total uncertainty of 2.5 %; Zahn et al.,
2012). CO was measured via quantum cascade laser ab-
sorption spectroscopy with an uncertainty of 4.3 % (Schiller
et al., 2008). H2O2 mixing ratios were measured via dual-
enzyme detection (modified Aero-Laser AL2021, Garmisch-
Partenkirchen, Germany) with a total measurement uncer-
tainty of 9 % and a detection limit of 15 pptv (Hottmann et al.,
2020). DMS was measured via proton-transfer-reaction time-
of-flight mass spectrometry (PTR-TOF-MS-8000, Ionicon
Analytik GmbH, Innsbruck, Austria) with a detection limit
of 15 pptv (Wang et al., 2020; Edtbauer et al., 2020). CH3I
was measured with a custom-built fast gas-chromatography–
mass-spectrometry system described by Bourtsoukidis et al.
(2017) with a detection limit of 0.5 pptv . Backward trajec-
tories were calculated using the Lagrangian particle disper-
sion model FLEXPART 10.2 (Stohl et al., 2005; Pisso et al.,
2019). Lightning data were obtained from the WWLLN
(University of Washington, 2020). Satellite images were
acquired from NASA Worldview (2020). Color-enhanced
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Figure 1. Overview of the flight tracks including satellite images obtained on the day of observation from the NASA Worldview application
(NASA Worldview, 2020). Blue: MF10 on 24 August as comparison flight. Green: MF12 on 29 August over the tropical wave. Red: MF14
on 2 September over tropical storm Florence. Marked areas indicate convection.

infrared imagery were obtained from the Naval Research
Laboratory and from the Real-Time Tropical Cyclone web
page maintained by the Cooperative Institute for Research
in the Atmosphere (CIRA), Colorado State University, and
NOAA’s Center for Satellite Research, Fort Collins, Col-
orado (Naval Research Laboratory, 2020; CIRA and NOAA,
2018).

3 Results and discussion

3.1 Cloud top

Figure 2 shows the color-enhanced infrared imagery obtained
from the Naval Research Laboratory including the flight

tracks for MF12 and MF14. The satellite images are col-
ored according to the temperature deduced from IR emis-
sions of cloud tops in degrees Celsius (◦C) as measured by
the satellite GOES-16 (Geostationary Operational Environ-
mental Satellite). The flight track is colored according to the
IR temperature scale showing the ambient temperature mea-
sured on the research aircraft, which was mainly between
−50 and −60 ◦C. The IR images give information on the oc-
currence of convective clouds. It can be assumed that the IR
temperature of a cloud top is equal to the ambient tempera-
ture at that altitude. Accordingly, lower IR temperatures rep-
resent clouds at higher altitudes. The flight altitude for MF12
at 18:00 UTC shown in Fig. 2a was 14.4 km while passing
over an area of elevated clouds. The corresponding temper-
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Figure 2. Flight tracks with color-enhanced infrared imagery obtained from the Naval Research Laboratory Tropical Cyclone page (Naval
Research Laboratory, 2020) for MF12 and MF14 (no image availability before MF12 18:00 UTC). The altitude of the flight tracks is colored
according to the IR temperature legend. The temperature during most parts of the flight was between −50 and −60 ◦C. Black triangles show
the according position of the research aircraft for the time of the background IR image.

ature was −68± 1 ◦C, so the aircraft was likely above the
cloud top. For MF12, the same area was passed in the morn-
ing at an altitude of 12.9 km, but no IR image is available.
The temperature was −56± 1 ◦C. Assuming a similar cloud
elevation in the morning, the research aircraft was at a sim-
ilar altitude as the cloud top. The flight altitude for MF14
at 12:00 and at 18:00 UTC as shown in Fig. 2b and c was
13.2 km, and the temperature was −58± 1 ◦C. The colored
IR images show an IR temperature between−40 and−50 ◦C
at the current aircraft position (black triangle), which indi-
cates that the research aircraft was above but close to cloud
top at both occasions.

3.2 Trace gas measurements

Deep convective transport generally occurs in cumulonimbus
systems accompanied by high cloud tops. Figure 3 shows
the temporal development of the observed trace gases dur-
ing MF12 and MF14. An overview of MF10 can be found in
Fig. S1 of the Supplement. Blue and green shadowed plot ar-
eas show the time intervals when the research aircraft had
passed areas of high cloud tops as shown in Fig. 2. The
respective geographical positions of the aircraft are high-
lighted in Fig. 1c and d. Indicators for deep convection
from the marine boundary layer are enhanced concentra-
tions of CO, DMS, H2O2 and CH3I as well as reduced O3
at the flight altitude. In the absence of lightning, we ex-
pect decreased concentrations of NO in convective areas
due to the vertical transport of NO-poor marine boundary
layer air. In contrast, we expect enhanced NO concentra-
tions in the presence of lightning (Pollack et al., 2016; Ri-
dley et al., 2004; Lange et al., 2001; DeCaria et al., 2000;
Chameides et al., 1987). For MF12, O3 was low while pass-

ing the area of enhanced cloud tops after take-off with an
average of 41± 2 ppbv (10:30–11:45 UTC). The IR satel-
lite image subsequently shows lower cloud tops, and the
measured O3 concentrations at the same flight altitude of
12.9 km were on average 69± 15 ppbv (11:45–12:55 UTC).
The same area of high cloud tops was passed on the way
back at a higher flight altitude of 14.4 km. Before entering
the area, O3 was on average 76± 5 ppbv (16:15–17:00 UTC)
and then decreased to 46± 11 ppbv (17:05–18:15 UTC). For
MF14, the research aircraft also passed an area of elevated
cloud tops after take-off (11:20–12:05 UTC) and before land-
ing (17:50–18:25 UTC) with O3 average concentrations of
34± 2 and 36± 2 ppbv , respectively, at a flight altitude of
13.2 km. O3 concentrations measured between these areas
were higher by around 30 % with 48± 10 ppbv at an altitude
of 12.6± 0.3 km. At similar altitudes, MF10 showed O3 con-
centrations of 72± 6 ppbv . Besides the observed convective
influence from the O3 measurements, concentrations were
overall larger for MF10 and MF12 compared to MF14. This
is likely a response to NO concentrations which influence O3
production as discussed further below.

For MF12, DMS was significantly enhanced when pass-
ing the area of high cloud tops in the morning with a max-
imum value of 33 pptv and varying between 0 and 18 pptv
at the same flight altitude outside this area. No DMS was
detected when passing the convective area in the evening,
which is possibly due to the higher altitude of the research
aircraft compared to the morning hours. The IR cloud top
images in Fig. 2a show that the aircraft was likely above the
cloud top while the convective influence is highest within
the cloud. DMS concentrations during MF14 were on av-
erage 27± 17 and 14± 9 pptv passing the first and the sec-
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Figure 3. Overview of the temporal development of the observed trace gases NO, O3, CO, DMS, CH3I and H2O2 during measurement
flights MF12 and MF14. Blue and green bars show the time intervals for which the research aircraft had passed high cloud tops (compare
Fig. 1c and d). The overview for MF10 can be found in Fig. S1 of the Supplement.

ond high cloud top area, respectively, and below the detection
limit in between, which clearly shows the effect of convec-
tion from the marine boundary layer. A maximum value of
58 pptv was reached passing the first cloud top area, which
was higher compared to the MF12 maximum. For MF10,
DMS concentrations were below the detection limit at com-

parable altitudes for the whole flight. CH3I and H2O2, too,
reached maximum concentrations when passing high cloud
top areas during MF12 and MF14 and lower values at simi-
lar altitudes with lower cloud tops. NO concentrations were
169± 85 pptv for MF10 at 13.6± 0.7 km. For the identified
convective areas during MF14, NO was close to zero (0–
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Figure 4. Vertical profiles of the background trace gas concentrations during CAFE Africa around Cabo Verde (gray) and the average trace
gas concentrations for convective (filled symbols) and non-convective (open symbols) areas during MF12 (green) and MF14 (red).

37 pptv) and slightly enhanced in between with an average
value of 56± 50 pptv . These observations demonstrate the
occurrence of convection and the absence of lightning. In
contrast, MF12 showed clear signs of lightning, particularly
when passing the identified convective area in the morn-
ing. The measured NO concentrations showed characteris-
tic spikes with a maximum of 459 pptv , which is by more
than 1 order of magnitude higher than the detected signals
during MF14. NO concentrations for MF12 outside the con-
vective areas were 169± 21 pptv which is very similar to
NO levels during MF10. Backward trajectories for MF10
and MF12 (outside of convection) (Fig. S2 of the Supple-
ment) show that the air originated from the African conti-
nent where lightning is frequent. Together with the absence
of large spikes as observed for MF12 in the area of high cloud
tops – an indicator for fresh lightning – the increased back-
ground level of NO for MF10 and MF12 was likely due to
aged nitric oxide from thunderstorm activity over the ITCZ,
mainly West Africa. Possible explanations for the lower NO
background concentration during MF14 could be that the
flight path was further away from coastal Africa and that the

flight data were influenced by convective processes with up-
ward transport of low NO air from the marine boundary layer.
Assuming dominant NOx-limited chemistry as suggested by
Tadic et al. (2021), low NO background levels induce low
O3 levels. In the convective areas during MF14 with par-
ticularly low NO concentrations, an O3 destruction regime
might have been present. In contrast, high NO background
levels during MF10 and MF12 led to the observed high O3
background as mentioned earlier. CO background levels for
MF10 were 84± 7 ppbv . For MF14, CO was enhanced when
passing high cloud tops with 92± 1 ppbv and lower in be-
tween these areas with 86± 3 ppbv , which emphasizes the
updraft of CO-rich air from the earth’s surface. CO concen-
trations in the high cloud top areas for MF12 were compa-
rable to those for MF14 but significantly lower compared to
adjacent areas with low cloud tops observed in the Southern
Hemisphere. From these observations, it seems that the in-
flow to the thunderstorms was in the Northern Hemisphere,
while the background mixing ratios of CO were higher in the
Southern Hemisphere due to biomass burning.
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Figures S3 and S4 of the Supplement show the flight tracks
of MF12 and MF14, respectively, color-coded according to
the measured trace gas concentrations which underlines the
geographic allocation of the convective areas.

3.3 Deep convection

Figure 4 shows the vertical concentration profiles of atmo-
spheric trace gases averaged for all CAFE Africa take-offs
and landings on Cabo Verde in gray. Flights before sunrise
and after sunset were excluded for NO, O3, CO, H2O2 and
DMS. Figure S5a of the Supplement shows an overview of
all data points that were included. Generally, for take-off and
landing the data points before reaching and after leaving a
constant flight altitude, respectively, were considered. CH3I
data were available for MF11, MF12, MF14 and MF15. Each
data point in the vertical profile is the average of all data mea-
sured at this altitude± 500 m, providing a background profile
of atmospheric trace gases around Cabo Verde. Please note
that these profiles represent background conditions in the
Northern Hemisphere. Southern Hemisphere profiles gener-
ally show higher mixing ratios for CO and O3 due to biomass
burning over southern Africa and throughout the hemisphere
(Fig. S6 of the Supplement). Red colors represent MF14 and
green colors show MF12. Filled symbols represent areas with
convection, and open symbols represent areas without con-
vection according to the results from Sect. 3.2. For filled
symbols, we differentiate between circles for the first pass-
ing of a convective area and triangles for the second pass-
ing. An overview of the symbols representing certain flight
sections can be found in Fig. S5b of the Supplement. Fig-
ure 4a shows NO concentrations which are lowest at low alti-
tudes and increase with height. Ground-level concentrations
were slightly enhanced due to airport emissions but can be
assumed negligible at ground-level altitudes over the ocean
surface. The large enhancement and increased variability of
NO at altitudes above 10 km was due to the overall effect of
lightning associated with the position of the ITCZ just south
of the Cabo Verde islands (Fig. 2 of Tadic et al., 2021). Av-
erage NO concentrations for MF14 in convective areas were
close to zero – emphasizing the vertical updraft of NO-poor
air from the marine boundary layer – while NO in the non-
convective area was enhanced. All data points for MF12 are
within the variability range of the background profile, which
is what we expect for non-convective areas. For the MF12
convective areas, two opposing trends appear which are the
vertical transport of NO-poor air from ground-level altitudes
and the generation of fresh NO at high altitudes through
lightning. From Fig. 3a, we suggested the occurrence of fresh
lightning primarily for the early passing of the convective
area. This is in accordance with the green circle (first pass-
ing) being situated at higher NO levels compared to the green
triangle (second passing). O3 concentrations are shown in
Fig. 4b. Ground-level O3 was low, increasing with altitude
up to 8 km, and reaching a concentration of 61± 6 ppbv aloft.

Average concentrations in convective areas were reduced for
both MF12 and MF14, while they were enhanced in non-
convective areas. Low-altitude CO concentrations were en-
hanced through ocean emissions and transport from the con-
tinent and led to a slight increase in concentrations in con-
vective areas. As described above, the non-convective area of
MF12 was heavily influenced by a biomass burning plume.
The H2O2 background profile shown in Fig. 4d peaks at
around 3–4 km altitude where the NO profile is lowest. NO-
poor air induces an O3 destructive regime, enhancing the
abundance of peroxyradicals forming H2O2. Ground-level
H2O2 was lower due to surface uptake. Non-convective areas
of MF12 and MF14 are well represented by the H2O2 back-
ground profile, while concentrations in convective areas were
enhanced. DMS and CH3I (Fig. 4e and f) were elevated at
low altitudes due to ocean emissions and possibly dust emis-
sions and decreased with altitude. Again, concentrations of
trace gases in convective areas showed an enhancement com-
pared to non-convective areas. Figure S7 of the Supplement
presents the background profiles including average concen-
trations of MF10 and MF14. As expected, values for MF10
are well described by the background profiles. For the trace
gases CO, H2O2 and DMS, open symbols (representing non-
convective average concentrations) for MF10 and MF14 are
situated very close to the background profile. Filled symbols
for MF14 are enhanced, which corroborates the effect of con-
vection. For O3 and NO, convective average concentrations
were significantly reduced, while again open symbols fall
within the variability range of the background profile. NO
concentrations for MF14 were slightly lower compared to
MF10 for non-convective areas due to the reasons discussed
above.

While the discussed trace gases usually have a relatively
short lifetime of the order of days, it is also possible that
convection has occurred in a different location, and the trace
gases were transported to the point of observation through
advection. Backward trajectories can be used to examine this
hypothesis. Figures S8 and S9 of the Supplement show the
color-enhanced infrared satellite images of MF14 including
the flight track and the backward trajectories for the prior
5 d. Black crosses mark the location of each calculated “air
parcel” on its trajectory at the time when the satellite im-
age was taken. It is shown that the backward trajectories are
crossing the convective clouds of the developing cyclone sev-
eral times. In contrast, Fig. S10 of the Supplement shows
the analogous images for a section of the flight track further
west where convection was not observed. The calculated air
parcels on the backward trajectories were ahead of the de-
veloping cyclone at all times and never passed a convective
system.

3.4 Lightning

In Sect. 3.1, 3.2 and 3.3, we have presented evidence on the
occurrence of deep convection during MF12 and MF14. We
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Figure 5. Lightning flashes shown as asterisks detected by the WWLLN on 24 and 29 August and 2 September 2018. Flashes and flight
tracks are color-coded according to the time of day (Red shows morning hours and blue shows evening hours.) Background satellite images
were obtained from the NASA Worldview application (NASA Worldview, 2020).

have hypothesized from the observed NO concentrations in
the convective areas that the low-pressure system observed
during MF12 included lightning, while the tropical storm ob-
served during MF14 did not show any lightning activity. Fig-
ure 5 shows the lightning strokes as asterisks and the flight
tracks as lines for MF10 (Fig. 5a), MF12 (Fig. 5b) and MF14
(Fig. 5c) color-coded according to the time of day obtained
from the WWLLN. The WWLLN provides real-time light-
ning data covering almost the entire globe including oceans
and remote locations. This is accompanied by a lower de-
tection efficiency compared to local networks. Several stud-
ies have investigated this topic suggesting a WWLLN global
detection efficiency of around 10 % with constant improve-
ments through an increasing number of stations (Holzworth
et al., 2019; Bürgesser, 2017; Virts et al., 2013; Abarca et al.,
2010). Allen et al. (2019) calculated a detection efficiency
of around 12 % for tropical Africa (long. −30 to 90◦, lat.
−30 to 30◦) and of around 30 % for tropical America (long.
−150 to −30◦, lat. −30 to 30◦) for 2011. At the same time,
the WWLLN is capable of detecting almost any storm with
lightning (Hutchins et al., 2012a; Jacobson et al., 2006). As
expected, no lightning strokes were observed during MF10.
For MF12, many lightning strokes were detected in the area
with deep convection – many of which occurred in spatial
and temporal proximity to the research aircraft. Figure 5b
only shows the outbound flight part of MF12 as the inbound
flight was stacked and much of the lightning occurred be-
tween take-off and noon. Finally, for MF14, very few light-
ning strokes were detected by the WWLLN in the area of the
tropical storm, which is in accordance with the low observed
NO concentrations.

4 Conclusions

In this study, we have presented in situ observations of a
tropical cyclone which developed into hurricane Florence
during the Atlantic hurricane season 2018. A nascent low-
pressure system was observed during a measurement flight
with HALO on 29 August and after a tropical storm had de-
veloped on 2 September. We observed deep convection for
both the tropical wave and the tropical storm, based on in
situ observations, supported by color-enhanced infrared im-
agery taken by the satellite GOES-16. Measured NO concen-
trations suggest significant occurrence of lightning only in
the tropical wave but not in the tropical storm. This hypoth-
esis is confirmed by the lightning strokes detected through
the WWLLN. Our result is consistent with previous studies,
e.g., DeMaria et al. (2012), Zhang et al. (2015) and Abarca
et al. (2011), who found decreasing lightning activities with
increasing cyclone strength. While these studies are based on
satellite and ground-based observations, we present the first
in situ observations in support of this hypothesis demonstrat-
ing that convective injection of marine boundary layer air can
occur without NO production from lightning. In future, more
in situ observations of deep convection and lightning activ-
ity in tropical cyclones with varying strength should be per-
formed and reported in order to consolidate and expand the
present knowledge of lightning in deep convective systems
and its role in atmospheric chemistry.

Data availability. Data measured during the flight campaign CAFE
Africa are available to all scientists agreeing to the CAFE Africa
data protocol. Lightning data are available upon request from the
World Wide Lightning Location Network.
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Abstract. Nitrogen oxides (NOx ≡ NO+NO2) are centrally
involved in the photochemical processes taking place in the
Earth’s atmosphere. Measurements of NO2, particularly in
remote areas where concentrations are of the order of parts
per trillion by volume (pptv), are still a challenge and subject
to extensive research. In this study, we present NO2 mea-
surements via photolysis–chemiluminescence during the re-
search aircraft campaign CAFE Africa (Chemistry of the At-
mosphere – Field Experiment in Africa) 2018 around Cabo
Verde and the results of laboratory experiments to character-
ize the photolytic converter used. We find the NO2 reservoir
species MPN (methyl peroxy nitrate) to produce the only rel-
evant thermal interference in the converter under the operat-
ing conditions during CAFE Africa. We identify a memory
effect within the conventional photolytic converter (type 1)
associated with high NO concentrations and rapidly chang-
ing water vapor concentrations, accompanying changes in
altitude during aircraft measurements, which is due to the
porous structure of the converter material. As a result, NO2
artifacts, which are amplified by low conversion efficiencies,
and a varying instrumental background adversely affect the
NO2 measurements. We test and characterize an alternative
photolytic converter (type 2) made from quartz glass, which
improves the reliability of NO2 measurements in laboratory
and field studies.

1 Introduction

Nitrogen oxides (NOx) represent the sum of NO (nitric ox-
ide) and NO2 (nitrogen dioxide), which can rapidly intercon-
vert in the atmosphere in the presence of sunlight and O3
(ozone) as shown in Reactions (R1) and (R2) (Jacob, 1999).

NO+O3→ NO2+O2 (R1)

NO2+hν→ NO+O(3P) O(3P)
O2
−→ O3 (R2)

Considering only these two reactions in atmospheric NOx
chemistry, the so-called Leighton ratio represents NO2, NO
and O3 in the photostationary state (PSS) as shown in Eq. (1)
(Leighton, 1961). kNO+O3 is the rate coefficient of Reac-
tion (R1), and jNO2 is the photolysis frequency for NO2 in
Reaction (R2).

kNO+O3 ×[NO]× [O3]

jNO2 ×[NO2]
= φu1 (1)

Several studies have shown that the Leighton ratio as pre-
sented in Eq. (1) is only valid for highly polluted environ-
ments, whereas in other regions, besides O3, oxidized halo-
gen species and peroxy radicals (HO2 and RO2) significantly
contribute to the oxidation of NO to NO2 and require an
extension of the Leighton expression for a reliable calcula-
tion of PSS NO2 concentrations, as presented in Sect. 2.4.
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(Mannschreck et al., 2004; Griffin et al., 2007; Ma et al.,
2017; Reed et al., 2016).

NOx can be emitted from either natural or anthropogenic
sources, with the latter dominating globally. Natural emis-
sions include, for example, biogenic soil emissions, biomass
burning and lightning. Anthropogenic emissions are mainly
from combustion processes in vehicles or from power and
industrial plants, which contribute almost two-thirds to the
global burden (Pusede et al., 2015; Ganzeveld et al., 2002;
Logan, 1983). Nitrogen oxides are, together with volatile
organic compounds, important precursors to tropospheric
ozone, which can be a hazard to plant, animal and human
health, causing multiple diseases regarding the cardiovascu-
lar and respiratory system (Nussbaumer and Cohen, 2020;
Nuvolone et al., 2018; Lippmann, 1989). NOx additionally
promotes the formation of acid rain (through conversion to
HNO3) – hazardous to many ecosystems – and is a threat to
human health itself (Boningari and Smirniotis, 2016; Greaver
et al., 2012). Beyond that, NOx controls the abundance of OH
radicals, which regulate the oxidizing capacity of the atmo-
sphere (Levy, 1971; Lelieveld and Dentener, 2000). Due to
the health implications and the impact on atmospheric pho-
tochemical processes, it is highly relevant to measure and
monitor ambient NOx concentrations with sophisticated in-
struments that provide reliable concentration measurements,
especially in remote areas where NO and NO2 are low. More
specifically, this requires a low instrumental background,
which, particularly for NO2, is often impacted by unwanted
chemical processes that can lead to artifact signals (Reed
et al., 2016; Andersen et al., 2021; Jordan et al., 2020).

Many different measurement techniques have been de-
ployed to measure nitrogen oxides such as cavity-enhanced
absorption spectroscopy (and variants – e.g., cavity-
attenuated phase-shift spectroscopy, Ge et al., 2013, Ke-
babian et al., 2005; cavity ring-down spectroscopy, O’Keefe
and Deacon, 1988; other techniques, Zheng et al., 2018),
differential optical absorption spectroscopy (Hüneke et al.,
2017; Winer and Biermann, 1994) and laser-induced fluo-
rescence (Thornton et al., 2000; Javed et al., 2019) for NO2
or absorption spectroscopy for NO (Ventrillard et al., 2017).
However, detection of NO and NO2 via chemiluminescence
(CLD) is likely the most common technique for the mea-
surement of nitrogen oxides in the atmosphere and is distin-
guished by the simultaneous in situ measurement of both NO
and NO2, low detection limits, and deployability in research
aircraft at high altitudes for measurements in the upper tro-
posphere (Pollack et al., 2010; Reed et al., 2016; Tadic et al.,
2020). The measurement principle is based on the reaction
of nitric oxide and ozone, which yields electronically excited
NO2 (NO∗2) that (along with physical quenching) returns to
the electronic ground state by fluorescence whereby a pho-
ton of a wavelength > 600 nm is emitted, which can be de-
tected by a photomultiplier tube. The resulting signal is pro-
portional to the initial NO concentration (Clough and Thrush,
1967). For nitrogen dioxide detection, NO2 is first converted

to NO. The standard method for this conversion is the use of
a catalytic converter, in which NO2 passes through a heated
molybdenum converter where it is reduced by Mo to NO
(Mo+ 3NO2→MoO3+NO). However, high temperatures
(300–350 ◦C) in the converter along with catalytic surface ef-
fects lead to interferences with other atmospheric compounds
that can be converted to NO2, such as HONO (nitrous acid),
HNO3 (nitric acid) or PAN (peroxyacyl nitrate), and bias the
measurement (Demerjian, 2000; Villena et al., 2012; Jung
et al., 2017). An alternative and widespread method is the use
of a photolytic converter (photolysis–chemiluminescence: P-
CL), also referred to as blue light converter, which utilizes
LEDs emitting at a wavelength of around 395 nm to disso-
ciate NO2 to NO (Pollack et al., 2010; Reed et al., 2016;
Tadic et al., 2020; Ryerson et al., 2000). Interferences (as de-
scribed above) in the blue light converter are still possible
but to a significantly lesser extent. Reed et al. (2016) inves-
tigated potential interferences in a photolytic converter re-
lated to the presence of PAN, methyl peroxy nitrate (MPN,
CH3O2NO2) or pernitric acid (PNA, HO2NO2). These com-
pounds are NO2 reservoir species, and their decomposition
(to NO2) is dependent on the temperature, pressure and resi-
dence time in the blue light converter (Nault et al., 2015; Fis-
cher et al., 2014). Please note that none of these compounds
are photolyzed in the blue light converter and are only sub-
ject to thermal decomposition (Reed et al., 2016; Tadic et al.,
2020). Generally, increasing temperature and increasing res-
idence time promote the decay of thermally unstable trace
gases and the release of NO2, which is further described
in Sect. 2.5 (Reed et al., 2016). With increasing residence
time in the converter and high atmospheric HONO /NO2 ra-
tios, photolysis of HONO could become relevant, as recently
shown by Gingerysty et al. (2021).

The CLD detects a signal (which we call the NOc signal)
composed of the ambient NO concentration and the ambient
NO2 concentration multiplied by the conversion efficiency
Ce according to Eq. (2).

[NOc] = [NO] +Ce×[NO2] (2)

The conversion efficiency describes the fraction of NO2
that is converted to NO in the converter and can be thought
of as the NO yield from NO2. Its value is dependent on the
optical output of the LEDs as well as the NO2 residence time
and the pressure in the converter. Ce is therefore in com-
petition with unwanted formation of NO2 from NO2 reser-
voir species. For example, a longer residence time increases
the conversion efficiency but could potentially increase the
quantity of NO2 reservoir species that decay in the converter,
which takes place according to first-order kinetics, as de-
scribed in more detail in Sect. 2.5. The NO2 concentration is
calculated from the difference in the signal with and without
use of the photolytic converter: [NO2] = ([NOc]−[NO])/Ce
(Sadanaga et al., 2010; Tadic et al., 2020; Ryerson et al.,
2000).
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While NO measurements are generally reliable and well-
understood, NO2 measurement techniques utilizing the con-
version of NO2 to NO are subject to extensive research.
Hosaynali Beygi et al. (2011) found a strong deviation from
the Leighton ratio at low NOx concentrations between 5 and
25 pptv despite the inclusion of HO2, RO2 and halogen ox-
ides, suggesting the occurrence of a so far unknown atmo-
spheric oxidant. Frey et al. (2015) also reported higher mea-
sured NO2/NO ratios than expected from PSS based on mea-
surements in Antarctica and hypothesized the presence of an
additional oxidant or a measurement bias. This is in line with
findings and suggestions by Silvern et al. (2018) based on ob-
servations during the aircraft campaign SEAC4RS over the
United States of America. Reed et al. (2016) examined the
described deviation through the laboratory investigation of
potential NO2 interferences of thermally unstable trace gases
such as peroxyacyl nitrate (PAN) within the photolytic con-
verter in comparison to laser-induced fluorescent NO2 mea-
surement and found that this could contribute to the higher-
than-expected NO2 concentrations measured by P-CL instru-
ments. Jordan et al. (2020) investigated interferences in a
photolytic converter made from quartz glass and showed how
the converter conditions affect the conversion efficiency and
the artifact signal (caused by NO2 reservoir species). The
correct adjustment of the conditions, preferably including
low pressure, high flow rates and small temperature varia-
tions, can minimize interferences, which was also concluded
by Reed et al. (2016). Andersen et al. (2021) reported the
measurement of a significant NO2 measurement bias dur-
ing ground-based observations in the remote marine tropical
troposphere with a conventional blue light converter, which
was related to its porous walls. They were able to eliminate
this effect by implementation of a photolytic converter made
from quartz glass, which reduced the overall measurement
uncertainty by around 50 %. The use of quartz glass in a blue
light converter was also reported by Pollack et al. (2010),
who compared the commercially available converter BLC-
A manufactured by Droplet Measurement Technologies to
other photolytic converters.

An additional challenge is the significant decrease in the
NO2/NO ratio with altitude. At the surface during daytime,
NO2 concentrations are approximately 2 to 4 times higher
than NO concentrations. The NO2/NO ratio decreases by
around 1 order of magnitude when going from the lower to
the upper troposphere, which increases the uncertainty when
deriving NO2 mixing ratios using Eq. (2) (Travis et al., 2016;
Silvern et al., 2018; Logan et al., 1981). At the same time, the
concentration of NO2 reservoir species such as PNA or MPN
is significantly higher in the upper troposphere compared to
that at the surface, and consequently interferences are more
likely to occur at high altitudes (Nault et al., 2015; Kim et al.,
2007). These aspects result in particularly strict requirements
regarding airborne NO2 measurements.

In this study, we describe a modified blue light converter
(BLC) (type 1) originally purchased from Droplet Measure-

ment Technologies, which we have deployed in NO2 mea-
surements via photolysis–chemiluminescence during the re-
search aircraft campaign CAFE Africa (Chemistry of the At-
mosphere: Field Experiment in Africa) and also in laboratory
investigations. We show how high NO concentrations and
rapidly changing water vapor concentrations affect the in-
strumental background and induce a memory effect that can-
not be corrected retrospectively. This is particularly relevant
to aircraft measurements during which water vapor concen-
trations are subject to rapid changes due to variations in flight
altitude, but also to all other application areas. The photolytic
converter and similar designs are widely used for field mea-
surements of NO2 all across the world (e.g., Andersen et al.,
2021; Jung et al., 2017; Xu et al., 2013; Breuninger et al.,
2013; Fuchs et al., 2010; Reidmiller et al., 2010; Crowley
et al., 2010; Sather et al., 2006) and can provide reliable re-
sults for stationary use and locations with only little varia-
tion in ambient NO and low humidity levels, but they suf-
fer from enhanced uncertainty in other applications. We pro-
pose the elimination of any direct contact points between the
sample gas and the porous inner converter surface and have
developed an alternative photolytic converter entirely made
from quartz glass (type 2). Highly reflective properties are
achieved by an outer mantle made from optical PTFE (poly-
tetrafluoroethylene, also known as Teflon). The type 2 quartz
converter shows promising results in the laboratory regarding
its application in field studies for more reliable NO2 mea-
surements. We do not claim to be the first to present an alter-
native quartz glass converter for P-CL measurement of NO2.
However, we are the first to point out the technical difficul-
ties of the application of conventional NO2 converters in air-
borne studies and believe the presented results to be a guide-
post for future NO2 aircraft measurements via photolysis–
chemiluminescence.

2 Observations and methods

2.1 Instrument

All NOx measurements were performed using a modified
two-channel chemiluminescence instrument originally pur-
chased from ECO Physics (Dürnten, Switzerland; CLD 790
SR), as described by Tadic et al. (2020) (Fig. 2 presents
the instrument schematic), operated at a total gas flow of
3 SLM, equally divided into the two channels. NO concen-
trations are measured in the first channel, also referred to as
the NO channel, through formation of NO∗2 via reaction with
O3. The resulting excited NO∗2 emits a photon (> 600 nm)
detected by a photomultiplier tube and preamplifier setup,
and it is recorded as counts per second. The second channel,
also referred to as the NOc channel, is structurally identi-
cal except for the implementation of a photolytic converter,
which converts a known fraction of NO2 to NO prior to
the reaction with O3 and is operated at a constant pressure
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of 110 hPa (105 hPa during the CAFE Africa field experi-
ment). NO2 concentrations are obtained from the difference
in counts from each channel and the conversion efficiency Ce
as described above (see Eq. 2). We use a blue light converter
(type 1) purchased from Droplet Measurement Technolo-
gies in 2005 (later Air Quality Design, now Teledyne API)
equipped with UV LEDs emitting at a wavelength of 397 nm
(FWHM= 14 nm, as characterized in the laboratory), which
is shown in Fig. 1a. The converter was designed for air-
borne applications. The inner material is made of porous,
optically active PTFE (polytetrafluoroethylene) for provid-
ing highly reflective properties. To reduce surface effects the
converter was equipped with a quartz cylinder covering ap-
proximately half of the PTFE surface (the gas still has con-
tact with the PTFE surface in the ring channel and through
the head piece). Please note that this modification was made
prior to the CAFE Africa research campaign within a lim-
ited time frame and did not have the desired outcome. The
sample gas enters the converter sideways into the ring chan-
nel and reaches the inner tube via the PTFE head piece,
which has four circular recesses, one for each UV LED.
The sample gas outlet proceeds analogously. The inner vol-
ume of the converter is V = 78cm3, which gives a residence
time of t = (V × 60s min−1)/F ×p/pstandard = (78cm3

×

60smin−1)/(1500cm3 min−1)×110 hPa/1013hPa= 0.34s.
The conversion efficiency for this type 1 photolytic converter
operated under the conditions described above is approxi-
mately 20 % (j = 0.66 s−1), which was determined via gas-
phase titration (GPT) of NO with ozone. The results obtained
with the described type 1 converter were compared to an al-
ternative photolytic converter completely made from quartz
glass (type 2), which is shown in Fig. 1b. For maintaining
the reflective properties of the type 1 blue light converter,
the type 2 quartz converter was jacketed with optical PTFE,
which provides diffuse reflectance of > 99 % in the wave-
length range 350–1500 nm (SphereOptics GmbH, 2017). The
PTFE material was found to provide a higher conversion ef-
ficiency in the converter compared to aluminum foil and ad-
ditionally provides a stable housing for the sensitive quartz
tube. The volume of the type 2 converter is 77 cm3, which
gives a residence time of t = 0.33s and a conversion effi-
ciency of approximately 14 % (j = 0.46 s−1) under the op-
erating conditions. The applied LEDs were purchased from
LED ENGIN (San Jose, California, USA) (high-efficiency
VIOLET LED emitter LZ1-10UB00-01U6, 2–2.2 W, 395–
400 nm peak wavelength). Please note that the low conver-
sion efficiencies in both converters result from the opera-
tion at low pressures, which we have implemented to pursue
aircraft measurements during which altitude changes are ac-
companied by pressure variations. Operating the converter at
lower than minimum ambient pressure levels (max. ∼ 15 km
flight altitude) has the benefit of a constant conversion ef-
ficiency. The fractional dissociation of thermally unstable
NOx reservoir species increases with increasing pressure in
the converter, which can be seen in Fig. S1a in the Sup-

plement. On the other hand, a higher conversion efficiency
would be desirable for improved accuracy of the measure-
ment. The main difference between the two converters is that
the sample gas flow does not have direct contact with the
porous surface of the material for the type 2 quartz converter.
Additionally, the sample gas flow in the type 2 quartz con-
verter does not have contact with the LEDs, which likely
minimizes the sample gas heating and consequently the ther-
mal interferences when passing through the converter. The
reaction chambers (where the reaction of NO and O3 takes
places) are operated at a constant temperature of 25 ◦C and
a pressure of 9–10 mbar in order to minimize quenching of
NO∗2 by other molecules. The dry ozone flow is humidified
with water vapor for maintaining a constant humidity level at
all times.

Besides the photons emitted from relaxation of NO∗2, the
PMT (photomultiplier tube) signal also includes detected
photons from interference reactions, for example the reac-
tion of O3 with alkenes (Alam et al., 2020), as well as a dark
current signal. Therefore, a pre-chamber measurement is op-
erated for 20 s every 5 min with ozone added to the sample
gas flow. The residence time in the pre-chamber allows for
the reaction of O3 and NO as well as the relaxation of NO∗2
before entering the main reaction chamber (pre-chamber effi-
ciency > 96 % for the NO channel and ∼ 100 % for the NOc
channel). It is not long enough to convert interfering com-
pounds, which then occurs in the following main chamber.
Consequently, during pre-chamber measurements, the PMT
signal only includes the interfering signal and the dark cur-
rent signal (Ridley and Howlett, 1974; ECO PHYSICS AG,
2002). We subtracted the interpolated signal obtained during
pre-chamber measurements from the signal detected during
main chamber measurements in order to obtain the signal
generated from NO. The material of both the pre-chamber
and the main chamber is gold-plated stainless steel.

The instrumental background of each channel is deter-
mined via zero (synthetic) air measurements from a gas
cylinder and can be converted to mixing ratios using calibra-
tion measurements with a known NO concentration, which
define the sensitivity (counts s−1 ppbv−1 – parts per billion
by volume) of each channel to NO, as shown in Eq. (3) (after
pre-chamber corrections). The signal detected from zero air
measurement (counts(zero air)) is subtracted from the sig-
nal detected from NO calibration (counts(NO calibration))
and divided by the absolute concentration of the NO calibra-
tion (c(NO calibration)) to calculate the sensitivity. Dividing
the signal detected from zero air measurements by this value
gives the instrumental background concentration in mixing
ratios, e.g., ppbv. The precision is determined from the re-
producibility of the NO calibrations and is 3 % (1σ ). The NO
concentration is 4.96± 0.21 ppmv, which gives a 4 % uncer-
tainty on the secondary standard used. The resulting NO cal-
ibration mixing ratio is 15.8± 0.7 ppbv. The detection limit
is given by the reproducibility of the zero air measurements,
which is around 5 pptv for the NO channel and the NOc chan-
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Figure 1. Sketches of the photolytic converters applied in this study.

nel using the type 2 quartz converter. The detection limit is
higher when using the type 1 converter, but it is difficult to
determine due to the observed memory effects and is esti-
mated at > 10 pptv.

sensitivity=
counts(NO calibration)− counts(zero air)

c(NO calibration)

c(background)=
counts(zero air)

sensitivity
(3)

Please note that the utilized zero air can include a trace con-
centration of NOx . The manufacturer specifies the maximum
concentration of NOx to be 0.1 ppmv (parts per million by
volume) (Westfalen Gas Schweiz GmbH, 2021).

2.2 CAFE Africa field experiment

The CAFE Africa research campaign took place in Au-
gust and September 2018 and included 14 measurement
flights (MF03–MF16), which were performed with the
HALO (High Altitude Long Range) research aircraft start-
ing from the campaign base in Sal on Cabo Verde (16.75◦ N,
22.95◦W). We included data measured during the measure-
ment flights MF10, MF12, MF13, MF14 and MF15 in this
analysis (MF11 was a nighttime flight and therefore ex-
cluded) for which CLD NO2 measurements were available.
An overview of the flight tracks is presented in Fig. 2. A by-
pass line provided the instruments with air from the aircraft
inlet for which the residence time depended on the ambient
pressure level (for high altitudes< 0.1 s). The sample line
temperature was approximately 25 ◦C. More details on the
campaign can be found in Tadic et al. (2021).

NO and NO2 were measured via photolysis–
chemiluminescence with the instrument described in
Sect. 2.1 using the type 1 conventional blue light converter
equipped with the quartz glass cylinder, operated at a tem-
perature of 313 K and a pressure of 105 hPa (0.32 s residence
time). Please note that it was not possible to measure the

Figure 2. Geographic overview of the measurement flight tracks
included in this analysis.

temperature inside the converter. Instead, the temperature of
the gas outflow from the converter in the ring channel was
measured, which we equate to the inner temperature. Zero
air measurements and NO calibrations using a secondary NO
standard (cylinder concentration of 1.187± 0.036 ppmv and
calibration mixing ratio of 2.97±0.09 ppbv) were performed
regularly to determine the variability in the instrumental
background and the sensitivity of the channels. The ambient
measurement was interrupted every 1–2 h by a 1 min zero air
measurement, followed by 1 min NO calibration and another
1 min zero air measurement. These calibration background
cycles (CB cycles) were performed four to six times during
each measurement flight. We linearly interpolated these
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instrumental background and calibration measurements to
each entire flight. The NO data were processed as described
by Tadic et al. (2021) (5 pptv detection limit at 1 min
integration time and 6 % relative uncertainty, 1σ ). Please
note that the instrumental background for the NO data was
determined at 5.0±5.3 pptv during a nighttime measurement
on 26 August 2018 of NO as presented by Tadic et al. (2021)
and previously described by Lee et al. (2009). The instru-
mental background determined via zero air measurement
was similar with 4± 7 pptv (Tadic, 2021) (measured four
to six times per MF). For the NO2 data, the NOc channel
sensitivity and the instrumental background concentration
were calculated after pre-chamber correction according
to Eq. (3). The ambient NOc signal was divided by the
channel sensitivity accordingly. Final NO2 concentrations
were determined via Eq. (4); this includes subtraction of the
calculated (and interpolated) NOc instrumental background
concentration and the NO concentration in the NO channel
and dividing by the conversion efficiency of the blue light
converter, which was 24.2± 2.8 % during the campaign.

c(NO2)=
c(NOc)− c(backgroundNOc )− c(NO)

Ce
(4)

2.3 Further measurements

Additional measurements of atmospheric trace gases dur-
ing CAFE Africa including O3, CO, CH4, HO2, OH, NO2
and water vapor as well as the photolysis frequencies jNO2

and jPNA were used in this study. O3 was measured via UV
absorption and chemiluminescence with the FAIRO (Fast
AIRborne Ozone) instrument (total measurement uncertainty
of 2.5 %; Zahn et al., 2012). CO and CH4 were measured
via quantum cascade laser absorption spectroscopy (total
measurement uncertainty of 4.3 % and 0.3 %, respectively;
Schiller et al., 2008). HO2 and OH were measured with
the custom-built HORUS (HydrOxyl Radical measurement
Unit based on fluorescence Spectroscopy) instrument via flu-
orescence spectroscopy (Novelli et al., 2014; Marno et al.,
2020). Please note that these data are still preliminary, and
the measurement uncertainty is estimated at 50 %. Addi-
tional NO2 concentrations for comparison were measured
via differential optical absorption spectroscopy (miniDOAS)
with a detection limit of about 5 pptv and an uncertainty de-
pending on the altitude and cloud cover of typically 40 pptv
(Hüneke et al., 2017; Kluge et al., 2020). Water vapor was
measured via direct absorption by the tunable diode laser
system SHARC (Sophisticated Hygrometer for Atmospheric
ResearCh) (accuracy of 5 %, detection limit typically in the
range of 2–3 ppmv) (Kaufmann et al., 2018). The photoly-
sis frequencies were calculated from actinic flux densities
measured with a spectral radiometer (Meteorologie Con-
sult GmbH, Metcon, Koenigstein, Germany) (uncertainty<
15 %) (Bohn and Lohse, 2017). Please note that all measure-
ment data were converted to a uniform timescale with a 1 min
time resolution as a basis for this analysis.

2.4 NO2 calculations

For calculating the photostationary-state NO2 concentrations
during CAFE Africa, we assume that NO2 production occurs
through reaction of NO with O3 (Reaction R1), HO2 (Reac-
tion R3) and RO2 (Reaction R4). Tadic et al. (2021) showed
that RO2 is well-represented by CH3O2 during CAFE Africa
via model simulations (80 % at 200 hPa of altitude and up
to 90 % below), which we therefore use as surrogate for de-
scribing all organic peroxy radicals. In analogy to Leighton
(1961), we describe NO2 loss by photodissociation as shown
in Reaction (R2). Other loss pathways for NO2, for example,
via OH can be neglected (< 1 %) (Bozem et al., 2017).

NO+HO2→ NO2+OH (R3)
NO+CH3O2→ NO2+CH3O (R4)

NO2 concentration in photostationary state can therefore be
obtained via Eq. (5), whereas the concentration of CH3O2
is calculated with the help of Eq. (6), which was derived by
Bozem et al. (2017). For the calculation via Eq. (6) we as-
sume that CH3O2 and HO2 formation occurs through CH4
and CO oxidation, respectively. We estimate an uncertainty
of around 20 % resulting from these assumptions. Propagat-
ing the measurement uncertainties of HO2, CH4 and CO sug-
gests a 50 % uncertainty in the calculated CH3O2 data. The
NO2 PSS data have an uncertainty of 22 % regarding the
trace gas measurements according to Gaussian error prop-
agation (uncertainty of rate coefficients is considered negli-
gible).

[NO2]
PSS
=

[NO]× (kNO+O3 ×[O3] + kNO+HO2 ×[HO2] + kNO+CH3O2 ×[CH3O2])

jNO2
(5)

[CH3O2] =
kCH4+OH×[CH4]

kCO+OH×[CO]
× [HO2] (6)

The temperature-dependent rate coefficients were obtained
from the data sheets of the IUPAC Task Group on Atmo-
spheric Chemical Kinetic Data Evaluation (2021) (Atkinson
et al., 2004, 2006).

2.5 Calculation of NO2 reservoir species

We consider the NO2 reservoir species PAN (peroxyacetyl
nitrate), MPN (methyl peroxy nitrate) and PNA (pernitric
acid). PAN was measured during CAFE Africa via chemical
ionization mass spectrometry (CIMS) (Phillips et al., 2013).
MPN and PNA were not measured and instead estimated via
photostationary-state calculations as suggested by Murphy
et al. (2004). PNA (HO2NO2) production occurs through re-
action of HO2 and NO2 (R5), while PNA loss is described by
Reactions (R6)–(R8) either through thermal decomposition,
photolysis or reaction with OH (Veres et al., 2015; IUPAC
Task Group on Atmospheric Chemical Kinetic Data Evalua-
tion, 2021; Atkinson et al., 2004). PSS HO2NO2 concentra-
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tions can then be calculated via Eq. (7). k is the rate coeffi-
cient for each reaction and jPNA is the photolysis frequency
for Reaction (R7).

HO2+NO2+M→ HO2NO2+M (R5)
HO2NO2+M→ HO2+NO2+M (R6)
HO2NO2+hν→ products (R7)
HO2NO2+OH→ products (R8)

[HO2NO2]
PSS
=

k5×[HO2][NO2]
PSS

k6+ jPNA+ k8×[OH]
(7)

MPN production and loss terms are in analogy to PNA, as
shown in Reactions (R9)–(R11), except for the reaction with
OH, which is negligible (Nault et al., 2015; Browne et al.,
2011; Murphy et al., 2004; Bahta et al., 1982). The calcu-
lation in PSS is performed via Eq. (8). k represents the rate
coefficients and jMPN is the photolysis frequency for Reac-
tion (R11). During CAFE Africa, only the photolysis fre-
quency jPNA was evaluated because reliable molecular data
for MPN were missing. As suggested by Murphy et al. (2004)
we assume identical UV cross sections of MPN and PNA and
therefore jMPN to be identical to jPNA.

CH3O2+NO2+M→ CH3O2NO2+M (R9)
CH3O2NO2+M→ CH3O2+NO2+M (R10)
CH3O2NO2+hν→ products (R11)

[CH3O2NO2]
PSS
=
k9×[CH3O2][NO2]

PSS

k10+ jMPN
(8)

In the photolytic converter, PNA, MPN and PAN can decom-
pose to NO2 depending on the temperature, pressure and res-
idence time t according to first-order kinetics. The resulting
NO2 artifact is determined via Eq. (9).

[NO2]artifact = [HO2NO2]
PSS
× (1− exp(−k6× t))

+ [CH3O2NO2]
PSS
× (1− exp(−k10× t))

+ [CH3COO2NO2]

× (1− exp(−kCH3COO2NO2+M× t)) (9)

Gaussian error propagation gives an uncertainty of 55 % for
the calculated PNA and MPN data. We use the residence time
according to the volume and the flow rate in the photolytic
converter as described earlier. The actual value could devi-
ate from the calculated one due to unknown flow dynamics
and temperature gradients. Assuming 30 % uncertainty in the
residence time gives an overall uncertainty of around 60 % in
the NO2 formed from PNA and MPN in the photolytic con-
verter.

3 Results and discussion

3.1 Aircraft measurements

3.1.1 NO2 reservoir species

Figure 3a shows the vertical concentration profiles of the
NO2 reservoir species PNA and MPN according to photo-
stationary steady-state calculations (Eqs. 7 and 8) as well as
PAN measurements during CAFE Africa. MPN concentra-
tions were close to zero at low altitudes up to 10 km and in-
creased above, reaching 57± 40 pptv between 13 and 14 km
of altitude. The concentration increased further aloft but had
a large variability. PNA mixing ratios were low below 8
and above 12 km of altitude and showed peak concentra-
tions of 54± 21 pptv between 9 and 10 km. PAN increased
from ground level to mid-range altitudes, with a maximum
of 383±283 pptv at 4–5 km. Concentrations subsequently de-
creased with altitude, reaching 92±44 pptv at 14–15 km. Fig-
ure 3b shows the NO2 artifact concentrations resulting from
thermal decomposition of the reservoir species in the type 1
blue light converter according to first-order decay. It can be
seen that only relevant artifact signals originated from MPN,
more than 50 % of which decomposed to NO2 at the condi-
tions present in the converter; 3 % of the ambient PNA was
converted to NO2. Even though atmospheric PAN concentra-
tions, particularly at mid-range altitudes, were high, temper-
ature, pressure and residence time in the blue light converter
were too low for PAN to decay to NO2. As an overview,
Fig. 3c shows the temperature-dependent decay (1− c/c0)
of the discussed NO2 reservoir species in the converter. The
calculation is based on constant pressure (105 hPa) and res-
idence time (0.32 s). The temperature in the converter is
shown with the black dashed line. Increasing temperature in-
creases the decomposition share. It can be seen that, for PAN
and PNA, the converter temperature would need to be signif-
icantly higher to observe a relevant decay (10 % decay of
PNA at > 50 ◦C and of PAN at ∼ 80 ◦C). In contrast, for
MPN, small changes in the temperature have a strong ef-
fect on the decomposing share (4 % (◦C)−1 at the steepest
point). We show the time- and pressure-dependent decay of
PAN, PNA and MPN in Fig. S1. PAN and PNA decay only
slightly depending on pressure at the given temperature and
residence time. Please note that the residence time and the
pressure are correlated, which we have neglected in this cal-
culation. Based on these results, we recommend the imple-
mentation of a monitoring system for both temperature and
pressure within the photolytic converter, which is difficult to
implement in the type 1 blue light converter but allows for
a more accurate calculation of the decomposing share and
consequently a reliable correction of the NO2 signal.

We have subtracted the NO2 artifact signal arising from the
decomposition of MPN and PNA from the CLD NO2 con-
centrations. Please note that the data coverage for the NO2
artifact from MPN is 55 % and from PNA is 48 % (difference
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Figure 3. Vertical profiles of (a) NO2 reservoir species MPN, PNA (from PSS calculations) and PAN (measured during CAFE Africa) as
well as (b) NO2 artifacts in the blue light converter from reservoir species according to first-order decay. The shaded plot areas present the
1σ standard deviation resulting from averaging the concentrations at each considered altitude range. (c) Temperature-dependent decay of the
NO2 reservoir species in the type 1 blue light converter.

due to OH data coverage). We have interpolated the data used
in the following sections to reach full coverage of the CLD
NO2 concentrations. Sometimes the data were incomplete at
the start or the end of a measurement flight in which case we
considered the averaged NO2 artifact signal according to the
vertical profile shown in Fig. 3b as a function of the altitude.

3.1.2 Atmospheric NO2 concentrations

Figure 4a shows the vertical profile of NO2 concentrations
measured via CLD in green, miniDOAS measurements in
purple and NO2 from PSS calculations in red. Calculated
PSS NO2 concentrations were on average 17± 14 pptv and
approximately constant over the considered altitude range.
At high altitudes, NO2 from decomposing reservoir species
exceeded the PSS values by around a factor of 5. NO2 con-
centrations measured by the miniDOAS instrument were
95± 31 ppt at ground level and decreased with altitude up
to 2 km. They were constant at 15± 16 pptv between 2 and
10 km of altitude and agreed to within ∼ 85 % to the calcu-
lated values. Concentrations increased again above, reaching
54±31 pptv between 11 and 12 km, and decreased aloft with
values similar to PSS NO2 between 14 and 15 km. Average
NO2 concentrations measured by the CLD were 49±76 pptv
below 10 km of altitude where decomposition of reservoir
species did not play a role and decreased with altitude above.
Figure 4b shows the calculated difference in NO2 concen-
trations between PSS calculations and miniDOAS measure-
ments in black and between PSS calculations and CLD mea-
surements in gray. It is notable that NO2 concentrations from
PSS and miniDOAS measurements were nearly identical
apart for a difference with a maximum value of 48± 4 pptv
between 10 and 13 km of altitude. In contrast, CLD NO2 con-
centrations were higher by 45±62 pptv compared to the cal-

culation up to 10 km of altitude and lower at higher altitudes
with a maximum deviation of more than 100 pptv between
14 and 15 km. Figure 4a shows that the NO2 CLD mixing
ratios are negative at high altitudes. This is an indicator of
a wrongly measured instrumental background signal in the
second channel. If the determined instrumental background
was too high, Eq. (4) could return underestimated or even
negative NO2 concentrations. However, the CLD NO2 data
were not generally too small, but even enhanced at lower al-
titudes compared to PSS and miniDOAS data, which may
indicate the contribution of additional factors that we inves-
tigate in the following with the help of NO, H2O and NO2
concentrations in the course of selected measurement flights.
For comparison, Fig. 4c shows the CLD NO2 data with and
without the calculated artifact signal. It can be seen that the
data are already negative before the subtraction of decom-
posing NO2 reservoir species.

3.1.3 Influence of atmospheric water vapor

Atmospheric water vapor concentrations are highest at
ground level and decrease with increasing altitude. As an ex-
ample, the vertical concentration profile of atmospheric wa-
ter vapor during CAFE Africa is shown in Fig. S2. Accord-
ingly, altitude changes during aircraft measurements intro-
duce rapid changes in relative humidity to the instruments on
board.

Figure 5 shows a time series of NO, water vapor, and cal-
culated and measured NO2 concentrations during the mea-
surement flights MF10 (Fig. 5a) and MF12 (Fig. 5b). NO
concentrations varied between 0.005 and 0.56 ppbv for MF10
and between 0.005 and 0.46 ppbv for MF12. We have re-
cently shown that enhanced NO concentrations in the morn-
ing and afternoon of MF12 were due to local, recent light-
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Figure 4. Vertical profiles of (a) NO2 concentrations measured by the CLD, measured by miniDOAS and calculated via Eq. (5). (b) The
difference in NO2 concentrations from PSS calculations and measurements and (c) CLD NO2 concentrations with and without an artifact.
The shaded plot areas present the 1σ standard deviation resulting from averaging concentrations at each considered altitude range.

ning activity (Nussbaumer et al., 2021). For MF10, enhanced
NO concentrations at high altitudes had their source over
the African continent. At low altitudes, NO concentrations
were close to zero as there were no significant NO emissions
in the marine boundary layer. Water vapor concentrations
showed the expected inverse correlation with the flight al-
titude, with mixing ratios below the detection limit at high
altitudes. As already suggested by the vertical NO2 con-
centration profiles in Fig. 4a, NO2 concentrations obtained
from CLD measurements were lower than NO2 concentra-
tions from miniDOAS measurements and PSS calculations
(and sometimes even below zero) at high altitudes and higher
at low altitudes. Please note that the CLD NO2 data shown
in Fig. 5 were processed as described earlier. This includes
the interpolation of the instrumental background and cali-
bration measurements, which were performed six times for
MF10 and four times for MF12. A potential variation of the
instrumental background or the sensitivity of the channels
between two CB cycles would therefore be unaccounted for.
We show the instrumental background measurements in the
top data trace of each panel in Fig. 5 by red dots and the
interpolation as a red dashed line. For MF10, the measured
instrumental background in the NOc channel varied between
85 and 127 pptv and for MF12 between 87 and 109 pptv. In
comparison, the instrumental background in the NO channel
varied between 1 and 11 pptv for MF10 and between −2 and
6 pptv for MF12. We show the instrumental background for
MF10 and MF12 in each channel in Fig. S3. Calculated PSS
NO2 concentrations ranged between 1 and 93 pptv for MF10
and between 2 and 46 pptv for MF12. Local maxima mainly
accompanied peaks of nitric oxide, which is a result of the
NO dependence of Eq. (5). NO2 concentrations measured
by the miniDOAS instrument varied between 2 and 39 pptv
for MF10. For MF12, concentrations were 15± 16 pptv and
generally lower for low altitudes and higher for high alti-

tudes. NO2 concentrations measured by the CLD instrument
ranged from −224 to 317 pptv for MF10 and from −153 to
384 pptv for MF12. It is striking that the maxima were ob-
tained simultaneously with a sharp decrease in altitude ac-
companied by an increase in water vapor concentration. For
each measurement flight shown here, this phenomenon was
observed twice, indicated by the orange dashed lines. For ex-
ample, the research aircraft descended from 12.6 to 3.9 km
at 13:30 UTC during MF12. At the same time, the CLD NO2
concentration increased from an average of 23± 14 pptv be-
tween 13:00 and 13:30 UTC to its maximum of 384 pptv at
13:45 UTC when reaching the new lower flight altitude. Wa-
ter vapor measurements were incomplete before 13:00 UTC,
but it can be assumed that they were constant and close to
zero at 12.6 km of altitude, rising to 9.5± 0.7× 103 ppmv
on average after reaching 3.9 km (+15 min). Similar obser-
vations were made for MF12 at 18:30 UTC and for MF10 at
around 13:30 and 18:00 UTC, in each case accompanied by
a decrease in altitude and an increase in water vapor concen-
trations. The observed NO2 peaks appeared only for the CLD
measurement and not for the values from PSS calculation or
miniDOAS measurement, which underlines the instrumen-
tal cause. The time series for the measurement flights MF13,
MF14 and MF15 shows similar results and can be found in
Fig. S4.

We hypothesize that these observations were influenced by
a surface effect in the type 1 blue light converter, which has
a highly porous inner surface as described earlier. This ma-
terial can adsorb atmospheric compounds, such as NO, and
desorb them at a later stage (for example, supported by an in-
crease in humidity), which we will refer to as memory effect
in the following. In a series of laboratory studies, we have
investigated the impact of NO concentrations and humidity
on the effects described above, particularly in regard to the
instrumental background.
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Figure 5. Temporal development of the instrumental background (BG) in the NOc channel, NO, water vapor, and calculated and measured
NO2 for measurement flights 10 and 12. The orange dashed lines indicate the simultaneous occurrence of a rapid decrease in altitude, an
increase in water vapor concentration and a peak in the NO2 CLD data.

3.2 Laboratory experiments and implications for
CAFE Africa

We propose that the memory effect described in the previ-
ous section is strongly affected by NO molecules and is de-
pendent on changes in the introduced relative humidity. In
order to show this, we have conducted different experiments
in the laboratory to investigate the instrumental background
produced by the photolytic converter in the NOc channel. Be-

side NO and H2O, we suggest that one or more additional
factors affect the observed instrumental background signal,
which are connected to the light of the LEDs and which we
discuss at the end of this section.

For the first set of experiments, we exposed the converter
(LEDs switched on) to 15.8 ppbv of NO for 2 h followed by
4 h zero air measurements. The first experiment was carried
out under dry conditions, sampling NO and zero air directly
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from the gas cylinder. For the second experiment, we intro-
duced water vapor by passing zero air through a washing
bottle with deionized water before entering the instrument.
The thus obtained relative humidity was ∼ 95 % at ambient
temperature and decreased over time with decreasing water
temperature (through evaporation). For the third and fourth
experiment, zero air was humidified only for the zero air
measurement and the NO measurement, respectively. We re-
peated the latter, introducing a lower relative humidity of
∼ 35 %, and obtained the same result.

Figure 6 shows the temporal development of the instru-
mental background signal in the NOc channel after 2 h of NO
measurement with a concentration of 15.8 ppbv. The red line
shows the experiment under dry conditions, and the blue line
presents the experiment under humid conditions. For the yel-
low line, we performed the NO measurement under dry con-
ditions and the following instrumental background measure-
ment under humid conditions. The green line shows a humid
NO measurement and dry instrumental background measure-
ment. Figure 6a presents the results obtained with the type
1 blue light converter. All experiments showed a decreasing
instrumental background signal over time in the NOc chan-
nel. For comparison, the instrumental background signal in
the NO channel over time is presented in Fig. S5. The lines
show no significant trend over time. This indicates that the
converter adsorbs NO molecules, for example during NO
measurements, and desorbs them during zero air measure-
ments. At t = 0 min, the instrumental background signals for
all experiments were approximately the same between 90
and 100 pptv but showed a different development over time.
The strongest decline by around 25 % over 250 min was ob-
served for a dry instrumental background measurement af-
ter a humid NO measurement (green curve). For the oppo-
site case, a humid instrumental background measurement af-
ter a dry NO measurement, the signal decreased by around
5 % over the observed time period (yellow curve). Perform-
ing the whole experiment under dry or humid conditions (red
and blue curve, respectively) had a similar outcome, with an
instrumental background signal decrease of approximately
10 %. These observations indicate that the instrumental back-
ground measurements in the NOc channel, which were per-
formed during CAFE Africa and used for the data process-
ing according to Eq. (4), were consistently too high as they
were only run for 2× 1 min (per CB cycle) and therefore did
not represent the actual instrumental background but an ar-
tifact signal. In the laboratory, we observed the strongest ef-
fect for a dry instrumental background measurement follow-
ing a humid NO measurement, which was a likely scenario
for the ambient monitoring during CAFE Africa as zero air
for an instrumental background measurement was sampled
from a gas cylinder (dry conditions) and the measured am-
bient concentration was subject to ambient meteorological
conditions. This would explain the occurrence of negative
NO2 concentrations obtained from CLD measurements as
mentioned earlier. These experiments also suggest that wa-

ter molecules might not just promote adsorptive or desorp-
tive processes, but also participate in the surface allocation
themselves and compete with NO. Following this hypothesis,
the surface spaces would fill with NO during an NO mea-
surement under dry conditions and with both NO and H2O
molecules under wet conditions. A subsequent instrumental
background measurement under dry conditions would then
lead to NO (and possibly H2O) desorption. For a subsequent
instrumental background measurement under humid condi-
tions, H2O molecules could actively replace NO molecules
because of their higher surface affinity, leading to a tempo-
rally longer “leakage” of NO and a slower decrease in the
instrumental background signal. The described effect would
be highest for a dry NO measurement, which gives the max-
imum NO surface coverage and a wet zero air measurement
(yellow), while it would be lowest for the opposite case for
which we observed the lowest instrumental background sig-
nal after 250 min (green). This hypothesis fits well with the
observations during CAFE Africa presented in Sect. 3.1.3;
we observed a sharp increase in the NO2 signal along with
rapid increases in water vapor concentration. H2O molecules
could replace adsorbed NO molecules (or other atmospheric
compounds), which were detected by the CLD as an artifact
signal. Because of the conversion efficiency of 24.4 % of the
type 1 blue light converter, the signal difference from the NO
and NOc channel was multiplied by a factor of around 4
(compare Eq. 4). Therefore, the resulting NO2 signal was
distorted by 4 times the actual desorbed NO, explaining the
large peaks accompanying altitude descents. As we do not
observe these effects in the NO channel (and the two chan-
nels are structurally identical), we can exclude that any of the
humidity effects are caused by components in the instrument
other than the photolytic converter.

We repeated the same laboratory experiments using the
type 2 photolytic converter. The resulting temporal develop-
ment of the instrumental background is presented in Fig. 6b,
which shows significant improvements compared to the type
1 converter. The instrumental background in the NOc chan-
nel was many times smaller for the type 2 quartz converter,
with mixing ratios of around 10 to 15 pptv, and was, most
importantly, constant over time. For stationary long-term ex-
periments it could be possible to measure the instrumental
background on the scale of hours. However, for aircraft mea-
surements and the accompanying rapid air mass changes due
to the high aircraft velocity, it is vital to obtain a reliable in-
strumental background measurement within a short time in-
terval, which would be possible with the type 2 converter.
Furthermore, changes in humidity did not seem to impact the
measurement as all four experiments show the same result.
This, too, suggests the suitability of the type 2 converter in
aircraft measurements or more generally in field studies im-
pacted by high and changing humidities.

Performing zero air measurements after NO2 measure-
ments had a similar outcome for each of the applied convert-
ers. The instrumental background measurement in the type
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Figure 6. Instrumental background in response to dry and humid conditions after 2 h of NO calibration at 15.8 ppbv in the NOc channel. The
LEDs of the photolytic converter were switched on.

1 blue light converter showed a decreasing trend over time,
while it was constant and significantly smaller in the type 2
quartz converter.

Our assumption that the observed effect is – at least partly
– associated with NO molecules is supported by an experi-
ment wherein we heated the type 1 blue light converter with
switched-off LEDs with a heat gun and observed a sharp
increase in the NOc channel during zero air measurement
(following NO calibration measurement). The increase in
temperature promoted the desorptive process and had to in-
clude NO molecules. Otherwise, the CLD would not have
detected any increase in the signal as the converters’ LEDs
were switched off and NO2 could not form NO via the pho-
tolytic reaction. We show the result of the heating experi-
ment in Fig. 7a. The converter surface was heated for 2 min
(under constant movement of the heat gun) at a distance of
around 10 cm during zero air measurement. We estimate the
surface temperature to not have exceeded 200 ◦C. We ob-
served a peak NO concentration of 2 ppbv (NOc instrumental
background was 0 ppbv). In comparison, Fig. 7b shows the
experiment repeated with the type 2 quartz converter, which
showed a small increase in the NOc signal, too, but approx-
imately 1 order of magnitude smaller compared to the type
1 blue light converter. The qualitative outcome of this exper-
iment was the same with the LEDs switched on as well as
with preceding NO2 (instead of NO) measurement. Please
note that a direct comparison of experiments regarding ad-
sorptive and desorptive processes with switched-on and -off
LEDs is difficult because the operation of the LEDs increases
the temperature within the converter, which, as shown above,
strongly impacts the surface allocation.

Beyond that, we performed an experiment to investigate
how NO calibration measurements affect subsequent zero air
measurements in response to different NO concentrations.

Figure 8 shows the influence of the preceding NO concen-
tration level on the following first 5 min of zero air measure-
ment. We have performed 30 min NO calibrations with NO
concentrations between 0.25 and 10 ppbv. Red data points
represent the instrumental background of the NO channel,
and green data points show the instrumental background of
the NOc channel. Instrumental background concentrations in
the NO channel were independent of preceding NO concen-
trations. In contrast, for the type 1 blue light converter, in-
strumental background concentrations in the NOc channel
increased with increasing NO concentrations and leveled off
for high values, as shown in Fig. 8a. Measured NO concen-
trations during CAFE Africa were between 0 and 1 ppbv and
were therefore situated in the rising part of the curve. That
shows that instrumental background measurements during
CAFE Africa were not only too high, but also depended on
the preceding NO concentration. We tried to retrospectively
correct the NO2 data with a lower instrumental background
as obtained from laboratory investigations after several hours
of zero air sampling. However, it was not possible to quantify
the effect of varying the preceding NO levels. Additionally,
the impact of humidity had the exact opposite effect on the
NO2 measurements. While the higher-than-actual instrumen-
tal background led to lower-than-actual NO2 concentrations,
increases in humidity triggered higher-than-actual NO2 con-
centrations. Figure 8b shows that the development of the in-
strumental background in the NOc channel did not depend
on the preceding NO concentrations for the type 2 quartz
converter. The instrumental background was 12± 1 pptv and
constant over the whole experiment. The detected instrumen-
tal background signal for the NOc channel disappeared when
switching off the light of the UV LEDs. A possible expla-
nation can be a trace concentration of NO2 in the utilized
synthetic air as mentioned earlier.
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Figure 7. Instrumental background (zero air measurement) when heating the switched-off photolytic converter with a heat gun. The small
data gaps are due to pre-chamber measurements.

Figure 8. Instrumental background in response to different preceding NO concentrations under dry conditions. Each data point shows the
level of the signal of the first 5 min of instrumental background measurements after NO calibrations.

While we have shown above that NO and humidity
strongly affect the instrumental background measurements
in the type 1 blue light converter, it is likely that there are
other factors contributing to the observed effects, too. When
switching off the LEDs in the type 1 converter, the observed
instrumental background decreased rapidly (too rapidly for a
sole temperature effect), which we present in Fig. S6a. This
suggests that the light of the LEDs impacts the instrumental
background in the NOc channel. Many other compounds can
be photolyzed to form NO, such as PAN, ClNO2 or BrONO2.
However, their absorption cross sections suggest no interfer-
ence at 397 nm, which is the spectral output maximum of the
LEDs (Reed et al., 2016; Pollack et al., 2010). Only small

interference could occur with HONO and NO3 at the edge
of the spectral output, and this would require the presence of
these compounds in the converter, which should not be the
case for the described laboratory investigations but is con-
ceivable given the memory effect observations. For compari-
son, Fig. S6b shows that the effect of switching the LEDs on
and off during zero air measurement is marginal when using
the type 2 quartz converter. We have performed an uptake ex-
periment for HNO3 (nitric acid) to investigate the adsorptive
capacity of the converters. HNO3 in zero air (2500 sccm) was
first routed through a bypass, and after reaching a constant
signal, the gas flow was changed to include the converter.
The HNO3 concentration behind the converter was moni-

https://doi.org/10.5194/amt-14-6759-2021 Atmos. Meas. Tech., 14, 6759–6776, 2021

3 Results

51



6772 C. M. Nussbaumer et al.: Modification of a conventional photolytic converter

tored via chemical ionization mass spectrometry (CIMS).
Figure S7a and b show the resulting adsorption behavior for
the type 1 and the type 2 converter, respectively. When di-
recting the gas flow through the type 1 converter, the detected
HNO3 flux decreased rapidly by around a factor of 4, and we
did not observe the signal return to its initial value within
40 min (which is when we terminated the experiment). This
indicates a high absorptive capacity or a decay of HNO3
in the converter (or both). Integration of the HNO3 flux
shows that the converter took up approximately 1.7× 1016

HNO3 molecules in the considered time frame. In contrast,
for the type 2 converter, the HNO3 flux decreased, too, but
returned to its initial value within 10 min, while it adsorbed
only ∼ 1.7× 1015 HNO3 molecules. The observed adsorp-
tion capacity can be minimized by coating the quartz surface
with FEP (fluorinated ethylene propylene), which provides a
highly hydrophobic surface (Neuman et al., 1999; Liebmann
et al., 2017). The number of adsorbed HNO3 molecules was
a factor of 4–5 smaller compared to the non-coated quartz
converter (Fig. S7c). We did not observe any differences be-
tween the coated and non-coated quartz converter regarding
the experiments investigating the role of NO and humidity
presented above. This uptake experiment shows the high ad-
sorptive capacity of the type 1 blue light converter in com-
parison to the type 2 quartz converter. In the case of HNO3,
which could have been adsorbed by the type 1 converter,
e.g., during stratospheric measurements, we hypothesize a
potential source of NO or NO2 through, for example, surface-
catalyzed chemistry, possibly involving the light of the LEDs
or elevated temperature. Again, this experiment underlines
the superiority of the type 2 quartz converter over the type
1 blue light converter and suggests applicability for ambient
and airborne measurements.

4 Conclusions

In this study, we have investigated a modified conventional
blue light converter (type 1) with a highly reflective and
porous inner surface made from optical PTFE regarding
its application during the research aircraft campaign CAFE
Africa, which took place in August and September 2018
around Cabo Verde. We have identified a memory effect in
the blue light converter, which is affected by humidity, es-
pecially rapid changes in water vapor concentrations, and
preceding NO levels; this is particularly relevant for the
low NO2/NO ratio in the upper troposphere. More specif-
ically, this includes the subtraction of a fluctuating, higher-
than-actual instrumental background in the NOc channel,
yielding negative NO2 values and humidity-triggered spon-
taneous desorption of stored molecules appearing as large
NO2 peaks; both effects are amplified by the low conver-
sion efficiency. The high adsorptive capacity regarding other
atmospheric trace gases such as HNO3 and the light of the
LEDs could additionally play a role in the observed ef-

fects. Because of the complex correlations between these
parameters it is not possible to retrospectively correct the
NO2 signal measured during CAFE Africa to receive reli-
able data. If a conventional blue light converter is still in
use, we would suggest avoiding constant altitude changes
in aircraft applications. Instead, we highly recommend the
application of an alternative photolytic converter made from
quartz glass (type 2) in order to prevent the gas flow from
coming into contact with the porous PTFE surface, which
can additionally be coated with FEP to obtain highly hy-
drophobic properties. Laboratory results indicate a high suit-
ability of the alternative converter in aircraft measurements,
which, looking into the future, should be investigated in de-
tail in order to improve in-field NO2 measurements. With
an improved instrumental background, other important ques-
tions of current atmospheric NO2 research, such as devia-
tions from photostationary-state NO2 in remote locations or
interferences from NOy species, could be addressed and in-
vestigated more easily.
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Abstract. Various atmospheric sources and sinks regulate the abundance of tropospheric formaldehyde
(HCHO), which is an important trace gas impacting the HOx (≡HO2+OH) budget and the concentration of
ozone (O3). In this study, we present the formation and destruction terms of ambient HCHO and O3 calculated
from in situ observations of various atmospheric trace gases measured at three different sites across Europe
during summertime. These include a coastal site in Cyprus, in the scope of the Cyprus Photochemistry Experi-
ment (CYPHEX) in 2014, a mountain site in southern Germany, as part of the Hohenpeißenberg Photochemistry
Experiment (HOPE) in 2012, and a forested site in Finland, where measurements were performed during the
Hyytiälä United Measurements of Photochemistry and Particles (HUMPPA) campaign in 2010. We show that,
at all three sites, formaldehyde production from the OH oxidation of methane (CH4), acetaldehyde (CH3CHO),
isoprene (C5H8) and methanol (CH3OH) can almost completely balance the observed loss via photolysis, OH
oxidation and dry deposition. Ozone chemistry is clearly controlled by nitrogen oxides (NOx ≡NO+NO2) that
include O3 production from NO2 photolysis and O3 loss via the reaction with NO. Finally, we use the HCHO
budget calculations to determine whether net ozone production is limited by the availability of VOCs (volatile
organic compounds; VOC-limited regime) or NOx (NOx-limited regime). At the mountain site in Germany, O3
production is VOC limited, whereas it is NOx limited at the coastal site in Cyprus. The forested site in Finland
is in the transition regime.
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1 Introduction

Formaldehyde (HCHO) is an important atmospheric trace
gas which provides insight into various photochemical
processes taking place in the Earth’s atmosphere. It has
both anthropogenic sources, such as industrial and vehi-
cle emissions, and natural sources including, for example,
biomass burning or volatile organic compound (VOC) pre-
cursors, with natural sources dominating in remote loca-
tions (Luecken et al., 2018; Anderson et al., 2017; Stick-
ler et al., 2006; Wittrock et al., 2006; Lowe and Schmidt,
1983). The majority of these HCHO sources is secondary,
and due to its short lifetime, the atmospheric transport of
HCHO from primary (direct) emissions (e.g., biomass burn-
ing or industry) to remote locations can be mostly neglected
(Fortems-Cheiney et al., 2012; Vigouroux et al., 2009; An-
derson et al., 2017). Loss processes of HCHO include de-
position, reaction with OH and photolysis yielding mainly
HO2, CO and H2 (Anderson et al., 2017). HCHO production
paths are more diverse and include oxidation processes of
almost any VOC, including acetone (CH3COCH3), methane
(CH4), acetaldehyde (CH3CHO), methanol (CH3OH), iso-
prene (C5H8), methyl hydroperoxide (CH3OOH), ethene
(C2H4) (these selected species are included in this study due
to the availability of measurement data) and many more, the
majority of which are initiated by the OH radical during the
day (Stickler et al., 2006; Wittrock et al., 2006). Net pro-
duction processes of formaldehyde, therefore, influence the
HOx (HOx≡OH+HO2) budget, which, in turn, controls the
atmospheric oxidizing capacity (Luecken et al., 2018). This
includes the regulation of the atmospheric ozone (O3) abun-
dance, a trace gas with adverse health effects for humans,
animals and plants, leading to cardiovascular and respiratory
diseases and the decrease in life expectancy (Nuvolone et al.,
2018; Lippmann, 1989). It is, therefore, important to under-
stand the processes influencing and contributing to HCHO
and O3 formation and loss processes in the Earth’s atmo-
sphere (see also Figs. 1 and 2 for an overview of the reactions
considered in this study).

Previous studies have investigated the processes contribut-
ing to HCHO production from secondary sources. Palmer
et al. (2003) identified isoprene, methane and methanol to
be the main HCHO precursors over the United States of
America, contributing over 80 % in the GEOS-CHEM model
(Goddard Earth Observing System global 3-D model of
tropospheric chemistry). Anderson et al. (2017) evaluated
HCHO concentrations in the tropical western Pacific and
found methane and acetaldehyde to be the main precursors of
HCHO, based on box model simulations. Fried et al. (2011)
identified methane to be the main precursor of HCHO in re-
mote regions, based on model simulations and measurements
during the INTEX-B campaign (Intercontinental Transport
Experiment – Phase B) in 2006. Sumner et al. (2001) in-
vestigated the HCHO budget at a forest in Pellston, Michi-
gan (USA), based on observations in the scope of PROPHET

(Program for Research on Oxidants: Photochemistry, Emis-
sion and Transport) in 1998. They identified isoprene to be
the main HCHO precursor, contributing around 80 %. Dien-
hart et al. (2021) investigated the relationship between OH
reactivity and HCHO production rates during the shipborne
campaign AQABA (Air Quality and Climate Change in the
Arabian Basin) around the Arabian Peninsula in 2017, which
they found to be highest in polluted areas, suggesting a high
diversity of HCHO precursors. Kaiser et al. (2015) studied
OH reactivities and HCHO concentrations in the Po Valley,
based on zeppelin measurements during the research cam-
paign PEGASOS (Pan-European Gas-AeroSOls Climate In-
teraction Study) in 2012 in comparison with model simu-
lations, and attributed the discrepancies to possible primary
HCHO emissions from agriculture.

Tropospheric ozone chemistry is dependent on the O3 pre-
cursors NOx (NOx ≡NO+NO2) and volatile organic com-
pounds (VOCs). Depending on the ambient concentrations of
NOx and VOCs, net ozone formation can either be NOx or
VOC limited. A NOx limitation is usually dominant for low
NOx concentrations in which increasing NOx leads to an in-
crease in O3 formation. For high NOx concentrations, ozone
formation is usually VOC limited, and an increase in ambi-
ent NOx reduces O3 formation through loss of HOx as OH
is converted to HNO3 (Pusede et al., 2015; Nussbaumer and
Cohen, 2020). Consequently, changes in ambient NOx con-
centrations can either increase or decrease O3 or – at a tran-
sition between both regimes – have only a weak net effect
on the O3 production. In urban environments, the chemical
regime can be characterized using the weekend effect, which
describes the ozone response to decreasing NOx emissions at
weekends, as reported by Pusede and Cohen (2012), Nuss-
baumer and Cohen (2020), Pires (2012), Wang et al. (2014)
and many more (Levitt and Chock, 1976; Seguel et al., 2012;
Sadanaga et al., 2011). Another measure for identifying the
prevailing chemical regime is the ratio of HCHO and NO2,
which has been determined via satellite measurements in var-
ious studies (Sillman, 1995; Jin et al., 2020; Martin et al.,
2004; Duncan et al., 2010; Jin and Holloway, 2015). Sillman
(1995) initially suggested a threshold of 0.28 for the ratio
HCHO/NOy (NOy is here the sum of NOx , HNO3, peroxy-
acetyl nitrates and alkyl nitrates), below which the chemistry
is VOC limited, based on model simulations for Lake Michi-
gan and the northeastern corridor (USA). Martin et al. (2004)
investigated the ratio of the HCHO/NO2 column based on
satellite observations and found a threshold of 1. This is in
agreement with findings from Duncan et al. (2010), who sug-
gested a threshold of 1 for a VOC-limited regime, a threshold
of 2 for a NOx-limited regime and a transition in between
both using remote sensing. Schroeder et al. (2017) present
in situ measurements of HCHO and NO2 to determine the
dominant regime and point out that exact thresholds are ge-
ographically variable due to locally different atmospheric
composition and ambient conditions, such as VOC variety
or humidity.
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In this study, we evaluate the formaldehyde and ozone
budget during the field experiment CYPHEX (Cyprus Pho-
tochemistry Experiment), which took place in July 2014
at a coastal site in Cyprus (Ineia), based on in situ
trace gas observations of NO, NO2, O3, OH, HO2, CH4,
CH3OH (methanol), C5H8 (isoprene), CH3CHO (acetalde-
hyde), CH3COCH3 (acetone), CH3OOH (methyl hydroper-
oxide), C2H4 (ethene), CH3SCH3 (DMS) and HCHO (Der-
stroff et al., 2017; Meusel et al., 2016; Mallik et al., 2018).
We compare the results with two other field campaigns in
central and northern Europe, namely the Hohenpeißenberg
Photochemistry Experiment (HOPE 2012; Novelli et al.,
2017) at a mountain site in Germany and the Hyytiälä United
Measurements of Photochemistry and Particles (HUMPPA
2010; Williams et al., 2011) at a boreal forest site in Finland.
Only a few studies have evaluated the HCHO budget mainly
through model simulations. To our knowledge, there is only
one study, by Sumner et al. (2001), that has previously pre-
sented HCHO budget calculations from in situ trace gas ob-
servations in the USA in 1998. We are first to present HCHO
budget calculations from in situ measurements across Europe
and show that, in all three locations, HCHO production can
be predominantly accounted for by the oxidation of methane,
methanol, acetaldehyde and isoprene.

2 Observations and methods

2.1 HCHO chemistry calculations

Figure 1 shows an overview of the main production and loss
processes for formaldehyde which we consider in this study
and for which measurements were obtained during the field
campaign CYPHEX (see Sect. 2.3.1 for further details). The
relationships we derive in this study are based on boundary
layer conditions, and we, therefore, assume no relevant in-
trusion from higher altitudes. Acetone and methane can form
methyl radicals (CH3) through oxidation by OH or photoly-
sis, which are subsequently oxidized to methyl peroxy rad-
icals (CH3O2) by molecular oxygen (O2). Another pathway
yielding CH3O2 is the OH oxidation of acetaldehyde which
forms CH3C(O) in the first step and which can then be oxi-
dized to CH3C(O)O2 when O2 is present. CH3C(O)O2 yields
CH3O2 through a reaction with nitric oxide (NO) or the hy-
droperoxyl radical (HO2) via CH3CO2. The CH3O2 yield
from the reaction of CH3C(O)O2 with HO2 is approximately
50 % (kc). Other reaction pathways result in the formation
of CH3C(O)OH (ka) and CH3C(O)OOH (kb; IUPAC Task
Group on Atmospheric Chemical Kinetic Data Evaluation,
2019). We calculate the overall fraction αCH3CHO of acetalde-
hyde oxidation that results in CH3O2 formation via Eq. (1).

αCH3CHO =

kCH3C(O)O2+NO×[NO] + kc×[HO2]

kCH3C(O)O2+NO×[NO] + ka×[HO2] + kb×[HO2] + kc×[HO2]
. (1)

Additionally, methyl hydroperoxide (CH3OOH) forms
CH3O2 via OH oxidation (60 %; or reacts directly to HCHO
via photolysis or OH-initiated oxidation, 40 %; IUPAC Task
Group on Atmospheric Chemical Kinetic Data Evaluation,
2007). CH3O2 can then either react with HO2 to form
CH3OOH or yield HCHO through a reaction with NO or
OH via CH3O (Anderson et al., 2017; Stickler et al., 2006;
Lowe and Schmidt, 1983; Fittschen et al., 2014). The im-
portance of the CH3O2 loss via OH in remote locations has
recently been shown in several studies, and the reaction pri-
marily yields HCHO (Lightfoot et al., 1992; Assaf et al.,
2017, 2016; Fittschen et al., 2014; Yan et al., 2016). For sim-
plification, we assume this yield to be 100 %, which slightly
increases the uncertainty of the calculation but is negligi-
ble given the small fraction of CH3O2 that reacts with OH
(< 10 % for CYPHEX). In our study, we use the rate con-
stant kCH3O2+OH recommended by the IUPAC Task Group
on Atmospheric Chemical Kinetic Data Evaluation (2017).
Table S1 in the Supplement gives an overview of all rate
constants used in this study, most of which were taken from
IUPAC Task Group on Atmospheric Chemical Kinetic Data
Evaluation (2021). The fraction of CH3O2 that forms HCHO
(αCH3O2 ) is dependent on the ambient concentrations of HO2,
NO and OH and can be calculated via Eq. (2). CH3O2 loss
via self-reaction is negligibly small and, therefore, not in-
cluded. The reaction with NO2 forming CH3O2NO2 can also
be excluded due to its thermal instability in the boundary
layer.

αCH3O2 =

kCH3O2+NO×[NO] + kCH3O2+OH×[OH]
kCH3O2+NO×[NO] + kCH3O2+OH×[OH] + kCH3O2+HO2 ×[HO2]

. (2)

Isoprene oxidation results in the formation of HCHO
through the intermediate products methyl vinyl ketone and
methacrolein, as described by Wolfe et al. (2016). The
HCHO yield from isoprene (αIsoprene) is dependent on the
ambient NO concentration and varies between around 30 %
for low NOx and 60 % for high NOx (RO2 reacts primarily
with NO; Atkinson et al., 2006; Palmer et al., 2003; Sumner
et al., 2001). We calculate the HCHO yield via Eq. (3) and es-
timate [HO2]≈ [RO2], as suggested by Sumner et al. (2001).
This assumption is justified when looking at O3 production
(P (O3)) terms. P (O3) can either be calculated via the pho-
tolytic reaction of NO2, as presented in Sect. 2.2, or via the
reaction of HO2 or RO2 with NO. We equate the two terms,
using the rate constant of the reaction of NO and CH3O2 as
estimate for the reaction of NO and RO2, and calculate RO2.
We show the diurnal profiles of HO2 and calculate RO2 in
Fig. S1a in the Supplement. Conversely, we calculate P (O3)
for both cases, equating RO2 to HO2, which show close
agreement, and can be seen in Fig. S1b. This is also con-
firmed by findings from Crowley et al. (2018) (presented in
Fig. 9), based on model simulations of HO2 and RO2 during
HUMPPA. The yield can vary between 34 % (in the absence
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Figure 1. Overview of the chemical and photolytic reactions which lead to HCHO production and loss, considering the trace gases measured
during the CYPHEX field experiment. The black and bold font identifies the species which contribute mainly (∼80 %) to HCHO formation
according to the findings in this study. For a better overview, we have omitted intermediate steps with a 100 % yield which are, instead,
described in the main text.

of NO) and 57 % (when NO chemistry dominates the fate
of the RO2 formed), according to Eq. (3), which was orig-
inally determined experimentally by Miyoshi et al. (1994).
We discuss the effects of the threshold values in Sect. 3.1.
C5H8(OH)O2 is the peroxy radical resulting from isoprene
oxidation and has six relevant isomers which can undergo
multiple reactions yielding HCHO and many other products
(Wennberg et al., 2018; Schwantes et al., 2020). Additionally,
the formation of HCHO from isoprene does not occur in-
stantaneously (as, for example, from methane or other VOC),
but is likely time dependent. However, the consideration of
this time-dependent formation and the detailed evaluation of
the reactions paths from each peroxy radical isomer is be-
yond the scope of this study, and we, therefore, adapt the
methodology presented by Sumner et al. (2001) to estimate
the HCHO production from isoprene.

αIsoprene = 0.34+ 0.23×

 kC5H8(OH)O2+NO×[NO]
kC5H8(OH)O2+NO×[NO]
+kC5H8(OH)O2+HO2 ×[HO2]
+kC5H8(OH)O2+RO2 ×[RO2]

 . (3)

Methanol reacts with OH yielding HCHO via CH2OH and
CH3O and following oxidation by O2 (Anderson et al., 2017;
Stickler et al., 2006). Ethene is a precursor to HCHO through

OH oxidation or ozonolysis (Alam et al., 2011; Atkinson
et al., 2006). A potential source of HCHO in marine envi-
ronments is dimethyl sulfide (DMS) via OH oxidation (Ay-
ers et al., 1997; Urbanski et al., 1997). Terpenes, such as
limonene or α-/β-pinene emitted from plants, can addition-
ally be HCHO sources, as described by Lee et al. (2006).

Reactions (R1)–(R3) present the chemical loss processes
of HCHO through OH oxidation and two different photoly-
sis pathways. In addition, HCHO dry deposition – the uptake
of HCHO by the Earth’s surface – plays a role in HCHO loss,
particularly during the night (Anderson et al., 2017; Pos-
sanzini et al., 2002; Sumner et al., 2001; Wesely and Hicks,
2000). While HCHO loss can also occur via wet deposition,
as, for example, described by Seyfioglu et al. (2006), or via
liquid-phase reactions in cloud droplets, as shown by Franco
et al. (2021), this study investigates summertime campaigns
without significant precipitation.

HCHO+OH+O2→ CO+HO2+H2O (R1)
HCHO+hν→ CO+H2 (R2)
HCHO+hν+ 2O2→ CO+ 2HO2. (R3)

We will show in the scope of this work that reactions of
methane, acetaldehyde, methanol and isoprene with OH al-
most completely account for HCHO production in the envi-
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ronments considered in this paper across Europe. We have
highlighted these pathways in Fig. 1 in a black and bold font.
Equations (4) and (5) show the calculation of the basic pro-
duction P (HCHO)basic (compared to the reactions shown in
Fig. 1) and the loss L(HCHO) terms. The k values repre-
sent the rate coefficients, j (HCHO) is the summed photoly-
sis frequency for Reactions (R2) and (R3), vd describes the
dry deposition velocity in centimeters per second (cms−1)
and BLH is the boundary layer height in centimeters.

P (HCHO)basic

= PCH4+OH+PCH3CHO+OH+PCH3OH+OH+PC5H8+OH

= [OH]×
(
[CH4]× kCH4+OH×αCH3O2 + [CH3CHO]

× kCH3CHO+OH×αCH3O2 ×αCH3CHO+ [CH3OH]
× kCH3OH+OH+ [C5H8]× kC5H8+OH×αIsoprene

)
. (4)

L(HCHO)=LHCHO+OH+LHCHO+hν +Ldeposition

=[HCHO]×
(
[OH]× kHCHO+OH

+ j (HCHO)+
vd(HCHO)

BLH

)
. (5)

Changes in the HCHO concentration are represented by
Eq. (6), which include the production and loss from Eqs. (4)–
(5), a transport term T (HCHO), such as advection or entrain-
ment (can be positive or negative), and a term for primary
emissions (Fischer et al., 2019).

d[HCHO]
dt

= P (HCHO)basic−L(HCHO)

+ T (HCHO)+Pemission. (6)

2.2 O3 chemistry calculations

Figure 2 presents the main processes contributing to O3 for-
mation and loss. The only significant chemical source of tro-
pospheric O3 is the photolysis of nitrogen dioxide (NO2),
which is converted to NO and O(3P) under the influence of
sunlight. The reaction of O(3P) with molecular oxygen (O2)
subsequently yields O3 (Jacob, 1999). NO2, in turn, is gen-
erated from the oxidation of NO by ozone or peroxy radicals
(HO2 and RO2; Pusede et al., 2015).

Ozone loss processes include the reaction with NO form-
ing NO2, conversion with OH or HO2 to HO2 and OH, re-
spectively, deposition processes and photolysis. O3 photol-
ysis yields O(1D), which is deactivated to O(3P) (and then
O3) via collision with nitrogen (N2) and oxygen (O2). O3
loss occurs when O(1D) reacts with water to form OH. The
fraction of this reaction is presented by αO1D as shown in
Eq. (7) (Bozem et al., 2017). The reaction of O3 and NO2
to form NO3 could potentially yield a net loss of O3 when
being photolyzed back to NOx . However, only around 10 %
of the NO3 photolysis leads to NO formation (which results

Figure 2. Overview of the chemical and photolytic reactions which
lead to O3 production and loss.

in a O3 net loss; Stockwell and Calvert, 1983). Additionally,
the reaction is likely negligible during the day, as O3 reacts
much more rapidly with NO.

αO1D

=
kO1D+H2O×[H2O]

kO1D+N2
×[N2] + kO1D+O2

×[O2] + kO1D+H2O×[H2O]
. (7)

Equations (8) and (9) present the calculations for O3 pro-
duction and loss.

P (O3)= PNO2+hν = [NO2]× j (NO2) (8)
L(O3)= LO3+NO+LO3+OH+LO3+HO2

+LO3+hν +Ldeposition

= [O3]×

(
[NO]× kO3+NO+ [OH]× kO3+OH

+[HO2]× kO3+HO2 + j (O1D)×αO1D+
vd(O3)
BLH

)
. (9)

As for HCHO, net changes in O3 are represented by pro-
duction, loss and a transport term (either positive or nega-
tive), as shown in Eq. (10).

d[O3]

dt
= P (O3)−L(O3)+ T (O3). (10)

2.3 Field experiments

We have analyzed trace gases and further measurement pa-
rameters with regard to the HCHO and O3 budget at three
different measurement sites across Europe, which are lo-
cated in Cyprus (CYPHEX campaign, 2014), southern Ger-
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Figure 3. Geographic locations of the measurement sites included
in this analysis. CYPHEX – 34.96◦ N, 32.38◦ E, 650 m a.s.l. (above
sea level) and UTC+128 min (mean local time); HOPE – 47.80◦ N,
11.01◦ E, 980 ma.s.l. and UTC+44 min; HUMPPA – 61.85◦ N,
24.28◦ E, 181 ma.s.l. and UTC+96 min.

many (HOPE campaign, 2012) and Finland (HUMPPA cam-
paign, 2010). Their geographic locations are shown in Fig. 3.
We provide details on each campaign in the following sec-
tions. Please note that all times are in UTC (coordinated uni-
versal time). The time difference between 12:00 UTC and
mean local noon is UTC+128 min for Cyprus, UTC+ 44 min
for Germany and UTC+96 min for Finland (Fischer et al.,
2019).

2.3.1 CYPHEX campaign in 2014

The Cyprus Photochemistry Experiment (CYPHEX) took
place in Ineia, Cyprus, in July and August 2014. The mea-
surement site was situated on a hilltop 650 ma.s.l. (34.96◦ N,
32.38◦ E) in a remote location, with low population in the
surrounding areas. The distance to the coastline of the
Mediterranean Sea is approximately 10 km in the north and
in the west. A detailed description of the measurement site
can be found in Derstroff et al. (2017), Meusel et al. (2016)
and Mallik et al. (2018). In this study, we consider the cam-
paign days for which the trace gas measurements were avail-
able simultaneously, which is the time period 22–31 July
2014. NO and NO2 were measured via photolytic chemilu-
minescence (detector from ECO PHYSICS AG CLD 790 SR,
Dürnten, Switzerland, and photolytic converter from Droplet
Measurement Technologies, Boulder, CO, USA) with a total
uncertainty of 20 % and 30 % and a detection limit of 5 and
20 pptv (parts per trillion by volume), respectively (Hosay-
nali Beygi et al., 2011; Tadic et al., 2020). O3 was mea-
sured via UV photometry (model 49 O3 analyzer, Thermo

Environmental Instruments, USA) with a detection limit of
2 ppbv (parts per billion by volume) and a total uncertainty
of 5 %. OH and HO2 were measured via laser-induced fluo-
rescence spectroscopy with the custom-built HORUS (Hy-
drOxyl Radical measurement Unit based on fluorescence
Spectroscopy) instrument (accuracy of 28.5 % and 36 % and
a detection limit of 1× 106 molec.cm−3 and 0.8 pptv, respec-
tively; Marno et al., 2020; Novelli et al., 2014). HCHO was
measured via the Hantzsch method with a commercial in-
strument (Aero-Laser GmbH, model AL 4021, Garmisch-
Partenkirchen, Germany) with a detection limit of 38 pptv
and a total uncertainty of 16 % (Kormann et al., 2003). C2H4
and CH4 were determined via gas chromatography flame ion-
ization detection (GC 5000 VOC, AMA Instruments GmbH,
Ulm, Germany). CH4 measurements had a detection limit of
20 ppbv and a total uncertainty of 2 %, and C2H4 measure-
ments had a detection limit of 1–8 pptv and a total uncertainty
of 10 % (Sobanski et al., 2016; Mallik et al., 2018). Isoprene
was measured via gas chromatography mass spectrometry
(MSD 5973, Agilent Technologies, Inc., Böblingen, Ger-
many) with a detection limit of 1 pptv and a total uncertainty
of 14.5 % (Derstroff et al., 2017). Oxygenated VOC (OVOC)
was measured via proton transfer reaction time-of-flight
mass spectrometry (PTR-TOF-MS; Ionicon Analytik GmbH,
Innsbruck, Austria; CH3OH – 242 pptv limit of detection
(LOD) and 37 % total uncertainty (TU); CH3COCH3 –
97 pptv LOD and 10 % TU; CH3CHO – 85 pptv LOD and
22 % TU; DMS – 18 pptv LOD and 12 % TU; the TU is 4 %–
7 % higher for a relative humidity below 25 %; Veres et al.,
2013; Graus et al., 2010). CH3OOH was measured via high-
performance liquid chromatography with a detection limit of
25 pptv and a total uncertainty of 9 %. Photolysis frequen-
cies were determined with a single monochromator spectral
radiometer (Meteorologie Consult GmbH, Königstein, Ger-
many) with a total uncertainty of around 10 %. The photoly-
sis frequencies for acetaldehyde j (CH3CHO) and formalde-
hyde j (HCHO) were determined via parameterizations based
on j (NO2) and j (O1D), according to Eq. (S1) in the Supple-
ment, with the coefficients presented in Table S2. The latter
were derived from least squares fits to photolysis frequencies
from a large set of spectroradiometer measurements at Jülich,
Germany (Bohn et al., 2008), under all weather conditions
and were originally derived for the HUMPPA campaign. In
this work, more recent quantum yields for the HCHO pho-
tolysis as recommended by IUPAC (2013) were used with
an estimated uncertainty of 20 %. An example for the per-
formance of the parameterization is shown in Fig. S2. An
overview of all measured trace gases, including the measure-
ment uncertainty and the time resolution of the data used in
this study, can be found in Table S3. For the point-by-point
calculations, the data were interpolated to the OH time stamp
with a 4 min time resolution. All stated detection limits refer
to the time resolution shown in Table S3.
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2.3.2 HOPE campaign in 2012

The Hohenpeißenberg Photochemistry Experiment (HOPE)
took place from June to September 2012 in Hohenpeißen-
berg, Germany at the Global Atmospheric Watch meteoro-
logical observatory (47.80◦ N, 11.01◦ E). The measurement
location was situated on a hilltop, 980 ma.s.l., in a remote
and vegetated area. More details on the campaign and the
site location can be found in Novelli et al. (2017). O3,
HCHO, OH and HO2 were measured with the same meth-
ods as described for the CYPHEX campaign in Sect. 2.3.1.
NO and NO2 were measured via (photolysis) chemilumi-
nescence by the German Weather Service, with an esti-
mated uncertainty of 10 %. CH4 was measured via GC-
FID (gas chromatography–flame ionization detector). Iso-
prene and OVOC were determined via a custom-built GC
(Agilent Technologies, Inc.) FID/MS (mass spectrometry)
system (Novelli et al., 2017; Werner et al., 2013). j (NO2)
and j (O1D) were measured with filter radiometers (Meteo-
rologie Consult GmbH, Königstein, Germany) with an un-
certainty of 10 % (Bohn et al., 2008). j (HCHO) was de-
termined via parameterization (Sect. 2.3.1). BLH (bound-
ary layer height) measurements were not performed and in-
stead adopted from Fischer et al. (2019), which are 1500 m
for daytime (j (NO2)> 10−3 s−1) and 200 m for nighttime
(j (NO2)< 10−3 s−1). These values were derived from BLH
measurements at other locations during summertime, includ-
ing the CYPHEX and the HUMPPA measurement site, and
at a site in central Germany situated at a comparable altitude.
We assume that this estimate increases the uncertainty from
20 % (BLH measurements) to 30 %. We determined the de-
position velocity vd from the HCHO nighttime loss, as pre-
viously performed by Fischer et al. (2019), for H2O2. The
loss rate coefficient kd was determined from the [HCHO] de-
crease from 21:00–01:30 UTC divided by the average HCHO
concentration [HCHO]av during this time interval. Multipli-
cation with the nighttime BLH (200 m) then yielded the de-
position velocity according to Eq. (11). The HCHO loss via
deposition during nighttime is independent of the BLH (see
Eqs. 5 and 11).

vd =
kd,night×BLHnight

x
=

d[HCHO]
dt

[HCHO]av× x
×BLHnight. (11)

Please note that vd derived this way represents a lower limit
of the nighttime loss rate, as HCHO could be formed from
NO3 and O3 chemistry (for example, from ozone and iso-
prene) at night (Crowley et al., 2018). The factor x consid-
ers the inconsistent mixing of the boundary layer at night,
for which x was 2, assuming a linear gradient between the
top and the bottom of the boundary layer. During the day,
x equaled 1 (Shepson et al., 1992; Fischer et al., 2019).
As we determined the loss rate from the nighttime decrease
in HCHO, the daytime deposition velocity was twice the
nighttime deposition velocity according to Eq. (11), which

Figure 4. The determination of the deposition velocity is based
on the HCHO nighttime loss, which is here exemplarily shown for
1 night during the campaign HOPE (2012) in Hohenpeißenberg,
southern Germany.

gives vd(day) = 0.94 cms−1 and vd(night) = 0.47 cms−1. Lit-
erature values for daytime deposition velocities range be-
tween 0.36 and 1.5 cms−1 and for nighttime between 0.18
and 0.65 cms−1 (Sumner et al., 2001; Stickler et al., 2007;
DiGangi et al., 2011; Ayers et al., 1997). We, therefore, con-
sider our calculation to yield reasonable estimates.

We have performed this calculation for 9 nights. Figure 4
exemplarily shows the nighttime loss of HCHO for 1 night
during the HOPE campaign. Red data points represent the
HCHO mixing ratios, the black color highlights the data
points which we included in our analysis (nighttime HCHO
loss) and the cyan line is the linear fit of these data points.
An overview of the nights thus analyzed can be found in
Fig. S3b. The uncertainty of each calculation results from the
single uncertainties of d[HCHO]

dt , [HCHO]av and the nighttime
BLH. The uncertainty of d[HCHO]

dt is composed of the HCHO
measurement uncertainty (16 %) and the uncertainty of the
fit (30 % upper limit) with the latter dominating. The un-
certainty of [HCHO]av is based on the HCHO measurement
uncertainty and the HCHO averaging (20 % upper limit).
Again, the uncertainty of the averaging prevails over the mea-
surement uncertainty. The uncertainty of the BLH is 30 %.
Gaussian error propagation gives an overall uncertainty of√

30 %2+ 30%2+ 20%2 = 47 % from the calculation. Be-
sides the uncertainty resulting from the calculation, an ad-
ditional uncertainty arises from the atmospheric variability
which describes ambient, instrumentally independent vari-
ations in the considered trace gases and parameters caused
by, for example, atmospheric turbulence. The uncertainty
from the atmospheric variability represented by the 1σ stan-
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dard deviation of the mean over the considered 9 nights is
54 %, which exceeds the uncertainty from the calculation.
We, therefore, estimate the uncertainty of vd to be 54 %.
Please note that, in our uncertainty analysis, we consider the
arising statistical errors but not the systematic errors which
are not quantifiable but could potentially increase the overall
uncertainty. An overview of all uncertainties and the time res-
olution of the measured trace gases can be found in Table S3.
Absolute H2O concentrations were estimated from the mea-
sured relative humidity via the Magnus formula over water.
Please note that some trace gases were not available simul-
taneously or only for a short overlap. We, therefore, present
the averaged diurnal profiles.

2.3.3 HUMPPA campaign in 2010

The Hyytiälä United Measurements of Photochemistry
and Particles (HUMPPA) campaign took place in July
and August 2010 at SMEAR II (Station for Measur-
ing Ecosystem–Atmosphere Relation) in Hyytiälä, Finland
(61.85◦ N, 24.28◦ E, 181 ma.s.l.). The site is located in a
remote area in a boreal forest. A detailed description of
the campaign can be found in Williams et al. (2011). The
measurement methods for NOx , O3, HCHO and CH4 were
the same as those presented for the CYPHEX campaign.
CH3OH was measured via a cold trap PTR-MS with a de-
tection limit of around 50 pptv (integration time of 5 min).
Acetaldehyde was measured via PTR-MS with a detection
limit of 50 pptv (integration time of 6 min; Williams et al.,
2011). Isoprene was measured via GC (GC 6890A, Agi-
lent Technologies, Inc.) coupled to a mass selective detector
(MSD 5973 inert, Agilent Technologies, Inc.) with an uncer-
tainty of around 15 %. Highly constrained box model simula-
tions, which were in fair agreement with experimental data,
were available for OH and HO2, as described by Crowley
et al. (2018), with an uncertainty in the order of 30 %–40 %.
j (NO2) and j (O1D) were measured with filter radiometers
(Meteorologie Consult GmbH, Königstein, Germany) with
an uncertainty of around 10 %; j (HCHO) was determined
via parameterization (analogous to CYPHEX and HOPE).
H2O was measured with an infrared light absorption analyzer
(URAS 4 H2O, Hartmann & Braun AG, Frankfurt am Main,
Germany). The BLH was measured by radio soundings, as
presented by Ouwersloot et al. (2012), ranging from 200 m
during nighttime (here j (NO2)< 10−3 s−1) to 1500 m dur-
ing daytime (here j (NO2)< 10−3 s−1; Fischer et al., 2019).
The deposition velocity was determined analogously to the
HOPE campaign, based on the nighttime HCHO loss on the
basis of 14 nights, and was 0.85 cm s−1 during the day and
0.43 cms−1 during the night. The uncertainty of the calcula-
tion results from the single uncertainties of d[HCHO]

dt (16 %),
[HCHO]av (33 %) and the nighttime BLH (20 %). Gaussian
error propagation gives an overall uncertainty of 42 % from
the calculation. The atmospheric variability equals 54 %. We,
therefore, estimate the total uncertainty of the deposition ve-

locity to be 54 %. An overview of all considered nights and
the respective HCHO loss is presented in Fig. S3c. The de-
position velocity of ozone was adopted from Rannik et al.
(2012) for the time period during calendar weeks 25–34
of the year and a relative humidity below 70 %, which is
0.491 cms−1 for daytime and 0.069 cms−1 for nighttime. A
modeling study by Emmerichs et al. (2021) presents the aver-
age values in the same order of magnitude (∼ 0.2–0.3 cms−1

for July and August). Again, uncertainties and time resolu-
tion are shown in Table S3. Similar to the HOPE campaign,
some trace gases were not available simultaneously, and we,
therefore, present the averaged diurnal profiles.

3 Results and discussion

3.1 Net HCHO production during CYPHEX in 2014

HCHO concentrations during the CYPHEX campaign
ranged between 0.3 and 1.9 ppbv (1.1± 0.4 ppbv on aver-
age), with a maximum in the diel cycle during morning hours
(04:00 UTC) and a minimum in the afternoon (15:00 UTC).
Please note the mean local time difference stated in Sect. 2.3
and Fig. 3. The temporal development of HCHO concentra-
tions during the campaign and the respective j (NO2) val-
ues (to illustrate the daily cycle) are shown in Fig. S3a. Fi-
gure S4a presents the diurnal average of HCHO, including its
rate of change d[HCHO]

dt . The uncertainty is dominated by the
atmospheric variability which is on average 27 % for daytime
HCHO.

Figure 5 shows the time series of the HCHO produc-
tion terms (Fig. 5a), the HCHO loss terms (Fig. 5b) and
the net HCHO production (Fig. 5c) during the CYPHEX
research campaign in Cyprus in July 2014. We calculated
the HCHO production terms for all measured gas-phase pre-
cursors shown in Fig. 1. The individual production terms
are shown in Fig. S5. The total measurement uncertain-
ties were determined via Gaussian error propagation and
were 28 % for HCHO production (31 % for only consider-
ing the OH oxidation of methane, methanol, isoprene and
acetaldehyde) and 26 % for HCHO loss. Table S4 provides
an overview of all calculated uncertainties. We present two
example step-by-step calculations via Gaussian error propa-
gation in Eqs. (S2)–(S8). All other calculations were made
accordingly. We have neglected the uncertainties for the
HCHO yield from isoprene, αCH3O2 and αCH3CHO and in-
stead present a sensitivity study for these parameters later in
this section. Dark green colors show the overall HCHO pro-
duction as the sum of all single production terms. All produc-
tion terms show a diurnal cycle which follows the course of
the photolysis frequency j (NO2), which we show in Fig. 5d.
Photolysis reactions do not take place after sunset, and ox-
idation reactions are dependent on the abundance of OH
radicals, which is low during nighttime. Therefore, HCHO
production approaches zero during nighttime. Due to data
gaps, a full diurnal profile was only available for 23, 28 and
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Figure 5. Temporal development of (a) HCHO production terms, (b) HCHO loss terms and (c) net HCHO from 22 July to 31 July 2014
during the CYPHEX research campaign in Cyprus. The NO2 photolysis frequency j (NO2) is shown in panel (d) as an illustration of the
diurnal cycle. All times are in UTC.

30 July, where the overall HCHO production reached max-
ima between 0.6 and 0.8 ppbv h−1. The reactions of methane,
methanol, isoprene and acetaldehyde with OH dominated the
HCHO production processes. This is additionally illustrated
in Fig. 6, which presents the daily average share (including
day- and nighttime values) of each production term based
on a balance to the overall loss rate. HCHO production was,
therefore, dominated by the reaction of methane and OH (al-
most a third), followed by the oxidation of acetaldehyde con-
tributing around 15 % and the OH oxidations of isoprene and
methanol, both contributing around 14 %. These four species
together represented 75 % of the overall HCHO production

required to balance the sinks. The production through the OH
oxidation of methyl hydroperoxide and dimethyl sulfide and
through the reaction of isoprene and ozone contributed by
around 1 %–2 % each. The remaining species each yielded
less than 1 % of the overall HCHO. Less than 20 % was unac-
counted for (the rest in Fig. 6). This part also includes HCHO
production from terpenes via oxidation through OH or O3.
The yields from these reactions vary greatly in the literature.
Considering the yields from OH oxidation, suggested by Lee
et al. (2006), from laboratory investigations, limonene, β-
and α-pinene would account for 3 %, 2 % and 1 % of the
overall HCHO production, respectively. The isoprene yield
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Figure 6. Chemical production terms of HCHO during CYPHEX,
including daily averages of all data.

is limited to a value between 34 % and 57 %. The lower limit
would give a HCHO production from isoprene of 11 %, and
the upper limit would yield 19 %. The value for αCH3O2 can
theoretically be between 0 % and 100 % but is likely situated
at the upper end due to the availability of NO. As an exam-
ple, a 20 % decrease in αCH3O2 would give a HCHO produc-
tion from CH3O2 of 38 % (compared to 47 % for the calcu-
lated αCH3O2 ). A 20 % increase would yield 57 % on average
and decrease the rest to less than 10 %. For αCH3CHO, a 20 %
decrease and increase would give a HCHO yield from ac-
etaldehyde of 12 % and 18 %, respectively, assuming a con-
stant αCH3O2 . Please note that the uncertainty of the absolute
values used to create this pie chart is dominated by the atmo-
spheric and diurnal variability in the single terms and is of
the order of 100 %.

HCHO loss was determined from the reaction with OH
and photolysis. Red colors in Fig. 5b show the overall calcu-
lated HCHO loss. Similar to the HCHO production, HCHO
loss via OH and photolysis only plays a role during the day-
time. At night, dry deposition is the only HCHO loss mecha-
nism, and the deposition velocity vd can be determined from
the nighttime decrease in ambient HCHO concentrations, as
shown by Sumner et al. (2001). However, we often observed
increasing HCHO concentrations during nighttime, partic-
ularly before sunrise. The reason for this nighttime HCHO
increase is not yet fully understood. The role of the deposi-
tion processes at elevated altitudes is not yet fully understood
but is likely influenced by flows along mountain slopes and
horizontal advection on hilltops. For hilltops, incoming air
through advection likely originated from areas without de-
position (too high above the ground; Derstroff et al., 2017).
Please note that the effect of deposition processes could also
be counteracted by a nighttime HCHO source, such as ter-
pene oxidation by ozone or advection. The determined value
for the deposition can, therefore, be seen as being a lower
estimate (Crowley et al., 2018). As we do not observe the
net loss of HCHO at night during the CYPHEX campaign,
we estimate the dry deposition to be negligible. Figure 5c
shows the overall HCHO production and loss rates, as well as

the difference between both, which we refer to as net HCHO
production, in black. Production and loss showed a good bal-
ance with values of ± 0.2 ppbvh−1. On most days, HCHO
loss prevailed over HCHO production, based on measured
precursors.

In order to better account for diurnal changes, we inves-
tigated the daily cycle of HCHO production and loss rates
based on hourly averages over all measurement days. Fi-
gure 7 shows the diurnal profiles of the main HCHO pro-
duction terms (Fig. 7a) as determined above, the HCHO loss
terms (Fig. 7b) and net HCHO production (Fig. 7c). The solid
lines represent the hourly averages of the point-by-point cal-
culation of the production and loss terms. The uncertainty
is composed of the measurement uncertainty and the atmo-
spheric variability, where the latter is demonstrated by the
1σ error shades. For HCHO production, the measurement
uncertainty was 31 %, and the daytime atmospheric variabil-
ity was 40 % (61 % for day and night). For HCHO loss,
the uncertainties were 26 % and 34 % (57 %), respectively.
In both cases, the overall uncertainty was dominated by the
atmospheric variability. The dashed lines show the hourly
production and loss terms calculated from the hourly aver-
aged trace gas concentrations. The uncertainty from the at-
mospheric variability was 22 % (34 %) for HCHO production
and 25 % (52 %) for HCHO loss and is exemplarily indicated
by an error bar for one point for each production and loss
term in Fig. 7. Both methods have advantages and disadvan-
tages. The point-by-point calculation allows for a simultane-
ous consideration of all measurement parameters. Potential
atmospheric changes or incidents such as wind, precipitation
or rare primary emission events are reflected by all param-
eters as they are monitored at the same time. On the other
hand, this method reduces the number of data points used as
only one single missing species prevents the calculation of
the overall term. In order to increase the number of results,
we have interpolated the values for the isoprene yield (data
coverage 81 %), αCH3CHO and αCH3O2 (data coverage 64 %).
Calculating production and loss terms from the hourly av-
eraged trace gas concentrations allows for the inclusion of
all measured parameters but could potentially increase the
uncertainty of the estimate, depending on the duration and
overlap of the single measurements. However, in this case,
the data were limited to 1 week in July with mainly simulta-
neous measurements of all parameters, and we, therefore, do
not expect large uncertainties. The similarity of the results,
as shown in Fig. 7, indicates that both methods provide rea-
sonable results.

For HCHO production, the daily maxima of around 0.4–
0.45 ppbv h−1 were reached between 09:00 and 10:00 UTC,
which was coincident with the maximum of the photol-
ysis frequency j (NO2). HCHO production from methane
dominated the overall production term, with a maximum of
close to 0.2 ppbvh−1, followed by acetaldehyde, isoprene
and methanol. HCHO loss peaked around 09:00 UTC, with
a value of 0.5 ppbvh−1, with around 55 % contribution from
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Figure 7. Diurnal profiles of (a) HCHO production P (HCHO), (b) HCHO loss L(HCHO) and (c) HCHO net terms during the CYPHEX
campaign in 2014. Solid lines show the hourly averaged HCHO production and loss terms, based on the point-by-point calculation of
simultaneous parameter measurements. The uncertainty from the atmospheric variability is represented by the 1σ error shades. For the
dashed lines, all measurement parameters were averaged first, followed by the calculation of hourly HCHO production and loss terms.
The uncertainty is based on the atmospheric variability of all parameters and is exemplarily shown by the error bar for one point for each
production and loss term. The gray dashed line represents the diurnal solar elevation angle at the measurement site, as determined by help of
the NOAA Solar Calculator (2021).

photolysis and 45 % from OH oxidation. Figure 7c shows
that the calculated production term for HCHO can almost
completely balance the loss, which, assuming that the major
loss processes are well constrained, leads to the conclusion
that HCHO production can be approximated by OH oxida-
tion of methane, acetaldehyde, isoprene and methanol. This
is in line with the HCHO rate of change presented in Fig. S4a
which oscillated around zero. Therefore, transport processes
and primary emissions during CYPHEX can likely be ex-
cluded.

3.2 Net O3 production during CYPHEX in 2014

Ozone varied between 46 and 104 ppbv during the CYPHEX
campaign (70± 13 ppbv on average), with a diel maximum
at 04:00 UTC and a minimum at 15:00 UTC. The time se-
ries of O3 concentrations is presented in Fig. S6a. The diel
mean, including the rate of change dO3/dt , can be found in
Fig. S7a. The uncertainty is dominated by the atmospheric
variability, which is on average 16 % (1σ ) for O3.

Figure 8 shows the diurnal cycle of the production and loss
rates for ozone, analogous to Fig. 7. Solid lines show the
hourly averaged point-by-point calculations of the O3 pro-
duction and loss terms. The 1σ error shades present the at-
mospheric variability, which was 59 % for O3 production and
37 % for O3 daytime loss (44 % for day and night). The mea-
surement uncertainties were 32 % and 16 %, respectively, and
the overall uncertainty was, therefore, dominated by the at-
mospheric variability. Dashed lines show the O3 production
and loss terms based on the hourly averaged measurement
parameters. The uncertainty resulting from the averaging of
the individual parameters is exemplarily shown by the error
bar for one point and is similar to the atmospheric variability

obtained by the point-by-point method (57 % for P (O3) and
35 % (49 %) for L(O3)). Figure 8a shows O3 production rep-
resented by the photolysis of NO2. Figure 8b shows the O3
loss terms. O3 loss through reaction with NO was dominant,
followed by photolysis. The loss via OH and HO2 was neg-
ligibly small. O3 net production during the CYPHEX cam-
paign was, therefore, clearly dominated by nitrogen oxides
chemistry. Figure 8c shows the net O3 production. O3 pro-
duction and loss were similar throughout the day, with peak
values of 4–7 ppbvh−1 between 05:00 and 10:00 UTC. Net
O3 production was between −1 and 1 ppbvh−1. Please note
that we have excluded the NO2 data from 24 July between
13:15 and 16:15 UTC due to a singular high-concentration
event. The large spike in NO2 (O3 titration of NO) is likely
the result of sampling air impacted by the exhaust from a
diesel generator which provided on-site power and was lo-
cated about 200 m from the containers housing the instru-
ments. We show O3 net production, including all NO2 data
points, in Fig. S9a. O3 production is directly proportional to
the NO2 concentration, according to Eq. (8), which explains
the large afternoon production peak. We show the diel profile
of NO2 concentrations with and without the afternoon peak
in Fig. S9b. Production and loss terms for O3 were balanced,
and the O3 rate of change oscillated around zero (Fig. S7a),
suggesting that the diel variability was likely not impacted
by transport processes.

3.3 Comparison with HOPE (2012) and HUMPPA
(2010)

3.3.1 Net HCHO production

We have shown, in Sect. 3.1 and 3.2, that the hourly averag-
ing of measurement parameters and subsequent calculation
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Figure 8. Diurnal profiles of (a) ozone production P (O3), (b) ozone loss L(O3) and (c) ozone net terms during the CYPHEX campaign in
2014. Solid lines show the hourly averaged O3 production and loss terms, based on the point-by-point calculation of simultaneous parameter
measurements. The uncertainty from the atmospheric variability is represented by the 1σ error shades. For the dashed lines, all measurement
parameters were averaged first, followed by the calculation of hourly O3 production and loss terms. The uncertainty is mostly dominated
by the atmospheric variability in all parameters and is exemplarily shown by the error bar for one point for each production and loss term.
Please find the temporal development of production and loss terms throughout the campaign in Fig. S8.

Figure 9. Diurnal profiles of HCHO production P (HCHO) and loss L(HCHO) terms during the HOPE campaign 2012 (top row) and the
HUMPPA campaign 2010 (bottom row). (a) P (HCHO), (b) L(HCHO), (c) net HCHO), (d) P (HCHO), (e) L(HCHO) and (f) net(HCHO).

of production and loss terms yielded reliable results during
the CYPHEX campaign. For HUMPPA and HOPE, we have
pursued this approach regarding the calculations of HCHO
and O3 production and loss terms, as the simultaneous data
availability for all measurement parameters was too low for
a point-by-point analysis.

HCHO mixing ratios during the HOPE campaign varied
between 0.1 and 3.2 ppbv (1.1± 0.5 ppbv on average), with
a maximum in the diel cycle at 15:00 UTC and a minimum
at 06:00 UTC. The average mixing ratio was similar to the
average mixing ratio during the CYPHEX campaign, but the
variability was higher, which is likely due to the longer time
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period of available data which was about 4 weeks for HOPE
(compared to a bit more than 1 week for CYPHEX), includ-
ing, e.g., larger temperature variations. HCHO mixing ratios
in Hyytiälä during the HUMPPA campaign ranged between
0.03 and 5.7 ppbv, with an average of 0.4± 0.5 ppbv. The
variability is high because of biomass burning events in Rus-
sia which were detected at the site in Finland on 26–30 July
and 9 August, as described by Williams et al. (2011). The
large HCHO peaks detected on these days can also be seen
in Fig. S3c. Figure S4b and c present the diurnal cycles for
HCHO, including the rate of change d[HCHO]

dt during HOPE
and HUMPPA. The uncertainty is dominated by the atmo-
spheric variability represented by the 1σ standard deviation,
which is, on average, 44 % for HCHO for HOPE and 106 %
for HUMPPA.

Figure 9 shows the HCHO production and loss rates for
the two campaigns. For all cases, the uncertainty was dom-
inated by the atmospheric variability (1σ ), which was 42 %
for daytime HCHO production and 40 % for daytime HCHO
loss in Hohenpeißenberg and 38 % and 77 % in Hyytiälä, re-
spectively. The measurement uncertainty was around 30 %
to 40 %. We present the atmospheric variability with the er-
ror bars in Fig. 9. For better clarity, we only show one er-
ror bar for each term. An overview of all calculated un-
certainties can be found in Table S4. HCHO production
during HOPE is shown in Fig. 9a. The maximum produc-
tion rate of 0.48 ppbvh−1 was reached between 11:00 and
12:00 UTC, and a comparison to j (NO2) shows good agree-
ment with local noon. The production of HCHO was domi-
nated by the oxidation of acetaldehyde, which contributed to
the peak production by around 50 %, followed by methane,
isoprene and methanol. We show a pie chart representing
the contribution of the single HCHO production terms dur-
ing HOPE in Fig. S10a. HCHO loss is shown in Fig. 9b.
The maximum loss rate of HCHO was 0.46 ppbvh−1. Dur-
ing the day, HCHO loss was dominated by photolysis and
oxidation, while, at nighttime, deposition was the main loss
path for formaldehyde in Hohenpeißenberg. Figure 9c shows
HCHO net production during HOPE. The calculated produc-
tion of HCHO slightly prevailed over its loss. At 11:00 UTC,
HCHO loss was > 95 % of HCHO production. Overall abso-
lute loss and production terms were very similar compared
to the results obtained for the site in Cyprus. The main dif-
ference is the composition of the HCHO production, which
was dominated by the oxidation of acetaldehyde in Ho-
henpeißenberg and by the oxidation of methane in Cyprus.
HCHO production and loss during the HUMPPA campaign
are shown in Fig. 9d–f. HCHO production reached a peak
value of 0.15 ppbv h−1 at 12:00 UTC. Methane and acetalde-
hyde contributed to the overall production by approximately
equal parts, followed by isoprene and methanol. Figure S10b
shows the share of the individual HCHO production terms
during HUMPPA. Axinte (2016) showed that the contribu-
tion from terpene oxidation to HCHO production was small
(1 %–2 % each), which is in line with our findings for the

CYPHEX campaign. HCHO loss was dominated by photol-
ysis during the day and by dry deposition at night. Figure 9f
shows that HCHO production and loss were in good agree-
ment throughout the day (∼ 90 %), apart from the morning
hours 06:00–07:00 UTC when HCHO production prevailed
over its loss by around 2 to 3 times, indicating a missing
loss term, most likely due to dilution with HCHO-poor air
during the rise of the planetary boundary layer in the early
morning hours (accompanied by a peak in the HCHO rate of
change as shown in Fig. S4b). Overall production and loss
terms for HCHO were around 3 times smaller compared to
the values obtained for the sites in Germany and Cyprus.
We also observed smaller concentrations of CH4, OH rad-
icals and HCHO. It is notable that HCHO production was
slightly higher than the loss for both the HUMPPA and the
HOPE campaign. This is also reflected by peaks in the rate
of change (0.1–0.2 ppbvh−1) in the morning/midday hours
(Fig. S4b and c) and could indicate a transport effect from
areas with lower HCHO concentration, e.g., entrainment, ac-
cording to Eq. (6). For HUMPPA, this idea is supported when
excluding the data impacted by biomass burning, which we
show in Fig. S11a. It can be seen that HCHO production
prevailed over its loss, suggesting a missing loss term. The
difference was highest in the morning hours, with approx-
imately 0.1 ppbvh−1, and decreased throughout the day in-
dicating, e.g., a vertical dilution from higher, HCHO-poor
altitudes. For comparison, Fig. S11b shows the HCHO pro-
duction and loss terms when only considering data impacted
by biomass burning. Due to high HCHO mixing ratios, the
loss terms were substantially higher compared to its pro-
duction. In periods influenced by biomass burning, the high-
est HCHO yield was from acetaldehyde (averaged diel mix-
ing ratios of 1.1 ppbv compared to 0.6 ppbv without biomass
burning); when excluding biomass burning, the yield from
methane was slightly higher.

3.3.2 Net O3 production

Ozone concentrations in Hohenpeißenberg were, on average,
44± 11 ppbv, with a minimum of 5 ppbv and a maximum
of 97 ppbv. The campaign-averaged diel profile displayed a
peak of 48 ppbv at 16:00 UTC and a minimum of 39 ppbv
at 07:00 UTC. In Hyytiälä, ozone concentrations were be-
tween 20 and 76 ppbv and 42± 11 ppbv on average. A diel
peak of 49 ppbv was reached between 15:00 and 16:00 UTC
and a minimum of 34 ppbv at 05:00 UTC. The temporal de-
velopment of ozone concentrations during the campaigns and
the diurnal averages can be found in Figs. S6 and S7. The
uncertainty is dominated by the atmospheric variability (1σ )
which is, on average, 24 % for O3 for HOPE and 23 % for
HUMPPA.

Figure 10 shows the ozone production and loss terms for
the research campaigns HOPE and HUMPPA. The overall
uncertainty was again dominated by the atmospheric vari-
ability (1σ ), which was 58 % for the daytime O3 produc-
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Figure 10. Diurnal profiles of O3 production P (O3) and loss L(O3) terms during the HOPE campaign 2012 (top row) and the HUMPPA
campaign 2010 (bottom row). (a) P (O3), (b) L(O3), (c) net O3, (d) P (O3), (e) L(O3) and (f) net(O3).

tion and 90 % for the daytime O3 loss in Hohenpeißen-
berg and 44 % and 51 %, respectively, in Hyytiälä. In com-
parison, the measurement uncertainty regarding overall pro-
duction and loss was between 10 % and 15 %. A detailed
overview of the uncertainties can be found in Table S4. We
adopted the dry deposition velocity for ozone in Hyytiälä
from Rannik et al. (2012). No literature values for the ozone
dry deposition in Hohenpeißenberg were available. There-
fore, we applied the same values as for the HUMPPA cam-
paign, which increased the uncertainty of the analysis. How-
ever, the fraction of ozone dry deposition of the overall loss
was small. For the applied deposition velocity, dry deposition
contributed by around 4 % during the daytime. For a change
in vd of ± 100 %, the fraction varied between 2 % and 7 %.
We, therefore, assume a maximum additional uncertainty of
5 % resulting from this estimate. Ozone production in Ho-
henpeißenberg reached peak values of 38 ppbv h−1. In con-
trast, ozone loss showed a maximum of only 21 ppbv h−1,
most of which was due to the reaction with NO. In Hyytiälä,
ozone production was 6.7 ppbvh−1 at its diurnal maximum,
while ozone loss reached 5.1 ppbvh−1 and was mainly com-
posed of the loss via NO, followed by dry deposition. The
differences between production and loss terms could again
indicate a transport effect, according to Eq. (10), as described
for HCHO. The rate of change for O3 showed peak val-

ues (2–3 ppbvh−1) during the morning/midday hours, which
was not observed for the CYPHEX campaign (Fig. S7). O3
production and loss terms during HUMPPA and CYPHEX
were similar, while the values were significantly higher dur-
ing HOPE. O3 production in Hohenpeißenberg was almost 1
order of magnitude higher compared to the other sites, which
was likely due to the higher ambient NOx concentrations.
The net O3 production (the difference between O3 produc-
tion and loss) at each site could give a hint regarding the
dominant chemical ozone regime. For HOPE, net O3 pro-
duction was significantly above zero, with diurnal maximum
values of around 20 ppbh−1 at 10:00 UTC, which could in-
dicate a VOC limitation. In contrast, net O3 production was
close to zero for CYPHEX, and the ozone regime was more
likely NOx limited. We will discuss the dominant chemical
ozone regime in detail in the following section.

3.4 Chemical regime

Various methods exist to determine the prevailing chemi-
cal ozone regime (i.e., the net efficiency of production or
loss), one of which is the ratio of formaldehyde and nitro-
gen dioxide. We have calculated the diel HCHO/NO2 ratios
for all three measurement sites, which is shown in Fig. 11a.
The HCHO/NO2 ratio was highest in Cyprus with 8.0± 2.4,
followed by 1.4± 0.7 in Hyytiälä and 0.7± 0.2 in Hohen-
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Figure 11. Determination of the dominant chemical regime via (a) the HCHO/NO2 ratio (colored areas indicate the dominant chemical
regime, according to Duncan et al. (2010), which are blue (HCHO/NO2> 2) for a NOx limitation, green (HCHO/NO2< 1) for a VOC
limitation and yellow (1<HCHO/NO2< 2) for the transition), (b) the fraction of methyl peroxy radicals forming HCHO and (c) the HCHO
yield from isoprene.

peißenberg. According to findings by Martin et al. (2004)
and Duncan et al. (2010) these values indicate a dominant
NOx-limited regime during CYPHEX and a dominant VOC-
limited regime during HOPE. The regime during HUMPPA
was likely transitioning between both limitations. We show
two additional approaches for determining the present chem-
ical regime in Fig. 11. In Fig. 11b, we present the day-
time averages of αCH3O2 versus the NO concentration. All
campaigns show a linear correlation. Daytime average NO
concentrations during CYPHEX ranged from 1 to 45 pptv,
accompanied by an increase in αCH3O2 from around 55 %
to 75 %, giving a slope of 5.54 ppbv−1. The slope for the
increase in αCH3O2 with NO is approximately half for the
HUMPPA campaign, with a value of 2.52 ppbv−1. The NO
concentration ranged from 22 to 76 pptv, along with an in-
crease in αCH3O2 from 73 % to 87 %. Finally, for the HOPE
campaign, NO concentrations and its range were highest
with values between 60 and 350 pptv. At the same time,
αCH3O2 showed the smallest increase by only 3 percent-
age points. The resulting slope was the smallest, with a
value of 0.11 ppbv−1. αCH3O2 indicates the share of CH3O2
that forms HCHO, predominantly through the reaction with
NO. The competing reaction is the conversion with HO2 to
CH3OOH. A high value for αCH3O2 , which is not (or only
a little) responsive to a changing NO concentration, indi-
cates a VOC limited regime, while in a NOx-limited regime,
small changes in ambient NO have a large effect on the
HCHO formation from CH3O2. Analogously, we show the
HCHO yield from isoprene, according to Eq. (3), versus NO
concentrations in Fig. 11c, which we suggest as an indica-
tor for the present chemical regime too. For the CYPHEX
campaign, the isoprene yield was most responsive to ambi-
ent NO concentrations with a slope of 1.61 ppbv−1, indicat-
ing a NOx limitation. In contrast, the isoprene yield during
the HOPE campaign was almost non-responsive to changing
NO, indicating a VOC limitation (slope of 0.05 ppbv−1). Al-

though specialized instrumentation is still necessary to mea-
sure NO, OH and HO2, these methods to determine the dom-
inant chemical regime only require the knowledge of a small
number of trace gas concentrations and the ambient temper-
ature.

4 Conclusions

In this study, we have analyzed the photochemical pro-
cesses contributing to formaldehyde and ozone production
and loss across Europe based on in situ trace gas obser-
vations during three different stationary field campaigns in
Cyprus (CYPHEX in 2014), Germany (HOPE in 2012) and
Finland (HUMPPA in 2010). Very consistently across all
sites, we found that formaldehyde loss can be predominantly
accounted for by the production via the OH oxidation of
methane, acetaldehyde, isoprene and methanol. Formalde-
hyde loss is represented by photolysis, OH oxidation and, to
a small extent, by dry deposition. Ozone chemistry is mainly
controlled by nitrogen oxides. The production can be de-
scribed by NO2 photolysis, and the loss is mainly a func-
tion of NO reduction and, to a smaller extent, of photolysis
and dry deposition. We found a good agreement between O3
production and loss in Cyprus and Finland, while the produc-
tion was approximately double its loss in southern Germany.
Finally, we have presented several different approaches for
determining the prevalent chemical regime, which included
the HCHO/NO2 ratio, and the fraction of CH3O2 form-
ing HCHO, and the HCHO yield from isoprene in its de-
pendence on the ambient NO concentration. We identify a
VOC-limited regime during the HOPE campaign in Germany
and a NOx-limited regime during the CYPHEX campaign in
Cyprus, whereas chemistry during the HUMPPA campaign
in Finland was likely at a transitional point.
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While ongoing research on HCHO photochemical pro-
cesses has continuously widened the contributors to possi-
ble production paths and the complexity of calculations and
models, we show that the consideration of only four precur-
sor VOCs is capable of almost completely representing the
HCHO production term at various sites across Europe. We
encourage extending the HCHO budget calculations based
on in situ trace gas observations to more sites worldwide
as a simple, but effective, tool to monitor photochemical
processes and air quality, including the dominant chemical
regime.
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Abstract. The COVID-19 (coronavirus disease 2019) European lockdowns have led to a significant reduction
in the emissions of primary pollutants such as NO (nitric oxide) and NO2 (nitrogen dioxide). As most pho-
tochemical processes are related to nitrogen oxide (NOx ≡NO+NO2) chemistry, this event has presented an
exceptional opportunity to investigate its effects on air quality and secondary pollutants, such as tropospheric
ozone (O3). In this study, we present the effects of the COVID-19 lockdown on atmospheric trace gas concentra-
tions, net ozone production rates (NOPRs) and the dominant chemical regime throughout the troposphere based
on three different research aircraft campaigns across Europe. These are the UTOPIHAN (Upper Tropospheric
Ozone: Processes Involving HOx and NOx) campaigns in 2003 and 2004, the HOOVER (HOx over Europe)
campaigns in 2006 and 2007, and the BLUESKY campaign in 2020, the latter performed during the COVID-19
lockdown. We present in situ observations and simulation results from the ECHAM5 (fifth-generation European
Centre Hamburg general circulation model, version 5.3.02)/MESSy2 (second-generation Modular Earth Sub-
model System, version 2.54.0) Atmospheric Chemistry (EMAC), model which allows for scenario calculations
with business-as-usual emissions during the BLUESKY campaign, referred to as the “no-lockdown scenario”.
We show that the COVID-19 lockdown reduced NO and NO2 mixing ratios in the upper troposphere by around
55 % compared to the no-lockdown scenario due to reduced air traffic. O3 production and loss terms reflected
this reduction with a deceleration in O3 cycling due to reduced mixing ratios of NOx , while NOPRs were largely
unaffected. We also study the role of methyl peroxyradicals forming HCHO (αCH3O2 ) to show that the COVID-
19 lockdown shifted the chemistry in the upper-troposphere–tropopause region to a NOx-limited regime during
BLUESKY. In comparison, we find a volatile organic compound (VOC)-limited regime to be dominant during
UTOPIHAN.

1 Introduction

COVID-19 (coronavirus disease 2019) describes the disease
accompanying an infection with the SARS-CoV-2 (severe
acute respiratory syndrome coronavirus-2) virus. The dis-
ease is highly infectious and can have severe health conse-
quences, including premature death, particularly for the el-
derly and people with pre-existing conditions (WHO, 2021).
On 11 March 2020, COVID-19 was declared a pandemic

by the World Health Organization (WHO, 2020a, b). As a
response, in many countries worldwide – including the Eu-
ropean continent – governments initiated a shutdown of the
daily life for minimizing the spread of the virus, which is
referred to as a COVID-19 lockdown. Among others, this in-
cluded a reduction in vehicular and industrial activities as
well as sharp restrictions on air travel accompanied by a re-
duction in atmospheric pollutants such as nitrogen oxides
(NOx ≡ NO+NO2) (Venter et al., 2020; Kroll et al., 2020;
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Chossière et al., 2021; Onyeaka et al., 2021; Salma et al.,
2020; Matthias et al., 2021; Forster et al., 2020).

NO and NO2 are important atmospheric trace gases as they
are involved in almost all photochemical processes taking
place in the earth’s atmosphere. NOx directly impacts the
production of tropospheric ozone (O3), which is a hazard to
human and plant health (Nuvolone et al., 2018; Mills et al.,
2018). Together with volatile organic compound (VOC) ox-
idation, NO forms NO2 within the HOx cycle, catalyzed by
an OH radical. Under the influence of sunlight, NO2 can sub-
sequently form O3 through the reaction with molecular oxy-
gen, as shown in Reaction (R1) (Leighton, 1971; Crutzen,
1988; Lelieveld and Dentener, 2000; Pusede and Cohen,
2012; Pusede et al., 2015; Nussbaumer and Cohen, 2020).

NO2+O2
hν
−→ NO+O3 (R1)

Various termination reactions such as the formation of
HNO3 from OH and NO2 or other radical recombinations
cause ozone chemistry to be non-linear, which means that
a reduction in ambient NOx can either increase or decrease
O3 production (Calvert and Stockwell, 1983; Pusede et al.,
2015). For low ambient NOx levels, a NOx reduction usu-
ally causes a decrease in O3 production, which is referred
to as a NOx-limited chemical regime. In contrast, a NOx re-
duction increases O3 production when a VOC-limited chem-
ical regime is dominant – usually at high ambient NOx lev-
els (Sillman et al., 1990; National Research Council, 1992;
Pusede and Cohen, 2012). In the transition region between
the two regimes, changes in NOx do not (or only slightly) im-
pact O3 production rates (Wang et al., 2018). Earlier studies
on evaluating correlations of NOx and O3 in the troposphere
include Liu et al. (1987), Logan (1985) and Lin et al. (1988),
reporting a non-linear dependence that varies with ambient
levels of hydrocarbons and NOx .

Many different methods enable the determination of the
dominant chemical regime, such as the use of the weekend
ozone effect, which considers the response of O3 to NOx re-
ductions on weekends, or the ratio of HCHO to NO2, with
various approaches from in situ observations, remote sens-
ing and model simulations (e.g., Jin et al., 2020; Pusede
and Cohen, 2012; Nussbaumer and Cohen, 2020; Duncan
et al., 2010). We have recently shown that the fraction α
of methyl peroxyradicals (CH3O2) forming formaldehyde
(HCHO) in correlation with ambient NO concentrations is
capable of indicating the dominant chemical regime based
on three different field campaigns across Europe in Fin-
land (HUMPPA 2012), Germany (HOPE 2012) and Cyprus
(CYPHEX 2014) (Nussbaumer et al., 2021). CH3O2 formed
from, for example, the oxidation of acetaldehyde (CH3CHO)
or methane (CH4) can either react with NO or OH radicals
to form HCHO or undergo the competing reaction with HO2
to form methyl hydroperoxide (CH3OOH). For more details,
please see Fig. 1 in Nussbaumer et al. (2021). αCH3O2 con-
sequently depends on the ambient concentrations of NO, OH

and HO2 and the respective rate constants for the reaction
with CH3O2, the latter of which were taken from the IUPAC
Task Group on Atmospheric Chemical Kinetic Data Eval-
uation (2021). Self-reaction of CH3O2 as a contributor to
CH3O2 loss forming HCHO is negligible. The calculation
of αCH3O2 is presented in Eq. (1).

αCH3O2 =

kCH3O2+NO×[NO] + kCH3O2+OH×[OH]
kCH3O2+NO×[NO] + kCH3O2+OH×[OH] + kCH3O2+HO2 ×[HO2]

(1)

Low values for αCH3O2 with a high response to NO are an
indicator for a NOx-limited regime, whereas high values for
αCH3O2 with little response to changing NO represent a VOC
limitation (Fig. 11 in Nussbaumer et al., 2021). Investigating
the dominant chemical regime is an important method for
analyzing photochemical processes and air quality.

Previous studies have explored changes in air quality, trace
gas emissions and the dominant chemical regime during the
COVID-19 lockdown in Europe. Menut et al. (2020) reported
NO2 reductions between 30 % and 50 % for various western
European countries in the course of March 2020, with both
decreasing and increasing O3 concentrations in response, de-
pending on the location, based on surface in situ observa-
tions and model simulations. Ordóñez et al. (2020) observed
decreased NO2 and increased O3 concentrations in central
Europe in March and April 2020 based on in situ observa-
tions compared to 2015–2019. While they found NO2 reduc-
tions to be mainly attributed to the COVID-19 lockdown, O3
enhancements were predominantly affected by meteorolog-
ical changes. Chossière et al. (2021) presented evidence of
NO2 reductions during the COVID-19 lockdown in Europe
and O3 changes dependent on the dominant chemical regime
through investigation of HCHO/NO2 ratios based on in situ
and satellite observations. Similar studies were performed by
Matthias et al. (2021), Mertens et al. (2021), Balamurugan
et al. (2021), Grange et al. (2021) and many more.

Besides the changes within the dominant chemical regime
through NOx reductions, i.e., increasing ozone within a
VOC-limited regime and decreasing ozone within a NOx-
limited regime, the COVID-19 lockdown could have poten-
tially changed the dominant chemical regime from VOC-
to NOx-limited as pointed out by Kroll et al. (2020)
and Gaubert et al. (2021). Cazorla et al. (2021) found a
lockdown-induced change from a VOC- to a NOx-limited
regime in Quito (Ecuador) based on the share of precursor
loss to HNO3 and H2O2. The latter is dominant for NOx-
limited chemistry (Kleinman et al., 2001). A change from
a VOC- to a NOx-limited regime was also reported by Zhu
et al. (2021) in China based on HCHO-to-NO2 ratios (NOx
limitation for ratios above 2 according to Duncan et al.,
2010).

Most of the literature on pollutant reductions during the
COVID-19 lockdown focuses on near-surface air quality, and
only few studies consider the free troposphere. Steinbrecht
et al. (2021), Chang et al. (2022) and Bouarar et al. (2021)
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reported decreases in O3 concentrations in the free tropo-
sphere based on in situ observations and modeling studies
in the Northern Hemisphere. Bouarar et al. (2021) found that
reduced air traffic – a unique incidence after strongly increas-
ing aircraft activities over the past decades, as shown by Lee
et al. (2021) – can explain around a third of the observed O3
decrease in 2020, the remaining contributions coming from
ground-level reductions and meteorological differences. Re-
duced O3 in the free troposphere was also reported by Clark
et al. (2021) around Frankfurt airport. Cristofanelli et al.
(2021) reported lower O3 concentrations above the planetary
boundary layer (PBL) in 2020 compared to the 1996–2019
average at Monte Cimone in Italy, which is in line with find-
ings by the World Meteorological Organization (2021), ex-
tended to include two mountain sites in Germany.

In this study, we present atmospheric trace gas concen-
trations, net ozone production rates and an analysis on the
dominant chemical regime based on in situ observations dur-
ing the research aircraft campaign BLUESKY, which took
place in May and June 2020 over Europe, and model sim-
ulations. During this time period, aircraft activity was still
strongly limited due to the COVID-19 lockdown. We com-
pare the results to model simulations assuming business-as-
usual emissions not impacted by government restrictions,
which we refer to as the “no-lockdown scenario”. Addition-
ally, we present results of two previous aircraft campaigns,
which are UTOPIHAN (Upper Tropospheric Ozone: Pro-
cesses Involving HOx and NOx) in 2003/04 and HOOVER
(HOx over Europe) in 2006/07. While many studies have
been published on emissions reductions and the effect on
secondary pollutants during the COVID-19 lockdown, only a
few studies have investigated changes in the dominant chem-
ical regime, and to our knowledge we are the first to report a
shift to NOx-limited chemistry in the upper troposphere. This
can demonstrate the consequences of emission changes in
VOCs (including methane) and NOx for tropospheric ozone.

2 Observations and methods

2.1 Calculations of net ozone production rates (NOPRs)

Besides the chemical regime, production and loss processes
of O3 are effective tools in exploring relevant photochem-
istry. As already demonstrated in Reaction (R1), O3 is
formed via NO2 photolysis. Under the assumption of pho-
tostationary state, this term can be equated with the reac-
tions of NO with O3, HO2 and RO2 (Hosaynali Beygi et al.,
2011). The resulting term for O3 production P (O3) is shown
in Eq. (2) (Tadic et al., 2020; Leighton, 1971); j (NO2) is
the photolysis frequency of NO2, and k describes the respec-
tive rate constant (for this work taken from the IUPAC Task
Group on Atmospheric Chemical Kinetic Data Evaluation,

2021).

P (O3)= [NO2]× j (NO2)= [NO]×
(
kO3+NO× [O3]

+ kNO+HO2 × [HO2]+
∑
z

kNO+RzO2 ×[RzO2]
)

(2)

We assume RzO2 (the sum of all peroxy radicals) to be
represented by CH3O2, which we find to be a reasonable ap-
proximation when comparing modeled CH3O2 to the overall
modeled RO2 as shown in Fig. S1 in the Supplement, exem-
plarily for the BLUESKY campaign. Above 800 hPa, CH3O2
represents more than 90 % of RO2. Below 800 hPa, it still ac-
counts for more than 70 % on average. CH3O2 can be calcu-
lated via Eq. (3) as derived by Bozem et al. (2017a). While
the model can simulate CH3O2 mixing ratios, Eq. (3) is re-
quired when working with experimental data as CH3O2 was
not directly measured.

[CH3O2] =
kCH4+OH×[CH4]

kCO+OH×[CO]
× [HO2] (3)

O3 loss occurs via the reaction with NO, OH and HO2 and
via photolysis and can be calculated as presented in Eq. (4).
The photolysis of O3 first yields O1D, which reacts back to
O3 through collision with O2 or N2 and causes an O3 loss
through reaction with H2O. The share of O3 that is effectively
lost through O3 photolysis is described by αO1D in Eq. (5)
(Bozem et al., 2017a). Additional loss due to reactions of
O3 with alkenes and the loss of NO2 due to formation of
HNO3 or peroxy nitrates are negligibly small, particularly in
the upper troposphere.

L(O3)= [O3]× (kO3+NO×[NO] + kO3+HO2

×[HO2] + kO3+OH×[OH] +αO1D× j (O1D)) (4)
αO1D =

kO1D+H2O×[H2O]

kO1D+N2
×[N2] + kO1D+O2

×[O2] + kO1D+H2O×[H2O]
(5)

Net ozone production rates (NOPRs) are then calculated
from the difference in P (O3) and L(O3), whereas P (O3) can
be expressed via either NO2 or NO reaction terms. The term
kO3+NO×[O3]× [NO] can be neglected for the latter as it is
equally present in P (O3) and L(O3).

NOPR= P (O3)−L(O3)= [NO2]× j (NO2)

− [O3]× (kO3+NO×[NO] + kO3+HO2

×[HO2] + kO3+OH×[OH] +αO1D× j (O1D))
= [NO]× (kNO+HO2 ×[HO2] + kNO+CH3O2

×[CH3O2])− [O3]× (kO3+HO2 ×[HO2]

+ kO3+OH×[OH] +αO1D× j (O1D)) (6)
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Figure 1. Overview of the flight tracks of the considered air-
craft campaigns: UTOPIHAN (2003 and 2004) in green, HOOVER
(2006 and 2007) in blue and BLUESKY (2020) in red. Solid lines
present the data considered in this study (filtered for troposphere
and south of 60◦ N), and dashed lines show the complete flight
tracks.

2.2 Field experiments

We have investigated in situ trace gas observations from three
different research aircraft campaigns, which are the UTOPI-
HAN campaigns in 2003/04, the HOOVER campaigns in
2006/07 and the BLUESKY campaign in 2020. Figure 1
shows an overview of the flight tracks over Europe. We have
filtered the data for the tropospheric region with the help of
the modeled tropopause pressure (see Sect. 2.3) and south of
60◦ N as there were no data points for the BLUESKY cam-
paign further north. Dashed lines show the complete flight
tracks during each campaign, and solid lines show the data
which we have considered in this study. The experimental
data were obtained with a time resolution of 1 min and sub-
sequently adjusted to fit the model resolution of 6 min. For
this, each sixth experimental data point (which fit the model
timescale) and the data points from ±2 min were averaged.
The remaining data points were discarded.

2.2.1 UTOPIHAN 2003/04

The UTOPIHAN (Upper Tropospheric Ozone: Processes In-
volving HOx and NOx) campaigns took place in June/July
2003 and March 2004 starting from Oberpfaffenhofen airport
in Germany (48.08◦ N, 11.28◦ E) with the GFD (Gesellschaft
für Flugzieldarstellung, Hohn, Germany) research aircraft
Learjet 35A (Colomb et al., 2006; Klippel et al., 2011; Stick-
ler et al., 2006). NO and O3 were measured via chemilu-
minescent detection (CLD 790 SR, ECO Physics, Dürnten,
Switzerland). NO data have a precision of 6.5 %, an accu-

racy of ≤ 25 % and a detection limit of < 0.01 ppbv. O3 data
have a precision of 1 % and an accuracy of 5 %; j (NO2)
was determined via filter radiometers (Meterologie Consult
GmbH, Königstein, Germany) with a precision of 1 % and
an accuracy of 15 %. CO measurements were obtained from
a tunable diode laser absorption spectrometer with a detec-
tion limit of 0.26 ppbv (30 s time resolution) and an accuracy
of 3.6 % (6 s time resolution) (Kormann et al., 2005).

2.2.2 HOOVER 2006/07

The HOOVER (HOx over Europe) campaigns took place in
October 2006 and July 2007 using the GFD research air-
craft Learjet 35A with the campaign base in Hohn, Ger-
many (54.31◦ N, 9.53◦ E) (Klippel et al., 2011; Bozem et al.,
2017b, a; Regelin et al., 2013). NO and O3 measurements
were performed via chemiluminescence (CLD 790 SR, ECO
Physics, Dürnten, Switzerland) with a precision of 7 % and
4 %, an accuracy of 12 % and 2 %, and a detection limit of
0.2 and 2 ppbv, respectively (30 s time resolution) (Hosay-
nali Beygi et al., 2011). CO and CH4 were measured via
quantum cascade laser absorption spectroscopy with an ac-
curacy of 1.1 % and 0.6 % and detection limits of 0.2 and
6 ppbv, respectively (2 s time resolution) (Schiller et al.,
2008). OH and HO2 measurements were performed via laser-
induced fluorescence with the HORUS (HydrOxyl Radi-
cal measurement Unit based on fluorescence Spectroscopy)
instrument with an accuracy of 18 % and detection limits
of 0.016 and 0.33 pptv, respectively (1 min time resolution)
(Regelin et al., 2013). Photolysis frequencies were measured
using filter radiometers (Meterologie Consult GmbH, König-
stein, Germany) with a precision of 1 % and an accuracy of
15 % (1 s time resolution). H2O was measured via IR absorp-
tion with a typical accuracy of 1 % (modified LI-6262, LI-
COR Inc., Lincoln, USA) (Gurk et al., 2008; LI-COR, Inc.,
1996).

2.2.3 BLUESKY 2020

The BLUESKY campaign took place in May and June 2020
over Europe. Eight flights were carried out using the HALO
(High Altitude Long Range) research aircraft starting from
the campaign base in Oberpfaffenhofen, Germany. The goal
of the campaign was to examine the effects of the COVID-
19 lockdown on the troposphere and lower stratosphere over
European cities, rural areas and the transatlantic flight cor-
ridor. More details can be found in Reifenberg et al. (2022)
and Voigt et al. (2022). While most restrictions across Europe
were in place in March and April 2020, May and June emis-
sions, particularly from air travel but also from ground-based
sources such as on-road traffic, were still affected by the
COVID-19 lockdowns (Schlosser et al., 2020; Brockmann
Lab, 2022; Hasegawa, 2022; EUROCONTROL, 2022). NO
was measured via chemiluminescence (CLD 790 SR, ECO
Physics, Dürnten, Switzerland) with a total uncertainty of
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15 % and a detection limit of 5 pptv (1 min time resolution)
(Tadic et al., 2020).

O3 measurements were performed with the FAIRO (Fast
AIRborne Ozone) instrument, which allows fast detection
via chemiluminescence that is calibrated in situ by UV pho-
tometry (2.5 % combined uncertainty, 5 Hz time resolution)
(Zahn et al., 2012). CO was measured via the quantum cas-
cade laser spectrometer TRISTAR (Tracer In Situ TDLAS
for Atmospheric Research) with an uncertainty of 3 % (1 min
time resolution) (Schiller et al., 2008).

2.3 Modeling study

The modeled data were obtained from the ECHAM5 (fifth-
generation European Centre Hamburg general circulation
model, version 5.3.02)/MESSy2 (second-generation Modu-
lar Earth Submodel System, version 2.54.0) Atmospheric
Chemistry (EMAC) model, which is described in Jöckel et al.
(2016) and Reifenberg et al. (2022).

We use data of NO, NO2, O3, OH, HO2, CO, CH4,
CH3O2, H2O, j (NO2), j (O1D) temperature and pressure,
modeled along the flight tracks of the described research
aircraft campaigns UTOPIHAN, HOOVER and BLUESKY.
The data were filtered for the troposphere using the mod-
eled tropopause pressure. Stratospheric data were discarded.
In order to evaluate the impact of reduced emissions during
the COVID-19 lockdown, the model was used to simulate a
scenario with usual emissions for the BLUESKY campaign,
which we refer to as the “no-lockdown scenario”. For details
of the model setup please see the paper by Reifenberg et al.
(2022).

3 Results and discussion

This analysis is structured as follows: as a full set of in situ
observations necessary for a regime analysis and calculat-
ing net ozone production rates, which includes NO, O3, OH,
HO2, CO, CH4, H2O, j (NO2) and j (O1D), is only available
for the HOOVER campaign, we first show that the model and
experimental data are in close agreement for this campaign.
We conclude from this finding that the model is generally
capable of reproducing the experimental data and therefore
use the model data in our following analysis. In the second
step, we provide a comparison between the three campaigns
as well as the no-lockdown scenario regarding the individual
trace gases and net ozone production rates. We finally present
our results of the analysis of the dominant chemical regime,
based on αCH3O2 .

3.1 Comparison of the model and experiment

Figure 2 shows a comparison of in situ observations (orange)
and model simulations (blue) for the HOOVER campaign as
vertical profiles. The shaded areas present the 1σ standard

deviations, and the numbers of data points available for each
altitude bin are shown in Tables S1 and S2 in the Supplement.

Figure 2a presents the vertical profile of NO, which shows
the typical tropospheric C-shape distribution with the high-
est values at the surface (e.g., vehicle and industrial emis-
sions) and the upper troposphere (e.g., aircraft and lightning
emissions). Ground-level mixing ratios (0–1000 m) were
around 0.4 ppbv and decreased with altitude to values of
37± 27 (1σ ) pptv and 47± 32 pptv for the model and the
experiment, respectively, between 3 and 9 km altitude. The
only relevant deviation between the model and experiment
was between 10 and 11 km altitude with mixing ratios of
0.20± 0.03 ppbv and 0.39± 0.32 ppbv, respectively.

Figure 2b shows the measured and modeled O3 mix-
ing ratios, which were lowest at ground level, with 43.7±
14.5 ppbv and 36.4± 12.8 ppbv for the model and experi-
ment and increased with altitude up to 128.1± 22.7 ppbv
and 97.5± 15.6 ppbv, respectively. Model values were ap-
proximately 20 % higher compared to the measured data but
showed the same vertical shape. The observed positive O3
bias of the modeled data is an issue almost all global mod-
els suffer from in the Northern Hemisphere and which has
not been entirely understood yet (Revell et al., 2018; Young
et al., 2018; Jöckel et al., 2016; Parrish et al., 2014).

CO vertical profiles are shown in Fig. 2c and were highest
at the surface, with 146.4± 63.2 ppbv and 128.0± 42.3 ppbv
for the model and experiment, respectively, and decreased
with altitude to around 70 ppbv in the upper troposphere.
HOx (≡ OH+HO2) is presented in Fig. 2d and e. HO2
mixing ratios showed a maximum value of around 20 pptv
between 2 and 3 km altitude and decreased aloft to val-
ues of around 2 pptv in the upper troposphere. The model
and experiment showed close agreement. OH mixing ratios
were mostly below 1 pptv. Similar to NO, the main devi-
ation between the model and experiment was between 10
and 11 km altitude, where measured values were higher by
around 0.5 pptv. Nevertheless, the error bars representing the
1σ standard deviation of the averages overlapped at all alti-
tudes.

Figure 2f shows the vertical profiles of CH4, which did
not show any particular gradient with altitude. Mixing ra-
tios were 1809± 19 ppbv for the model simulation and
1815± 40 ppbv for the experiment throughout the campaign.
CH4 is needed for calculating CH3O2 via Eq. (3), which we
show in Fig. 2g in orange compared to the model simulation
of CH3O2. Figure 2h and i present the photolysis frequen-
cies j (NO2) and j (O1D), which show close agreement for
the model and experiment. We show the vertical profiles for
H2O, temperature and pressure in Fig. S2. Again, model sim-
ulation can represent the experimental data well.

For the UTOPIHAN and the BLUESKY campaigns only
a limited number of observations are available. Similar to
the HOOVER campaigns, NO, O3 and CO can be well ap-
proximated by the model simulations, which we present in
Figs. S3 and S4. Tropospheric ozone is slightly overesti-
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Figure 2. Vertical profiles of in situ observations and model data of the atmospheric trace gases (a) NO, (b) O3, (c) CO, (d) HO2, (e) OH,
(f) CH4 and (g) CH3O2 and the photolysis rates (h) j (NO2) and (i) j (O1D) during the HOOVER campaign for estimating the model perfor-
mance. Blue colors show modeled data by EMAC along the HOOVER campaign flight track (model) and orange colors show experimental
data (experiment). The orange trace in panel (g) shows the calculation of CH3O2 from experimental CH4, CO and HO2 via Eq. (3). The
shaded areas represent the 1σ standard deviation from averaging the data points at each altitude bin. The numbers of data points averaged
per altitude bin are displayed in Tables S1 and S2 in the Supplement.

mated, which we attribute to the simplified representation of
multiphase chemistry (clouds) in the present model version,
which underpredicts chemical ozone loss (Rosanka et al.,
2021). Based on these results, we conclude that the model
is generally capable of representing the in situ observations
well and use the model data for all following analyses.

3.2 Campaign comparison

3.2.1 Trace gases

Figure 3 presents the vertical profiles of some selected trace
gases during the research aircraft campaigns UTOPIHAN
(green), HOOVER (blue) and BLUESKY (red) which were
obtained from model simulations. Yellow lines show the no-
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Figure 3. Vertical profiles of the atmospheric trace gases (a) NO, (b) O3, (c) CO, (d) NO2, (e) HO2 and (f) OH for the campaigns UTOPI-
HAN (green), HOOVER (blue) and BLUESKY (red) and the no-lockdown (NL) scenario (yellow). All data shown here are from EMAC
model simulations along the flight track of each research campaign. Two separate simulations were run on the flight path of BLUESKY,
one with lockdown and one with business-as-usual emissions. The shaded areas represent the 1σ standard deviation from averaging the data
points at each altitude bin. The numbers of data points averaged per altitude bin are displayed in Table S2.

lockdown (NL) scenario for the BLUESKY campaign in
2020.

The vertical profiles of NO are presented in Fig. 3a.
For all campaigns, we observe the typical C shape as de-
scribed for the HOOVER campaigns in Sect. 3.1. Surface
(0–1000 m) mixing ratios were similar for UTOPIHAN and
HOOVER, with 0.45±0.37 (1σ ) ppbv and 0.43± 0.74 ppbv,
respectively. In comparison, the ground-level concentration
of NO during BLUESKY was 0.12± 0.11 ppbv. The differ-
ences in NO mixing ratios between the campaigns are the
outcome of the general emission reduction due to legisla-
tive limitation of nitrogen oxides and other hazardous pol-
lutants over the past decades as the campaigns took place
15–20 years apart. We show the decrease in NOx emis-
sions in the model over the past 2 decades in Fig. S5. As-
suming the no-lockdown scenario during BLUESKY, NO
ground-level mixing ratios were 0.15± 0.14 ppbv and there-
fore 25 % higher compared to actual mixing ratios (20 %
emission reduction). This difference between lockdown and
no-lockdown mixing ratios is slightly lower compared to
the findings by other studies, for example by Donzelli et al.
(2021), who found a NO decrease of 35 %–65 % in Valencia,

Spain, or by Higham et al. (2021), who reported a NO de-
crease of 55 % in the UK compared to 2019. A possible rea-
son can be that the BLUESKY aircraft campaign took place
in May and June 2020, whereas the main lockdown period
across Europe occurred rather in March and April. Emis-
sions were still reduced in the following months, but likely
to a smaller extent. NO was low and similar for all cam-
paigns between 3 and 8 km altitude, a region without any par-
ticular NO sources, with most values below 50 pptv. Above
10 km, NO mixing ratios were 0.29± 0.19 ppbv for UTOPI-
HAN, 0.21± 0.03 ppbv for HOOVER and 0.08± 0.04 ppbv
for BLUESKY. In comparison, NO mixing ratios for the no-
lockdown scenario were 0.17± 0.08 ppbv above 10 km al-
titude. This corresponds to an emission reduction of 55 %
and results in both absolute and relative NO reductions in the
upper troposphere being much higher compared to ground-
level reductions. The observed NO reduction in the upper
troposphere can be attributed to reduced air traffic, which we
show in Fig. 4. In addition to the vertical profiles of NO for
BLUESKY (red) and BLUESKY-NL (yellow), we present
the modeled BLUESKY-NL scenario without aircraft emis-
sions in blue. In the lower troposphere, where aircraft emis-
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Figure 4. NO vertical profiles for BLUESKY (red), for the
BLUESKY no-lockdown scenario (yellow) and for the BLUESKY
no-lockdown scenario without aircraft emissions (blue) (model
data). Upper-tropospheric NO reductions observed for BLUESKY
can be attributed to reduced air traffic during the COVID-19 lock-
downs.

sions do not play a significant role, this profile is identical
to the BLUESKY-NL scenario. In the upper troposphere, it
is very similar to the BLUESKY scenario (including the air
travel restrictions), showing that reduced air traffic causes the
observed NO decrease.

Figure 3b presents the O3 vertical profiles. For all cam-
paigns, O3 mixing ratios were lowest at ground level, with
values of around 50 ppbv, and increased with increasing al-
titude up to around 140 ppbv above 10 km altitude. No sig-
nificant differences between the campaigns can be observed.
While ozone concentrations are dependent on various effects
such as precursor levels (including NOx and VOCs) or me-
teorology, seasonal variations with a maximum around sum-
mertime and a minimum during winter months are also of
importance (Logan, 1985). The campaigns shown here in-
clude different seasons: the HOOVER campaigns took place
in October and July, and the UTOPIHAN campaigns include
data from July and March. Figure S6 shows the vertical pro-
files of ozone separated into different seasons, for both mod-
eled and measured data. Comparing late spring/early summer
data of the three field campaigns reveals that O3 levels during
BLUESKY were lower compared to HOOVER and UTOPI-
HAN, which is in line with findings from Clark et al. (2021),
Chang et al. (2022), Bouarar et al. (2021) and Miyazaki et al.
(2021).

CO vertical profiles can be seen in Fig. 3c. Ground-
level mixing ratios were 181.4± 39.4 ppbv for UTOPIHAN,
146.4± 63.2 ppbv for HOOVER and slightly lower with
103.2± 9.2 ppbv for BLUESKY. Mixing ratios slightly de-
creased with altitude. Above 3 km altitude, CO for HOOVER

was lower compared to the other campaigns (mostly between
70 and 80 ppbv). Mixing ratios for UTOPIHAN were slightly
higher up to 11 km altitude (between 90 and 110 ppbv) com-
pared to BLUESKY (between 80 and 100 ppbv), but gener-
ally, significant differences are not evident.

Figure 3d shows the vertical profiles of NO2 mixing ratios.
Similar to NO, ground-level NO2 mixing ratios were high-
est for UTOPIHAN and HOOVER, with 1.57± 0.77 ppbv
and 2.58± 2.72 ppbv, respectively. In contrast, mixing ratios
for BLUESKY were 0.39± 0.30 ppbv and 0.49± 0.38 ppbv
considering the no-lockdown scenario, which yields a 20 %
NO2 lockdown reduction, as observed for NO. We show the
NO2 range 0–1 ppbv for enabling the campaign distinction
at low mixing ratios and present the full range in Fig. S7.
As expected for NO2, mixing ratios decreased with increas-
ing altitude. No differences between the campaigns can be
observed for mid-range altitudes. In the upper troposphere,
NO2 mixing ratios for the individual campaigns showed the
same behavior as for NO. Above 10 km altitude, NO2 was on
average 100.6± 93.2 pptv for UTOPIHAN, 70.5± 13.5 pptv
for HOOVER and 43.1± 23.1 pptv for the no-lockdown sce-
nario for BLUESKY. In comparison, BLUESKY NO2 mix-
ing ratios were 19.9± 9.8 pptv, which corresponds to a 55 %
reduction. In contrast to NO, NO2 reductions were relatively
higher in the upper troposphere but absolutely higher at the
surface.

Figure 3e and f show the vertical profiles of HOx .
HO2 mixing ratios were highest at mid-range altitudes
(2–6 km), with values up to 20 pptv, and decreased aloft.
OH mixing ratios were lowest at the surface (0.1–
0.2 pptv) and increased with altitude. Above 10 km alti-
tude, OH mixing ratios were 0.62± 0.38 pptv for UTOPI-
HAN, 0.40± 0.24 pptv for HOOVER, 0.30± 0.06 pptv for
BLUESKY and 0.39± 0.08 pptv for the no-lockdown sce-
nario.

3.2.2 Net ozone production rates

Figure 5 shows the vertical profiles of O3 production and
loss terms. All calculations were performed using model
data (justified by the findings from Sect. 3.1) as a full set
of in situ observations is only available for HOOVER, but
not for UTOPIHAN and BLUESKY. Figure 5a presents net
ozone production rates, which were highest at the surface,
with values between 1 and 2 ppbv h−1, but had large at-
mospheric variabilities, represented by the 1σ variability
shades from the vertical bin averaging. NOPRs then de-
creased with increasing altitude. For the HOOVER cam-
paigns, O3 loss dominated between 3 and 6 km altitude,
with NOPRs of −58.9± 73.4 pptv h−1. Negative NOPRs
were also found for BLUESKY between 4 and 7 km,
with −18.7± 12.9 pptv h−1, and for UTOPIHAN as well
as the no-lockdown BLUESKY scenario between 5 and
6 km. NOPRs were mostly positive and constant aloft.
Above 10 km altitude, NOPRs were 91.7± 260.9 pptv h−1
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Figure 5. Vertical profiles of (a) net ozone production rates, (b) O3 production via NO2 photolysis, (c) O3 loss via reaction with NO, (d) O3
loss via photolysis, (e) O3 loss via reaction with HO2 and (f) O3 loss via reaction with OH for the campaigns UTOPIHAN (green), HOOVER
(blue) and BLUESKY (red) and the no-lockdown (NL) scenario (yellow). The number of data points averaged per altitude bin are displayed
in Table S2.

for UTOPIHAN (51 data points), 71.2± 151.5 pptv h−1

for HOOVER (25 data points), 60.7± 39.7 pptv h−1 for
BLUESKY (130 data points) and 61.4± 99.8 pptv h−1 for
the no-lockdown scenario. The error ranges are large and
overlapping, and therefore significant differences between
the campaigns cannot be observed.

Figure 5b shows O3 production. We calculated the P (O3)
via the photolysis of NO2. In contrast, NO2 is not avail-
able experimentally for the HOOVER campaign, in which
case the approximation via the extended Leighton ratio as
shown in Eq. (2) is necessary. Modeled P (O3) via NO2 pho-
tolysis and measured P (O3) via reaction of NO with O3,
OH and HO2 are in good agreement, which we show in
Fig. 6. The only relevant deviation is observed at ground
level, where the experimental value is significantly higher
compared to the modeled value. However, only three data
points were available for the calculation, with a 1σ standard
deviation of the averaging of > 100 %. Similar to NOPRs in
Fig. 5a, ground-level P (O3) shows large variability, with ab-
solute values of around 10 ppbv h−1 for BLUESKY and val-
ues of around 20 ppbv h−1 for UTOPIHAN and HOOVER.
The production term then decreased with altitude for each
campaign. Significant differences between the campaigns

can only be observed at high altitudes. Above 10 km, P (O3)
was 4.55± 3.82 ppbv h−1 for UTOPIHAN (51 data points)
and 2.68± 0.90 ppbv h−1 for HOOVER (25 data points).
For BLUESKY with the no-lockdown scenario, P (O3) was
2.17± 0.95 ppbv h−1 (130 data points), and in compari-
son, lockdown values were on average 0.97± 0.41 ppbv h−1,
which corresponds to a 55 % reduction in ozone production.
We observed the same relative reduction as for NO and NO2
mixing ratios.

Figure 5c presents the vertical profiles of O3 loss via the
reaction with NO, which show a similar course compared to
the P (O3) profiles. Above 10 km, O3 loss via reaction with
NO was largest for UTOPIAN, with 4.37± 3.82 ppbv h−1,
followed by HOOVER, with 2.56± 0.87 ppbv h−1. For
BLUESKY, a loss of 0.86± 0.42 ppbv h−1 was observed dur-
ing the lockdown and a loss of 2.05± 1.02 ppbv h−1 for the
no-lockdown scenario. Figure 5d–f present additional con-
sidered loss pathways for O3 via photolysis and via the reac-
tions with HO2 and OH. It can be seen that these O3 losses
are negligibly small in comparison to the loss via NO, and no
significant differences between the campaigns were present.

Consequently, net production of ozone was dominated by
NOx chemistry for all campaigns, and variations in produc-
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Figure 6. Modeled and experimental vertical profiles of P (O3) for
HOOVER. Modeled P (O3) was calculated via NO2 photolysis, and
experimental P (O3) was calculated via the extended Leighton ratio
as shown in Eq. (2).

tion and loss terms corresponded to the mixing ratios of NO
and NO2 as presented in Fig. 3. In the campaign comparison,
higher NOx concentrations (as for example for UTOPIHAN)
lead to higher production and loss terms of O3 and vice versa.
For the BLUESKY campaign, this analysis shows that the
lockdown did not affect net ozone production rates but in-
stead impacted the cycling of O3 such that both production
and loss rates were decreased through the reduced availabil-
ity of NO and NO2 in the upper troposphere.

3.3 Chemical regime

As described above, the share of methyl peroxyradicals form-
ing formaldehyde αCH3O2 can be a measure for the domi-
nant chemical regime when correlated with NO mixing ra-
tios. We have previously validated this method in a compari-
son to the established method of analyzing the HCHO/NO2
ratio (Nussbaumer et al., 2021). HCHO can be formed by al-
most any hydrocarbon and is therefore a proxy for VOCs,
which are often not measured in their entirety. Likewise,
αCH3O2 – representing the HCHO yield from methyl per-
oxy radicals – is capable of revealing the dominant chem-
ical regime without the knowledge of ambient VOC lev-
els. Figure 7a shows the vertical profiles of αCH3O2 for all
available data points for all campaigns based on the model
simulation. αCH3O2 values were close to 1 at the surface
and decreased with altitude up to around 5 km, where val-
ues of around 0.6 were observed, with no significant differ-
ences between the campaigns. αCH3O2 increased again aloft,

whereas it was lowest for the BLUESKY campaign. Above
10 km, αCH3O2 was 0.97± 0.03 for UTOPIHAN, 0.98± 0.01
for HOOVER and 0.96± 0.04 for the no-lockdown sce-
nario for BLUESKY. In comparison, αCH3O2 was lower for
BLUESKY, with 0.90± 0.06.

Figure 7b and c present αCH3O2 in correlation with NO
mixing ratios below 2 km altitude and above 10 km altitude,
respectively, based on model results. Below 2 km altitude,
αCH3O2 ranged between 0.5 and 1.0 over the NO range of
0–1 ppbv. No significant trends or differences can be ob-
served. We show αCH3O2 between 2 and 10 km altitude in
Fig. S8, which does not present any differences between the
campaigns either. In contrast, above 10 km altitude, tropo-
spheric αCH3O2 showed a different behavior for each cam-
paign. For an easier distinction, we show each campaign in
an individual panel in Fig. S9. For UTOPIHAN, αCH3O2 was
high and almost non-responsive to changing NO mixing ra-
tios, with a slope of1α/1NO= 0.09±0.02 ppbv−1. In con-
trast, αCH3O2 for BLUESKY was between 0.75 and 1. Small
changes in NO mixing ratios caused large changes in αCH3O2 ,
with a slope of 1.12± 0.08 ppbv−1. For the no-lockdown
scenario the response of αCH3O2 to NO was intermedi-
ate between UTOPIHAN and BLUESKY with a slope of
0.37± 0.03 ppbv−1. These observations suggest that a VOC-
limited chemical regime was present during the UTOPIHAN
campaign in the upper troposphere and a transition regime
during the BLUESKY no-lockdown scenario, likely due to
emission control over time. For BLUESKY, we observe a
distinct NOx limitation in the upper troposphere, which is re-
lated to the lockdown conditions. Aircraft NOx emissions are
much larger than aircraft VOC emissions (Schumann, 2002).
We can therefore expect reduced air traffic to effect lower
NOx/VOC ratios, shifting chemistry towards a NOx-limited
regime. Lamprecht et al. (2021) reported ground-level reduc-
tions in several aromatic VOCs during the COVID-19 lock-
down to be comparable to NOx reductions in Europe, impli-
cating a steady NOx/VOC level and therefore no changes
in the dominating chemical regime, which is in line with
our findings for the lower troposphere. Only few data points
were available for HOOVER, which were observed at simi-
lar NO levels, and the response of αCH3O2 to NO can there-
fore not be investigated. While the NOPRs did not change
under lockdown conditions due to compensating effects in
the NOx chemistry, we can expect impacts on tropospheric
ozone from changes in VOCs (including CH4) relevant for
future emission scenarios. The effects of NOx aircraft emis-
sions on O3 and CH4 have been previously discussed for pre-
lockdown conditions in Khodayari et al. (2014) and Khoda-
yari et al. (2015), who present increased methane loss rates
and a shorter lifetime as a response to increased OH con-
centrations from aviation as well as higher ozone production
rates. Having investigated NOPRs in this study, lockdown ef-
fects on CH4 loss in the upper troposphere induced by re-
duced air traffic could be subject to future studies.
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Figure 7. αCH3O2 for the campaigns UTOPIHAN (green), HOOVER (blue) and BLUESKY (red) and the no-lockdown (NL) scenario
(yellow) (a) as a vertical profile, (b) in correlation with NO below 2 km and (c) in correlation with NO above 10 km.

4 Conclusions

In this study, we present in situ observations of atmospheric
trace gases and model simulations from the EMAC model for
three different aircraft campaigns across Europe: the UTOPI-
HAN campaigns in 2003/04, the HOOVER campaigns in
2006/07 and the BLUESKY campaign in 2020, including
a modeled “no-lockdown scenario” with business-as-usual
emissions for the latter. We found that model results can re-
produce in situ observations well and thus could be used for
further analysis which benefits from a more complete set of
parameters and a higher data coverage. While observations
for O3, CO and HOx were very similar for all campaigns,
NOx showed significant differences, particularly in the upper
troposphere, where mixing ratios were highest for UTOPI-
HAN and HOOVER, followed by the no-lockdown scenario
for BLUESKY. Observed NO and NO2 emissions during the
BLUESKY campaign were approximately 55 % lower com-
pared to the modeled no-lockdown scenario, which are at-
tributed to reduced aircraft activity at these altitudes due to
the COVID-19 travel restrictions. We found a similar trend
in production and loss terms of O3, which were dominated
by NOx chemistry. The COVID-19 lockdown caused a sig-
nificant deceleration in O3 cycling, whereas net ozone pro-
duction rates were not affected by the emission reductions.
Finally, we showed that chemistry in the upper troposphere
was VOC-limited during the UTOPIHAN campaign, NOx-
limited during the BLUESKY campaign and in a transi-
tion regime for the BLUESKY no-lockdown scenario. While
ground-level chemistry regimes were not found to be af-
fected, the COVID-19 lockdown caused the predominant
chemistry to shift from a transition regime to a clear NOx-
limited regime at high altitudes.

We found that the three aircraft campaigns, performed
over a period of 17 years, represent the range from VOC- to
NOx-limited tropospheric ozone chemistry, which can help
analyze the impacts of anthropogenic emission scenarios. We

encourage future studies to investigate the dominating chem-
ical regime in the upper troposphere, a topic which has not
received much attention in the literature so far, in order to
get a deeper understanding of photochemical processes and
the dominant ozone chemistry in a range of the atmosphere
which receives its main NOx emissions from air traffic and
lightning. The COVID-19 lockdown has been a unique op-
portunity to examine the effect of sharp reductions in pri-
mary pollutants on our atmosphere and could be a guidepost
for future air policy in an effort to decrease anthropogenic
emissions and to decelerate global warming.

Data availability. Data measured during the flight campaigns
BLUESKY, UTOPIHAN and HOOVER are available upon request
at https://keeper.mpdl.mpg.de/ (last access: 9 May 2022) to all sci-
entists agreeing to the respective data protocols. The model results
used in this study are available upon request to the author.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-22-6151-2022-supplement.

Author contributions. CMN and HF had the idea and designed
the study. CMN analyzed the data and wrote the manuscript. AP
provided the modeling data. IT provided NO data for BLUESKY.
CO data for BLUESKY were received from LR. O3 data for
BLUESKY were obtained from FO. HH provided HOx data for
HOOVER. JL and HF were significantly involved in planning and
operating the research campaign.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Atmospheric Chemistry and Physics.
The peer-review process was guided by an independent editor, and
the authors also have no other competing interests to declare.

https://doi.org/10.5194/acp-22-6151-2022 Atmos. Chem. Phys., 22, 6151–6165, 2022

3 Results

91



6162 C. M. Nussbaumer et al.: Changes in upper tropospheric ozone production

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Special issue statement. This article is part of the special is-
sue “BLUESKY atmospheric composition measurements by air-
craft during the COVID-19 lockdown in spring 2020”. It is not as-
sociated with a conference.

Acknowledgements. We acknowledge Simon Reifenberg for
preparing the input data for EMAC. This work was supported
by the Max Planck Graduate Center (MPGC) with the Johannes
Gutenberg-Universität Mainz.

Financial support. The article processing charges for this open-
access publication were covered by the Max Planck Society.

Review statement. This paper was edited by Stefania Gilardoni
and reviewed by two anonymous referees.

References

Balamurugan, V., Chen, J., Qu, Z., Bi, X., Gensheimer, J., Shekhar,
A., Bhattacharjee, S., and Keutsch, F. N.: Tropospheric NO2 and
O3 response to COVID-19 lockdown restrictions at the national
and urban scales in Germany, J. Geophys. Res.-Atmos., 126, 1–
15, https://doi.org/10.1029/2021JD035440, 2021.

Bouarar, I., Gaubert, B., Brasseur, G. P., Steinbrecht, W., Doumbia,
T., Tilmes, S., Liu, Y., Stavrakou, T., Deroubaix, A., Darras, S.,
Granier, C., Lacey, F., Müller, J.-F., Shi, X., Elguindi, N., and
Wang, T.: Ozone Anomalies in the Free Troposphere During the
COVID-19 Pandemic, Geophys. Res. Lett., 48, e2021GL094204,
https://doi.org/10.1029/2021GL094204, 2021.

Bozem, H., Butler, T. M., Lawrence, M. G., Harder, H.,
Martinez, M., Kubistin, D., Lelieveld, J., and Fischer, H.:
Chemical processes related to net ozone tendencies in the
free troposphere, Atmos. Chem. Phys., 17, 10565–10582,
https://doi.org/10.5194/acp-17-10565-2017, 2017a.

Bozem, H., Pozzer, A., Harder, H., Martinez, M., Williams,
J., Lelieveld, J., and Fischer, H.: The influence of deep
convection on HCHO and H2O2 in the upper tropo-
sphere over Europe, Atmos. Chem. Phys., 17, 11835–11848,
https://doi.org/10.5194/acp-17-11835-2017, 2017b.

Brockmann Lab: Covid-19 Mobility Project, http:
//covid-19-mobility.org/, last access: 9 March 2022.

Calvert, J. G. and Stockwell, W. R.: Deviations from the O3–NO–
NO2 photostationary state in tropospheric chemistry, Can. J.
Chem., 61, 983–992, https://doi.org/10.1139/v83-174, 1983.

Cazorla, M., Herrera, E., Palomeque, E., and Saud, N.: What the
COVID-19 lockdown revealed about photochemistry and ozone
production in Quito, Ecuador, Atmos. Pollut. Res., 12, 124–133,
https://doi.org/10.1016/j.apr.2020.08.028, 2021.

Chang, K.-l., Cooper, O. R., Gaudel, A., Allaart, M., Ancellet,
G., Clark, H., Godin-Beekmann, S., Leblanc, T., Van Malderen,

R., Nédélec, P., Petropavlovskikh, I., Steinbrecht, W., Stübi, R.,
Tarasick, D. W., and Torres, C.: Impact of the COVID-19 Eco-
nomic Downturn on Tropospheric Ozone Trends: An Uncertainty
Weighted Data Synthesis for Quantifying Regional Anomalies
Above Western North America and Europe, AGU Advances, 3,
e2021AV000542, https://doi.org/10.1029/2021AV000542, 2022.

Chossière, G. P., Xu, H., Dixit, Y., Isaacs, S., Eastham, S. D., All-
roggen, F., Speth, R. L., and Barrett, S. R.: Air pollution impacts
of COVID-19-related containment measures, Sci. Adv., 7, 1–10,
https://doi.org/10.1126/sciadv.abe1178, 2021.

Clark, H., Bennouna, Y., Tsivlidou, M., Wolff, P., Sauvage, B., Bar-
ret, B., Le Flochmoën, E., Blot, R., Boulanger, D., Cousin, J.-
M., Nédélec, P., Petzold, A., and Thouret, V.: The effects of the
COVID-19 lockdowns on the composition of the troposphere
as seen by In-service Aircraft for a Global Observing System
(IAGOS) at Frankfurt, Atmos. Chem. Phys., 21, 16237–16256,
https://doi.org/10.5194/acp-21-16237-2021, 2021.

Colomb, A., Williams, J., Crowley, J., Gros, V., Hofmann, R.,
Salisbury, G., Klüpfel, T., Kormann, R., Stickler, A., Forster,
C., and Lelieveld, J.: Airborne measurements of trace or-
ganic species in the upper troposphere over Europe: the
impact of deep convection, Environ. Chem., 3, 244–259,
https://doi.org/10.1071/EN06020, 2006.

Cristofanelli, P., Arduni, J., Serva, F., Calzolari, F., Bonasoni, P.,
Busetto, M., Maione, M., Sprenger, M., Trisolino, P., and Putero,
D.: Negative ozone anomalies at a high mountain site in north-
ern Italy during 2020: a possible role of COVID-19 lockdowns?,
Environ. Res. Lett., 16, 074029, https://doi.org/10.1088/1748-
9326/ac0b6a, 2021.

Crutzen, P. J.: Tropospheric ozone: An overview, in: Mathematical
and Physical Sciences, 1st edn., edited by: Isaksen, I. S. A., Vol.
227, Springer, 3–32, https://doi.org/10.1007/978-94-009-2913-
5_1, 1988.

Donzelli, G., Cioni, L., Cancellieri, M., Llopis-Morales, A., and
Morales-Suárez-Varela, M.: Relations between air quality and
COVID-19 lockdown measures in Valencia, Spain, Int. J. Env.
Res. Pub. He., 18, 2296, https://doi.org/10.3390/ijerph18052296,
2021.

Duncan, B. N., Yoshida, Y., Olson, J. R., Sillman, S., Martin,
R. V., Lamsal, L., Hu, Y., Pickering, K. E., Retscher, C.,
Allen, D. J., and Crawford, J. H.: Application of OMI obser-
vations to a space-based indicator of NOx and VOC controls
on surface ozone formation, Atmos. Environ., 44, 2213–2223,
https://doi.org/10.1016/j.atmosenv.2010.03.010, 2010.

EUROCONTROL: COVID-19 impact on the European air traf-
fic network, https://www.eurocontrol.int/covid19, last access: 9
March 2022.

Forster, P. M., Forster, H. I., Evans, M. J., Gidden, M. J., Jones,
C. D., Keller, C. A., Lamboll, R. D., Le Quéré, C., Rogelj, J.,
Rosen, D., Schleussner, C.-F., Richardson, T. B., Smith, C. J.,
and Turnock, S. T.: Current and future global climate impacts
resulting from COVID-19, Nat. Clim. Change, 10, 913–919,
https://doi.org/10.1038/s41558-020-0883-0, 2020.

Gaubert, B., Bouarar, I., Doumbia, T., Liu, Y., Stavrakou, T., Der-
oubaix, A., Darras, S., Elguindi, N., Granier, C., Lacey, F.,
Müller, J.-F., Shi, X., Tilmes, S., Wang, T., and Brasseur, G. P.:
Global changes in secondary atmospheric pollutants during the
2020 COVID-19 pandemic, J. Geophys. Res.-Atmos., 126, 1–22,
https://doi.org/10.1029/2020JD034213, 2021.

Atmos. Chem. Phys., 22, 6151–6165, 2022 https://doi.org/10.5194/acp-22-6151-2022

3 Results

92



C. M. Nussbaumer et al.: Changes in upper tropospheric ozone production 6163

Grange, S. K., Lee, J. D., Drysdale, W. S., Lewis, A. C., Hueglin,
C., Emmenegger, L., and Carslaw, D. C.: COVID-19 lock-
downs highlight a risk of increasing ozone pollution in Eu-
ropean urban areas, Atmos. Chem. Phys., 21, 4169–4185,
https://doi.org/10.5194/acp-21-4169-2021, 2021.

Gurk, Ch., Fischer, H., Hoor, P., Lawrence, M. G., Lelieveld, J.,
and Wernli, H.: Airborne in-situ measurements of vertical, sea-
sonal and latitudinal distributions of carbon dioxide over Europe,
Atmos. Chem. Phys., 8, 6395–6403, https://doi.org/10.5194/acp-
8-6395-2008, 2008.

Hasegawa, T.: Effects of Novel Coronavirus (COVID-
19) on Civil Aviation: Economic Impact Analysis,
https://www.icao.int/sustainability/Documents/Covid-19/
ICAO_coronavirus_Econ_Impact.pdf, last access: 9 March
2022.

Higham, J., Ramírez, C. A., Green, M., and Morse, A.: UK COVID-
19 lockdown: 100 days of air pollution reduction?, Air Qual. At-
mos. Health, 14, 325–332, https://doi.org/10.1007/s11869-020-
00937-0, 2021.

Hosaynali Beygi, Z., Fischer, H., Harder, H. D., Martinez, M.,
Sander, R., Williams, J., Brookes, D. M., Monks, P. S.,
and Lelieveld, J.: Oxidation photochemistry in the South-
ern Atlantic boundary layer: unexpected deviations of photo-
chemical steady state, Atmos. Chem. Phys., 11, 8497–8513,
https://doi.org/10.5194/acp-11-8497-2011, 2011.

IUPAC Task Group on Atmospheric Chemical Kinetic Data Evalu-
ation: Evaluated Kinetic Data, http://iupac.pole-ether.fr, last ac-
cess: 3 November 2021.

Jin, X., Fiore, A., Boersma, K. F., Smedt, I. D., and Valin, L.: Infer-
ring Changes in Summertime Surface Ozone–NOx–VOC Chem-
istry over U.S. Urban Areas from Two Decades of Satellite and
Ground-Based Observations, Environ. Sci. Technol., 54, 6518–
6529, https://doi.org/10.1021/acs.est.9b07785, 2020.

Jöckel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmei-
jer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J.,
Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V.,
Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neu-
maier, M., Nützel, M., Oberländer-Hayn, S., Ruhnke, R., Runde,
T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chem-
istry integrated Modelling (ESCiMo) with the Modular Earth
Submodel System (MESSy) version 2.51, Geosci. Model Dev.,
9, 1153–1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.

Khodayari, A., Tilmes, S., Olsen, S. C., Phoenix, D. B., Wuebbles,
D. J., Lamarque, J.-F., and Chen, C.-C.: Aviation 2006 NOx -
induced effects on atmospheric ozone and HOx in Community
Earth System Model (CESM), Atmos. Chem. Phys., 14, 9925–
9939, https://doi.org/10.5194/acp-14-9925-2014, 2014.

Khodayari, A., Olsen, S. C., Wuebbles, D. J., and Phoenix, D. B.:
Aviation NOx -induced CH4 effect: Fixed mixing ratio bound-
ary conditions versus flux boundary conditions, Atmos. Environ.,
113, 135–139, https://doi.org/10.1016/j.atmosenv.2015.04.070,
2015.

Kleinman, L. I., Daum, P. H., Lee, Y.-N., Nunnermacker, L. J.,
Springston, S. R., Weinstein-Lloyd, J., and Rudolph, J.: Sensitiv-
ity of ozone production rate to ozone precursors, Geophys. Res.
Lett., 28, 2903–2906, https://doi.org/10.1029/2000GL012597,
2001.

Klippel, T., Fischer, H., Bozem, H., Lawrence, M. G., Butler, T.,
Jöckel, P., Tost, H., Martinez, M., Harder, H., Regelin, E., Sander,

R., Schiller, C. L., Stickler, A., and Lelieveld, J.: Distribution of
hydrogen peroxide and formaldehyde over Central Europe dur-
ing the HOOVER project, Atmos. Chem. Phys., 11, 4391–4410,
https://doi.org/10.5194/acp-11-4391-2011, 2011.

Kormann, R., Königstedt, R., Parchatka, U., Lelieveld, J., and
Fischer, H.: QUALITAS: A mid-infrared spectrometer for sen-
sitive trace gas measurements based on quantum cascade
lasers in CW operation, Rev. Sci. Instrum., 76, 075102,
https://doi.org/10.1063/1.1931233, 2005.

Kroll, J. H., Heald, C. L., Cappa, C. D., Farmer, D. K., Fry, J. L.,
Murphy, J. G., and Steiner, A. L.: The complex chemical effects
of COVID-19 shutdowns on air quality, Nat. Chem., 12, 777–
779, https://doi.org/10.1038/s41557-020-0535-z, 2020.

Lamprecht, C., Graus, M., Striednig, M., Stichaner, M., and Karl,
T.: Decoupling of urban CO2 and air pollutant emission re-
ductions during the European SARS-CoV-2 lockdown, Atmos.
Chem. Phys., 21, 3091–3102, https://doi.org/10.5194/acp-21-
3091-2021, 2021.

Lee, D. S., Fahey, D., Skowron, A., Allen, M., Burkhardt, U., Chen,
Q., Doherty, S., Freeman, S., Forster, P., Fuglestvedt, J., Get-
telman, A., Leon, R. D., Lim, L., Lund, M., Millar, R., Owen,
B., Penner, J., Pitari, G., Prather, M., Sausen, R., and Wilcox,
L.: The contribution of global aviation to anthropogenic cli-
mate forcing for 2000 to 2018, Atmos. Environ., 244, 117834,
https://doi.org/10.1016/j.atmosenv.2020.117834, 2021.

Leighton, P. A.: Photochemistry of air pollution, Academic Press
Inc., 2nd edn., New York, ISBN 9780323156455, 1971.

Lelieveld, J. and Dentener, F. J.: What controls tropo-
spheric ozone?, J. Geophys. Res.-Atmos., 105, 3531–3551,
https://doi.org/10.1029/1999JD901011, 2000.

LI-COR, Inc.: LI-6262 CO2/H2O Analyzer Operating
and Service Manual, https://www.licor.com/documents/
umazybbyhzalz840pf63a1137qz7ofib (last access: 6 December
2021), 1996.

Lin, X., Trainer, M., and Liu, S.: On the nonlinearity of the tropo-
spheric ozone production, J. Geophys. Res.-Atmos., 93, 15879–
15888, https://doi.org/10.1029/JD093iD12p15879, 1988.

Liu, S., Trainer, M., Fehsenfeld, F., Parrish, D., Williams, E., Fahey,
D. W., Hübler, G., and Murphy, P. C.: Ozone production in the
rural troposphere and the implications for regional and global
ozone distributions, J. Geophys. Res.-Atmos., 92, 4191–4207,
https://doi.org/10.1029/JD092iD04p04191, 1987.

Logan, J. A.: Tropospheric ozone: Seasonal behavior, trends, and
anthropogenic influence, J. Geophys. Res.-Atmos., 90, 10463–
10482, https://doi.org/10.1029/JD090iD06p10463, 1985.

Matthias, V., Quante, M., Arndt, J. A., Badeke, R., Fink, L., Petrik,
R., Feldner, J., Schwarzkopf, D., Link, E.-M., Ramacher, M. O.
P., and Wedemann, R.: The role of emission reductions and the
meteorological situation for air quality improvements during the
COVID-19 lockdown period in central Europe, Atmos. Chem.
Phys., 21, 13931–13971, https://doi.org/10.5194/acp-21-13931-
2021, 2021.

Menut, L., Bessagnet, B., Siour, G., Mailler, S., Pennel, R., and
Cholakian, A.: Impact of lockdown measures to combat Covid-
19 on air quality over western Europe, Sci. Total Environ., 741,
140426, https://doi.org/10.1016/j.scitotenv.2020.140426, 2020.

Mertens, M., Jöckel, P., Matthes, S., Nützel, M., Grewe,
V., and Sausen, R.: COVID-19 induced lower-

https://doi.org/10.5194/acp-22-6151-2022 Atmos. Chem. Phys., 22, 6151–6165, 2022

3 Results

93



6164 C. M. Nussbaumer et al.: Changes in upper tropospheric ozone production

tropospheric ozone changes, Environ. Res. Lett., 16, 1–9,
https://doi.org/10.1088/1748-9326/abf191, 2021.

Mills, G., Pleijel, H., Malley, C. S., Sinha, B., Cooper, O. R.,
Schultz, M. G., Neufeld, H. S., Simpson, D., Sharps, K.,
Feng, Z., Gerosa, G., Harmens, H., Kobayashi, K., Sax-
ena, P., Paoletti, E., Sinha, V., and Xu, X.: Tropospheric
Ozone Assessment Report: Present-day tropospheric ozone dis-
tribution and trends relevant to vegetation, Elementa, 6, 47,
https://doi.org/10.1525/elementa.302, 2018.

Miyazaki, K., Bowman, K., Sekiya, T., Takigawa, M., Neu,
J. L., Sudo, K., Osterman, G., and Eskes, H.: Global tro-
pospheric ozone responses to reduced NOx emissions linked
to the COVID-19 worldwide lockdowns, Sci. Adv., 7, 1–14,
https://doi.org/10.1126/sciadv.abf7460, 2021.

National Research Council – Committee on Tropospheric Ozone:
Rethinking the ozone problem in urban and regional air pol-
lution, 1st edn., National Academy Press, Washington D.C.,
https://doi.org/10.17226/1889, 1992.

Nussbaumer, C. M. and Cohen, R. C.: The Role of Tem-
perature and NOx in Ozone Trends in the Los Ange-
les Basin, Environ. Sci. Technol., 54, 15652–15659,
https://doi.org/10.1021/acs.est.0c04910, 2020.

Nussbaumer, C. M., Crowley, J. N., Schuladen, J., Williams, J.,
Hafermann, S., Reiffs, A., Axinte, R., Harder, H., Ernest, C.,
Novelli, A., Sala, K., Martinez, M., Mallik, C., Tomsche, L.,
Plass-Dülmer, C., Bohn, B., Lelieveld, J., and Fischer, H.: Mea-
surement report: Photochemical production and loss rates of
formaldehyde and ozone across Europe, Atmos. Chem. Phys.,
21, 18413–18432, https://doi.org/10.5194/acp-21-18413-2021,
2021.

Nuvolone, D., Petri, D., and Voller, F.: The effects of ozone
on human health, Environ. Sci. Pollut. Res., 25, 8074–8088,
https://doi.org/10.1007/s11356-017-9239-3, 2018.

Onyeaka, H., Anumudu, C. K., Al-Sharify, Z. T., Egele-Godswill,
E., and Mbaegbu, P.: COVID-19 pandemic: A review of the
global lockdown and its far-reaching effects, Sci. Prog., 104, 1–
18, https://doi.org/10.1177/00368504211019854, 2021.

Ordóñez, C., Garrido-Perez, J. M., and García-Herrera,
R.: Early spring near-surface ozone in Europe during
the COVID-19 shutdown: Meteorological effects out-
weigh emission changes, Sci. Total Environ., 747, 14322,
https://doi.org/10.1016/j.scitotenv.2020.141322, 2020.

Parrish, D., Lamarque, J.-F., Naik, V., Horowitz, L., Shindell, D.,
Staehelin, J., Derwent, R., Cooper, O., Tanimoto, H., Volz-
Thomas, A., Gilge, S., Scheel, H.-E., Steinbacher, M., and Fröh-
lich, M.: Long-term changes in lower tropospheric baseline
ozone concentrations: Comparing chemistry-climate models and
observations at northern midlatitudes, J. Geophys. Res.-Atmos.,
119, 5719–5736, https://doi.org/10.1002/2013JD021435, 2014.

Pusede, S. and Cohen, R.: On the observed response of ozone
to NOx and VOC reactivity reductions in San Joaquin Valley
California 1995–present, Atmos. Chem. Phys., 12, 8323–8339,
https://doi.org/10.5194/acp-12-8323-2012, 2012.

Pusede, S. E., Steiner, A. L., and Cohen, R. C.: Temperature and re-
cent trends in the chemistry of continental surface ozone, Chem.
Rev., 115, 3898–3918, https://doi.org/10.1021/cr5006815, 2015.

Regelin, E., Harder, H., Martinez, M., Kubistin, D., Tatum
Ernest, C., Bozem, H., Klippel, T., Hosaynali-Beygi, Z., Fis-
cher, H., Sander, R., Jöckel, P., Königstedt, R., and Lelieveld,

J.: HOx measurements in the summertime upper troposphere
over Europe: a comparison of observations to a box model
and a 3-D model, Atmos. Chem. Phys., 13, 10703–10720,
https://doi.org/10.5194/acp-13-10703-2013, 2013.

Reifenberg, S. F., Martin, A., Kohl, M., Hamryszczak, Z., Tadic,
I., Röder, L., Crowley, D., Fischer, H., Kaiser, K., Schneider,
J., Dörich, R., Crowley, J. N., Tomsche, L., Marsing, A., Voigt,
C., Zahn, A., Pöhlker, C., Hollanda, B., Krüger, O., Pöschl, U.,
Pöhlker, M., Lelieveld, J., and Pozzer, A.: Impact of reduced
emissions on direct and indirect aerosol radiative forcing during
COVID-19 lockdown in Europe, in preparation, 2022.

Revell, L. E., Stenke, A., Tummon, F., Feinberg, A., Rozanov,
E., Peter, T., Abraham, N. L., Akiyoshi, H., Archibald, A. T.,
Butchart, N., Deushi, M., Jöckel, P., Kinnison, D., Michou,
M., Morgenstern, O., O’Connor, F. M., Oman, L. D., Pitari,
G., Plummer, D. A., Schofield, R., Stone, K., Tilmes, S., Vi-
sioni, D., Yamashita, Y., and Zeng, G.: Tropospheric ozone in
CCMI models and Gaussian process emulation to understand bi-
ases in the SOCOLv3 chemistry–climate model, Atmos. Chem.
Phys., 18, 16155–16172, https://doi.org/10.5194/acp-18-16155-
2018, 2018.

Rosanka, S., Sander, R., Franco, B., Wespes, C., Wahner, A.,
and Taraborrelli, D.: Oxidation of low-molecular-weight or-
ganic compounds in cloud droplets: global impact on tro-
pospheric oxidants, Atmos. Chem. Phys., 21, 9909–9930,
https://doi.org/10.5194/acp-21-9909-2021, 2021.

Salma, I., Vörösmarty, M., Gyöngyösi, A. Z., Thén, W., and Wei-
dinger, T.: What can we learn about urban air quality with regard
to the first outbreak of the COVID-19 pandemic? A case study
from central Europe, Atmos. Chem. Phys., 20, 15725–15742,
https://doi.org/10.5194/acp-20-15725-2020, 2020.

Schiller, C., Bozem, H., Gurk, C., Parchatka, U., Königstedt,
R., Harris, G., Lelieveld, J., and Fischer, H.: Applications of
quantum cascade lasers for sensitive trace gas measurements
of CO, CH4, N2O and HCHO, Appl. Phys. B, 92, 419–430,
https://doi.org/10.1007/s00340-008-3125-0, 2008.

Schlosser, F., Maier, B. F., Jack, O., Hinrichs, D., Zachariae,
A., and Brockmann, D.: COVID-19 lockdown induces
disease-mitigating structural changes in mobility net-
works, P. Natl. Acad. Sci. USA, 117, 32883–32890,
https://doi.org/10.1073/pnas.2012326117, 2020.

Schumann, U.: Aircraft emissions, in: Encyclopedia of global envi-
ronmental change, 3, edited by: Ian Douglas, John Wiley & Sons
Ltd, Chichester, 178–186, ISBN 0471977969, 2002.

Sillman, S., Logan, J. A., and Wofsy, S. C.: The sensitivity
of ozone to nitrogen oxides and hydrocarbons in regional
ozone episodes, J. Geophys. Res.-Atmos., 95, 1837–1851,
https://doi.org/10.1029/JD095iD02p01837, 1990.

Steinbrecht, W., Kubistin, D., Plass-Dülmer, C., Davies, J., Tara-
sick, D. W., Gathen, P. v. d., Deckelmann, H., Jepsen, N.,
Kivi, R., Lyall, N., Palm, M., Notholt, J., Kois, B., Oelsner,
P., Allaart, M., Piters, A., Gill, M., Malderen, R. V., Delcloo,
A. W., Sussmann, R., Mahieu, E., Servais, C., Romanens, G.,
Stübi, R., Ancellet, G., Godin-Beekmann, S., Yamanouchi, S.,
Strong, K., Johnson, B., Cullis, P., Petropavlovskikh, I., Han-
nigan2, J. W., Hernandez, J.-L., Rodriguez, A. D., Nakano,
T., Chouza, F., Leblanc, T., Torres, C., Garcia, O., Röhling,
A. N., Schneider, M., Blumenstock, T., Tully, M., Paton-
Walsh, C., Jones, N., Querel, R., Strahan, S., Stauffer, R. M.,

Atmos. Chem. Phys., 22, 6151–6165, 2022 https://doi.org/10.5194/acp-22-6151-2022

3 Results

94



C. M. Nussbaumer et al.: Changes in upper tropospheric ozone production 6165

Thompson, A. M., Inness, A., Engelen, R., Chang, K.-L., and
Cooper, O. R.: COVID-19 crisis reduces free tropospheric ozone
across the Northern Hemisphere, Geophys. Res. Lett., 48, 1–11,
https://doi.org/10.1029/2020GL091987, 2021.

Stickler, A., Fischer, H., Williams, J., De Reus, M., Sander, R.,
Lawrence, M., Crowley, J., and Lelieveld, J.: Influence of sum-
mertime deep convection on formaldehyde in the middle and up-
per troposphere over Europe, J. Geophys. Res.-Atmos., 111, 1–
17, https://doi.org/10.1029/2005JD007001, 2006.

Tadic, I., Crowley, J. N., Dienhart, D., Eger, P., Harder, H.,
Hottmann, B., Martinez, M., Parchatka, U., Paris, J.-D., Pozzer,
A., Rohloff, R., Schuladen, J., Shenolikar, J., Tauer, S., Lelieveld,
J., and Fischer, H.: Net ozone production and its relation-
ship to nitrogen oxides and volatile organic compounds in the
marine boundary layer around the Arabian Peninsula, Atmos.
Chem. Phys., 20, 6769–6787, https://doi.org/10.5194/acp-20-
6769-2020, 2020.

Venter, Z. S., Aunan, K., Chowdhury, S., and Lelieveld,
J.: COVID-19 lockdowns cause global air pollution de-
clines, P. Natl. Acad. Sci. USA, 117, 18984–18990,
https://doi.org/10.1073/pnas.2006853117, 2020.

Voigt, C., Lelieveld, J., Schlager, H., Schneider, J., Curtius, J.,
Meerkötter, R., Sauer, D., Bugliaro, L., Bohn, B., Crowley, J. N.,
Erbertseder, T., Groß, S., Li, Q., Mertens, M., Pöhlker, M.,
Pozzer, A., Schumann, U., Tomsche, L., Williams, J., Zahn, A.,
Andreae, M., Borrmann, S., Bräuer, T., Dörich, R., Dörnbrack,
A., Edtbauer, A., Ernle, L., Fischer, H., Giez, A., Granzin, M.,
Grewe, V., Hahn, V., Harder, H., Heinritzi, M., Holanda, B.,
Jöckel, P., Kaiser, K., Krüger, O., Lucke, J., Marsing, A., Martin,
A., Matthes, S., Pöhlker, C., Pöschl, U., Reifenberg, S., Rings-
dorf, A., Scheibe, M., Tadic, I., Zauner-Wieczorek, M., Henke,
R., and Rapp, M.: BLUESKY aircraft mission reveals reduction
in atmospheric pollution during the 2020 Corona lockdown, B.
Am. Meteorol. Soc., in review, 2022.

Wang, P., Chen, Y., Hu, J., Zhang, H., and Ying, Q.: Attribution
of tropospheric ozone to NOx and VOC emissions: considering
ozone formation in the transition regime, Environ. Sci. Technol.,
53, 1404–1412, https://doi.org/10.1021/acs.est.8b05981, 2018.

WHO: WHO Director-General’s opening remarks at
the media briefing on COVID-19 – 11 March 2020,
https://www.who.int/director-general/speeches (last access:
2 November 2021), 2020a.

WHO: Coronavirus disease 2019 (COVID-19) Situation Report
– 51, https://www.who.int/docs/default-source/coronaviruse/
situation-reports/20200311-sitrep-51-covid-19.pdf?sfvrsn=
1ba62e57_10 (last access: 2 November 2021), 2020b.

WHO: Coronavirus disease 2019 (COVID-19), https://www.who.
int/health-topics/coronavirus#tab=tab_1, last access: 2 Novem-
ber 2021.

World Meteorological Organization: WMO Air Quality and Cli-
mate Bulletin – No. 1, September 2021, edited by: Cooper, O. R.,
Sokhi, R. S., Nicely, J. M., Carmichael, G., Darmenov, A., Laj,
P., and Liggio, J., https://library.wmo.int/index.php?lvl=notice_
display&id=21942#.YTIzN9 (last access: 18 March 2022), 2021.

Young, P. J., Naik, V., Fiore, A. M., Gaudel, A., Guo,
J., Lin, M., Neu, J., Parrish, D., Rieder, H., Schnell, J.,
et al.: Tropospheric Ozone Assessment Report: Assessment
of global-scale model performance for global and regional
ozone distributions, variability, and trends, Elementa, 6, 10,
https://doi.org/10.1525/elementa.265, 2018.

Zahn, A., Weppner, J., Widmann, H., Schlote-Holubek, K., Burger,
B., Kühner, T., and Franke, H.: A fast and precise chemilumi-
nescence ozone detector for eddy flux and airborne application,
Atmos. Meas. Tech., 5, 363–375, https://doi.org/10.5194/amt-5-
363-2012, 2012.

Zhu, S., Poetzscher, J., Shen, J., Wang, S., Wang, P., and
Zhang, H.: Comprehensive insights into O3 changes dur-
ing the COVID-19 from O3 formation regime and atmo-
spheric oxidation capacity, Geophys. Res. Lett., 48, 1–11,
https://doi.org/10.1029/2021GL093668, 2021.

https://doi.org/10.5194/acp-22-6151-2022 Atmos. Chem. Phys., 22, 6151–6165, 2022

3 Results

95





3 Results

3.6 Ozone sensitivity in the upper tropical troposphere

This chapter has been submitted to the journal Atmospheric Chemistry & Physics as a research

article and is currently under review at EGUsphere. I am the first author of this paper. I have

analyzed all data presented, I have made the figures and I have prepared the manuscript. Detailed

author contributions can be found at the end of the paper in the section Author contributions.

How to cite: Nussbaumer, C. M., Fischer, H., Lelieveld, J. and Pozzer, A.: What controls ozone

sensitivity in the upper tropical troposphere?, EGUsphere [preprint], https://doi.org/10.5194/eg

usphere-2023-816, 2023.

submitted: 24 Apr 2023

The supplementary material for this publication can be found in Section 4.5.

97





What controls ozone sensitivity in the upper tropical troposphere?
Clara M. Nussbaumer1, Horst Fischer1, Jos Lelieveld1,2, and Andrea Pozzer1,2

1Max Planck Institute for Chemistry, Department of Atmospheric Chemistry, Mainz, Germany
2Climate and Atmosphere Research Center, The Cyprus Institute, Nicosia, Cyprus

Correspondence: Clara Nussbaumer (clara.nussbaumer@mpic.de)

Abstract.

Ozone is after water vapor, the second most important contributor to the radiative energy budget of the upper troposphere

(UT). Therefore, observing and understanding the processes contributing to ozone production are important for monitoring the

progression of climate change. Nitrogen oxides (NOx ≡ NO + NO2) and volatile organic compounds (VOC) are two main

tropospheric precursors to ozone formation. Depending on their abundances, ozone production can be sensitive to changes in5

either of these two precursors. Here, we focus on processes contributing to ozone chemistry in the upper tropical troposphere

between 30 ◦ S and 30 ◦ N latitude, where changes in ozone have a relatively large impact on anthropogenic radiative forcing.

Based on modeled trace gas mixing ratios and meteorological parameters simulated by the EMAC atmospheric chemistry -

general circulation model, we analyze a variety of commonly applied metrics including ozone production rates (P(O3)), the

formaldehyde (HCHO) to NO2 ratio and the share of methyl peroxyradicals (CH3O2) forming HCHO (α(CH3O2)), for their10

ability to describe the chemical regime. We show that the distribution of trace gases in the tropical UT is strongly influenced

by the varying locations of deep convection throughout the year, and we observe peak values for NOx and P(O3) over the

continental areas of South America and Africa where lightning is frequent. We find that P(O3) and its response to NO is

unsuitable for determining the dominant regime in the upper troposphere. Instead, α(CH3O2) and the HCHO/NO2 ratio in

combination with ambient NO levels perform well as metrics to indicate whether NOx or VOC sensitivity is prevalent. A15

sensitivity study with halving, doubling and excluding lightning NOx demonstrates that lightning and its distribution in the

tropics are the major determinants of the chemical regimes and ozone formation in the upper tropical troposphere.

1 Introduction

Ozone (O3) is abundant in the stratosphere and makes life on earth possible by absorbing highly energetic UV radiation emitted

by the sun (Rowland, 1991; Staehelin et al., 2001). In the troposphere, on the other hand, high O3 levels have adverse effects20

on human health, plant growth and climate (Ainsworth et al., 2012; Cooper et al., 2014; Nuvolone et al., 2018). Ground-

level tropospheric ozone has received particular attention due to its role in causing cardiovascular and respiratory diseases

(Nuvolone et al., 2018). Additionally, ozone can be detrimental to plants through limiting stomatal conductance and therefore

the capability of to perform plants photosynthesis (Ainsworth et al., 2012; Mills et al., 2018). Ozone in the free troposphere

is subject to particular focus due to its radiative forcing efficiency as a greenhouse gas and its contribution to global warming25

and climate change. In the upper troposphere (UT), ozone is the second most important greenhouse gas after water vapor and

1
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changes in ozone exert (and will continue to exert) a particularly large impact on the earth’s radiative forcing – especially in the

tropopause region and the tropical UT (Lacis et al., 1990; Mohnen et al., 1993; Wuebbles, 1995; Lelieveld and van Dorland,

1995; van Dorland et al., 1997; Staehelin et al., 2001; Iglesias-Suarez et al., 2018).

While transport from the stratosphere contributes significantly to ozone in the upper troposphere, the formation of O3 from30

its precursors nitrogen oxides (NOx) and volatile organic compounds (VOCs), might still be the predominant source of ozone in

this layer of the atmosphere (Lelieveld and Dentener, 2000; Cooper et al., 2014; Pusede et al., 2015). In the lower troposphere,

NOx mostly originates from combustion processes such as vehicle engines and industrial activity. Soil emissions, partly natural

and partly from agricultural activity, additionally contribute to NOx sources at the surface. In the upper troposphere, NOx

is derived from lightning and aircraft (Pusede et al., 2015). VOC sources are even more diverse and range from biogenic35

vegetation emissions to anthropogenic emissions like combustion processes or volatile chemical products, such as paints,

detergents, cosmetics (McDonald et al., 2018). Within a photochemical cycle catalyzed by OH radicals, VOCs and nitric oxide

(NO) molecules form nitrogen dioxide (NO2), which can subsequently react with O3 in the presence of oxygen and sunlight

as shown in the overall reaction (R1) (Leighton, 1961; Crutzen, 1988).

NO2 + O2
hν−→ NO +O3 (R1)40

Deviations from the HOx cycle, including self-reactions of peroxy radicals and the reaction of OH with NO2 forming HNO3,

can terminate the formation of ozone. A detailed description of the HOx cycle and its termination reactions can, for example,

be found in Pusede and Cohen (2012), Pusede et al. (2015) and Nussbaumer and Cohen (2020).

Depending on the availability of its precursors, ozone formation can either be sensitive to the levels of NOx or VOC. While

terms like NOx or VOC -“limited” -“sensitive” and -“saturated” are widely used in the literature in reference to chemical45

ozone regimes, there is no unified definition, as pointed out in a review by Sillman (1999) more than two decades ago. When

it comes to the upper troposphere, most of the indicators for either regime are no longer valid.

Initial descriptions of ozone chemistry and the coining of the term “regime” date back to the late 1980s with studies by Liu

et al. (1987), Lin et al. (1988) and Sillman et al. (1990). The most common definition for chemical regimes in the literature is

based on the response of ozone production (P(O3)) to changes in its precursors based on the ozone isopleths, which is described50

in review articles and textbooks (National Research Council, 1992; Seinfeld and Pandis, 1998; Sillman, 1999; Seinfeld, 2004).

Correspondingly, in low-NOx environments increases in NOx lead to increases in O3, while changes in VOCs have little to

no impact – a NOx-sensitive regime. In high-NOx environments increases in NOx affect decreases in O3 – a VOC-sensitive

regime (or NOx-saturated regime). Within an NOx-sensitive regime, OH radicals primarily react with VOCs and promote

the catalytic HOx cycle and the formation of O3. The self-reaction of peroxy radicals is the main termination reaction. With55

increasing NOx levels and the transition to a VOC-sensitive regime, the termination reaction of OH with NO2 to form HNO3

becomes dominant, affecting the anti-proportional correlation of NOx and O3.

Various indicators have been reported in the literature to determine the dominant regime. Some studies have directly ad-

dressed the production of O3 (or odd oxygen (Ox) ≡ O3 + NO2) in response to changing NOx (Brasseur et al., 1996; Jaeglé

2

https://doi.org/10.5194/egusphere-2023-816
Preprint. Discussion started: 4 May 2023
c© Author(s) 2023. CC BY 4.0 License.

3 Results

100



et al., 1999; Tonnesen and Dennis, 2000a; Tadic et al., 2021). Other studies considered the so-called ozone production ef-60

ficiency (OPE), which evaluates how many ozone molecules are formed by NOx before it is removed to reaction products

such as HNO3 or PAN (peroxyacetyl nitrate) (Liu et al., 1987; Trainer et al., 1993; Wang et al., 2018a). Low OPEs indicate a

VOC-sensitive and high OPEs a NOx-sensitive regime. Similar approaches such as the ratio of O3 and reactive nitrogen species

(NOy) or NOz (≡ NOy - NOx) have also been reported (Milford et al., 1994; Sillman, 1995; Fischer et al., 2003; Peralta et al.,

2021; Wang et al., 2022). A common method for determining the dominant regime in urban environments is the weekend65

ozone effect, where the response of O3 levels to decreasing NOx mixing ratios on weekends is monitored (e.g., Fujita et al.

(2003); Pusede and Cohen (2012); Nussbaumer and Cohen (2020); Sicard et al. (2020); Gough and Anderson (2022)). Another

indicator is the ratio between formaldeyhde (HCHO) and NO2. Sillman (1995) originally suggested the ratio HCHO/NOy

(NOy ≡ NOx + HNO3 + organic nitrates) as a metric, which was later adjusted to the HCHO/NO2 ratio. This metric evaluates

the reaction of OH radicals with VOCs (ultimately leading to HCHO as a reaction intermediate) enhancing O3 production in70

competition with the reaction of OH radicals with NO2, which decelerates O3 formation (Tonnesen and Dennis, 2000b). The

HCHO/NO2 ratio has been widely applied in the literature based on ground-based measurements and satellite observations

(e.g., Duncan et al. (2010); Jin et al. (2020); Xue et al. (2022)). The ratio of hydrogen peroxide (H2O2) to HNO3 is another

metric used for regime analysis. Also initially suggested by Sillman (1995), it compares the HO2 self-reaction (forming H2O2)

with the reaction of OH and NO2, both leading to termination of the HOx cycle. While the HO2 self-reaction dominates over75

the formation of HNO3 as a termination reaction, O3 increases linearly with NOx. Recent studies using H2O2/HNO3 include

Wang et al. (2018b), Vermeuel et al. (2019) and Liu et al. (2021). The HCHO/NO2 and H2O2/HNO3 ratios, as well as the

OPE require absolute values as reference points to determine the regime, which can vary depending on the ambient conditions;

background mixing ratios are a major drawback of these metrics. Dyson et al. (2022) recently analyzed the dominant regime in

Beijing using a method that considers the loss of OH, HO2 and RO2 radicals via reaction with NOx in comparison to the overall80

production of these radical species. The production thereby equals the overall radical loss via reaction with NOx, self-reaction

and aerosol uptake, an idea which has been previously described by Sakamoto et al. (2019). Within a VOC-sensitive regime,

HO2 is predominantly lost via the reaction with NO, while in a NOx-sensitive regime, aerosol uptake plays a significant role

in HO2 loss. Dyson et al. (2022) found the transition to occur around 0.1 ppbv of NO. Cazorla and Brune (2009) and Hao

et al. (2023) reported direct measurements of P(O3) in a reaction chamber through observing changes in Ox in a certain time85

interval. This technique can be used to determine the dominant chemical regime when correlated with ambient NO mixing

ratios.

Some studies (including Jaeglé et al. (1998), Wennberg et al. (1998) and Jaeglé et al. (1999)) have analyzed the dominant

chemical regime in the UT. These studies focus on the U.S. and the North Atlantic and consistently report a linear correlation

between P(O3) and NOx based on aircraft observations, deducing a NOx-sensitive regime, while model simulations predict90

a P(O3) decrease with high NOx. One explanation for these observations could be that these studies, published around 25

years ago, overestimated the NOx loss. We know today that the reaction rate of NO2 and OH is much lower than previously

assumed (Mollner et al., 2010; Henderson et al., 2012; Nault et al., 2016). The loss reaction of NO2 with OH to HNO3

does not play a significant role under the conditions in the upper troposphere (in contrast to low-altitude) so that the typical

3
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definition for a VOC-sensitive regime where O3 production decreases with increasing NOx does not apply anymore. Khodayari95

et al. (2018) reported an NOx-saturated (VOC-sensitive) regime based on a modeling sensitivity study, where a decreasing O3

burden was observed with increasing lightning NOx. We suggest that this observed anti-correlation might not result from

increased NOx loss as applicable for surface conditions, and might instead be an outcome of decreasing HO2 with increasing

NO. Pickering et al. (1990) reported a VOC-sensitive regime over the U.S. at 11 km altitude based on measurements in June

1985 and model simulations. A study by Dahlmann et al. (2011) indicates increasing P(O3) with increasing NO at 250 hPa100

over Europe, implying a NOx-sensitive regime following the common definition. Shah et al. (2023) analyzed the relationship

between the NOy/NO ratio and O3 mixing ratios and assumed an NOx-sensitive regime over the Central U.S. based on a flight

during the DC3 research campaign in 2012. Liang et al. (2011) analyzed changes in net ozone production with NOx in the

Arctic troposphere and found a proportional relationship up to 10 ppbv NOx based on box model calculations and observations.

While all studies have briefly touched upon the dominant chemical regime in the upper troposphere, a thorough analysis and105

a definition that is valid throughout the troposphere have not yet been reported. In view of ozone’s major implications for the

earth’s radiative energy budget and climate change (particularly in the UT), O3 sensitivity is highly relevant for understanding

and monitoring which precursors and processes are most important for the O3 budget at high altitudes in the troposphere.

In Nussbaumer et al. (2021a), we introduced a new metric α(CH3O2) for determining the dominant regime, which presents

the ratio of methyl peroxyradicals (CH3O2) forming HCHO with NO versus the reaction of CH3O2 with HO2. We have110

applied this metric to ground-based observations at three different sites in Europe and for aircraft observations during the 2022

BLUESKY research campaign in the upper troposphere over Europe (Nussbaumer et al., 2022). We found a change at high

altitudes from a VOC- to a NOx-sensitive regime over the past two decades up to 2020, promoted by emission reductions

during the COVID-19 pandemic.

In this study, we use α(CH3O2) to analyze the dominant regime in the upper tropical troposphere between 30 ◦ S and 30 ◦ N115

latitude based on modeled trace-gas mixing ratios and meteorological parameters by the EMAC atmospheric chemistry -

general circulation model. We additionally investigate the effects of NOx produced by lightning in six different tropical areas:

the Pacific Ocean, South America, the Atlantic Ocean, Africa, the Indian Ocean and South East Asia. Finally, we provide a

new definition for NOx- and VOC-sensitive regimes, which is valid throughout the troposphere.

2 Methods120

2.1 Calculations of ozone production (P(O3)) and loss (L(O3)) rates

The calculation of ozone production (P(O3)) and loss (L(O3)) rates was performed as presented in Section 2.1 of Nussbaumer

et al. (2022). Briefly, ozone production P(O3) is described by the reaction of NO with HO2 and peroxy radicals RzO2 (Equation

(1)); the latter can be approximated by CH3O2 in the upper troposphere. CH3O2 accounts for 85± 5 % of RzO2, represented

by the sum of CH3O2, C2H5O2 (ethylperoxy radicals), CH3CO3 (peroxyacetyl radicals), CH3COCH2O2 (acetonylperoxy rad-125

icals), iso-C3H7O2 (iso-propylperoxy radicals), C5H6O3 (isoprene (hydroxy) peroxy radicals), C4H7O4 (methyl vinyl ketone

/ methacrolein peroxy radicals) and LHOC3H6O2 (hydroxyperoxy radicals from propene + OH).

4
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P (O3) = kNO+HO2 × [HO2]× [NO] +
∑

z

kNO+RzO2 × [RzO2][NO]) (1)

Ozone loss L(O3) is calculated as shown in Equation (2) via the reaction of O3 with HO2 and OH and via photolysis. The latter

only yields an effective ozone loss if O(1D) (resulting from O3 photolytic cleavage) reacts with H2O instead of colliding with130

O2 or N2 (and reforming O3). This share is represented by αO(1D) in Equation (3).

L(O3) = kO3+HO2 × [HO2]× [O3] + kO3+OH × [OH]× [O3] +αO1D × j(O1D)× [O3] (2)

αO1D =
kO1D+H2O × [H2O]

kO1D+N2 × [N2] + kO1D+O2 × [O2] + kO1D+H2O × [H2O]
(3)

The resulting net ozone production rate (NOPR) is then calculated by subtracting ozone loss from its production as shown in

Equation (4).135

NOPR = P (O3)−L(O3)

= [NO]× (kNO+HO2 × [HO2] + kNO+CH3O2 × [CH3O2])

− [O3]× (kO3+HO2 × [HO2] + kO3+OH × [OH] +αO1D × j(O1D)) (4)

2.2 Calculations of α(CH3O2)

α(CH3O2) represents the share of methyl peroxyradicals forming HCHO with NO and OH versus the reaction with HO2

yielding CH3OOH and is calculated as shown in Equation (5).

αCH3O2 =
kCH3O2+NO × [NO] + kCH3O2+OH × [OH]

kCH3O2+NO × [NO] + kCH3O2+OH × [OH] + kCH3O2+HO2 × [HO2]
(5)140

We demonstrated in previous studies that α(CH3O2) can be used as a metric to determine the dominant chemical regime

(Nussbaumer et al., 2021a, 2022). While the formation of HCHO from CH3O2 enhances O3 formation, the reaction of CH3O2

with HO2 represents a termination reaction of the HOx cycle and therefore decelerates P(O3). The progression of α(CH3O2)

in dependence of the ambient NO mixing ratio is shown in Figure 1. The black line presents the average α(CH3O2) across

all longitudes and between 30 ◦ S and 30 ◦ N latitude at 200 hPa altitude for daily values from 2000 to 2019 binned to the NO145

mixing ratios. It therefore describes the background behavior of NO vs α(CH3O2) for all data used in this study. The grey error

shades show the 1 σ standard deviation resulting from the averaging. At low NO mixing ratios (here < 0.1 ppbv), α(CH3O2)

changes rapidly even with small changes in NO. The resulting slope of the linear fit of the data is 3.75± 0.44 ppbv−1. In this

range, CH3O2 reacts both with NO and with HO2 (and with itself). With increasing availability of NO, the reaction of CH3O2

5
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Figure 1. Demonstration of how α(CH3O2) can be used as a metric to determine the dominant chemical regime. The black line shows the

tropical background α(CH3O2) binned to NO mixing ratios. The grey error shades show the 1σ standard deviation. The red and blue dashed

lines represent a NOx-sensitive and a VOC-sensitive regime, respectively.

with NO and therefore the amount of O3 formed is enhanced. This regime is referred to as NOx-sensitive. In comparison, for150

higher NO mixing ratios (here > 0.1 ppbv), α(CH3O2) only shows minor changes with increasing NO and is almost constant.

The resulting slope is 0.16± 0.01 ppbv−1. In this range, NO is so abundant that CH3O2 reacts primarily with NO and changes

in NO have almost no impact on the reaction. The amount of O3 formed is limited by the abundance of CH3O2, which itself

is formed by a precursor VOC and no longer increases with increasing NO. This regime is referred to as VOC-sensitive.

Depending on where in this graph the data points from specific areas are located, it is possible to identify if a NOx- or a155

VOC-sensitive regime is dominant.

2.3 Modeling study

The data analyzed in this study were produced by model simulations using the ECHAM5 (fifth generation European Centre

Hamburg general circulation model, version 5.3.02)/MESSy2 (second-generation Modular Earth Submodel System, version

2.54.0) Atmospheric Chemistry (EMAC) model. Details on the EMAC model can be found in Jöckel et al. (2016). We applied160

EMAC in the T63L47MA-resolution, i.e., with a spherical truncation of T63 (corresponding to a quadratic Gaussian grid of

1.875 by 1.875 degrees in latitude and longitude) with 47 vertical hybrid pressure levels up to 0.01 hPa. Roughly 22 levels

are included in the troposphere depending on the latitude, and the model has a time step of 6 minutes. The dynamics of the

EMAC model have been weakly nudged in the troposphere (Jeuken et al., 1996) towards the ERA5 meteorological reanalysis

data (Hersbach et al., 2020) of the European Centre for Medium-Range Weather Forecasts (ECMWF) to represent the actual165

6
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Figure 2. Overview of the defined areas in the tropics between 30 ◦ S and 30 ◦ N latitude: Pacific Ocean (cyan), South America (blue),

Atlantic Ocean (pink), Africa (red), Indian Ocean (yellow) and South East Asia (green).

day-to-day meteorology in the troposphere. The set-up adopted here is similar to the one presented in Reifenberg et al. (2022),

using the anthropogenic emissions CAMS-GLOB-ANTv4.2 (Granier et al., 2019), with varying monthly values for the period

2000–2019. The model has been extensively evaluated for ozone (e.g., Jöckel et al., 2016), showing a systematic though minor

overestimation of the model compared to observations, which is a common feature in chemistry general circulation models

of this complexity (Young et al., 2013). Comparison of the model results against numerous field campaigns (e.g., Lelieveld170

et al., 2018; Tadic et al., 2021; Nussbaumer et al., 2022) reveals a good agreement between observations and model results

of NOx and VOCs for locations in the UT. The reference simulation covers the time period 2000–2019 with hourly output of

trace gas mixing ratios of O3, NO, NO2, OH, HO2, CH3O2, HCHO, CO, CH4 and H2O, as well as the photolysis rates j(NO2)

and j(O1D) and meteorological parameters such as temperature and pressure, necessary for calculating net ozone production

rates and α(CH3O2). The data were post-processed to obtain daily values at local noon time and calculated for 200 hPa (upper175

troposphere) using bilinear interpolation between the hybrid pressure model levels.

For detailed analysis, six different areas are defined and their geographic extent is shown in Figure 2. These areas refer to the

Pacific Ocean (cyan), South America (blue), the Atlantic Ocean (pink), Africa (red), the Indian Ocean (yellow) and South East

Asia (green).

3 Results and Discussion180

3.1 Development of trace gases over time

The analyzed trace gases do not show statistically significant trends over time from 2000 to 2019 at 200 hPa, which we show

in Figure S1 of the Supplement. We find small global increases of some trace gases, e.g., average NO and HO2 mixing ratios

increase by ∼ 5 % and average NO2 and O3 mixing ratios by up to 10 % from 2000 to 2019. Global mean temperature increases

by approximately 1 ◦C over the 20 year period. Even though slight trends can be detected, the variability is high and the 1 σ185

standard deviation (grey shaded) is significantly larger than the variation over time and we therefore used a daily climatology

from the 20-year period in order to simplify the calculations.
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3.2 Tropical distribution

3.2.1 NOx

Figure 3 shows the distribution of NO in the upper tropical troposphere (at 200 hPa). We find large changes throughout the190

year, which are related to the seasonality of deep convection and the location of the intertropical convergence zone (ITCZ). In

order to illustrate the differences, we subdivide the data into four periods, December–February (DJF), March–May (MAM),

June–August (JJA) and September–November (SON). Each grid cell extends over 1.875 ◦ x 1.875 ◦ latitude and longitude and

represents a 20-year average of the respective period. During DJF, NO mixing ratios are highest over South America, southern

Africa and northern Australia with average peak values between 0.3 and 0.4 ppbv. Over the other tropical regions, NO mixing195

ratios are much lower with average values of 0.09± 0.01 ppbv over the Pacific and the Indian Oceans, 0.12± 0.02 ppbv over

the Atlantic Ocean, 0.10± 0.03 ppbv over North Africa and 0.08± 0.01 ppbv over South East Asia. Generally, the mixing

ratios over land are much higher than those over the ocean, and the mixing ratios north of the equator are lower with an average

value of 0.09± 0.03 ppbv compared to south of the equator with 0.14± 0.06 ppbv. During MAM, NO mixing ratios over South

America are similar to those during DJF with average values of 0.21± 0.05 ppbv. NO mixing ratios over Africa are much200

higher compared to DJF with 0.28± 0.11 ppbv on average and peak values of 0.53 ppbv. The relatively high mixing ratios

relocate from South to Central Africa from DJF to MAM and also over the Arabian Peninsula and South Asia, including India.

Mixing ratios over Australia are around 0.15 ppbv and therefore approximately half of those during DJF and are similar over

South East Asia.

During JJA, peak NO mixing ratios are found north of the equator over Central America and North Africa. Average NO mixing205

ratios are 0.14± 0.07 ppbv in the northern and 0.09± 0.02 ppbv in the southern tropical hemisphere. The distribution therefore

changes drastically compared to DJF. During SON, NO mixing ratios are similar to MAM and peak over South America and

Central Africa. The highest NO mixing ratios are found in the locations of predominant deep convection, which vary throughout

the year. During DJF, deep convection dominates in the southern hemisphere, and during JJA it is most prevalent in the

northern hemisphere. In July, deep convection is highest over Central America, North Africa and South Asia (northern India).210

In January, it is predominant over South America, Central to South Africa and North Australia (Yan, 2005). The areas where

these convective processes are prevailing define the ITCZ where north- and southeasterly trade winds converge. Increased

thunderstorm activity explains the occurrence of peak NO mixing ratios. Various studies have reported significantly increased

lightning over land compared to the ocean, which is in line with the distribution of NO as shown in Figure 3 (Christian

et al., 2003; Rudlosky and Virts, 2021; Nussbaumer et al., 2021b). South East Asia is often referred to as the “maritime”215

continent. This region experiences frequent cumulonimbus activity, but the convective available potential energy (CAPE) is

less compared with that over the South American and in particular the African land masses. This region therefore shows lower

NO mixing ratios throughout the year. The relative distribution of NO2 is very similar to NO, which we show in Figure S2 of

the Supplement. On average, NO2 mixing ratios are around a factor of 7 lower compared to NO.
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Figure 3. Distribution of NO in the tropical UT between 30 ◦ S and 30 ◦ N for December–February (DJF), March–May (MAM), June–August

(JJA) and September–November (SON).

3.2.2 HO2220

Figure 4 shows the DJF and JJA distributions of HO2. An overview of all four periods can be found in Figure S3 of the

Supplement. Similar to NO, the spatial DJF distributions of HO2 mixing ratios show peak values between 15 and 20 pptv over

South America and South Africa. While NO shows minimum values over South East Asia and the Indian Ocean, HO2 mixing

ratios are elevated with average values of 13± 1 pptv and 12± 1 pptv, respectively. Mixing ratios are lower over the Pacific

and the Atlantic Oceans with 8-9± 1 pptv on average and north of ∼ 20 ◦N. During JJA, HO2 mixing ratios are elevated over225

the Indian Ocean, South Asia and Central America, including the Atlantic and Pacific Ocean around 10 ◦N latitude. HO2 is

relatively low over South America and Africa. During MAM and SON, HO2 is mostly intermediate between DJF and JJA and

does not show any noteworthy features. Mixing ratios of CH3O2 show a very similar distribution to HO2 across the tropical

UT and range from ∼ 0.5 to 4 pptv, which we show in Figure S4 of the Supplement.
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Figure 4. Distribution of HO2 in the tropical UT between 30 ◦ S and 30 ◦ N during DJF (top panel) and JJA (bottom panel).

3.2.3 NOPR230

The tropical UT distribution of net ozone production rates is closely related to the distribution of NO (Figure 3). We show

the model-calculated results for each period in Figure S5 of the Supplement. During DJF, NOPRs peak over South Amer-

ica with average values of 0.77± 0.20 ppbv h−1 and maximum values above 1 ppbv h−1 over southern Africa and northern

Australia. In the course of the year and the local variations in deep convection, NOPR peaks move northwards, reaching the

northernmost point in JJA, and moving southwards again in SON and DJF. During DJF, NOPRs are 0.36± 0.21 ppbv h−1 and235

0.23± 0.09 ppbv h−1 in the southern and northern tropical hemisphere, respectively. During JJA, NOPRs are 0.17± 0.06 ppbv h−1

in the southern tropical hemisphere and more than twice as high in the northern tropical hemisphere with 0.36± 0.15 ppbv h−1.

The production of O3 outweighs its loss by a factor of 8 on average for the studied conditions. The difference is larger in regions

with peak NOPRs, e.g., over South America with a factor of 11, and smaller in regions with low NOPRs, e.g., over the Pacific

Ocean with a factor of around 7. We show the distribution of both P(O3) and L(O3) in Figures S6 and S7 of the Supplement.240

These results are in line with findings by Apel et al. (2015), who reported enhanced ozone production for high lightning NOx

over the U.S. during a research flight in June 2012 as part of the DC3 campaign.

3.2.4 α(CH3O2)

Figure 5 shows the distribution of α(CH3O2) in the tropical UT during DJF and JJA. We show all periods in Figure S8 of the

Supplement. During DJF, α(CH3O2) ranges from 0.77 to 0.95 with lowest values over South East Asia and highest values over245

South Africa and Australia. During JJA, lowest values are obtained over South East Asia, the Indian Ocean and over the Pacific

and Atlantic Oceans around 10 ◦N latitude. Maximum values of up to 0.97 are reached over North Africa and the Arabian

Peninsula. Therefore, as expected, α(CH3O2) is proportional to NOPR and NOx mixing ratios and is anti-proportional to HO2

mixing ratios. At low NOx/HO2 ratios, increases in NO enhance α(CH3O2), while at high NOx/HO2 ratios, changes in NO
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Figure 5. Distribution of α(CH3O2) in the tropical UT between 30 ◦ S and 30 ◦ N during DJF (top panel) and JJA (bottom panel).

have no or only little effect. We will discuss the implications of α(CH3O2) for the dominant chemical regime in the tropical250

UT and specific regions in the following section.

3.3 Chemical regimes

3.3.1 Baseline scenario

Figure 6 presents α(CH3O2), O3 and the HCHO/NO2 ratio binned to NO mixing ratios during DJF, MAM, JJA and SON. The

graphs show NO mixing ratios up to 0.5 ppbv, which includes 99.6 % of all data points. The frequency distribution of the NO255

data can be seen in Figure S9 of the Supplement. The black lines and the grey shades represent the average of all data points

binned to NO and the associated 1 σ standard deviation. The colored data points show the average of the individual areas as

shown in Figure 2. The error bars represent the 1 σ variability. Data for the Pacific Ocean are shown in cyan, for South America

in blue, for the Atlantic Ocean in magenta, for Africa in red, for the Indian Ocean in yellow and for South East Asia in green.

α(CH3O2) (left column: (a), (d), (g) and (j)) increases strongly with NO for mixing ratios below 0.1 ppbv with a slope of260

3.75± 0.44 ppbv−1. For example, an average increase of α(CH3O2) by 0.1 results from an increase of ambient NO by around

27 pptv. This characterizes the NOx-sensitive regime. In contrast, for NO mixing ratios higher than 0.1 ppbv NO, increasing

NO has only a minor effect on α(CH3O2) (slope = 0.16± 0.01 ppbv−1), which represents the VOC-sensitive regime. To reach

an increase of α(CH3O2) by 0.1, ambient NO needs to increase by 625 pptv, a factor of >20 higher compared to the low-NOx

regime. Within the NOx-sensitive regime, predominantly CH3O2 reacts with NO, forming O3, as well as with HO2, which265

does not result in formation of O3. With increasing NO, the share of the reaction with NO (compared to the reaction with HO2)

increases, which in turn enhances O3. In contrast, within the VOC-sensitive regime CH3O2 radicals mostly react with NO in

any case and increases in NO do not affect O3. This is illustrated in the middle column of Figure 6 ((b), (e), (h) and (k)): O3

increases with NO for low NO mixing ratios and reaches a plateau for high NO mixing ratios. While the shift from the NOx-
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Figure 6. Different metrics to determine the dominant chemical regime. Left column: α(CH3O2), middle column: O3 and right column:

HCHO/NO2 ratio, binned to NO mixing ratios for (a)-(c) DJF (December–February), (d)-(f) MAM (March–May), (g)-(i) JJA (June–August)

and (j)-(l) SON (September–November). Black lines show averages of all data points and grey shades present the 1 σ standard deviation.

Colored data points show the averages for the indicated areas and the 1 σ variability.

to the VOC-sensitive regime is relatively sharp for α(CH3O2), the transition for O3 is broader and more difficult to relate to270

a NO mixing ratio. This graph is illustrative, but should not be used solely for determining the dominant chemical regime. In

the right column (Figure 6 (c), (f), (i) and (l)), we present the HCHO/NO2 ratio binned to NO mixing ratios. In the literature,

mostly absolute values for the HCHO/NO2 ratio are used to determine the chemical regime, for example HCHO/NO2 > 2
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for NOx sensitivity and HCHO/NO2 < 1 for VOC sensitivity (Duncan et al., 2010). These threshold values are not valid in

the upper troposphere due to the vertical gradients of the trace gases. However, the HCHO/NO2 ratio can also indicate the275

transition from a NOx- to a VOC-sensitive regime when binned to NO mixing ratios, which does not require any absolute

threshold values. Within the NOx-sensitive regime, the HCHO/NO2 strongly decreases with small increases in NO, and within

the VOC-sensitive regime it is mostly unresponsive to changes in NO. Depending on where in these plots a specific data point

or an average of several data points is located, it is possible to derive the dominant chemical regime.

As explained earlier, it is not possible to determine the dominant chemical regime from ozone formation rates P(O3) in the280

upper troposphere, as the formation of HNO3 plays a minor role at UT altitudes and therefore does not lead to a decrease in

P(O3), which in theory indicates the dominance of VOC over NOx sensitivity. In fact, P(O3) does decrease for NO mixing

ratios above around 0.7 ppbv, but for a different reason, as shown in Figure S10 of the Supplement. Panel (a) presents P(O3)

binned to NO, which increases for low NO, reaches a plateau around 0.6–0.7 ppbv NO and decreases at higher NO. Panel (b)

shows NOx loss (L(NOx)) rates via OH, HO2 and CH3O2, which are negligible compared to P(O3) rates as shown in panel285

(a). Even though L(NOx) increases with increasing NO, it is still only 6 % of the ozone production at 1 ppbv NO. The decrease

in P(O3) is therefore not associated with the formation of HNO3 (as it is in the lower troposphere) but reflects the decrease of

HO2 with increasing NO (see panels (c)-(d)). The peak in P(O3), therefore, does not provide an indication for a regime change.

Figure 6 (a) shows NO vs α(CH3O2) during DJF. The tropical UT over the Indian Ocean and South East Asia is characterized

by NOx sensitivity with NO mixing ratios between 80 and 90 pptv and an average α of 0.84 and 0.82, respectively. Ozone290

formation over South America is VOC-sensitive with an average NO mixing ratio of 222 pptv and an α of 0.90. The data points

for the Pacific Ocean, the Atlantic Ocean and Africa are close to the transition point of the two regimes, with a tendency of

the Pacific Ocean towards NOx and of the Atlantic Ocean and Africa towards VOC sensitivity. This is in line with Figure 6

(b) which presents NO vs. O3 mixing ratios. The data points for South East Asia, the Indian Ocean and the Pacific Ocean

are located mostly in the upsloping part of the curve, where O3 strongly increases with increasing NO. The averages for the295

Atlantic Ocean, Africa and South America are located towards the flattening of the curve. Figure 6 (c) shows the DJF averages

for NO vs. the HCHO/NO2 ratio. For South East Asia, the Indian Ocean and the Pacific Ocean, NO mixing ratios are below

0.1 ppbv and HCHO/NO2 ratios are high with values of 6.3, 8.5 and 10.9 ppbv ppbv−1, respectively. For the Atlantic Ocean and

Africa, the average NO mixing ratios are higher and the HCHO/NO2 ratios are lower with values of 4.2 and 4.7 ppbv ppbv−1,

respectively. NO mixing ratios over South America are even higher, but the HCHO/NO2 ratio is also higher with a value300

of 7.4 ppbv ppbv−1. This underlines the limitation of using absolute threshold values for determining the dominant chemical

regime. If a threshold for the regime transition were to be set to, e.g., 5 ppbv ppbv−1, the South American UT would be

characterized as NOx-sensitive, while it clearly shows VOC sensitivity. It is therefore important to consider the metrics used

in relation to ambient NO mixing ratios, and it is best to use them in combination with other metrics.

Figure 6 (d) shows α(CH3O2) binned to NO for MAM data. The UT over South East Asia is NOx-sensitive with values305

similar to DJF. Over the Indian Ocean, both the average NO mixing ratio and α(CH3O2) increase to 130 pptv and 0.90,

respectively, being located in the transition regime, together with the Pacific Ocean and the Indian Ocean. Minor changes from

DJF to MAM occur over South America, which is still VOC-sensitive. A strong VOC sensitivity is calculated for the UT
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Figure 7. Map of the tropical UT between 30 ◦ S and 30 ◦ N colored by the slopes of NO vs α(CH3O2) of the data in model grid regions.

Red colors indicate NOx and blue colors VOC sensitivity. For gray areas the R2 of the fit is below 30 %.

over Africa with average NO mixing ratios of 279 pptv and α(CH3O2) of 0.95. These findings are confirmed by O3 and the

HCHO/NO2 ratio binned to NO in Figure 6 (e) and (f). The data for South East Asia, the Pacific Ocean, the Atlantic Ocean310

and South America are similar to values during DJF. Between DJF and MAM, the values over the Indian Ocean and Africa

change to higher NO (131 pptv and 279 pptv) in combination with higher O3 (55 ppbv and 80 ppbv) and a lower HCHO/NO2

ratio (5.7 ppbv ppbv−1 and 3.0 ppbv ppbv−1), associated with a change from the NOx-sensitive to the transition regime and a

change from the transition to the VOC-sensitive regime, respectively.

Figure 6 (g), (h) and (i) show similar graphs for JJA (June–August), indicating NOx sensitivity for the UT over South315

East Asia and the Indian Ocean, a transition regime for the Pacific Ocean, the Atlantic Ocean and South America and VOC

sensitivity for Africa. During SON (September–November), as shown in Figure 6 (j), (k) and (l), South America shifts back to

VOC sensitivity. All other regimes remain unchanged between JJA and SON.

Figure S11 of the Supplement shows the mean values of the specified areas for P(O3) vs. NO. While the computational tools

presented above allow for a clear distinction between the regimes depending on location and time of the year, this indicator320

shows no differences. According to the surface-oriented definition for chemical regimes, all data points would be located in the

NOx-sensitive regime.

Since NO and HO2 mixing ratios, as well as NOPRs change throughout the year, the varying locations of deep convection

also affect the dominant chemical regime. Areas with deep convection are potentially associated with lightning activity, re-

sulting in higher NO mixing ratios that lead to VOC sensitivity. The continental areas of South America and especially Africa325

experience most lightning and therefore show the most VOC-sensitive regimes (Williams and Sátori, 2004). As the cumulonim-

bus clouds in South East Asia are mostly formed in maritime conditions, the region experiences significantly less lightning and

therefore shows NOx sensitivity all year round. Ozone formation over the oceans is either NOx-sensitive or in the transition

regime as lightning strikes are significantly less frequent in maritime compared to continental areas. Figure 7 presents a ge-

ographical distribution of the tropical UT colored by the slopes of the NO vs α(CH3O2) data in each individual grid region330

to illustrate the dominating chemical regimes. Here, we present a map for MAM data. In Figure S12 of the Supplement, we

show them for all periods. High values for the slopes and red colors (i.e. values well above 1) represent the predominantly
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Figure 8. Slopes of NO vs α(CH3O2) by pressure altitude and longitude on a log scale during the period March–May (MAM) and close to

the equator (1 ◦N). Red colors indicate NOx and blue colors VOC sensitivity. White areas between 800 and 1000 hPa result from the local

surface topography.

NOx-sensitive regime and low values, accompanied by blue colors represent VOC sensitivity. It is not possible to determine

an exact threshold slope for the transitioning between regimes. Generally, the more intense the color (red or blue), the more

clearly a location is assigned to one of the two regimes. Lighter colors indicate a state closer to the transition regime. Grey335

areas indicate that the R2 of the fit is < 30 % which, for example, occurs when the data are arranged in a cloud of points. This

depiction is in line with the results from Figure 6. During MAM, blue colors over South America and Africa indicate a VOC-

sensitive regime. Red colors over South East Asia show NOx sensitivity. Finally, over the three oceans we find lighter colors

indicating the transition regime. This view also allows for a more detailed differentiation between the areas; for example, the

UT over the Atlantic Ocean tends more towards an NOx-sensitive regime in the northern and towards a VOC-sensitive regime340

in the southern part.

While we focus on the upper troposphere in this study, α(CH3O2) remains a suitable indicator for the dominant chemical

regime at all altitudes. In Figure 8 we present the slopes of NO vs α(CH3O2) by pressure altitude and longitudes, as an example

for MAM data close to the equator (1 ◦N). White areas at the bottom (between 800 and 1000 hPa) result from the local surface

topography (mountains). For the free troposphere, we find strong NOx sensitivity with a maximum of 38 ppbv−1. In the upper345

troposphere lower stratosphere at pressure altitudes between 300 and 100 hPa, we observe the transitioning to a VOC-sensitive

regime. For latitudes with strong lightning activity, including areas such as continental South America (-80 to -60 ◦ longitude)

and Africa (5 to 30 ◦ longitude), the transition occurs in the upper troposphere, corresponding to pressure altitudes of 250–

300 hPa. For latitudes with low lightning activity, for example, between 130 and 160 ◦ longitude (South East Asia), the regime
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change only occurs at the transition to the lower stratosphere – at a pressure altitude of around 150 hPa – which is characterized350

by strong NOx saturation. In Figure S13 of the Supplement we additionally show the dominant chemical regime, indicated by

NO vs α(CH3O2), on a global scale near the surface as the annual average. As we would expect, α(CH3O2) indicates VOC

sensitivity at the surface for all urbanized and industrialized regions characterized by high NOx emissions and NOx sensitivity

for remote regions. Shipping routes, which are closer to the transition regime, can be distinguished from the pronounced

maritime NOx sensitivity.355

3.3.2 Sensitivity study: lightning NOx

Three additional model runs were performed in order to investigate the impact of lightning NOx. First, lightning NOx was

completely omitted. In second and third runs, NOx from lightning was halved and doubled, respectively, compared to the

baseline scenario. The emissions of global lightning NOx in the baseline scenario amount to 6.2 Tg/year (estimated from the

climatological data) in agreement with the work of Miyazaki et al. (2014).360

Figure 9 shows the three previously discussed metrics (a) α(CH3O2), (b) O3 and (c) the HCHO/NO2 ratio binned to NO

mixing ratios for the modeling scenario excluding lightning NOx. As there are no significant differences between the periods,

we show all-year data here. Figure S14 of the Supplement shows the subdivision into DJF, MAM, JJA and SON. The black

lines representing the average of all data points show a similar course compared to the baseline scenario including lightning

NOx, but the distinction between the regimes is less pronounced. Figure 9 (a) presents NO vs α(CH3O2). At low NO mixing365

ratios, α(CH3O2) increases with NO, indicating NOx sensitivity and for higher NO mixing ratios, α(CH3O2) is only marginally

affected by changes in NO, indicating VOC sensitivity. The tropical UT over all selected areas is clearly located within the

NOx-sensitive chemical regime. The average NO mixing ratios range from 17 pptv over South East Asia to 33 pptv over Africa.

Compared to the baseline scenario, excluding lightning NOx leads to a decrease of ambient NO levels by up to one order of

magnitude. The average α(CH3O2) ranges from 0.49 to 0.68 over South East Asia and Africa, respectively. The abundance370

of HO2 in comparison to NO is therefore high, and a significant amount of CH3O2 undergoes reaction with HO2, next to

NO. Figure 9 (b) shows O3 mixing ratios as a function of NO. O3 mixing ratios first increase as a function of NO, reach

a peak at around 0.05 ppbv NO and 85 ppbv O3 and subsequently change little at higher NO levels. Note that the number

of data points decreases rapidly for high NO mixing ratios. Only around 5.5 % of the data points represent NO values of

> 0.05 ppbv. We show the associated frequency distribution in Figure S15 of the Supplement. As expected, the data points of375

all selected areas are located at low NO and O3 levels, at average O3 mixing ratios ranging from 30 ppbv over South East Asia

to 50 ppbv over Africa. Figure 9 (c) shows the HCHO/NO2 ratio binned to NO mixing ratios. The tendencies of the average

values (black line) are again similar to the one for the baseline scenario, but the absolute values for the HCHO/NO2 ratio are

higher. The highest average value occurs over South East Asia with 35.2 ppbv ppbv−1 and the lowest over the Atlantic Ocean

with 13.2 ppbv ppbv−1. All data points are therefore clearly located within the NOx-sensitive regime, which is in line with the380

findings from the correlation between NO and α(CH3O2) from Figure 9 (a).

In Figure S16 and S17, we present the three metrics α(CH3O2), O3 and the HCHO/NO2 ratio binned to NO mixing ratios for

all periods and locations for halved and doubled lightning NOx, respectively. The transition region between the regimes occurs

16

https://doi.org/10.5194/egusphere-2023-816
Preprint. Discussion started: 4 May 2023
c© Author(s) 2023. CC BY 4.0 License.

3 Results

114



Figure 9. Determination of the dominant chemical regime in the tropical UT in the “no lightning” scenario via (a) α(CH3O2), (b) O3 and

(c) the HCHO/NO2 ratio, binned to NO mixing ratios. Black lines show averages of all data points and grey shades present the 1 σ standard

deviation. Colored data points show the averages for the indicated areas with the 1 σ variability.

around 0.1 ppbv and is therefore not meaningfully different from that in the baseline scenario, but the distinction between

the regimes is more conspicuous with increasing lightning NOx emissions. Figure S18 shows the average α(CH3O2) vs.385

NO for each considered location and for all modeled lightning NOx scenarios. As expected, in each location the data points

shift to higher values for both NO and α(CH3O2) with increasing influence of lightning NOx. When excluding lightning, the

dominant regime changes to NOx-sensitive in all locations. Removing lightning also shows that lightning is by far the dominant

source of NOx in the upper tropical troposphere. In maritime regions where lightning is relatively infrequent, NOx depends

more strongly on advection from continental regions, formation from HNO3 and aircraft emissions. A model run excluding390

NOx emissions from aircraft does not lead to significant differences compared to the baseline scenario, which we present by

the black crosses in Figure S18. Excluding lightning shows that NOx mixing ratios also decrease significantly in maritime

environments, including South East Asia where NOx mixing ratios drop from 90 pptv to 17 pptv on average. This illustrates

that in maritime locations in the tropics, i.e., apart from South America and Central Africa, NOx mixing ratios are largely

dependent on transported lightning NOx. For halved lightning NOx, NOx sensitivity also prevails in most locations. Only395

Africa and South America show a transition regime for the periods of the year with maximum lightning. For doubled lightning

NOx, the qualitative regime observations are similar to the baseline scenario. The UT over Central Africa and South America is

mostly VOC-sensitive, over South East Asia and the Indian Ocean it is NOx-sensitive and this layer is in the transition regime

over the Pacific and Atlantic Ocean. Therefore, regions with frequent lightning are VOC-sensitive in the baseline scenario while

the doubling of lightning NOx does not have a large impact in regions where lightning is generally infrequent. In accordance400

with our prior analysis, O3 does not increase significantly from the doubling of lightning NOx. In the VOC-sensitive regime,

the black curve representing the average of all data points of NO vs O3 levels off at around 90 ppbv compared to 80 ppbv for

the baseline scenario. This aids our understanding of NOx and VOC sensitivity in the upper troposphere, as all available HO2

and CH3O2 radicals react with NO within the VOC-sensitive regime and changes in NOx therefore do not affect changes in

O3.405
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The sensitivity study of lightning NOx emphasizes two major aspects. First, lightning is the predominant source of NOx in

the upper tropical troposphere as the mixing ratios drop to near zero when excluding it, and a model run excluding aircraft NOx

does not show significant differences compared to the baseline scenario. Second, lightning and its distribution in the tropics,

which is affected by the partitioning of continental and maritime areas and the varying locations of deep convection throughout

the year, are the most important determinants of the dominant chemical regime in the UT. Our results additionally indicate410

that any future changes in lightning will only significantly affect O3 levels in the upper troposphere if lightning substantially

increases in locations where it is currently sparse or if lightning decreases in areas where it is presently frequent.

4 Conclusions

We have investigated the dominance of NOx and VOC sensitivity in the upper tropical troposphere (200 hPa) between 30 ◦ S

and 30 ◦ N latitude. The analyzed trace gas mixing ratios and meteorological parameters are calculated with the EMAC atmo-415

spheric chemistry - general circulation model for a 1.875 ◦ x 1.875 ◦ horizontal resolution and the years 2000–2019. One model

run considers a baseline scenario and three additional ones with halved, doubled and excluded lightning NOx emissions, re-

spectively. We find that the mixing ratios of the considered trace gases have not changed significantly in the upper troposphere

over the past two decades and we therefore evaluate the average of the data which benefits from a higher statistical significance.

The distribution of the analyzed trace gases varies with the time of the year and the changing areas of deep convection, confined420

within the ITCZ. During DJF, maximum convection occurs over South America, Central to South Africa and North Australia

and during JJA, over Central America, North Africa and continental Asia. As a consequence, NOx mixing ratios and net ozone

production rates peak over South America, South Africa and North Australia during DJF, over South America and Central

Africa during MAM and SON, and over Central America and North Africa during JJA, as deep convection brings increased

thunderstorm and lightning activity, particularly over continental areas. The distribution of HO2 mostly differs from NOx due425

to enhanced mixing ratios over South East Asia, where NOx is low year around.

We analyzed several commonly applied metrics for their potential to determine the dominant chemical regime in the upper

troposphere, including ozone production rates P(O3), the fraction of methyl peroxyradicals forming formaldehyde α(CH3O2),

and the ratio of HCHO to NO2. We show that α(CH3O2) and the HCHO/NO2 are good indicators for the chemical regime

in the upper troposphere, while P(O3) is unsuitable. At the surface, NOx sensitivity is generally defined by increasing P(O3)430

with NO, and VOC sensitivity by decreasing P(O3) with NO. In the upper troposphere, this indicator is no longer valid as

the reaction of NO2 with OH does not play a significant role. Instead, under conditions of NOx sensitivity CH3O2 undergoes

reaction with both HO2 and NO, and increasing NO leads to an enhancement of O3. For VOC-sensitive conditions, CH3O2

predominantly reacts with NO and as the latter is present in excess it does not influence O3 mixing ratios. In this case, ozone

formation changes are governed by those in VOC, controlling the availability of peroxy radicals. The transition point can be435

read from the course of α(CH3O2) and the HCHO/NO2 ratio as a function of NO abundance. This definition of chemical

regimes in terms of NOx and VOC sensitivity is valid throughout the entire troposphere. When assessing O3 sensitivity in

the upper troposphere based on trace gas measurements, α(CH3O2) is to be preferred over the HCHO/NO2 ratio as it can be
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more easily determined from in-situ data. While NO and HOx measurements are commonly performed on research aircraft,

for example, NO2 measurements tend to suffer from the unselective detection or artifacts from reservoir species, which makes440

accurate quantification challenging.

In the ITCZ over continental areas, ozone chemistry is mostly VOC-sensitive. The UT over South America and Africa

is therefore VOC-sensitive apart from JJA and DJF, respectively, where chemistry moves towards the transition area. Over

maritime areas, including South East Asia, ozone chemistry is mostly NOx-sensitive or in the transition regime depending

on the time of the year. The metrics which are found to be good indicators for the UT, α(CH3O2), O3 mixing ratios and the445

HCHO/NO2 ratio as a function of NO, show that the transition between a NOx- and a VOC-sensitive regime occurs around

0.1 ppbv NO. When decreasing or excluding lightning NOx, the considered areas are mostly dominated by a NOx-sensitive

regime.

We conclude that lightning is the major driver of the dominant ozone chemistry in the upper tropical troposphere. While it is

still not fully understood how lightning activity will evolve in the future, it remains important to monitor and understand ozone450

production in the upper tropical troposphere, a process which has a major impact on the radiative energy budget, and in turn

on global warming.

Data availability. Model data will be uploaded to a public data repository upon acceptance of the manuscript.
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3 Results

3.7 Airborne NOx flux measurements over Los Angeles
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Abstract.

Nitrogen oxides (NOx≡NO + NO2) are involved in most atmospheric photochemistry, including the formation of tropo-

spheric ozone (O3). While various methods exist to accurately measure NOx concentrations, it is still a challenge to quantify

the source and flux of NOx emissions. We present airborne measurements of NOx and winds used to infer the emission of

NOx across Los Angeles. The measurements were obtained during the research aircraft campaign RECAP-CA (Re-Evaluating5

the Chemistry of Air Pollutants in CAlifornia) in June 2021. Geographic allocations of the fluxes are compared to the NOx

emission inventory from the California Air Resources Board (CARB). We find that the NOx fluxes have a pronounced weekend

effect and are highest in the Eastern part of the San Bernardino valley. The comparison of the RECAP-CA and the modeled

CARB NOx fluxes suggest the modeled emissions are too high near the coast and in downtown Los Angeles and too low

further inland in the Eastern part of the San Bernardino valley.10

1 Introduction

Nitrogen oxides (NOx), representing the sum of nitric oxide (NO) and nitrogen dioxide (NO2) are hazardous pollutants and

precursor to tropospheric ozone, which is known to have adverse health effects on humans and plants (Boningari and Smirniotis,

2016; Mills et al., 2018; Nuvolone et al., 2018; CARB, 2022b). NOx is emitted from some natural sources including soil,

microbial activity and lightning, but mostly from anthropogenic combustion sources, such as electricity generation facilities and15

motor vehicles, with the latter dominating in urban environments (Delmas et al., 1997; Pusede et al., 2015). Densely populated

cities, such as the megacity Los Angeles, often suffer from poor air quality leading to increases in respiratory diseases and

premature mortality (Stewart et al., 2017). Air quality monitoring, public policy and new emission control technologies have

1
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been developed and implemented to assess, guide and manage emissions, leading to healthier air in cities (CARB, 2022b).

Significant reductions in NOx and other primary pollutants have occurred in the U.S. and specifically in Los Angeles over20

the past decades (e.g. Qian et al. (2019); Nussbaumer and Cohen (2020); EPA (2022a)). However, ozone exceedances of the

national ambient air quality standard (NAAQS) of 0.070 ppm (8-hr maximum) are still frequent in Los Angeles which the

American Lung Association (2022) found to have the highest ozone pollution in all of the United States (South Coast Air

Quality Management District, 2017; EPA, 2022c). In the summer months June - September of 2021, O3 exceeded the NAAQS

on more than half the days. Exceedances were even more frequent in 2020, demonstrating that further precursor reductions are25

imperative (EPA, 2022b).

The combination of emission inventories with models provide insight into the emission reductions needed to achieve healthy

air and synthesize our understanding of atmospheric dynamics, that describe the flow of emissions from their source through

the atmosphere, the deposition of chemicals to the earth’s surface and the oxidation of molecules. Comparison of predicted con-

centrations of chemicals with this type of combined modeling system provides a guide for the needed reductions in emissions30

to protect public health. Errors and biases in any part of this system can lead to incorrect estimates of the amount of reduction

needed to achieve a particular goal. Fujita et al. (2013) pointed towards the problem of biased emission inventories regarding

future predictions of ozone, naming underestimations in early VOC (volatile organic compound) SoCAB (South Coast Air

Basin) emission inventories and hence modeled VOC/NOx that did not match the atmosphere as a key bias in understanding

ozone chemistry.35

Direct observational mapping of emissions would allow a more straightforward evaluation of the accuracy of emission in-

ventories without requiring untangling potential errors in emissions from those of transport or chemistry. Until recently, such

measurements have been rare because of the difficulty of obtaining and interpreting measurements of emissions in heteroge-

neous urban environments and especially the difficulty of mapping emissions over the spatial scales needed to assess the full

complement of urban processes. Recently, several experiments have overcome these challenges, measuring NOx and VOC40

fluxes using aircraft platforms.

Airborne studies on VOC fluxes include Karl et al. (2013) and Misztal et al. (2014) who present fluxes of biogenic VOCs

based on research flights during the CABERNET (California Airborne BVOC Emission Research in Natural Ecosystem Tran-

sects) campaign over Californian oak forests in June 2011. Yuan et al. (2015) determined CH4 and VOC emissions from two

shale gas production plants in the Southern United States based on aircraft measurements in summer 2013. Yu et al. (2017)45

derived isoprene and monoterpene fluxes during the airborne Southeast Atmosphere Study above the U.S. in 2013. Other stud-

ies presenting VOC fluxes based on aircraft measurements include Karl et al. (2009), Conley et al. (2009), Kaser et al. (2015),

Wolfe et al. (2015),Gu et al. (2017) and Yu et al. (2017).

Nitrogen oxides fluxes based on airborne measurements are even less common than VOCs. Wolfe et al. (2015) reported NOx

fluxes based on a measurement flight during the NASA SEAC4RS campaign in 2013. Vaughan et al. (2016) and Vaughan et al.50

(2021) reported NOx fluxes based on this method over the Greater London region during the OPFUE (Ozone Precursors Fluxes

in an Urban Environment) campaign in July 2014. They compared emission predictions from the National Atmospheric Emis-

sions Inventory with the calculated NOx fluxes via wavelet transformation, which they found to be higher than the inventory

2
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by up to a factor of 2, underlining the importance of emission inventory validation. Zhu et al. (2023) recently reported NOx

fluxes over the San Joaquin Valley of California based on the RECAP-CA (Re-Evaluating the Chemistry of Air Pollutants in55

CAlifornia) aircraft campaign where NOx from soils was identified key contributor to the overall emission.

In this paper, we present NOx flux calculations via wavelet transformation from aircraft measurements of NOx concen-

trations and the vertical wind speed during the RECAP-CA aircraft campaign over Los Angeles in June 2021. We provide

footprint calculations for investigating the origin of the sampled air masses and compare our results to the emission inventory

of the California Air Resources Board (CARB).60

2 Observations and methods

2.1 RECAP-CA aircraft campaign

The RECAP-CA (Re-Evaluating the Chemistry of Air Pollutants in CAlifornia) aircraft campaign took place in June 2021

over Los Angeles and the Central Valley of California with the campaign base in Burbank, California (34.20 ◦ N, 118.36 ◦W)

using the CIRPAS (Center for Interdisciplinary Remotely Piloted Aircraft Studies) Twin Otter aircraft. Details on the research65

aircraft (Figure S1) can be found in Reid et al. (2001) and Hegg et al. (2005). The ambient air was sampled with an inlet

approx. 1 m above the aircraft nose at a sampling speed of around 60 m s−1. The aircraft carried instruments for measurements

of meteorological data, nitrogen oxides, volatile organic compounds and greenhouse gases. All flights were carried out between

11:00 and 18:00 local time (LT).

We focus on the measurements over Los Angeles which took place on three weekends (June 6, 12 and 19) and six weekdays70

(June 1, 4, 10, 11, 18 and 21) in 2021. The flight paths are shown in Figure 1a. All flights were carried out at an altitude of

roughly 300 - 400 m above ground level, covering the coastal region of Los Angeles, parts of Santa Ana county, Los Angeles

Downtown and the San Bernardino valley. Flight days were chosen to explore as wide a range of temperature as possible. In

addition, about half the flights started with the East-West legs and the other half the coastal North-South legs to gain additional

variation in temperature. For further analysis, we separated the covered area in four different segments, as shown in Figure 1b.75

2.2 Meteorological measurements

The meteorological instruments on-board the CIRPAS Twin Otter research aircraft were previously described in Karl et al.

(2013). Temperature was obtained by a Rosemount Sensor (Emerson Electric Co., St. Louis, Missouri, USA). Dew point

temperature was measured by a DewMaster Chilled Mirror Hygrometer (Edgetech Instruments Inc., Hudson, Massachusetts,

USA). Differential and barometric pressure sensors (Setra Systems Inc., Boxborough, Massachusetts, USA) were used to80

determine the pressure. GPS latitude, longitude, altitude, ground speed and track, as well as pitch, heading and roll angle were

measured by a C-MIGITS (Miniature Integrated GPS (Global Positioning System)/INS (Inertial Navigation System) Tactical

System) III (Systron Donner Inertial Division, Concord, California, USA). A radome flow angle probe provided the true air

speed and the 3D wind.

3
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Figure 1. (a) Overview of the flight paths during the RECAP-CA campaign over Los Angeles in June 2021. Blue colors show weekend

flights and orange colors show weekday flights. (b) Geographic separation of the covered area in four segments, including the coast (blue),

parts of Santa Ana county (light blue), Downtown Los Angeles (red) and the San Bernardino valley (green). © Google Maps 2023.

2.3 NOx measurements85

NOx measurements were carried out using a custom-built three-channel thermal dissociation laser-induced fluorescence (TD-

LIF) instrument with a detection limit of∼ 15 pptv (10 s) and a precision (2σ) of < 7 % (Thornton et al., 2000). The instrument

is described in detail in Thornton et al. (2000), Day et al. (2002) and Sparks et al. (2019). Briefly, NO2 is excited in the

first channel with a 532 nm Nd3+:YVO4 laser (Explorer One XP, Spectra Physics). The fluorescence resulting from NO∗2 de-

excitation is detected by a photomultiplier tube as a signal which is approximately proportional to the ambient NO2 mixing90

ratio. The proportionality arises because the fluorescence signal and the quenching of the fluorescence both scale with pres-

sure. Calibration with an NO2 gas standard (5.5 ppm; Praxair) was performed once an hour. The instrument background was

determined every 20 minutes using scrubbed ambient air. NO is determined in the second channel through conversion to NO2

by adding excess ozone (O3). NOy species were detected through thermal dissociation at∼ 500 ◦ C to NO2 in the third channel

(Day et al., 2002). Ambient air was sampled at a flow rate of 6 l/min, equally divided into the three instrument channels.95

2.4 NOx flux calculations

The emission of a trace gas is characterized as a flux which is a mass emitted per area and time, e.g. mg m2 h−1. A flux F can

be described as the covariance of the fluctuation in the vertical wind speed ω’ and the fluctuation in the concentration of the

trace gas of interest c’, as shown in Eq. (1).

F = ω′c′ (1)100

4
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Analyses of the covariance of winds and concentrations from tower-based or aircraft-based observations enable the de-

termination of fluxes. With the eddy covariance method, the flux is directly calculated from the measurements as the mean

of the product of the deviation of the vertical windspeed from the mean of the vertical wind speed and the deviation of the

concentration analogously, as shown in Eq. (2) (e.g. Schaller et al. (2017); Desjardins et al. (2021)).

ω′c′ =
1
N

N∑

x=1

(ωx−ω)(cx− c) (2)105

Requirements for accurate fluxes with EC are steady state conditions and homogeneous horizontal air masses. Typically an

averaging time of at least 30 minutes is used to ensure the full spectrum of eddies are sampled (Schaller et al., 2017; Des-

jardins et al., 2021). The 30 minutes long averaging time is easily implementable for stationary tower installments. For aircraft

observations, the high aircraft velocity and the associated rapid geographical change are inconsistent with the steady state re-

quirement. An alternative is the flux calculation via wavelet transformation. This approach does not require the assumption of110

stationary conditions as it enables the determination of a flux localized both in time and frequency (Karl et al., 2013; Schaller

et al., 2017). A discrete time series such as the vertical wind speed or the concentration of an atmospheric trace gas is con-

volved with a wavelet function ψa,b(t) yielding the wavelet coefficient W (a,b) according to Eq. (3) (Torrence and Compo,

1998; Thomas and Foken, 2005; Schaller et al., 2017; Desjardins et al., 2021).

W (a,b) =

∞∫

−∞

x(t)ψa,b(t)dt (3)115

The function ψa,b(t), Eq. (4), a wavelet, scaled by a and shifted by b, controlling the frequency and the time of the wavelet,

respectively. In our study, we use the complex Morlet wavelet ψM , Eq. (5), which is the product of a sine and a gaussian

function, with ω0 = 6 and u= t−b
a (Torrence and Compo, 1998; Metzger et al., 2013; Wolfe et al., 2018).

ψa,b(t) =
1√
a
×ψM (

t− b
a

) (4)

ψM (u) = π
−

1
4 × e−iω0u× e

−
u2

2 (5)120

The expression |W 2(a,b)| represents the power spectrum of the discrete time series, showing each scale a and translation

b with the according amplitude. For two different time series, the product of the wavelet coefficients yields the cross power

spectrum which when integrated represents the covariance and, in case of the vertical wind speed and the trace gas concentra-

tion, the flux (Torrence and Compo, 1998; Metzger et al., 2013; Schaller et al., 2017). The flux is calculated through wavelet

transformation via Eq. (6) whereas Cδ is a reconstruction factor equal to 0.776 for the Morlet wavelet. N is the number of125

5
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elements in the time series (n= 0,1, ...,N ) with the time step δt and J is the number of scales (j = 0,1, ...,J) with the spacing

δj (Metzger et al., 2013; Schaller et al., 2017; Desjardins et al., 2021).

ω′c′ =
δt

Cδ
× δj

N
×
N−1∑

n=0

J∑

j=0

[Wc(a,b)×W ∗ω(a,b)]
a(j)

(6)

Both data pre-treatment (of the NOx and meteorological data) and wavelet analysis were performed following the procedure

presented by Vaughan et al. (2021). The time stamp of the meteorological data was interpolated to the NOx data time stamp130

with a resolution of 5 Hz. We generated flight segments as input for the wavelet analysis with a 10 km minimum length of

continuous measurements. Observations above the boundary layer and thus in the free troposphere were excluded from our

analysis as they are assumed to be out of contact with the surface below. Data with an aircraft roll angle larger than 8 ◦ or

where the altitude changed by more than ∼ 100 m across the 10 km were excluded. Due to different inlet sampling locations

and computer clocks, the NOx measurements and the vertical wind speed measurements were slightly time shifted. This lag135

correction was quantified via the cross covariance of the two time series. The vertical wind speed was then shifted to the NOx

measurements according to the covariance peak. We used the median lag of all segments of the same flight day for the lag

correction. In Figure S2 of the Supplement we show an example covariance peak for NOx and potential temperature θ with the

vertical wind speed, respectively, for three segments on June 6.

For the wavelet analysis, we followed the procedure described in detail in Torrence and Compo (1998). The wavelet trans-140

form was calculated separately for the vertical wind speed fluctuation ω′ and the NOx concentration fluctuation c′. We used

the wavelet software provided by C. Torrence and G. Compo, with the Morlet wavelet ψM (described in Eq. (5)), the time

step δt= 0.2s−1, a scale spacing δj = 0.25 and a scale number of J = log2(
Nδt

jmin
)× 1

δj
(default value, jmin = 2× δt). For

example, there would be 36 scales for a segment with 1000 data points. The cross spectrum was obtained through the sum of

the product of the real parts of the wavelet transform for c′ and ω′ and the product of the imaginary parts, which gave the NOx145

flux via the weighted sum over all scales according to Eq. (24) in Torrence and Compo (1998). Due to edge effects, the error

is particularly high at the beginning and end of each segment which is described by the cone of influence (COI) (Torrence and

Compo, 1998). We have discarded data points for which more than 80 % of the spectral information is located within the COI.

Note that approximately 50 % of the data points are lost due to edge effects, likely due to short segment lengths and frequent

calibrations. For our analysis, we used the 2 km moving mean of the NOx flux. Figure 2a shows the discrete time series of the150

NOx concentration and the vertical wind speed for one segment on 6 June with a length of 30.0 km. The x axis shows the time

in seconds from the start of the segment (∼ 9 min). Figure 2b shows the cross power spectrum of c′ and ω′, with red colors

representing positive and blue colors representing negative amplitudes, and the cone of influence by the black dashed line. The

2 km moving mean of the resulting NOx flux is presented in Figure 2c. We show an example co-spectrum for the NOx flux and

the heat flux in Figure S3 of the Supplement, for three segments on June 6 corresponding to Figure S2.155

The overall uncertainty of the calculated NOx flux is composed of the uncertainty of the measurement of the NOx concen-

tration and the vertical wind speed as well as the uncertainty associated with the presented method of performing the wavelet

transformation, including random and systematic errors (Lenschow et al., 1994; Mann and Lenschow, 1994; Wolfe et al., 2015;

6
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Figure 2. (a) Discrete time series of the NOx concentration (dark blue) and the vertical wind speed (light blue) for a segment on 6 June. (b)

Cross power spectrum with 41 scales and 2777 translations, the latter equaling the number of points in the segment. Red colors represent

positive and blue colors represent negative amplitudes. (c) The resulting NOx flux (orange) and the 2 km moving mean (red).

Vaughan et al., 2021). A detailed error analysis for these observations is provided in Zhu et al. (2023). We find the median

and average values of the NOx flux are dominated by the atmospheric variability and not the measurement uncertainties. The160

atmospheric variability of NOx is in the order of 30 % (1σ) which is around 4 times higher compared to the instrumental

precision of < 7 % (1σ).

2.5 Vertical Divergence

Vertical flux divergence describes the effect that a flux measured at a certain altitude can differ from the surface flux caused for

example through chemistry conversions, entrainment from above or horizontal advection, mostly through differing wind speeds165

with altitude (Wolfe et al., 2018; Vaughan et al., 2021). The characterization of the vertical divergence can be performed by

measurements of a vertical profile over a homogeneous surface. Several race tracks stacked at multiple heights were conducted

over Los Angeles during RECAP-CA, but none fulfilled the criteria for performing flux calculations as described in Section 2.4

(e.g. roll angle or segment length). A different approach is described in Wolfe et al. (2018) and Zhu et al. (2023) which investi-

gates the calculated NOx fluxes in dependence of the relative measurement position in the boundary layer over a homogeneous170

surface. In contrast to the San Joaquin Valley considered in Zhu et al. (2023), the measurements over Los Angeles are not
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homogeneous, neither in space nor in time, due to a high variety of emission sources and a diurnal cycle affected e.g. by rush

hour traffic. In Figure S4 of the Supplement we show the calculated NOx flux across Los Angeles versus the dimensionless

altitude z/zi, where z is the radar altitude of the research aircraft and zi the boundary layer height. The data points exhibit a

decreasing trend (green) with altitude pointing towards the effect of vertical divergence, but show a low statistical significance175

with an R2 of only 6 %, likely due to the source heterogeneity, both space- and time-wise. In order to investigate the influence

of vertical divergence, we exemplary perform a correction of the fluxes with the fit derived from Figure S4, using a correction

factor as presented in Eq. (15) in Wolfe et al. (2018). The resulting surface flux F0 can then be calculated as shown in Equation

(7), with the measured flux Fz at the altitude z/zi, the slope m of the linear fit and its y-intercept c.

F0 =
Fz

1 +
m

c
∗ z/zi

(7)180

We show the fluxes adjusted for this estimate of the vertical divergence versus the dimensionless altitude in Figure S5 of the

Supplement. Data points which are located close to the linear fit can be corrected quite accurately. However, corrections for

data points which are located further away from the fit, and particularly those measured close to the boundary layer height, are

highly uncertain. As the slope is negative, and the absolute values for slope and y-intercept are almost equal, the denominator

in Equation (7) gets extremely small close to the BLH and the correction correspondingly large. Karl et al. (2013) also suggests185

that fluxes can get uncertain close to the boundary layer height due to entrainment to the free troposphere. Thus for the

sensitivity study, we omit data points within the upper 20 % of the boundary layer (z/zi ≥ 0.8).

2.6 Footprint calculations

In order to map emissions, we performed footprint calculations which help to identify the areas where the measured air masses

originated (Vesala et al., 2008). We used the footprint model KL04-2D, proposed by Kljun et al. (2004), and further devel-190

oped by Metzger et al. (2012) to include the impact of cross winds. The KL04 model was developed from the 3D backward

Lagrangian model KL02 (Kljun et al., 2002). This model was previously applied by Vaughan et al. (2021).

We subdivided the area of observations into a 500 m× 500 m spatial grid and calculated an average of all data points located

in one grid box, separately for each segment. We then performed the footprint calculation for each grid box of each segment,

approximately 5,000 footprints for the entire campaign. The footprint calculation is dependent on the wind direction [°], the195

crosswind fluctuations (standard deviation of the horizontal wind speed) [m/s], the vertical wind fluctuations (standard devi-

ation of the vertical wind speed) [m/s], the friction velocity [m/s], the roughness length [m], the altitude of the measurement

above ground level [m] and the height of the planetary boundary layer [m]. The roughness length z0 is a measure of the surface

properties, which we adapted from Burian et al. (2002) and from the World Meteorological Organization (2018) based on

the land cover use for Los Angeles. We first generated footprints using the roughness length from the High-Resolution Rapid200

Refresh (HRRR) model by the National Oceanic and Atmospheric Administration (NOAA, 2021). Based on the dominant land

cover type in each footprint, we then applied the roughness length according to Burian et al. (2002) and the World Meteoro-

logical Organization (2018). The land use data set was obtained from the Multi-Resolution Land Characteristics Consortium
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Figure 3. (a) Overview of the 90 % footprint influences for the flight campaign over Los Angeles. © Google Maps 2023. (b) Frequency

distribution of the 90 % footprint size which describes the distance perpendicular to the flight track.

(MRLC, 2019). The friction velocity u∗ is a measure for the shear stress and can be approximated via the logarithmic wind

profile as shown in Eq. (8), where u is the horizontal wind speed, k the Karman constant equaling 0.41 and z the altitude above205

ground level (Weber, 1999).

u∗ = u× k× ln(
z

z0
)−1 (8)

The model output is a spatial grid of the fractional contribution to each footprint normalized to a value of unity. We focused

on the 90 % footprint influences and assigned the measured NOx flux to the NOx flux of each grid box in the 90 % footprints.

We then overlayed all footprint grids separately for weekends and for weekdays and calculated a value for the NOx flux for210

each grid box as the weighted average.

Figure 3a presents the 90 % contours of all segments over Los Angeles in blue and the according flight paths in black. The

majority of the 90 % footprints captured air masses from a distance of∼ 3 km (perpendicular to the flight track) as shown in the

histogram of footprint size in Figure 3b. We observed individual footprints with a size of up to 23 km, for example for 11 June

around Redondo Beach which were accompanied by high horizontal wind speeds (∼ 4 m s−1) and a flight altitude (∼ 440 m) in215

the upper part of the boundary layer (BLH of ∼ 545 m). This is in line with the findings by Kljun et al. (2004), demonstrating

the impact of the receptor height (Fig. 1 in Kljun et al. (2004)). The smallest footprint with 500 m was observed on 19 June,

characterized by a small value for the horizontal wind speed with ∼ 0.5 m s−1.

The influence of the horizontal wind speed on the footprint analysis is also highlighted in Figure 4. The two panels present

selected flight segments in geographic proximity over the San Bernardino valley on 6 June (Figure 4a) and on 12 June (Figure220

4b). Both days were weekend days and we expect similar NOx emissions. However, the calculated NOx flux for the displayed

segments was on average 0.18± 0.25 mg m−2 h−1 for 6 June and 1.66± 1.06 mg m−2 h−1 for 12 June. At the same time, the
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Figure 4. Flight segments in geographic proximity on two weekend days, (a) 6 June and (b) 12 June, with different footprint size. © Google

Maps 2023.

footprint size for these segments was more than 4 times larger for 6 June with an average of 8.2± 2.1 km, than for 12 June with

an average of 1.9± 1.0 km. The measured air on 12 June originated from above the highways in the San Bernardino valley. In

contrast, on 6 June we also captured air from adjacent, less NOx sources, such as residential areas, diluting the NOx polluted225

air from above the highways and leading to lower NOx fluxes. While all inputs for the footprint model were roughly similar

(e.g. radar altitude 384 m (June 6) and 349 m (June 12); BLH 637 m (June 6) and 600 m (June 12)), the horizontal wind speed

was significantly higher on 6 June with an average of 8.2± 1.2 m s−1 than on June 12 where the average was 2.5± 1.0 m s−1.

This example also underlines the importance of footprint calculations in the interpretation of the observed fluxes.

2.7 Emission inventory230

The California Air Resources Board (CARB) provides an emission inventory for Los Angeles with a 1 hour temporal resolu-

tion and a 4 km× 4 km spatial resolution over 12 vertical layers. The emission inventory is assembled from several sub-models

accounting for different emission source categories. These are on-road vehicle emissions, aircraft emission and all other emis-

sions, including for example shipping and port emissions. Mobile emissions are obtained via the ESTA (Emissions Spatial and

Temporal Allocator) model (CARB, 2019). Emissions from vehicles, including passenger cars, buses and heavy-duty trucks,235

are estimated via the EMFAC (EMission FACtor) model based on vehicle registrations and emission rate data for different

vehicle types (CARB, 2021, 2022a). In combination with spatial information and temporal data, such as diurnal profiles and

day-of-week dependence, the on-road emission inventory can be created via the ESTA model (CARB, 2019). The GATE (Grid-

ded Aircraft Trajectory Emissions) model analogously provides spatially and temporally resolved aircraft emissions (CARB,

2017). Emissions from shipping and port activities, as well as additional point or area sources, are modeled with the SMOKE240

(Sparse Matrix Operator Kernel Emissions) model (CEMPD, 2022).
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We are presenting a comparison of the NOx fluxes calculated from the RECAP-CA campaign measurements with the 2020

CARB emission inventory for Los Angeles, which is a baseline inventory and therefore does not include any effects related to

the COVID-19 (coronavirus disease 2019) economic and social upheaval. For each flight day of the 2021 campaign, we include

the according day of the week of the emission inventory in 2020. As 2020 was a leap year, the day of year of each considered245

flight is shifted by two from the 2020 calendar (e.g. Tuesday, 1 June, was the 152nd day of 2021 for which we consider

Tuesday, 2 June, the 154th day of 2020, from the emission inventory). We combined the 500 m× 500 m spatial resolution of

the RECAP-CA NOx fluxes to the 4 km× 4 km CARB grid for this comparison.

3 Results and Discussion

3.1 NOx emissions over Los Angeles250

NOx concentrations and NOx fluxes over Los Angeles are separated into four different geographical regions, as shown in Figure

1b. We analyze the effects of temperature and the planetary boundary layer height, as well as differences between weekend and

weekday data. Figure 5 shows the temperature for the different sections, measured on the research aircraft (380± 63 m altitude).

Lowest temperatures were observed in the coastal section with a median value of 17 ◦C. Temperatures measured over Santa

Ana and Downtown were slightly higher with median values around 19 ◦C. Further inland, observed temperatures were highest255

with a median value of 24 ◦C. Significant differences between the four sections were also observed regarding the boundary

layer height (BLH) as presented in Figure 5b. The lowest BLH was found for the coastal section with a median value of 470 m,

followed by Santa Ana with 490 m and a median value of 540 m for Downtown. The BLH in the San Bernardino valley was

highest with a median value of 590 m. Figure 5c shows NOx concentrations and Figure 5d shows the corresponding fluxes over

Los Angeles, separated into the geographical sections and into weekdays and weekends. Neither NOx concentrations nor NOx260

fluxes were found to be temperature dependent (see Figure S6).

Median concentrations were highest in Downtown with 0.011 mg m−3 on weekdays and 0.006 mg m−3 on weekends. In

the San Bernardino valley, median concentrations were 0.010 mg m−3 and 0.007 mg m−3 on weekdays and weekends, respec-

tively. The median measured fluxes in Downtown Los Angeles were 0.86 and 0.35 mg m−2 h−1, respectively for weekdays

and weekends. In the San Bernardino valley the median fluxes were 0.97 mg m−2 h−1 on weekdays and 0.46 mg m−2 h−1 on265

weekends. In all of these locations weekend emissions decreased by 50 - 60 % from weekday values.

Concentrations were lower near the coast. Median NOx concentrations were similar for the coastal section and Santa Ana

with around 0.005 mg m−3 on weekdays. The weekend values were smaller with 0.003 - 0.004 mg m−3. However, no significant

differences could be observed between weekday and weekend fluxes in these regions. Much of the coastal region is over water

and the median values of fluxes are near zero on both weekdays and weekends and approximately 0.2 mg m−2 h−1 on both270

weekdays and weekends in the Santa Ana region.

While NOx concentrations were observed to be highest over Downtown Los Angeles, NOx fluxes were found to be highest

in the San Bernardino valley. This effect could be partly caused by the observed differences in the boundary layer height. While
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Figure 5. Boxplots for (a) the temperature, (b) the boundary layer height, (c) NOx concentrations and (d) NOx fluxes subdivided into four

geographical sections according to Figure 1b and into weekday and weekend data. Please note that outliers are not shown.

highest emissions occurred in the San Bernardino valley, the increased planetary BLH (as shown in Figure 5b), should lead to

a ∼ 15 % lower mixing ratio. The differences in concentrations are likely also due to chemistry and advection.275

Using the highway information by the California Department of Transportation (2015), we separated NOx fluxes into

emissions from highway and non-highway grid cells. A 500 m× 500 m grid cell is considered a highway emission when

it is crossed by a highway. We present the resulting emission grid in Figure S7 of the Supplement. For weekdays, NOx

fluxes from highway grid cells were on average 0.84± 1.43 mg m−2 h−1, approximately 25 % higher than NOx fluxes from

non-highway grid cells with an average of 0.67± 1.26 mg m−2 h−1. Weekend NOx fluxes from highways were on average280

0.58± 0.94 mg m−2 h−1. Weekend NOx emissions from non-highway areas were 0.45± 0.93 mg m−2 h−1. Note the large 1σ

standard deviations, indicating the large variability of the fluxes. The median values were lower compared to the mean values

(0.57 and 0.29 mg m−2 h−1 for highway and non-highway, respectively, on weekdays and 0.38 and 0.26 mg m−2 h−1 for high-

way and non-highway, respectively, on weekends), but showed a similar qualitative result with higher emissions from highway

compared to non-highway areas.285
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3.2 Comparison to the emission inventory

The comparison between the emission inventory and the calculated NOx fluxes is shown in Figure 6. We present the week-

day data here and show the weekend data in Figure S8 of the Supplement. Panel (a) shows the RECAP-CA NOx fluxes at

4 km× 4 km, panel (b) presents the CARB emission inventory and in panel (c) we show the difference between the RECAP-

CA and the CARB data according to Eq. (9).290

∆NOxflux = NOxflux(RECAP)−NOxflux(CARB) (9)

As expected from the results presented in Section 3.1 the highest NOx fluxes were observed in the San Bernardino valley which

is characterized by several heavily trafficked highways and warehouses that cause dense diesel truck traffic (Los Angeles Times,

2023). Elevated NOx emission also occurred in the region around Downtown Los Angeles. The average weekend RECAP-CA

NOx fluxes (Figure S8a) showed a similar emission distribution over Los Angeles compared to the weekday data, but with295

smaller values. This is in line with the findings presented in Section 3.1.

Figure 6b shows average weekday NOx fluxes as predicted by the CARB emission inventory. The large NOx flux in prox-

imity to the coast (∼ 34.0 ◦ N, 118.4 ◦W) with a value close to 8 mg m−2 h−1 was associated with aircraft emissions from Los

Angeles International Airport (LAX). We show the NOx fluxes as predicted by CARB separated into (a) on-road emissions,

(b) aircraft emissions, (c) area sources and (d) emissions from ocean going vessels in Figure S9 of the Supplement. Aircraft300

NOx emissions can also be observed in the San Bernardino valley (∼ 34.1 ◦ N, 117.6 ◦W) from Ontario International Airport

which is illustrated in Figure S9b. High NOx fluxes in this area were also associated with on-road emissions, shown in Figure

S9a. The Downtown Los Angeles area (∼ 34.0 ◦ N, 118.2 ◦W) also showed high fluxes which originated from on-road and

area sources. Elevated NOx fluxes around Long Beach (∼ 33.8 ◦ N, 118.2 ◦W) were associated with shipping and port emis-

sions. Average weekend NOx fluxes predicted by the emission inventory are presented in Figure S8b which showed a similar305

qualitative distribution compared to the weekday data, but were generally lower. Figure 6c presents the difference between

the NOx fluxes from the RECAP-CA campaign and the CARB emission inventory. Red colors represent higher values for the

RECAP-CA campaign compared to the emission inventory. Blue colors indicate higher fluxes from the emission inventory. In

most places, the NOx fluxes predicted by the emission inventory were higher compared to the values from the RECAP-CA

campaign. This difference was particularly pronounced in the area around Downtown Los Angeles and along the coast. We310

were not able to capture any airport emissions during the RECAP-CA campaign, as a result the differences in the vicinity of

the Los Angeles and Ontario airports should not be interpreted as meaningful. NOx fluxes around Downtown Los Angeles are

dominated by area sources and on-road emissions.

We observed higher NOx fluxes during the RECAP-CA campaign compared to the emission inventory in the San Bernardino

valley. A possible explanation could be the accumulation of distribution and fulfillment centers which are accessible to delivery315

trucks via multiple highways in this area (Schorung and Lecourt, 2021; Los Angeles Times, 2023). Over the past two decades

net sales via distribution centers have grown exponentially (Statista, 2022a). In the U.S., the number of delivered orders by

the online retailer amazon has increased by nearly a factor of 6 between 2018 and 2020 (Statista, 2022b). NOx emissions in
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Figure 6. Weekday averages of NOx emissions across Los Angeles with a 4 km× 4 km spatial resolution (a) during the RECAP-CA cam-

paign, (b) from the CARB emission inventory and (c) the difference between RECAP-CA and CARB NOx fluxes. © Google Maps 2023.

proximity to warehouses have likely increased to a similar extent in recent years which might not yet be incorporated in the

CARB 2020 emission inventory. Additional research is needed to examine more details of these differences and connect them320

to specific processes in the inventory and observations.

In Figure S10 and S11 of the Supplement we show the NOx fluxes corrected for vertical divergence as presented in Section

2.5 in comparison to the CARB emission inventory for weekdays and weekends, respectively. The emission features shown in

Figure 6 for the RECAP-CA campaign are more pronounced after applying the factor for vertical correction. High emissions

are observed over Downtown Los Angeles and the inland highways in San Bernardino, while the coastal region and Santa Ana325

show lower, and even negative fluxes. As a result, CARB emissions remain dominant over RECAP-CA fluxes in the coastal

region, but are lower around Downtown Los Angeles and in San Bernardino. The median values of the corrected fluxes are

around a factor of 3 higher compared to the non-corrected fluxes. The interquartile range increases by even more as a result

of the large scatter induced by the correction (compare Figure S5). This sensitivity analysis emphasizes how important the

characterization of the vertical flux divergence is and should be subject to future studies.330

4 Conclusions

In this study, we have investigated NOx fluxes via wavelet analysis, based on in-situ observations of NOx concentrations and

the vertical wind speed during the research aircraft campaign RECAP-CA (Re-Evaluating the Chemistry of Air Pollutants in

CAlifornia) which took place in June 2021 over Los Angeles. We identified NOx concentrations to be highest over Downtown

Los Angeles, while we found highest NOx fluxes in the San Bernardino valley where a high planetary BLH induced a higher335

dilution of the emitted NOx. Both NOx concentrations and NOx fluxes revealed a weekend effect with higher values on week-

days due to more commuter traffic and more diesel trucks on roads, which was most pronounced over Downtown Los Angeles

and the San Bernardino valley. Footprint calculations revealed that the distance of the 90 % influence was on average 4 km,

whereby the horizontal wind speed played a dominant role in the footprint size. NOx emissions predicted by the California
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Air Resources Board (CARB) 2020 were in the same order of magnitude, but on average higher compared to the RECAP-CA340

NOx fluxes. Spatially, the emission inventory particularly overestimated the fluxes in coastal proximity and over Downtown

Los Angeles. In contrast, the emission inventory underestimated the NOx fluxes over the Eastern part of the San Bernardino

valley.

Data availability. Data measured during the flight campaign, computed fluxes and footprints are available at https://doi.org/10.5281/zenodo.7786409
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Figure S1. Overview of the temporal development of trace gases during flight MF10 on 24 August 2018.

(a) MF10 (b) MF12

Figure S2. Overview of backward trajectories for MF10 and MF12 which originated from over the African continent where lightning is
frequent.
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(a) MF12 area of convection (b) MF12 NO (c) MF12 O3

(d) MF12 H2O2 (e) MF12 DMS (f) MF12 CH3I

Figure S3. Overview of trace gas concentrations on the flight track of MF12 on 29 August. Out- and inbound flights for MF12 were stacked.
Here we show the outbound flight as an example. In the area where we observed deep convection O3 was reduced and H2O2, DMS and CH3I
were elevated. NO was elevated due to lightning. CO is not shown here due to the influence of biomass burning as described in the main text.
Background satellite images were obtained from the NASA Worldview application.
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(a) MF14 area of convection (b) MF14 NO (c) MF14 O3

(d) MF14 CO (e) MF14 H2O2 (f) MF14 DMS

(g) MF14 CH3I

Figure S4. Overview of trace gas concentrations on the flight track of MF14 on 2 September. In the area where we observed deep convection
O3 and NO were reduced while CO, H2O2, DMS and CH3I were elevated. Background satellite images were obtained from the NASA
Worldview application.
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(a) take-offs and landings (b) legend

Figure S5. (a) Overview of all take-offs (orange) and landings (red) considered for the background profiles and (b) overview of symbols for
the vertical profiles shown in Figure 4 and S7 (b).

(a) O3 (b) CO

Figure S6. Southern hemisphere (< 5 ◦N) background profiles for O3 and CO including MF12 average concentrations (as shown in Figure
4) for comparison.
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(a) NO (b) O3 (c) CO

(d) H2O2 (e) DMS

Figure S7. Vertical profiles of background trace gas concentrations during CAFE Africa around Cabo Verde (gray) and average trace gas
concentrations for convective (filled symbols) and non-convective (open symbols) areas during MF10 (blue) and MF14 (red). Data on CH3I
are not available for MF10 due to instrumental malfunction.
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(a) 31.08.18 18:00 UTC (b) 31.08.18 20:00 UTC (c) 31.08.18 22:00 UTC (d) 01.09.18 00:00 UTC

(e) 01.09.18 02:00 UTC (f) 01.09.18 04:00 UTC (g) 01.09.18 06:00 UTC (h) 01.09.18 08:00 UTC

(i) 01.09.18 10:00 UTC (j) 01.09.18 12:00 UTC (k) 01.09.18 14:00 UTC (l) 01.09.18 16:00 UTC

(m) 01.09.18 18:00 UTC (n) 01.09.18 20:00 UTC (o) 01.09.18 22:00 UTC (p) 02.09.18 00:00 UTC
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(q) 02.09.18 02:00 UTC (r) 02.09.18 04:00 UTC (s) 02.09.18 06:00 UTC (t) 02.09.18 08:00 UTC

(u) 02.09.18 10:00 UTC (v) 02.09.18 12:00 UTC

Figure S8. Color enhanced infrared images with flight track and backward trajectories for MF14 from 31.08. 18:00 UTC to 02.09.18
12:00 UTC in 2 h intervals. Black crosses mark the location of each calculated "air parcel" on its backward trajectory at the time of the
satellite image. Red lines are the backward trajectories for the air parcels for which we observed convection on the outbound flight. The
green triangle marks the current position of the research aircraft. Background satellite IR images were obtained from the TC-Realtime web
page maintained by the Cooperative Institute for Research in the Atmosphere, Colorado State University, and NOAA’s Center for Satellite
Research, Fort Collins Colorado.
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(a) 31.08.18 18:00 UTC (b) 31.08.18 20:00 UTC (c) 31.08.18 22:00 UTC (d) 01.09.18 00:00 UTC

(e) 01.09.18 02:00 UTC (f) 01.09.18 04:00 UTC (g) 01.09.18 06:00 UTC (h) 01.09.18 08:00 UTC

(i) 01.09.18 10:00 UTC (j) 01.09.18 12:00 UTC (k) 01.09.18 14:00 UTC (l) 01.09.18 16:00 UTC

(m) 01.09.18 18:00 UTC (n) 01.09.18 20:00 UTC (o) 01.09.18 22:00 UTC (p) 02.09.18 00:00 UTC
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(q) 02.09.18 02:00 UTC (r) 02.09.18 04:00 UTC (s) 02.09.18 06:00 UTC (t) 02.09.18 08:00 UTC

(u) 02.09.18 10:00 UTC (v) 02.09.18 12:00 UTC (w) 02.09.18 14:00 UTC (x) 02.09.18 16:00 UTC

(y) 02.09.18 18:00 UTC

Figure S9. Color enhanced infrared images with flight track and backward trajectories for MF14 from 31.08. 18:00 UTC to 02.09.18 18:00
UTC in 2 h intervals. Black crosses mark the location of each calculated "air parcel" on its backward trajectory at the time of the satellite
image. Red lines are the backward trajectories for the air parcels for which we observed convection on the inbound flight. The green triangle
marks the current position research aircraft. Background satellite IR images were obtained from the TC-Realtime web page maintained by
the Cooperative Institute for Research in the Atmosphere, Colorado State University, and NOAA’s Center for Satellite Research, Fort Collins
Colorado.
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(a) 31.08.18 12:00 UTC (b) 31.08.18 14:00 UTC (c) 31.08.18 16:00 UTC (d) 31.08.18 18:00 UTC

(e) 31.08.18 20:00 UTC (f) 31.08.18 22:00 UTC (g) 01.09.18 00:00 UTC (h) 01.09.18 02:00 UTC

(i) 01.09.18 04:00 UTC (j) 01.09.18 06:00 UTC (k) 01.09.18 08:00 UTC (l) 01.09.18 10:00 UTC

(m) 01.09.18 12:00 UTC (n) 01.09.18 14:00 UTC (o) 01.09.18 16:00 UTC (p) 01.09.18 18:00 UTC
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(q) 01.09.18 20:00 UTC (r) 01.09.18 22:00 UTC (s) 02.09.18 00:00 UTC (t) 02.09.18 02:00 UTC

(u) 02.09.18 04:00 UTC (v) 02.09.18 06:00 UTC (w) 02.09.18 08:00 UTC (x) 02.09.18 10:00 UTC

(y) 02.09.18 12:00 UTC (z) 02.09.18 14:00 UTC

Figure S10. Color enhanced infrared images with flight track and backward trajectories for MF14 from 31.08. 18:00 UTC to 02.09.18
14:00 UTC in 2 h intervals. Black crosses mark the location of each calculated "air parcel" on its backward trajectory at the time of the
satellite image. Red lines are the backward trajectories for air parcels for which we did not observe convection. The green triangle marks the
current position of the research aircraft. Background satellite IR images were obtained from the TC-Realtime web page maintained by the
Cooperative Institute for Research in the Atmosphere, Colorado State University, and NOAA’s Center for Satellite Research, Fort Collins
Colorado.
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4 Supplement

4.2 Supplement of Section 3.3

This chapter provides the Supplement of Modification of a conventional photolytic converter for

improving aircraft measurements of NO2 via chemiluminescence, available at:

https://doi.org/10.5194/amt-14-6759-2021-supplement
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(a) pressure dependent decay (b) time dependent decay

Figure S1. Decay of NO2 reservoir species in correlation with (a) the pressure and (b) the residence time in the converter.

Figure S2. Vertical profile of atmospheric water vapor concentrations.
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(a) MF10 (b) MF12

Figure S3. Instrumental background of the NO and the NOc channel for MF10 and MF12.
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(a) MF13

(b) MF14
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(c) MF15

Figure S4. Temporal development of NO, water vapor, and calculated and measured NO2 exemplarily for measurement flights 13, 14 and
15.

(a) old converter (b) new converter

Figure S5. Instrumental background of the first channel in response to dry and humid conditions after 2 h of NO calibration at 15.8 ppbv in
analogy to Figure 6 of the manuscript.

4

4 Supplement

169



(a) type 1 blue light converter (b) type 2 quartz converter

Figure S6. Instrumental background when switching the LEDs in the photolytic converter on and off during zero air measurement.

(a) type 1 blue light converter (b) type 2 quartz converter (c) type 2 quartz converter with FEP coating

Figure S7. HNO3 uptake experiment.
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4.3 Supplement of Section 3.4

This chapter provides the Supplement of Measurement report: Photochemical production and loss

rates of formaldehyde and ozone across Europe, available at:

https://doi.org/10.5194/acp-21-18413-2021-supplement
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Table S1. Overview of applied rate constants.

rate constant value / calculation [cm3 molecule−1 s−1]
kCH4+OH

1 1.85× 10−12 × exp(−1690K/T )
kCH3CHO+OH

1 4.7× 10−12 × exp(345K/T )
kCH3OH+OH

1 2.85× 10−12 × exp(−345K/T )
kCH3O2+NO

1 2.3× 10−12 × exp(360K/T )
kCH3O2+HO2

1 3.8× 10−13 × exp(780K/T )
kCH3O2+OH

1 3.7× 10−11 × exp(350K/T )
kC5H8(OH)O2+NO

2 9.0× 10−12

kC5H8(OH)O2+HO2

2 1.3× 10−11

kC5H8(OH)O2+RO2

2 6.6× 10−14

kC5H8+OH
1 2.1× 10−11 × exp(465K/T )

kC5H8+O3
1 1.05× 10−14 × exp(−2000K/T )

kC2H4+O3
1 6.82× 10−15 × exp(−2500K/T )

kCH3OOH+OH
1 5.3× 10−12 × exp(190K/T )

kDMS+OH
3 1.13× 10−11 × exp(−253K/T )+

1.0× 10−39 × [O2]× exp(5820K/T )

1+ 5.0× 10−30 × [O2]× exp(6280K/T )
kHCHO+OH

1 5.4× 10−12 × exp(135K/T )
kO3+NO

1 2.07× 10−12 × exp(−1400K/T )
kO3+OH

4 1.7× 10−12 × exp(−940K/T )
kO3+HO2

3 2.03× 10−16 × (T/400K)4.57 × exp(693K/T )
kO1D+O2

1 3.2× 10−11 × exp(67K/T )
kO1D+N2

1 2.15× 10−11 × exp(110K/T )
kO1D+H2O

1 2.14× 10−10

1 IUPAC Task Group; 2 Sumner et al., 2001; 3 Atkinson et al., 2004; 4 Atkinson et al., 2006;
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(a) HO2 and RO2 (b) P(O3)

Figure S1. (a) Diurnal profile of HO2 and calculated RO2 during CYPHEX through equating P(O3) from NO2 photolysis and P(O3) from
reaction of NO with HO2 and RO2 (b) O3 production calculated via the photolytic reaction of NO2, and the reaction of HO2 and RO2 with
NO, assuming [HO2]=[RO2]. We use the rate constant kNO+CH3O2 as surrogate for kNO+RO2 . Both panels show close agreement which
justifies the assumption that [HO2]=[RO2].
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Table S2. Coefficients for the calculation of j(HCHO) and j(CH3CHO) according to Equation (S1).

species a1 a2 [s] b1 b2 [s]
HCHO 1.719 -1.768×104 4.701×10−3 -3.471×10−2

CH3CHO 1.516×10−1 -8.970×102 4.567×10−5 1.711×10−3

j(species)parameter = a1 × j(O1D) + a2 × (j(O1D))2 + b1 × j(NO2) + b2 × (j(NO2))2 (S1)

Figure S2. Correlations of measured j(HCHO) (molecular plus radical channel) with (a) j(O1D) and (b) j(NO2) from spectroradiometer
measurements. The correlation of measured and parameterized j(HCHO) according to Equation (S1) is shown in panel (c). Only one out of
ten data points from the original data set is shown for clarity.
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Table S3. Total uncertainties and time resolution of the data used in this study.

total uncertainty [%] time resolution [min]
trace gas CYPHEX HOPE HUMPPA CYPHEX HOPE HUMPPA

NO 20 10 5 5s 1 5
NO2 30 10 6 5s 1 5
O3 5 5 10 1 1 5

HCHO 16 16 34 10 5 5
CH4 2 5 5 1 1 5
OH 28.5 30 30 4 5 10
HO2 36 40 40 14s 5 10
C2H4 10 - - 1h - -
C5H8 14.5 15 15 45 1-4h 5

CH3OH 41 14 20 1 1.5-3h 2h
CH3CHO 27 13 20 1 1.5-3h 30

CH3COCH3 17 - - 1 - -
DMS 17 - - 1 - -

CH3OOH 9 - - 12 - -
j(O1D) 10 10 10 10 1 30
j(NO2) 10 10 10 10 1 5

j(HCHO) 20 20 20 10 1 5
j(CH3CHO) 20 - - 10 - -

j(CH3COCH3) 20 - - 10 - -
j(CH3OOH) 20 - - 10 - -

BLH - 20 20 - - -
vd - 54 54 - - -
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(a) CYPHEX 2014

(b) HOPE 2012

(c) HUMPPA 2010

Figure S3. Temporal development of the HCHO concentration and the NO2 photolysis frequency during each research campaign. For HOPE
and HUMPPA, these plots can be used for determining the HCHO deposition velocity at nighttime.
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(a) CYPHEX 2014 (b) HOPE 2012 (c) HUMPPA 2010

Figure S4. Diurnal average of HCHO concentrations including the rate of change dHCHO/dt.
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Figure S5. Individual panels of all HCHO production terms.

5

9

4 Supplement

182



Table S4. Calculated uncertainties resulting from the measurement uncertainties (MU) and from the atmospheric variability (AV). All un-
certainties were calculated via Gaussian error propagation. For CYPHEX, AV1 relates to the point-by-point calculation and AV2 relates to
preaveraging and subsequent diurnal calculations. All values are in %. For the atmospheric variability, the number in brackets refers to the
all-day average and the number without brackets refers to the daytime average. α1 is αCH3O2 and α2 is αCH3CHO .

CYPHEX HOPE HUMPPA
term calculation MU AV1 AV2 MU AV MU AV

HCHO
P(CH4+OH) k×[CH4]×[OH]×α1 29 37 (61) 33 (54) 30 52 (62) 30 49 (49)

P(CH3CHO+OH) k×[CH3CHO]×[OH]×α1 ×α2 39 57 (79) 50 (67) 33 75 (80) 36 71 (71)
P(CH3OH+OH) k×[CH3OH]×[OH] 50 41 (60) 39 (59) 33 65 (74) 36 85 (81)
P(C5H8+OH) k×[C5H8]×[OH]× yield 32 55 (71) 54 (71) 34 92 (96) 34 96 (104)
P(HCHO)basic

∑
Pn (basic) 31 40 (61) 22 (34) 31 42 (45) 31 38 (39)

P(HCHO)all
∑

Pn (all) 28 38 (58) - - - - -
L(HCHO+OH) k×[HCHO]×[OH] 33 44 (64) 42 (62) 34 65 (76) 45 113 (118)
L(HCHO+hν) j(HCHO)×[HCHO] 26 32 (-) 31 (-) 26 59 (-) 39 111 (-)

L(HCHO) deposition [HCHO]× vd
BLH

- - - 63 69 (73) 58 112 (117)

L(HCHO)
∑

Ln 26 34 (57) 25 (52) 34 40 (51) 44 77 (87)
O3

P(NO2+hν) j(NO2)×[NO2] 32 59 (-) 57 (-) 14 58 (-) 12 44 (-)
P(O3) P(NO2+hν) 32 59 (-) 57 (-) 14 58 (-) 12 44 (-)

L(O3+NO) k×[O3]×[NO] 21 46 (51) 42 (55) 11 97 (119) 11 63 (93)
L(O3+hν) j(O1D)×[O3]×α 11 32 (-) 30 (-) 11 71 (-) 14 50 (-)
L(O3+OH) k×[O3]×[OH] 29 37 (58) 35 (57) 30 58 (66) 32 53 (54)
L(O3+HO2) k×[O3]×[HO2] 36 27 (41) 23 (35) 40 57 (55) 41 42 (56)

L(O3) deposition [O3]× vd
BLH

- - - 21 24 (24) 22 21 (23)

L(O3)
∑

Ln 16 37 (44) 35 (49) 10 90 (98) 13 51 (49)
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Uncertainty Calculations: We exemplarily present the calculation of the uncertainties of PCH4+OH in Equations (S1)-(S4)
and of P (HCHO)basic in Equations (S5)-(S7) according to gaussian error propagation.
All other calculations are accordingly.

Example 1:10

PCH4+OH = kCH4+OH × [CH4]× [OH]×αCH3O2 (S2)

∆P 2
CH4+OH =

(
dP (CH4 +OH)

d[CH4]

)2

×∆[CH4]2 +

(
dP (CH4 +OH)

d[OH]

)2

×∆[OH]2

= k2CH4+OH × [CH4]2 ×α2
CH3O2

×∆[OH]2 + k2CH4+OH × [OH]2 ×α2
CH3O2

×∆[CH4]2 (S3)

∆P 2
CH4+OH

P 2
CH4+OH

=
k2CH4+OH × [CH4]2 ×α2

CH3O2
×∆[OH]2 + k2CH4+OH × [OH]2 ×α2

CH3O2
×∆[CH4]2

k2CH4+OH × [CH4]2 × [OH]2 ×α2
CH3O2

=
[CH4]2 ×∆[OH]2 + [OH]2 ×∆[CH4]2

[CH4]2 × [OH]2
(S4)

∆PCH4+OH

PCH4+OH
=

√
∆[OH]2

[OH]2
+

∆[CH4]2

[CH4]2
(S5)

Example 2:15

P (HCHO)basic = PCH4+OH +PCH3CHO+OH +PCH3OH+OH +PC5H8+OH

= [OH]× ([CH4]× kCH4+OH ×αCH3O2 + [CH3CHO]× kCH3CHO+OH ×αCH3O2 ×αCH3CHO

+ [CH3OH]× kCH3OH+OH + [C5H8]× kC5H8+OH ×αIsoprene) (S6)

∆P (HCHO)2basic =

(
dP (HCHO)basic

d[OH]

)2

×∆[OH]2 +

(
dP (HCHO)basic

d[CH4]

)2

×∆[CH4]2

+

(
dP (HCHO)basic
d[CH3CHO]

)2

×∆[CH3CHO]2 +

(
dP (HCHO)basic
d[CH3OH]

)2

×∆[CH3OH]2

+

(
dP (HCHO)basic

d[C5H8]

)2

×∆[C5H8]2

= ([CH4]× kCH4+OH ×αCH3O2
+ [CH3CHO]× kCH3CHO+OH ×αCH3O2

×αCH3CHO

+ [CH3OH]× kCH3OH+OH + [C5H8]× kC5H8+OH ×αIsoprene)
2 ×∆[OH]2

+ k2CH4+OH ×α2
CH3O2

× [OH]2 ×∆[CH4]2 + k2CH3CHO+OH ×α2
CH3O2

×α2
CH3CHO

× [OH]2 ×∆[CH3CHO]2 + k2CH3OH+OH × [OH]2 ×∆[CH3OH]2

+ k2C5H8+OH ×αIsoprene × [OH]2 ×∆[C5H8]2 (S7)
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∆P (HCHO)basic
P (HCHO)basic

=

√
∆P (HCHO)2basic
P (HCHO)2basic

=
√

(([CH4]× kCH4+OH ×αCH3O2
+ [CH3CHO]× kCH3CHO+OH ×αCH3O2

×αCH3CHO

+[CH3OH]× kCH3OH+OH + [C5H8]× kC5H8+OH ×αIsoprene)2 ×∆[OH]2

+k2CH4+OH ×α2
CH3O2

× [OH]2 ×∆[CH4]2 + k2CH3CHO+OH ×α2
CH3O2

×α2
CH3CHO × [OH]2

×∆[CH3CHO]2 + k2CH3OH+OH × [OH]2 ×∆[CH3OH]2 + k2C5H8+OH ×αIsoprene × [OH]2)

×∆[C5H8]2 × 1

(PCH4+OH +PCH3CHO+OH +PCH3OH+OH +PC5H8+OH)2
(S8)
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(a) CYPHEX 2014

(b) HOPE 2012

(c) HUMPPA 2010

Figure S6. Temporal development of the O3 concentration in the scope of each research campaign.
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(a) CYPHEX 2014 (b) HOPE 2012 (c) HUMPPA 2010

Figure S7. Diurnal average of O3 concentrations including the rate of change dO3/dt.
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(a) O3 loss

(b) net O3 production

Figure S8. Temporal development of O3 production and loss terms from July 22 to July 31, 2014 during the research campaign CYPHEX in
Cyprus.
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(a) net O3 production (b) NO2 concentration

Figure S9. (a) Diurnal O3 production and loss during CYPHEX, including all data points. (b) Diurnal NO2 concentrations with and without
afternoon peak caused by a singular high concentration event on July 24 (13:15 - 16.15 UTC).

(a) HOPE (b) HUMPPA

Figure S10. Chemical production terms of HCHO during (a) HOPE and (b) HUMPPA.
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(a) biomass burning excluded (b) biomass burning

Figure S11. Diurnal HCHO production and loss during HUMPPA (a) considering only data which were impacted by biomass burning (BB)
and (b) excluding data with BB impact.
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4 Supplement

4.4 Supplement of Section 3.5

This chapter provides the Supplement of Tropospheric ozone production and chemical regime anal-

ysis during the COVID-19 lockdown over Europe, available at:

https://doi.org/10.5194/acp-22-6151-2022-supplement
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Table S1. Number of data points averaged per altitude bin for the HOOVER experimental values.

altitude [m] NO O3 CO HO2 OH CH4 CH3O2 j(NO2) j(O1D) P(O3)
0 - 1000 5 10 10 5 4 8 4 10 10 3

1000 - 2000 11 20 15 18 17 15 14 19 19 10
2000 - 3000 3 8 4 7 6 4 3 8 7 2
3000 - 4000 5 7 5 6 5 4 3 7 7 2
4000 - 5000 4 8 5 6 6 5 4 8 8 3
5000 - 6000 7 10 9 9 8 9 8 9 9 6
6000 - 7000 10 18 12 16 14 11 10 18 18 7
7000 - 8000 20 31 27 29 28 27 26 31 31 19
8000 - 9000 48 62 47 61 46 47 45 62 62 37
9000 - 10000 21 40 30 24 31 30 15 33 33 12

10000 - 11000 7 17 7 18 18 7 7 18 18 7
11000 - 12000 3 6 3 6 6 3 3 6 6 3

Table S2. Number of data points averaged per altitude bin for the model values. The number is identical for all species and calculations.

altitude [m] HOOVER UTOPIHAN BLUESKY
0 - 1000 10 19 71

1000 - 2000 20 36 50
2000 - 3000 8 11 35
3000 - 4000 7 16 24
4000 - 5000 8 9 53
5000 - 6000 10 16 32
6000 - 7000 18 16 14
7000 - 8000 31 32 21
8000 - 9000 63 68 29
9000 - 10000 40 78 52

10000 - 11000 18 32 64
11000 - 12000 6 10 42
12000 - 13000 1 9 24
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Figure S1. Proportion of modeled CH3O2 in the overall modeled RO2 as a function of the pressure level. Above 800 hPa, CH3O2 accounts
for more than 90 % of RO2.

(a) H2O (b) temperature (c) pressure

Figure S2. Vertical profiles of water, temperature and pressure for observations (orange) and model simulations (blue) during the HOOVER
campaign. All three parameters show close agreement for model and experiment.

2

4 Supplement

195



(a) NO (b) O3 (c) CO

Figure S3. Vertical profiles of NO, O3 and CO for observations (orange) and model simulations (blue) during the UTOPIHAN campaign.
All three trace gases show close agreement for model and experiment.

(a) NO (b) O3 (c) CO

Figure S4. Vertical profiles of NO, O3 and CO for observations (orange) and model simulations (blue) during the BLUESKY campaign. All
three trace gases show close agreement for model and experiment.
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Figure S5. Modeled NOx emissions across Europe over the past two decades. Monthly values are shown in black and annual means are
presented in red.
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(a) measured O3 - summer (b) measured O3 - spring/fall

(c) modeled O3 - summer (d) modeled O3 - spring/fall

Figure S6. Measured and modeled vertical profiles of O3 separated into different seasons for HOOVER and UTOPIHAN. BLUESKY data
are always from May/June.
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Figure S7. NO2 vertical profiles during UTOPIHAN, HOOVER, BLUESKY with and without lockdown scenario as in Figure 3d of the
main manuscript, but showing the full x-axis range.

Figure S8. αCH3O2 for the campaigns UTOPIHAN (green), HOOVER (blue), BLUESKY (red) and the no-lockdown (NL) scenario (yellow)
in correlation with NO between 2 and 10 km altitude.
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(a) UTOPIHAN (b) HOOVER

(c) BLUESKY (d) BLUESKY - NL

Figure S9. αCH3O2 correlated with NO mixing ratios for all campaigns as shown in Figure 5c of the manuscript in individual panels.
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4.5 Supplement of Section 3.6

This chapter provides the Supplement of What controls ozone sensitivity in the upper tropical

troposphere?, available at:

https://doi.org/10.5194/egusphere-2023-816-supplement
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Figure S1. Development of modeled trace gas concentrations in the upper tropical troposphere from 2000 to 2020.
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Figure S2. Distribution of NO2 in the tropics between 30 ◦ S and 30 ◦ N for all periods.

2

4 Supplement

204



Figure S3. Distribution of HO2 in the tropics between 30 ◦ S and 30 ◦ N for all periods.
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Figure S4. Distribution of CH3O2 in the tropics between 30 ◦ S and 30 ◦ N for all periods.
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Figure S5. Distribution of NOPR in the tropics between 30 ◦ S and 30 ◦ N for all periods.
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Figure S6. Distribution of P(O3) in the tropics between 30 ◦ S and 30 ◦ N for all periods.
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Figure S7. Distribution of L(O3) in the tropics between 30 ◦ S and 30 ◦ N for all periods.

7

4 Supplement

209



Figure S8. Distribution of α(CH3O2) in the tropics between 30 ◦ S and 30 ◦ N for all periods.
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Figure S9. Size distribution for NO concentrations. 99.6 % of the data points show ≤ 0.5 ppbv NO.
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Figure S10. (a) P(O3) binned to NO concentrations up to 1 ppbv NO, (b) NOx loss binned to NO concentrations and separated into loss via
OH, HO2 and CH3O2, (c) P(O3) binned to HO2 concentrations and (d) HO2 binned to NO concentrations. Lines show averages of all data
points and error shades present the 1σ standard deviation.
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Figure S11. P(O3) binned to NO concentrations, separated into four periods. Black lines show averages of all data points and grey error
shades present the 1σ standard deviation. Colored data points show the averages for the indicated areas with the 1σ error.
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Figure S12. Map of the tropical UT between 30 ◦ S and 30 ◦ N for each period colored by the slopes of NO vs α(CH3O2 of the data in each
pixel. Red colors indicate a NOx and blue colors a VOC limitation. For grey pixels the R2 of the fit is below 30 %.
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Figure S13. Determination of the dominant chemical regime at the surface for all latitudes, using the slope of NO vs α(CH3O2) as indicator
- exemplary for MAM (March - May) data (upper panel). For grey pixels the R2 of the fit is below 30 %. The lower panel shows the same
data as the upper panel on a log scale which allows for a more detailed view of areas with strong NOx sensitivity.
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Figure S14. Determination of the dominant chemical regime in the tropical UT in the no lightning scenario via α(CH3O2), O3 and the
HCHO/NO2 ratio binned to NO concentrations, separated into four periods. Black lines show averages of all data points and grey error
shades present the 1σ standard deviation. Colored data points show the averages for the indicated areas with the 1σ error.
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Figure S15. Size distribution for NO concentrations in the no lightning scenario.
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Figure S16. Determination of the dominant chemical regime in the tropical UT in the scenario with halved lightning via α(CH3O2), O3 and
the HCHO/NO2 ratio binned to NO concentrations, separated into four periods. Black lines show averages of all data points and grey error
shades present the 1σ standard deviation. Colored data points show the averages for the indicated areas with the 1σ error.
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Figure S17. Determination of the dominant chemical regime in the tropical UT in the scenario with doubled lightning via α(CH3O2), O3

and the HCHO/NO2 ratio binned to NO concentrations, separated into four periods. Black lines show averages of all data points and grey
error shades present the 1σ standard deviation. Colored data points show the averages for the indicated areas with the 1σ error.
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Figure S18. Overview of the impact of lightning NOx on the dominant regime. The data points present the average NO vs α(CH3O2) of all
data points located in each of the six regions (a) Pacific Ocean, (b) South America, (c) Atlantic Ocean, (d) Africa, (e) Indian Ocean, (f) South
East Asia for the baseline scenario (crosses), excluding lightning (circles), halved lightning (triangles) and doubled lightning (stars).
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4 Supplement

4.6 Supplement of Section 3.7

This chapter provides the Supplement of Measurement report: Airborne measurements of NOx

fluxes over Los Angeles during the RECAP-CA 2021 campaign, available at:

https://doi.org/10.5194/egusphere-2023-601-supplement
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Figure S1. NPS Twin Otter aircraft, including the mounted inlet for air sampling.

Figure S2. Example covariance peak for NOx (green) and potential temperature θ (red) with the vertical windspeed for three segments on
June 6.

Figure S3. Example co-spectra (normalized) for the NOx flux (green) and the heat flux (red) for three segments on June 6.
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Figure S4. Dimensionless altitude z/zi versus the NOx flux to investigate vertical divergence. Black dots represent all data points. The green
dashed line shows the linear fit of all data points. The red points and errorbars represent the binned means with the 1σ variability.

Figure S5. Dimensionless altitude z/zi versus the corrected NOx flux according to Figure S4. Black dots represent all data points. The green
dashed line shows the linear fit of all data points. The red points and errorbars represent the binned means with the 1σ variability.
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(a) NOx vs T (b) NOx flux vs T

(c) Coast (d) Santa Ana

(e) Downtown (f) San Bernardino

Figure S6. Temperature correlation of NOx concentrations and NOx fluxes for all data points ((a)&(b)) and separated into the four regions
((c)-(f)).
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Figure S7. Highway emission grid based on the information from the California Department of Transportation (2015). Highway grid cells
are shown in green. © Google Maps 2023.

Figure S8. Weekend averages of NOx emissions across Los Angeles with a 4 km× 4 km spatial resolution (a) during the RECAP-CA
campaign, (b) from the CARB emission inventory and (c) the difference between RECAP-CA and CARB NOx fluxes. © Google Maps 2023.
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(a) on-road (b) aircraft

(c) area (d) ocean going vessels

Figure S9. CARB emission inventory, separated into different sectors. © Google Maps 2023.

Figure S10. Weekday averages of vertical divergence corrected NOx emissions across Los Angeles with a 4 km× 4 km spatial resolution
(a) during the RECAP-CA campaign, (b) from the CARB emission inventory and (c) the difference between RECAP-CA and CARB NOx

fluxes. © Google Maps 2023.
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Figure S11. Weekend averages of vertical divergence corrected NOx emissions across Los Angeles with a 4 km× 4 km spatial resolution
(a) during the RECAP-CA campaign, (b) from the CARB emission inventory and (c) the difference between RECAP-CA and CARB NOx

fluxes. © Google Maps 2023.
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