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Abstract

The distribution of trace substances in aerosol and gas phase varies with sources, transport mecha-
nisms, and sinks, and influences air quality, and Earth’s climate. A deeper understanding of
meteorological influences on chemical processes is crucial to establish policies preventing hazards
caused by humans and affecting them.

In this work, measurement devices and methods were developed to investigate chemical and micro-
physical processes affecting trace substances and their distribution. A thermo desorption technique
for gases and aerosol particles for chemical analysis was developed as a complementary offline analysis
method for an aerosol sampler that can collect aerosol and gas phase samples separately, differenti-
ating depending on composition of the advected air. It was applied in-field near a wood-fired pizza
oven to investigate cooking emissions. The separated aerosol phases were analyzed by chemical ioni-
zation mass spectrometry to identify characteristic cooking and biomass-burning markers. The second
developed device is the research measurement drone FLab (“Flying Laboratory”) to extend ground-
based in-situ measurements into the vertical dimension to investigate transport of air masses in the
planetary boundary layer (PBL). FLab was designed to measure the key variables relevant to tropo-
spheric microphysical and chemical processes: wind, temperature and humidity, Os;, CO; and aerosol
particle number concentration, size distribution, and black carbon concentrations. FLab was deployed
in two 2.5-week long field campaigns in continental Germany (BISTUM23 and BISTUM24). A case study
demonstrates successful bridging of ground-based and airborne-based measurements. During
BISTUM23, particle-phase samples were collected at multiple heights throughout the day, while FLab
continuously profiled the vertical 500 m-range. Combining FLab data with external targeted and
non-targeted analyses of the particle phase’s chemical composition revealed oxidation and transport
processes of biogenic and anthropogenic compounds and the general aerosol composition, respec-
tively.

Across both campaigns, near-hourly diurnal vertical profiling with FLab allowed detection of mixing
layers in the lower troposphere. During nighttime, on average pollutant markers were more sensitive
mixing layer height (MLH) tracers than meteorological variables; notably, specifically Oz and the po-
tential temperature were overall the most effective markers. The dataset from 383 flights to 500 m
above ground was used to evaluate how representative ground-based measurements are for the
whole mixing layer. Meteorological variables are most reliably estimated with ground-based stations,
while the distribution of pollutant markers was more affected by irradiance or local air mass advection,
requiring vertical measurement to better characterize pollutant distribution and estimate representa-
tive pollutant concentrations. The influence of two synoptic frontal events on the local pollutant
distribution in the PBL was analyzed by combining model analysis, drone-borne and ground-based
measurements. Frontal events strongly influence air mass dynamics and the MLH which turns out to
simultaneously influence local chemical processes due to oxidant depletion and entrainment in differ-
ent altitudes. Synoptic air mass transport also altered the chemical composition of air at the BISTUM24
measurement site as “marine-anthropogenic” influenced air led to significantly enhanced amounts of
chlorine-containing species. Here, first-time reported tropospheric diel cycle of CIONO; indicate high
amounts of nighttime ClO radicals. Enhanced concentrations of CINO; and Cl, after dawn suggest ver-
tical mixing in the PBL, while high HOCI levels show significant contribution to primary OH radical
production, especially in the morning.



Zusammenfassung

Zusammenfassung

Die Verteilung von Spurenstoffen wie Aerosolpartikel und Gase in der Atmosphare variiert je nach
Quellen, Transportmechanismen und Senken. Sie beeinflusst dabei die Luftqualitat und das Klima der
Erde. Ein tieferes Verstandnis fiir meteorologische Einfliisse auf chemische Prozesse ist notwendig, um
Malnahmen zur Pravention menschengemachter Gefahren einzufiihren.

In dieser Arbeit wurden mehrere Messgerate und -methoden entwickelt, um chemische und mikro-
physikalische Prozesse zu untersuchen, die das Auftreten und die Verteilung von Spurenstoffen
beeinflussen. Zunachst wurde eine offline-Analysemethode zur chemischen Analyse von Gas- und Ae-
rosolproben entwickelt, die auf Proben eines Aerosolsammlers angewandt wurde. Dieser kann
zwischen verschiedenen Luftmassen unterscheiden und wurde in der Nahe eines Pizzaofens eingesetzt
um Emissionen von Kochprozessen zu untersuchen. Mittels dieser Thermodesorption-Methode fir
chemische lonisations-Massenspektrometrie wurden charakteristische Marker fiir Kochprozesse und
die Verbrennung von Biomasse des gesammelten Aerosols identifiziert. Die Forschungsdrohne FLab
(,,Flying Laboratory”) wurde entwickelt um bodengestiitzte durch vertikale Messungen in die planetare
Grenzschicht (PBL) zu erweitern und um die fir troposphérische mikrophysikalische und chemische
Prozesse relevanten GroRen zu messen: Wind, Temperatur und Feuchte, O3, CO, und Aerosolpartikel-
anzahlkonzentration, -GroRRenverteilung und RulRkonzentrationen. FLab wurde in zwei 2,5-wo6chigen
Feldmesskampagnen in Sud- und Mitteldeutschland (BISTUM23 und BISTUM24) eingesetzt. Ein Fall-
beispiel zeigt ein erfolgreiches Verknlipfen von bodengestiitzte und Flugzeugmessungen. Um die
chemische Zusammensetzung von Aerosolpartikeln in der PBL zu messen, wurde ein extern entwickel-
ter Aerosolsammler eingesetzt und auf weiteren Drohnen montiert. Wahrend BISTUM23 wurden
tagesuber Partikelproben in verschiedenen Hohen gesammelt, wahrend FLab kontinuierlich vertikale
Messfllige bis in 500 m Hohe durchfihrte. Die Kombination dieser Messmethoden zeigt Tagesgdnge
der Oxidations- und Transportprozesse biogener und anthropogener Partikelbestandteile.

Nahezu stiindliche Vertikalprofile mit FLab ermdéglichten die Identifikation von Mischschichten in der
unteren Troposphare. Wahrend der Nacht waren Schadstoffmarker zuverlassigere Indikatoren fiir die
Mischschichthohe (MLH) als meteorologische MessgrofRen, wobei insbesondere Os; und die potentielle
Temperatur am verldsslichsten im Erfassen von Grenzschichten waren. Der Datensatz von 383 Fliigen
bis zu 500 m Hohe wurde verwendet, um zu untersuchen, wie reprasentativ bodengestitzte Messun-
gen fur die gesamte Mischschicht sind. Meteorologische Messgroflen konnten mit bodengestiitzten
Stationen am zuverldssigsten bestimmt werden, wahrend die Verteilungen von Schadstoffen starker
von der Sonneneinstrahlung oder der lokalen Luftmassenadvektion beeinflusst wurden. Der Einfluss
zweier synoptischer Fronten auf die lokale Schadstoffverteilung in der PBL wurde durch die Kombina-
tion von Modellanalysen, drohnengestiitzten und bodengestiitzten Messungen analysiert. Fronten
beeinflussen die Luftmassendynamik und die MLH stark, was sich gleichzeitig auf lokale chemische
Prozesse durch den Abbau von O3 sowie dessen Eintrag in verschiedenen Hohen auswirkt. Der synop-
tische Luftmassentransport veranderte auch die chemische Zusammensetzung der Luft wahrend
BISTUM24, als ,,maritim-anthropogen” beeinflusste Luft zu deutlich erhéhten Konzentrationen an
chlorhaltigen Spezies flihrte, wobei erstmalig in der Troposphare gemessenes CIONO; auf hohe CIO-
Radikalkonzentrationen wahrend der Nacht hindeutet. Erhdhte CINO»- und Cl>-Konzentrationen nach
dem Sonnenaufgang implizieren eine vertikale Durchmischung der PBL, wahrend zeitgleich die Photo-
lyse von HOCI einen signifikanten Beitrag zur primaren Produktion von OH-Radikalen zeigt.
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Introduction

1 Introduction

Atmospheric trace substances as aerosols and gases effect the Earth’s climate, air quality and conse-
guentially the human’s health (WHO, 2021; IPCC, 2023). The distribution of trace substances depends
on their sources and sinks, but also on transport of matter from local up to synoptic scale distances.
Oceans and forested regions are natural emitters of aerosols, whereas anthropogenic aerosol is par-
ticularly important in densely populated urban areas and can influence their surroundings. These
anthropogenic emissions often originate from discrete point sources; their aggregated contribution is
substantial and amenable to control through policy. As natural and anthropogenic emissions are trans-
ported and mixed by atmospheric flows, they interact chemically and microphysically to generate
secondary pollutants and new particles, thereby either alleviating or worsening impacts on air quality
and climate. To keep track of pollution levels and climate change indicators, measurement networks
have been established in urban hot spot regions (Krzyzanowski et al., 2014; ICL, 2025), on federal scale
(EPA, 2025; UBA, 2025), up to worldwide joint projects (Pastorello et al., 2020; ACTRIS, 2025).

The number of measurement stations is increasing worldwide, and measurement setups are becoming
accessible to citizens (Commodore et al., 2017). This provides more data for assessing air quality, how-
ever, high uncertainties occur from instruments especially near local sources (Van Brussel and Huyse,
2019), that cannot distinguish between sampling from an emission source or background information.
If the various air mass origins are not differentiated, the composition of air masses can change signifi-
cantly (Struckmeier et al., 2016; Celik et al., 2020), leading to biased measurements and misinterpreted
data. This is especially crucial in terms of chemical analysis of trace matter, where the number of am-
bient measurements is relatively limited and high-quality samples are desired. In chapter 3, an
externally developed aerosol sampler was used to collect gases and aerosol particles on separate sub-
strates, while differencing sampled air masses depending on online measured variables to intentionally
avoid emission source contamination on background samples. For this sampler an offline-technique
for chemical analysis of gases and aerosol particles was developed to validate the efficiency and effec-
tivity of the aerosol sampler. The composition of gas and aerosol particle samples from background
and an emission source were characterized with thermal desorption chemical ionization mass spec-
trometry (CIMS).

Chemical characterization of trace substances in air masses is needed for source apportionment stud-
ies (Drewnick et al., 2007; Phillips et al., 2012). Emissions that were emitted from specific local sources,
like cooking emission, vehicle plumes, etc. (Zhu et al., 2002; Pikmann et al., 2024) or from broader
source types like seaside, forests, or urban regions often carry specific molecular markers (Williams et
al., 2010; Kourtchev et al., 2013; Struckmeier et al., 2016). While some of these marker substances are
short living and degrade such that they become unidentifiable from the background compositions,
others require precursors as sea salt and reactive gases to form characteristic markers. Such hetero-
geneously formed molecules can be found far away from the source and reveal complex atmospheric
processes, which have a synoptic scale influence (Oum et al., 1998; Lelieveld et al., 2004). Therefore,
in chapter 4, air masses with chlorine-containing compounds were identified with CIMS in rural Central
Germany and analyzed with respect to their influence by “marine-anthropogenic” or “continental-un-
polluted” conditions. Different air mass histories are analyzed regarding the abundance of various
chlorinated species, their potential impact on radical formation as well as vertical air mass mixing in
the morning hours was indicated by measurements of various chlorine-species at ground.
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Introduction

Incomplete vertical mixing and stratification formation are processes that usually constitute major lim-
itations to ground-based measurements. While such measurements are often well-equipped to study
the surface layer in detail, the vertical dimension of the planetary boundary layer (PBL) is often left to
theoretical turbulent-based descriptions, but experimentally neglected. The accessibility is compli-
cated by the high costs of aircraft measurements that are restricted to a minimum height above the
surface, the short residence time in the PBL of radio sondes (Helbig et al., 2021), and the height and
location limitations of measurement towers (Andreae et al., 2015). Nowadays, drones are typically
used to provide in situ data up to a few kilometers above ground (Jacob et al., 2018; Hervo et al., 2023),
however they usually monitor only a few, mostly meteorological, variables. Therefore, to characterize
the PBL in situ, a new measurement drone “Flying Laboratory” (FLab) was developed that provides
online measurements of meteorological data (wind, temperature, humidity), aerosol particles (particle
number concentrations, size distribution, particulate matter and black carbon mass concentration) and
trace gases (CO;, Os). Measurements with FLab are characterized in chapter 5 and were used to extend
ground-based measurements of a highly-equipped research van up to 300 m above ground. Further it
was applied to bridge the gap between ground-based measurements and aircraft measurement, while
validating data from balloon-borne radio sonde ascents.

FLab was deployed during two 2.5-week long summer field campaigns in Central and Southern Ger-
many, with the goal to investigate
a) vertical transport of trace matter from ground to 500 m (chapter 6):

Besides the hourly vertical profiling with FLab, two other research drones operating in 120 m
and 500 m above ground and a ground-station were equipped with novel low-cost aerosol
samplers that each sampled 3,000 L during a flight. By comparing the aerosol composition at
different altitudes with the FLab data, altitude-resolved diurnal trends were investigated ap-
plying a target analysis on biogenic and anthropogenic markers and a non-target analysis.

b) the representativity of ground-based measurements in a hilly terrain (chapter 7):

As the vertical representativity of ground-based measurements is rarely considered and taken
for granted, vertical profiling with FLab during the field campaigns helps to identify “unex-
pected stratification” and to examine local and irradiance-driven influences. Nighttime flights
up to 120 m above ground were used to test the sensitivity of various markers to detect fine-
scale layers in the atmosphere. Furthermore, vertical profiles up to 500 m were used to exam-
ine the limited representativity of ground-based measurements with respect to the diel PBL
height cycle and the variability of gradients due to irradiance-driven mixing.

c) the influence of synoptic events on the local trace matter distribution (chapter 8):

As atmospheric stratification has shown to affect the pollutant distribution in the stable con-
tinental PBL (Platis et al., 2016; Pohorsky et al., 2025), the effect of synoptic rain fronts in the
mid-latitudes on stratification, pollutant distribution and chemical processes has not been
studied yet. For a weak warm front in a high-pressure system and a cold front with a conver-
gence zone, the ICON forecast model data, FLab and ground-based measurement data were
combined, linking local experiments with model observation to reconstruct the lower tropo-
spheric stability, stratification and precipitation effects on chemical processes after the rain
events.

12



Theoretical and Methodical Background

2 Theoretical and Methodical Background

This chapter provides background information to understand topics, theories and methods applied in
this work. As results from field work in the lowermost atmosphere are included, meteorological con-
cepts are explained. The composition and properties of aerosols is discussed along with measurement
techniques that were applied to detecting trace matter. Finally, background information of applied
measurement platforms and the respective measurement site are presented.

2.1 Atmospheric Structure

The Earth’s atmosphere is formed from influences as irradiance, energy fluxes, air currents due to the
Earth’s rotation and the time of the year. The atmosphere consists of various layers extending from
the Earth's surface into space. The layers differentiate due to different pressure regimes and temper-
ature profiles that facilitate different air mass transport processes, interactions between layers, and
define specific chemical regimes. The troposphere is the lowest layer of the atmosphere, where most
weather events occur. It contains 80% of the atmosphere's total mass and extends up to approximately
8 km at the poles and up to 12 km at the equator. The troposphere is capped by the tropopause, an
atmospheric boundary to the stratosphere above.

Within the troposphere, there is a capping inversion that separates it into two sub-layers: the free
troposphere (FT) and the planetary boundary layer (PBL). The FT is primarily influenced by large-scale
synoptic processes, while the PBL is formed due to interactions between the Earth’s surface and at-
mosphere, such as the exchange of moisture, latent heat, momentum flux, and radiation (Stull, 1988).

2.1.1 Planetary boundary layer

The structure of the PBL is influenced by boundary layer dynamics, which are determined by surface
properties and the daily variation in radiation. The Earth's surface is the lower boundary of the atmos-
phere and introduces friction to moving air masses. Different topographies, such as seas, grassland,
forests, cities and mountain ridges with increasing surface friction, can lead to different turbulence
regimes, with weak turbulence over calm oceans and strong turbulence over mountainous regions. As
a result, topography causes local variations in dynamics, particularly in the surface layer, the lowest
5% of the PBL. In the surface layer, wind profiles increase logarithmically with height. The PBL is
strongly influenced by local conditions such as emission sources or heat reservoirs due to absorption
of irradiance.

In addition to local surface effects, solar radiation also influences the PBL. During the day, solar irradi-
ance increases the height of the PBL (PBLH), while at night, the absence of irradiance reduces its height.
This daily cycle results in the formation and dissipation of several layers, each ranging from one meter
to several hundred meters in height.

During daytime, when irradiance warms the ground, i.e., the surface layer, convective uplift of air
masses (see Sect. 2.1.3.1) can mix aerosol emissions and disperse them from their sources by turbulent
eddies within the PBL. Therefore, the daytime PBL is referred to as the convective boundary layer (CBL),
which is separated from the free troposphere (FT) by a capping inversion that prevents further mixing,
but still allows entrainment under severe weather conditions (see Sect. 2.1.3). The height of the cap-
ping inversion is given by the PBLH that can increase as radiative-convection intensifies.
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In the evening, as solar convective heating decreases, the intensity of turbulent mixing diminishes and
cooling of the surface layer begins. The cooling leads to a natural separation of the CBL into two parts:
the lower, ground-near nocturnal boundary layer (NBL) and the elevated residual layer (RL). The NBL
remains turbulent due to local winds and surface friction, even though the component driven by solar
irradiance is absent. Compared to daytime, thermodynamic fluxes are reversed, as temperature from
warmer air above the surface layer, which is still heated from daytime, is transferred towards the
cooler ground (Stull, 1988; Kotthaus et al., 2023). As air in proximity to the ground cools down, and the
RL remains is relatively warm, a shallow inversion layer is formed.

The RLis a remnant from the previous day's CBL and separated from the NBL by the capping inversion.
As the capping inversion separates the RL from the NBL, the RL it is no longer influenced by surface
friction and geostrophic winds can create a low-level jet (LLJ) above the NBL. A LLJ is a fast air stream
that can range a few hundreds of meters up into the RL and transports air masses and trace substances
over long distances, similar to synoptic winds. However, the LLJ only lasts for a few hours and weakens
as the night progresses due to merging into the boundary layer and redistributing its momentum or
reduced mesoscale pressure gradients that initially drive the LLJ (Blackadar, 1957; Luiz and Fiedler,
2024).

The diurnal cycle completes at sunrise when solar heating of the ground increases radiative-uplift of
surface layer air, causing the NBL to extend into the RL and form a new CBL. The entrainment zone
between RL and CBL, where this mixing occurs, can last for several hours, depending on the stability of
the capping inversion and the solar heating of the lowest layer. The diurnal structure of the planetary
boundary layer (PBL) is almost valid globally, varying mainly due to convective heating and local topog-
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Fig. 2.1: Schematic representation of the dial variation of the PBL structure.
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2.1.2 Air mass transport in the troposphere

Similar to the structure of the PBL, air mass transport in the troposphere is driven by solar radiation.
Solar radiation heats the Earth’s surface, which warms the ground-near layer through conduction and
radiation. As the air temperature increases, the air expands, reducing its density relative to the sur-
rounding cooler air. This now buoyant, less dense air rises and transfers heat to higher atmospheric
layers through convection. As it ascends from the heated surface, it cools adiabatically.

The influence of radiative-heated buoyant air differs between the synoptic and local scale and time
scale. The following sections describe transport processes that depend on synoptical situation and af-
fect the free troposphere and PBL, while local transport processes that are only apparent in the PBL
and occur on a daily basis are present separately.

2.1.3 Synoptic-scale transport

The influence of the synoptic weather situation on the PBL in the mid-latitudes can be explained by
interaction of high-and low-pressure systems, and warm and cold air masses.

The vertical cycle of subsiding air in high-, and uplifted air in low-pressure systems can also introduce
free tropospheric air into the PBL, while slowly dispersing air from the PBL in the free troposphere. In
between these systems, pressure gradients drive winds that transport air masses and trace constitu-
ents over hundreds to thousands of kilometers within the lower troposphere, including the PBL.
When different air masses encounter each other, fronts as narrow transition zones between air masses
of contrasting temperature and humidity can form. In a warm front, warm air slides gradually over a
colder air mass, producing widespread, long-lasting precipitation. In a cold front, denser cold air un-
dercuts warm air and forces rapid ascent of the warmer air, yielding shorter-lived but more intense,
often convective precipitation (Stull, 1988). Such frontal lifting can ventilate the PBL and inject PBL air
into the free troposphere, particularly in association with cold-frontal convection (Andreae et al., 2001;
Wang et al., 2011).

2.1.3.1 Local-scale transport

Local-scale air mass transport differs from synoptic-scale transport because land—atmosphere interac-
tions generate local circulations, shear, and vertical fluxes within the PBL. Synoptic-scale winds arise
from pressure gradients between low- and high-pressure systems, with associated vertical circulations
that can influence the PBL. By contrast, additional transport driven by surface heterogeneity is limited
to local scales.

Near the surface within the PBL, differential heating and cooling among surfaces act as heat sources
and sinks that create and steer local winds. Such thermally driven circulations develop between, e.g.,
heated cities or wildfires and their cooler surroundings (Guo et al., 2011), and between surfaces with
contrasting heat capacity, as in the diurnal sea—land breeze (Vickers and Mahrt, 1999). Higher in the
PBL, the influence of surface roughness decreases and the Coriolis force increasingly deflects the flow,
turning it to the right in the Northern Hemisphere and to the left in the Southern Hemisphere (Ekman,
1905).

Vertical air mass motion in the PBL is primarily driven by radiative heating of the surface and the re-
sulting sensible heat flux to the air aloft (see Sect. 2.1.2). In contrast to synoptic-scale ascent associated
with low-pressure systems, local-scale vertical fluxes arise from small-scale turbulent eddies. The tur-
bulent behavior of air is commonly explained using the air parcel concept. An air parcel is a bubble of
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air with undefined size but specific characteristics like temperature, humidity, and composition. These
parcels maintain their net heat budget through various processes such as advection, radiation, turbu-
lence, and latent heat, which can transform into one another. External forcing as solar radiation or
entrained air masses, continuously change the air parcel’s environment; buoyant parcels accelerate
upward while negatively buoyant parcels descend. The ensemble of these motions constitutes turbu-
lence, which is intensified by surface heating. Stronger turbulence promotes rapid mixing, producing a
more homogeneous layer within the PBL (Stull, 1988).

2.1.3.2 Metrices for Atmospheric Stability

The turbulence state within an atmospheric layer is commonly described as atmospheric stability. A
highly stable atmospheric layer indicates weak turbulent mixing, in contrast to instable conditions. As
the term “atmospheric stability” is versatile, various metrices have be developed to quantify the tur-
bulent state of a mixing layer. Metrices used in this work are presented in the following.

Two fundamentally different perspectives are used to describe mixing-layer dynamics: Lagrandian and
Eulerian. Lagrandian (parcel-based) approaches compare properties of an air parcel to those of its en-
vironment and consider parcel motion within the layer; this requires knowledge of the vertical
structure.

Two commonly used Lagrandian stability marker are the gradient of the potential temperature (d6/dz)
and the bulk Richardson number (Ri). d6/dz describes the how temperature changes with altitude z.
The potential temperature is used instead of the air temperature to consider adiabatic cooling of the
air. If warmer air overlies colder air, vertical motion is unlikely and d6/dz > 0; d6/dz < O indicates
warmer air below colder air which leads to convective mixing (unstable).

Ri accounts for the fact that shear can generate turbulence even under stable stratification. Ri consid-
ers changes of horizontal winds with heights (Au and Av) and the adiabatic cooling rate like d8/dz:

&) %
Ri = Ty) Az . (2-1)
(Au)? + (Av)?
The definition of Ri includes latent heat, i.e., energy that is stored in the phase transition of moisture.
Therefore, the gradient of the virtual potential temperature d6,/dz and the virtual temperature T, are
used. Dynamically unstable conditions occur when Ri < 0 (due to negative d6,/dz, comparable to neg-
ative d6/dz). Shear-driven turbulence can exist for 0 < Ri < Ric; a commonly used critical value is Ric =
0.25. For Ri > Ric, dynamically stable conditions suppress turbulent mixing across the layer.Eulerian
measures describe conditions at a fixed point in space (e.g., at a given height). Eulerian metrics only
require stationary measurements but do not necessarily represent the conditions throughout the en-
tire atmospheric layer. Both Eulerian measures used in this study were derived from continuous
ground-based measurements: the turbulent kinetic energy (TKE) and the heat flux (Qu).
TKE quantifies the intensity of turbulent wind velocity fluctuations via the variances of the wind com-
ponents (u’, V', w'):

— = — 2.2
TKE=%\/u’2+v’2+w’2. 22)
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Larger TKE generally accompanies stronger turbulent mixing by larger eddies and convective instabil-
ity, but TKE does not provide an explicit threshold for stability classification. Because TKE is often
measured near the surface, it is strongly influenced by radiative heating of the ground.

While TKE only considers wind fluxes, Qn describes the vertical turbulent sensible heat transfer and is
estimated from the covariance of temperature T and vertical wind w, the specific heat of air Cp, and its
density p:

Qu = pCpw'T'. (2.3)

The magnitude |Qu| reflects the strength of turbulent heat exchange: small |Qu| typically indicates
weak mixing (often under stable or near-neutral conditions), whereas large |Qu| indicates stronger
turbulent transfer. The sign of Q. indicates direction: Qu > 0 when the surface warms the overlying air
(commonly daytime), and Q4 < 0 when the surface cools the overlying air (commonly nighttime). Unlike
purely kinematic instability markers as TKE, Q. is sensitive to precipitation and surface wetness: evap-
oration converts sensible to latent heat, reducing | Qx| or making it negative, a process not captured
by other stability markers (Stull, 1988).

2.2 Composition of the Atmosphere

The atmosphere consists mostly of air, i.e., the gas phase, whose composition is described in the fol-
lowing section. Additionally, particles are dispersed in the gas phase, forming an aerosol. The physical
and chemical properties and its composition of the aerosol vary, depending on the emission source
and the history of the aerosol.

2.2.1 Gas phase

The atmospheric gas phase mainly consists of nitrogen, oxygen, argon, and CO,, which are present in
similar proportions worldwide. A smaller portion includes a diverse range of volatile organic com-
pounds and inorganic trace gases, which can be released from their sources through evaporation,
vaporization or chemical reactions. Biogenic emissions come from sources like plants (Yatavelli et al.,
2014), soil (Rossabi et al., 2018), living organisms or burning biomass (Hegg et al., 1990; Koppmann et
al., 2005), while anthropogenic emissions result from, e.g., incomplete (fossil) fuel combustion, cook-
ing (Huang et al., 2011), agricultural or industrial processes (Moomaw, 1996; Chataut et al., 2023). Gas
mixtures often contain markers that are specific for their emission source, but their chemical compo-
sition is complex. Their mixture can contain hazardous components making them important for
assessing health risks, especially concerning anthropogenic emissions (Hegg et al., 1990; Huang et al.,
2011).

Gaseous matter typically has a limited lifetime in the atmosphere due to three loss processes: photol-
ysis, aging, and condensation. Photolysis, the main fragmentation pathway, occurs when short-wave
solar radiation breaks chemical bonds. The efficiency of photolysis depends on the available radiation
(e.g., wavelengths, intensity), and the absorption cross-section of molecules that all can vary signifi-
cantly (Keller-Rudek et al., 2013). Photolysis produces radicals, which reach their maximum abundance
after noon and are largely absent at night, transforming into reservoir species that release radicals
when photolysis resumes in the morning (Wayne et al., 1995; Young et al., 2012). These reactive, short-

17



Theoretical and Methodical Background

lived radicals can initiate chain reactions, such as hydrogen abstraction from organic molecules, form-
ing new reactive radicals (Droege and Tully, 1987; Hoffmann, 1998). These radicals can recombine with
other organic radicals to form larger molecules or react with inorganic radicals like OH, O, Os, nitrox-
ides, or Cl. This chemical transformation with oxidants is known as aging. As molecules oxidize, they
become more polar, form larger clusters with increasing interactions (e.g., chemical bonds) which re-
duces their volatility so that these molecules eventually form condensed matter through gas-to-
particle conversion. Further condensation on already existing particles lets them grow (Hoffmann,
1998; Fry et al., 2011). Changes in the gas phase's chemical composition, influenced by surrounding
conditions, directly affect the particle phase's chemical composition.

2.2.2 Particle phase

The chemical composition of aerosol particles is determined by their formation process and influenced
by their history. Primary aerosol particles are directly emitted from natural sources such as wave-
breaking, raising of dust, or fungi (Koulouri et al., 2008; Després et al., 2012). Anthropogenic sources
are tire wear or soot emission by incomplete combustion (Farley et al., 2023; Mdiller et al., 2025). In
contrast, secondary aerosol particles form through aging processes in the atmosphere (Pandis et al.,
1992). Despite differences in chemical composition, the physicochemical properties of particles are
strongly dependent on their individual sizes.

Nucleation mode particles are the smallest, ranging from small clusters of a few molecules to diame-
ters of up to 25 nm. These particles dominate the particle number concentration but not the mass.
They form from low volatile gases through stabilizing intermolecular interactions, leading to cluster
formation, known as new particle formation. As low volatile gases condense on these freshly nucleated
particles, they grow. Coagulation occurs when particles collide and form larger particles, reducing their
number. This process, along with condensation causes particle growth up to the Aitken mode (~25 nm
to ~100 nm) and the accumulation mode (~100 nm to 1 um). Collectively, particles in these size ranges
are referred to as fine particles (Hinds, 1999).

Coarse mode particles are larger than 1 um in diameter are primary aerosols and originate from me-
chanical influences. Although primary aerosols are mainly inorganic, the condensation of organic
matter on particles increases their average organic content.

Particle size affects properties such as transport and atmospheric lifetime. Ultra-fine mode particles
(smaller than 100 nm), follow the gas phase flow and are transported by small turbulent eddies until
they grow larger and their inertia reduces dynamic movement. Larger particles are influenced more by
air currents or larger eddies than by small-scale transport processes.

A lack of uplifting air currents can lead to dry particle removal when particles settle to the ground or
impact other surfaces due to high inertia. This process limits the lifetime of coarse mode particles,
while diffusion limits the lifetime of very small, e.g., nucleation and Aitken mode particles. Accumula-
tion mode particles, being intermediate in size, are less affected by impaction, sedimentation, and
diffusion, allowing them to remain in the atmosphere longer and be transported over larger distances
(Hinds, 1999; Cherrier et al., 2017). Humid conditions or rain can remove aerosols through washout,
which involves uptake or droplet formation based on particle solubility, leading to quick sedimentation
(Pandis et al., 1995). In summary, accumulation mode particles are the most persistent in the atmos-
phere, although washout can limit their lifetime as well as that of particles of other sizes. The optical
properties of aerosol particles of different sizes are discussed in the next section.
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Fig. 2.2: Schematic representation of the pathway and underlying processes from emission source to
particles in different modes (adapted from Pikmann, 2023).

2.3 Measurements of Atmospheric Matter

Gases and aerosol particles have a variety of diverse chemical and physical properties, that require
specific characterization methods. Measurements can be performed in real-time (online) or after sam-
ple collection (offline). Online measurements are typically employed in field studies where high
temporal resolution is essential, eliminating the need for storage or complex sample preparation,
thereby reducing contamination risks.

Online measurements are categorized into in-situ and remote methods. In-situ methods involve direct
sampling of the target matter, such as in plumes, at specific locations, e.g., altitudes above ground, or
within clouds (Altstadter et al., 2018; Galle et al., 2021), while for remote methods, instruments are
positioned distant to the point of interest. These methods, including Lidars, sonars, radar, or differen-
tial optical absorption spectroscopy, can detect tracer matter without physical contact over large
distances. However, they often lack high spatial resolution, have near-field dead zones close to the
instrument, and face signal penetration challenges under adverse atmospheric conditions (Kotthaus et
al., 2023). In contrast, in-situ measurements, while requiring more sampling effort and covering only
very limited areas, offer high spatial resolution, avoid signal penetration issues, and allow for simulta-
neous measurement of multiple variables or sample storage for later offline analysis (Kellner et al.,
2006).

Offline methods are advantageous when samples require laboratory-based instrumentation or need
pre-concentration or modifications due to insufficient detection levels or complex sample matrices
that hinder direct analysis. Common pre-concentration devices for gases include desorption tubes,
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while filters are frequently used for aerosol particles. Desorption tubes contain a sorbent that chemi-
cally adsorbs molecules with certain properties and releases them upon heating (Dettmer and
Engewald, 2002). In contrast, particles impact on the filter, allowing the gas phase to pass through and
separate the aerosol phase. Particles collected on a filter can be directly analyzed microscopically,
thermally desorbed into a gaseous phase, or dissolved for liquid phase analysis (Chow et al., 1994).
Although offline samples enable a wide range of analysis methods, preserving the sampled material is
challenging due to thermodynamic instability and unwanted reactions between the analyte and reac-
tive surfaces or gases (Clement and Karasek, 1979; Dettmer and Engewald, 2002). Therefore, online
measurements are beneficial for chemically sensitive, thermodynamically unstable, and difficult-to-
isolate, but highly-abundant substances, while offline analysis is suitable for complex matrices and
when analysis must continue elsewhere (Kellner et al., 2006).

Selecting the appropriate instrument or analysis method depends on the properties of interest. In this
work, mainly optical measurement techniques have been used to determine mixing ratios of trace
gases and physical properties of particles, while mass spectrometry was employed to analyze complex
chemical compositions in both online and offline analyses.

2.3.1 Optical measurement techniques

Spectroscopy is frequently employed as a non-destructive technique to examine the chemical compo-
sition of the sample or morphology using electromagnetic radiation. A spectroscopic instrument
typically includes a light source, whose light passes through an optical cell. The light source has a known
intensity distribution accordingly to the wavelengths, allowing for the measurement of transmission
or extinction before and after the optical cell. Within the optical cell, the light source intensity can be
reduced by aerosol particles through scattering, diffraction, or absorption. In contrast, gaseous mole-
cules reduce the laser intensity solely through absorption (Hinds, 1999; Kellner et al., 2006). The
configuration of the detector varies depending on the light-matter interaction of interest. For absorp-
tion spectroscopy, the detector is positioned in line with the light source beam, while for emission
spectroscopy or light scattering measurements a detector location distant, e.g., orthogonal to the pri-
mary light source beam is chosen. Further details are provided for absorption spectroscopy on gases
and light scattering by particles.

2.3.1.1 Gas phase spectroscopy

Light interacts with electrons and atoms depending on its frequency. It can excite molecules into spe-
cific vibrational, rotational and electronic states. Light absorbing analytes decrease irradiance
transmission according to the Lambert-Beer law. Estimating concentrations requires knowledge of the
optical cell depth, the light intensity before and after absorption, and the absorption (or extinction)
coefficient at the specific wavelength (Kellner et al., 2006). The absorption coefficient is a characteristic
property of molecules that can be determined from an pure substances and is well-documented in
databases for common atmospheric molecules (Keller-Rudek et al., 2013).

The wavelength of the incident light corresponds to a large absorption cross-section for the target
molecule and a small absorption cross-section for potentially interfering molecules. This enables quasi-
selective in situ measurements in complex or unknown matrices such as CO, or O3 in atmospheric air.
However, correction methods are often necessary to account for changes in ambient conditions, such
as pressure changes in the optical cell or humidity, because H,0 absorbs and interferes across a wide
range of the electromagnetic spectrum (Vaisala, 2013).
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2.3.1.2 Light Scattering of Aerosols

When radiation hits a particle, the radiation is scattered in various directions. This elastic interaction
is known as Mie scattering. The intensity of Mie scattering is influenced non-linearly by the particle's
shape and size, the refractive index (which depends on the particle's composition), the laser frequency,
and the angle relative to the laser beam. The intensity of scattered light is minimal for particles smaller
than 50 nm, which limits the detectability of small particles. Mie scattering significantly increases for
larger particles (ranging from 50 nm to 1 um), thus, detecting larger particles through light scattering
is an effective method for quantifying aerosol particles. However, instruments using Mie theory need
to be calibrated for the laser’s wavelength, the expected refractive index of the observed aerosol and
most importantly for the scattering angle, which is a subject the geometry of the optical cell.
Condensation particle counters (CPCs) are used to count ultra-fine particles (with diameters less than
100 nm) that typically cannot be measured due to low Mie scattering. In CPCs, a working fluid is evap-
orated at elevated temperature and condenses on ultra-fine particles in a cooled chamber, causing
them to grow rapidly and enhancing their light-scattering capability. In a subsequent optical cell, a
laser beam is scattered by the grown particles, so that scattered light pulses are measured for particle-
poor conditions and reduced scattered light intensity in particle-rich conditions. This enables individual
particle counting regardless of size or composition.

Conversely, optical particle spectrometers (OPS) determine the size distribution of particles with di-
ameters larger than typically 250 nm from the intensity of the scattered light without condensation or
artificial growth of the particles. OPS devices have detectors in the optical cell that measure signal
intensity at specific angles. Since scattering angle and intensity are size-dependent, optical particle
counters can determine particle size and count. In well-characterized systems, light scattering allows
for sensitive and instantaneous measurements without affecting the sampled volume. However, un-
certainties in particle-sizing are related to the refractive index and particle shape, due to mixed
compositions, are disadvantages that must be considered (Hinds, 1999).

2.3.2 Mass spectrometry

Mass spectrometers (MS) work by transferring the analyte into the gas phase, ionizing the analyte’s
molecules and then separating the ions based on their mass-to-charge (m/z) ratio before detection.
This fundamental principle of MS has remained consistent over the years, although advancements in
analyzers and detectors have enhanced the ability to separate m/z finer and increased the number of
detected ions within a given time frame. Traditional MS utilized strong magnets and coils to direct ions
of a specific m/z towards a detector. In contrast, modern systems use multipoles with constant and
alternating voltages to select desired ions of a single m/z more rapidly, enabling the scanning of mul-
tiple m/z values, albeit with limited resolution. ToF analyzers are the state of art technology for real-
time measurements, as they can measure an entire mass spectrum directly without scanning.

In the following, the working principle of the time-of-flight (ToF) MS is described for the ToF-MS that
have been used in this work. The basic structure of a ToF-MS is illustrated in Fig. 2.3. These instruments
feature an inlet that transfers the sample into the gas phase, allowing ionization of the molecules.
Once ionized, the molecules or clusters are guided into a high vacuum area using electrostatic lenses.
These ion optics primarily focus the ion beam and remove neutrally charged particles, but they can
also cut off the upper and lower limit of the m/z range that is analyzed further. In this method, an ion
packet (containing different m/z) is pulsed orthogonally from the ion beam towards a reflector (a stack
of electrostatic lenses). The reflector balances the kinetic energy distribution from the extractor. lons
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penetrate into the electromagnetic field according to their acceleration voltage. In the mass analyzer,
the ions are expelled with the same equal kinetic energy (E«n) and different flight velocities (v) based
on their mass (m;) and charge (z), into an electric field (Ee) with a voltage (U) and elemental particle
charge (e):

1
E, =ezU = Emivz = Exin (2.4)
2ezU (2.5)
V; =
m;

The transformation from Eq. (2.4) to Eq. (2.5) shows the dependency of velocity of ions (vi) on m/z in
an electric field that enables separation based on mass and charge. The mass is a defining characteristic
of the ion, which can be positively or negatively charged depending on the ionization process. lons of
the same m/z penetrate deeper into electric field, when they have experienced a higher voltage from
the extractor, but arrive at the same time at the detector. lons of different m/z separate due to differ-
ent inertia due to energy conservation (Eq. (2.4)), i.e., while lighter ions are reflected sooner towards
a detector plate, heavier ions have a longer flight time.

When ions hit a detector plate, they release secondary electrons which propagate into a primary cur-
rent and can be converted into an electronic signal using a data acquisition system. The different arrival
times of the ions, i.e., different flight times of the ions due to different m/z in the electric field, with
changes in the primary current allow the representation of a mass spectrum (Gross, 2012). Although
this method is computationally more complex than previous techniques, it is particularly beneficial for
non-target analysis, such as determining the composition of an unknown sample.

Recent advancements in various inlet systems and ionization techniques have broadened the applica-
tion range of mass spectrometers, allowing for selective analysis not only of gaseous samples but also
of condensed matter in complex matrices. Aerosol and chemical ionization mass spectrometry are two
widely used systems in environmental research for the chemical analysis of aerosols and gases, em-
ploying time-of-flight analyzers, and were utilized in this work.

Sample Sample lonization lonopticswith Time-of-flight Detector Data acquisition Mass spectra
inlet section quadrupol analysator and processing
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’

Fig. 2.3: Schematic representation of a time-of-flight mass spectrometer.
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2.3.2.1 Inlet systems

The choice of inlet systems determines the kind of sample that can enter the mass spectrometer and
which phase will be discarded. In this work, different approaches are applied for online- and offline-
measurements and depending on the phase of interest.

For online-measurements filters can easily remove the particle phase from the sample flow, while the
analysis of the particle phase in absence of reactive gases requires a denuder and a vaporization inlet
for aerosols (Zhao et al., 2024). Thermal effects on aerosol particles and gases can cause molecular
reactions, such as intramolecular rearrangements or fragmentation, which can bias or prohibit chem-
ical identification (Yang et al., 2021).

For offline measurements, the selection of the inlet depends on the used sampling device and it must
be able to separate adsorbed gases or collected particles from their collection substrate. In both sce-
narios, a heated flow of an inert carrier gas desorbs the sample into the gas phase (Dettmer and
Engewald, 2002; Lopez-Hilfiker et al., 2014). The gas-phase sample can then be either preconcentrated
in a cooled reservoir (commonly used in gas chromatography) or directly introduced into the ionization
section. Thermal degradation of the sample molecules must be considered, however, temperature
ramps can minimize these effects and even allow for the separation of individual components in a
thermographic manner (Moormann, 2021).

2.3.2.2 Aerosol Mass Spectrometry

The aerosol mass spectrometer (AMS; Drewnick et al., 2005) used in this study measures the non-
refractory fraction of bulk aerosol composition in real-time. As aerosol particles enter the inlet, they
are aerodynamically focused to a particle beam to measure the particle size distribution and finally
flash-vaporize the particles to a gas. A 70 eV-electron beam then ionizes the sample (electron ioniza-
tion) so that a fraction of the ions can subsequently be directed into the analyzer-detector section of
the MS using electrostatic lenses. AMS can analyze aerosol particles online, providing information of
both organic and inorganic fractions. However, the characterization of species is restricted to those
that can be vaporized at its respective temperature and the hard ionization process. Black carbon (non-
refractory), and mineral dust cannot be vaporized and are indetectable with AMS, while sea salts va-
porize slowly leading to a strong underestimation of its components. Additionally, the size range of
detectable aerosol particles is limited from ~50 nm to ~900 nm, thus, coarse mode particles are not
measured. Organic molecules, during vaporization and ionization, gain excess energy, causing them to
fragment into smaller ions and lose neutral fragments (Jayne et al., 2000; Canagaratna et al., 2007).
Due to the hard ionization, AMS typically identifies fractions of chlorine, sulfate, nitrate, and organics
easily, while apportioning the organic fraction is only partially possible and requires extensive compu-
tational clustering methods (Ulbrich et al., 2009; Roth et al., 2016).

2.3.2.3 Chemical lonization Mass Spectrometry

The choice of the ionization method for mass spectrometry depends on the type of sample and the
desired information. Traditionally, electron ionization (see above) was used as it ionizes almost all sub-
stances, however, the excess energy can cause strong fragmentation of molecules into smaller ions
and neutral particles, which are lost in the system. Despite this loss of molecular information, the va-
riety of fragments can aid in reconstructing the structure of the ionized molecule, which is beneficial
for pure samples (Gross, 2012).
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Table 2.1: Reaction schemes of iodide-ions with target molecules in lodide-CIMS.

Nucleophile addition: I"+ HX 2 IHX
Deprotonation: I+ HX 2 HI+ X

Ligand substitution: [(Y)n + HX 2 I(Y)ntHX + Y
Fragmentation: IHX + Eggin =2 | + HX

As a new technique, chemical ionization mass spectrometry (CIMS) was developed as a gentler ioniza-
tion technique that transfers less energy to the analyte, resulting in less fragmentation and conserving
the molecular structure of the ions. Once the ions are generated, they are transferred and analyzed in
the MS as described above. As the ionization process is comple, it is explained in the following.
Initially, primary ions are produced from an appropriate substance in an inert carrier gas using high-
energy radiation such as UV, X-rays, or a-particles (Rissanen et al., 2019; Riva et al., 2019). These pri-
mary ions mix with the gaseous sample flow in an ion-molecular reactor and interact with the sample.
The selectivity and sensitivity of this ionization process depend on the bonding strength between the
primary ions and the sample molecules, which varies based on their nature.

Positively charged primary ions like H3O* and CgH¢" transfer protons according to the proton affinities
of the sample molecules, enabling the detection of a wide range of volatile organic compounds. Con-
versely, highly oxidized or polar molecules can be detected using negatively charged ions such as I or
NOs". These ions bind to the analyte molecule due to sufficient polarizability or intermolecular interac-
tion as formation of hydrogen bonds and constitute an even softer ionization method than proton
transfer mechanisms. Negative reagent ions can either form a cluster with the analyte or deprotonate
it. There are four potential reaction pathways for negative ions like I with a target molecule HX and
additives Y (Table 2.1), which are highly dependent on the binding enthalpies of the target molecules
and their stabilization by additives (Riva et al., 2019; Aggarwal et al., 2025). Note, that the absence of
acidic hydrogen atoms rules out deprotonation, while other reactions are still possible and can occur
simultaneously.

2.4 Measurement Platforms

Atmospheric measurement platforms or stations are built to house instruments which collect atmos-
pheric data. The specific requirements for these platforms are primarily determined by the research
or measurement objectives, though some generalizations can be made. The research goal dictates
whether a stationary or mobile platform is necessary and how resilient it must be to withstand harsh
environmental conditions, such as significant changes in temperature, humidity, or weather events like
gusts, storms, or precipitation.

When building measurement platforms, the expected measurement data need justify costs and oper-
ational work. This involves considering the quality and costs of instruments and the infrastructure
needed for calibration, maintenance, power supply, and data transmission. The entire setup affects
the data's accessibility, accuracy, and precision. This is particularly important if the station design must
comply with standards for measurement networks (Crenn et al., 2015; Hoerger et al., 2015) or if mul-
tiple platforms need to be compared with each other (Jacob et al., 2018; Poraicu et al., 2025).
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2.4.1 Ground-based measurements — Mobile Laboratory

The mobile laboratory "Mola" was developed as a ground-based measurement platform, enabling
both stationary and mobile measurements (Drewnick et al., 2012). Mola's purpose is to provide a
comprehensive dataset for investigating the physical and chemical processes of aerosols in the atmos-
phere. It is designed to simultaneously measure the physical and chemical properties of aerosol
particles, quantify trace gases, and collect meteorological data. With a high temporal resolution rang-
ing from 1sto 1 min, Mola can analyze the horizontal distribution of pollutants (Fachinger et al., 2021),
quasi-Lagrandian dilution and transformation of air parcels (von der Weiden-Reinmiiller et al., 2014),
or enable stationary characterization of emission sources (Diesch et al., 2013; Faber et al., 2015;
Pikmann et al., 2024).

Mola is a modified Ford Transit delivery vehicle, compact enough for flexible field deployment, yet
spacious enough to house power generation and essential instruments for recording high-quality data
in real-time. The aerosol and gas inlets for stationary use are mounted 3 — 3.5 m above Mola (or 6 —
6.5 m above ground), facilitating sample transport into the air-conditioned interior. A meteorological
weather station on top of the inlet measures horizontal wind, temperature, humidity, pressure, and
precipitation. Inside Mola, the particle phase can be investigated in terms of number or mass concen-
tration as PMj, PM,s, PMyg, or as a particle size distribution. High-grade instruments measure the
concentrations of chemical constituents in PM;, such as black carbon, chloride, nitrate, sulfate, and
organic mass concentration. Gas phase instruments provide mixing ratios of atmospheric trace gases
like CO, CO,, H,0, O3, NO, NO,, and NOx. In addition to the description by Drewnick et al. (2012), MolLa
is equipped with a pyranometer for measuring solar irradiance and a ceilometer for analysis of the
backscatter signal from aerosols and cloud droplets up to 10 km above ground, transforming Mola
from a pure in-situ measurement station to a remote measuring platform as well.

2.4.2 Drone-based measurements

Most individual measurement platforms, including Mola, and monitoring networks primarily provide
detailed data collected in the surface layer. These ground-based measurement stations often overlook
the vertical structure and three-dimensional dynamics of the troposphere. A characterization of the
troposphere's vertical structure is achievable through remote sensing or in situ methods. Remote sens-
ing measurement techniques face challenges such as signal penetration issues under certain
conditions, a limited number of observable variables, and coarse resolution, as discussed in Section
2.3.

Traditionally, in-situ measurements above the surface layer were conducted with research aircraft and
balloon-borne radio sondes. Aircraft-based measurements are cost-extensive and typically legally re-
stricted to a minimum flight level, which limits studying of the lowermost troposphere (Mirza et al.,
2016). Radio sondes in contrast, ascend through the entire PBL, but are limited to a light payload, i.e.,
few or low-grade instruments, low spatiotemporal resolution. Additionally, material such as gas and
the balloon, its one-way use, and the potential loss of the payload are costly (Sawyer and Li, 2013).
Unmanned drones equipped with instrumentations have proved to potentially close the gap between
ground-based measurements and the aircraft-probed zone (down to 500 m), and showed the potential
to compliment ground-based measurements into the vertical dimension. Drones are affordable, pre-
cisely maneuverable, and can access difficult-to-reach areas or follow customized flight patterns (Villa
et al., 2016; Jacob et al., 2018).

25



Theoretical and Methodical Background

Depending on the research objective, either fixed-wing or rotary-wing drones are used. Fixed-wing
drones are ideal for horizontal mapping and for covering large distances, with flight durations lasting
several hours at altitudes up to a few kilometers. Operating fixed-wing drones requires experienced
pilots (Roberts et al., 2008; Reuder et al., 2012). Rotary-wing drones, which require less experienced
personnel, allow precise flight maneuvers, including hovering and vertical profiling without changing
horizontal position. However, their flight duration is very limited due to limited battery capacity and
high-power consumption (Jacob et al., 2018; Hervo et al., 2023). Despite this, rotary-wing drones have
become increasingly established in tropospheric research over the past 10 years (Whitehead and
Hugenholtz, 2014; Jacob et al., 2018).

Research drones equipped with meteorological sensors have been used to investigate tropospheric
dynamics for fundamental research or commercially motivated wind park measurements (Adkins and
Sescu, 2017; Li et al., 2022). Drones with aerosol particle and trace gas sensors have studied natural
emission sources, such as volcanoes or wave breaking (Galle et al., 2021; Radtke et al., 2024), and
anthropogenic emission sources as agricultural farms, landfills or other industrial sites (Castro Gamez
et al., 2019; Andersen et al., 2023; Bonne et al., 2024).

The number of measurable variables on-board drones is usually limited by the very limited payload.
The payload is the maximum additional weight that can be carried with the drone and determines the
flight duration. Consequently, most drones are equipped with either a small number of high-grade
instruments (Womack et al., 2022) or a larger number of low-cost instruments that may lack precision,
accuracy, and adaptability to rapidly changing ambient conditions, reducing the reliability of measure-
ments (Brus et al., 2021b; Schuldt et al., 2023). A first approach combining meteorological
measurements with gas and aerosol particle-phase analysis on-board unmanned flying platforms has
been demonstrated with a modular drone (Brus et al., 2021a) and a helikite (Pohorsky et al., 2024). It
was shown that simultaneous meteorological and trace substance measurements can be beneficial to
understanding and explain microphysical processes, especially in the lowermost troposphere (Platis et
al., 2016; Pohorsky et al., 2025).

2.5 Measurement Sites

During this work, a four measurements sites, air masses were probed and their data analyzed. An over-
view of the measurement sites, collected data and the respective research goals is presented in the
following.

2.5.1 Mainz, Rhineland-Palatinate: Cooking experiment and drone characterization

In the summer of 2021, a pizza oven was installed at the backyard of the Max Planck Institute for
Chemistry (MPIC), and emissions were measured using Mola, positioned 10 m from the source. An
automated sampling device was employed to distinguish between air masses originating from the
emission source and those from the urban background. This real-time analysis enabled the separate
collecting of aerosols from an emission source and the background on filters and desorption tubes for
offline analysis with the CIMS in winter 2021/2022 (see chapter 3).

From 2022 to 2023, the same location was utilized for developing and characterizing the wind meas-
urements on-board a drone under controlled conditions. For this purpose, Mola was placed 4 m from
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FLab to ensure that the similar wind speed measurements, with FLab hovering near the Mola inlet
(see chapter 5).
2.5.2 Gau-Algesheim, Rhineland-Palatinate: Drone In-flight Characterization

From 2022 to 2024, initial test flights and in-flight characterization of the research drone were carried
out on a grassland between vineyards near the city of Gau-Algesheim. The permissions, granted by the
authorities, allowed for vertical flights up to 300 m above ground and horizontal flights of ~700 m. At
the measurement site, MoLa was used as a reference station for comparison and cross-calibration,
while the drone ground station was employed to study data transmission for online monitoring (refer
to chapter 5).

2.5.3 Tailfingen (Albstadt), Baden-Wiirttemberg: BISTUM23

The main goal of the BISTUM23 (Brldging Surface emissions, Transport and UTLS Matter) campaign
was to study how aerosols are distributed and lifted from the surface layer into the higher troposphere
under rural convective conditions. The BISTUM23 campaign took place at a farm near Tailfingen
(Albstadt) on the slopes of the rural Swabian Alp. This campaign lasted for 2.5 weeks in August 2023
and involved near-hourly drone ascents up to 500 m above ground level to observe diurnal changes of
the pollutant distribution and atmospheric dynamics in the lowermost troposphere. Drone-based
measurements were complemented by continuous ground-level measurements with Mola and irreg-
ular atmospheric profiling using balloon-borne radiosondes (see chapters 7 and 8).

As a closure experiment between four individual measurement platforms, the research aircraft HALO
(High Altitude-LOng range) flew over the measurement site to extend detailed air mass characteriza-
tion beyond the maximum permitted drone range into the free troposphere (see chapter 0). Alongside
the self-developed drone FLab, two other research drones and a ground station sampled aerosol par-
ticles using low-cost samplers at 1 m, 120 m, and 500 m above ground. The corresponding chemical
analysis was conducted offline (see chapter 6).

2.5.4 Spielberg (Brachttal), Hesse: BISTUM24

The measurement setup for BISTUM24 was equal to BISTUM23, with the research aim of analyzing the
vertical distribution of aerosols and trace gases under more strongly anthropogenically affected con-
ditions. A hilly location in the Vogelsberg area free from local emission sources, located about 45 km
from Frankfurt was selected, where diurnal ascents up to 500 m were allowed. A distinctive feature of
BISTUM24 was the performance of 30 consecutive hourly vertical profiling flights up to 120 m altitude
throughout one night (see chapters 7 and 8).

While the instrumental setup of FLab remained unchanged after the characterization and BISTUM23
measurements, a CIMS was additionally included in MoLa during BISTUM24 to monitor chlorine-con-
taining and organic trace gases at the measurement site (see chapter 4).
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3 Gas and Aerosol Particle Composition from a Local Emission Source

This chapter contains a paper that has been published as
Pikmann, J., Moormann, L., Drewnick, F., Borrmann, S.: The AERosol and TRACe gas Collector (AER-

TRACC): an online-measurement-controlled sampler for source-resolved emission analysis, Atmos.
Meas. Tech., 16, 1323—-1341, https://doi.org/10.5194/amt-16-1323-2023, 2023

Contribution to this manuscript by Lasse Moormann:
As the second author of this work, | prepared the filter substrates and thermo-desorption tubes

(TDTSs) prior to probing in the AERTRACC. The method for analyzing filter samples using lodide-CIMS
was described in detail in Moormann (2021) and was further developed and extended by myself for
TDTs. In order to analyze adsorbed gases, | developed a heating unit for the TDTs with an inlet sys-
tem that was coupled to the lodide-CIMS, which allowed the use of temperature gradients. After in-
field deployment, | analyzed the molecular composition of the aerosol collected on the filters and the
TDTs. | focused on identifying markers from emissions (such as cooking, biomass burning, traffic and
aged aerosol) to validate the working principle of the AERTRACC. | contributed to discussions about
the manuscript, created two figures and supported the writing process.
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3.1 Abstract

Probing sources of atmospheric pollution in complex environments often leads to the measurement
and sampling of a mixture of different aerosol types due to fluctuations of the emissions or the atmos-
pheric transport situation. Here, we present the AERosol and TRACe gas Collector (AERTRACC), a
system for sampling various aerosol types independently on separate sampling media, controlled by
parallel online measurements of particle, trace gas, and meteorological variables, like particle number
or mass concentration, particle composition, trace gas concentration as well as wind direction and
speed. AERTRACC is incorporated into our mobile laboratory (MolLa) which houses online instruments
measuring various physical and chemical aerosol properties as well as trace gas concentrations. Based
on preparatory online measurements with the whole Mola setup, suitable parameters measured by
these instruments are used to define individual sampling conditions for each targeted aerosol type
using a dedicated software interface. Through evaluation of continuously online measured data with
regard to the sampling conditions, the sampler automatically switches between sampling and non-
sampling for each of up to four samples, which can be collected in parallel. Particle and gas phase of
each aerosol type, e.g., source emissions and background, are sampled onto separate filters with PM;
and PMy cut-offs, respectively, and thermal desorption tubes, respectively. Information on chemical
compounds in the sampled aerosol is accomplished by thermal desorption chemical ionization mass
spectrometry (TD-CIMS) as analysis method. The design, operation, and characterization of the sam-
pler are presented. For in-field validation, wood-fired pizza oven emissions were sampled as targeted
emissions separately from ambient background. Results show that the combination of well-chosen
sampling conditions allows more efficient and effective separation of source-related aerosols from the
background, as seen by increases of particle number and mass concentration and concentration of
organic aerosol types, with minimized loss of sampling time, compared to alternative sampling strate-
gies.

3.2 Introduction

Atmospheric aerosol changes radiative forcing, alters cloud formation and precipitation, and affects
human health. Various chemical and physical processes lead to changes of the aerosol properties, like
the particle size and composition (Fuzzi et al., 2015; Shrivastava et al., 2017; Johnston and Kerecman,
2019). Still the impact of these effects on climate and health are not sufficiently well understood as
aerosol sources, composition, properties, and transformations are poorly characterized (Parshintsev
and Hyotyldinen, 2015).

Atmospheric aerosol can originate from diverse sources, natural as well as anthropogenic ones. Pri-
mary particles can be related to anthropogenic sources like combustion processes of fossil fuel and
biomass as well as natural sources emitting, e.g., sea salt and dust. Furthermore, secondary aerosol
forms through gas-to-particle conversion by oxidation processes in the atmosphere (Fuzzi et al., 2015;
Struckmeier et al., 2016; Gordon et al., 2017; Celik et al., 2020). Depending on the surroundings, dif-
ferent types of emissions and the background aerosol can blend into complex mixtures, complicating
the identification of the contribution by the original emissions sources.

Atmospheric aerosol are generally classified into two major chemical fractions, the inorganic one with
substances like ammonium, nitrate, sulfate, metal oxides, mineral dust, and sea salt, while the organic
aerosol, the other fraction, constitutes the more complex part (Fuzzi et al., 2015). Especially fine par-
ticulate matter, which has a relevant effect on climate and health, contains usually a large organic
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fraction (Zheng et al., 2020). These particles consist of many individual components but only a small
fraction of them are identified by state-of-the-art instruments (Fuzzi et al.,, 2015; Johnston and
Kerecman, 2019; Zhou et al., 2020). The analysis and identification of these organic components is
necessary for better understanding of chemical processes, transport, sources, and particle formation
in the atmosphere. This knowledge is crucial to improve existing models and facilitate prediction of
climate effects (Johnston and Kerecman, 2019; Zhou et al., 2020).

Characterization of organic aerosol is demanding due to the broad variety of species and therefore
numerous techniques for aerosol analysis have been developed (Johnston and Kerecman, 2019;
Forbes, 2020). Techniques for analysis and characterization of aerosols are classified into two main
categories, online and offline techniques. Offline measuring techniques frequently provide detailed
information about different aerosol properties based on separate sampling and analysis (Parshintsev
and Hyotyldinen, 2015). For chemical analysis, this approach offers the possibility to use all available
analysis techniques to get detailed information at the expense of low time and particle size resolution
(Heard, 2006; Hallquist et al., 2009). A broad variety of techniques are available for chemical analysis.
Techniques like ICP-MS (inductively coupled plasma mass spectrometry) and XRF (x-ray fluorescence)
provide information about the elemental composition of the sample (Ebert et al., 2016; Bhowmik et
al., 2022), while FTIR (Fourier-transform infrared spectroscopy) and NMR (nuclear magnetic resonance
spectroscopy) are used to determine organic functional groups in aerosols (Faber et al., 2017;
Gilardoni, 2017).Techniques with separation prior to detection are applied for identification of individ-
ual species. Widely used for this purpose are GC-MS (gas chromatography mass spectrometry) and
HPLC-MS (high performance liquid chromatography mass spectrometry); however they are typically
only able to identify a relatively small fraction of the whole organic aerosol (Forbes, 2020). Single par-
ticle techniques like SIMS (secondary ion mass spectrometry) and SEM (scanning electron microscope)
provide information about the elemental composition and its distribution as well as information about
the particle morphology (Bai et al., 2018; Laskin et al., 2018).

Online and semi-online techniques are used to obtain data with high time resolution. With these tech-
niques, samples are analyzed continuously or semi-continuously without the need of additional a-
posteriori laboratory work as for offline techniques. One of the most widely used methods for aerosol
online analysis is aerosol mass spectrometry (AMS) measuring the single particle or particle ensemble
chemical composition of submicron particles. While offering real-time data due to short acquisition
intervals it lacks detailed chemical information, lost through fragmentation during vaporization and
ionization (Canagaratna et al., 2007). Consequently, identification of individual organic components is
rarely possible (Hallquist et al., 2009). A semi-continuous online bulk analysis can be performed with
the thermal-optical EC/OC analyzer measuring the hourly concentrations of elemental carbon (EC) and
organic carbon (OC) (Zhou et al., 2015). Other semi-continuous systems like PILS (particle into liquid
sampler) and MARGA (monitor for aerosols and gases in ambient air) sample the water-soluble aerosol
fraction followed by subsequent analysis with, e.g., ion chromatography (Zhou et al., 2015; Stavroulas
et al., 2019). More comprehensive analysis is achieved with TAG (thermal desorption aerosol gas chro-
matography) (Williams et al., 2006) and FIGAERO-CIMS (filter inlet for gas and aerosols chemical
ionization mass spectrometry) (Lopez-Hilfiker et al., 2014), which sample aerosol for several tens of
minutes and analyze the samples after automated thermal desorption. These semi-continuous tech-
niques offer rather detailed information on the organic aerosol fraction due to low fragmentation.
However, with time resolutions of tens of minutes up to an hour, characterization of transient emis-
sions or disentanglement of aerosol blends in environments affected by several sources is not feasible
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A few instruments with high time resolution in the order of seconds, sufficient for the analysis of tran-
sient aerosol occurrences, combined with detailed analysis were developed in recent years, such as
the EESI-ToF (electrospray ionization time-of-flight mass spectrometer) (Lopez-Hilfiker et al., 2019;
Pagonis et al., 2021) and the CHARON-PTR-MS (chemical analysis of aerosol online proton-transfer-
reaction mass spectrometer) (Eichler et al., 2015; Piel et al., 2019).

To comprehensively analyze and characterize individual sources in complex environments like cities or
industrial areas, where fluctuating meteorological and atmospheric transport conditions result in mix-
ing of emissions from different sources, or transient source emissions like from ships, aircrafts or short-
term processes, identification of individual species on short time scales is necessary. Offline and semi-
online methods offering highly resolved speciation data do not provide the required temporal resolu-
tion and high-time resolution online methods typically do not provide in-depth chemical analysis
capability. Therefore, we developed the AERosol and TRACe gas Collector (AERTRACC), which com-
bines the advantages of both approaches. AERTRACC collects samples of different aerosol types for
subsequent in-depth analysis on separate sampling media which can be quickly and simply exchanged.
Separation of aerosol types is hereby achieved by controlling the sampling process with high-time res-
olution online measurements. AERTRACC is integrated in our mobile aerosol research laboratory
(MolLa), a vehicle equipped with online measuring instruments (Drewnick et al., 2012), serving as con-
trol unit for the sampler via a tailor-made software interface. There the user can define sampling
conditions based on measured parameters like particle number concentration or wind direction to
separately collect the different aerosol types. While online instruments for in-depth chemical analysis
with high temporal resolution are limited to the respective analysis methods, the AERTRACC sampler
enables the use of the full potential of analytical chemistry and microscopic analysis for the investiga-
tion of such aerosols beyond these specific approaches. For this work, TD-HR-ToF-CIMS (thermal
desorption high resolution time-of-flight chemical ionization mass spectrometry) was chosen as anal-
ysis method offering high resolution mass spectra combined with high sensitivity and low sample
fragmentation as well as minimized sample preparation effort (Mercier et al., 2012; Yatavelli et al.,
2012; Aljawhary et al., 2013). Here, we present the design and characteristics of AERTRACC and
demonstrate its capabilities in a field experiment, probing the emissions of a pizza oven in a semi-
urban environment.

3.3 Design and Operation of the AERTRACC Sampling System

3.3.1 The mobile aerosol research laboratory (Mola)

The mobile laboratory MolLa houses the newly developed AERTRACC sampling system and serves as
data-providing basis for its control unit. Mola is designed for mobile and stationary measurements of
ambient air composition and is mainly used for characterization of source specific emissions (Drewnick
et al., 2012; Fachinger et al., 2021). A variety of online instruments measures different aerosol and
meteorological properties providing high time resolution data of seconds until one-minute averaging
intervals. This includes physical particle properties, e.g., particle number size distributions, as well as
chemical characterization like the non-refractory chemical composition of submicron particles, and
trace gas concentrations of various gases as NOy, O3, and CO,. An overview of the MolLa instruments
and measured variables, which are used to control the AERTRACC system, is provided in Table 3.1; for
further description see Drewnick et al. (2012). Stationary measurements can be performed with the
sampling inlet at different heights (3-10 m above ground level) using an inlet setup on Mola’s roof.
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Table 3.1: Mola instruments used for control of the AERTRACC sampler.

) Particle diameter Time
Instrument Measured variables )
range resolution
Black and brown carbon mass concentra-
Aethalometer® < 1.0 um 1s

tion
PASH Polyaromatic hydrocarbon mass concen- 10 1 1
nm-1pum s
tration on particle surface H

PMi;, PMs,s, PMiy mass concentration

EDME® based on optical measured size distribu- 0.25-10 um 6s
tion

cpce Particle number concentration 5nm-3um 1s
Particle size distribution based on optical

OPC® . 0.25-32 um 6s
diameter

Airpointerf Mixing ratio of CO, SO, Os. NOy - 4s

NO,/NO/NOy . .

. Mixing ratio of NO2, NO, NOy - 5s
Monitor®
LICOR" Mixing ratio of CO,. H,0 - 1s

. Wind direction, wind speed, relative hu-
Meteorological

L midity, temperature, rain intensity, - 1s
Station'
pressure
GPS’ Location - 1s
‘ Size-dependent non-refractory chemical
HR-ToF-AMS . 40nm-1pum 15s
composition

aMagee Scientific Aethalometer® Model AE33, Magee Scientific, USA. PPhotoelectric Aerosol Sensor PAS2000, EcoChem Ana-
lytics, USA. cEnvironmental Dust Monitor EDM180, Grimm Aerosoltechnik, Germany. 4Condensation Particle Counter Model
3786, TSI, Inc., USA. eOptical Particle Counter Model 1.109, Grimm Aerosoltechnik, Germany. fAirPointer, Recordum Mess-
technik GmbH, Austria. sNO2/NO/NOx Monitor Model 405 nm, 2B Technologies, Inc., USA. PLI840, LI-COR, Inc., USA. 'WXT520,
Vaisala, Finland. iNavilock NL-8022MU, Navilock, Germany. kHigh-resolution Time-of-Flight Aerosol Mass Spectrometer, Aer-
odyne Research, Inc., USA, (currently not used for AERTRACC control, but might be implemented for future studies, was used
for theoretical sampling scenarios).

3.3.2 Setup of the AERTRACC sampling system

AERTRACC is designed to sample different aerosol types separately on individual sample carriers. The
system is incorporated in Mola with its own inlet and a flow path designed for minimal particle losses,
minimizing non-vertical tubes and bends. With four available sampling paths up to four different aer-
osol types can be sampled separately. It is possible to sample particles with two different size cuts on
quartz fiber or PTFE filters as well as volatile compounds onto thermal desorption tubes (TDT) filled
with adsorbent material (further details in Sect. 3.3.4). A control software for the AERTRACC sampler
was programmed to accomplish separate sampling of different aerosol types based on the MoLa online
data (see Sect. 3.3.3).

A schematic overview and a photograph of the sampling system installed in MolLa are shown in Fig.
3.1. The AERTRACC sampler has its own inlet line (ID = 48 mm), equipped with a PMy, inlet head (Dig-
itel, Switzerland, inlet flow rate 30 L min?) for sampling nominal PM1o, which is mounted on the roof
of Mola. The inlet is located 0.5 m apart from the Mola online instrument inlet and their heights are
adjusted to each other to assure sampling of the same aerosol.
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Inside MolLa the inlet tube is split into two main paths, which are both split again, in total into four
sampling paths. Main path 1 (see Fig. 3.1b) contains a PM; cyclone (URG, USA, flow rate
16.7 L min).and is connected to main path 2 with a cross tube downstream of the PM; cyclone. With
two ball valves, one installed in main path 2 and the other one in the cross tube between the main
paths, the user can sample in two different sampling modes. Either two sampling paths are used for
PM1o and the other two for PM; (Fig. 3.1b; cross tube not used) or all four sampling paths are used for
PM; sampling (Fig. 3.1c; cross tube used to feed also main path 2 through the cyclone).

Each of the four sampling paths contains a custom-made filter holder made of gold-coated aluminum
for filters of 25 mm diameter and a TDT. The sampling area on the filters equals the thermal desorption
area for the subsequent analysis. The operation flow rate for filter sampling is limited to 4.2 or
7.5 L min? (% of 16.7 or 30 L min™') due to the required flow rates for the PM; cyclone or the PMyg inlet,
depending on the chosen sampling mode (see above). The sampling line splits again behind each filter
holder into a path with TDT and a TDT bypass path. This split is necessary, as the flow rate through the
TDT has to be smaller (typically limited to 0.2 L min) than the one through the filter to avoid a loss of
the retention volume for the gaseous species. The described active sampling paths are shown in Fig.
3.1b as green paths. The flows through the filter holders are the sum of the flows through the respec-
tive TDT and TDT bypass lines. Simple and quick change of filter holders and TDTs is achieved with
Ultra-Torr vacuum fittings (Swagelok Company, USA) before and behind each device.

To assure a permanent air flow through the whole system, independent whether a certain sample line
is active or not, a non-sampling path around the sampling media is added in parallel to each sampling
line (grey paths in Fig. 3.1b are the active non-sampling paths). Further, for non-sampling conditions,
diffusion of volatiles from one sampling path to another is avoided as the volatiles would have to dif-
fuse a short distance upstream the flow persisting through the non-sampling path. The flow through
the sampling system is switched between sampling and non-sampling path using magnetic three-way
valves (SMC, VT307, Japan) and maintained by a rotary vane pump (V-VTE 10, Gardner Denver, Inc.,

(b) PM;, Inlet (c)

Main Path 1 Main Path 2 Main Path 1 N\ Main Path 2

ﬂ

PM, PM,

o PM; Cyclone T

() Ball Valve

{ Filter Holder

B TDT

[] Three-way Valve

W Sampling Path

M Non-Sampling Path
=Pump | Bypass

Fig. 3.1: Photo (a) and scheme (b+c) of the AERTRACC sampler with active flow paths marked in green
for sampling flows, in grey for non-sampling flows, and in blue for bypass flows (b: sampling mode
PM31+PMyq, c: sampling mode PM; only). Needle and dosing valves are located in each path directly
upstream of the pump and are not shown in the scheme.
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USA). This permanent air flow through the system keeps the cut-offs of the size selectors and the
transport losses constant and allows the targeted aerosol to be sampled almost immediately as soon
as the respective three-way valve is switched when the evaluation of the online data shows that the
sampling conditions are fulfilled. The adjustment of flow rates for the sampling paths is achieved with
precision dosing valves (HF-1300-SS-L-1/4-S, Hamlet, Germany) for the TDT flow rates and with needle
valves (Nupro SS-4HS V51, Swagelok, USA) for the additional flow through the filters before each ex-
periment. No change of flow rates was observed during test measurements. Replacing the needle
valves by mass flow controllers for future studies is planned to ensure constant flow rates and to sim-
plify flow settings.

Independent of the individual sample line flow rates, an additional bypass line is split from each main
path (blue paths in Fig. 3.1b) to adjust the flows through the two main paths to match the specified
flow rates through the inlet head and the cyclone. These bypass lines are directly connected to the
pump via additional needle valves. The sampling line and bypass tubing are made of stainless steel
with tube diameters of 1/2” upstream the filter holders and 1/4” after the filter holders.

The AERTRACC electronics including the control of the magnetic valves via a custom-made relay card
and relays is housed in an electronic box attached to the sampler (white box in Fig. 3.1a). The front of
the box contains an LED status display showing which sampling path is active. The relay card is con-
nected via RS232 to the Mola data acquisition computer, which collects the online instruments data.

3.3.3 Control software and sampler operation

The AERTRACC control software (ACS) is the interface between the Mola online measurements and
the sampling system and is integrated into the Mola data acquisition software for simple and direct
access to the data. It was developed in Igor Pro (Version 6.3, WaveMetrics, Inc., USA) and is available
from the authors upon request. In the ACS, the user defines criteria for sampling up to four different
aerosol types separately, based on measured Mola online data. The software continuously evaluates
the incoming online data whether the criteria for sampling are fulfilled and controls the flow through
the individual sampling paths accordingly. A graphical user interface (Fig. 3.2) was programmed for
effective and user-friendly operation where the user selects the sampling conditions for the targeted
aerosol types and obtains real-time information on the sampling process, such as the accumulated
sampling time and estimated collected mass on the filters. In the upper part of the main ACS window,
the user chooses the operation and sampling mode. The lower part is divided into four boxes, one for
each sampling path, where the user can set sampling conditions individually for each path.

Two sampling modes are available, PM1 and PM1+PMjo. For the PM1+PMjo sampling mode, the same
sampling conditions are used for each PM; / PM1o sampling path pair. The user can choose between
two operation modes. The sampler can either be operated in automatic mode with user defined sam-
pling conditions (Fig. 3.2a), which are based on variables, measured by the MolLa online instruments,
or in manual mode (Fig. S9.4), where the user can directly start and stop sampling with the additional
possibility to pre-select the collection time or collected mass on the filters. The total collected mass on
the filters is calculated based on the EDM online mass concentration data, measured during the actual
sampling intervals, and the respective filter flow rate.

In the automatic mode the user defines individual sampling conditions for each sampling path (Fig.
3.2a). Each sampling condition consists of up to four criteria, which can be logically combined using
the Boolean operators AND, NOT, and OR. Individual criteria are fulfilled if the value of the selected
parameter, e.g., a particle or trace gas concentration, but also time, GPS location, meteorological con-
dition, or total collected mass, is between the user-selected minimum and maximum values. This
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allows complex definitions of sampling conditions for each of the targeted aerosol types. A possible
scenario, based on recent MolLa measurements (Fachinger et al., 2021), could be measuring with MolLa
at a place where traffic and biomass burning emissions can be measured depending on the wind direc-
tion. Both types of emissions could be sampled separately using suitable sampling conditions. For the
biomass burning aerosol the sampling condition could be “suitable wind direction range AND high
black carbon concentration AND high PM; concentration”; while for the traffic aerosol the sampling
condition could be “suitable wind direction range AND high particle number concentration AND NOT
high PM; concentration”. For background aerosol sampling the mentioned variables should be accord-
ingly set to low concentrations and the remaining wind direction sections.

During measurements when air masses containing different aerosol types reach the inlet, the sampler
switches automatically between the according sampling paths based on the evaluation of the sampling
conditions. The evaluation is performed each second based on the highest available time resolution of
the instruments, hence the valves can be switched on a 1 s-base as well. While frequent switching of
the valves introduces frequent flow and pressure disruptions in the sampler, these are not expected
to produce enhanced sampling artefacts by e.g., re-volatilization of material from the tube surface or
the filters, compared to less frequent switching scenarios. Therefore, switching between different sam-
pling paths typically occurs multiple times within an experiment of hours of duration, which is in
contrast to conventional continuous sampling. Although the AERTRACC is primarily designed for sta-
tionary measurements, it is also possible to sample during mobile measurements if the air mass
segments are large enough to differentiate between them on a few seconds time scale. The flowrate
sub-window contains information on the flow setup of the AERTRACC sampler (Fig. 3.2b). Here, the
user enters the flow rates, which are adjusted with the individual needle valves. The graphical user
interface automatically provides the combined flow rates at critical devices, such as the inlet cyclone,
and thus supports the correct selection of the individual flow rates in order to match their required
flow conditions. Furthermore, in this window the Mola inlet height is entered. This information is used
to select the correct delay times between registration of the sampling status, i.e., sampling or non-
sampling, and the activation or de-activation of flows through the individual sampling paths (see
Sect. 3.4.2).

When the sampling path is activated, the software continuously compares the chosen sampling condi-
tions with the actual measured online data. For visual support a colored indicator shows for each
sampling path whether sampling (green) or no sampling (red) takes place or the sampling path is inac-
tive (grey). Depending on whether the sampling conditions for a certain sampling path are fulfilled, the
respective three-way valves are switched accordingly between sampling path and non-sampling path
via the relay card. Two displays in the ACS for each sampling path show the current accumulated col-
lection time and sampled aerosol mass. A data logger automatically keeps track of all activities
performed by the user on the interface and of all sampling periods, which are logged with the time
stamp, type of activity and respective sampling conditions.

The chemical analysis of aerosol samples (like, e.g., when using FIGAERO-CIMS measurements of or-
ganic compounds) typically requires sampled mass in the order of 1 pg in order to exceed instrumental
detection limits, depending on the specific analysis method. In urban conditions with organic mass
concentrations of 5-10 ug m= (Chen et al., 2022), with a sample flow rate of 7.5 L min? and with ap-
proximately 10 % of the time sampling source emissions (like in our validation experiment, see Section
4), a total sampling time in the order of 1-2 hours would be needed to collect enough material for
analysis. Therefore, the probed source must emit over sufficiently long times to allow a successful

36



Gas and Aerosol Particle Composition from a Local Emission Source

@) (b)
o AERTRACC o] E- ] Flowrate |
AERTRACC Control Software @ oone SavedCiose
& Fitersampler (Lt Close wjo Save

Julia Pikmann - MPI for Chemistry - 2013

D Gassampler Instructions

lion: (1) St

Operation Mode: ® Automatic O Manual Communication Start Flow Rate & Delay Setup
Sampling Mode: @ PM1 O PM1+PM10 Formula Help
Samplerl ® OActve | | Sampler2 @ [Actve
CondAl:| cPC [v]| Min:[15000 2 Mex|inf % | | CondA2 cpc [v] Min:[0 2 Mex| 10000 /2
CondBl: €02 |v| Min 420 5 Max |inf S CondB2 €02 |v| Min: 0 s Max 410 %
Cond C1 v| Min:[0 S Mex it [3 || CondCz:| Time 2 Mex [inf
Sampling Time
Cond D1 ] Min:[0 7% Mexinf 2 | | CondD2:| ParticleMess 3 Max inf
€02
Formula A188B1 Formula | Wind direction
PMI1
Time: | 00:08:31 Mass (Hg): [1215 | Reset Time: 0] PM10 Jass (4g): [0.9234 | Reset 405 |5 (01 & 405 [ [0 405 [@ 01 2 408 % 01 @
{ BC880nm
= | NOX (Monitor)
Somplerd ® DlAcive | | Sampler  NO (Monito) WL Borve Inlet Height for delay time calculation: ®3m O6m O9m
NO2 (Monitor)
Cond A3 <] Min:[0 S Max[inf |3 | | CondAd| so2 3 Mex inf
BC 370nm
Cond B3 v] Min:[0 % Mexinf 2 || condBe| BCS8 3 Mex inf
OPC
Cond C3 <] Min:[0 S Mexlinf 3 || CondC4| puas 2 Mex [inf
PAH
Cond D3 <] Min:[0 2 Mex|inf 2 Qmml Wind speed 2 Max |inf
Temperature
Formula A3 Formula|| Humidity
Rain
GPS Latitude
Time: | 00:00:00 Mass (ug): |0 Reset Time: 00{ _GpS Longitude loss (ug): [0 Reset

Fig. 3.2: User interface of the AERTRACC software with main window (a) and flowrate sub-window (b).

chemical characterization of their emissions. Higher emission concentrations, more stable transport
conditions, and lower detection limits of the applied analysis method can reduce sampling times sig-
nificantly. Especially when using microscopic and single particle techniques, which might need
extremely low amounts of sample, sampling times could be reduced further and also single transient
emission events might provide sufficient material for successful analysis.

3.3.4 Sampling media

Generally, the sampling media used are dependent on the subsequent offline analysis method. The
choice of the sampling media for this study was based on the selection of thermal desorption as sample
introduction method for the subsequent analysis using TD-CIMS, which reduces the chances of poten-
tial contamination through sample preparation. For gas phase sampling, TDTs were used, made of
stainless steel (1/4” OD, 89 mm length) and packed with Tenax TA (MS Wil, Netherlands) and Car-
bograph 5TD (Markes International Ltd., United Kingdom), each 150 mg. Together, these adsorbents
are applicable to compounds with a broad volatility range (mainly C4 — Cs;) to investigate different
kinds of emissions. They were also chosen as they are hydrophobic, inert and temperature stable up
to 350 °C, necessary for the high temperature during thermal desorption (Harper, 2000; Dettmer and
Engewald, 2002, 2003; Woolfenden, 2010). TDTs were conditioned in a TC-20 conditioner (Markes In-
ternational Ltd., United Kingdom) at 300 °C for 4 hours with nitrogen (purity 99.9999%, 0.09 L min™)
before sampling.

For particle sampling, PTFE filters with 25 mm diameter (Type 11803, Sartorius, Germany) were used,
which were pre-baked at 200 °C under vacuum (50 hPa) for 24 h before sampling.

Typical sampling flow rates are usually between 1 and 8 L min™! for the filter samples, with mass load-
ings not exceeding 2 ug to avoid overloading the CIMS, while for the TDTs flow rates between 0.02 and
0.2 L mint are recommended with a total sampling volume up to 4 L. These limits can be included as
sampling conditions to stop sampling automatically when the limits are reached. Afterwards the sam-
pling media need to be changed manually. In our experiment, sampling media were changed after
typically 1-1.5 h.
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After sampling, TDTs are sealed with brass screw caps with PTFE ferrules and filters were kept between
precleaned aluminium foil in separate sealed petri dishes. Both are stored at -18 °C in airtight contain-
ers until analysis.

3.3.5 Analysis method

The AERTRACC sampling can be used with various kinds of sampling media and consequently can be
used in combination with a broad variety of offline analysis methods. For analysis of the samples for
this study the TD-HR-ToF-CIMS method was used with the HR-ToF-CIMS (Aerodyne Research Inc., USA)
coupled to the FIGAERO inlet for filters and a custom-built inlet for TDT. lodide served as the chemical
ionization reagent which is selective for polar and oxidized organic compounds (Lee et al., 2014). The
CIMS allows identification of individual compounds due to soft ionization as well as high-resolution
mass spectra. The high sensitivity enables the analysis of small amounts of analyte, minimizing the
necessary sample collection times (Yatavelli et al., 2012; Aljawhary et al., 2013).

For ionization, methyl-iodide from custom-made permeation tubes (permeation rate 450 ng/min at
30 °C) is diluted into dry nitrogen (purity 99.9999%), subsequently ionized by an alpha-polonium
source (NRD Static Control, USA) to form iodide as reagent ion and inserted into the ion-molecular
reaction chamber (IMR) at a flow rate of 2.2 L min.The filters were thermally desorbed into the IMR
with heated dry nitrogen as carrier gas (purity 99.9999%, 1.9 L min™') using the FIGAERO-inlet (Lopez-
Hilfiker et al., 2014); TDTs were desorbed with a flow rate of 0,120 L min™ using a custom-built desorp-
tion unit. The temperature program for the carrier gas starts at 25 °C for 3 min, heating up to 200 °C
with a rate of 17.5 °C min™* and finally holding the temperature for 20 min. Tuning of the ion optics was
performed before the first analysis with formic acid and triiodide for signal intensity, mass resolution,
and peak shape using the software Thuner (Tofwerk AG, Switzerland). The IMR conditions were kept
constant at 130 mbar and 60 °C.

The reproducibility of the integrated ion signal intensity of different calibration compounds, deter-
mined through laboratory experiments, was found to be 10% for filter and 62% for TDT samples (details
see Text S9.4). Oligomerization during analysis with CIMS might occur (Lopez-Hilfiker et al., 2015) but
appeared minor in our testing.

3.4 Characterization of the Sampling System

3.4.1 Particle transport efficiency

The aerosol transport losses within the AERTRACC inlet and transport system were estimated with
calculations using the Particle Loss Calculator (von der Weiden-Reinmdiiller et al., 2014). The size-de-
pendent transport losses were calculated based on the geometry of the tubing system considering
bends and non-vertical flows as well as volumetric flow rates (Fig. S9.5). Estimated losses are below
10% for particles between 10 nm and 7 um in diameter. For particles in the size-range 35 nm up to
3.5 um, where most of the collected particle mass is typically found, losses are below 2%. Applying the
size-dependent losses to a typical urban particle number size distribution, the overall calculated mass
losses are below 1 %, both for PM; and PMio. Therefore, we conclude that particle transport losses
within the sampling system are generally negligible for the mass-based analysis methods and no cor-
rection for losses is needed.
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3.4.2 Time delay between aerosol measurement and sampling

In automatic operation mode, the AERTRACC sampler is controlled based on the comparison of the
specified sampling conditions with the online-measured Mola data. The difference of the volumetric
flow rates between the online instrument and the AERTRACC sampling inlets, which both have the
same length and cross section, leads to different aerosol transport times to the instruments and the
sampling media, respectively. Due to the higher flow rate through the online instrument inlet of
80 L min, compared to 30 L min (in PM1/PMio sampling mode) or 16.7 L min* (in PM;-only sampling
mode) through the AERTRACC inlet, the ambient aerosol reaches the online instruments before it
reaches the sampling media. This provides the opportunity of knowing in advance whether the aerosol
reaching the sampling media should be sampled or not and to switch the sampling valves accordingly.
It is necessary to know the time delay between the online measurement of the aerosol and the aerosol
reaching the sampling media to assure timely sampling of the targeted aerosols. The time delay for
each instrument is the time difference between the times it takes for the aerosol from the moment it
enters the inlet heads until the reporting by the online measurements, and the aerosol reaching the
sampling media, respectively.

Self-generated short spikes of elevated aerosol or trace gas concentrations were used to determine
the time intervals between the aerosol entering the inlet and the same aerosol being reported by each
online instrument for different inlet heights (i.e., 3 m, 6 m, 9 m). These measurements showed that
these time intervals can be separated into a transport-related residence time in the inlet tubing and
an instrument-specific measurement and reporting delay. The transport-related residence time was
extracted from the measurements with different inlet heights, since the instrument-specific measure-
ment and reporting delay is a constant for each instrument and independent of the inlet height. These
measured transport times agree well with the calculated transport times of the aerosol, based on tube
cross sections and volumetric flow rates. This allows calculating the respective transport times also for
the sampling through the AERTRACC inlet without directly measuring it.

In the PM1/PM1o sampling mode (i.e., with high sampling flow rate) in combination with short inlets of
3 m to 5 m above ground level, for most instruments no delay time must be applied. For instruments
with long measurement and reporting time, also no delay needs to be applied even for larger inlet
heights.

The time delays for all instruments are implemented in the ACS software for the different inlet heights,
which were specified in the flowrate sub-window (Fig. 3.2b). For measurement variables, which are
not associated with aerosol transport, like meteorological data or GPS position, the respective instru-
ment time delays are equal to the aerosol transport time through the AERTRACC inlet. As example, the
time delays for the 6 m inlet are 5-17 s for PM; sampling mode and 4-9 s for PM1/PM1o sampling mode,
excluding instruments with no time delay needed.

For comparison, sampling periods during the in-field validation (see Section 4) were in the order of
2-10 s. Especially under such conditions, where the sampling periods are in the same order of magni-
tude as the time delays, it is crucial to consider the time delays for sampling. Otherwise, a significant
fraction of the aerosol which does not fulfil the various sampling criteria would nevertheless be sam-
pled and the separation of different aerosol types would not be given anymore.
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3.5 In-field validation of the AERTRACC using a single point source in a semi-urban
environment

3.5.1 Measurement setup

The AERTRACC sampler was tested and validated in the field by probing emissions from a wood-fired
pizza oven, operated in a semi-urban environment. The goal was to sample the biomass burning emis-
sions separately from the semi-urban background aerosol using the wind direction and further MolLa
variables as sampling conditions. The test setup was located on the premises of the institute (Mainz,
Germany), which is located at the outer edge of the city center, on the 21th July 2021. A site map with
the measurement location with respect to the city and to the micro-environment including a wind rose
plot showing the predominant wind direction can be found in the supplementary information (Fig.
S9.1). The oven was heated with logs of European beech and had a small chimney up to 4 m height
above ground level. Larger roads were at a distance of 100 to 150 m, separated by a narrow row of
trees and bushes from the measurement site. The main wind direction was northeast to east-northeast
with one of the major roads and a fraction of the city upstream of the measurement site. MolLa with
the installed AERTRACC sampler was located 13 m away from the pizza oven, in a direction that was
frequently downwind of the source. Measurement and sampling inlets were at 4 m height above
ground level. Wind was very unstable during the measurement with air arriving temporarily from all
directions at the measurement location. Regarding other meteorological parameters, it was a sunny
day with few clouds; over the course of the measurement, the temperature was slightly rising from
21 °Cto 24 °C while relative humidity decreased from 42% to 35%.

The pizza oven was heated up to 400 °C before pizza baking started. The whole measurement lasted
for 3.5 h including 30 min of preparatory measurements to define sampling conditions for separate
collection of source emissions and background aerosol.

All Mola instruments listed in Table 3.1, including the HR-ToF-AMS with 15 s time resolution, in V-
mode for maximum sensitivity (Decarlo et al., 2006), were operated during the measurements. The
flow rates for filter and TDT sampling were set to 5 L min* and 0.12 L min’, respectively. Filter mass
loading was limited to 2 pg and sampling time to 25 min to avoid overloading the filters and exceeding
the breakthrough volume of the TDTs. As sampling conditions for the pizza oven emissions, the wind
sector 45-90° AND OPC particle number concentrations (PNC) >250 # cm™ were chosen, while for back-
ground measurements the conditions were the wind sector 135-360° AND OPC PNC <200 # cm™. Two
PMio and two PM; filters and four TDTs were sampled with pizza oven emissions, and two filters, one
for PM1p and PM; respectively, and two TDTs were sampled with background aerosol. For sampling
media blank correction, two filters and TDTs each without sampling were taken as field blanks.

3.5.2 Data preparation and analysis

The online data was quality checked, corrected for sampling delays and inspected for invalid data, e.g.,
data affected by internal calibration procedures, on a 1 s time base. Data with highest available time
resolution were used for further data analysis to be able to account for fast wind changes. PM1 mass
concentrations were calculated from combined FMPS and OPC size distribution data (details see Text
$9.1). The high-resolution AMS data were analyzed with the software SQUIRREL 1.63I and PIKA 1.23I.
Furthermore, positive matrix factorization (PMF; Paatero and Tapper, 1994) was applied on the organic
particle fraction below m/z 116, measured with the AMS, using the PMF Evaluation Tool (PET) v3.07C
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(Ulbrich et al., 2009) to identify different aerosol types. Further details about AMS data processing and
PMF are provided in the supplement Text S9.2.

For analysis of the CIMS data, the software Tofware 3.2.3 (Aerodyne Inc., USA) and custom data pro-
cedures were used (details see Text S9.3). Signal intensity was normalized to the iodide-signal and
sampled volumes. Afterwards, the ions signal intensities were averaged over all available samples with
pizza oven emissions and background, respectively, both for TDT and filter samples. Data for PM; and
PMy, filter samples were handled and analyzed separately. The molecular formula of identified ions
was determined for individual peaks; and individual species were identified through the molecular for-
mula, detectability by lodide-CIMS and previous mention in the literature (further details see Table
$9.2). Signal intensities for individual compounds were determined semi-quantitatively in terms of de-
tected ions as a calibration for each compound was not feasible. This allows determination of relative
concentrations in separate samples as well as supporting PMF analysis for quantitative determination
of aerosol type concentrations (similar to the approach by Tong et al., 2022). Independently of the
sampling media, the ion signal intensities during desorption of the samples exceeded the limit of de-
tection (three times the standard deviation of the molecular background) for all reported samples and
ions, with the majority of samples and ions showing an excess by at least an order of magnitude.

3.5.3 Results and discussion
3.5.3.1 Online measurements — characteristics of the measured aerosol

During the field measurement period the AMS provided quantitative data on chemical composition of
the non-refractory sub-micron particle fraction. For in-depth analysis of the organic fraction, a PMF
analysis was performed for source apportionment. The identified aerosol types were biomass burning
organic aerosol (BBOA), cooking organic aerosol (COA) and oxygenated organic aerosol (OOA). This
was the most reasonable PMF solution based on the individual PMF factor mass spectra and time series
(see Fig. $9.2). Correlation of the obtained mass spectra with reference mass spectra resulted in aver-
age Pearson’s r values of 0.86 for BBOA, 0,90 for COA and 0,92 for OOA (Fig. $9.3). The BBOA mass
spectrum shows the typical peaks at m/z 60 and 73, related to levoglucosan as typical biomass burning
marker (Schneider et al., 2006). The OOA mass spectrum shows a strong peak for the key marker
m/z 44 (CO*) from thermal decarboxylation without any further distinct peaks at higher m/z (Ng et al.,
2010). For COA no distinct markers exist, except for a high m/z 55 signal (Sun et al., 2011) and the
identification was based on comparison with reference mass spectra from the HR-AMS Spectral Data-
base (Ulbrich, 2022). The time series of BBOA and COA frequently showed similar temporal variations
indicating that they originate from the same source location while the OOA factor was mostly constant
over the whole measurement interval and is representing the background aerosol. Further important
time series, like PM1 mass concentration and OPC particle number concentration, are shown in Fig.
S9.6. Time intervals for sampling of source emissions and background are highlighted. Depending on
the evaluation of the data, the sampling was frequently (often after only a few seconds or at most
minutes) switched between source and background aerosol paths.

Because of the short measurement time and the close vicinity to the source, the temporal variations
of aerosol and trace gas concentrations were mainly due to changes in wind directions and variations
in emission strength of the targeted source rather than to those of other sources or of atmospheric
dilution. In Fig. 3.3a the concentrations of the three organic aerosol types, i.e., PMF factors, are shown
as a function of the wind direction, averaged over 15° wind sectors. Further aerosol concentrations,
which are assumed to be associated with the background and source emissions, are shown in Fig. 3.3b
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Fig. 3.3: Concentrations of the organic aerosol types (a) as well as BC, PAH and SO, (b) dependent on
local wind direction averaged over 15° sectors. The Pizza oven was located in the direction of 70° rela-
tive to Mola.

with suitable scaling factors to plot them together in a single polar graph. A strong dependence of mass
concentration for BBOA and COA on wind direction with a maximum for wind from the sector 60° to
90° was observed (Fig. 3.3a). A similar dependence on wind direction was found for black carbon (BC)
and polyaromatic hydrocarbons (PAH) (Fig. 3.3b), which are also likely associated with emissions from
the pizza oven as well as BBOA and COA (Fachinger et al., 2017). OOA, as an indicator of background
aerosol, is almost constant for all wind directions as well as sulfate (504) which is often an indicator for
secondary oxidized aerosol (Sun et al., 2011). These results show a clear enhancement of concentra-
tions of aerosol components, which are related to the pizza oven emissions, when the wind was
arriving from the direction of the source, which was located in the direction of 70° with respect to the
sampling location.

3.5.3.2 Filter and TDT analysis

Source and background aerosol were separately sampled on filters and TDTs with sampling conditions
based on preparatory measurements (see Sect. 3.5.1). The comparison of averaged signal intensities
for identified ions from PM; and PMy, filter samples showed only negligible differences (Fig. S9.7),
suggesting that most of the related aerosol mass is in the PM; particle size range. Therefore, the results
are discussed for the PM; filters only.

The ratio of the ion signal intensity for selected identified species from the pizza oven and the back-
ground samples was calculated for the filter and the TDT samples (Fig. 3.4), respectively, to show which
of the species mainly originate from background and which ones are associated with the source emis-
sions. Additionally, the average ratio for all species assigned to only background (aged/traffic) and
oven emissions (biomass burning/cooking — BB/C) as well as both groups (mixed) were calculated for
comparison. The assignment to the sources must be regarded as a rather preliminary one, as the ap-
portionment is only based on a literature search. The list of identified species and used acronyms is
shown in Table 3.2 and 3.3 for the filter and TDT samples, respectively. Substances found on the filters
and TDTs differ mainly due to gas-particle partitioning and the selectivity of the TDT adsorbents. Vo-
latilization of material from the filters and subsequent sampling in the TDTs could lead to biased
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Fig. 3.4: lon signal intensity ratios of identified compounds from pizza oven and background for filter
(a) and TDT (b) samples with source apportionment based on references (see Table $9.2 and Table
$9.3). The dashed line represents a ratio of one, i.e., similar intensities found on pizza oven and back-
ground samples. The abbreviations BB and C stand for biomass burning and cooking. The errors bars
are based on the standard deviation of the ion signal intensity, reproducibility, and the error obtained
from the blank measurements (for details see Text 59.4).

information on the partitioning of substances, however, within the uncertainties of the analysis, this
effect is presumably not significant.

For some ions, based on the molecular formula, several substances are possible which are listed as
well. Details like the exact m/z of the ions and references for source apportionment of the species are
summarized in Table S9.2 and Table $9.3. The ratio is expected to be on the order of one for species,
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which originate from background aerosol only. They are typically associated with aged, oxidized aero-
sol or traffic emissions and should be found on the background and source samples in roughly equal
amounts, after correcting for sampled volumes, since their origins are well distributed over all wind
directions (see also Fig. 3.3, OOA aerosol). This is the case for the species found on the filter samples
(Fig. 3.4a) that were assigned to traffic emissions or aged aerosol.

In contrast, identified compounds from the filter samples with source-to-background intensity ratios
significantly larger than one are mostly known to be associated with biomass burning and cooking
emissions, which is in good agreement with their higher abundance on the pizza oven-related filters.
Compounds like levoglucosan (LG) and pyroglutaminic acid (PGA) which are markers for biomass burn-
ing and cooking, respectively, show more than 85 times higher intensities on the source-related filters
compared to the background filters.

Based on a literature search, some of those species, associated with cooking and biomass burning, can
also originate from various other emission sources and were therefore assigned to the mixed group.
They have a variety of different ratios between 0.6 and 10, showing that probably some of them pre-
dominantly originate from the background aerosol while others mainly from the pizza oven emissions.
The large average source-to-background ratio for compounds attributed to biomass burning and cook-
ing shows that the targeted source emissions from the pizza oven were sampled predominantly on the
source-related filters and not or only to a small degree on the background filters. Compared to that
the average ratios for the aged and traffic related compounds as well as the mixed aerosol are consid-
erably smaller indicating a clear separation of source-related emissions from background-only aerosol
using the selected AERTRACC sampling criteria.

Only two identified compounds from the TDT analysis were attributed solely to source-related emis-
sions, i.e., cooking and biomass burning, and both substances have ratios well above one as they
probably originate from the pizza oven emissions (Fig. 3.4b). The compounds assigned to traffic and
aged aerosol have partially ratios on the order of one but also partially significantly above one, i.e.,
they are present on source-related TDTs in larger amounts than on background-related TDTs. Either
these compounds are emitted by a close unknown source located in the same wind direction as the
pizza oven or they are emitted by the pizza oven as well and thus would belong to the mixed group.
Most of the identified compounds from the TDT samples can be assigned to different sources (mixed)
having ratios which can be related to background aerosol and also to source related emissions.
Compared to the filter analysis the difference between average ratios of all source- and background-
related compounds from the TDT analysis is smaller suggesting a weaker separation of source and
background emissions. However, it must be taken into account that few compounds were assigned to
only one of the aerosol types. As most of the compounds can originate from background as well as
source-related emissions the enrichment of source-related compounds is smaller if these compounds
are already present in the background aerosol. Thus, no specific markers were identified for the gas
phase of the pizza oven emissions, which would clearly show a very strong difference between back-
ground and source-related TDTs, in contrast to e.g., levoglucosan and pyroglutaminic acid on the filter
samples.

In conclusion, for the filter samples the chosen sampling conditions for the background and source
emissions proved to be suitable to sample the source emissions separately while the background emis-
sions are found in approximately equal concentrations on the source and background filters at least
based on the identified compounds. A gravimetric analysis of the samples could be performed in addi-
tion to the chemical analysis to extend the general information on the sampled aerosols. For the TDT
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samples the shown ratios indicate a weaker separation of source and background emissions, likely

because most of the identified compounds can originate from both, background and source emissions,

and no distinct markers were found for the source emissions.

Table 3.2: Selected identified compounds, measured as iodide cluster, from filter analysis and acro-

nyms used for Fig. 3.4a. For further details see Table S9.2.

Acronym Assigned compound

Acronym Assigned compound

AS
BDA
GA
GCEA

GCOA

HF/FA
HMF
IPN1
IPN2
LG
MBDA
MGCEA

ascorbic acid, hydroxyfurans
butenedioic acid

glutaric acid

glyceric acid

glycolic acid

hydroxy furfural, furoic acid
hydroxymethyl furfural

oxidized isoprene nitrate

oxidized isoprene nitrate
levoglucosan, galactosan, mannosan
methylbutendioic acid
methylglyceric acid

MLA
MS
MSA
NG

OAR1

OAR2
ODPA
OXA
PGA
PY
PYA
SA

malic acid
monosaccharide
methanesulfonic acid
nitroguaiacol

oxidized aromats,
3-acetylpentanedioic acid
oxidized aromats
2-oxopropanedial, oxoacrylic acid
oxalic acid

pyroglutamic acid
pyranose

pyruvic acid

sulfuric acid

Table 3.3: Selected identified compounds, measured as iodide cluster, from TDT analysis and acronyms
used for Fig. 3.4b. For further details see Table S9.3.

Acro- Assigned compound Acro- Assigned compound

nym nym

AA acetic acid OA octanoic acid

BA butyric acid, methyl propanoate OAL1 oxidized alkyl

CHCA cyclohexenecarboxylic acid OAL2 oxidized alkyl

CPA B-caryophyllene-aldehyde OAL3 alkyldiole

CRES cresol OAL4 oxidized alkyl

DA decanoic acid OCA  oxocarboxylic acid
decenoic acid, pinanediol, linalool ox- . o

DCA de ODPA oxopropanedial, oxoacrylic acid

DDA dodecanoic acid, methylundecanoic OHA oxohexanoic acid, ethyl acetoacetate,
acid methyloxopentanoic acid

EG ethylene glycol PA propanoic acid

FFA furfuryl alcohol, 2-furanmethanol PDO  propandiol, hydroxyacetone

FFM N-formylformamide, nitroethen PINA  pinalic-3-acid

FM formamide PYA pyruvic acid

HA hexanoic acid, cyclopentanoic acid SUGA sugar acid

NA nonenoic acid
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3.5.3.3 Evaluation of sampling conditions

The highly time-resolved MoLa online data provide the opportunity to post-evaluate the chosen AER-
TRACC sampling conditions. This is done by comparing average source-related and background aerosol
concentrations as well as total source-related sampling time for the chosen and other potential sam-
pling conditions and by evaluating, whether a better separation between source emissions and
background could herewith have been achieved. The selected separation for the pizza oven measure-
ment was based on a combination of PNC measured by OPC and wind direction (Wind+0OPC), see Table
S9.5 for details. For comparison, simpler conditions using only the wind direction (Wind) and stable
wind conditions (Wind stable) were evaluated. Stable wind conditions are fulfilled when wind from the
source sector was observed at least for the previous 8 s, the transport time from the source to the
Mola inlet, which was calculated from the distance between the measurement inlet and the pizza
oven, and the average wind speed during the measurements. The combination of PNC measured by
CPC and wind direction was evaluated as additional sampling scenario (Wind+CPC). Further sampling
conditions were defined based on the AMS data using fractions of the organic signals at single m/z,
e.g., at m/z 55 as fss, to test whether a potential use of the AMS for AERTRACC control could improve
aerosol separation. The selection of a combination of wind direction and fss (Wind + fss5) as well as fss
and the ratio fss/fs7 (Wind + fss + fss/fs7) was based on known markers for COA while the combination
of wind direction and feo (Wind + fs0) was based on the known marker for BBOA. The limit values in the
sampling condition definitions were chosen from literature values for these aerosol types (Mohr et al.,
2009; Cubison et al., 2011; Sun et al., 2011; Saarikoski et al., 2012; Elser et al., 2016; Xu et al., 2020).
The mass concentrations of black carbon (BC), polyaromatic hydrocarbons (PAH), organics measured
by AMS, the AMS PMF factors BBOA, COA, and OOA, PM; as well as PNC measured by CPC and OPC
were used to compare how well different sampling scenarios separate between source emissions and
background. These parameters were chosen as they showed to be strongly affected by the source
emissions during the measurement, according to the online data analysis (Sect. 3.5.3.1).

For assessment of source and background aerosol separation based on the various sampling scenarios,
the ratios of averaged concentrations for “source” and “background” intervals, i.e., when the respec-
tive conditions were fulfilled, were calculated for each variable and each scenario (Fig. 3.5a).

Table 3.4: Sampling conditions for compared sampling scenarios for source and background sampling.

Sampling scenario

Source

Background

Wind

Wind stable
Wind + CPC
Wind + OPC

Wll’ld +f55

Wind + fss + fss/fs7

Wind +f60

Wind direction 45-90°

Wind direction 45-90° for 8 s
Wind direction 45-90° AND
CPC PNC > 20,000 # cm™3
Wind direction 45-90° AND
OPCPNC> 250 #cm?3

Wind direction 45-90° AND
fs5>0.07

Wind direction 45-90° AND
fs5>0.07

AND fss/fs7> 2

Wind direction 45-90° AND
fe0>0.01

Wind direction 135-360°

Wind direction 135-360° for 8 s

Wind direction 135-360° AND

CPC PNC < 15,000 # cm?3

Wind direction 135-360° AND

OPC PNC < 200 # cm™

Wind direction 135-360° AND fss < 0.05

Wind direction 135-360° AND fss < 0.05
ANDfss/f57 <15

Wind direction 135-360° AND fe < 0.005
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Fig. 3.5: Ratio of averaged mass concentration and PNC of “source” and “background” aerosols, ac-
cording the seven different sampling scenarios (a), and related potential source emission and
background aerosol sampling times (b).

In addition, the potential sampling times that would have been spent to sample the source emissions
and background aerosol for the various sampling scenarios, are shown in Fig. 3.5b.

Using only wind direction as separation criterion leads to the longest sampling times, especially for the
source-related sampling. However, this approach also results in the smallest ratios of source versus
background concentrations, i.e., the least effective separation of source emissions and background.
Both effects are the result of the unspecific definition of the sampling condition. It is possible that
source emissions miss the sampling inlet due to fast wind changes, which then samples background or
mixed aerosols, even though the “source” sampling criterion is fulfilled. Using stable wind conditions
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as sampling scenario improves the separation substantially, but at the expense of sampling time, which
is by far the lowest for all four sampling scenarios.

The combination of elevated CPC PNC and the wind direction as sampling condition leads to higher
ratios for measured CPC PNC and PM; compared to the Wind stable sampling scenario, but similar or
smaller ratios for the other parameters. The sampling time is longer than for Wind stable, however still
much lower than for the Wind sampling condition.

The largest ratios for almost all variables besides the AMS-based ones, and consequently the most
effective separation of source-related and background aerosol, were achieved when elevated PNC
measured by OPC additional to the right wind direction were used as sampling condition (Wind+OPC).
This sampling scenario resulted in similar sampling time as the other “complex” sampling scenario
Wind+CPC and strongly improved sampling time, compared to the Wind stable scenario. Improved
measurement of particle mass-related variables like PM; or PAH mass concentration in this sampling
scenario occurs, since the OPC counts the larger particles (d, = 0.25 pm — 32 um) and therefore the
OPC PNC represents the emitted mass concentration quite well. The CPC, on the other hand, counts
smaller particles (d, = 5 nm — 3 um); therefore, it captures better the total emitted PNC with the very
small particles contributing little to the emitted mass. Since for analysis of the sampling media, sam-
pled particle mass is the more relevant variable, compared to particle number, the Wind+OPC sampling
scenario is better suited to control the AERTRACC, compared to the Wind+CPC scenario. Contrary, in
case of new particle formation events, the freshly formed aerosol could be targeted using high CPC
PNC and low PM; concentrations or low OPC PNC as sampling conditions.

Inclusion of the AMS data in the AERTRACC control using the fractional signal intensity of known
marker m/z could improve specific sampling for certain aerosol types. This is especially the case if the
AMS is operated with shorter averaging intervals to capture short-time variations of air masses con-
taining different aerosol types. For COA, higher source/background ratios were achieved with the Wind
+ fss sampling scenario, compared to the other scenarios, and even higher ones with the Wind + fss +
fss/fs7 scenario as it is more specific for COA. Regarding the potential sampling times especially within
the latter scenario, the times are quite limited due to the very specific conditions and possibly due to
shorter COA emission periods compared to the more dominant BBOA. The Wind + fs scenario enables
the most effective separation for BBOA combined with potential sampling times comparable to the
Wind+OPC scenario. Long potential sampling times are desirable in order to quickly collect the neces-
sary mass or sampling volume for analysis. Therefore, for scenarios like Wind stable and Wind + fss+
fss/fs7, longer overall measurement periods in the vicinity of the source are necessary to reach suffi-
cient sampled aerosol mass.

The choice of smaller wind sectors within the originally chosen wind sector 45-90° was evaluated in an
additional analysis to investigate whether this could improve (i.e., enhance) the ratio between average
source and background concentrations, compared to the Wind+OPC scenario. The calculated ratios for
all variables for the splitting of the original wind sectors into three, five and seven sectors are shown
in Table $9.4 and S9.6. The split into three sectors improves the separation of source and background
emissions for the middle sector in comparison to the Wind scenario by at maximum 13 %. Further
splitting leads to partially improved ratios between source and background emissions by at maximum
20 % for five sectors and by at maximum 22 % for seven sectors. However, the maximum values of
ratios for different measured parameters spread over several wind sectors and therefore does not
point towards a “better” potential selection of the source wind sector. This spread is probably due to
indirect transport of the aerosol to the inlet due to frequently changing wind directions as well as due
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to different time resolutions of the instruments. Additionally, with decreasing width of the wind sec-
tors, the potential sampling time per sector decreases for all sections leading to longer overall
measurement times necessary to sample sufficient amounts for subsequent analysis. Despite the im-
provement through smaller wind sectors, the ratios of the Wind+OPC scenario were by far not reached,
and the source-related sampling times were shorter for the 5- and 7-sector splitting, compared to the
Wind+OPC scenario. Consequently, using narrower wind sectors does not improve the separation of
source and background emissions as effectively and as efficiently as choosing additional parameters
to define the sampling conditions. In addition, using only narrow wind sectors for separation of source-
related and background aerosol requires very good knowledge about the wind direction for which the
emission source is probed. This is not the case when wind direction is used in combination with other
emission source-related features of the aerosol as sampling criterion. Therefore, in general, source-
specific markers are needed, which are known and can be measured by Mola, to define source-specific
sampling conditions and to achieve the separate sampling of these emissions.

3.6 Summary

We developed the sampling system AERTRACC (AERosol and TRACe gas Collector) to separately sample
the particulate and gas phase of source emissions and background aerosol in complex environments.
It is incorporated in our mobile laboratory (Mola) with its own inlet. Up to four samples can be taken
in parallel; in this study, each sample was taken onto a filter and a thermal desorption tube (TDT) for
the particle and gas phase, respectively. Separation of different aerosol types is achieved through ex-
ternal control of the sampler based on online measurements of Mola by setting suitable sampling
conditions for the individual aerosol types, which are compared with the online data. An in-house de-
veloped software is implemented in the Mola data acquisition software for direct data access. For
each of the four sampling paths up to four measured variables can be combined to create sampling
conditions for the targeted aerosol type, which are continuously compared with the current measured
data. Besides the automatic sampling, the sampler can also be controlled manually.

The inlet and transport system was designed for minimal particle losses with typical estimated mass
losses below 1 % for particles in the size-range 35 nm up to 3.5 um. Due to shorter residence time of
the aerosol in the MoLa online measurement inlet, compared to the sampling inlet, it can be analyzed
with the online instruments and the sampling conditions are evaluated before the aerosol reaches the
sampling media. These time delays were experimentally determined for all instruments and are con-
sidered in the AERTRACC control software.

For proof of concept and in-field validation, pizza oven emissions were probed in a semi-urban envi-
ronment. The CIMS analysis of the hereby collected filters showed the successful separate sampling of
source emissions from the background aerosol. Compounds known to be related to biomass burning
and cooking were predominantly found on the source emissions filters while compounds associated
with aged aerosol or traffic emissions were found in similar amounts on the background filters and the
source emission filters. For gaseous species, the analysis of the TDTs indicate only a weak separation
of source and background emissions mainly because most of the identified species can originate from
aged and traffic aerosol as well as from biomass burning and cooking emissions and no distinct markers
were identified for the pizza oven emissions. Hence, these compounds can already be present in the
background aerosol leading to a smaller increase in their concentrations due to source emissions.
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The comparison of different potential sampling scenarios demonstrated the advantage of combining
different measured variables to achieve targeted sampling of desired emissions. The separation using
solely wind direction as sampling criterion was weak due to varying wind conditions leading to nonlin-
ear aerosol transport. Adding source specific criteria like elevated particle number concentrations
measured by the OPC improved the separation. As a consequence of this more effective separation of
the emissions, the source apportionment of identified compounds is improved. A future addition of
AMS for AERTRACC control would offer the possibility to define specific sampling conditions for certain
aerosol types, like BBOA and COA, derived from AMS measurements, using known markers.

An important requirement for AERTRACC to sample targeted aerosol types is the knowledge about the
source aerosol properties, which can be determined in preparatory measurements to define suitable
sampling conditions for the different aerosol types. Under such conditions, AERTRACC is capable to
separate emissions of individual sources from those of other sources or from the aerosol background
for improved chemical analysis of source-related emissions even in complex environments. Possible
complex situations could be an industrial facility, like a steel plant, with different but closely located
emission sources, e.g., coke oven, blast furnace, sinter plant, and traffic; or urban environments with
emissions from traffic, wood combustion, and restaurants. Apart from TD-CIMS, a broad variety of
chemical, physical, and microscopical analysis methods could be used in combination with AERTRACC
to acquire the desired kinds of information from the samples.

Author contribution: JP and FD conceptualized the sampling system and field measurement. JP carried
out the experiment, analyzed the Mola data and prepared the paper with contributions from FD, LM
und SB. LM developed the CIMS method and analyzed the samples using the developed method.
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4 Influence of Synoptic Air Mass Transport on Chlorine Chemistry
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4.1 Abstract

Understanding the sources, distribution, and lifetime of inorganic chlorine-containing trace gases is
crucial to assessing their tropospheric impacts. We report in situ measurements of Cl,, HOCI, CINO,,
and CIONO; using iodide chemical ionization mass spectrometry during a 2.5-week campaign in June
2024 at a rural continental site in central Germany. Air masses that had passed over “marine-anthro-
pogenic” regions (~ 400 km distant) showed significantly higher mixing ratios of chlorine-containing
gases than “continental-unpolluted” air masses. From the marine-anthropogenic period, we provide
the first tropospheric observations of CIONO; (up to 59.8 pptv during daytime). Persistent nonzero
CIONO; implies a non-photochemical source of CIONO; or its precursor ClO, and/or that heterogene-
ous loss is slower than laboratory uptake coefficients suggest. CINO; levels were consistent with
production via N,Os uptake on chloride-containing particles; both CINO, and Cl, were enhanced when
03-/N,0s-rich air entrained into the nocturnal boundary layer. Photolysis of CINO,, Cl,, and HOCI
yielded mean maximum Cl atom production rates of 1.0 x 10° cm™ s under marine—anthropogenic
influenced air and 1.6 x 10° cm™ s under continental-unpolluted conditions. In the early morning, Cl
production (due to CINO; photolysis) exceeded primary-OH production from Os photolysis, while after
noon HOCI photolysis was the dominant Cl source. At low solar zenith angles, HOCI photolysis contrib-
uted up to 40% of primary OH. These measurements indicate that Cl atoms can strongly influence
hydrocarbon oxidation in similar rural regions, with potential regional and global implications (of up to
15%) for the methane lifetime.

4.2 Introduction

The role of inorganic chlorine trace-gases in atmospheric science is well established for the strato-
sphere, where molecules such as CIONO,, HOCI, HCI and thermally unstable Cl,O, play a central role in
ozone depletion, most noticeably in polar regions where the catalytic recycling of Cl atoms through a
mixture of heterogeneous and photochemical processes leads to the formation of the “ozone-hole”
(Molina and Rowland, 1974; Rowland, 1988; Solomon, 1999). In the stratosphere, the source of reac-
tive chlorine trace gases is the photolysis of organic chlorine-containing species such as CHsCl and
CClyF;, which were emitted into the lower atmosphere in large quantities prior to their ban in the
Montreal Protocol in 1989 (Elkins et al., 1993; Engel et al., 1998; Prinn et al., 2000; Engel et al., 2002).
Chlorine species are highly reactive when in radical forms such as Cl or CIO, resulting in a short lifetime
(seconds) and significant chemical effects on their immediate environment. The lifetime of the inor-
ganic radical reservoirs, including photolabile Cl,, CINO,, CIONO,, and HOCI depends on the actinic flux
(Ko and Sze, 1984; Von Clarmann and Johansson, 2018), while the lifetime of HCl depends on its reac-
tion with OH and deposition. While there are several observations of CINO,, HOCI, and Cl; in the
troposphere (e.g., Thornton et al., 2010; Lawler et al., 2011; Mielke et al., 2011; Phillips et al., 2012;
Bannan et al., 2015), CIONO; is considered as a stratospheric trace gas, which is only present in the
upper troposphere as a result of intrusion from stratospheric air masses (Marcy et al., 2005; Von Hobe
et al., 2005; Atkinson et al., 2007).

The presence of chlorine radicals derived from inorganic reservoirs such as CINO; and HOCI enhances
the rate of oxidation of hydrocarbons (forming HCl and organic peroxyl radicals), which influences air
composition and especially photochemical ozone production (Faxon et al., 2015; Bhattacharyya et al.,
2023; Li et al., 2023a). Understanding the sources, distribution and lifetime of inorganic chlorine trace-
gases is thus crucial for evaluating their impact on chemical processes in the troposphere.
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The presence of inorganic chlorine in the troposphere is attributed to various sources, including sea
salt aerosols, biomass burning, waste disposal, and fossil fuel extraction (Cahill et al., 1992; Oum et al.,
1998; Lobert et al., 1999; Bannan et al., 2019; Masoud et al., 2023). CINO, and Cl,, HOCI and HCI (in
both gas and particle phases) are generally believed to be the most abundant, inorganic chlorine-con-
taining gas phase species in the troposphere (Wang et al., 2019). The various routes to their formation
in the atmosphere are illustrated in Fig. 4.1 and described below.

The main source of gaseous inorganic chlorine in the troposphere is the release in the form of HCl, e.g.,
via acid displacement of chloride from sea-salt (mainly NaCl) (Keene et al., 1990; Keene et al., 1998;
Volpe et al., 1998). Additionally, HCl can be formed through H-abstraction from volatile organic com-
pounds (VOCs) by Cl atoms that originate from the mechanisms discussed below (Wang et al., 2019).
In a continental atmosphere, NH3 and HCl react to form NH4Cl, which partially partitions into the par-
ticle phase. The heterogenous uptake of N,Os on chlorinated particles, liberates chloride as CINO; into
the gas phase (IUPAC, 2025).

N,O: + CI~ - CINO, + NO3 (R1)

N,Os is formed in the reaction between NO, and NOs (the latter formed in the oxidation of NO, by Os)
and, due to its thermal equilibrium with photolabile NOs (R2), is only present at night (Brown and Stutz,
2012):

NO, + NO; + M & N,05 + M (R2)

The abundance of N,Os (and thus CINO,) is closely tied to the availability of NOx and the lifetime of NOs
and is therefore maximized in nocturnal air masses that are either impacted by anthropogenic emis-
sions with high levels of NOx or in which the NOs reactivity towards unsaturated hydrocarbons is low.
NOs and thus N,Os lifetimes in forested regions are often very short (Liebmann et al., 2018; Dewald et
al., 2024) as the abundance of terpenoids, which react rapidly with NOs, is high. In this case activation
of reactive chlorine from its particle reservoirs is inefficient and the formation of CINO; is suppressed.
High levels of CINO, are typically found at night in polluted marine areas such as Asian megacities and
industrial metropolitan areas (Wang et al., 2017; Priestley et al., 2018; Haskins et al., 2019; Chen et al.,
2025b). CINO; has also been observed in air masses which have been transported long distances from
polluted and marine source regions to continental sites (Thornton et al., 2010; Phillips et al., 2012;
Bannan et al., 2015).

Once formed in the multiphase reaction between N,Os and particle-chloride, most of the CINO,, which
has a low solubility (Schweitzer et al., 1998), is released into the gas phase where it is photolyzed to Cl
and NO; (R3; Finlayson-Pitts et al., 1989; Leu et al., 1995; Phillips et al., 2016). Other loss processes,
such as reaction with OH are negligible by comparison (Ganske et al., 1991).

CINO, + hv - Cl + NO, (R3)

CINO; can also react with acidified (pH < 2), chloride-containing particles to generate gas-phase Cly:

CINO, + CI~ - Cl, + NO3. (R4)
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Cl, is also formed through the uptake of O3 onto acidic, chloride-containing particles (Oum et al., 1998)
and (as shown below) through other heterogeneous processes (Peng et al., 2022). During daytime, Cl,
is rapidly photolyzed in the troposphere (lifetime ~10 min) to form two Cl atoms:

Cl, + hv - 2CL (R5)

The CIO radical is formed when Cl atoms react with O3 (R6; IUPAC, 2025). CIO radicals then react with
HO; and NO; to form HOCI and CIONO,, respectively (R7, R8).

Cl+ 05 - ClIO+ 0, (R6)
Clo + HO, - HOCl + 0, (R7)
ClO + NO, + M — CIONO, + M (R8)

As HOx radicals are ubiquitous in the atmosphere, the CIO radical is the limiting trace gas for formation
of HOCI. Consequently, larger mixing ratios of the latter have been measured near source regions with
high chloride load such as marine sites or industrial facilities (Lawler et al., 2011; Chen et al., 2025a).
The formation of CIONO; requires the presence of NO; and is thus formed at largest rates in regions
with both anthropogenic influence and particulate chloride as precursor for Cl-atoms and thus CIO.
HOCI and CIONO; are lost in both gas- and multiphase processes. Similar to CINO,, the uptake of HOCI
or CIONO; to chloride-containing, acidic particles results in the generation of Cl; (R9 and R10; Eigen
and Kustin, 1962; Deiber et al., 2004), while heterogenous hydrolysis of CIONO, forms HOCI (R11;
Tolbert et al., 1987). The photolysis of HOCI leads to the production of Cl atoms and OH radicals (R12),
whereas the photolysis of CIONO,; leads mainly to Cl atoms (R13a) with a minor contribution to CIO
formation (R13b, IUPAC (2025)).

HOCI + ClI~ > Cl, + OH~ (R9)

CIONO, + CI~ - Cl, + NO3 (R10)
CIONO, + H,0 - HOCI + HNO, (R11)
HOCI + hv — Cl + OH (R12)
CIONO, + hv - Cl + NO;4 (R13a)
CIONO, + hv - CIO + NO, (R13b)

Measurements of chlorine-containing trace-gases in the troposphere date back to the mid-1980s,
whereby chromatographic methods were used to monitor e.g., HCl and HOCI (Cicerone, 1981; Keene
et al., 1990). Recent developments in mass spectrometry have enabled sensitive and selective detec-
tion of several chlorinated trace gases with chemical-ionization mass spectrometry (CIMS) using iodide
as the reagent ion for a wide variety of inorganic chlorine species (Caldwell et al., 1999; Kercher et al.,
2009; Lawler et al., 2011; Bhattacharyya et al., 2023). The recent development of high-resolution (e.g.,
Time-of-Flight, ToF) analysers allows identification of non-fragmented chlorine species and therefore
offers high selectivity as well as excellent sensitivity. However, the number of studies using such de-
vices to examine tropospheric chlorine chemistry is still limited.

In this study we present the quantitative measurement of Cl,, HOCI, CINO, and CIONO; using VUV-
lodide-ToF-CIMS during field measurements in central Germany. The formation and loss of inorganic
chlorine-containing species throughout the diel cycle are discussed, including the first quantitative
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measurements of CIONO; in the troposphere and potential limitations by interfering secondary ion
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Fig. 4.1: Formation and (daytime) photochemical transformations of chlorine-containing trace-gases
in the troposphere. The links to NOy (e.g., NO,, NO; and N2Os) are highlighted, as is the coupling with
HOx cycles (OH and HO,).

reactions. Finally, the influence of different chlorine species on local Cl and primary OH production is
estimated for air masses with marine-anthropogenic and continental-unpolluted origin.

4.3 Methods: CIMS Operation and Calibration

The inorganic chlorine trace-gases CINO;, CIONO,, HOCI and Cl, as well as N,Os were measured using
an lodide-ToF-CIMS (Aerodyne Research Inc., USA; Lee et al., 2014) during the BISTUM24 campaign
(Sect. 4.4) and in further laboratory studies (Text S9.5). A vacuum ultraviolet (VUV) lamp and 20 ppmv
CHsl in N, were used to generate iodide primary ions, which form clusters with the inorganic chlorine-
containing compounds in the ion molecular reactor (IMR). The IMR was maintained at 170 mbar,
heated to 60 °C and continuously humidified (> 7000 ppm H,0). The chlorine-containing trace gases
and N,0s were detected as clusters with iodide at the mass-to-charge ratios (m/z) listed in Table 4.1.

During all measurements, the CIMS resolution was —— = 5000 at m/z 250. Peak assighnment and data

Am /
processing was conducted with Tofware V4.0.3, ensuring that isotopic ratios are in accordance with
their natural abundance. lodide clusters with Cl and CIO were also observed but were minor in magni-
tude (<3 %) of the signal from CINO,. These were excluded from further analysis as they most likely
originate from the fragmentation of larger chlorine-containing species (Priestley et al., 2018) as indi-
cated by high correlations with CINO; (r? = 0.96).
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Table 4.1: Calibrated chlorine species with detection limit (LoD, as 3 x ¢ for an averaging period of
5 min) as found in the laboratory (LoD lab) and in the field (LoD campaign), calibration method and
associated uncertainty. Thermal decomposition and non-destructive cavity ring-down spectroscopy
(TD-CRDS and CRDS) were used as reference instruments.

Species  I-cluster LoD lab/ LoD campaign  Calibration method Uncertainty* /
/ m/z pptv / pptv %

HOCI 178.877 3.50 2.21 Indirect (HOCI-to-Cl, con- 132 (from Cl,
version) calib.)

Cl, 196.843  0.05 0.03 Direct (Cl; gas), CRDS 1324

CINO; 207.867 0.19 0.10 Indirect (N,Os-to-CINO, con- 28
version), TD-CRDS

CIONO, 223.862 0.20 0.36 Direct (synthesis), FT-IR 10

N,Os 234886 0.12 0.03 Direct (synthesis), TD-CRDS ~ 28°

*Instrument uncertainty: 2CRDS: <10% (Thieser et al., 2016), °'TD-CRDS: 28% (Sobanski et al., 2016), °FT-IR: 3% derived from
Oberto et al. (2017), Absorption cross section: 45% (Maric et al., 1993), ©10% (Davidson et al., 1987), and for all calibrations:
mass flow controller: 0.6% and the linear regression of the calibration curve depending on data (Fig. $9.10).

4.3.1 VUV lamp as reagent ion source in CIMS

lodide reagent ions in the CIMS were generated using a VUV lamp mounted in front of the IMR. The
VUV lamp (10.6 eV photon energy, PKR 106, Heraeus, Germany) was powered with a current of 2 mA
at 1500 V DC. An electronic pre-filter was used to flatten interference from the switching power supply
(Fig. S9.8).

Two major changes were implemented in our setup in contrast to the VUV lamp assembly described
by Ji et al. (2020). First, an acceleration voltage of 5 V was used for the ions to guide them into the
IMR, which doubled the reagent ion yield. Second, the reagent ion flow was directed towards the VUV
lamp before leaving the photo-ionization region. This has the advantage of maximizing the irradiance
of the reagent gas shortly before the ions enter the IMR and requires less accurate alignment of the
VUV lamp in its stainless-steel tube. A detailed overview of the differences between the VUV lamp and
210pqg jon sources with regard to the characteristics of lodide-CIMS spectra can be found in Ji et al.
(2020).

4.3.2 Calibration of chlorine-containing species

Relative humidity dependent calibrations of Cl,, CINO,, CIONO,, HOCIl and N,Os were conducted post-
campaign. In addition, we examined the effect of adding Os to flows of CINO, and HOCI to assess po-
tential secondary ion chemistry including the formation of ICIONO," and HO,CI" (presented in Sl). A
summary of the relative humidity dependent calibration curves for CINO;, CIONO,, Cl, and HOCI can
be found in Fig. S9.9 and Fig. $9.10. Uncertainties associated with the calibrations and the detection
limits during the campaign and laboratory calibration are presented in Table 4.1.

4.3.2.1 Cl;

A canister of Cl; in N, was prepared by diluting a 5%, commercially obtained mixture in N> to 6 ppm. A
small flow from the canister was dynamically diluted prior to simultaneous detection with the CIMS
and a cavity ring-down spectrometer (Thieser et al., 2016) operating at 405 nm where Cl; has a well-
known absorption cross-section.
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4.3.2.2 N,O5

N,Os was synthesized by flowing a mixture of NO and a large excess of Os into a 2 L glass reaction
chamber where they reacted for = 1 min (Davidson et al., 1978). The exhaust, containing N,Os and Os,
passed through a glass tube at -78 °C (dry ice/acetone bath) to trap the N,Os as pure crystals. For
calibration of the CIMS, the head-space above the N,Os crystals (at -60 °C) was flushed with N, carrier
gas to generate a dilute N,Os gas mixture, which was simultaneously sampled by the CIMS and a ther-
mal dissociation cavity ring down spectrometer designed for measurement of N,Os and NOs (Sobanski
etal., 2016).

4.3.2.3 CINO;

The CIMS was calibrated for CINO; by converting a known amount of N,Os (from a prior N,Os calibra-
tion) to CINO,. This was achieved flowing the N,Os flow through a glass reactor internally coated with
dried NaCl at room temperature. The CINO, generated this way was assumed to be equivalent in con-
centration to the N,Os lost as shown in laboratory experiments investigating the heterogeneous
uptake of N,Os to dry sea-salt (Kercher et al., 2009; Roberts et al., 2009).

4.3.2.4 CIONO;

CIONO; was synthesized by allowing Cl,0 to react with N,Os for several hours at -10 °C. Cl,O was pre-
pared by passing a flow of gaseous Cl, through a sample of HgO dispersed in glass-beads at -10 °C
(Davidson et al., 1987). The CIONO, sample was used to generate a diluted sample in N; in a glass-bulb.
The contents of the bulb were analyzed using a FTIR-spectrometer (Bruker Vector 22, Bruker Corpora-
tion, USA) at 0.5 cm™ resolution. The absorption features of CIONO, were consistent with those
reported by Davidson et al. (1987), whose integrated band-strengths were used to quantify the CIONO,
mixing ratio in the glass-bulb to be 200 ppmv. The CIMS was calibrated by sampling CIONO; from the
storage bulb with known dilutions in N,.

4.3.2.5 HOCI

HOCI was generated by bubbling 30 sccm N, through a NaOCI solution (11-14% active chlorine) and
diluting this flow with 10 sLpm N». The gaseous mixture was then directed through a glass U-tube at
- 40 °C to condense moisture prior to sampling by the CIMS. To quantify the HOCI content, the HOCI
flow was alternatively directed through a U-tube containing a frozen, diluted HCI solution at -40 °C,
which converts HOCI to Cl,. The amount of HOCI was determined by measuring the depletion of HOCI
and the generation of Cl, (for which the CIMS was already calibrated) according to Lawler et al. (2011).
It was crucial to remove moisture before directing the HOCI gas to the iced HCl surface, to prevent Cl,
depletion due to uptake on moist surfaces.

4.3.3 BISTUM24 field campaign: measurement site and instrumentation

The BISTUM24 field campaign took place from June 6 to 22, 2024 in Spielberg, central Germany
(50°19’N, 9°15’E, Fig. $9.11). The rural measurement site, which is located 391 m above mean sea level
on top of a hill in a treeless clearing, was selected because air masses encountered at the site originate
mainly from rural regions and are rarely influenced by urban pollution despite the proximity to the
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Frankfurt metropolitan area (~45 km). With a distance of ~400 km to the next coastline, the North and
Baltic Seas, the site may be described as continental with no direct marine influence (Fig. 4.2a and b).
The instruments used in this study sampled from inlets at a height of 6 m (Fig. S9.12) and were housed
in the “Mobile Laboratory” (Drewnick et al., 2012). These included the lodide-ToF-CIMS and an Aerosol
Mass Spectrometer (AMS, Aerodyne Research Inc., USA), as well as an O; monitor (TB205, Monitor 205
Dual Beam Ozone Monitor, 2B Technologies, Inc., USA) and a pyranometer (CMP3 Pyranometer Sen-
sor, Campbell Scientific Inc., UK). The surface area and volume of aerosol particles were calculated
from a merged size distribution from different particle sizers (Fast Mobility Particle Sizer Model 3091,
TSI, Inc., USA and Optical Particle Counter Model 1.109, Grimm Aerosoltechnik GmbH, Germany,
(Pikmann et al., 2024)). Local meteorological information was provided by a meteorological station
(WXT520, Vaisala Oyj, Finland).

The CIMS was connected to the inlet via 6 m of PTFE tubing for which the residence time was ~1 s
(corresponding to a total flow of 32 L min). The CIMS sub-sampled 2 L minfrom this flow. The inlet
line also included a PTFE-particle filter, which was changed after every 20,000 liters of sampled air (Fig.
$9.12). Zero measurements were performed every 8 h for 20 min during the campaign using humidi-
fied N,. The CIMS data were zero-corrected, and the signal at each mass analyzed was normalized to
the sum of the most abundant reagent ions, I and IH,O". Calibration factors were applied, determined
as described in Sect. 4.3.2 (Fig. $9.9).

4.4 Chlorine-containing Compounds and Air Mass Origin

Fig. 4.2 provides a time series of the chlorine-containing trace gases CINO,, CIONO,, HOCI, Cl; and N;Os,
measured by the CIMS, as well as particulate chloride (pCl) as measured by the AMS. Although the
AMS does not efficiently detect pCl from sea salt, it can detect pCl- from, e.g., ammonium chloride.
For this reason, pCl- does not necessarily represent the total amount of particulate chloride present in
the particle phase. Information on airmass origin was gained using HySplit (Stein et al., 2015; Rolph et
al., 2017) with which 48-h backward trajectories ending 30 m above ground level at the measurement
site were calculated.

In the first phase (June 6 to 14), back-trajectories showed that the air passed over the English Channel
and industrialized regions in Belgium and the Netherlands, as well as the German Ruhr metropolitan
area before reaching the measurement site. The transport times were 12 to 36 h for UK and Benelux
and 4 to 6 h for the Ruhr region, respectively. During transport, trajectories rarely exceeded altitudes
of 500 m above mean sea level, indicating that the air was transported within the boundary layer. We
refer to the air masses in this period as having a “marine-anthropogenic” influence as evidenced by
the enhanced levels of pCl and N,Os (Fig. 4.2d).

In contrast, backward trajectories for the period June 16 to 21 indicate that the air sampled during this
period travelled at altitudes > 1000 m above mean sea level for several days before descending close
to the measurement site. The vast majority of these trajectories passed over the relatively sparsely
populated, non-industrialized center of France and rural south-west Germany (Fig. 4.2b and Fig.
$9.13b). We designate these air masses as “continental-unpolluted”. In these air masses, N,Os was
generally below the detection limit and concentrations of pCl- were much lower than those of the other
air masses.

As expected, the mixing ratios of Cl; and CINO, were largest during the “marine-anthropogenic” period,
with CINO, exceeding 70 pptv every night and Cl, exceeding 0.5 pptv every day (Fig. 4.2e). HOCI and
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CIONO; were less abundant than CINO,, with mixing ratios of up to 60 pptv (Fig. 4.2f). During this pe-
riod, mean mixing ratios of 56.2 pptv CINO;, 0.64 pptv Cl,, 41.3 pptv HOCI and 4.8 pptv CIONO; were
observed, whereas during the “continental-unpolluted” period, 2.25 pptv CINO,, 0.17 pptv Cl; and
11.1 pptv HOCl were measured and CIONO; levels were below the detection limit.

Worldwide, the mixing ratios of inorganic chlorine species vary considerably depending on the air
masses sampled and the geographical location. Our CINO; mixing ratios are consistent with those ob-
served at continental sites with similar (indirect) marine-influenced air masses, which show peak CINO,
concentrations of 300—700 pptv (Phillips et al., 2012; Bannan et al., 2015). These mixing ratios are
higher than those measured in maritime air (Faxon et al., 2015; Chen et al., 2025a), which results from
a longer residence time over landmasses with a greater anthropogenic influence, which is crucial for
the formation of CINO, (see Sect. 4.2). Consequently, for highly polluted sites up to 3.5 ppbv of CINO;
have been reported (Tham et al., 2014; Riedel et al., 2014).

During both periods of the BISTUM24 campaign, the Cl, levels were generally low compared to those
reported in other studies, especially those influenced by highly polluted urban regions (Finley and
Saltzman, 2006; Chen et al., 2025a). Measurements of Cl, in the marine boundary layer indicate mixing
ratios varying from ~2 to ~500 pptv, depending heavily on the region (Pszenny et al., 1993; Spicer et
al., 1998; Lawler et al., 2011; Riedel et al., 2014; Chen et al., 2025a). There are no previous reports of
Cl, measurements in lower tropospheric air at rural continental sites with which to compare our data,
and no previous studies reporting lower-tropospheric CIONO, mixing ratios.

Results from our HOCI measurements are broadly consistent with the 2 — 120 pptv HOCI range re-
ported for continental and marine air masses (Lawler et al., 2011; Chen et al., 2025a). The large
variability is related to air mass history, even when only marine regions are considered.

Fig. 4.2 reveals substantial differences in the diel profiles of the trace gases measured. N,Os and CINO;
were observed predominantly at nighttime whereas HOCl and Cl, were observed predominantly during
the day. The absence of N,Os during the day is expected (R2, Sect. 4.2) and, as N,Os is the precursor of
CINO,, the nighttime dominance of the latter is also consistent with present knowledge of its produc-
tion and loss terms (Sect. 4.2). pCl has a less clear day-night variation which is related to the presence
of multiphase equilibria, whereby chloride is present as a dissolved ion in the particle phase or de-
gassed from aerosols as HCI. For the mixing ratios of CIONO,, the two strongest features were observed
after midnight on the nights of 13" and 14" June with strong co-variance with CINO,. This was unex-
pected, as CIONO; is believed to be formed exclusively in the reaction of CIO with NO,, with the CIO-
radical being present at significant levels only during the daytime when photochemically generated Cl
atoms react with Os.

While many studies have reported CINO; and Cl in coastal regions (Osthoff et al., 2008; Kercher et al.,
2009; Priestley et al., 2018; Chen et al., 2025a) or in highly polluted regions where non-marine chloride
sources exist (Mielke et al., 2011; Le Breton et al., 2018; Bannan et al., 2019; Masoud et al., 2023), only
few (Thornton et al., 2010; Phillips et al., 2012; Faxon et al., 2015) have identified reactive chlorine
trace-gases in air masses that may be described both as non-marine (i.e., several hundred km from
coastal regions) and also not impacted by local pollution. Of these, only Phillips et al. (2012) investi-
gated chlorine chemistry in mainland Europe. They argued that, as coarse mode sea-salt particles are
not efficiently transported hundreds of km, the source of particle chloride was HCI that was released
from coarse-mode sea-salt particles close to coastal regions (by, e.g., acid displacement) and subse-
quently transported as gas phase HCl or particulate ammonium chloride. As Phillips et al. (2012) did
not measure other chlorine-containing trace-gases apart from CINO,, they did not consider the poten-
tial role of HOCI, Cl; or CIONO; in, e.g., the production rate of Cl atoms or OH radicals.
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Fig. 4.2: Upper panels: 48 h-backward trajectories indicate that air masses in the period June 6 to 14,
2024 passed over marine and industrialized source regions (a). Between June 16 to 21, 2024 the air
passed over rural, continental regions (b). Lower panel: Time series of irradiance (c), chlorine trace gas
precursor compounds (particulate chloride (pCl") and N,Os, d) and gaseous chlorine-containing species
(e and f) measured during BISTUM24.

4.5 The Diel Cycle of Cl;, HOCI, CINO; and CIONO;

Fig. 4.3 displays the mean, fractional contribution of each individual chlorine-containing trace gas to
the total inorganic chloride mixing ratios during BISTUM24. For the “marine-anthropogenic” influ-
enced phase (a), CINO; is dominant during the night (max. ~70%), with HOCI being dominant during
the day (max. ~¥90%) and CIONO; and Cl, representing only a few percent of overall chlorine-containing
species throughout the diel cycle. During the “continental-unpolluted” phase (b), HOCl is the dominant
chlorine-containing trace gas both day and night, accounting for > 60% during the night and >80% dur-
ing the day. Both CIONO, and Cl, are minor contributors with ~1% each, while the nocturnal CINO,
contribution is relatively low due to N,Os-poor conditions (~30%). The diel profile of CINO, is under-
stood in terms of its generation through multiphase chemistry involving N,Os during the night,
followed by its daytime photolysis to release Cl atoms that (via reactions of HO, and ClO) lead to day-
time HOCI. The significant nighttime contribution of HOCI is likely related to incomplete loss from the
previous day rather than nocturnal formation, for which a non-radical mechanism is unknown. The
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heterogenous loss rate coefficient (knet) for HOCI with respect to uptake on aerosol particles was cal-

culated with Eq. (4.1):

Knet = 0.25 x yx A X Chocl

(4.1)

with the mean molecular velocity cuoc = 34700 cm s, derived from the molecular weight of the gas

species for 298 K, the mean aerosol particle surface during the campaign A = 130 pm? cm™ and the
uptake coefficient y < 2 x 10 that is available for particles with pH = 1 (IUPAC, 2025).
The calculated lifetime of HOCI due to uptake on acidic particles (khet* = 5 days) is much longer than

the lifetime with respect to photolysis (~1 h, Table 4.2). Hence, the observed nighttime HOCI was most

likely generated photochemically the previous day.
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Fig. 4.3: Diel cycle of the fractional contribution of inorganic chlorine species to the total mixing ratio
of the measured inorganic chlorine (excluding HCl). The data are separated into air masses designated
“marine-anthropogenic” (a) and “continental-unpolluted” (b).

Table 4.2: Photolysis rate J and lifetime of photolabile species at noon from (UCAR, 2025).

Species J/s? Lifetime /
min

0s('D) 3.52x10° 473

CINO, 497 x10* 335

CIONO;, 497 x10° 335

Cl, 2.43x10% 6.9

HOCI 2.86x10* 58.3

NO; 2.37x10% 0.7

N,Os 4,78 x 10° 349*

*Thermolabile N,Os forms NO3 during daytime in an equilibrium. Fast photolysis of NOj significantly decreases the N;Os-

lifetime.
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4.5.1 CINO;

In the following, we investigate the formation and loss of CINO, through the diel cycle during the “ma-
rine-anthropogenic” period and highlight the influence of air mass history and vertical mixing on the
CINO; abundance during two individual night-day transitions.

In Fig. 4.4 we present the median, diel cycles of the mixing ratios of CINO,, CIONO; and N,Os over the
entire “marine-anthropogenic” time period. The diel cycle is divided into three phases which represent
() nighttime, when N;Os is present, (ll) the period just after sunrise when N,Os is rapidly depleted and
the mixing ratios of CINO, and CIONO; are either constant or increasing, and phase Il when irradiance
is stronger and CINO; mixing ratios decrease monotonically to zero.

The formation of CINO, depends on the presence of N,Os and pCl” (R1) and thus we expect net-pro-
duction only when N;Os and pCl- are present. The data in phase | and Il from June 10 and 12, 2024
show that this is not always reflected in the CINO; mixing ratios which remain constant or sometimes
even increase during the early morning when N,Os is absent, although the photolytic loss of CINO,
increases with intensifying irradiance. Note that, subsequent to a post-dawn peak, the CINO,; mixing
ratios decrease with a decay constant of 5 x 10 s in accord with Jonoz (Table 4.2).

At the beginning of the night from June 12, from 21:00 to 01:30 (Fig. 4.5a), an approximately linear
increase in CINO, of (19 + 1) pptv h'*was observed. The CINO; production rate can be calculated from
knet, the N2Os mixing ratio and the fraction « of N,Os that forms CINO::

P(CINO2) = [N20s] x & x Knet (4.2)

where knet, was calculated from the uptake coefficient for N,Os to an aqueous surface (y = 0.02; IUPAC,
2025), the aerosol surface area in this period A = 104 um? cm™ and the mean molecular velocity of
N20s cn20s = 27800 cm s, Considering a mean [N2Os] = 18 pptv, and « = 0.8 (given for a 0.22 M chloride
in particles Roberts et al., 2009), a CINO, production rate of 7.7 pptv h'! is obtained. Given the factor 3
uncertainty in y(Bertram and Thornton, 2009; IUPAC, 2025) and the AMS uncertainty in pCl" (and thus;
Zorn et al., 2008), the calculated P(CINO;) is consistent with the observed, net CINO, formation rates.
After 01:30 the CINO,-to-N,Os ratio switches from ~2 to ~6, and the high CINO, levels in the next 4 h
cannot be explained by local production from N,Os. This trend continues in phase Il in Fig. 4.5a, where
an increase in pCl (up to 1 M CI') was accompanied by an increase in CINO; levels although N,Os levels
were close to zero. A similar picture emerges from the data in Fig. 4.5b, in which post-dawn peaks in
CINO; (~55 pptv between 05:00 and 06:00 and ~69 pptv between 08:20 and 09:20) are observed de-
spite the production term (in the absence of N2Os) being zero. In both cases, the in-situ production of
CINO; from N»Os reaction with pCl- can be ruled out and the increase in CINO, after dawn is attributed
to the sampling of air masses in which N,Os had been previously converted to CINO,. This simply re-
flects the fact that CINO; is substantially longer-lived during the day than N,Os as Janoz is much lower
than Jnos (which controls the N,Os lifetime due to its equilibrium with N,Os).

The phase Il, post-dawn peaks in CINO, were found to be enhanced for days when backward trajecto-
ries showed subsiding air masses 1-3 h before the air reached the measurement site (see interquartile
range in Fig. 4.4). The air from higher altitudes entrains Os-rich residual layer air into the nocturnal
boundary layer (Moormann et al., 2025a), which results in enhanced formation of N,Os and thus of
CINO,. Additionally, at dawn when the nocturnal boundary layer dissipates through radiative heating
and convective mixing of air from the residual layer, Os-rich air may be transported to the surface. The
daily development and breakdown of the nocturnal boundary layer can also cause variability in CINO,
levels due to vertical mixing.
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Fig. 4.4: Diel cycle of CINO; (grey) and CIONO; (pink), N2Os (blue) and irradiance (yellow) during the
“marine-anthropogenic” period of the BISTUM24 campaign in local time. Lines represent the median
and the interquartile ranges is given as shaded area.
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Fig. 4.5: Mixing ratios of CINO; (black) and CIONO; (dark blue) and pCI" (as mass (pink) and molar (red)
concentration) through the diel cycle on June 10 (a) and 12 (b), 2025.

4.5.2 CIONO;

While CINO,, has been measured in the lowermost troposphere on many occasions (e.g., Thornton et
al., 2010; Mielke et al., 2011; Phillips et al., 2012; Bannan et al., 2015) the detection of CIONO; during
BISTUM24 was unexpected. Previous studies have demonstrated the potential of using CIMS methods
with SF¢ and I to measure CIONO; as FCINOs™ and ICINOs™ (Marcy et al., 2005; Le Breton et al., 2018)
and airborne SF¢-CIMS measurements have quantified CIONO; in the upper troposphere where its
presence (at levels up to 10 pptv) was explained by the entrainment of stratospheric air (Marcy et al.,
2005).

Our study presents the first quantitative ambient ground-level CIONO, measurements using lodide-
CIMS. As already mentioned, the accepted mechanism for formation of atmospheric CIONO; is RS,
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which requires the presence of ClO and NO,. ClO is a radical that is formed as a result of photochemical
processes and expected to be present predominantly during daytime; we therefore expect reaction R8
to be responsible for the net increase in CIONO; observed during the day (Phase Il in Fig. 4.5). How-
ever, following this line of reasoning CIONO; is not expected to be formed in significant rates during
the night, which we nonetheless observe (Phase | in Fig. 4.5). In the following, we first calculate the
CIONOQ; lifetime and then estimate the production rate that would be required to maintain the ob-
served levels. The photolysis frequency of CIONO, is 4.97 x 10° s}, resulting in a lifetime of ~5-6 h with
respect to this loss process (R13, Table 4.2). The heterogeneous loss frequency of CIONO; was calcu-
lated from Eq. (4.1) with the uptake coefficient on aqueous particles y=0.027 (IUPAC, 2025) and cciono2
= 25590 cm s, Using a campaign mean particle surface area density A of 130 um? cm results in a loss
rate constant of knet= 2.25 x 10572, or a lifetime of ~75 mins. Given this short lifetime with respect to
heterogeneous uptake, CIONO; cannot survive from the previous day and, in the absence of sources,
its mixing ratios should tend to zero in the first hours during the night. In order to explain the observed
mean CIONO; mixing ratio of 4.3 pptv at 05:00 during the night, we require a nocturnal production
rate of ~2.4 x 10* molecules cm? s, which can be equated to P(CIONO3) = knoa+cio x [CIO] x [NO].
Assuming an NO, mixing ratio of 1 - 2 ppbv during the “marine-anthropogenic” period as measured at
a similar site with similar prevailing wind direction (Crowley et al., 2010) and that the sole source of
CIONO; is the reaction between CIO and NO, (with a rate coefficient, knoz+cio, at 298 K and 1 bar of
2.4 x 102 cm® molecule s, IUPAC) we calculate that the CIO concentration necessary to maintain
this level of CIONO; is [CIO] = (2 — 4) x 10° molecules cm3, where the spread in values results from the
range of NO, mixing ratios assumed for the calculation.

A well-known source of gas phase CIO is the reaction between Cl atoms and O3 (R6). Thus, the presence
of nighttime CIONO; would require a reaction that generates either Cl atoms or CIO directly, both in
the absence of sunlight. The conversion of Cl to ClO is directly influenced by O3 levels and competing
Cl reactions with, e.g., hydrocarbons and NOx trace gases. The loss rate constant of Cl through its re-
action with Os is given as kaso0s x [03] = 11.8 s (calculated from the mean average Os concentration
(40 ppbv) and the rate coefficient ko3 = 1.2 x 10! cm?® molecule® s (IUPAC, 2025)).

The first-order loss rate constant of Cl atoms reacting with the most abundant alkanes can be calcu-
lated from kciicha x [CHa] + Kcircone X [CaHe] + kciscans x [C3Hs]. As concentrations of these hydrocarbons
were not measured during the campaign, we use reference mixing ratios of 1.9 ppm CH,4, 0.8 ppbv
C;He, and 0.3 ppbv CsHs that are typical for rural continental conditions and the corresponding rate
coefficients with Cl (Ge et al., 2024; IUPAC, 2025). The calculated total loss rate constant for reaction
with these hydrocarbons is ~6.8 s, with the largest single contributions from methane (4.6 s, i.e.,
~25% of Cl). We acknowledge that loss of Cl atoms due to terpenoids can be significant, however, their
concentration is highly variable (even in rural continental regions) and their contribution is highly un-
certain (considering 1 ppbv terpenoids with kcisoprene = 4.6 x 10*° molecules cm s would result in a
loss rate to terpenoids of ~ 11.2 s (Ragains and Finlayson-Pitts, 1997), i.e., the same as the loss rate
to Os adding a uncertainty factor of 2 to the calculation). Cl atoms react with NO, with a rate coefficient
of 6.7 x 102 cm® molecule™ s (campaign conditions; Burkholder et al., 2020). Assuming (as above)
that NO, mixing ratios were between 1 and 2 ppbv at night results in a Cl atom loss rate constant of
~0.3s™.

Taking together the formation rate of ClO from Cl (11.8 s%) and the loss rates of Cl through other path-
ways (6.8 s* and 0.3 s?), we therefore conclude that approximately 60% of the Cl atoms generated
react to form ClO. We can estimate the production rate of ClO by assuming that its concentration is in
steady state with respect to its gas phase formation and loss processes at night. In the absence of NO,
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the dominant loss process for CIO at night is its reaction with NO,, with a loss rate of 2.4 x 10* mole-
cules cm3 s, Using the 60% CIO yield from Cl, this in turn can be converted into a Cl atom production
rate P(Cl) = knoz+cio X [CIO] x [NO2] / 0.6 = (2.0 — 3.9) x 10* atoms cm3 51,

We now examine potential reactions that, at nighttime, could lead to Cl atom production rates of this
magnitude. The dominant radical at nighttime is often considered to be NOs, which initiates the oxida-
tion of many biogenic hydrocarbons. However, reactions of NOs radicals with sufficiently abundant
(non-radical) chlorine species to generate ClO or Cl atoms are either unknown or expected to be too
slow to contribute significantly. For example, the rate coefficient for the reaction between NO; and
HCI (R14) is < 5 x 10'Y cm® molecule s (IUPAC, 2025), which would result in a maximal Cl atom pro-
duction rate of 1.2 x 102 atoms cm™ s’2, if we assume typical mixing ratios of 100 pptv HCI (Haskins et
al., 2018; Angelucci et al., 2021) and 10 to 40 pptv NOs (Crowley et al., 2010), which is a factor ~350
lower than that required.

HCl + NO3 > Cl + HNO; (R14)

As the reaction between NO; and HCl cannot explain the nighttime production of Cl atoms, we consider
the potential role of OH radicals, which react much more rapidly with HCI (R15, konsha = 7.8 x 1073 cm?3
molecule® s, [JUPAC (2025)).

HCl + OH >Cl + H,0 (R15)

OH radicals are present at night owing to their formation in the ozonolysis of unsaturated hydrocar-
bons (Atkinson et al., 1992; Cox et al., 2020), and their abundance has been the subject of much
research, with concentrations found to be varying between 9.1 x 10* and 7 x 10° molecules cm™ at
night time (Bey et al., 1997; Faloona et al., 2001; Ren et al., 2003; Khan et al., 2008). Due to the absence
of OH measurements during BISTUM24, we assume a nighttime concentration of 1 x 10° molecules
cm3 that was determined in a similar agricultural rural environment (Bey et al., 1997). For the HCI
mixing ratio, we again assume a value of 100 pptv HCI (derived from continental concentrations) and
calculate a Cl production rate of 1.9 x 102 atoms cm™ s, which is a factor 100 - 200 smaller than the
value of (2.0 - 3.9) x 10* atoms cm= st derived above.

The nocturnal ozonolysis of unsaturated hydrocarbons also leads to the formation of Crigee-interme-
diates (Cox et al., 2020; Caravan et al., 2021). Studies of the reaction of HCI with Crigee-intermediates
appears however not to form Cl or ClO but R;R,00CI compounds, where R; and R, are organic groups
(Wang and Lee, 2024).

In addition, we also consider the direct formation of CIO through the reaction of OH with HOCI (R16):

HOCI + OH = CIO + H,0 (R16)

for which the rate coefficient at 298 K is kowstocl = 5.0 x 1023 cm® molecule® s (IUPAC, 2025). Assuming
again an OH concentration of 1.0 x 10°> molecules cm™ during night (Bey et al., 1997) and nocturnal
campaign mean mixing ratio of 50 pptv for HOCI we derive a ClO production rate of 1.2 x 103 CIO cm3
st which is a ten-fold time larger than the rate of formation of Cl from OH + HCI but falls well short of
the value required to explain the observations of nighttime CIONO..

We thus conclude that the presence of CIONO; at nighttime, despite its rapid heterogeneous loss to
particles, cannot be explained by the OH-induced conversion of HCl and HOCI to Cl and ClO, even within
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the major uncertainties related to the estimations of the HCI and OH levels for which measurements
were not available. We note however, that nighttime Cl levels of 2.0 x 10* atoms cm™ have been re-
ported in the urban UK (Khan et al., 2008), although the authors were not able to name a Cl source.
Such levels of Cl result in a ClO production rate of 2.4 x 10° molecules cm st which is a factor 10 larger
than at required to explain our observations.

At this point, we examine the possibility that CIONO; is actually significantly longer lived at night than
so far calculated based on an uptake coefficient of = 0.027 (IUPAC, 2025), which is the result of la-
boratory experiments performed on inorganic aqueous solutions containing sulphate, halides etc. We
now draw analogy to the heterogeneous uptake to aqueous particles of another di-acid anhydride,
N.Os for which y from laboratory studies is also very similar (~0.02, (IUPAC, 2025). In contrast to
CIONO., the tropospheric, multiphase chemistry of N,Os has been the subject of many studies and the
rate of uptake to “real” atmospheric particles that are internal mixtures of organics, sulphates, nitrates
etc. is a strong function of composition, where the presence of organic has been observed to reduce ¥
significantly (Bertram et al., 2009). As the mechanism of uptake of N,Os and CIONO, to aqueous parti-
cles is expected to be similar (both hydrolyze/ionize on/at the surface) it is very possible that yand the
rate of uptake of CIONO; is greatly reduced compared to the values calculated above, and that the
source term required to generate the observed mixing ratios of CIONO; is actually lower. In the ab-
sence of laboratory studies investigating the dependence of y (CIONO;) on e.g., particle organic
content, this remains speculative. In addition, while no appropriate mechanism is known to us, we
cannot rule out alternative (potentially multiphase) routes to CIONO; formation at nighttime may be
more important than the gas phase reaction between CIO and NO,.

However, to illustrate the potential importance of nocturnal Cl production we calculate its effect on
the methane lifetime. Based on the measurement of CIONO,, we derived a nocturnal Cl production
rate of (2.0 - 3.9) x 10* atoms cm™ s! (see above). We can combine this with the fact that ~25% of the
Cl atoms formed will react with CH,4 (see above) to calculate a CH, lifetime of ~45 years with respect to
nocturnal loss via reaction with Cl atoms. Given that the lifetime (i.e., the inverse reaction rate) of the
important climate gas methane is of the order of 10 years (predominantly through reaction with OH)
this translates to a ~15% fractional contribution to the reaction rates, which can be considered signif-
icant. We note that this calculation is based on the assumption that CIONO; is formed solely via gas
phase reaction of CIO and NO,. A heterogeneous process forming CIONO; that does not require the
formation of Cl atoms would have no effect on hydrocarbon oxidation rates. A more rigorous assess-
ment of the global impact of regional chlorine activation, for example regarding the methane lifetime,
requires further related observations, inclusion of realistic chlorine activation scenarios and chlorine
photochemistry in global models.

4.5.3 Formation and diel cycle of Cl, and HOCI

Median diel cycles of HOCI and Cl, are depicted in Fig. 4.6 and show that both have maxima of
60 - 70 pptv in the afternoon, implying that both are largely of photochemical origin. Strong correla-
tions of Cl (r> = 0.88) and HOCI (r? = 0.85) with O3 indicate a photochemical source.

Cl, is known to be formed in the reaction between gaseous chlorine species such as CINO;, CIONO; and
HOCI with pCl in acidified aerosol, which may help to explain the timing of the peak Cl, mixing ratio in
the afternoon (phase Ill) after maximum irradiance (R4, R9, R10, and Oum et al. (1998)). In addition to
the daytime peak, a slight increase in Cl, levels was monitored between 04:00 to 07:00, i.e., between
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Fig. 4.6: The diel cycle shows an increase of HOCI (grey) and Cl, (blue) mixing ratios with higher irradi-
ance (yellow) (a). IHO,CI (pink) is measured during daytime, when Oz mixing ratios (red) are enhanced
(b). Lines represent the median and the interquartile ranges are given as shaded area. The diel cycles
only consider data from the “marine-anthropogenic” period of the BISTUM24 campaign in local time.

phase | and Il. This observation may also be linked to the entrainment of 03/N,Os-rich air from the
residual layer into the nocturnal boundary layer (Sect. 4.5.1) in agreement with Xia et al. (2020), so
that particle chloride can be converted into chlorine-containing gases such as Cl; and CINO.. Cl, is also
formed in other multiphase processes involving chloride and the intermediary of NOs,, O(3P), Fe(lIl)
and TiO; (Li et al., 2020b; Peng et al., 2022; Dalton et al., 2023; Chen et al., 2024; Dai et al., 2025).

For HOCI, the recognized and only atmospherically relevant route to its generation in the gas phase is
through the reaction between two radical species, CIO and HO; (R7) which takes place predominantly
during the daytime when active photochemistry leads to high radical concentrations. The particle
phase hydrolysis of CIONO; (R11) also leads to the formation of HOCI, which can either degas from the
particles or react with particle chloride to form Cl,. As Cl, is weakly soluble, this will likely transfer to
the gas phase where it is rapidly photolyzed (Table 4.2) to reform Cl atoms that, in turn, reform HCI
and the HOCI precursor ClO. As HOCl is also photolabile, its gas phase mixing ratios are determined by
chemical cycles that are strongly dependent on actinic flux and the availability of, e.g., Os.

4.6 Daytime Cl-atom Production Rates

While the OH radical is the primary driver of oxidation of the vast majority of atmospheric trace gases,
the oxidation rates of certain trace gases can be augmented by the presence of Cl atoms. In this sec-
tion, we examine Cl-atom production rates P(Cl) from the photolysis of CINO,, CIONO,, HOCI and Cl,
(R3, R5, R12, R13) over the diel cycle:

P(Cl) = Jano2 [CINO2] + Jeionoz [CIONO2] + 2Jcia [Cl2] + Juoci [HOCI] (4.3)

The photolysis frequencies J of CINO,, CIONO,, HOCI and Cl, were derived for each trace gas through
the diel cycle (data provided by the TUV calculator for cloudless conditions for the BISTUM24 location
(UCAR, 2025)), corrected for reduced irradiance, measured using a local on-site pyranometer. We
recognize that clouds do not impact irradiance in the same way for all wavelengths; however, consid-
ering cloudiness provides a more accurate estimate of real photolysis rates.
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The results of the calculations are summarized in Fig. 4.7 which shows that Cl production follows the
actinic flux, reaching a maximum of (1.0 + 0.47) x 10° atoms cm™ s? in the period where we sampled
“marine-anthropogenic” air. The maximum for “continental-unpolluted” air is a factor ~6 lower
(1.6 £0.7) x 10° atoms cm3sL, The daytime maximum Cl production rates are broadly consistent with
summertime observations from Los Angeles (6.2 x 10°> atoms cm™ s!), Houston (4.7 x 10° atoms cm
s1), Beijing (1.6 x 10° atoms cm? s?) and wintertime Manchester-UK (3.0 x 10° atoms cm~ s1). Note
however, that the values for Houston considered only Cl; and CINO; as Cl sources (Faxon et al., 2015),
while additionally, for Los Angeles HCI + OH contributes significantly (Riedel et al., 2012). In the Beijing-
study a minor role was attributed to HOCI and CIONO; (not quantified and considered in Le Breton et
al. (2018)) and CINO; was considered to be the only Cl sources in marine urban Manchester (Priestley
et al., 2018). The fact that Cl production rates were observed in polluted and marine influenced re-
gions, as well as in rural continental areas (this work) indicates the role of Cl chemistry could be more
widespread than currently assumed.

The fractional contribution of each chlorine-containing trace gas to Cl atom production rates is high-
lighted in Fig. 4.8. HOCI is the major contributor to Cl production from photolysis, accounting in the
morning for 10% for “marine-anthropogenic” air masses and 49% for air masses from “continental-
unpolluted” source regions. After ~ 12:00, the HOCI contribution is in both cases between 70% and
80% (see Fig. 4.8a and b).

Contrary to HOCI, the contribution of CINO, to Cl production decreases from 85% at sunrise (07:00) to
3% after 13:00 if the air masses were transported from the “marine-anthropogenic” source region. The
contribution of CINO; in continental unpolluted air, meanwhile, is significantly lower, ranging from 6%
to 33%. This observation emphasizes the importance of CINO; as a nighttime reservoir species, partic-
ularly for air masses affected by polluted areas.

For air masses with marine-anthropogenic signature, Cl, contributes approximately 5% to Cl produc-
tion rate in the morning hours, increasing to 20% from 13:00 on. Despite its much lower mixing ratios,
after 11:00 the contribution of Cl; is larger than that of CINO,, which is related to the absorption cross
section of Cl; which overlaps much more with the actinic flux (Fig. $S9.15). The contribution of Cl, to Cl
production rates from continental unpolluted air remains around 20% throughout the day.

Low daytime concentrations of maximum 3.3 pptv, coupled with low absorption cross-sections at the
wavelengths of the actinic flux, mean that CIONO; plays a minor role in Cl production. Fig. 4.8a indi-
cates that CIONO; contributes only 0.5% to Cl production, independent of the time of day, which is
consistent with conclusions of Le Breton et al. (2018).

The impact of a summed, maximum daytime Cl production rate of ~1 x 10° atoms cm™ s (at ~14:00
local time) can also be illustrated by estimating its impact on CH,4 oxidation. As discussed in Sect. 4.5.2,
~25% of the Cl atoms generated under these conditions will react with CHas. The CH4 loss due to Cl
during one hour at noon is ~40 pptv. This can be compared to the CH,4 loss in the same period owing
to reaction with OH, which is ~400 pptv, assuming OH concentrations of 1 x 107 molecules cm™ using
1.9 ppmv CH4. While these estimations highlight the potential of Cl compared to OH regarding CH4
oxidation, rigorous assessment of the impact of chlorine chemistry on a long-lived climate gas such as
CH4 requires implementing appropriate chemistry into global chemistry-transport models, which is be-
yond the scope of this manuscript.
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Fig. 4.7: Median production rates of Cl (P(Cl), blue) and OH (P(OH), red) from photolysis and OH-reac-
tion reach a maximum at noon as well as the ratio of the production rates (P(OH)/ P(Cl), black) for the
air masses with marine-anthropogenic (a) and with continental-unpolluted influence (b). The shaded
areas represent interquartile ranges, while the dotted line indicates an equal production of Cl and OH.
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Fig. 4.8: Fractional contribution of various inorganic chlorine species to the diurnal total chlorine pro-
duction rate is displayed for the air masses with marine-anthropogenic (a) and with continental-
unpolluted influence (b).

4.7 Photolysis of HOCI as Source of OH

As shown in Reaction R12, the photolysis of HOCI generates both a Cl atom and an OH radical. In the
following, we compare the rates of formation of OH through the diel cycle airing from HOCI photolysis
with the rate of OH formation from the photolysis of Os in the presence of water-vapor (R19), tradi-
tionally considered the major primary source of atmospheric OH.

03 + hV il 0(1D) + 02
0(*D) + H,0 — 20H

(R19a)
(R19b)
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The primary photochemical production rate of OH from Os, Po3(OH) was calculated from the O; pho-
tolysis frequency Jo(1p) modified using the rate coefficients for the O(*D) reaction with H,0 or quenching
by N, and O, in Eq. (). Rate coefficients k were taken from the IUPAC evaluation (IUPAC, 2025).

Po3(OH) = Jo(ip) [03] x 2koip) + 120 [H20] / (ko(p) + H20 [H20] + kogipy + N2 [H20] + koiny+ 02 [H20])  (4.4)

The diurnal cycle of the Cl and OH production rates during the “marine-anthropogenic” and “continen-
tal-unpolluted” periods (Fig. 4.7) show that for both periods the OH production from O; reaches a
maximum of ~7 x 10® molecules cm3s™* around 13:00. For comparison, the maximum Cl (and thus OH
from photolysis of HOCI) production rate is a factor of seven lower for the “marine-anthropogenic”
case (Fig. 4.7a) and a factor 40 smaller for the “continental-unpolluted” case (Fig. 4.7b). However, in
the early morning, in marine-anthropogenically influenced air the Cl production rate is more rapid than
that of OH, which results from the red-shifted absorption spectra of Cl,, HOCl and CINO, compared to
03 and thus better overlap with the early morning actinic flux (Fig. 4.7a). This is entirely consistent with
the findings of Phillips et al. (2012) at a measurement site 40 km away from our site when marine-
influenced air was encountered. In this early morning period, the generation of Cl atoms results in the
oxidation of hydrocarbons and thus increases the rate of formation of organic peroxyl radicals that
play an important role in daytime, photochemical ozone formation.

Tropospheric OH formation occurs via primary formation from O3 photolysis as well as by recycling
through reaction of HO, with NO and (generally less importantly) the photolysis of peroxides and
HONO (Lelieveld et al., 2004; Chua et al., 2023). HOCl is generally not considered as a potential con-
tributor to OH production due to a lack of HOCI data. However, Fig. 4.9a shows that while OH formation
from photolysis of O3 is dominant, OH formation from HOCI (compare Eq. (4.3)) is still significant at
some times of the day when the actinic flux at the shorter wavelengths needed to photolyze Os is
relatively weak (see Fig. 4.9b). For marine-anthropogenically influenced air masses, the contribution
of HOCI photolysis to OH formation approaches 40% at sunrise and sunset, compared to 8% at noon.
For the “continental-unpolluted” air masses, the contribution of HOCI to OH ranges from 2% at noon
to 17% at sunrise and sunset. This analysis shows that HOCI should be considered as a source of primary
OH formation, especially during the morning and the evening hours.
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Fig. 4.9: The median fraction of primary OH originating from HOCI for both source regions (a). The
actinic flux (yellow), photolysis rates of HOCI (Juoc, green) and Os (Jos(io), grey) were calculated for the

diurnal cycle, using the TUV calculator (UCAR, 2025), and show enhanced HOCI photolysis in the early
morning (b).
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4.8 Conclusion

Several inorganic chlorine species (Cl, HOCI, CINO, and CIONO;) were measured with an lodide-CIMS
at a continental measurement site in rural central Germany, ~400 km from the nearest coastline. The
largest mixing ratios were detected when 48 h-backward trajectories indicated that the air mass had
passed over marine and polluted regions. The dominant chlorine-containing trace gases were CINO;
during the night and early-morning and HOCI throughout the day. A consistent feature of the CINO;
diel profile was an early morning peak, which was associated with vertical mixing. In unpolluted air,
only HOCl and Cl; in reduced amounts were observed.

In air masses with marine-anthropogenic influence we observed not only CINO; but also CIONO; along
with enhanced particulate chlorine during the nighttime. CIONO, was thus observed for the first time
in tropospheric air masses, albeit at low mixing ratios of 2 — 3 pptv. Laboratory experiments helped
rule out that this observation was not an artefact resulting, e.g., from reaction of CINO; with IOx in the
IMR of the instrument. Calculations of the total chlorine production rate from the photolysis of the
observed species reveal values of 1.0 x 10° atoms cm™ s for air masses with marine polluted source
regions, and 1.6 x 10°> atoms cm? s for continental clean ones. Depending on the air mass source
region, CINO; contributed 30-90% to Cl atom production up to three hours after sunrise and 5-10%
throughout the rest of the day. Additionally, throughout the day, HOCI contributed 10-85% to Cl pro-
duction, while Cl; was responsible for 5-20%.

Cl formation contributed significantly to radical generation (and thus oxidation rates) in the early
morning implying significant peroxyl radical and CIO formation rates. The formation of OH radicals
from photolysis of HOCl was compared to that by photolysis of O; and shown to make a significant
contribution for air masses that had passed over maritime and polluted regions before reaching the
site with a maximum contribution of 40% of the total primary OH formation at sunrise and sunset.
Consequentially, we show that N,Os-induced activation of chlorine from its particle reservoir into pho-
tolabile, gas phase forms has repercussions for the lifetimes of many hydrocarbons, highlighting
methane in remote continental areas distant to source regions where it affects local chemical pro-
cesses.
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5 Development and Application of the Measurement Drone FLab

This chapter contains a paper that has been published as
Moormann, L., Béttger, T., Schuhmann, P., Valero, L., Fachinger, F., Drewnick, F.: The Flying Laboratory

FLab: development and application of a UAS to measure aerosol particles and trace gases in the lower
troposphere, Atmos. Meas. Tech., 18, 1441-1459, https://doi.org/10.5194/amt-18-1441-2025, 2025

Contribution to this manuscript by Lasse Moormann:
As the first author of this work, | conceptualized the FLab setup together with the co-authors. Prior to

installation, | calibrated the FLab instruments and conducted all long-term measurements with the
instruments in the FLab, in order to estimate their statistical uncertainty. | then analyzed the data. |
wrote the permission proposal for the aerial deployment of FLab (for the measurement sites in sec-
tions 2.5.2 and 2.5.3). | programmed software to receive and convert data transmitted online to the
FLab ground station, as well as software tools to display measured data online and convert data from
multiple storage locations into a uniform format. | also added several drone-specific diagnostic func-
tions to the PANDA analysis tool (Fachinger and Moormann, 2025), which help to analyze vertical
profiles. During field experiments, | designed flight patterns, organized flights and served as pilot or
co-pilot. | also analyzed all the data from this study, prepared all the figures, and wrote the manuscript,
which was revised with input from all the co-authors.
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5.1 Abstract

Unmanned aircraft systems (UAS) are gradually being established in environmental research to study
boundary layer conditions and phenomena in situ; however, due to payload limitations, UAS can typi-
cally measure only a limited number of atmospheric variables simultaneously. Here we present the
Flying Laboratory (FLab), a hexacopter equipped with six instruments to measure aerosol particles
(particle number concentration and size distribution; PM1/,5 and black carbon mass concentration),
trace gases (CO,, O3), and meteorological variables (temperature, relative humidity, pressure, wind) in
the lower troposphere in real time and with high temporal resolution. The instrumentation has been
selected to provide an overview of relevant variables in urban and semi-urban environments and es-
pecially in the vicinity of aerosol sources. This paper describes the development of the technical setup
of the Flying Laboratory, the characterization of the measurements with respect to horizontal and ver-
tical motion of the UAS, and the optimization of measurement flight patterns. During two field
experiments, FLab was applied to bridge the gap between ground-based and aircraft-based profiling
measurements and to perform hourly vertical profiling flights up to 300 m above a ground-based ref-
erence station for eight hours. These applications demonstrate the capability of FLab to capture the
evolution of the lower convective boundary layer during the day and the vertical particle transport in
the afternoon up to 200 m above ground.

5.2 Introduction

Atmospheric aerosol particles have a profound impact on air quality, human health, and global climate
(Li et al., 2017). However, the tropospheric distribution of aerosol particles is far from being homoge-
neous, with strong gradients in aerosol and trace gas concentrations, especially in the vicinity of
sources. The situation is further complicated by the dynamics of the planetary boundary layer (PBL),
which affects the transport of aerosol particles and trace gases and thus their distribution and concen-
trations (Stull, 1988). Therefore, to fully capture and characterize an emission plume, it must be
analyzed in all three spatial dimensions, especially also vertically. However, even in the absence of
strong sources, PBL dynamics can lead to strong inhomogeneities of pollutant distributions, requiring
a comprehensive, more than one-dimensional approach for their characterization.

For a detailed characterization of the aerosol and trace gas concentrations within the PBL, remote and
in situ methods can be used. Remote sensing methods include the use of lidar and radar, which are
capable of providing vertically resolved information on, for example, aerosol backscatter. However,
these methods are limited by near-field dead zones close to the instrument, leaving the lowermost
part of the atmosphere uncovered. They can be deployed both stationary (ground-based) and on mo-
bile platforms such as aircraft or satellites. While stationary deployment provides detailed information
with high time resolution for a single location, the latter allows a broader view of the troposphere by
capturing larger scale atmospheric phenomena (Hindman et al., 1984; Kotthaus et al., 2023), at the
cost of a more limited temporal resolution. However, all of these remote sensing methods rely on the
propagation of electromagnetic waves, which limits the observable variables to properties related to
the scattering and absorption of these waves (Si et al., 2021).

In contrast, in situ methods involve direct measurements at the location of interest. Ground-based
stationary measurements with high quality instrumentation can provide detailed information about
the temporal evolution of, e.g., pollutant concentrations (Drewnick et al., 2012; Schrod et al., 2020)
with few legal and instrumental restrictions, but only at a single location and without information
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about the horizontal or especially the vertical distribution. This can be overcome by the use of airborne
research platforms such as balloons or aircraft, which can be equipped with in situ measurement in-
struments and perform kilometer-scale flights up deep into the stratosphere (Ouchi et al., 2019;
Mahnke et al., 2021). However, the lower boundary layer in particular is only limitedly accessible by
these means. Unmanned aircraft systems (UAS), with their ability to ascend from the ground to the
upper troposphere, have filled this gap in recent years and can complement networks of ground-based
measurement stations for a three-dimensional view of the lower boundary layer (Falco et al., 2021;
Rabins et al., 2023). In addition to their affordability, an advantage of UAS is their precise maneuvera-
bility, which allows them to perform vertical profiling with minimal horizontal deviation or defined
mapping of targeted areas or volumes.

Depending on the scientific objective, fixed- or rotary-wing UAS are used. Fixed-wing UAS can be used
to probe larger areas with flight distances and altitudes of up to several kilometers for several hours,
but require runways or landing nets and experienced pilots (Roberts et al., 2008; Reuder et al., 2012).
In contrast, rotary-wing UAS are more limited in-flight duration, but can be controlled by less experi-
enced personnel and allow for even more flight patterns, such as hovering. Because of these
advantages, hexacopter and other rotary-wing UAS have recently found many applications in PBL re-
search and are gradually becoming established in tropospheric research (Sziroczak et al., 2022; Hervo
et al., 2023).

Applications include the investigation of turbulent fluxes, boundary layer stability, or condensation
phenomena (Adkins, 2020; Hamilton et al., 2022), but also wind field measurements at wind turbines
(Adkins and Sescu, 2017; Li et al., 2022), or the investigation of wind turbine propeller efficiency deg-
radation due to icing (Gao et al., 2021). Aerosol particle and trace gas sensors are commonly deployed
on UAS for the investigation of particle transport, photochemical processes, or tropospheric dynamics
(Roberts et al., 2008; Miller et al., 2024). In addition to such studies in typically unpolluted environ-
ments, local emission sources are also often investigated, whether natural sources such as coastal
wave breaking or volcanic activity (Brady et al., 2016; Galle et al., 2021; Lappin et al., 2023; Radtke et
al., 2023) or anthropogenic sources such as landfills, refinery platforms, agricultural farms, or other
industrial sites (Golston et al., 2018; Allen et al., 2019; Castro Gamez et al., 2019; Galfalk et al., 2021;
Andersen et al., 2023; Bonne et al., 2024).

A critical limitation for such studies, however, is the limited payload of the UAS, which allows either
very limited information with a single or few high quality instruments (Womack et al., 2022), or the
use of multiple lightweight but lower quality sensors, which can provide data of low and frequently
guestionable quality and often require complex correction procedures (Schuldt et al., 2023). Offline
analyses of aerosol filter samples or, for the gas phase, desorption tubes, Tedlar bags, or Aircore tubes
have also been applied (Andersen et al., 2023; Liang and Shen, 2023; Niedek et al., 2023; Zhu et al.,
2024), but all have the disadvantage of being both time consuming and limited to the investigation of
only a few variables, typically at a very limited number of locations during a single flight. A first ap-
proach to overcome this limitation was presented by Brus et al. (2021a) and Pohorsky et al. (2024),
who developed different modular systems for aerosol particle and gas phase analysis which were
mounted on a rotary-wing UAS or a tethered helikite, respectively. While this is a step towards a more
comprehensive investigation of the troposphere, the simultaneous measurement of a variety of aero-
sol, trace gas, and meteorological variables is crucial for understanding microphysical processes,
especially in the PBL. However, to our knowledge, no UAS capable of providing such a broad overview
has been presented in the literature due to the aforementioned obstacles.
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Here we present the development and application of the hexacopter-based Flying Laboratory (FLab),
which can be used to study aerosol particles, trace gases, and meteorological variables simultaneously
and in real time in the lower boundary layer. The instrumentation was selected to cover relevant vari-
ables commonly used for air pollution studies in semi-urban and urban environments, especially in the
vicinity of aerosol sources, and to mirror key variables simultaneously measured on-board the ground-
based research platform Mola (Mobile Laboratory, Drewnick et al. (2012)).

Section 5.3 describes the technical and instrumental setup of FLab, with emphasis on the arrangement
of the instruments for undisturbed measurements and the electronic setup. In Section 5.4, we analyze
and discuss the uncertainty of the measured variables on board FLab and possible measurement biases
due to the flight motion. Finally, Section 5.5 presents some exemplary research applications that illus-
trate the benefits of hourly vertical profiling measurements and demonstrate how UAS-based
measurements can bridge the gap between ground-based and airborne measurements.

5.3 The Flying Laboratory FLab

5.3.1 Description of the FLab platform

The Flying Laboratory is based on a commercial DJI M600 hexacopter, which has a base weight of 9.1 kg
(including batteries) and is designed to carry a payload of up to 6 kg. In its current configuration, FLab
has a diameter of 1.58 m and a height of 1.86 m. The maximum flight velocity is 18 m s with a maxi-
mum ascent and descent rate of 5 m s and 3 m s, respectively. FLab is capable of operating at
altitudes up to 2500 m AMSL (above mean sea level; higher with an optional high-altitude propeller
set) and at distances up to 5 km; however, in our measurements legal limitations restrict its operation
to altitudes of up to 500 m AGL (above ground level) and horizontally up to distances where the aircraft
is still visible with the bare eye.

The payload consists of instruments for the measurement of aerosol particles, trace gases, and mete-
orological variables, as well as of electronic infrastructure for power supply and data management.
Most of the payload is installed in an aluminum rack mounted under the UAS to keep the center of
gravity of the entire system below the UAS body (Fig. 5.1a). In addition, an anemometer and an optical
particle counter (see Section 5.3.2 for details), two instruments for which undisturbed advection of
ambient air is critical, are located at a distance of 110 cm and 100 cm above the rotor plane, respec-
tively. They are mounted on a frame consisting of two vertical carbon fiber tubes with custom 3D-
printed organic polymer cross connectors to minimize vibration during operation at the lowest possible
weight. In addition to these two instruments, a FLARM transponder (ATOM UAV, FLARM Technology
AG), which is a traffic awareness and collision avoidance system for airborne objects and is quasi-man-
datory in the European Union for the authorization of flights above 120m AGL
(European Parliament and Council, 2019), is also mounted at an elevated position on the frame. This
position was chosen to allow unobstructed radio emission from the device. For nighttime measure-
ments, the frame can be equipped with an LED band for better visibility of the UAS.

The FLab power supply is divided into two completely independent units (Fig. 5.1b). The UAS, including
propulsion, UAS electronics and FLARM, is powered by six intelligent flight batteries (DJI TB47S, LiPo
6S, 99.9 Wh). The FLab payload, including instruments and data acquisition electronics, is powered by
an on-board battery (type: GBA 2.0 Ah, Robert Bosch Power Tools GmbH), or alternatively, between
flights, by the custom-built 18 V ground power unit, to which it can be switched without interruption.
This allows uninterrupted operation of the payload electronics when the on-board battery is changed.
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Fig. 5.1: Photo of FLab with the positions of the measurement instruments and the components of the
electronic infrastructure indicated; see Table 5.1 for an explanation of the acronyms (a). Schematic
layout of the FLab electronics, showing the power supply infrastructure (black arrows) and data man-
agement (red arrows) for different parts of FLab (b).

Both power supplies provide 18 V power to multiple DC/DC converters that generate voltages from
5V to 18 V to supply all instruments as required.

The complete FLab dataset of an aerial mission includes instrument data and system data from the
M600 UAS (Fig. 5.1b). The ozone monitor and the aethalometer store their data in independent inter-
nal memories. In addition, both instruments as well as all the other instruments transmit measurement
data in real-time to Arduino Mega microcontrollers (ATmega 2560). Due to the low processing power
of the Arduino Mega, three microcontrollers are required in the FLab to receive raw data and to pro-
cess the partially large output strings to compact data packages. An Arduino Uno (ATmega, 328P) is
used to store the processed instrument data on a common SD card for all instruments. The data stored
on the on-board SD card are simultaneously transmitted to the ground station via a serial transceiver
module (HM-TRP-RS232 series 100 mW, Shenzhen Hope Microelectronics Co., Ltd., China) and an an-
tenna (DeLOCK ISM 433 MHz, type 88877, Tragant GmbH, Germany) located under the payload rack.
At the ground station, the data is recorded along with the current ground station time. The transmitted
data can be evaluated in real time by a crew member who can alert the pilot about any unexpected
weather conditions or plumes. The M600 UAS stores various technical variables such as orientation,
velocity, GPS location, propeller rotation rate, etc. on an internal storage device. However, this data is
not accessible to the crew during operation and must be downloaded after the flight for further pro-
cessing (Fig. 5.1b).

This results in four data sets: the M600 UAS data set, two instrument data sets (stored individually and
on the common SD card), and the data received from the ground station. All of these are merged into
a single common data set by aligning them to the reference time stamps, namely those of the ground
station. To do this, they are correlated with varying time shifts to the corresponding ground reference
time series until the Pearson correlation coefficient is at its maximum (typically very close to 1). To
align the M600 UAS data, the altitude data from the M600 UAS are correlated with the pressure data
recorded by the FLab anemometer to correct for any time shift between the data sets.

5.3.2 Instrumentation

The instruments installed on board FLab were selected to cover the most relevant measurable quanti-
ties for a robust investigation of anthropogenic emission plumes and boundary layer dynamics.
Therefore, we chose instruments for the following variables: particle number concentration (particle
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diameter d, > 10 nm), particle size distribution (optical diameter: 0.35 um < dop: < 40 um; also used to
determine particulate mass concentrations up to 1 um and 2.5 um particle diameter, i.e., PM; and
PM;), black carbon mass concentration, O3 and CO; volume mixing ratios, and meteorological varia-
bles (wind direction and speed, temperature, pressure, relative humidity). The DJI M600 can carry a
maximum payload of 6 kg, which must include the instruments, but also the power supply, data acqui-
sition electronics, and mechanical installation. Considering this limitation, the instruments had to
combine aspects such as low weight and compact size with high data quality and robustness as well as
high time resolution of the measurements, resulting in the FLab setup as presented in Table 5.1.
Several instruments have been modified to meet the requirements of on-board FLab operation. All
instruments with R$232 interface (CO, monitor (CBO), condensation particle counter (CPC), O; monitor
(OZN)) and instruments with various serial interfaces (anemometer (ANE), aethalometer (AET) and op-
tical particle counter (OPC)) required modifications to convert the output to 5V TTL (Transistor-
Transistor Logic) level, which is read by the microcontroller. From the CBO, CPC, and OZN, the housing
was removed from the factory version of the instrument to reduce weight, while the AET and OPC have
increased weight due to modifications to their inlet system (see Table 5.1). On the bottom side of the
ANE, 1 cm? of the housing and a membrane (which protects the ANE electronics from condensation
during extreme humidity changes) were removed to reduce the humidity sensor measurement delay.
The downward-facing opening in the housing allows for rapid air exchange at the humidity sensor while
the sensor is shielded from direct solar radiation, minimizing the effect of solar heating on the humidity
measurement. The temperature is determined from relative humidity and speed of sound and conse-
guently not strongly affected by solar heating. Without the membrane, the ANE relative humidity and
temperature data were in best agreement with the reference instrument; therefore, we relied on the
ANE rather than the CBO or OPC (see Table 5.1) for both variables in all further analyses. The CBO
required additional adjustments for in-flight operation: a filter cage was removed from the optics to
allow faster adjustment of the measurement volume to ambient CO; levels, and the in-flight data from
this instrument is pressure and temperature corrected using formulae provided by the manufacturer.
The CPC and OZN did not require adjustments for in-flight operation other than calibration. This is
because concentrations of small particles (which dominate the CPC measurements) and gases quickly
equilibrate around the FLab instrument cage due to the turbulent air motion, induced by the down-
wash. Since sampling and transport losses (other than diffusion) are negligible for both variables, short
inlet lines to the side of the instrument cage provide representative sampling and reliable sample
transport to the instruments. A short sampling delay of 2 s (derived theoretically for the design of the
inlet system and experimentally validated) was found for the CPC and corrected accordingly in the data
analysis. For the AET, a laminar inlet flow of 170 cm® min is passed through a 30 mm long inlet tube
with an inner diameter of 3.3 mm. The AET measures in dual-spot or single-spot mode (referring to the
number of spots analyzed simultaneously). The dual-spot mode compensates for mass loading effects
on the filter on which black carbon is collected, while the single-spot mode has a 30% higher sample
flow rate and therefore reduced noise (Drinovec et al., 2015).

We tested both modes for our application (see Section 5.5). Transport losses and sampling delays can
be neglected for all instruments as no long sampling tubes were used and all corresponding sampling
delays are well below the 1 s temporal resolution of the data acquisition.

The installation positions of the instruments were based on the individual requirements of the respec-
tive measurements. For the anemometer and the OPC (which also measures particles with dopt > 1 pm),
a mounting position was chosen that is as little affected as possible by the downwash from the UAS
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Table 5.1: FLab instrumentation.

) Installation
Acro- . Time res- . .
Instrument Measured quantity ) weight (previous
nym olution _ .
if modified)
AET?® Aethalometer Black carbon mass concen- 2s 425 g (420 g)
tration
ANE ® Anemometer Horizontal wind speed and 1s* 60g
direction; temperature; rela-
tive humidity; pressure
CBO® Carbon dioxide Mixing ratio of CO,; temper- 2 s** 320g(360¢g)
monitor ature
cpcd Condensation parti- particle number concentra- 1s 810 g (1.7 kg)
cle counter tion
OPC® Optical particle particle size distribution 1s 240 g*** (105 g)
counter based on optical diameter;
temperature; relative humid-
ity
OZNf Ozone monitor Mixing ratio of O 2s 1.16 kg (2.6 kg)
DJI & UAS: DJI Matrice 3D orientation; 3D flightve- <15 9.1 kg (with bat-

600 (M600) locity; GPS position; wind tery set)

speed and direction; altitude
based on pressure level and

GPS; propeller rotation rate;
various internal data

a microAeth® MA200, AethLabs, USA.® TriSonica™ Mini, Anemoment LLC, USA. < CARBOCAP® Carbon Dioxide Probe GMP343,
Vaisala Ojy, Finland. 9 Condensation Particle Counter Model 3007, TSI, Inc., USA. ¢ OPC-N3, Alphasense AMETEK®, United
Kingdom. f Model 205 Dual Beam Ozone Monitor, 2B Technologies, Inc., USA. 8 Matrice 600, SZ DJI Technology Co., Ltd., China.
*internal sampling frequency of 40 Hz, but output frequency of 1 Hz. **data output is at 1 Hz, but new data points are meas-
ured with 0.5 Hz.

***final installation weight including external pump.

propellers (see Sections 5.3.2.1 and 5.3.2.2). The measurements with the gas sensors and of the sub-
micron particles (CPC and AET) are not strongly affected by the wind from the propellers. Therefore,
these instruments, as well as the power supply and data acquisition electronics, were installed below
the body of the UAS (the CBO directly on top of the body) to counterbalance the anemometer/OPC
frame and to keep the center of gravity of the FLab as low and centered as possible.

5.3.2.1 Wind measurements on board FLab

Wind speed and direction measurements aboard a UAS are always a measurement of the wind relative
to the platform. To obtain absolute values, this data must be combined with GPS velocity data from
the UAS. There are several ways to determine the relative wind on board a multicopter, including in-
stalling anemometers on the UAS for a direct measurement, or estimating wind speed based on the
pitch angle and power consumption of the UAS propellers. The pitch angle method is accurate, but it
requires extensive study of the flight behavior of the UAS used, which can change with changes in its
weight or center of mass (Wildmann and Wetz, 2022). Thus, while the M600 UAS control software
provides absolute wind velocity and direction data based on this method (Mathes, 2023), these values
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Fig. 5.2: Difference in wind velocities measured by MoLa and UAS anemometers at maximum (blue)
and zero rotor speed (red), for different UAS anemometer mounting positions. The downwash-related
bias was constant when the anemometer was mounted at least 110 cm above the rotor plane (green);
the data are consistent with a dead volume below 60 cm (yellow). Error bars are calculated from the
standard errors of the MolLa-/UAS-based measurements using Gaussian error propagation.

must be used with caution, as the flight behavior of the UAS may have changed due to the attachment
of the payload, resulting in potentially biased calculations. Therefore, an anemometer was installed to
directly measure the relative wind.

Multicopters perturb the surrounding wind field by aspiration of air from above and sidelong the ro-
tors, creating a strong downwash below the UAS. External anemometers are typically installed on the
aspiration side at some distance from the rotors to minimize the air perturbations produced by the
propellers (Adkins, 2020; Thielicke et al., 2021). The intensity and extent of the perturbed wind field
varies with the distance from the rotors and the number and size of the rotors. Therefore, the per-
turbed wind field needs to be investigated individually for each UAS (Abichandani et al., 2020).

In order to investigate the influence of the UAS propeller operation on the measured ambient wind
speed at different mounting positions of the anemometer above the UAS propeller plane, experiments
with a fixed UAS were performed. For this, it had to be taken into account that the near-ground oper-
ation of a multicopter results in a highly disturbed wind field around the aircraft. For a JFO1-10 crop
protection UAS of comparable size, it was found that the wind field perturbation was no longer dis-
turbed by the ground when operating at an altitude of at least 3 m above the ground (Zheng et al.,,
2018). Therefore, we mounted the M600 UAS on a forklift at a height of about 5 m above ground and
placed it 5 m away from a reference 2D ultrasonic anemometer (WTX520, Vaisala Ojy) mounted on the
Mobile Laboratory (Mola, Drewnick et al., 2012) at the same height. The UAS anemometer was in-
stalled at heights ranging from 50 cm to 150 cm above the UAS propeller plane and was always kept
at the same height as the reference anemometer. Three measurements were performed under ambi-
ent conditions for 2 minutes each: twice with the propellers turned off and once at the maximum
rotation rate. During the measurement period, the absolute wind speed measured with the reference
anemometer ranged from 1.4 m s to 4.0 m s}, and the wind direction varied within a range of 132°,
No disturbance of the wind measured by the reference anemometer was found when the UAS was
turned on.

For each anemometer position, the difference between the averaged wind speeds measured on the
UAS and on Mola was calculated for both measurement situations, i.e., with the propellers operating
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and with the propellers turned off. If there is no difference in wind speeds, it indicates 100% agreement
between the FLab and Mola anemometers. In this experiment, the propellers were operated at full
speed to determine the maximum spatial extent and maximum influence of the downwash, which
depends on the propeller’s load and therefore may be smaller in-flight depending on the respective
flight maneuver and wind conditions. The results without rotating propellers were used to ensure the
comparability of the measurements with the respective instruments when the wind field was not dis-
turbed by the UAS. Fig. 5.2 shows that without rotating propellers there is reasonable agreement
between the UAS anemometer and the Mola instrument for all anemometer positions (red markers).
Under normal flight conditions, i.e., with the propellers rotating at full speed (blue markers), the largest
difference between the UAS and the reference anemometers is found for the mounting position 60 cm
above the propeller plane. At lower mounting heights of the anemometer, a decreasing perturbation
of the wind field is observed, consistent with a dead volume close to the rotor plane, which has been
proposed as a possible mounting position for hover flights (Li et al., 2023b). Since horizontal movement
of the UAS would drag the dead volume into an already disturbed regime, this mounting position is
not suitable for general flight operations. For mounting positions more than 60 cm above the propeller
plane, the wind difference between the FLab and Mola decreases with increasing distance from the
rotor plane and stabilizes at a distance of about 110 cm. Since the position of the anemometer should
be as close as possible to the UAS body in order to minimize the weight of the tube for the mounting
frame and the leverage in case of strong gusts, the ideal height for mounting the anemometer is
110 cm above the rotor plane. The anemometer mount has a vibration frequency of 10 + 1 Hz with a
maximum amplitude of 2 cm, as determined during the flights using video graphical analysis. There-
fore, for the 1-second anemometer data, the effects of the setup vibration on the wind measurement
largely cancel out, resulting in a potential bias of less than 0.02 m s, well within the instrument’s
uncertainty of 0.1 m s* given by the manufacturer (Anemoment, 2021). According to the manufac-
turer, the anemometer is capable of measuring 3D wind up to angles of incidence of 15°, and in our
characterization measurements (Section 5.4.2), we do not observe any significant influence of the hor-
izontal flight velocity (up to 15 m s, which relates to a maximum tilt angle of 11°) on determined wind
speed. However, it cannot be ruled out that the anemometer may still be affected by wind distortion
caused by the UAS in situations with a very high pitch angle, such as when the UAS is flying into strong
winds. The anemometer wind data were transformed from the body-fixed reference system via yaw,
pitch, and roll angles to the terrestrial reference system using 3D rotation matrices and converted to
absolute (above ground) velocities using the flight velocity recorded by the UAS (Thielicke et al., 2021).

5.3.2.2 OPC sampling inlet optimization

The optical particle counter (OPC) measures particles larger than 350 nm in optical diameter. To mini-
mize sampling bias of aerosol particles into the instrument due to the strong airflow caused by the
propellers, we mounted the OPC approximately 100 cm above the rotor plane with the inlet pointing
upwards and no inlet tube attached. In this mounting position, directly below the anemometer (see
Section 5.3.2.1), the perturbation of the ambient wind field by the UAS propellers is very small, result-
ing in @ minimal influence on the sampling efficiency. Since no inlet tube is used, transport losses to
the instrument can be neglected in the very short and vertically oriented inlet of the OPC.

In the original configuration of the instrument, the sample flow of the OPC is generated by a low-power
fan and is determined by the particle time-of-flight through the measurement volume (Alphasense,
2019). During the first test flights of FLab, we observed a strong dependence of the OPC sample flow
rate on the UAS vertical velocity (Fig. $9.16a, red markers). To reduce the influence of the vertical
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velocity of the UAS on the OPC sample flow, we installed plates above the inlet and below the outlet
of the OPC to shield the sample flow from the vertical motion of the ambient air (Fig. $9.16b). The
effect of the plates was evaluated for different plate distances from the OPC between 3 mm and 25 mm
with test flights at different vertical velocities (Fig. $9.16a, blue markers).

The most stable setup in terms of flow dependence on vertical UAS velocity was found for the config-
uration with a distance of 10 mm from the front plate to the inlet and 9.5 mm from the outlet of the
OPC to the outlet plate (Fig. $9.16a), but some dependence of the sample flow on the flight velocity
remained. Other groups have demonstrated for a similar OPC setup that an external pump stabilizes
the flow and allows for a more constant particle throughput without compromising instrument perfor-
mance (Bezantakos and Biskos, 2022). To further stabilize the sample flow, we replaced the low-power
fan with an external pump (G 6/02 EB rotary vane pump, Metzger Technik GmbH) and sealed leaks in
the OPC housing near the data output cables that would otherwise reduce the sample flow (Fig.
S9.16¢). Fig. S9.16a (black markers) confirms that the sample flow in this setup appears to be inde-
pendent of vertical velocity, but is slightly reduced compared to the fan-driven setup.

Previous studies for the similarly constructed OPC-N2 (Alphasense AMETEK") found no dependence of
the measurement results on temperature > 5 °C and pressure > 700 mbar (Bezantakos et al., 2018),
where our measurements also took place. Therefore, no temperature or pressure correction was ap-
plied to the data, while hygroscopic particle growth was corrected according to the Kéhler theory using
the meteorological data from the anemometer and an assumed Kéhler k of 0.3 for particles in conti-
nental regions (Andreae and Rosenfeld, 2008).

5.4 Characterization of FLab Performance

A series of dedicated experiments were performed with FLab to evaluate its performance in terms of
time resolution and under vertical and horizontal motion.

Ground-based measurements over an extended time interval (several days) were performed at the
Max Planck Institute for Chemistry in Mainz (semi-urban environment) to determine the uncertainty
of the data from each instrument for different averaging intervals and thus the achievable temporal
and spatial resolution (Section 5.4.1).

In-flight experiments were performed at a rural site in a wine-growing area near Ockenheim, Rhine-
land-Palatinate, Germany (Sections 5.4.2 and 5.4.3). At this site, a rather homogeneously mixed
aerosol is expected due to the distance to the residential areas of Ockenheim (550 m to the east) and
Kempten (1.1 km to the north) and to major roads, especially a highway at a distance of 900 m in the
northwest-west direction (Fig. $9.17). Horizontal-only and vertical-only characterization flights were
performed on 26 March and 10 April 2024, respectively, under sunny and cloudy conditions (Table
5.2). During the experiments, the weather station and corresponding Mola trace gas and aerosol
measurements (Table $9.7) with a sampling height of 6 m AGL served as reference for the FLab data.
As mentioned above, the measurement site for the in-flight characterization was chosen to be far
enough away from any local sources to allow experiments to be conducted under homogeneous con-
ditions. Since the AET was designed specifically for black carbon plume detection, this had the
disadvantage that the measured black carbon mass concentrations were close to the detection limit
during all flights. AET determines the black carbon mass concentration from the attenuation at five
different wavelengths, with the lowest wavelength (370 nm) having the lowest noise level. Therefore,
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Table 5.2: Flight patterns of the characterization flights.

Date and local

Flight
Flight take-off time, g . . _—
. dura- Flight pattern Flight velocities
number weather condi- )
) tion
tion
F1 26 March 2024 14 min  Horizontal (20 legsat6 mAGL, Oms% 2ms? 4ms?,
at 15:34, sunny 56s + 100 m from take-off siteto- 6ms?, 8ms? 10ms?
wards north/south)
F2 26 March 2024 14 min  Horizontal (19 legsat6 mAGL, Oms} 2ms? 4ms?,
at 16:21, sunny 18s + 100 m from take-off siteto- 6ms?t, 8ms? 10ms?,
wards north/south) 15mst
F3 26 March 2024 14 min  Horizontal (19 legsat6 mAGL, Oms?% 2ms? 4ms?,
at 16:45, sunny 37s + 100 m from take-off siteto- 6ms?t, 8ms? 10ms?,
wards north/south) 15mst
F4** 10 April 2024 at 14 min  Vertical (7 legs from 6 m to Omstimst2ms?,
13:20, cloudy 31s 120 m AGL and back, hovering 3 ms?
for 5sin 6 mand 120 m AGL)
F5 10 April 2024 at 14 min  Vertical (6 legs from 6 m to Omstimst2ms?,
13:42, cloudy 18s 120 m AGL and back, hovering 3 ms?
for 5sin 6 mand 120 m AGL)
F6 10 April 2024 at 13 min  Vertical (6 legs from 6 m to Omstimst2ms?,
14:02, cloudy 55s 120 m AGL and back, hovering 3 ms?

for 5sin 6 mand 120 m AGL)

*0 m s'1correspond to hover flights at the turning points between the horizontal/vertical legs.
**the last ascent was performed up to 60 m AGL due to low battery capacity.

in the analysis (Sections 5.4 and 5.5), we only considered the concentration of light-absorbing species
determined from the 370 nm measurement, noting that black carbon concentrations are typically de-
termined with wavelengths from the infrared spectrum (Pikridas et al., 2019).

wavelengths, with the lowest wavelength (370 nm) having the lowest noise level. Therefore, in the
analysis (Sections 5.4 and 5.5), we only considered the concentration of light-absorbing species deter-
mined from the 370 nm measurement, noting that black carbon concentrations are typically
determined with wavelengths from the infrared spectrum (Pikridas et al., 2019).

Two different types of wind data were collected with FLab: in addition to the anemometer (ANE), the
on-board computer of the UAS collects wind data determined from the pitch angle and rotor speed
(DJI; see also Sections 5.3.2.1).

5.4.1 Instrumental time resolution and uncertainty

The operation of instruments onboard mobile platforms always requires a trade-off between extend-
ing the averaging times of the instruments to minimize the uncertainty of the data and reducing the
averaging times to improve the temporal resolution and hence the spatial resolution of the data. This
problem is aggravated in UAS measurements because the total sampling time during a single UAS flight
is typically very limited by battery capacity (12-16 minutes in our case), and at the same time meas-
urements over extended spatial distances with good spatial resolution are desired. In order to find a
compromise that meets our measurement needs, we determined the dependence of the individual
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instrumental uncertainties on the duration of the averaging intervals in dedicated laboratory experi-
ments.

In order to quantify the uncertainty for each variable as a function of sampling and averaging time,
ground-based measurements of ambient air were performed with the FLab instruments for several
hours up to several days (see description at beginning of Section 5.4). During this period, local emis-
sions and diurnal cycles caused a changing intensity of the measured variables. To separate the
statistical noise in the time series from the influence of the signal's trends over time, we calculated the
Allan variance. The Allan variance is the statistical variance of the differences between adjacent data
points as a function of the averaging time. When plotting the Allan variance versus the corresponding
averaging times (Allan variance plot, e.g., Fig. $9.18), typically a decrease of the Allan variance with
increasing averaging time is observed due to decreasing influence of statistical noise. At some point,
the Allan variance reaches a minimum and thereafter starts to increase again. This is when the influ-
ence of temporal trends becomes more important than statistical differences between adjacent data
points. The minimum in the Allan plot separates averaging times where statistical noise dominates
from those where temporal trends dominate the variability in adjacent data points (Werle et al., 1993).
Depending on the observed variable, we found the minimum Allan variance between 80 s and 100 s
averaging time for our instruments (Fig. $9.18). Therefore, to estimate the statistical uncertainty of the
measured variables, strictly speaking, only periods up to 100 s can be considered trendless. The raw
data (with temporal resolution according to Table 5.1) were averaged in increments according to the
respective sampling times of interest (ranging from 2 s to 100 s). The relative standard deviations (RSD)
of the data averaged in this way were calculated using a sliding window approach for a window size of
600 s. The window size was extended beyond the 100 s range (the maximum trendless averaging time
according to the Allan variance analysis) in order to be able to calculate relative uncertainties for av-
eraging intervals up to 100 s with at least 6 values in each RSD calculation. Calculations with window
sizes of 100 s and 600 s showed for averaging times up to 20 s that this increase in window size leads
to small relative increases (0.1% to 13% of the respective values for the shorter window size) in the
RSD obtained for most variables and instruments, with the exception of CPC (+40%) and pressure
measurement (+95%), two variables that have low to extremely low relative uncertainties (see Fig.
5.3). Finally, from these RSDs, the median was calculated for each target averaging time to eliminate
outliers due to short-term events in the data and to minimize the influence of trends in the concentra-
tion time series.

Fig. 5.3 shows that the RSD decreases with increasing averaging time for all instruments. The magni-
tude of the RSD is strongly dependent on the measured quantity and the individual instrument. If
purely statistical effects cause the RSD, it should decrease with increasing averaging time t with t°°
(slope of the dotted line in Fig. 5.3).

Instruments that measure particle mass concentrations, such as the AET and the OPC, where the out-
put is based on the measurement of a relatively small number of particles per unit time, should follow
this 95 statistical dependence. While this is approximately the case for the OPC, a steeper decrease in
RSD was found for the AET for averaging times between 10 s and 100 s. We suspect that this is due to
the internal processing of the raw data by this instrument and possibly to the fact that condensation
and evaporation effects on the filters increasingly cancel each other out with longer averaging times.
For instruments where counting statistics are not critical to instrument performance, such as the CPC
(where large numbers of particles are measured in short time intervals), the O; or CO> monitor (which
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Fig. 5.3: Statistical uncertainty (relative standard deviation) of the measured quantities onboard FLab
as a function of averaging time. Same colors correspond to the same instruments that recorded the
data. The markers show the median over the time series and the shaded area shows the corresponding
interquartile range.

measure a quasi-continuum of molecules), a smaller slope in the RSD-t dependence is observed. This
is due to the fact that for these instruments the precision is determined by a combination of other
influences such as electronic noise or measurement cycles. For the CO; instrument and the CPC, aver-
aging times above 40 s and 80 s, respectively, do not lead to a further reduction in uncertainty.

To calculate the statistical uncertainty as a function of the selected averaging time, we found that Hill
equations were best suited to parameterize the results of our measurements. The Hill equations were
fitted to the RSD of all studied variables for averaging times between 2 s and 100 s. The coefficients of
the corresponding Hill equations are listed in Table S9.8.

Since the most suitable averaging time depends on the scientific goal and which levels of uncertainties
are acceptable, as well as on desired flight pattern and atmospheric conditions, no general recommen-
dation can be given. Nevertheless, this study can help to estimate expected uncertainties and herewith
support mission planning. From Fig. 5.3 we found that averaging times of more than 10 s correspond
to a statistical uncertainty of 0.1% to 20% for most variables and up to 100% for black carbon, while
for 30 s averaging times 0.07% to 10% and 50%, respectively, were determined. This means that for
vertical profile measurements, a resolution of height bins in the order of a few tenths of meters can
be achieved with reasonable measurement uncertainty, depending on the vertical flight velocity.

5.4.2 Influence of horizontal motion

In order to determine whether the horizontal motion of the UAS affects the measurement on board
FLab, we performed three dedicated experiments with horizontal flights (F1 to F3, Table 5.2), all at
6 m AGL. Each flight consisted of several round trips from the start position to 100 m north, back past
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the start position until the UAS was 100 m south of the start point, and finally back to the initial start
position. Each of these flight patterns was executed at a pre-programmed horizontal velocity, which
was kept constant over the entire distance. During each flight, several patterns were completed at
different velocities, as listed in Table 5.2.

As shown in Fig. $9.19, during flight F1 at 15:44 LT (local time) a 40° change in wind direction occurred,
which was associated with a change in several variables such as CO; volume mixing ratio, CPC PNC
(particle number concentration), relative humidity and temperature. In contrast, conditions were sta-
ble during F2 and F3. Nevertheless, all flights are used to assess the effect of horizontal motion on
instrument performance.

For each flight, the collected data from all instruments were binned in two different ways, after veri-
fying that the flight direction did not affect the measured quantities. By binning the data for all
horizontal velocities in 20-m increments as a function of the horizontal flight distance from the start
position it is possible to investigate potential small scale inhomogeneities at the measurement site.
For this purpose, the mean and standard error of all data were calculated for the respective bins and
demonstrate that within a range of 200 m gradients and structures of, e.g., temperature, wind speed
and CPC PNC (Fig. $9.20) can be resolved. These structures may be due to the sloping topography or
to local emission sources such as the Mola exhaust, which polluted the flight path from -30to O m in
the case of easterly winds. Fig. $9.20h and Fig. $9.21 highlight the Flab’s capability of resolving such
small-scale inhomogeneities like the Mola exhaust plume on a 1-second-time scale within a few tens
of meters and independent of horizontal flight velocity, resulting in enhanced CPC PNC in the averaged
horizontal flight tracks in this example.

In order to investigate potential effects of flight velocity on the measurements, the acquired FLab data
need to be corrected for variations that do not originate from flight velocity influences but from tem-
poral and spatial trends in the probed air. First, the time series of each variable of the FLab data were
corrected for temporal variations in the reference data (measured by Mola; these data were smoothed
by calculating the 15 s rolling mean in order to minimize noise). The temporal correction is done by
multiplication of each FLab data point with the ratio of the respective data point in the 15 s rolling
mean time series of the MolLa data to the first data point in this time series. For this we assume that
temporal variations are the same at all measurement locations due to the (assumed) homogeneous
atmospheric distribution over this range. Second, a correction for the average spatial structure (i.e.,
average horizontal trend or, as in Section 5.4.3, vertical profile) was applied to the FLab data for each
variable. For this purpose, average horizontal or vertical profiles (20 m, respectively 10 m bin size) were
calculated from the FLab time series after correcting them for the temporal trends (see Fig. S9.22b).
Then, the data in the FLab time series were corrected for this average spatial distribution by multipli-
cation of each data point with the ratio of the value in the average profile for the respective position
to that for the reference position (i.e., the 0 m mark; Fig. $S9.22c). Finally, the thusly corrected FLab
data were rebinned according to flight velocity by calculating for each variable the mean over all flights
and all positions at a given velocity (Fig. $9.22f). Combined uncertainties from temporal and spatial
correction, individual instruments, and flight-to-flight variability were estimated and are shown as er-
ror ranges in the respective figures. Fig. 5.4 and Fig. $9.23 show the resulting dependence of different
variables on flight velocity and apparent wind speed, respectively. The apparent wind speed is calcu-
lated by adding the vectors of flight velocity and ambient (horizontal) wind. Most variables are either
not affected by high flight velocities, such as black carbon mass concentration, CO,, Os, and relative
humidity, or, like the CPC, show an insignificant deviation of 1%, well within its uncertainty. However,
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Fig. 5.4: The variables CO; (a) and particle number concentration (PNC) measured with the CPC (b)
show no significant dependence on horizontal flight velocity, while pressure (c) and OPC PNC (d) de-
crease with increasing flight velocity. The ANE wind speed (e, red) and black carbon (f) appear to be
completely unaffected, while the wind speed measured by the M600 UAS itself (e, blue) shows an
irregular but significant trend. The shaded areas represent the errors calculated as described in Sec-
tion 5.4.2. The lines between the markers are for orientation only and are not intended to indicate a
relationship.

the particle number concentration measured with the OPC decreases significantly at flight velocities
>6 m s, consistent with apparent, though insignificant, trends in PM; and PM,s. Here, the vertical
inlet may lead to inefficient sampling at high horizontal aspiration velocities, which could potentially
be corrected if necessary, e.g., under very windy conditions (Brockmann, 2011), which is possible due
to small trend uncertainties. Also, the measured pressure decreases with increasing flight velocity,
probably due to the Bernoulli effect; the measurement at (nominally) 0 m s may be slightly affected
by the apparent wind from the UAS rotation at the end of each flight lag, causing the slight pressure
drop. The temperature in the ANE is calculated from the speed of sound and therefore relies on the
measured pressure, causing a similar trend (Fig. S9.23e); however, both trends are negligible compared
to the measurement uncertainties provided by the manufacturer. The ambient wind speed derived
from the ANE does not appear to be significantly affected by relative winds up to 15 m s, In contrast,
the wind speed received from the M600 UAS, which is based on the GPS position and the rotors thrust
force, overestimates the wind speed and appears less reliable (Fig. 5.4e). The attached payload could
cause a miscalculation of the wind speed by the M600 on-board computer, which bases its calculations
on the nominal flight behavior of the (payload-free) M600.

The results show that horizontal flight (or relative wind) velocities up to 15 m s do not relevantly
affect most variables, except for those of the OPC, whose sampling efficiency is apparently reduced at
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wind speeds > 6 m s%; the internal wind measurement of the M600 seems unreliable with the payload
attached. Uncertainties may be due to binning, acceleration and deceleration effects, but also to the
normalization to the Mola time series, which is measured at a distance of up to 130 m and may differ
from the FLab data due to spatial inhomogeneity.

5.4.3 Influence of vertical motion

The effect of the vertical velocity of the UAS on the measurements was investigated analogously to
the horizontal flights. For this purpose, we performed three flights, F4 to F6, consisting of several ver-
tical profiles up to 120 m AGL with pre-programmed velocities (Table 5.2). All flights were performed
under similar meteorological conditions with no apparent change in air mass (Fig. S9.24), except that
the wind direction changed from east to north before flight F5 and back again after F5, but was stable
during F5. Due to the change in wind direction, plumes of CO; and small particles were detected at
ground level and with Mola during this flight because the MolLa exhaust was partially sampled.
Following the approach for the horizontal flights, the FLab data of all instruments for each flight were
binned in two different ways: with respect to altitude and with respect to vertical velocity, respectively.
Binning with respect to altitude results in vertical profiles that contain the average of all measured
data, independent of vertical velocity, for each 10 m increment (Fig. 5.5 and Fig. $9.25; with standard
errors shown as uncertainty range). For the analysis of the dependence of the measured variables on
the vertical velocity, the measured data were first normalized by the MolLa time series and then by the
vertical profiles before being averaged over the entire altitude range covered for each vertical velocity
setting individually, analogous to Section 5.4.2 (Fig. 5.6 and Fig. S9.26). The total uncertainty includes
the uncertainty from the temporal and spatial normalization, from the averaging of the three flights,
and from the statistical uncertainty (Section 5.4.1) for the respective averaging time. Here we assume
that the MolLa measurements are comparable to the FLab measurements independent of the spatial
distance, while the actual uncertainty of this correction increases with increasing vertical distance. A
positive vertical velocity indicates ascending motion and a negative velocity indicates descending mo-
tion.

Analogous to the analysis in Section 5.4.2, the horizontal wind speed and direction data collected by
the anemometer (ANE in Fig. 5.5 and Fig. 5.6e) were compared with the data recorded by the UAS
(DJ1). The horizontal wind speed determined by the UAS is almost constant within + 0.1 m s for all
altitude levels within each flight (Fig. 5.5 and Fig. 5.6e). In contrast, the wind speed measured by the
anemometer is generally larger and varies with altitude (Fig. 5.5a), as expected. From this comparison
and the one in Section 5.4.2, we conclude that the UAS-derived wind speed is unreliable with the pay-
load attached and should not be used for analysis.

From the same figure it can be seen that there are strong differences between the wind speed meas-
urements during ascent and descent, especially for flights F4 and F6: the ascent-related wind velocities
(diamond markers) are greater than those of the descent (circular markers), measured at the same
altitude (Fig. 5.5a), a behavior observed at all ascent rates (Fig. 5.6e). This effect is not only observed
for the wind speed measurements, but also for the wind direction measured by the anemometer (Fig.
5.5b). There is an average shift of 27° in wind direction measured during descent compared to ascent.
This probably indicates a bias in the wind direction measurement during descent due to the movement
into the turbulent downwash volume, which may contain a general circulation of air caused by the
rotation of the propellers (Zheng et al., 2018), while during ascent the UAS moves into unperturbed
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Fig. 5.6: The variables CO; (a) and particle number concentration (PNC) measured with the CPC (b)
appear to be unaffected by vertical velocity, while pressure (c) and OPC PNC (d) reveal a slight depend-
ence. ANE wind speed (e, red) and black carbon (f) show an apparent trend within the uncertainty
range, while the wind speed measured by the M600 UAS itself (e, blue) is not affected by vertical mo-
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areas represent the errors as described in the text. The lines between the markers are for orientation
only and are not intended to indicate a relationship.
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air. In our case, the downwash seems to generate a wind field that counteracts the atmospheric wind
in terms of speed and also influences the wind direction. Therefore, the anemometer provides unbi-
ased wind data only during ascent, and ANE wind data measured during descent should be used with
caution.

Most of the other variables do not show a significant relationship with ascent rate (Fig. 5.6 and Fig.
$9.26). No influence of vertical velocity is found for CO,, O; and CPC particle number concentration.
Patterns within the uncertainty range are found for OPC (PNC, PM..s and PMy,) and for temperature,
but are negligible within the given uncertainties. Spatio-temporal overcorrection seems to cause the
non-intuitive but insignificant pattern found for relative humidity (Fig. Fig. $S9.26b). In contrast to the
relationship found for horizontal motion (Fig. 5.4c), the measured pressure decreases with increased
ascent rate, but increases with descent rate. Here, the dynamic pressure dominates over the Bernoulli
effect because the pressure sensor is open to the bottom and is directly exposed to aspirated air
masses from below. This small potential bias must be considered when calculating flight altitude from
recorded pressure levels during ascent or descent, although it is within the manufacturer’s stated un-
certainty.

The measured black carbon mass concentration decreases substantially with increasing vertical veloc-
ity during ascent down to 10% of the descent data. During ascent, the filter with the sampled material
is lifted into lower pressure air, presumably causing evaporation of volatile compounds from the filter
and consequently changing the relative amount of light scattering, which is assumed to be constant
for the internal correction. Descending may cause the opposite effect, i.e., condensation of semi-vol-
atile compounds on the filter, which is colder due to previous measurements at higher altitude. Thus,
filter sampling can be significantly biased when semi-volatile compounds are involved and filters are
subjected to changing pressures. Nevertheless, the black carbon trend is within the extremely large
uncertainties of these measurements, which are due to the low black carbon levels on this day rather
than evaporation of the sampled compounds. Therefore, we conclude that the AET data are not useful
for continuous vertical profiling flights in uncontaminated areas, and we do not further consider black
carbon concentrations in absolute terms in this study. Flight patterns that include hovering at the same
altitude for several minutes would be more suitable for filter-based in situ measurements.

In summary, the vertical motion of the UAS with velocities in the range of -3 to 3 m s’ does not signif-
icantly affect the data quality of the measured variables, except for AET. Using the same flight pattern
for successive profiling flights would result in better comparability of data between flights. In contrast
to previous work investigating vertical velocities 25 m s (Brus et al., 2021b), no hysteresis was found
between ascent and descent for the temperature and humidity sensors, indicating that the instrument
sensors can equilibrate sufficiently quickly for the vertical velocity of + 3 m s used in the given setup.

5.4.4 Development of an optimized vertical profiling flight pattern

Depending on the desired measurement application, very different flight patterns have been used with
UAS in the past. In the literature, circular or systematic mapping horizontal flights are frequently found,
which do not include any vertical variation (Grimaccia et al., 2015; Burgués et al., 2021). In contrast,
purely vertical flights allow the measurement of vertical profiles with separate data for ascent and
descent (Andersen et al., 2023; Quinn et al., 2024). In both cases, when large areas need to be covered,
capturing temporal changes can be challenging due to the typically short flight durations. For smaller
mapping areas, such temporal changes can be assessed by repeated flight operations, as shown in
flight F1 in Section 5.4.2. Hover flights at a fixed location, on the other hand, focus purely on the anal-
ysis of temporal variations at high temporal resolution, without providing information on spatial
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variations. Hovering also allows slow sensors to equilibrate to ambient conditions and allows longer
sampling times to achieve sufficiently low detection limits of the quantities under study (Barbieri et
al., 2019; Brus et al., 2021a; Niedek et al., 2023).

Here, we focus on the investigation of vertical profiles with repeated flights over the day to determine
the temporal evolution of the stratification of the lower boundary layer. Based on the results in Section
5.4.3, a significant influence of the vertical motion of the UAS on the measurement results is not ex-
pected for most variables. Wind speed and direction data from the anemometer should only be used
when measured during ascent or during hovering. Hover phases near a reference station are highly
recommended for all measurement flights to allow frequent comparison of UAS-based measurements
with higher-quality instruments. Comparison of data from both platforms helps to detect and correct
temporal drifts of UAS-based instruments exposed to rapidly changing environmental conditions. Low-
cost chemical sensors and instruments without sophisticated compensation methods would also ben-
efit from such cross-platform comparisons.

In order to find the optimal flight pattern for vertical profiling, test flights were conducted with a con-
sistent ascent and descent rate of 3 m s as a compromise between the statistical uncertainty of the
observed variables and the spatio-temporal resolution. A vertical velocity of 3 m s allows, for example,
four ascents from the ground to 300 m AGL or two ascents to 500 m AGL within the available flight
time of FLab. Furthermore, by combining data recorded during ascent and descent, a total measure-
ment time of 26.4 s per 10 m height bin was obtained for the flight pattern described in Section 5.5.1.
Statistical uncertainties are expected to range from 0.08% to 10% depending on the instrument (Table
59.8). Depending on the research question, the binning can be adjusted, e.g., to improve the measure-
ment statistics.

Occasionally, we observed strong rolling motion of the FLab during descent at low horizontal wind
speeds < 3 m s}, resulting from the UAS entering its own downwash regime. This uncontrolled flight
behavior can be avoided by adding a horizontal velocity component of up to 2 m s™* (see Section 5.4.2),
directed into the wind to the vertical motion. This causes the UAS to tilt and shifts the downwash
regime from below to the side opposite to the direction of flight. As a result, this diagonal rather than
straight vertical flight pattern reduces the UAS oscillation without affecting data quality.

This results in a flight pattern that is adapted to the wind speed: straight vertical ascending for wind
speeds > 3 m st and ascending with a horizontal component for lower wind speeds. To follow this sug-
gested flight pattern, the pilot must take into account possible changes in wind direction with altitude
when planning the flight.

5.5 Applications of FLab

5.5.1 Evolution of the stratification of the lower troposphere

To evaluate and demonstrate the FLab’s ability to capture changes in the vertical distribution of aero-
sols and trace gases during the day, eight hours of hourly vertical profiling flights were performed. For
this experiment, we chose the same measurement site near Ockenheim as described in Section 5.4,
and measured in combination with Mola (serving as a ground-based reference) on 5 June 2023, be-
tween 8:00 and 17:00 (all times are local time). We launched the FLab eight times (once per hour) for
vertical flights up to 300 m AGL with a vertical velocity of + 3 m st without a horizontal component
(see Section 5.4.4). The battery capacity of the UAS limited the flight duration to 15 minutes. Each
flight consisted of four ascent/descent cycles and a hover period of 10 s each time the FLab reached
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the altitude of the Mola inlet (6 m AGL). The third ascent of the flight at 15:15 was aborted at 100 m
AGL due to sudden gusts; a fourth ascent to 300 m AGL was performed. Between the flights, the CBO’s
measurement cell was covered with a protective cover while the FLab was parked on the landing site
without ventilation or shade, in contrast to more recent field deployments.

The meteorological conditions at the measurement site for each day are summarized in Fig. S9.27;
conditions were sunny with moderate winds.

The recorded FLab instrument data were binned into 10 m increments for all ascents and descents of
each flight, and the mean and standard error for the entire flight were calculated for each altitude bin
(top panels in the subfigures of Fig. 5.7 and S9.28). If the standard error was smaller than the statisti-
cally expected uncertainty from Section 5.4.1, the statistical uncertainty was used instead. FLab and
Mola data can be compared when FLab was hovering near the Mola inlet below 10 m AGL (bottom
panels in the subfigures of Fig. 5.7 and $9.28 with 1-min averages of the MolLa data).

Over the day, the values of relative humidity and ambient temperature in the vertical profiles mainly
follow the typical daily trends with increasing temperature until mid-afternoon and correspondingly
decreasing relative humidity, analogous to the observations with Mola (Fig. $9.27 and Fig. S9.28).
While the relative humidity values are rather constant over the whole altitude range covered, the am-
bient temperatures show a clear decrease with altitude. Wind speed and direction remain constant
over the day at ground level, but show a complex behavior in the profiles, with a general increase in
wind speed with altitude, especially in the lowermost fraction of the altitude range (Fig. $9.28d). In
addition, the variation in wind direction is most pronounced in the lower part of the profiles (Fig.
$9.28e).

At ground level, the mixing ratio of Os increases continuously until 15:00 as a consequence of photo-
chemical processes. CO, peaks at 9:00 before decreasing by 7.7 ppmv by early afternoon due to
increased dilution in the developing mixing layer and does not indicate any specific emission sources
in the vicinity (Oliveira et al., 2007). Both, O3 and CO, mixing ratios, increase slightly with altitude dur-
ing the first flight in the morning, but for both trace gases the vertical gradient and the vertical
inhomogeneity decrease thereafter as the entrainment zone breaks up and the convective mixing layer
develops (Kotthaus et al., 2023). O; appears to be well mixed up to 300 m AGL from 10:30 and develops
according to its diurnal cycle (Neu et al., 1994; Law et al., 2008), however, CO, mixing ratios measured
above 100 m decrease by 2 ppmv compared to the ground, which could be due to polluted air masses
from regional sources that were not transported above 100 m AGL in the short time.

At ground level, we measured enhanced PM; and PM;s levels by up to 50% between 9:00 and 12:15
with the OPC in Mola, and a further increase around 16:00; the development of the time series of the
FLab OPC particle number concentration (i.e., for dop: > 350 nm) and the corresponding PM, s were very
similar (Fig. S9.28g). The total particle number concentration measured with the CPC doubled during
the day and had two broad maxima between 10:00 and 11:00 and 13:00 and 15:00, in addition to
short-term variations. Advection from different nearby aerosol emission sources is an unlikely reason
for this behavior, since the wind direction and speed at the ground remained rather constant through-
out the day and did not show any changes in parallel with these trends. In general, the particle-related
qguantities determined with FLab while hovering near the ground are in agreement with the corre-
sponding values measured with Mola. However, the vertical profiles of the particle number
concentrations measured with the CPC and OPC show strong differences between the two variables
due to the different particle size ranges measured with the two instruments.
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OPC PNC generally decrease with altitude (Fig. 5.7c), although the gradient varies throughout the day.
The strongest gradients are found at 13:30 and 16:30, when the highest concentrations were meas-
ured near the ground. In contrast, an almost constant background concentration of 7 # cm™ was
observed > 200 m AGL during all flights of the day. The observed gradients are consistent with the
assumption that particles in the OPC size range are generated at or near the ground and successively
transported to higher altitudes.

In contrast, the vertical distribution of the PNC of small aerosol particles (measured with the CPC)
shows several different gradients and the variation of PNC is rather dominated by the different con-
centrations measured at ground level with no consistent vertical profile (Fig. 5.7d). However, the CPC
PNC increases by an average of 380 + 240 # cm3in the lowest 50 m AGL. This gradient could be due to
inhomogeneous source distributions, similar to those for CO,, and to particle deposition at ground
level. For flights at 9:30, 13:30, and 14:30, strong structures are observed around 150 m AGL, which
may indicate stratification not detected by any other instrument. This underscores the importance of
measuring different types of variables simultaneously, from meteorological to gas and aerosol particle
ones.

During this field experiment, black carbon mass concentrations did not show any variation with alti-
tude above the noise level, however, the results did reveal some instrumental characteristics that are
important for future field operations. The aethalometer measured in single-spot mode for the first few
hours and then automatically switched to dual-spot mode (see Section 5.3.2), apparently when the
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Fig. 5.7: Vertical profiles of O3 (a) and CO; (b) mixing ratios are dominated by the diurnal cycle of the
mixing layer and the incoming radiation and show the strongest changes until 12:30. Vertical profiles
of the OPC PNC (c) show a successive vertical uplift of particles (dopt > 350 nm) around noon and in the
afternoon. Vertical profiles of the CPC PNC (d) appear to be strongly influenced by the ground level

93



Development and Application of the Measurement Drone FLab

PNC, but show inhomogeneous vertical distributions depending on the individual flight. The shaded
areas represent the standard error or the statistical uncertainty from Section 5.4.1, whichever is
greater. The bottom panel of each sub-figure shows the direct comparison of the FLab (blue) and Mola
(gray) data while FLab was hovering near the Mola inlet.

filter loading reached a certain level (Fig. $9.29). This switch was associated with a sharp increase in

the noise level of the measurements (Fig. $9.29) due to the reduction in sample flow per spot. In addi-
tion, for both measurement modes, there were striking differences between the flight and no-flight
concentration levels reported by the instrument, with much lower, sometimes negative, concentra-
tions during the no-flight periods. We hypothesize that the instrument heated up during periods of
static sun exposure between flights, which may have caused evaporation of particulate material from
the filter, resulting in negative mass concentration values. For unknown reasons, these differences
were more pronounced in the dual-spot mode. Since the standard deviations were also greatly in-
creased in this mode compared to the single-spot mode, we decided to use only the single-spot mode
in future applications.

5.5.2 Bridging the gap between ground-based and aircraft-based measurements

Co-located measurements on four different platforms were used to further evaluate the performance
and usefulness of the FLab measurements in the lower troposphere. As part of the BISTUM23 meas-
urement campaign in the Swabian Jura in August 2023, we operated Mola as a ground-based reference
station and FLab for vertical profiling up to 500 m AGL. On 10 August 2023, the research aircraft HALO
(High Altitude LOng range) orbited the measurement site at 500 m AGL and subsequently ascended to
several thousand meters on its way to another research target (Fig. $9.30). The on-board HALO instru-
ments collected, among others, meteorological, O3, and PM,sdata (Dragoneas et al., 2022; Giez et al.,
2022). Following the flyby, a balloon-borne Vaisala RS41-SG radiosonde was launched, reaching
2000 m AGL within 7 min and providing meteorological data from ground level to the stratosphere.
Fig. 5.8 shows a comparison of variables collected on board the different measurement platforms dur-
ing and shortly after this flyby. To allow direct comparison of variables from different platforms, the
data are not normalized for temperature or pressure at each measurement location. This comparison
shows generally good agreement for all variables across all platforms. Below 500 m AGL vertical pro-
files were obtained with the radiosonde and FLab. For most variables the trends in this altitude range
are consistent; however, for relative humidity an offset of ~10% and for wind speed reduced values of
a few meters per second were measured with the radiosonde. These discrepancies between FLab and
radiosonde data are discussed in detail in Text S9.6 of the Supplement.

Comparison of the radiosonde and HALO data reveals reasonable discrepancies for all available varia-
bles, which may be due to the unavoidable temporal and spatial separation of the measurements on
the two platforms in the respective altitudes. Similar variability for measurements with similar tem-
poral distance was observed with the MolLa ceilometer, which detected slight shifts in the backscatter
signal profiles (e.g., in the location of the maxima around 1000 m and 1300 m AGL) between the time
of the HALO flyby and that of the radiosonde launch (light and dark green traces in Fig. 5.8, respec-
tively).

Although a direct comparison of HALO and FLab data is not possible due to the lack of overlap in the
altitude ranges covered, a reasonable agreement of all variables in the link between the respective
profiles at 500 m AGL is observed between the two platforms. This example shows that FLab is able to
reliably bridge observations from ground level to 500 m AGL, an altitude range that is typically not
accessible with research aircrafts.
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Fig. 5.8: Vertical profiles of meteorological variables, O3 and PM,s show good agreement between
different platforms: Mola (pink and green), FLab (red), radiosonde (blue) and HALO (black). The shaded
areas show the respective uncertainty ranges and are derived from the instrumental uncertainty and
the standard error of each variable within the 50 m increments.

5.6 Summary

We have developed and characterized a research UAS (unmanned aircraft system) for atmospheric
composition measurements based on a commercial hexacopter (Matrice 600, DJI Ltd.): the Flying La-
boratory FLab. FLab was designed as a flexible platform to simultaneously measure aerosol particles,
trace gases, and meteorological variables to study the vertical structure of the lowermost atmosphere
and the distribution of pollutants in the lower troposphere.

The research UAS was equipped with lightweight and high-quality instruments to measure a wide
range of relevant variables characteristic of many types of anthropogenic and natural emissions, such
as particle number and black carbon mass concentrations, particle size distributions (from which PM;
and PMs concentrations can be calculated), CO, and Os; mixing ratios, and relevant meteorological
variables: air pressure, temperature, relative humidity, and wind direction and speed. An elevated
mounting position for the anemometer was identified to measure the ambient wind largely unaffected
by rotor downwash. In addition, we developed a dedicated infrastructure for power and data manage-
ment for the instruments, as well as hardware and software for real-time ground-based monitoring of
the in-situ measurements aboard FLab. In the field, this software can help detect plumes or dangerous
flight conditions such as sudden gusts or precipitation.

The research UAS was characterized both on the ground and in flight to evaluate different vertical
flight patterns. In laboratory experiments, the measurement uncertainty as a function of the averaging
interval was determined for all measured variables, and an optimal averaging time of at least 30 s was
determined for our applications to achieve uncertainties of < 10%. Furthermore, we investigated the
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influence of horizontal and vertical motion with different flight velocities ranging from 0 m s to
15mstand 0 ms'to 3 ms?, respectively, on the measurement results. From the horizontal flights, it
was found that the horizontal motion slightly affected the temperature and pressure measurements
(for velocities > 2 m s); however, this deviation was still within the uncertainties given by the manu-
facturer of the respective instrument. These experiments also showed a significant decrease in the
sampling efficiency of the OPC for wind speeds > 6 m s. Vertical motion of the FLab was found to
affect the optical particle counter results in the original setup, which was then modified with an exter-
nal pump to stabilize the sample flow and a modified inlet to reduce the impact of vertical air advection
on the inlet and outlet. Black carbon measurements turned out to be impractical for continuous verti-
cal profiling flights under unpolluted conditions.

We found that straight vertical ascents/descents in windy conditions and diagonal vertical ascents/de-
scents in calm conditions were the safest flight patterns for vertical profiling.

The application of FLab in hourly profiling measurements demonstrated that this approach provides
valuable information on the vertical structure of the lower boundary layer and its evolution during the
day. Comparison of data measured on board different platforms revealed that FLab is able to reliably
bridge the altitude range between ground-based measurements and low-flying research aircrafts. Co-
located measurements with FLab and the mobile aerosol laboratory MolLa show that continuous
ground-based measurements can be successfully complemented by the UAS to add information about
the vertical distribution of the measured variables. While Mola is able to measure the temporal evo-
lution, diurnal cycles or plumes of pollutants at ground level, it cannot analyze vertical inhomogeneity
or transport processes up to higher altitudes. In combination with the FLab, we were able to detect
vertical inhomogeneities that can occur with the development of the turbulent boundary layer. Thus,
the combination of MolLa and FLab provides high quality ground-based measurements while allowing
an assessment of their representativeness for the lower boundary layer.
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6 Vertically-resolved Diurnal Variation of Organic Aerosol Particles

This chapter contains a paper that has been published as
Borchers, C., Moormann, L., Geil, B., Karbach, N., Wasserzier, D., Hoffmann, T.: Development and use

of a lightweight sampling system for height-selective drone-based measurements of organic aerosol
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6.1 Abstract

Organic aerosols (OA) are introduced into the atmosphere from a variety of natural and anthropogenic
sources. Especially in the sub micrometer range, the organic fraction contributes to a large proportion
of the particle mass and thus has an impact on climate and air quality. To gain insights into sources and
sinks and the significance of dispersion, mixing and ageing processes for OA, vertical profiling of the
concentration of organic aerosols is particularly helpful. Therefore, the aim of this study is to present
an aerosol particle sampler that is suitable to be used onboard uncrewed aerial vehicles (UAVs). The
sampler consists of a three-dimensionally printed filter holder connected to a lightweight high-perfor-
mance pump that can generate a flow rate of up to 103 SLPM for up to 30 minutes. The sampler was
characterized and applied on a proof-of-concept study during the BISTUM23 campaign in August 2023
in Southern Germany. Vertical profiles were measured with three samplers mounted on ground and
UAVs and collected aerosol particles in an altitude of 1.5 m, 120 m and 500 m above ground level sim-
ultaneously. The filters were analyzed with UHPLC-HRMS, and a targeted approach was used to
determine vertical profiles and diurnal trends of biogenic, anthropogenic and biomass burning marker
compounds. A non-targeted analysis revealed a high number of CHO-containing compounds, which
were oxidized to a greater extent during the course of the day and at increasing altitudes. The system
presented here provides a comparatively simple and cost-effective way to sample OA at different alti-
tudes and at different locations and thus obtain vertical concentration profiles of the organic aerosol
composition.

6.2 Introduction

Organic aerosol particles (OA) are accountable for a large proportion (20-90%) of the sub-micron par-
ticle mass in the lower troposphere. They affect air quality, climate and human health (Kanakidou et
al., 2005; Jimenez et al., 2009; Benoit et al., 2023). Primary organic aerosols (POA) are emitted directly,
for example from biogenic sources such as plant debris or in the form of spores, bacteria or viruses, or
from sources that are mostly anthropogenic such as combustion processes. Secondary organic aerosols
(SOA) are formed by oxidation of volatile organic precursors and subsequent condensation of the prod-
ucts (gas-to-particle conversion) (Kerminen et al., 2005; Kroll and Seinfeld, 2008; Reddington et al.,
2011). The chemical composition of OA provides information on the individual sources and source
processes (De Gouw and Jimenez, 2009). Nitroaromatic compounds, for example, are released during
the combustion of coal or wood, and are contained in vehicle exhaust gases. They can also be formed
as secondary products from the reaction of phenols or cresols with NOy (Harrison et al., 2005; Lu et al.,
2019; Wang et al., 2020). The combustion of lignocellulose, the most abundant biomass resource on
Earth, leads to the production of phenolic compounds with aldehyde functionalities, including 4-hy-
droxybenzaldehyde, vanillin and syringaldehyde. Phenol aldehydes can be oxidized in the atmosphere
by OH radicals, NOs radicals or ozone, leading to the production of carboxylic acids (Net et al., 2011;
Cao et al.,, 2022; Rana and Guzman, 2022). Vegetation on Earth emits large amounts of volatile organic
compounds (VOCs) such as isoprene and various monoterpenes (MTs), with the most important MT,
a-pinene, accounting for about one third of global MT emissions (Sindelarova et al., 2014). In the at-
mosphere, oxidation by OH radicals, NOs radicals or ozone leads to various products that differ in their
volatility by several orders of magnitude. Products such as 2-methyl tetrols, terpenylic acid, terebic
acid, and pinonic acid are described as the main oxidation products (Hoffmann et al., 1997; Claeys et
al., 2004; Kroll and Seinfeld, 2008; Muller et al., 2012; Noziere et al., 2015; Bianchi et al., 2019;
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Kotodziejczyk et al., 2020). It can be concluded that the elucidation of the chemical composition of OA
can provide valuable information about the sources, source strengths and processing of organic aero-
sol components, such as the contribution of biogenic sources in terrestrial ecosystems or the role of
anthropogenic contributions to organic aerosols.

The implementation of atmospheric concentration measurements in the form of vertical gradient
measurements offers several advantages: firstly, measurements at multiple heights allow the identifi-
cation of sources and sinks, as they can distinguish between local plumes and emission sources at
ground level and atmospheric background concentrations. The latter are particularly characterized by
aging in the case of OA (Li et al., 2024). Vertical profiling can also be used to investigate the transport
and distribution of OA. Therefore, many monitoring stations also perform atmosphere-related obser-
vations from tall towers, as they enable measurements at several heights within the planetary
boundary layer or even beyond, and can thus reflect both local processes at lower altitudes and re-
gional influences at higher altitudes (Williams et al., 2011; Andreae et al., 2015; Mikhailov et al., 2017;
Li et al., 2024). This is where UAVs can also be used without the need for a suitable tower infrastruc-
ture. In addition to acquiring vertical profiles, the utilization of UAVs enables measurements to be
taken in difficult-to-access areas, such as volcanic plumes, or over larger areas at the same height,
helping to characterize emission sources (Kuantama et al., 2019; Karbach et al., 2022). The use of min-
iaturized sampling systems in conjunction with UAVs has attracted considerable attention in recent
years (Béhmlander et al., 2025). Compared to conventional sampling methods that use towers, bal-
loons or aircraft, these systems offer the advantages of smaller size, environmental friendliness and
the ability to collect samples in remote locations that are difficult to access (Bieber et al., 2020; Lan et
al., 2020; Thivet et al., 2025).

The aim of this proof-of-concept study was therefore to develop a new low-cost and lightweight aero-
sol sampling system for UAVs. To do this, a filter holder was designed and produced using 3D printing
and connected to a lightweight high-performance pump. The sampled filters were then extracted and
analyzed using UHPLC-MS. The system was characterized and vertical concentration profiles of OA
compounds at different times of the day were determined as part of the BISTUM23 campaign in August
in the Swabian Jura, Southern Germany.

6.3 Experimental Procedures

6.3.1 Sampling system

For aerosol sampling, a home-made 3D-printed filter holder (polylactic acid) was connected to an elec-
tric fan motor with an impeller (CDS-R540-QA012; DC 7.2 V; 70 W; inlet diameter 20 mm, SIP Cinderson
Motor CO., LTD), which enables high gas flow rates. The electric fan motor is directly plugged into the
outlet ports of the battery. The inlet diameter of the filter holder was 20 mm. The filters with a diam-
eter of 70 mm were placed on a stainless-steel mesh to prevent the filter from tearing even at high
flow rates (see Fig. 6.1). The sampling unit was powered by a lithium polymer battery (LiPO 7.4 V;
5000 mAh; Conrad Energy), which allows an operating time of about 30 minutes, which is slightly above
the approximate maximum flight time of the UAVs on which the sampler is mounted on. The total
weight of the filter holder and electric blade motor is 280 grams, which corresponds to the weight of
the battery.

To check the stability of the flow rate through the sampling unit, a filter holder (equipped with Pall-
flexTM EmfabTM filters TX40HI20WW, 70 mm) was connected to a flow meter (model 4043, TSI GmbH,
USA) and the flow rate was recorded at 30-second intervals over a total period of 30 minutes.
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65 mm

Fig. 6.1: Schematic representation of the filter holder. The air containing aerosol particles is sucked
through the filter, which is positioned on a stainless-steel mesh.

6.3.2 Sampling procedure

The filter holders were attached below the UAVs with the filter opening facing to the side (Fig. $9.32).
During a deployment near the village of Essenheim near Mainz (49° 55 N, 8° 10’ E), the UAVs (model
Matrice 200 and Matrice 300, both DJI) and the third filter holder were operated at the same height,
approx. 5 m above the ground, and with a horizontal distance of approx. 5 m. Borosilicate glass micro-
fibers, reinforced with glass cloth and bonded with PTFE (PallflexTM EmfabTM Filters TX40HI20WW,
70 mm), were used for aerosol sampling. Sampling time was between 20 and 30 minutes depending
on the battery power of the UAVs. To conduct the vertical profile measurements, the system was op-
erated near the village of Albstadt, in the Swabian Jura (48° 15‘ N, 8° 59’ N). The pump of the collector
was activated on the ground, and the UAV was subsequently flown directly to the designated collection
height. This process typically required between one and two minutes to complete. The two UAVs were
simultaneously operated at 120 m and 500 m (one above the other with a horizontal offset of about
10 m), while the third filter holder was attached to a wooden frame at a height of about 1.5 m above
the ground, with again a vertical offset of about 10 m (Fig. $9.33). A third measurement UAV, FLab,
(Moormann et al., 2025b) was used to simultaneously quantify gas tracers and meteorological data in
hourly vertical profiles over the course of a day at the same measurement location. In particular,
height-resolved monitoring the O3 mixing ratio and wind conditions within 500 m range above ground
show oxidative potential of air and supports attribution of air mass origin.

6.3.3 Analysis

The filters were stored at -25 °C until analysis. The filters were extracted according to the following
protocol. They were cut into small pieces and placed in a vial that had been previously baked at 450 °C
for at least 8 hours. They were then extracted with 3 mL and twice 1.5 mL of a 9:1 (v/v) mixture of
LC/MS grade methanol (Carl Roth) and LC/MS grade water (Thermo Fisher Scientific) for 30 minutes
on a shaking plate. The supernatant was successively transferred to a 1.5 mL HPLC vial and concen-
trated to approximately 50 pL at 30 °C under a gentle N, stream. The residue was then filtered with a
PTFE filter (pore size: 0.20 um; Altmann Analytik). Since the volume of the solution is not known, a
camphor sulfonic acid standard was added to obtain a correction factor for potential volume discrep-
ancies (see Text S9.7).
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Analysis was performed in triplicate using a Dionex UltiMate 3000 ultra-high-performance liquid chro-
matography system coupled to a heated electrospray ionization source (HESI) and a high-resolution Q-
Exactive Orbitrap mass spectrometer (HRMS) (all Thermo Fisher Scientific). An Acquity UPLC CSH
Fluoro Phenyl (PFP) column, 100 mmx2.1 mm with 1.7 um particle size (Waters) was used for chroma-
tography. The eluent A was 98% LC/MS grade water (Thermo Fisher Scientific) with 0.04% formic acid
and acetonitrile (VWR Chemicals), the eluent B was 98% acetonitrile and water, and the injection vol-
ume was 5 pL. An H,O/ACN gradient was used for the analysis. A flow rate of 0.5 mLmin® and a
gradient as described below was used: Starting with 10% B, increasing to 99% B in 11 min, after which
B was held at 99% for 1 min, decreased to 10% in 0.5 min, and held again for 0.5 min. The HESI source
was used in negative mode, resulting in the formation of deprotonated molecularions. The sheath gas
and auxiliary gas pressures were 40 and 20 a. u. (arbitrary unit) respectively. The auxiliary gas heater
temperature was 150 °C and the capillary temperature was 350 °C. The sprayer voltage was set to -
4.00 kV. Further details on the additional chemicals used, including their respective purities, can be
found in Table S9.9.

6.4 Results and Discussion

6.4.1 Sampler characteristics

Fig. 6.2 shows the airflow through the filter holder as a function of time. During the measurement, the
recorded airflow decreases from 103.4 SLPM to 92.1 SLPM. This may be due to the fact that no voltage
regulator was installed between the battery and the motor, so the voltage in the battery decreases
over time, and thus the power of the motor also decreases. A statistically significant (significance level
a = 0.05) linear relationship was obtained between flow rate and time. A linear fit (y = mx + b)
was performed, withm = (—0.41 4 0.01) SLPM min~tand b = (102.9 + 0.2) SLPM as fit param-
eters. This function can then be used to determine the volume of air collected within the sampling
time (see Text S9.7).

Fig. 6.2b shows the dependence of flow the flow rate on the pressure. This relationship is used to
calculate the flow rate at different altitudes, as detailed in the Supplementary Material (Text $9.7).
Most aerosol particle collectors operate at flow rates between 10 and 500 L min™ to collect aerosol
particles over periods of several hours or days (Ma et al., 2022; Leppla et al., 2023). Since the presented
system is designed for use onboard UAVs, a lightweight configuration is crucial. These constraints re-
sult in an operational time of 20 to 30 minutes and a flow rate of approximately 100 L min™t. However,
sample preparation is essential to be able to detect individual components despite these restrictions.
Due to the extraction method and the reduction of the sample volume to only 50 pL of liquid, it is
possible to detect a wide range of biogenic and anthropogenic substances. Fig. 6.3 shows an excerpt
of an extracted ion chromatogram (EIC) of a LC-MS run for m/z 185.0819 (red line) and m/z 157.0506
(blue line), which originate from a loaded and a blank filter (red and blue dashed lines). The mass traces
refer to biogenic maker substances. As the mass spectrometer was operated with a HESI ion source in
negative mode, the EICs demonstrate the deprotonated compounds. The signal observed at a reten-
tion time of approximately 2 min in the EIC at m/z 157.0506 can be attributed to terebic acid, which is
an oxidation product of a-pinene (Kotodziejczyk et al., 2020). The second mass trace (m/z 185.0819)
shows several signals. The occurrence of these signals can be attributed to several constitutional iso-
mers of pinic acid, an oxidation product of a-pinene, which exhibit identical mass-to-charge ratios.
However, not only a-pinene is emitted in the atmosphere, but also various other terpenes such as 3-
carene, sabinene or limonene. These terpenes oxidize and form compounds such as 3-caric acid,

101



Vertically-resolved Diurnal Variation of Organic Aerosol Particles

sabinic acid, or limonic acid, which have the same sum formula as pinic acid. This results in the occur-
rence of different compounds at a single mass trace (Glasius et al., 2000).

It is evident that the signals of the loaded filters differ by an order of magnitude from those of the
blank filter and that a high signal-to-noise ratio is achieved for both mass traces. This demonstrates
that with the light aerosol sampling system presented here, in conjunction with the extraction method
described, it is possible to detect and quantify various marker substances despite the relatively short
sampling time. As a result, the presented system is ideally suited for use onboard UAVs.
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Fig. 6.2: (a) Flow through the filter holder as a function of time (at 980 hPa) (blue dots), the dashed
line represents a linear fit of the data. The errors correspond to 2% of the measured value, which
represents the measurement uncertainty of the flow meter (b) Flow through the filter holder as a
function of pressure (green diamonds), the dashed line represents a linear fit of the data. The errors
correspond to 2% of the measured value, which represents the measurement uncertainty of the flow
meter.
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Fig. 6.3: Extracted ion chromatogram for m/z 185.0819 (red line) and m/z 157.0506 (blue line) for a
loaded filter and the corresponding EIC for a blank filter (red and blue dashed line). This EIC is repre-
sentative of biogenic marker compounds like pinic acid, limonic acid, sabinic acid, 3-caric acid (red line),
or terebic acid (blue line).
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6.4.2 Influence of the sampling UAV on the measured concentrations

To evaluate whether differences in the UAV models or sample device mounting positions (see Fig.
$9.32) impact analysis results (e.g., due to aspiration flow variations), two sampler onboard UAVs and
one at a metal framework were operated simultaneously at ~5 m height near Essenheim during a test
flight. Fig. 6.4 compares the concentrations of a few selected exemplary compounds (pinic acid, 4-
nitrophenol, terebic acid and 2,6-dimethyl-4-nitrophenol) at different sampling times for the respec-
tive systems. The results of these replicate measurements at the three different sampling periods are
shown in brown, blue and green. According to these results, the concentrations of the individual com-
pounds fluctuate noticeably between the different sampling periods, which is plausible due to the
approximately one-hour delay between the three sampling periods. The differences between these
measurement flights can be attributed to the different time of the flights and the resulting changes in
the composition of the collected aerosol particles. The discrepancy between the second and third
measurements is particularly evident for the anthropogenic markers 4-nitrophenol and 2,6-dimethyl-
4-nitrophenol. Such fluctuations can be attributed, for example, to a change in wind direction and thus
to a different origin of the sampled air mass. However, it is crucial that the differences between the
different sampling systems within a measurement flight are comparatively low for the analytes.
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Fig. 6.4: Mean concentration of pinic acid, 4-nitrophenol, terebic acid and 2,6-dimethyl-4-nitrophenol,
for the three measurement setups (no UAV; dji m300; dji m200) during three measurement flights
(brown, blue and green). The error bar is the result of two error sources: the standard deviation derived
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from the triple determination made by the LC-MS measurement; and the error associated with the
flow measurement of the filter holder.
It can be concluded that the type of UAV used, or minor differences in the mounting position of the

sampler on the UAV and the resulting differences in air turbulence around the filter holder, have no
significant influence on the analytical results. A study by Crazzolara et al. (2019) investigated the air-
flow around a larger UAV than the one used in this study, using a colored smoke test. Their findings
indicated that the air mass within a radius of up to two meters above the UAV can be affected by the
downwash from the UAV. This phenomenon is therefore presumed to exert only a negligible influence
on the measured concentrations in a mixed atmospheric boundary layer, as is the case with our results.

6.4.3 \Vertical profiles of biogenic, biomass burning and anthropogenic marker compounds

The characterized filter sampler was used to sample aerosol particles simultaneously to measurements
of a third measurement UAV, FLab (Moormann et al., 2025b) during the BISTUM23 campaign in August
2023 in Albstadt, Germany. This approach allowed for the acquisition of daily and height trends for OA
at a measurement site, which is surrounded in all directions by a mixture of grassland, forest, agricul-
tural land, and urban infrastructure (see Fig. $9.33).

Fig. 6.5 shows three height profiles at 10:35 am, 1:35 pm and 4:30 pm local time (UTC+2) for concen-
trations of the three biogenic marker components pinic acid (black square), terpenylic acid (blue
triangle) and terebic acid (green diamond) in 1.5 m, 120 m and 500 m.

It can be seen that the concentrations at a height of 120 m are higher than at ground level (1.5 m). This
observation can have multiple causes, for example the different footprint areas attributable to the
various heights or also dry deposition of corresponding aerosol-borne components on the ground
(Bamberger et al., 2011; Spielmann et al., 2017). Actually, this trend between 1.5 m and 120 m also
coincides with the measured ozone concentration (Fig. $9.34). The ozone concentration is slightly
lower at ground level than in the higher region. However, the concentrations of the selected oxidation
products decrease up to a height of 500 m. This finding could be attributed to the higher average
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Fig. 6.5: Vertical profiles of the biogenic marker compounds pinic acid (black square), terpenylic acid
(blue triangle) and terebic acid (green diamond) at the different times (all times are in UTC+2). For
better clarity, these points are connected by dashed lines The error bar is the result of two error
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sources: the standard deviation derived from the triple determination made by the LC-MS measure-
ment; and the error associated with the flow measurement of the filter holder.
residence time of the corresponding aerosol populations. One potential explanation for the concen-

tration decrease is, among others, the further oxidation of the compounds measured here, which could
lead to the formation of more highly oxidized compounds. In addition to the altitude trend, a distinct
daytime trend can also be seen. From morning to afternoon, the concentrations of all three com-
pounds increase at all altitude levels, although the relative increase depends on the individual
compound. This is also in good agreement with the measured ozone concentration. The ozone con-
centration increases during the day at all altitudes.

Fig. 6.6 shows the altitude profile of some marker compounds for anthropogenic sources of OA and
biomass burning, salicylic acid (purple circle), 4-hydroxybenzaldehyde (pink hexagon), 4-nitrophenol
(turquoise pentagon), 2,6-dimethyl-4-nitrophenol (light blue half-filled circle), and 2,4-dinitrophenol
(brown star). The actually measured concentrations are shown as symbols. For these marker sub-
stances, no clear trend can be seen in terms of altitude or time of day. It can be observed that the
trend in terms of altitude or time of day is comparable for salicylic acid and 4-hydroxybenzaldehyde,
as well as for 4-nitrophenol and 2,4-dinitrophenol. The differences between the trends are probably
due to different sources of the marker substances. For example, salicylic acid and 4-hydroxybenzalde-
hyde are formed during the combustion of lignin (Fleming et al., 2020; Cao et al., 2022; Rana and
Guzman, 2022). In addition, salicylic acid has been detected in vehicle exhausts, making it both an
anthropogenic and a biomass-burning marker compound (Li et al., 2020a). The nitroaromatic com-
pounds may originate from the combustion of biomass and the nitration of phenols or vehicle exhaust
gases (Lu et al., 2019; Kulakova et al., 2020; Zhang et al., 2022). Consequently, they can also be consid-
ered as marker substances for biomass burning and anthropogenic substances. The highest
concentrations of salicylic acid, 4-nitrophenol, 2,6-dimethyl-4-nitrophenol and 2,4-dinitrophenol were
observed in the morning at a height of 120 m. This indicates that the air mass sampled at 10:35 am
had crossed an area where biomass had been burned or where there was heavy traffic. The wind di-
rection determined by FLab is southwest with a wind speed of 2 to 3 m s (Fig. $9.35 and Fig. $9.36).
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Fig. 6.6: Vertical profiles of the anthropogenic marker compounds salicylic acid (purple circle), 4-hy-
droxybenzaldehyde (pink hexagon), 4-nitrophenol (turquoise pentagon), 2,6-dimethyl-4-nitrophenol
(light blue half-filled circle), and 2,4-dinitrophenol (brown star). The actually measured concentrations
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are shown as symbols. For better clarity, these are connected with dashed lines. The error bar is the
result of two error sources: the standard deviation derived from the triple determination made by the
LC-MS measurement; and the error associated with the flow measurement of the filter holder.

A federal highway is also located in this direction. The backward trajectory for the 120 m sample cre-

ated with the NOAA HYSPLIT model (Stein et al., 2015; Rolph et al., 2017) indicates that the sampled
air masses crossed the federal highway at around 8 am (Fig. $9.37). Higher concentrations of anthro-
pogenic markers can be attributed to rush-hour traffic. At ground level, the plume is less extended due
to the surface layer (Stull, 2015), while at 500 m, it is diluted by dynamic air mixing or different origin
of the air masses (Fig. $9.37). Thus, compound concentrations from the federal road, especially in the
morning, are lower at 1.5 m and 500 m.

The measured concentrations of the anthropogenic markers are lower than those of the biogenic ones.
The lower concentrations can be explained by the fact that the sampling site was in a rural area where
anthropogenic influences are possibly less significant than biogenic ones.

6.4.4 Height dependent van Krevelen diagrams

In addition to the targeted analysis of individual marker compounds described above, a non-target
analysis was also carried out. The results are shown in a series of Van Krevelen diagrams in Fig. 6.7.
The underlying molecular formulas of the compounds shown can be unambiguously assigned due to
the use of a high-resolution mass spectrometer with accurate mass determination and were deter-
mined using MZmine 2.53 software (Pluskal et al., 2010). These were used to determine the H/C and
0O/C ratios, which were then plotted against each other. The compounds were assigned to the four
substance classes CHO (blue), CHON (green), CHOS (orange) and CHONS (pink), with CHO being the
most abundant class. The size of the dots is defined by the measured peak intensity of the respective
LC-MS measurement. All signals were normalized to the duration of the sampling. Since a HESI source
was used as the ion source, it is important to consider the potentially different ionization efficiencies
of the compounds. The ionization efficiency can differ by several orders of magnitude for differently
functionalized compounds (Oss et al., 2010; Liigand et al., 2021). Therefore, the dot size essentially
provides an overview of the concentration changes of the respective compounds as a function of time
or height. However, it does not provide any information about the relative amounts between different
compounds. The Van Krevelen diagrams are divided into five sections for better clarity. These are
based on the maximum carbonyl ratio (MCR) of the compounds. This describes the maximum contri-
bution of the carbonyl/epoxy functionalities of the components and thus provides an indication of
their degree of oxidation. The five groups are V: highly unsaturated (combustion related), /V: oxidized
unsaturated (primary organic carbon, oxidation products from aromatic VOC), /ll: intermediately oxi-
dized (monoterpene first generation oxidation products), /I: highly oxidized (monoterpene oxidation
products, oxidative aging), and /: very highly oxidized (isoprene oxidation products) (Zhanget al., 2021).
The composition of the aerosols should not differ significantly regardless of the origin of the air mass
due to the remote location. At first glance, however, it can be seen that the Van Krevelen diagram at
a height of 120 m in the morning (Fig. 6.7d) differs significantly from all the others. This sample shows
a strikingly high number of CHO-containing compounds with high peak areas in the region between
areas /ll and IV and in area V, likely originating from combustion processes. Studies link these regions
of the Van Krevelen diagram to biomass combustion (Tang et al., 2020). Compounds in this area
(C20H2603, Ca0H2802, C20H2303, C20H3002, Ca0H3004) are identified as biomass combustion markers in pre-
vious research (Smith et al.,, 2009; Ramteke et al., 2025). The intense biomass burning and
anthropogenic tracers in the 120 m morning sample (section 6.4.3) may result from vehicle exhaust
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and biomass burning, as discussed for the vertical profiles of anthropogenic substances in Fig. 6.6 and
section 6.4.3. However, the change in the surface layer and atmospheric boundary layer heights in the
morning hours is likely related to these observations. To examine general trends over height and time
of day, the Van Krevelen diagram for a height of 120 m in the morning is not considered in the discus-
sion below.

The vertical profiles at 1:35 pm and 4:30 pm are very similar. At a height of 1.5 m, there are several
substances in area /V that are no longer present at heights of 120 m and 500 m, or are present in
significantly lower concentrations. This can be attributed to the oxidation of the substances to more
highly oxidized compounds. In addition, a shift of the points to higher O/C and H/C ratios is observed
between 120 m and 500 m, which leads to an increased number of substances in section /I. This also
indicates that the observed compounds at higher altitudes are evolving into more highly oxidized sub-
stances. The observed tendency towards higher concentrations of higher-oxidized compounds at
higher altitudes can be explained by the longer residence time in the atmosphere before reaching
these altitudes. Consequently, terpenes, isoprene and their oxidation products are exposed to
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Fig. 6.7: Van Krevelen diagrams in the late morning (left), in theearly afternoon (middle) and in the late
afternoon (right). The different substance classes are represented by different colors (CHO blue; CHON
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green; CHOS orange; CHONS pink) The size of the dots correlate with the measured peak area of the
compounds. The Van Krevelen diagrams are divided into 5 areas depending on the MCR, which are
separated by dashed lines (Zhang et al., 2021).

oxidizing species for a longer period of time, resulting in the formation of more highly oxidized com-

pounds.

For the variation during the day, the diagrams at the same altitudes can be compared with each other.
It is noticeable that the size of the points and thus the associated measured concentration increases
during the course of the day, particularly for the CHO-containing compounds. This finding is also con-
sistent with the targeted approach, which detects an increase in the concentrations of biogenic SOA
compounds (in this case CHO compounds) during the course of the day. The higher concentration of
CHO-containing compounds can be attributed to the rising temperature and the accumulating oxida-
tion product concentrations over the course of the day. As the temperature rises, more biogenic
substances such as terpenes are emitted by the trees, which are then oxidized to CHO-containing com-
pounds over the course of the day (Niinemets et al., 2004; Vettikkat et al., 2023).

6.5 Conclusions

This study demonstrates that UAVs can also be used as a sampling platform for detailed chemical char-
acterization of organic aerosol components using UHPLC-MS. The developed aerosol sampling unit
allows the collection of sufficient aerosol mass for both targeted and non-targeted analysis of primary
and secondary organic aerosol components within the maximum flight time of the UAVs used. The
newly developed, very light aerosol sampling system with a weight of approx. 560 g was successfully
tested at two locations in Germany. Comparative measurements with three identical aerosol samplers
on different UAVs (Matrice 200 and Matrice 300 models, both DJI) showed that the UAVs themselves
and slight differences of the mounting position on the UAVs had no significant influence on the results.
During a measurement campaign (BISTUM23), a series of filters were sampled in parallel using two
UAVs and a ground-based framework, supported by another measurement UAV that measured the
gas phase and meteorological conditions throughout the day. The aim was to perform vertical concen-
tration measurements to investigate the variations in aerosol composition during the course of a day.
For this purpose, aerosol samples were collected simultaneously at ground level, 120 m above ground
and 500 m above ground.

The primary aim of the measurements shown above is a proof-of-concept, as the amount of data alone
is of course not sufficient to make general statements about vertical concentration profiles of organic
aerosol components. Nevertheless, some initial conclusions can be drawn about the measured ana-
lytes. The biogenic SOA markers pinic acid, terebic acid, and terpenylic acid show increasing
concentrations from the morning hours to the afternoon hours. This result is consistent with the ob-
served increase in ozone concentrations during the day. Both the rising temperatures during the day
and thus the increasing release of precursor VOCs during the day and the increasing importance of
oxidation reactions can explain this concentration trend (Niinemets et al., 2004; Vettikkat et al., 2023).
Interestingly, the vertical concentration measurement showed that the maximum concentration of
these compounds was often observed at a height of 120 m, an observation that may be attributed to
different footprint regions, dry deposition and chemical ageing (Bamberger et al., 2011; Spielmann et
al., 2017). The highest concentrations of anthropogenic markers were observed in the morning hours.
The wind data (Fig. $9.35 and Fig. $9.36) and HYSPLIT back trajectories (Fig. $9.37) indicate that this
phenomenon may be due to the main road during rush hour. In general, the concentration of anthro-
pogenic marker compounds is lower than that of biogenic compounds, which can be explained by the
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remote location of the sampling site, where biogenic processes can have a greater influence than an-
thropogenic activities.

The results of the non-targeted analysis of the filter samples are consistent with the trends identified
in the targeted analysis and show an increase of oxidized compounds throughout the day and with
increasing altitude. Consistent with the targeted approach, compounds associated with automobile
exhaust and biomass combustion products are particularly present in the morning samples. In sum-
mary, this study highlights the use of UAVs as an innovative platform for the sampling and chemical
characterization of organic aerosols using UHPLC-MS. The developed sampling unit collects sufficient
aerosol mass within the UAVSs' flight time, enabling both targeted and non-targeted analysis of primary
and secondary organic aerosols. A voltage regulator could be integrated in the future to ensure a con-
stant flow through the aerosol sampler. This approach facilitates cost-effective, height-selective
sampling, allowing the measurement of vertical concentration profiles and access to otherwise chal-
lenging or inaccessible locations for aerosol sampling.
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7 Influence of Irradiance and Mixing Layers on the Representativity of
Ground-based Measurements

This chapter contains a first complete manuscript draft. After further coauthor exchange and opti-
mization, it will be submitted to a peer-review journal as

Moormann, L., Fachinger, F., Drewnick, F.: In-situ measurements of boundary layer structures: influence
of irradiance and mixing layers on the representativity of ground-based measurements
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111



Influence of Irradiance and Mixing Layers on the Representativity of Ground-based Measurements

7.1 Abstract

Ground-based atmospheric measurement stations are typically treated as horizontally representative,
yet their vertical representativity is often assumed rather than evaluated. To assess this critically, we
conducted drone-based in situ vertical profiling during two 2.5-week summer field campaigns in rural
Central Germany during which we also examined the effectiveness of pollutant and meteorological
tracers for detecting mixing layer heights (MLHs). Using a gradient-based approach, we evaluated how
irradiance, MLHs, and location of a measurement site influence ground-based station representativity.
Nighttime vertical profiling of temperature, humidity, wind speeds, and trace substances (CO,, Os, par-
ticle mass and number concentrations) in the lowest 120 m revealed a multiple-layer fine-scale
stratification with trace substances showing enhanced sensitivity for MLH detection than traditionally
used meteorological variables. Among all variables, O; and potential temperature were the most ef-
fective MLH markers, highlighting the benefits of combining pollutant and meteorological
measurements to understand stratification processes.

Daytime profiles up to 500 m in slightly unstable conditions showed that under low irradiation, MLHs
closely reflected atmospheric instability and constrained aerosol distributions, whereas strong irradi-
ance produced well-mixed conditions that weakened the dependence of pollutant distributions on
MLHs. This suggests that distinguishing between high- and low-irradiation conditions in the planetary
boundary layer could improve parameterization for vertical mixing. The investigation of ground-based
representativity within the mixing layer suggests that MLHs and radiatively driven mixing should be
considered when interpreting ground-based station data. Meteorological variables tend to remain
more robust across radiative regimes, while pollutant measurements additionally require accounting
for local sinks and entrainment.

7.2 Introduction

Ground-based measurements have been the primary method for ambient atmospheric research and
monitoring, evolving from single-point observations to monitoring networks for various pollutants
(EPA, 2025; UBA, 2025) and reference stations (Hoerger et al., 2015; Pastorello et al., 2020). It is typi-
cally assumed that measurements from a single station are representative for a broader area. The
representativity of a measurement site is a vaguely defined quantity for how well a measurement sta-
tion provides data that are not influenced by local anomalies (Hakuba et al., 2013; Merlone et al.,
2024). Horizontally, representativity may range from only a few tens of meters in urban stations, but
may reach over several hundreds of kilometers in flat, homogenous terrain (Ho et al., 2020; Yang et
al., 2020). Vertical representativity is less critically reflected and is constrained by two considerations:

a) It varies with horizontal location in complex terrain or heterogeneous emission areas, where
the vertical structure of air masses differs over short distances (Peters et al., 2022), and

b) even over homogeneous terrain, the lower troposphere exhibits a pronounced diel stratifica-
tion with diel turbulence, limiting how well a single near-surface measurement represents the
full layer (Dandou et al., 2009).

Although these limitations are recognized—and (a) is typically considered during site selection, (b) is
often neglected in ground-based studies, where the planetary boundary layer (PBL) is implicitly treated
as uniformly “mixed.”
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During daytime, the PBL often grows to about 1-2 km above ground as a consequence of surface heat-
ing and buoyancy-driven turbulence, which reduces vertical gradients of surface-emitted pollutants.
After sunset, radiative cooling stabilizes the surface layer (SL) and the PBL collapses into a shallow
nocturnal boundary layer (NBL), typically a few tens to a few hundreds of meters deep, capped by an
inversion separating it from the residual layer (RL) aloft. The RL is a remnant of the daytime PBL and is
largely decoupled from the surface (Stull, 1988). In addition to irregular stratification within the NBL,
low-level jets (LLJ) can be generated after the formation of the RL in the early night, when the RL is
already separated from the surface layer. This results in less surface friction, which can contribute to
a stronger laminar geotropically-influenced flow that can transport air masses for up to a few hours
over long distances (Blackadar, 1957; Luiz and Fiedler, 2024). During sunrise, intensifying radiation-
driven turbulence dissipates the NBL top and mixing of the NBL with the RL forms a new PBL, closing
the diel cycle of the PBL.

Mixing layer heights (MLHs) are quantifiable measures that describe the upper boundaries of the well-
mixed lowermost layer, where chemically or dynamically different air masses adjoin. Reliably distin-
guishing such layers supports the interpretation of microphysical and dynamical processes. As MLHs
have different altitudes at different times of day, and are affected by various mechanisms (see above),
definitions and diagnostic criteria that describe a MLH are manifold and case dependent. Definitions
range from stability measures like the Richardson number and the gradient of the potential tempera-
ture (Monin and Obukhov, 1954; Busch et al., 1976; Wyngaard and LeMone, 1980; Troen and Mahrt,
1986) to pollutant concentration changes of, e.g., aerosol particles, Os, or CO, (Collis and Ligda, 1964;
Okada et al., 2012; Perrone and Romano, 2018; He et al., 2023). Some definitions are based on thresh-
old values, other approaches consider gradient changes or infliction points in vertical profiles. Thus, a
universal definition of the MLH does not exist (Mercer et al., 2018).

Available technologies for studying boundary layer meteorology include model approaches, experi-
mental data, and hybrid methods. Regional-scale and re-analysis models provide insights into
processes in the vertical structure of the PBL (Nieuwstadt, 1984; Debolskiy et al., 2023), but model
idealization may not suit complex terrains like valleys or hills with complex dynamics and fail at pre-
dicting unusual stratification (Moeng and Sullivan, 1994; Emanuel and Zivkovi¢-Rothman, 1999).
Ground-based measurements are often extrapolated to model vertical profiles (Monin and Obukhov,
1954; Troen and Mahrt, 1986). Remote-sensing tools like satellites, Lidars and radars provide low
maintenance-intensive observations to support ground-based observations or to correct model data
(Collaud Coen et al., 2014; Duncan Jr et al., 2022; Kotthaus et al., 2023; Wang et al., 2025), though
remote-sensing tools have an enhanced risk of misinterpretation due to the limited number of meas-
urable variables. In situ platforms like radiosondes (Seidel et al., 2010; Guo et al., 2016), aircraft
(Moores et al., 1979; Dai et al., 2014), tall towers (Andreae et al., 2015; He et al., 2023), and UAS
(uncrewed aerial systems) can be used to record multiple variables for a comprehensive analysis
(Reuder et al., 2012; McWilliams et al., 2023; Moormann et al., 2025b), reducing uncertainty in bound-
ary layer analysis. However, these methods are costly and labour-intensive (in construction and
operation) and require extensive validation of the respective platforms. Radiosondes and aircraft focus
on large-scale phenomena, while towers and UAS typically operate within the lower few hundred me-
ters. Towers require extensive installation, while UAS are flexible and manoeuvrable and, hence, are
optimal for boundary layer observations.
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This study uses drone-based in-situ measurements at two similar hilly sites in Central and Southern
Germany during summer to evaluate

a) the applicability and sensitivity of various meteorological variables and trace gases and matter
(CO,, 03, and aerosol particles concentrations) for detecting vertical structures using gradient-
based methods (up to 120 m with 2 m resolution) during nighttime, featuring a fog event and
a low-level jet and

b) the representativity of ground-based measurements with respect to the mixing layer (from
vertical 500 m-profiling measurements) for meteorological variables and trace matter, focus-
ing on influences from irradiation, the PBL height (PBLH) and adiabatic effects.

7.3 Methodology

Two field measurement campaigns (BISTUM23, August 2023 and BISTUM24, June 2024) were con-
ducted at rural sites in Central and Southern Germany in summertime to investigate the dynamics of
stratification on the trace matter distribution in the lowermost troposphere. For 2.5 weeks each, co-
located UAS-based and ground-based measurements were performed.

7.3.1 Measurement sites

Both campaigns, BISTUM23 and BISTUM24, were conducted in rural areas on the grassy-forested
slopes of German low-mountain ranges, with no nearby emission sources.

BISTUM23 took place near Albstadt, Swabian Alb (48° 15’ N, 8° 59’ E, Fig. $9.40), with the ground sta-
tion at 886 m above sea level. The site was chosen due to the absence of large habituated or
industrialized regions upwind of the location.

BISTUM24 was performed near Spielberg, Vogelsberg region (50° 19’ N, 9° 15’ E) with a ground station
at 391 m above sea level (Fig. $9.40). Air masses reaching the BISTUM24 site showed an anthropogenic
influence indicated by enhanced pollution levels when they had passed the Frankfurt Rhine-Main met-
ropolitan area (FRM, ~30 km upwind with 5.9 million inhabitants). To investigate whether air masses
were well mixed, 24 h-backward trajectories (Sect. 7.3.3) with starting points in 50 m-altitude incre-
ments were used to differentiate between air masses that had passed FRM and air masses that had
passed only rural regions prior to arriving at the BISTUM?24 site. Using this classification, average ver-
tical profiles of the trace substance variables O3, CO, and the particle number concentration were
calculated for both aspiration cases. Fig. $S9.41 shows that, although pollutant levels were higher when
air masses had passed FRM, plumes in both cases were well-mixed in the lowermost 500 m. Therefore,
we consider the BISTUM24 site as sufficiently distant from major emission sources to be able to as-
sume that anthropogenic plumes have already been vertically mixed.

Hence, we assume that the variability of trace matter concentrations in the lowermost 500 m for both
campaigns are due to natural atmospheric processes.

7.3.2 Experimental data

During both campaigns, atmospheric data were collected using ground-based and UAS-based meas-
urement platforms. The ground-based research van “MolLa” (Mobile Laboratory; Drewnick et al., 2012)
operated continuously with inlets for aerosol and gases positioned 6 m above ground level. It was used
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for on-line measurement of various variables, including CO; and O3 mixing ratios, particle number con-
centrations (PNC), particle mass concentrations across different size ranges, and meteorological data
such as wind speed and direction, relative humidity, temperature, precipitation, and irradiance (Table
$9.13). An ultrasonic anemometer, positioned 5 m above ground near Mola, was used to measure
latent heat flux (Table $9.13; exclusively during BISTUM24).

The UAS-based measurement platform, known as the Flying Laboratory (FLab; Moormann et al.,,
2025b), monitored a wide set of variables similar to several of those measured by Mola. These in-
cluded CO, and O3 mixing ratios, PNC for particles larger than 10 nm (PNC. 10 nm, low measurement
uncertainty) and 350 nm (PNC. 350 nm, high statistical uncertainty), particulate matter PM; and PM; s, as
well as meteorological data like horizontal wind speed and direction, temperature, and relative humid-
ity (Table $9.13).

While in Mola, high-grade instrumentation was used for precise ground-based measurements, FLab
utilized mid-grade sensors to minimize payload and enable aerial operation. FLab was typically oper-
ated hourly for vertical profiling up to 500 m during the day, if rain or stormy gusts (> 16 m s?) did not
threaten save operation. In addition, a full-night operation for profiling the lowest 120 m during
BISTUM24 was conducted. Each flight lasted ~15 min and began with hovering at 6 m above ground
level near the Mola inlet, followed by two ascents and descents with a vertical speed of 3 m s™. Be-
tween these ascents and after the final descent, additional hovering near the Mola inlet was
performed for comparison of the high-grade ground sensors with the UAS sensors.

7.3.3 Data evaluation

Instrumentation of MolLa and FLab were calibrated prior to the campaign. Regular inter-platform com-
parisons between Mola and Flab (Sect. 7.3.2) were used to correct for sensitivity drifts of UAS-borne
instruments as suggested in Moormann et al. (2025b). The influences of rapid changes in humidity,
temperature and pressure on the instruments during vertical motion were corrected with formulae
provided by the manufacturers.

In order to investigate vertical profiles within the 15 min-time frames of the individual flights, the FLab
data need to be corrected for temporal variation of probed air mass properties. This is necessary be-
cause air masses have not been probed in different altitudes simultaneously. Therefore, the 1 s-time
series of each variable of the FLab data were corrected for temporal variations in the reference data
(measured by Mola; these data were previously smoothed by calculating the 15 s rolling mean in order
to reduce the influence of noise). This temporal correction was done by multiplication of each FLab
data point with the ratio of the respective data point in the smoothed time series of the MolLa data to
a representative data point in the Mola time series (at the beginning of each campaign). For this cor-
rection we assume that temporal variations are the same at all measurement locations due to an
(assumed) homogeneous atmospheric distribution over this range. Throughout the following, only
such temporally corrected data was used, with exceptions for wind speed due to fast fluctuation and
Ri, which cannot be estimated by Mola; all data are given in local time (UTC +2).

Data from UAS-borne measurements were averaged for vertical increments of 2 m and 25 m for further
investigation. Error calculations account for the standard error of the averages and the instrument's
uncertainty for the respective averaging time (Moormann et al., 2025b).

The PBLHs for both campaigns were estimated based on the definition by Wang and Wang (2014) using
the ICON-D2 model (Crueger et al., 2018; DWD, 2025b), methodically described in Moormann et al.
(2025a).
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7.4 Nocturnal Boundary Layer: Height Criteria and Fine-scale Structure

In the evening, the PBL transitions from convectively mixed daytime conditions to stable, stratified
nocturnal conditions. This change results in a complex, time-dependent vertical structure with several
distinct layers (Nieuwstadt, 1984; Kotthaus et al., 2023). Various methods and modelling approaches
are employed to determine nocturnal MLHs, similar to how MLHs are determined during the day. How-
ever, MLH detection methods that are based on a single atmospheric marker often fail unpredictably
due to changes in air mass dynamics or composition around the MLH or due to the lack of vertical
resolution (Kotthaus et al., 2023). While many MLH estimations rely on ground-based data, remote
sensing and modeling approaches, methods based on frequent high-resolution in-situ measurements
are considered the most accurate. These latter methods can estimate MLHs with accuracies of a few
meters (Cava et al., 2019; Mahrt and Acevedo, 2023).

To explore which are the most sensitive and most accurate atmospheric variables for determining
MLHs during nighttime, we operated the FLab hourly throughout the night from June 20 to 21, 2024.
Vertical profiling commenced after the passing of a cold front (with associated heavy rain) at 15:00 on
June 20. During the night, the vertical profiling was limited to 120 m above ground, which was antici-
pated to be sufficiently high to surpass the NBL and eventually reach an LLJ. While this limitation
restricted the profiling flights to lower altitudes, it allowed to ascent slower and more often. Longer
sampling time in the 120 m range improved data reliability of the spatially highly-resolved 2 m-incre-
ments of the vertical profiles (Fig. $9.42). MLHs were manually identified for a variety of FlLab-
measured trace substance concentrations (Fig. 7.1a) and meteorological variables (Fig. 7.1b) based on
the observation of strong gradient changes and inflection points. To account for subjectivity of this
definition, we estimated a conservative uncertainty based on the respective vertical profile (i.e., we
estimated the range of justifiable MLHs for each case). Additionally to the gradient-based criteria, we
use the bulk Richardson number (Ri) as a fixed criterion to identify the MLH due to its widespread use
in boundary layer studies (Stull, 1988). Ri > 0.25 indicates stable atmospheric conditions (as expected
above the NBL), while Ri < 0.25 describes unstable conditions (i.e., within the NBL).

Fig. 7.1 depicts all 1 h-MLHs and shows that a nocturnal cycle is discernible in MLHs determined both
from trace gases and matter and from atmospheric variables. Even before sunset at 22:00, several
variables’ vertical profiles suggest stratification in different heights across the 120 m altitude range.
After sunset until 02:00, a layer top was observed at ~50 m with a strong spread between variables,
which slightly ascended to ~80 m while narrowing the spread. After 05:00, this uppermost (within the
probed altitude range) detected MLH was slightly lifted from 70 m to 100 m and then disappeared
after 10:00 in good agreement especially for MLHs determined with meteorological variables. Based
on this general analysis, the lower layer can be attributed to the NBL and the upper layer to the RL as
they are the most prominent nocturnal layers.

In addition to the identification of the NBL height, the highly time-resolved profiles of various variables
allow an identification of three fine-structured layers: a descending layer between 23:00 and 01:00
down to 100 m, a shallow layer between 02:00 and 04:00 below 10 m and an additional layer in the
NBL reaching from the ground up to 50 m from 05:00 to 08:00, while the NBL height was ~90 m.

The descending mixing layer top (from 23:00 to 01:00) is primarily detected by abrupt changes of the
trace gas and matter gradients (O3, CO, and PM;) and wind-related variables (Ri and wind speed). The
layer situated above the NBL is likely the RL that remained from the previous day, while the descending
layer above this layer could be the lower part of an LLJ. The assumption that an LLJ was formed is
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Fig. 7.1: Estimated boundary layer heights (with uncertainty ranges depicted as shaded areas) during
the night of June 20 to 21, 2024. The boundary layer heights were derived from strongest gradient
changes of the respective trace gas and matter variables (a) and meteorological variables (b) and when
Ri > 0.25 was fulfilled.

supported by the observation of more laminar and faster winds in this altitude range that led to en-
hanced vertical gradients. Additionally, a different chemical composition of the uppermost layer is
reflected by sudden gradients and concentrations changes in Oz, CO,, and PM; which indicate that the
respective air may originate from more distant regions. Starting at 01:00, the separation between the
RL and the LLJ-affected layer becomes indistinct, which indicates a weakening of the LLJ after at least
3h.

Furthermore, independent of the establishment of a strong NBL, the absolute humidity- and potential
temperature (8)-profiles indicate the formation of a shallow layer up to 10 m above ground level (a.g.l.)
at 02:00, 1 h before the ground-based measurement station recorded a fog event. While the fog thick-
ened and the ground-based station observed enhanced PNC and reduced Os (Fig. $9.43), MLHs derived
from vertical gradients of PNC and O3 (MLH = 10-12 m a.g.l.) agree with those from absolute humidity-
and 6-profiles.

A third fine-structure in the stratification was identified at 05:00 in 50 £ 10 m and lasted for 4 h until
its dissipation before 09:00. Apparently, the preceding fog event initiated the formation of a cold pool
during night (Chachere and Pu, 2016), which converts turbulent energy into an upwards directed latent
heat flux and forms a shallow inversion layer above the ground (Wilson and Fovell, 2016). In this case
trace gas and matter variables (CO,, Os and PM;) were more sensitive for the identification of this
feature than meteorological variables (except for 07:00 in 45 m). Thermodynamic stability indicators
like 6 or Ri were not able to detect this layer, likely due to relatively small changes of the already low
nocturnal energy budget, while the distribution of CO,, Oz and PM; from ground is limited by the avail-
able turbulent energy for mixing. As radiative heating starts warming the ground, this lowermost layer
dissipates 2 h prior to the NBL, which emphasises the sensitivity of this stratification. This third example
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of the fine-structure analysis shows that the spatially highly-resolved vertical profiles are not only ca-
pable of identifying synoptic-scale phenomena such as LLJs, but also of revealing favourable local
conditions for fog and of characterizing the vertical extent of fog events. As shown in this example,
especially trace gas and matter variables can be helpful to differentiate layers under dynamically weak
conditions, where meteorological indicators might fail.

These analyses of the NBL fine-structure using hourly vertical profiles of multiple variables show that
there is a strong difference between the power of different variables to detect details in atmospheric
stratification. Throughout the night from 18:00 to 10:00, the profiles of O3 and the potential tempera-
ture 8 provide useful MLH information 23 times and 19 times, respectively. In contrast, the air
temperature and the Ri = 0.25-criteria were the least sensitive variables for MLH-detection, each indi-
cating the MLH 8 times. Os- and 6-profiles even provide information on multiple layers 10 and 7 times
during the night, respectively, whereas the other variables typically reveal information on double lay-
ers only once or not at all. O3 and 6 appear therefore to be the most sensitive indicators for MLH
detection. Hence, they are recommended for nocturnal MLH detection. Nevertheless, as a best-prac-
tice, we suggest to validate the MLH determined by any indicator using multiple variables, also to
understand its formation background and the underlying dynamics that often cannot be interpreted
with a sole variable.

This analysis demonstrates that:
a) Highly spatially and time-resolved vertical profiles are essential for detecting shallow layers.
b) While meteorological variables are necessary for characterizing air masses, trace gas and mat-
ter variables may offer higher sensitivity and accuracy for NBLH detection.
c) Trace substance variables can provide information about stratification even when dynamicin-
fluences are minimal.

However, there remains a need for objective stratification detection algorithms, as manual estimations
of MLH can be subjective and may lead to misinterpretation.

7.5 Influence of Solar Irradiance on Trace Matter Distribution

After sunrise, radiative heating leads to mixing of the RL into the NBL and affects the maximum extent
of the convective boundary layer. Although this relationship is widely recognized, the impact of solar
irradiance on the distribution of trace matter in the lowermost troposphere remains an active area of
research. Here, we investigate the influence of solar irradiance on the distribution of trace matter,
their gradients and to which extent ground-based measurements describe the conditions in the PBL
accurately, particularly under convective conditions.

7.5.1 Classification of “clear-sky” and “cloudy” days

All measurement days during BISTUM23 and BISTUM24 could be categorized as "B/C" (moder-
ately/slightly unstable) according to the Pasquill-Gifford stability categories (Gifford, 1961). This
scheme has been traditionally used to classify the atmosphere according to its stability, based on wind
speed and solar irradiation. Since wind speeds depend strongly on local topography and Pasquill-
Gifford methods often fail to identify daytime instability at many sites (Kahl and Chapman, 2018), es-
pecially in the “B/C” regime, further classification is necessary.
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For simplicity, we categorize measurement days throughout the campaigns into "clear-sky" and
"cloudy” depending on the integrated daily solar irradiance that has reached the measurement site. A
strong correlation (Pearson’s r?> = 0.74, Fig. $9.44) between latent heat flux measured in 5 m above
ground and irradiance during BISTUM24 (30-min averages) suggests that irradiance can be used as a
proxy for solar radiation-driven mixing, especially in the lower part of the PBL (Behrendt et al., 2020),
although there are additional drivers for latent heat flux apart from irradiance which we do not regard
in this study. For BISTUM23 and BISTUM24, the unimpeded average hourly solar irradiance was calcu-
lated from local photometer measurements under perfectly cloudless conditions taking into account
the sun’s zenith angle. We then compared the observed daily total irradiance (integration over the
whole day) to this theoretical daily maximum: days with a fraction > 75% were classified as “clear-sky,”
otherwise as “cloudy.” Days with heavy rainfall were also classified as “cloudy” to account for evapo-
ration-driven gradients (Fig. $9.45). For comparisons between the two field campaigns, which both
were conducted in a hilly terrain in summer, we keep the classified days of the two campaigns sepa-
rated, resulting in a total number of 10 “cloudy” and 4 “clear-sky” days for BISTUM23 and 10 “cloudy”
and 5 “clear-sky” days for BISTUM?24.

Hourly drone-based 500 m-vertical profiles were calculated for all measured variables from both cam-
paigns. Hours of the day represented by only a single available profile within a campaign and
cloudiness-class were excluded from further analysis. The classification resulted in 42 vertical 500 m-
profiles under "clear-sky"-conditions during BISTUM23 and 70 profiles during BISTUM24. In contrast,
42 and 59 vertical 500 m-profiles were probed during “cloudy” days during BISTUM23 and BISTUM24,
respectively. The number of profiles with respect to the number of measurement days is comparatively
fewer for both campaigns for the “cloudy” days due to the often less favorable flight conditions com-
pared to “clear-sky” days. The daily mean differences in irradiance between “clear-sky” and “cloudy”
days were: 170 W m% for BISTUM23 and 178 W m™ for BISTUM24 (for 13 h of irradiance > 50 W m2);
the daily mean differences in precipitation were: 3.0 mm (BISTUM23) and 3.5 mm (BISTUM24). These
results from the campaigns suggest comparability, although measurement site-specific influences
(sources, sinks, heat reservoir, etc.) and different weather events, especially on "cloudy" days, can
significantly affect the lower tropospheric structure due to cold pool formation, additional stratifica-
tions and air mass entrainment (Moormann et al., 2025a). In contrast, "clear-sky" days are expected
to be more similar due to the dominance of irradiance-driven convective mixing.

7.5.2 Representativity of diurnal ground-based measurements

Site selection for ground-based measurements typically favors horizontal representativity, whereas
vertical representativity within the mixing layer — where stations are often located — is commonly as-
sumed to be “sufficient”. It is rarely considered that this assumption is idealized. In practice, the PBL is
frequently treated as a single, well-mixed layer once its height is diagnosed, neglecting vertical gradi-
ents, fine-scale stratification, dynamical processes and temporal variability of MLHs.

In this section we discuss how the diurnal stratification and irradiance-driven turbulent mixing in the
PBL influence the representativity of various variables measured at ground-based stations.

7.5.2.1 Metrics for representativity of ground-based measurements

As a quantitative measure of the vertical representativity of ground-based measurements, we define
the ratio R of the average of the vertical 500 m-column mean divided by the value in the lowermost
altitude bin (0 - 25 m a.g.l., for 25 m vertical resolution) above ground.
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The mean sampling height in the lowest altitude bin is at ¥9 m above ground, considering the longer
hover periods in 6 m altitude in between vertical profiling flights. This mean height is suitable for com-
parison with ground-based measurements, because most ground-based stations probe airin 3 -10 m
altitude (Savijarvi, 2006), while sampling in 10 m is common for meteorological stations to reduce sur-
face influences (Pastorello et al., 2020). Perfect representativity is given for R = 1, whereas our
“ground-based” measurements overestimate mixing layer quantities with respect to the 500 m column
for R < 1 and underestimate them for R > 1.

In addition, we computed vertical gradients (dX/dz, X being the variable of consideration) within the
0 - 500 m column as a second metric; non-zero gradients indicate an inhomogeneous distribution of a
variable, that can be due to natural dilution, local sources and sinks, or vertical stratification (i.e., an
incompletely mixed layer). Absolute magnitudes of the gradients could be used for inter-study com-
parisons, which are beyond the scope of this manuscript.

7.5.2.2 Diurnal variation in pollutant distribution

Meteorological variables and trace gases show similar diurnal trends in representativity of ground-
based measurements for the mixing layer for both campaigns. Exemplarily for BISTUM24, Fig. 7.2 illus-
trates the average diurnal variation of representativity for various trace gas and matter variables,
including CO,, O3, and the particle number concentration of particles larger than 10 nm (PNGC: 10 nm),
which are often measured ground-based in atmospheric studies. These variables cover a range of dif-
ferent behaviors, as CO, is a chemically inert anthropogenic tracer, originating from sources like
industrial production or vehicle exhaust, whereas Os is more reactive and is depleted via reactions with
NO and unsaturated VOCs as well as by photolysis (Atkinson et al., 1992; Olszyna et al., 1994). PNC; 10nm
reflects processes in the particle phase and is strongly influenced by anthropogenic emission sources,
noting that particle formation also happens naturally under radiative influence.

In the morning and the evening, all three variables show strong gradients and a significant over- or
underestimation of ground-based measurements with respect to the 500 m-column, while the devia-
tion from complete representativity (dotted line in Fig. 7.2) is minimal between 12:00 and 20:00. The
reason for these differences over the day is the development of stratification due to the diel structure
of the PBL. Formation and dissipation of the NBL were already discussed in Sect. 7.4 and are the reason
for low representativity of ground-based measurements as the probed vertical-range (0 — 500 m alti-
tude) exceeds the NBL and results in partial sampling of air masses in the RL, which has, e.g., higher O3
mixing ratios, but lower levels of CO; and PNC: 10nm, compared to the NBL. Probing these two chemi-
cally different layers consequentially results in an underestimation of Oz and an overestimation of CO,
and PNG; 10nm by ground-based measurements. This emphasizes that good representativity of ground-
based measurements is generally only valid for the range up to the upper boundary of the lowermost
layer.

Between 12:00 and 20:00 the MLH is larger than 500 m and vertical profiling within a single well-mixed
layer results in the absence of gradients and in tight representativity over this period. While CO; and
05 show insignificant gradients during this period, indicating a well-mixed layer, the measurements in
the lowermost 25 m slightly underestimate the CO, and Os levels in the mixing layer by 4 ppmv and
0.4 ppbv (1% and 3% of the absolute levels), respectively. O; depletion near ground occurs frequently
due to an enhanced concentration of reaction partners at this location, while O; mixing ratios generally
increase in the troposphere with height (Roelofs and Lelieveld, 1997). Although CO, is generally emit-
ted at ground level, reduced mixing ratios might be measured near ground as photosynthesis could be
a significant sink in this biogenic environment.
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Fig. 7.2: Average gradients of PNC; 10nm (a), CO2 (b) and O3 (c) in the lowermost 500 m above ground
(left) show a diurnal variation for “clear-sky” (red) and “cloudy” days (blue), which is reflected in the
representativity of ground-based measurements for the 500 m-column above (right). Interquartile
ranges are presented as shaded areas.

Observations on "clear-sky" and "cloudy" days show similar diurnal trends, revealing little influence of
the irradiance on the distribution of both gases. In absence of mixing layers, the variability of the un-
derestimation of the chemically inert CO, is negligible, and for Os it is ~¥1% on “clear-sky” days.
However, on “cloudy” days, the underestimation of Os varies significantly, from 0% to 8%, throughout
the day. Rainfall could enhance the variability on “cloudy” days by triggering more primary biogenic
emissions that deplete Os; near the surface, while unstable stratification can cause downdrafts that
entrain Os-rich air from the free troposphere down to below 500 m (Moormann et al., 2025a).

While the distributions of trace gases are little affected by irradiance, the influence of irradiance-driven
mixing is stronger for the PNC. Between 12:00 and 20:00, when the MLH exceeds 500 m (the altitude
range of our measurements), an insignificant gradient is observed on “clear-sky” days for BISTUM23
and BISTUM24 (see Section 7.5.2.3). Strong vertical mixing allows representative ground-based meas-
urements for the lowermost 500 m during BISTUM23, in contrast to BISTUM24, when measurements
in the lowest 25 m-increment underestimate the PNC; 10nm until 15:00 (Fig. 7.2). PNCs 10nm is potentially
underestimated because oxidants can react with near ground emitted substances, while the ground
itself could act as a particle diffusion sink. Simultaneously, enhanced oxidant entrainment from the RL
or the free troposphere can promote new particle formation above the surface layer (Curtius et al.,
2024; Borchers et al., 2025) and result in the temporary positive gradient of PNC. This observation
might be limited to “clear-sky” days because mixing ratios of low-volatile gases, which are required for
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new particle formation, are higher under radiation-intensive conditions (Kamens et al., 1982; Cox et
al., 2020). On “cloudy” days when convective turbulence is expected to be lower, negative gradients
of PNG: 10nm due to low vertical transport into higher altitudes are apparent until 15:00.

Diurnal profiles of CO;, O3, and PNC show that independent of the chemical reactivity of the gas or
particle phase, stratification strongly influences the range of vertical representativity by ground-based
measurements due to the dynamic diel cycle of the PBLH, while sources or sinks at ground, i.e., in
proximity to a ground-based measurement site, influence the vertical profile of these trace matter
variables, too.

7.5.2.3 Influence of solar irradiance on aerosol gradients in the PBL

The results from the previous section show that gradients of aerosol particles depend on stratification,
the PBLH and that irradiance drives vertical mixing of aerosol particles. The vertical distribution of me-
teorological and trace matter variables in the PBL is often described with models which parameterize
the PBL structure based on factors as the surface roughness, heat flux or the PBLH. Within a well-mixed
PBL, meteorological variables such as the potential temperature 6, absolute humidity, or wind speed
show a linear dependency on the logarithm of the altitude (Stull, 1988). A shallow PBL compresses this
vertical profile, increasing the absolute gradient of the variable, whereas a deep PBL stretches the
profile, decreasing the absolute gradient.

Solar irradiance enhances convective turbulence, increasing the PBLH during the day. Consequently,
irradiance is expected to indirectly weaken the gradients of vertical profiles until complete mixing oc-
curs, resulting in negligible gradients. Hence, due to this relationship, the PBLH was generally used as
marker for the amount of turbulence in the PBL. However, even under strong insulation and strong
convective conditions, the further lifting of the PBLH can be limited by a capping inversion above the
PBL, despite maximized vertical mixing in the PBL.

To investigate the influence of the PBLH and irradiance on the vertical gradients of variables, we sep-
arate “clear-sky” and “cloudy” days and test for a linear relationship between the gradients and natural
logarithm of the PBLH (In(PBLH)), with PBLH derived from the ICON-D2 model as described in
Sect. 7.3.3. As a proof-of-concept of this analysis, we use the vertical potential-temperature gradient
db/dz as a proxy for static stability and turbulent mixing, where more negative d6/dz indicates greater
instability and larger positive values indicate increased stability.

In Fig. 7.3, hourly d6/dz-data from both campaigns were combined assuming that differences in the
gradients originate from different PBLHs rather than from measurement site’s influences, noting that
the local topography can influence the PBLH. To exclude samples from above the capping inversion
and focus on the analysis of a single mixed layer, only vertical profiles with a PBLH above 500 m were
used.

On all investigated “clear-sky” and “cloudy” days, d6/dz is negative and generally decreases with in-
creasing PBLH, which indicates enhanced atmospheric instability, consistent with enhanced convective
turbulence in deeper PBLs. Despite similar trends for both cases, this dependency of d6/dz on the
In(PBLH [in m]) is more pronounced on “cloudy” days (slopes for “clear-sky” days: -0.6 + 0.3 K km?,
r=-0.24 and “cloudy” days: -1.3 + 0.4 K km™, r = -0.40), when the atmosphere is expected to be more
stable in general. In contrast, under “clear-sky” conditions intense irradiance already promotes strong
turbulence independent of the vertical extension of the PBL, so a strong d6/dz-In(PBLH)-relationship is
not expected.
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Fig. 7.3: Gradients for the potential temperature d6/dz (top) and the particle number concentration
PNC. 10nm/dz (bottom) in the lowermost 500 m in a mixed PBL from both campaigns. Linear regression
and its 3o-confidence bands are depicted in solid and dotted lines.

Recent studies have examined vertical pollutant distributions in highly polluted areas, where aerosol
particles in the PBL absorb and scatter radiation, causing surface cooling and atmospheric heating,
which affects PBL development from sunrise onwards (Petdja et al., 2016; Ma et al., 2020). In contrast,
experimental characterization of vertical particle distributions under clean PBL conditions is scarce be-
cause Lidar has limited sensitivity to small particles, and profiles typically require in situ CPC
measurements. Lagrangian modelling tools are commonly used to study vertical pollutant dynamics:
FLEXPART represents turbulent vertical dispersion but shows lower agreement with observations near
the surface under slightly unstable conditions (Hanna, 1984; Bakels et al., 2024), while LAGRANTO
computes air-parcel trajectories without considering particle growth (Sprenger and Wernli, 2015).
These convective transport schemes assume that strong irradiance is synonymous to an increased
PBLH and enhanced turbulence, however this is not the case as shown in this section. The influence of
strong and low radiative conditions on the vertical pollutant distribution in dependence of the PBLH
has not been studied, yet.

The influence of irradiance on the vertical mixing of small particles was already discussed in Sect.
7.5.2.2. Here, we further investigate the relationship between irradiance, the PBLH and vertical gradi-
ents of the PNGCs10 nm (dPNCs10 nm/dz), which is a reliable pollutant tracer with low measurement
uncertainty (~1%). In a perfectly mixed layer that is capped by a strong inversion layer, neither a verti-
cal gradient nor an influence of the PBLH on the distribution of PNC,10nm are expected. This is observed
on “clear-sky” days (Fig. 7.3, r = -0.05), whereas on “cloudy” days, dPNCs10nm/dz is negative for small
PBLHs and increases as PBLH increases, approaching well-mixed conditions for a PBLH of ~1340 m
(In(PBLH [in m]) = 7.2 with, r =-0.43). This observation shows that on “cloudy” days, the PBLH is a
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useful measure for the mixing state, whereas on “clear-sky” days irradiance appears sufficient to ho-
mogenize PNC;10nm largely independent of PBLH.

Normalizing dPNCs10 nm/dz by the PNC.10nm measured at ground yields relative gradients. The relative
mean decrease of the PNCs10 nm With In(PBLH [in m]) is (-0.4 + 0.1) % km™ under "cloudy" conditions
and (-0.02 + 0.08) % km™ on "clear-sky" days (“%” refers to the amount of PNC. 10 nm at ground, Fig.
$9.46). However, the spread of the data points in Fig. 7.3 and $9.46 indicates substantial uncertainty
regarding individual vertical profiles.

Summarizing, irradiance plays a crucial role in controlling mixing in this grassy, hilly terrain. To finally
understand irradiance-driven convective transport processes, similar studies spanning a wider range
of irradiance levels and PBL depths in regions with distinct surface energy budgets and turbulence
regimes (e.g., rainforests, polar areas) would be valuable.

7.5.3 Representativity of Ground-based Measurements in a Mixed PBL

The analysis of nocturnal MLHs (Sect. 7.4) and the diurnal variability of trace matter in the lowermost
500 m (Sect. 7.5.2.1) highlight that stratification significantly affects vertical gradients of meteorologi-
cal and trace matter variables. In Sect. 7.5.2.2, the analysis of gradients in a single probed mixing layer
further shows that atmospheric instability and vertical mixing are mainly driven by irradiance and that
assuming turbulence solely from the PBLH might result in significant biases (especially for strong radi-
ative conditions). To evaluate how well ground-based measurement stations can quantify and
represent conditions in a mixing layer, gradients of the vertical profiles (Fig. 7.4) and ratios of the low-
ermost 25 m-increments to the vertical 500 m-column (Fig. 7.5) were calculated for the daily periods
from 12:00 to 20:00 according to the absence of a NBL in this period (Sect. 7.5.1).

Table 7.1 presents a summary of the representativity of ground-based measurements for within a mix-
ing layer, considering local and radiative influences, based on the results in Fig. 7.4 and Fig. 7.5. These
results are discussed separately for meteorological and trace gas and matter variables in the following.

7.5.3.1 Meteorological variables

Meteorological variables provide insights into atmospheric conditions by indicating dynamic mixing
and thermodynamical processes. Vertical gradients of variables from both campaigns show significant
influence in higher altitudes from air mass dilution from aloft (with dry air) that reduces the absolute

Table 7.1: Representativity of ground-based measurements for various variables in a mixing layer:
green (very representative), yellow (mostly representative) and red (not representative). The effects
of adiabatic cooling, strong radiative and measurement location-specific influences (sinks, sources,
etc.) on the representativity are additionally indicated as either significant (XX) or very likely (X).

Representativity wind abs.

PM2s PM1i PNGsassonom  PNGCsionm CO2 Oz Ri Beq O T RH
Influenced by speed hum.
Adiabatic

X* X* X* X* XX XX

cooling
Irradiance XX X XX
Location X X X X X X X XX XX

*if not given in standardized volumetric units
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humidity that is fed by water evaporated from ground. Reduced ambient pressure in higher altitudes
causes adiabatic cooling, which forms the vertical gradient of temperature (T) and, together with mois-
ture dilution, shapes the gradient of relative humidity (RH). The potential temperature (), equivalent
potential temperature (6eq) and bulk Richardson number (Ri) are markers for atmospheric stability: 6
accounts for dry-adiabatic effects, 8q also incorporates water-vapor variability, and Ri combines ther-
mal stratification and wind shear. The gradients of potential temperature (d6/dz) and equivalent
potential temperature (dfe/dz), along with that of Ri, are all negative throughout the campaigns and
indicate atmospheric instability.

When not considering the hourly PBLH like in Fig. 7.4, negative gradients on “clear-sky” and “cloudy”
days are similar. This implies that irradiance is an important factor for describing the turbulence in a
specific mixing layer when PBLHs are available (see Sect. 7.5.2.3), however in bulk description the in-
fluence is less relevant.

Well defined gradients, and only minimal overestimation of 6 in the lowermost 25 m-increment, for
the 500 m-column indicates that 6, T, and absolute humidity can representatively be measured with
ground-stations. This can be achieved with measurements in different heights slightly above ground
to estimate the locally-influenced dilution and adiabatic cooling rate. The adiabatic cooling likely re-
flects buoyant updrafts initiated by ground heating and depends on local heat reservoirs and ambient
pressure. In contrast, RH and 6., show a significant unregular variability in their gradients, which is
likely due to a combination of locally and temporally varying evaporation or advection of moist air
masses.

Ri and wind speed were not representatively measured by ground-based stations. Although vertical
wind profiles are well described in ideal model setups and depend mainly on the surface roughness,
here, a combination of synoptic scale conditions and inhomogeneous hilly terrain may reduce the rep-
resentativity of near-ground measurements. Additionally, we found that the wind speed gradients are
larger for lower than for stronger radiative conditions. This correlation is expected as strong gusts
above the SL occur due to, e.g., frontal events, which imply cloudiness. As the Ri depends on temper-
ature, humidity and horizontal wind speed, representative measurements with ground-based stations
for this variable are also hard to achieve.

7.5.3.2 Trace matter variables

The distribution of pollutants and trace matter is affected by the horizontal advection of clean or pol-
luted air masses and vertical mixing, which reduces vertical inhomogeneities and distributes surface-
influenced air in the mixing layer. Unlike meteorological variables, trace gas and matter exhibit
stronger day-to-day variability as the air mass composition varies with different source regions, leading
to an increased uncertainty when gradients are calculated from absolute values.

An ideally mixed layer would have a negligible vertical gradient for trace gas and matter mixing ratios.
Consistent with this, under clear-sky daytime conditions reduced vertical gradients of the O3 mixing
ratio were observed, making ground-based measurements slightly more representative for the lower
troposphere than under cloudy conditions. In contrast, on “cloudy” days reduced photochemical O3
production and reduced turbulence limit in-situ Oz production and vertical mixing, respectively, so en-
trainment from air aloft (RL/free troposphere) largely controls the vertical Os profile. Similarly, CO; is
dispersed within the mixing layer and can occasionally be well represented by ground-based measure-
ments. Consistent with Sect. 7.5.2.2, both gases experience sinks (chemical depletion of Oz and
biosphere-driven uptake (photosynthesis) for CO,) at the surface, which bias surface concentrations

125



Influence of Irradiance and Mixing Layers on the Representativity of Ground-based Measurements

and lead to an underestimation of the 500 m-column with ground-based measurements. Taking into
account the bias caused by these sinks would enable more representative measurements.

While gases are frequently reported as mixing ratios (which are independent of the pressure decrease
with altitude), ground-based aerosol measurements are commonly reported as volumetric concentra-
tions that are rarely standardized. Consequently, if vertical changes in air density are not accounted
for, using ground-level volumetric concentrations to represent a well-mixed 500 m column will over-
estimate the column-mean aerosol load by ~2.7%. This bias is not considered in Fig. 7.5 due to its
marginal effect and the convention of reporting particulate matter in volumetric units. As a best prac-
tice, ground-based measurement stations should report volumetric variables in standardized units.
Low concentrations of aerosol particles with diameters larger than 350 nm were measured with an
optical particle counter and led to poor counting statistics and consequently high uncertainty. As a
result, these measurements were not used for gradient analysis. The number and mass fractions of
these particles (PNCs350nm, PM1, PM35) inferred from near-ground measurements tend to overestimate
the corresponding 500 m-column averages by ~25%, albeit with large uncertainties (interquartile
ranges corresponding to roughly 10-80% overestimation; Fig. 7.5). This ratio appears to be site-de-
pendent, although not significant due to the wide interquartile ranges. Irradiance does not appear to
affect the representativity of ground-based measurements for larger particles. In contrast, the repre-
sentativity of ground-based measurements for the 500 m column and the vertical gradients of
PNGC. 10nm is significantly influenced by irradiance and measurement-site location. Good representa-
tivity is achievable on “clear-sky” days (see Sect. 7.5.2.3). The systematic overestimation of larger
particles (PNCs 350 nm, PM1 and PM;s) compared to PNC; 10 nm in the lowermost 25 m-increment with
respect to the vertical 500 m profiles might be due to ground-level particle sources and entrainment
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Fig. 7.4: Gradients in the lowermost 500 m in a mixed PBL are presented for meteorological and trace
gas and matter variables during two campaigns (circles and diamonds) for “clear-sky” and “cloudy”
days (red and white markers, respectively). Blue bars show negative, red bars positive gradients, and
error bars represent the overall uncertainty, mainly due to day-to-day variability.
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Fig. 7.5: Representativity of ground-based measurements with regard to the lowermost 500 m in a
mixed PBL are presented for meteorological and trace gas and matter variables during two campaigns
(circles and diamonds) for “clear-sky” and “cloudy” days (red and white, respectively). The x-axis is split
to enhance visibility of variables with better representativity (note the different y-axis scalings). Error
bars represent the overall uncertainty, mainly due to day-to-day variability.

of particle-poor air from above the surface layer. More efficient physical deposition of large particles
in PM; compared to smaller particles in PNCs 10 nm is unlikely, since particles with diameters of ~1 um
have a similar lifetime compared to particles contributing to PNC. 10 nm. Within the atmosphere, parti-
cles in the size range from 10 nm to 1 um area similarly mixed by eddies, hence no difference is
expected for PM; and PNC; 10nm (Hinds, 1999). Differences between the sites plausibly explain the small
discrepancy between BISTUM23 and BISTUM24.

While meteorological indicators show relatively similar gradients and representativity of ground-based
measurements with respect to the mixing layer for "cloudy" and "clear-sky" days, pollutant indicators
exhibit stronger variability and differences. This is mainly due to complex chemical production and loss
processes or plumes, which cause significant variations in gradients driven by irradiance-induced mix-
ing processes.

7.6 Summary

Drone-based in situ measurements were conducted during two 2.5-week summer field campaigns in
rural Central and Southern Germany to study dynamics and stratification in the lowermost tropo-
sphere. Nighttime vertical profiles of temperature, humidity, wind speed, and trace gas and matter
(CO,, 03, particle concentrations) in the lowermost 120 m were used to detect fine-scale nocturnal
stratification. Due to the complex terrain, the definition "strong gradient change" was applied to each
variable as a criterion to detect mixing layer heights (MLH) on an hourly time scale. Although subjective
and applied on only a single night, this method showed that trace gas and matter variables were mostly
more sensitive in detecting MLHs than traditionally used meteorological variables. Among all variables,
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0Os and potential temperature identified MLH most often, suggesting that combined pollutant and me-
teorological measurements are beneficial to investigate stratification processes, even under conditions
when dynamic influences are minimal.

Diurnal vertical profiles up to 500 m above ground are used to study the influence of irradiance inten-
sity on the distribution of trace matter and on dynamics within the convective boundary layer, as well
as the representativity of ground-based measurement stations for this layer. All days during the cam-
paigns were considered “atmospherically slightly unstable”, a stability regime in which vertical mixing
is described with a high uncertainty. To investigate influence of irradiance in this regime, days were
classified by the daily integrated measured irradiance at ground.

Independent of irradiance, ground-based measurements are not vertically representative of the col-
umn up to the MLH during morning/evening transitions when a NBL is present. Under low irradiance,
MLH reflects not only the degree of atmospheric instability but also the vertical distribution of aerosol
particles. Under high irradiance, strong turbulence produces well-mixed conditions; vertical pollutant
gradients are weak and their dependence on MLH diminishes. Accordingly, distinguishing between
low- and high-irradiance conditions in the PBL could enhance model parameterizations and improve
the description of vertical mixing under slightly unstable conditions.

The major goal of this study is to point out that ground-based measurements, which are used world-
wide in networks or during individual field campaigns, are generally taken as representative and rarely
consider vertical limitation by MLHs or gradient dependencies of radiative-driven mixing. Representa-
tivity of meteorological variables for the mixing layer is generally not affected by irradiance and can be
enhanced by estimating local vertical gradients with ground-based measurements in multiple heights.
In contrast, representative measurements of trace gas and matter must account for local sinks at
ground, entrainment from clean air aloft and a stronger influence of irradiance.
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8 Influence of Synoptic Rain Fronts on the Local Boundary Layer Dy-
namics
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8.1 Abstract

Understanding atmospheric processes enables enhancing weather forecasts and models. Research in
polluted areas showed that severe rain fronts influence pollutant distribution and chemical processes
in the planetary boundary layer, while studies at continental rural mid-latitude sites emphasized strat-
ification's impact on pollutants, but neglected the influence of rain fronts. This study connects
meteorological and chemical boundary layer processes during summer rain in Central and Southern
rural Germany, focusing on two events: a warm front in a high-pressure system and a cold front fol-
lowing a convergence line.

By combining near-hourly drone-based vertical profiles of the lowest 500 m, continuous ground-based
observations, and ICON forecast model data, a detailed assessment of tropospheric dynamics for both
events was achieved. Findings reveal that delayed nocturnal boundary layer breakup and poor vertical
mixing result in weakly oxidized organic aerosol and reduced secondary aerosol formation near
ground. Suppressed vertical mixing in the morning delays daytime chemical processes. A temporary
reduction of O3 after rain was observed, likely due to depletion from reactions with surface emissions,
until mixing restored vertical homogeneity.

The ICON model accurately predicted the mixing layer height under stable conditions, but underesti-
mated it during cold pool formation with rain showers and thunderstorms. In-situ measurements
indicate that cold pool dynamics enhance subsequent convective development. These findings en-
hance the understanding of air mass exchange and precipitation’s effects on the lower rural
troposphere as well as frontal weather scenarios and atmospheric composition changes, linking local
experimental and model forecast observations to larger-scale synoptic situations.

8.2 Introduction

Understanding the details of atmospheric processes during different weather events is crucial for im-
proving weather prediction, climate modelling, and environmental risk assessments (Chen et al., 2008;
Wei et al., 2011; Sziroczak et al., 2022). Fronts, particularly warm and cold fronts, play a fundamental
role in shaping local and regional weather conditions in the mid latitudes, influencing temperature
gradients, wind patterns, and precipitation, as well as the chemical composition of the atmosphere.
While synoptic-scale models provide valuable insights into these phenomena, accurately capturing the
fine-scale interactions within the atmospheric boundary layer remains a significant challenge
(Steeneveld, 2014; Qian et al., 2016; Golzio et al., 2021; Sziroczak et al., 2022). Ground-based and aerial
measurement approaches offer the potential to bridge this gap by providing spatial and temporal high-
resolution data on key atmospheric variables (McWilliams et al., 2023; Moormann et al., 2025b).

The formation of near-surface air mass layers is a critical factor in atmospheric dynamics, as these
layers control energy exchange, moisture fluxes, and pollutant dispersion. The structure of these layers
is influenced by surface heating, turbulence, and synoptic-scale forcing, leading to variations in stability
and mixing. During the night, radiative cooling at the surface leads to stable stratification referred to
as nocturnal boundary layer (NBL), reducing vertical mixing and fostering the formation of temperature
inversions. The evolution of the NBL during frontal passages is particularly complex, as stability transi-
tions and wind shear interactions can enhance turbulence intermittency and alter mixing processes,
which can have significant implications for local weather phenomena, distribution of trace species, and
air quality (Stull, 1988). A thorough understanding of these dynamics is essential for improving numer-
ical weather prediction and refining models of boundary layer processes.
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Measurement towers, equipped with sonic anemometers and radiometers, offer continuous, wind
profiles, high-frequency turbulence, and thermodynamic data at fixed locations but are limited by their
inability to capture spatial variability and typically cover a very limited vertical range (Oliveira et al.,
2020). Radiosondes provide detailed vertical atmospheric profiles deep into the stratosphere, yet they
only offer snapshots or incur high costs when frequently launched (Helbig et al., 2021). The Monin—
Obukhov Similarity Theory is capable of extrapolating near-surface measurements to different heights
under quasi-stationary conditions, though it struggles with rapidly changing stability regimes and com-
plex terrains (Monin and Obukhov, 1954; Markowski et al., 2019). Meanwhile, remote sensing
techniques like lidar, sodar, and radar deliver high-resolution spatial and temporal profiles of wind,
turbulence, and aerosol distributions without physical contact, but they are constrained by limitations
in resolving fine-scale turbulence, signal penetration issues, and reduced precision near the surface,
especially under challenging atmospheric conditions (Kotthaus et al., 2023).

Recent advancements in atmospheric science have led to the integration of drone-based observations
and large-scale numerical weather models to enhance the understanding of boundary layer dynamics.
Drones provide flexible, spatially highly resolved measurements of temperature, humidity, and wind
as well as trace gases and aerosol particles at multiple altitudes, offering a valuable complement to
ground-based instruments (Bonne et al., 2024; Radtke et al., 2024; Moormann et al., 2025b). When
combined with numerical weather prediction models, these measurements can improve the represen-
tation of sub-grid scale processes and help validate model simulations (Szintai et al., 2010; Zum Berge
et al., 2023). However, challenges remain, including limited flight durations, regulatory constraints,
and the need for robust data assimilation techniques (Elston et al., 2015; Villa et al., 2016; Moormann
et al., 2025b).

Previous studies have investigated frontal events with large scale model data or use large data sets of
local data at ground level or measurement towers. While model data lack the high spatial resolution
in the planetary boundary layer (PBL), in-situ measurements are usually limited to specific variables.
Large data sets of local data cover underlying dynamics of different rain fronts, however, they often
do not cover a sufficient vertical range (Bopape et al., 2021; Helbig et al., 2021; Wang et al., 2021;
Machado et al., 2024b; Machado et al., 2024a).

This study investigates and aims to reconstruct atmospheric processes during two distinct, but com-
mon weather events — a warm front in a stable high-pressure system (Sect. 8.4) and a cold front in a
convergence zone (Sect. 8.5) — by integrating ground-based measurements, drone-based observations,
and synoptic local-scale model data (Sect. 8.3). While the measurements provide a large comprehen-
sive data set of the local meteorology as well as gas and aerosol trace matter characteristics with high
temporal resolution, the model contributes the greater regional-scale picture. A detailed analysis of
various variables derived from these complementary data sources leads to a complex overview of pro-
cesses, providing a more comprehensive understanding of frontal dynamics, short and longer-term
impacts of rain, and the limitations of existing observational and modelling approaches.

8.3 Methodology

Data from two measurement campaigns (BISTUM23, August 2023 and BISTUM?24, June 2024) were
analyzed to understand the influence of rain events on stratification and dynamical processes in the
lowermost troposphere. A warm front in a stable high-pressure system (case 1, Sect. 8.4) and a cold
front in a convergence zone (case 2, Sect. 8.5) were selected as examples of two kinds of rain events,
which originate from different large-scale meteorological conditions and allow the analysis of various
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post-rain processes depending on the front type. The analysis of each case follows the same approach
using a) local measurements at a ground station for continuous measurements and on-board a drone
for quasi-hourly vertical profiling and b) large-scale assessment of the meteorological conditions using
a radiosonde and ICON model data.

8.3.1 Measurement sites

For the two campaigns BISTUM23 and BISTUM24, two rural sites in German low-mountain ranges were
selected. BISTUMZ23 took place near the city of Albstadt in the Swabian Alb (48° 15’ N, 8° 59’ E) with
the ground station at 886 m above mean sea level (a.s.l.). BISTUM24 was performed near the village
of Spielberg in the Vogelsberg area with the ground station at 391 m a.s.l. (50° 19’ N, 9° 15’ E). Both
sites were chosen because they are in rural areas, which lowers the risk of contamination from local
anthropogenic sources. The ground stations were located at the top of a hill, close to the flank of the
mountain range where the aspiration usually occurs (Fig. $9.47). Therefore, the topographical condi-
tions favor orographic lifting of air masses, which can facilitate deep convective events (Barros and
Lettenmaier, 1994; Liu and Kirshbaum, 2025).

8.3.2 Experimental data

Measurements were performed on the same three platforms for each campaign and are listed in Table
$9.13. Continuous ground-based measurements on-board the Mobile Laboratory (MolLa, Drewnick et
al. (2012)) include the O/C ratio of the organic fraction of the submicron aerosol particles, measured
with an aerosol mass spectrometer, particle size distribution (merged data of a fast mobility particle
sizer and an optical particle counter), particle number concentration (PNC), Os mixing ratio, and wind
data as well as temperature, humidity, and pressure. The Mola inlet was 6 m above ground level
(a.g.l.). A ceilometer monitored the aerosol backscatter signal above the site up to 10 km a.g.l. Addi-
tionally, during BISTUM24, 3D wind measurements at 5 m a.g.l. provided sensible heat flux (Qu) and
turbulent kinetic energy (TKE) data at 30 min-averaging intervals, as recommended for fair weather
and pre-storm weather (Markowski et al., 2019).

Drone-based measurements were performed with the Flying Laboratory research drone (FLab,
Moormann et al. (2025b)), which provides a wide particle and gas phase dataset including Os, PNC,
and meteorological data. This allows the estimation of these variables’ gradients in the lowest 500 m
a.g.l. as well as the calculation of the bulk Richardson number Ri Eq. (8.1) calculated from the acceler-
ation of gravity g, the flight height above ground level h, ., the virtual potential temperature 6v, and
the horizontal wind speeds u and v at ground at the respective air level:

Ri = g(gv,air - gv,ground)ha.g.l. _ (8.1)
gv,air ((uair - uground) + (vair - vground) )

Data from radiosondes, launched from the same site, help to verify the model data analysis of the
meteorological conditions on a larger scale and provide the convective available potential energy
(CAPE) as an indicator of the vertical uplift forcing before and after the weather events as well as the
elevated boundary layer heights (Stull, 1988).
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8.3.3 Model data

Large-scale synoptical information such as 24 h-backward trajectories, the mixing layer height and ra-
dar information for the respective measurement site were derived as described in the following. The
trajectories in Fig. S9.50 were calculated for 24 h-backwards with the HySplit analysis tool to detect
source regions outside Germany and were started from 0 m, 120 m and 500 m above ground level
(Stein et al., 2015). Besides the HySplit trajectories driven by 0.25°-GFS analysis data, ICON-D2 analysis
and hourly forecast data for the gaps between the analysis time events (3 hourly) were utilised to cal-
culate corresponding mixing layer heights and backward trajectories within the German domain (Fig.
$9.53 and Fig. $S9.58). ICON-D2 is the operational weather forecasting model of the German Weather
Service (DWD) and provides detailed weather information on a horizontal grid width of approximately
2 km. ICON-D2 is a non-hydrostatic model, with parameterisations for shallow convection and a sophis-
ticated boundary layer and surface exchange scheme. Even though ICON-D2 itself operates on a
triangular grid, the data has been re-gridded to a regular longitude-latitude grid with a similar grid
width to ICON-D2. A detailed description of the ICON model has been provided by (Zéngl et al., 2015;
Crueger et al., 2018) and further descriptions are available at (DWD, 2025b).

ICON-D2 uses terrain-following Gal-Chen coordinates, according to (Klemp, 2011), with 60 vertical
levels in total. The lowest kilometer above ground for the Albstadt site is described with 16 vertical
levels, whereas for Spielberg 15 levels cover the lowest kilometer with corresponding layer thicknesses
between 30 m close to the surface and 100 m in 1 km altitude above ground. Turbulence and surface
exchange processes are parameterised with a second-order scheme following (Raschendorfer, 2001).
To obtain a higher temporal resolution than the 3 hourly analysis data, forecasts for the respective two
hours in between the analysis time spots have been merged with the analysis data set, i.e., forecasts
with up to 2 h lead time. The forecast data was obtained from the PAMORE data archive (DWD, 2025a)
for the duration of the campaign.

The backward trajectories in Fig. $9.53 and Fig. S9.58 have been calculated using a tailored trajectory
program, which regrids the model data to a regular latitude-longitude-altitude grid, including the
respective grid elevation of the orography. The trajectories themselves were calculated based on a
1 min-timestep, and were finalised when the trajectory left the domain of ICON-D2 or after 24 hours.
The MLH is selected as the lowest altitude where all the following criteria in the ICON-D2 data are

fulfilled: Brunt-Viisdld frequency > 5 x 107 s*

, vertical gradient of potential virtual tempera-
ture > 0.3 K km™, and vertical gradient of absolute humidity must be curved (Wang and Wang, 2014).

Additional synoptic scale information, displayed in Fig. S9.48 and Fig. $9.49 (surface pressure,
geopotential in 500 hPa), for the selected events has been obtained from ERA5 reanalysis data
(Hersbach et al., 2020) as well as from radar data (WN data set) from the radar network of the DWD
(e.g., Kreklow et al. (2019)). The radar and trajectory data were obtained from the DWD data server
(DWD, 2025c) during the campaigns. The respective satellite images are obtained from EUMETSAT from
the MSG SEVIRI (Schmetz et al., 2002) instrument. Frontal lines in Fig. $9.48 and Fig. S9.49 were

manually added to highlight strong pressure gradients.
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8.4 Case study I: Delayed Breakup of NBL during Warm Front Rain in High-pres-
sure System

Our first case study focuses on the basic characterization of different air masses and investigates how
strong stratification can suppress turbulence and delay the breakup of the NBL until the afternoon.
This situation took place at 20 June 2024 at the Spielberg site.

8.4.1 Synoptic situation and local meteorology

The synoptic map in Fig. S9.48 shows that the measurement site was centrally located in a large high-
pressure system that covered substantial parts of western and central Europe with an indicated warm
front crossing the measurement site. Two rain events with different intensities can be attributed to
the warm front: first rain: ~20 min duration, 0.5 mm accumulated rainfall starting at 11:00; second
rain: ~10 min duration, 0.1 mm precipitation starting at 15:20. FLab measured three vertical profiles
before and five after the major rain event (Fig. 8.1), allowing investigation of hour-scale influences of
the rain event on the atmosphere in the lowermost 500 m a.g.l. After the second rain event, no profil-
ing flights were possible due to temporary airspace restrictions. Note, the following height ranges
describe the height above ground level and time is given in local time (LT = UTC + 2 h), unless otherwise
noted.

At 500 hPa a stable ridge was located above central Europe, leading to large-scale subsidence. Radio
soundings before and after the rain event show no change in tropopause height or CAPE (Fig. $9.51),
suggesting no significant change due to the front. The high-pressure system appears to be stable, and
the backward trajectories show no uplift as would be expected for warm fronts, i.e., the uplift at the
warm front is compensated or suppressed by the large-scale subsidence. However, from the ceilome-
ter data a cloud uplift from 3 km to 5 km (or a trailing higher midlevel cloud) can be deduced
immediately after the first rain (Fig. $9.52). The immediate but short-lived dynamical stabilization
above the residual layer (RL) after the rain event and the hardly changed conditions below the RL lead
to the assumption that the trajectories may not show any uplift due to a strong RL and that the rain
event can indeed be described as a warm front (see Sections 8.4.2 and 8.4.3.1). A follow-up rain event
like the one at 15:20 is typical for warm fronts.

8.4.2 Driving forces of air mass mixing

Stratification, such as the NBL that forms near the ground during the night, usually dissipates by mid-
day due to convective forcing. Irradiance is the driving heat source that provides the necessary energy
for the buoyancy of the near ground-level NBL. Typically, irradiance heats the ground, which conserves
energy during cloud cover or darkness, and creates turbulences in the air, which release energy by
dissipating eddies (Stull, 1988).

The strong correlation between irradiance and sensible heat flux throughout the day (Pearson corre-
lation coefficient r = 0.87) indicates that sensible heat flux is generated mainly by direct irradiance and
is not driven by stored energy from the ground (Fig. 8.1). During the 11:00 rain event, irradiance and
hence the sensible heat flux reach a minimum, while TKE is available independently — most likely due
to advected air masses. The existing TKE and the small amount of sensible heat flux are not sufficient
to elevate the NBL prior to rainfall. During the first two hours after rainfall, the thermal energy in the
NBL must still accumulate before mixing of the low-level residual layer with the free tropospheric air
can occur between 13:00 and 14:00, as the model predicts. To provide evidence for this suggested
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Fig. 8.1: The turbulence kinetic energy (TKE, red) increases in the morning, without being reduced prior
to and during the first rain event, in contrast to the time series of irradiance (orange) and sensible heat
flux (Qu, pink, all 30 min averages). The strong correlation between irradiance and Qu during the rain
period indicates that there is no energy conservation at the ground. The hourly mixing layer height
(ICON model MLH, gray) reflects stratification in 300 m a.g.l. in the morning, so FLab (drone flight alti-
tude, black, 1 s data) measures inside and above the NBL before and directly after the main rain event
(blue, 1s data).

development and a more holistic understanding, the air masses in the lowest 500 m need to be char-
acterized with in-situ data.

8.4.3 Characterization of different air masses

The air masses are characterized in reference to the 11:00 rain event primarily with FLab measurement
data, which provide information on air mass stability and history. To reduce statistical and measure-
ment uncertainty, the presented FLab-related data have been binned in 100 m increments for the
height ranges from 0 to 500 m (see Fig. 8.2 and Fig. 8.3). Note that strong gradients which are often
measured within a few tens of meters above the ground are averaged out in the 0 to 100 m bins. To
account for concentration changes over time, the O; and PNC data measured on-board FLab were cor-
rected for temporal trends using the analogous continuous ground-based data measured by Mola.
The identification of different air masses (1, lla, and lIb) and the underlying processes discussed in the
following subsections lead to a schematic description of the lowermost troposphere after rainfall
which is presented in Fig. 8.4.

8.4.3.1 Air mass stability

Stability indicators for vertical stratification like the bulk Richardson number Ri and the gradient of the
equivalent potential temperature dfe,/dz are derived from FLab measurements. Air masses are con-
sidered statically unstable for negative Ri, dynamically unstable for positive Ri < 0.25, and dynamically
stable, i.e., laminar, for Ri > 0.25, whereas a negative df.,/dz implies instability and positive dfe,/dz
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Fig. 8.2: The gradient of the equivalent potential temperature d6.,/dz (a) indicates unstable conditions
throughout the day below 300 m, while the air mass above 300 m is stabilized after the rain at 11:00.
The bulk Richardson number Ri (right) is consistent with a successive destabilization after the rain and
indicates a stratification between 200 m and 300 m before the rain. The solid traces show the median
and the shaded area is the interquartile range of the binned data. Dashed lines indicate Ri = 0 and
Ri=0.25.

stable conditions (Stull, 1988). The TKE data, derived from the ground-based wind measurements
(Fig. 8.1) show consistent turbulent conditions in the lowermost 200 m in agreement with Ri = 0.5+ 0.1
and d6.,/dz < O for all flights after the rain event (Fig. 8.2). A sharp increase of the Ri, but still negative
Ri and df.,/dz at 250 m altitude indicates the boundary between the two stratified statical unstable
layers before the rain (Fig. 8.2b). However, above 300 m, 15 min after the rain, air masses are suddenly
stabilized, indicated by dfe,/dz = 38.5 K km™ and contain a dynamically stable flow (Fig. 8.2a). The
positive dB.q/dz persists at least until completion of the flight 100 minutes after the rain event and
then becomes progressively negative, simultaneously with the Rj; i.e., dB,/dz and Ri drift into a more
turbulent regime in the lowermost 500 m (Fig. 8.2).

The upper layer can be classified as downdrafted free tropospheric air (air mass | in Fig. 8.4), while the
lower layer is probably a remnant of the NBL which is still present after the rain (air mass lla in Fig.
8.4). The final breakup of the RL between the 3rd and fourth flight after the rain (between 100 min and
160 min after rainfall) is induced by increasing turbulence-driven instability above 300 m as indicated
by a consistent negative df.,/dz and a decreasing Ri. Probably, increased convective forcing turns air
mass lla into air mass IlIb (Fig. 8.4, see Sect. 8.4.3). Here, the continuous increase in instability with
height shows that stratification is reduced such that turbulence may increase due to larger eddies at
higher altitudes.

8.4.3.2 Air mass composition and history

The air mass history like, e.g., travelled areas can be determined by 24 h-backward trajectories for
different altitudes. Fig. S9.53 shows that the trajectories reaching the measurement site in the lower-
most 100 m a.g.l. never travelled higher than 1000 m a.s.l. during the last six hours before rainfall,
while trajectories arriving above 100 m a.g.l. at the measurement site show a strong downdraft of free
tropospheric air close to the ground. According to Fig. 8.4, the new air mass (I) above 300 m is dynam-
ically stable and differs strongly from the statically unstable air mass below 300 m before mixing (lla
and llbin Fig. 8.4). In comparison to the in-situ measurements and the model MLH, backward trajectory
tracks provide useful insight into air mass movement but lack accuracy at the vertical 100 m scale.
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As shown in Fig. 8.3, at altitudes above 300 m, O; levels are increased by up to 30%, compared to those
before the rainfall, and PNC decreased by up to 70% after rain for at least 100 min. Contrary, concen-
trations in the lowest 300 m remain within a range of 10% for O3 and 20% for PNC. High Os levels and
low PNC can be attributed to a freshly ingested, clean air mass with a high-altitude origin (Neuman et
al., 2012; Tsamalis et al., 2014), confirming the free tropospheric history of air mass (1) before convec-
tive mixing. The influence of the rain on O3 and PNC in the near-ground layer will be discussed in Sect.
8.5.3 in detail. After 100 min after the rain event no systematic gradient is observable for O; and PNC
anymore. Consistent with the findings in Sect. 8.4.3.1, the stratification, observed directly after the
rain event, has disappeared 2 h after the rain, and no significant differences of O3 and PNC from the
100 m measurement increments can be observed in the lowermost 500 m, confirming a well-mixed
layer. In addition to the photochemical production of O3, mixing with free tropospheric air also causes
a rapid increase of O3 at ground level (Neuman et al., 2012), potentially causing photochemical aging
of the aerosol, as suggested by the strong correlation (r = 0.94) for the time series of O3 levels and the
O/C ratio of organic particulate aerosol measured with the ground-based Mola (Fig. S9.54). Aspiration
of already-aged aerosols as a reason for enhanced O/C ratios is unlikely due to the stability of the PM;
concentration measured in the afternoon. This strong correlation shows that a delayed breakup of the
NBL can also lead to a delay in the onset of diurnal chemistry.

Taken these results in combination with the results shown in Fig. 8.2, the freshly ingested air mass can
be attributed to the laminar and dynamically stable free tropospheric air mass ; initially, the lower-
level statically unstable air mass Ila below 300 m does not show indication of mixing of air mass | with
Ila. From 100 minutes after the rain, almost no gradients of Os and PNC are observed, indicating that
the layering has dissipated and air masses | and Ila have mixed to form air mass llb across the entire
500 m range (compare Fig. 8.4).
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Fig. 8.3: The ratios of the O3 mixing ratio (top) and the particle number concentrations PNC (bottom)
after to before the rainfall (at 11:00) were calculated for different altitude increments (color-scale) for
five vertical profiles measured at different times after the rain. Error bars represent the combined
standard error of flights before and after the rain. Attributed air masses that are identified within a
flight are indicated at the top of the graph.
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8.4.3.3 Delayed NBL breakup

Boundary layer lifting can be limited or suppressed by overlying inversion layers and insufficient con-
vective forcing. In addition to the low convective forcing due to low irradiance caused by the cloud
cover, stratification is supported by the subsidence of air mass |, which is drier and warmer than the
underlying NBL. Strong wind shear drives the turbulent mixing dynamically until the temperature has
increased, i.e., the energy has accumulated within the NBL and convection-driven turbulence mixes air
mass | with air mass Ila 100 min after the rain. Dissipation of the boundary between the dynamically
different air masses | and lla forms the mixed air mass llb, as shown in Fig. 8.4. Comparison of the
observed stratification height from the in-situ data and the MLH derived from ICON data agrees within
the model height resolution (+ 70 m in 300 m, Fig. 8.4). This demonstrates that the ICON model can
forecast the MLH with high accuracy at least under relatively stable large-scale conditions.
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Fig. 8.4: A reconstruction of different characteristics and dynamics of the air masses (I, lla and llb,
separated by grey lines) observed before and after the rainfall event. The estimated MLH from the
ICON model is presented in olive with markers indicating hourly time stamps and lines between the
data points to guide the eyes. Greenish arrows represent dynamic processes, multi-colored arrows
thermal processes.
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8.5 Case Study II: Impact of a Cold Front and a Convergence Line on the Lower-
most Troposphere

To investigate how thunderstorms affect pollutant distribution and air mass dynamics in the lower
troposphere, throughout a day when a thunderstorm occurred eleven FLab-based vertical profiling
measurements were conducted hourly, as long as weather conditions allowed for safe operation.

8.5.1 Synoptic situation and local meteorology

During the 12 August 2023, four precipitation events were observed at ground level at the Albstadt
site, while the ceilometer recorded seven, including three that did not reach the ground due to evap-
oration of rain droplets at higher altitudes (Fig. S9.55 and Fig. S9.56, Fig. S9.55and Fig. 8.5). Even after
the last rain event with a strong thunderstorm at 15:00, clouds were still present and the irradiance
did not reach the levels of cloudless days, although the conditions became mild and the temperature
rose by up to 10 °C.

For this day, synoptic maps show a convergence line and a cold front crossing the site from 14:40 to
15:20 (Fig. S9.50 and Fig. S9.56). A severe thunderstorm may have been caused by the combination of
substantial lability and CAPE in addition to orographic lifting of warm air in conjunction with the con-
vergent flow between 14:30 to 15:00. Radiosondes launched from the site recorded CAPE of 1400 J kg™
at 14:00, while it decreased to less than 10% of this value, i.e., 130 J kg, after the thunderstorm (ra-
diosonde at 16:40, Fig. $S9.57) during mild, sunny conditions. 24 h-backward trajectories (calculated
with Hysplit, Stein et al. (2015)) indicate aspiration of air masses, amongst other across the mountain
ranges of the Black Forest and the Swabian Alb, during the 100 km long track before they reached the
measurement site (Fig. $9.50 and Fig. $9.58).

8.5.2 Reconstruction of air mass exchange by cold fronts and a convergence line

In this subsection, similar to the approach for Fig. 8.4 (Sect. 8.4) we develop an overview schematic
that describes the details of the boundary layer processes around the investigated event (Fig. 8.6). The
schematic contains air masses characterized by dynamical and chemical properties, which are tagged
with roman letters (I, lla, llb, Ill, and 1V) and should not be confused with the air masses mentioned in
the previous Sect. 8.4.

The meteorological situation on 12 August 2023, can be separated into a dynamically unstable pre-
thunderstorm period and a stable post-thunderstorm period. In contrast to the situation described in
Sect. 8.4, no ground-based flux measurement data are available. A consistent Ri = 0 at the 50 m mark
during all times when the Flab was operating indicates unstable conditions, i.e., small-scale turbulence
at the ground, which are not significantly influenced by processes above 100 meters (Fig. 8.5a). Before
the first rain event at 08:30, a layer boundary at the 250 m mark was identified by sign changes of the
weak gradients for Ri, potential temperature, absolute humidity, Os, and PNC (Fig. S9.59 or orange
dots in Fig. 8.5). While positive gradients of potential temperature and Ri indicate increasing dynamic
stability with altitude, the upper air mass above 200 m is classified as laminar with Ri = 0.6 with en-
hanced moisture and Os levels (O3 increased by 6 ppbv), and reduced particulate pollution (PNC
decreased by > 1000 particles cm). Here, free tropospheric air (I in Fig. 8.6) overlays a weak NBL (lla
in Fig. 8.6) above 200 m, similar to the case in Sect. 8.4.

After the first rainfall event (0.5 mm in 15 min), the NBL remains present, reaching heights of up to
200 m as predicted by ICON. However, the air mass | above the NBL becomes more stable (increasing
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Ri and df.y/dz) after the rainfall event. Before 10:00, it rises to a height of 1100 m, where the ceilom-
eter detects the upper boundary of an aerosol layer (see Fig. $9.56).

After a light second rainfall of 0.1 mm at 10:00, no RL and uniform gradients are observed over the
whole 500 m-altitude range for all FLab-measured variables until 13:00. In air mass Ilb mixing has elim-
inated the gradients. Since the first two rain events at 08:30 and 10:00, potential temperature near
ground has increased by only 2-3 K, suggesting that diurnal heating primarily contributes to latent heat
rather than driving vertical mixing (Fig. 8.5c). This observation is in agreement with very slow evapo-
ration from moist soil that might explain the unusually stable equivalent potential temperature at the
50 m mark between 10:00 and 13:00 (Fig. 8.5b), while the difference to the potential temperature
decreases (Fig. 8.5c). A similar pattern is observed for the last rain event, although here evaporation is
accelerated by strong irradiance and turbulence-driven mixing.

At 13:30, a cold front delivered 2.4 mm of rain in 10 minutes leading to a 2.2 °C decrease in air tem-
perature and 2.1 g kgl increase in humidity at ground, while equivalent potential temperature remains
constant at ground, as measured with Mola (Fig. S9.60). However, at 50 m altitude and above no
change in temperature, humidity, and the vertical gradient of equivalent potential temperature is ob-
served. The slow evaporation of moisture from previous rainfall forms a localized moist patch, which,
on a regional scale, might develop into a cold pool. Cold pools create a positive feedback loop: They
generate broader clouds that are less affected by entrainment, leading to increased precipitation,
larger moist patches, and further expansion of cold pools — ultimately fostering larger clouds with en-
hanced convective mass fluxes (Schlemmer and Hohenegger, 2014). Tompkins (2001) shows that along
an already recovered cold pool, the increased equivalent potential temperature (here increased by 6 K
at ground and by 2.1 K at the 50 m altitude bin, Fig. 8.5b and Fig. S9.60) and water vapor trigger new
convective cells, like the upcoming rain front in this case study. Due to increased latent heat flux, ther-
mal convection is suppressed initially, leading to a homogeneously laminar air mass Ill with Ri = 0.28
above 100 m, while air in the lowest 100 m is dynamically stable due to surface roughness. The
downdraft of air mass lll is likely enhanced by the cold pool, as penetrative downdrafts from the mid-
troposphere commonly occur after rainfall exceeding 2 mm h! (Barnes and Garstang, 1982), in agree-
ment with model results under convergence zone conditions (Schlemmer and Hohenegger, 2014).

At 14:30 the last rain event of the day with 5.4 mm precipitation in 40 min was associated with a severe
thunderstorm under a convergence line as described in Sect. 8.5.1. Despite the reduced CAPE after the
storm, the new air mass IV remains unstable. Unlike the unstable air mass Ill, which might be unstable
due to deep-convective vertical forcing (CAPE), this air mass IV is likely unstable due to small-scale
turbulence indicated by a suddenly negative Ri above 100 m altitude and a remaining negative dfe,/dz
from 15:30 on (Fig. 8.5a, b). Additionally, the convection did not take place in a frontal system, thus
the existing air mass was not replaced by a colder, more stable air mass. Instead, only a part of the
CAPE was consumed by the convective event which was initiated and substantially driven by the con-
vergence. After the rain event, the post-convective subsidence led to cloud free conditions and thus
growing instability caused by irradiance and enhanced ground temperatures (Fig. $9.60). Higher tem-
peratures and thermally driven convection at the ground allow for drying of the moist near-ground
layer, and for recovery of the lowermost troposphere from the thunderstorm as thermal mixing re-
moves the vertical gradients of potential temperature, absolute humidity, PNC and Os after the last
rain event (Fig. 8.5c-f). A summary of the temporal exchange of air masses and the accompanying
processes is shown in Fig. 8.6.
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Fig. 8.5: Development of medians of 100 m altitude increments of the bulk Richardson number Ri (a),
equivalent potential temperature 64 (b), potential temperature 6 (c), absolute humidity (d), Oz mixing
ratio (e), and the particle number concentration (PNC, f) with time on 12 August 2023. Variables
marked with * are corrected for temporal variation using the corresponding Mola data. Error bars are
derived from interquartile ranges. Dotted lines indicate Ri=0 and Ri = 0.25. Rainfall periods are marked

altitude a.g.l: ® 50m @ 150m
® 250m @ 350m @ 450m
airmass: LTla LIIb TII v
(a), 1.0
______ ehe | o | Ba £ 0.5
ol¥ —:———6\;———0-*-014 0.0
0.5
340 -| () * 4
[ ]
~ 335 “’V.i. '8!,
Sz SAO=EA Gl E e
s 306
¢ Sy | e Remg— 304
[} o WL ‘»
& o 302
¢ 300
10 (dL o0 o o ® ©
9 £ 83 o % e,
g " o
i J ik
55
© 1, 50
v . 45
Ao, Ll Siomy
i £ £ 35
4000 - (e % 2 |
ECER §—=8:€ 09 E ~ o
2000 *E E 5 EV
© - < @
o O N Lo
O T | 1 T I__|_|_|_|_|_|
09:00  12:00 1500  18:00

1y Jequinu
UOSPIeUYIRY YINg

M/6
‘dwa) 1od

Aqdd/ €0

in blue with the amount of rain noted (precipitation at 13:00 and 14:00 were summed).

141



Influence of Synoptic Rain Fronts on the Local Boundary Layer Dynamics

cloud cover

altitude X . .0‘- .
500 m _ : T s .
: H - s i - : "
‘ AR % i warmup, =
B S B SR 8 | I e TVE
i : H N 1} , O -
cold, : > cleaner and H -
moist, i & statically stabilized 5 — :
clean : S i . %ﬂ "
250 m il i mixedPBL fincreased ® i g ‘.
i JSuccessive mixing ilaminar flow= {9 N
NBL ; R : . e 8
B! K3~ Y 3¢ sucegssive mixing
low O, high 2 : g g = =i 2 o
4 i H HS A
PNC, static — P i= = Y= .
c: o £ H= T C
unstable 'z ..' © i 0 El MLH from
11 EAE R g, ° ; £ observation
d PN : === |[CON model
‘éo‘ i evaporation from ground ; !
om o TN - , , cold pool j
0800  09:00  10:00 11:00  12:00  13.00

14:00 15:00 16:00
local time

17:00
Fig. 8.6: A reconstruction of different characteristics and dynamics of the air masses (I, lla, llb, Ill, and

IV, separated by grey lines; solid line illustrates stratification, dashed lines transition periods) on 12

August 2023. The estimated MLH from the ICON model (1-h resolution) is presented in olive with
dashed lines between the data points to guide the eye. Greenish arrows display dynamic processes,
multi-colored arrows thermal processes.

8.5.3 Impact of rain events on pollutant distribution

During the day, four rain events with different amounts of precipitation occurred, leading to different
changes in the trace matter distribution. Contrary to the morning precipitation events, when there was
no lifting of air masses before they reached the measurement site, for the rainfall events at 13:30 and
14:30 the 24 h-backward trajectories show a lifting up to above 2000 m a.s.l. and a sudden downdraft
due to the cold pool, 7 h and 1 h before arrival of the air masses at the measurement site, respectively
(Fig. $9.58). This downdraft dynamic was also observed by the ceilometer, which measured cloud lay-

ers subsiding from 2500 m down to 700 m a.g.l prior to the thunderstorm (Fig. S9.56). This downdraft

results in the injection of clean, Os-rich air with low particle load into the lowermost troposphere and
represents the transition to air mass Il (Fig. 8.5e, f, and Fig. 8.6).

After each rain event, O3 mixing ratios are increased at altitudes above 200 m (due to the air mass
downdraft from higher altitudes, Fig. 8.5¢), but decreased near the ground by 3.0 £ 1.3 ppbv, excluding
the 10:00 rainfall, as shown in Fig. S9.61. As a consequence, O3 gradients are enhanced by 7 ppbv km"
! for each rain event and subsequently disappear within a few hours due to convective mixing within
the PBL. Reduced ground-level O3 concentrations following rainfall may result from deposition or en-
hanced Os; depletion, whereas outwash seems unlikely due to the poor solubility of O3 in water.

Depletion could be driven by the increased release of primary biogenic volatile organic compounds

(BVOCs) from vegetation or by peroxide-scavenging after rainfall (Bela et al., 2018; Rossabi et al., 2018;

Miyama et al., 2020; Machado et al., 2024a). BVOCs have been identified as an O3 sink in natural and

anthropogenic conditions (Fitzky et al., 2019; Machado et al., 2024a). However, this emission-driven
03 removal mechanism cannot be verified due to the lack of BVOC data.

142



Influence of Synoptic Rain Fronts on the Local Boundary Layer Dynamics

Fig. 8.5f highlights that for the same rain events, when Os-rich air was injected into the lowest 500 m,
the CPC PNC was consistently reduced by 25% (except when the NBL was still present, because air
mass | is already in the free troposphere). The PNC gradient remained unchanged during and after the
regeneration period, and the PM; levels measured at ground remained constant immediately after rain
(Fig. S9.60), indicating that washout was minimal under these conditions. This is likely due to the size
of the measured aerosol particles that are in the Greenfield gap and consequentially inefficiently re-
moved by outwash (Cherrier et al., 2017).

These observations show that rain itself does not necessarily significantly influence the distribution of
pollutants such as Os, PM;, and PNC. However, post-rain air masses determine the composition and
gradients at higher levels, while rain-induced emissions from the ground may act as a sink for reactive
substances as Os.

8.5.4 Influence of cold pool formation on model MLH

In Section 8.4 we showed that the determination of the MLH using 1-h forecast data from the ICON
model is feasible with high accuracy under stable conditions during a weak warm front (Fig. 8.4). The
MLH estimation criteria in the model include the Brunt—Vaisala frequency, humidity, and potential
virtual temperature gradients. Until this point of the study the MLH is used as a synonym for the height
of the planetary boundary layer (PBLH), which is considered the most relevant measure separating the
free troposphere and the ground-influenced layer with different dynamical characteristics and com-
position (Stull, 1988; Tignat-Perrier et al., 2020; Kotthaus et al., 2023). Note that other kinds of
stratification occur regularly in the troposphere and are often not predictable, due to local topography,
emissions, and heat reservoirs.

For the convergence line / cold front case analyzed in this section, the modelled MLH, shown in Fig.
$9.55 and also included in Fig. 8.6, increases from 0 m at 08:30 to 200 m at 10:00 and 300 m at 11:00.
This observation is consistent with the NBL identified from in-situ FLab data and demonstrates addi-
tionally to Fig. 8.4 that the MLH algorithm predicts the height of the NBL (in this case the PBL)
accurately. However, between 12:00 and 18:00, the modelled MLH drops below 500 m before return-
ing to levels above 600 m at 18:00, where it continues following its diurnal cycle (Fig. $9.55). The
average predicted diurnal cycle of the MLH at the measurement site from Sect. 8.5 shows maxima of
the PBL between 800 to 1000 m at 14:00 to 15:00 on clear-sky days, while being < 20 m during night
(Fig. S9.55). The difference between the modelled MLH in the cold front case, compared to the average
diurnal cycle of the PBLH, may be explained by reduced irradiance (average of 100 W m during this
period). The formation of a cold pool at ground leads to an increase of latent heat flux and consequen-
tially to less turbulent mixing. Therefore, the cold pool acts as an energy sink and suppresses energy
consumption for further turbulent mixing. Although convection has driven the PBLH up to the free
troposphere before the rain, the cold pool contributes to layering of the convective-driven RL above a
shallow turbulent mixing layer. This stratification disappears as the cold pool dissolves.

These dynamic processes drastically alter the vertical gradients, and may have influenced the MLH
model output, which relies solely on gradients. The ICON 1-h forecast models that the MLH exceeds
500 m after 11:45 and thus differs strongly from our in-situ observations. After irradiance decreased,
MLH criteria were met even below 400 m due to rapidly changing gradients caused by vertical dynam-
ics within the convergence zone. ICON data predict a MLH of 600 m at 18:00 that can be assigned as a
realistic PBLH 2.5 h after the last rain, in agreement with the mean life time of a cold pool (Tompkins,
2001). Interpolating the MLH between 12:00 and 18:00 may lead to an inaccurate estimate, because
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the PBLHs maximum is expected in between. In agreement, radio soundings at 14:10 and 16:40 indi-
cate a boundary layer up to slightly above 800 hPa, i.e., 1.400 m and 1.300 m based on changing lapse
rates and temperature gradients (Fig. S9.57, Seidel et al. (2010)). The PBLH derived from the radio
soundings is 100 m to 200 m higher than the estimated average MLH for the measurement site (Fig.
$9.55), indicating that the PBLH has lifted due to convective forcing by the thunderstorm. A more ro-
bust parameterization of the MLH estimation for the PBLH for cold pool scenarios may consider two
MLHs: a lower MLH separating an additional shallow cold pool-driven layer at ground from the previ-
ously well-mixed PBL and a second MLH separating the PBL from the free troposphere in the altitude
range close to the PBL before rain events.

8.5.5 Convergence zone advection and measurement limitations

Due to unsafe flight conditions, vertical profiling during the thunderstorm was not possible; instead,
ground-based Mola data were used to analyze meteorological processes during this time (Fig. S9.60).
Between 14:30 and 15:30, a strong cloud layer largely suppressed irradiance and minimized thermal
convection, leading to dynamically deep convective inflow-driven air masses with surface wind speeds
peaking at 8 m s, As the rainfall starts, strong downward movement of air is implied by a descending
cloud layer height, a high wind speed period, and a 40% reduction in PM; due to mixing in of unpolluted
free tropospheric air (Fig. $S9.56 and Fig. $9.60). Although it is known for cold pool-induced deep con-
vective events that the horizontal wind speed is maximal before rainfall starts (Tompkins, 2001), a
strong downdraft from the start of rainfall until the maximum of the precipitation rate was not de-
scribed, yet, probably because observational studies describe longer-lasting rainfalls only (Young et al.,
1995; Tompkins, 2001).

As the rain band advanced, heavy rain ceased and wind direction turned by 180°, an effect attributed
to a moving convergence zone (Crook and Klemp, 2000), which changed the air track from passing a
rural forest (western) to the town of Albstadt (eastern, Fig. $9.47a). This resulted in increased NOx and
PNC with lower aerosol oxidation levels, indicated by the reduced particulate organics O/C ratio (Fig.
$9.60). After rainfall, near-surface Os was reduced (possibly due to depletion by enhanced anthropo-
genic or natural emissions as NOy or BVOCs, see Sect. 8.5.3), though it slowly recovered as the wind
direction turned back from east to west after 40 min. When irradiance exceeded 400 W m~ at 15:35,
photochemical activity led to enhanced PM; and PNC; simultaneously, temperature and absolute hu-
midity increased as the grassland dried.

These rapid shifts in air mass history and wind dynamics behind the convergence line highlight the
need of in-situ 3D turbulence observations, e.g., with wind LIDAR (Bélair et al., 2025) to fully capture
local upwelling and advection processes within the PBL; measurements at a less polluted site (inde-
pendent of wind direction) would be helpful to identify compositional changes due to the
thunderstorm itself or thunderstorm-related effects like BVOC emissions from the ground.

8.6 Summary

By integrating hourly in-situ vertical profiles of the lowest 500 m with continuous ground-based obser-
vations, synoptic situation, and modelled PBLH, we can thoroughly analyze dynamical mixing,
stratification, and thermal and chemical processes in two typical rain front scenarios in the continental
mid-latitudes. Previous studies have often used remote sensing methods and focused separately on
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dynamical (Ryan et al., 2000; Oliveira et al., 2020; Helbig et al., 2021; Luiz and Fiedler, 2024) or chemical
processes in various terrains (Knote et al., 2015; Miyama et al., 2020).

Our highly-resolved in situ measurements showed a significant influence of the atmospheric stratifica-
tion on pollutant distribution for a stable continental PBL (Platis et al., 2016; Pohorsky et al., 2025).
However, the influence of rain fronts in the mid-latitudes has not been studied so far. We fill the re-
search gap by providing a combined analysis with highly-resolved in-situ measurements in the PBL for
physical and chemical processes under frontal conditions, even including a cold pool.

In the first case study, a weak warm front associated with a large-scale high-pressure system ap-
proaches the measurement site in the morning. A warm, stable, descending air mass suppresses the
vertical expansion of the NBL, while shear winds suppress turbulent mixing between the free tropo-
sphere and the NBL. Precipitation further cools the surface, converting ground thermal energy into
latent heat. Although irradiance gradually increases turbulent instability, it takes about 2 h after the
passage of the front for the accumulated energy to lift the NBL and to form a convectively mixed
boundary layer. This delayed breakup of the NBL postpones the entrainment of free tropospheric, Os-
rich air and the cloud cover delays the onset of daytime photochemistry into the afternoon. The ICON
forecast model accurately estimates the MLH under these conditions.

In contrast, the second case study examines a synoptic cold front trailing behind a convergence line,
accompanied by several rain showers and a severe summertime thunderstorm. The ICON model un-
derestimates the MLH after the passage of the convergence line during these unstable conditions. In
order to understand the reason for the failure of MLH determination and improve weather prediction
models, it is essential to reconstruct air mass exchange in the lowermost troposphere and to identify
the tropospheric processes. During this cold front event, five air masses are identified, characterized
by their dynamical, thermodynamical, and chemical properties. These observations reveal that a moist
patch forms at ground after the morning rain; as it dries slowly, it promotes the development of a deep
convective thunderstorm and triggers a positive feedback loop that leads to the formation of a cold
pool. The recovery of vertical gradients and the dissipation of the cold pool in the lowest 500 m occurs
over approximately 2.5 hours after the rain event, consistent with recovery processes observed in the
tropics (Tompkins, 2001).

After precipitation events with more than 0.5 mm rain, we observed a decrease of ground-level O3
mixing ratios, possibly due to depletion by fresh biogenic emissions; additionally, unpolluted, Os-rich
free tropospheric air is injected into the lowest 500 m. The gradients resulting from evaporation, O3
depletion, and injection of free tropospheric air disappear within two hours after rain, driven by ther-
mal convective mixing as temperatures and irradiance increase.

In-situ analysis and reconstructions of the lowermost troposphere reveal that air mass exchange, tur-
bulent mixing, irradiance, and physicochemical processes each play distinct roles in defining air mass
characteristics. The overview figures (Fig. 8.4 and Fig. 8.6) illustrate the post-frontal regeneration pro-
cesses. These processes occur not only in rural rain events but also in other frontal situations under
common meteorological conditions in the mid-latitudes. Thus, these results have broader implications
on how to consider atmospheric chemical processes and compositional change in the PBL in pollutant
modeling associated with rain fronts (and cold pools) due to dynamical changes. Despite being limited
to two cases with hourly resolution and no in-rain flights, the study shows that combined model- and
ground-based analysis can conceptually identify complex boundary layer phenomena like pollutant
sinks and local stratification. This emphasizes that high-resolution vertical data are crucial for assessing
individual weather events, avoid misinterpretation, and enhance forecasting and model calculations.
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9 Conclusion and Outlook

In this work, the influence of air mass transport in the planetary boundary layer (PBL) on the distribu-
tion of trace substances, and associated chemical processes was investigated using two measurement
approaches: stationary ground-based measurements and in situ vertical profiling within the PBL. The
work comprises six studies in total: three technical studies, that describe the development and valida-
tion of measurement devices, and three studies in which the meteorological influences as air mass
transport and boundary layer dynamics on the local pollutant distribution in continental Germany is
investigated.

Offline aerosol analysis can be biased when advected air masses from different emission sources or
the background are mixed during sampling, complicating source-background separation. The AER-
TRACC (AERosol and TRACe gas Collector) was used to separately collect aerosol particles (with cut-
offs for PM; and PMyo) on filters and gases on thermal desorption tubes. Incorporating AERTRACC into
the research van Mola (“Mobile Laboratory”) allowed individual sampling under up to four pre-defined
conditions. An offline-analysis method was developed for molecular characterization of individual sam-
ples collected on filters and thermal desorption tubes. For both substrates and individual inlet systems,
a heated carrier gas vaporizes molecules according to a dedicated temperature program and separates
them depending on their vapor pressure.

For a proof-of-concept study, the AERTRACC sampler was deployed in MoLa in ambient air near a pizza
oven under varying wind conditions. Filter and thermal desorption tube samples were analyzed offline
with thermal desorption iodide CIMS (chemical ionization mass spectrometry) and the molecular com-
position of emissions from the wood-fired pizza oven and the background were separately determined.
Molecules identified with the CIMS could be attributed to biomass burning and cooking emissions,
traffic and aged aerosol or mixed sources. Significantly enhanced concentrations of biomass burning
and cooking-related markers were measured on the substrates that were loaded with emissions from
the pizza oven, while markers for traffic and aged air were similar in all samples. This study shows that
a combination of well-chosen sampling conditions allows effective and efficient separation of source-
related aerosols.

The incorporation of AERTRACC into the Mola system highlights its portability and enables the provi-
sion of source-resolved particle and trace gas samples from mobile applications. As the substrate is
interchangeable, future studies can analyze the aerosol samples obtained with AERTRACC using other
offline methods, such as gas chromatography, liquid chromatography after filter extraction, or micros-
copy. This makes aerosol samples accessible to inorganic analysis methods. Additionally, the definable
sampling conditions allow unsupervised field deployment in regions with rapidly changing winds,
which usually lead to indistinguishable air masses. Examples are non-frequent emissions from ship
traffic or heavy industry processes near populated sites.

While drone-based platforms are gradually establishing for in situ measurements in the troposphere,
most measurement drones are limited to observing only a few variables due to the low available pay-
load. A completely new drone-based measurement platform FLab (“Flying Laboratory”) was developed
that is capable to investigate meteorological conditions and microphysical processes in the lowermost
troposphere. FLab was equipped with mid-grade instruments that provide data for most relevant var-
iables to serve as an independent measurement platform. Dedicated experiments regarding the
influence of the drone’s downwash on measured wind speed showed that an additional framework
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was required to mount the wind sensor distant to the rotors. A user interface, as well as a data logging
and processing tool, were developed for the online-monitoring of data measured with FLab, and for
further data usage. The variables monitored with FLab, were also measured at ground with MolLa and
allow extrapolation of MoLa measurements into the vertical dimension. FLab carries six instruments
to measure aerosol particles (particle number concentration and size distribution; particulate matter
and black carbon mass concentrations), trace gases (CO,, Os) and meteorological conditions (wind,
temperature, humidity, pressure).

FLab was characterized in detail, regarding horizontal and vertical motion of the drone, showing that
vertical profiling can lead to severe artefacts of filter-based measurements (e.g., with an aethalome-
ter), while other measurements are not affected. Optimal flight patterns for vertical profiling were
evaluated and applied in a first field employment for hourly profiling up to 300 m for 8 h. This demon-
strated the capability of FLab to capture the evolution of the structure of the lower PBL and to detect
elevated stratification patterns during the day. FLab also proved to a useful platform to bridge the gap
between ground- and aircraft-based measurements in the lowermost 500 m with vertically highly-re-
solved data.

For future vertical profiling, it would be beneficial to exchange the aethalometer with another instru-
ment, as the filter-based black carbon measurements under unpolluted ambient conditions were not
compatible with vertical profiling and did not provide useful data. Alternative instruments could in-
clude gas sensors for the selective detection of CO, for example, as this indicates incomplete
combustion of anthropogenic emissions and is more sensitive than CO, while not being sensitive to
biogenic exchange (Graven et al., 2009). Another option would be a multimetric nanoparticle detector
that can measure the size of ultra-fine particles (Asbach et al., 2024). Such a device would bridge the
gap between the CPC and the occasionally inaccurate OPCin the drone setup, allowing a stronger focus
on aerosol particle analysis. Switching to a waterproof drone framework and sealing electronic inter-
faces would enable operation in moist conditions without having to consider potential precipitation as
a safety risk.

While FLab is capable to quantify aerosol particle number concentrations and the size distributions,
the chemical composition of organic aerosols (OA) remains unknown. Since the chemical composition
provides valuable information about aerosol sources, mixing and aging processes, FLab investigation
was augmented with a novel externally developed low-cost aerosol samplers for drone-borne deploy-
ment.

Mola, FLab and the OA sampler, were taken to two field campaigns that were an integral source of
data presented in this work. Both campaigns aimed at investigating land-atmosphere interaction and
transport of trace matter into the upper troposphere. The first campaign, BISTUM23, took place in the
unpolluted Swabian Alp in August 2023 and the second campaign BISTUM24 was conducted in June
2024 in the Vogelsberg region downwind of Frankfurt metropolitan area. During both campaigns, FLab
was operated hourly up to 500 m above ground for vertical profiling while Mola served as a continu-
ously measuring ground-based station.

During BISTUM23, the OA sampler was mounted on a framework in 1.5 m, and on two additional
drones. Both drones ascended to 120 m and 500 m above ground, respectively, and sampled OA for
~30 h each, three times a day, while hovering at these altitude levels. The OA sampling was comple-
mented with vertical profiling with FLab. Analyzing sampled OA with electrospray-ionization mass
spectrometry with a targeted approach for biogenic and anthropogenic markers revealed diurnal
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trends of vertical profiles. A non-target analysis revealed overall higher levels of CHO-containing mol-
ecules and increased oxidation throughout the day independent on the altitude, in agreement with
vertical profiles of Oz and PBL height observations from FLab. This multi-drone approach demonstrates
the capability of the on-board aerosol sampling device.

In the future, more frequent altitude-resolved aerosol sampling throughout the day and nighttime
would provide a more detailed analysis of oxidation processes, vertical transport and lifetime of the
targeted markers.

During nighttime, vertical profiling with FLab up to 120 m above ground allowed detection of multiple
shallow layers and measurements above the nocturnal boundary layer. By combining pollutant and
meteorological variables it was not only possible to determine the nocturnal boundary layer height,
but also to identify fine-scale layers and to explain their formation by a low-level jet, a fog event and
subsequent stratification under low-turbulent conditions. A comparison between various directly
measured and derived variables showed that on average pollutant markers (particle number concen-
tration, PM;, CO, and Os;) were more sensitive and precise in detecting stratification than many
traditional meteorological variables (bulk Richardson number or absolute humidity). Overall, O3 and
the potential temperature were the most effective markers for stratification detection, suggesting be-
ing weighted higher in mixing layer height detection schemes.

In total 383 vertical profiles up to 500 m altitude were conducted during BISTUM23 (186 profiles in 95
flights) and BISTUM24 (197 profiles in 113 flights), adding up to ~400 km vertically probed air. Addi-
tional flights were performed, when FLab could not reach the 500 m mark due to air space restrictions,
or unsafe flight conditions due to limited visibility range, a high chance of precipitation, clouds and
stormy gusts. The high number of vertical profiles with a high temporal resolution of 1-2 s allowed
statistical analysis of lower tropospheric data, i.e., the PBL.

One research objective of these field campaigns was to investigate the representativity of ground-
based measurements with respect to the overall situation in the PBL, which is often assumed to be
well-mixed. The PBL is a dynamic system with varying height, weak short-term mixing layers, and a
composition driven by land-atmosphere interactions, making it challenging for ground-based meas-
urements to accurately represent a mixing layer’s composition. This work highlights the limitations of
the representativity of ground-based measurements, which is due to the varying altitude of the low-
ermost mixing layer (especially the nocturnal boundary layer height in the lowermost 500 m in the
morning and evening). Besides varying mixing layer heights, the variability of meteorological variables
complicates representative measurements of conditions in the mixing layer by ground-based stations
is mainly impacted by local conditions due to different local adiabatic cooling rates; varying irradiance
does not seem to influence gradients of meteorological tracers. Although irradiance is the main driver
of turbulence, and hence vertical mixing, radiative-driven vertical mixing has not been considered ex-
plicitly in theoretical descriptions of vertical distribution of pollutants. As mixing layer heights and solar
irradiance distort vertical profiles, the influence of solar irradiance and the PBL height under “slightly
unstable” atmospheric conditions was investigated by PBL height-dependent gradient analysis, distin-
guishing between strong- and weak-radiative conditions. It was shown that the PBL height should not
be used as a sole proxy for the intensity of turbulent mixing (as commonly used in model parameteri-
zation). Additionally, a differentiation between low- and high-radiative conditions is proposed to
describe pollutant gradients in the PBL more accurately: strong radiation results in well-mixed condi-
tions independent of the PBL height, while under low-radiative conditions the PBL height provides a
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well estimate for the vertical distribution of pollutants. Consequently, achieving good representativity
of ground-based measurements for pollutants in a mixing layer requires consideration of radiative con-
ditions that can alter the vertical pollutant distribution, as well as local sinks and sources which can
severely influence ground-based measurements.

The here developed methods would be useful in future studies to investigate the influence of radia-
tion-driven vertical mixing of pollutants in other regions with different local heat reservoirs and sinks,
such as rainforest or arctic regions. This could help to better understand the required amount of radi-
ative input for well-mixed conditions and would help to improve the knowledge of the representativity
of the large number of ground-based measurements under different environmental conditions.

Synoptic scale weather events such as rain fronts or thunderstorms influence local meteorological con-
ditions and atmospheric composition by “cleaning the atmosphere” and formation of atmospheric
layers. The impact of stratification on pollutant distribution in the PBL is well-known (Pohorsky et al.,
2025), however the influence of rain fronts was neglected in previous studies. In this work, the influ-
ence of common synoptic mid-latitude rain fronts on the physical and chemical processes in the
boundary layer was investigated. It was shown, that an early morning rain front can delay the nocturnal
boundary layer dissipation by hours, reducing vertical mixing and slowing down formation and oxida-
tion of organic aerosol, while near the surface, biogenic emissions due to rain might cause a temporary
Os depletion.

Vertical profiling with FLab was also used to validate synoptic scale model-based mixing layer height
predictions for relatively stable atmospheric conditions. In contrast to stable conditions, in situ meas-
urements showed high uncertainty in model-based PBL height predictions during an abundant cold
pool subsequent to a thunderstorm and heavy precipitation. Despite the fact that only two rain events
were analyzed, linking model observation with local experimental studies of continuous ground-based
measurements and vertical profiling show the potential to enhance the understanding of the influence
of synoptic scale meteorology on chemical processes in the local boundary layer.

Further vertical profiling after rain events, assisted by ground-based measurements of biogenic volatile
organic compounds, could help validate the hypothesis that ground-level Os is depleted by biogenic
emissions in response to grass- or soil-based organisms. Additionally, a richer dataset would be useful
for optimizing model-based MLH estimations.

CIMS measurements of chlorine-containing trace gases during BISTUM24 showed that synoptic scale
air mass transport influences the local atmospheric chlorine chemistry in Central Germany, when air
masses have passed marine-anthropogenic dominated regions at ~400 km distance. This was not the
case for unpolluted-continental air mass history. CIONO; in the troposphere was reported for the first
time and its daily variation was presented along with diel cycles of Cl;, CINO, and HOCI. CIO and Cl
radical production rates were estimated from CIONO; mixing during night. High Cl and ClO production
rates imply an unknown source of CIONO; or its pre-cursors Cl or CIO in the night. In the morning,
enhanced CINO, mixing ratios at ground indicate residual layer air entrainment into the nocturnal
boundary layer. Daytime photolysis of chlorine compounds resulted in Cl radical production rates of
1.0 x 10° Cl cm?3 s}, exceeding previously reported ones even from polluted areas. The high Cl produc-
tion rate is probably caused by HOCI, which contributes up to 80% to the Cl production and has been
neglected in previous studies. Its contribution of up to 40% to total primary formed OH in the morning
and evening is emphasized, being significant for estimating local oxidation processes. Comparing the
Cl and OH production rates, indicate a substantial Cl influence of up to 20% on the methane lifetime.
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In future, sensitivity studies based on chemistry models will be required to evaluate the global influ-
ence of this work's findings regarding abundance and lifetime of chlorine-containing species and their
oxidation potential on hydrocarbons.

Overall, this work connects model-based observations with in situ measurements from multiple novel
measurement platforms and devices in various situations and settings. It enhances atmospheric un-
derstanding by combining synoptic scale weather events and air mass transport with local
meteorological events in the PBL, emphasizing the synoptical meteorological influence on the local
pollutant distribution and chemical processes that finally affect local climate and human’s health.
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Acronyms

Appendix

Acronyms

ACS
AERTRACC
AET
AGL or a.g.l.
a.s.l.
AMS
ANE
BBOA
BC
BISTUM
CBL

CBO
CHARON
CIMS
COA
CPC
CRDS
DJI

DWD

EC

EESI

e.g.

EIC

etal.
FLab
Fig.
FIGAERO
FRM

FT

FTIR
HALO

AERTRACC control software

Aerosol and trace gas collector
Aethalometer

Above ground level

Above sea level

Aerosol mass spectrometer
Anemometer

Biomass burning organic aerosol

Black carbon

Bridging surface emissions, transport and UTLS matter
Convective boundary layer

CO; monitor
Chemical analysis of aerosol online
Chemical ionization mass spectrometry
Cooking organic aerosol

Condensation particle counter

Cavity ring-down spectroscopy

Drone model: Matrice600 by DJI
German Weather Service

Elemental carbon

Electrospray ionization

Exempli gratia (for example)

Extracted ion chromatogram

Et alia (and others)

Flying laboratory

Figure

Filter inlet for gas and aerosols
Frankfurt Rhine-Main metropolitan area
Free troposphere

Fourier-transform infrared spectroscopy

High altitude-long range
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Acronyms

HESI Heated electrospray ionization

HR High resolution

ICON Icosahedral non-hydrostatic model
ICP Inductively coupled plasma

i.e. Id est (that is)

IMR lon molecular reactor

IUPAC International Union for Physical and Applied Chemistry
L Low-level jet

LoD Detection limit

MCR Maximum carbonyl ratio

MARGA Monitor for aerosols and gases in ambient air
MLH Mixing layer height

Mola Mobile laboratory

MPIC Max Planck Institute for Chemistry
MS Mass spectrometer

MT Monoterpenes

NBL Nocturnal boundary layer

NBLH Nocturnal boundary layer height
NMR Nuclear magnetic resonance spectroscopy
OA Organic aerosol

0ocC Organic carbon

OPC Optical particle counter

OO0OA Oxygenated organic aerosol

OPS Optical particle spectrometer

OZN O3 monitor

PAH Polyaromatic hydrocarbons

PBL Planetary boundary layer

PBLH Planetary boundary layer height
PILS Particle-into-liquid-sampler

PNC Particle number concentrations
PMF Positive matrix factorization

POA Primary organic aerosols

RL Residual layer

RSD Relative standard deviation

Sect. Section
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Symbols

SEM Scanning electron microscope
SIMS Secondary ion mass spectrometry
SL Surface layer
SOA Secondary organic aerosols
TAG Thermal desorption aerosol gas chromatography
TD Thermal desorption
TDT Thermal desorption tubes
ToF Time-of-Flight
TTL Transistor-transistor logic
UAS Unmanned aircraft systems
UAV Uncrewed aerial vehicles
UHPLC Ultra high-pressure liquid chromatography
VOC Volatile organic compounds
VUV Vacuum ultraviolet lamp
XRF X-ray fluorescence
Symbols
o Significance level or conversion rate
A Aerosol particle surface
1% Uptake coefficient
c Mean molecular velocity (chapter 4) or concentration (chapter 6)
Cr Specific heat
CAPE Convective available potential energy
dp Particle diameter
dopt Optical particle diameter
e Elemental particle charge
Eel Electric field strength
Exin Kinetic Energy
fss fractions of the organic signals at single m/z, e.g., m/z 55
g Acceleration of gravity
J Photolysis rate
k Reaction rate
Knet Heterogenous loss rate coefficient
m Mass
Am Mass difference
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Use of Al Tools

m/z Mass-to-charge ratio

Q Volumetric flow

Qu (Sensible) heat flux

P Molecule or atom production rate

PBLH Planetary boundary layer height
Air density

R Representativity of the lowermost 25 m above ground compared to the low-
ermost 500 m column

r, r? Pearson’s correlation coefficient

RH Relative humidity

Ri Bulk Richardson number

Ric Critical bulk Richardson number

6 Potential temperature

Beq Equivalent potential temperature

6y Virtual potential temperature

T Temperature

Tv Virtual temperature

t Averaging time

TKE Turbulent kinetic energy

U Voltage

u, v Horizontal wind velocities

Vi lon velocity

w Vertical wind velocity

z lon charge or altitude

Use of Al Tools

Table 9.1: Used Al tools throughout the work.

Al tool Used for Why When
ChatGPT - Improvement of writ-  Better readability Throughout the entire
gpt-40/50 ten language work
Deepl Write Improvement of writ-  Better readability Throughout the entire
ten language work
Perplexity.ai Finding my way into Overview of current  First literature research for
the topic research questions chapter 4 and 8
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Supplementary Information for Chapter 3

Text S9.1: Calculation of PM1 mass concentrations

The PM1 mass concentrations were calculated from the combined particle number size distributions
of FMPS (dp = 5.6 - 560 nm) and OPC (d, = 0.25 - 32 um) assuming spherical particles with a density
calculated based on the AMS and black carbon data using the equation of Kuwata et al. (2012) for
organic density and Salcedo et al. (2006) for overall density. Since we found that the FMPS under-
measures the concentrations in the uppermost size channels these were corrected using the lower
OPC size channels. Details on OPC data treatment like the conversion from optical diameter to geo-
metric diameter are provided in Drewnick et al. (2021). The uncertainty for the calculated PM; mass
concentration is 25%. It was calculated by error propagation from the uncertainty of the density (15%)
and the uncertainty of the FMPS and OPC data merging (20%).

Text $9.2: AMS and PMF data analysis

For the AMS data analysis all standard analysis procedure steps were performed with SQUIRREL 1.63lI
and PIKA 1.23I. A collection efficiency of 0.5 (Canagaratna et al., 2007) was applied and ionization effi-
ciency (IE) and relative ionization efficiency (RIE) were determined in calibrations before the
measurements. Elemental ratios were calculated based on the improved calibration method
(Canagaratna et al., 2015).

For PMF analysis of the organic aerosol, the high-resolution data with error matrix were prepared with
PIKA 1.23l. lons with signal-to-noise ratio (SNR) < 2 were downweighted through increase of the cor-
responding error by a factor of 2, while ions with SNR < 0.2 were discarded from the data. The CO;" ion
and related ions (m/z 16, 17, 18 and 28) were downweighted by a factor of SQRT(5) as they all contain
the same information. Additionally, “noisy” ions without contribution to the total measured signal
were discarded. To find a robust solution the analysis was run for 1 to 7 factor solutions, with fyeax -1
to 1 (steps of 0.1) and seed 0 to 50 (steps of 1). For further analysis, the three-factor solution was
chosen with f,eak=0 and seed=0. The solution was chosen based on comparison of the time series (Fig.
S1a) with those of other instrument data and of the mass spectra (Fig. S9.1) with literature references
(Fig. S9.2). The residual mass is smaller than 1 %.

Text S9.3: CIMS data analysis

For the CIMS data analysis, the software Tofware 3.2.3 (Aerodyne Inc., USA) and custom data proce-
dures were used. All standard analysis procedure steps were performed including m/z calibration (with
I(H,0), I(CH202), I(HNOs), I, and I3, deviation < 3 ppm), background correction using the field blanks
and normalization to the iodide signal.

Text S9.4: Error calculation for Fig. 3.5.

To determine the reproducibility, several samples were prepared with equal sample amounts by sim-
ultaneously sampling the same aerosol onto multiple filters and TDTs. For the overall reproducibility,
the standard deviation over all samples for all individual compounds, which were identified in this
study (Sect. 3.5), was calculated and then these standard deviations were averaged over all com-
pounds.
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As error for the signal intensity of individual compounds the uncertainty, derived from the reproduci-
bility determination, and the error from a Gaussian error propagation of the standard deviation of the
blanks and the samples were compared and the larger one was chosen. The signal intensity from com-
pounds found on blank filters was negligible in contrast to source and background samples. The error
for the ratios was calculated using Gaussian error propagation from the errors of signal intensity of
source and background samples. Error bars of the overall source ratios represent the standard error
of the ratios of all ions assigned to the respective sources.
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Table $9.2: List of identified compounds from filter analysis with acronyms used in the main text, mo-
lecular formula of the respective detected ion, and assigned sources based on the quoted references.

Detected . .
m/z . Assigned compound Acronym Assigned sources Reference
ion
. . biomass burning, (Lim et al., 2005; Reyes-Villegas et al.,
202.921 IC;H403" glycolic acid GCOA . o
cooking emissions 2018; Coggon et al., 2019)
oxopropanedial, oxoacrylic . .
212.905 IC3H,03" d OPDA biomass burning (Alves et al., 2010; Zhao et al., 2014)
aci
(Lim et al., 2005; Wang et al., 2006;
. . biomass burning, Abdullahi et al., 2013; Reyes-Villegas
214.921 IC3H403" pyruvic acid PYA ) o
cooking emissions et al., 2018; Coggon et al., 2019;
Permar et al., 2021)
. . biomass burning, ve- (Lim et al., 2005; Wang et al., 2006;
216.900 IC;H,04° oxalic acid OXA . o
hicle emissions Huang and Yu, 2007; Zhou et al., 2015)
222.893 ICH405S methanesulfonic acid MSA aged aerosol (Perraud et al., 2015)
224.872 IH2045 sulfuric acid SA oxidation of SO, (Perraud et al., 2015)
232.932 ICsHO4 glyceric acid GCEA cooking emissions (Reyes-Villegas et al., 2018)
238.921 ICsH403" hydroxy furfural, furoic acid  HF/FA biomass burning (Permar et al., 2021)
. . . . (Rohrl and Lammel, 2002; Hu and Yu,
242.916 IC4H404 butenedioic acid BDA biomass burning
2013; Ye et al., 2021)
L aged aerosol, cooking  (Szmigielski et al., 2007; Reyes-Villegas
246.947 IC4HgO4 methylglyceric acid MGCEA o
emission etal., 2018)
252.937 ICsHgO3" hydroxymethyl furfural HMF biomass burning (Yee et al., 2013; Permar et al., 2021)
255.948 ICsH;NOs-  pyroglutamic acid PGA cooking emissions (Reyes-Villegas et al., 2018)
256.932 ICsHgO4" methylbutendioic acid MBDA biomass burning (Coggon et al., 2019; Ye et al., 2021)
L biomass burning, (Wang et al., 2006; Reyes-Villegas et
258.947 ICsHgO4" glutaric acid GA . o
cooking emissions al., 2018; Coggon et al., 2019)
. . biomass burning, ve- (Rohrl and Lammel, 2002; Wang et al.,
260.927 IC4H6Os" malic acid MLA . o
hicle emissions 2006)
o aged aerosol, biomass
268.932 ICeHgO4 oxidized aromats OAR2 ) (Yee et al., 2013)
burning
biomass burning, (Simoneit et al., 2000; Reyes-Villegas
276.958 ICsH1005 pyranose PY . .
cooking emissions et al., 2018; Chen et al., 2020)
. . (Abdullahi et al., 2013; Gaston et al.,
levoglucosan, galactosan, biomass burning, .
288.958 ICsH100s" LG . L 2016; Reyes-Villegas et al., 2018;
mannosan cooking emissions .
Kfamal et al., 2019)
. . . . (Lauraguais et al., 2014; Coggon et al.,
295.943 IC;H;NOs  nitroguaiacol NG biomass burning 2019)
oxidized aromats, 3- aged aerosol, biomass
300.958 IC7H1005" T OAR1 _ (Yee et al., 2013; Chen et al., 2020)
acetylpentane-dioic acid burning
ascorbic acid, hydroxy- biomass burning, ve- .
302.937 ICsHgO6 AS . o (Priestley et al., 2021)
furans hicle emissions
303.932 ICsH7;NOg  oxidized isoprene nitrate IPN1 aged aerosol (zhao et al., 2021)
305.948 ICsHoNOg~  oxidized isoprene nitrate IPN2 aged aerosol (zhao et al., 2021)
. biomass burning,
306.968 I1CeH1,06" monosaccharide MS (Gaston et al., 2016; Ye et al., 2021)

cooking emissions
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Table S9.3: List of identified compounds from TDT analysis with acronyms used in the main text, mo-
lecular formula of the respective detected ion, and assigned sources based on the quoted references.

Detected .
m/z . Assigned compound Acronym Assigned sources Reference
ion
. . (Priestley et al., 2018; Schwantes et
. biomass burning,
171.926 ICH3NO- formamide FM al., 2019; Permar et al., 2021; Ye et al.,
aged aerosol
2021)
. . (Lim et al., 2005; Liggio et al., 2017;
. . biomass burning,
186.926 IC;H40" acetic acid AA . Kong et al., 2021; Permar et al., 2021;
aged aerosol, traffic
Ye et al., 2021)
. (Schulten and Schurath, 1975; Reyes-
aged aerosol, biomass .
188.942 IC;HeO" ethylene glycol EG burni Villegas et al., 2018; Duncan et al.,
urnin
& 2019; Kong et al., 2021)
N-formylformamide, ni- . . (Priestley et al., 2018; Permar et al.,
199.921 IC;H3NOy FFM biomass burning
troethen 2021)
. . (Jia and Xu, 2018; Priestley et al.,
o biomass burning, ) .
200.942 IC3He02" propanoic acid PA . 2018; Reyes-Villegas et al., 2018; Bi et
cooking, aged aerosol
al., 2022)
propandiol, hydroxyace- (Schulten and Schurath, 1975; Mehra
202.957 ICsHgOy" PDO aged aerosol
tone et al., 2020)
oxopropanedial, oxoacrylic . . (Alves et al., 2010; Craven et al., 2012;
212.905 IC3H,03" . OPDA biomass burning
acid Zhao et al., 2014; Du et al., 2022)
. . (Lim et al., 2005; Wang et al., 2006;
biomass burning, . .
. . . o Abdullahi et al., 2013; Reyes-Villegas
214.921 IC3H403" pyruvic acid PYA cooking emission,
. et al., 2018; Coggon et al., 2019;
traffic
Permar et al., 2021)
Liggio et al., 2017; Priestley et al.,
butyric acid, methyl pro- biomass burning, traf- (Ligg v
214.957 IC4HOy BA . 2018; Duncan et al., 2019; Permar et
panoate fic
al., 2021)
Nguyen et al., 2011; Priestley et al.,
furfuryl alcohol, 2-fu- biomass burning, (Nguy y
224.942 ICsHgO2" FFA 2018; Kong et al., 2021; Permar et al.,
ranmethanol aged aerosol
2021)
. ) (Schroder et al., 2016; Grayson et al.,
230.989 ICsH1205° alkyldiole OAL3 traffic
2017; Sutapa et al.)
biomass burning, (Klein et al., 2018; Mutzel et al., 2021;
234.963 IC7HsO" cresol CRES .
cooking, aged aerosol  Permar et al., 2021)
hexanoic acid, cyclopenta- biomass burning, traf-  (Abdullahi et al., 2013; Liggio et al.,
240.973 ICeH1007" o HA . i
noic acid fic 2017; Reyes-Villegas et al., 2018)
Cyclohexene- carboxylic . (Liggio et al., 2017; Hammes et al.,
252.973 IC7H1007 . CHCA traffic, aged aerosol .
acid 2019; Smith et al., 2020)
oxohexanoic acid, ethyl . . .
biomass burning, (Boris et al., 2016; Duncan et al., 2019;
256.968 ICeH 1003 acetoacetate, methyloxo- OHA .
. . cooking, aged aerosol  Kong et al., 2021)
penta-noic acid
269.004 ICsH140y oxidized alkane OAL4 aged aerosol (Craven et al., 2012; Shao et al., 2022)
o (Mackenzie-Rae et al., 2018; Hammes
270.984 IC7H1,03 oxidized alkane OAL2 aged aerosol
et al., 2019)
L . . (Schauer et al., 1999, 200243, b;
271.020 ICgH1607 octanoic acid OA traffic, cooking .
Abdullahi et al., 2013)
275.974 ICsH11NO4~  oxidized alkane OAL1 aged aerosol (Link, 2019)
283.020 ICoH1607 nonenoic acid NA aged aerosol (Hamilton et al., 2011; Qi et al., 2020)
. . (Kurtén et al., 2018; Reyes-Villegas et
292.953 ICsH1006" sugar acid SUGA cooking
al., 2018)
pinalic-3-acid, limonalic . (Reyes-Villegas et al., 2018; Hammes
296.999 I1CoH1403 PINA cooking, aged aerosol

acid

etal., 2019)
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decenoic acid, pinanediol,

297.036 IC10H18072"

linalool oxide
299.051 IC10H200,”  decanoic acid
311.015 IC10H1603"  oxocarboxylic acid
dodecanoic acid, methylun-
327.083 |C12H2402' . .
deca-noic acid
363.083 IC1sH240,”  B-caryophyllene-aldehyde

DCA

DA

OCA

DDA

CPA

(Kirkby and Cloud; Rondo et al., 2014;
aged aerosol

Bi et al., 2022)
. (Schauer et al., 1999, 2002a, b; Sutapa
traffic
etal.)

(Liggio et al., 2017; Hammes et al.,
2019; Reyes-Villegas et al., 2018; Kong
et al, 2021; Ye et al., 2021)
(Schauer et al., 1999, 2002b; Sutapa et
al.)

aged aerosol (Li et al., 2011; Gao et al., 2023)

aged aerosol, traffic,
cooking

traffic, cooking

Table S9.4: Average concentrations of potentially source-related aerosol components and total
source-related sampling time for the three-divided wind sectors in comparison to the undivided wind
sector and the combined wind sector + OPC sampling condition.

45-60° 60-75° 75-90° Wind (45-90°) Wind+OPC
Black Carbon (ng m?3) 2.7 33 3.1 3.1 22.0
CPC (# cm?) 1.5 1.9 1.8 1.7 2.8
PAH (ng m) 2.1 2.6 2.9 2.5 134
PM1 (ug m3) 2.3 2.9 2.4 2.5 5.2
Organics (ug m3) 1.7 2.0 2.0 1.9 35
OPC (# cm™) 1.6 1.8 1.8 1.7 22.0
BBOA (ug m?) 3.6 5.6 5.6 4.9 1.3
OOA (ug m3) 3.5 3.5 3.5 3.5 3.7
COA (ug m3) 1.2 1.7 1.9 1.6 1.0
Sampling Time (s) 1198 1273 1087 3779 979

Table S9.5: Average concentrations of potentially source-related aerosol components and total
source-related sampling time for the five-divided wind sectors in comparison to the undivided wind
sector and the combined wind sector + OPC sampling condition.

45-54° 54-63° 63-72° 72-81° 81-90° Wind (45-90°) Wind+OPC
Black Carbon (ng m?3) 2.7 2.8 3.5 3.1 3.1 3.1 22.0
CPC (# cm?) 1.4 1.7 1.9 1.9 1.7 1.7 2.8
PAH (ng m?3) 2.1 2.4 2.6 2.9 2.6 2.5 13.4
PM1 (ug m3) 2.4 2.3 3.0 2.6 2.2 1.7 5.2
Organics (ug m3) 1.7 1.8 2.0 2.2 1.7 1.9 3.5
OPC (# cm?) 1.6 1.6 1.9 2.0 1.4 1.7 22.0
BBOA (ug m?3) 3.3 4.1 6.0 6.5 4.5 4.9 13
OOA (ug m?3) 3.5 3.5 3.5 3.5 3.6 3.5 3.7
COA (ug m3) 1.2 1.5 1.6 2.0 1.8 1.6 1.0
Sampling Time (s) 700 757 759 733 609 3779 979
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Table S9.6: Average concentrations of potentially source-related aerosol components and total
source-related sampling time for the seven-divided wind sectors in comparison to the undivided wind
sector and the combined wind sector + OPC sampling condition.

45- 51- 58- 64- 71- 77- 84- Wind

Wind+OPC
51° 58° 64° 71° 77° 84° 90° (45-90°)
Black Carbon (ngm?3) 2.8 2.4 3.1 3.7 3.0 2.8 3.5 3.1 22.0
CPC (#cm3) 1.4 1.6 1.8 1.9 1.9 1.8 1.7 1.7 2.8
PAH (ng m?3) 21 21 24 29 27 26 30 25 13.4
PM1 (ug m?) 23 23 29 28 28 23 22 17 5.2
Organics (ug m3) 1.7 1.5 2.0 2.0 2.2 1.8 1.8 1.9 3.5
OPC (#cm?) 1.6 1.5 1.7 1.8 2.0 1.7 14 1.7 22.0
BBOA (pg m) 32 31 58 53 69 51 47 49 1.3
OOA (ug m?) 3.5 3.5 3.5 3.6 3.5 3.6 3.5 3.5 3.7
COA (ug m3) 1.1 1.2 1.9 1.5 2.0 1.8 1.9 1.6 1.0

Sampling Time (s) 527 497 607 511 555 466 395 3779 979

(a) Wind Speed /m s’ 5

© OpenStreetMap contributors

Fig. S9.1: Site map with the location of the institute (MPIC) within the city and a wind rose plot (a) and
a magnification to show the location of Mola and the pizza oven on the premises of the institute
(Source: ©OpenStreetMap contributors).

198



Supplementary Information for Chapter 3
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Fig. $9.2: Time series (a) and mass spectra with the source and background aerosol sampling times
highlighted in blue and red (b) of the chosen 3-factor solution of the PMF analysis representing the

three different aerosol types, observed during the field-validation measurement.
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Fig. $9.3: Comparison of the three PMF factor mass spectra with reference spectra. Shown are Pearson
R values from correlation of the PMF factor mass spectra with different reference mass spectra from
the AMS Spectral Database (Ulbrich, 2022) as color-coded boxes.
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A AERTRACC

AERTRACC Control Software

Julia Pikrmann - MPI for Chermistry - 2019

Before Operation: (1) Start MolLa Display Update {2) Press Communication Start-Button

Operation Mode: O Automatic @ Manual Communication Start Flows Rate & Delay Setup
Sampling Mode: @ Ph1 O PR1+PMI0 Farmula Help
Samplerl & Oaictive Sampler2 & Oactive

Sampling Time (min): | 20 Sampling Time (min): | 20

4
4

Sampling Mass (pg): |2 Sampling Mass (Jg): | 2

4
4

Time: | 00:08:31 bass (Ho) 11215 | Reset Time: | 00:06:11 hass (pa) 09234 | Reset

Sampler3 & [ active Sampler4 & [ Actve

Sampling Time (min): | inf Sampling Time (min): | inf

4
4

Sampling Mass (Pg): | inf Sampling Mass (Hg): | inf

4
4

Time: | 00:00:00 bass (pa): |0 Reset Time: | 00:00:00 hass (po): |0 Feset

Fig. S9.4: User interface of the AERTRACC software in manual sampling mode. For each sampling path,
a sampling time and mass limit can be set. To sample, the “Active” checkbox needs to be checked; then
the red indicator for “non-sampling” turns green for “sampling”. For each sampling path, two displays
show the current accumulated collection time and accumulated aerosol mass. The panel for automatic
sampling mode is shown in the main text.
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Fig. $9.5: Size-dependent transport losses for the (a) PMi-only and (b) PM1/PMjo sampling mode. For
the calculations, it was assumed that the particles are spherical with a density of 1 g cm™. The consid-
ered particle loss mechanisms are diffusion, sedimentation, and inertial deposition.
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Fig. $9.6: Time series for the relevant parameters black carbon and PM; mass concentration as well as
CPC and OPC particle number concentration. The source and background aerosol sampling times are
highlighted in blue and red.
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Fig. $9.7: lon signal intensities normalized to the respective sampled volume for the PM; and PMyg
filters from pizza oven and background sampling. Error Bars show the larger uncertainty, either the
reproducibility or the uncertainty estimated by error propagation from the standard deviation of the
blank and the ambient measurements.
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Text S9.5: Formation of chlorine-containing species from secondary ion chemistry

ICINOs’

Due to the high correlation of r* = 0.86 between CIONO; and CINO; throughout the campaign, we ini-
tially suspected that the reaction of CINO; with 10x ions in the IMR of the CIMS instrument was
responsible for the observed ICINO5 signal. 10x (x = 1 to 3) is formed from the reaction of the reagent
ions I and IH,O" with Os inside the IMR and is known to be involved in (unwanted) secondary ion reac-
tions when using iodide as primary ions (Teiwes et al., 2019; Zhang and Zhang, 2021; Dérich et al.,
2021; Young et al., 2024). In order to investigate whether the ICINOs" measurements were an artefact
of secondary ion-chemistry, we conducted a series of laboratory experiments with elevated levels of
Os to study the formation of ICINOs" via reactions R17a and R17b under humidified and dry conditions
in the IMR. In these experiments, a constant amount of CINO; (~1 ppbv) was added to the CIMS inlet
with addition of O3 between 0 and 170 ppbv, thereby varying the amount of 10y in the IMR.

ICINO; + 10y — ICINO3 +105_;,x=1—3 (R17a)
CINO, + 10§ — ICINO3 + Oy_;,x=1—3 (R17b)

We found that neither the CINO,; mixing ratio (measured as ICINO;’) nor that of ICINO5; had changed
significantly when Os; was added with mixing ratios up to 170 ppbv under both dry and wet conditions.
The 10x signal increased linearly (Fig. S7a) over this range of O3 mixing ratios, which exceeds those
encountered during the BISTUM?24 campaign (8 to 67 ppbv). We therefore conclude that the measure-
ment of CIONO; is not a measurement artefact and that CIONO; was indeed present at the mixing
ratios reported.

IHCIO;

In addition to IHCIO™ (the detected ion cluster of HOCI in the CIMS), IHCIO, was detected at a signal
intensity of 25% that of IHCIO". A potential source of this ion is the reaction between atmospheric
peroxyhypochlorous acid (HOOCI) and iodide in the IMR of the CIMS instrument. A recent study has
highlighted the potential contribution of HOOCI to chlorine chemistry in the Antarctic vortex (GrooR
et al., 2025), where its source is the heterogeneous reaction between dichlorine dioxide (Cl.0) and
HCI (De Haan and Birks, 1997). While this may be possible in the cold polar vortex, where Cl,0, is stable,
this process will certainly be insignificant in the troposphere due to thermolability (Von Hobe et al.,
2005). Theoretical studies (Lee and Rendell, 1993) propose the existence of HOOCI under tropospheric
conditions though it has never been detected experimentally there. Thus, we consider the formation
of IHCIO; as being due to secondary ion chemistry of HOCI or HCl with 10y in the IMR as more likely
than detection of atmospheric HOOCI.

We investigated the possible involvement of 10x” due to enhanced Os levels (i.e., 10x) in the formation
of IHCIO; by mixing a flow of HOCI with O3 (0 to 200 ppbv) under humid and dry IMR conditions and
found that both IHCIO, and IHCIO" were detected. The IHCIO signal increased with added Os, while the
IHCIO; signal remained constant (Fig. S7c). In a further experiment in the absence of HOCI, but with
high amounts of HCI (not quantified, but significantly above the detection limit), both IHCIO and IH-
ClO; signals increased with added O3 (and thus with higher IOx counts, Fig. S7d). This indicates the
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direct oxidation and cluster formation of HCl to IHCIO™ and IHCIO, (R18), in contrast to a successive
oxidation scheme (like for IHNOs"; Dorich et al., 2021).

10y
HCl =5 IHCIO; or IHOCI ,x =1 — 3 (R18)

It appears very likely that atmospheric HCl and O3 are the main source of IHCIO™ and IHCIO; in the IMR.
However, the relatively low O3 levels from the ambient measurements in this work are not expected
to influence the IHCIO" signal significantly, hence, a correction was not applied.

A-A(2:1)

lodide into IMR

el

A fCH3| inN,

Fig. $9.8: The VUV lamp (orange striped) is capsulated by a 3D-printed plastic (brownish box). The
capsulating plastics has a hole to observe ignition of the lamp. The lamp radiates downwards into the
grey tube contrary to the reagent gas flow.
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Fig. $9.9: Sensitivity dependency on the IH,O7/(I"+ IH2O") ratio in the IMR for ICINO; (black), IN,Os" (light
blue), ICl; (red), ICIONO; (dark blue) and IHOCI (green).
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regressions (black dashed lines). Error bars represent the standard deviation of data points.
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Fig. $9.11: The field measurements took place in rural Spielberg, Hessen, Germany from June 6 to 22,
2024. Maps were publicly available from ©OpenStreetMaps via its Creative Commons licence.
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Fig. $9.12: Schematic representation of MolLa with relevant instruments: AMS (red), Oz monitor (blue),
weather station for meteorological data (yellow) and CIMS (green) and separate tubing for aerosol and
gas samples: stainless steel (grey), PTFE (blue). The figure was adapted from Drewnick et al. (2012).
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Fig. $9.13: 48-h backward trajectories starting every 6 - 12 h from June 6 to 14, 2024 show a shallow
advection rarely exceeding 500 m above mean sea level (MSL), while trajectories starting from June 16
to 21, 2024 originate from higher aspiration levels - usually from above 1000 m above mean sea level.

The trajectories were calculated with the HySplit trajectory model (Stein et al.,

2017).

2015; Rolph et al.,
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Fig. $9.14: Overview of experiments to investigate secondary ion chemistry due to Os inside the IMR
(ion molecule reactor) of the CIMS. The relationship between O3z and 10 is linear for a dry and humid-
ified IMR, although the contribution to 10, (x=1-3) changes with the amount of Os (a). (b) shows that
no secondary ion chemistry formation of ICINOs" is expected over a broad range of O; mixing ratios,
neither for the humidified nor for the dry IMR case. In contrast, (c) indicates a significant increase of
IHCIO™ with higher 104 levels in the IMR, which is not the case for IHCIO; as long as the HCl concentra-
tion in the IMR is below the detection limit. The same experiment with enhanced HCl levels is shown
in (d), where the IHCIO,/IHCIO ratio increases with 104 levels.
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Fig. $9.15: UV absorption spectra of the chlorine trace-gases detected in this study (Cl, (blue, Maric et
al. (1993)), CINO; (red, Ghosh et al. (2012)), CIONO; (bright green, Burkholder et al. (1994)) and HOCI
(black, IUPAC (2025)) and of Os (violet, Molina and Molina (1986)). The actinic flux is shown for local
noon (cloud free sky) on June 10™ 2024 at the location of the BISTUM24 campaign (UCAR, 2025).
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Text $9.6: Comparison of radiosonde and FLab data in the lowest 500 m AGL

To assess the comparability of radiosonde and FLab data, three additional measurements with quasi-
simultaneous radiosonde launches and FLab flights are presented in Fig. $S9.31 in addition to the radi-
osonde data shown in Fig. 5.8. The radiosondes were launched from the site described in Sect. 5.5.2
on different days after noon. All radiosondes carried a brand new, freshly unpacked RS41-sensor
(Vaisala Oyj, Finland). The radiosondes provide data such as relative humidity, temperature, horizontal
wind speed and direction, and position, which was used to calculate the distance to the reference
station Mola (Jost et al., in preparation for AMT). Shaded areas show the uncertainty resulting from
the instrument uncertainty and the variation within the 50 m altitude increments.

In contrast to Fig. 5.8, the difference in relative humidity between the FLab and radiosonde measure-
ments varies widely, but is usually within the uncertainty range, with no systematic positive or negative
offset between the two. Together with the observation of almost cloud-free conditions on 10 August
2023, but a relative humidity measured with the radiosonde of about 90% at 500 m AGL (Fig. 5.8), this
suggests that the sensor used in the flyby scenario shown in Fig. 5.8 may have malfunctioned. Temper-
ature measurements at altitudes > 50 m AGL are in good agreement for all measurements, whereas
the respective preparation ground before launch may influence the temperature measurement in low-
est altitudes (radiosondes prepared on a tarpaulin, FLab on wooden planks on grassland).

The agreement of wind speed and direction measurements between the two platforms is highly de-
pendent on weather conditions. In low wind conditions (wind speed < 5 m s), the radiosonde ascends
almost vertically. The sensor mounted 50 m below the balloon swings loosely horizontally after the
abrupt launch, as indicated by the oscillating distance to Mola (Fig. S9.31a and c). Furthermore, the
wind has a direct influence on the motion of the balloon, which is transmitted to the payload (where
the position measurement takes place) via the 50 m long tether. This results in a motion of the payload
which is driven by the wind conditions almost 50 m above its own position. Both effects cause a differ-
ence in the radiosonde wind measurement compared to that of the FLab. Under windy conditions
(wind speed > 5 m s?), FLab and the radiosonde are in much better agreement at low altitudes (Fig.
$9.31b), however, a slight difference in the horizontal wind speed measured on both platforms is ob-
served above 300 m AGL. At this altitude, the difference is probably due to the increasing distance
between the radiosonde and FLab, while the 10° wind direction difference is not affected by the in-
creasing distance. A more detailed analysis of these differences is not possible due to the lack of
detailed information on the processing of the radiosonde data.

In summary, the quality of the radiosonde humidity data is highly dependent on the individual sensor,
while ground preparation conditions can also slightly affect humidity and temperature measurements,
however, differences above 50 m AGL are typically negligible. Windy launch conditions allow a better
estimation of wind speed with the radiosonde just above ground, but may cause a greater difference
between the balloon-borne and FLab measurements at higher altitudes due to the increasing horizon-
tal distance between the two platforms. Since wind speed during the launch on 10 August 2023 was
rather low (Fig. 5.8), this explains the discrepancy between FLab and radiosonde measurements during
this flight.
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Table S9.7: Mola instruments used for characterization of the FLab.

Instrument Measured variables Time resolution
Aethalometer? Black and brown carbon mass concentration ls

cpcP Particle number concentration 1s

OPC* Particle size distribution based on optical diameter 6s

05¢ Mixing ratio of O3 2s

LICOR® Mixing ratio of CO,, H,O ls
Meteorological sta- Wind direction, wind speed, relative humidity, tempera- 1s

tionf ture, rain intensity, pressure

Ceilometers Altitude-dependent backscatter signal intensity 30s

FMPS" Particle size distribution based on electrical mobility 6s

aMagee Scientific Aethalometer® Model AE33, Magee Scientific, USA. ®PCondensation Particle Counter Model 3786, TSI, Inc.,
USA. <Optical Particle Counter Model 1.109, Grimm Aerosoltechnik GmbH, Germany. Monitor 205 Dual Beam Ozone Moni-
tor, 2B Technologies, Inc., USA. ©LI840, LI-COR, Inc., USA. fWXT520, Vaisala Oyj, Finland. 8CHM 15k, Lufft Mess- und
Regeltechnik GmbH, Germany. "Fast Mobility Particle Sizer Model 3091, TSI, Inc., USA.

Table S9.8: Coefficients for the Hill equations for each variable to calculate the statistical uncertainty

of the measured variables from the respective averaging time (in seconds).
max—base

Hill equation: uncertainty / % = (base + Thalf )mte) * 100% (59.1)
averaging time
Instrument: variable base max xhalf rate
AET: black carbon@880nm  4.6664 0.032179 2.8866 1.0122
AET: black carbon@370nm  1.7017 0.019704 2.3234 0.93295
ANE: relative humidity 0.0044786 0.00050038 2.1736 0.78583
ANE: temperature 0.0031714 0.00037684 2.0814 0.79232
ANE: wind speed 0.056469 0.00020911 1.3282 0.58095
CBO: CO, mixing ratio 0.0039588 0.0010941  7.9264 0.98681
CPC: particle number conc.  0.02681 0.0033615 37.358 0.26378
OPC: particle number conc. 0.17411 0.019143 2.188 0.61314
OPC: PM, 0.19538 0.018385 2.3192 0.62145
OPC: PM3s 0.83355 0.0014132  0.67953 0.52631
OZN: O3 mixing ratio 0.060544 0.013247 7.0617 0.67567
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Fig. S9.16: The distance between the plate and the inlet/outlet of the OPC affects the sample flow
differently with changing vertical velocity of the FLab (a). Setup of the plates in front of the inlet and
behind the outlet of the OPC (b) and setup with an external pump (c) replacing the fan (Bezantakos et
al., 2021). Lines between markers are for orientation and are not intended to indicate a relationship.
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Fig. $9.25: Vertical profiles were measured with FLab during flights F4 (red), F5 (blue) and F6 (black).
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Fig. S9.27: Time series of variables measured with MolLa on 5 June 2023 at a rural site in Ockenheim
show an increase in particle occurrence at 9:15 and in the afternoon, while O; and air temperature
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Fig. $9.28: Vertical profiles measured with FLab on 5 June 2023 (upper panels of the subfigures) show-
ing trends of pressure (a), temperature (b), relative humidity (c), wind direction (d) and wind speed (e),
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and particle mass concentrations for PM; (f), PM2s (g), and black carbon (h). Comparison measure-
ments between Mola (gray) and FLab (blueish) are performed when FLab was hovering below
10 m AGL next to Mola (lower panels of subfigures).
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Fig. S9.29: Time series of the black carbon concentration measured with the MA200 Aethalometer
showing differences between single-spot (blue) and dual-spot (gray) modes as well as between flight
(dark) and nonflight (light) periods.
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Fig. $9.30: Flight tracks of the radiosonde (pink) and the HALO aircraft (yellow to red below 5000 m
and gray > 5000 m above mean sea level, AMSL) during the overflight of the BISTUM23 site at
778 m AMSL (blue), which was the base for the MolLa and FLab measurements and the launch site of
the radiosonde. ©OpenStreetMap contributors 2024. Distributed under the Open Data Commons
Open Database License (ODbL) v1.0.
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Fig. $9.31: Meteorological data (relative humidity, temperature, and horizontal wind speed and direc-

tion) were

measured with radiosondes (blue) and FLab (red) up to 500 m AGL during the BISTUM23

campaign. The distance between the platforms and the stationary Mola ground station reflects the
oscillating flight behavior of the radiosonde (hanging about 50 m below the balloon) after launch.
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Text S9.7: Determination of the concentration

The extraction solution was not concentrated to dryness to prevent loss of semi-volatile compounds,
so the volume prior to HPLC-MS analysis is unknown. To overcome this issue, a known amount of cam-
phor sulfonic acid was added to both the calibration solutions and the samples as internal standard.
This ensured that the concentration of all solutions would correspond to 35 ng/mL of the internal
standard if the samples had the targeted 50 pL volume. In order to perform the volume correction, the
mean value of the signal area of the camphor sulfonic acid of all calibration solutions is calculated.
Following this, the ratio of the signal area for the respective sample to this mean value is multiplied by
the concentration of the analytes determined by the calibration. This allows the concentration of the
analytes to be obtained as if they were dissolved in 50 pL.

As the HPLC-MS analysis only determines the concentration of the sample in the extraction solution it
is necessary to determine the concentration in the aerosol (c(compound). This is achieved by first
calculating the mass m(compound) on the filter according to the following Eq. (S9.2), with Voiution
representing the Volume and ¢ ytion (compound) symbolizing the blank-corrected concentration of
the compound in the extraction solution prior to the HPLC-MS measurement.

m(compound) = Csolution(compound) ' Vsolution (59-2)

The collected air volume (V3;;) is then determined by integrating the linear equation of the fit for the
flow (Q) (Eq. (59.3)) through the filter holder, which leads to Eq. (S9.4). In the following equations t is
the sampling time.

Q = (—=0.41+0.01) SLPM min~! - ¢ + (102.8 + 0.2) SLPM (S9.3)

Vair = H"”Zﬂ SLPM min~* - t? + (18.97 + 0.04) SLPM - ¢ (59.4)

Since the flow through the collector is pressure dependent, it must be corrected for the different pres-
sures at different heights (1.5 m: 920 hPa; 120 m: 907 mbar; 500 m: 870 mbar; measured by FLab). The
linear fit for the dependence of flow on pressure (Q(p)) is used for the correction (Eq. (59.5)).

Q(P) = (0.20 £ 0.01) SLPM hPa™!:p + (—93 + 12) (59.5)

The collected air volume V,;.(p) is subsequently corrected according to Eq. (S9.6). The flow at 980 hPa
is utilized as a reference because the time dependence was determined at this air pressure.

_, QO
Vair(®) = Vair 0(980 hPa) (59.6)

The concentration of the compound of interest can then be calculated as shown in Eq. (59.7).

( QO m(compound) (59.7)
c(compound) = ————— .
b Vaie(P)
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Table $9.9: Chemical compounds used in this study, including their respective purities.

Compound Label Purity
cis-pinic acid Synthesized N/A
terpenylic acid Synthesized N/A
terebic acid Sigma Aldrich N/A
salicylic acid Sigma Aldrich 99%
4-hydroxybenzaldehyde Sigma Aldrich >97.5%
4-nitrophenol Alfa Aesar 99%
2,6-dimethyl-4-nitrophenol Merck KGaA N/A
2,4-dinitrophenol Sigma Aldrich >98%

Table $9.10: Measured concentration of pinic acid, 4-nitrophenol, terebic acid and 2,6-dimethyl-4-ni-
trophenol, of the three measurement setups (no UAV; dji m300; dji m200) during three measurement
flights.

2,6-Dimethyl-4-nitro-
Pinic acid Terebic acid 4-Nitrophenol ! v I
phenol
Flight UAV Concen- Concentra-
. Concentra- Concentra- .
tration / | Error ] Error ] Error tion / ng m- | Error
tion /ngm-3 tion/ngm-3
ng m3 3
- 1.91 0.05 0.53 0.03 1.67 0.06 0.20 0.004
1 Dji m300 1.42 0.06 0.39 0.02 1.20 0.03 0.17 0.004
Dji m200 1.61 0.07 0.44 0.02 1.46 0.03 0.17 0.00
- 1.71 0.05 0.55 0.03 1.43 0.05 0.23 0.01
2 Dji m300 1.71 0.07 0.52 0.03 1.42 0.04 0.24 0.005
Dji m200 1.72 0.08 0.54 0.02 1.52 0.08 0.25 0.01
- 1.87 0.09 0.50 0.03 2.63 0.10 0.68 0.02
3 Djim300 | 1.97 0.08 0.58 0.02 2.73 0.06 0.69 0.01
Dji m200 2.09 0.06 0.57 0.02 2.90 0.06 0.78 0.02

Table $9.11: Measured concentration of the biogenic marker compounds pinic acid, terpenylic acid
and terebic acid at the different heights and times (all times are in UTC+2).

Pinic acid Terpenylic acid Terebic acid
Time Height / m Concentration Concentration Concentration
/ng m Error / ng m Error / ng m Error
1.5 1.92 0.51 0.66 0.18 1.11 0.30
10:35am 120 2.22 0.60 0.84 0.23 1.40 0.38
500 1.40 0.39 0.56 0.16 0.81 0.23
1.5 3.01 0.80 1.17 0.31 2.07 0.55
1:35 pm 120 3.46 0.93 1.20 0.33 2.02 0.54
500 2.62 0.73 0.91 0.26 1.58 0.44
1.5 2.80 0.75 1.14 0.31 2.29 0.61
4:30 pm 120 4.14 1.11 1.81 0.49 3.13 0.84
500 3.35 0.94 1.40 0.39 2.37 0.66
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Table S9.12: Measured concentration of the biomass burning and anthropogenic marker compounds
salicylic acid, 4-hydroxybenzaledhyde. 4-nitrophenol, 2,4-dinitrophenol at different heights and times
(all times are in UTC+2).

o 4-Hydroxy-benzal- . 2,6-Dimethyl-4-ni- .
. Salicylic acid 4-Nitrophenol 2,4-Dinitrophenol
Ti Height dehyde trophenol
ime
/m Concentra- Concentra- Er- Concentra- Er- Concentra- Er- Concentra- Er-
. Error . . . .
tion / ng m3 tion/ngm3  ror tion/ngm3  ror tion/ngm3 ror tion/ngm3  ror
10:35 1.5 0.09 0.08 0.11 0.06 | 1.03 0.28 | 0.03 0.04 | 0.20 0.09
' 120 0.45 0.16 0.28 0.10 | 1.40 0.39 | 0.04 0.04 | 0.30 0.12
am
500 0.01 0.06 0.08 0.05 | 0.82 0.24 | 0.02 0.03 | 0.12 0.07
135 1.5 0.11 0.08 0.19 0.07 | 0.41 0.13 | 0.02 0.03 | 0.07 0.07
) 120 0.00 0.09 0.18 0.08 | 0.48 0.16 | 0.02 0.04 | 0.13 0.09
m
P 500 0.16 0.08 0.24 0.08 | 0.39 0.12 | 0.02 0.03 | 0.06 0.06
430 1.5 0.05 0.07 0.20 0.07 | 0.20 0.09 | 0.01 0.03 | 0.04 0.07
) 120 0.16 0.10 0.39 0.12 | 041 0.14 | 0.02 0.04 | 0.07 0.08
m
P 500 0.21 0.09 0.24 0.08 | 0.30 0.11 | 0.01 0.03 | 0.05 0.06

L R NI Y [

Fig. $9.32: Photo of the filter holder attached to the landing gear at the UAV dji m200 (a) and at plate
between the landing gear of the dji m300 (b). The white lines indicate measured distances. Line 1
(51 cm) is the diagonal distance between the collector and the rotor of the UAV. Line 2 (26 cm) is the
distance between the collector and the perpendicular to the rotor of the UAV, and line 3 (44 cm) is the
height difference between the collector and the rotor for the UAV(dji m200). Line 4 (36 cm) is the
diagonal distance between the collector and the rotor of the UAV. Line 5 (30 cm) is the distance be-
tween the collector and the perpendicular to the rotor of the UAV, and line 6 (19 cm) is the height
difference between the collector and the rotor for the UAV(dji m300).
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Fig. $9.33: Map (©OpenStreetMap contributors) showing the measurement site (close to Albstadt,
southern Germany), which is surrounded in all directions by a mixture of forest, agricultural land, and
urban infrastructure. The black circle represents the measurement site, which is shown in greater de-
tail within the black box. The symbols indicate the approximate locations for the UAV measurements:
a blue star (djim300), a purple triangle (dji m200), and a black dot (FLab).
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Fig. $9.34: Measured ozone concentration versus time of day. The measurements were carried out
hourly in an altitude range from 0 to 500 m above ground level (AGL). The black boxes indicate the
time intervals during when the parallel UAV flights were conducted.
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Fig. $9.35: Measured wind direction versus time of day. The measurements were carried out hourly in
an altitude range from 0 to 500 m. The black boxes indicate the time intervals during when the parallel
UAV flights were conducted.
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Fig. $9.36: Measured wind speed versus time of day. The measurements were carried out hourly in an
altitude range from 0 to 500 m. The black boxes indicate the time intervals during when the parallel
UAV flights were conducted.

226



Supplementary Information for Chapter 6

NOAA HYSPLIT MODEL
Backward trajectories ending at 0900 UTC 10 Aug 23

i 4 GFSQ Meteorological Data
w
©
&
S <
= “ -
z
Bange g
&
©
- g
w®
*
3
uppenobmIplot:

Heaberg .

2 1500

g 1000

3| s00 ‘—-————————-“ 500

+ |l
08 or 06 Cé o 03
) ’ - TR T TR VIO T TSI UTC 203
5 km : 3 ; - Source 1at- 48257027 lon.: 595§ﬁ2 V\@E 500, 120. 1 m AG
. i o : Tmjesony Deector Backuard Durate
” Spactige . eafiet | © OpenStreetMap contributos ¥ oo Calauion Hathag. ™ Niode! erseal Vol
! Leafiet o P contributors Matuorolcgy: 0002 10 Aug 2023 - GFS0p25 ’

Fig. $9.37: Calculated 6 hour back trajectories with HYSPLIT (Stein et al., 2015; Rolph et al., 2017) for
1 m (green line), 120 m (blue line) and 500 m (red line) for the sampling on 10.08.2023 in the morning.
The dots on the map (©0penStreetMap contributors) indicate the time (8 am local time) at which the
air mass at 120 m altitude crosses the main traffic road.
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Fig. $9.38: Calculated 6 hour back trajectories with HYSPLIT (Stein et al., 2015; Rolph et al., 2017) for
1 m (green line), 120 m (blue line) and 500 m (red line) for the sampling on 10.08.2023 at noon
(©0OpenStreetMap contributors).
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Fig. S9.39: Calculated 6 hour back trajectories with HYSPLIT (Stem et al,, 2015; Rolph et al., 2017) for
1 m (greenline), 120 m (blue line) and 500 m (red line) for the sampling on 10.08.2023 in the afternoon
(©0OpenStreetMap contributors).
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Table $9.13: Instruments used for characterization of the lower troposphere.

Instrument Measured variables Time resolution
Mola (Drewnick et al., 2012)
cpc® Particle number concentration (> 2.5 nm) 1s
EDMP Particulate matter PM; 6s
FMPS® Particle size distribution (5.6 to 560 nm) based on electrical mobility di- 1s
ameter

Meteorological Wind direction, wind speed, relative humidity, temperature, rain inten- 1s
station? sity, pressure

OPC® Particle size distribution (0.25 to 35 um) based on optical diameter 6s
Os-monitorf Mixing ratio of O3 2s
Pyranometer® Solar irradiance 1s

aCondensation Particle Counter Model 3786, TSI, Inc., USA. "Environmental Dust Monitor EDM180, Grimm Aerosoltechnik, Germany. Fast
Mobility Particle Sizer Model 3091, TSI, Inc., USA. 9WXT520, Vaisala Oyj, Finland. ¢Optical Particle Counter Model 1.109, Grimm Aerosol-
technik GmbH, Germany. fMonitor 205 Dual Beam Ozone Monitor, 2B Technologies, Inc., USA. 8CMP3 Pyranometer Sensor, Campbell
Scientific Inc., UK.

FLab (Moormann et al., 2025b)

Anemometer" Horizontal wind speed and direction; temperature; relative humidity; 1s
pressure

CPC Particle number concentration (> 10 nm) 1s

CBO! Mixing ratio of CO, 2s

OPCk Particle size distribution (350 nm to 35 um) based on optical diameter; 1s
temperature; relative humidity

Os-monitor’ Mixing ratio of O3 2s

UAS: Matrice 3D orientation; 3D flight velocity; GPS position; wind speed and <1s

600™ direction; altitude based on pressure level and GPS; propeller rotation

rate; various internal data

hTriSonica™ Mini, Anemoment LLC, USA. iCondensation Particle Counter Model 3007, TSI, Inc., USA. iICARBOCAP® Carbon Dioxide Probe
GMP343, Vaisala Ojy, Finland. *OPC-N3, Alphasense AMETEK®, United Kingdom. '"Model 205 Dual Beam Ozone Monitor, 2B Technologies,
Inc., USA. "Matrice 600, SZ DJI Technology Co., Ltd., China.

Flux tower

Ultra-sonic 3D wind direction, humidity, temperature 0.05s
anemometer”

NCSAT3B 3-D Sonic Anemometer, Campbell Scientific, Inc., Logan, Utah, USA.
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Fig. $9.40: Topographic maps of the rural measurement sites during BISTUM23 and BISTUM?24.
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Fig. S9.41: Median vertical profiles of anthropogenic tracers for air masses passing the Frankfurt-Rhine-
Main metropolitan area (red) and only rural areas (blue): the particle number concentration (a), the
PM31 mass concentration (b) and O3 mixing ratio (c). Shaded areas represent the respective interquartile
ranges.
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Fig. $9.42: Hourly high-resolution (2 m bins) vertical profiles throughout a full day and night during
BISTUM24, including: the particle number concentration measured with the CPC (PNC; 10nm) (a), PM1
(b), O3 (c), CO; (d), wind speed (e), bulk Richardson number (f), relative and absolute humidity (g and
h), and potential and equivalent potential temperature (i and j).
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Fig. $9.43: Ground-based measurements on June 19 to June 21, 2024 show low radiative impact on
June 19 and fog between 03:00 and 05:00 on June 20 that led to an increase of the PM; (orange) and
the particle number concentration (grey), but a strong reduction of O; (pink), while air temperature
(red), wind (green and turquoise) and CO; (black) appear unchanged.
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Fig. $9.44: The latent heat flux and the irradiance during BISTUM24 show a good correlation (Pear-
son’s r’ = 0.74).
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Fig. $9.45: “Clear-sky” days (violet markers) and “cloudy” days (bluish markers) were classified by the
criteria that more or less than 75% of maximal daily possible irradiance (red and black lines) were
measured throughout a day, respectively, and that no precipitation (blue) was measured. The classifi-
cation of individual days is displayed for BISTUM23 (a) and BISTUM24 (b).

232



Supplementary Information for Chapter 7

1.0

@ ‘clear-sky" days r=0.37

@ 'cloudy" days linear regression:
— linear regression f(x)=x*(0.4+£0.1) - (2.5 +£0.8)
- - == 30-confidence band

dPNC, 15 n/dz/ % km''

r=-0.0%
linear regression: o :
f(x) = x*(0.02 + 0.08) + (0.1 £ 0.5) °
-1.0 - — T T ' | — \ ' T —
6.4 6.8 7.2 7.6 6.4 6.8 7.2 7.6
In(PBLH [in m]) In(PBLH [in m))

Fig. $9.46: Gradients of the particle number concentration of small particles dPNC, 10nm/dz normalized
to a concentration value of “1” at ground level in the lowermost 500 m in a mixed PBL from both
campaigns for “clear-sky” and “cloudy” days (red and blue markers, respectively). Linear regression
and its 3o-confidence bands are shown in straight and dotted lines. The uncertainty of the linear re-
gression is given as 1o.
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Fig. $9.47: Topographic map of the rural measurement sites during BISTUM23 (Sect. 8.5) and
BISTUM24 (Sect. 8.4) ©OpenStreetMap contributors 2025. Distributed under the Open Data Commons
Open Database License (ODbL) v1.0.

70

165

()]
o

Radar Reflectivity [dBZ]
B wm w
wm © w
Reflectance [%]

H
o

35

30

Fig. $9.48: Synoptic map for 12:00 on 20 June 2024 including the radar reflectivity shows the measure-
ment site (green) in a large high-pressure system close to a warm front (in red).

234



Supplementary Information for Chapter 8

50
70

65

40

Radar Reflectivity [dBZ]
IS n e
(0] o (0]
Reflectance [%]

IS
o

35

30

Fig. $9.49: Synoptic map from 12:00 on 12 August 2023 including the radar reflectivity shows a con-

vergence line (red) at the measurement site (green) in vicinity to a large cold front (blue)
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Fig. $9.50: 24 h-backward-trajectories reaching the measurement site at 12:00 local time on 12 August
2023 reveal south-westerly aspiration from rural areas. The trajectories were calculated with the
HySplit analysis tool and were started from 0 m, 120 m and 500 m above ground level (Stein et al.,
2015). The near surface trajectories are influenced stronger by the underlying surface, leading to a
more westerly flow at the Northern flank of the high-pressure system ~18 h before arrival, but are then
partially deflected by the Alps and additionally get further into the influence of the cyclonic system
over the British islands. The trajectory at elevated altitude is able to follow the free tropospheric flow
more closely, such that the eastward flow, which is more driven by the free tropospheric wave pattern
is less dominant.
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Radiosonde (RS41) at 20240620, release time 09157, ascent

Radiosonde (RS41) at 20240620, release time 12152Z, ascent
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Fig. $9.51: Radiosonde ascents on 20 June 2024 indicate stable pre- and post-rain conditions ((a) at
09:15 and (b) at 12:15).
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Fig. $9.52: The ceilometer in MoLa monitors an uplift of clouds (dark red) from 3 km to 5 km immedi-
ately after the rainfall at 11:00 and a later decrease of layers before the second rainfall (red color
reaching ground level indicates precipitation). Data of the lowermost 200 m were removed due to high
uncertainties.
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24 hr Back-trajectories (time vs altitude) from Spielberg, 20240620 at 09 UTC
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24 hr Back-trajectories (time vs altitude) from Spielberg, 20240620 at 10 UTC

2500

2000

Altitude [m]

1500

1000

o C) (Y 3 N 3 © )
oo & ¥ oo ¥ R ¥ o? % o o o 2 o e ©?°

Time (M-D HR)

Fig. $9.53: During the rain event, 24-h backward trajectories show a strong downdraft from 3000 m
a.s.l. from 6 h before reaching the measurement site for arrival altitude levels down to 150 m a.g.l.,
whereas the ground-near trajectories are isolated and do not reveal strong vertical movement (a).
After the rain event, the aspiration level is more than 1000 m lower and trajectories are homogenously
distributed (b). Note that altitude levels are denoted as above mean sea level, and the measurement
location is at 391 m a.s.l.
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Fig. $9.54: The good agreement of time series of O3 (white stars) and the O/C ratio of organic particle
components (white trace) measured at ground level in MolLa show an increase of oxidized aerosol
particles along with oxidizing reagent. Therefore, particles form and grow as indicated by increasing
mode sizes of the particle number concentration for the nucleation and Aitken mode (image plot) after
the rain at 11:00 (blue).
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Fig. $9.55: Time series of irradiance (orange), precipitation (blue, both 1 min averages), and the mod-
elled MLH (grey, hourly averages) on 12 August 2023. The flight altitude of FLab is displayed in black.
The shaded area represents the typical diurnal cycle of the modelled MLH at the BISTUM23 measure-
ment site for cloudless days.
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Fig. $9.56: The ceilometer in MoLa monitors a stable cloud layer between 3 to 4 km altitude a.g.l. and
frequent rain events throughout the day (indicated by dark-red color). Before the thunderstorm at
14:30, a decreased cloud layer down to 1 km a.g.l. is observed, followed by a quick increase to 7 km.
Data of the lowermost 200 m were removed due to high uncertainties.

Radiosonde (RS41) at 20230812, release time 1410Z, ascent Radiosonde (RS41) at 20230812, release time 1639Z, ascent
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Fig. $9.57: Radiosonde ascents on 12 August 2023 show the unstable accumulation of CAPE before rain
((a), 14:10) and release of CAPE afterwards ((b), 16:39). Altitude is given in km a.s.l.
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24 hr Back-trajectories (time vs altitude) from Tailfingen, 20230812 at 11 UTC

( a) 24 hr Back-trajectories (time vs altitude) from Tailfingen, 20230812 at 07 UTC (b )
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Fig. $9.58: 24-h backward trajectories for the BISTUM23 measurement site show a shallow aspiration
height in (a) at 09:00 between the first and second rain event. A strong updraft, followed by a
downdraft movement were found for 13:00 and 14:00 (before the third (b) and fourth rain event (c)),
whereas after the thunderstorm trajectories at 17:00 show a low downdraft, with rather parallel tra-
jectories (d). Note the different scaling of the y-axes; altitudes shown are in m a.s.l., the measurement
site was located at 886 m a.s.l. LT (local time) is given in UTC + 2 h.
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Fig. $9.59: Medians of vertical profiles (100 m altitude increments) of the particle number concentra-
tion (PNC), Os mixing ratio, absolute humidity, potential temperature 6, equivalent potential
temperature 6.4 and the bulk Richardson number Ri on 12 August 2023 at 08:00. Variables marked
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with * are corrected for temporal variation over the measurement period using the corresponding
Mola data. Error ranges represent the standard error. Dotted vertical lines indicate Ri=0and Ri=0.25.
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Fig. $9.60: 1 minute-time series of PM; (light brown), and wind speed (dark green), measured on-board
Mola, show clean air advection before rainfall (blue). After the thunderstorm, the wind direction
changes (light green) affecting measured NOy (dark blue), particle number concentration (PNC, grey),
O3 (pink) and the O/C ratio of PM; organics (green). As the irradiance (yellow) increases, the absolute
humidity (turquoise) also increases due to evaporation of water from ground. Descriptions of various
periods are given above the shaded areas.
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Fig. $9.61: A vertically resolved Os-time series (15 minute-time increments with a 5 m altitude range,
color-scaled, measured with FLab) show a decrease of 3.0 + 1.3 ppbv O3 at the lowest bin after rain
(blue, 1 s data) and slow increase as Os-rich air is injected from higher levels.
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