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ZUSAMMENFASSUNG

Die chemische Zusammensetzung der Tropopausenregion, genauer gesagt der
oberen Troposphéare und unteren Stratosphére (UTLS), spielt eine wichtige
Rolle bei Veranderungen der Oberflichentemperatur. Verdnderungen in der
chemischen Zusammensetzung kénnen grofle Auswirkungen auf den Strah-
lungshaushalt der Erdatmosphare haben. Die UTLS und ihre chemische
Zusammensetzung werden durch den horizontalen Transport von Luftmassen,
den vertikalen Transport in Verbindung mit (hochreichenden) Konvektions-
systemen und warm conveyor belts (WCBs), schnellen turbulenten Mischungs-
prozessen sowie photochemischen Reaktionen beeinflusst.

Die vorgestellten Studien basieren auf zwei verschiedenen flugzeuggetra-
genen Messkampagnen iiber Europa aus den Jahren 2020 und 2024, die
mit Schwerpunkt auf Mischungsprozessen von Aerosolpartikeln iiber die
Tropopause hinweg analysiert wurden. Dafiir wurde die chemische Zusam-
mensetzung von nicht-refraktdren Aerosolpartikeln im Submikronbereich,
sowie die Gesamtkonzentration und Groflenverteilung der Aerosole in Kom-
bination mit In-situ-Spurengasdaten untersucht, um Mischungsprozesse zu
identifizieren. Es zeigt sich, dass Sulfataerosol in der unteren Stratosphare
(LMS) durch Vulkanausbriiche beeinflusst wird, die in die obere Troposphére
reichen und bei denen durch anschlieBendes Mischen tiber die Tropopause
hinweg eine Umwandlung von Gas zu Partikeln stattfindet.

Zusatzlich wurde ein Filament mit einer hohen Aerosolanzahlkonzentration
(> 800 cm™!) in Kombination mit hohen CO-Mischungsverhéltnissen (> 100
ppbv) in chemisch stratosphéarischer Luft (NoO < 338 ppbv) innerhalb einer
WCB-Ausflussregion beobachtet. Grofienverteilungsmessungen sowie Offline-
Analysen von Impaktorproben liefern Hinweise auf Biomasseverbrennung
(BB). Trajektoriendaten stiitzen dies, indem sie den Ursprung der Luftmasse
iiber Kanada in der Néhe aktiver Waldbrénde mit anschlieendem Transport
in niedriger Hohe in Richtung Europa und einem mit einem WCB verbunde-
nen Aufstieg zur UTLS zeigen.

Zusammenfassend liefert diese Arbeit wertvolle Informationen iiber den
Einfluss kleinrdumiger Mischungsprozesse auf Aerosolpartikel in der extra-
tropischen UTLS. Dariiber hinaus zeigt sie die Bedeutung verschiedener
Transportprozesse auf, die fir den Aerosoltransport berticksichtigt werden
miissen. Sie bildet eine Grundlage fiir zukiinftige Studien und mogliche
Modellentwicklungen, um die beobachteten Prozesse in aktuellen Modellen
korrekt darzustellen.
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ABSTRACT

The chemical composition of the tropopause region, and more precisely the
upper troposphere and lower stratosphere (UTLS), plays an important role
on surface temperature changes. Changes in the chemical composition may
have large impacts on the radiation budget of the Earth’s atmosphere. The
UTLS and its chemical composition are influenced by horizontal transport of
air masses, vertical transport associated with (deep) convective systems and
warm conveyor belts (WCBs), rapid turbulent mixing as well as photochemi-
cal reactions.

The presented studies are based on two different airborne measurement
campaigns over Europe in 2020 and 2024 which were analyzed with the focus
on cross-tropopause mixing of aerosol particles. Therefore, the chemical
composition of non-refractory submicron aerosol particles as well as the total
aerosol number concentration and size distribution measurements were inves-
tigated in combination with in-situ trace gas data to identify mixing processes.
It is shown that the sulfate aerosol in the lowermost stratosphere (LMS) is
influenced by upper tropospheric volcanic eruptions and subsequent cross-
tropopause mixing and gas-to-particle conversion.

Additionally, a filament with high aerosol number concentration (> 800 cm™1!)
in combination with high carbon monoxide (CO) mixing ratios (> 100 ppbv)
was observed in chemically stratospheric air (nitrous oxide (N2O) < 338 ppbv)
within a WCB outflow region. Size distribution measurements as well as off-
line analysis of impactor samples show indications for biomass burning (BB).
Trajectory data support this by showing the air mass origin over Canada
close to active wildfires with subsequent low-level transport towards Europe
and uplift associated with a WCB to the UTLS.

Summarizing, this thesis yields valuable information on the influence of
small-scale mixing processes on aerosol particles in the extratropical UTLS.
Furthermore, it shows the importance of different transport processes that
need to be considered for aerosol transport. It builds a strong basis for future
studies and possible model development in order to represent the observed
processes in current models correctly.
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THESIS






INTRODUCTION

1.1 MOTIVATION

The extratropical tropopause region plays an important role with respect to
the Earth‘s surface temperature and the radiative budget of the atmosphere
(Riese et al., 2012; Kremser et al., 2016; Murphy et al., 2021). Even small
changes in the chemical composition of the tropopause region relating to
trace gases, such as methane (CHy), ozone (O3) and water (H20), have a
large radiative effect on the surface temperature (Riese et al., 2012). A
similar overview study focusing on the radiative effect of aerosol particles
with regard to changes in number concentration, size distribution and chem-
ical composition is not available at the current date. However, there are
studies that examine the effect of individual aerosol properties: The effective
radiative forcing (ERF) is mainly dependent on the chemical composition
of the aerosol particles. For instance, sulfate aerosol, which is emitted by
anthropogenic and natural processes (see Section 1.2.4), has a cooling effect
due to back scattering of sunlight (Li et al., 2022). This cooling is particularly
observed after strong volcanic eruptions, like the Pinatubo eruption in 1991
(e.g., Hansen et al., 1992; Molineaux and Ineichen, 1996; Soden et al., 2002).
Other compounds such as black carbon (BC) or soot have a warming effect
as a consequence of absorption of sunlight (e.g., Jacobson, 2001; Ramanathan
and Carmichael, 2008).

Furthermore, the ERF depends on the aerosol size distribution. Previous
studies showed that aerosol particles with a diameter of 0.5 pm scatter most
of the sunlight back to space, and therefore have a cooling effect on the
surface temperature (Murphy et al., 2021). However, aerosol particles with
an effective diameter larger than 2 pm or smaller than 0.1 pm do not have
such an efficient scattering and therefore have no significant cooling effect as
other sizes (Lacis et al., 1992; Murphy et al., 2021).

Further, Lacis et al. (1992) show that the infrared heating of aerosol particles
is strongly dependent on the aerosol particle size and insensitive to the chemi-
cal composition of the aerosol. However, this composition impacts the role of
aerosol particles in other processes, like cloud or heterogeneous ice formation.
As shown by Riese et al. (2012), the most sensitive region in the atmosphere is
the tropopause region as a transition from a turbulent, mixed regime (in the
troposphere) towards a stable regime (in the stratosphere). The tropopause
region in the extratropics and thus also its atmospheric constituents are influ-
enced by many different processes on different spatial and temporal scales,
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such as turbulent cross-tropopause mixing (e.g., Holton et al., 1995; Tuck
et al., 1997; Gettelman et al., 2011). These processes may lead to changes
in the chemical composition of the tropopause region and therefore have
an impact on the radiation budget of the atmosphere and consequently the
Earth’s surface temperature. The ERF of trace gases is understood quite well
in current climate studies (Arias et al., 2021), whereas the ERF of aerosol
particles is subject to large uncertainties. In numbers, the overall aerosol
ERF in the last Intergovernmental Panel on Climate Change (IPCC) report
(AR6) from 2021 (Arias et al., 2021) is around —1 W m~2 with an uncertainty
of roughly 75 % (—=1.8Wm™2 to —0.4 Wm~2). Furthermore, the ERF is
strongly influenced by the chemical composition with positive forcing by
components like BC and cooling for example by organic carbon (OC).
Compared to the previous assessment report (AR5), there are some improve-
ments in the understanding the climate effect of aerosol particles, but the level
of knowledge is still low. One reason for this is that modeling of atmospheric
aerosol remains challenging even for state-of-the-art climate models (Szopa
et al., 2021). These challenges arise due to the complex optical properties of
aerosol particles, which depend on various parameters such as the shape, the
relative humidity, and chemical composition, the latter of which is affected
by complex chemical reactions. In atmospheric research, these challenges are
tackled by intensive research infrastructures (e.g., "The Tropopause Region
in a Changing Atmosphere (TPChange)", "Arctic amplification: Climate
relevant atmospheric and surface processes and feedback mechanisms (AC?)")
to foster the development of climate models and support the modeling by
in-situ observations.

This thesis is part of the research infrastructure project "TPChange" and uses
airborne measurements of aerosol chemical composition and size distributions
in order to identify cross-tropopause mixing processes of aerosol particles.

1.2 SCIENTIFIC BACKGROUND

As this thesis deals with aerosol particles and processes in the extratropical
tropopause region, the following schematic Fig. 1 describes the framework:
The tropopause region can also be referred to as upper troposphere and lower
stratosphere (UTLS). In this region, certain dynamical processes occur which
influence changes the chemical composition of the stratosphere by mixing
with tropospheric air and vice versa. This cross-tropopause mixing leads to
the formation of a transition layer, the extratropical transition layer (ExTL)
(Hoor et al., 2002).

The stratosphere, with the Brewer-Dobson circulation (BDC) as overarching
meridional circulation, can be divided into the "pure stratosphere" or "over-
world" (Holton et al., 1995) and the lowermost stratosphere (LMS). The
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barrier between those two regimes is the 380 K isentrope starting at the
tropical tropopause (Holton et al., 1995).

Brewer-Dobson circulation
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Figure 1: Schematic cross-section of the atmosphere with the key processes which
are relevant for this thesis. The bright green arrows denote the BDC reaching from
the tropical tropopause (380 K isentrope; black solid line) towards the poles. The
extratropics are bounded by the sub-tropical jet stream (STJ) and the polar (front)
jet stream (PJ), which leads to a steep gradient in the thermal tropopause (thermal
TP, dashed blue line) and tropopause folds in the dynamical tropopause (dynamical
TP, dotted dark yellow line). In the vicinity of the jet streams and other dynamical
processes, such as WCB uplift (thick orange arrow), cross-tropopause mixing in
the form of quasi-isentropic mixing (yellow, wavy double arrow) or cross-isentropic
mixing (red, wavy double arrows) can occur. Adapted from Gettelman et al. (2011)
and www.tpchange.de (last access: 12.09.2025).

1.2.1  Tropopause definitions

There exist several definitions of the tropopause depending on the scientific
focus. The most common definitions are introduced below.

Thermal tropopause

The definition of the thermal tropopause is the oldest definition (Dines, 1919;
World Meteorological Organization, WMO, 1957). It is based on the temper-
ature profile of the atmosphere which was explored by balloon measurements
in the early 20th century. The World Meteorological Organization (WMO)
revisited this observation and defined the thermal tropopause as follows: The
thermal tropopause is the lowest altitude where the vertical temperature
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gradient (also called lapse rate) is lower than 2K km ™! and does not exceed
this value for the next at least 2km (Dines, 1919; World Meteorological Or-
ganization, WMO, 1957; Hoinka, 1997). One application of this tropopause
is the evaluation and analysis of radiosonde profiles, but also model output
can be evaluated with this definition. There is the possibility that multiple
tropopauses occur applying this definition of a lapse-rate tropopause (LRT).
Further disadvantages arise from the challenging definition in dynamically
very active regions, such as the subtropical jetstream or in polar regions with
no variations in the temperature profile during polar night (Tinney et al.,
2022).

Stability-based tropopause

There are additional definitions of the tropopause, in order to account for some
of the problems raised by the definition of the LRT. Several ballon studies
of temperature profiles found a layer above the tropopause with very stable
conditions, such as a high static stability (Squared Brunt-Véiséla frequency,
N2) (e.g., Birner et al., 2002; Birner et al., 2006). This static stability is
mainly the measure of the vertical gradient of potential temperature ©:
N2_ 9 © (1)
O dz
In this equation g represents the gravitational acceleration.
Tinney et al. (2022) use this approach of the static stability and composition
analysis by balloon observations in combination with the global reanalysis
data set Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRAZ2) to derive a tropopause definition based on the potential
temperature gradient. Based on their findings, the stability-based tropopause
is defined as the lowest altitude where the vertical gradient of potential
temperature exceeds 10Kkm™! and remains above that threshold in an
adjacent layer of 2km. Advantages of this metric are the global applicability
and the good agreement in composition analyses. One challenge with this
method, in particular for airborne in-situ measurements, is the need of vertical
profiles along the flight path. This requirement forces the use of model data
in place of direct temperature and pressure measurements.

Dynamical tropopause - potential vorticity (PV) isosurface

The commonly used dynamical tropopause is based on the potential vorticity
(PV), a conserved quantity in adiabatic regimes. The PV is defined as follows
(Rossby, 1940; Ertel, 1942; Hoskins, 1991):

_Ga
p

PV V.0 (2)
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Here, (, is the absolute vorticity, p the density of air and V,©® the vertical
gradient of @. The unit of the PV can be expressed as potential vorticity
units (PVUs); expressed in Sl-units 1 PVU = 107%m?s~'Kkg 1.

As seen in Eq. 2, and similar to the stability-based tropopause, the vertical
gradient of potential temperature is taken into account. For this reason, the
PV can be used as a tropopause marker as well. In the tropopause region, PV
increases from low tropospheric values to higher values in the stratosphere.
There is no strictly defined value of PV for the dynamical tropopause. In
the literature values between 1.5 and 4 PVU are found, corresponding to the
strongest increase in the PV-gradient.

The big advantage of this tropopause definition is the conservation of PV
during adiabatic processes. Therefore, the tropopause can be seen as transport
barrier for diabatic processes, such as turbulent mixing (Kunkel et al., 2019).
However, as absolute vorticity is undefined at the equator, a disadvantage of
this tropopause definition is that it is also undefined at the equator, and the
tropopause is already very high in tropical regions close to it. Furthermore, the
PV underlies dynamical processes and thus it is variable in certain situations
which arise from the applicability issue of using only one single PV-isosurface
(Kunz et al., 2011a).

Dynamical tropopause - PV-Gradient

One solution to account for the problem of the variability of the PV, is
to use gradients of PV along one isentrope instead of fixed PV thresholds
(Kunz et al., 2011a; Turhal et al., 2024). In this approach, model data is
used to calculate the PV which is later transformed to equivalent latitude on
each isentrope (Kunz et al., 2011a). The before-mentioned method has the
advantage that it is independent of seasonality and the choice of isentropes.
The exact definition and calculation is rather complex and is going beyond
the framework of this thesis. It is described in detail by Kunz et al. (2011a).
Compared to the chemical transition from the troposphere to the stratosphere,
the PV-gradient tropopause represents the transport barrier between both
spheres (Kunz et al., 2011b). Here, Kunz et al. (2011b) show that this
tropopause definition is in agreement with profiles of trace gases such as
carbon monoxide (CO) and O3. However, this definition reaches its limits in
very complex dynamical situations, such as double tropopauses induced by
Rossby wave breaking (Kunz et al., 2011b).

Chemical tropopause

Further, the tropopause can be determined on the basis of measured composi-
tion in form of trace gases. This is not possible with all possible constituents
since one has to account for the sources and sinks of the species as well as
their atmospheric lifetimes. Regarding the sources and sinks, it is necessary
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that the trace species has only a source in the troposphere and a sink in the
stratosphere or vice versa, with no additional source in the stratosphere or
troposphere, respectively. Otherwise, the effects of sources and sinks in the
same atmospheric layer might cancel each other out. Additionally, the men-
tioned atmospheric lifetime needs to be long enough to get a well-mixed state
in the troposphere in order to achieve a homogeneous distribution without
disturbances by local source regions. Two trace gases that are very well suited
are O3 and nitrous oxide (N2O) which are used in this thesis (e.g., Bethan
et al., 1996; Pan et al., 2004; Miller et al., 2015; Joppe et al., 2024).

Summarizing, there are multiple ways to define the tropopause and the
list of definitions given above is not complete. Depending on the application,
it is important to compare different definitions. In this thesis, the analy-
sis mostly refers to the chemical tropopause and partly to the dynamical
tropopause with a fixed PV-isosurface.

1.2.2  Atmospheric transport mechanisms

The tropopause region and more precisely, the stratosphere are influenced by
several processes which also affect the chemical composition in these regions.
These processes are roughly sketched in Fig. 1. In the following, some of
the transport processes are described in more detail with respect to their
corresponding scales.

Brewer-Dobson circulation

On the large scale, the most common transport mechanism is the BDC. It
was first described by the observation of trace constituents, such as HoO and
O3, and is still topic of on-going research (e.g., Brewer, 1949; Dobson, 1956;
Solomon et al., 2010; Thompson et al., 2011). The BDC is the overarching
meridional stratospheric circulation where tropospheric air is entering the
stratosphere in the tropics and is subsequently transported polewards (e.g.,
Brewer, 1949; Dobson, 1956; Butchart, 2014; Cohen et al., 2014). Compared
to the tropospheric circulation patterns, the BDC is a wave-driven circula-
tion (Cohen et al., 2014). This means that the BDC is mainly driven by
tropospheric dynamics, such as Rossby-waves on the large scale, but also
to a minor extent by small-scale gravity waves (e.g., Butchart, 2014; Cohen
et al., 2014). Observations and model studies also reveal that the LMS in
extratropical regions is affected by a lower branch of the BDC (Bonisch et al.,
2011; Ploeger et al., 2021).
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Warm conveyor belts (WCBs)

Warm conveyor belts (WCBs) are transport processes not on the planetary
but on the synoptical scale and are one key process for transporting air
masses from the planetary boundary layer (PBL) into the UTLS region. This
transport process is called WCB and is associated with cyclones. A WCB
can be described in a quasi-Lagrangian perspective as air stream with strong
vertical uplift (e.g., Harrold, 1973; Eckhardt et al., 2004; Madonna et al.,
2014; Heitmann et al., 2024). This uplift can reach an altitude difference of
around 600 hPa in less than 2 days or in coordinates of potential temperature
experience an increase of 20 K (Madonna et al., 2014; Heitmann et al., 2024).
Furthermore, WCBs are associated with water vapor transport into the UTLS
and moist processes, such as condensation and precipitation (Madonna et al.,
2014; Schwenk and Miltenberger, 2024). On the synoptical scale, WCBs are
capable to transport pollutants, such as trace gases or aerosol particles into
the UTLS far away from their sources. In current literature, there are only a
few studies which investigate the transport of pollutants via WCBs, such as
trace gases and aerosols, in the extratropics (e.g., Birmili et al., 2010).

Cross-tropopause mixing

On the small-scale, the process of cross-tropopause mixing occurs. As men-
tioned earlier, the tropopause can act as a transport barrier for trace gases
and aerosol particles (e.g., Fischer et al., 2000; Hoor et al., 2002; Hoor et
al., 2004; Hegglin et al., 2009; Gettelman et al., 2011; Kunkel et al., 2019;
Lachnitt et al., 2023). Nevertheless, there are small-scale processes which
allow mixing of air masses across the tropopause in both directions. These
mixing processes can be identified by so-called tracer-tracer correlation plots
(see Appendix Sect. A). These correlations are introduced for instance by
Fischer et al. (2000). The method is based on the use of two tracers: One
tropospheric tracer with sources only in the troposphere, a rather constant
background mixing ratio in the stratosphere and a sufficient long atmospheric
lifetime to get transported into the LMS, such as CO or H»O. The second
tracer is a so-called stratospheric tracer with a homogeneous distribution in
the troposphere and a sink or source in the stratosphere, such as NoO or Os.
Without mixing across the tropopause, the tracer-tracer correlation would
show an L-shape, but with active mixing across the tropopause, diagonal
mixing-lines are observed which connect both reservoirs (e.g., Konopka and
Pan, 2012) (see Fig. 19 in Sect. A).

Cross-tropopause mixing can be divided into quasi-isentropic mixing and
cross-isentropic mixing. In the quasi-isentropic case, isentropes cross the
tropopause associated with synoptic and planetary waves and therefore allow
air masses to cross the tropopause. One case-study on this phenomenon is
given by Kunkel et al. (2019). The other possibility of cross-isentropic mixing
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can occur for diabatic processes and is, therefore, irreversible. These diabatic
processes are mostly found in turbulent regimes, such as areas of strong wind
shear along the jet streams or gravity waves, as described by Kaluza et al.
(2019) and Lachnitt et al. (2023).

In summary, multiple transport mechanisms exist which have an impact on
the composition of the extratropical tropopause region. As mentioned, all
these processes have different scales and therefore some challenges for in-situ
observations arise. It needs to be clarified that not always only one specific
process is responsible for the observed chemical composition in the UTLS,
but with suitable methods and measurements it is possible to differentiate
between the processes and assign them to the observations.

1.2.3  Atmospheric aerosol formation and lifetimes

Atmospheric aerosol particles can be differentiated between primary and
secondary aerosol particles. Primary aerosol is directly emitted by its source
into the atmosphere, whereas secondary aerosol is generated by chemical
reactions from the gas phase, such as gas-to-particle conversion from sulfur
dioxide (SO2) to sulfate aerosol. Another possibility of secondary aerosol
formation is condensation of gases on already existing aerosol particles (Pandis
et al., 1995). In Section 1.2.4, more information on the different sources of
atmospheric aerosol will be provided.

Aerosol size modes

In terms of the size, atmospheric aerosol particles can be divided into different
size modes and linked to possible processes, which is sketched in Fig. 2
(e.g., Heintzenberg et al., 2003; Brasseur and Jacob, 2017). Freshly formed
aerosol particles from the gas phase are found in the nucleation mode with a
particle diameter between 0.001 pm and 0.01 pm and have the largest number
concentrations of all presented modes (Brasseur and Jacob, 2017). Here,
sulfuric acid is the most common species for aerosol nucleation due its low
saturation pressure (Curtius, 2006; Brasseur and Jacob, 2017). Aitken-mode
particles show the second largest number fraction of the size distribution
and the diameter in this mode ranges from around 0.01 pm and 0.1 pm.
Particles in the Aitken-mode are developing through condensation processes
on nucleation mode aerosol and subsequent particle growth. Both, Aitken-
and accumulation-mode, have a sink in coagulation processes (Brasseur and
Jacob, 2017). The next size mode is the accumulation mode with particle
sizes from around 0.05 pm up to 1um. This size mode is in focus of this thesis
in the following chapters. Particles in this size range also form through the
mentioned processes of condensation and coagulation, but additionally can be
primary aerosol with sources from combustion processes (see also 1.2.4) (e.g.,
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Pandis et al., 1995; Brasseur and Jacob, 2017). The largest aerosol particles
with the lowest number fraction fall into the coarse mode. Here, particle sizes
can reach up to 10 pm and more. These particles are mostly primary particles
from natural sources (Brasseur and Jacob, 2017).

nucleation:
—
condensation
condensation
coagulation condensation
coagulation
nucleation- accumulation-
| mode Aitken- mode | mode | coarse mode
I T 1 1 T '
0.001 0.01 0.1 1 10

Particle diameter (um)

Figure 2: Schematic overview of different size modes of atmospheric aerosol particles
and processes leading to a transition between the different modes. Reproduced
from Heintzenberg et al. (2003) with permission from Springer Nature.

Atmospheric lifetime

The atmospheric lifetime, or residence time, of aerosol particles is dependent
on their size, the altitude as well as their chemical composition and reactivity.
On average, the atmospheric lifetime is in the order of a few days up to
around one week in lower altitudes and the free troposphere (Andreae, 2007;
Jaenicke, 1980a,b). At higher altitudes, the lifetime of aerosol increases to one
month in the tropopause region and even up to 2 years in the stratosphere
(Jaenicke, 1980a). Thereby, the particle size and removal processes change
over the different altitudes. The smaller, newly formed particles are removed
by coagulation processes with other particles, whereas the large particles are
heavier and fall out of the atmosphere, which is called sedimentation (Jaenicke,
1980b). The aerosol particles commonly observed in the tropopause region
are in the accumulation mode. The only way to remove these particles is the
process of wet-deposition, which is done by aerosol-cloud interaction (Petzold
and Kéarcher, 2012). This process does not count for the stratosphere. Here,
the particles get lost by the transition to the troposphere due to dynamics
(see Fig. 1) and local loss processes like chemical reactions.
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1.2.4  Sources of atmospheric aerosol

There are multiple sources of atmospheric aerosol particles. Here, only a few
examples of natural and anthropogenic aerosol particles will be given.

Natural sources

An important natural aerosol is sea salt aerosol, as most parts of the Earth
are covered by oceans. This particle type is formed by physical processes on
the surface of the oceans, e.g., wave breaking (Andreae et al., 2009). Sea salt
aerosol exists in the size range from Aitken-mode up to the coarse mode and
shows a characteristic mode at 500 nm (e.g., Campuzano-Jost et al., 2003;
Andreae et al., 2009).

Another and the most abundant natural aerosol is dust aerosol (also mineral
dust or soil dust). Source regions of mineral dust are typically deserts, such
as the Sahara desert in Africa. Here, the aerosol is generated by wind erosion
of loose soil (Miller and Tegen, 1998). Dust aerosol is very good visible on
satellite images and can travel over long distances. Current studies estimate
that mineral dust has a cooling effect in the atmosphere by interactions with
clouds, chemistry and radiation (Kok et al., 2023).

Besides these two surface originating aerosol types, there are some more
natural aerosol sources, which will be investigated in more detail later in this
thesis. First, volcanic sulfate aerosol is mentioned. Volcanic eruptions can
emit large amounts of volcanic gases and ash particles. The emitted gases, such
as SOg, act as precursor gases for volcanic (sulfate) aerosol particles (Kremser
et al., 2016). This aerosol has a strong cooling effect in the atmosphere
and caused a reduction in Earth‘s surface temperature by up to 1.5 degree
(e.g., Lacis et al., 1992; Santer et al., 2014; McGraw et al., 2024). Volcanic
eruptions are capable to emit these gases and aerosol particles directly into
the stratosphere, where its prevalence is quite stable and residence times of
more than 1yr are observed (see 1.2.3).

The last mentioned natural source of aerosol particles can also be attributed
to anthropogenic sources, depending on the exact definition. This type is
biomass burning (BB) aerosol from forest fires, e.g., occurring frequently in
Canada or Africa. These fires can naturally be caused by lightning strikes
and are therefore also counted as natural source. This BB aerosol consists
mainly of organic compounds (biomass burning organic aerosol (BBOA)) and
soot particles or BC.

Additional natural sources of aerosol particles, not further discussed in this
thesis, are pollen, meteoric aerosol (Schneider et al., 2021) and secondarily
formed organic aerosol (OA) from tree emissions in the rain forest (Curtius
et al., 2024).
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Anthropogenic sources

Besides the natural sources for aerosol particles, there are also anthropogenic
source processes. Here, the industrial sector as well as the traffic sector have
large impacts on the aerosol particles and their formation in urban areas.
Large fractions of SO9 are emitted by industry and therefore secondarily
formed sulfate aerosol is commonly present in industrial areas (Seinfeld and
Pandis, 2016).

The mentioned traffic sector provides multiple emission sources for anthro-
pogenic aerosol. First, the burned fossil fuels by vehicles emit nitrogen
oxides (NOy), which later contribute to the formation of nitrate aerosol, but
also sulfur compounds are emitted. This holds especially for the air traffic
sector that is the major source of primary aerosol particles in the upper
troposphere (UT) (Petzold et al., 1999). Furthermore, in current research,
the focus shifts to non-exhaust emissions of road-traffic. This term includes
for instance emissions by brake-wear or tire abrasion, which emits ultrafine
particles and creates an additional source for health issues (Lober et al., 2024).
In urban areas, domestic cooking may also contribute to large fractions (up
to 30 %) of OA and thus needs to be taken into account in the context of
anthropogenic aerosol, at least in the PBL (Pikmann et al., 2024).
Especially in regions with intense agricultural use, e.g., the Netherlands or
parts of Northern Germany, this kind of land use has an effect on aerosol
particle formation. In these regions, ammonia (NHz) is emitted to the atmo-
sphere in large amounts through e.g., land fertilization (Behera et al., 2013;
Beaudor et al., 2025). This is the main precursor for ammonium aerosol which
is present in the form of ammonium nitrate or ammonium sulfate (Behera
et al., 2013).

As discussed for the natural sources, BB can also be attributed to anthro-
pogenic sources as it can be forced by fire raising, for example to gain areas for
agriculture. The aerosol chemical composition of this aerosol type is explained
in the section above.

1.2.5  Atmospheric radiation and the effect of aerosol particles

The sun is the energy source entering the atmosphere. This energy is in form
of electromagnetic radiation with wavelengths spanning many magnitudes
from which only a small part is visible for humans.

The total amount of incoming solar radiation at the top of the atmosphere
(TOA) is the solar constant around 1360 Wm~2 (Wallace and Hobbs, 2006;
Guermoui et al., 2020). From this, only one fourth is reaching the surface due
to the spherical shape of the earth (=2 340 Wm~2). The global mean albedo of
0.3 is responsible for the reflection of almost 1/3 of this incoming radiation at
the surface reaching radiation back to space. Thus, a net incoming radiation
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of approximately 238 W m™2 is left at the surface (Wild et al., 2018). This
is schematically shown in Fig. 3. In the theory of blackbody radiation, an
equilibrium temperature of 255 K would establish assuming a total absorption
of this remaining energy. However, this is not the case as there is on average
an equilibrium temperature of 288 K (Seinfeld and Pandis, 2016; Wallace and
Hobbs, 2006). This concludes that there must be interaction between the
atmosphere and the incoming and outgoing radiation, known as greenhouse
effect. The exact numbers of radiation fluxes are controlled by the chemical
composition of the atmosphere and physical processes depending on the
composition. In the following, only aerosol relevant processes are described
even though gases interact with radiation.

Figure 3: Schematic of the radiation budget and aerosol effects in the atmosphere.
Yellow arrows indicate solar radiation, brown arrows show radiation by the surface
and blue arrows atmospheric fluxed. The figure is adapted from Li et al. (2022)
with permission from Springer Nature.

Direct aerosol effect

There are two major interaction processes of aerosol particles with radiation.
One is the process of absorption. Here, the energy of the radiation is removed
at one or more wavelengths and converted to internal (thermal) energy in
terms of a blackbody.

Another interaction process is scattering which plays an important role in
the context of this thesis. In case of scattering, the aerosol particle transfers
the incoming energy of the light into internal electric charges, which leads
to oscillation of the particle. The charges reradiate from the particle at the
same wavelength into all directions. In the atmosphere, the free path length
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between individual particles (and molecules) is large enough to account for
independent scattering of all constituents.

The interaction of scattering can be divided into two different theories and
regimes, the Rayleigh-scattering and the Mie-Lorenz-scattering, better known
as Mie-scattering (Mie, 1908).

The Rayleigh scattering is valid for wavelengths much larger than the particle
(molecule) size (A >> d,), so mostly for air molecules. Here, the scattered
radiation is equally divided between forward and backward scattering. In the
atmosphere, Rayleigh scattering is visible in form of the blue sky.

The Mie-theory expands the scattering theory for larger particles with a size
in the range of the wavelength (A ~ d,,), such as dust particles for the infrared
light, which is the reason for intense red sunsets in dusty periods. Mie-
scattering results in a strong forward component in the scattering according
to the phase function (Mie, 1908; Bohren and Huffman, 1998).

The combination of scattering and absorption is called extinction and is
referred to the direct aerosol effect in the sense of climate feedback (Liou,
2002; Seinfeld and Pandis, 2016; Wallace and Hobbs, 2006).

Indirect aerosol effect

Besides the direct effect, aerosol particles also influence the atmospheric
radiation budget indirectly: Aerosol particles can act as cloud condensation
nuclei (CCN) and ice nucleating particles (INPs) and therefore influence cloud
formation and with this also the radiative feedback of clouds (Forster et al.,
2021).

In mixed-phase clouds, anthropogenic aerosol mostly influences the liquid
part of the cloud as it adds CCN to the cloud. More CCN at a constant
cloud liquid water content result in smaller droplets, which enhances cloud
scattering and as consequence leads to a higher cloud albedo with a negative
radiative feedback. Furthermore, the lifetime of clouds with smaller droplets
is higher as the precipitation is suppressed (Forster et al., 2021).

For the ice formation in clouds, natural aerosol, such as sea spray or mineral
dust is the most abundant component acting as INP (DeMott et al., 2015;
Schrod et al., 2020). However, anthropogenic aerosol such as BC may addi-
tionally act as INP in cirrus clouds, because lower temperatures are needed
for freezing (Forster et al., 2021).

In general, the cloud radiative feedback and with it the indirect aerosol effect
can have both a positive and negative feedback. This is also dependent on the
cloud properties, such as phase state and altitude (e.g., Ceppi et al., 2017).

13
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1.2.6  Aerosol chemical composition

As mentioned above, the chemical composition of atmospheric aerosol particles
depends on the sources of the corresponding aerosol. It determines the
aerosol properties, such as radiative forcing, optical properties, hygroscopicity,
reactivity and ability of acting as CCN or INP. Furthermore, the composition
differs with different size ranges of the observed aerosol particles. The
chemical composition can be divided into the classes of inorganic aerosol
(e.g., sulfate, ammonium or nitrate), organic compounds (including a large
subset of constituents) and elemental carbon (EC) that is often termed soot
(Gilardoni and Fuzzi, 2017).

Additionally, atmospheric aerosol particles can conceptually differentiate
between internally and externally mixed aerosol particles. Here, the external
mixture means that the individual particles are chemically pure and therefore
can be distinguished according to their individual chemical composition. The
other type is the internal mixture, where different species are found in one
particle (Boucher, 2015).

The final general classification of atmospheric aerosol, depending on the
chemical composition, is the separation between refractory and non-refractory
aerosol, where refractory particles are temperature-stable and can only be
vaporized at temperatures greater than 500°C (Canagaratna et al., 2007;
Kremser et al., 2016). Here, one example is soot that is, therefore, also called
refractory black carbon (rBC). The measurement technology used in this
thesis is capable to analyze the chemical composition of non-refractory aerosol
due to the exploited temperature. In the following, the most important
aerosol species for this thesis will be described in detail.

Sulfate aerosol

Sulfate aerosol is the most abundant constituent of stratospheric aerosol par-
ticles. It is mainly produced by the oxidation of SOy and, in the unperturbed
atmosphere, by the oxidation path from carbonyl sulfide (OCS) to SOy and
further to sulfate aerosol (Seinfeld and Pandis, 2016). This chemical reaction
is occurs in the gas phase via the reaction of chemical radicals and on the
timescale of only a few days (Gilardoni and Fuzzi, 2017). Consequently,
sulfate aerosol is commonly found as secondary aerosol resulting from the
oxidation of sulfur-containing constituents. Sulfate aerosol and its precursor
are emitted from different sources.

Large natural sources are the emissions of precursor gases, such as OCS and
dimethyl sulfide (DMS) from oceans, but also volcanic activities can cause
an increasing abundance of sulfate aerosol through primary emission or the
emission of SO9. Here, the relaxation time of the stratospheric sulfate aerosol
after a volcanic injection can last up to multiple years, depending on the



1.2 SCIENTIFIC BACKGROUND

strength of the volcanic eruption (Seinfeld and Pandis, 2016). Besides the
natural sources, the majority of sulfate is emitted by anthropogenic sources
in the industrial sector, shipping or biomass burning (Gilardoni and Fuzzi,
2017). In the troposphere, the typical lifetime of sulfate aerosol is about one
week as a consequence of the loss processes through wet and dry deposition
(Seinfeld and Pandis, 2016).

Organic aerosol (OA)

OA is the generic term for a set of many different subspecies, e.g., aromates
or biogenic emissions. It can be distinguished between primary organic
aerosol (POA) and secondary organic aerosol (SOA), where SOA is formed
from precursor gases for example terpenes and isoprene over the Amazonian
rain forest (Hoffmann et al., 1997; Kroll and Seinfeld, 2008; Carlton et al.,
2009; Curtius et al., 2024). Furthermore, SOA may also depend on the
abundance of POA through heterogeneous chemistry with evaporation of
primary particles and the condensation from the gas phase to form new
particles (Gilardoni and Fuzzi, 2017; Boucher, 2015). Tropospheric OA can
account for a significant fraction of the aerosol mass in the UTLS (Froyd
et al., 2009; Kremser et al., 2016; Curtius et al., 2024). Anthropogenic sources
of OA are found in the industrial sector, through burning of fossil fuels and
other combustion processes of e.g., wood, waste or coal. Natural sources are
biomass burning (from forest fires), biogenic aerosol (like pollen and spores),
biogenic precursors (e.g., isoprene or a-pinene) or marine aerosol (Gilardoni
and Fuzzi, 2017).

The tropospheric lifetime of is in the order of one week and it is removed
from the atmosphere as consequence of wet or dry deposition and evaporation
(Seinfeld and Pandis, 2016). In the stratosphere, OA may have longer residence
times due to missing sinks, however there is no in-situ production (Kremser
et al., 2016).

Black carbon aerosol

BC, or also referred to as rBC, is only emitted during combustion processes
through incomplete combustion. Here, anthropogenic sources are fossil fuel
burning (as in the traffic sector) and heating through burning of coal, oil or
gas. The main natural source of BC are forest fires, which can emit huge
amounts of BC (Gilardoni and Fuzzi, 2017).

BC aerosol quickly becomes hygroscopic due to internal coating with organic
carbon in the atmosphere (Boucher, 2015). Therefore, the tropospheric
lifetime is around one week and can reach up to 10days as a consequence
of dry and wet deposition. Finally, similar to OA; long residence times in
the stratosphere can be expected with partial in-situ production through air
traffic (Seinfeld and Pandis, 2016; Kremser et al., 2016).
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1.3 OBJECTIVES OF THIS WORK

As described in the motivation (Chapter 1.1), the understanding of aerosol
particles is of great interest in current research projects since many aspects,
such as cross-tropopause mixing or the radiative feedback are not fully under-
stood by today. Furthermore, the tropopause region, more precisely changes
in the chemical composition of the tropopause region, play an important
role for the Earth‘s surface temperature, as described by Riese et al. (2012).
Murphy et al. (2021) show that the radiative feedback of aerosol particles is
influenced by the particle size due to different scattering efficiencies.
Therefore, the Collaborative Research Centre (CRC) - "The Tropopause Re-
gion in a Changing Atmosphere' (TPChange) - was initiated to investigate
the tropopause region comprehensively. This CRC is an alliance led mainly by
the Johannes Gutenberg University Mainz (JGU) and the Goethe University
Frankfurt am Main (GUF). Other participating institutions are the Technical
University Darmstadt (TuDa), the Forschungszentrum Jiilich (FZJ), the Max
Planck Institute for Chemistry (MPIC) and the German Aerospace Cen-
ter (DLR). The consortium investigates the tropopause region and the effects
of climate change on this region. For this, several experimental observations
and one dedicated aircraft mission are combined and complemented by current
state-of-the-art climate models to further improve the models.

This thesis is part of TPChange and focuses on aerosol properties in the
extratropical tropopause region. More precisely, it addresses the following
questions:

o How is the ExXTL defined by aerosol particles, compared to trace gas
observations?

o What is the influence of small-scale dynamical processes, such as turbu-
lent mixing, on the aerosol particles in the ExTL?

o Which role does small-scale cross-tropopause mixing play on the radia-
tion budget in the extratropical UTLS?

In order to answer these questions within this thesis, in-situ airborne obser-
vations of aerosol chemical composition, aerosol number concentration and
aerosol size distributions during different field experiments are used. One
focus of this work is the preparation and characterization of two Ultra-High
Sensitivity Aerosol Spectrometers (UHSASs) for the deployment during the
central TPChange field experiment "Tropopause composition gradients and
mixing experiment (TPEx)". Another part comprises the data analysis of the
conducted measurements.

The dissertation is structured as follows: In Chapter 1, the research topic is
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motivated and the importance of aerosol research in recent years is demon-
strated. Furthermore, the current knowledge and the scientific background
underlying the discussion of the results is described. Thereafter, in Chapter 2,
the applied methods are introduced. First, the used measurement principles
and technologies are presented, followed by the complete laboratory charac-
terization of the two UHSAS instruments for the deployment during TPEx.
After the technical part of Chapter 2, the complementary data sets are listed
and described. Chapter 2 ends with a description of the field experiments from
which the measurement data is later evaluated and analyzed in this thesis.
The results in Chapter 3 are composed of two peer-reviewed, first author
publications in the journal Atmospheric Chemistry and Physics (ACP), using
case-studies on different observed small-scale processes and their influence
on aerosol particles in the UTLS. Additonally, a second author publication
in the journal Atmospheric Measurement Techniques (AMT) is presented,
which describes the technical setup of the measurement platform Tropopause
Composition Towed Sensor Shuttle (TPC-TOSS). The final Chapter 4 sum-
marizes the research conducted in this thesis and provides an outlook on how
this findings can be used in future research projects.
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In this chapter, the primarily used measurement instruments and additionally
used data sets are introduced, including characterization measurements in the
laboratory. Afterwards, the two conducted field campaigns and their goals
are presented briefly.

2.1 ULTRA-HIGH SENSITIVITY AEROSOL SPECTROMETER
(UHSAS)

The UHSAS is a commercial aerosol spectrometer, manufactured by the
company Droplet Measurement Technologies (DMT), located in Longmont,
Colorado, USA. Originally, the UHSAS was developed in two different versions
for specific applications: the laboratory version, in this thesis referred to as
cabin UHSAS (UHSAS-C) (Fig. 5), and the airborne UHSAS (UHSAS-A)
(Fig. 4) applied as underwing probe for aircraft measurements (Cai et al.,
2008; Kupc et al., 2018; Mahnke et al., 2021). Meanwhile, the airborne unit
is no longer manufactured and officially without technical support, with only
a few devices remaining in operation around the world.

For the application of the TPEx measurement campaign in 2024, the UHSAS-C
was rebuilt into a new housing for the mounting inside aircraft racks. This
modification was done by enviscope GmbH in Frankfurt/Main.

Figure 4: Photograph of the UHSAS-A outside the TPC-TOSS.
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Figure 5: Photograph of the UHSAS-C in the new housing. The black tube was
replaced with 1/8 inch stainless steel tubing.

2.1.1 Measurement principle of the UHSAS

The measurement principle of the UHSAS is based on laser-scattering in the
Mie-regime (see 1.2.5). For this, a pumped semiconductor-diode solid-state
laser with a wavelength of 1054 nm is used. This wavelength is achieved by
using a pump laser at 797 nm in combination with a Nd3t:YLiF, crystal
to gain the higher wavelength. After passing the crystal, the laser beam is
coupled into an intracavity pattern, which leads to a laser power around 1
kW cm~2. This power is needed to detect small particles around and smaller
than 100 nm.

The aerosol particles enter the detection unit perpendicular to the laser beam
via a jet nozzle with a sample flow of 50 cm® min~! (see Fig. 6). This
sample flow is controlled by a mass flow controller (MFC) to be constant.
Furthermore, the particle beam is embedded in a sheath flow in order to
focus the particle beam to the detection plane. This sheath flow is passively
controlled in the UHSAS-C by the remaining power of the pump by keeping
the sample flow constant and is typically around 700 cm® min~! at sea level.

For the UHSAS-A, this sheath flow is controlled by an additional MFC and
set to 600 cm? min~!.

The laser light which is scattered by the aerosol particles is collected in a range
between 22° and 158° by Mangin mirrors and focused to the corresponding

photodiodes which convert the photocurrent into a voltage signal. This
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voltage can be assigned to a particle size by calibration (DMT, 2013; Bozem
et al., 2025).
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Figure 6: Side (left) and top (right) view on the optical block of the UHSASs. The
schematic is from the manual with permission by DMT (DMT, 2013).

2.1.2  Characterization of the UHSAS

As already mentioned, two different types of the UHSAS were used for the
airborne studies. Before the deployment during the TPEx campaign in June
2024, both systems were calibrated for different refractive indices to account
for a broad range of atmospheric aerosol particles. These calibrations were
necessary to reorder the measurements into a new bin-scheme of the size dis-
tribution to account for different atmospheric aerosol particles. Furthermore,
the counting efficiency for different aerosol particle types, sizes and number
concentrations was tested in the laboratory before the campaign.

In this chapter, the results of the performed characterization are presented
briefly, as a short summary of the manuscript by Bozem et al. (2025) which
describes the technical setup of the TPEx mission in more detail and contains
a major contribution from these experiments. In the manuscript of Bozem
et al. (2025), the description of the TPEx project and all UHSAS parts were
written by myself as part of this thesis (see Chapter 3.3).

The calibration setup for these measurements is shown in Fig. 7. The
calibration aerosol is generated with an atomizer, before the air flow gets
dried in a combination of two diffusion dryers filled with silica gel. The size
selection, especially of the non-polystyrene latex (PSL) particles, is done by
a differential mobility analyzer (DMA) (TSI Model 3080) with an included
X-ray neutralizer to make sure that the charge of the particles in in a Boltz-
mann equilibrium. After the DMA, the air flow is split up into both UHSAS
systems with the same flow rate to allow for homogeneous flow splitting.

Size calibration

As mentioned above, the scattered light is detected by photodiodes and con-
verted into a voltage signal which can be translated into a particle size. This
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Figure 7: Schematic overview of the calibration setup for the described calibration
measurements.

is achieved by using a calibration curve of the different gain stages in order to
assign the particle size correctly. This calibration curve is constructed out of
a relative and an absolute gain calibration. Here, the relative gain calibration
is done by sampling ambient aerosol only, while the software determines the
coefficients of the gain stages. In contrast to this, the absolute gain calibration
makes use of fixed particle sizes of PSL particles which then are attributed
to measured gain voltages for the correct assignment.

For the preparation of the TPEx campaign, we used the method of the ab-
solute gain calibration to validate the previously performed calibration and
to compare both instrument versions. Furthermore, the instruments were
calibrated with additional substances with different refractive indices than the
one of PSL (n=1.59). This was done to check the instrument behavior and
the dependency of the particle size assignment on different aerosol particle
types. The refractive indices ranged from n=1.34 for glucose, simulating
organic containing aerosol, over n=1.53 for salts, like sodium chloride, to
n=1.57 for ammonium nitrate.

The performed size calibration measurements were evaluated for each calibra-
tion aerosol and selected size individually (see Fig. 8). Therefore, a log-normal
fit was calculated for the respective size distribution. The diameter of the
fit-maximum was used for the later analysis in comparison to the selected
diameter at the DMA and to determine the new bin scheme (see Fig. 9a and
Fig. 12).
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Figure 8: Example for a size calibration measurement. Here, ammonium nitrate
(pink), glucose (bright blue), and PSL (orange) are shown as calibration aerosol for
a selected size of 200 nm. The dashed-lines represent the log-normal fits which are
used for the later evaluation.

Both instrument versions show an offset to smaller particle diameters between
the DMA selected diameter compared to the maximum diameter of the
size distributions (see Fig. 9a). By comparing the size alignment of both
instrument versions with each other, they show a very good agreement and are
distributed around the 1:1-line (see Fig. 9b). These calibrations prove that
both instruments are suitable for in-flight comparison. From this calibration
(Fig. 9a), a new bin scheme of size bins for post-processing of the data was
retrieved. The detailed bins are shown in Sect. B.1.
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Figure 9: Results of the size calibration measurements for both UHSAS instruments
(UHSAS-A in circles and UHSAS-C in squares) as published in Bozem et al. (2025).
The comparison of the size distribution for different substances against the selected
diameter at the DMA (a). The comparison of both instrument versions against
each other (b).

Since the measurement principle is based on Mie-theory, see Chapter 1.2.5,
it is possible to determine the relative signal intensity as a function of size
and refractive index, see Fig. 10. The calculation was done using the Mie-
calculator, developed and described by Vetter (2004).
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Figure 10: Calculated theoretical particle signal according to Mie-theory for different
refractive indices and substances, applying the Mie-calculator by Vetter (2004).
Published in Bozem et al. (2025).

Bin scheme

As pointed out in the previous Section 2.1.2, the results from the size calibra-
tion measurements yield a deviation from the 1:1-line with some differences
depending on the measured species and therefore on the refractive index. This
is due to the non-linear properties by the Mie-theory (Sect. 1.2.5). As a con-
sequence, the highly resolved measurement with 99 logarithmic size channels
are not able to represent all size distributions correctly as there is no online
correction of the refractive index. This means, for example, that a measured
aerosol particle that scatters a certain amount of light can have a diameter of
300 nm when it is dominated by organic material such as glucose or around
220 nm when it consists of sodium chloride (see Fig. 10). For the correct
analysis of the size distribution data, the size calibration measurements (see,
for example, Fig. 8) are taken into account to create a new bin scheme to
account for the different sizing issues. Here, all measurements are evaluated
with a log-normal fit to determine the maximum of the size distribution which
is then mapped against the original diameter set on the DMA (see Fig. 11a).
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Figure 11: Distribution of the log-normal fit maxima against the DMA-diameter
for the adjustment of the bin scheme. The bins are adjusted by performing a
linear regression through the distribution (a) in order to shift the original diameter
accordingly towards the 1:1-line (b). The jump within the linear regression in (a)
around 375 nm is due to possible gain detection problems.

The goal of the first step of the bin scheme correction is to bring all measure-
ments as close to the 1:1 line as possible. Therefore, a linear regression of the
maxima is performed and then added to the bin boundaries of the old scheme.
This linear regression is performed in two different size ranges, due to a step
in the distribution of the log-normal maxima at 375 nm. This step might be
caused by possible gain detection problems. The final adjustment of the bin
boundaries is shown in Fig. 11b. In Fig. 12, the adjusted size calibration
measurements are summarized in a box-whisker-plot against the adjusted
bins. The new bin scheme was defined to comprise all data between the 25 %
and 75 % percentiles for each size in a new channel and also includes even
most data between the 10 % and 90 % percentiles. As a consequence, the
number of channels in the new bin scheme reduces from 99 channels originally
to only 9 new channels, but it considers the dependency on the refractive
index in the measurements.
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Figure 12: Determination of the new bin scheme of the UHSAS measurements
from the size calibrations performed for TPEx. The diameter of the log-normal fit
maximum for all size calibration measurements over the complete size range and
for all calibrated refractive indices is visualized as a box-whisker distribution (given
the quartiles, medians, 10 and 90 % percentiles). The horizontal lines highlight
the 9 new bin boundaries. Empty circles represent the data within the statistical
range, filled circles mark outlier and filled squares are far outliers.

2.1.3  Quality assurance

The results in Chapter 3 are based on airborne measurements. Compared
to ground-based measurement stations, the measurements presented here
undergo large pressure variations as consequence of climbs and descents of
the aircraft as well as temperature changes. Furthermore, we operated the
two UHSAS on different platforms to obtain vertically resolved measurements
with a vertical distance of around 200 m (Bozem et al., 2025). For the
analysis and the calculation of vertical gradients, both instruments have to
be comparable with each other and also reliable in relation to other size
distribution measurements.

Since the inlet system of the UHSAS-C is not suitable for cloud measure-
ments, the data inside clouds might be influenced by inlet artifacts, such
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as steel abrasion from the inlet caused by ice particles. Additionally, both
UHSAS are not designed for measurements in condensing environments, so
the measurement data inside clouds can not be used for the analysis.
Finally, the inlet system inside the Learjet cabin enlarges the sample length
and therefore adds particle losses to the measurements due to diffusion losses
on the tubing or gravitational losses of larger particles in horizontal tubings.
In the following, important steps in terms of quality assurance are described
in more detail.

Counting efficiency

In addition to the size calibration, both UHSAS were tested for their counting
efficiency. The manufacturer states an efficiency of 99 % (DMT, 2013).
For this characterization, the same measurements were used as for the size
calibration. The calibration aerosol was probed using different concentrations
to investigate a possible dependency on the number concentration. Here,
the maximum concentration applied by the manufacturer (3000 cm_S) was
exceeded to check the behavior for potentially very strong pollution events.
The main focus of this calibration was the comparison between the two
UHSAS.

The results of the characterization measurements done for both UHSAS are
shown in Fig. 13. Here, the good agreement between both UHSAS systems
is again observed with a spread around the 1:1-line mostly in the range of
the uncertainties. The largest discrepancies are observed at concentrations
around 1000 cm 3. Here, the UHSAS-C detects up to 25 % more particles
than the UHSAS-A. According to the manufacturer’s statement, this is
unexpected and the instruments should work properly in this concentration
range. One possible explanation for this deviation could be that the aerosol
flow is not split homogeneously and there is no equal distribution of the
calibration aerosol. Unfortunately, this can not be tested and excluded
completely for parallel operation. However, to investigate this phenomenon
in more detail, the counting efficiency is analyzed as a function of diameters
and the ratio between both UHSAS. The results are shown in Fig. 14.
Here, the largest discrepancies occur between 350 and 550 nm, where all
measurements including different concentrations show an agreement of less
than 80 %, while more particles are detected by the cabin instrument (ratio
airborne/cabin below 1). One possible explanation is that the laser alignment
of the UHSAS-A, which was done by the manufacturer on a best-effort basis
since the official support has been discontinued, shows some weakness in sense
of intra-cavity. Furthermore, wrong gain detection of particles might play a
role. If a gain stage calibration is not perfectly correct, a detected aerosol
particle may be assigned to the wrong size channel. As the laser alignment
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was done on best guess, followed by a gain stage calibration in the laboratory,

this effect should be reduced but can not fully be excluded.
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Figure 13: Characterization with respect to counting efficiency, as published in
Bozem et al. (2025). The number concentration of the UHSAS-A is correlated with

the UHSAS-C for different substances. The black line gives the 1:1-line.
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Figure 14: Characterization with respect to counting efficiency as a ratio between
the two UHSASSs, depending on particle size, as published in Bozem et al. (2025).
Multiple points at one DMA size for the same substance indicate different concen-
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STP correction

As mentioned above, the atmospheric conditions show large variations in
pressure and temperature during the flights. In order to compare the measure-
ments between the Learjet and the TPC-TOSS as well as with other data sets,
a standard temperature and pressure (STP) correction is needed. For this
correction, Eq. 3 is used with Tgpp = 288.15 K and pgrp = 1013.25 hPa as
standard conditions based on the International Civil Aviation Organization-
International Standard Atmosphere (ICAO-ISA). Here, dp is the measured
size distribution matrix, T the sample temperature in K and p the pressure at
the inlet in hPa. As there is no temperature measurement available directly
in the air flow, it is approximated with the box temperature of the UHSAS.
The correction is applied to all size channels of each individual data point
and therefore also referred to in post-processing quantities as the total aerosol
number concentration or volume distributions.

T 1013.25
288.15 D

(3)

dpsTp = dp

In-flight comparison

One goal during TPEx was to derive vertical gradients in the tropopause
region, also in aerosol quantities such as number concentration and size dis-
tribution. Therefore, one has to be sure that the measurement instruments,
here the UHSAS, are comparable. For the laboratory experiments, this was
already demonstrated in the previous Section 2.1.2. For the atmospheric
measurements, the TPC-TOSS was held at the minimum safe vertical distance
of around 43 m during one flight segment of research flight F10 (20.06.2024),
in order to obtain comparison measurements for all redundant measurements
(Bozem et al., 2025). During the analysis, the aerosol size, volume and surface
distribution measurements were averaged over one minute and compared to an
additional distribution measured by a GRIMM SkyOPC in the Learjet cabin.
The results are published in Bozem et al. (2025) and also shown here in Fig.
15. The corresponding timeseries of the total aerosol number concentration
measured by both UHSAS is depicted in Fig. 15a, including the altitudes of
both instruments.

The instruments show a really good agreement with each other and also com-
pared to the optical particle counter (OPC) measurements. The differences
in the larger size ranges are possibly due to low statistics and single particle
detection has large impacts on the average.
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Figure 15: In-flight comparison of both UHSAS compared to a GRIMM SkyOPC
onboard the Learjet at a vertical distance of 40 m between the UHSAS-C (Learjet)

and UHSAS-A (TPC-TOSS), as published in the revised version of Bozem et al.

(2025). (a) Timeseries of the total aerosol number concentration and the altitude
for both UHSAS instruments. The shaded area highlights the selected time range
for the averaged size (b), surface (¢) and volume (d) distributions.

Particle loss calculation

Measuring aerosol particles is challenging due to particle losses in the sample
inlet as consequence of diffusion, affecting smaller particles and gravitational
and inertial losses affecting larger particles. So, the sample line has to be
designed in a way to minimize these losses. For an estimation of particle
losses in an experimental setup, von der Weiden et al. (2009) developed a
software allowing for calculation of particle transmission and losses dependent
on the tubing, sample flow and ambient conditions, such as temperature
and pressure. Figure 16 shows the transmission efficiency curves for the
tubing between the aircraft inlet and the UHSAS in the Learjet cabin in the

measured size range between 100 nm and 1 pm for several ambient pressures.

The particle loss calculation was done using different pressures for different
measurement altitudes and a constant temperature of 303 K, which matches
the temperature in the cabin. The cabin temperature can be used because the
aerosol flow heats up as soon as it enters the cabin of the Learjet. The particle

losses at the UHSAS-A are not calculated, because the inlet is short (see Fig.

4). There was no transmission correction applied to the measurements from
the UHSAS-C. This results from the unknown or only estimated conditions
at the UHSAS-A and both instruments need to be considered equally in order
of the comparison.
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Figure 16: Particle loss calculation using the particle loss calculator (PLC) by
von der Weiden et al. (2009) for the inlet system of the UHSAS-C at different inlet
pressures while the cabin temperature was always around 30 °C.

2.2 COMPLEMENTARY DATA

In addition to the measured aerosol size distributions from the UHSAS, the
presented studies use much more data to provide a comprehensive overview.
A complete list of the used data is given in Appendix B.5. In the following,
the most important complementary data is shortly described.

2.2.1 Aerosol mass spectrometer (AMS) data

The chemical composition of aerosol particles is measured by an aerosol mass
spectrometer (AMS). Here, two different versions of an AMS are used, both
operated by the aerosol field experiments group of my supervisor at the MPIC.
In general, the AMS measurements provide a quantitative information about
the chemical composition of non-refractory aerosol particles between 50
and 800 nm. More precisely, a mass concentration of particulate organ-
ics, nitrate (NO3), ammonium (NHy), chloride (Chl) and sulfate (SO4) is
obtained.

The analysis, presented in Chapter 3.1, is using the data measured by the
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compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) which was de-
ployed onboard the High Altitude and LOng range research aircraft (HALO).
In the study of Joppe et al. (2025), in Chapter 3.2, the data of the Civil
Aircraft for the Regular Investigation of the Atmosphere Based on an In-
strument Container (CARIBIC)-AMS is used. This is a fully automated
version of an AMS that was developed at the MPIC for the deployment in
the In-service Aircraft for a Global Observing System (IAGOS)-CARIBIC
project (Schneider et al., 2025). For the purpose of the TPEx mission, it
was deployed on the Learjet and operated manually by the scientific operator
onboard.

The measurement principle of both AMS is based on flash vaporization with
subsequent ionization, extraction and separation by their mass to charge
ratio (m/z). The signals are detected by a micro-channel plate (MCP) in
the time-of-flight mass spectrometer. For the measured mass concentrations
a total uncertainty of 30 % has to be taken into account (Drewnick et al.,
2005; Canagaratna et al., 2007; Middlebrook et al., 2012; Schulz et al., 2018;
Kaiser, 2024; Schneider et al., 2025).

The measured sulfate mass concentration can be used as stratospheric marker

and under strictly defined conditions as identification for the chemical tropopause

in combination with trace gas measurements, as done in Joppe et al. (2024)
(Chapter 3.1).

Additionally, by comparing the total mass concentration derived from the
sampled aerosol particles, it is possible to identify differences between the
AMS and the UHSAS. These differences may be due to refractory compounds
that cannot be detected by the AMS as their vaporisation temperature is too
high. However, it is possible to estimate the mass of refractory aerosol by
calculating the mass difference between the UHSAS and the AMS, as it is
done in Joppe et al. (2025) (Chap. 3.2).

2.2.2  Trace gas data

As described before, the combination of aerosol data with trace gas measure-
ments is very important for the interpretation of the measurements. Especially,
trace gases like O3, NoO and CO can be particularly helpful when interpreting
data in relation to polluted or clean air masses, or whether the air masses are
tropospheric or stratospheric. Furthermore, measurements of precursor gases,
such as SOs help by interpreting the aerosol measurements with respect to
gas-to-particle conversion.

A complete list of these measurements is given in Appendix B.5.

A detailed description of the measurements and their references are provided
with the according acknowledgments and contributions by co-authors in the
respective studies by Joppe et al. (2024, 2025) and Bozem et al. (2025).
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2.2.3  Trajectory data

In order to investigate the air mass history and the development of observed
plumes of enhanced aerosol concentrations, the presented studies in this thesis
use different sets of trajectory data which will be introduced briefly in the
following.

In the study of Joppe et al. (2024) in Chapter 3.1, dispersion simulations by
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT)
(Stein et al., 2015) are used to track the volcanic plume in the first days
after the Shiveluch eruption. This model allows the tracking of particle
dispersion on user-defined heights using a volcanic database for the initial
coordinates, where the plume starts. The meteorological data chosen in this
study is the GFS global data with a horizontal grid spacing of 0.25 °, which
is the highest resolution on the global scale. Volcanic ash was chosen as
material while the mass eruption rate was calculated by HYSPLIT based
on the eruption height. The dispersion was analyzed on different height
levels which are typical tropopause heights in the extratropics (9 to 11 km).
All of these calculations are done on the open-access web based application
(https://www.ready.noaa.gov/hypub-bin/dispasrc.pl, last access: 12.09.2025).
The air mass history in both studies (Joppe et al. (2024, 2025)) is investigated
by using Lagrangian analysis tool (LAGRANTO) back trajectories (Sprenger
and Wernli, 2015). These trajectories are calculated 10 days back in time. In
Joppe et al. (2024), the trajectories are calculated on the basis of ECMWF
reanalysis fifth generation (ERA5) meteorological data on a grid around the
aircraft position. Here, the calculations were done by Daniel Kunkel from the
Institute for Physics of the Atmosphere, Mainz (IPA) at the JGU within the
central data management project of TPChange.

The study of Joppe et al. (2025) uses LAGRANTO back trajectories based
on Icosahedral Nonhydrostatic (ICON)-global model analysis data, started
every second along the flight path. These calculations were done by Annette
Miltenberger from the IPA at the JGU within the project BO8 of TPChange.
A detailed description of the trajectory data set is provided in the respective
publications in Chapter 3.1 and 3.2.

2.2.4 FERAS5 Reanalysis data

For the analysis of the observations and the placement in the meteorological
context, the ERA5 data set is used. This data set is produced by the
European Centre for Medium-Range Weather Forecast (ECMWFEF') and is the
fiftth generation of reanalysis. It covers the atmosphere over the whole globe
since 1940 on a hourly timestamp for atmospheric, oceanic and land surface
variables. The horizontal resolution is 31 km distributed over 137 model
levels from the surface up to 1 hPa or roughly 80 km. The data is available
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on different levels, more precisely on pressure levels, potential temperature
levels, model levels, PV levels and single levels (Hersbach et al., 2020). The
access to ERAS data is possible with registration on the Copernicus Climate
Data Store (https://cds.climate.copernicus.eu/, last access: 12.09.2025) on
open-access. In this thesis, the ERASH data is partly interpolated on the
flight path of the aircraft in order to obtain more detailed information of the
4D-field. This interpolation was done by Hans-Christoph Lachnitt from the
IPA at the JGU within the central data management project of TPChange.

2.2.5 CAMS global composition forecast

As this thesis deals with the chemical composition of the atmosphere with
special focus on aerosol chemical composition, the CAMS global atmospheric
composition forecast data is from high interest.

This data set is also provided by the ECMWEF and gives a forecast of aerosol,
pollutant and trace gases properties on a global scale. As input for the model
forecast, satellite data is assimilated and merged with model simulation
which are then calculated into the future to get the forecast. Therefore, the
ECMWF in-house Integrated Forecasting System (IFS) model is used with
an additional setup for chemistry. These additional modules allow not only
the transport of the included species, but also emissions, removal processes

and microphysical properties (e.g., Inness et al., 2015; Rémy et al., 2019).

The data can be accessed in the atmosphere data store by the Copernicus
initiative (https://ads.atmosphere.copernicus.eu/, last access: 12.09.2025)
free of charge.

For the global composition data set same holds as for the ERA5 data set.

It is partly interpolated on the flight path to obtain curtain plots and local
forecast data to compare with the measurements. This interpolation and the
curtain plots were done by Daniel Kunkel from the IPA at the JGU within
the central data management project of TPChange.

2.2.6 Global fire assimilation system (GFAS)

In the second presented study by Joppe et al. (2025) (Chapter 3.2), the CAMS
global fire assimilation system (GFAS) data set is used to identify regions
with active biomass burning. The data is mainly assimilated by satellite
observations of fire radiative power (FRP) on the basis of thermal surface
anomalies. Thus, false indications are possible, caused by volcanic activities,
gas flaring or reflecting surfaces. GFAS uses a Kalman filter in order to fill
observational gaps (Kaiser et al., 2012).

In the used version of GFAS (v 1.2), the satellite retrievals are combined

with model calculations of the Plume Rise Model and the IS4AFIRES Model.

Through the additional model calculations, information of the injection height
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and surface parameters are available (Rémy et al., 2017).

The used data is accessible open-source on the atmospheric data store, oper-
ated by Copernicus and the ECMWEF (Copernicus Atmosphere Monitoring
Service, 2022).

2.3 FIELD EXPERIMENTS

In this thesis, the results are based on measurements during two research
aircraft missions over Europe. In this section, some more details on the
missions are given.

2.3.1 Chemistry of the Atmosphere: Field Experiment over Furope (CAFE-
FEU)/BLUESKY

Joppe et al. (2024) (Chapter 3.1) uses the data collected during the Chemistry
of the Atmosphere: Field Experiment over Europe (CAFE-EU)/BLUESKY
mission. This mission includes two German research aircraft, namely HALO
and the DLR-Falcon. It took place from 16 May until 9 June 2020, during the
early COVID-19 lockdown in Europe (Voigt et al., 2022). The mission was
led by the MPIC and the DLR. In total, 20 research flights were conducted,
from which eight flights were performed with HALO. The payload of both
aircraft was specialized for trace gas and aerosol measurements, including
volatile organic compound (VOC) measurements.

Since the campaign was carried out from Oberpfaffenhofen, Germany, during
the COVID-19 lockdown, the focus of this campaign was to investigate
changes in atmospheric composition as consequence of reduced anthropogenic
emissions (Voigt et al., 2022). Resulting on this specific question, the focus
was more on low altitude flights and profiling the atmosphere than on probing
the UTLS. Nevertheless, the measurements reach up to 14 km and provide at
least some data around the tropopause region allowing to study small-scale
processes. As this campaign is not focus of this thesis, more details can be
found in the campaign overview manuscript by Voigt et al. (2022).

The measurements during CAFE-EU/BLUESKY were conducted not by me,
but a large team from the MPIC and DLR. The key data for the study by
Joppe et al. (2024) was recorded, processed and provided by Katharina Kaiser,
Johannes Schneider, Lenard Roder, Horst Fischer (all MPIC), Andreas Zahn
(Karlsruhe Institute of Technology (KIT)), Laura Tomsche and Christiane
Voigt (DLR, JGU). A detailed contribution is given in the acknowledgments
of Joppe et al. (2024).
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2.3.2  Tropopause composition gradients and mizing Experiment (TPEx)

The TPEx mission is the central airborne measurement campaign within the
TPChange CRC. It was carried out in June (10 to 21) 2024 with its base at
Hohn air base in Northern Germany. The measurement platform was a Learjet
35A by the company Gesellschaft fiir Flugzieldarstellung GmbH (GFD) that
was equipped with several trace gas and aerosol measurements in the cabin
and a wingpod under the left wing of the aircraft. In addition to the online
measurements, filter samplers and impactor samples were collected with focus
on INPs and aerosol particles. Furthermore, the aircraft was able to deploy a
second measurement platform towed on a steel rope below the aircraft, the
TPC-TOSS. This TPC-TOSS was equipped with redundant measurements to
the aircraft itself to be able to calculate vertical gradients in temperature, Og
and aerosol size distributions. A detailed description of these measurements
is provided in the manuscript by Bozem et al. (2025) in Chapter 3.3.

The TPEx mission aimed for the following research topics (https://tpchange.

de/field-campaigns/tpex/, last access: 12.09.2025):

 Identification of mixing processes across the extratropical tropopause

« Probing and analysing the vertical transport from the PBL to the UTLS
by processes like convection and warm conveyor belt (frontal) uplift,
with its effects on new particle formation (NPF) in the UTLS

« Probing the water vapor distribution in the UTLS over Europe

» Source allocation of aerosol particles and INPs to understand the main
pathway towards the UTLS

In total, one scientific test flight and eight scientific flights were conducted

during TPEx, from which four flights were performed using the TPC-TOSS.

The deployment of the TPC-TOSS is coupled to strong safety restrictions, so
the deployment was only possible in a restricted air space. Therefore, two
possible areas were available for TPC-TOSS operation during the mission,
one over the Baltic Sea close to Riigen and one over the North Sea close
to Helgoland. Figure 17 shows the spatial coverage of the measurement
flights. In the vertical, measurements were taken up to 38000 ft (11500 m)
without and 32000 ft (9700 m) with the TPC-TOSS. As the deployment of
the TPC-TOSS influenced the performance of the Learjet, the flight time
varied between 2.5 h with and up to 4 h without the TPC-TOSS (Bozem
et al., 2025).

The TPC-TOSS was not connected electrically to the Learjet, so that all
instruments had to run autonomously, only a radio communication between the
instruments and the Learjet was possible in order to observe the measurements
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during flight. During operation, the vertical distance between both platforms
was around 200 m with a horizontal offset of roughly 1 km. Additionally, the
speed of the Learjet was reduced during TPC-TOSS operations, to around
160 m -s~! as safety measure.

Latitude (° N)

10
Longitude (° E)

Figure 17: Overview map of all scientific flights during the TPEx mission in June
2024. The red colored flight paths indicate flights with deployed TPC-TOSS in
the restricted areas whereas the black flight paths indicate the standard operation
without the TPC-TOSS. The map is also published in Bozem et al. (2025) and
was created from public-domain GIS data from the Natural Earth website (http:
//www.naturalearthdata.com, last access: 12.09.2025).

Flight planning and meteorology

The flights during TPEx were planned according to the research topics and
the suitable meteorological conditions. For this, the high-resolution model
ICON-D2 by the Deutscher Wetterdienst (DWD) was used in combination
with the ECMWF forecast model. Additionally, predictions by the CAMS
model and the Chemical Lagrangian Model of the Stratosphere (CLaMS)-Ice
model (McKenna et al., 2002; Spichtinger and Gierens, 2009a,b) were used in
order to have forecasts on the chemical composition and the probability of ice
clouds in the measurement region. The meteorological forecast data as well
as the chemical forecast were compiled in the mission support system (MSS)
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tool, which is a user interface for detailed scientific flight planning (Raut-
enhaus et al., 2012; Bauer et al., 2022). Besides the direct meteorological
data, trajectory data based on the forecasts in the restricted air spaces was
generated as forecast of potential WCB outflow regions.

The meteorological conditions during the TPEx mission were favorable for
the scientific objectives of the campaign. As consequence of a stable westerly
drift over Northern Germany without a stable blocking ridge, the tropopause
region was reached with the Learjet (Fig. 18a). Following this westerly drift,
several low pressure systems passed the measurement region, causing dynam-
ical processes such as frontal uplift. Thereby, June 2024 marked a month
with comparatively low pressure, resulting also in anomalous low tropopause
heights over the North Sea compared to the reference period (1991-2020) (Fig.
18b-c). The exceptional lifting processes are also visible by looking at the
vertical movement in the free-troposphere at 500 hPa with the tendency of
higher lifting velocities than usual (Fig. 18d).

These meteorological conditions caused the possibility of probing cross-
tropopause mixing with variable tropopause heights also with the TPC-TOSS,
which was one goal of the campaign. Further, it was possible to measure
some WCB outflows over Northern Germany and deep convective systems
over Sweden and Central Germany.
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Figure 18: Images of the meteorological situation in June 2024 based on the National
Centers for Environmental Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) Reanalysis data (Kalnay et al., 1996) produced by the National
Oceanic and Atmospheric Administration (NOAA) Physical Sciences Laboratory,
Boulder Colorado from their open-access website (https://psl.noaa.gov/; last access:
12.09.2025).
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RESULTS

In this chapter, the main results are presented in the form of scientific
publications, that are accepted or currently under review in the peer-review
journals of Copernicus, ACP and AMT.

The two studies by Joppe et al. (2024, 2025) investigate small-scale gradients
in aerosol size distribution and chemical composition through cross-tropopause
mixing in the extratropical regions, more precisely over Europe. The third
study by Bozem et al. (2025) is the technical description of a new measurement
platform that was set up for the TPEx mission with significant contributions
by myself, including also the data analysis that was required for this task.
Each section will begin with a short summary of the study and a list of my
contributions.

3.1 THE INFLUENCE OF EXTRATROPICAL CROSS-TROPOPAUSE
MIXING ON THE CORRELATION BETWEEN OZONE AND SUL-
FATE AEROSOL IN THE LOWERMOST STRATOSPHERE (JOPPE
ET AL., 2024)

This study focuses on sulfate aerosol in the LMS measured during the
CAFE-EU/BLUESKY mission 2020. The sulfate aerosol shows a linear
correlation with Oz in the stratosphere, with some variability on the timescale
of days. This variability is investigated in more detail and is caused by
a non-stratospheric volcanic eruption on the Kamchatka Peninsula in the
beginning of April 2020. This eruption reached the tropopause region in the
vicinity of the jet stream, there the sulfate aerosol and the precursor gas
SO2 was continuously mixed into the LMS with subsequent gas-to-particle
conversion.

The data was provided by all co-authors, since I was not part of the campaign.
I analyzed the data, created the figures and wrote the manuscript. I received
valuable feedback on the manuscript by all co-authors. During the review
process, I wrote the author replies and created the revised version, which was
finally published in ACP on 3 July 2024.
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Abstract. The chemical composition of the upper troposphere/lower stratosphere region (UTLS) is influenced
by horizontal transport of air masses, vertical transport within convective systems and warm conveyor belts,
rapid turbulent mixing, as well as photochemical production or loss of species. This results in the formation of
the extratropical transition layer (ExTL), which is defined by the vertical structure of CO and has been studied
until now mostly by means of trace gas correlations. Here, we extend the analysis to include aerosol particles
and derive the sulfate—ozone correlation in central Europe from aircraft in situ measurements during the CAFE-
EU (Chemistry of the Atmosphere Field Experiment over Europe)/ BLUESKY mission. The mission probed the
UTLS during the COVID-19 period with significantly reduced anthropogenic emissions. We operated a compact
time-of-flight aerosol mass spectrometer (C-ToF-AMS) to measure the chemical composition of non-refractory
aerosol particles in the size range from about 40 to 800 nm. In our study, we find a correlation between the
sulfate mass concentration and O3 in the lower stratosphere. The correlation exhibits some variability exceeding
the mean sulfate—ozone correlation over the measurement period. Especially during one flight, we observed en-
hanced mixing ratios of sulfate aerosol in the lowermost stratosphere, where the analysis of trace gases shows
tropospheric influence. However, back trajectories indicate that no recent mixing with tropospheric air occurred
within the last 10d. Therefore, we analyzed volcanic eruption databases and satellite SO, retrievals from the
TROPOspheric Monitoring Instrument (TROPOMI) for possible volcanic plumes and eruptions to explain the
high amounts of sulfur compounds in the UTLS. From these analyses and the combination of precursor and par-
ticle measurements, we conclude that gas-to-particle conversion of volcanic SO; leads to the observed enhanced
sulfate aerosol mixing ratios.
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1 Introduction

The chemical composition of upper-tropospheric aerosol par-
ticles is highly variable because primary aerosols from nat-
ural and anthropogenic ground sources reach this altitude
(Martinsson et al., 2019), and secondary aerosols are formed
here from gas-to-particle conversion. However, the strato-
spheric aerosol composition is less complex as the main com-
ponent is particulate sulfate (SOZf) with concentrations be-
tween 0.1 and 40 ug m~> accompanied by minor tropospheric
compounds (Deshler, 2008; Murphy et al., 2013; Brimble-
combe, 2014; Kremser et al., 2016).

The stratospheric aerosol layer, also known as the Junge
layer (Junge and Manson, 1961), is part of the lowermost
stratosphere (LMS) and is located roughly between 15 and
25km (Hofmann and Rosen, 1981). The chemical compo-
sition of the aerosol layer underlies seasonal variations in-
duced by the Brewer—Dobson circulation (Martinsson, 2005;
Friberg et al., 2014) and volcanic activity, which may in-
crease the aerosol optical depth (AOD) by up to 40%
(Friberg et al., 2018). Sulfate aerosol is formed due to ox-
idation of carbonyl sulfide (OCS) and sulfur dioxide (SO7)
(Crutzen, 1976; Briihl et al., 2012; Solomon et al., 2011;
Kremser et al., 2016) and has an average radius under undis-
turbed conditions of 170 nm (e.g., Tilmes and Mills, 2014).
Both precursor gases have their main sources in the tropo-
sphere. OCS is the main sulfur-containing trace gas in the
atmosphere, with direct emissions by the oceans or biomass
burning as well as photochemical production by oceanic
emissions like dimethyl sulfide (DMS) or carbon disulfide
(CS») (Andreae, 1990; Briihl et al., 2012; Kremser et al.,
2016). SOy is primarily emitted by industrial processes like
the fossil fuel burning. While degassing volcanoes contribute
to the tropospheric SO, budget (Voigt et al., 2014), explosive
eruptions can directly inject SO, into the lower stratosphere
(Kremser et al., 2016). Other direct sulfate aerosol sources
are aircraft which emit soot and volatile sulfate-containing
particles at cruise altitudes into the upper troposphere/lower
stratosphere (UTLS) (Voigt et al., 2010; Williamson et al.,
2021; Tomsche et al., 2022).

Transport processes of aerosol particles into the UTLS
have been the subject of several studies, for example with
a focus on tropical processes or the Asian tropopause aerosol
layer (ATAL) (e.g., Appel et al., 2022; Fadnavis et al., 2013;
Froyd et al., 2009; Hopfner et al., 2019). Tracer correlations
of aerosol particles with ozone (O3) and nitrous oxide (N>O)
based on high-altitude in situ measurements have also been
used in the context of polar vortex dynamics after a major
volcanic eruption (Borrmann et al., 1993, 1995). In those
studies, the temporal evolution of the correlation between the
mixing ratios of sulfate aerosol, surface area for aerosol par-
ticles with a size between roughly 10 nm and more than 1 um
as well as O3 inside and outside of the polar vortex was an-
alyzed over the course of 22 months after the Mt. Pinatubo
eruption in 1991. The observations revealed a slow develop-
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ment of a linear correlation between the O3 versus aerosol
number and surface mixing ratios in the midlatitude UTLS,
which degraded again later on. This demonstrated the suit-
ability of aerosol properties as dynamical tracers once the
microphysical processes like new particle formation, coagu-
lation and condensational growth following a volcanic erup-
tion into the stratosphere ceased. Furthermore, a temporally
stable equilibrium of particle size or surface area has been
established.

In the extratropics, the chemical composition of the
tropopause region is influenced not only by the Brewer—
Dobson circulation, but also by convection, mixing along the
subtropical and polar frontal jet streams, breaking of gravity
and Rossby waves as well as vertical wind shear (e.g., Gettel-
man et al., 2011; Kaluza et al., 2021). This forms a transition
layer above the tropopause called the extratropical transition
layer (ExTL), where tropospheric as well as stratospheric in-
fluence is observed (Hoor et al., 2004; Hegglin et al., 2009;
Gettelman et al., 2011; Konopka and Pan, 2012; Barré et al.,
2013). The effect of these small-scale mixing processes on
the chemical composition of aerosol particles in the ExTL
has not been well known until now (Kunkel et al., 2019).
The lifetime of atmospheric aerosol particles with diameters
lower than 1 um can reach 1 month or more (Jaenicke, 1980).
This is sufficient for the particles to be transported up into the
tropopause region over long distances and, subsequently, by
mixing processes into the stratosphere. Furthermore, the life-
time of more than 1 month corresponds to the timescale that
gas-to-particle conversion needs to form sulfate aerosol par-
ticles from SO» as a precursor gas in the UTLS (Jurkat et al.,
2010; Gorkavyi et al., 2021; Rollins et al., 2017).

In our study, we use tracer—tracer correlations as a tool for
mixing diagnostics to identify stratospheric air masses and
the underlying mixing processes. The basic principle of this
method is to use a tropospheric tracer with sources in the
troposphere and a rather constant stratospheric background,
e.g., carbon monoxide (CO) and water vapor (H>O), and a
tracer with only a stratospheric increase or decrease and a
fairly constant mixing ratio in the troposphere, e.g., O3 or
N»O. In a scatterplot with the tropospheric tracer on the ab-
scissa and the stratospheric tracer on the ordinate, one would
expect two separated reservoirs that are not connected if no
mixing processes occur. If mixing takes place, both reser-
voirs are connected by mixing lines, where the mixing ratios
are between the two regimes, depending on the state of mix-
ing (Fischer et al., 2000; Hoor et al., 2002).

With this study we want to introduce particulate sulfate
as a stratospheric tracer in the correlation with O3 and find
processes that are responsible for the variability of the corre-
lation between sulfate aerosol and O3 mixing ratios. There-
fore, we use in situ aircraft measurements from the CAFE-
EU (Chemistry of the Atmosphere Field Experiment over
Europe)/BLUESKY mission, conducted in spring 2020 from
Oberpfaffenhofen, Germany.
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2 Methods

2.1 Data overview

The CAFE-EU/BLUESKY measurement campaign was con-
ducted with the research aircraft HALO (High Altitude and
Long Range Research Aircraft) and DLR-Falcon, both op-
erated by the German Aerospace Center (DLR). The mea-
surement flights were performed over central Europe and the
North Atlantic between 16 May and 9 June 2020, partly co-
located with both aircraft (see Fig. 1). The measurements
were conducted during the first COVID-19 lockdown in Ger-
many and Europe, such that the main goal of the campaign
was to investigate the atmospheric changes during reduced
industrial activity and lower emissions compared to other
times (Voigt et al., 2022). This point leads to flight planning
during the campaign with a focus on urban areas and low-
altitude profiles and less on studying processes in the UTLS
region. Therefore, it was not possible to conduct measure-
ments over the complete vertical extent of the ExTL dur-
ing May 2020. Nevertheless, we were able to obtain mea-
surement data up to 14 km altitude representing the chemi-
cal composition of the UTLS. During the campaign period,
air traffic was significantly reduced over Europe by up to
80 % (Schumann et al., 2021a, b). Kriiger et al. (2022) found
substantial reduction in aerosol particles in the lower tropo-
sphere in this period, and Reifenberg et al. (2022) could ex-
plain the observed reduction in some tracer concentrations
with the reduced emissions of pollutants. Tomsche et al.
(2022) investigated the SO, concentrations in the UTLS re-
gion above Europe, which was influenced by changes in sul-
fur sources such as aviation as well as sinks. Here we focus
on the transport processes in the extratropical transition layer,
which has been probed with a set of instrumentation on board
HALO and DLR-Falcon.

2.2 Instrumentation

For our study, we use the chemical composition of aerosol
particles measured on board HALO and trace gas measure-
ments on board HALO and DLR-Falcon. The chemical com-
position of non-refractory aerosol particles was measured on
HALO with a compact time-of-flight aerosol mass spectrom-
eter (C-ToF-AMS) for particles in the size range between 40
and 800 nm (Drewnick et al., 2005; Schulz et al., 2018) and
with this within the same size range as previous studies (e.g.,
Borrmann et al., 1995). We obtain quantitative information
on the mass concentration of sulfate, nitrate, ammonium, or-
ganic matter and chloride normalized to STP (standard tem-
perature and pressure) conditions. The measurement interval
of the C-ToF-AMS during the campaign was 30s, resulting
in a spatial resolution of about 6 km in the UTLS region. The
accuracy of the AMS is about 30 % (Bahreini et al., 2009;
Canagaratna et al., 2007; Middlebrook et al., 2012). In the
following, we use the mixing ratio instead of the mass con-
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Figure 1. Overview map of all measurement flights performed
during the CAFE-EU/BLUESKY measurement campaign between
16 May and 9 June 2020. The HALO flight path as solid line is di-
vided into the complete dataset (yellow) and stratospheric (brown)
segments, while the DLR-Falcon flight path is shown as a dashed
blue line.

centration for comparison with the trace gas measurements.
Integrated into the C-ToF-AMS, we use an optical particle
counter (OPC) manufactured by GRIMM (OPC 1.129) to
measure the aerosol size distribution in 31 size channels from
250 nm to larger than 32 um.

In addition to the aerosol chemical composition and size
data, we use trace gas measurements, like SO, CO, H>O, O3
and nitric acid (HNO3), on board HALO and DLR-Falcon.

CO measurements on HALO were performed with the
quantum cascade laser absorption spectrometer TRISTAR
(Tadic et al., 2017; Roder et al., 2023) with a total mea-
surement uncertainty of 3 % at 10s time resolution. O3 on
HALO was measured by FAIRO, which measured on the ba-
sis of a UV photometer and chemiluminescence (Zahn et al.,
2012). On board DLR-Falcon, CO and O3 were measured
with a cavity ring-down spectrometer (PICARRO G2401)
and a dual-cell UV photometer (TE 49C), respectively. Both
instruments were calibrated before and after the flights with
standards that can be traced back to the GAW Hohenpeis-
senberg station. The precision and accuracy of the CO and
O3 measurements are 3 ppbv/S ppbv and 3 %/5 %, respec-
tively. An additional in situ dataset is provided by the atmo-
spheric chemical ionization mass spectrometer (AIMS) de-
ployed on DLR-Falcon and includes information on gaseous
SO,, HNO3 and SF5 (pentafluorosulfanyl). For the detec-
tion of upper-tropospheric and lower-stratospheric SO, and
HNOj3 mixing ratios, the AIMS uses SFy reagent ions (Voigt
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et al., 2014; Jurkat et al., 2016; Marsing et al., 2019; Tom-
sche et al., 2022). The 1-sigma detection limit is 0.0006 to
0.0017 ppbv and 0.005 to 0.009 ppbv for SO, and HNO3, re-
spectively. The total uncertainty for SO is 22.7 % (Tomsche
et al., 2022) and 16 % for HNO3 (Ziereis et al., 2022).

2.3 Meteorology and trajectories

In addition to the in situ measurement data, we use model
data interpolated onto the flight path of both aircraft. For me-
teorological information, we use the ERAS reanalysis dataset
with a temporal resolution of 6 h and a grid spacing of 1° in
the horizontal and a vertical spacing of approximately 500 m
in the UTLS (Hersbach et al., 2020). Based on the native
variables, we additionally calculated potential vorticity (PV)
and equivalent latitude. The equivalent latitude is a frame-
work to account for reversible transport under adiabatic con-
ditions and thus get information on potential diabatic trans-
port or mixing. For the calculation, for different isentropes
a PV contour line with the same potential vorticity and po-
tential temperature is transformed into a pole-centered circle.
The equivalent latitude is the enclosing latitude of this circle
(e.g., Lary et al., 1995; Hegglin et al., 2006; Krause et al.,
2018). These calculations are done over isentropic surfaces
from 240 up to 2000 K from the ERAS reanalysis data inter-
polated onto potential temperature.

For our analysis of the air mass origin and possible trans-
port pathways, we use trajectories calculated with the La-
grangian analysis tool (LAGRANTO; Sprenger and Wernli,
2015). Therefore, we initialize a set of 231 trajectories every
30s along the flight path. The starting points of each trajec-
tory set are placed in a three-dimensional cross around the
initial point of the flight path to gain a better statistic and to
minimize interpolation errors between the measurements and
the model grid. More specifically, we take the location of the
aircraft and add five additional points every 0.01° in all four
horizontal directions (north, east, south and west), resulting
in 21 points arranged in a cross shape (including the aircraft
position and location). This cross pattern of 21 points is re-
peated at 10 additional vertical levels in 1 hPa steps, 5 levels
above the flight altitude and 5 levels below the flight alti-
tude. Thus, we get a total of 231 trajectory starting locations
at each release time, providing information for 10d back in
time with quantities such as potential temperature and poten-
tial vorticity.

3 Results

3.1 Part 1: correlation of particulate sulfate and ozone

O3 is a suitable tracer for identifying stratospheric air masses
due to the photochemical production of O3 in the strato-
sphere and its low abundance in the troposphere and its local
chemical lifetime of years in the lower stratosphere. There
are several ways of identifying the tropopause and thus the
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lower boundary of the stratosphere from measured O3 mix-
ing ratios. For example, fixed threshold values of typically 70
or 100 ppbv have been used (e.g., Bethan et al., 1996; Stae-
helin, 2003). This method has the disadvantage of neglecting
the seasonal cycle of O3, and thus the threshold value can be
too low or too high when periods exceeding 1 month are ana-
lyzed. Another way of determining the O3z-based tropopause
is to take the seasonal cycle into account by using a daily
threshold for the O3 tropopause. This method is described
in Zahn et al. (2004) and Thouret et al. (2006) on the basis
of long-term observations. In our study we use the method
of Zahn et al. (2004) to calculate daily O3 thresholds for the
tropopause. Figure 2 shows the seasonal cycle of the Oz mix-
ing ratio at the chemical tropopause and the 2 PVU (potential
vorticity units, 107%m? s~! Kkg~") dynamical tropopause,
both calculated following Zahn et al. (2004). For the period
of our study (16 May to 9 June), we only see small dif-
ferences in the results between the chemical and dynamical
tropopause since both thresholds are close together around
120 ppbv O3 during the time of our measurements. We ex-
tracted all stratospheric data (i.e., all data points with O3
mixing ratios larger than the daily threshold) and calculated
the frequency distribution of the potential vorticity from the
ERAS dataset (Fig. 2) to verify that the chemical tropopause
inferred from the measured O3 mixing ratios and the cal-
culated thresholds correspond to the dynamical tropopause.
This shows that the vast majority of the stratospheric data
points have PV values larger than 2 PVU. In Fig. 2, we ob-
serve two modes in the PV distribution of the stratospheric
data which can be explained by the different stratospheric
ages of the sampled air masses (Bonisch et al., 2009). The
first mode results from air freshly mixed into the stratosphere
with PV values close to the dynamical tropopause. The sec-
ond mode with values larger than 8 PVU describes air origi-
nating from the high stratosphere with no tropospheric influ-
ence. In total, less than 4 % of the stratospheric data points
have PV values below the 2 PVU threshold. Thus, we use the
definition of the chemical tropopause based on O3 mixing
ratios following Zahn et al. (2004) in this study.

Besides Ogz, there are other trace gases used as indicators
of stratospheric air masses, e.g., HyO or N»O. Moreover,
within limits, aerosol particle properties can be applied as
well (Borrmann et al., 1993, 1995). A good example is the
mass concentration of particulate sulfate, which increases in
the stratosphere due to the formation from precursors, which
takes 30 to 60 d and reaches its maximum in the Junge layer,
where particulate sulfate is present in the form of binary so-
lution droplets with inclusions of sulfuric acid (Junge and
Manson, 1961; Briihl et al., 2012; Kremser et al., 2016).
Thus, we expect a positive correlation between particulate
sulfate and O3 in the stratosphere. The observations made on
HALO during the CAFE-EU/BLUESKY campaign confirm
this (Fig. 3). Here, two distinct regimes appear in the corre-
lation plot of particulate sulfate and Os3. In the tropospheric
regime, the sulfate mass concentration shows high variabil-
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Figure 2. (a) Calculated seasonal cycle of O3 mixing ratios at the 2 PVU dynamical tropopause and the chemical tropopause, both calculated
following Zahn et al. (2004). The measurement period is marked with the solid frame. (b) Relative frequency of PV values interpolated to the
AMS data points from CAFE-EU/BLUESKY identified as stratospheric using the calculated O3 mixing ratios at the chemical tropopause.
Less than 4 % of the data points show PV values lower than 2PVU, indicating a negligible amount of tropospheric air. The complete
stratospheric dataset holds 2049 data points, which represent 100 % of this subset.

ity at O3 levels below 100 ppbv, depending on the source
regions within the boundary layer, e.g., industrial areas. In
the stratosphere, we observe a linear correlation between the
two species with a slope of 900 to 2300 ppbv ppbv ", but
with variations between the individual measurement flights,
i.e., on short timescales of a few days. Note that the accuracy
of the C-ToF-AMS of about 30 % (Bahreini et al., 2009) does
not affect the observed different slope regimes in the correla-
tion of sulfate aerosol and ozone, because the quantities de-
termining the accuracy (ionization efficiency, collection effi-
ciency and inlet transmission efficiency) do not change over
the short period of a 2-week measurement campaign.

This analysis shows that the correlation between particu-
late sulfate and O3 can be used as a tool for analyzing air
masses in terms of their stratospheric character. The varia-
tions in the slope and compactness of the correlation appear
on short timescales of a few days. The aim of this study is
to understand these variations and link them to possible at-
mospheric processes. There are a number of different path-
ways by which sulfur species can be transported from the
troposphere into the stratosphere and thus be a possible rea-
son for the observed variability (e.g., Kremser et al., 2016).
Feinberg et al. (2019) show the modeled atmospheric sulfur
budget under volcanically quiescent conditions and the path-
ways that lead to the formation of particulate sulfate in the
stratosphere. Among these pathways, the most efficient one
is the mixing of precursor gases such as OCS and SO; into
the stratosphere, where OCS is oxidized to SO, and SO; is
further converted to sulfuric acid, forming sulfate aerosol. It
is important to emphasize that this budget is valid for vol-
canically quiescent conditions, because in the presence of
volcanic eruptions an additional large source of SO, adds
up to the other pathways. In this case, SO, is transported
in the eruption column up into the free troposphere or even
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Figure 3. Correlation between the particulate sulfate mixing ratio
and the O3 mixing ratio for the full CAFE-EU/BLUESKY dataset.
The color-coded data points indicate the stratospheric data derived
from the chemical tropopause O3 mixing ratios. The grey data show
the complete dataset, including the tropospheric data. The solid
color-coded lines represent the linear regressions for the individual
flights.

the UTLS region, depending on the strength of the eruption.
Then SO; is converted to sulfuric acid and particulate sul-
fate, also in the upper troposphere or even in the stratosphere
(Kremser et al., 2016).

The low sulfate mixing ratios at the chemical tropopause
(Fig. 3) show that direct mixing of high sulfate aerosol con-
centrations from the troposphere to the stratosphere was not
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observed during the campaign, so some other processes need
to be taken into account. This observation of low particulate
sulfate aerosol amounts at the chemical tropopause is very
robust over the whole campaign period, and there it might be
controlled by atmospheric processes that need more investi-
gation.

Previous studies with a focus on the Raikoke eruption
in 2019 determined no significant contribution from this
volcanic eruption (Tomsche et al., 2022; Reifenberg et al.,
2022). The following section will show the possible influ-
ence of cross-tropopause mixing, especially of the precursor
gas SO and the potential influence of a more recent volcanic
eruption.

3.2 Part 2: case study on aerosol chemical composition
related to mixing processes

Volcanic influence is one of the possibilities that can explain
the observed variability in the correlation. One major erup-
tion occurred in 2019 with the Raikoke volcano. However,
Tomsche et al. (2022) and Reifenberg et al. (2022) showed
that this eruption did not have a significant impact on the
measurements during CAFE-EU/BLUESKY. In the follow-
ing, we focus on a case study to explain the variability of
the particulate sulfate correlation with O3, especially for re-
search flight RF01, as the slope in the Og—SOi_ correlation
for this flight clearly differs from the other flights (see Fig. 3).

The anticorrelation between CO and O3 can be used
to identify mixing processes between the troposphere and
stratosphere (Fischer et al., 2000; Hoor et al., 2002). The
presence of mixing lines connecting the sampled tropo-
spheric and stratospheric air masses indicates recent mix-
ing processes. In Fig. 4, most of the stratospheric data of
the whole campaign dataset lie in a region of anticorrelated
CO and Os3. Thus, it can be concluded that the measured air
masses in the stratosphere are influenced by tropospheric air
that was mixed across the tropopause. As expected, the corre-
lation in Fig. 4b shows much higher particulate sulfate mix-
ing ratios at higher O3 levels in the stratosphere and lower
mixing ratios close to the tropopause. However, we can iden-
tify an anomaly of high particulate sulfate mixing ratios (yel-
low points) at about 400 ppbv O3 and 40 ppbv CO (see also
Figs. C1 and C4). Here, the measured mixing ratios of sul-
fate aerosol are in the range we would expect higher up in the
stratosphere.

In the following, we will analyze whether this anomaly is
caused by a cross-tropopause mixing event and whether such
events can explain the observed variability in the SO4—O3
correlation. For this analysis, we binned our dataset along
equivalent latitude, which can be used as a dynamical tracer
(Butchart and Remsberg, 1986; Hegglin, 2005), and potential
temperature to see where the anomaly is located (see Fig. 5).
The observed sulfate anomaly occurs in Fig. 5b between 40
and 45° N at potential temperatures between 345 and 350 K.
It is not connected to the observed stratospheric aerosol layer

Atmos. Chem. Phys., 24, 7499-7522, 2024

JOPPE ET AL., 2024 47

P. Joppe et al.: Lower-stratospheric correlation of ozone and sulfate

that starts at higher altitudes, above the 370 K isentrope (see
Fig. 5). The potential vorticity indicates that this region is in
the vicinity of the jet stream, and with this mixing processes
might have occurred or even be present. The O3 distribution
does not show such an anomalous observation as found in
the particulate sulfate (Fig. 5a), but we can observe the ex-
pected increase from the troposphere to the stratosphere. This
location of the anomaly is in good agreement with the previ-
ous observation that the anomaly is located on a mixing line
in the CO-O3 correlation in a transition regime between the
troposphere and the stratosphere.

We further investigate the meteorology over the campaign
period to determine whether the anomaly might be influenced
by mixing processes. In particular, we use the vertical wind
shear 2 and the static stability N2 (see also Appendix B) to
identify regions with higher potential for mixing processes.
Kaluza et al. (2021) and Kunkel et al. (2019) showed in
their study that, in regions with high vertical wind shear
™ 2> 4x%x107* s_z), conditions are favorable for rapid mix-
ing. Figure 6 shows the analysis of the stability parameters
mentioned above along with the resulting gradient Richard-
son number. The vertical wind shear shows high values in
the region of the sulfate anomaly (see Fig. 6b), exceeding
the mentioned threshold for enhanced mixing. This also re-
sults in a reduction in the gradient Richardson number in
the same bin to values close to the critical threshold of 0.25
(see Fig. 6¢), which indicates favorable conditions for turbu-
lence. The static stability shows the expected transition from
tropospheric to stratospheric values (see Fig. 6a). However,
regarding the stability analysis, we probed several regions
which show favorable conditions for instability and cross-
tropopause mixing. Nevertheless, here we focus on the region
with the strongest signal, where the observed sulfate anomaly
was measured.

These findings suggest that mixing occurred in this mea-
surement region and is one influence on the variation of the
S04—03 correlation. To prove this, we investigated the data
in the region of the sulfate anomaly in more detail. Therefore,
we extracted the data points that contribute to the anomaly. In
total, there are 45 measurement points from the C-ToF-AMS
in the bin between 40 and 50° N and ® = 345 to 350 K. The
majority of these points (41 points) were sampled during re-
search flight RFO1 in a time span of 20 min (see Fig. 3). The
flight was conducted on 23 May 2020 over Germany, while
the anomaly was measured in an area over Lower Saxony
(see also Figs. C1, C2 and C4). A time series of the measure-
ments from this flight is shown in Figs. 7 and E3, while the
period of the anomaly is marked with a colored box.

Figure 4 reveals the correlation between CO and particu-
late sulfate in the lower troposphere as well as the positive
correlation between particulate sulfate and O3 and the anti-
correlation between sulfate and CO in the stratosphere. To
identify mixing from the measurements, we use two types
of scatterplots. The first is the previously introduced scatter-
plot using CO and O3 with different color coding (Fig. 8a—c),
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and the second is the scatterplot with H>O and O3 (Hegglin
et al., 2009) (see Fig. 8d—f). This figure contains only data
measured on 23 May 2020. The H;O—-0O3 method follows the
same principle, with high water vapor mixing ratios in the
troposphere and a constant stratospheric background value
around 5 ppmv (Hegglin et al., 2009). In our dataset, the low-
est observed H,O values are around 10 ppmv, indicating that
we did not fully reach stratospheric background conditions.
All of these scatterplots show two separate branches of mix-
ing lines. This feature is most obvious in the H,O-Oj3 corre-
lation. Here, one mixing line connects the tropopause with
around HO=40ppmv and O3 =100ppbv and the LMS
with decreasing H,O (down to 10 ppmv) at Oz =400 ppbv.

https://doi.org/10.5194/acp-24-7499-2024

This mixing line also includes the measured sulfate anomaly
and was observed over northern Germany (see Figs. 7 and
C4). The second mixing line is not as pronounced, starting at
drier air masses with HoO =20 ppmv and only reaching up
to O3 =200 ppbv. These observations were made later on the
flight over southern Germany (see also Figs. 7 and C4).
Regardless of the type of scatterplot, we observe an in-
crease in the particulate sulfate mixing ratio and potential
temperature along the mixing line, starting at the tropopause
and extending into the stratosphere (Fig. 8). In contrast, we
also observe a decrease in the CO mixing ratio. This result
is consistent with the assumption that tropospheric air enters
the stratosphere at lower potential temperatures with lower

Atmos. Chem. Phys., 24, 74997522, 2024
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Appendix (see Fig. E3).

amounts of sulfate aerosol, correspondingly higher mixing
ratios of precursor gases, and higher CO. In the stratosphere,
gas-to-particle conversion of OCS and SO, will lead to an
increase in particulate sulfate. In contrast to sulfate, CO will
decrease during the transport into the stratosphere, by both
dilution and photochemical destruction, with an atmospheric
lifetime of 1 to 3 months (Seinfeld and Pandis, 2016). This is

Atmos. Chem. Phys., 24, 74997522, 2024

almost the same time as the calculated e-folding time of gas-
to-particle conversion of SO» to sulfate aerosol in the midlat-
itude LMS region (Jurkat et al., 2010).

Further evidence that the anomaly is caused by tropo-
spheric influence is the lower O3 values and the water vapor
mixing ratios. If the air masses were of stratospheric origin,
we would expect O3 mixing ratios higher than 400 ppbv and

https://doi.org/10.5194/acp-24-7499-2024
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a water vapor mixing ratio around 5 ppmv. Instead, we ob-
serve lower O3 mixing ratios and water vapor mixing ratios
around 10-20 ppmv.

Similarly to the HALO measurements, we analyzed mea-
surements conducted on DLR-Falcon for this analysis. DLR-
Falcon performed a measurement flight on the same day and
sampled in the area where the anomaly was encountered just
40 min later than HALO (Fig. C2), which allows a compar-
ison of the measurements on both platforms with respect to
dynamical processes. DLR-Falcon does not reach the same
high altitudes as HALO, so the air masses were probed at
lower levels and thus show higher CO mixing ratios. This
time, we use the scatterplot of CO and HNOj3 to identify mix-
ing in combination with gas-to-particle conversion (Fig. 9b).
HNO;3; was already introduced as a stratospheric tracer by
Proffitt et al. (1989) and Arnold et al. (1989) and utilized be-
cause the O3 data for DLR-Falcon are not available for this
flight. Additionally, we added the measurements from HALO
to this figure (Fig. 9a) to directly link them to the process
of gas-to-particle conversion. We identify a mixing line in
the scatterplots, connecting the troposphere and stratosphere.
The HALO measurements in Fig. 9a show an increase in the
total particle number concentration along the mixing line,
whereas the SO, mixing ratios on this mixing line (Fig. 9b)
show a reduction with respect to the measured tropospheric
maxima of 0.1 ppbv, which is an indication of gas-to-particle
conversion along this mixing line. This conclusion is also
supported by the correlation of the total particle number con-
centration with the individual species of chemical compo-
sition, measured by the C-ToF-AMS (see Fig. ES). Here we
can see that the particles forming and growing are mainly sul-
fate aerosol particles, and the particles do not have a pure tro-
pospheric composition. The process of gas-to-particle con-
version requires a source of high mixing ratios of precursor
gases, in this case SO,. In addition, due to the high solubil-
ity of SO, it requires a very fast and mostly dry process for
transport into the UTLS. One possible process that fulfills
these conditions is volcanic eruptions, which leads to the as-
sumption that the observed sulfate aerosol particles are most
likely formed by volcanic influence.

As a complement to the measurement data, we analyzed
the meteorological situation along the flight path for the pe-
riod of the anomaly (Fig. B1). The flight path was located
just above the maximum of the subtropical jet stream and a
layer of strong vertical wind shear (Fig. B1a). Further, we see
that the flight path crossed a layer of a low-gradient Richard-
son number (Fig. B1b) and later continued slightly above this
layer. This indicated a region of instability which is an impor-
tant factor in mixing processes.

The previous discussion has shown that mixing between
tropospheric and stratospheric air masses most likely oc-
curred before and during the in situ measurements.

Hereafter, we examine the origin of the air masses com-
prised of high mixing ratios of sulfate aerosol. Therefore,
we exploit LAGRANTO back trajectories, starting at a grid
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around the flight path with 230 trajectories for each measure-
ment point. The trajectories are calculated 10 d backward to
see whether the air masses show any fresh influence from
the troposphere or a rather stable flow within the lowermost
stratosphere. For our analysis, we filtered the trajectories by
selecting only those with a minimum potential temperature
below 345K and with an increase of at least 5K poten-
tial temperature. Figure 10 shows that the selected trajec-
tories are close together and move with the jet stream. The
trajectories crossed the region of East Asia within 10d be-
fore the measurement, and most of them crossed China and
its megacities like Chengdu and Shanghai. The time series
of potential temperature shows that no boundary layer air
masses were transported to the measurement region in the
last 10d (Fig. 10a), considering the assumption that the tra-
jectories can resolve convective uplift. As a consequence, the
enhanced particulate sulfate needs to be older than 10d and
was most likely not directly mixed into the LMS as particu-
late sulfate, and this also supports the findings in the previous
analysis (see, e.g., Figs. 9 and ES).

Alternatively, the sulfate aerosol, as mentioned earlier,
could originate from gas-to-particle conversion of SO, that
was mixed into the LMS. To examine this hypothesis, we
start from Fig. 9, which shows that, close to the tropopause,
the SO, values are quite high and decrease along the mix-
ing line, whereas the aerosol total number concentration in-
creases. This is an indicator of ongoing gas-to-particle con-
version in combination with cross-tropopause mixing. To
confirm this possible process, it needs a strong source of
SO, which is strong enough to transport the SO; in a short
time to high altitudes with as few as possible moist pro-
cesses to not wash it out from the atmosphere. One pos-
sible source of such a process could be volcanic activities.
Therefore, we searched for volcanic eruptions in the period
of 2 months before the measurements, corresponding to the
e-folding time of about 50 to 60d (Jurkat et al., 2010). For
the analysis, we used volcanic eruption databases in com-
bination with daily TROPOspheric Monitoring Instrument
(TROPOMI) retrievals in different volcanically active re-
gions to identify possible source regions. Thereby, we iden-
tified the Kamchatka Peninsula in Russia as an origin of en-
hanced SO, emissions in the beginning of April 2020. This
corresponds to the archived reports by the Kamchatka Vol-
canic Eruption Response Team (KVERT) (Institute of Vol-
canology and Seismology FEB RAS, 2023). In the report
for 8 April 2020, an explosive eruption of the Sheveluch
volcano is described, with a volcanic cloud height reach-
ing up to 10km and thus into the tropopause region. We
performed HYSPLIT (Stein et al., 2015) forward-dispersion
simulations of the Sheveluch volcano plume and analyzed
the eruption plume in the model at different heights to get a
broad overview of the distribution. Therefore, we calculated
forward trajectories at heights between 9000 and 11 000 m
with a vertical resolution of 500 m. In the following, we only
consider the levels up to 9000 m (see Fig. D1) and between

Atmos. Chem. Phys., 24, 7499-7522, 2024
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10000 and 11000m (see Fig. 11), because here the model
shows differences in the plume and indicates possible mix-
ing into the stratosphere.

We observe a large volcanic plume up to 9000 m which
is distributed, spread and stretched within the first 3d over
the North Pacific, reaching over Alaska and also eastwards,
close to the Hudson Bay, Canada (see Fig. D1). For the layer
between 10000 and 11000m, the results look completely
different (see Fig. 11). Here, we observe no signal of the

Atmos. Chem. Phys., 24, 7499-7522, 2024

volcanic plume on the first day. However, more areas with
volcanic plume influence occur over Alaska, reaching to-
wards Canada during the second day. These affected areas
increase over time. Thus, the HYSPLIT dispersion model re-
sults also support the hypothesis of mixing volcanic emis-
sions into the stratosphere within the first 3 d. This is an ad-
ditional indicator of the mixing of SO; into the stratosphere,
resulting in higher SO, mixing ratios compared to the back-
ground. After the mixing of SO, into the LMS, the process

https://doi.org/10.5194/acp-24-7499-2024
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of gas-to-particle conversion starts and forms particulate sul-
fate aerosol over several weeks. This results in the obser-
vation of higher mixing ratios of particulate sulfate in the
LMS roughly 7 weeks after the eruption, especially for re-
search flight RFO1, where the flight path was close to the jet
stream and crossed one filament of volcanically influenced
air masses.

4 Conclusions

Usually, trace gas correlations, such as CO-O3 or H,0-03,
have been used to study mixing processes between the tro-
posphere and stratosphere. In our study, we showed that,
in addition to trace gas measurements, aerosol measure-
ments, especially particulate sulfate, can also be applied
to identify troposphere—stratosphere exchange. Furthermore,

https://doi.org/10.5194/acp-24-7499-2024

we showed that the method to define the chemical tropopause
proposed by Zahn et al. (2004) is in agreement with the dy-
namical tropopause definition for our campaign and is thus
suitable for the separation of stratospheric and tropospheric
air masses. Similar to the correlation between CO and O3,
the correlation of SOZ_ and O3 in the lowermost stratosphere
also showed some variability induced by mixing events. In a
case study during the CAFE-EU/BLUESKY mission, we ob-
served air masses with high sulfate mixing ratios in the low-
ermost stratosphere, reaching values that are typically found
at higher altitudes in the stratospheric aerosol layer. Meteoro-
logical and dynamical parameters such as vertical wind shear
and gradient Richardson number indicated that mixing across
the tropopause occurred in this region and along the trans-
port and air mass history. Additionally, we found that this
anomaly of higher particulate sulfate in the lowermost strato-

Atmos. Chem. Phys., 24, 74997522, 2024
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sphere occurred during one single flight. During this flight,
we found one mixing line in the CO-O3 correlation with in-
creasing sulfate aerosol mixing ratios and total aerosol num-
ber concentration towards the stratosphere. In addition, we
used measurements of the quasi co-located DLR-Falcon air-
craft. In the same tracer—tracer correlation framework, using
HNOj3 instead of O3, we also found one mixing line. In con-
trast to the increasing sulfate aerosol for the HALO measure-
ments, we observed decreasing mixing ratios of SO, which
is a precursor gas for particulate sulfate. The combination
of the sulfate aerosol mixing ratio, the total aerosol number
concentration as well as the reduction in SO, in the same
measurement region led to the hypothesis of upward mix-
ing of precursor gases and ongoing gas-to-particle conver-
sion in the lowermost stratosphere. Here, we could identify
volcanic activities on the Kamchatka Peninsula, Russia, and
the explosive eruption of the Sheveluch volcano as a possible
source of the SO in the tropopause region. The Sheveluch
eruption injected SO, directly into the upper troposphere,
from where it was mixed into the stratosphere, with subse-
quent gas-to-particle conversion to sulfate aerosol. We can
thus conclude that the chemical composition of the aerosol
in the lowermost stratosphere is affected by small-scale mix-
ing processes and that the EXTL can thus also be character-
ized by aerosol properties. In addition to direct mixing of
aerosol particles, the process of mixing of precursor gases
with subsequent gas-to-particle conversion also needs to be
considered, as we showed in our case study. We intend to use
this method in the future with data obtained during previous
airborne measurements in the UTLS to extend the analysis
to a larger scale. Furthermore, we aim to compare the results
with chemistry climate model studies to see whether chemi-
cal transport models can represent small-scale mixing across
the tropopause and the associated gas-to-particle conversion
processes. Another study should investigate how models rep-
resent the influence of volcanic eruptions on the lowermost
stratosphere.

Atmos. Chem. Phys., 24, 7499-7522, 2024
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Appendix A: Supporting information about the
two-dimensional binned cross sections

In the following, we explain the adjustment of our bin
scheme for the two-dimensional binning analysis. Fig-
ure A1b shows the data distribution for the evenly distributed
bin scheme in the vertical. Here, we see that many bins in the
LMS contain less than 10 data points, so we could expect
some bias in the median. Therefore, we enlarge the vertical
bins at 350 K and above to 10K to include more data points
in one vertical bin and increase the statistic of the analysis
without losing information.
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Figure A1. Number of data points in the two-dimensional cross sections (used in Figs. 5 and 6). (a) The used bin scheme with larger vertical
bins starting at & > 350 K. (b) The even data distribution without any adjustment to the bin scheme.
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Figure B1. Meteorological cross sections along the flight path, calculated on the basis of ERAS reanalysis data (Hersbach et al., 2020). Panel
(a) contains the horizontal wind speed as a filled contour, the flight altitude as a black bold solid line, the PV contour as thin black lines and

the vertical wind shear as dashed blue contour lines. In panel (b) the fille

d contour changed to the gradient Richardson number, and the thin

black lines are contour lines of the horizontal wind speed. Latitude and longitude values are added to the time series for reference.
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Figure B2. LAGRANTO 10d back trajectories for cases with enhanced
(a) Time series of 6 color-coded with the gradient Richardson number
(b) The position of the trajectories on the map and the potential temperat

This section offers some meteorological analysis for the
flight segment with the observed particulate sulfate anomaly
(see Fig. B1). Afterwards, we show some additional data
along the back trajectories. More precisely, we show the time
series of the Richardson number to indicate potential instable
regions the air masses have crossed before the measurement
(see Fig. B2). First we want to introduce the used variables
for our stability analysis, similar to, e.g., Kaluza et al. (2019)
or Kunkel et al. (2019):

Atmos. Chem. Phys., 24, 74997522, 2024

120

150

SO?‘_ in the lowermost stratosphere starting in northern Germany.
as a marker for potentially instable regions along the trajectories.
ure as a color code.
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52
Turbulence may occur at a gradient Richardson number
lower than 0.25.
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Appendix C: Supporting information about the
sulfate anomaly

The following figures are supporting information on the ob-
served anomaly of higher mixing ratios of particulate sul-
fate. This includes a detailed view of research flight RFO1,
where the anomaly was observed (Fig. C1). Figure C2 locates
the flight segment of the anomaly on the map, including the
quasi co-located DLR-Falcon flight path and the sulfur diox-
ide mixing ratio measured on DLR-Falcon. The last figure
(Fig. C3) highlights two selected research flights and their
corresponding accuracy within the correlation of the com-
plete dataset.

The following maps (Fig. C4) of the measured strato-
spheric air during RFO1 help to interpret both mixing lines
found in Fig. 8. Herewith, we can differentiate between the
measured elevated particulate sulfate over northern Germany
and the more subtropical air over southern Germany with re-
spect to their characteristics.
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Figure C2. Location of the analyzed flight segment during the re-
search flight on 23 May 2020 between 11:45 and 12:05 UTC, where
the mixing event in the vicinity of the jet stream was observed. The
flight path of HALO is shown with the filled circles color-coded
with the sulfate mixing ratio, and the flight path of DLR-Falcon
is shown with the filled squares color-coded with the SO, mix-
ing ratio. The map was created from public-domain GIS data found
on the Natural Earth website (http://www.naturalearthdata.com, last
access: 2 January 2024).
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Figure C3. Scatterplot of particulate sulfate against O3 for the com-
plete campaign dataset. The data points for flights RFO1 and RF08
are highlighted together with their measurement accuracy as exam-
ples.
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Figure CA4. The stratospheric flight segments of RFO1 on 23 May 2020 are shown and color-coded with (a) potential temperature 6, (b) O3
mixing ratios and (c¢) particulate sulfate mixing ratios. The map was created from public-domain GIS data found on the Natural Earth website
(http://www.naturalearthdata.com, last access: 2 January 2024).

Appendix D: Supporting information about the
HYSPLIT dispersion simulation

The figure shown in this section is in addition to Fig. 11 and
shows similar variables but for the altitude range from sea
level up to 9000 m to show the entire volcanic main plume
and its distribution.

NOAA HYSPLIT MODEL
Concentration (mg/m3) averaged between 0 m and 9000 m
Integrated from 0000 10 Apr to 0300 10 Apr 20 (UTC)
SUM Release started at 0000 08 Apr 20 (UTC)

NOAA HYSPLIT MODEL
Concentration (mg/m3) averaged between 0 m and 9000 m
Integrated from 0600 10 Apr to 0900 10 Apr 20 (UTC)
SUM Release started at 0000 08 Apr 20 (UTC)

—_
Q
~—

(b)

Source x 56.653 N 161.360 E 3283 m to 10000 m

>10 mg/m3

0.1 mg/m3
>0.001 mg/m3
>1.0E-05 mg/m3
Maximum: 3.0E+00 mg/m3
Minimum: 6.7E-13 mg/m3

Source x- 56.653 N 161.360 E 3283 m to 10000 m

- =y
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Minimum: 1.5E-17 mg/m3

GFSQ METEOROLOGICAL DATA

GFSQ METEOROLOGICAL DATA

Figure D1. NOAA HYSPLIT dispersion model simulation for the Sheveluch eruption on 8 April 2020 on the basis of GFS meteorological
data (Stein et al., 2015). The location of the Sheveluch volcano is given by a little star. Further, the particle concentration averaged between
sea level and 9000 m is shown. Panel (a) includes the averaging period on 10 April 2020 from 00:00 to 03:00 UTC, and panel (b) shows the
next period on the same day from 06:00 to 09:00 UTC.
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Figure E1. Binned vertical profiles for 5K potential tempera-
ture bins for all species measured by the C-ToF-AMS: (a) organic
aerosol, (b) sulfate aerosol, (¢) ammonium aerosol and (d) ni-
trate aerosol. The number of data points for each bin is shown in
panel (e). The vertical profiles are divided into the complete dataset
(solid lines) and data only from case study RF01 (dotted lines).

Appendix E: Additional measurement data
conducted by the C-ToF-AMS

This section gives an overview of the complete dataset pro-
duced by the C-ToF-AMS in combination with the OPC that
is integrated into the instrument system. In the following, we
show vertical profiles of the aerosol species measured by the
AMS relative to the potential temperature and the geometric
altitude to support the anomalous observation of the sulfate
concentration described in the case study.

The following plot shows the time series of the altitude
and the aerosol measurements conducted by the C-ToF-
AMS during RF01. The orange box indicates the time period
when the sulfate anomaly was observed. Further, the differ-
ent chemical composition of the probed air masses is visible,
similar to the described characteristics in Figs. C4 and 7.
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Figure E2. Binned vertical profiles for 500 m altitude bins for all
species measured by the C-ToF-AMS: (a) organic aerosol, (b) sul-
fate aerosol, (¢) ammonium aerosol and (d) nitrate aerosol. The
number of data points for each bin is shown in panel (e). The ver-
tical profiles are divided into the complete dataset (solid lines) and
data only from case study RFO1 (dotted lines).

In addition to the chemical composition analysis, we
looked at the aerosol size distribution and number concentra-
tion measured by the OPC. Therefore, we compare different
stratospheric measurement periods. In Fig. E4, we show the
size distribution corresponding to the 20 min of the sulfate
anomaly and compare it with 20 min measurements for the
stratospheric part over southern Germany under background
conditions. During the anomaly, we observe up to 2 times
more particles within the individual size bins below 1 um.

To illustrate the chemical composition of the formed par-
ticles in Fig. 9a, we correlate the total number concentration
N with the individual aerosol species in the next figure.

Atmos. Chem. Phys., 24, 7499-7522, 2024
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Figure E3. Time series of the aerosol measurements during RFO1 on 23 May 2020 in 30s time steps. (a) Altitude, (b) nitrate aerosol,
(c) sulfate aerosol, (d) ammonium aerosol and (e) organic aerosol mass concentration. The orange box marks the period with the observed

sulfate anomaly described in the text and shown in Fig. C1.
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Figure EA4. Size (a) and volume distribution (b), STP-corrected and measured by the OPC. The distributions are averaged over a 20 min time
period for two different measurement regimes. One is the described sulfate anomaly (grey-filled bars), and the other is a time period of the
stratospheric background (red lines) later during this flight as a comparison.
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Figure E5. Correlation of the total aerosol number concentra-
tion N, STP-corrected and measured by the OPC with the aerosol
species measured by the C-ToF-AMS: (a) with particulate sulfate,
(b) with ammonium, (c¢) with nitrate and (d) with organic aerosol.
The shown data represent the stratospheric measurements during
RFO1.
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3.2 TRANSPORT OF BIOMASS BURNING AEROSOL INTO THE EX-
TRATROPICAL TROPOPAUSE REGION OVER EUROPE VIA WARM
CONVEYOR BELT UPLIFT (JOPPE ET AL., 2025)

The study of Joppe et al. (2025) describes the observation of a filament
with high aerosol number concentration and CO mixing ratios in a WCB
outflow region with chemically stratospheric air masses. The analysis of size
distribution measurements as well as the offline analysis of impactor samples
using the scanning electron microscope (SEM) method show indications for
BB influence on this air mass. LAGRANTO back trajectories, starting at the
flight path, show that the origin of this polluted air masses was over Canada
in low altitudes, crossing regions with active wild fires. These air masses
were transported in low-levels across the Atlantic ocean and were lifted over
Europe associated with a WCB uplift event with subsequent cross-tropopause
mixing.

The data of this study was recorded during the CRC measurement campaign
TPEx. I am responsible for the UHSAS and AMS data with support by
Johannes Schneider and Jonas Wilsch. The other data in this study is
provided by the co-authors according to the listed author contributions. The
offline samplers of organic aerosol were analyzed by Anna Breuninger and
colleagues from the GUF, whereas the impactor samples were analyzed by
Martin Ebert and colleagues at TuDa. The study was set up by myself,
including the general concept and the main part of the data analysis. Further,
I was responsible for the writing of the manuscript. All co-authors contributed
with helpful comments and instrument descriptions to the manuscript. The
manuscript was submitted on 25 March 2025 and at the date of the submission
of this thesis the open discussion has ended and the second peer-review phase is
ongoing. For this reason small changes are still possible during the publication
process and after acceptance the final publication will get a type-setting by
Coperincus.
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Abstract. Aerosol particles in the extratropical upper troposphere and lower stratosphere (exUTLS) play a crucial role for
the Earth‘s radiative budget. High temporal and spatial resolution measurements in the exUTLS are important to study mixing
processes and their climate impact. Here, we present measurements from the TPEx mission (Tropopause composition gradients
and mixing Experiment) an aircraft mission in June 2024 over Europe. The measurement platform, a Learjet 35A, was equipped
with in-situ trace gas and aerosol measurements and filter samplers for offline analysis. For vertical gradient measurements of
trace species and aerosol, we conducted redundant measurements on a fully automated towed sensor shuttle (TOSS) 200 m
below the aircraft.

On 17 June 2024, we observed a streamer with elevated aerosol number concentration of up to 800 particles per cm?® between
100 nm and 1 pm. This is higher by a factor of more than two, up to four, compared to the UTLS, respective tropospheric,
background. Carbon monoxide (CO) mixing ratios were larger than 100 ppbv. Backward trajectories indicate that this pollution
is transported from Canadian wildfires in the lower troposphere towards Europe, where it was uplifted on the edge of a warm
conveyor belt into the tropopause region. There mixing with chemically stratospheric air occurred. The TOSS measurements
also allow the calculation of the potential temperature gradient (A - Az~1). We observed a change towards smaller gradients
within the region of the polluted air masses, which is presumably due to an increase of  at lower altitudes by radiative heating

as a consequence of the transported refractory black carbon.
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1 Introduction

The chemical composition of the upper troposphere and lower stratosphere (UTLS) is of high importance for the Earth’s ra-
diative budget (Kremser et al., 2016). Changes in the composition of this region have a large impact on the Earth’s surface
temperature, due to the radiative sensitivity of the surface temperature with respect to changes in trace gases such as ozone
(O3), water vapor (H20), and methane (CH4) (Riese et al., 2012). The total aerosol effective radiative forcing (AERF) is highly
variable and depends on the chemical composition of the aerosol particles. For example, at the top of the atmosphere (TOA),
the global radiative effect of sulfate aerosol is a cooling effect up to about -1.3 Wm ™2 whereas the global radiative effect of
black carbon (BC) shows a strong heating effect of up to 0.9 Wm ™2 (Masson-Delmotte et al., 2023; Kalisoras et al., 2024;
Ramanathan and Carmichael, 2008; Riisdnen et al., 2022). The aerosol chemical composition in the UTLS is influenced by
different processes: In the tropical regions, aerosol particles and precursor gases are transported from the planetary boundary
layer (PBL) into the tropical transition layer (TTL) by deep convection on a timescale of minutes to hours (Froyd et al., 2009;
Fueglistaler et al., 2009; von Hobe et al., 2021). Such deep convective transport can be associated with new particle formation
events, due to the presence of freshly oxidized volatile organic compounds (VOCs) and the nucleation of these oxidation prod-
ucts in the convective outflow at high altitudes (Curtius et al., 2024). The newly formed particles in the UTLS are redistributed
towards the extratropical and polar regions under the influence of the Brewer-Dobson circulation (BDC) (Andersson et al.,
2015; Kremser et al., 2016).

The chemical composition of the lowermost stratosphere (LMS) is influenced by the shallow branch of the BDC, where the
meridional transport from tropical to polar latitudes takes from months up to more than one year (Ploeger et al., 2021). There are
several additional processes which influence the chemical composition and other properties of the aerosol on shorter timescales
and more locally, such as convective events, planetary and synoptic scale waves, associated with baroclinic instabilities and
vertical transport from the PBL to the UT ahead the surface cold fronts by warm conveyor belts (WCBs). These processes of-
ten generate strong shear, thus favorable conditions for turbulence and mixing (Zahn et al., 2000; Brioude et al., 2007; Kaluza
et al., 2021, 2022; Lachnitt et al., 2023).

A WCB is part of an extratropical cyclone, which is characterized by the transport of moist air masses over large horizontal
distances in combination with a strong ascent into the UT (Harrold, 1973; Heitmann et al., 2024). WCBs can be described from
a Lagrangian perspective as a compact trajectory bundle in the vicinity of a cyclone with special characteristics, such as strong
ascent and drying of air masses (Heitmann et al., 2024; Schwenk and Miltenberger, 2024). WCBs are capable to transport
trace gases, aerosol precursor gases, and aerosol particles from the PBL into the UTLS. Furthermore, WCB transport is able to
enhance cross-tropopause mixing by triggering gravity waves, enhancing shear and radiative heating as a consequence of cloud
formation. Therefore WCBs can affect the chemical composition of the UTLS (Cooper et al., 2004). Recent studies of WCBs
focused on the transport of water vapor (H2O), mineral dust, and the precursor gas sulfur dioxide (SO3) into the tropopause
region (Madonna et al., 2014; Marelle et al., 2015; Fromm et al., 2016; Schwenk and Miltenberger, 2024).

The chemical composition of stratospheric aerosol particles is influenced by tropospheric compounds that are transported to
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the UTLS. Tropospheric sulfur compounds, including anthropogenic and volcanic SO, emissions, contribute to the abundance
of sulfate in the stratospheric aerosol (Andersson et al., 2015; Joppe et al., 2024). In addition to sulfate, stratospheric aerosol
particles also contain carbonaceous compounds, such as organic carbon (OC; or organic aerosol) and black carbon (BC). One
major source for OC and BC in the UTLS is biomass burning (BB) (Murphy et al., 2007; Schwarz et al., 2008; Ditas et al.,
2018; Ma et al., 2024).

Organic aerosol (OA) can be divided into two types of aerosol, primary organic aerosol (POA) which is directly emitted by the
source (e.g., pollen, spores, sea salt and its coatings or biomass burning) and secondary organic aerosol (SOA) which is formed
by gas-to-particle conversion out of precursor gases. During summer months, biomass burning organic aerosol (BBOA) con-
tributes up to 16 % to the total OA over Europe while up to 70 % of this BBOA are formed secondarily (Theodoritsi and Pandis,
2019). Additionally, the BB aerosol contributes on average 10 %, sometimes up to 50%, to the aerosol number concentration
for particle sizes between 0.25 and 2 um in the northern LMS (Kremser et al., 2016). The transport of these aerosol particles
into the LMS has been investigated for fast processes, like convective uplift and contributions by pyroconvection (Fromm et al.,
2010; Yu et al., 2019; Peterson et al., 2021; Ma et al., 2024).

In this study we show that aerosol particles from small wildfires without large smoke plumes can be transported into the UTLS
by WCB uplift and subsequent cross-tropopause mixing far away from the original source. Furthermore, we assess the effect
of the observed small-scale pollution streamers on the static stability in the tropopause region. For this, we use in-situ measure-
ment data in combination with transport diagnostics based on LAGRANTO back trajectories and model data from the TPEx
(tropopause composition gradients and mixing experiment) mission, conducted over Germany and northern Europe in June

2024.

2 Methods
2.1 TPEx flight F07

The TPEx aircraft campaign was conducted over Germany and northern Europe for three weeks in June (03 - 21 June) 2024.
The campaign base was at Hohn airfield (54°18'49”N, 9°32'17"E), near Rendsburg, Germany. The research aircraft was a
Learjet 35A, owned and operated by the Gesellschaft fiir Flugzieldarstellung (GFD), equipped with several online and offline
measurement instruments inside the cabin and an underwing pod outside the cabin. In total, we conducted nine research flights
reaching from the boundary layer up to 12 km. In this study we focus on research flight FO7, which took place on 17 June 2024.
For this flight we used the capability of the Learjet to tow a second measurement platform (The TropoPause Composition towed
sensor shuttle; TPC-TOSS (Frey et al., 2009; Finger et al., 2016; Klingebiel et al., 2017; Bozem et al., 2025) on a steel cable
below the aircraft. The TPC-TOSS and the aircraft were equipped with identical instrumentation for gradient measurements of
temperature, ozone and aerosol number concentration between 100 nm and 1 um. The goal of research flight FO7 was to probe
a region with a variable tropopause altitude (see Fig. 1a). As consequence we expected enhanced cross-tropopause mixing as
a consequence of a low pressure system over the North Sea west of Norway and predicted low Richardson numbers in the

restricted air space (not shown). The vertical cross-section along the flight path (Fig. 1b) indicates some predicted variability at
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and above the 2 PVU tropopause as well as some stratospheric intrusions which are growing in spatial extent during the flight

85 (green patches in Fig. 1b). Furthermore, the forecast for WCB outflow indicated the potential for aged WCB outflow in the

area of interest (see Fig. 2).
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Figure 1. ECWMF forecast data for 17 June 2024, 06 UTC (F07). The potential temperature along the thermal WMO tropopause and the
flight path of FO7 (red solid line) are shown in panel (a). Panel (b) shows a vertical cross-section of potential vorticity (PV) along the flightpath

(red solid) line with the 2 PVU surface as marker for the dynamical tropopause in the model (white solid line).
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Figure 2. ICON-EU forecast data for the average WCB outflow age and the bottom altitude of the WCB outflow on basis of the forecast
from 16.06.2024 00:00 UTC, valid for 17.06.2024 06:00 UTC.

2.2 Instrumentation
2.2.1 In-situ aerosol measurements

The size distribution and number concentration of aerosol particles in the accumulation mode between 100 and 1000 nm, were
measured using two ultra-high sensitivity aerosol spectrometers (UHSAS, Droplet Measurement Technologies) (Cai et al.,
2008; Kupc et al., 2018; Mahnke et al., 2021), one in the cabin of the Learjet and one in the TPC-TOSS (Bozem et al., 2025).
Both instruments deliver measurement data with a resolution of 1 Hz. The measuring principle is based on light scattering in
the infrared spectral range. The UHSAS uses a Nd3*:YLiF, solid state laser with an operating wavelength of 1054 nm (Cai
et al., 2008; Kupc et al., 2018). The laser mode has an intracavity power of approximately 1.1 kW - cm~?2 and is perpendicular
to the particle stream. Aerosol particles are actively pumped into the detection unit through a jet assembly with a sample flow
of 50 cm3- min~—! and are focused to a narrow particle beam with a sheath flow.

The UHSAS in the cabin of the Learjet has been modified and rebuilt to a new housing for the use onboard a research aircraft.
It is connected to the aerosol sampling inlet which consists of stainless steel and has a tip diameter of 1.55 mm. The inlet
expands to 30 mm before it enters the cabin. From the cabin-side of the inlet, in total five 0.25 inch tubes are embedded into
the large tube to connect the individual aerosol instruments with the inlet system. The flow was controlled by a software with
input parameters for different aircraft speeds and altitudes aiming to sample close to isokinetic conditions. In the measured
size range of the UHSAS we calculated transmission efficiencies of 86 % at the boundaries and 95 % at diameters around 300
nm. These calculations were performed for an ambient pressure of 300 hPa and 240 K using the Particle Loss Calculator by
von der Weiden et al. (2009).

The UHSAS inside the TPC-TOSS is the special version of the instrument for airborne measurements (model UHSAS-A),
manufactured for the use as an underwing probe. For previous operation at altitudes up to 21 km, the original pump had
been replaced and an internal computer had been added for internal data recording and saving (Mahnke et al., 2021). The

flow systems differ slightly between both instruments: The UHSAS-A in the TPC-TOSS is equipped with a second mass flow
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controller (MFC) to also control the sheath flow whereas the cabin instrument uses only one MFC for the sample flow, and the
sheath flow is supplied by the remaining air flow. Before the deployment during TPEx, we performed several characterization
and calibration measurements to ensure the comparability of the measurements. These measurements and characterizations are
described in Bozem et al. (2025).

For larger aerosol particles, we operated an optical particle counter (OPC, model 11-S, GRIMM) in the cabin of the Learjet
to measure the aerosol size distribution of particles larger than 250 nm. Due to particle losses in the inlet system the OPC
measurements yield particle size distributions up to around 10 pm. The particle loss calculation was done using the Particle
Loss Calculator described in von der Weiden et al. (2009). From these OPC we get information of the size distribution every 6
S.

The aerosol number concentration for nucleation and Aitken-mode particles was measured in the cabin of the Learjet by a
multi-channel condensation particle counter (mc-CPC, consisting of 3 Grimm Aerosol Technik model 5410-Sky CPCs). The
individual CPCs are operated with Fluorinert (FC-43 3M™) as working fluid and are set to different cut-off diameters in order
to obtain information on new particle formation events and the particle growth. With the current configuration, we achieved
cut-off diameters of 12 nm and 16 nm, inferred from laboratory calibrations. Here, we decided to operate two of the three
mc-CPC channels at the same cutoffs, to cross-check the data quality of the aerosol number concentration during the flights.
The chemical composition of non-refractory aerosol particles between 50 and 800 nm was measured using an aerosol mass
spectrometer in the cabin of the Learjet. This instrument, which is based on the miniAMS by Aerodyne Research Inc., had
been designed for operation in the JAGOS-CARIBIC (In-service Aircraft for a Global Observing System - Civil Aircraft
for the Regular Investigation of the Atmosphere Based on an Instrument Container) project (CARIBIC-AMS). It is operated
with a time resolution of 30 s resulting in a horizontal resolution of around 5 km in the UTLS. The CARIBIC-AMS is thus
comparable to other AMS instruments. Although it is designed to be operated fully automated during IAGOS-CARIBIC flights,
we operated the CARIBIC-AMS manually during the TPEx mission (Schneider et al., 2025).

2.2.2 In-situ trace gas measurements

For the simultaneous measurement of the trace gases nitrous oxide (N2O) and carbon monoxide (CO) the Quantum Cascade
Laser based spectrometer University Mainz airborne QCL Spectrometer (UMAQS) is used (Miiller et al., 2015; Kunkel et al.,
2019). It is based on the Aerodyne Research Inc. Quantum Cascade Laser Mini Monitor which uses an astigmatic multi path
Herriot cell with an optical pathlength of 76 m operated at a cell pressure of 53 hPa. The measurement principle is based on
infrared absorption spectroscopy at characteristic absorption lines of NyO and CO in the 2200 cm ™! range. For operating the
instrument on airborne platforms, the pressure within the measurement cell is controlled at 53 hPa. The instrument is calibrated
in-situ to account for instrument drifts. Data are obtained at a time resolution of 1 Hz, finally limited by the gas exchange time
of the measurement cell. This allows to measure atmospheric concentrations of NoO with a noise level of 0.08 ppbv (20) and a
reproducibility of 0.2 ppbv (20). For CO measurements the noise level amounts to 0.38 ppbv (2¢) and for the reproducibility
we reach 0.7 ppbv (20) (Miiller et al., 2015; Kunkel et al., 2019).

Ozone was measured using two modified 2BTech Model 205 instruments (Johnson et al., 2014; Bozem et al., 2025). One O3
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instrument was mounted in the wing pod of the Learjet and the second one was operated in TPC-TOSS. The measuring prin-
ciple is based on UV absorption at the wavelength of 254 nm at ambient pressure. The time resolution of these measurements
is 2 seconds with an uncertainty of 0.5 % + 2.0 ppbv.

Temperature and humidity data on the Learjet and the TPC-TOSS are measured by MCH (MOZAIC capacacitive hygrometer
sensors, which consist of a capacitive relative humidity sensor by the company Vaisala, Finland and a PT100 resistance sensor
for the temperature measurements (Helten et al., 1998; Smit et al., 2014). These sensors have been in regular service during
then the MOZAIC program and now the JAGOS research infrastructure (Petzold et al., 2015). The MCHs were calibrated
against a dew point hygrometer (MBW373) before and after the campaign in the atmospheric simulation chamber at Jiilich
(Smit et al., 2014). Based on the calibration, the MCHs give an uncertainty of 5 % relative humidity with respect to liquid
water in the upper troposphere, tropopause and lowermost stratosphere and 0.5 K for temperature (Smit et al., 2014)).

The Fast In-situ Stratospheric Hygrometer (FISH) provides reliable water vapor measurements with the Lyman-« photofrag-
ment fluorescence technique aboard research aircraft for almost 30 years (Zoger et al., 1999; Meyer et al., 2015). The uncer-
tainty estimation based on our regular calibrations during the TPEx campaign is 4.9 % of the respective measured value plus a

constant uncertainty of 0.77 ppmv.
2.2.3 Collection of filter and impactor samples for the offline analysis

In addition to the in-situ measurements, we operated an in-house developed and manufactured filter sampler to gain information
on the chemical composition of organic aerosol particles (SOAP) (Breuninger et al., 2025). Here, the collection of up to five
different filter samples (47 mm diameter, Whatman™ QM-A, cytiva) was possible due to a system of switchable magnetic
valves and a bypass. The filters were sampled with 60 L- min~" at standard conditions. After sampling, the filters were sealed
in aluminium foil and stored in a freezing box to minimize artefacts and losses of the collected aerosol particles (Resch et al.,
2023).

The filter analysis was carried out by extracting the filters in either a mixture of 90 % ultrapure water and 10 % methanol or pure
methanol. After cutting pieces of the filter and adding the solvent, the vials are placed on an orbital shaker (KS-15, Edmund
Biihler GmbH) at 300 rpm. After extraction, the extract is filtered through a disposable polytetrafluoroethylene (PTFE) filter
(pore size: 0.2 ym, macherey nagel). The extracts were measured by using ultra high-pressure liquid chromatography (Vanquish
Flex) coupled with high-resolution orbitrap mass spectrometry (Q Exactive Focus Hybrid Quadrupole Orbitrap, both Thermo
Fisher Scientific). The separation was carried out according to previous studies from (Ma et al., 2022; Ungeheuer et al., 2021;
Thoma et al., 2022), on a C;g-Column (CORTECS™ T3, 2.7 pm x 150 mm, Waters), using a gradient elution with ultrapure
water and methanol. The peak identification and analysis was done using the software FreeStyle™ 1.8 SP2 (Thermo Fisher
Scientific).

Additionally, during all flights UTLS particle samples were collected by the miniaturized MultiMINIS8 casacade impactor unit.
This self-developed Integrated Aerosol Sampling System, which is based on the former MultiMINI design (Ebert et al., 2016)
was designed for the use within the wing pod of the Learjet. In total 8 two stage impactors (particle diameter: fine stage 0.1 — 1

um; coarse stage > 1 um) are integrated in this sampling unit. Particles were deposited on TEM grids, which are best suited for
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later offline individual particle analysis by electron microscopic methods. Size, morphology, and elemental composition of the
particles were studied by scanning electron microscopy (SEM) and energy-dispersive X-ray microanalysis (EDX). SEM-EDX
was carried out with a FEI ESEM Quanta 400F (Eindhoven, The Netherlands) equipped with a X max 80 energy-dispersive X-
ray detector (Oxford Instruments, Abingdon, UK), which enables the analysis of elements with Z > 5. All investigations were
carried out at 12.5 kV acceleration voltage and spot size 4 (beam diameter ~ 30 nm). The particles were studied without coating
in the high vacuum mode of the instruments (=~ 5 - 10~% mbar sample chamber pressure). Particle types were classified based

on chemical composition and in case of biomass burning particles and soot additionally based on their typical morphology.
2.3 Meteorological support data and transport diagnostics

For the analysis of meteorological parameters, we used the ERAS reanalysis data with a temporal resolution of 1h and a
horizontal grid spacing of 0.3°. Additionally, on the basis of the native variables we calculated meteorological parameters
such as vertical wind shear (S2), static stability (squared Brunt-Vaisala frequency, N?), potential vorticity (PV) and equivalent
latitude (EQLAT) (e.g., Lary et al., 1995; Krause et al., 2018; Joppe et al., 2024). In order to gain additional information
about the chemical composition of the UTLS, we used the forecast data of the Copernicus Atmosphere Monitoring Service
(CAMS), which is based on the Integrated Forecasting System 48r1 (IFS) with additional chemical modules for the chemical
analysis, such as aerosol, reactive gases and greenhouse gases. This forecast is available twice a day (00 and 12 UTC) with a
horizontal resolution of 40 km and 137 vertical levels (e.g., Benedetti et al., 2009; Morcrette et al., 2009; Rémy et al., 2019). We
interpolated the CAMS data onto the flight tracks as we did for the ERAS data. For analyses of air mass origin, we calculated
backward trajectories from the position of the Learjet with LAGRANTO (Sprenger and Wernli, 2015) based on combined
ICON global operational analysis and forecasts. We used the ICON global model for the trajectories instead of ERAS to make
use of the higher horizontal resolution. ICON global analysis is available every 6 h and is combined with short-term forecast
to achieve an hourly resolution of wind field data. ICON global analysis and forecast data are available on a native RO3B07
grid (corresponding to about 13.5 km effective grid spacing) and has been re-gridded to a regular longitude-latitude grid with
0.15° spacing. In the vertical, ICON global data comprises 120 levels with a spacing of about 300 m between about 4 km and
13 km altitude. The trajectories are calculated 10 days back in time. In addition, we combined the backward trajectories with
the CAMS Global Fire Assimilation System (GFAS) version 1.2 to check if the trajectories crossed potential biomass burning
regions. GFAS assimilates fire radiative power (FRP) on basis of satellite measurements to give daily estimates for biomass
burning locations (Kaiser et al., 2012; Rémy et al., 2017). The fire locations are taken from the GFAS data set with detected
fire radiative power signals in cloud-free regions and reports by the Canadian Wildland Fire Information System (CWFIS,
https://cwfis.cfs.nrcan.gc.ca/interactive-map; last access: 09.01.2025) in order to close the gap of the satellite retrievals in

regions with clouds.
2.4 Determination of the tropopause

Several definitions for the extratropical tropopause exist, such as the dynamical tropopause based on a certain threshold value

of potential vorticity (PV) or the gradient of PV (Kunz et al., 2011; Turhal et al., 2024). In addition to dynamical tropopause
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definitions there are also definitions based on the temperature, such as the thermal tropopause defined by the temperature lapse
rate (World Meteorological Organization (WMO, 1997)) or the tropopause defined on the static stability (gradient in potential
temperature 0) (Tinney et al., 2022). Finally, one can also define a chemical tropopause, based on trace gases, such as Og or
nitrous oxide (N2O) (Bethan et al., 1996; Miiller et al., 2015; Joppe et al., 2024). In our study, we use the chemical tropopause
based on the mixing ratio of mainly NoO similar to Miiller et al. (2015). N2O has no sinks in the troposphere and a lifetime
exceeding 100 years, so its mixing ratio remains constant throughout the troposphere, with a gradient at the tropopause, caused
by the sinks in the stratosphere. Therefore, we can chemically define tropospheric and stratospheric air masses, solely based on
N3O measurements (Miiller et al., 2015). The tropopause height is highly variable in time and space and depends further on the
used definition. During summer months the dynamical 2 PVU tropopause tends to be lower than thermal WMO tropopause or

the PV-gradient tropopause (Kunz et al., 2011; Turhal et al., 2024).

3 Transported biomass burning aerosol and its effects in the LMS
3.1 Observation of an aerosol polluted filament

In this study, we focus on the first of the five triangular patterns flown within the restricted airspace between 07:20 and 07:50
UTC (Fig. 1). The time series shows a very small-scale pollution event with an increase in particle number concentration by
more than a factor of two compared to the UTLS background (Fig. 3). Furthermore, we observe an enhancement in CO of
more than 20 ppbv in a region with stratospheric N2O (N3O < 336 ppbv) and O3 (O3 > 150 ppbv). The features we investigate
in the following are also visible at higher altitudes later in the flight, but less dominant. Figure 3 shows a period of the time
series for selected in-situ measurements carried out on both platforms. The measurements on the TPC-TOSS were shifted in
time according to the lateral offset of the measurement platform behind the towing Learjet.

In more detail, we focus on the four segments with increased aerosol number concentration of 0.1 to 1.0 pm particles measured
by the UHSAS, i.e. 07:24 - 07:26; 07:27 - 07:29; 07:42 - 07:44 and 07:45 - 07:47 UTC, which coincide with enhanced CO
and N, O as well as with decreased H,O. The O3 mixing ratios also decrease, but only to a very small extent from above 160
ppbv to around 150 ppbv. The trace gas mixing ratios indicate tropospherically influenced air masses with values of more than
110 ppbv CO, while the N,O clearly shows stratospherically influenced air with values around 335.5 ppbv, i.e. lower than
the tropospheric background of 337 ppbv. The interpretation of the mixed air masses into chemically stratospheric air is also
supported by the O3 mixing ratios above 150 ppbv and HyO values near 100 ppmv HsO. From the aerosol perspective, we
observe increased particle number concentrations compared to the tropospheric measurements between 07:30 and 07:40 UTC
for particles between 100 nm and 1 um.

Several processes could have caused the observed high aerosol number concentration, which we discuss in the following.
More precisely, enhanced aerosol number concentration can be caused by new particle formation with a high number of very
small particles in the nucleation mode. Other possibilities for high aerosol number concentration are anthropogenic or biomass
burning pollution events with high particle concentrations in the Aitken- and accumulation mode. Further sources are dust

events or volcanic plumes which would result in a high aerosol number concentration in the coarse mode. Especially the
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mc-CPC measurements can be used to differentiate between fresh new particle formation or more aged and enlarged aerosol
particles. Between 07:43 and 07:46 UTC, we observe that the size channel with particles larger than 12 nm strongly differs
from the channel with particles larger 16 nm. This might be an indication for a recent new particle formation event in this

airmass. However, to prove this hypothesis, further analysis is required which is beyond the scope of this study.
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Figure 3. Time series of trace gas and aerosol in-situ measurements for FO7 on 17 June 2024 for the period between 07:20 and 07:50 UTC.
Measurements conducted on the Learjet are in darker colors whereas measurements from the TPC-TOSS are in lighter colors. Row (a)
shows the potential temperature () with the tropopause derived from vertical trace gas profiles (dashed line), (b) trace gases CO (black)
and N2O (green), (c) aerosol number concentration between 100 nm and 1 pm, (d) H2O (blue) and O3z (red) as well as (e) total aerosol
number concentration from 12 nm (yellow) and 16 nm (blue) measurements. The orange shaded boxes mark the four analyzed periods with

enhanced aerosol number concentration Nynsas and CO mixing ratio.

The presence of polluted air masses in chemically stratospheric air is also supported by the vertical profiles of the trace
gases (Fig. A1), which can be used as stratospheric tracers, namely O3 and N2 O. Both trace gases show rather constant mixing
ratios in the troposphere and then a stratospheric increase for Os, and a decrease for N2 O, respectively (Miiller et al., 2015;
Joppe et al., 2024). From these profiles (see Fig. A1), we identify the chemical tropopause at altitudes around 308 K potential
temperature. We accounted for the tropopause variability of less than 5 K by taking the mean between initial ascent and descent.
The observed pollution event is located 2 to 4 K above this chemical tropopause at potential temperatures of 311 K in a layer
with decreasing NoO which is clearly stratospheric air. Compared to the in-situ measurements, the interpolated ERAS data

along the flight path is showing a higher tropopause with a thermal tropopause at 315 K and a dynamical 2 PVU tropopause

10
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50-70 hPa above the flight path of the first pattern (see Fig. 1). This model observation fits well to radiosonde sounding in
Schleswig (12 UTC) which yield a tropopause height at 9.1 km or 320 K 6 based on the definition of Tinney et al. (2022).
Nevertheless, we use for our analysis the chemical tropopause based on in-situ measurements to minimize errors which might
arise from the model resolution and other model deficiency.

Figure 4 shows the pattern of the first altitude stack at approximately 7400 m (FL240) after the TPC-TOSS deployment. The
polluted air masses appear as a small band which is oriented north-eastwards, crossing the flight pattern. Furthermore, the
different chemical characteristics of the probed air masses can be seen: While we observe clean and unpolluted tropospheric
air masses in the eastern part of the pattern, the western part is characterized by stratospheric air with the polluted streamer

embedded.

(@) 55.0 55.0
800 = 54.9 : 54.9 120
r ! f
= — —
3 S 548 54.8 . 10
600 g °© 547 54.7 ©)
—_- (0] —~
2 S 546 54.6 100 3
400 X 2 g
B 8 545 54.5 90
200 3 54.4 54.4
o 80
54.3 tem" 54.3
69 70 71 72 73 74 6.
(c) 98.0 55.0
340 54.91 N — 5 54.91 . 600
= 548 i et g 54.8 -}
338 z / 500
Z| Y ATl S/ 54.7 %
o) # 400
3621 3 s 54.6 =
gl © k)
BTl 8 ms + /} 54.5 / 300 3
332 54.4 / 54.4 1 / 200
330 54.3 — 54.3 e e 100
69 70 71 72 73 74 69 70 71 72 73 74
Longitude (° E) Longitude (° E)

Figure 4. Flight track of the first complete triangular pattern with deployed TPC-TOSS within the restricted air space. The pattern is flown
at FL.240 (approx. 7400m) between 07:24 and 07:47 UTC. The colorcode represents different in-situ measurements onboard the Learjet: (a)

total aerosol number concentration between 0.1 and 1 um, (b) CO, (c) N2O and (d) H>O measurements. The red box surrounds the observed

polluted air masses.

Figure 4 gives a rough overview of the pollution within the streamer. We are interested in its difference in particle size dis-
tribution compared to the local and the tropospheric background. For this purpose we focus in the following on the aerosol size
distribution and the chemical composition with respect to non-refractory compounds, such as particulate sulfate, ammonium,

nitrate and organics. We can clearly see that the particle number concentration measured by the UHSAS during the lowest

11
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pattern correlates with the CO mixing ratio (see Fig. 5a). This suggests that the measured aerosol is of tropospheric origin with

most likely the same source as the high CO mixing ratios within the LMS.
3.2 Identification of biomass burning in the UTLS

Possible sources for the observed high CO values in the stratosphere are advected biomass burning residues or local uplifted
pollution from the surface. We analyzed the aerosol size distributions measured by the UHSAS at the Learjet in order to find
some hints for possible biomass burning in these size distributions. Therefore, we calculated the aerosol volume distribution
over 10 s, which is sufficient enough to average over the full peak of elevated aerosol number concentration. Furthermore, we
also calculated volume distributions during the local UTLS background between the two consecutive pollution events and the
tropospheric background in the middle of the pattern without observed pollution. The detailed times are also given in Table C1.
As optical particle detection reveals some uncertainties due to absorbing aerosol particles, especially when calculating volume
distributions, we additionally provide an uncertainty range. For this, we use the sizing uncertainties for a UHSAS according
to Moore et al. (2021). Based on in-situ observations and laboratory studies, they provide sizing errors for different particle
types, especially for wildfire biomass burning aerosol. Following Moore et al. (2021), we calculated the uncertainty range for
potential 3 % oversizing up to 20 % undersizing as consequence of light absorption by wildfire biomass burning aerosol parti-
cles. The inferred volume distributions (Fig. 5b) show significant differences between the UTLS background and the polluted
air masses. Even though the uncertainty range is high, we observe a modal distribution with a mode between 200 and 400 nm
during the pollution events. This mode is robust against the measurement uncertainty and can be differentiated from the UTLS
and tropospheric background. Such a mode in the volume distribution has previously been reported for observed aged biomass

burning aerosol (Alonso-Blanco et al., 2014; Ditas et al., 2018; Brock et al., 2021; Schill et al., 2022; Holanda et al., 2023).

12



290

295

JOPPE ET AL., 2025 79

150 — 800 cm-3 5x10° Sizing uncertainty according
to Moore et al., 2021:
M Polluted
m UTLS background
140 — — 700 m Tropospheric background
4 Measurements:
i Polluted
130 - 600 lnn UTLS background
,,,,,,,,,,,,,,,,,,,,,,, 1 Trop. background
z 3 -
=120 — 500 & @
2 ° £
g § 5
o) e £
(&} > £
110 — 400 3 > | ) I\ T
NE 2 IR 1 S e S R W
100 - 300 N
90 — 200
mmm CO
mm Nsrp Learie
80 T T T T T 100 0 T T T T — T
2 3 4 5 6 7 8
07:25 07:30 07:35 0740 07:45  07:50 100 2x10
diameter (nm)
Time (UTC)

Figure 5. Detailed analysis of measured polluted air masses with a time-series of particle number concentrations measured by the UHSAS
on the Learjet (blue), and CO (black) (a), as well as measured volume distribution averaged over 10 s (see Table C1) for the polluted air
masses (dark red), the UTLS background (bright blue) and the tropospheric background for the pattern (black). The shaded area represents
the uncertainty range due to sizing errors of absorbing particles (b). The dashed lines represent the original measurement data with the color

corresponding to the atmospheric regime.

Particle composition information are gained by the individual particle analysis of the MultiMINI8 casacade impactor sam-
ples. Here, we performed offline analysis by SEM-EDX. In the analyzed impactor sample collected on the first leg in the
restricted air space (7:16-7:44 UTC), BB particles were the most abundant refractory particle type. Two different types of BB
particles can be identified in the SEM. Firstly, carbon dominated particles with increased potassium, sulfur and in some cases
chlorine contents are observed. Secondly, soot particles, characterized by their typical morphology and the very low oxygen
content of the C-rich particles are detected. These chemical signatures are highly characteristic for BB particles (Li et al.,
2003). Two secondary electron images with the referring energy dispersive X-ray spectra for the two types of observed BB
particles are shown in Fig. 6. Beside the BB particles, also some Ca-rich particles, Fe-rich particles and aluminosilicate (soil)
particles were observed. The second used offline sampling method by the SOAP does only show very weak signals signals of

BB influence for this flight. The results are given in appendix D.
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Figure 6. Secondary electron images and referring energy dispersive X-ray spectra of (upper row) two typical soot like BB particles and
(lower row) two typical K-rich BB particles from the investigated sample (Ni and Cu-peaks in the spectrum are due to the Ni-grids respectively

the Cu-grid holder used in SEM analysis).

After these indications for potential BB influence within the tropopause region, we use the CARIBIC-AMS measurements

300 of non-refractory compounds to estimate the amount of refractory aerosol (rA) which may correspond to black carbon (BC).
Here, we reduce the background noise, especially of the organic signal, of the CARIBIC-AMS measurements by calculating
mean values of the mass concentrations symmetrically over 3.5 min with a running mean (Box-Car method), i.e. over 7
individual data points. We averaged the UHSAS data over the same time interval and calculated the mass concentration from

this mean UHSAS volume distribution, assuming spherical particles with a density of 1.5 g cm 3. The time series of the mass

305 concentrations measured by CARIBIC-AMS and calculated from UHSAS data is shown in Fig. 7.
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Figure 7. Time series of the GPS altitude (a), the total mass concentration of the AMS (b) and the UHSAS (b) and the individual mass

concentrations for the AMS species (c). The AMS and UHSAS measurements are averaged over 3.5 min with the box-car method.

The estimation of the rA mass concentration is only possible, because both instruments measure in the same size range. We
also have to emphasize that this estimation is only a best guess estimation with high uncertainties, based on several assumptions,
and the estimated mass concentration has to be regarded as upper limit. The measurement uncertainties of the CARBIC-AMS
are already in the range of 30 % (Canagaratna et al., 2007; Bahreini et al., 2009). The conversion of the number size distribution
measured by the UHSAS to a volume distribution add a further considerable uncertainty. Since we used a difference between
two measurements the calculated rA mass concentration can in principle include more than just one component, such as sea salt
or mineral dust or BC. In the remote atmosphere, mineral dust and sea spray are typically found in the coarse mode above 1 ym
diameter, although some contribution to the submicron aerosol mass has also been observed (Brock et al., 2021). Furthermore,
BB aerosol may also contain non-refractory salts such as KCl (Dang et al., 2022). The gained amount of rA is too high for real
atmospheric values of BC in the order of less than 5 % (Yu et al., 2019). Therefore, this approximation can be regarded only
with caution, but it yields also the potential for BC as well as the CO and the SEM particle analysis. The information on rA
and potential black carbon may serve as an indicator of particle origin, especially regarding biomass burning. Furthermore, the
estimated rA fraction is influenced by an instrumental drift of the CARIBIC-AMS in the beginning of the flight due to short
preparation times with respect to reducing the background in the vacuum system.

Comparing both mass concentrations of the UHSAS and the CARIBIC-AMS (Fig. 7), we observe two different periods. Dur-
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ing the first period, under tropospheric influence as evident from N2 O and ozone and within the tropopause region (until 08:15
UTC), we found a difference between the two mass concentrations, indicating an instrumental drift but also a higher possible
contribution of rA compared to the higher stratosphere. After 08:30 UTC, higher up in the stratosphere, we observe quite sim-
ilar mass concentrations measured by the CARIBIC-AMS and the UHSAS and with this a much smaller possible contribution
325 of the estimated rA. Compared to Fig. 5 we now analyze the complete flight with all altitude stacks. For this analysis, we
divided the complete data set of FO7 into five different regions, namely tropospheric background with NoO larger than 336
ppbv, UTLS with N5 O between 330 and 336 ppbv, pollution events, stratospheric background with N2 O between 330 and 325
ppbv (LMS) and stratospheric background with NoO lower than 325 ppbv (stratosphere) (see Fig. 8). This separation shows
that within the UTLS including the polluted regions, we find higher estimated rA mass concentrations. The higher we get into
330 the stratosphere, the less impact of polluted air masses is observed and we see an absolute increase of sulfate aerosol, which is

typical for the stratosphere (Junge et al., 1961; Yue, 1981; Kremser et al., 2016).

-3 _
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Troposphere UTLS Polluted LMS Stratosphere

Figure 8. Average of the absolute (a) and the relative (b) mass concentrations (including standard deviations shown as error bars) for the
non-refractory aerosol species and the estimated amount of refractory aerosol (rA) during different measurement periods during FO7. The

separation of the regions is done by N2>O measurements and the exact times are provided in Tab. C2.
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3.3 Air mass history and transport diagnostics

In the following, we present 10 day backward trajectories, initialized along the flight track, in combination with GFAS data
provided by satellites, to link the observed pollution events and possible BB influence to potential source regions with active
BB during the days before the measurement. The trajectories show that the polluted air masses during Flight 07 were located
over Canada, mostly in the Canadian Arctic in the mid troposphere, 10 days before being sampled by TPEx FO7. Over Central
Canada, the air masses partly descend to lower tropospheric altitudes of around 3 km and cross regions with active forest
fires ten to seven days before the TPEx measurements. Subsequently, the air parcels cross the North Atlantic towards Europe
at altitudes below 5 km embedded in a potential dry air mass with respect to specific humidity (see Fig. 9 and Fig. F1). The
compact trajectory bundle is uplifted on the edge of a WCB over Germany up to about 400 hPa within 12 hours and transported
as a compact bundle towards the measurement location (see Fig. 10). In contrast to the pollution trajectories, those trajectories,
which indicate pristine UTLS background, are also crossing Canada and regions with active wildfires, but in higher altitudes
(Fig. 9b and Fig. 10). The tropospheric background trajectories however start at the east coast of Canada in low altitudes but
in a region with mostly no fire activity. While crossing the Atlantic, the air masses can be found in distinct altitude regions.
The trajectories with the biomass burning pollution are in the mid-troposphere and descend to 700 hPa on the way towards
Europe. In contrast, the air masses measured in the UTLS background are 100 to 200 hPa higher in the free troposphere
and the trajectories that end in the tropospheric regime are just below 700 hPa. In addition to differences of the altitude of
the trajectories, we observed differences between upwind velocity during the uplift process into the UTLS. Here, the UTLS
background and the polluted air masses are quite similar with a strong ascent over the Baltic Sea and Scandinavia whereas the

tropospheric background trajectories are lifted at an earlier stage over the North Sea (Fig. 9 and Fig. 10).
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Figure 9. Back trajectories for the different observed regimes ((a) pollution events, (b) UTLS background and (c) tropospheric background)
in FO7. The altitude of the trajectories is represented by the colorcode of the solid lines. Additionally, we added fire observation data provided
by CWFIS (circles) in the vicinity of the trajectories. The size of the circles represents the size of the forest fire. Furthermore, we added the

fire locations detected by the satellite in the GFAS retrievals of 10 June 2024 with fire radiative power (crosses).
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Figure 10. Time series of pressure for the calculated LAGRANTO trajectories divided into the different regimes (Table C1): Polluted air
masses (black), UTLS background (blue) and tropospheric background (red). The shaded area is the interquartile range (IQR) between the
25 and 75 % percentile with the median as solid line in the middle. The UTLS timeseries is shorter, because the trajectories leave the model

domain 7 d before the measurements.
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Figure 11. Top view of the first flight pattern within the restricted air space with deployed TPC-TOSS during FO7. Colorcoded are measured
quantities, such as the total aerosol particle number concentration by the UHSAS (a) and the vertical gradient of potential temperature (c).
Furthermore, we analyzed meteorological parameters along the trajectories, namely the range between maximum and minium pressure (b)

and the maximum specific humidity over the last 72 h before the measurements (d).

We use the meteorological data along the trajectories, to differentiate the air mass characteristics of the different air mass
regimes. Therefore, we analyze the pressure difference between maximum and minimum pressure over the last 10 d as well as
the maximum specific humidity over the WCB ascent period over the last 72 h before the measurements. Figure 11 shows that
the observed pollution is found just in or directly next to a region where the air parcels experienced a strong vertical uplift of
more than 400 hPa. This ascent ends one day before the measurements in the upper troposphere and allows time for subsequent
small-scale cross-tropopause mixing. Regarding the moist processes within the WCB we are not able to identify significant
differences between the polluted and unpolluted air masses (Fig. 11d), which leads to the conclusion that the wet deposition was
in this case not efficient enough or other microphysics of BB aerosol is not resolved in the ICON model. As consequence we
conclude that the BB aerosol can get transported to the UT and subsequently mixed into chemically stratospheric air masses.
To summarize, the measurement data show that the observed polluted air masses in the stratosphere show elevated aerosol
particle number concentration and CO mixing ratios. Furthermore, the measured particle size distributions show a size range
typical for biomass burning aerosol as previously reported in the literature. Additionally, the differences between the mass

concentrations measured by the CARIBIC-AMS and calculated from the UHSAS data indicate that refractory compounds,
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potentially also BC, were measured in the tropopause region and especially during the pollution events. In addition to the in-
situ measurements, we analyzed filter samples for organic biomass burning tracers and impactor samples for individual particle
composition to obtain more information on particles related to BB detected in the sampled air masses. Back trajectories started
along the flight path show that the air masses originated from the lower troposphere over Canada, where active forest fires
were reported and observed, and were lifted to the upper troposphere by a WCB over Europe about 1-2 days before the
measurements. Although the process of WCB is typically accompanied by moist processes, the aerosol was transported into
the UTLS and mixed into the chemical LMS. From previous studies (e.g., Ramanathan and Carmichael, 2008) it is known that
the atmospheric lifetime of BC is typically less than 7 days, due to wet deposition processes like rainfall which occurs also in
the process of WCB uplift. Nevertheless, we observe BB aerosol in the LMS where such particles have a radiative impact. In
the following section we provide estimates for the radiative impact of this small scale aerosol streamer to assess the importance

of WCB uplift processes for the radiative balance of the LMS.
3.4 Impact of potential BB pollution in the tropopause region

As pointed out by Ramanathan and Carmichael (2008) and Réisédnen et al. (2022), BC has a positive radiative forcing at the
TOA of up to 0.9 Wm?. Ditas et al. (2018) show from regular observations on flights between Europe and North America that
BB plumes show on average 0.14 ug - m~3 of BC and a typical UTLS background of 0.006 pg - m~2. From these observations
Ditas et al. (2018) derive an increase in the average heating rate of around 0.07 K - d~! by the attribution of BC with a up to
044 K-d—t

In order to estimate the radiative effect of BB aerosol on the static stability in the present study, we use the available measure-
ments of chemical composition and the dual platform measurements of temperature. The binned vertical profile of the relative
mass concentration of the chemical composition including the potential for BC shows the highest estimated amounts around the
chemical tropopause below 7500 m (see Fig. 12). Our upper limit estimation yields a maximum possible rA mass concentration
of around 0.15 pg (Fig. 8). As expected, with decreasing tropospheric influence the relative mass fraction of rA decreases with
altitude as well and is close to zero above 9000 m. Including the large uncertainties of this upper limit estimation, our values
are still in the range of BB-affected air, reported by Ditas et al. (2018) with 0.02 ug and we can raise some hypothesis on the

radiative impact on the tropopause region and its stratification.
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Figure 12. Relative mass concentration for the non-refractory aerosol species (chloride in pink, ammonium in orange, nitrate in blue, organics
in green and sulfate in red) and estimated highest possible refractory aerosol (rA) (black) in 500 m vertical bins between 7 and 10 km. The

error bars represent the standard deviation in the altitude bins.

Therefore, we make use of the dual platform measurements of temperature and pressure to calculate vertical gradients in
potential temperature (6). We use these gradients to analyze the stratification of the tropopause region and derive a potential
radiative forcing. Figure 11c shows the analyzed first pattern in the restricted air space colored with the derived vertical 0
gradient. In general, we observe the typical stable stratospheric stratification with positive vertical gradients of §. Besides
the expected stable stratification, we observe a different stratification most prominent at the location of the polluted filament.
Here, the gradient changes towards weaker stability close to 0 K - km~!. The location of this anomaly is the same as for the
polluted air masses with BB influence (Fig. 11c). This leads to the assumption that this change is related to the streamer of
polluted air masses. The observed change in the vertical #-gradient reaches up to 2 K - km . From the trajectories we find that
after the WCB uplift there is no influence of cloud liquid and ice water in the UTLS for the last 18 h before the measurements.
Additionally, the trajectories indicate a quasi-isentropic transport in the UTLS from the uplift area to the measurement locations
with a slight increase in the static stability and PV. However, it is important to say that the trajectories do not include any
aerosol data, e.g. aerosol radiative heating. Therefore, considering these observations in the trajectory data started at the Learjet
position, we hypothesize that the changes in the static stability may also be forced by radiative effects of the transported rA in
the absence of (cirrus) clouds. Referring to the observations by Ditas et al. (2018) typical heating rates as consequence of BC
are in the magnitude of 0.07 K -d~! up to 0.44 K - d~! in extreme cases, which shows a significant contribution to the radiative
feedback on lower stratospheric dynamics. Combining the uncertainties of the rA approximation with potentially included BC
and the gradient calculation of potential temperature (31 %, see Bozem et al. (2025)) we end up in the same regime of expected

heating rates of roughly 0.1 K - d~! of the tropopause region after the WCB uplift.
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As the transport of BC and BB plumes was mostly studied in the presence of pyroconvection and fast uplift of pollutants to
the tropopause region, current studies like this and that of Khaykin et al. (2025) show an additional transport pathway of BB
aerosol into the UTLS and especially the LS. This uplift can occur close to the fire locations like in Khaykin et al. (2025) or

after low-level long-range transport far away from the pollution source as shown in this study.

4 Conclusions

The influence of WCBs on the UTLS aerosol composition is only rarely discussed in previous studies (e.g., Voigt et al., 2017;
Trickl et al., 2024). In our study, we present a case-study of aerosol characteristics in a WCB outflow region over Germany.
Here, we observed a small-scale streamer of polluted air masses, more precisely elevated aerosol number concentration be-
tween 100 nm and 1 um with CO mixing ratios larger than 100 ppbv in the chemically stratospheric air (NoO < 336 ppbv).
Further, analysis of the particle size distribution in the pollution event shows a maximum of particles with a diameter between
200 and 400 nm, which is a characteristic of biomass burning size distribution. Further evidence for the influence of biomass
burning is found by the offline analysis of impactor samples using a SEM. Here, we find particles which refer to biomass
burning, such as soot and carbon dominated particles with larger fractions of potassium. LAGRANTO back trajectories on the
basis of ICON global analysis wind fields for the last 10 days before measurement also show biomass burning over Canada
as potential source for the observed pollution. However, these trajectories are not able to resolve convective transport either in
pyro-convection, boundary-layer convective clouds, or embedded convection in the WCB. According to the trajectory data, the
air masses observed by TPEx FO7 originate in the lower troposphere over Canada and the Canadian Arctic and crossed spots
of active forest fires. These polluted air masses were then transported across the Atlantic within the lower troposphere before
subsequent uplift embedded on the edge of a WCB over Europe. This uplift was strong enough to transport the BB aerosol into
the UTLS, and after end of ascent likely trigger stratosphere-troposphere exchange. Additionally, we analyzed the chemical
composition of the aerosol in the pollution event and during background conditions in the troposphere, the undisturbed LMS
and the stratosphere. Here, we estimated the mass concentration of rA by the difference between the total mass measured by
the AMS and the UHSAS, under the assumption of a density of 1.5 g cm™3. This method yields the highest amounts of rA
around the tropopause and rather no rA in the stratosphere. Besides the in-situ measurements of the chemical composition of
aerosol particles and trace gases, we used offline filter analyses of collected aerosol particles during the flight. The analysis of
these filters needs to be considered with some caution, as consequence of a high background signal for these two flights. But
even with this caution, we are able to see some indications for the influence of BB on this day, which supports the found results
for BB as source of the pollution.

In addition to the chemical composition and aerosol measurements, we take advantage of the dual platform measurements of
temperature and pressure to derive the vertical gradient in potential temperature to describe the radiative impact of this BB
intrusion on the UTLS. From this, we observe a change in the gradient of by around 2 K - km ™!, with a contribution which
is caused most likely by the observed rA and BC in this region.

Finally, we were able to show an additional pathway of BB pollution into the extratropical tropopause region by WCB uplift.
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In contrast to other studies (Khaykin et al., 2025), we observe this uplift mechanism after low-level long-range transport. The
radiative feedback of such transported rBC into the tropopause region now needs to be calculated to show the impact of this

additional pathway.

— Eddy mixing_—,.

ST

- Tropopausei

7,7

Figure 13. Schematic overview of the observed processes in our study. The polluted air masses from Canadian forest fires travels in the
lower and free troposphere across the Atlantic ocean, before strong ascent associated with a WCB over Europe occurs. As consequence of
this strong uplift to the tropopause region the polluted air masses are in a region of stratosphere-troposphere exchange and are mixed with

chemically stratospheric air masses.
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460 Appendix A: Identification of the chemical stratosphere

For this study, we use ozone (O3) and nitrous oxide (N5O) to determine the chemical tropopause as reference for tropospheric
and stratospheric air masses. This chemical tropopause, based on the mixing ratios and the vertical gradient of both trace gases,

is around 308 K potential temperature.
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Figure Al. Vertical profiles of Oz (a) and N2O (b) for the complete FO7, colorcoded with the total aerosol number concentration measured
by the UHSAS. The dashed lines visualize the chemical tropopause based on the vertical gradient and the mixing ratios of the individual

species.

Appendix B: Identification of mixed air masses

465 In Appendix B, we introduce tracer-tracer correlation to identify mixing processes between the troposphere and the strato-
sphere. Therefore, we use the CO versus NoO (Fig. Bla) correlation. This correlation has also the advantage, that we are able
to determine the tropospheric end member of each individual mixing line, which occurs in the correlation. As colorcode we
use the information about the flight pattern within the restricted air space, to better identify small-scale mixing occurrence. We
observe the most dominant perturbation of the overall mixing line during the first pattern, where the correlation describes a

470 "z-shape" structure. The tropospheric CO end member for this part shows CO mixing ratios over 150 ppbv which is a distinct
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In the correlation between total particle number concentration Nygsas versus NoO (Fig. B1b), we identify a mirrored "C-

shape" over the complete flight, which is also expected from previous studies in literature (e.g., Borrmann et al., 1993). Here,

we observe a similar perturbation during the first pattern with particle number concentration exceeding the background values

of the correlation and reaching up to tropospheric values.
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Figure B1. Tracer-Tracer correlation of CO vs. N2O (a) and N vs. N2O (b). The colorcode indicates the individual flight pattern in the

restricted air space, each pattern is a separate round. The dashed line marks the chemical tropopause.
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Appendix C: Definition of the analysis regions and averaging intervals

This section gives detailed information about the time intervals used for averaging the size distributions in Fig. 5 as well as

the regions from Fig. 8. We chose 10 s, in order to represent only the main total number concentration peak of the polluted air

masses for the size distributions. For comparison between the different measurement regions and events we used the 10 s for
480 all intervals, even if enlarged periods for the background periods had been possible.

The following time periods are used for the averaged size distributions:

Event/Region Times (UTC)

Pollution 07:25:27-07:25:37
UTLS background 07:26:05-07:26:15
Pollution 07:27:49-07:27:59
tropospheric background | 07:32:48-07:32:58
Pollution 07:43:31-07:43:41
UTLS background 07:44:12-07:44:22
Pollution 07:46:32-07:46:42

Table C1. Time periods for the averaged size distributions shown in Fig. 5.

As a consequence of the 30 s time resolution of the AMS, there is no equal distribution of data points between the different
measurement regions. The scale of the pollution streamers was too small for obtaining more than three AMS data points for

485 each pollution event. The following time periods are used in the specific region definitions:
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Region Times (UTC)
07:20 - 07:23:30

Troposphere 07:30:30 - 07:40:30

N>O > 336 ppbv 07:49:00 - 08:00:00

09:18:30 - 09:30:00
07:24:00 - 07:25:00
07:26:30 - 07:27:30
07:29:00 - 07:30:00
07:41:00 - 07:42:30
07:44:30 - 07:46:00
07:47:30 - 07:48:30
08:00:00 - 08:05:00
08:16:30 - 08:21:00
09:08:30 - 09:18:00
07:25:30 - 07:26:00
07:28:00 - 07:28:30
Biomass Burning filament | 07:43:00 - 07:44:00
07:46:30 - 07:47:00
08:05:30 - 08:16:00

UTLS
330 < N0 < 336 ppbv

LMS
325 < N20 < 330 ppbv

08:23:00 - 08:36:00

Stratosphere
325>N30

Table C2. Time periods for the averaged chemical composition measurements shown in Fig. 8.

08:37:30 - 09:05:00
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Appendix D: Offline filter measurements

To obtain additional information on the organic particle composition, we use filter samples from the SOAP instrument. Note
that the filter samples can not be allocated to certain positions of the aircraft, because of the long sampling periods of more
than one hour for each filter. These extended periods were necessary to collect sufficient material on the filters, ensuring an
adequate signal-to-noise ratio for the subsequent analysis. For this reason, small-scale pollution events are difficult to cover
and challenging to detect. Not only the small-scale events but also the dilution within the atmosphere can lead to very low
concentrations of certain compounds. Nevertheless, the sampled filters provide some indications of whether the air masses
might be influenced by BB or not. For this purpose an analysis using high-resolution mass spectrometry for a selection of BB
tracers was performed on the filter extracts. In our analysis these BB tracers are levoglucosan, 4-nitrophenol, phthalic acid and
vanillic acid, which are already known as common tracers from previous studies (e.g., Simoneit and Elias, 2001; Bluvshtein
et al., 2017; Wang et al., 2022). The sampling times of the filters are summarized in Tab.D1. For the analysis of the filter
samples we also need to take Flight 08 into account, because the reference blank filter was also flown during FO8. This flight
took place directly after Flight 07 and probed partly the same air masses of the earlier flight over the North Sea and Western
Germany. Still, the flight blank should provide information about any contamination that might have happened. Some more

information on Flight 08 are given in appendix E.

Filter Times (UTC)
FO07, Filter 1 | 07:14 - 08:05; 09:10 - 09:31
F07, Filter 2 08:08 - 09:03
FO8, Filter 1 11:25-12:58
FO8, Filter 2 12:58 - 14:38

Table D1. Sampling times of SOAP filters during the double flight FO7 and FO8 on 17 June 2024. FO7, Filter 1 corresponds to the time series
in Fig. 3.
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Figure D1. Results of filter analysis for BB species on the probed samples during the double flight on 17 June 2024. The signal of the
flight blank was subtracted and the measurements were normalized according to the sampling volume (a). (b) the mean mass concentration,

including the standard deviation, of the CARIBIC-AMS data and the estimated amount of rA for the sampling periods of the filter substrates.

A qualitative analysis of the four biomass burning tracers indicated that only two of the tracers were detected on the filter
samples (Fig D1). The strongest signal occurs for phthalic acid during Flight 08 followed by a clear signal of vanillic acid
during Flight 07. However, the detection of phthalic acid and vanillic acid does not coincide with the observed transient BB
periods. Likely these events are too short to become visible by offline analysis. All data are blank corrected with the respective
flight blank. A small signal of levoglucosan appears on three out of four samples. However, the levoglucosan results are
uncertain due to high background concentrations on the blank filter. The long atmospheric transport of the BB plumes and
short lifetimes of the organic species, especially for levoglucosan (0.5 up to 4 days (Hoffmann et al., 2009)), might also explain
the low abundance of levoglucosan during the described events. Contamination of the filter substrates due to the double flight
without the possibility to exchange the filters in between also resulted in significant blank signals that were subtracted from
the samples. The flight blank shows significantly higher intensities than the solvent blank, which indicates that contamination
might have occurred and improving sampling strategies is essential. Nevertheless, we can say with caution for the given reasons
that the air masses which were probed on the 17 June 2024 show influence of BB to some extent, but there are differences in

the processing of the air masses during the transport towards Europe.
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515 Appendix E: Further information on F08

In this section of the appendix, we show some additional data from FO8 as motivation to compare it with the presented flight
FO7. The flight pattern was from the North Sea towards Southwest Germany, close to Koblenz, along the tropopause and in the
stratosphere to probe enhanced mixing. In the region over the North Sea the air masses are similar to the probed air masses in

the morning flight.
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Figure E1. Time series of the in-situ measurements during FO8 on 17 June 2024. The top panel shows the GPS altitude, the second panel
shows in-situ trace gas measurements of CO (black), N2O (green) and water vapor (blue). The third row shows the measured mass concentra-
tion by the AMS (red) and the UHSAS with a density estimation of 1.5 (black). The lowest panel displays the individual mass concentration
from the AMS.
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Figure E2. Flightpath of FO7 (dashed) and FOS8 (solid) colorcoded with the GPS altitude.
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520 Appendix F: Additional trajectory information

Here, we show the air mass history of the LAGRANTO trajectories for the single days before the measurement in the large

frame with CAMS forecast data with a 0 h lead time for 00:00 UTC each day.

CAMS composition forecast, 00:00 UTC (0h lead)
07.06.2024 - 15.06.2024 850 hPa
16.06.2024 - 17.06.2024 400 hPa
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Figure F1. Combination of CAMS forecast data (colored background) and daily split trajectory data (yellow lines). All panels show the
CAMS forecast with 0 h lead time for specific humidity (q) on 850 hPa (a-i) and 400 hPa (j-k). The trajectories are split for each 24 h

interval to identify the large-scale context of the trajectories.
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3.3 THE TROPOPAUSE COMPOSITION TOWED SENSOR SHUTTLE
(TPC-TOSS): A NEW AIRBORNE DUAL PLATFORM APPROACH
FOR ATMOSPHERIC COMPOSITION MEASUREMENTS AT THE
TROPOPAUSE (BOZEM ET AL., 2025)

Bozem et al. (2025) describe the setup of the new measurement platform
TPC-TOSS and briefly the overall TPEx mission. It is an technical publi-
cation aiming for the presentation of instrument development, instrument
characterization and calibration, and first results of the in-field performance
of this platform.

I contributed extensively to the manuscript by providing the calibration and
characterization measurements of the UHSAS systems. For this, I created
the corresponding figures and wrote all text passages, related to the UHSAS
instruments and data analysis. Furthermore, I wrote the campaign overview
text, "The TPEx I project". The publication process is still ongoing and at
the date of submitting this thesis the first review round has ended and a
revised version is in preparation for submission.

For this reason small changes are still possible during the publication pro-
cess and after acceptance the final publication will get a type-setting by
Coperincus.
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Abstract. In this paper we introduce the new TropoPause Composition TOwed Sensor Shuttle (TPC-TOSS), which constitutes
an advanced development of the AIRcraft TOwed Sensor Shuttle (AIRTOSS), introduced by Frey et al. (2009). As part of a
tandem measurement platform with a Learjet 35A, both platforms were equipped with redundant instruments for collocated
measurements of aerosol size distribution (Ultra-High Sensitivity Aerosol Spectrometer, UHSAS), ozone (2BTech model 205),
cloud particles (Back-Scatter Cloud Probe, BCP), as well as relative humidity, temperature and pressure. To measure the exact
position of the two platforms as well as the relative distance of the TPC-TOSS to the Learjet a Global Positioning System
(GPS) is installed on both platforms. Two identical Inertial Navigation Systems (INS) further allow to monitor attitude angles
(roll, pitch, and heading) and accelerations.

Laboratory tests before and ground tests as well as inflight tests during the intensive operation period show a good agreement
of the ozone and temperature measurements of better than 4.2 ppbv + 1.1 % (ozone) and 0.5 °C (temperature) at a noise level
of + (2 ppbv + 0.5 %) for 2 s data (ozone) and 0.1 K for 1 Hz data (temperature). Stability of the ozone monitor mounted in
the TPC-TOSS has been tested and is estimated to be 2.2 ppbv (offset, 1 o) and 0.7 % (gain, 1 o), respectively, based on the
drift of offset and gain during regular calibrations between measurement flights in the two weeks operation period.

The new TPC-TOSS was successfully flown during the TPEx I (TropoPause composition gradients and mixing Experiment)
mission in June 2024 and performed four flights covering the altitude range between 6 and 12 km. The tropopause was crossed
several times as evident from different temperature and ozone gradients as well as gradients of the aerosol number density.
With the setup we are able to resolve transient stability and composition gradients ranging from almost zero or even negative to

strong positive gradients of up to 25 K km~! for potential temperature and from inverted to strong positive vertical gradients
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of ozone of up to 800 ppbv km 1, respectively. These gradients are caused by transport and mixing due to convection or shear

induced turbulence at the tropopause.

1 Introduction

The tropopause is naturally defined by the change of the vertical temperature gradient from the troposphere and a mostly moist
adiabatic temperature lapse rate to neutral or positive temperature gradients due to increased shortwave absorption from ozone
production in the stratosphere. According to World Meteorological Organization (WMO, 1957), the tropopause can be defined
as the lowest level the temperature lapse rate does not exceed 2 K km ™! and stays on average below this value for any layer be-
tween this altitude and any level above within the next 2 km. As a consequence the emerging increase of static stability makes
the thermal tropopause a transport barrier, which in turn leads to strong gradients of tracers (e.g. Bethan et al., 1996; Hoor
et al., 2002; Pan et al., 2004; Bauchinger et al., 2025). In the extratropics, the tropopause location is highly variable in time
and space being linked to the synoptic conditions. Further non-conservative (diabatic) processes modify composition gradients
and in turn the tropopause location itself. The representation of tropopause gradients is, however, crucial for understanding and
quantifying the climate impact of radiatively active substances like water vapor, ozone, ice and aerosol particles (e.g. Randel
et al., 2007; Fusina and Spichtinger, 2010). These composition gradients are highly variable as a result of the aforementioned
variability of the tropopause as well as mixing processes associated with small scale (and large scale) diabatics (Kunkel et al.,
2019; Lachnitt et al., 2023).

Measurements of these composition gradients at small scales are difficult to achieve: remote sensing methods suffer from lim-
ited resolution due to vertical or horizontal averaging kernels, vertical soundings only provide single profiles while aircraft
measurements deliver data just along the flight trajectory. Highly transient phenomena like turbulent mixing processes or oc-
currence of cirrus clouds, overshooting anvil tops, etc., cannot be covered by horizontal flight tracks on different legs, since
the relevant features may disappear when performing stacked level flights. One approach in former studies was to perform
colocated measurements with two aircrafts, for example during CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils
and Cirrus Layers — Florida Area Cirrus Experiment) (Jensen et al., 2004) or HALO-(AC)? (Wendisch et al., 2024). While the
flights with Polar 5 and Polar 6 aircraft (HALO-(AC)?) could only be performed below 5 km altitude due to aircraft perfor-
mance capabilities, coordinated measurements involving two aircraft often suffer from difficulties of exact vertical colocation
due to different aircraft speeds, as pointed out by Klingebiel et al. (2017, and references therein)

Simultaneous measurements of such small scale structures may deliver novel information on the effect of transient dynamical
processes and their impact on species gradients at the tropopause. In earlier studies, towed sensors were introduced for colo-
cated measurements. There are only very few setups of these devices available. Recently, the Alfred Wegener Institute (AWI)
and the Leibniz Institute for Tropospheric Research (TROPOS) developed the T-Bird (Juranyi et al., 2025), a sensor shuttle for
turbulence, aerosol and trace species measurements in the lowermost Arctic boundary layer towed by AWIs Polar aircrafts.
Besides this, only helicopter based dual platform designs are available. Both, ACTOS (Airborne Cloud Turbulence Observation
System) (Siebert et al., 2006) and SMART-HELIOS (HELIcopter-borne Observations of Spectral Radiation) (Werner et al.,
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2013, 2014) as well as HELiPOD (Pitzold et al., 2023) are instrument platforms developed to be towed by a helicopter for
measurements of boundary layer characteristics with respect to clouds and chemical composition or solar spectral reflectivity.
To the best of our knowledge, such an approach has not yet been applied to tropopause altitudes or tropopause-relevant com-
position measurements.

Here, we present a novel development, which builds on previous experiences for a radiation / cirrus payload (Klingebiel et al.,
2017; Frey et al., 2009, 2014; Finger et al., 2016). The new setup of the TPC-TOSS (TropoPause Composition TOwed Sensor
Shuttle) includes measurements of ozone, GPS information, aerosol size distribution from 100-1000 nm as well as sensors for
humidity and temperature. We will present the new setup and will provide uncertainties and individual tests, as well as some
examples demonstrating the agreement between the two platforms. Additionally, we will showcase typical results achieved

during the first field setup.

2 The TPEx I project
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Figure 1. Overview over all conducted measurement flights during the TPEx mission in June 2024. The red colored flight paths are flights
with the TPC-TOSS deployed whereas the black lines show the other flights without TPC-TOSS. The map was created from public-domain
GIS data found on the Natural Earth website (http://www.naturalearthdata.com, last access: 30 June 2025).

The aircraft campaign TPEx I (TropoPause composition gradients and mixing Experiment) is the central aircraft mission in the
collaborative research center TPChange (The TropoPause region in a Changing atmosphere) and took place between 10 and 21
June 2024 based at Hohn airfield in Northern Germany (54°18'49”N, 9°32'17”E). The TPEx I mission addressed questions
regarding the water vapor distribution in the upper troposphere and lower stratosphere (UTLS), the identification of mixing

at and across the extratropical tropopause induced by diabatic processes and the source apportionment of aerosols and ice-
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Table 1. Overview of the research flights with TPC-TOSS during TPEx 1.

Flight Nr.  Date Time Region

FO03 11 June 2024 10:30 - 13:07 UTC  Baltic Sea
F06 14 June 2024  07:07 - 09:18 UTC  Baltic Sea
FO7 17 June 2024  07:01 - 09:35 UTC  North Sea
F10 20 June 2024  07:06 - 09:47 UTC  North Sea

nucleating particles (INPs) for understanding the main pathways of transport into the UTLS. Additionally, the mission aimed
for studying vertical transport of aerosol particles and trace gases from the planetary boundary layer (PBL) into the UTLS and
the effect on the chemical composition of the UTLS and new particle formation (NPF) events as well as cloud particle and
cirrus formation.

Therefore, we equipped the research aircraft, a Learjet 35A, with a set of in-situ measurements of trace gases (e.g., CO and
ozone) and aerosol quantities (particle size distribution and chemical composition) as well as offline samplers of aerosol and
cloud particles and INPs. Furthermore, we used the unique approach of a fully automated towed sensor shuttle (TPC-TOSS)
attached to the aircraft with partly redundant instrumentation and deployed during four out of eight scientific flights during
TPEx I (Table 1 and Fig. 1). This approach provides observational data of vertical gradients of quantities, such as potential
temperature, ozone mixing ratios and particle size distribution for aerosol particles between 95 nm and 1 um. The vertical
distance between both platforms is around 200 m in tropopause regions and therefore aimed at resolving transient small scale
variability of the tropopause structure and composition induced by small-scale processes (e.g., strong shear or small scale
processes within extended cirrus decks).

As a consequence of safety constraints flights with the TPC-TOSS were only allowed in restricted air spaces. For TPEx I we
used restricted air spaces over the Baltic Sea close to Usedom and over the North Sea west of Helgoland for the measurement
flights. During TPEx I the Learjet reached maximum altitudes of 38000 feet (11500 m) without the towed sensor shuttle and
32000 feet (9700 m) with TPC-TOSS deployed. The maximum flight time was around 2.5 h with and up to 4 h without TPC-
TOSS. During the mission in total eight research flights and one test flight were conducted of which four flights used the dual
platform approach, two in each restricted air space (Fig. 1).

The scientific flight planning during the mission was performed with the help of high resolution model forecast from the
ICON-D2 (ICOsahedral Nonhydrostatic) and the ECMWF (European Centre for Medium-Range Weather Forecasts) model
with additional output of the CLaMS-Ice (Chemical Lagrangian Model of the Stratosphere) model for cirrus cloud predictions.
In addition, the Mission Support System (MSS) was used for detailed flight planning and routing (Bauer et al., 2022).

The meteorological conditions in June 2024 were quite favorable for the scientific objectives of the mission. In this period

several low pressure systems crossed the measurement region. The outflow of associated warm conveyor belts (WCBs) was
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Table 2. Overview of the instrumentation of the Learjet as well as the measured quantities.

Instrument Measured Quantities, Range Sampling Frequency = Reference

Learjet

UMAQS CO, N20O 1 Hz Miiller et al. (2015)
Kunkel et al. (2019)

FISH Gas phase water vapor, 1-1000 ppmv 1 Hz Rolf et al. (2024)
Meyer et al. (2015)
Zoger et al. (1999)

WASUL Total water vapor, 0.5-60000 ppmv 0.5 Hz Tétrai et al. (2015)
Rolf et al. (2024)

FRIDGE/SEM INP concentration and physico—chemical properties  aerosol sampling Schrod et al. (2016)

(elemental composition > 80 nm 15-60 min Schneider et al. (2024)
size and morphology > 20 nm)
CARIBIC-AMS  Chemical composition of non-refractory 30s Schneider et al. (2025)
aerosol particles, 50-800 nm
SkyOPC Particle size distribution, 20 nm-3 um 6s Bundke et al. (2015)
UHSAS-C Particle size distribution, 0.095-1 ym 1 Hz Cai et al. (2008)
MC-CPC Aerosol number concentration from 12 nm 1 Hz
and 16 nm up to um range 1 Hz
ICH-sensor Temperature and relative humidity 1 Hz Helten et al. (1998)
GNSS/INS Position, attitude and velocity 1 Hz
Acceleration 100 Hz

within the range of the Learjet 35A and could be studied (Joppe et al., 2025). Furthermore, highly variable tropopause heights

and convection over Germany and parts of Sweden (Konjari et al., 2025) were probed.

Instrumentation

For the TPEx mission the measurement platforms (Learjet including underwing pod "Knuffi" and TPC-TOSS) were equipped
with instrumentation for in situ trace gas measurements, INP characterisation, aerosol number concentration, size distribu-
tion and composition measurements based on online (in situ) and offline filter analysis methods. These measurements were
supplemented by measurements for meteorological parameters (temperature, humidity and pressure) as well as flight attitude,
positioning and acceleration information using a GNSS/INS (Global Navigation Satellite System / Inertial Navigation System)

navigational sensor. In particular the relative position between Learjet and TPC-TOSS is of major importance for the mea-
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Table 3. Overview of the instrumentation of the underwing probe "Knuffi" as well as the measured quantities.

Instrument Measured Quantities, Range Sampling Frequency = Reference

Underwing pod "Knuffi"

2BTech Ozone  Og, 0-20 ppmv 0.5 Hz Johnson et al. (2014)
NIXE-CAPS Number concentration and size distribution Meyer (2013)
of cloud particles, 0.61-937 pm (diameter) 1 Hz Kramer et al. (2020)
SOAP Organic aerosol molecular composition, 10-2000 nm, Breuninger et al. (2025,
five samples including one filter blank 15-140 min each submitted to ACP)
per flight
BCP concentration of particles with an optical Beswick et al. (2014)

equivalent diameter between 5—75 um, 0.002-20 cm ™3> 1 Hz

Offline particle composition, particle size and particle shape, aerosol sampling

MultiMINI8 30 nm-10 pum sampling 1-30 min Ebert et al. (2016)
SPAFIS 100 nm-10 um sampling 1-30 min
NanoPS <500 nm sampling 1-30 min

surements with the dual platform approach. Furthermore, NIXE-CAPS (New Ice eXpEriment - Cloud and Aerosol Particle
Spectrometer), installed in an underwing pod attached to the left wing of the Learjet, allows for the characterisation of cloud
particles (number concentration, size). Some of the measurements were performed simultaneously on Learjet and TPC-TOSS
(Table 2 to Table 4). The focus of this paper is on the TPC-TOSS as part of the dual platform approach. In Sect. 4 we will de-
scribe the TPC-TOSS instrumentation in detail while the Learjet instrumentation including the underwing pod instrumentation

is characterized briefly in Table 2 and Table 3.

3 Technical design TPC-TOSS

The technical design of TPC-TOSS builds on an earlier version of the towed sensor shuttle (AIRTOSS) described in Klingebiel
et al. (2017, and references therein). For TPEx I in June 2024, modifications were necessary to adapt the TPC-TOSS for trace
gas and aerosol measurements. The body of the TPC-TOSS has a length of 2.57 m, a diameter of 0.24 m and a net weight
of 27 kg. It is capable of carrying a maximum payload of 43 kg. The TPC-TOSS payload during TPEx I is summarized
in Table 4 and described in more detail in Sect. 4. Individual instruments and additional equipment can be mounted on an
internal aluminum frame that is split in three sections (Fig. 3b). The front section mainly contains the Ultra-High Sensitivity
Aerosol Spectrometer (UHSAS-A; "A" denotes the airborne version within TPC-TOSS, "C" in Table 2 denotes the Learjet
cabin version) (Sect. 5.3). In the middle part of the TPC-TOSS the battery pack is mounted, which contains 8 lithium iron
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Table 4. Overview of the instrumentation TPC-TOSS as well as the measured quantities.

Instrument Measured Quantities, Range Sampling Frequency = Reference
TPC-TOSS

2BTech Ozone  Ogs, 0-20 ppmv 0.5 Hz Johnson et al. (2014)
UHSAS-A Particle size distribution, 0.095-1 pm 1 Hz Mahnke et al. (2021)
BCP concentration of particles with an optical 1 Hz Beswick et al. (2014)

equivalent diameter between 5-75 um, 0.002-20 cm ™3

ICH-sensor Temperature and relative humidity 1 Hz Helten et al. (1998)
GNSS/INS Position, attitude and velocity 1 Hz
Acceleration 100 Hz

Figure 2. Ozone instrument with insulation as mounted inside the TPC-TOSS in the rear part.

phosphate accumulators controlled by a battery management system. Individual cells are configured as such that an output
voltage of 25.6 VDC is provided to supply all instrumentation within the TPC-TOSS. The capacity for the battery pack is
50 Ah which allows for the operation of the TPC-TOSS instrumentation for 6-7 h, which exceeds the maximum length of a
120 research flight determined by fuel and Learjet performance. The rear section of the TPC-TOSS internal structure contains the
Back-Scatter Cloud Probe (BCP, directly attached to the drag body cover), the 2BTech ozone monitor model 205, GNSS/INS
instrumentation and data acquisition. The TAGOS (In-service Aircraft for a Global Observing System) (Petzold et al., 2015)
capacitive hygrometer (ICH) for temperature and humidity measurements (rear part), the ozone bypass inlet and outlet (rear
part) as well as the two GPS antenna (rear and front part) are mounted directly on the drag body cover which is made of glass-

125 fibre reinforced plastic. As mentioned before, there were some modification of the body cover necessary to mount the GPS
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Figure 3. Top: TPC-TOSS with ozone bypass inlet and outlet. The ozone instrument is located in the back of the TPC-TOSS. Note that,
while attached to the aircraft, the TPC-TOSS is rotated upward by 90 °. Bottom: Computer-Aided Design (CAD drawing of the TPC-TOSS

including the instrumentation and battery pack.

antenna, BCP and the trace gas inlets. The mounting plates for these components were manufactured based on 3D printing to
reduce weight.

The ozone instrument was connected to a bypass type tubing system consisting of 1/4" teflon tubing. While the bypass inlet
was mounted forward facing, the bypass outlet was mounted backward facing allowing for a high bypass flow of 20-30 slpm
to reduce the residence time inside the tubing (Fig. 3). The ozone instrument sampled from the main bypass inlet line using a
T-type insertion. The forward facing stainless steel inlet for the UHSAS-A aerosol sampling was part of the main instrument.
An internal pump actively maintained sample and sheath flow of 50 and 700 cm? min 1, respectively.

The total weight and power consumption of all instrumentation within TPC-TOSS amounts to 41 kg and 185 W. The individual
components within the TPC-TOSS frame and attachments to the towed sensor shuttle cover are positioned to locate the center
of gravity of the TPC-TOSS close to the hook (distance of only 120 mm), where the steel wire connecting the TPC-TOSS to
the Learjet is attached. The position of the center of gravity is crucial for a stable horizontal position during flight. Air brakes

on the wings of the TPC-TOSS further support maintaining a stable flight attitude.

4 Instrument characterization

The following section describes and characterizes the redundant instrumentation installed on both platforms (Learjet including
underwing pod and TPC-TOSS) which are a crucial part of the novel dual platform approach to measure ozone and aerosol

gradients in the UTLS region.
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4.1 GNSS/INS

To analyze colocated measurements on two platforms with respect to gradients of aerosol, trace species and meteorological
parameters one requires a precise definition of the position of the individual platform and/or the relative position between both,
Learjet and TPC-TOSS. We used a high performance tactical grade GNSS-Aided Inertial Navigation System (GNSS/INS)
which uses MEMS (Micro-Electro-Mechanical Systems) inertial sensors in combination with dual multi-frequency GNSS re-
ceivers. The used 3DM-GQ7 (MicroStrain company) consists of a 3-axis accelerometer, 3-axis gyroscope, 3-axis magnetome-
ter, a pressure altimeter and a dual GNSS receiver. The system performance given as uncertainty (1 o) of the most important
parameters within the operating temperature range of —40-85 °C is based on manufacturer information as follows: The un-
certainty of horizontal and vertical position amounts to 1.25 m and 2 m, respectively. With respect to flight attitude, roll and
pitch angles could be derived with an uncertainty of 0.05° while the error for the heading amounts to 0.25°. The error of the
measured velocity is 0.05 ms™!.

This sensor was installed on both the Learjet and the TPC-TOSS to get consistent information on position and attitude of the
respective platform. Two GPS antennas were installed on each platform located at a horizontal distance of 198 cm on Learjet
and 148 cm on TPC-TOSS. The use of two antennas (L1 band at 1600 MHz and L2 band at 1200 MHz) increases the redun-
dancy of the GPS positioning in case one antenna experiences reception issues. Simultaneously, it enables improved heading
determination based on the relative position of the two antennas, with the associated uncertainty stated above. Position and
attitude information were recorded at a resolution of 1 Hz. In addition, acceleration data were available at 100 Hz, providing

insight into turbulent flight conditions experienced by the Learjet and TPC-TOSS.
4.2 TAGOS Capacitive hygrometer ICH

Relative humidity with respect to liquid phase water (RHjiq) was measured using an instrument that is also employed in the
TAGOS program. The IAGOS capacitive hygrometer (ICH) was mounted in the TPC-TOSS. The ICH, which also measures
temperature, consists of a thin-film HUMICAP® capacitive sensor (Vaisala, Finland) whose capacitance depends on the rela-
tive humidity of the dielectric layer of the condenser, and a platinum resistance sensor (Pt100) that measures the temperature
at the humidity sensing surface. The sensor itself and the applied calibration techniques are described in detail by Helten et al.
(1998). The measurement principle is based on the diffusion-limited adsorption of the HoO molecules by the dielectric mem-
brane of the sensor. Since diffusion is strongly temperature-dependent, the sensor’s response slows down from seconds to a few
minutes with decreasing temperatures. The relative humidity and temperature signals are fed into a microprocessor-controlled
transmitter unit (HMP230, Vaisala) which passes the signals to the data acquisition system. The data conversion from capaci-
tance signals to relative humidity values is performed offline in a separate data quality assurance and analysis step (Neis et al.,
2015a, b). The ICH sensor is mounted at the top of an axisymmetric sensor carrier, which is designed for installation in an
appropriate housing (ICH-RS: Model 102 BX, Rosemount Inc., Aerospace Division, USA). The ICH sensor is designed for
routine autonomous measurements aboard passenger aircraft. Its passive measurement technique requires no sampling line

and pump, thus low demand of maintenance. Before the installation on the aircraft and after 500 h flight hours (~ four to six
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weeks) within the IAGOS framework, an individual calibration of each ICH sensor is necessary, which is accomplished in the
environmental simulation chamber at Jiilich (Smit et al., 2000). During the TPEx I campaign, the ICH sensor was calibrated
before and after the campaign. These calibrations are made over a sensor temperature range between —40-20 °C against a frost
point hygrometer (MBW373) at 2-50 % RHyiq with a temperature accuracy of 0.1 K. During flight, in fact, the ambient air is
adiabatically compressed in the housing, leading to a significant temperature increase of the air sampled by the sensor (up to
30 °C). Therefore, —40 °C sensor temperature, namely the lowest temperature of the calibration, corresponds to =70 °C in the
real atmosphere, which is rarely reached at aircraft cruising altitude. The adiabatic heating is corrected using the Mach number
after true aircraft speed (Neis et al., 2015a).

Based on chamber calibration with the MBW373 frost-point mirror and intercomparison with airborne instruments in research
aircraft measurement missions (Neis et al., 2015a, b; Rolf et al., 2024), the temperature and RHj;q uncertainties produced by
the ICH sensor are £0.32 K and £ (5-6) %, respectively. Therefor, relative humidity with respect to ice (RHi.) and water

vapour mixing ratio can also be provided calculated from RHj;q and temperature.

4.3 Back-Scatter Cloud Probe (BCP)

The BCP is part of the IAGOS system, and is a compact, lightweight, near-field and single particle backscattering optical
spectrometer to measure the concentration and optical equivalent diameter of particles from 5 to 75 um (Beswick et al., 2014).
The BCP features a laser diode emitting focused and linearly polarized light at 658 nm, which passes through a heated glass
window in the aircraft skin and focuses on a small region approximately 4 cm away. Light scattered back at a solid angle of
144-156° by particles in the sample volume is collected by lenses and focused onto an avalanche photodiode for detection.
The cloud particle number concentration is calculated from the sampling area times the true air speed of the aircraft. It was
primarily designed as a real-time qualitative cloud indicator for data quality control of trace gas instruments of the IAGOS
system. Subsequent evaluations and investigations (Petzold et al., 2017; Lloyd et al., 2021) reveal that the BCP cloud dataset is
also of use for the study of contrail and natural cirrus. Limited by the detectable particle size range, BCP is insufficient for rather
small (< 5 pm) and large cirrus particles up to the size of approx. 1 mm in cirrus clouds. The total measurement concentration

ranges from 0.002 cm ™3 to approx. 20 cm ™3

in cirrus clouds, as observed during IAGOS cruising condition. High cloud
particle number concentrations up to 200 cm ™3 in liquid water clouds were demonstrated to be within the detectability of
the BCP by Beswick et al. (2014). Assuming the sample area as reported by Beswick et al. (2014) and a typical mean aircraft
cruising speed of 250 ms~!, the estimated lower threshold for cloud particle detection with a temporal resolution of 4 s (IAGOS
operation conditions) would be 0.015 cm ™2, but with a sampling uncertainty of 50 % according to Poisson statistics (Petzold
et al., 2017). During TPEx I, the BCP was integrated into TPC-TOSS and the underwing pod "Knuffi" as it is installed at the

fuselage during IAGOS routine measurements.

10
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4.4 Ozone measurements

During TPEx I, ozone was measured using two modified 2BTech model 205 instruments (Johnson et al., 2014). The measure-
ments are based on the absorption of UV at the wavelength 254 nm at ambient pressure. Small pumps are used to continuously
purge the instruments at a flow rate of 1.7 Imin~' for the underwing pod instrument and 2.6 1min~! for the TPC-TOSS
instrument at ground pressure. The flow difference arises from the change from a two-pump to an only one-pump flow scheme
for newer versions of the instrument. The instrument was modified for operating at high altitudes within the underwing pod
and the TPC-TOSS under low pressure and low temperature conditions. These modifications consisted of an upgrade of the
pressure sensor suitable and calibrated for an altitude range up to 25 km, the pump, an additional lamp heater to improve the
stability of the UV source, and the addition of an insulation to prevent the instrument from temperatures below freezing point.
The instrument is equipped with two absorption cells of which one (cell A) is purged with ambient air at a 2 s time interval to
determine the light intensity I(¢o). The air stream for the second cell (cell B) in this time interval is led through an Hopcalite
ozone scrubber to remove any ozone to determine the light intensity 7p(¢o) without any absorber present in the cell. During the
subsequent 2 s time interval [¢g,¢1] cell A is purged with ozone scrubbed air while cell B is purged with ambient air. At time
t1 an ozone value is calculated for cell A applying Beer’s law with the measured ratio of absorption signals I(to) and Iy (7).
For cell B an ozone value is calculated using Iy(tg) and I(¢;). The ozone value for each cell is further converted into a mixing
ratio by applying the measured temperature in the respective cell and the cell pressure and finally stored as the average of both
cells at t1. At time ¢5 the ozone value for cell A is calculated using again Iy (¢;) and the new absorption signal I (¢2) while for
cell B ozone is determined from (¢ ) and Iy(t2). Again, the average ozone mixing ratio based on both cells is stored at 5. As
a consequence every individual value in each measurement cell is used twice for the calculation of subsequent mixing ratios
leading to an fully independent determination of an ozone value only every 4 s. To account for drifts and asymmetries in the
measurement cells, the streams of ambient air and scrubbed air through the cells are switched every 2 s. The minimum time
resolution therefore is 2 s, corresponding to approximately 300 m spatial resolution during flight operation.

During TPEx I one instrument was mounted outside the pressurized cabin into the underwing pod ("Knuffi") at ambient pres-
sure. The other instrument was placed into the TPC-TOSS. Temperature and pressure dependencies were characterized in the
laboratory before the deployment during TPEx I (Sect. 4.4.3, 4.4.4). To avoid operational temperatures dropping to values
below the instrument specifications, both devices were thermaly isolated. Due to safety reasons, the TPC-TOSS had to be

powered off while being attached to the aircraft, therefore no active heating could be applied until TPC-TOSS was released.
4.4.1 Noise and drift

Both ozone instruments were extensively checked and tested prior and during the campaign. Noise and drift (as a measure of
stability) under different laboratory conditions and during the field campaign on ground have been checked.

To test noise and drift of both instruments we used the Allan variance (Allan, 1966; Werle, 2011). Having pure statistical
noise (white noise) the Allan variance should decrease with increasing integration time following the black solid line in Fig.

4 (lower panel). Our instruments show both a constant or even increasing Allan variance up to integration times of 4-6 s

11
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Figure 4. Allan-Werle-plots for the ozone instruments installed on the Learjet (a) and TPC-TOSS (b). Upper panels show the ozone time
series from ground tests during the field campaign (8 June 2024 for TPC-TOSS ozone and 9 June 2024 for "Knuffi" ozone) used to calculate

the Allan variance.

followed by a decrease of the Allan variance until an optimal integration time of 300-500 s where the Allan variance is at
minimum. At larger integration times the slow drift starts to dominate leading to increasing Allan variance. Furthermore a
significant deviation from the white noise floor (black line) is observed. According to Werle (2011), additional non-white noise
components, e.g., flicker noise, could lead to this deviation. A maximum of the Allan variance at an integration time larger
than the lowest time resolution (in our case 2 s) corresponds to a low pass filter characteristic. The low pass filter is usually
applied in the frequency domain but its effect could also be observed in the time domain. Signal smoothing or damping effects
of fast concentration changes would in turn lead to the observed behavior of the Allan variance. As discussed in section 4.4, the
instrument output frequency of the ozone instrument is 2 s but the measurement process itself leads to independent data points
only every 4 s. Taking into account that the gas exchange time in the tubing system is on the order of 1 s, data points before the
Allan variance maximum are to some degree correlated. This is similar to applying a smoothing or running mean of 4-6 s to the
ozone data which increases the Allan variance with integration time. After the maximum, the Allan variance further decreases
with integration time but deviates from the black solid line. For the "Knuffi" instrument a significant decrease is observed only
after 30 s. For both instruments we observed slow irregular changes of the cell pressure caused by irregular changes of pump
capacity of the small internal membrane pumps. These variations most probably add non statistical noise components (flicker
noise) to the Allan Variance expressed as the observed deviation from the black line (Werle, 2011). As these cell pressure
variations are stronger for the "Knuffi" instrument, the Allan variance for this instrument is stronger affected during the first 20
to 30 s compared to the TPC-TOSS instrument. Similar results for the Allan variance with an Allan maximum around 4 s are
reported by Moormann et al. (2025), who operated the same type of instrument on a drone, thereby confirming our laboratory

and field tests.
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Based on these Allan variance analysis the noise of both instruments under laboratory conditions amounts to 1 ppbv (1 o) for
2 s data at a mixing ratio of 200 ppbv. The quantification of the drift of both instruments as a measure of stability is done in

the following section.
4.4.2 Linearity

To test the linearity of the ozone monitor model 205 we checked the instruments against a calibration source (2B Tech ozone
calibration source model 306). The calibration source is calibrated against a NIST traceable standard and is capable of produc-
ing ozone with an accuracy and precision better than 1 ppbv in the range 30~100 ppbv ozone or 1 % in the range 95-1000 ppbv
(Birks et al., 2018).
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Figure 5. Linearity check of the ozone instruments using the 2B Tech ozone calibration source model 306 in between the research flights
on 19 June 2024. Each mixing ratio step consists of three minutes of data after ozone has stabilized at the respective target mixing ratio. (a)

results for the Learjet instrument inside "Knuffi" and (b) for the TPC-TOSS instrument.

We tested both instruments in their final mechanical configuration in the field to account for the effect of different inlet lengths.
The instruments were both connected to the calibration source and purged with calibrated ozone for ten minutes for each
mixing ratio. The mixing ratio was stepwise increased from 100 to 900 ppbv. Figure 5 shows that both instruments exhibit
a linear response over the expected data range, deviating from unity by 3.6 % and 1.6 %, rspectively (relative to the factory
settings for the implemented gain and offset parameters). The offset was zero within the statistical uncertainty. It is important
to note that the newly derived offset and gain parameters were implemented as calibration parameters during post-processing
of the ozone data. In this step, the measured ozone values were corrected by applying the offset and gain to the raw data.

We repeated the calibration procedure between research flights and after the campaign, which allows for assessing stability by

analyzing the drift in offset and gain during the regular calibrations. For the TPC-TOSS ozone instrument, the offset and gain
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drifted by 2.2 ppbv and 0.7 % (1 o), respectively. For the "Knuffi" instrument, the stability parameter were 2.2 ppbv for the
offset and 0.1 % (1 o) for the gain.

Based on these regular calibrations, we further analyzed the instrument noise over a broader range of mixing ratios, covering
the measured mixing ratios during research flights, and compared the results to the Allan variance presented in the previous
section. This analysis indicates that a mixing ratio dependent noise component needs to be added. For both the TPC-TOSS and
the "Knuffi" instrument the noise for the final mechanical setup is 2 ppbv + 0.5 %. Applying Gaussian error propagation the
total uncertainty, which includes both noise and stability, is 3 ppbv + 0.9 % for the TPC-TOSS and 3 ppbv + 0.7 % for the

Learjet instrument within the underwing pod.
4.4.3 Temperature dependence

The two ozone monitors model 205 were mounted outside the cabin and thus affected by cold ambient air temperatures during
flight. Both instruments were equipped with a cold weather upgrade including lamp heating and a pump capable of operating
at temperatures below freezing point. In addition, both instruments were thermally isolated using Basotect® foam to prevent
them from cooling below specified temperature ranges during operation. As mentioned before, the ozone instrument on the

TPC-TOSS could only be switched on after the TPC-TOSS was released from the Learjet, which was typically under cold

conditions.
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Figure 6. Temperature dependence test of the ozone monitor within a cold chamber. (a) ozone mixing ratio is shown in red. The cell
temperature within the ozone monitor is shown in pink and further internal temperature measurements are shown in green colours. Two
sensors measuring the air temperatures at different positions inside the cold chamber are shown in blue colors. The dark blue measurement is
nearby the ozone monitor and the light blue sensor was located below the roof of the cold chamber. The black line in the upper panel shows
the target ozone mixing ratio of 50 ppbv, the grey line in the lower panel shows the target temperature of —20 °C of the cold chamber. (b)
histogram of ozone data during the temperature test. Red dots show the distribution of 0zone measurements. The black line shows a gaussian

curve fit to the measured ozone distribution.
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To identify temperature dependencies of the measured ozone data, both instruments were tested in a cold chamber being capable
of operating at —20 °C. In the following we only show results from the TPC-TOSS instrument as both instrument show the
same behavior inside the cold chamber. The ozone instrument was placed inside the cold chamber and purged with calibration
gas at 50 ppbv from the ozone calibration source model 306. The cold chamber was initially operated at approximately -5 °C
and was cooled down to —20 °C once the ozone monitor was running inside.

Figure 6 shows the evolution of ozone mixing ratios and internal temperatures of the ozone instrument. Temperature "air" is
measured in the air inside the box of the ozone monitor, temperature "lamp" is measured on the lamp housing and temperature
"plate" is measured on the plate where all electronics and optics are mounted on. At constant cold chamber temperature (light
and dark blue curve in Fig. 6), the ozone cell temperature (pink) and additional temperatures inside the ozone instrument (green
colors) were initially stable. They started decreasing as soon as the cold chamber was cooled down to approximately —20 °C.
After 75 min of operation at —20 °C, the ozone related temperatures began to stabilize at a level approximately 10 °C lower,

but still well above freezing point.
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Figure 7. Upper panel: Ozone mixing ratios measured with the ozone monitors in the "Knuffi" (blue) on the Learjet and in the TPC-TOSS
(light brown). Middle panel: Temperature evolution of measured cell temperatures for the TPC-TOSS (orange) and "Knuffi" instrument
(brown). Green temperature curves represent temperatures measured inside the housing of the ozone monitor. Lower panel: Black and grey
dots represent GPS altitude of the Learjet and TPC-TOSS and dark and light red dots represent outside air temperatures measured on Learjet
and TPC-TOSS by the ICH, respectively.
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Ozone mixing ratios were quite constant during this experiment showing only a very week drift of 1.28 ppbv during two hours
of measurements. This drift is within the uncertainty range of ozone generation (1 ppbv in the range 30-100 ppbv ozone) and
measurement (3 ppbv + 0.9 %) . The histogram (Fig. 6 right panel) confirms a statistical distribution of the values and thus
no indication for non-linearities. Based on these cold chamber tests no temperature dependencies of the ozone monitors was
expected.

As outside air temperatures during the research flights were lower than those in the cold chamber tests, we further analyzed the
temperature behavior of the ozone instruments during research flight F10 on 20 June 2024 in more detail. Figure 7 shows that
cell temperatures within the ozone instruments stayed well above freezing point during research flight F10 despite outside air
temperatures dropped below —50 °C at highest flight levels. The temperature measured on the lamp housing closely follows
the cell temperature, the three other temperature measures reach values below zero during the second half of the flight. These
temperatures are measured in the air inside the box of the ozone monitor (temperature "air"), on the detector housing (tem-
perature "detector") and on the plate where all electronics and optics are mounted on (temperature "plate"). This configuration
is similar to the cold chamber test before the campaign. Temperatures below zero do not affect ozone measurements. The ob-
served temperature behavior closely reflects test conditions in the cold chamber test before the measurement campaign except

air temperatures during the flight were lower compared to the test environment.
4.4.4 Pressure dependence

The ozone monitor model 205 was successfully operated on airborne platforms in earlier studies by Mynard et al. (2023);
Sorooshian et al. (2023), and Yates et al. (2013). In particular the study by Yates et al. (2013) operated the instrument with
similar modifications up to altitudes of 9 km using the Alpha Jet research aircraft as part of the Alpha Jet Atmospheric
eXperiment (AJAX) with the 2BTech ozone monitor mounted within an underwing pod. Before their measurement campaign
they tested the ozone monitor in a pressure chamber at pressures between 200 and 800 hPa, a similar range as during our
TPEx I campaign. Based on these pressure tests no significant pressure dependence could be derived and they reported an
overall uncertainty of 3 ppbv for 10 s data. These findings compare quite well with our derived uncertainty for the TPC-TOSS

instrument of 4 (3 ppbv + 0.9 %) for 2 s data. Furthermore, we also did not observe any significant pressure dependency.
4.4.5 Collocated performance test

One key objective for the deployed TPC-TOSS were simultaneous ozone measurements on the two platforms Learjet and
TPC-TOSS. We therefore tested the instruments side by side in the lab before and on ground during the campaign to identify
any systematic error between the two ozone instruments. Based on ambient air measurements in the lab before the campaign
(Fig. 8a, orange shaded area in the histogram), a difference of (0.6 &= 1.9) ppbv between the two instruments was observed.

Since the instruments were not in their final setup during the laboratory comparison described before we repeated the side by
side comparison during the measurement campaign on ground with both instrument mounted inside the "Knuffi" and inside

the TPC-TOSS. This also included the final setup for the inlet tubing providing a calibration of the final flight configuration.
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Figure 8. Collocated performance test in the lab before the campaign, during the campaign using the final setup as mounted on the respective
platforms across different mixing ratios, and in-flight during research flight F10. (a) histogram of AQOs3 for the different colocated test
environments: lab, field and in-flight. The orange shaded area shows the results from lab measurements. Coloured lines show the results of
the field intercomparison for different mixing ratio steps, the black line shows the overall difference of the field intercomparison. The green
shaded area shows the 4 min in-flight intercomparison. For better visibility the values of the individual mixing ratio steps and the in-flight

data were multiplied by 5. (b) correlation of the ozone intercomparison at the measurement site.

As shown in Fig. 8a, we performed measurements at four different mixing ratios (20 ppbv, 60 ppbv, 100 ppbv and 140 ppbv)
by using the external ozone calibration source. The histograms of AO3 between both instruments for the individual mixing
ratio levels as well as the whole data set of this experiment agree within 2.5 ppbv (1 o) based on the average difference
between both data sets. The maxima of the individual curves deviate by 1 ppbv from AO3z=0 within the uncertainty range of
the instruments derived in Sect. 4.4.2. The correlation between both instruments shows that data points are located along the
1:1 line with a deviation of less than 1 % confirming the laboratory tests. The offset between both instruments of 1.6 ppbv lies
within the uncertainty range.

During measurement flight F10 on 20 June 2024 we could perform a quasi colocated test between both instruments (Fig. 9).
During this flight the retraction of the TPC-TOSS was stopped at around 200 ft cable length before the TPC-TOSS was finally
attached to the aircraft and switched off. Therefore the TPC-TOSS was measuring for around four minutes in a distance of
just 43 m below the aircraft. This offered the possibility for an in-flight intercomparison of the redundant measurements. In
Fig. 9 (a) the dark yellow shaded box marks the time interval of the in-flight intercomparison. The aerosol size distribution
measurement results for this intercomparison are discussed in Sec. 5.3. For ozone the AQOj3 histogram (left panel in (b)) for
this part of the flight shows a rather broad distribution of around 25 ppbv centered around zero since ozone mixing ratios still
show some atmospheric variations during the flight (Fig. 9 (a)). The observed offset in the maximum of the distribution of
around 5 ppbv is most probably due to the fact that there is still a vertical distance of 43 m between both platforms. For typical

vertical ozone gradients of around 600-800 ppbv km ™! near the tropopause a vertical distance of 50 m would correspond to
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Figure 9. Colocated performance test in-flight during research flight F10 on 20 June 2024. (a) Time series

of ozone measurements and GPS

altitude (lower panel) from Learjet (ozone: red, altitude: black) and TPC-TOSS (ozone: blue, altitude: grey) as well as measured outside air

temperatures (red colors) and relative humidity over ice (RHI) (green colors) in the upper panel. The dark

interval when the TPC-TOSS was released at minimum safe rope distance (200 ft ~ 61 m) for around four

yellow shaded area shows a time

minutes. At that time the vertical

distance between Learjet and TPC-TOSS was around 43 m. (b) histograms of the difference between Learjet and TPC-TOSS data within the

yellow shaded time interval.
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even 30 ppbv or any smaller value when approaching the tropopause. Middle and right panels in Fig. 9 (b) show histograms of
the difference of measured air temperature (AT) and relative humidity over ice between Learjet and TPC-TOSS. The observed
narrow distribution of (AT) peeks around —0.5 K which could probably be explained by a dry adiabatic temperature gradient
prevailing in the flight region. A typical gradient of 10 K km~! would result in around 0.5 K temperature difference between
Learjet and TPC-TOSS at a vertical distance of around 50 m. Assuming a uniform distribution of water vapor mixing ratios
in the measurement region, indicated by the uniform distribution of ozone, a higher measured temperature at the TPC-TOSS
would result in lower relative humidity values at the TPC-TOSS, which are observed based on the ARHI distribution right
panel in (b) that is shifted to slightly positive values.

4.5 Aerosol size distribution measurements

For the aerosol measurements, we deployed UHSAS on the TPC-TOSS and the Learjet. These spectrometers are manufactured
by Droplet Measurement Technologies (DMT) and measure the size distribution of aerosol particles in the size range between
95 nm and 1000 nm. The measuring principle is based on laser based light scattering in the infrared spectral range. Therefore,
UHSAS uses a Nd®>*:YLiF, solid state laser with an operating wavelength of 1054 nm (Cai et al., 2008; Kupc et al., 2018).
The laser mode has an intracavity power of approximately 1.1 kW cm~2 and is perpendicular to the particle stream. Aerosol

I and are

particles are actively pumped into the detection unit through a jet assembly with a sample flow of 50 cm® min—
focused to a narrow particle beam with a sheath flow. This sheath flow is in the range of 700 cm3 min~? at sea level for the
cabin instrument (UHSAS-C) and controlled by a mass flow controller to 600 cm?® min~! for the UHSAS installed on TPC-
TOSS (UHSAS-A). The scattered light is collected by two pairs of Mangin mirrors in the range between 22° and 158° and
focused onto the corresponding photodiodes. These photodiodes convert the photocurrent into a voltage which can be assigned
to a particle signal by calibration curves.

Figure 10 shows the calculated response of the UHSAS according to Mie theory for a range of refractive indices covering the

atmospheric range, similar to (Cai et al., 2008; Mahnke et al., 2021).
4.5.1 Size characterization

The assignment of the particle signal into the corresponding size bin is done by calibrating the four gain stages of the photo-
diodes in the instrument. This calibration is done in two steps, the relative gain calibration and the absolute gain calibration.
For the relative gain calibration the instrument needs a broad distribution of particle sizes to determine the coefficients. In
contrast to this method, the absolute gain calibration is performed by using polystyrene latex (PSL) particles of known size.
In this step, each particle size is assigned to a measured gain value. Typical particle sizes for the absolute gain calibration
by the manufacturer are 100, 150, 270 and 500 nm. In order to verify whether the last calibration is valid and both instru-
ment versions operated during the measurement campaign are comparable, we performed a size characterization measurement
before and after the campaign. For this, we generated aerosol particles with different refractive indices using an Atomizer,
dried the aerosol flow with a diffusion dryer and generated a monodisperse aerosol stream by an electrostatic classifier (TSI,

Model 3080 including X-ray neutralization of multiple charged particles). For the characterization we use ammonium sulfate,
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Figure 10. Theoretical response of the UHSAS according to Mie-theory and different refractive indices.

ammonium nitrate, sodium chloride, glucose and PSL. Except for the PSL measurements, we covered the complete size range
between 100 and 650 nm in 50 nm steps. For the PSL characterization, we used the sizes 100, 150, 200, 350, 500, 600 and
800 nm. To increase statistics, we performed more than one measurement for most of the sizes up to 450 nm. The results of the
characterization measurements are shown in Fig. 11. We observed an offset to smaller diameters in the measurements of both
instruments compared to the mobility diameter selected at the classifier and the 1:1 line (Fig. 11a). Depending on the species,
the offset varies in the range we expect from the Mie calculations. However, the assignment of the particles into the size bins
follows a linear trend with a slope smaller than one and the comparison of both UHSAS systems shows a very good agreement
between each other with the results of the size calibrations on the 1:1 line within the noise (Fig. 11b).

Based on these characterization measurement, we are able to introduce a new bin scheme to assign the particle signals to less
and broader bins to account for the different refractive indices of the particle types. More precisely, we convert the measured

99 bins into 9 bins of quasi-logarithmic spaced channels (Fig. 17).
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Figure 11. Characterization measurement of the UHSAS systems (-A and -C) for different aerosol particle types; ammonium nitrate (pink),
ammonium sulfate (black), sodium chloride (blue), PSL (orange) and glucose (bright blue). The 1:1-line is represented by the grey dashed
line. The comparison of the measured UHSAS diameter against the mobility diameter selected by the classifier is shown in (a). The compar-

ison of both UHSAS systems is shown in (b).

4.5.2 Counting efficiency

Furthermore, we investigated the counting efficiency of both instruments. For this, we used the same measurements as for the
size calibration and compared the total count number, by adding the counts from all size bins. Figure 12 shows the median
values for one minute averages of both instruments, for all particle types measured during the laboratory characterization.
400 The data from both instruments show good agreement and are distributed around the 1:1 line. Figure 13 shows the ratio of
the median values as a function of size. Here we can see that in a size range between about 300 and 500 nm, the UHSAS-A

showed less particle counts than the UHSAS-C, but showed slightly higher particle counts around 100-200 nm.
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5 In-flight performance of TPC-TOSS and atmospheric measurements
5.1 TPC-TOSS attitude and position of platforms

During TPEx I in June 2024 the towed sensor shuttle was expected to have a similar or even improved flight characteristic as
on previous campaigns (Frey et al., 2009; Klingebiel et al., 2017; Finger et al., 2016). Changes in instrumentation compared
to the AIRTOSS-ICE mission in 2013 led to a more symmetric shape of the front of the drag body as the asymmetric CCP-
CDP (Cloud Combination Probe - Cloud Droplet Probe) instrument was exchanged with the UHSAS-A instrument with a
inlet tube in the center of the circular area of the TPC-TOSS geometry (Fig. 3 lower panel). The bypass inlet and outlet were
symmetrically mounted left and right in back part of the TPC-TOSS (Fig. 3 upper panel). In addition, air brakes were installed

on the four wings of the drag body to further improve flight behavior.
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Figure 14. Excerpt from research flight F10 on 20 June 2024 during TPEx 2024. The upper panel shows measured mixing ratio of ozone
on Learjet (blue) and TPC-TOSS (red) as well as total aerosol number concentration measured with UHSAS-A (yellow). The middle panel
contains Learjet (black) and TPC-TOSS (grey) altitude and true air speed of the Learjet (orange). The lower panels show Learjet and TPC-
TOSS heading in red and light red and roll and pitch angle of TPC-TOSS in blue and light blue colors. The first, third and fifth dashed

rectangle show turns of Learjet and TPC-TOSS and the second and fourth dashed rectangle mark the combination of turn and climb.
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Figure 14 shows flight attitude of the TPC-TOSS in different flight phases (turns, climbs and combination of both) during a
part of research flight F10. As shown in Fig. 1 (red flight tracks) the deployment of the TPC-TOSS is only allowed in small
restricted air spaces in the North Sea and Baltic Sea with dimensions on the order of 50 x 50 km provoking numerous turns to
stay within the air space. At ideal stable flight conditions (no turns and no climb or descent, e.g. F10 7:57:42—8:00:34) the flight
behavior is characterized using the following flight parameters. The roll angle of the drag body was stable at —2.43 + 0.53°,
pitch angle average during above mentioned time interval was 0.18 £ 0.16° and yaw angle averaged to —147.45 & 0.41°. The
negative roll angle could be explained by the TPC-TOSS flying slightly sideways from the aircraft which in turn causes an
additional force component on the TPC-TOSS to the left from the towing cable (Frey et al., 2009). Pitch and yaw angle stay
very stable during undisturbed flight conditions. Deviations from this flight conditions could be introduced by turns (changes
in the heading accompanied by changes in the roll angle) and climbs (additional change in the pitch angle) as the TPC-TOSS
is slightly accelerated during climb resulting in the nose moving down which in turn gives small positive deviation of the pitch
angle. Furthermore, stronger variations in the roll angle at constant conditions flight phases with respect to turns and climbs or
descents could be forced by turbulence in the atmosphere. As flights were designed to study the effect of turbulence introduced
by for example internal dynamics of cirrus clouds on the chemical composition of the atmosphere it was expected to experience
these types of flight conditions. Fortunately, none of the deviations from stable flight conditions affected trace gas and aerosol
measurements significantly as shown in the upper panel of Fig. 14. In particular during turns and altitude changes measurements
seem unaffected from significant change in the roll angle during flight manouvers. In contrast to previous campaigns that needed
a stable roll angle of the TPC-TOSS within £3° for proper radiation measurements, trace species and aerosol measurements
during TPEx I were still possible in turns and climbs and the decay time (time needed for the TPC-TOSS to recover to stable
attitude conditions after turns and/or climbs and descents) could still be used as measurement time. In addition temperature

and humidity measurements from the ICH sensor on the TPC-TOSS (not shown) seem unaffected during the decay times.
5.2 Meteorological parameters and ozone measurements

The measurements during TPEx I provide simultaneous and colocated in situ measurements of aerosol and ozone at a short
vertical distance between the TPC-TOSS and the Learjet. This enables, for the first time, the determination of gradients of
these substances in the UTLS based on in situ data. The simultaneous measurements are in particular important for studying
the effect of transient small scale dynamics in the UTLS on the composition of and mixing in the respective region. Features
associated with small scale turbulent dynamics are often very short in time and limited in space. This makes them often difficult
to probe sufficiently with only measurements from an aircraft. Determination of turbulent fluxes require the observations of
gradients (e.g. Shapiro, 1980). With the TPC-TOSS this is now possible without correcting for larger time lags due to multiple
necessary legs of the aircraft through a turbulent region. However, also with the TPC-TOSS there is lag which needs to be
considered, since the TPC-TOSS is up to 900 m behind and up to 200 m sideways of the aircraft. Still, this lag is much smaller
than the lag associated with aircraft only measurements and amounts to 5-6 s. The temperature measurements combined with
the pressure data provide potential temperature gradients in the UTLS region. This in turn provides a measure of stability in

the respective altitude range covered by TPC-TOSS and Learjet. Together with the vertical gradients of ozone and aerosol we
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Figure 15. (a) Flight track of research flight FO3 during TPEx on 11 June 2024. The flight track is colour coded with altitude as also given by
the inset figure. (b) Interpolated potential vorticity from the ECMWF IFS model along the flight track between 500 hPa and 275 hPa. The
map was created from public-domain GIS data found on the Natural Earth website (http://www.naturalearthdata.com, last access: 30 June

2025).

can study the effect of changes in stability (triggered for example by clouds) on the composition of the UTLS and also mixing
processes.

The advantage of the dual platform approach during TPEx I is summarized in Fig. 16. Figure 15a shows the corresponding
flight track of research flight FO3 on 11 June 2024 as well as the altitude profile of the flight. The target region was the restricted
air space in the Baltic Sea. The aim of that flight was to probe mixing in the upper troposphere and tropopause region within
an area of low tropopause altitudes. The flight was planned with stacked flight levels of 1000 ft (= 305 m) distance within
the restricted air space after the TPC-TOSS was deployed. Figure 15b shows the potential vorticity from the ECMWF IFS
(European Centre for Medium Range Weather Forecast - Integrated Forecast System) along the flight track between 275 hPa
and 500 hPa. While the early and late parts of the flight are in the troposphere, the Learjet ascended stepwise deeper into the
stratosphere during the stacked flight levels.

Figure 16 shows time series of different quantities of that part of the flight when TPC-TOSS was released. The top panel
shows the heading of the TPC-TOSS in grey indicating the frequent turns that were flown in the restricted air space. The
altitude difference between Learjet and TPC-TOSS is shown in black. On average the TPC-TOSS was located 170 m (range
130 to 200 m depending on flight condition) below the aircraft. Short periods of time increasing 200 m vertical altitude
distance between Learjet and TPC-TOSS were only observed during the short climbs to the next flight level. The middle panel
shows the difference of ozone (blue) and potential temperature (red) between Learjet and TPC-TOSS derived from collocated
measurements of ozone and temperature on TPC-TOSS and Learjet. The lower panel shows the determined gradients of ozone
(green) and potential temperature (orange) with altitude. The shaded areas in this figure denotes the errors of the measured and
calculated quantities. The altitude is measured with an uncertainty of &+ 2 m, the uncertainty for the temperature measurements

is & 0.32 K. For the calculation of potential temperature the uncertainty of the determined pressure value of = 1 hPa needs to
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Figure 16. Time series of the altitude difference between Learjet and TPC-TOSS including Learjet heading (upper panel), difference of

ozone and potential temperature between both platforms (middle panel) and ozone and theta gradients along the flight (lower panel)

be further considered. Also taking into account the uncertainty for ozone (& (3 ppbv + 0.9 %) for TPC-TOSS and =+ (3 ppbv
+ 0.7 %) for "Knuffi") these individual errors propagate into the determination of the gradients resulting in an uncertainty of
the ozone gradient of up to 10 % and for the potential temperature gradient (©) the uncertainty amounts to 31 %.

The © gradient could now be used to get an indication of stability in the atmosphere. During the first part of the flight with
TPC-TOSS released until around 11:25 UTC almost no vertical gradient in ozone and © is observed indicating a flight mostly
in tropospheric conditions (Fig. 15b). The stratosphere in general is characterized by strong static stability and thus a positive
potential temperature gradient. Ozone is strongly increasing with altitude in the stratosphere also resulting in a positive vertical
gradient. The increasing vertical gradient in © and ozone from 11:25 UTC on until 11:45 UTC thus indicates increasing
stratospheric influence. Afterwards there are strong variations observed in the gradients. Reduced vertical gradients in potential

temperature could indicate a less stable stratification of the atmosphere with a potential for mixing which in turn could further

26



480

485

BOZEM ET AL., 2025 135

https://doi.org/10.5194/egusphere-2025-3175
Preprint. Discussion started: 8 July 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

reduce the vertical ozone gradient as for example observed between around 11:45 and 11:50 UTC. While a further analysis of
O and ozone gradients is beyond the scope of this paper, the example of research flight FO3 shows the potential of the dual

platform approach to identify and study mixing processes in the UTLS regions.
5.3 Aerosol size distribution measurements

For the in-flight performance analysis and comparison of both UHSAS systems at the TPC-TOSS and Learjet we use an interval
during flight F10 (20 June 2024). Here, both platforms were operated on the shortest possible vertical distance of about 43 m
for several minutes. We averaged the size distribution from both UHSAS systems over 60 seconds (Fig. 17), Also shown in
Fig. 17 is the size distribution measured by the Sky-OPC operated in the Learjet cabin.. For this time period, we observe a
very good agreement of both UHSAS systems, especially for particles smaller than 500 nm. For particles larger than 500 nm,
there are some differences between UHSAS-A and -C, but these differences are smaller than one magnitude and explainable
by different gain stitching of the instruments. Additionally, the comparison for particles larger than 250 nm with the SkyOPC

shows a good agreement.
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Figure 17. Timeseries of the Learjet and TOSS altitude in combination with the STP corrected number concentrations of both UHSAS (-A
and -C) during the last minutes in the restricted airspace of F10 on 20 June 2024 between 09:26:00 and 09:27:00 UTC. (a). The orange box
marks the period with the TOSS at the closest safe operation distance to the Learjet (ca. 43 m) for instrument in-flight intercomparison. The
averaged size distributions during this period of both UHSAS (-A and -C) and the Sky-OPC at the Learjet is shown in (b). We only show the

positive standard deviation of the averaged size distribution as consequence of the logarithmic visualization.
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6 Summary and conclusion

During TPEx I, we demonstrated the first closely colocated, simultaneous trace gas and aerosol measurements in the UTLS
region using a tandem platform approach, consisting of a Learjet 35A and a redesigned towed sensor shuttle, TPC-TOSS.
TPC-TOSS was positioned up to 900 m behind and up to 200 m lateral to the aircraft during flights.

Based on laboratory and field intercomparisons, redundant instrumentation for temperature and ozone measurements on TPC-
TOSS and Learjet agree better than 0.45 °C for the temperature data (based on the individual total uncertainties of the respective
ICH sensors of 0.32 °C). For ozone the agreement is better than 4.2 ppbv + 1.1 % for the range of ambient ozone measurements
(based on total uncertainties of the individual ozone instruments). In addition also aerosol size distribution measurements by the
UHSAS instruments on both platforms indicate similar structures for specific flight sections, which is however partly masked
by the high natural variability of aerosol number concentration.

Our results showed that the dual platform approach with the instrument performances reported above in particular allows for
using measured temperature gradients as an indication for static stability and to further derive ozone gradients based on the
simultaneous measurements in two altitudes in the UTLS. Comparing both, ozone and © simultaneously at two levels allows to
identify the effect of diabatic (O changing) processes on the ozone distribution and thus mixing. As an example during research
flight FO3 (Fig. 16) variations in static stability based on © gradients could either be linked to more tropospheric influence or
diabatic processes.

Besides trace species measurements two UHSAS instruments on TPC-TOSS and Learjet for the first time allow for the study
of the impact of these small scale dynamical features on aerosol concentration and size distribution in the UTLS. A very recent
study by Joppe et al. (2025) also used the potential temperature gradient based on the dual platform measurements to further
analyze the radiative impact of biomass burning aerosol transported into the UTLS by warm conveyor type transport.

While a more detailed analysis of trace species and aerosol behavior is beyond the scope of this paper, this study highlights the
advantages of the successful deployment of the novel re-designed TPC-TOSS providing a unique data set well suited for the

analysis of transient small scale dynamics on the UTLS composition during TPEx I in 2024 and future campaigns.

Data availability. In situ data are available from the Zenodo platform (https://doi.org/10.5281/zenodo.15371527). Data from ECMWF for
the IFS forecast has been retrieved from the MARS system (https://confluence.ecmwf.int/display/UDOC/MARS+user+documentation). Data

description is available from https://www.ecmwf.int/en/forecasts/datasets/set-i.
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CONCLUSION

Small-scale atmospheric processes, for example cross-tropopause mixing, are
difficult to investigate as it is challenging to cover these processes by atmo-
spheric modeling due to the limited availability of high-resolution in-situ
measurements at the tropopause region.

However, it is important to study these processes as they influence the chemi-
cal composition of the tropopause region and as consequence influence the
radiation balance of the atmosphere.

In this thesis, two case-studies based on in-situ airborne measurements are
presented. These studies improve the understanding of aerosol particles in the
UTLS region. With the gained knowledge, the questions from the beginning
can now be partly answered, even if some deeper analysis on the global scale
of these processes is still necessary.

How is the ExTL defined by aerosol particles, compared to trace gas observa-
tions?

This question is not answered directly in the presented studies, but can
be answered to some extend by the performed data analysis. Here, it is
found that aerosol particles do not show a strictly defined transition across
the extratropical tropopause, such as CO does. Though, in the absence of
additional sources, of for example sulfur compounds, SO4 can be used as
additional marker for stratospheric air masses as it correlates almost linearly
with Os in the LMS. Other chemical compounds measured by the AMS
were also analyzed, but did not show any clear transition regime between
tropospheric and stratospheric character. In contrast, these compounds show
a sharp gradient across the tropopause instead of a smooth transition over
several Kelvin potential temperature in the vertical.

What is the influence of small-scale dynamical processes, such as turbulent
mizing, on the aerosol particles in the ExTL?

Small-scale cross tropopause mixing influences the chemical composition of
aerosol particles in the UTLS.

The presented study by Joppe et al. (2024) shows that volcanic eruptions
with subsequent cross-tropopause mixing are from importance, although they
are not reaching the stratosphere directly but the upper troposphere and the
tropopause region. Here, not only the direct mixing of solid aerosol particles
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has an impact. Additionally, the mixing of precursor gases, such as SO,
influences the sulfate aerosol in the LMS through the process of gas-to-particle
conversion. If this occurs always or only under specific atmospheric conditions,
for instance the location of the eruption relative to the jet stream, needs some
more analysis with long-term observations to cover more volcanic eruptions
under different atmospheric conditions.

Besides the effect of volcanic eruptions, this thesis shows another mechanism
which contributes to small-scale gradients in the chemical composition of
the aerosol within the UTLS, namely WCB uplift after low-level long-range
transport.

Joppe et al. (2025) show that small to medium size wildfires in Canada
also influence the aerosol composition over Europe. More precisely, the fire
emissions get transported in low-level across the Atlantic and then get lifted
by a WCB into the UTLS with subsequent cross-tropopause mixing. From
this presented study, it seems like wet deposition of polluted aerosol is not
efficient enough to remove these pollutants during the saturated uplift process.
However, the question how the aerosol survives the transport can not be
answered by now but is an open question for upcoming studies. Thus, the
found results are from high interest as they indicate an additional pathway
for BB aerosol into the UTLS besides the already known processes like pyro-
convection. The importance of this subject is also discussed in a quite similar
study with local WCB uplift close to the fire locations that was just published
by Khaykin et al. (2025).

Which role does small-scale cross-tropopause mizing play on the radiation
budget in the extratropical UTLS?

This question might be the most important question to answer, since it is
important to know and understand the impact of aerosol particles on the
radiation budget. This thesis is not able to provide a complete answer since it
is based on measurement results and these measurements are limited in space
and time and do not provide a full climatological view on aerosol particles in
the UTLS.

Nevertheless, especially the study of Joppe et al. (2025), provides at least
some indications on the possible radiative impact of cross-tropopause mixing
of aerosol particles. Here, the TPC-TOSS was equipped with temperature
measurements which give the opportunity to calculate vertical gradients in
potential temperature. Here, these measurements offer some indications that
the observed BB aerosol pollution leads to some small changes of the vertical
gradient of potential temperature. The robustness of these indications, also
for some larger pollution events, needs to be investigated in upcoming studies.



4.1 OUTLOOK

4.1 OUTLOOK

As pointed out before, this thesis is based on several case-studies which

provide some new and important findings of aerosol particles in the UTLS.

However, some questions remain open and partly some new questions arose
during the discussion of the results.

First of all, the representation of non-stratospheric volcanic eruptions within
global climate models is from interest to gain better estimations of the
stratospheric sulfate aerosol. Here, some first studies are done by Matthias
Kohl from the MPIC in close collaboration to this thesis and it is planned
to publish these results in an upcoming manuscript using also the results by
Kohl et al. (2025).

Further, it would be highly interesting to examine a global and long-term
data set with respect to potential non-stratospheric volcanic eruptions. Here,
the In-service Aircraft for a Global Observing System - Civil Aircraft for the
Regular Investigation of the Atmosphere Based on an Instrument Container
(IAGOS-CARIBIC) data are from great value. Moreover, an additional open
question from this thesis, but also the study from Joppe et al. (2025), is the
importance of these small-scale processes on the total aerosol in the UTLS
and how much additional aerosol mass they bring into the UTLS. Therefore,
it would be interesting to study mass-balances of aerosol compounds in the
UTLS and their significance to large-scale processes.

One further open question which is based on the results of Joppe et al. (2025)
is the aerosol processing within a WCB uplift event with respect to efficiency
of wet deposition.

Finally, it can be concluded that this thesis offers valuable results, indicating
that cross-tropopause mixing of aerosol particles and its precursor gases
influence the chemical composition of the UTLS. However, it still leaves and
provides open questions for upcoming research to further understand the
importance of these processes and observations.
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SUPPLEMENTARY INFORMATION TO
CHAPTER 1

A.1 CROSS-TROPOPAUSE MIXING

Cross-tropopause mixing can be identified by using so-called tracer-tracer
correlation plots. Here, it is necessary to correlate one tropospheric and one
stratospheric tracer against each other.

A tropospheric tracer has sources only in the troposphere and a rather constant
stratospheric background mixing ratio. Here, CO or HoO are suitable tracers
for the use as tropospheric tracer. In contrast to this, a stratospheric tracer
shows an increase or decrease in the stratosphere and a constant mixing ratio
in the troposphere. Therefore, O3 or NoO can be used.

In the absence of cross-tropopause mixing, these tracer-tracer correlations
show an L-shape, as each tracer has some variability within its regime, but
they only connect in the edge of the L, which would mark the tropopause.
In the atmosphere, cross-tropopause mixing occurs and therefore the typical
L-shape is not purely found. More precisely, diagonal lines which connect
the tropospheric with the stratospheric regime are observed. These lines are
called mixing-lines as they represent mixing as connection and transition
from tropospheric to stratospheric air masses or vice versa (see Fig. 19).
The slope of these mixing-lines is not constant and can vary under different
meteorological conditions (Fischer et al., 2000; Hoor et al., 2002).

Stratospheric Tracer

Tropospheric regime

Tropospheric Tracer

Figure 19: Illustration of tracer-tracer correlations with mixing-lines and how they
can be used to identify cross-tropopause mixing.
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CHAPTER 2

B.1 BIN-SCHEMES OF THE UHSAS
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Figure 20: Overview of the bin boundaries of the old (red) and the new (black)
bin-scheme used for the UHSAS analysis.

151



152

SUPPLEMENTARY INFORMATION TO CHAPTER 2

B.2 UHSAS-C INLET TUBING

Aerosol Inlet 3
\/
b

Figure 21: Sketch of the inlet design inside the Learjet cabin. The black tubing has
an inner diameter of 1/4 inch stainless steel and all orange tubings are 1/8 inch

// /

~

Tubing length:

a=
b=
C:
d=
e=
f=
C g=

15.4cm
10 cm
38cm
6cm
10cm
20cm
10 cm

CARIBIC-AMS

stainless steel. The blue bars indicate the different sections of the inlet.

Table 1: Inlet tubing lengths configuration as input for the Particle Loss Calculator
by von der Weiden et al. (2009).

Connected Flow Tube 1. & 2. inner | Inclination | Bend
instruments (Lmin~!) | length (m) | diameter (mm) | angle (°) | angle (°)
UHSAS-C, AMS 0.15 0.154 6.35 30 0
UHSAS-C, AMS 0.15 0.1 3.175 30 30
UHSAS-C, AMS 0.15 0.38 3.175 30 0
UHSAS-C 0.05 0.06 3.175 30 35
UHSAS-C 0.05 0.1 3.175 90
UHSAS-C 0.05 0.2 3.175 10
UHSAS-C 0.05 0.1 3.175 90 90
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B.3 FLIGHT OVERVIEW TPEX

Table 2: Overview of the flights carried out during the TPEx misson in June 2024.
The aircraft was based at Hohn airfield, Germany. Further, the information is
given whether the TPC-TOSS was deployed during the flight or not. Times are

given in UTC.

Date Flight number | TOSS | Take-Off | Landing | Flight Duration
07.06.2024 FO1 yes 07:36 09:53 02:17
11.06.2024 F03 yes 10:30 13:07 02:37
12.06.2024 F04 no 10:39 14:11 03:32
13.06.2024 F05 no 10:18 14:09 03:51
14.06.2024 F06 yes 07:07 09:18 02:11
17.06.2024 FO7 yes 07:01 09:35 02:34
17.06.2024 F08 no 11:03 14:46 03:43
18.06.2024 F09 no 12:53 16:38 03:45
20.06.2024 F10 yes 07:06 09:46 02:40

B.4 DATA AVAILABILITY OF THE UHSAS DURING TPEX

The data availability of the UHSAS-C is influenced by some software issues,
where the software freezes and it was only possible to solve by a complete
restart of the instrument. As the operator was responsible for more instru-
ments, this problem was not always directly recognized.
The UHSAS-A was running autonomously on the TPC-TOSS and started up
after the release of the TPC-TOSS. During F06 no data was recorded due to
a broken cable at one detector.
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B.5 COMPLEMENTARY DATA

The following table provides a more detailed overview of the additional
observational data used in this thesis and the studies presented in Chap. 3.

Table 4: Complementary measurement data used in Chap. 3.

Species Instrument Reference Used in
Measurement platform Chapter:
CcO TRISTAR Tadic et al., 2017 3.1
(HALO)
03 FAIRO Zahn et al., 2012 3.1
(HALO)
o PICARRO G2401 N/A 31
(DLR-Falcon)
03 UV photometer (TE49C) N/A 31
(DLR-Falcon)
SO2 AIMS Voigt et al., 2014 3.1
(DLR-Falcon)
HNO3 AIMS Voigt et al., 2014 3.1
(DLR-Falcon)
CcO UMAQS Miiller et al., 2015 3.2
(Learjet)
N20 UMAQS Miiller et al., 2015 3.2
(Learjet)
03 2BTech Model 205 Bozem et al., 2025 3.2
(Learjet, wingpod)
MOZAIC capacacitive
T, RH hygrometer Petzold et al., 2015 3.2
(Learjet + TPC-TOSS)
H20 FISH Zoger et al., 1999 3.2
(Learjet)
Organic aerosol SOAP Breuninger et al., 2025 3.2
samples (Learjet, wingpod)
A L . MultiMINI8
eroso Hrllpac or cascade impactor Ebert et al., 2016 3.2
samples
P (Learjet, wingpod)
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