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Zusammenfassung

Anhand von 72 Messfliigen des Forschungsflugzeuges DLR HALO im Zeitraum 2014 bis 2019 wur-
den weltweite troposphérische Messungen von Glyoxalkonzentrationen und vertikalen Sdulendichten
(VCDs) durchgefiihrt. Uber dem Amazonas Regenwald wird die Erprobung durch simultane
Formaldehyd- und Methylglyoxalmessungen ergénzt. Die Glyoxal VCDs werden mit guter
Ubereinstimmung mit tagesaktuellen Satellitenmessungen des TROPOMI Instrumentes validiert
und ein Vergleich mit globalen Glyoxalsimulationen des chemischen Transportmodelles (CTM)
EMAC durchgefiihrt. Abweichungen von TROPOMI Glyoxalmessungen ergeben sich fiir Flugzeug-
beobachtungen von Schadstoffwolken mit geringer rdumlicher Ausdehnung sowie solche innerhalb
der planetaren Grenzschicht. Letzteres fithrt insbesondere zu geringeren Glyoxalsdulendichten
des Satelliteninstrumentes iiber Stddte- und Industriezentren. Erhohtes, bisher unerklirtes
Glyoxal wurde wiederholt in gealterten Abgasfahnen von Biomassebrédnden sowie in marinen
Reinluftgebieten der Tropen beobachtet. Uber dem Regenwald werden Emissionsfaktoren fiir
Regenwaldfeuer bestimmt (0.11-0.52 ggiyoxal kggél, 0.50-8.64 gMethylglyoxal kggél) sowie Isopren
als potentielles Glyoxal- und Methylglyoxalvorlaufergas oberhalb der planetaren Grenzschicht
identifiziert. Der Vergleich mit EMAC zeigt deutlich hohere Glyoxalmessungen als die Simula-
tionen in nahezu allen Regionen nahelegen, insbesondere in der planetaren Grenzschicht und
Abgaswolken. Dies weist auf eine Unterschitzung der photochemischen Aktivitit von Glyoxal und
seinen Vorlaufergasen durch EMAC hin, mit entsprechenden Konsequenzen fiir den Einfluss dieser
Gase auf die troposphirische Oxidationskapazitit sowie die Ozon- und sekundére organische

Aerosolbildung und damit auf den Strahlungstransport.

Abstract

Tropospheric glyoxal mixing ratios and vertical column densities were measured during 72
research flights with the German research aircraft DLR HALO over different regions between
2014 and 2019. Over the Amazon rainforest, the observations are complemented by simultaneous
formaldehyde and methylglyoxal measurements. The glyoxal measurements are confirmed by
same-day observations of the TROPOMI satellite instrument and compared to simulations of
the photochemical transport model EMAC. Deviations of air- and spaceborne glyoxal are found
for spatially small pollution plumes and those located near the surface. This causes smaller
satellite glyoxal measurements around urban centres. Unexplained glyoxal enhancements are
detected repeatedly in aged biomass burning plumes and the tropical marine boundary layer.
Over the rainforest, emission factors are estimated for tropical forest fires (0.11-0.52 ggiyoxal kgf;il,
0.50-8.64 gmethylglyoxal kgglll) and isoprene is identified as a potential glyoxal and methylglyoxal
precursor above the boundary layer. The comparison to EMAC shows an underestimation of
modelled glyoxal in most regions, especially in the boundary layer and pollution plumes. This
is indicative of an underestimation of glyoxal and its precursors by EMAC, with consequences
for the tropospheric oxidative capacity as well as the formation of ozone and secondary organic
aerosols and hence for the radiative forcing.
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Chapter 1

Introduction

Emissions of reactive trace gases into the atmosphere impact the photochemistry, the oxidation
capacity and in particular the atmospheric burden of greenhouse gases. All these processes
have direct or secondary impact on the radiative balance of the atmosphere and hence on the
climate of the Earth. In the past (and coming) decades, anthropogenically induced changes in
the atmospheric composition and photochemistry are expected to increasingly alter this radiative
balance and hence the radiative forcing! of the climate system. To estimate the impact of these
changes, in the past decades an increasing scientific effort has been put into understanding the
atmosphere and its countless components, interactions, chemistry, and feedback-mechanisms.
However, due to the enormous complexity of the atmospheric system and its multiple interaction
cycles, major uncertainties still exist in many fields.

Among all trace gases, organic carbon compounds (VOCs?) are key atmospheric constituents
that are highly reactive and largely impact the tropospheric photochemistry, in particular the
formation of ozone, and the tropospheric oxidative capacity, i.e the formation and destruction of
OH. Since many VOCs with carbon-oxygen double bonds are also considerably water soluble,
they contribute via hydration and oligomerization to the formation of secondary organic aerosols
(SOA). As a consequence, VOCs can have a direct influence on the radiative forcing through
scattering and absorption of solar light, but likewise importantly, they exert an indirect effect
by altering the concentrations and lifetimes of tropospheric ozone and organic aerosols. Due to
the large variety of different VOCs and feedback mechanisms, the overall impact of VOCs on
atmospheric photochemistry and climate forcing is still largely uncertain and many of the involved
indirect climate feedback mechanisms are not yet fully understood (e.g. Seinfeld et al. [2016];
Sporre et al. [2019]; Zhu et al. [2019a]). Tt is therefore crucial to better understand anthropogenic
and biogenic VOC emissions as well as their individual and combined impact on the atmospheric
composition, photochemistry, and radiative forcing of the climate system.

This thesis aims at gaining further insight into the atmospheric abundance of the VOCs
formaldehyde, glyoxal, and methylglyoxal in different air masses around the globe. All three gases
are detectable by the applied Differential Optical Absorption Spectroscopy (DOAS) technique
[Platt and Stutz, 2008] and important oxidation intermediates of VOCs, but many aspects of
their atmospheric fate and hence their impact on the photochemistry of the troposphere are still

IFollowing the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), (effective)
radiative forcing is defined as ‘the change in net TOA [top of the atmosphere] downward radiative flux after allowing
for atmospheric temperatures, water vapour and clouds to adjust, but with global mean surface temperature or a
portion of surface conditions unchanged’ [G. Myhre and Zhang, 2013].

2The term VOC is defined ambiguously: commonly, VOCs refer to all reactive chemicals that contain carbon-
hydrogen or carbon-carbon bonds and quickly evaporate (high water vapour pressure at ambient temperature).
The category VOCs hence combines a myriad of different organic compounds and can be further differentiated, e.g.
into biogenically emitted VOCs (bVOC), non-methane VOCs (NMVOC), non-methane hydrocarbons (NMHC),or
oxygenated VOCs (OVOC).
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poorly understood.

Tropospheric ozone is a greenhouse gas that results predominantly from in situ photochemical
production from the oxidation of methane and NMVOCs in the presence of NOx (NO + NOq;
Logan [1985]; Sillman et al. [1990]; Monks et al. [2015]). For all these ozone forming trace
gases, the atmospheric concentrations have continuously increased in the past decades due to
anthropogenic activities [[PCC, 2001], even though this trend has started to slow down in the
past decade as a result of global air pollution control measures [P.A. Arias, 2021]. The resulting
increase of tropospheric ozone has a large impact on regional air pollution and thus on the global
climate. Especially near the surface, elevated ozone not only impacts both air quality and human
health [Lelieveld et al., 2015, 2019], but also affects vegetation and forest growth by inhibiting
plant CO5 uptake® [Heck et al., 1982; Sitch et al., 2007].

In addition, the atmospheric HOx (OH + HO3) concentration is largely controlled by surface
VOC emissions and VOC photochemistry in the atmosphere. However, a significant fraction
of the OH reactivity is still unknown and attributed to reactions with NMHCs [Yang et al.,
2022]. In fact, the current lack of knowledge of VOC photochemistry and oxidation pathways of
intermediate VOCs is one of the major uncertainties in quantifying the current day atmospheric
oxidative capacity [Taraborrelli et al., 2012] and hence also its reaction to changing VOC emissions
due to global warming. This significantly limits confident estimates on the current and future
lifetime of major greenhouse gases like ozone or methane and thus on their radiative forcing
[G. Myhre and Zhang, 2013; P.A. Arias, 2021]. Better knowledge of the concentrations and
atmospheric fates of VOCs that act as OH sources and sinks and their development under a
warming climate are therefore urgently needed.

As ozone both interacts with short- and longwave radiation, changes in the ozone distribution
and concentration directly affect the radiative forcing of climate change. Tropospheric ozone
dominates the total ozone impact on the radiative forcing with 0.4 Wm=2 (0.2 to 0.6 Wm~2) as
of 2011% [Stevenson et al., 2013; G. Myhre and Zhang, 2013, even if only approximately 10% of
the atmospheric ozone is actually located in the troposphere. Of the total radiative forcing of
tropospheric ozone, current estimates attribute 9% of it to result from emissions of NMHCs (Fig.
2.8 and Stevenson et al. [2013]).

Besides their impact on atmospheric photochemistry, VOCs from both biogenic and anthro-
pogenic emissions also contribute significantly to the formation of secondary pollutants like
secondary organic aerosols (e.g. Went [1960]; Pandis et al. [1991]; Kroll and Seinfeld [2008]). As
for ozone formation, the secondary organic aerosol (SOA) yield from VOCs is highly dependent
on the individual chemicals, their concentrations, ambient conditions, and in particular on the
presence of anthropogenic pollutants like ozone and nitrogen oxides (e.g. Seinfeld and Pandis
[2013]; Camredon et al. [2007]).

After significant increases since pre-industrial records, conflicting findings exist for the overall
trend of the atmospheric aerosol abundance in the past decades [P.A. Arias, 2021]. Organic
aerosols have a significant cooling effect on the climate via scattering and absorption of incoming
radiation and cloud formation or modification. Due to the large efforts to quantify the total
radiative forcing of aerosols and in particular to differentiate the anthropogenic and natural
fractions of the aerosol climate forcing, numerous studies have been performed to quantify the
aerosol formation potential of individual VOCs (e.g. McCormick and Ludwig [1967]; Andreae
[1995]; Hoffmann et al. [1997]; Mahilang et al. [2021]). However, due to its complexity and known

3Depending on the plant species, Heck et al. [1982] observed average crop yield reductions between 1% and 8%
per 10 ppb ozone increase above 60 ppb over a 7 h time period.

4The latest IPCC estimate for the effective radiative forcing of tropospheric and stratospheric ozone combined
is 0.47 Wm~—2 (1750-2019). To compare, the radiative forcing of atmospheric COs2 is 2.0 Wm~™2 as of 2019
and the total 1750-2019 net anthropogenic radiative forcing of the atmosphere is estimated to be 2.72 Wm—2
[P.A. Arias, 2021]
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and unknown involved feedback mechanisms, large uncertainties still exist regarding the formation
of secondary organic aerosol from VOCs [Carslaw et al., 2010; Hoyle et al., 2011; Mahilang et al.,
2021; Fan et al., 2022].

In conclusion, organic carbon species have a significant and not yet sufficiently understood
impact on the global atmospheric photochemistry and radiative forcing, and further investigation
is required to better assess their current and future impact on the global climate.

Continuous global satellite observations of column integrated concentrations only exist for a
few selected VOCs with unique optical properties (e.g. formaldehyde and glyoxal), but these
satellite observations do not provide any altitude resolved information and have limited spatial
resolution and coverage [Vrekoussis et al., 2009; Chan Miller et al., 2014, 2017; Lerot et al., 2021].
Due to the large variety of different VOCs and oxidation intermediates, systematic investigations
on a global scale are still needed for many VOC species and overall indicate deficits in the
simulation of VOC chemistry by current photochemical transport models (e.g. Stavrakou et al.
[2009a]; Myriokefalitakis et al. [2008]; Liu et al. [2012]; McDonald et al. [2018]; Silva et al. [2018];
Zhu et al. [2019b]). This includes in particular unexplained observations of shorter-lived VOCs
in aged pollution plumes, such as enhanced glyoxal concentrations in long-range transported
biomass burning plumes (e.g. Alvarado et al. [2020]). Measurements of the transport, the
composition and the evolution of fresh and aged plumes are however rare for many species, e.g.
glyoxal and methylglyoxal [Andreae and Merlet, 2001; Akagi et al., 2011; Stockwell et al., 2015;
Andreae, 2019]. Equally, the role of oceanic emissions of VOCs is still not well studied. Whether
the micro-layer at the oceanic surface or the water body of the ocean is a source or sink for
organic species is highly latitudinal, seasonal, temperature, biological composition, and species
dependent [Guenther et al., 1995; Briiggemann et al., 2018]. Recent findings indicate an overall
larger production of organic species in the ocean surface layer and transport therefrom into the
atmosphere than previously assumed [Briiggemann et al., 2018; Rocco et al., 2021]. Whether
rising sea surface temperatures increase or decrease the marine VOC emissions depends on the
involved chemicals and ambient conditions, but estimates of their extent are still uncertain (e.g.
Dayan et al. [2020]). In particular in the tropical regions, marine emissions of VOCs need to be
better understood and quantified, because the efficient tropical convection may cause significant
vertical transport of such VOCs up into the intertropical convergence zone (ITCZ®; Williams
[2004]).

Overall, these findings hint at significant deficits in our current understanding of the photo-
chemistry of VOCs and their individual precursors, source strengths, and fate in the atmosphere,
with equal consequences for the formation of tropospheric ozone, organic aerosol, and OH from
organic compounds. Insights into this matter require systematic and extensive field measurements
of organic species close and far from their sources throughout the entire troposphere and compar-
ison of the findings with up-to-date global photochemical transport models to assess differences
between assumed oxidation pathways and real air oxidation chemistry as well as gas-to-particle
partitioning.

The composition of the myriad of different VOCs in different atmospheric regimes (e.g.
biogenic, anthropogenic, pristine or marine air) is highly variable [Altshuller, 1983; Miller and
Moran, 1997; Atkinson, 2000; Volkamer et al., 2001; Friedfeld et al., 2002; Volkamer et al., 2005b].
However, many VOCs with carbon-hydrogen bonds oxidize at some point of their oxidation chain
to formaldehyde, glyoxal, or methylglyoxal (e.g. Finlayson-Pitts and J. N. Pitts [1986]; Fu et al.
[2008]). The three gases are the smallest atmospheric carbonyl compounds and have only minor
direct emission sources as compared to their secondary formation during VOC oxidation. The

detection of these three gases may thus provide insights into the distribution and burden of a

5The intertropical convergence zone is located approximately at 5° N. It marks a band of strong vertical
convergence and surface winds [Goosse et al., 2010].
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large range of precursor VOCs and the photochemical activity of the atmosphere. In particular,
the precursor VOCs of glyoxal and methylglyoxal are among the most important ozone forming
non-methane VOCs [Gu et al., 2021]. Due to its widespread distribution, the impact of glyoxal
on the formation of ozone and organic aerosols has recently been the subject of great interest:
different studies point to a larger and more widespread distribution of glyoxal both regionally as
well as vertically than currently understood. The impact of glyoxal and its precursor VOCs in
the atmosphere is therefore expected to be more important than previously assumed [Stavrakou
et al., 2009b; Myriokefalitakis et al., 2008; Liu et al., 2012; Silva et al., 2018]. Recent unexplained
observations of glyoxal in long-range transported biomass burning plumes as well as unexpected
large glyoxal concentrations in the pristine marine boundary layer in the tropics further indicate
an insufficient understanding and quantification of glyoxal and its precursor VOCs [Zhou and
Mopper, 1990; Sinreich et al., 2010; Coburn et al., 2014; Mahajan et al., 2014; Lawson et al.,
2015; Volkamer et al., 2015; Chiu et al., 2017; Alvarado et al., 2020; Walker et al., 2022].

The present thesis systematically investigates the global tropospheric glyoxal abundance
based on concentration and simultaneous vertical column density (VCD) measurements from
72 worldwide flights of the research aircraft DLR HALO® between 2014 and 2019. The data
represent the most extensive glyoxal data set yet with unique geographic and altitudinal coverage
from several hundred meters altitude up to the lowermost stratosphere. The observations reach
from the marine atmosphere over different oceans between 70° N down to 70° S as well as to
the continental atmosphere over regions far from any anthropogenic activities, over large human
agglomerations, during the local biomass burning seasons as well as to air masses negligibly, or
in contrast, heavily affected by biogenic VOC emissions. Over one of the most photochemically
active global regions, the Amazon rain forest, the glyoxal observations are complemented by
simultaneous formaldehyde measurements and the first airborne observations of methylglyoxal
throughout the troposphere over a tropical rainforest. Combined, the observations contribute to
answering open questions on the photochemistry of the three smallest carbonyls in the boundary
layer as well as the free and upper troposphere and give new insights into their potential impact
on tropospheric ozone, oxidative capacity and organic aerosol formation.

Moreover, this thesis aims at gaining further insights into the following three scientific

questions:

1. A thorough assessment of the global glyoxal abundance in rarely or even unexplored air
masses. This includes in particular the marine and terrestrial background of glyoxal, the
sources of glyoxal in the anthropogenically polluted atmosphere, potential marine emissions
of glyoxal or its precursors from the ocean surface in different latitudes, the impact of
biomass burning on atmospheric glyoxal in and above the boundary layers, and a thorough

comparison of air- and spaceborne detection of glyoxal in all these different air masses.

2. The validation of recent reports of elevated glyoxal in aged biomass plumes by respective
globally distributed observations and an analysis of the extent and occurrence of elevated
glyoxal in the pristine marine troposphere in the tropics. Both observations suggest
additional and yet unknown or underestimated glyoxal formation pathways, which may
in part be responsible for the current deficits in the simulation of atmospheric glyoxal by
current photochemical transport models both in emission plumes and in the background
atmosphere [Myriokefalitakis et al., 2008; Stavrakou et al., 2009a; Lerot et al., 2010].

3. The transport of isoprene oxidation products and ozone precursors from the boundary layer
into the tropical free and upper troposphere in low HOx—low NOx—high VOC regimes

Shttps://wuw.HALO.DLR.de/
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dominated by biogenic emissions (Amazon rainforest) and the impact of biomass burning

in these regions on their atmospheric profiles.

Further, the glyoxal data analysed within the framework of the present thesis are used in a
complementary modelling study by our collaborators from the FZ Jilich (D. Taraborrelli and S.
Rosanka, work in progress as of August, 2022) to re-establish the global budget of glyoxal and to
unravel its major precursor molecules and their source regions.

The thesis is organized as follows. Chapter 2 provides additional background information
on the studied trace gases and the most relevant processes determining their atmospheric fates.
Chapter 3 describes the mini-DOAS instrument and the corresponding measurement technique
as well as additional instruments and photochemical transport model simulations involved in the
analysis. Chapter 4 reports on the deployment and measurements of the mini-DOAS instrument
on eight missions of the HALO research aircraft into different global regions between 2014 and
2019 and the complementary spaceborne glyoxal measurements. Chapter 5 presents the airborne
mixing ratio and vertical column density (VCD) measurements of glyoxal in different regions
all around the globe with particular focus on the tropical rainforest, where the observations are
complemented by simultaneous formaldehyde and methylglyoxal measurements. The glyoxal
VCDs are compared to collocated total atmospheric column density observations of glyoxal from
the TROPOMI satellite instrument. Further, both airborne data sets of glyoxal mixing ratios and
VCDs, are compared to simulations of the global ECHAM /MESSy Atmospheric Chemistry model.
Chapter 6 discusses the major findings and results and chapter 7 concludes and summarises the

thesis.



Chapter 2

Tropospheric photochemistry

The terrestrial atmosphere is the transition zone between the planetary surface and space. It is
fundamental for life on earth and extends from the surface up to 102 — 10° km altitude!. The
present thesis focuses on the physics and photochemistry of the lowest part of the atmosphere,
the troposphere. It reaches from the surface to the next atmospheric layer, the stratosphere.
The altitude of the transition zone in between, the tropopause, varies depending on the season,
latitude, and its exact definition. Following the World Meteorological Organisation (WMO) 1957
definition, the bottom level of the tropopause is the lowest altitude at which the temperature lapse
rate? decreases to 2 Kkm™! and it extends over the entire layer in which the temperature does
not change more than 1 K km™! [Meteorology, 1957]. The tropopause is located at ~ 8 km (at the
poles) and ~ 16 km (at the equator) altitude above the surface. The troposphere and stratosphere
are inherently different regarding their chemical, physical, and dynamical characteristics. The
troposphere is characterised by a large temperature lapse rate, i.e. a quick change of the air
temperature with altitude. Accordingly, it is a zone of low vertical stability and is a highly
dynamic mixing and transport layer [Goosse et al., 2010].

The following chapter provides an overview of the aspects of tropospheric photochemistry that
are relevant for the present thesis. This includes details on the formation and climate relevance
of tropospheric ozone, the atmospheric oxidation capacity, and the impact of VOCs in the
atmosphere. Special emphasis is put on the trace gases formaldehyde, glyoxal, and methylglyoxal,
which are the focus of this thesis. The sources, sinks, and photochemical and climate importance
of these gases, in particular with respect to their potential as secondary organic aerosol precursors,

is discussed.

2.1 Ozone and oxidative capacity

Emissions of gaseous compounds from the Earth’s surface into the atmosphere and their subsequent
removal from it form a continuous photochemical cycle. Without this decomposition, the gases
would accumulate in the atmosphere and no quasi steady-state could evolve. The two main

atmospheric removal processes of trace gases are light-initiated photolysis and their reaction with

1The transition between the atmosphere and space is not unambiguously defined. There is no distinct boundary
of the atmosphere, it rather fades out continuously into space. Up to ~ 100 km altitude, particles experience
gravitation and are homogeneously mixed (homosphere). At higher altitudes, no mixing occurs and the molecules
increasingly escape into space (heterosphere).

2The temperature lapse rate refers to the rate of change of the air temperature with increasing atmospheric
altitude. In the troposphere, the air is the warmest above the planetary surface and the air temperature decreases
continuously at higher altitudes with a positive lapse rate of ~ 6.5 K km—2 (depending on horizontal heat transport,
season, latitude, and convection); Goosse et al. [2010]). In the stratosphere, this gradient is reversed and the
temperature increases with altitude (negative lapse rate). This is largely a result of the absorption of shortwave
radiation by the ozone layer.
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hydrogen radicals, in particular with the hydroxyl radical (OH). For sufficiently water-soluble
species, dry and wet removal by aerosol and cloud particles is a further important process. The
efficiency of the reaction of gases with OH is described by the so-called oxidative capacity of
the atmosphere. It quantifies how efficiently trace gases are removed from the atmosphere by
oxidation. This makes the entire photochemistry of Earth’s atmosphere and its radiative balance
highly dependent on hydrogen radicals. As a major oxidation pathway for VOCs [Levy, 1971],
OH plays a key role in atmospheric ozone and organic aerosol formation and largely controls the
atmospheric lifetime and abundance of VOCs, such as methane, and hence their impact on the

radiative forcing.

Ozone is an important atmospheric oxidant and greenhouse gas. The predominant fraction is
located in the stratosphere between 20 and 60 km altitude, where it absorbs harmful ultraviolet
radiation. However, ozone is also present in the troposphere [Hartley, 1881; Chapman, 1942],
where it is part of a complex and tightly coupled photochemical system of NOx, CO, VOCs, and
hydrogen radicals [Fishman and Seiler, 1983]. Tropospheric ozone impacts the climate forcing by
acting as a greenhouse gas and by participating in the formation of secondary aerosols, and is
toxic to humans as well as to the ecosystem [Monks et al., 2015; Wallington et al., 2019; Archibald
et al., 2020].

Tropospheric ozone partly results from the stratosphere-troposphere exchange, with a net

transport of ~ 340 3Tgy~!

into the troposphere [Wang and Fu, 2021]. However, over ~ 10
times more ozone is formed during photochemical reactions in the troposphere with a yearly
net production of 5000 Tg [Hartley, 1881; Chapman, 1942; Young et al., 2013; Monks et al.,
2015]. When accounting for dry and wet deposition and chemical loss processes, the global
tropospheric ozone burden is ~ 335 + 10 Tg, however with a large spatial inhomogeneity [Monks
et al., 2015]. Globally, the tropospheric ozone concentration has increased by 30% (30-70% in
the northern hemisphere) since the pre-industrial records with large seasonal and latitudinal
variations [P.A. Arias, 2021]. Consequently, its impact on radiative forcing has steadily increased
to 0.4 Wm~? as of 2010 (Fig. 2.1). Since the pre-industrial era (1750), northern hemispheric
background ozone has increased by ~ 30 ppb * (1-5 ppb decade™!; Cooper et al. [2014]) up to
80 ppb near the surface during summer [IPCC, 2001]. Even higher mixing ratios are found in
urban regions and during heat waves, e.g. over Berlin [Churkina et al., 2017]. The positive trend
of tropospheric ozone concentrations during the past century is mainly a result of enhanced
emissions of its two main precursors NOx and VOCs [Crutzen, 1988; Sillman, 1999]. In fact, in
situ production of ozone in the troposphere was firstly recognized due to the significant ozone
concentrations in the photochemical smog around Los Angeles in the 1940’s caused by the
photo-oxidation of NMVOCs [Haagen-Smit et al., 1952; Crutzen, 1988]. Due to the dependence
on VOCs, the average tropospheric ozone production is largest in regions with constantly high
VOC emissions, in particular in the tropics, and especially during the tropical dry season. During
this period, extended biomass burning activities cause additional large enhancements in VOC

and NOx emissions.

The main photochemical ozone source in the troposphere is photolysis of NOs. In fact,
during the daytime ozone and NOx convert to each other and form a photochemical equilibrium
[Leighton, 1961]:

NO; quickly photolyses (j ~ 10~2 s=! [Parrish et al., 1983]) producing a ground electronic
state oxygen atom,
NO, + hv — NO + O(°P), (2.1)

31 Tg =102 g
41 ppby =1079 vv~!
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Figure 2.1: Radiative forcing of tropospheric and stratospheric ozone from 1750 to 2010. Figure
taken from G. Myhre and Zhang [2013].

that recombines in a three-body reaction with molecular oxygen to form ozone
O*P+ 0,4+ M — O3 + M, (2.2)

with M being an arbitrary additional collision partner. At the same time, NO from NOs photolysis

titrates Os and re-forms NOy according to
O3 +NO — NOs + O (23)

[Tan et al., 2018]. This closed NOx—Os-system without a net loss or gain of its components
(during daytime) is disturbed by the presence of hydroxyl and organic peroxy radicals (HO2 and
RO3). They cause additional NO-NOs—conversion processes and hence a net Oz gain or loss (via
removal of molecular oxygen without production of O3, e.g. NOy + OH — HNO3). In fact, the
concentration and distribution of HOx radicals is tightly coupled to those of ozone, VOCs and

nitrogen oxides. This so called O3—NOx—VOC-sensitivity is discussed in detail in the following.

The main tropospheric source of hydroxyl radicals (OH) is the photolysis of ozone,
O3 + hv<rcszo nm — O('D) + 02(*4,), (2.4)
and reaction of O('D) with H,O,
O('D) + H,0 — OH + OH (2.5)

[Bates and Nicolet, 1950; Levy, 1971; Seinfeld and Pandis, 2013; P.A. Arias, 2021]. Secondary
OH sources and reactions exist, but a large fraction is still poorly understood and quantified,
e.g. OH production during OH-initiated isoprene oxidation [Taraborrelli et al., 2012]. Despite
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these uncertainties, latest estimates of global OH report an overall stable (or slightly positive)
abundance [P.A. Arias, 2021]. Among others, additional OH sources are formaldehyde from
methane oxidation as well as acetone and hydrogen peroxide. Depending on the local NOx level,
OH mostly reacts with CO (reaction 2.7) and methane (to H,O and CH303) and ultimately acts
as an ozone sink (at low NOx), or ozone source (at high NOx)®. The presence of NMVOCs in
the air complicates this reaction scheme via additional O3 formation. Briefly summarized, this

additional ozone formation pathway consists of (1) oxidation of VOCs or CO via OH,

RH + OH( + 02) — RO5 + HQO, (26)
or
CO+OH —» COy+H (2.7)
and subsequently
H+0Oy+M — HO3 + M. (2.8)
(2) Conversion of NO to NOy and reformation of OH via the resulting hydroxyl/organic peroxy
radical,
ROz + NO — secondary RO + NOs, (2.9)
RO 4+ Oy — R_gO + HOs, (2.10)
and/or
HO; + NO — NO, + OH (2.11)

[Orlando and Tyndall, 2012; Fittschen, 2019], (3) photolysis of NOg producing a single oxygen
atom, and (4) recombination of the oxygen atom with molecular oxygen forming O3 according to
reactions 2.1 and 2.2 (e.g. [Monks, 2005]). This reaction cycle of ozone formation competes with

loss processes of hydrogen radicals, e.g. via
OH + NO3; + M — HNO3 + M. (2.12)

Consequently, VOC initiated NO-NO; conversion leads to O3 formation without simultaneous
O3 destruction as in reaction 2.3. However, the different reaction cycles and the VOC-NOx—O3—
coupling also depend on the VOC species involved, and on ambient conditions (e.g. temperature
and humidity; Sillman and He [2002]). In the atmospheric regimes that are dominated by biogenic
emissions, i.e. high bVOC and low NOx levels, HOx removal occurs via HOx—HOx reactions and
is insensitive to NOs. Under these conditions, the local NOx concentration controls the ozone
yield from VOCs (NOx limited regime). Increasing NOx concentrations then lead to increases
in ozone, but changing VOC concentrations have little impact on ozone formation (Fig. 2.2,
bottom right corner). In highly polluted regions with very high NO and low VOC concentrations,
O3 titration via reaction 2.3 causes net O3z to NOg conversion, which can be outweighed by
additional O3 formation from VOC oxidation (VOC limited; Fig. 2.2, upper left corner). For
mixed polluted regimes (NOx—VOC-ratio along the diagonal in Fig. 2.2), O3 formation increases
both with increasing NOx and VOC concentrations.

In the remote and upper troposphere, methane oxidation via formaldehyde production is the
most important secondary Oz source. This is a result of the long methane lifetime of ~ 12 years
and the corresponding long-range transport far from its emission sources [Council et al., 1992] in

combination with its generally high (and increasing) atmospheric mixing ratio of ~ 1909 ppb as

5A detailed description of atmospheric HOx photochemistry can be found e.g. in Wennberg et al. [1998];
Monks [2005].
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Figure 2.2: NOx—VOC-03-coupling in the troposphere. For % < % (left of the central

diagonal), ozone (O3) formation is limited by the VOC budget (VOC sensitive regime), for

% > % (right of the central diagonal), O3 formation is limited by the NOx concentration

(NOx sensitive regime). The threshold between the regimes can be approximated by the involved
rate coefficients (see text). The isopleths (black curves) show constant maximum O3z mixing
ratios that can result from the given NOx—VOC mixtures. VOCs are expressed in units of their
carbon equivalent (ppm C or ppb C). Figure taken from Council et al. [1992].

of February 2022 . In biogenically or anthropogenically polluted air masses, NMVOCs dominate
the VOC impact on ozone formation. The oxidation of NMVOCs is highly complex and produces
thousands of partially oxidised intermediates [Carter and Atkinson, 1996; Aumont et al., 2005].
In fact, organic species account for 14.000 of the ~ 17.000 reactions in the latest version of the
Master Chemical Mechanism [Jenkin et al., 2015]. VOC chemistry and oxidation is consequently
a key process in atmospheric photochemistry and uncertainties in the ROy chemistry are reflected
in estimates of ozone [Dibble, 2008], SOAs (sect. 2.3), and also have significant impacts on
the HOx—NOx photochemistry. Better knowledge of VOC oxidation and measurements of its
oxidation products in the atmosphere are therefore crucial to better assess their individual
and combined impact on the atmospheric OH reactivity in the present and under a changing

atmospheric composition and climate [Yang et al., 2022].

2.2 Volatile organic compounds

In the troposphere, the degradation of volatile organic compounds in the presence of NOx leads to
the formation of secondary gaseous and particulate products [Calvert, 1976]. Important products
of the coupled NOx—VOC photochemistry are tropospheric ozone (O3) and secondary organic
aerosols (SOA). Both impact air quality, the climate system, and in particular the radiative
forcing. The degradation of the numerous photochemical reactions of atmospheric VOCs is highly
complex and depends on numerous feedback mechanisms [Atkinson et al., 2004, 2006]. However,
there are several small hydrocarbons that are intermediate oxidation products of many larger
VOCs and only have minor or negligible alternative emission sources. Therefore, they can be

used as proxies for the long chain precursors VOCs and give a handle on their atmospheric

Shttps://gml.noaa.gov/ccgg/trends_chd/; last access: June, 2022.
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Figure 2.3: Global vegetation index provided by the MYD13A3 v061 MODIS/Aqua Vegetation
Indices Monthly L3 Global 1 km SIN Grid classification scheme [Didan, 2021] for May 2022.
The colour scale ranges from no/few vegetation (brown) to high vegetation (dark green). Figure
created with NASA Worldview (https://worldview.earthdata.nasa.gov/).

emissions and fates, and on the atmospheric VOC-NOx—-HOx cycle [Fried et al., 1997]. Such
VOCs are formaldehyde, glyoxal, and methylglyoxal [Calvert et al., 2002; Myriokefalitakis et al.,
2008; Luecken et al., 2012], which this thesis focuses on.

2.2.1 Isoprene

The largest common precursor VOC of formaldehyde, glyoxal, and methylglyoxal is isoprene
(CsHg). Globally, isoprene oxidation is believed to account for 47% of the atmospheric glyoxal and
79% of methylglyoxal. While methane oxidation dominates the formaldehyde formation in the
background and upper troposphere, 67% of the boundary layer formaldehyde is thought to result
from isoprene oxidation [Lee et al., 1998; Fu et al., 2008; Wennberg et al., 2018]. Accordingly,
the global patterns of formaldehyde, glyoxal, and methylglyoxal are expected to be similar to
that of isoprene (Fig. 2.4).

Isoprene is a biogenic VOC, which is almost exclusively emitted into the atmosphere by
vegetation. With yearly emissions of ~ 350 Tg, isoprene is the most prevalent NMVOC. It alone
accounts for roughly one third of the global bVOC emissions. As isoprene is purely biogenically
emitted, its concentration in the atmosphere is the largest over regions with dense vegetation
(compare Figs. 2.3 and 2.4). Owing to the high complexity of their oxidation and interaction
pathways, such biogenic VOC emissions represent one of the major uncertainties in estimates
of the regional and global tropospheric Os concentrations [Archibald et al., 2011]. However, it
is generally acknowledged that their potential as O3 precursors is significant [Fiore et al., 2011;
Hewitt et al., 2011; Situ et al., 2013; Tagaris et al., 2014]. In the rural northern hemisphere, O3
was found to increase by as much as 11% when accounting for bVOC emissions [Zare et al., 2014].
In urban regions, bVOC emissions are responsible for a highly variable fraction between 6 and
60% of the elevated ozone, depending on the ambient conditions and anthropogenically emitted
VOC species [Churkina et al., 2017]. Lee et al. [2014] even reported an Oz increase of ~ 37 ppb
due to bVOC emissions in the urban region of Shanghai. The same applies to anthropogenic
VOC emissions [Dalsgren et al., 2018].

Globally, the Amazon rainforest is the largest source region of isoprene with mixing ratios
exceeding 6 ppb in the boundary layer by the end of the dry season [Gu et al., 2017; Fu et al., 2019].
Uncertainties in the isoprene Og yield therefore have significant effects in particular in the tropics,
where isoprene accounts for 30-50% of the bVOC emissions [Guenther et al., 1995]. Isoprene is

11


https://worldview.earthdata.nasa.gov/

2.2. VOLATILE ORGANIC COMPOUNDS CHAPTER 2. THE TROPOSPHERE

o

N

=Y
Isoprene emissions 2018 [10']ll kg;’m2 s

o

120W 80 W 40 W 0 40E SOE 120E 160 E

Figure 2.4: Yearly averaged MEGAN-MOHYCAN isoprene emissions (ALBERI dataset) at
0.5° x 0.5° resolution for 2018 [Opacka and Miiller, 2021]. Data taken from https://emissions.
aeronomie.be/index.php/bottom-up/isoprenev2021, last access: June, 2022. The global
isoprene emission pattern is strongly correlated to the primary production of vegetation (Fig.
2.3). Clearly visible are the isoprene emission hotspots over tropical forests, in particular over
the Amazon basin.

highly reactive and quickly oxidises in the atmosphere. Its atmospheric abundance is therefore
generally limited to lower altitudes. However, depending on the local NOx concentrations, the
lifetime of isoprene may range from 4 h (global average) up to 36 h over the Amazon rainforest.
In that region, Fu et al. [2019] suspected unusually low NOx and high isoprene concentrations to
lead to low OH, which prohibits efficient oxidation. This finding is of particular importance in
the tropics, where convection enables efficient vertical transport. In particular over the Amazon
rainforest, the potentially longer lifetime of isoprene may cause its transport into higher altitudes
than otherwise possible. Such vertically transported isoprene in the free troposphere could be
a significant in situ source of its oxidation products, e.g. glyoxal and methylglyoxal. Based on
model simulation, Paulot et al. [2012] estimated 20% of the tropical isoprene to be oxidised in
the free troposphere and not within the boundary layer. This is a matter of concern, since the
lifetime of Oj is significantly longer in the free and upper troposphere than in the boundary layer
(6 vs 105 days [Jacob et al., 1996]), where bVOC photo-oxidation is usually located. Due to the
longer lifetime, the climate forcing of O3 from potential isoprene oxidation in the free troposphere
is significantly larger than the radiative forcing of boundary layer ozone [Paulot et al., 2012]. The
rapid urbanisation of the tropics and enhanced agricultural activities may significantly enlarge
this phenomenon due to increasing NOx emissions into extremely bVOC rich airmasses [Paulot
et al., 2012]. Consequences of this development include changes of the radiative forcing of O3, but
also of air quality and crop yield [Sitch et al., 2007; Van Dingenen et al., 2009]. Previous studies
on the tropical isoprene-Os-chemistry are to the best of the author’s knowledge mostly based
on model simulations [Roelofs and Lelieveld, 2000; Pfister et al., 2008; Paulot et al., 2012] and
space borne measurements of formaldehyde vertical columns [Barkley et al., 2008, 2013; Palmer
et al., 2003]. However, under low NOx conditions, formaldehyde cannot be linked directly to
isoprene emissions [Paulot et al., 2012; Barkley et al., 2013; Wolfe et al., 2016; Wennberg et al.,
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2018]. Methylglyoxal on the other hand is believed to result to ~ 80% from isoprene oxidation
[Fu et al., 2008]. Field measurements of isoprene oxidation products , such as methylglyoxal or
glyoxal, in the free or even upper troposphere both over the remote tropical forest and in vicinity
to urban centres are therefore needed to better assess the impact of isoprene oxidation in the free
troposphere on Og formation and the potential consequences of current and future anthropogenic

activities on this system.

2.2.2 Formaldehyde

Formaldehyde (CH20) is a partially oxygenated organic compound that is ubiquitous in the
atmosphere. It is secondarily formed during the oxidation of methane [Jaeglé et al., 2001] and
NMVOCs [Pfister et al., 2008], and to a lesser degree directly emitted by fossil fuel combustion
[de Serves, 1994], biomass burning [Lee et al., 1997], and vegetation [Kesselmeier et al., 2002;
Lathiere et al., 2006]. Formaldehyde is one of the pre-final oxidation products of many longer
chained VOCs. It is therefore a measure for both the photochemical activity as well as emissions
or transport of most hydrocarbons. Oxidation of methane is the main atmospheric formaldehyde
source. Due to its long lifetime, methane is distributed in all tropospheric altitudes and global
regions. Its oxidation,

CH4 + OH — CH3 + HQO (2.13)

produces a methyl CHs radical, which reacts with molecular oxygen to the methyl peroxy radical,

CHs + Oy + M — CH305 + M. (2.14)

Atmospheric CH305 can react with various species, including with itself, NO, HO5, or ClO, e.g.
directly producing formaldehyde and methanol

CH302 + CH302 — CHQO + CHSOH + 02. (215)

Methanol equally oxidises to formaldehyde by reaction with OH. There are numerous possible
methane oxidation pathways, all of which end with the production of formaldehyde from the
carbon atom of methane [Brasseur and Solomon, 2005a]. Methane oxidation therefore causes
a constant ubiquitous formaldehyde background on the order of several 10 ppt in steady-state
equilibrium at daytime [Jaeglé et al., 2001; Brasseur and Solomon, 2005b]. Methane oxidation to
formaldehyde is particularly important in the pristine and upper troposphere, where no or few
additional formaldehyde sources are present [Fried et al., 2008]. In biogenically or anthropogenic
emission affected air masses and in the planetary or marine boundary layer, surface emissions
and NMVOC precursors are a significant additional formaldehyde sources [Palmer et al., 2003;
Pfister et al., 2008; Stavrakou et al., 2009b]. As a consequence, atmospheric formaldehyde
concentrations are the largest over regions with high biogenic emissions, e.g. tropical rainforests,
and over industrial hotspots, e.g. the Italian Po Valley. Globally, the largest NMVOC source of
formaldehyde is isoprene emissions from plants [Palmer et al., 2003, 2006; Pfister et al., 2008].

Formaldehyde is quickly removed from the atmosphere to approximately equal parts via
photolysis and oxidation with the hydroxyl radical (OH) or to a lesser degree oxidation with
the nitrate radical (NOs; Cooke et al. [2010]). During daytime, the atmospheric lifetime against
photolysis or oxidation is on the order of 1-2 h only [Logan et al., 1981]. Photolysis of formaldehyde
either directly forms CO,

CH20 + hv — Hy + CO (2.16)
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Figure 2.5: Global map of TROPOMI formaldehyde VCD measurements between 2018 and 2020 (3
years average). The black square marks the region and scientific scope of the present formaldehyde
measurements. Figure taken from https://uv-vis.aeronomie.be/data/TROPOMI_posters/,
last access: June 2022. Copyright: Contains modified Copernicus Sentinel data (2018-
2020) /processed by BIRA-TASB.

or the hydroperoxyl radical (HO2) via H and HCO,
CH50 + hv — H+ HCO. (2.17)

The HCO radical is quickly converted to CO and either H or HOs by photolysis or reaction
with Oy (e.g. Brasseur and Solomon [2005a]). Reaction of H and HCO with Oy yields two
hydroperoxyl radials (HO3) per formaldehyde molecule. HO, reacts to OH in the presence of
O3 and NO. At high solar zenith angles, when O('D) formation by Oz photolysis is inefficient,
formaldehyde is therefore one of the major atmospheric OH sources. This is in particular the case
in the upper troposphere, where formaldehyde is an important HOx source due to its constant
background formation from methane oxidation [Logan et al., 1981; Wennberg et al., 1998] and
upwards transport [Fried et al., 2008]. The latter is of particular importance in the tropical upper
troposphere, where deep tropical convection causes efficient upwards transport of HOx precursors
like formaldehyde or formaldehyde precursors [Jaeglé et al., 2001]. In fact, mixing ratios on the
order of 70 ppt formaldehyde were observed in the upper tropical troposphere, presumably due to
upwards transport of biomass burning emissions [Steck et al., 2008]. Due to the strong correlation
between upper tropospheric Oz and HOx [Jaeglé et al., 1998], formaldehyde is frequently used as
a proxy for the local and in particular upper tropospheric HOx and Og chemistry [Fried et al.,
2008].

While biogenic VOC emissions globally dominate the formaldehyde production from NMVOCs,
biomass burning emissions can have significant local and seasonal impact [Finlayson-Pitts and
J. N. Pitts, 1986; Munger et al., 1995; Andreae and Merlet, 2001; Wagner et al., 2002; Akagi et al.,
2011; Seinfeld and Pandis, 2013; Stockwell et al., 2015]. In the past, formaldehyde emissions from
different fuel types have been studied both in the field and laboratory (e.g., Finlayson-Pitts and
J. N. Pitts [1986]; Andreae and Merlet [2001]; Wagner et al. [2002]; Akagi et al. [2011]; Seinfeld
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and Pandis [2013]; Stockwell et al. [2015]; Andreae [2019]). Further, since CHO is considerably
water soluble, it may participate in either acid or base catalysed aldol-condensation reactions in
the aerosol phase, hence contributing to secondary organic aerosol formation [Wang et al., 2010].
Since formaldehyde is also observable from space, its global vertical column densities have been
monitored by spaceborne instruments almost constantly since the employment of the GOME
instrument in 1998 [Thomas et al., 1998; Chance et al., 2000] and photochemical transport models
appear to reasonably well reproduce atmospheric formaldehyde observations both from space
[Dufour et al., 2009; Stavrakou et al., 2009b; Boeke et al., 2011; Bauwens et al., 2016] and within
the atmosphere [Arlander et al., 1995; Fried et al., 2008; Borbon et al., 2012; Kaiser et al., 2015;
Chan Miller et al., 2017].

2.2.3 Glyoxal

Glyoxal (CoH205) is a short lived dicarbonyl that has significant importance in air quality and
climate due to its role as an intermediate in the oxidation of hydrocarbons (e.g. Finlayson-Pitts
and J. N. Pitts [1986]; Volkamer et al. [2001]; Fu et al. [2008]; Myriokefalitakis et al. [2008];
Vrekoussis et al. [2009]; Nishino et al. [2010]; Li et al. [2016]; Chan Miller et al. [2017]; Wennberg
et al. [2018]) as well as an important precursor for secondary organic aerosol formation and thus
for the aerosol forcing of climate (e.g. Jang and Kamens [2001]; Liggio et al. [2005b]; Volkamer
et al. [2007]; Parrish et al. [2012]; Lim et al. [2013]; Knote et al. [2014]; Kim et al. [2022]).
Glyoxal is directly emitted into the atmosphere by fossil fuel combustion [Kean et al., 2001]
and biomass burning [Hays et al., 2002], and more importantly secondarily produced during
the oxidation of both anthropogenic and biogenic precursor VOCs. Due to its large number of
precursors, glyoxal is one of the most abundant atmospheric dicarbonyls. Globally, direct glyoxal
emissions are negligible compared to its secondary production. Even over emission hotspots
like urban areas, where direct glyoxal emissions are expected to be much larger than over rural
areas, secondary production prevails [Volkamer et al., 2005a]. Therefore, the presence of glyoxal
in the atmosphere can be used as an indicator for VOC oxidation, photochemical activity, and
VOC-03-NOx—coupling [Volkamer et al., 2005a; Liu et al., 2021].

Important glyoxal sources are the oxidation of aromatic or unsaturated hydrocarbons [Volkamer
et al., 2001; Taraborrelli et al., 2021], the reaction of O3 and OH with alkenes [Grosjean et al.,
1996; Newland et al., 2022], unsaturated OVOCs [Magneron et al., 2002] and aldehydes [Chiu
et al., 2017], as well as the oxidation of other anthropogenic VOCs, e.g. acetylene [Xiao
et al., 2007], or biogenic VOCs, e.g. glycolaldehyde [Magneron et al., 2002]. In urban areas,
anthropogenic precursor VOCs like acetylene or aromatics dominate the glyoxal production
[Kim et al., 2022]. Globally, glyoxal formation from biogenically emitted VOCs dominates its
atmospheric concentration [Fu et al., 2008; Wennberg et al., 2018]. Isoprene oxidation is the
largest single glyoxal source and contributes via intermediates, e.g. glycolaldehyde, approximately
47% of the global glyoxal budget [Saunders et al., 2003; Volkamer et al., 2007; Fu et al., 2008;
Chan Miller et al., 2017]. On a local and seasonal scale, additional direct and secondary glyoxal
emissions due to biomass burning also contribute significantly [Andreae, 2019; Akagi et al., 2011;
Stockwell et al., 2015; Zarzana et al., 2017, 2018]. As a result, the global distribution of glyoxal is
similar to that of formaldehyde, with the largest concentrations occurring in the boundary layer
over regions of high bVOCs emissions, such as the tropical rainforests. Fu et al. [2008] estimated
the global source strength of glyoxal to 45 Tga~!. In the marine or pristine atmosphere, glyoxal
mixing ratios are on the order of several ppt. 7-23 ppt of glyoxal were found over the South
Pacific [Lawson et al., 2015], or up to 10 ppt at the Cape Verde Atmospheric Observatory (CVAO,
Sao Vicente island) over the Tropical Atlantic [Walker et al., 2022], and Mahajan et al. [2014]

reported average glyoxal mixing ratios of 25 ppt from 10 field campaigns over the open oceans
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Figure 2.6: Global map of TROPOMI glyoxal VCD measurements between 2018 and 2020 (3
years average) and open scientific questions addressed within this thesis. Black squares mark the
airborne mini-DOAS measurements. Regions, for which vertical profiles are inferred, are marked
with VP. Figure adapted from https://uv-vis.aeronomie.be/data/TROPOMI_posters/, last
access: June 2022. Copyright: Contains modified Copernicus Sentinel data (2018-2020)/processed
by BIRA-TASB.

in different parts of the world. Over regions with high biogenic or anthropogenic emissions or
in biomass burning plumes, glyoxal mixing ratios may reach a few 100 ppt [Lee et al., 1998;
Volkamer et al., 2005a, 2007; Fu et al., 2008; Sinreich et al., 2010; Baidar et al., 2013; Kaiser
et al., 2015; Volkamer et al., 2015; Chan Miller et al., 2017; Kim et al., 2022].

Glyoxal has an atmospheric lifetime of ~ 3 h. Its removal occurs mainly via photolysis,
reaction with OH [Plum et al., 1983; Zhu et al., 1996; Tadié et al., 2006]), and uptake on aerosols

and cloud droplets [Kim et al., 2022]. During daytime, photolysis is the predominant removal
pathway [Tadié¢ et al., 2006]. Glyoxal photolysis is a source of radicals,

CHOCHO + hv — HCO + HCO, (2.18)
or formaldehyde
CHOCHO + hv — H,CO + CO, (2.19)
or direct decay into CO,
CHOCHO + hv — Hy +2CO (2.20)

[Tadi¢ et al., 2006]. The formation of two HCO radicals per glyoxal molecule was found to be the
predominant photolysis pathway in the daytime atmosphere [Zhu et al., 1996; Tadi¢ et al., 2006].
Due to its high water solubility (effective Henry’s law coefficient HP = 4100 molm =3 P~! [Sander,
2015]), high hydration and oligomerization potential [Liggio et al., 2005a], and aqueous-phase
oxidation in cloud droplets, glyoxal partitions efficiently into organic or inorganic aerosol [Jang
and Kamens, 2001; Liggio et al., 2005a,b; Schaefer et al., 2015; Zhang et al., 2021; Kim et al.,
2022]. In a laboratory study, the SOA yield from glyoxal was found to be as large as 2.33% [Jang
and Kamens, 2001]. The first field measurements attributed 15% of the total SOA over Mexico

16


https://uv-vis.aeronomie.be/data/TROPOMI_posters/

CHAPTER 2. THE TROPOSPHERE 2.2. VOLATILE ORGANIC COMPOUNDS

City to glyoxal [Volkamer et al., 2007]. Fu et al. [2008] estimated the yearly SOA production

L of which 90% are attributed to uptake onto cloud droplets. A more

from glyoxal to 2.6 TgCy~
recent modelling study estimated the SOA production of isoprene-derived glyoxal alone to yield
0-0.8 pgm™3 [Li et al., 2016]. Since additional glyoxal from sources other than isoprene was not
considered in that study, this is only a lower limit for the total SOA yield. The contribution of
glyoxal to organic aerosols is of particular importance due to the high hydration reactivity of
glyoxal and its widespread global distribution from the various precursors [Liggio et al., 2005a].
However, the gas-phase glyoxal formation, the glyoxal aerosol yield and uptake pathways, its
contribution to global SOA formation, and how this affects atmospheric photochemistry and the
radiative balance are still uncertain and subject to current research [Li et al., 2016; Zhang et al.,
2021; Kim et al., 2022].

Like formaldehyde, glyoxal is detectable from space by satellites applying a similar technique
(Differential Optical Absorption Spectroscopy [Platt and Stutz, 2008]) as used for the airborne data
in the present thesis. Accordingly, since the first glyoxal observations of UV /vis Nadir observing
spectrometers (e.g. from the Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY );Wittrock et al. [2006]), numerous studies with ever increasing
observation capabilities and spatial resolution have been reported for spaceborne measurements
of vertical column densities (VCD) of glyoxal (e.g. from the instruments SCTAMACHY (Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography), OMI (Ozone Monitoring
Instrument), and TROPOMI (TROPOspheric Monitoring Instrument; Wittrock et al. [2006];
Stavrakou et al. [2009a]; Vrekoussis et al. [2009]; Lerot et al. [2010]; Vrekoussis et al. [2010];
Chan Miller et al. [2014]; Alvarado et al. [2020, 2014]; Lerot et al. [2021], and many others).

Ground-, air-, and spaceborne observations of glyoxal together with modelling have been
used in the past years to gain increasing knowledge on VOC oxidation, the formation of SOA
from carbonyls, and the photochemistry of biomass burning plumes [Stavrakou et al., 2009b;
Lerot et al., 2010; Boeke et al., 2011; Chan Miller et al., 2014; Knote et al., 2014; Bauwens et al.,
2016; Li et al., 2016; Stavrakou et al., 2016; Liao et al., 2019; Lim et al., 2019]. Simultaneous
space- or airborne observations of glyoxal and formaldehyde have further been used to study the
photochemistry and emissions of their different precursors (e.g. Stavrakou et al. [2009b]; Lerot
et al. [2010]; Boeke et al. [2011]; Chan Miller et al. [2014]; Bauwens et al. [2016]; Stavrakou et al.
[2016]). In particular, both gases are produced by both anthropogenic and biogenic precursors.
However, their relative yields from these precursor groups vary between species. Therefore,
the direct comparison of their ratio [CH20 / CoH203] enables the characterization (biogenic or
anthropogenic) and study of the photochemical evolution of pollution plumes. The same applies
to biomass burning plumes, where the fraction of formaldehyde and glyoxal has been used to
study the reactivity and evolution of the complex photochemical mixture of emitted VOCs [Lee
et al., 1998; Wittrock et al., 2006; Vrekoussis et al., 2010; DiGangi et al., 2012; MacDonald et al.,
2012; Kaiser et al., 2015; Bauwens et al., 2016; Li et al., 2016; Chan Miller et al., 2017; Zarzana
et al., 2017; Hoque et al., 2018; Behrens et al., 2019; Alvarado et al., 2020]).

All combined, recent air- and spaceborne observations together with photochemical transport
modelling revealed significant deficits in the current understanding of atmospheric glyoxal. This

includes in particular the following open issues which are addressed by the present thesis:

1. Tts occurrence in biomass burning plumes far downwind of their origins [Alvarado et al.,
2020].

2. Tts occurrence in presumably pristine or marine air masses [Sinreich et al., 2010; Volkamer
et al., 2015].

3. The insufficient reproduction of atmospheric glyoxal by current models both in emission
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plumes and the background atmosphere [Myriokefalitakis et al., 2008; Stavrakou et al.,
2009a; Lerot et al., 2010].

Due to its short lifetime, glyoxal hours to days or even weeks downwind of its sources likely
does not result from atmospheric transport processes, but suggests sufficiently long-lived precursor
VOCs co-emitted at the emission sources. Equally, recent observations of glyoxal in the marine
atmosphere and in particular in the tropical marine boundary layer require yet unidentified
precursor VOCs [Lawson et al., 2015; Walker et al., 2022]. Unexpected large glyoxal mixing
ratios were observed e.g. in the marine boundary layer of the Eastern Pacific up to 3000 km from
the continental coast by shipborne (up to 140 ppt [Sinreich et al., 2010]) and during airborne
measurements (32-36 ppt [Volkamer et al., 2015]). These observations revealed a yet unknown
marine source of glyoxal, possibly from ozone-driven reactions with the organic microlayer at
the sea surface, which in idealised seawater laboratory experiments have been shown to produce
glyoxal [Zhou et al., 2014], and /or secondary formation from oxidised VOC precursor molecules,

such as acetaldehyde, acetylene, and others [Wang et al., 2019].

2.2.4 Methylglyoxal

Many atmospheric characteristics of glyoxal also apply to methylglyoxal (CsH403). The two
gases are the two smallest dicarbonyls in the atmosphere, are produced by a large range of
anthropogenic and biogenic precursor VOCs, have similar lifetimes around 2 h against photolysis,
and are highly water soluble. The latter favours their uptake by aqueous aerosols and cloud
particles (reactive uptake coefficients v = 2.9 x 1073 [Liggio et al., 2005a,b; Zhao et al., 2006]),
and hence, via subsequent hydration or oxidation, their global contribution to the formation
of secondary organic aerosols and the climate forcing of aerosols. With 140 Tgy~!, the global
methylglyoxal budget was estimated to be approximately 3 times larger than that of glyoxal
[Fu et al., 2008], indicating a respectively larger impact on the atmospheric photochemistry and
formation of secondary aerosols. However, information on methylglyoxal in the atmosphere is
even more rare than of glyoxal, since satellite measurements of methylglyoxal are not yet available
and atmospheric measurements of methylglyoxal are still sparse. This is a consequence of the
moderate spectral resolution of space- and airborne optical measurements, which suffer from the
spectral interference of the major but only weakly structured absorption bands of methylglyoxal
with those of other dicarbonyls (mainly 2,3-butanedione) in the blue spectral region [Meller et al.,
1991; Horowitz et al., 2001; Thalman et al., 2015; Zarzana et al., 2017]. Potential interferences
with the 7v absorption band of water vapour at 442 nm further complicate the spectral retrieval
[Thalman et al., 2015; Zarzana et al., 2017]. In situ measurements of methylglyoxal using different
techniques have only recently become available [Kawamura et al., 2013; Lawson et al., 2015;
Michoud et al., 2018; Mitsuishi et al., 2018; Lv et al., 2019; Ling et al., 2020; Liu et al., 2020].
The very limited number of measurements in conjunction with insufficient detection limits are
still preventing comprehensive studies of methylglyoxal in the atmosphere.

As for formaldehyde and glyoxal, the largest single source of methylglyoxal is isoprene. It
alone accounts for 79% of the total global methylglyoxal emissions, followed by acetone (7%)
[Fu et al., 2008]. As isoprene and acetone are both biogenic VOCs, the predominant part of
the atmospheric methylglyoxal is naturally emitted and only minor parts result from biomass
burning and anthropogenic emissions. As a consequence, the largest concentrations are expected
over regions of high biogenic activity, in particular the tropical rainforests. However, to the
best of the author’s knowledge airborne measurements of methylglyoxal do not yet exist over
these regions. For this reason, the present thesis aims at improving the knowledge on the
atmospheric concentrations and the vertical gradient of methylglyoxal over one of the largest

tropical rainforests, the Amazon basin.
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Figure 2.7: Globally burned area due to biomass burning in 2021 as detected by MODIS Collection
61 [Giglio et al., 2018]. Different colours correspond to biomass burning in different months.
Figure created with FIRMS (https://firms.modaps.eosdis.nasa.gov/map/, last access: June
2022).

Like formaldehyde and glyoxal, methylglyoxal is also directly and secondarily emitted by
biomass burning. However, its emission strength from different fuel and fire types is still largely
uncertain and based on only three previous studies [Hays et al., 2002; Zarzana et al., 2017,
2018]. Based on laboratory measurements, Hays et al. [2002] reported larger glyoxal than
methylglyoxal emissions from the analysed fuels. Contrarily, Zarzana et al. [2017, 2018] found
larger methylglyoxal and smaller glyoxal emissions. Their findings suggest significantly larger
methylglyoxal emissions than previously assumed in model studies, e.g. by Fu et al. [2008]. The
recent overview of biomass burning emission factors by Andreae [2019] indicates for most fuels
the complete lack of methylglyoxal emission data.

While Kroll et al. [2005] found no evidence for irreversible uptake of glyoxal and methylglyoxal
by aerosols, Fu et al. [2008] estimate the SOA source from methylglyoxal to be 8 TgCy~!. This
is roughly three times larger than that of glyoxal. The predominant part of this source is located
below 1.5 km altitude. Combined with glyoxal, the impact of this potential additional source
on the production of SOA is significant. In fact, Fu et al. [2008] found an increase in the global
SOA concentration by 40% when including glyoxal and methylglyoxal as SOA sources in the
GEOS-Chem model.

2.3 Biomass burning as a source of VOCs

The term biomass burning refers to all kinds of burning processes of vegetation. This covers
both naturally occurring wildfires, e.g. induced by lightning (~ 10% of the fires on the planet
[Shi et al., 2020]), and fires that result from human activities, e.g. agricultural field burns or
biofuel burning (~ 90%; Shi et al. [2020]). Globally, 8.7 Pg” of dry mass are burned each year
[Seiler and Crutzen, 1980; Andreae, 1991]. Depending on the assumed carbon emission rates
(e.g. 2500 kg Cha~!burned [Van Der Werf et al., 2004]) and the total burned area worldwide
(~ 1.7 x 10° km? [Hoelzemann et al., 2004]), this corresponds to yearly carbon emissions into
the atmosphere on the order of 1.4-2.6 PgC [Hoelzemann et al., 2004; Ito and Penner, 2004;
Van Der Werf et al., 2004]. Biomass burning hence contributes ~ 40% to the total annual
carbon emissions [IPCC, 2001]. The predominant fraction of global biomass burning occurs
in the tropical and subtropical regions (Fig. 2.7 and e.g. Crutzen et al. [1979]; Van Der Werf
et al. [2004]; Shi et al. [2020]), in particular in Africa (30-50% of the global fires) and South

71 Pg = 10" kg.
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America (15% of the global fires; Shi et al. [2020]). In these regions, the large density of biomass
in tropical forests (18% of the global fires) and savannah (43-50% of the global fires) combined
with frequent agricultural field cleavage (5-23% of the global fires), and wood fuel use (11-16%
of the global fires) cause large biomass burning extends (Hao and Liu [1994]; Andreae [1991]; Shi
et al. [2020], and references therein). At the same time, the tropical atmosphere is a chemically
and dynamically highly active region. As a result, the efficient vertical and latitudinal transport
distributes the fire emissions far away from the sources into the remote and upper troposphere
[Koppmann et al., 1992; Andreae and Merlet, 2001].

Biomass burning causes large direct emissions of greenhouse gases, such as carbon dioxide,
nitrous oxide, and methane into the atmosphere [Koppmann et al., 2005]. In addition, biomass
burning leads to large and concentrated emissions of chemically and radiatively reactive gases
like CO, NO, and VOCs [Crutzen and Andreae, 1990; Andreae and Merlet, 2001; Andreae et al.,
2001; Andreae, 2019]. Finally, approx. 5% of the total carbon is emitted as particulate matter
[Radke et al., 1991; Reid et al., 2005]. Once emitted, the gases quickly react and form a complex
and changing mixture of chemicals while being transported downwind of the fires. Biomass
burning therefore affects the atmosphere close-by and far away from the fires [Fishman et al.,
1996; Jaffe et al., 2004]. Therefore, biomass burning has strong impacts on the photochemistry, in
particular tropospheric ozone formation [Fishman et al., 1990, 1996], secondary aerosol formation
and composition, and hence cloud formation and radiation, as well as human health [Koppmann
et al., 2005; Theys et al., 2020]. Emissions of long-lived halogen species from the fires may even
be transported into the stratosphere and impact stratospheric ozone. Numerous studies, both in
the field and laboratory were conducted in the past and increasing knowledge has been gained
on the emitted species from different fuel types, their individual emission strengths, and the
photochemical evolution of the plumes while being transported away from the source [Crutzen
and Andreae, 1990; Andreae and Merlet, 2001; Andreae et al., 2001; Akagi et al., 2011; Stockwell
et al., 2015; Andreae, 2019]. However, the species and concentrations of primary and secondary
emitted gases depend on numerous factors, like the fuel types, the fire sizes and moisture, ambient
conditions like temperature and wind, and the combustion efficiency of the fire (smouldering or
open flame) and hence the fraction of direct CO3/CO production [Radke et al., 1991; Koppmann
et al., 2005]. For many species, accurate measurements of their pyrogenic emissions and hence
their climate impact from biomass burning are still insufficient [Andreae, 2019]. Accordingly,
estimates of the global impact of biomass burning on specific trace gas emission budgets are

affected by large uncertainties [French et al., 2004].

Among the manifold of NMVOCs released in large amounts by fires or formed in their plumes
are carbonyl compounds such as formaldehyde, glyoxal, methylglyoxal, 2,3-butanedione, and
many others (see sect. 2.2.2 to 2.2.4). In particular, the ratio of glyoxal and formaldehyde
emissions (Rgr) has been used in the past as an indication of the precursor VOC species and to
differentiate biomass burning plumes from the usually biogenic surroundings [Kaiser et al., 2015;
Stavrakou et al., 2016]. Based on OMI satellite and airborne field measurements of pyrogenic
plumes, Stavrakou et al. [2016] and Zarzana et al. [2017] recently estimated an Rgp of 0.04-0.05.
This is up to two orders of magnitude smaller than reported by laboratory measurements of
McDonald et al. [2000] (0.5-4.2) and Hays et al. [2002] (1.2-2.7), on which the study of Fu
et al. [2008] is based on. The range of reported methylglyoxal emissions relative to formaldehyde
(Rmer) is largely uncertain due to the limited number of methylglyoxal studies. In a laboratory
study, Hays et al. [2002] estimated an Ryqr of 1.1-1.7.

The present thesis uses simultaneous airborne measurements of CoH50O9 and C3H4O45 over
the Amazon to estimate their emission ratios with respect to CH5O as well as the normalized

excess mixing ratios within biomass burning plumes. Combined with previously reported emission

20



CHAPTER 2. THE TROPOSPHERE 2.5. SOA

Components of Radiative Forcing
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Figure 2.8: Contribution of different atmospheric compounds to the total radiative forcing (1750
2011). GHG indicates greenhouse gases. Via ozone, methane, and COs formation, NMVOCs
contribute with approximately 0.1 W m~2 to the radiative forcing, whereas aerosols predominantly
have a cooling effect on the climate (besides black carbon). Figure taken from the Fifth IPCC
assessment report [G. Myhre and Zhang, 2013].

factors of CH20 (e.g., Andreae [2019)]), their emission factors for tropical forest fires are estimated.

2.4. Secondary aerosol formation by organics

Besides gaseous compounds, the atmosphere also contains liquid and solid particles, that are
distinguished according to size, composition, and water content into cloud and aerosol particles.
Such aerosols may be directly emitted from the surface as primary particulate matter or secondarily
produced in the atmosphere from gaseous compounds. Atmospheric aerosols mainly consist of
inorganic species (e.g. sulfate), organic species, black carbon, and minerals [G. Myhre and Zhang,
2013]. The atmospheric aerosol composition and concentrations are of particular relevance for
the climate system due to the impact of aerosols on the radiative forcing, air pollution [Ostro
and Chestnut, 1998; Hoyle et al., 2011; Fan et al., 2022], and heterogeneous reactions that affect
the atmospheric gas-phase chemistry.

Fine particulate matter, i.e atmospheric particulates with diameter < 2.5 nm, is considered
particularly important for the climate system due to its more efficient transport away from the
sources and its size comparable to visible wavelengths, which renders it an efficient scatterer for
light at these wavelengths [Kanakidou et al., 2005]. Of the atmospheric submicron particulate
matter, organic aerosols account for a varying fraction of 20-90% [Kanakidou et al., 2005]. 10-40%
of the organic aerosol is secondarily formed in the atmosphere from the photo-oxidation of VOCs.
Making up 90%, the predominant fraction of the resulting secondary organic aerosols (SOA) is
believed to be of biogenic origin [Kanakidou et al., 2005; Volkamer et al., 2006]. Primary and

secondary organic aerosols contribute directly to the radiative forcing of climate via absorption
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and reflection of incoming and outgoing radiation (direct aerosol effect, e.g. Dickerson et al.
[1997]), as well as secondarily through their impact on tropospheric cloud formation. By serving
as cloud condensation nuclei (CCN), hydrophilic aerosols enhance water vapour condensation
and hence cloud formation and further also impact the radiative and albedo characteristics of
the clouds (so-called Twomey or cloud albedo effect, e.g. Twomey [1974]; Twomey et al. [1984];
Albrecht [1989]; Novakov and Penner [1993]; Corrigan and Novakov [1999]). This increased
backscattering of incoming solar radiation and cloud formation or cloud albedo modification
causes the production of secondary organic aerosols from VOCs to exhibit a cooling effect on the
climate. Latest estimates of the total radiative forcing due to aerosol-cloud and to a lesser degree
aerosol-radiation interaction are -1.1 Wm~2, with a possibly diminishing future trend (Fig. 2.8
and P.A. Arias [2021]).

Secondary organic aerosols are produced from the photo-oxidation of VOCs (e.g. formaldehyde,
glyoxal, and methylglyoxal) to increasingly less volatile chemicals that finally partition into the
particulate phase. Currently, only ~ 10% of the organic aerosol sources are quantified and
photochemical models were found to under predict atmospheric SOA significantly [Aiken et al.,
2008; Carslaw et al., 2010; Hoyle et al., 2011; Mahilang et al., 2021; Fan et al., 2022]. Glyoxal and
methylglyoxal are particularly efficient contributors to SOA formation due to their high hydration
and oligomerization potential. In fact, Fu et al. [2008] estimated the potential additional SOA
production when accounting for glyoxal in the tropical marine boundary layer to 1.5 pgm~—3. This
could fill previously observed gaps between observed and modelled organic aerosol concentrations
[Heald et al., 2006].
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Chapter 3

Instrumentation and Methods

The following chapter discusses all instruments that were involved in the analysis as well as the
applied measurement methods. The focus of the chapter is put on the measurements of the
mini-DOAS instrument, the directly measured and indirectly inferred physical quantities as well
as the implications of the applied methods. Their strengths and weaknesses and uncertainties
are laid out in detail.

The analysis of the airborne mini-DOAS measurements of UV /vis/near-IR absorbing trace
gases involves the following steps: (1) simultaneous measurements of Limb (towards the horizon)
and Nadir (in ground direction) scattered skylight; (2) analysis of the measured sunlight spectra
for the target gases according to the DOAS method; (3) forward radiative transfer modelling of
the optical properties of the atmosphere during the measurements using the Monte Carlo model
McArtim [Deutschmann et al., 2011]; and (4a) inferring of trace gas concentrations from the
Limb observations by scaling the measured slant column densities (SCDs) using simultaneously
measured SCDs of a scaling gas of known concentration (e.g. Ogz), or the calculated clear sky
extinction of the collisional complex O3 -0z (further on called O4); Hiineke [2016]; Hiineke et al.
[2017]; Stutz et al. [2017]; Werner et al. [2017]; Kluge et al. [2020]; Rotermund et al. [2021]); or
alternatively (4b) inferring of vertical column densities (VCDs) from the Nadir measured SCDs
based on the air mass factors (AMFs) simulated with McArtim.

The present study focuses on the Nadir and Limb measurements of Oy, CH2O, C2H505, and
C3H405 by the mini-DOAS instrument made from aboard the German research aircraft DLR
HALOQO during a total of 72 research flights on eight scientific missions covering different regions
of the globe in the time 2014 to 2019.

Main parts of this chapter have been published in Kluge et al. [2020], section 2, or are currently

under review for publication in Kluge et al. [2022].

3.1 Mini-DOAS instrument

The mini-DOAS instrument is a UV /vis/near-IR six channel optical spectrometer, which has
been operated on board the DLR HALO research aircraft since 2011. It detects Nadir and Limb
scattered sunlight in the UV (310-440 nm, FWHM! = 0.47 nm), visible (420-640 nm, FWHM =
1.1 nm) and near-infrared (1100-1680 nm, FWHM = 10 nm) wavelength ranges [Hiineke, 2016;
Hiineke et al., 2017]. The six telescopes (FOV? 0.5° x 3.15°) collect the skylight from fixed Nadir
and Limb viewing geometries in a UV, visible and near-IR channel in each viewing direction.

The Limb telescopes can observe at varying elevation angles (+5 to -90°) when commanded, but

1Full Width at Half Maximum
2Fjeld Of View

23



3.1. MINI-DOAS INSTRUMENT  CHAPTER 3. INSTRUMENTATION AND METHODS

Table 3.1: Trace gas absorption cross sections used for the spectral retrieval. For HoO, gas phase
(g) as well as liquid phase (1) absorption cross sections are included.

No. Absorber Temperature [K] Reference Uncertainty [%]
la Oy 273 Thalman and Volkamer [2013] 4
1b Oy 293 Thalman and Volkamer [2013] 4
2a O3 203 Serdyuchenko et al. [2014] 3
2b O3 223 Serdyuchenko et al. [2014] 3
2c O3 273 Serdyuchenko et al. [2014] 3
2d O3 293 Serdyuchenko et al. [2014] 3
3 NO, 294 Vandaele et al. [1998] 3
4a H-0 (g) 293 Rothman et al. [2009] 8
4b H>0 (g) 296 Polyansky et al. [2018] 1
de H,0 (1) 205 Pope and Fry [1997] 1
5 CH,0O 293 Chance and Orphal [2011] 10
6 CyH50, 296 Volkamer et al. [2005b] 3
7 C3H409 296 Meller et al. [1991] 10
8 C4HgO9 223 Horowitz et al. [2001] 4

are normally aligned with a control frequency of 10 Hz at -0.5° below the horizon to compensate
for the changing roll angle of the aircraft. Glass fibre bundles conduct the collected light to
six optical spectrometers, assembled in an evacuated (10~° mbar) and thermostatic housing (at
ideally = 1°C) in the otherwise unpressurised and uninsulated boiler room of the aircraft. In
the Limb geometry, the mini-DOAS instrument probes air masses perpendicular to the aircraft’s
flight direction on the starboard side. An IDS uEye camera (FOV 46°) co-aligned with the limb
telescopes additionally provides images of the sampled atmosphere at 1 Hz resolution.

More details of the instrument design, its major features and deployment on the HALO
aircraft, the measurement method, the spectral retrieval and data processing can be found in
Hiineke [2016]; Hiineke et al. [2017]; Stutz et al. [2017]; Werner et al. [2017]; Kluge et al. [2020];
Rotermund et al. [2021].

3.1.1 Spectral retrieval

The measured skylight spectra are analysed for the absorption of the target gases using the
DOAS method. A detailed description of the DOAS technique and its application to airborne
measurements can be found in Platt and Stutz [2008]. Retrieval details like the applied wavelength
ranges, included trace gases and the fitting parameters for each gas are provided in tables 3.1
and 3.2 and are briefly outlined below for each individual gas.

For the processing of the data obtained during different missions, minor adjustments to the
retrieval settings (e.g. the lower end of the analysed wavelength range or the temperatures of the
included absorption cross sections) are applied when needed. Primarily, these adjustment are
necessary to compensate for mechanical modifications of the instrument and hence of the optical
imaging (e.g. fibre bundle replacements, which cause changes in the lower wavelength limit of
the spectrometers) as well as due to the largely changing ambient conditions during the different

research missions.

3.1.1.1 Oy4

The absorption structure of the O3-O4 collisional complex (briefly called O4) between 350 and
630 nm is caused by simultaneous transitions of two oxygen molecules from the 32; + BZ; ground
state into electronically excited states [Greenblatt et al., 1990]. To minimize the distance between

the absorption bands of the target and scaling gas, Oy4 is analysed around its absorption bands
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Table 3.2: Details of the DOAS spectral analysis for the analysed trace gases.

Target gas Spectral interval  Fitted absorbers Polyn. mission (i)
[nm] (see Table 3.1)
348-369 la, 2a, 2c¢, 3, 5 2 1
O4 (Limb) 338-370 la, 2b, 2d, 3, 5 2 2,3,4,5,6,7,8
460-490 la, 2a, 2c, 3, 4a 2 1,2,3,4,5,6,7,8
CH-0 (Limb) 324-354 la, 2a, 2¢, 3, 5 2 1
CyH502 (Limb) 420439 and 447-465 1a, 2c, 3, 4a, 6 2 1
C3H504 (Limb) 435-460 1b, 2b, 3, 4b, 4c, 6 3 6, 8
C3H504 (Limb) 430-460 1b, 2b, 3, 4b, 4c, 6 3 2,3,4,5, 7
CoH204(Nadir) 435-460 1b, 2b, 3, 4b, 4c, 6 3 3,4,5,6,7,8
C3H405* (Limb) 420-475 la, 2c, 3,4a, 6, 7, 8 2 1
Additional parameters for all spectral retrievals are (1) Offset spectrum (Iofs); (2) Ring spectrum (R); (3) Ring

spectrum multiplied by A* (R - A%).
(i): ACRIDICON-CHUVA (1), OMO (2), EMeRGe-EU (3), WISE (4), EMeRGe-Asia (5), CoMet (6), CAFE (7),
SouthTRAC (8).

at 477.3 nm (1}:;' + 'A, transition) in the visible and 360.8 nm (1):;' + 1}:; transition) in the
UV [Landau et al., 1962].

3.1.1.2 Formaldehyde

The absorption cross section of formaldehyde has several characteristic (vibrational) maxima
between 315 and 380 nm (A' Ay < X' A; transition; Moule and Walsh [1975]). Due to the lower
spectral limit of the UV-spectrometer (310 nm) as well as to minimise potential cross correlation
with ozone absorption (i.e. with the Hartley and Huggins bands), the lower limit of the analysed
spectral range was chosen at the highest possible wavelength (i.e above 320 nm) to minimise
the spectral residuum, while at the same time still including as many formaldehyde absorption
maxima as possible to optimize the signal to noise of the retrieval. The resulting wavelength
range of 324 nm to 354 nm includes the five main vibrational formaldehyde absorption bands.
Selecting an even higher lower wavelength limit, e.g. above 330 nm, would slightly reduce the
spectral residuum of the retrieval on average by 20%, but at the expense of also reducing the
signal to noise on average by 24%. The latter is even more pronounced for measurements in the
lower troposphere (Fig. 3.1, panel b). As most formaldehyde measurements over the rainforest
and especially the biomass burning plume probing occurred below 3 km altitude (Fig. 4.2), the
larger wavelength range from 324 to 354 nm is chosen for the analysis. Exemplary spectral

retrievals based on both lower wavelength limits (324 and 337 nm) are shown in Fig. A.1.

3.1.1.3 Glyoxal

The major absorption bands of glyoxal are located in the visible spectral range between 400
and 470 nm (A'A, — X'A, transition). The centre of the dominating absorption structure is
located at 455 nm with an absorption cross section of o = 52 x 1072 ¢m? molec™!. Three slightly
smaller (o < 30 x 1072% cm? molec™!) absorption maxima are located at 440 nm, 428 nm and
413 nm. Outside of this wavelength range, for A < 413 nm or A > 457 nm, ¢ remains smaller
than 7 x 1072% ¢cm? molec™! [Volkamer et al., 2005b]. In particular for Nadir observations in
a moist atmosphere and above the ocean, the DOAS analysis of glyoxal is complicated due to
its low optical density (~ 3 x 1073, see Fig. A.2) and proximity of the main absorption bands
to the much stronger 7v absorption band of water at 442 nm (optical density on the order of
10~ Wei et al. [2019]). Therefore, for such observations, 5-50 consecutively measured spectra

are co-added in order to minimise potential spectral interferences while optimising the signal to
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Figure 3.1: DOAS analysis of formaldehyde based on two different retrieval settings with spectral
ranges from 324 to 354 nm (FS1, five absorption bands) and 337 to 354 nm (FS2, three absorption
bands), respectively. Panels (a) to (c) show the resulting dSCDs, the signal to noise ratios (S/N),
and the spectral residuum of the retrievals, all colour-coded by the measurement altitude. Notable
is the significant increase in S/N for lower flight altitudes when using the larger spectral range
for the retrieval.

noise, at the expense of enlarging the foot-print of the affected measurements (as discussed in
detail in sect. 3.1.3). While most satellite or ground based instruments use a continuous spectral
range around the two most prominent absorption bands for the glyoxal retrieval (e.g. Lerot
et al. [2021]), Mahajan et al. [2014] suggest to simultaneously use two retrieval windows from
420 to 439 nm and 447 to 465 nm, respectively, thus avoiding the 7v water band. As this study
analyses mini-DOAS measurements under all-sky conditions with occasional heavy cloudiness,
or even with the spectrometers directly pointing into liquid water (i.e. Nadir observations over
the ocean), potential cross correlations of water absorption on the glyoxal retrieval have to be
taken into account. Therefore, all measurements are analysed using (a) a continuous wavelength
range from 430 (or 435) to 460 nm based on Lerot et al. [2021] and (b) two simultaneous spectral
ranges around the 7v water band (420 to 439 nm and 447 to 465 nm) with all other parameters
equal to (a). The direct comparison of both approaches clearly indicates on average a factor of
three smaller spectral residua when using the continuous spectral range both in the Limb and
Nadir viewing geometry (Fig. 3.2, panels a and d) at approximately constant signal to noise ratio
(Fig. 3.2, panels b, and e). In the free troposphere, the resulting dSCDs based on the continuous
spectral analysis are systematically larger than those obtained based on the discrete wavelength
ranges (Fig. 3.2, panels ¢ and f). This is mainly caused by the larger scatter of the dSCDs
around zero when using the discrete wavelength range. Interestingly, no significant influence of
the viewing geometry (Fig. 3.2, upper compared to lower row) and especially also when further
differentiating into continental compared to marine observations (not shown) is discernable. Thus,
for the research missions under only moderately humid and cloudy measurement conditions, the
spectral retrieval settings of the Limb and Nadir glyoxal observations are based on the recent
TROPOMI glyoxal analysis from Lerot et al. [2021], in support of a better comparability of
both data sets (chapter 5.1.2) and a smaller spectral residuum (< 10~%). Unlike the TROPOMI
glyoxal retrieval, the mini-DOAS measurements are not found to be significantly affected by
changing NO2 concentrations, therefore only a single NOy absorption cross section (at a warmer
temperature) to account for the tropospheric NO2 absorption is included in the present analysis
(Table 3.2).

During the ACRIDICON-CHUVA mission, the large and patchy cloud cover over the tropical
rainforest together with generally moist atmospheric conditions during the predominantly low flight
altitudes within the planetary boundary layer occasionally caused very high HoO concentrations,
such that the glyoxal retrieval in this region is performed based on the two discrete spectral ranges
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Figure 3.2: DOAS retrieval of glyoxal from all 72 research flights in the Limb (upper row) and
Nadir (lower row) viewing geometry based on two different spectral ranges avoiding (FSogap,
red) and including (FSicont, green) the 7v absorption band of water, respectively, by using a
continuous spectral range from 430 or 435 to 460 nm or two simultaneous ranges from 430 or 435
to 439 nm and 447 to 460 nm. The data are averaged on a 1 km altitude grid. The different
panels show the spectral residuum (a, d), the signal to noise ratio (S/N) of the retrieval (b, e)
and the resulting dSCDs (c, f).

(Fig. 3.3, red). The different lower limits of the spectral ranges during ACRIDICON-CHUVA and
the later measurements (Table 3.2) are mainly caused by shifts in the spectrometers wavelength
limits due to mechanical adjustments of the fibre bundles of the instrument. Exemplary spectral
retrievals based on one continuous and two discrete wavelength ranges as well as for the Nadir
glyoxal measurements are shown in Fig. A.2.

3.1.1.4 Methylglyoxal

Due to the only weakly structured absorption cross section of methylglyoxal (Fig. A.3), its
detection by remote sensing instruments deserves a brief discussion. Substituted dicarbonyls such
as biacetyl (CH3COCOCHj3;), with absorption cross sections in the visible spectral range similar
to that of C3H4O2, are co-emitted from similar emission sources like those of methylglyoxal
(e.g. biomass burning) in significant quantities (e.g. Meller et al. [1991]; Horowitz et al. [2001];
Thalman et al. [2015]; Zarzana et al. [2017]). Owing to the moderate resolution of the min-DOAS
spectrometer in the visible spectral range, it is not possible to separately and thus unambiguously
detect these substituted dicarbonyls in the atmosphere, unlike in studies employing higher
resolving spectrometers (e.g. Thalman et al. [2015]). Accordingly, in the following the weighted
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Figure 3.3: DOAS retrieval of glyoxal over the Amazon rainforest (ACRIDICON-CHUVA mission)
during all analysed research flights using a continuous spectral range from 420 to 465 nm (FS1cont,
green) or two simultaneous ranges from 420 to 439 nm and 447 to 465 nm (FSogap, red) according
to Fig. 3.2.

sum (absorption cross section times concentration) of C3H4O9 and that of other substituted
dicarbonyls is reported and expressed as C3H4O52*. The actual amount of methylglyoxal within
C3H402™* can only roughly be approximated (see sect. 5.2.1.4). However, the observations still
provide valuable information on the atmospheric methylglyoxal profile and its approximated (upper
limit) concentration, especially when considering that airborne methylglyoxal measurements
are still rare, and in the case of satellite instruments, completely lacking. Exemplary spectral
retrievals of methylglyoxal are shown in Fig. A.3.

3.1.1.5 Fraunhofer reference spectra and detection limit

Since the DOAS method infers a differential slant column density (dSCD) relative to a solar
Fraunhofer reference spectrum (SCDyef), the total slant column (SCD) has to be inferred by
adding the fraction of absorption in (SCD,ef),

SCD = SCD,es +dSCD. (3.1)

For the retrieval of formaldehyde, glyoxal, and methylglyoxal, SCD ¢ is determined from Limb
measurements at high altitudes above which insignificant (or no) absorption is expected, or, if a
sufficient flight altitude was not reached (EMeRGe-Europe and EMeRGe-Asia missions), by using
a reference from a different research flight which fulfils the above conditions. For the retrieval of
the O4 extinction, SCDy¢ is determined using a high resolution solar reference spectrum [Thuillier
et al., 1998].

Based on an exposure time of 300 ms, a saturation of 60 %, and 100 added readouts (30 s
integration time), the mini-DOAS detection limit for glyoxal dSC Dy is 2.6 - 1014 molec cm 2
[Platt and Stutz, 2008]. Depending on SCD,..; and the related air mass factors (Sect. 3.1.2) and
hence flight altitude, for Limb measurements, this results in a detection limit ranging from 1 ppt
(during clear skies, for a light path of about 100 km at maximum cruising altitude of the aircraft)
up to several 100 ppt (for very short line-of-sight photon paths, e.g. in dense clouds; Kluge et al.
[2020]). For the Nadir measurements, the typical detection limit [V CDg] is 1.5-10'* molec cm™2,
but depending on the flight altitude and cloud cover and thus columnar air mass factor, it can

2 2

be as low as 6.7 - 102 moleccm ™2 or as large as 2.6 - 10'* molec cm 2.
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3.1.2 Retrieval of concentrations (Limb) and vertical column densities
(Nadir)

The following section discusses the conversion of the inferred SCDs to mixing ratios (Limb
measurements) and to total vertical column densities (Nadir measurements).

The Limb measured slant column densities SCDy;y1, are converted into trace gas mixing ratios
using the Oy4-scaling method, as described in detail in Hiineke [2016]; Hiineke et al. [2017]; Stutz
et al. [2017]; Werner et al. [2017]; Kluge et al. [2020]. Accordingly, the concentration of a trace
gas [X] in the flight altitude j is inferred from SCDjjmp, x by comparing the measured optical
depth SCDyimp,0, with the calculated clear sky extinction [O4]; to quantify the atmospheric

radiative transfer during each single measurement:

ax;  SCDimy,x

X — .
1XJ; ao,; SCDiimp0,

: [04]j’ (32)

with the correction factors ax; and ap, ; (see below). This approach is justified based on the
equivalence theorem in optics, which states that for a given wavelength, the photon path length
distribution and hence the mean photon path lengths are the same for weak absorbers with
similar atmospheric distribution [Irvine, 1963]. Evidently, this criterium is in good approximation
fulfilled when using O4 as scaling gas for all trace gases with sources at the ground and sinks in
the troposphere, such as formaldehyde, glyoxal, and methylglyoxal. Remaining differences in the
profile shapes of target and scaling gas and their centre wavelengths of absorption are accounted
for by the so called a-factors. The a-factors express the fraction of the line-of-sight absorption at
the measurement altitude to the total atmospheric absorption, which -while similar- may slightly
differ for the gas of interest compared to the scaling gas, due their different profile shapes. For
the simulation of the o-factors, the present thesis relies on the Monte-Carlo radiative transfer
inverse model McArtim by Deutschmann et al. [2011]. McArtim is capable to treat the radiative
transfer in 2D (or 3D), calculate the refraction, and also account for the sphericity of the Earth.
Each detected photon is modelled backward (i.e. from the detector to the sun) while considering
the actual atmospheric, instrumental, and observational (e.g. the sun position relative to the
pointing) parameters, the geolocation and the pointing of the telescope as described in detail
in Hineke [2016]; Hiineke et al. [2017]. Precisely, McArtim is used to simulate the intensity
weighted photon path length distribution L; of photons of a given wavelength and altitude layer
i of depth h; and the absorption coefficient 3, ; under the assumption of a cloud-free single
scattering atmosphere,

1 6I(N) L

B = =100 5hus ~ e 33)

[Deutschmann et al., 2011]. The resulting B; is referred to as box air mass factor and gives a
handle on the sensitivity of a trace gas for absorption at altitude ¢ relative to all altitudes. From
eq. 3.3 follows directly a key difference of atmospheric Limb and Nadir observation geometries,
which are both treated in this thesis. Limited by the observation altitude (here the flight altitude
of the research aircraft), the light paths of the observed photons in Nadir direction are for most
cases significantly shorter than in Limb direction (compare Fig. 3.5 and sect. 3.1.3). Bj Naair (€.8.
Fig. 3.8, panel a) is therefore significantly smaller than B; Limp (up to 10?). The measurement
sensitivity with respect to the absorption of photons is therefore significantly smaller in the Nadir
observation geometry. In particular for the analysis of weakly absorbing trace gases, such as in
the present study, this complicates the retrieval and enlarges the measurements uncertainty. This
aspect is discussed in more detail in sects. 3.1.3.1 and 3.1.3.2.

For the McArtim simulations, the atmosphere is describe as detailed as possible by a com-
bination of climatological aerosol profiles obtained by LIVAS [Amiridis et al., 2015] and the
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Stratospheric Aerosol and Gas Experiment II (SAGE II)? as well as temperature, pressure
and humidity measurements?. Further parameters include the surface albedo (usually 0.3 for
continental measurements), the single scattering albedo (SSA), the asymmetry parameter (g), and
the a priori assumed vertical altitude profiles of all included trace gases (see below and Fig. 3.4).
SSA and g are inferred from the OPAC model (Optical Properties of Aerosols and Clouds; Hess
et al. [1998]). Depending on the relative humidity and further air mass characteristics (pristine
to polluted), for the different research missions follows SSA~ 0.68 and g= 0.85 — 0.99 (vis) and
SSA~ 0.68 and g= 0.86 — 0.99 (UV). The box air mass factors are simulated at 377 nm and
460 nm for the UV and visible spectral ranges, respectively. The application of the simulations
performed under a clear-sky assumption into an all-sky, cloudy atmosphere is performed following
the scaling method as described above. The validity of this approach has been confirmed in
different previous studies (e.g. Knecht [2015]; Hiineke et al. [2017]) and is further analysed in the
present thesis based on the ACRIDICON-CHUVA measurements under a complex cloud cover
(i.e. shallow stratocumulus and cumulonimbus clouds) over the tropical rainforest, a very moist
atmosphere with quickly changing cloud mixture.

The o-factors are inferred from the concentration weighted sum of the simulated air mass
factors (Stutz et al. [2017], eq. (11)). To obtain the vertical O4 profile, the extinction due to
[O4]; is calculated. For the target gases CHyO, CoH04, C3H405™, in a first step a priori profiles
are used based on previous mini-DOAS measurements in similar atmospheric conditions (clean
and polluted terrestrial air or remote marine air), and subsequently iterated until convergence
is achieved (see below). If previous measurements are not available, an exponentially decaying
profile is assumed in a first iteration step. The latter appears justified because of photochemical
arguments, the source distribution (mostly surface), the short photochemical lifetimes, the time
scales of possible vertical transport as well as when inspecting the profile shapes obtained in
the post-analysis (Fig. 5.11). The following section briefly demonstrates the robustness of the
retrieved glyoxal concentrations with respect to the necessary a priori assumptions in the radiative
transfer (RT) calculations. In a first step, the RT model is run using mini-DOAS a priori glyoxal
profiles obtained during previous missions and assuming an exponentially decaying profile above
the maximum flight altitude. Secondly, an averaged glyoxal profile is inferred along an example
flight track over central Europe on 15 May 2018 from simulations of the global chemical transport
model MAGRITTE, that is also used for the TROPOMI glyoxal retrieval (e.g. Bauwens et al.
[2016]; Lerot et al. [2021]). Both a priori profiles show notable differences in their absolute mixing
ratios as well as in their vertical shape (Fig. 3.4, panels a and b). In the following, iterations of the
radiative transfer simulation are performed using consecutively the resulting profiles from both
approaches as new a priori profiles (Fig. 3.4, panels a and b). Evidently, even strongly diverging
a priori assumptions converge well after the first iteration to a common profile within the error
margins. After four iterations, no notable changes are observable any more in the obtained a
priori profiles as well as in the resulting mixing ratios (Fig. 3.4, panel c), thus demonstrating
the robustness of the scaling method with respect to the necessary a priori assumptions. This
insensitivity of the resulting profile towards the assumed a priori profile is a direct consequence
of the applied scaling method, because all a priori profiles of the target gas are evaluated relative
to the scaling gas (in this study Oy4), of which the atmospheric absorption is measured. Without
iteration, the scaling method is therefore moderately sensitive to the relative differences in the
assumed profile shapes (Fig. 3.4, panel b), but not to the absolute concentrations assumed in the
a priori profiles. As demonstrated above, this remaining sensitivity can sufficiently be reduced by

performing a second iteration of the radiative transfer model when calculating the «-factors.

3https://eosweb.larc.nasa.gov/project/sage3/sage3_table
4During all missions, avionic and climatological measurements were performed by the Basic HALO Measurement
And Sensor System (BAHAMAS) operated by the DLR-FX Sensor and Data group [Krautstrunk and Giez, 2012].
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Figure 3.4: Iteration of different a priori glyoxal profiles in a-factor calculations, here for the
HALO flight on 15 May 2018 (CoMet mission). Starting a priori profiles are a mean glyoxal profile
inferred from previous mini-DOAS measurements in polluted continental air (m0), and averaged
MAGRITTE CTM simulated glyoxal profiles (Ty) for a TROPOMI overpass over Europe at
13:30 UTC on 15 May 2018 [Lerot et al., 2021]. The a prioris are used in the first iteration of
a-factor calculations. The resulting profiles are then used for the following ¢ iterations to obtain
the profiles me and T', respectively. The differences of each iteration step in the a priori and the
finally resulting profiles (based on the respective a-factor simulation) are plotted in panels b and
c.

When needed, the total atmospheric column density of the respective gases is approximated
from the Limb measurements by integrating the measured lower and higher quartile profiles in
incremental steps of 100 m each (Figs. 5.7 and 5.14).

For the Nadir measurements, the measured Nadir slant column densities SCDyaqir, x of the

trace gas X are converted to vertical column densities VCDx according to

2 [X]; -z

VCDx ; = SCDpadir, x,i - SIX]-% B,
i 1 1

(3.4)
using box air mass factors B; simulated by the McArtim model for each layer ¢ of thickness z;

and the same a priori concentrations [X]; as used for the Limb measurements.

3.1.3 Averaged atmospheric volume

The average atmospheric volume analysed from each spectrum (i.e the averaging kernel) can be
approximated based on the aircraft displacement (vertical and horizontal) during the spectrum
integration time as well as the telescope’s field of view (0.5° vertical, 3.15° horizontal) and the
mean photon path length of the detected photons (Limb) or the measurement altitude (Nadir,
clear sky assumption), respectively. The latter two processes are considered in the evaluation and
respective RT calculations. Typical light path lengths and approximated averaging volumes as
well as a detailed discussion of the implications of airborne Limb measurements, e.g. the origin
of the detected photons (below, above, in line-of-sight of the aircraft), or the influence of cloudy

sky conditions on the measurements are discussed in the following.

3.1.3.1 Limb viewing geometry

In the Limb viewing geometry, the averaged atmospheric volume mainly depends on the mean
photon path lengths PL of the Limb detected photons. PL at the flight altitude j can be
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Figure 3.5: Attribution of the total measured optical depth of O4 at 343.7 nm (panel 1 on
the left) and at 477.6 nm (panel 2 on the right) to the various fractions, i.e. absorption from
overhead the aircraft (OD,y,), from multiple scattering below the aircraft (ODy,s), within the
line-of-sight of the telescopes (ODjimp ), and the total measured optical depth of O4 (ODyeas)
for the ACRIDICON-CHUVA HALO flight on 16 Sept. 2014 (panels la, 2a). The average
line-of-sight photon path length inferred from the measured ODyyeas at 343.7 nm and 477.6 nm,
respectively, as a function of the flight time is plotted in panels (1b), (2b). The colour ratio

% of the measured radiances at 343.7 nm versus 477.6 nm is shown in panel (2¢). The flight

trajectory of the HALO aircraft is shown in panels (1c) and (2d). The sharp drop of the optical
depth between 16:32-16:34 UTC and 16:35-16:39 UTC (grey bars) coincides with the passage of
a cumulonimbus cloud in front of the telescopes. For details see the text.

approximated for each single recorded spectrum according to

€04,

(3.5)
by comparing the measured (real sky) optical density ODp4 and the calculated (clear sky)
atmospheric extinction (€py) of Oy,

€04,j = 004 “ keq + [02]; = cor - [Oa] . (3.6)

Here, 004 denotes the absorption cross section of Oy, keq its equilibrium constant and [Oq] 4
the oxygen concentration in the altitude j. The peak collision pair absorption cross section
vo o Of Oy, i.e. the cross section related to the collisional absorption structures of the Oy —04-
complex [Pfeilsticker et al., 2001], 001 = 004 - keq, is determined by laboratory measurements
(e.g. Thalman and Volkamer [2013]). In the visible wavelength range, PL ranges from ~ 10 km
(at 2 km altitude) to about ~ 100 km at the maximum flight altitude of the aircraft around
15 km, depending on the wavelength, aerosol concentration and cloud cover. In the UV spectral
range, the larger fraction of Rayleigh scattered photons reduces the median upper tropospheric
light paths to ~ 75 km (Fig. 3.5, panels 1c and 2c).

Attribution of the observed absorption to different atmospheric layers

Evidently, UV /vis Limb measurements naturally divide the atmosphere into three different
layers, which are separated by the different contributions to the total absorption or optical depth.
These contributions are (a) the overhead absorption ODgy, (b) the absorption located within
the line-of-sight of the telescopes ODjimp, (of which most, but not all is due to single scattering),
and (c) the absorption below the line of sight OD,,s (of which the photon paths are necessarily
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Figure 3.6: Relative contribution to the limb measured optical depth of O4 at 343.7 nm (panel a)
and at 477.6 nm (panel b) due to the absorption overhead the aircraft (OD,y), from multiple
scattering (OD,ys), and within the line of sight of the telescopes (ODjjmp) for the ACRIDICON-
CHUVA HALO flight on 11 Sept. 2014.

all of higher scattering order). In the following, the significance of the different contributions is
exemplarily discussed for O4. Evidently, the same tri-partitioning applies for all other gases of
interest, however differently weighted as expressed by the respective a-factors. For a high-flying
aircraft, OD,y, has the least uncertainty since O4 absorption approximately scales with [02]2 and
the optical state of the overhead atmosphere is well known. Therefore, the remainder of the
measured total O4 absorption has to be due to the varying contributions of ODjjyp and ODyysg,
which are mostly modified by the current low level cloud cover and ground albedo (Stutz et al.
[2017], Fig. 7). The knowledge of the a-factor however gives a handle on the relative fractions
ODjimp and ODy,, since contribution ODyjy1, can be calculated from ODyymp = & - ODpeas, and
accordingly OD s = ODpeas — ODon — ODyimp. Still, the calculated attributions of ODyjymy, and
ODys to ODyppeas can only be approximated due to the assumptions made regarding the current
aerosols distribution and the cloud coverage.

Figure 3.5 illustrates the contributions to ODyeas at 343.7 nm (panel la) and 477.3 nm (panel
2a) for O4 as a function of the flight time for a flight over the Amazon rainforest on 16 Sept.
2014. Figure 3.6 shows the same data, but sorted by flight altitude to demonstrate the relative
change of the contributions. Up to 10 km altitude and for both investigated wavelengths, the
absorption within the line of sight of the telescopes contributes with more than 50% to the total
04 absorption. A relative minimum can be seen at the top of the planetary boundary layer at
approximately 2 km, where often stratocumulus clouds prevail over the Amazon. Further, a
maximum of ODy;yy is visible at about 4 km, most probably a result of the increasing horizontal
visibility with altitude and the moderate contribution of reflected multiple scattered photons
from the lower atmosphere to the total O4 absorption. In the upper troposphere, the relative
contribution of ODjjp to ODpeas decreases while the effective horizontal light paths become
longer and reach maximum values around 100 km. But given all uncertainties in the details
of the actual atmospheric aerosol content, the cloud structure and coverage and their optical
properties, it is more reasonable to speak here of an indication rather than a determination of
the photon path lengths.

Above uncertainties do not propagate into the uncertainty of the o-factor ratio and hence into
the determination of [X];, provided the gases X and P have sufficiently similar profile shapes to
meet the conditions of the equivalence theorem of Irvine [1963] [Knecht, 2015; Hiineke et al., 2017;
Stutz et al., 2017]. From the above discussion, it also becomes clear that the airborne UV /vis
Limb measurements average over some atmospheric volume, which is determined by the viewing
angle of the telescope lenses (0.38°), the light path length, and the aircraft displacement during

the time of measurement, both of which are on the order of several kilometres. Typical integration
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Altitude [m]

—59.6

Figure 3.7: Averaged atmospheric volume of example Limb measurements during the ACRIDICON-
CHUVA flight on 16 Sept. 2014. The flight trajectories below/above 1000 m altitude are labelled
by drawn/dashed lines, respectively. The take-off and landing of the aircraft was from Manaus
airport (3.1° S, 60.0° W), located in the centre of the image. The biomass burning events
detected by the MCD14 MODIS instrument on the Terra and Aqua satellites are indicated
with red dots (not to scale). The biomass events probed by the mini-DOAS instrument are
marked by black numbers next to the flight track, according to the labelling of Table 5.2. The
blue rectangles approximately indicate the probed air masses in the horizontal plane, where
the distance perpendicular to the flight track is given by the O4 estimated photon path lengths
(14 to 19 km), and the along-track distance (3 to 15 km) by the spectrum integration time (33
to 166 s) multiplied by the aircraft ground speed (approximately 95 ms~!). For each biomass
burning event, 3 h backward air mass trajectories were calculated and plotted colour-coded by
the altitude of the airmass. The MODIS satellite image was taken from NASA WORLDVIEW,
see https://worldview.earthdata.nasa.gov/.
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times of the measured co-added sets of skylight spectra range from seconds (under clear sky
conditions) to several minutes (during cloudy sky and hazy conditions). In consequence, the
along-track resolution of the measurements was typically several kilometres, while the horizontal
resolution perpendicular to the aircraft is determined by the radiative transfer parameters (sect.
3.1.2). A two-dimensional visualization of the resulting averaging (or probed) areas per single
measurement is indicated for example measurements (labelled with 1-3) of biomass burning
plumes over the Amazon rainforest around Manaus by the blue areas in Fig. 3.7 along with
corresponding 3 h backwards air masses trajectories of the probed air masses. The resulting
sampling volume precludes direct comparisons with in situ measured quantities on spatial scales
smaller than the current averaging volume. This is of relevance to the present study, for example

when adding information from in situ measurements like CO to the analysis of the data.

3.1.3.2 Nadir viewing geometry

In the Nadir observation mode, the instrument measures the atmospheric column density of the
target gases particularly below the aircraft (Fig. 3.8) with a rectangular foot print of ~ 600 m
cross-track and several kilometre along-track (FOV 3.15° x 0.38°; [Hiineke, 2016]), depending on
the flight altitude, cruise velocity (typically ~ 200 ms~! in the upper troposphere), and signal
integration time (up to 1 min). For flight altitudes above 8 km in a moderately humid to dry
atmosphere, the typical footprint for a signal integration time of 14 s is 4.2 x 0.6 km?. For
measurements in a moist atmosphere or over the pristine oceans, occasionally up to 150 spectra
were co-added (South Atlantic measurements), thus extending the Nadir along-track resolution
in some extreme cases up to 230 km. However, the median Nadir along-track resolution over the
South Atlantic is much smaller and on the order of 32 km. The spectral co-adding significantly
enlarges the footprint for a minor fraction of the measurements, but at the same time favours the
detection limit, which is helpful for monitoring glyoxal at low VCDs, i.e. far away from distinct
sources such as over the open ocean. Flight tracks over the ocean (which frequently occurred
during the CAFE and SouthTRAC missions) are usually far away from distinct sources of the
analysed gases, therefore requiring low detection limits, but at the same time allowing for larger
foot-prints. In the other regions, where no or only a few spectra need to co-added, the median
Nadir along-track resolution is 4 km (Europe, Mediterranean and East China Sea, Tropical and
North Atlantic).

3.1.4 Comparison of airborne and spaceborne Nadir measurements

The comparison of airborne and spaceborne Nadir measurements comes with certain method-
based complications. In order to keep such methodological differences small, for the comparison
to the TROPOMI satellite measurements the airborne mini-DOAS data need to be filtered for
specific parameters, e.g. the flight altitude and the solar zenith angle (SZA). This is discussed in
more detail in the following section.

For weakly absorbing substances (as it is the case for glyoxal), the box air mass factors for the
satellite and the aircraft Nadir measurements are expected to be similar provided the observation
geometry and the assumptions regarding Rayleigh and Mie scattering, and the ground reflection
(albedo) are similar. While the assumptions regarding Rayleigh and Mie scattering and the
ground reflection are similar for the satellite and airborne measurements discussed in this thesis,
the observation geometry is only similar for a high flying aircraft (see below).

In order to understand the relative sensitivity of the Nadir observing satellite and aircraft
measurements, it is necessary to inspect the product [X]; - B; (with [X]; being the trace gas
concentration and B; the box air mass factor in the altitude layer j). The product expresses the
relative contribution of the absorption (or slant column density) of the altitude layer j to the
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total absorption (or slant column density; see eq. 3.4 and Fig. 3.8). The a priori glyoxal profiles
([X]; in all tropospheric altitudes) assumed in the satellite and the airborne retrieval are similar
in shape, but not the same. If the a priori glyoxal profiles used in the satellite retrieval would
be used for the airborne measurements, the information on glyoxal obtained from the airborne
Limb observations would be ignored. Therefore, the airborne measured a priori profiles are used
for the aircraft glyoxal retrieval, while for the satellite retrieval the MAGRITTE CTM a priori
profiles are kept for the box air mass factor simulations [Lerot et al., 2021]. In fact, the profile
measurements (section 5.1.1) indicate that the actual glyoxal profiles are much more structured
in the vertical than any CTM can portray. Therefore, in the box air mass factor simulations,
climatological glyoxal profiles are used in which the concentration peaks due to individual plumes

are removed. RT simulations show that this removal of the (in altitude localised) glyoxal peaks

only slightly changes the total glyoxal vertical column density (sect. 3.1.5).
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Figure 3.8: Box air mass factors (Bj, lower x-axis pf panels a and c¢) of two mini-DOAS Nadir

measurements in the lower (panels a and b) and upper (panels ¢ and d) troposphere for changing
surface albedos between 0.1 and 0.5 (colour-code). Both measurements were performed during a

research flight from Oberpfaffenhofen (Germany) to Sal (Cape Verde) on 07 Aug. 2018 (flight
CAO03, for a detailed flight description see table C.7 and Fig. C.2, panel d). The product of

B; and the assumed a priori glyoxal concentration [X]; (upper x-axis of panels a and c, black
line) yields the relative contribution of each altitude layer j (panels b and d). Evidently, even
airborne Nadir measurements at lower altitudes predominantly, but not exclusively, probe the
atmosphere below the flight altitude. This causes the necessary restriction to upper tropospheric
flight altitudes for an airborne and spaceborne measurement comparison as discussed in sect.
5.1.2.

Further, the profile measurements often indicate relatively larger glyoxal at lower altitudes
than the MAGRITTE CTM predicts (e.g. Fig. 3.4, panel a). In consequence, the box air mass

factors as well as the product [X]; - B; tend to differ for both retrievals. Due to the different
assumptions for [X]; and B; in the altitude layers j, the satellite and aircraft retrievals attribute
different fractions of the total absorption to each j (see eq. 3). In particular, these differences in
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[X]; and B; yield different relative fractions ;’;‘f [X]; - B; of the total absorption above the
aircraft flight altitude ¢ (Fig. 3.8).

For a high flying aircraft, the similar observation geometries of aircraft and satellite result in
a similar sum Z]’”‘” [X]; - B; and hence a similar detection sensitivity for glyoxal (even though
the products of single altitude layers j may be different). However, for low flight altitudes the
contributions [X]; - B; are largely different. The latter primarily results from the fact that, for
Nadir observations B; is larger (smaller) for altitudes j smaller (greater) than the aircraft flight
altitude ¢ as compared to those for the satellite, and less due to differences in the assumed [X];.
Equally, airborne Nadir observations from low altitudes tend to be more sensitive for detecting

trace gases in the lower atmosphere, than those performed from the satellite.
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Figure 3.9: Tropospheric box air mass factors (B;, panel a, lower x-axis) for TROPOMI Nadir
observations, colour-coded by the respective surface albedo, and the range (gray area) of a priori
glyoxal profiles ([X];, panel a, upper x-axis) for the continental section of the research flight
on 7 Aug. 2018. All B; and a priori profiles are averaged on a 0.25° x 0.25° area around each
mini-DOAS measurement during the flight. The product of B; and the assumed a priori glyoxal
concentration [X]; yields the relative contribution of the altitude layer j (panel b). Panel (c)

TOA
. A [X]i-Bi . . o o
shows the relative contribution 2”7 as a function of the altitude j (in viewing direction

ST OAX)50B;

of the satellite, i.e from top down). The two branches of the B; distribution (panel a) result from
a local increase in the simulated surface albedo and AMFs above Spain and western France (Fig.

B.1).

In consequence, for an optimal and biased-minimized inter-comparison between satellite and
aircraft Nadir observations (which respects the similarities in observation geometry and hence
detection sensitivity), the Nadir observations from the high flying aircraft need to be preferred
over those performed from a low flying aircraft. Vice versa, airborne Nadir observations from
low altitudes tend to be more sensitive for detecting trace gases in the lower atmosphere than
those performed from the satellite. Therefore, for the comparison of the mini-DOAS Nadir
measurements with satellite observations, only VCDs inferred in > 8 km flight altitude are used,

37



3.1. CONCENTRATIONS/VCDS CHAPTER 3. INSTRUMENTATION AND METHODS

where over 95% of the total contribution Z].T:OOA [X]; - B; is expected below the aircraft (compare

Fig. 3.8, panels ¢ and d).

Further, provided that the satellite and the aircraft observations have a similarly sized foot-
print (which is the case here when not adding individual satellite pixels) and technical outline
(FOV, photon detection sensitivity) due to the largely different cruising velocities (Sentinel 5P
7500 ms~! versus aircraft 200 ms™!), the aircraft may observe a specific scene about a factor of
37.5 times longer than the satellite, hence it integrates over respectively more photons. Given
that the detection limit of both instruments is determined by the photon shot noise, the aircraft
measurements are about a factor of six (=~ y/37.5) times more sensitive for the detection of
glyoxal in individual spectra than those of the satellite. Accordingly, to obtain the same limit for
glyoxal detection from both instruments, i.e. in order to reduce the noise of the satellite, multiple
measurements of the satellite instrument need to be averaged.

Finally, all satellite detected VCDs are strictly filtered for potential cloud and aerosol
interferences [Lerot et al., 2021]. As a consequence, for the remaining measurements TROPOMI
radiative transfer simulations assume surface albedos of about 0.05 (Fig. 3.9 and Lerot et al.
[2021]). Since for the airborne measurements an equivalent filter is neither necessary (for the
Limb measurements) nor possible (for the Nadir measurements), a respectively larger all-sky

albedo of 0.3 is assumed for the airborne radiative transfer simulations (Fig. 3.8).

3.1.5 Measurement uncertainties

Summing-up all described uncertainties, the precision error of the combined methods in the Limb

geometry can be approximately calculated according to eq. (3.2) as

|/ Aari\? | [ASx; )\ (ASp;\P [(AP?
[AX]; Limb = \/( Py > +< Sx + Sp + P, [X];, (3.7)

where Aag ; accounts for (a) the random and unknown part of the Mie extinction, (b) the small

scale variability of the target and scaling gas mixing ratios at flight level and (c¢) the uncertainty
in the sampling contribution as discussed in Figs. 3.5 and 3.6. The slant column errors ASx ; and
ASp ; account for (a) uncertainty of the inferred Fraunhofer reference SCD and (b) the DOAS fit
error. AP; accounts for the uncertainty of the in situ mixing ratio of the scaling gas, which in the
case of Oy scales with the air density and is accordingly limited by the measurement uncertainty
of pressure and temperature. Additionally, the systematic errors of the individual absorption
cross sections need to be added to ASx j according to Table 3.1. An extensive discussion of the
total error budget of the Oy4 scaling can be found in Hiineke [2016].

Important implications of the Limb measurement uncertainties on the data are briefly discussed
in the following exemplary for the ACRIDICON-CHUVA measurements. While AP; and Aog
contribute approximately constantly for changing j to the total error budget, ASx j strongly
increases with decreasing slant column density. For mixing ratios below 1 ppb (CH50), 0.15 ppb
(C2H202), and 1.3 ppb (C2H402™), the total precision error is strongly dominated by ASx ;. For
higher mixing ratios, Axg ; and ASx ;j contribute in equal parts to the total precision error of
C3H205 and CoH4O2*. For CH20, Aag j is the major error factor for mixing ratios above 1 ppb,
and ASx ; only makes up 30% of the total error. For all gases, AP; never exceeds 7% of the total
precision error. Due to the strong dependence of ASx ; on the slant column density and the
exponentially decreasing vertical profiles of the gases, the resulting total precision errors [AX];
are strongly altitude dependent (Fig. 3.10). They range from 16% to 100% for CH;0O, 17% to
100% for CoHy04, and 16% to 100% for CoH4O5*. For measurements of biomass burning plumes

below 2 km altitude, the total errors of the analysed biomass burning events are on average 21%
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Figure 3.10: Relative and absolute total precision error of all ACRIDICON-CHUVA measurements
as a function of the measurement altitude.

for CH2O (upper and lower limit of the total precision errors are 350 ppt and 740 ppt), 25% for
C2H50; (total errors from 30 ppt to 45 ppt), and 22% for CoH4O2™ (total errors from 240 ppt
to 560 ppt), respectively.

In the Nadir geometry, the combined precision error is predominantly determined by the
uncertainty of the box air mass factors (ABAMF;) and of the slant column density (ASx ;).
ABAMF; is mainly controlled by radiative transfer uncertainties due to deviations of the assumed
and actual surface albedo (Fig. 3.8). For all mini-DOAS measurements, an average all-sky albedo
of 0.3 is assumed. For clear sky measurements over dark sceneries (e.g. the ocean surface), this
may lead to an overestimation of the actual B; on the order of 0-20%, with the largest deviation
in the boundary layer. Equally, for measurements over a very bright cloud or ice cover (e.g. flights
over the Antarctic ice shelves), the albedo approximation may cause an underestimation of B; by
up to 20% (Fig. 3.8). However, for all altitudes [AX]; Nadir is dominated by the uncertainty of
Sx,j, which contributes on average 65 % to the total precision error. Uncertainties in the assumed
a priori profile are minimized by iterating the a priori observations if necessary as described above
(i.e. if no prior mini-DOAS measurements in comparable air masses are available). For the a
priori glyoxal profiles, distinctive peaks in the observed profiles due to individual emission events
are removed (compare Fig. 5.1 and sect. 3.1.4). Based on radiative transfer simulations using
glyoxal a priori profiles including and excluding such peak events, this restriction to climatological
glyoxal profiles induces median changes in the contribution [X]; - B; of < 2%.

3.2 Additional instrumentation and model simulations

For the analysis of the mini-DOAS measurements, the present thesis relies on simultaneous
observations of additional instruments aboard the HALO aircraft as well as measurements of
the satellite instrument TROPOMI and finally glyoxal simulations of the ECHAM/MESSy
Atmospheric Chemistry model (EMAC). The additional instruments and the EMAC model
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simulations are described in more detail below.

3.2.1 AMTEX instrument

The Aero-Laser 5002 vacuum UV resonance fluorescence (AMTEX) instrument performs in situ
CO measurements aboard the HALO aircraft at 1 Hz resolution and 1.5 ppb precision [Gerbig
et al., 1996, 1999; Huntrieser et al., 2016a,b]. AMTEX samples air at a rate of 40 mLmin~*
through an inlet mounted on top of the aircraft. The detection of CO is based on resonance
fluorescence of the fourth positive CO band around 151 nm by a radio frequency discharge
resonance lamp [Gerbig et al., 1996].

This thesis uses AMTEX CO measurements during the ACRIDICON-CHUVA mission in 2014

for a better analysis of the atmospheric composition and biomass burning plume identification.

3.2.2 TROPOspheric Monitoring Instrument

The TROPOspheric Monitoring Instrument (TROPOMI) is a spaceborne Nadir looking imaging
spectrometer based on the Copernicus Sentinel-5 Precursor satellite platform. It was initiated
to fill the gap between previous (SCTAMACHY [Bovensmann et al., 1999], GOME-2 [Munro
et al., 2016], and OMI [Levelt et al., 2006]) and the future Sentinel-4 and Sentinel-5 missions
from the Copernicus Earth observation programme by the European Union [Ingmann et al.,
2012]. Since its launch in October 2017, TROPOMI provides daily Nadir measurements of solar
irradiance and Earthshine radiance spectra by four spectrometers that cover the ultraviolet,
visible, and near and shortwave infrared spectral ranges. TROPOMI is located in a low-earth
orbit with local equator crossing time of 13:30 LT [Veefkind et al., 2012]. Currently, TROPOMI
is the most up-to-date spaceborne instrument to provide Nadir trace gas measurements of the
atmosphere, with a remarkable timely (daily global coverage) and above all spatial resolution of
3.5 x 5.5 km? for single observations. Such as the mini-DOAS Nadir spectrometers, TROPOMI
exploits backscattered solar light to infer column integrated concentrations, from which vertical
column densities can be inferred for the different trace gases. The present study uses TROPOMI
glyoxal VCDs for a detailed comparison of airborne and satellite based glyoxal measurements.
A detailed technical description of the instrument can be found e.g. in Kleipool et al. [2018];
Ludewig et al. [2020]; Lerot et al. [2021].

3.2.3. ECHAM/MESSy Atmospheric Chemistry model simulations

The glyoxal concentration and VCD measurements performed in this study are compared to glyoxal
simulations from the ECHAM/MESSy Atmospheric Chemistry (EMAC) model. According to
https://wuw.messy-interface.org/, "the ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate simulation system that includes sub-models describing
tropospheric and middle atmosphere processes and their interaction with oceans, land and human
influences [Jéckel et al., 2010]. It uses the second version of the Modular Earth Submodel System
(MESSy2) to link multi-institutional computer codes. The core atmospheric model is the 5th
generation European Centre Hamburg general circulation model (ECHAMS5; Roeckner et al.
[2003]). The present study reports on EMAC (ECHAMS5 version 5.3.02, MESSy version 2.55.0)
simulations in the T63LI0OMA resolution, i.e. with a spherical truncation of T63 (corresponding
to a quadratic Gaussian grid of ~ 1.875° x 1.875° in latitude and longitude) with 90 vertical
hybrid pressure levels up to 0.01 hPa.”

All simulations were performed by S. Rosanka (Forschungszentrum Jilich, Institute for Energy
and Climate Research: Troposphere (IEK-8)) at the Jilich Supercomputing Centre using the
Jillich Wizard for European Leadership Science (JUWELS) cluster [Krause, 2019]. The applied
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model set-up is representative for recent VOC chemistry studies (e.g. Novelli et al. [2020];
Rosanka et al. [2020]; Taraborrelli et al. [2021]; Franco et al. [2021]; Rosanka et al. [2021a]; Pozzer
et al. [2022]) and briefly described below.

The atmospheric gas-phase chemistry is based on the Module Efficiently Calculating the
Chemistry of the Atmosphere [MECCA; Sander et al., 2019] and the Mainz Organic Mechanism
[MOM; Taraborrelli et al., 2009, 2012; Hens et al., 2014; Nélscher et al., 2014; Cabrera-Perez et al.,
2016; Sander et al., 2019; Novelli et al., 2020; Pozzer et al., 2022], which considers 43 primary
emitted VOC species. Further submodels and datasets include the SCAVenging submodel [SCAV;
Tost et al., 2006, 2007; Franco et al., 2021] for aqueous-phase mechanisms, the Model of Emissions
of Gases and Aerosols from Nature [MEGAN; Guenther et al., 2006] for biogenic VOC emissions
[Sindelarova et al., 2014], the MESSy submodel BIOBURN and the Global Fire Assimilation
System (GFAS) for biomass burning emissions [Akagi et al., 2011; Kaiser et al., 2012], the MESSy
submodel AIRSEA for VOC air-sea exchange [Pozzer et al., 2006], the Emissions Database for
Global Atmospheric Research [EDGAR, v4.3.2; Crippa et al., 2018] for anthropogenic emissions
and their vertical profiles [Pozzer et al., 2009], and European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis vb [ERA5; Jockel et al., 2006; Hersbach et al., 2020] data.

In the present study, all simulations are performed on a 10 min time grid along the aircraft
flight tracks. Since of the eight missions only ACRIDICON-CHUVA (2014) and OMO (2015)
took place before 2017, the model simulations are performed for the years 2017-2019. This
reduces the high computational costs of such high spatial resolution simulations. For the earlier
missions ACRIDICON-CHUVA and OMO, the simulations are performed for the year 2017 to

enable a climatological comparison.
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Chapter 4

Measurements

The following chapter provides an overview of the different measurements and HALO research
missions that are included in the analysis. Particular focus is put on the characteristics of the
different probed air masses, their ages, photochemical composition and involved transport.

Main parts of this chapter have been published in Kluge et al. [2020], section 3, or are currently
under review in Kluge et al. [2022].

4.1 Mini-DOAS measurements

Within the framework of this thesis, trace gas measurements are analysed from eight different
airborne research missions conducted in the period between fall 2014 and fall 2019, with personal
participation in the six missions between 2017 and 2019. In total, over 100 research flights were
performed with the German research aircraft HALO operated by the Deutsches Zentrum fir Luft-
und Raumfahrt (DLR) in Oberpfaffenhofen, Germany. The scientific flights cover a wide range of
geographic areas reaching from the southern tip of South America and Western Antarctica, over
the Amazon rainforest, the tropical and northern Atlantic, and Europe to the East China Sea,

Taiwan, and the south of the Japanese Island (Fig. 4.1).

4.1.1 Research missions

The following subsection provides brief overviews on all scientific missions that are included in
this study. A more detailed description of each mission’s objectives, the participating instruments
and research groups can be found in the respective mission publications. Special focus is put
on observations of biomass burning affected air masses with expectedly high concentrations of
the analysed VOCs (ACRIDICON-CHUVA mission, see below). Detailed flight overviews for all

missions can be found in appendix C

4.1.1.1 Aerosol, Cloud, Precipitation, and Radiation Interactions and Dynamics
of Convective Cloud Systems (ACRIDICON-CHUVA, 2014)

The ACRIDICON-CHUVA! mission took place from the operational basis Manaus (Brazil) within
the period September and early October 2014 with a total of 14 scientific flights over the Amazon
region [Wendisch et al., 2016]. The mission aimed to improve the understanding of tropical
deep convective clouds and their interaction with biogenic and anthropogenic aerosols, and also
included studies on precipitation formation and air pollution. As the mission took place at the

end of the local dry season, extensive probing of fresh and aged biomass burning plumes was

Ihttps://acp.copernicus.org/articles/special_issue852.html
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Figure 4.1: The different geographical regions and the flight tracks covered during the eight
missions. For simplicity, the missions are numbered according to their temporal order with
ACRIDICON-CHUVA (1, red), OMO (2, dark blue), EMeRGe-EU (3, light blue), WISE (4,
magenta) EMeRGe-Asia (5, green), CoMet (6, blue), CAFE (7, cyan), SouthTRAC (8, black). The
operational bases for the individual missions were Manaus (Brazil) for ACRIDICON-CHUVA,
Paphos (Cyprus) for OMO, Oberpfaffenhofen (Germany) for EMeRGe-Europe and CoMet,
Shannon (Ireland) for WISE, Tainan (Taiwan) for EMeRGe-Asia, Sal (Cape Verde) for CAFE,
and Rio Grande (Argentina) for SouthTRAC. Only flight sections with mini-DOAS measurements
are shown.

performed. Due to instrumental instabilities (e.g. difficulties with the spectrometer cooling),
mini-DOAS VOC measurements are available only for four of the performed research flights.
Despite this limited number of flights, the observations cover a large geographical range between
approximately 6° S to 8° N, and 49° W to 63° W and tropospheric altitudes from several hundred
meters up to 15 km (Fig. 4.2). The flight sections inside the planetary boundary layer overpassed
large agricultural areas (18 and 19 Sept. 2014) as well as the tropical rainforest, the Amazon
river delta, and Manaus (9 and 16 Sept. 2014).

4.1.1.2 Oxidation Mechanism Observations (OMO-ASIA, 2015)

The OMO mission was conducted over the eastern Mediterranean Sea, the Arabian Sea and
Indian ocean in July and August 2015, with operational bases in Munich (Germany), Paphos
(Cyprus), and Gan island (Addu Atoll; Lelieveld et al. [2018]). The mission focused on upper
tropospheric chemistry measurements under the influence of the South Asian monsoon. Most
sections of the 18 research flights were thus conducted above 10 km flight altitude. Mini-DOAS

glyoxal measurements are available for six of the research flights (see table C.2).

4.1.1.3 Effect of Megacities on the Transport and Transformation of Pollutants on
the Regional to Global Scales in Europe (EMeRGe-EU, 2017)

The EMeRGe-EU? research mission took place in July 2017 with Oberpfaffenhofen (Germany) as
the operational mission basis. All seven measurement flights were performed over the central

2https://acp.copernicus.org/articles/special_issue1074.html
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European continent and the adjacent coastal regions of the Mediterranean Sea and the English
Channel. The mission focused on emission measurements from major European population
centres like Barcelona and Paris, or the Po valley in northern Italy [Andrés Herndndez et al.,
2022]. The EMeRGe-EU mission thus predominantly provides observations within the freshly
polluted planetary boundary layer, with flight altitudes reaching down to 0.5 km and rarely
exceeding ~ 5 km altitude.

4.1.1.4 Wave-driven ISentropic Exchange in Europe (WISE, 2017)

The WISE? mission took place in September to October 2017 over the North Atlantic Ocean
and northern European continent and islands. With operational basis in Shannon (Ireland), the
research flights were conducted towards Iceland in the North and the Canary Islands in the South,
thus covering a large latitudinal range over the North Atlantic Ocean. The mission focused on
the analysis of mixing processes between the upper troposphere and lower stratosphere (UT/LS)
and the general composition of the UT/LS. The mission thus predominantly provides upper
tropospheric and even lower stratospheric observations with very high flight altitudes above
15 km during a total of 15 research flights.

4.1.1.5 Effect of Megacities on the Transport and Transformation of Pollutants on
the Regional to Global Scales in Asia (EMeRGe-Asia, 2018)

The second phase of the two EMeRGe* missions focused on emission measurements of major
population centres in East Asia in March and April 2018. From the operational basis in Tainan
(Taiwan), the ten local research flights were conducted towards Japan and South Korea in the
North as well as the Philippines south of Taiwan, with measurement altitudes primarily below
5 km to probe relatively fresh anthropogenic emissions. Long flight sections and dives into
the marine boundary layer over the East China Sea additionally provide measurements of Ship

emissions and fresh to aged pollution plumes [Andrés Herndndez et al., 2022].

4.1.1.6 Carbon Dioxide and Methane Mission (CoMet, 2018)

The CoMet® mission provides measurements of anthropogenic greenhouse gases over continental
Europe from nine research flights in May and June 2018 [Fix et al., 2018]. Particular focus was
on the probing of emissions from the Upper Silesian Coal Valley, a region in southern Poland
with a very large quantity of Coal-fired Power plants and related industries. Also the Italian Po
valley was probed extensively during multiple research flights that covered the lower as well as

the upper troposphere.

4.1.1.7 Chemistry of the atmosphere: African Field Experiment (CAFE, 2018)

The CAFE mission took place over the Tropical Atlantic in August and September 20185. From
the operational basis Sal (Cape Verde Islands), the marine atmosphere around the equatorial belt
(Tropical Atlantic) was probed during 14 research flights predominantly in the upper troposphere,
with occasional dives into the marine boundary layer. Research flights along the West African
coastline south and north of the Cape Verde islands additionally provide measurements in
air masses affected by continental African outflow in the biomass burning season. The latter

observations were extended by continental flights towards and over Ghana.

Shttps://acp.copernicus.org/articles/special_issue1061.html
4https://acp.copernicus.org/articles/special_issue1074.html
Shttps://acp.copernicus.org/articles/special _issue400_1034.html
Shttps://wuw.mpic.de/4130589/cafe-africa
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Figure 4.2: Tropospheric coverage of the measurements over the investigated regions. The flight
altitudes are averaged on a 1 km grid. During the different missions, the research focus was put
on different photochemical regimes in the troposphere, i.e. the planetary and marine boundary
layer over the Amazon rainforest, East China and Mediterranean Sea, whereas open oceans like
South, Tropical, or North Atlantic were probed predominantly in the upper troposphere or even
lower stratosphere.

4.1.1.8 Transport and Composition of the Southern Hemisphere UTLS (South-
TRAC, 2019)

The SouthTRAC mission over Patagonia and Western Antarctica in fall 2019 complements the
glyoxal observations with measurements in extremely remote and pristine air masses [Rapp et al.,
2021]. From the operational basis Rio Grande (Argentina) on the Tierra del Fuego Peninsula, 15
scientific flights were directed towards the western Antarctica, the East Pacific and the South
Atlantic around the Falkland islands. The nine transfer flights of the HALO aircraft from Munich
(Germany) to Rio Grande via Sal (Cape Verde) and Buenos Aires (Argentina) additionally
provide measurements of air masses located over South Argentina and Patagonia in early austral
spring as well as the Brazilian outflow into the coastal Tropical Atlantic at the end of the dry
season. The research flights were conducted predominantly in the upper troposphere above 10 km
altitude.

4.1.2 Mini-DOAS measurements

Mini-DOAS measurements of the target trace gases are sometimes available only for a fraction
of the total flight time. This is mostly a result of (1) flight sections without recorded sunlight
spectra due to the over saturation of the CCD detector, e.g. when flying in and adjacent to bright
clouds, which frequently occurred e.g. during the SouthTRAC mission, (2) research flights during
the night, or (3) spectrometer temperatures being above 3° C preventing a stable spectral imaging
(e.g. during EMeRGe-Asia). In total, the present data set consists of 72 research flights with
typical duration of 8 to 9 hours each, depending on the flight altitude (and thus fuel consumption)

and scientific objectives of the flights. A comprehensive list of all research flights including the
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Table 4.1: Coverage of different geographic regions and probed air masses. Flights covering
multiple regions (e.g. Continental Europe and the Mediterranean Sea) appear in both categories.
Soundings over the East China Sea include measurements over adjacent islands like Taiwan,
Japan, and the Philippines. Observations over continental Europe also includes major islands
like Great Britain, Ireland, and Iceland.

Region Air mass types no. of flights
South Atlantic pristine marine 1
aged BB plumes
Tropical Atlantic pristine marine
12
aged BB plumes
North Atlantic pristine marine 16

aged pollution (mostly anthropogenic)
Mediterranean Sea fresh—aged pollution (mostly anthropogenic)

BB plumes 9
East China Sea fresh—aged pollution (mostly anthropogenic) 7
South America pristine terrestrial

biogenic emissions (tropical rainforest) 14

fresh-aged BB plumes
Europe, biogenic emissions 34

North Africa, and  fresh-aged pollution (mostly anthropogenic)
Arabian Peninsula BB plumes

geographic coverage, flight duration, probed altitudes and the mini-DOAS measurements as well
as figures of all flight tracks can be found in appendix C. In the further analysis, the observations
from all missions are combined, sorted according to the respective geographic regions, and further
differentiated into characteristic trace gas sources, sinks, and transport processes by categorizing
the data based on photochemical markers, air mass back trajectories and satellite observations

according to different air mass types (Table 4.1 and section 5.1.1).

4.1.3 Probed air masses types

During the eight research missions, air masses of different origins and compositions, and thus
largely different trace gas sources and concentrations were probed. This includes in particular (1)
pristine marine air, (2) pristine continental air, (3) biomass burning affected air of different ages,

and (4) air affected by fresh or aged anthropogenic emissions.

4.1.3.1 Pristine marine air

Pristine marine air was primarily probed over the North, Tropical, and South Atlantic during
the WISE mission in 2017, the CAFE mission in 2018, and the SouthTRAC mission in 2019.
During all three missions, long flight sections led through the upper troposphere over the remote
oceans, with occasional dives into the marine boundary layer as well as into the airports of
Shannon (Ireland), Sal (Cape Verde), or Rio Grande (Argentina). Combined, the three missions
cover the Atlantic from Iceland and Scandinavia in the North over the Azores and the equatorial
latitudes down to the South Atlantic, Southeast Pacific and the Wedell Sea around the Antarctic

Peninsula.

4.1.3.2 Pristine terrestrial air

Pristine terrestrial air masses were probed extensively over the southern part of the South
American continent (Patagonia and South Argentina) in austral spring 2019 (SouthTRAC

mission). Due to the early season, continental biogenic emissions from vegetation were still very
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low during the measurements. Due to the remoteness of the region, the influence of anthropogenic
emissions on the observations limits to flight sections in the direct surroundings of the approached

airports, where also most of the vertical profiling was performed.

4.1.3.3 Air masses affected by fresh or aged biomass burning

Biomass burning plumes of different ages and extents were observed over all regions and throughout
all tropospheric altitudes. Especially during ACRIDICON-CHUVA, multiple fresh biomass
burning plumes were crossed within the planetary boundary layer above the Amazon rainforest
and the surrounding agricultural areas (see sect. 4.1.3.5). Several research flights in the upper
troposphere in the same region additionally provide observations of aged plumes and the respective
chemical transformation of pollutants therein.

Aged biomass burning plumes advected from continental Africa and Brazil were also probed
during multiple flights in the lower as well as upper troposphere over the Tropical Atlantic,
e.g. along the east Brazilian and west African coastlines. In the southern hemisphere, biomass
burning affected air masses from Australian bush fires in austral spring and summer 2019 (e.g.
Kloss et al. [2021]) were detected over the Drake passage around 57° S and 67° W in the upper
troposphere on 12 Nov. 2019.

4.1.3.4 Air masses affected by fresh or aged anthropogenic emissions

Air masses affected by recent anthropogenic emissions were probed over the European continent
and its northern islands (mostly Ireland and Great Britain) as well as over the adjacent marine
regions (North, Baltic and Mediterranean Sea) during the missions EMeRGe-EU in summer
2017, WISE in fall 2017, CoMet in spring 2018, and over Taiwan and the East China Sea during
EMeRGe-Asia in spring 2018. The research flights targeted the emissions of major European
and Asian cities, e.g. London, Paris, Rome, Marseilles, Barcelona, Manila, and Osaka as well
as emissions from industrial areas (e.g. the Ruhr valley and the Upper Silesian Coal basin).
During EMeRGe, the research flights focused on fresh pollution plumes in the planetary and
marine boundary layer, whereas CoMet provides measurements in the free and upper troposphere
over the different cities and the Mediterranean Sea. These thorough continental soundings are
complemented by the WISE mission, which focused on flights over the major northern European
islands like Ireland, Great Britain, and Iceland as well as the North Atlantic with special focus
on fresh anthropogenic emissions over the Irish Sea and the North Channel.

Research flights over the Mediterranean Sea, Egypt, the Arabian Peninsula and Arabian Sea
(OMO, EMeRGe-EU, CoMet) as well as in the outflow of mainland China, Japan, Korea, and the
Philippines over the East China Sea (EMeRGe-Asia) provide further information on the extent
and transport of local pollution. Due to operational reasons, during EMeRGe-Asia profiling from
the free troposphere into the boundary layer could only be performed over Taiwan, south of
Osaka (Japan), and Manila (Philippines), whereas the free and upper troposphere was probed

during the flight sections between Taiwan and South Japan.

4.1.3.5 Air masses affected by biogenic emissions from a tropical rainforest

For the measurements over the Amazon, the analysis focuses on either directly emitted or
secondarily formed glyoxal in biomass burning plumes as well as its secondary formation by
biogenic precursors emitted from the rainforest. In this region, efficient vertical air mass transport
combined with large biogenic emissions at low NO, and low HO, concentrations provide an
atmospheric background rich in precursor VOCs of the target carbonyls also above the planetary

boundary layer. The Amazon rainforest in particular is one of the main global emission sources
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Figure 4.3: Images of the probed atmospheric scenery taken by the mini-DOAS video camera
during flight AC11 (events 1-6 as indicated in Fig. 3.7 and 5.13). The second image was taken
from the respective flight report. The camera points into the same direction as the three Limb
telescopes of the mini-DOAS spectrometer, however with a much larger field of view of ~ 46°
width.

of isoprene, which is the main precursor of all three target gases. A largely extended wildfire
season within the rainforest as well as in the surrounding agricultural areas seasonally provides
significant additional direct and secondary emission sources of the investigated carbonyls. As a
consequence, the region provides a well suited example (in particular during the local dry season)
to study the instruments potential with respect to the detection of trace gases with low optical

densities in a humid and heavily clouded atmosphere.

The identification of the atmospheric measurement conditions over the rainforest and in
particular of each probed biomass burning event is based on visual imagery using the recorded
video data stream of the mini-DOAS instrument (Fig. 4.3). In the following, only those
measurements are claimed to be affected by biomass burning, for which the actual plumes are
visible in the recorded images and in the telescope’s line of sight. These events are listed in
Table 5.2. Depending on the flight pattern and the integration time of the spectra, some of these
plumes were intercepted more than once. In total, eight distinct plumes were probed during

twelve individual measurements, all of which were recorded below 2 km flight altitude.

The MODIS instrument on board the Terra and Aqua satellites (MCD14, collection 6,
available online from doi:10.5067/FIRMS/MODIS/MCD14DL.NRT.006) reports additional fires in
the vicinity of the aircraft trajectory, which were not directly located within the field of view of
the mini-DOAS telescopes, nor within the larger field of view of the camera. Therefore, these
events are not further investigated in the analysis. However, the emissions of these fires are likely
to have created an atmospheric background generally affected by differently aged biomass burning
emissions within the boundary layer (Fig. 3.7). Further insights into the recent photochemical

past of the air masses are provided by 3 h backward air mass trajectories calculated using the
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READY (Real-time Environmental Applications and Display sYstem) website of the NOAA
HYSPLIT model (https://www.ready.noaa.gov/HYSPLIT.php; Stein et al. [2015]; Rolph et al.
[2017]). Exemplary 3 h backward trajectories are shown for events AC11-1.2 to AC11-3.2 in Fig.
3.7. They indicate, that prior to detection all air masses did not directly pass over any reported
fire, but resided well within the mixed polluted boundary layer and are thus presumably affected
by different types of fresh and aged pollution. All identified biomass burning events show large
and correlated enhancements of CHyO, CoHyOs9, and C3H, O™, with mixing ratios up to 4.0 ppb,
0.26 ppb, and 2.8 ppb, respectively (Fig. 5.13). Due to the differently sized spatial resolutions
of both instruments (sect. 3.1.3), the detected peaks in CO and those of CH20, C2H504, and
C3H402™* do not (and are not expected to) strictly correlate. Therefore, in the further analysis

emission ratios are not estimated directly with respect to CO.

4.2 TROPOMI measurements

As with the mini-DOAS instrument, the TROPOMI glyoxal retrieval is based on the DOAS
method. The data retrieval comprises (1) inferring of SCDs of the target gas from the measured
spectra according to the DOAS method, (2) conversion of the SCDs to VCDs based on air mass
factors obtained from radiative transfer modelling, (3) application of a background correction to
account for systematic retrieval biases.

For the present thesis, S5SP TROPOMI glyoxal VCDs for the period 2018-2019 were provided
by C. Lerot (Atmospheric reactive gases, Royal Belgian Institute for Space Aeronomy (BIRA-
TASB), Brussels, Belgium). A detailed description of the TROPOMI glyoxal retrieval can be
found in Lerot et al. [2021] and some key aspects are briefly outlined below.

The TROPOMI DOAS retrieval of glyoxal is based on previous studies on spaceborne glyoxal
measurements [Lerot et al., 2010; Alvarado et al., 2014; Chan Miller et al., 2014]. The DOAS
spectral fit of the measured optical depths is performed between 435 and 460 nm. It includes
absorption cross sections of glyoxal, nitrogen dioxide (220 and 294 nm), ozone (223 K), Oy
(293 K), water vapour (293 K), and liquid water. TROPOMI uses a mean radiance background
spectrum of backscattered skylight recorded over the remote Pacific. Additional correction
procedures include two pseudo absorbers to account for scene heterogeneity and an empirical
correction for measurements affected by strong NOs absorption. As described in detail in Lerot
et al. [2021], the latter correction is based on a linear regression fit obtained by a representative
sensitivity test for glyoxal measurements at NOy > 2 x 10'® moleccm?. The air mass factors
are computed with the vector model VLIDORT [Palmer et al., 2001; Spurr and Christi, 2019]
and used to convert the SCDs to VCDs. A priori vertical glyoxal profiles are obtained over
continents with the BIRA-TASB global chemical transport model MAGRITTE [Miiller and
Brasseur, 1995]. Over the oceans, a common glyoxal a priori profile based on measurements over
the Pacific is applied to all measurements [Volkamer et al., 2015]. Further, all retrievals under
cloud cover and at solar zenith angles (SZA) above 70° are filtered out. The latter accounts for
the reduced sensitivity due to enhanced Rayleigh scattering, which prevents sensitive glyoxal
detection near the surface. The average uncertainty of the retrieved glyoxal VCDs is on the order
of 1 x 10 — 3 x 10™* moleccm™2 (30-70% for an average VCD of > 2 x 10'* moleccm™2). Due
to the low optical density of glyoxal, single spaceborne measurements are affected by noise and
spectral interferences. Therefore, the TROPOMI observations at the 0.05° x 0.05° resolution are
averaged in this study onto a coarser spatial grid of 0.25° x 0.25°.

The TROPOMI glyoxal retrieval was compared with reasonable agreement to previous
spaceborne and MAX-DOAS observations in the recent study by Lerot et al. [2021]. However,

MAX-DOAS glyoxal measurements are still sparse and not homogenised. As a result, the
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TROPOMI-MAX-DOAS comparison was limited to only nine measurement sites in continen-
tal Europe and Asia. Since these MAX-DOAS measurements were performed with different
instruments and retrieval algorithms, the comparison may further be affected by the individual
measurement and retrieval characteristics. One key scope of the present thesis is therefore a
worldwide single instrument comparison of spaceborne and airborne glyoxal observations, both

over the continents and different oceans across all latitudes.
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Chapter 5

Observations and results

The following chapter discusses the major findings and observations from all measurements in
four main steps. Firstly, based on the collocated data from all research missions, tropospheric
glyoxal is analysed in (1) pristine marine and terrestrial air (South and North Atlantic and
southern Argentina/Patagonia), (2) biomass burning affected air masses (mostly South America
and Tropical Atlantic), and (3) recently polluted air both over continents (Europe, South
America, and South East Asia) as well as the adjacent marine regions (Mediterranean and East
China Sea). The investigation of atmospheric glyoxal in these different air masses, seasons,
and regions is further extended by analysing the glyoxal vertical column density measurements
during all investigated research missions. In this second part of the chapter, the glyoxal VCDs
are also used for a detailed validation of the mini-DOAS airborne glyoxal observations based
on collocated glyoxal VCD measurements from the TROPOMI satellite instrument. In a third
step all airborne glyoxal measurements of vertical profiles and column densities are used for an
evaluation of the portrayal of atmospheric glyoxal by the global photochemical transport model
EMAC. Finally, the glyoxal measurements in the biogenic and wildfire affected air masses over
the tropical rainforest and the Amazon river delta are analysed in more detail and combined
with simultaneous observations of the carbonyls formaldehyde and methylglyoxal.

Main parts of this chapter have been published in Kluge et al. [2020] (section 4 and 5), or are
currently under review for publication in Kluge et al. [2022].

5.1 Global observations of glyoxal

In the following section, tropospheric glyoxal is analysed over eight different marine and terrestrial

global regions, in air masses of vastly different composition, ages, and altitudes.

5.1.1 Vertical profiles of glyoxal

Based on the combined data from the research missions ACRIDICON-CHUVA, OMO, EMeRGe-
EU, WISE, EMeRGe-Asia, CoMet, CAFE, and SouthTRAC, atmospheric glyoxal profiles are
inferred in (1) pristine marine air (South, Tropical, North Atlantic), (2) biomass burning
affected air (mostly off-coast Africa and South America), and (3) recently polluted air both over
continents (Europe, South America, and South-East Asia) as well as adjacent marine regions
(e.g. Mediterranean Sea, Irish Sea, and East/South China Sea). The following section firstly
discusses the inferred vertical profiles of glyoxal and compares them to previous measurements,
before the Nadir VCDs and integrated profiles are inter-compared with collocated TROPOMI
glyoxal VCD measurements. Finally, the airborne measurements of glyoxal mixing ratios and

VCDs are compared to respective simulations from the EMAC model.
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Table 5.1: Observed median, median absolute deviation, and maximum (in brackets) glyoxal
mixing ratios [ppt] as a function of different geographic regions, air mass types, and altitude
ranges. If available, chemical markers are used for the attribution of the air masses to the different
regimes: Polluted air masses are differentiated into fresh or aged biomass burning (P fresh/aged
or Ppg, in cases where the plume age is not known), anthropogenic pollution (Pantnr.), and
mixed pollution (Pyix). Further categories consist of air masses rich in bVOC emissions (labelled

biogenic, e.g. the tropical rainforest) as well as pristine air.

Region Air mass type Glyoxal [ppt]
Lower Free Upper
troposphere troposphere troposphere
0-3 km 3-8 km 8-15 km
. pristine 10 £ 10 (139) 3415 (84) 3+ 3 (36)
South Atlantic PBB_aged 3349 (45) 31411 (187)
i . pristine+Ppp agea 44427 (382) 1349 (185) 13 (246)
Tropical Atlantic PEB _aged 58410 (94)  41+13(168) 5+ 10 (3192)
. pristine 19 4 4 (144) 13 +6 (51) 544 (191)
North Atlantic P 53 + 54 (2970)
P i 279+ 114 (845) 20+ 11 (309) 54 (87)
Mediterranean Sea PBB-aged 126 + 12 (147)
Panthr. 182 4+ 103 (570)
pristine 23420 (223)  244+10 (204)  5+3 (119)
South America PBB-aged 96 + 3 (102) 3432 (311)
rainforest 87415 (476) 36+ 16 (593)  3+8 (33)
Proix 75442 (323) 114+15 (340)  2+5 (418)
. PBE - aged 52421 (301) 29425 (109) 645 (234)
Bast China Sea Panthr. 7748 (209) 15411 (474)
. Poix 51424 (580) 14410 (441) 545 (493)
Continental Europe Pop 1241 (12)
Panthr. 399 + 67 (547) 204 £ 74 (277)

Figure 5.1 provides an overview of all glyoxal profiles inferred for the eight investigated regions.
This includes glyoxal profiles measured over Patagonia and the Amazon rainforest (Fig. 5.1,
panel a), East China Sea and Taiwan (panel b), the European continent and its northern islands
(panel c), the South Atlantic (panel d), the Tropical Atlantic (panel e), the North Atlantic (panel
f), and the Mediterranean Sea (panel g). The corresponding flight tracks as a function of altitude
are shown in Fig. 5.2 (panels a, d, g, j, and m) together with the along-track inferred glyoxal
mixing ratios (panels b, e, h, k, and n) and glyoxal VCDs (panels c, f, i, 1, and o).

As can be seen in Fig. 5.2, lower altitudes were mostly probed in the vicinity of potential
emission sources (e.g. large population centres and biomass burning events), whereas the remote
oceans were predominantly probed from the upper troposphere (Fig. 5.2 and Sect. 5.1.2). This
sampling was motivated by (1) the mission objectives, which often differed from those necessary
for in depth glyoxal monitoring, (2) flight track restrictions, which prohibited some of the intended
soundings (e.g. over the remote South Atlantic), (3) the required aircraft tracks with narrow
curves near airports which prevented a reliable Limb sounding, and (4) instrument malfunctions.
Consequently, the marine observations in the lower troposphere over the South and Tropical
Atlantic as well as over the Mediterranean Sea, contain a larger fraction of coastal rather than
remote ocean soundings. Also the vertical soundings over the Mediterranean Sea and North
Atlantic were mostly performed near larger pollution sources (e.g. Marseilles, Barcelona, and
Shannon), rather than over the remote sea, leading to a larger fraction of pollution-affected
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Figure 5.1: Vertical profiles of glyoxal in the different regions: South American continent in fall
2014 and austral spring 2019 (panel a); Taiwan and the East China Sea in spring 2018 (panel b);
the European continent in summer and fall 2017 and 2018 (panel c); the South Atlantic in austral
spring 2019 (panel d); the Tropical Atlantic and around the Cape Verde Islands in summer 2018
and austral spring 2019 (panel e); the North Atlantic and Irish Sea in fall 2017 (panel f); and
the Mediterranean Sea, English channel and North Sea in summer 2015, 2017, and 2018 (panel
g). The various marine environments are indicated in blue, terrestrial in green, and rainforest
in yellow, while perturbations due to biomass burning (BB) plumes are indicated in brown and
city plumes in grey. The Arabic numbers denote encounters with biomass burning plumes and
the Roman numerals with plumes of anthropogenic emissions (mostly city plumes). The three
largest glyoxal plumes observed are plume 1.2 (panel e) with up to 3192 ppt, plume III with up
to 2970 ppt (panel f), and plumes IV and V with up to 845 ppt and 774 ppt, respectively (panel
g). All four plumes are not shown in full scale for better comparability with the other profiles.
For better visibility of the different profile shapes, occasional negative measurements are not
shown (compare to Fig. 5.8).

observations in the planetary boundary layer as compared to higher altitudes. However, this bias
is expected to be small for vertical soundings in regions of widely polluted air (e.g. over polluted
continental areas) and the East China Sea, where vertical profiles were also inferred over the
remote ocean.

Nevertheless these observation related limitations, the glyoxal profiles provide valuable
information on the background of glyoxal in various environments around the globe including
marine (Fig. 5.1, blue colour) and terrestrial regions (Fig. 5.1, green colour) and the Amazon
rainforest (Fig. 5.1, yellow colour) as well as perturbations due to biomass burning (BB) plumes
(Fig. 5.1, brown colour) and city plumes (Fig. 5.1, grey colour).

The attribution of the different air masses to the respective emission types is based on
markers of typical chemicals emitted by anthropogenic activities and biomass burning. For the
EMeRGe-EU and EMeRGe-Asia missions, benzene (CgHg), isoprene (CsHg), and acetonitrile
(CH3CN) are used to detect anthropogenic pollution or biomass burning affected air masses
[Andrés Herndndez et al., 2022; Forster et al., 2022; Kriiger et al., 2022]. Biomass burning
plumes are further identified based on simultaneous measurements of CO [Tadic et al., 2017]
and black carbon [Holanda et al., 2020] during CAFE-Africa, and of CO [Miiller et al., 2015;
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Figure 5.2: Flight trajectories, measured glyoxal mixing ratios, and VCDs are displayed in the
top, middle and bottom rows, respectively, from over South America (panels a-c), the Tropical
Atlantic (panels d-f), the North Atlantic (panels g-i), Continental Europe (panels j-1), and
South-East Asia (panels m—o0). Note the logarithmic colour scale in the two lower rows of the
panels.

Kunkel et al., 2019], peroxyacetyl nitrate (PAN), ethane (CoHg), formic acid (HCOOH), methanol
(CH30H), ethylene (CoHy) [Johansson et al., 2022], and acetylene (CoHs) (S. Johansson, private
communication, Feb. 2022) during the SouthTRAC mission, and by visual inspection as well as
air mass back trajectory calculations for the ACRIDICON-CHUVA mission (Sect. 4.1.3.4.

Evidently, not all of the glyoxal observations can unambiguously be assigned to one of the
four encountered air mass types (pristine, biogenic, polluted, or biomass burning affected) as
described above, since either no markers for the different regimes were measured during individual
flights or entire missions (e.g. CoMet) or a mixture of polluted air masses from different sources
was probed, e.g. over continental Europe, the Mediterranean Sea, Taiwan and the East China
Sea [Lelieveld et al., 2018; Andrés Herndndez et al., 2022].

Table 5.1 provides an overview of glyoxal mixing ratios (median, median absolute deviation
and maximum) inferred in the distinctive regimes in the lower, middle and upper troposphere
in the different global regions. As expected, most glyoxal is observed in the lower and middle
troposphere over Europe, the Mediterranean Sea and Eastern Asia, and the smallest mixing ratios
are found over pristine marine (South and North Atlantic) and terrestrial regions (Patagonia).
In the upper troposphere, glyoxal mixing ratios are generally only a few ppt in all regions, if not
affected by biomass burning or other emission plumes.

Overall, the comparison of the glyoxal measurements with previous findings from varying
altitudes, regions and seasons around the globe shows a reasonable good agreement:

(1) Pristine marine air masses were mostly probed over the South Atlantic, with median
mixing ratios in the lower, middle, and free troposphere of 10 ppt, 3 ppt, and 3 ppt, respectively
(Fig. 5.1, panel d and Fig. 5.2, panels a—c). Over the South Atlantic, glyoxal mixing ratios
larger than 100 ppt are exclusively observed in aged biomass burning plumes or near the South
American coastline below 3 km altitude, where the enhancements very likely resulted from
respective continental outflow of glyoxal and its precursors. Comparable glyoxal mixing ratios of
19 ppt (median) are observed in the planetary boundary layer over the North Atlantic, with slight

glyoxal enhancements predominantly observed during ascents and descents into the Shannon
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airport (Ireland; Fig. 5.2, panels g—i). Also in the middle and free troposphere, the range of
observed glyoxal mixing ratios above the pristine South and North Atlantic compares well if not
affected by specific emission events (biomass burning for the South and mostly anthropogenic
emissions for the North Atlantic, see Fig. 5.1, panels d and f). Glyoxal observations in the remote
marine free troposphere and in particular in the free troposphere over the North Atlantic are still

sparse, and thus deserve further investigations.

In the pristine marine boundary layer, the glyoxal measurements compare well with obser-
vations by Mahajan et al. [2014], who found average glyoxal mixing ratios of typically 25 ppt
(upper limit 40 ppt) based on 10 oceanic cruises over the open oceans in different parts of the
world. For the South Pacific boundary layer, Lawson et al. [2015] reported glyoxal mixing ratios
ranging from 7 to 23 ppt, which is slightly smaller than the median observation in the boundary
layer over the Tropical Atlantic of 44 ppt.

In fact, compared to the measurements in pristine marine air (e.g. over the South Atlantic),
glyoxal over the Tropical Atlantic below 3 km is found to be on average four times larger (Fig.
5.1, panel e and Fig. 5.2, panels d—f). This observation of moderately elevated glyoxal in the
marine lower troposphere in the tropics support previous findings of elevated glyoxal in other
regions of the remote marine tropics, e.g. in the lower atmosphere over the East Pacific [Sinreich
et al., 2010; Volkamer et al., 2015].

(2) Pristine terrestrial air masses: The median glyoxal mixing ratios over Patagonia and
south Argentina (21 ppt) are are only slightly higher than those inferred for the South Atlantic.
In contrast to the other investigated terrestrial regions, in the lower and free troposphere over
Patagonia glyoxal mixing ratios appear to be approximately constant with altitude. Mixing ratios
significantly larger than the median are only observed when approaching population centres,
like Buenos Aires or Rio Grande (Argentina). In the upper troposphere and distant from such
emission sources of pollutants, glyoxal mixing ratios decrease further to a median of 5 ppt (Fig.
5.1, panel a), which is comparable to air masses investigated in the upper troposphere in the

other regions.

The lack of significant ground-based emission sources and thus rather small emission of glyoxal
and its precursors results in a close to constant vertical glyoxal profile over south Argentina, in
contrast to the measurements over the Amazon rainforest (Fig. 5.1, panel a). There, glyoxal
strongly decreases in the free and upper troposphere due to significant enhancements in the
boundary layer and the lower middle troposphere that are caused by large direct emissions of
glyoxal and its precursors by biomass burning as well as secondary formation from longer-lived
precursors emitted from the rainforest (mostly isoprene, see Sect. 5.2). Interestingly, glyoxal
in the lower troposphere over the Amazon basin is considerably smaller (median 87 + 15 ppt)
than reported from the tropical rainforest in a rural region of South-Fast Asia (up to 1.6 ppb;
MacDonald et al. [2012]). There, large emissions of isoprene were suspected to yield these high
glyoxal mixing ratios.

(3) Air masses affected by biomass burning: Two of the probed biomass burning plumes
(Fig. 5.1, brown colour) are documented in the literature. On 12 Nov. 2019, an aged (3—4 days
old) biomass burning filament was detected in the upper troposphere and lower stratosphere
over the Drake Passage around 57° S and 67° W, that most probably originated from Australian
bushfires [Kloss et al., 2021] (Fig. 5.1, panel d, event 3). On this day, elevated glyoxal up
to 83 £+ 32 ppt was continuously measured during a 280 km long flight section in the upper
troposphere south of Patagonia. On 8 Sept. 2019, an extended biomass burning plume was
crossed along the south Brazilian and Uruguayan coastlines towards Buenos Aires (Fig. 5.1,
panels a and e, event 1.1 and 1.2, and Fig. 5.6, panels ¢ and d). Within this plume, the largest
glyoxal mixing ratios among all biomass burning measurements were observed (up to 3192 ppt).
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The FIRMS fire map as well as air mass trajectory calculations show that the plume most
probably originated from wildfires in south Brazil, Uruguay, Paraguay, and northern Argentina
[Johansson et al., 2022] (see Sect. 5.1.2 and Fig. 5.6, panel c).

Based on the chemical markers, at least five more extended biomass burning plumes can be
identified from the measurements over the Tropical Atlantic (Fig. 5.1, events 4, 5 and 6) and
over the East China Sea (event 2). Additionally, occasionally smaller plumes were probed over
the Mediterranean Sea and continental Europe during several research flights (Fig. 5.1, panels
¢ and g). Also the air masses probed over East Asia were frequently influenced by biomass
burning plumes and anthropogenic emissions. This is exemplarily indicated for event 2 (Fig.
5.1, panel b), which marks the crossing of polluted air masses off-coast Taipei (Taiwan) on
19 March 2018. Around the Cape Verde Archipelago, extended biomass burning plumes were
crossed 400 km south-west of Cape Verde on 17 Aug. 2018 (event 4), later during the same flight
between the islands Sal and Praia (event 5) as well as ~ 500 km distant off the Brazilian coast at
1.6 km altitude on 12 Aug. 2018 (event 6). For all these encounters (except event 4), significant

enhancements in black carbon and CO were simultaneously detected.

(4) Air masses affected by anthropogenic activities were probed over the East China
Sea, continental Europe, the English Channel, and the Irish Sea (Fig. 5.1, panels b, ¢, f, and
g, and Fig. 5.2, panels g-0). In these regions, large glyoxal enhancements were observed in
predominantly anthropogenic (and occasionally biomass burning) polluted air masses at all
altitudes. These most probably originated from fresh anthropogenic emissions of glyoxal and its
precursor into the planetary boundary layer (e.g. plume IT with up to 547 ppt, Fig. 5.1, panel c),
which were further transported into the upper troposphere (e.g. plume III with up to 2970 ppt,
Fig. 5.1, panel f). Plume III was crossed between 10.5 and 12.5 km altitude above the Malin Sea
approx. 30 km north of Ireland on 28 Sept. 2017 (Fig. 5.3, panel a). This plume is remarkable
because of its particularly high glyoxal mixing ratios despite the high observation altitude. Air
mass trajectory calculations show that three to four days prior to the observation these air
masses had been transported in a warm conveyor belt originating from the North American lower
troposphere. The monitoring of a plume below 3 km altitude above the English Channel on 17
July 2017, which is one of the densest ship routes worldwide, yielded glyoxal mixing ratios up
to 774 ppt (Fig. 5.1, panel g, plume V), which is a factor of four times less as compared to the
glyoxal enhancement in the presumably much older air in plume III. Anthropogenic pollution
in the remaining but not categorized observations (Fig. 5.1, green) cannot be excluded as the
air masses are expected to be generally affected by pollution or biogenic emissions over Europe
and East Asia [Andrés Hernandez et al., 2022]. These plumes can often not unambiguously be
attributed to one of the three regimes and are therefore not more specifically categorized in the

further analysis.

Interestingly, the measurements in the boundary layer over continental Europe and the East
China Sea yield smaller medians than those inferred over the Mediterranean Sea, where glyoxal
even exceeds the observations over the Amazon rainforest (Table 5.1 and Fig. 5.1, panels a, b, ¢

and g).

Over continental Europe, the largest mixing ratios of 580 ppt were observed while approaching
Munich airport from the west at 671 m flight altitude on 20 July 2017. Constantly enhanced
glyoxal mixing ratios were observed especially over northern Italy (Fig. 5.1, panel c, event II, and
Fig. 5.3, panel c), where glyoxal increased up to 522 ppt at 836 m altitude (20 July 2017). Based
on all research flights in this region, a median of 395 4+ 71 ppt glyoxal in the lower troposphere
is inferred for May—July 2017/2018. This is much larger than observed in the boundary layer
over other European regions, e.g. Catania or Munich, with median glyoxal of 78 ppt and 51 ppt,
respectively (Fig. 5.3, panels b and d). Glyoxal in the boundary layer over northern Italy also
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Figure 5.3: Examples of glyoxal measurements displayed over select regions of Europe: (a) over
Ireland and Great Britain with the crossing of plume III during a flight leg between the Irish north
coast and Scotland; (b) eastern Sicily (Italy) around Catania (C) with the Etna volcano (black
square); (c) the Po Valley (Italy) with Turin (T) and Milano (Mi); (d) the Munich (M, Germany)
metropolitan area; (e) the Berlin (B, Germany) metropolitan area with the Janschwalde power
plant (J) in the south-east; and (f) the upper Silesian Coal Basin (Poland) with the coal-fired
power plants marked by black squares. Note the logarithmic scale of the colour axis. Grey areas
mark population centres based on 2002-2003 MODIS satellite images (made with Natural Earth).

exceeded the observations over the Upper Silesian Coal Basin in Poland (41 & 17 ppt; Fig. 5.3,
panel f), which is known as large emitter of anthropogenic pollutants.

Apparently, over Europe the emissions of glyoxal and its precursors from distinctive regional
sources of anthropogenic pollutants are, while locally confined, potentially much stronger than
those caused by widespread biogenic and biomass burning VOC emissions, e.g. over the Amazonian
rainforest (Fig. 5.1, panel a). Still, the median background (25-75% of the data range) is two
times larger over the Amazonian rainforest (4-65 ppt) compared to continental Europe (327 ppt),

as expected due to the steadily larger biogenic emissions there.

The anthropogenic emissions from some larger European coastal cities (Barcelona, Marseilles
and the gulf of Venice) were probed during research flights along the Mediterranean coast on
11, 20, and 24 July 2017 (Fig. 5.1, panel g). These soundings are the reason for the possible
high-biased glyoxal profile in the lower troposphere over the Mediterranean Sea, since lower
altitude measurements were not performed over the remote sea, but within the plumes of coastal
cities. During the measurements over the gulf of Venice on 20 July 2017, median mixing ratios of
363 + 102 ppt were observed between 0.5 and 3.3 km altitude, with a maximum of 845 + 206 ppt
at 500 m altitude presumably caused by VOC emissions from the nearby oil refinery and the oil
rigs in the Adriatic Sea. and/or ship traffic (Fig. 5.1, panel g, plume IV). The soundings into the
lower troposphere (0.5-3 km) near Barcelona on 24 July 2017 resulted in glyoxal mixing ratios
up to 158 ppt (median 111 ppt). While in the lower marine troposphere of the Mediterranean
Sea, glyoxal mixing ratios are even larger as over continental Europe, over the remote ocean the
vertical profile decreases quickly to a few ppt at higher altitudes. This is most likely a result of
the limited vertical transport by the shallow convection over the sea and the limited lifetime of

glyoxal and its major precursors.

The glyoxal profiles over Taiwan and the East China Sea (Fig. 5.1, panel b) are dominated

by the polluted air masses probed during the ascent/descent into Tainan (Taiwan) airport, the
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low altitude soundings over Manila (Philippines), and those performed over the East China Sea
between 17 March 2018 and 4 April 2018 (Fig. 5.1, panel b, and Fig. 5.2, panels m—o). The
identification of the various plume origins indicate encounters of both anthropogenic emissions
(e.g. plume I) as well as from biomass burning (e.g. event 2) during the flights. On 19 March
2018, while flying towards the remote East China Sea, enhanced mixing ratios of benzene and
toluene indicated growing influence of anthropogenic pollutants in the probed air masses with
simultaneous increase of glyoxal up to 179 ppt. Differently to the other marine measurements,
lower altitude observations over the East China Sea were obtained not only close to Taiwan, but
also over the more remote ocean. Given the larger emissions of pollutants by mainland China
and South Korea, it is not surprising that over the East China Sea glyoxal mixing ratios in the
lower troposphere significantly exceeded those above the South, Tropical and North Atlantic on
average by 31 ppt (Tropical Atlantic) up to 65 ppt (South Atlantic).

Overall, the glyoxal measurements in anthropogenically polluted air masses (Mediterranean
Sea, continental Europe, and East China Sea) fall into the range of previous studies in similarly
polluted air masses around the globe (e.g. Lee et al. [1998]; Volkamer et al. [2005a, 2007]; Fu
et al. [2008]; Sinreich et al. [2010]; Baidar et al. [2013]; Kaiser et al. [2015]; Volkamer et al. [2015];
Min et al. [2016]; Chan Miller et al. [2017]; Kim et al. [2022]).

5.1.2 Inter-comparison of airborne and satellite measured glyoxal VCDs

Vertical column densities of glyoxal were detected with the Nadir observing spectrometers of
the mini-DOAS instrument simultaneously to the Limb measured glyoxal mixing ratios. In
the following, these Nadir observations and the integrated profiles are used for a detailed
validation of the mini-DOAS glyoxal measurements using collocated satellite observations from
the TROPOMI instrument. The potential of each observation system as well as its limitations
regarding the detection of glyoxal is analysed in the different atmospheric source regimes, i.e.
(1) in predominantly pristine air, where both instruments operate close to their detection limits,
(2) over largely extended emission events (e.g. during the South American biomass burning
season), (3) in locally confined trace gas filaments in otherwise pristine air masses (e.g. small
biomass burning plumes in the marine atmosphere), and (4) in air masses generally affected by
differently aged biogenic and anthropogenic VOC emissions (e.g. over industrial agglomerations
of continental Europe, like the Po Valley or Upper Silesian Coal Basin).

The airborne mini-DOAS Nadir measurements are compared to respective same-day L3
processed glyoxal observations from the TROPOMI satellite instrument [Lerot et al., 2021].
Since the Sentinel-5p spacecraft was launched in October 2017, the comparison focuses on the
mini-DOAS measurements from 2018 onward (EMeRGe-Asia, CoMet, CAFE-Africa (all 2018),
and SouthTRAC (2019)). Additionally, the measurements over the North Atlantic (WISE, fall
2017) are included to extend the latitudinal coverage of the data set.

As discussed in sect. 3.1.4, in favour of an optimal and biased-minimized inter-comparison
between satellite and aircraft Nadir observations (which respects the similarities in observation
geometry and hence detection sensitivity), the Nadir observations from the high flying (> 8 km)
aircraft are preferred over those performed from the low flying aircraft. In consequence of this
altitude restriction, only data collected during two research flights remain for the inter-comparison
of the EMeRGe-Asia mission (Fig. 5.4, panel a and Fig. 5.7, panel b). Further, to obtain the
same limit for glyoxal detection from both instruments, i.e. in order to reduce the noise in the
satellite measurements, the TROPOMI glyoxal VCDs are averaged over a 0.25° x 0.25° grid. Each
grid box is centred around the individual footprint of a single mini-DOAS measurement (Fig. 5.5,
panel b). Even though the footprints of TROPOMI and mini-DOAS geographically overlap well

and only observations from the same day are chosen, the exact timing of the measurements may
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Figure 5.4: Distribution of individual glyoxal VCD measurements from the TROPOMI (blue)
and mini-DOAS (black) instruments after the latter are filtered for flight altitudes > 8 km and
according to the TROPOMI data for solar zenith angles < 70°. The L3 TROPOMI data at
a 0.05° resolution are averaged on a 0.25° x 0.25° grid around the mini-DOAS measurement
locations (see Fig. 5.5, panel b). Due to low number of airborne measurements > 8 km over East
Asia, the altitude filter prevents a thorough statistical analysis of the region (panel a).

differ significantly, which has to be taken into account when comparing specific emission plumes.

As the TROPOMI L3 data are filtered for observations with solar zenith angles < 70°
[Lerot et al., 2021], the same filter is applied to the mini-DOAS data. This mostly affects the
measurements over the South Atlantic as a consequence of the high geographic latitude and
consequently low sun position in the region. The largest remaining difference in the filtering
of both data sets is the TROPOMI cloud filter, which cannot be applied to the mini-DOAS
observations. However, the analysis of a possible colour index dependency of the airborne Nadir
glyoxal measurements (radiance at 620 nm compared to 440 nm) did not show any correlation
towards higher or lower biased observations for small (cloudy sky) or large (clear sky) colour
indices.

The glyoxal VCDs measured by both instruments generally agree well for all investigated
regions (Fig. 5.4), even though the inferred VCDs show the expected statistical scatter including
the occurrence of negative VCDs due to the statistical noise of the glyoxal retrieval close to
the individual detection limits. In the following, both data sets are more closely compared to
highlight their strengths and limitations for the detection of glyoxal in different situations and
ranges of VCDs.

(1) The detection of glyoxal in pristine air masses (South Atlantic and southern
Argentina) shows a good agreement among both instruments with a corresponding scatter
around zero (Fig. 5.4, panel d). In this region, TROPOMI and the mini-DOAS instrument
measure slightly elevated median glyoxal VCDs of (0.5 #+ 1.6) - 10** moleccm ™2 and (1.1 £ 1.6) -
10'* molec cm ™2, respectively. Compared to TROPOMI, the mini-DOAS distribution shows a
slightly larger right side tail (Fig. 5.4, panel d). This is a result of elevated glyoxal detected from
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Figure 5.5: Glyoxal measurements in the pristine marine atmosphere over the South Atlantic
between southern Patagonia (Argentina) and the Falkland Islands (UK) on 9 Nov. 2019. Panel
(a): along-track mini-DOAS glyoxal measurements (diamonds with black contours) with the
collocated same-day L3 TROPOMI observations at 0.25° x 0.25° resolution. For better visibility,
only every fifth mini-DOAS measurement is shown. Panel (b): spatial gridding of 25 high-
resolution TROPOMI measurements around an individual mini-DOAS observation. Panels
(c¢) and (d): Frequency distribution and scatter plot of the inferred glyoxal VCDs from the
mini-DOAS instrument versus TROPOMI L3 averaged on 0.25° x 0.25° according to panel (b).

the aircraft (and not captured by TROPOMI) in aged biomass burning plumes from over 20
smaller wildfires in the Chilean Biobio Region located about 100 km north-east of the HALO flight
on 15 Nov. 2019. Note that the scatter of TROPOMI data at the high resolution of 0.05° x 0.05°
is significantly larger than of the mini-DOAS measurements, even though both instruments have
comparable spatial resolutions. Evidently, this is a consequence of the much shorter observing
time and hence number of collected photons (about a factor of 6) from an individual pixel for
TROPOMI as compared to the mini-DOAS instrument owing to the much higher velocity of the
satellite (7500 ms™!) as compared to the aircraft (200 ms™!; compare sect. 3.1.4). For daily
TROPOMI data at 0.25° x 0.25° resolution, this scatter is largely smoothed-out (Fig. 5.5, panel
a), thus demonstrating the need to spatially degrade the high resolution TROPOMI glyoxal data
in glyoxal inter-comparison studies (Fig. 5.5, panels ¢ and d). The respective gridding of 25
high-resolution TROPOMI measurements around each mini-DOAS observation is shown for an

example measurement in Fig. 5.5, panel (b).

(2) The detection of glyoxal in largely extended biomass burning plumes shows
generally good agreement among both instruments, even though the differing overpass times and
resulting plume displacements may cause some discrepancy in the along-track comparison. Such
large plumes were e.g. detected over the gulf of Cadiz along the southern Portuguese coast on 7
Aug. 2018 (Fig. 5.6, panels a and b) as well as over southern Uruguay on 7 Oct. 2019 (Fig. 5.6,
panels ¢ and d). Satellite images from the MODIS instruments on the Terra and Aqua satellite
taken over the gulf of Cadiz on the same day show a well confined biomass burning plume that
was captured by both instruments with a respective increase in glyoxal (Fig. 5.6, panel a). While
the TROPOMI detected glyoxal VCDs quickly decrease around the margins of the plume, the
mini-DOAS instrument still measured slightly elevated glyoxal VCDs in the margins of the plume
(Fig. 5.6, panel b, data below the 1:1 line). This behaviour is especially pronounced towards

the open Atlantic west of the plume and might be a result of an apparent degraded sensitivity
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Figure 5.6: Collocated glyoxal VCDs from mini-DOAS observations (diamonds with black
contours) and 0.25° x 0.25° resolution L3 TROPOMI observations (squares) in different regions
(panels a, c, e, and f) with corresponding scatter plots (panels b, d, and g), where each TROPOMI
observation is gridded around the mini-DOAS measurements as exemplary shown in Fig. 5.5,
panel (b). For better visibility of the underlying satellite image, the footprints are not to scale.
Panels (a) and (b): Monitoring of a glyoxal plume from wildfires in the Serra de Monchique
(Algarve, Portugal), detected by TROPOMI and by the mini-DOAS instrument (13 km flight
altitude) over the gulf of Cadiz at 13:50 UTC and 11 UTC, respectively, on 7 Aug. 2018. Panels
(c) and (d): Overpass of extended biomass burning plumes near the Uruguayan coast region
observed by TROPOMI (overpass at 17:00 UTC) and mini-DOAS (8-13 km flight altitude) at
10:45 UTC on 7 Oct. 2019. Panels (e), (f), and (g): Monitoring of a glyoxal plume within
the marine boundary layer above the East China Sea, south-west of Japan, on 30 March 2018
at 12:50 UTC (TROPOMI) and 1:40 UTC (mini-DOAS) with the geographic overview (panel
e), zoom of the flight track (panel f), and respective scatter plot (panel g). The wildfire data
(red circles, not to scale) are derived from MCD14 MODIS observations on the Terra and Aqua
satellites. The MODIS satellite images are taken from NASA WORLDVIEW based on the
satellite overpasses on 13:48 UTC on 7 Aug. 2018 (panel a), 17:23 UTC on 7 Oct. 2019 (panel
¢), and 2:30 UTC on 30 March 2018 (panel e).
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of TROPOMI to detect small glyoxal enhancements in the lower troposphere over dark water

surface, such as the ocean (see Sect. 6).

The glyoxal enhancements over Uruguay on 7 Oct. 2019 cannot be ascribed to a specific
but instead to more dispersed plumes due to extended wildfires in central Uruguay and in the
north-east of Argentina. Here, the large scatter of the data in Fig. 5.6, panel (d) is primarily a
result of the temporal mismatch between the observations of 6 h (overpass mini-DOAS around
10:45 UTC and TROPOMI at 17 UTC).

(3) The detection of glyoxal in small or aged plumes over the oceans with moderately
enhanced glyoxal shows sizeable differences between both instruments. Such plumes predominantly
originate from continental wildfires and were frequently observed in all regions during all research
missions (Fig. 5.1). Over the oceans, such plume encounters can be well distinguished from the
pristine surroundings with low glyoxal due to resulting high local concentration gradients. In
contrast, for observations over land with generally higher glyoxal concentration in the background,
such plume encounters with only moderately enhanced glyoxal are less distinct (Fig. 5.6, panels
b, ¢, and g). During the South Atlantic and Tropical Atlantic flights, the various smaller plumes
detected from the aircraft in the upper troposphere were mostly not observed by TROPOMI,
e.g. along the south Chilean coast on 15 Nov. 2019 (see Sect. 5.1.1). During the various
encounters of biomass burning plumes over the Atlantic, TROPOMI thus detects generally
smaller glyoxal VCDs than the mini-DOAS instrument. This causes the right side tail of the
mini-DOAS distribution and accordingly a slight increase in the median of the VCD distributions
(Fig. 5.4, panels c and d). The same behaviour is observed for plume encounters at lower altitudes,
e.g. within the marine boundary layer below 2 km over the East China Sea south of Kyushu
island (Japan) on 30 March 2018 (Fig 5.6, panels e, f, and g), or at 1.6 km altitude and ~ 500 km
north-east of the Brazilian coast over the Tropical Atlantic on 15 Aug. 2018 (see Sect. 5.1.1),
which were both not detected by TROPOMI. Similar observations were made during multiple
other occasions, e.g. during biomass burning plume encounters near the Canary Islands on 7 and
15 Aug. 2018 and 7 Sept. 2018, off-coast Brazil on 4 Nov. 2019, along the West African coast
on 10 and 31 Aug. and 4 Sept. 2018, and along the coast of Japan east of Osaka on 4 April
2018. Very likely, the undetected increase of glyoxal in such small or low lying biomass burning
plumes by TROPOMI is a result of (a) the potentially small vertical extent of some of the low
lying plumes and hence their relatively small contribution to the total atmospheric VCD, (b)
the small horizontal extent of the plumes, which may just not be detectable by the satellite due
to the lower spatial resolution of TROPOMI for co-added pixels, or simply missed due to the
temporal mismatch with the airborne observations, (c) an incorrect a priori glyoxal profile in
the air mass factor calculations, or (d) a decreased sensitivity of the TROPOMI instrument to
low lying plumes over surfaces with low reflectivity (e.g. oceans), or a combination of all these

circumstances.

(4) The detection of glyoxal in mixed polluted continental or coastal air masses
(e.g. over continental Europe) agrees well between both instruments for upper tropospheric
measurements, even though glyoxal VCDs are sometimes underestimated by TROPOMI (e.g. over
the Upper Silesian Coal Basin). While the discussion of space and aircraft observations generally
focuses on aircraft observations in the upper troposphere (as explained above), the airborne
instrument was found to generally measure more glyoxal than the satellite for measurements
closely above and within the polluted boundary layer. This is primarily a consequence of the
observation geometry, the different a priori assumptions, and the proximity of the measurements
to the pollution. At lower flight altitudes, a relatively larger fraction of photons detected by the
aircraft instrument will have travelled through the pollution layer than the photons detected by
the satellite. Secondly, the mostly larger assumed a priori glyoxal for the airborne observations
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Figure 5.7: Comparison of inferred glyoxal VCDs for TROPOMI (blue) and mini-DOAS mea-
surements (black) for the different regions: South American continent (panel a), East China
Sea (panel b), continental Europe and its northern islands (panel c), South Atlantic (panel d),
Tropical Atlantic (panel e), North Atlantic (panel f), and the Mediterranean Sea (panel g). The
whisker boxes indicate the 25th to 75th percentile ranges and respective medians with in-range
minima and maxima. For comparison, also the integrated glyoxal Limb profiles (IP, see Sect.
5.1.1) for the different subsets of data are shown (green squares). For the South American
Continent, mini-DOAS VCD measurements are only available for the Patagonia and Argentina
SouthTRAC deployments in fall 2019. For the measurements before 2018, TROPOMI data were
not yet available.

as compared to MARGRITTE CTM simulations for low altitudes in polluted environments
leads to a larger detection sensitivity for glyoxal of the aircraft at these altitudes (Figs. 3.8 and
3.9). This becomes in particular noticeable when the aircraft is close to within the polluted
lower atmosphere. For such measurements, the box air mass factors give even more weight to
the glyoxal located below the aircraft than to the glyoxal fraction above the aircraft (to which
the satellite relatively gives more weight). Over continental Europe, both instruments detected
median glyoxal VCDs roughly two to five times larger than over pristine marine environments,
such as over the South, Tropical, and North Atlantic (Fig. 5.7, panels ¢, d, e, f, and g). When
probing distinct (mostly anthropogenic) emission sources of glyoxal and its precursors such
as over major population centres (e.g. Bologna) or industrial agglomerations (e.g. the Po
Valley or the upper Silesian Coal Basin), TROPOMI generally measures smaller VCDs than
the mini-DOAS instrument (right side tail in the mini-DOAS distribution in Fig. 5.4, panel
b). Accordingly, over the Upper Silesian Coal basin a factor of five times larger glyoxal VCDs
are detected by the mini-DOAS instrument ((7.2 4 4.4) x 104 molec cm™2) than by TROPOMI
((1.3 £2.4) x 10'* moleccm~2). The smaller VCDs reported by TROPOMI over populated and
industrial areas with a correspondingly increased aerosol load in the boundary layer might be

caused by the decreased detectability of glyoxal from space.
Figure 5.7 shows the glyoxal VCDs inferred for collocated flight sections in the different regions

and seasons with the median, 25th and 75th percentiles (box edges) and whiskers indicating
in-range minima and maxima. Additionally, the glyoxal VCDs inferred from the integrated Limb
profiles are compared to the Nadir inferred VCDs (Fig. 5.7, green squares). The VCDs obtained
from the integrated vertical glyoxal profiles (IP) are in good agreement to the Nadir measured
VCDs, thus providing confidence in the consistency of the airborne glyoxal measurements. In
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Figure 5.8: Measured and simulated vertical profiles of glyoxal over the different regions (model
simulations in red, continental measurements are shown in green, over the rainforest in yellow,
and marine observations in blue). For the comparison, only positive valued measurements are
considered due to the missing randomness of the model simulations (see text). Since for the
measurements over the Amazon rainforest in 2014 and over the Mediterranean and Near East
in 2015 no EMAC simulations are available, simulations performed for the year 2017 are used
instead (panel b and a minor part of the data in panel h). The data are plotted in 1 km altitude
bins for the 25th to 75th percentiles (whisker boxes) with respective medians and with in-range
minima and maxima. Identified emission events (see Fig. 5.1 and Sect. 5.1.1) are excluded to
enable a climatological comparison of the characteristic background atmosphere of each region.

general, a good agreement is found between the airborne and space-borne glyoxal measurements
for all regions and seasons, with the exceptions discussed above.

Even though (aged) biomass burning plumes often only extend over a limited altitude range
in the lower and middle troposphere and therefore may only contribute a minor fraction to the
total VCDs in background air, they are apparently discernible in airborne observations and in
cases of more pronounced pollution or large vertical extent even from space (e.g. Fig. 5.6, panels

a and b, and Fig. 5.7, panels a and c).

5.1.3 Inter-comparison of airborne measured and EMAC simulated

glyoxal

In the following, the airborne glyoxal measurements are compared to EMAC model simulations
provided by S. Rosanka (Forschungszentrum Jiilich Institute for Energy and Climate Research:
Troposphere (IEK-8)) and performed at the Jiilich Supercomputing Centre (sect. 3.1.5). The
simulations of glyoxal mixing ratios and VCDs are performed on a 10 min time grid resolution
along the flight trajectories based on the settings described in sect. 3.1.5. For the measured versus
modelled inter-comparison, VCDs detected at all flight altitudes are included in the analysis.
This comes with the advantage of a larger number of available VCD measurements than for the
airborne to satellite comparison (in particular over the East China Sea), but at the same time the
flight medians slightly change from those compiled for the satellite comparison (Fig. 5.7 and Fig.
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Figure 5.9: Difference of measured airborne and EMAC simulated glyoxal for the different
regions (continental measurements are shown in green, over the rainforest in yellow, and marine
observations in blue). For the comparison, only positive valued measurements are considered due
to the missing randomness of the model simulations (see text). Since for the measurements over
the Amazon rainforest in 2014 and over the Mediterranean and Near East in 2015 no EMAC
simulations are available, simulations performed for the year 2017 are used instead (panel b and
a minor part of the data in panel h). The data are plotted in 1 km altitude bins for the 25th to
75th percentiles (whisker boxes) with respective medians and with in-range minima and maxima.
Profiles for identified emission events (see Fig. 5.1 and Sect. 5.1.1) are calculated separately
(biomass burning in brown and anthropogenic emissions in black).

5.10). For the comparison, it is distinguished between observations in background air (outside of
identified emission events) and observations of elevated glyoxal due to specific emission plumes
(see Fig. 5.1 and Sect. 5.1.1). The resulting profiles differentiate the characteristic background
glyoxal in each region (green, yellow, and blue in Fig. 5.9) from local glyoxal enhancements due
to biomass burning or anthropogenic pollution (brown and black colours, respectively, in Fig.
5.9). Since for low glyoxal concentrations the measurement noise occasionally leads to negative
data (see Fig. 5.4 and Fig. 5.10), and the model does not reproduce such measurement noise,
negative glyoxal measurements are omitted from the comparison (appendix D, Fig. D.1, black)
rather than to keep them in the analysis (appendix D, Fig. D.1, red). The comparison of both
approaches however indicates that including or excluding negative measurements causes only
minor changes to the results, which are all within the uncertainty of the given median differences
in the observations (appendix D, Fig. D.2).

However, the performance of the same comparison including negative glyoxal observations
yields only small deviations to the comparison without negative glyoxal, all within the uncertainty
range of the inferred median observation to model differences.

For the employed EMAC set-up, simulated glyoxal underestimates measured glyoxal to varying
degrees, in agreement with previous findings (e.g. Myriokefalitakis et al. [2008]; Fu et al. [2008];
Stavrakou et al. [2009a]; Walker et al. [2022]; and Figs. 5.9 and 5.10). The best agreement
between the model and measurement and thus smallest glyoxal underestimation is generally
found for the upper troposphere and in most pristine regions with only little surface emissions or
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Figure 5.10: Comparison of measured airborne (black) and simulated (red) glyoxal VCDs in the
different regions and for all flight altitudes of the measured data.

expected long-range transport of glyoxal and its precursors, i.e. over Patagonia or the North
Atlantic (Fig. 5.9, panels a, e, and g, and Fig. 5.10, panels a, d, and f). Larger differences
of modelled and measured glyoxal are found for regions with significant biogenic (e.g. tropical
rainforests), anthropogenic (e.g. continental Europe, East China or Mediterranean Sea; Fig. 5.9,
panels ¢, d, and h, and Fig. 5.10, panels b, ¢, and g), or biomass burning related emissions of
glyoxal and precursor VOCs (e.g. the Tropical Atlantic, Fig. 5.9, panel f, and Fig. 5.10, panel e).
In the mixed polluted background atmosphere over continental Europe, the comparison shows a
relatively small glyoxal underestimation by EMAC (Fig. 5.9, panel d, green), whereas measured
and modelled glyoxal differ significantly when probing local emission hotspots (e.g. city plumes;
Fig. 5.9, panel d, grey) as well as in the mixed polluted marine boundary layer over both the
East China and Mediterranean Sea (Fig. 5.9, panels ¢ and h).

The following three key findings are eminent:

(1) Over the tropical rainforest, with its significant surface emissions of biogenic VOCs,
the model overestimates glyoxal by a factor of 2-3 in the planetary boundary layer and free
troposphere (Fig. 5.9, panel b). At higher altitudes (> 8 km), measured glyoxal exceeds the
simulations, as it is also observed for the other investigated regions. This may indicate too strong
emissions of short-lived biogenic VOCs (e.g. isoprene) from the rainforest and/or overestimated
emissions of longer-lived glyoxal precursor molecules (e.g. aromatics, aliphatic compounds) within
the model. In addition, the strong overestimation might point to missing glyoxal loss processes
like the uptake and hydration and oligomerization in cloud droplets which have been recently
represented in EMAC in the Jiilich Aqueous-phase Mechanism of Organic Chemistry [JAMOC;
Rosanka et al., 2021b,a].

(2) In distinctive biomass burning or anthropogenic emission plumes (Fig. 5.9, brown and
grey), the glyoxal underestimation from the model is found to be larger than outside of the plumes.
For example, glyoxal enhancements due to city plumes over Europe are mostly reproduced by the
model, however with the magnitude underestimated on average by a factor of 8. The reasons for
this underestimated glyoxal in polluted air masses are presently unclear, but may be related to
incorrect assumptions regarding the strengths and composition of the anthropogenically emitted
mixture of glyoxal producing VOCs. At the same time, the different spatial resolutions of the
airborne observations and EMAC (about 209 x 209 km?) may further amplify the underestimation
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of individual city plumes by the model.

(3) The findings of enhanced glyoxal in the tropical marine boundary layer are in agreement
with previous reports from the Tropical Pacific and Atlantic (e.g. Sinreich et al. [2010]; Walker
et al. [2022]), but are not reproduced by the model (Fig. 5.9, panel f). Over the Tropical Atlantic,
EMAC simulates an approximately constant vertical profile with much smaller median glyoxal
mixing ratios (4 ppt) than observed (44 ppt). In the free and upper troposphere, the simulations
and observations outside of biomass burning plumes agree better. Again, this discrepancy may
point to missing glyoxal sources related to the organic micro-layer at the sea surface in the model
(e.g. Chiu et al. [2017]; Briiggemann et al. [2018]).

5.2 Measurements of formaldehyde, glyoxal, and methyl-

glyoxal over the Amazon rainforest

The second part of this chapter focuses on the measurements over the tropical rainforest and
the Amazon river delta. The vertical profiles of the carbonyls formaldehyde, glyoxal, and
methylglyoxal are compared and possible precursors of sources are discussed. A particular focus
is put on their emissions from biomass burning plumes, which frequently occur during the tropical

dry season and can reach large regional extents.

5.2.1 Vertical profiles

Based on all four measurement flights over the Amazon rainforest, the volume mixing ratios of
the target gases, and additionally of CO as final and respectively long lived oxidation product of

the VOCs, are analysed as a function of the measurement altitude in the troposphere.

5.2.1.1 CO

Below 450 m altitude, CO mixing ratios range from 88.6 ppb to 291.8 ppb (Fig. 5.11, panel a),
with a mean of [CO]=188.1 ppb. Within the planetary boundary layer, CO mixing ratios increase
from 88.4 ppb to 2308 ppb (mean [CO] = 212.8 ppb), with peak mixing ratios above 500 ppb
appearing when biomass burning plumes are directly passed. Lowest [CO] mixing ratios in the
range of 55.1 ppb to 231.9 ppb (mean [CO] = 86.3 ppb) are found in the middle troposphere
between 6 and 8 km altitude. In the upper troposphere (12-14 km), CO increases from 52.5 ppb
to 212.6 ppb (mean [CO] = 134.5 ppb). In the convective tropics, C-shaped CO profiles are a
well-known phenomenon, caused by the rapid transport of near surface CO rich air by meso-scale
convective systems into the upper troposphere (e.g., Brocchi et al. [2018]; Krysztofiak et al. [2018]).
When binning the data in 100 m altitude intervals and averaging over the lower and upper data
quartiles within each interval, another maximum forms around the top of the boundary layer.
Most likely, this suggests that over the Amazon biomass burning plumes often detrain their
pollutants near the top of the boundary layer (e.g. at 17:24 UTC, Fig. 4.3).

5.2.1.2 Formaldehyde

The inferred formaldehyde ranges from 4.5 ppb near the surface to mean mixing ratios of 30 ppt
in the upper troposphere (above 10 km). Mixing ratios within the boundary layer and middle
troposphere vary significantly (Fig. 5.11, panel b). In part, this might be a manifestation of the
direct emission of formaldehyde into the lower part of the atmosphere, or the in situ formation
of formaldehyde during the oxidation of bVOCs as well as partly oxidized VOCs (OVOCs).

Figure 5.12 puts the present formaldehyde measurements over the Amazon into the context of
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Figure 5.11: Vertical profiles of CO (panel a), formaldehyde (CH2O, panel b), glyoxal (CaH20s,
panel ¢), and C3H402* (panel d) as measured during flights AC09, AC11, AC12, and AC13
(blue circles). Note the logarithmic scale of the x-axis in panel a. For AC09, there are no CO
data available. The grey lines indicate a spline fit (panel a) and least squares fits (panel b to d)
through the lower quartile of the data (grey triangles) in 100 m altitude bins. The black lines
show corresponding fits through the mean of the upper quartile (black diamonds).

previously published formaldehyde observations all over the world. Within this comparison, it is
remarkable that the lowest formaldehyde mixing ratios measured over the Amazon are similar to
formaldehyde reported by Peters et al. [2012] within the boundary layer and middle troposphere
over the West Pacific. The measurements in the upper troposphere compare well to findings from
Dufour et al. [2009] and Boeke et al. [2011] over Brazil and North America, respectively. The
lowest mixing ratios measured in the middle and upper troposphere may reflect formaldehyde
formed during the oxidation of mostly methane and, if available, some residual VOCs, OVOCs,
and bVOCs (e.g. Fig. 5.11, panel ¢ for glyoxal and panel d for methylglyoxal), since their
photochemical and heterogeneous removal is often slower than the formaldehyde photochemical
lifetime of only a few hours [Frost et al., 2002]. In contrast, the largest formaldehyde mixing
ratios measured over the Amazon at any altitude appear slightly smaller than the average, and
significantly smaller than the maximum mixing ratios reported from the joint SENEX aircraft
observations of formaldehyde and glyoxal over North America [Kaiser et al., 2015; Chan Miller
et al., 2017].
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Figure 5.12: Comparison of different formaldehyde measurements available from the literature
[Arlander et al., 1995; De Smedt et al., 2008; Fried et al., 2008; Dufour et al., 2009; Steck et al.,
2008; Boeke et al., 2011; Peters et al., 2012; Kaiser et al., 2015; Chan Miller et al., 2017] with
those of the present study (grey). The geographical regions of the measurements are Brazil, South
America (SA), North America (NA), West Pacific (WPacific) and MIPAS-Envisat measurements
covering orbit 8164, 14° S/46° W.

5.2.1.3 Glyoxal

Glyoxal mixing ratios range from 85 ppt to 250 ppt below 500 m altitude and decrease in the
upper troposphere (12-14 km) to mixing ratios from 5 ppt to about 49 ppt. Close to the ground,
the mixing ratios are comparable to those found in the present study over the Tropical Atlantic
and much smaller than over continental Europe, the Mediterranean Sea, and the East China
Sea. The measurements over the rainforest are further comparable to those observed over North
America by Kaiser et al. [2015] and Chan Miller et al. [2017], but much larger than those measured
in pristine air masses of the South Pacific (7-23 ppt; Lawson et al. [2015]). Evidently, besides
glyoxal formation during the oxidation of bVOCs [Wennberg et al., 2018], a fraction of the
near surface and boundary layer glyoxal is certainly due to direct emissions by biomass burning
[Zarzana et al., 2018; Andreae, 2019]. In the middle troposphere, the inferred mixing ratios of
glyoxal are significantly larger than observations during SENEX (which reach to approximately
6 km altitude) and are also larger in the upper troposphere above 6 km when comparing to
data extrapolated from SENEX. Between 6 and 14 km altitude, glyoxal enhancements of up
to =~ 63 ppt become apparent when compared to either the SENEX data or the binned lower
quartile of the present data set. Such elevated mixing ratios of glyoxal in the middle and upper
troposphere point to an efficient vertical transport of glyoxal and its precursors VOCs, OVOCs,
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and bVOCs from their emission sources at the ground or to direct formation from longer-lived
VOCs (e.g. phenols) [Andreae et al., 2001; Taraborrelli et al., 2021]. Further, glyoxal and
C3H405™ present at higher atmospheric altitudes may serve as a marker for the formation of
ISOPOO (isoprene peroxy radicals), ISOPOOH (oligomer hydroxyhydroperoxides) and finally
IEPOX (isoprene epoxydiols) within the isoprene oxidation chain [Wennberg et al., 2018]. In fact,
IEPOX mediated SOA formation in the upper troposphere over the Amazon has been reported
from observations made within the framework of the ACRIDICON-CHUVA project [Andreae
et al., 2018; Schulz et al., 2018; Liu et al., 2022].

5.2.1.4 Methylglyoxal

The detection of C3H4O2™, here taken as the sum of methylglyoxal and larger carbonyls as
described previously, appears elusive due to the spectral interference among the different species.
Weighting of the measured total absorption for CsH4O5* with the relative absorption cross
sections of the inferred C3H4O5, C4HgO2 (biacetyl), and C4CgO,4 (acetylpropionyl) (Zarzana
et al. [2017], Fig. S4) may be indicative of the relative abundance of each species. Based on
arguments of Zarzana et al. [2017], a weighting factor of 2.0 & 0.5 is applied by which the inferred
C3H405™ needs to be divided for indicative CsH4O5 mixing ratios. However, note that the factor
of 2.0 £ 0.5 may largely depend on the precursor concentrations, and thus on the geolocation,
altitude, and geophysical regime, and therefore barely provides more than a hint on its true size.

Due to the lack of previous atmospheric C3H,02* (or C3H402) measurements, it is more
difficult to put the inferred C3H,O2™ profile into the context of previous measurements (Fig.
5.11, panel d). As for the other measured hydrocarbons, the largest C3H4O2* mixing ratios
between 1.2 ppb and 2.8 ppb (mean [C3H;05*]=1.6 ppb) are found near the ground and within
the planetary boundary layer. Below 1 km altitude, the resulting C3H4O2 of 0.8 ppb to 2.8 ppb
(mean [C3H402*]=1.5 ppb) are considerably larger than recently reported C3H,4O2 mixing ratios
(28 ppt to 365 ppt) from a Mediterranean site with intense biogenic emissions and low levels
of anthropogenic pollutants [Michoud et al., 2018], as well as measurements at Cape Grim
(28 £ 11 ppt) and the Chatham Rise (10 & 10 ppt) in pristine marine air [Lawson et al., 2015].
Therefore, a major fraction of the enhanced C3H402™ is assumed to be related to the oxidation
of bVOCs and biomass burning (e.g., Andreae and Merlet [2001]; Akagi et al. [2011]; Stockwell
et al. [2015]; Zarzana et al. [2017, 2018]; Andreae [2019]). Evidence that the former is overall the
more relevant process (as compared to direct emissions by biomass burning) in the Amazonian
troposphere is also provided by the relatively compact clustering of the inferred C3H405™ along
the fit of the lower quartile of the data.

Figure 5.13 shows the inferred trace gas mixing ratios of formaldehyde (panel a), glyoxal
(panel b), methylglyoxal (panel ¢), and CO (panel d) during an example flight over the Amazon
rainforest on 16. Sept. 2014. Notable are the significant enhancements of all three carbonyls due
to several biomass burning plume crossings during the flight.

The measured trace gas mixing ratios are the largest for flight sections within the planetary
boundary layer (14:45 to 15:15 UTC and 17:05 to 17:45 UTC), and the lowest in the upper
troposphere (16:15 to 16:45 UTC and 19:15 to 20:20 UTC). Notable are the peaks in CO while
flying through the Manaus city plume (grey bars) or biomass burning plumes (red bars). Elevated
mixing ratios of formaldehyde, glyoxal, and methylglyoxal can be related to biomass burning
as well as to air masses of presumably aged background air (labelled with the green bars) as
evidenced by the only moderately elevated CO. Here, the numbers (1) to (6) in panel a of Fig.
5.13 denote biomass burning affected air (1-3), air of the Manaus city plume (4), pristine air of
the upper troposphere (5), and boundary layer air above the tropical forest (6). Sky images of
all six situations (labelled 1 to 6) are shown in Fig. 4.3.
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Figure 5.13: Measured mixing ratios of formaldehyde (panel a), glyoxal (panel b), methyl-
glyoxal (panel c), CO (panel d), inferred Rgr = ACyH302/ACH;0 (panel e), Ryp =
AC3H402" /ACH20 (panel f), and the height versus time trajectory for the HALO flight AC11
(panel h). The shaded blue area in panels a to ¢ shows the respective measurement uncertainty.
All measurements within the Manaus city plume are marked by grey bars (e.g. event AC11-4).
Examples for measurements in aged air masses of the upper troposphere are marked in blue
(e.g. events AC11-5.1-5.4), and green for the general background atmosphere i.e. tropical forest
affected air (e.g. event AC11-6). All measurements of biomass burning plumes are labelled in red
(events AC11-1, AC11-2 and AC11-3). The event numbers correspond to the labelling in Table

5.2 and Fig. 3.7.
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Figure 5.14: Comparison of the integrated total column densities of formaldehyde (CH20) and
glyoxal (C2H5052). The vertical bars indicate the range of the observed vertical column amounts
as reported in the respective studies. The uncertainty range for Wittrock et al. [2006] and
Alvarado et al. [2014] was estimated based on Vrekoussis et al. [2009].

5.2.2 Comparison to satellite measurements

Due to the lack of mini-DOAS Nadir measurements during ACRIDICON-CHUVA, no VCD mea-
surements of the target gases were performed over the rainforest. But, since neither formaldehyde
nor glyoxal have relevant stratospheric sources, the integration of the profiles should yield their
total vertical column density over the investigated region. The uncertainty of the integrated
profiles follows from the altitude weighted total error of the measurements as displayed in Fig.
3.10. The observations are compared to respective measurements of the GOME (Global Ozone
Monitoring Experiment), SCTAMACHY (SCanning Imaging Absorption spectroMeter for Atmo-
spheric CHartographY), OMI (Ozone Monitoring Instrument), and GOME-2. Combined, they all
provide global formaldehyde and glyoxal observations covering more than a decade (Fig. 5.14).

Integration of the formaldehyde profiles yields total column densities of (0.9 + 0.2)x10'6 molec cm 2
(lower quartile as plotted in Fig. 5.11) to (1.5 & 0.4) x 10'6 moleccm=2 (upper quartile), with
a mean of (1.1 40.3) x 1016 moleccm™2 (all data, Fig. 5.14, panel a). Satellite observations
generally report enhanced CH,O VCDs over regions with large biogenic emissions, especially
over the Amazon Basin, with maximal enhancements during the dry season. Monthly means of
formaldehyde VCDs measured by GOME and SCIAMACHY in the years 1996-2007 over the
Amazon report maximal enhancements of 1 — 2 x 10'® molec cm ™2 during the dry season and
much smaller vertical column densities of 0.8 x 1016 molec cm ™2 during the wet season [De Smedt
et al., 2008]. The inferred formaldehyde vertical column densities based on the lower quartile
agree well with their measurements during the wet season, while the integrated profile of the
upper quartile lies within the observations during the dry season. The results agree equally well
with SCTAMACHY observations in 2005 over South America with an annual mean formaldehyde
VCD of approximately 1.2 x 10® molececm™2 as reported by Wittrock et al. [2006] and also
agree with GOME-2 observations, for which Vrekoussis et al. [2010] report CH,O VCDs of 1.2
to 1.6 x 10'® moleccm™2 over the Amazon Basin for the years 2007 to 2008. Finally, yearly
averaged formaldehyde from OMI and GOME-2 observations over Brazil between 2007 and 2013
by De Smedt et al. [2015] agree with the mean of 1.1 x 10'® molec cm™2.

For the central Amazon, the integrated glyoxal profiles range from (0.6 £ 0.2) x 10> molec cm ~2
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(lower quartile) to (1.4 4-0.4) x 10'5 moleccm~2 (upper quartile), with a mean of (1.0 + 0.3) x
10'® moleccm™2. Based on SCIAMACHY measurements in the years 2002 to 2007, Vrekoussis

2 over northern

et al. [2009] reported seasonal mean glyoxal VCDs of 0.5 x 10'® moleccm™
South America in autumn (Fig. 5.14, panel b). In good agreement with the lower limit,
Wittrock et al. [2006] reported slightly higher glyoxal observations from SCTAMACHY of ap-
proximately 0.6 — 0.7 x 10'® molec cm ™2 over North Brazil for the year 2005. Corresponding to
the mean mini-DOAS VCD, Vrekoussis et al. [2010] further reported average glyoxal VCDs of
0.5 x 10'® molec cm™2 (VCD giyozal,maz = 1 % 101* molec cm™2 based on GOME-2 measurements
over South America in the years 2007 to 2008. Observations from OMI yield slightly lower monthly
mean glyoxal VCDs of 0.3 x 10'® molec cm =2 [Alvarado et al., 2014]. The upper quartile glyoxal
VCD (indicative of the large amount of direct glyoxal emissions from various biomass burnings
into the boundary layer) is larger, but still within the uncertainty range of the SCTAMACHY
and GOME-2 observations.

5.2.3 Emission ratios of glyoxal and methylglyoxal

As outlined above, the different air masses probed with the mini-DOAS and AMTEX instruments
prevent a definition of emission ratios relative to CO (sects. 3.1.3 and 3.1.5). Instead, the inferred
mixing ratios are used to calculate the emission ratios R&p and Ry relative to CH20, as often
done in remote sensing studies (Fu et al. [2008]; Kaiser et al. [2015]; Stavrakou et al. [2016];
Zarzana et al. [2017, 2018], and others). According to the literature, the background uncorrected
emission ratio is defined as

[X]

Rsr = Gimol (5.1)

In this study, [X] is either [CoH205] or [C3H402*], as often used in satellite and modelling
studies related to hydrocarbon precursors of the studied species (Fu et al. [2008]; Kaiser et al.
[2015], and others). R¥p is calculated for each measurement and analysed with respect to the

measurement altitude (Fig. 5.15, panels a and b).

5.2.3.1 R¥p

R&p mostly remains smaller than 1.0, with a total mean of RZF = 0.35 £ 0.16, but reaches
maxima > 5.0 during several measurements. Small ratios < 0.05 and large ratios > 1.0 can be
observed throughout all analysed flights and nearly all altitudes. The comparison with Kaiser
et al. [2015] shows, that the inferred R&p is notably larger than during most of their in situ
measurements at altitudes ranging from the ground up to 6 km over the southeastern US in
June-July 2013. The results are in much better agreement with the Ry inferred by MacDonald
et al. [2012] from ground based DOAS measurements for altitudes between 0 and 1000 m over a
south-east Asian tropical rainforest in April-July 2008. Their R&p in the range 0.2 to 0.7 agrees
with most of the present measurements as well as with RZ r. From measurements above the
Kisatchie National Forest and the Mark Twain National Forest in the south-eastern US, Kaiser
et al. [2015] conclude characteristically low R&p in pristine regions with strong isoprene emissions,
while regimes dominated by the emission of other monoterpenes appear to have higher R&p. Most
of the mini-DOAS measurements took place in pristine air masses above the rainforest and far
away from any major population centre or other anthropogenic emission sources. Monoterpene
and isoprene emissions over the central Amazon were studied in several investigations (e.g. Helmig
et al. [1998] and Kesselmeier et al. [2000]). All these studies reported generally low mixing ratios
of monoterpenes compared to isoprene, which comprises 90% of the total VOC budget in the
Amazon [Kuhn et al., 2007]. Apparently, emissions of larger monoterpenes, like alpha-pinene,

are at least one order of magnitude smaller than isoprene emissions. Approximately the same
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Figure 5.15: Vertical profiles of CoH205 (panel a) and C3H,O3 (panel c¢), colour-coded by the
ratios R&p and Ryjp, respectively, for each measurement during flights AC09, AC11, AC12, and
AC13. Black diamonds indicate measurements with missing CH2O data (recorded with a different
spectrometer) and consequently missing ratios. Panels b and d illustrate the vertical profiles of
R&p and Ry throughout the troposphere. For panels (b) and (d) a logarithmic x-axis has been
chosen for a better illustration of the altitude dependence of small R&p and Ryjp, respectively.

relation was found for the total monoterpene emissions [Kuhn et al., 2007; Rizzo et al., 2010].
Kaiser et al. [2015] report an approximately 1.2-2.0 times larger glyoxal yield from o~ and
[3-pinene oxidation with respect to CH2O than from isoprene. Still, the significant predominance
of isoprene emissions over the Amazon clearly compensate this relatively smaller yield. Therefore,
it is reasonable to conclude that isoprene and not monoterpenes is the dominant precursor of
CH,0 and CoH50,4 for the observations. Contrary to the measurements of Kaiser et al. [2015]
in isoprene rich regimes, the results indicate significantly elevated Ry in the troposphere over
the Amazon. This is a direct consequence of the much lower CH,O mixing ratios as compared
to those found over the south-eastern US. CH50 generally does not exceed 1-2 ppb (except for
direct measurements in biomass burning or in the Manaus city plume), which is four times less
than reported by Kaiser et al. [2015] for air masses probed over the Mark Twain National Forest
(ca. 8 ppb). The CoHy04 mixing ratios of typically 100 ppt in the lower troposphere, on the
other hand, are comparable to the findings of Kaiser et al. [2015]. As a result, significantly larger
R&p than from Kaiser et al. [2015] are found in the present study for the pristine troposphere.
Based on the SENEX observations, Chan Miller et al. [2017] reported mean R¢p of 0.024
below 1 km altitude. Interestingly, Chan Miller et al. [2017] obtained larger R&p of up to 0.06
when NO,, was very low (0.1-0.5 ppb). Even though it is not possible to infer NO, concentrations
for all flights due to instrument failures, mini-DOAS NOs measurements yield NOs < 1 ppb for
all flights with the exception of direct plume measurements, e.g. of the Manaus city plume and

biomass fires. From these overall low NO2 mixing ratios can be concluded that the measurements
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during the campaign were generally under very low NO, conditions. As described in detail by
Chan Miller et al. [2017], this could lead to direct glyoxal formation through isoprene peroxy
radicals and thus slightly enhanced R&p compared to observations under high NO,. Further,
from the measurements over Manaus city, no sizeable influence of anthropogenic VOCs on the
inferred R&y can be detected. During several low overpasses of the city (< 2 km flight altitude),
R¢p did not show any significant difference to measurements distant from anthropogenic emission
sources. Apparently, the relative increases of CH30 and CoHsO5 mixing ratios, i.e their relative
source strengths, were similar within the city plume, hence leading to consistent R&p.

Finally, the vertical profile of R&p indicates slightly elevated ratios above the boundary
layer and in the free troposphere (fig. 5.15, panel b). Within the boundary layer, R&y remains
approximately constant. Both features were previously observed by Kaiser et al. [2015] for
altitudes up to 6 km, however less pronounced. The increase in R&p between 2-10 km appears
most pronounced just above the boundary layer (at about 2 km), where CH2O and CoHy04
mixing ratios are still significantly above the detection limits. Notably, the correlation of CHyO
and CyH505 is larger within the boundary layer than in the free troposphere. When discussing
the profile shape of Rép, one has to keep in mind the very low CH20 and CoH05 mixing ratios
in the upper troposphere and the increasing influence of measurement noise on the inferred mixing
ratios. Above 6 km, mean CH50 and C2H504 of only 54 + 40 ppt and 15 + 5 ppt, respectively,
are observed and accordingly, R&p varies on average by 60% among the different measurements

within the same altitude range.

5.2.3.2 Rip

Generally, Ry appears to be approximately 10 times larger than Ry (fig. 5.15, panels ¢ and
d). R};r <1 are observed only for a minority of the measurements and mostly for background
C3H4O3 concentrations. Larger R}, > 1 are inferred at all altitudes, with a total mean
Ry p = 3.4+ 1.6 and a maximum ratio R pmasr = 45.2 £ 0.8. As discussed above for Ry, the
vertical profile of Ry indicates slightly larger Ry above the boundary layer and throughout the
free troposphere. In the upper troposphere, Ryip decreases again, leading to a concave curvature
of the vertical profile for small Ryg, as described above for Ré&p. Several studies were published
on the emission ratio of C3H402 to CH30 (or CO) in biomass burning plumes (e.g. Hays et al.
[2002]; Miiller et al. [2016]; Zarzana et al. [2017, 2018]). To my knowledge, comparable CsH4O4

measurements for air masses of the free troposphere are not yet available.

5.2.4 Normalized excess mixing ratios and emission factors in biomass

burning plumes

During the four measurement flights over the Amazonian rainforest, twelve biomass burning
plume intercepts were identified based on video imagery (e.g. Fig. 4.3 for events AC11-1.1/1.2
and AC11-3.1/3.2). Most of the plume soundings occurred south of Manaus, and during two
extensive flight periods at altitudes below 2 km on 18 and 19 Sept. 2014 (flights AC11 and AC13,
Table 5.2). The precise location of all plume intercepts during flight AC11, and the related
horizontal averaging kernels of the telescopes are given in Fig. 3.7. As indicated by the backward
trajectories, three hours prior to detection all probed air masses moved well within the boundary
layer, below 600 m altitude. This residence time if air within the boundary layer is longer than
the atmospheric lifetimes of CHyO, CoH2045 and C3H4O5. Consequently, the measured mixing
ratios of these gases are a result of fresh emissions from the surface. Each biomass burning plume
encounter correlates with significant enhancements in CHyO, CoHy04 and C3H4O2™ over the
background by 13 to 400%. Based on the backward trajectories combined with the inspection of
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Table 5.2: Inferred normalized excess mixing ratios and emission factors for individual biomass
burning events over the Amazon rainforest (range and mean). Rgr and Ryp are given in

molemole™ 1.

event | time [UTC] | location | altitude [km]
AC11-1.1 15:03:19-15:03:51 2.9° S, 60.1° W 0.624-0.632
AC11-1.2 15:03:48-15:04:16 2.9° S, 60.1° W 0.615-0.647
AC11-2.1 17:21:06-17:23:31 3.6° S, 60.3° W 0.455-0.471
AC11-2.2 17:23:31-17:24:48 3.6° S, 60.3° W 0.453-0.470
AC11-2.3 17:24:50-17:26:30 3.6° S, 60.3° W 0.452-0.470
AC11-3.1 17:43:27-17:44:41 2.9° S, 60.5° W 0.450-0.456
AC11-3.2 17:44:43-17:45:52 2.8° S, 60.5° W 0.449-0.454
AC13-1 16:33:41-16:34:20 11.0° S, 56.2° W 0.923-0.934
AC13-2 16:34:20-16:34:56 11.1° S, 56.2° W 0.921-0.932
AC13-3 16:35:39-16:36:18 11.2° S, 56.2° W 0.918-0.929
AC134 16:37:01-16:37:43 11.2° S, 56.2° W 0.915-0.932
AC13-5 16:52:15-16:53:03 11.2° S, 56.2° W 1.849-1.191

the mini-DOAS video imagery and the short lifetimes of the gases, contributions from other major
emission sources (e.g. Manaus city) can largely be excluded. The exact timing, location and
altitude of each plume intercept is given in Table 5.2. As indicated by the numbering in column
one, some of the plumes were probed more than once, giving a total of eight different biomass
burning plumes with 12 encounters (further on called events AC11-1.1 to AC13-5). Due to the
lack of respective CoH204 and C3H,O2 measurements, mean background mixing ratios [X]pk, for
all three gases are inferred by binning the mini-DOAS data measured elsewhere over the Amazon
in 100 m stacks. The mean of the lower data quartile was then calculated for each bin as displayed
in Fig. 5.11 (grey lines). As Fig. 5.12 shows for the case of formaldehyde, the such defined
background mixing ratios approximately correspond to formaldehyde measurements of pristine
air masses above the Western Pacific Ocean [Peters et al., 2012]. In order to detect enhancements
due to the plumes, [X]pk, is then subtracted from the measured mixing ratios. From the resulting

enhancements, the normalized excess mixing ratio Rxr (or NEMR) is calculated according to

Rxp = A[X] — [Xfi’!‘e] - [kag]
A[CH,0] ~ [CH30 jire) — [CHyOnrg)

(5.2)

with X being either CoH205 or C3H,40%. Rxp for each individual biomass burning event as well

as the mean and range of Rgr and Ryp are given in Table 5.2.

5.2.4.1 Rgr

R ranges between 0.02 and 0.11, with an average of Rgr = 0.0740.05. Repeated measurements
of the same biomass burning plumes all agree well within the error, indicating that the respective
plumes were mostly constant in their composition throughout the measurements. The plume
AC11-3 (Fig. 3.7) yields the highest Rgp of 0.10 and 0.11. Unfortunately, the plume was not
reported in the MODIS fire database. Therefore, the precise location of the fire is unknown,
which prevents a discussion of the results with respect to the distance of the aircraft from the
plume. The smallest Rgr of 0.02 is found during a plume probing that occurred at a 1 km higher
flight altitude as compared to those of the other events.

The presented Rxr are consistent with recent laboratory studies on biomass burning emissions
by Zarzana et al. [2018] as well as different field measurements and satellite observations by
Chan Miller et al. [2014, 2017]; DiGangi et al. [2012]; Wittrock et al. [2006] and Zarzana et al.
[2017]. From laboratory measurements, Zarzana et al. [2018] reported an average Rgr of 0.068
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Table 5.2: Continued.

event ‘ Rgr Rmr ‘ EFg [g kg_l} ‘ EFm [g kg_l]
AC11-1.1 005+003 0.09 +£0.13 0.23 +0.13 0.50 + 0.76
AC11-1.2 0.03 = 0.02 0.11 +0.16 0.16 == 0.12 0.65 +0.94
AC11-2.1 0.06 4 0.04 0.86 4+ 0.39 0.26 = 0.19 4.96 + 2.6
AC11-2.2 0.06 4 0.04 0.66 4+ 0.31 0.26 +0.18 3.8 +2.04
AC11-2.3 0.03 +0.03 0.51 £+ 0.26 0.16 +0.15 2.93 +1.68
AC11-3.1 0.11 +0.10 1.50 £ 0.60 0.52 +0.47 8.64 +4.13
AC11-3.2 0.10 £0.11 1.30 £0.70 0.45 +0.52 7.49 £+ 4.49
AC13-1 0.04 £+ 0.05 1.20 £ 0.60 0.18 +0.23 6.91 + 3.90
AC13-2 0.08 +0.07 1.40 +£0.70 0.37 +0.34 8.06 + 4.55
AC13-3 0.03 +0.04 0.76 +£0.43 0.13+0.17 4.35 +2.73
AC13-4 0.05 +0.04 0.81 +0.43 0.23 +£0.19 4.67+2.76
AC13-5 0.02 +0.02 0.56 4+ 0.27 0.11 +£0.10 3.25 £ 1.77
Range 0.02-0.11 0.09-1.50 0.11-0.52 0.50-8.64
Mean 0.07 + 0.05 0.98 +0.42 0.25 +0.23 4.70 +£2.70

for fresh emissions and different kinds of fuels. Without further knowledge on the fuels burned
during the observed events, no firm conclusions on the photochemistry within the fire plumes can
be made. While different fuel types may lead to changing emission factors of glyoxal, Zarzana
et al. [2018] observed only little variance in Rgp for different fuel types. The correlation of
CoH5045 and CHO seems to be consistent for different kinds of fuel. The lack of knowledge of
the exact fuels burned in each fire can therefore not be addressed when comparing Rgr of the
different plumes and intercepts. Hays et al. [2002] reported Rgr on the order of approximately
2.5 to 3 for Palmae and Poaceae. This is a factor of 35-42 times larger than found by Zarzana
et al. [2018] and in the present study. McDonald et al. [2000] reported even up to 57 times
larger Rgr of Rar = 4 as compared to Rgr = 0.07 & 0.05 of the present study or Rgr = 0.068
as found by Zarzana et al. [2018]. In the present study, Rgr > 1 were only observed for the
background-uncorrected R¢p in the free troposphere.

During recent field measurements over the US, Zarzana et al. [2017] report Rgr in the range
0.008 to 0.110. Due to the very nature of airborne plume measurements, it is unknown by
how much the measurements differ with respect to plume age, air mass origin, atmospheric
composition, or the measurement distance to the plume. Despite the very different atmospheric
backgrounds and conditions, the present measurements over the rainforest agree reasonably well
with their findings.

Measurements in an aged biomass burning plume yield slightly smaller Rgr of 0.02 to 0.03
[DiGangi et al., 2012]. Of all events, event AC13-5 is most likely the oldest plume measured.
This is a consequence of the high flight altitude in combination with the distance of the plume
from the aircraft during the measurement. AC13-5 has the smallest Rgr of only 0.02, which
agrees with the findings of DiGangi et al. [2012]. Tt cannot be concluded by how much this plume
measurement is influenced by the atmospheric background. The air masses in the boundary layer
are generally highly polluted with biomass burning emission of different ages. It is therefore
unclear how much these differently aged emissions influenced the individual plume measurements.
Therefore, a distinct relationship between Rgr and the plume ages cannot be inferred, which,
due to the mixing within the boundary layer may flatten out on time scales between several

minutes to hours during all measurements.

5.2.4.2 Rmp

Rur ranges between 0.09 and 1.50, with an average of Ryr = (0.98 £0.42). Three of the
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eight probed plumes yield Ryr > 1 (both measurements of AC11-3, AC13-1, and AC13-2).
All the other plumes yield Ryr < 1, in the range of 0.09 to 0.86. For event AC11-1, RgF is
comparable to the other inferred Rgr, while Ryp is significantly smaller than the average Ry p
by approximately a factor of 10. Based on the video imagery, the size of the observed plumes as
well as the estimated distance to the aircraft are comparable during events AC11-1 and AC11-3
(Fig. 4.3). Still, they yield very different normalized excess mixing ratios. In fact, the largest Ryr
and Rgr are obtained during event AC11-3. Accordingly, the emission of CaH305 and C3H4O3
with respect to CH3O is the highest within this biomass burning plume. Interestingly, this is
not related to the size and quantity of the biomass burning events monitored by the mini-DOAS
instrument. The highest emissions (i.e. the largest plumes) were observed during event AC11-2,
where three different large fires were simultaneously detected in a otherwise hazy atmosphere
rich in fresh emissions (Fig. 4.3). These plumes were also recorded by MCD14 on MODIS (Fig.
3.7, red dots in the field of view of event 2.2).

Laboratory measurements report Ry approximately between 1 and 2 for different kinds of
fuels [Hays et al., 2002]. This is the upper range of the mini-DOAS observations. Instead of
Rumr, Zarzana et al. [2018] report the ratio C3HyO2 to CoHaOo (Rp¢) to be on the order of
1.7-2.5 for burning rice straw and different kinds of canopy. The mini-DOAS measurements yield
Rpmc in the range 1-3, with the exception of event AC11-1, where Ryig < 1 due to the small
C3H405™ mixing ratios. Event AC11-3 yields Ryig = 1 during both measurements. This reflects

the correlated strong enhancement of both gases within the biomass burning plumes.

5.2.4.3 Biomass burning emission factors

According to Andreae [2019], the biomass burning emission factors for CoHz09 and C3H4OF are
defined by the normalized excess mixing ratio Rxg as

EFy = RxmeFCHQO (5.3)
using the molecular weight MW of each species, and the mean emission factor EFcm,o of the
reference trace gas CH2O. As the latter was not measured during the campaign, the EFcp,o0 of
the recent comprehensive compilation by Andreae [2019] is used. It reports EFep,o with respect
to different combustion processes and fuel types. For tropical forest fires, Andreae [2019] inferred
mean EFcp,0 = 2.4 +0.63 g(formaldehyde) kg~!(fuel). The resulting EFg and EFy; are listed
in Table 5.2 for each biomass burning plume intercept in units of g(target species) kg=!(fuel).

EF¢q ranges from 0.11 to 0.52 g glyoxal per kg of fuel burned with a mean emission factor
of (0.2540.23) gkg~!. According to its high Rgr, event AC11-3 yields the highest emission
factors of 0.52 and 0.45 gkg~'. Five out of the twelve plume encounters yield EFg of less than
0.2 gkg 1.

Corresponding to the largest EF g, Andreae [2019] estimated EFg = 0.5 gkg~! for tropical
forest fires. With EFg = 0.24 gkg™!, the same study reported glyoxal emissions from open-
air burns of agricultural residues to be approximately 50% lower than those of tropical forest
fires. All biomass burning events encountered during flight AC13 were located between 11.0—
11.2° S and 56.2° W. While other parts of the measurement flight were located over rainforest,
this region is largely dominated by agricultural activities. EF¢g of events AC13-1 to AC13-5
ranges from 0.11 to 0.37 gkg~!. Assuming that the biomass burning plumes were dominated
by agricultural residues during these measurements, a corresponding mean emission factor of
EFg = (0.25 £ 0.23) g glyoxal per kg of open-air burns of agricultural residues is inferred. The
range of EFq further agrees with laboratory measurements by Zarzana et al. [2018], who reported
EFq in the range of 0.06 to 0.55 gkg~! depending on the fuel type.
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EF) ranges between 0.5 and 8.64 g methylglyoxal per kg of fuel burned, with a mean emission
factor of (4.68 +2.7) gkg~!. For each biomass burning event, EFy; is at least twice as high as
EF¢q. The largest EFy; were found during flight AC13, i.e. for fires dominated by agricultural
residues. Even after applying the correction factor of 2 on the inferred EFy, the resulting EFy;
are significantly larger than reported by Zarzana et al. [2018] from laboratory measurements.
They found maximal emission factors of approximately 2 gkg~! for burns of duff. While their
absolute EF)y; are much lower, their results were equally variable as in the present study, with

EFy ranging from 0.11 to 2.0 gkg™!.
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Chapter 6

Discussion

The following chapter summarizes and discusses the major findings. Firstly, the atmospheric profile
of glyoxal is investigated based on the near global observations in different altitudes, air masses,
regions, and seasons and put into context with current research. Based on all measurements,
unanswered questions regarding the geographical and vertical distribution of glyoxal (especially
in the marine atmosphere) and the resulting deficiencies in its representation by photochemical
transport models are addressed. Secondly, the atmospheric profiles of formaldehyde, glyoxal, and
methylglyoxal are analysed in the troposphere above the tropical rainforest, which is known as
large emitter of bVOCs. Based on the regional measurements at the end of the dry season, when
biomass burning reaches its yearly maximum, the impact of biomass burning on the atmospheric
concentrations of the target gases is analysed in this bVOC rich regime. Main parts of this
chapter have been published in Kluge et al. [2020], section 5 and 6, or are currently under review
for publication in Kluge et al. [2022].

(1) Glyoxal over different global regions: When placing the glyoxal measurements over
the different terrestrial regions in context with the observations over the different oceans around
the globe, in particular those over the tropical rainforest, it is remarkable that local anthropogenic
or biomass burning emissions cause larger glyoxal concentrations in the boundary layer over
many regions than those observed over the Amazon rainforest. In particular in the boundary
layer over anthropogenically polluted regions (e.g. the coastal regions of the Mediterranean
Sea and the English Channel, over the East China Sea, and also continental Europe), glyoxal
mixing ratios are up to a factor of three times larger than over the Amazon rainforest. The
detailed comparison of the airborne glyoxal VCD measurements all around the globe with satellite
TROPOMI observations of glyoxal overall show a good agreement for measurements in (a) pristine
air with low glyoxal mixing ratios near the detection limits of the instruments, (b) polluted air
masses with high glyoxal mixing ratios (e.g. major emission plumes), and (c) continental air of
mixed pollution sources. Exceptions to this overall good agreement are those observations (a) over
land with an increased aerosol load in the boundary layer, (b) of low lying plumes (mostly biomass
burning) over the ocean with its low reflectivity in the visible wavelengths, and (c) of pollution
plumes over the oceans with a limited vertical or horizontal extent irrespective of their altitude.
For TROPOMI, this also leads to underestimated glyoxal in the marine surroundings of larger
emission plumes. A systematic comparison of the global mini-DOAS glyoxal measurements to
previous air- or shipborne measurements in the same regions, seasons, and altitudes, in particular
in the remote marine free and upper troposphere, is complicated by the limited number of
respective studies. In this respect, the present observations provide a unique and novel data set
of glyoxal measurements covering a large number of so far poorly explored (or even unexplored)

regions and altitude ranges with different pollution levels around the globe. In particular, the
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data provide new insights into the vertical profiles of glyoxal and its potential precursors in
different pristine marine regions. Moreover, they provide further evidence of elevated glyoxal in
aged and long-range transported biomass burning plumes, similar to past studies that reported
much larger glyoxal mixing ratios than expected. These two aspects of the measurements are

discussed in more detail in the following.

(1) The measurements confirm previous reports of (at least) occasionally elevated glyoxal
(1-140 ppt) in the marine boundary layer over the remote ocean (e.g. Zhou and Mopper [1990];
Sinreich et al. [2010]; Coburn et al. [2014]; Mahajan et al. [2014]; Lawson et al. [2015]; Volkamer
et al. [2015]; Chiu et al. [2017]; Walker et al. [2022]). The measurements further confirm
observations of elevated glyoxal in the marine boundary layer over tropical oceans as compared
to the marine boundary layer at higher latitudes. In fact, the mini-DOAS measurements yield
two to four times more glyoxal in the marine boundary layer of the tropics as compared to the
South or North Atlantic (Fig. 5.1 and Table 5.1). The comparable large range of observed
glyoxal mixing ratios in different marine regions is indicative for the large variety of the types
and transport history of the investigated air masses (Table 5.1). Yet, given the short lifetime
of glyoxal in the sunlit atmosphere of ~ 2 h [Koch and Moortgat, 1998; Volkamer et al., 2005a;
Tadi¢ et al., 2006; Fu et al., 2008; Wennberg et al., 2018], the observation of elevated glyoxal
in the tropical marine atmosphere requires rather large and potentially variable sources in the
range 0.5 ppth™! to 70 ppt h™!, if glyoxal is derived from the photochemical decay of its organic
precursor substances. In the past, two major explanations for the yet unexplained glyoxal over
marine regions have been discussed, i.e. either (a) the transport of longer-lived glyoxal precursor
species from land-based sources into the remote marine atmosphere, and/or (b) the emissions of

glyoxal and/or its organic precursors from the ocean:

(a) Based on co-located measurements of glyoxal and some of its main known precursors like
isoprene and the monoterpenes, Lawson et al. [2015] estimated their potential contribution to
glyoxal in the marine boundary layer to be of the order of 10%. Additional long-lived glyoxal
precursor molecules (e.g. aromatics, acetylene, or larger VOCs) have been suggested to explain
the discrepancy between observed and expected glyoxal in the pristine marine boundary layer,
but conclusive answers had not yet been found (e.g. Sinreich et al. [2010]; Rinaldi et al. [2011];
Coburn et al. [2014]; Mahajan et al. [2014]; Lawson et al. [2015]; Chiu et al. [2017]; Walker et al.
[2022]). The here performed comparison of the vertical glyoxal profiles above the tropical Atlantic
to those over the mid- and high-latitude Atlantic clearly shows that the relative enhancement of
glyoxal is restricted to the tropical marine boundary layer. At higher altitudes (i.e. the tropical
free and upper troposphere), the glyoxal profiles over different regions of the Atlantic are similar.
This finding strongly points to a marine glyoxal source in the tropics rather than long-range
transport of glyoxal and its precursors from terrestrial emissions. In fact, if the latter process
was the dominant glyoxal precursor in the observed marine air masses, elevated glyoxal would
also be expected to occur at higher altitudes and latitudes, and not exclusively in the tropical

boundary layer.

(b) Direct emissions of significant amounts of glyoxal from the oceans could also be convincingly
ruled out, primarily because of its high water solubility (effective Henry’s law coefficient H®? =
4100 molm—3 P~1, Sander [2015]) and the observation that the daytime flux of glyoxal is directed
from the atmosphere into the ocean [Zhou and Mopper, 1990; Coburn et al., 2014; Chiu et al., 2017;
Zhu and Kieber, 2019]. Potentially relevant glyoxal precursor molecules include glycolaldehyde
and acetaldehyde. However, their contribution to the atmospheric glyoxal budget is poorly
constrained. For instance, acetaldehyde is largely produced in seawater [Zhu and Kieber, 2020]
and a net flux to the atmosphere is expected [Zhu and Kieber, 2019]. Estimates of the global
oceanic source of acetaldehyde range from 34 to 57 Tgyr—! [Millet et al., 2010; Wang et al.,
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2019]. Usually global atmospheric models neglect this source, as is the case in the EMAC
simulation performed in this study. However, even when this marine source of acetaldehyde is
taken into account atmospheric models still underestimate observations in the boundary layer
and free troposphere [Wang et al., 2019]. The implied significant and widespread missing source
of acetaldehyde may therefore be relevant for the global glyoxal budget. Direct oceanic emissions
of unsaturated aliphatic or additional aromatic glyoxal precursor species besides acetylene (e.g.
benzene, toluene, ethylbenzene, or xylenes) have also been found to be insufficient to explain
the observed glyoxal concentrations in the marine environment of the tropics [Xiao et al., 2007;
Mahajan et al., 2014], even though their potential source strengths have recently been reported to
be larger than previously thought [Rocco et al., 2021]. At night, NO3 may oxidise some organic
VOCs (e.g. toluene) and thus build-up a certain glyoxal level until dawn, but the potential
production rate is far too small to explain the observed glyoxal concentrations both at night and
during the daytime [Coburn et al., 2014; Walker et al., 2022].

In contrast, recent laboratory experiments have shown that UV light-initiated reactions at
the sea surface organic microlayer involving DOC (dissolved organic carbon) may lead to the
production of significant amounts of VOCs of low solubility, e.g. fatty (heptanoic, octanoic) and
nonanoic (NA) acids, and thus of secondarily formed oxidised VOCs like glyoxal and its precursors
[Ciuraru et al., 2015; Chiu et al., 2017]. From their study, Chiu et al. [2017] concluded that the
ozonolysis of 2-nonenal is most likely the primary chemical mechanism to produce significant
amounts glyoxal in the marine atmosphere, and that this source can potentially sustain tens of
ppt of glyoxal over the ocean. In addition, a recent study by Briiggemann et al. [2018] discusses
an abiotic source of organic vapours emitted by photochemical reactions of the amphiphilic
compounds forming surfactants at the sea surface. In their study, they determined global
emissions to be 23.2-91.9 TgC yr—! of these organic vapours due to interfacial photochemistry,
of which 1.11 (0.70-1.52) Tgyr—! are attributed to emissions of isoprene. Though potentially
relevant for organic aerosol mass over the remote ocean [Briiggemann et al., 2018], at this point
it is unclear how much this organic vapour may ultimately contribute to the elevated glyoxal

observed over the tropical oceans.

In conclusion, the low-to-high latitudinal gradient of glyoxal and the comparably low concen-
trations in the free troposphere also above the biologically active tropics provide some evidence
that indeed the emissions of DOC related VOCs from the oceanic micro-layer and their photo-
chemical decay rather than long-range transport of long-lived glyoxal precursors from land is
primarily responsible for the elevated glyoxal in the pristine marine atmosphere of the tropics. A
more detailed discussion of potentially relevant glyoxal precursor molecules suitable to explain
the observations of elevated glyoxal in the marine (and in particular tropical) environment and
how they are represented in the global circulation chemical model EMAC is beyond the scope of
the present thesis, but will be subject of an accompanying study by Rosanka et al., (manuscript

in preparation, 2022).

(2) Further, the observations of enhanced glyoxal in aged biomass burning plumes both over
land and the ocean confirm recent reports of enhanced glyoxal in aged biomass burning plumes
that have been transported for at least several days (e.g. Alvarado et al. [2020]). Such plumes
were observed on multiple occasions over the South (one event), North (one event), and Tropical
Atlantic (multiple events, see Sect. 5.1.1) within the framework of the present study. Again,
due to the short atmospheric lifetime of glyoxal during daytime, the glyoxal detected in these
aged biomass burning plumes was necessarily secondarily formed from direct or multi-generation
oxidation of yet unidentified longer-lived VOC precursor species (e.g. benzene, acetylene, or
aromatics), which were co-emitted during the wildfires. Details on how the primary emitted and

secondary formed glyoxal-producing VOCs evolve in aged biomass burning plumes still need to be
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explored before more firm conclusions on the fate of glyoxal and its potential to form secondary
aerosols in these aged biomass burning plumes can be drawn. However, there is growing evidence
that a significant fraction of glyoxal in such pollution plumes may result from the oxidation of
aromatic compounds that are produced during the evaporation of organic aerosols [Palm et al.,
2020]. Since this potential additional glyoxal source is currently not accounted for by EMAC,
its consideration may also improve the existing model underestimation of ozone production by
biomass burning emissions [Bourgeois et al., 2021]. Since biomass burning is much more frequent
in the tropics than at higher latitudes, the glyoxal formed in these aged biomass burning plumes
from long-lived precursors may also enhance the observed low to high latitude gradient of glyoxal

in the lower marine atmosphere.

In summary, the present study confirms recent findings on glyoxal in the atmosphere, but
it also offers new aspects on how widespread elevated glyoxal occurs in the atmosphere. This
emphasizes the potential role glyoxal may play in the oxidation of VOCs, the oxidative capacity of
the atmosphere and hence ozone formation, and on its importance in secondary aerosol formation.

(2) Formaldehyde, glyoxal, and methylglyoxal over the Amazon rainforest: It is
remarkable that even though formaldehyde, glyoxal, and methylglyoxal have a common dominant
source (isoprene) and similar lifetime against their main sink (photolysis), their relative profile
shapes over the tropical rainforest are different. Especially above the boundary layer, the inferred
formaldehyde mixing ratios decrease faster with increasing altitude than the vertical profiles of
glyoxal and methylglyoxal do. This raises the question as to whether the relative contribution of
the different precursor gases, their sinks due to photolysis and reaction with OH radicals in a
low-NO,, high-VOC, and low-HO,, environment or the different efficiencies regarding the uptake
into aerosols or cloud particles may alter the relative profile shapes of the three species:

Over the rainforest, the observed formaldehyde mixing ratios in the lower and free troposphere
range from those previously reported over the remote Pacific [Peters et al., 2012] (lower quartile)
to those measured over continental North and South America [Kaiser et al., 2015] (upper quartile).
A good agreement with previous satellite measurements is found for the lower and upper range
of profile integrated formaldehyde [Wittrock et al., 2006; De Smedt et al., 2008; Vrekoussis et al.,
2009, 2010; Alvarado et al., 2014; De Smedt et al., 2015]. The lower quartile of the measured
mixing ratios appears to result from the oxidation of methane and to a lesser degree of VOCs
(mostly isoprene). In the lower troposphere, enhanced formaldehyde mixing ratios have two major
contributions: direct emissions, e.g. from biomass burning, and secondary formation during the
degradation of short-lived VOCs, like isoprene. In the middle and upper tropical troposphere,
formaldehyde seems to have more constant sources and sinks (mainly photolysis) than in the

lower troposphere.

In contrast to formaldehyde, for CoHyO5 and C3H,O»* significant enhancements above
the inferred backgrounds are observed in the free troposphere . As for formaldehyde, a good
agreement with earlier spaceborne observations is also found for the lower and upper range of
profile integrated glyoxal [Wittrock et al., 2006; De Smedt et al., 2008; Vrekoussis et al., 2009,
2010; Alvarado et al., 2014; De Smedt et al., 2015]. After applying a correction factor of 2.0 + 0.5
to the measured C3H4O2™ mixing ratios as discussed above, methylglyoxal exceeds the inferred
glyoxal mixing ratios by up to a factor of five for all measurements. A significant fraction of
the research flights was conducted above the remote rainforest and was at least partly free of
fires and plumes. Because of this and the comparatively different shape of the formaldehyde
profile, not all of the observed enhancements of glyoxal and methylglyoxal in the free troposphere
can be attributed to direct emissions from biomass burning. The compact clustering as well as
the smooth decrease of the lower quartile mixing ratios with altitude provide evidence as to the
type and sink of the precursor molecules. Apparently, these precursors should have lifetimes of
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at least several days, and should either be constantly emitted by the biosphere (e.g. isoprene
and acetone) or occasionally during biomass burning (e.g. acetylene, aromatics) before being
vertically transported. The major known precursors of formaldehyde, glyoxal, and methylglyoxal

over the rainforest are discussed in more detail in the following:

As their dominant source, isoprene globally accounts for 67%, 47%, and 79% of the annual
sources of formaldehyde, glyoxal, and methylglyoxal [Fu et al., 2008], respectively, leading to
their rapidly decreasing vertical profiles. As argued by Fu et al. [2008] and Fu et al. [2019] (Fig.
6, panel a), the oxidation of isoprene under high isoprene, low NO,, and the resulting low HOx
concentrations may be delayed by hours or even several days (sect. 2.2.1). This prolonged lifetime
combined with the efficient vertical atmospheric transport in the tropics leads to some oxidation
of isoprene above the boundary layer. As a consequence, the in situ formation of glyoxal and
methylglyoxal and finally formaldehyde from isoprene oxidation may contribute significantly to
the observed enhanced mixing ratios in the free troposphere. The methylglyoxal enhancements
in the middle troposphere are approximately five times larger than the observed glyoxal mixing
ratios. Molar yields of glyoxal and methylglyoxal from second and third generation isoprene
oxidation combined, are 6.2% and 34%, respectively [Fu et al., 2008]. Therefore, the in situ
formation of methylglyoxal from isoprene oxidation is expected to be approximately five times
larger than the respective glyoxal production. In accordance with the present observations, this
should lead to five times larger methylglyoxal mixing ratios compared to glyoxal in the free
troposphere. The present glyoxal and methylglyoxal observations are thus strongly indicative for
a significant upwards transport of isoprene into the free troposphere above the tropical rainforest,

where they may ultimately serve as sources of ozone and secondary organic aerosols.

Besides their common dominant precursor, additional sources for precursors of the gases dif-
ferently influence their local distribution. For formaldehyde, these sources are mostly combustion
processes and oxidation of other biogenic/anthropogenic hydrocarbons [Lee et al., 1998; Liu et al.,
2007; Fortems-Cheiney et al., 2012], for glyoxal oxidation of acetylene, and for methylglyoxal
oxidation of acetone [Fu et al., 2008]). All these precursors might differently contribute in the
present measurements and hence cause differences in the inferred profiles. A recent study addi-
tionally discussed the oxidation of aromatics as possible relevant source of atmospheric glyoxal
and methylglyoxal [Taraborrelli et al., 2021]. While acetylene is mostly an anthropogenically
emitted trace gas, acetone additionally has direct biogenic sources [Fu et al., 2008]. Both gases
have a long lifetime of up to 18 and 22 days, respectively [Fu et al., 2008]. Therefore, vertically
transported acetylene from ground-based combustion processes might be a further source of the
observed glyoxal in the free troposphere over the rainforest. While acetone is also emitted in
biomass burning processes (one fifth of the total global acetone budget [Pdschl et al., 2001]), an
equally large source of acetone emissions is decomposing plant material (10~ gg~! [Warneke
et al., 1999]). The remaining acetone is to a large part an oxidation product of hydrocarbons
and also an oxidation product of isoprene under low NO,, conditions, which are typical for air
above rainforests [Warneke et al., 2001]. Mean acetone mixing ratios in the boundary layer above
tropical rainforests are of the order of 2 ppb [Poschl et al., 2001]. Besides isoprene oxidation,
a fraction of the observed methylglyoxal enhancements in the free troposphere might therefore
be a direct or secondary (through the oxidation of hydroacetone) product of acetone oxidation
above the boundary layer or a result of longer-lived oxidized aromatics [Taraborrelli et al., 2021].

Further, the water solubility of the measured gases is largely different (H®® = 32mol m—3 Pa~!
for formaldehyde, H® = 4100mol m~2 Pa~! for glyoxal, and H®® = 370molm~2 Pa~! for methyl-
glyoxal; Sander [2015]), but significantly smaller for formaldehyde than for glyoxal. Heterogeneous
uptake is therefore not a reasonable explanation for the relative depletion of formaldehyde over
glyoxal and methylglyoxal in the middle troposphere.
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The different and changing fractions of the short and long-lived precursors relevant for the
formation of formaldehyde as compared to those of glyoxal and methylglyoxal are also expressed
by the altitude dependence of R&r and Ryjp. The increasing fraction of glyoxal and methylglyoxal
relative to formaldehyde in the middle and upper troposphere over the Amazon rainforest require
significant sources for both gases which are supposed to result from the oxidation of longer-lived
VOCs [Schulz et al., 2018]. In fact, since both gases are known to contribute to SOA formation,
the elevated mixing ratios of glyoxal and methylglyoxal in the upper troposphere lend further
support to the proposed SOA formation from products of isoprene oxidation as observed by
Schulz et al. [2018]; Andreae et al. [2018] and Williamson et al. [2019] over the Amazon Basin
and generally over the forested tropics.

The detection of all three gases in biomass burning plumes are correlated and show moderate
to strong enhancements. The inferred Rgr in the range of 0.02-0.11 (Rgr=0.07) for the observed
biomass burning events agree well with previous studies, both in the field over North America
[Zarzana et al., 2017] as well as in the laboratory fuel study [Zarzana et al., 2018]. It is further
in agreement with Rgr inferred from satellite measurements [Chan Miller et al., 2014, 2017;
DiGangi et al., 2012; Wittrock et al., 2006]. For Ryr, a range of 0.09 to 1.5 with Ryr=0.98
is inferred over the rainforest (or respectively smaller results when correcting the C3H,O3
mixing ratios by a factor of 2.0 £ 0.5). This range overlaps with the lower end of the range of
normalized excess mixing ratios previously reported for different types of fuels in the laboratory
[Hays et al., 2002]. The presented study as well as the measurements by Hays et al. [2002]
indicate a slightly larger Ryp than reported by Zarzana et al. [2018] based on Rya and Rar
observations (~0.1-0.5). However, this difference of the observed ranges may in part be a result
of additional dicarbonyls which might differently affect the present retrieval and that of the study
by Zarzana et al. [2018]. In fact, when correcting Ry by a factor of 2, the results agree much
better with the measurements by Zarzana et al. [2018]. Based on Rgr and Ry and average
emission factors for formaldehyde estimated by Andreae [2019], emission factors in the range of
0.11-0.52 (EF¢ = (0.25 £ 0.23) gkg™!) for glyoxal and 0.5-8.6 (EFy = (4.7 £2.7) gkg™!) for
methylglyoxal are inferred for the probed biomass burning events over the Amazon. The inferred
EFq agrees well with the range reported from laboratory measurements [Zarzana et al., 2018].
Notably, EFy is significantly larger than found in their study, also when correcting the results
for possibly included additional dicarbonyls.
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Conclusions

The present thesis reports on novel airborne measurements of glyoxal mixing ratios and vertical
column densities performed during 72 research flights with the German research aircraft DLR
HALO over different global regions between 2014 and 2019. The observations made over the
Amazon rainforest are complemented by simultaneous airborne measurements of formaldehyde and
methylglyoxal. Combined, the analysed data set consists of the first simultaneous measurements of
formaldehyde, glyoxal, and methylglyoxal over a tropical rainforest as well as a unique compilation
of worldwide airborne glyoxal measurements, both in the Limb as well and in the Nadir viewing
geometry. Combined, the data may offer new information onto the atmospheric abundance,
profiles, and potential underestimated or unknown sources of glyoxal in the terrestrial and marine
atmosphere. The detailed analysis of the carbonyls formaldehyde, glyoxal, and methylglyoxal
over one of the largest tropical rainforests as well as in both fresh and aged biomass burning
plumes further provides observational constraints on the still largely uncertain source strength of
such fires for glyoxal and methylglyoxal.

Due to the lack of respective airborne glyoxal mixing ratio or VCD measurements in most
regions and altitudes, the directly measured (Nadir) and profile integrated (Limb) column densities
of glyoxal are compared to collocated measurements from space by the TROPOMI instrument
on the Copernicus Sentinel-5 Precursor satellite. Based on this unique data set with respect to
geographical and seasonal coverage, an in-depth evaluation of the strengths and weaknesses of
each observation technique is made. Overall a good agreement is found among the two data sets,
with the exception of airborne observations of faint glyoxal plumes occurring over surfaces of low
reflectivity and plumes in lower altitudes (i.e. in the marine or planetary boundary layer), which
appear elusive for detection from space.

Both types of airborne glyoxal measurements, i.e. total atmospheric column densities from
Nadir and vertical concentrations profiles from Limb observations, are further compared to glyoxal
simulations of the global atmosphere-chemistry model EMAC. The comparison of measured and
simulated glyoxal point to several deficits in the current representation of the photochemistry of
glyoxal and its precursor species in respective models. The general underestimation of glyoxal
found in the simulations over land and oceans has already been recognized in previous studies,
most of which were based on past satellite observations (e.g. Fu et al. [2008]; Myriokefalitakis
et al. [2008]; Stavrakou et al. [2009a]). Most of those studies rely on comparisons of climatologies
(i.e yearly or seasonal averages) rather than on comparisons of direct measurements such as those
performed in the present study. As a result, the discrepancies between observations and modelling
unravelled in the present thesis are even more pronounced than previously reported in other
studies. In particular, the present comparison includes not only the regionally and seasonally
characteristic glyoxal mixing ratios, but also measurements of glyoxal in biomass burning and
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anthropogenic plumes. For the latter, the glyoxal underestimation of the employed set-up of the

EMAC model is found to be even larger than outside of specific emission events.

The airborne glyoxal observations confirm key findings related to atmospheric glyoxal reported
in other recent studies, specifically the occurrence of elevated glyoxal in aged biomass burning
plumes [Alvarado et al., 2020] and in the marine boundary layer of the tropics [Sinreich et al.,
2010; Rinaldi et al., 2011; Coburn et al., 2014; Mahajan et al., 2014; Lawson et al., 2015; Chiu
et al., 2017; Walker et al., 2022]. In addition, the present measurements provide novel insights
into various aspects of atmospheric glyoxal, e.g. its height distribution in rarely or yet unprobed
air mass types or those elusive for glyoxal detection from space. Remarkable are the differences of
the marine glyoxal profiles at changing latitudes and over different oceans as well as the frequency
of pollution plume observations throughout all regions and altitudes. Among other aspects, these
observations clearly indicate the need to re-evaluate assumptions on geographically uniform or

even negligible glyoxal mixing ratios in the marine atmosphere.

Over the Amazon rainforest, a suite of different secondary sources of formaldehyde, glyoxal,
and methylglyoxal with different atmospheric lifetimes cause relative differences in their vertical
profile shapes. These differences are particular pronounced above the boundary layer. Notable
in this respect are the slightly elevated mixing ratios of glyoxal and methylglyoxal in the free
troposphere as compared to formaldehyde. These are presumably a result of upwards transport of
isoprene and (to a minor degree) additional precursor VOCs like acetone (methylglyoxal), acetylene
(glyoxal) or aromatics (both gases). In contrast, the predominant source of formaldehyde in the
upper troposphere is the oxidation of methane versus its constant sink by photolysis. As glyoxal
and methylglyoxal are both known as significant SOA precursors, the observed enhancements of
both gases in the free troposphere support recent claims of upper tropospheric SOA formation
from isoprene oxidation products [Andreae et al., 2018; Schulz et al., 2018; Williamson et al.,
2019; Liu et al., 2022] as well as of potential upwards transport of isoprene and its oxidation

products into the tropical free troposphere [Fu et al., 2019].

If available, the measurements reported here of the three carbonyls over the tropical rainforest
are compared to previous studies. However, those were mostly performed over other regions
of the globe outside of the characteristic low HOx, low NOx, high VOC air observed over a
tropical rainforest. In particular, measurements of upper tropospheric glyoxal and in general of
methylglyoxal are still rare. This prevents a thorough comparison of the present measurements
to those of other studies. Therefore, in addition a climatological comparison of the integrated
vertical formaldehyde and glyoxal profiles to previous satellite observations over the same regions
was performed. Overall a good agreement between both types of measurement was found.
For methylglyoxal, satellite observations are not yet available. As a result, in particular the
methylglyoxal measurements over the Amazon rainforest are currently still standing alone. In
this respect, the present observations provide important new insights into the atmospheric profile
and (upper limit) mixing ratios of methylglyoxal, nonetheless the discussed uncertainties the
DOAS detection of methylglyoxal is affected off.

In and close to biomass burning plumes, all three carbonyls expectedly show notable enhance-
ments, which exceed their average mixing ratios due to emissions of their biogenic precursors from
the rainforest. The emission of glyoxal from tropical forest fires of 0.16-0.52 gglyoxal kggllel appears
to be larger than from agricultural fires (0.11-0.37 gkg~!). The observed glyoxal emissions
from tropical forest fires are on average 40% smaller than recently estimated by Andreae [2019].
However, due to the lack of respective studies, Andreae [2019] did not include information from
field observations in the estimates. Contrary to the comparison to Andreae [2019], the present
observations are in good agreement to a laboratory study by Zarzana et al. [2018]. For all fires,
the inferred methylglyoxal emissions (0.25-4.32 gkg™!) are considerably larger than those of
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glyoxal. Again, this agrees with the observations by Zarzana et al. [2018], but is contrary to the
report of Andreae [2019], who estimated slightly larger glyoxal than methylglyoxal emissions for
all fuel types besides agricultural residues. This large range of reported methylglyoxal emissions
from a still limited number of studies demonstrates the need for additional field observations of
both its pyrogenic and biogenic source strengths.

In summary, the combined glyoxal data over the rainforest and other global regions point
to some major deficits in our current understanding of atmospheric glyoxal. When combined,
these deficits point to multiple causes for the current glyoxal underestimation, which are do
not result from the disregard of a single glyoxal precursor molecule, source, or single chemical
pathway, but potentially from a suite of glyoxal precursor molecules and formation processes.
This conjecture is supported by the observed deficits in explaining the measured glyoxal in vastly
different types of air masses, i.e. in (a) anthropogenic plumes of larger agglomerations, (b) aged
polluted air masses forming the continental glyoxal background, (c¢) pristine air masses of the
marine boundary layer in the tropics, (d) the pristine marine atmosphere (e.g. South and North
Atlantic), and (e) aged biomass burning plumes. The present observations thus provide novel
insights on the required emission strengths, concentration and lifetimes of the possible different
glyoxal producing precursors and their intermediates necessary to close the apparent gap between
observations and models.

In this respect, it is noteworthy to acknowledge that deficits in understanding atmospheric
glyoxal ultimately indicate a more fundamental deficiency in the current knowledge of the
photochemistry and emissions of carbonyl forming VOCs in the atmosphere, with a variety of
consequences, e.g. for the oxidative capacity of the atmosphere.

Moreover, since glyoxal is known to support secondary organic aerosol (SOA) formation, the
finding of an overall larger glyoxal concentration in both the polluted and pristine atmosphere
provides evidence for an overall more significant and widespread role that glyoxal may play in global
SOA formation than is currently assumed. Since the potential SOA formation mechanisms from
glyoxal are not yet fully understood, the implications of generally larger glyoxal concentrations
than currently accounted for by CTMs, in particular in the tropical marine boundary layer,
cannot be precisely quantified. However, even in polluted regimes (urban, industrial), model
studies attributed a notable 1-15% of SOA to glyoxal uptake [Knote et al., 2014]. The present
study indicates that this fraction may be a lower bound only and in particular in the tropical
marine boundary layer it may be notably larger.

The present study as well as previous research on atmospheric glyoxal thus strongly motivates
a reevaluation of the current understanding of the carbonyl forming VOC photochemistry and
its implications, e.g. for the oxidative capacity of the atmosphere, the formation of ozone and
of secondary formed aerosols, both of which impact human health, the atmospheric radiative

balance, and hence the global climate.
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Acronyms

AMTEX Aero-Laser 5002 vacuum UV resonance fluorescence instrument.

BAHAMAS Basic HALO Measurement And Sensor System.

bVOC biogenic VOC.

CAFE Chemistry of the atmosphere: African Field Experiment.
CoMet Carbon dioxide and Methane Mission.

CTM Chemical Transport Model.

DLR Deutsches Zentrum fiir Luft- und Raumfahrt.
DOAS Differential Optical Absorption Spectroscopy.

dSCD differential Slant Column Density.

ECMWF European Centre for Medium-Range Weather Forecasts.
EDGAR Emissions Database for Global Atmospheric Research.
EMAC ECHAM/MESSY Atmospheric Chemistry.

EMeRGe-Asia Effect of Megacities on the Transport and Transformation of Pollutants on The

regional to Global Scales in Asia.

EMeRGe-EU Effect of Megacities on the Transport and Transformation of Pollutants on The
regional to Global Scales in Europe.

FOV Field Of View.

FWHM Full Width at Half Maximum.

GFAS Global Fire Assimilation System.

GOME Global Ozone Monitoring Experiment.
HALO High Altitude and LOng range.

IPCC Intergovernmental Panel on Climate Change.

ITCZ InterTropical Convergence Zone.

MECCA Module Efficiently Calculating the Chemistry of the Atmosphere.
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Acronyms Acronyms

MEGAN Model of Emissions of Gases and Aerosols from Nature.

MOM Mainz Organic Mechnism.

NMHC non-methane hydrocarbon.

NMVOC non-methane VOC.

OMI Ozone Monitoring Instrument.
OMO Oxidation mechanism Observations.
OPAC Optical Properties of Aerosols and Clouds.

OVOC oxygenated VOC.

READY Real-time Environmental Aplications and Display sYstem.

RT Radiative Transfer.

SCAV SCAVenging submodel.

SCD Slant Column Density.

SCIAMACHY Scanning Imaging Absorption Spectrometer for Atmospheric Chartography.
SOA Secondary Organic Aerosols.

SouthTRAC Transport and Composition of the Southern Hemisphere UTLS.

SSA Single Scattering Albedo.

TROPOMI TROPOspheric Monitoring Instrument.
UV UltraViolet.

VOC Volatile Organic Compound.

WISE Wave-driven ISentropic Exchange in Europe.

WMO World Meteorological Organisation.
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Appendix A

Exemplary DOAS retrievals

Figures A.1-A.3 show the detailed DOAS retrievals for five example spectra based on the settings
described in tables 3.1 and 3.2 and sects. 3.1.1.2-3.1.1.4.
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Figure A.1: Spectral retrieval of formaldehyde based on two different wavelength ranges from 320
to 354 nm (left column, S/N= 25) and 337 to 354 nm (right column, S/N= 13), respectively, for
the measurement at 17:16 UTC on 11 Sept. 2014 (ACRIDICON-CHUVA research flight AC11).
The traces shown in blue are the inferred atmospheric spectra together with the residual spectral
structures, the red line shows the reference spectra of the respective gases.
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Figure A.2: Spectral retrieval of glyoxal based on the different employed retrieval settings and
spectrometers according to table 3.2. For the measurements above the tropical rainforest CoHoO4
is simultaneously fitted over two separated spectral windows, ranging from 420 nm to 439 nm and
447 nm to 465 nm, respectively (left column). Over all other regions, a continuous wavelength
range of 330 (or 335) to 360 nm is chosen (Limb glyoxal retrieval in the middle column, Nadir
retrieval in the right column). The traces shown in blue are the inferred atmospheric spectra
together with the residual spectral structures, the red line shows the reference spectra of the
respective gases. From left to right, the corresponding signal to noise ratios of each measurement
are 8, 2, and 8. The spectra were measured at 15:06 UTC on 11 Sept. 2014 (research flight AC09,
left column), 15:21 UTC on 28 Sept. 2017 (research flight W07, middle column), and 10:33 UTC
on 07 Aug. 2018 (research flight CA03, right column).
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Figure A.3: Exemplary spectral retrieval of methylglyoxal (S/N= 7) for the measurement at
14:53 UTC on 11 Sept. 2014 (ACRIDICON-CHUVA research flight AC11). The traces shown in
blue are the inferred atmospheric spectra together with the residual spectral structures, the red
line shows the reference spectra of the respective gases.
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Appendix B

TROPOMI air mass factors

In order to calculate the TROPOMI box air mass factors (exemplarily for 7 Aug. 2018 in Fig.
3.9), the MAGRITTE CTM simulated air mass factors (Fig. B.1, panel b) are averaged on
a 0.25° x 0.25° grid around the HALO flight track (Fig. B.1, red line) and multiplied by the
averaging kernel of each TROPOMI measurement.
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Figure B.1: MAGRITTE CTM simulations of surface albedo and air mass factors of S5p orbit
no. 4230 and 4229 on 7 Aug. 2018 along the flight track of the Halo research flight CA03
from Oberpfaffenhofen (Germany) to Sal (Cape Verde, red line). Copyright: Contains modified
Copernicus Sentinel data (2018), processed and provided by BIRA-TASB.
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Mission overview

The following chapter provides detailed descriptions and flight tracks of all research flights along
with an overview of the mini-DOAS measurements addressed within the present thesis. All
mini-DOAS measurements are archived in the HALO data depository (https://doi.org/10.
17616/R39QOT, re3data.org [2022]) and can be accessed upon signing a data protocol.

In the following (tables C.1-C.8), research flights with available and analysed mini-DOAS
measurements of the noted trace gases are marked yes. Missing mini-DOAS measurements of a
trace gas due to technical instrument failures are marked technical (e.g. too high spectrometer
temperatures, see sect. 3.1), due to unsuccessful DOAS retrievals DOAS, due to constant
atmospheric profiling of the mini-DOAS Limb telescopes profiling, due to night flights night,
and due to instrument shut-down no meas.. Abbreviations indicate Oberpfaffenhofen (OP), Cape
Verde (C'V), Rio Grande (RG), Buenos Aires (BA), and Argentina (Arg.). The aircraft flight
altitudes are given as height above the WGS84 ellipsoid (height above sea level for ACRIDICON-
CHUVA and OMO) based on onboard measurements of the BAHAMAS instrument [Krautstrunk
and Giez, 2012].
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APPENDIX C. MISSION OVERVIEW
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Figure C.1: Flight track overview of all research and transfer flights of the HALO missions
ACRIDICON-CHUVA (overview, panel a and zoom on the local research flights, panel b), OMO
(panel ¢), EMeRGe-EU (panel d), and WISE (panel e).
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Figure C.2: Flight tracks of all research and transfer flights of the HALO missions EMeRGe-Asia
(overview, panel a and zoom on the local research flights, panel b), CoMet (panel c), CAFE
(panel d), and SouthTRAC (overview, panel e and zoom on the local research flights, panel f).
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Table C.1: ACRIDICON-CHUVA mission (2014) with focus on the tropical rainforest around
Manaus city.

Flight | Date Take-off and landing Geographic focus
ID

ACO05 01.09.2014 | OP (Germany)-Sal (Cape Verde) | Transfer Germany — Cape Verde
ACO06 | 02.09.2014 | Sal (Cape Verde)-Manaus (Brazil) | Transfer Cape Verde — Brazil
ACO7 06.09.2014 | Manaus (Brazil) Rainforest
ACO8 09.09.2014 | Manaus (Brazil) Amazon river delta
AC09 11.09.2014 | Manaus (Brazil) Rainforest
AC11 16.09.2014 | Manaus (Brazil) Rainforest
AC12 18.09.2014 | Manaus (Brazil) Rainforest
AC13 19.09.2014 | Manaus (Brazil) Rainforest
ACl14 21.09.2014 | Manaus (Brazil) Rainforest
( )
( )
( )
( )
( )
)

AC15 23.09.2014 | Manaus (Brazil Rainforest

AC16 25.09.2014 | Manaus (Brazil Amazon river delta

AC17 27.09.2014 | Manaus (Brazil Rainforest

AC18 28.09.2014 | Manaus (Brazil Rainforest

AC19 30.09.2014 | Manaus (Brazil Amazon river delta

AC20 | 01.10.2014 | Manaus (Brazil Rainforest

AC21 | 03.10.2014 | Manaus (Brazil)-Sal (Cape Verde) | Transfer Brazil-Cape Verde
AC22 | 04.10.2014 | Sal (Cape Verde) — OP (Germany) | Transfer Cape Verde — Germany

Table C.1: Continued.

Flight Time [UTC| | Predominant mini-DOAS measurements
D (max) flight
altitude [km]

Formal- | Glyoxal | Glyoxal | Methyl-

dehyde | (Limb) (Nadir) | glyoxal
ACO05 10:00 — 16:10 | 13 (13) DOAS DOAS no meas. | DOAS
ACO06 15:00 — 18:00 | 13 (13) DOAS DOAS no meas. | DOAS
ACoT7 16:00 — 23:20 | 2 (13) technical | technical | no meas. | technical
ACO08 15:00 — 20:20 | 3 (13.8) profiling | profiling | no meas. | profiling
AC09 14:40 — 20:20 11 (12.6) yes yes no meas. | yes
AC11 14:40 — 21:50 13 (15) yes yes no meas. | yes
AC12 15:00 — 20:50 | 4 (13.8) yes yes no meas. | yes
AC13 15:00 — 21:10 | 13 (13) yes yes no meas. | yes
AC14 15:00 — 22:00 | 3 (15) NO meas. | NO meas. | NO meas. | NO IMeas.
AC15 10:30 - 17:30 | 1 (13.8) technical | technical | no meas. | technical
AC16 14:30 — 21:10 1(13.2) no meas. | no meas. | NO meas. | NO meas.
AC17 15:00 — 20:30 | 4 (8) NnO meas. | NO meas. | NO meas. | NO Mmeas.
AC18 14:40 — 21:10 | 5 (14.4) no meas. | NO meas. | NO meas. | NoO meas.
AC19 15:00 — 22:00 | 2 (13.8) no meas. | 1O meas. | NO meas. | NO meas.
AC20 15:00 — 21:50 | 14 (14.4) NnO meas | NO meas. | NO meas. | NO IMeas.
AC21 15:50 - 19:10 14 (14) no meas. | no meas. | NO meas. | NO meas.
AC22 10:00 - 16:00 | 13 (13.8) NnO meas. | NO meas. | NO meas. | NO Mmeas.
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Table C.2: OMO mission (2015) with changing mission bases in Cyprus, Bahrain, and the

Maldives.
Flight| Date Take-off and landing Geographic focus
ID
007 | 16.07.2015| OP (Germany) Germany
008 | 21.07.2015| OP (Germany)-Paphos (Cyprus) Transfer Germany—Cyprus
009 25.07.2015| Paphos (Cyprus) Mediterranean Sea around Cyprus
010 28.07.2015| Paphos (Cyprus) Mediterranean Sea around Cyprus
0O11 01.08.2015| Paphos (Cyprus)-Gan (Maldives) Cyprus—Maldives
012 | 06.08.2015| Gan (Maldives)-Bahrain (Bahrain) | Maldives—Bahrain
013 | 06.08.2015| Bahrain (Bahrain)-Gan (Maldives) | Bahrain-Maldives
014 | 08.08.2015| Gan (Maldives) Gan (Maldives)
015 | 09.08.2015| Gan (Maldives)-Bahrain (Bahrain) | Maldives-Bahrain
016 | 09.08.2015| Bahrain (Bahrain)-Gan (Maldives) | Bahrain-Maldives
o17 10.08.2015| Gan (Maldives)-Bahrain (Bahrain) | Maldives—Bahrain
018 | 10.08.2015| Bahrain (Bahrain)-Paphos (Cyprus) | Bahrain—Cyprus
019 13.08.2015| Paphos (Cyprus) Saudi Arabian Peninsula
020 15.08.2015| Paphos (Cyprus) Saudi Arabian Peninsula
021 18.08.2015| Paphos (Cyprus) Saudi Arabian Peninsula
022 | 23.08.2015| Paphos (Cyprus)-Sal (Cape Verde) | Mediterranean Sea
023 | 25.08.2015| Paphos (Cyprus) Mediterranean Sea
024 | 27.08.2015| Paphos (Cyprus)-OP (Germany) Transfer Cyprus-Germany
Table C.2: Continued.
Flight Time [UTC] Predominant (max) | mini-DOAS measurements
D flight altitude [km]
Glyoxal (Limb)
007 10:00 — 12:40 1 (14.5) DOAS
008 09:00 — 12:30 11 (14.6) yes
009 06:00 — 11:10 12 (14.6) DOAS
010 06:10 - 14:00 4 (15.1) yes
011 06:10 - 14:00 14 (14.5) DOAS
012 02:00 - 06:40 1(11.4) no meas.
013 07:50 — 13:00 7 (11.5) no meas.
014 07:30 — 11:30 14 (14.4) no meas.
015 01:50 — 06:30 12 (13.9) no meas.
016 07:40 — 12:30 9 (9) no meas.
o17 04:50 - 09:30 12 (13.9) no meas.
018 11:00 — 14:30 12 (12.4) no meas.
019 06:00 — 15:00 13 (15.2) no meas.
020 05:50 — 15:00 13 (13.3) no meas.
021 06:10 - 15:10 13 (15) yes
022 06:00 — 12:40 14 (14) yes
023 06:10 — 14:40 3 (14) yes
024 08:40 — 14:30 3 (13.7) yes

102



APPENDIX C. MISSION OVERVIEW

Table C.3: EMeRGe-EU mission (2017) with focus on low-altitude central European measure-
ments.

Flight ID Date Take-off and land- | Geographic focus
ing

E03 11.07.2017 OP (Germany) Germany

E04 13.07.2017 OP (Germany) Germany

E05 17.07.2017 OP (Germany) France

E06 20.07.2017 OP (Germany) Italy

E07 24.07.2017 OP (Germany) Mediterranean Sea

E08 26.07.2017 OP (Germany) English Channel

E09 28.07.2017 OP (Germany) Mediterranean Sea

Table C.3: Continued.

Flight Time [UTC] Predominant (max) mini-DOAS measurements
1D flight altitude [km]
Glyoxal Glyoxal
(Limb) (Nadir)
E03 10:00-16:30 1(7.6) yes yes
E04 10:40-15:00 1(7.3) yes yes
E05 10:30-18:30 1(6.4) yes yes
E06 08:50-17:30 1(9.6) yes yes
E07 09:40-18:20 1 (6.3) yes yes
E08 07:50-15:20 1(7.5) technical technical
E09 10:00-18:30 3(8) technical technical

Table C.4: WISE mission (2017) with focus on upper tropospheric-lower stratospheric North
Atlantic measurements.

Flight Date Take-off and landing Geographic focus

ID

W02 13.09.2017| OP (Germany)—-Shannon (Ireland) | North Sea and North Atlantic
W03 18.09.2017| Shannon (Ireland) North Atlantic, Iceland

W04 20.09.2017| Shannon (Ireland) North Atlantic (Norwegian Sea)
W05 23.09.2017| Shannon (Ireland) North Atlantic, Iceland

W06 27.09.2017| Shannon (Ireland) North Atlantic Sea

W07 28.09.2017| Shannon (Ireland) Irish Sea

W08 01.10.2017| Shannon (Ireland) North Atlantic

W09 04.10.2017| Shannon (Ireland) Norwegian Sea

W10 07.10.2017| Shannon (Ireland) North Atlantic

W11 09.10.2017| Shannon (Ireland) North Atlantic

W12 12.10.2017| Shannon (Ireland) North Atlantic, Iceland

W13 14.10.2017| Shannon (Ireland) North Atlantic, Iceland

W14 15.10.2017| Shannon (Ireland) North Atlantic

W15 19.10.2017| Shannon (Ireland) North Atlantic around Ireland
W16 21.10.2017| Shannon (Ireland)-OP (Germany) | Norwegian Sea, Germany
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Table C.4: Continued.

Flight Time [UTC] Predominant (max) mini-DOAS measurements
D flight altitude [km]
Glyoxal Glyoxal
(Limb) (Nadir)
W02 08:30-18:00 14 (14.6) yes yes
W03 08:00-17:30 13 (14) yes yes
W04 07:20-17:00 13 (14.6) DOAS yes
WO05 08:00-17:00 14 (14) yes yes
W06 07:30-16:30 14 (14.3) yes DOAS
Wwo7 13:00-21:00 11 (14.5) yes yes
W08 12:00-22:00 14 (15) yes yes
W09 09:30-13:00 15 (15) yes yes
W10 12:40-20:30 13 (14.7) yes technical
Wil 08:30-17:30 14 (14.5) yes yes
W12 10:00-19:00 14 (14.7) DOAS yes
W13 08:30-17:30 14 (14.8) yes yes
W14 13:00-19:00 13 (14.7) yes yes
W15 09:00-17:30 12 (14.7) yes yes
W16 04:30-13:00 13 (14.7) yes yes

Table C.5: EMeRGe-Asia mission (2018) with focus on low-altitude measurements over the East
China Sea and its neighbouring islands.

Flight | Date Take-off and landing Geographic focus

ID

EA02 | 10.03.2018 | OP (Germany)-Abu Dhabi (UAE) Transfer Germany-UAE
EA03 | 12.03.2018 | Rayong (Thailand)-Tainan (Taiwan) | Transfer Thailand-Taiwan
W04 17.03.2018 | Tainan (Taiwan) East China Sea

EA05 | 19.03.2018 | Tainan (Taiwan) East China Sea

EA06 | 20.03.2018 | Tainan (Taiwan) Philippines

EA07 | 22.03.2018 | Tainan (Taiwan) East China Sea around Taiwan
EA08 | 24.03.2018 | Tainan (Taiwan) South Japan

EA09 | 26.03.2018 | Tainan (Taiwan) South Japan

EA10 | 28.03.2018 | Tainan (Taiwan) Philippines

EA11 | 30.03.2018 | Tainan (Taiwan) South Japan

EA12 | 03.04.2018 | Tainan (Taiwan) East China Sea around Taiwan
EA13 | 04.04.2018 | Tainan (Taiwan) South Japan

EA14 | 07.04.2018 | Tainan (Taiwan)-Rayong (Thailand) | Transfer Taiwan — Thailand
EA15 | 09.04.2018 | Abu Dhabi (UAE)-OP (Germany) Transfer Thailand — Germany
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Table C.5: Continued.

Flight Time [UTC] Predominant (max) mini-DOAS measurements
1D flight altitude [km]

Glyoxal Glyoxal

(Limb) (Nadir)
EA02 07:40-15:30 13 (13) DOAS DOAS
EA03 04:50-11:20 13 (13.9) no meas. no meas.
EA04 01:00-09:50 3 (5) yes DOAS
EA05 00:20-08:30 3 (8) yes DOAS
EA06 23:50-06:40 1(6.8) yes DOAS
EA07 03:50-09:30 1 (4.7) no meas. no meas.
EA08 01:00-09:50 3 (3.2) yes yes
EA09 00:20-09:30 1 (4.7) yes yes
EA10 00:00-08:30 1 (6.5 yes yes
EA11 00:00-09:30 12 (12.5) yes yes
EA12 00:30-06:30 1 (12.6) no meas. no meas.
EA13 00:30-09:30 12 (12.5) yes yes
EA14 01:00-08:40 2 (13) no meas. no meas.
EA15 06:00-14:40 13 (13) no meas. no meas.

Table C.6: CoMet mission (2018) with focus on continental Europe measurements and European
industrial hotspots.

Flight | Date Take-off and landing Geographic focus

1D

Co1 15.05.2018 | OP (Germany) Germany, North and East Sea
C02 19.05.2018 | OP (Germany) Italy and Tyrrhenian Sea
C03 23.05.2018 | OP (Germany) Germany

Co4 24.05.2018 | OP (Germany) North Italy and South France
C05 28.05.2018 | OP (Germany) Scandinavian coasts

Co06 29.05.2018 | OP (Germany) Upper Silesian Coal Basin
co7 06.06.2018 | OP (Germany) Upper Silesian Coal Basin
Co8 07.06.2018 | OP (Germany) Upper Silesian Coal Basin
C09 12.06.2018 | OP (Germany) Italy and Tunisia

Table C.6: Continued.

Flight Time [UTC] Predominant (max) mini-DOAS measurements

1D flight altitude [km]
Glyoxal Glyoxal
(Limb) (Nadir)

Co1 07:50 — 17:20 13 (13.1) yes yes

C02 09:30 — 16:30 8 (13.4) yes yes

Co03 06:30 — 11:30 7 (12.7) yes yes

Co4 06:30 — 14:00 13 (13.4) yes yes

Co05 05:00 — 14 12 (12.5) yes yes

C06 06:50 — 13:30 8 (9.5) yes yes

cor 08:50 — 15:30 8 (12.2) yes yes

Co8 07:40 — 15:10 8 (14) yes yes

C09 09:20 — 17:00 13 (13.1) yes yes
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Table C.7: CAFE mission (2018) with focus on upper

Tropical Atlantic.

tropospheric measurements over the

Flight| Date Take-off and landing Geographic focus
ID
CAO03 | 07.08.2018 | OP (Germany)-Sal (Cape Verde) | Transfer Germany —Cape Verde
CA04 | 10.08.2018 | Sal (Cape Verde) Tropical Atlantic, West African coast
CAO05 | 12.08.2018 | Sal (Cape Verde) Tropical Atlantic towards Brazil
CA06 | 15.08.2018 | Sal (Cape Verde) Tropical Atlantic and Azores
CAOQ7 | 17.08.2018 | Sal (Cape Verde) Tropical Atlantic around Cape Verde
CAO08 | 19.08.2018 | Sal (Cape Verde) Tropical Atlantic around Cape Verde
CA09 | 22.08.2018 | Sal (Cape Verde) Ghana
CA10 | 24.08.2018 | Sal (Cape Verde) Tropical Atlantic
CA11 | 26.08.2018 | Sal (Cape Verde) Tropical Atlantic around Cape Verde
CA12 | 29.08.2018 | Sal (Cape Verde) Tropical Atlantic, West African coast
CA13 | 31.08.2018 | Sal (Cape Verde) Tropical Atlantic
CA14 | 02.09.2018 | Sal (Cape Verde) Tropical Atlantic
CA15 | 04.09.2018 | Sal (Cape Verde) Ghana
CA16 | 07.09.2018 | Sal (Cape Verde)-OP (Germany) | Transfer Cape Verde-Germany
Table C.7: Continued.
Flight Time [UTC]| Predominant (max) mini-DOAS measurements
D flight altitude [km]
Glyoxal Glyoxal
(Limb) (Nadir)
CAFEO03 | 08:30 — 14:50 13 (14.8) yes yes
CAFEO04 | 10:00 — 19:30 12 (15) yes yes
CAFEO05 10:00 — 19:00 11 (14.4) yes yes
CAFE(06 | 10:00 — 19:00 13 (14.5) DOAS yes
CAFEO7 | 10:20 - 19:00 | 14 (14.6) yes yes
CAFEO8 | 04:00 — 13:00 13 (4.5) yes yes
CAFE09 | 09:40 — 12:50 13 (13.3) DOAS yes
CAFE10 10:00 — 18:40 13 (14.5) DOAS yes
CAFE1l | 16:00 — 01:40 11 (14.5) night night
CAFE12 | 10:00 — 19:00 13 (14.5) yes yes
CAFE13 10:00 - 19:30 13 (14.5) DOAS yes
CAFE14 | 10:30 — 19:40 13 (14.4) yes yes
CAFEI5 | 10:00 - 19:00 | 13 (13.9) yes yes
CAFE16 | 10:00 — 16:20 14 (14.2) yes yes
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Table C.8: SouthTRAC mission (2019) with focus on upper tropospheric measurements over the
South Atlantic and northern Antarctica.

Flightt Date | Take-off and landing | Geographic focus

ID | (2019)

ST04 | 06.09 P (Germany)-Sal (CV) | Transfer Germany—Cape Verde

STO05 | 06.09 Sal (Cape Verde) Tropical Atlantic around Cape Verde

ST06 | 08.09 | Sal (CV)-BA (Arg.) Transfer Cape Verde—Argentina

STO07 | 09.09 | BA (Arg.)-RG (Arg.) Transfer BA-Tierra del Fuego

STO08 | 11.09 | Rio Grande (Argentina) | South Atlantic (Drake Passage)

ST09 | 13.09 | Rio Grande (Argentina) | South Pacific (Strait of Magellan)

ST10 | 16.09 | Rio Grande (Argentina) | South Atlantic (Argentine Sea)

ST11 | 18.09 | Rio Grande (Argentina) | South Atlantic (Strait of Magellan, Argentine Sea)
ST12 | 20.09 | Rio Grande (Argentina) | South Pacific (Chilean Sea)

ST13 | 24.08 | Rio Grande (Argentina) | South Atlantic (Drake Passage, North Antarctica)
ST14 | 26.09 | Rio Grande (Argentina) | South Atlantic (Drake Passage, North Antarctica)
ST15 | 29.09 | Rio Grande (Argentina) | South Pacific

ST16 | 30.09 | Rio Grande (Argentina) | Patagonia, Strait of Magellan

ST17 | 02.10 | Rio Grande (Argentina) | South Atlantic (Drake Passage, North Antarctica)
ST18 | 06.10 | RG (Arg.)-BA (Arg.) Transfer Tierra del Fuego-BA

ST19 | 07.10 | BA (Arg.)-Sal (CV) Transfer BA-Sal (Cape Verde)

ST20 | 09.10 Sal (CV)-OP (Germany) | Transfer Cape Verde-Germany

ST21 | 02.11 P (Germany)-Sal (CV) | Transfer Germany—Cape Verde

ST22 | 04.11 Sal (CV)-BA (Arg.) Transfer Cape Verde—Argentina

ST23 | 06.11 | BA (Arg.)-RG (Arg.) Transfer BA-Tierra del Fuego

ST24 | 09.11 | Rio Grande (Argentina) | South Atlantic (Argentine Sea, Patagonia)

ST25 | 12.11 | Rio Grande (Argentina) | South Atlantic (Drake Passage, North Antarctica)
ST26 | 15.11 | Rio Grande (Argentina) | Patagonia

ST27 | 16.11 | Rio Grande (Argentina) | Strait of Magellan
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Table C.8: Continued.

Flight Time [UTC] Predominant (max) mini-DOAS measurements
1D flight altitude [km]

Glyoxal Glyoxal

(Limb) (Nadir)
ST04 07:00-13:30 14 (14.5) night night
ST05 14:30-17:40 14 (14,5) yes DOAS
ST06 04:00-14:00 14 (14.3) yes yes
STO7 07:00-13:40 13 (13.8) yes yes
ST08 23:00-07:20 12 (13.9) night night
ST09 23:00-07:50 13 (14) night night
ST10 23:00-07:40 13 (13.5) night night
ST11 23:00-07:00 12 (13.5) night night
ST12 23:00-08:00 13 (13.8) night night
ST13 14:00-23:30 12 (14.3) DOAS DOAS
ST14 23:30-08:30 13 (14.2) yes yes
ST15 15:30-24:00 13 (13.5) yes DOAS
ST16 16:00-22:00 13 (13.8) yes yes
ST17 15:00-23:40 13 (14) yes yes
ST18 13:00-18:00 13 (14) yes yes
ST19 15:40-00:20 13 (13.5) yes yes
ST20 10:00-17:00 13 (14.4) no meas. no meas.
ST21 16:30-00:40 13 (14.3) yes yes
ST22 10:00-19:30 14 (13.8) yes yes
ST23 15:00-22:20 13 (13.3) yes yes
ST24 11:00-20:00 13 (14) yes yes
ST25 11:10-20:00 11 (14.2) yes yes
ST26 17:00-02:00 14 (14.2) yes yes
ST27 18:00-18:30 6 (6) yes DOAS
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Appendix D

Mini-DOAS-EMAC comparison

Figures D.1 and D.2 show the impact of negative observations on the comparison of the glyoxal
measurements to the model simulations. Clearly, the statistically derived occasional negative

glyoxal has no significant effect on the performed comparison.
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Figure D.1: Median difference of observed and simulated glyoxal in the different regions including

negative observations (red) and excluding negative observations (black).
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