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Abstract. Increasing anthropogenic emissions have led to numerous organic compounds in the atmosphere,
with uncertain effects on climate, ecosystems, and human health. Particularly, the composition and impact of
organic aerosol in the upper troposphere and lower stratosphere (UTLS) remain poorly understood, with few
studies addressing the general distribution of aerosols in this layer. In this work, we present a comprehensive
analysis of a tropopause fold and convective systems during an airborne campaign over central Europe in sum-
mer 2024. We collected filter samples with a multichannel sampler for organic aerosol, effectively separating tro-
pospheric and stratospheric air masses. As a result, we analyzed the chemical composition on a molecular level
using ultra-high-performance liquid chromatography coupled with high-resolution Orbitrap mass spectrometry.
A subsequent non-target analysis provides novel insights into compositional differences throughout the UTLS.
Our findings reveal numerous anthropogenic organic compounds, including CgHj9OsPS; and C15H15NO3S,,
alongside dicarboxylic acids, organosulfates, and oxidation products of volatile organic compounds found in
stratospheric samples. Additional target analysis identifies pollutants like perfluorooctanoic acid and tris(2-
chloropropyl) phosphate that redistribute from the ground. These findings underscore the importance of transport
processes to high altitudes and the growing impact of anthropogenic pollution, contributing to a better under-
standing of the relationship between emissions, the chemical composition of the UTLS, and climate effects.

stand its impact on climate and climate model projections

The chemical composition of the atmosphere changes as a
consequence of urbanization, developing industry and an-
thropogenic activities (Riese et al., 2005). With regard to a
significant increase of emissions (Yu et al., 2016; Lamarque
et al., 2010), models suggest a growing urgency to under-

(Solomon et al., 2011). As a part of the atmospheric com-
position, aerosols play an important role in the global at-
mospheric radiation budget due to their influence on the ra-
diative forcing by scattering, absorption, as well as aerosol-
cloud interactions (IPCC, 2023). Especially the upper tro-
posphere and lower stratosphere (UTLS), located between

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

a|ollJe yoJessay



16534

8—20 km altitude in the mid-latitudes, shows a high sensitiv-
ity to changes in atmospheric composition and mixing, yet
transport and feedback processes in this region remain poorly
understood (Riese et al., 2012; Murphy et al., 2021).

Throughout earlier research the composition of strato-
spheric aerosol was thought to be mainly particulate sulfate,
mostly associated with volcanic eruptions or derived from
precursor species such as carbonyl sulfide and sulfur dioxide
(Myhre et al., 2004; Neely et al., 2013; Weisenstein et al.,
1997). However, recent studies highlight the importance of
the organic fraction of UTLS aerosols, especially in the con-
text of an increasing number of wildfires as an important
source (Yu et al., 2016; Martinsson et al., 2019; Andreae
et al., 2018; Benoit et al., 2023; Dumelié et al., 2024). Wild-
fires and the related aerosols are moreover suspected to con-
tribute to enhancing ozone loss rates and show the impor-
tance of understanding aerosols and their composition in the
stratosphere (Solomon et al., 2023).

Organic matter makes up to 50 % of aerosol in the lower
stratosphere (Murphy et al., 2013; Froyd et al., 2009) and is
either being formed by gas-to-particle conversion (Hallquist
et al., 2009) or transported to high altitudes from lower tro-
pospheric sources (Martinsson et al., 2019). Organic aerosols
hereby can be directly emitted as primary aerosols or origi-
nate from the atmospheric oxidation of volatile organic com-
pounds (VOC) leading to secondary organic aerosol (SOA)
(Goldstein and Galbally, 2007). In general aerosols can be
of biogenic or anthropogenic origin, where thousands of
compounds contribute to a variety of reactions, resulting in
different chemical composition, sizes and therefore various
properties of aerosol particles (Lippmann, 2011). In particu-
lar, organic aerosol present within the UTLS can be trans-
formed by oxidation, cloud-processing and deposition, al-
though detailed processes are still unknown (Jimenez et al.,
2009; Poschl, 2005). Especially in the context of radiative ef-
fects on climate, the difference between aerosol produced in
the stratosphere or transported into the stratosphere is im-
portant to understand to assess the radiative effect (Mur-
phy et al., 2021). The significant organic content in strato-
spheric aerosol hereby contributes to a substantial impact on
the aerosol optical depth, which broadly ranges for different
complexes, highlighting the need to understand the composi-
tion of stratospheric aerosol (Li et al., 2021).

In-depth studies of organic aerosols in the UTLS by on-
line measurements or offline high-resolution mass spectrom-
etry are limited so far, despite a few novel observations (e.g.
Benoit et al., 2023). So far, trace gases, humidity and non-
refractory submicron aerosol composition were measured
within the UTLS (Koppe et al., 2009; Joppe et al., 2024;
Schmale et al., 2010). Since the organic fraction of UTLS
aerosol is highly complex and not well understood, source
apportionment, transport mechanisms, effects on the radia-
tive forcing as well as the anthropogenic influence are insuffi-
ciently represented albeit preliminary studies hint at their im-
portance for modelling current and future climate states. For
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this reason, a comprehensive understanding on the molecu-
lar level is needed to accurately assess the anthropogenic im-
pact, understand microphysical and chemical properties and
improve climate predictions as well as facilitate the develop-
ment of more targeted studies.

In this study, we target the question which differences in
chemical compositions of aerosols occur throughout the dif-
ferent regions of the UTLS. Especially the differences above
and below the tropopause are of major interest, to further un-
derstand transport and mixing. In the following, we present
two case studies from the tropopause composition gradients
and mixing experiment (TPEx) campaign in June 2024, prob-
ing the different regions of the UTLS (Bozem et al., 2025).
In comparison to that, we implemented one ground measure-
ment stationed at the rural site Kleiner Feldberg, to contrast
the ground based with free tropospheric data. With our in-
house built sampler for organic aerosol particles (SOAP), we
were able to collect up to five filter samples throughout one
flight, including one flight blank. As a consequence of that,
different regions within the UTLS can be investigated sepa-
rately. We further analyzed the organic fraction, using ultra-
high performance liquid chromatography (UHPLC), coupled
with high-resolution Orbitrap-mass spectrometry (HRMS).
This setup facilitates a non-target analysis that allows for the
identification of known as well as yet unknown organic com-
pounds. This approach enables us to distinguish stratospheric
and tropospheric compounds and detect transport between
both layers. Our findings contribute to a more comprehen-
sive understanding of the UTLS aerosol composition, poten-
tially highlighting how anthropogenic emissions are trans-
ported across the tropopause and might affect this sensitive
region of the atmosphere.

2 Methods

2.1 Measurement Flights

The TPEx campaign, which was an airborne field cam-
paign of the TPChange collaborative research center, was
conducted with the aircraft Learjet 35A. Eight scientific
flights and one test flight were carried out between 3-21 June
2024 over Germany, the Baltic Sea and parts of Swe-
den (Fig. 1). All flights took off in Hohn (54.3153°N,
9.5256°E, Schleswig-Holstein, Germany) accomplished by
the Gesellschaft fiir Flugzieldarstellung (GFD). The col-
lected filter samples cover an altitude range of 0.9-12.1km,
with a sampling duration ranging from 15 to 140 min. The
latitude range was 49.9-58.8°N and a longitude range from
6.5-14.3°E. SOAP performed on every flight, collecting
three to four samples and at least one flight blank per flight.
The details on the filter collection are summarized in Ta-
ble S1 in the Supplement.
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Figure 1. Overview of all flight routes during the TPEx campaign.
The different flights are marked in one color each and took place
in summer 2024. The exact dates are — FO3: 11 June, FO4: 12 June,
F05: 13 June, FO6: 14 June, FO7: 17 June forenoon, FO8: 17 June
afternoon, F09: 18 June, F10: 20 June.

2.2 Data and sample acquisition
2.2.1 Sample Collection on Ground

Additionally to the scientific flights, we collected ambient
air filter samples at the Taunus Observatory, Kleiner Feld-
berg (50.2219°N, 8.4468°E). The samples were collected
with a high-volume sampler (DHA-80, Digitel Switzerland)
on pre-heated glass fiber filters (150 mm diameter, M 160,
AHLSTROM MUNKSJO). The sampling time was 12h at
a flow rate of 500 Lmin~". The particle cut off was 2.5 um.
All filter samples were sealed and stored at —20 °C after sam-

pling.

2.2.2 Sample collection with SOAP

For our study, we built a multichannel aerosol sampler, which
has been airborne certified for the integration in the under-
wing pod of the research aircraft Learjet 35A (Fig. S1 in
the Supplement). It consists of two scroll pumps that were
able to draw at standard conditions in total 60 Lmin~! onto
a quartz microfiber filter (47 mm diameter, Whatmann QM-
A, cytiva). With a system of five solenoid valves which were
normally closed and a bypass, we were able to collect five
filter samples individually for each flight. Based on calcula-
tions according to von der Weiden et al. (2009), we estimated
the particle losses, caused by the design of the inlet system,
to be less than 10 % in the size ranges from 10 to 2000 nm
(Figs. S2 and S3 in the Supplement). The loss-mechanisms
included in the loss-calculations are non-isoaxial sampling,
non-isokinetic sampling, diffusion, sedimentation, turbulent
inertial deposition, inertial deposition in bend and inertial
deposition in contraction. SOAP therefore captures particles
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in the Aitken and accumulation mode (Seinfeld and Pandis,
2016). Depending on the scientific aim, we sampled three to
four samples, with the remaining one to two filters used as a
flight blank. After each flight, filters were stored below 0 °C
to prevent artefact formation (Resch et al., 2023).

2.2.3 Trace gas and aerosol properties data acquisition

In total 14 instruments were deployed either on board, out-
side the aircraft in the underwing pod or in the tropopause
composition towed sensor shuttle (TOSS). The trace gases
carbon monoxide (CO) and dinitrogen oxide (N,O) were
measured by university of Mainz airborne quantum cascade
lasers spectrometer (UMAQS), as well as ozone (O3) mea-
sured by the 2BTech ozone monitor. The mass concentra-
tions of different non-refractory aerosol particles between
80-800 nm were acquired by the civil aircraft for the regu-
lar investigation of the atmosphere based on an instrument
container-aerosol mass spectrometer (CARIBIC-AMS) with
the optical particle counter (Grimm/Durag 11-S, Sky-OPC)
(Schneider et al., 2025). The aerosol number-size distribu-
tion was determined using an ultra-high sensitivity aerosol
spectrometer (UHSAS). An overview of the deployed instru-
ments is described by Bozem et al. (2025).

2.3 Offline filter analysis
2.3.1 Sample extraction

To detect a broad range of compounds, we extracted the fil-
ters by using two different methods. (A) We took two 6 mm
punches and wetted them with 130 uL of 9 : 1 ultrapure water
(MilliQ Reference A+, Merck KGaA) and methanol (0.1 um
filtered, UHPLC-MS, Thermo Fisher Scentific Inc.). Sub-
sequently, the vials were placed on an orbital shaker (KS-
15, Edmund Biihler GmbH) at 300 rpm for 20 min. After-
wards, the solvent was extracted and filtered using a dispos-
able polytetrafluoroethylene (PTFE) filter (pore size: 0.2 um,
macherey nagel).

(B) We cut the remaining filter into pieces and wetted them
with 2 mL methanol. After placing the vials on the orbital
shaker (20 min, 300 rpm), the solvent was transferred into a
sharp bottom vial. The remaining filter pieces were wetted
again with 500 uL methanol and placed on the orbital shaker
once more. The solvent was added into the sharp bottom vial
and evaporated at room temperature using a continuous ni-
trogen flow. After evaporation, the remaining droplet was re-
solved in 80uL 9 : 1 MilliQ : methanol and filtered using a
PTEE filter.

2.3.2 UHPLC-HRMS measurements

The extracts and authentic standards were measured using an
UHPLC (Vanquish Flex) combined with HRMS (Q Exactive
Focus Hybrid-Quadrupole Orbitrap, both Thermo Fisher Sci-
entific Inc.). The measurements in both positive and negative
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ionization mode were carried out using a heated electro spray
jonization source (HESI). A C;g-Column (CORTECS™ T3,
2.7um x 150mm, Waters) at 40 °C was used for the chro-
matographic separation. The separation was carried out by a
gradient elution with MilliQ and methanol, both, with 0.1 %
formic acid. The injection volume was set to 15 uL. More
details can be found in Table S2 in the Supplement.

As authentic standards we used: phthalic acid (99.5 %,
Merck), nitrophenol (100 %, Merck SIAL), suberic acid
(99 %, Fisher Scientific), azelaic acid (+98.5 %, Merck Su-
pelco), adipic acid (99.5 %, Merck Fluka) and triisobutyl
phosphate (99 %, Sigma Aldrich).

2.3.3 Non-target analysis and elemental composition
group assignment

The raw data was processed using Compound Discoverer 3.3
and FreeStyle 1.8 SP2 (both Thermo Fisher Scientific Inc.) to
run the non-target analysis. For this analysis, Compound Dis-
coverer uses the retention time, mass-to-charge ratio (m/z)
and isotopic patterns as well as fragmentation patterns to as-
sign molecular formulae. Additionally, the spectra are com-
pared with the databases mzCloud (HighChem LLC, 2013—
2021) and a self-built Aerosolomics database in mzVault 2.3
(Thermo Fisher Scientific Inc.) by Thoma et al. (2022), to
further identify secondary organic aerosol compounds. The
Aerosolomics database contains m /z, retention time and MS?
spectra from laboratory experiments, simulating the atmo-
spheric oxidation of volatile organic compounds.

Apart from comparison with databases, a potential molec-
ular formula is assigned to compounds with a sample-to-
blank ratio higher than five, which refers to the flight sample
and the flight blank. The elements allowed for the formula
prediction are bromine (Br), chlorine (Cl), carbon (C), oxy-
gen (0O), hydrogen (H), sulfur (S), nitrogen (N) and phos-
phorus (P). The forumlae were then classified to the ele-
mental composition groups CHO, CHNO, CHNOS, CHOS,
CHOP, CHN, and other, if none of the previous groups ap-
plies. Compounds that could not be assigned to a sum for-
mula are excluded from our analysis. By additionally calcu-
lating the aromaticity equivalent according to Yassine et al.
(2014), the CHO group can be distinguished into CHOa (aro-
matic organics) and CHOn (aliphatic organics). The details
on the workflow applied can be found in Sect. S4.2 in the
Supplement. All signals are blank corrected and normal-
ized according to sampling time and flow. Finally, to de-
clare a degree of certainty for our compound identification,
we used the confidence levels established by Schymanski
et al. (2014). According to this classification, level 1 cor-
responds to unambiguously identified compounds (reference
standard, MS? spectrum), level 2 to a probable structure (li-
brary match and/or diagnostic evidence), level 3 tentative
candidate (structure, substituent, class), level 4 unequivocal
molecular formula and level 5 exact mass. We used the mz-
Cloud database (HighChem LLC, 2013-2021) for comparing
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MS? spectra of commercial chemicals. correspond to confi-
dence level 1.

2.4 Trajectories

For our analysis of the air mass origin and possible trans-
port pathways, we use kinematic trajectories calculated with
the Lagrangian analysis tool LAGRANTO (Sprenger and
Wernli, 2015). Every minute, 60 trajectories are started from
the longitude, latitude and pressure position of the aircraft.
This results in a total of 15 316 trajectories for each of the an-
alyzed flights FO5 and F09. The position of these air parcels
is calculated backward in time for up to ten days. The tra-
jectory calculation uses 3D grid-scale wind data from the
operational global ICON model (Zingl et al., 2014) run at
the german weather service (DWD). Analysis data for 00:00,
06:00, 12:00, and 15:00 UTC is combined with forecast data
for lead-times of 1-5 h to achieve an hourly resolution of the
wind field data. The ICON wind field data has been inter-
polated from its original grid (R3B07, effective grid spacing
13.5 km) onto a regular grid with a resolution of 0.15°x0.15°
prior to trajectory calculation. In the vertical ICON uses a
SLEVE coordinate system with 120 levels with a constant
spacing of 300 m between about 4-15kma.g.l.

3 Results and discussion

3.1 Flight selection for investigating the chemical
composition of the UTLS

To understand the chemical composition of organic aerosol
as well as possible transport processes in the UTLS, eight
research flights were conducted with SOAP, sampling filters
for offline analysis. Out of those we selected flights FO5 and
FO9 as case studies, that contrast each other with respect to
meteorological conditions, altitude ranges and geographical
regions, to investigate and compare the chemical composi-
tion within different parts of the UTLS.

FO5 took place on 13 June 2024 and represents a race-
track pattern over the Baltic Sea, with downward mixing in
the first half and low Richardson numbers and a shear layer
in the second half. The low Richardson numbers indicate
mixing potential at the tropopause (Woods, 1969) and at a
tropopause fold in the measurement region, which can be as-
sociated with a strong exchange across the usual tropopause
barrier (Holton et al., 1995; Shapiro, 1980). Due to the step-
wise increase in height, which covered a range from 6000 to
10000 m, we were able to sample the different regions for at
least 40 min each.

Flight FO9 was conducted on 18 June 2024 and contains
a low altitude pass over Spielberg, Germany (50.3207° N,
9.2638°E), and flight tracks across Germany to capture con-
vective systems. The low altitude flight at around 900 m al-
lows for a direct comparison to ground measurements station
at the Taunus Observatory, which is within a 60 km proxim-
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ity from the ground pass. Throughout the flight, the filters
were sampled in four different conditions: before the ground
pass, during the ground pass, throughout convective systems
and in the lower stratosphere at 12 000 m altitude.

3.2 Characterizing the UTLS region

To understand which air mass was sampled during the flight,
the troposphere and stratosphere needs to be defined, which
requires the determination of the tropopause e.g. from grid-
ded analysis data. Here, the dynamical tropopause, defined
by a threshold value of potential vorticity (Danielsen, 1968;
Shapiro, 1978), the thermal tropopause, defined by the world
meteorological organization (WMO, 1957), and the chemical
tropopause, based on trace gases, can be used (Joppe et al.,
2024; Miiller et al., 2015; Fischer et al., 2000).

Since we focus on investigating the chemical composi-
tion and the occurrence of different compounds in differ-
ent regimes, we use threshold values of different trace gases
as a tool to distinguish stratospheric from tropospheric air
masses. This approach is based on trace gases, which have
either sources in the troposphere and are rather constant in
the stratosphere or the other way around. N,O can be used
as a tracer for stratospheric air, since it has no sinks in the
troposphere, a long life time and no sources in the strato-
sphere. Therefore, the mixing ratio is constant in the tropo-
sphere, showing a background level of 336-338 ppbv and de-
creases in the stratosphere. O3 in the contrary is photochem-
ically produced in the stratosphere, with a lifetime of up to
six years, and shows relatively low abundance in the tropo-
sphere. For this reason, threshold values of 70-100 ppbv have
been typically used to determine the lower boundary of the
stratosphere, though local chemistry, affecting the O3 mix-
ing rations can complicate its interpretation (Bethan et al.,
1996; Zahn et al., 2000). CO in addition is used to deter-
mine mixing processes and evaluate tropospheric influence
(Hoor et al., 2002; Fischer et al., 2000). In contrast to N;O,
CO is considered a tropospheric tracer, which concentration
decreases in the stratosphere in the absence of mixing with
tropospheric air. The main production of CO in the strato-
sphere is the temperature-dependent methane oxidation by
hydroxyl radicals (OH), which is less efficient than the CO
reaction with OH, serving as a sink. Because of a life time
of two to three month, elevated CO concentrations indicate
recent tropospheric influence on the lowermost stratosphere,
since photochemical in situ production of CO is too slow to
account for the elevated CO in this region (Pan et al., 2004;
Hoor et al., 2002).

In this study, stratospheric air masses are defined by con-
servative thresholds for mixing ratios of O3 > 100 ppbv and
N>O < 330 ppbv, to avoid interference with tropospheric air
masses (Lachnitt, 2025). In general, a clear anticorrelation of
N>O and O3 is measured, which aligns with the expected
tracer-tracer correlations. The CO concentrations show no
extraordinary peaks in the stratospheric regimes, which in-
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Figure 2. Overview of the altitude, measured trace gases CO, N, O,
and O3 in ppbv for flight FO5 — The Fold and FO9 — Convection
Hunting at the respective time (UTC). The filter sampling times
are displayed with colored bars with light blue: filter 1, dark blue:
filter 2, light green: filter 3, and dark green: filter 4. The regimes
when stratospheric air was sampled, according to tracer gas obser-
vations, are marked in orange. The condition for stratospheric air is
N,O < 330 ppbv and O3 > 100 ppbv, marked by grey dashed lines.

dicates that no recent pollution or exchange events occured.
The mixing ratios measured during the flights are displayed
in Fig. 2. The filter sampling periods are displayed in colored
bars, and the period where stratospheric air was sampled is
marked by an orange background. The sampling conditions
for each filter as well as the altitude are given in Table 1. No-
tably, the tropopause fold captured at a constant flight level
during FO5 is visible by measuring tropospheric air in be-
tween stratospheric air.

3.3 Chemical composition of organic aerosols in the
different regions of the atmosphere

To analyze the different chemical composition of organic
aerosol throughout the UTLS region, each filter, taken at a
different part of the atmosphere, was analyzed individually.
The chemical composition is derived by UHPLC-HRMS and
thus attributing molecular formulae to each compound, based
on their exact mass. To get an overall molecular fingerprint of
each sample, the compounds are assigned to elemental com-
position groups (CHOn, CHOa, CHNO, CHOS, CHNOS,
CHOP, CHN, and other). The limitations of this setup are
derived by the solubility of compounds and the ionization
efficiency. Using HESI, only compounds that carry a basic
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Table 1. Filter number of flight FO5 and FO9 with respective sampling condition and name it will be further referred to.

Filter number Sampling condition, Altitude

‘ Filter number Sampling condition, Altitude

FO5 — The Fold

‘ FO09 — Convection Hunting

Filter 1 tropospheric, Troposphere 6—7 km Filter 1 tropospheric, Troposphere 10 km
Filter 2 mostly tropospheric, Troposphere 7-10km | Filter 2 tropospheric, Ground Pass 0.9 km
Filter 3 stratospheric, Stratosphere 10 km Filter 3 tropospheric, Troposphere 8—12 km

Filter 4 tropospheric, Troposphere 10-8 km Filter 4 stratospheric, Stratosphere 12 km

CHOn @ CHNO CHNOS @ CHN or different groups do not directly represent concentrations

® CHoa @ CHOS cHoP other of the respective compound. Especially the compound group

FOS - The Fold F09 - Convection Hunting CHN is barley detectable in negative mode. Still, the occur-

= 1009 — - rence of the compound groups can be compared relatively

8 454 . = — between the samples, indicating changes in the composition

S — l - b . of organic aerosol. Since our method is an offline method,

é 50 — - = = = the detectability of compounds is dependent on the sampling

0 — time. In comparison to online techniques, longer sampling

§ 257 times lead to the detection of more compounds by enrich-

9 -t 1 - 51 ing them on the filter. Additionally, the chromatographic sep-

S & & & E & & & & aration th.rough a.column' pr(?v1des the .reten.non tlme.as a

FASENS NN o Q‘b%;@ AN valuable information, which is used to identify and distin-

& @ é‘é&& é\‘?}q&ie@ O guish compounds. In comparison to AMS, HESI as a soft-

QoQQ o@Q‘\ & & OQOQ’OO(@ ey @\09(@% ionization technique minimizes fragmentation, allowing for

WO S RO %\O@o the assignment of molecular formulas based on the molec-

Figure 3. Relative abundance in % of the elemental composition
groups CHOn, CHOa, CHNO, CHOS, CHNOS, CHOP, CHN, and
other (the order mentioned applies to the stacked bars from bottom
to top), measured with Orbitrap mass spectrometry in negative ion-
ization mode (also given in Table 2). Displayed are the filters that
were sampled throughout the flights FO5 and F09. In panel F09, the
filter sampled at the ground station Taunus Observatory is added.

or acidic functional group can be ionized, neglecting com-
pounds such as polycyclic aromatic hydrocarbons (Venter,
2024). The solvent used for extraction and the mobile phase
determines detectable compounds as well. The Cig-column
limits how well compounds can be separated, leading to a
poor separation of very polar compounds, which therefore
might not be detected as a feature.

Figure 3 shows the relative abundance of each compound
group for the respective region (exact numbers can be found
in Table 2 and Vogel and Breuninger, 2025). Additionally,
AMS measurements of submicron sulfate (SO27, concentra-
tion given at standard pressure and temperature) as well as
the size distribution measured by UHSAS are compared to
our observations (Figs. S4-S6 in the Supplement).

For F09, the ground measurement at the Taunus Observa-
tory from that day is also displayed, to enable a comparison
with the air masses sampled during the ground pass. It should
be noted that we are mainly discussing the negative ioniza-
tion mode and that ionization as well as transmission efficien-
cies vary for each compound. Therefore, the signal intensities
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ular ion. As a consequence of filter sampling, artifacts and
losses cannot be excluded (Resch et al., 2023) and the time
resolution is lower compared to online techniques. Therefore
we suggest using online and offline techniques in parallel to
retrieve to most information.

In general, each region and each flight shows its own
unique chemical composition as it will be discussed in the
following sections.

CHOa and CHOn in the UTLS

Across all samples CHO has the highest contribution, split-
ting up into the aliphatic CHO (CHOn) and a small frac-
tion of aromatic CHO (CHOa) compounds. The measure-
ments at the ground station and the ground pass during FO9
show the highest and almost identical abundances, indicat-
ing a ground-based source for CHOn and CHOa compounds
and served as independent validation of the aircraft sam-
pling. Precursors, such as volatile and semi-volatile alkanes
are known to dominate biogenic and anthropogenic emis-
sions, followed by aromatics and unidentified oxygenated
compounds (Ziemann and Atkinson, 2012). Further up in the
troposphere and with increasing altitude, their abundance de-
creases and therefore suggests dilution throughout the up-
lifting process. This theory is supported by other aircraft
based observations, described by Johansson et al. (2020) and
Hopfner et al. (2019). The dilution is not linear with increas-
ing altitude, which could be due to temperature decrease
and thus condensation of intermediate volatile organic com-
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Table 2. Relative abundance in % of the elemental composition groups CHOn, CHOa, CHNO, CHOS, CHNOS, CHOP, CHN, and other,
measured with Orbitrap mass spectrometry in negative ionization mode. The samples displayed correspond to the region where the filter was

sampled, including the ground station at the Taunus Observatory.

Sample and altitude range  CHOn CHOa CHNO CHOS CHNOS CHOP CHN other
FO5 — The Fold

Troposphere 67 km 35.05 1.90 4.93 7.75 3.36 17.45 0.03 29.52
Troposphere 7-10km 55.89 3.54 4.06  21.17 10.69 037 0.04 4.24
Stratosphere 10 km 48.53 3.03 43.63 3.86 0.57 0.09  0.00 0.29
Troposphere 10-8 km 45.84 2.94 4.55 21.19 5.39 034 0.60 19.16
F09 — Convection Hunting

Troposphere 10 km 53.91 0.69 2.20 5.78 13.69 7.12  0.03 16.58
Ground Pass 0.9 km 74.19 3.82 4.48 6.66 2.59 229  0.03 5.93
Troposphere 8—12 km 48.15 1.88 3.34 4.17 2.07 9.91 0.21 30.26
Stratosphere 12 km 43.42 1.62 3.86 16.82 7.07 7.32  0.01 19.88
Ground Station 0.8 km 83.77 4.02 1.76 5.30 4.58 0.28 0.00 0.28

pounds. This volatility class is known to be an important
source of SOA mass in the atmosphere (Weitkamp et al.,
2007; Tkacik et al., 2012; Topping et al., 2013).

CHNO, troposphere vs. stratosphere

When comparing the stratospheric to tropospheric measure-
ments, the high CHNO abundance in FOS5 in the stratosphere
stands out prominently. As a product of VOC oxidation in
presence of NO,, which can originate from anthropogenic
sources or lightning activity, we identified some of these
compounds as organonitrates (Lambe et al., 2017; Curtius
et al., 2024). All tropospheric measurements show about
ten times lower CHNO abundances. Notably, only a few
compounds show large signal intensities that lead to a high
CHNO abundance and will be further described in detail be-
low. The stratospheric samples of FO9 show in contrast to
FO5 a whole different chemical composition, where CHNO
is not as pronounced, whereas other compounds like CHOS,
CHOP and other are mainly contributing to the aerosol com-
position.

CHOS, troposphere vs. stratosphere

The majority of CHOS are organosulfates, which are espe-
cially pronounced in the stratospheric sample of F09, as they
are less abundant in the respective tropospheric samples or
the ground measurement. Since the formation of organosul-
fates is often linked to the occurrence of sulfate (Surratt et al.,
2006; Lin et al., 2011; Minerath and Elrod, 2009), the ob-
servations were compared to the respective AMS measure-
ments. The findings are coherent with our hypothesis, dis-
playing an elevated sulfate concentration of up to 0.6 ugm™3
during the respective sampling time for the stratospheric
sample (Fig. S4), compared to on average 0.15ugm™>. An
elevated sulfate abundance is generally expected according
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to earlier research by Crutzen (1976) and Junge et al. (1961),
observing a stratospheric sulfate layer. Moreover, previous
work studying the UTLS region shows high sulfate concen-
trations with increasing altitude (Wilson et al., 2008; Duncan
et al., 2007; Tomsche et al., 2022). The same relative abun-
dance of organosulfates is observed in F05’s higher tropo-
spheric samples. An explanation might be the influence of
the tropopause fold, and the potential cross tropopause mix-
ing at the edges of the fold (Sprenger et al., 2003). The el-
evated organosulfate abundance in FO5 is coherent with ele-
vated sulfate concentrations detected by the AMS (Fig. S5)
throughout almost the entire flight. The AMS hence reflects
both observations that we made with our filter samples. The
opposite trend of CHOS in the stratosphere for FO5 and F09
could be due to the difference in a flight over land and a flight
over sea, which needs to be investigated in further studies.

CHOP and other, troposphere vs. stratosphere

Another novel finding is the abundance of the compound
group other, which does not seem to have any trend or alti-
tude dependency. The ground pass during FO9 and the ground
station show the lowest abundances for compounds assigned
to other and F05’s stratospheric sample contains almost no
compounds in that compound group. For F09, one reason
could be atmospheric processing like the addition of func-
tional groups, oxidation processes or enhanced condensation
due to lower temperatures that result in a decrease of volatil-
ity and thus enhancing the compounds fraction in the total or-
ganic aerosol (Atkinson and Arey, 2003; Pankow and Asher,
2008). A similar pattern is visible for CHOP, which is low-
est for the ground pass and the ground station, as well as
the stratospheric sample in FO5. CHOP as a compound class
encompasses organophosphates, which are anthropogenic
high-production volume chemicals, such as flame retardants.
These compounds appear in the atmosphere as semi-volatile
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organic compounds that undergo gas-to-particle partitioning
and atmospheric processing (Liu et al., 2021). Compounds
assigned to other are e.g. CHOPS compounds which can de-
rive from reaction processes of organophosphates with sulfur
species and are likely of anthropogneic origin (Chen et al.,
2023). Their origin remains unknown and needs further in-
vestigation.

The distinct chemical compositions observed across our
samples from different altitudes highlight the complexity of
atmospheric dynamics and processes. Additionally to the
chemical composition, the size distribution highlights the
differences between ground pass and UTLS region, show-
ing lower particle mass and a larger contribution of parti-
cles between 500-1000 nm in the UTLS (Fig. S6). The at-
mospheric composition is influenced by both anthropogenic
and biogenic sources and illustrates different transport pro-
cesses. Our results particularly highlight the role of altitude
and geographical location in relation to the chemical compo-
sition of the organic aerosols. The most abundant compounds
for each elemental composition group and their variability is
described in Table S3 in the Supplement.

3.4 Origin of the air masses and chemical composition

As the origin of air mass plays a decisive role for the oc-
curring chemical composition of the atmosphere, we calcu-
lated 10d backward trajectories. The trajectories are classi-
fied according to the atmospheric region at their start position
according to our analysis in Sect. 3.3. Additionally, it has
to be noted that the kinematic trajectories based on ICON-
global data only capture large-scale ascent, but not vertical
motion represented in ICON-global by a convection param-
eterization. We therefore combined the trajectory position
with high-resolution MSG data (IR 10.8 um and WV 6.2 um
channels) to investigate a potential co-location of trajecto-
ries in the upper troposphere (z > 7 km) and convective-type
clouds. Figure 4 shows a comparison of the path between
stratospheric and tropospheric air masses for FO5 and F09.
The displayed trajectories as well as the corresponding chem-
ical composition displayed in a pie chart, are based on F0O5
filter 4/FQ09 filter 2 (tropospheric region) and FOS5 filter 3/F09
filter 4 (stratospheric region). Trajectories of the path corre-
sponding to the remaining filters of FO5 and F09 as well as
additional information on vertical lifting prior to the obser-
vations can be found in Figs. S7-S15 in the Supplement.

The LAGRANTO trajectories, calculated from the FO5
flight path during the sampling period of filter 3, originate
from a large area spanning parts of Alaska, Canada, Green-
land, Finland and the eastern coast of North America (Fig. 4
top left) and were transported eastwards across the Atlantic
towards Europe. The air mass sampled has only a small con-
tribution (below 5 %) of strongly rising parcels and remains
at altitudes above 9km in the ten days prior to the obser-
vations (Fig. S9), with its stratospheric origin supported by
trace gas data (Fig. 2).
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The trajectories for flight FO9 indicate that the measured
stratospheric air masses (filter 4) originate from the strato-
sphere over eastern Canada and the western contiguous
United States (Fig. 4 top right). These air masses remain
at altitudes above 10.5km in the ten days prior to the ob-
servations (Fig. S12, bottom right) and Over the course of
five days, the trajectories traverse the Atlantic Ocean, pass-
ing the southern tip of Greenland, before turning south to-
wards the Portuguese coast and then arching north again to-
wards the flight area. Their flow pattern, altitude and longi-
tude range between 40—60° N suggest that the air masses are
transported by the polar jet stream. Compounds contained in
this air mass may derive from local pollution events such as
biomass burning events that became globally distributed by
long range transport in the jet stream (Stohl, 2001; Dickerson
et al., 2007). Notably, transport from North America to Eu-
rope, as well as from Canada to Europe, has been described
in several studies (Forster et al., 2001; Joppe et al., 2024,
Huntrieser et al., 2005; McKendry et al., 2001).

However, they are co-located with a convective system
over the French Channel coast in the early hours of 18 June
(04:00-07:00 UTC, Fig. S15 top left, green contours) and
convection over Northern Germany from about 14:00 UTC
(Fig. S15 bottom left, green contours). The air mass altitude
at these times is around 12 km. Therefore, there is a possi-
bility of convective transport, mainly from overshoots or tur-
bulent mixing at the top of the anvil, influencing these air
masses and possibly transporting organic aerosol from the
ground into the stratosphere.

The trajectories calculated for the tropospheric air samples
measured during FO5 (filter 4) originate from a large area
covering the western North Atlantic Ocean and the northern
United States and have altitudes below 2 km mainly over the
oceanic region (Fig. 4 bottom left and Fig. S11 bottom right).
This supports the trace gas observations indicating air of tro-
pospheric origin (Fig. 2). The air masses feature a warm con-
veyor belt-like ascent over the western North Atlantic Ocean
(Fig. S11 bottom left) at times around four to seven days
prior to the arrival in the measurement region. Strongly as-
cending air masses constitute about 25 % of the sampled air
mass (Fig. S10). This suggests that their transport might be
facilitated by low scale transport and uplift that occured be-
fore the flight.

The trajectories calculated for the tropospheric air sam-
ples collected during FO9 (filter 2) originate from a smaller
area than those for FOS, covering the North Atlantic Ocean
and the north-west of Africa (Fig. 4 bottom right). The air
masses are of lower-tropospheric origin and mainly found at
altitudes below 4 km in the ten days prior to the observations
(Fig. S12 top right), covering the planetary boundary layer
and the free troposphere. Trajectory positions below 2 km are
spread widely over South-western Europe as well as the cen-
tral North Atlantic (Fig. S14 top right). Compounds within
these air masses can be transported on intercontinental scale,
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Figure 4. Five-day backward trajectories of the sampled period for FOS5: filter 3 (stratospheric) and 4 (tropospheric) and F09: filter 2 (tropo-
spheric) and filter 4 (stratospheric). The altitude of the air mass is displayed in km and color coded by the color bar displayed. The origin of
the respective air mass is marked by a blue dot. The pie charts show the abundance of the respective elemental composition group.

which is likely supported by strong winds and a mostly stable
environment (Zhuang et al., 2018).

Using backward trajectories calculated by LAGRANTO,
we were able to support the stratospheric or tropospheric
origin of air samples collected during flights FO5 and FO09,
which helps us investigate the correlations of atmospheric
origin and anthropogenic organic compounds. Further, they
highlight varying influences of organic compounds ranging
from intercontinental upper tropospheric transport, deep con-
vection and warm conveyor belt uplift. However, a larger
number of flights would be required to further investigate the
links between origin and anthropogenic organic compounds,
and we strongly emphasize the urgency of further research
into these links.

3.5 Non-target analysis of organic compounds within
different parts of the UTLS

To understand the distribution of organic compounds
throughout the UTLS and figure out possible transport pro-
cesses, we investigated all compounds depending on their
occurrence in either stratospheric and/or tropospheric air
masses (Fig. 5) and present novel insights on a molecular
level (Vogel and Breuninger, 2025). There are only a few
studies concerning the general distribution of aerosol be-
tween troposphere and stratosphere, and hence there are no
characteristics of aerosols studied so far that explain the dif-
ferent occurrences. Here, we present the possibilities of our
technique, encouraging more research in this field to gain a
better understanding of the findings presented below.
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For our analysis, compounds on the stratospheric filter
with a signal intensity one thousand times higher than on all
other filters of the respective flight (stratospheric filter: FO5
filter 3 and FOO filter 4) are assigned uniquely to the strato-
sphere. Compounds that can be found in the stratosphere and
on every other filter of the corresponding flight represent-
ing the troposphere are assigned to both regions. The com-
pounds that cannot be found on stratospheric filters are as-
signed uniquely to the troposphere. All compounds are dis-
played in a Van Krevelen diagram, which shows the atomic
O/C against H/C ratio, indicating degree of saturation and
oxidation state. The pie charts indicate the relative number
contribution of each elemental composition group. Addition-
ally, an overall feature of the compounds, which is the aver-
age oxidation state of the carbon atom (OSc), is compared
to obtain deeper insights into the compounds compositional
differences.

Comparison of chemical characteristics

Starting with the difference in characteristics of stratospheric
aerosols or aerosols that can be found in both regions, we
investigated the OSc of every compound against its respec-
tive carbon atom number. Overall, the ﬁc of the compounds
shown ranges from —2 to +1, which is the range where most
organic aerosols appear. As described by Kroll et al. (2011),
the formation of C—O bonds or cleavage of C—H bonds leads
to an increase in OSc, such that more oxidized species ex-
hibit a higher oxidation state. Notably, compounds that are
unique to the stratospheric air for both flights tend to have
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Figure 5. The uppermost panel displays the distribution of aver-
age oxidation state of the carbon atom (OSc) of all compounds for
aerosols found in the stratosphere and aerosols found in stratosphere
and troposphere. Below are three Van Krevelen plots, which show
aerosols that are either found only in the stratosphere, the strato-
sphere and troposphere or only the troposphere. The y axis displays
the H/C ratio and the x axis the O/C ratio. The circle diameter
of each compound represents the relative intensity, and the circle
colour the group that is assigned (CHOn, CHOa, CHNO, CHOS,
CHNOS, CHOP, CHN, and other). The pie chart contains the rela-
tive number of each compound group, contributing to the total com-
pounds displayed. The left-hand side is FO5 and the right-hand side
is F09. All compounds displayed were measured in HESI negative
ionization mode.

lower OSc, indicating less oxidized species, an observation
that has also been reported from balloon-borne measure-
ments in the stratosphere (Benoit et al., 2023). Comparing
our findings with Appel et al. (2022), who found higher oxi-
dized compounds in the stratosphere than in the troposphere,
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we want to highlight that the differences in OSc are more
pronounced for the convection hunting flight. In that case
we expect the aerosols to have lower residence times in the
stratosphere, compared to stable conditions and longer resi-
dence times leading to possibly more oxidation. For the fold,
where the overlap of both compound groups is larger, strato-
spheric compounds are still showing the tendency of appear-
ing in the lower OSc, indicating as well new formation in the
stratosphere or mixing at the tropopause. As a limitation of
our technique it has to be mentioned that uncertainties in the
detection of highly oxidized molecules (HOM) derive from
the offline filter treatment that may lead to HOM decompo-
sition and therefore an under representation in our dataset
(Bianchi et al., 2019).

Compounds unique to the troposphere

First, we want to examine the compounds exclusively de-
tected in the troposphere. Since they cannot be found in the
stratospheric samples, they do not seem to undergo vertical
transport processes neither upwards nor downwards from the
stratosphere, but might experience atmospheric processing.
The compounds described can rapidly deplete by reaction
with OH and nitrate radicals (NO3), thus forming new com-
pounds (Eliason et al., 2004; Ellison et al., 1999). However,
if apperaing in the particle phase, semi-volatile organic com-
pounds can be shielded against atmospheric oxidation, thus
enhancing their atmospheric lifetime up to a week (Socorro
etal.,2017). We found 604 compounds which are exclusively
found in FO5’s tropospheric samples and 989 compounds that
are found in F09. Here, we have an overlap of 194 com-
pounds that are present in both flights. The contribution of
different compound groups is almost identical in both flights
and shows great diversity, with CHOn predominating over
CHNO and CHOS. In both flights we found several oxida-
tion products of anthropogenic and biogenic SOA that lead
to a broad variety of compounds and are commonly reported
within the boundary layer (Hallquist et al., 2009; McFiggans
et al., 2019). Amongst those we identified biogenic SOA
like suberic acid and ozonolysis oxidation products of «-
and B-pinene, limonene and B-caryophllene that match the
Aerosolomics database (CgH1404, level 2; CgH{70g, level 2;
C9H1404, level 2; C8H1405, C5H604, level 2; C6H1004,
level 1).

Another important source of atmospheric organic aerosol
is biomass burning, which can be traced by a variety of or-
ganic compounds (Wang et al., 2017; Simoneit and Elias,
2001). Amongst those, we identified phthalic acid, nitros-
alicylic acid and nitrophenol (CgHgOy4, level 1; C7H5NOs,
level 3; C¢HsNOs3, level 1) (Wang et al., 2017). Likewise,
organosulfates are known to contribute to a significant frac-
tion of organic particulate matter, occurring in a large variety
(Surratt et al., 2008; Tolocka and Turpin, 2012; Ma et al.,
2025). The organosulfates appearing in the area H/C > 2
show an aliphatic character and likely originate from com-
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bustion of sulfur containing fossil fuel and ship emissions
(Blair et al., 2016; Qi et al., 2021). We found a prominent
related compound, which is a carbonyl hydroperoxide that
can further react to its dihydroperoxide and subsequently
forms an organosulfate (CgH 603, level 4; CoH 505, level 4;
CoH707S, level 4) under acidic conditions (Riva et al.,
2016).

Notably, FO5 shows some large signals that are not
as dominant in FO09 respectively, which were attributed
to other, CHOP and CHNOS. They were identified as
C8H1903PS, level 4; C8H1904P, level 4; C12H2704P, level 1
and Cs5H{1NO4S, level 4, with a suspected anthropogenic in-
fluence, as some organophosphates are used as flame retar-
dants (de Boer and Stapleton, 2019).

Compounds found in the troposphere and stratosphere

Looking at compounds that are found within the troposphere
and the stratosphere, a pronounced change in chemical com-
position of compounds contributing to this group is notable
(Fig. 5). Here, over 75 % of the compounds are attributed
to the CHOn group, followed again by CHNO and CHOS.
513 compounds are found for FO5 and 502 for FO9 with an
overlap of 290 compounds that appear in both flights. For
this compound category, the similarities between both flights
seem to be larger than for the tropospheric-only compounds,
emphasizing a distinct characteristic that allows them to
cross the tropopause. Moreover, their occurrence in both re-
gions underlines the previously discussed mixing processes
in the UTLS taking place (Holton et al., 1995; Shapiro,
1980).

While the H/C ratio for compounds in the troposphere
covers a broad range, most compounds found in both re-
gions have a H/C ratio between 1.5-2.2, suggesting a rather
aliphatic character. However, the overall range of O/C ra-
tio is the same, with the majority appearing around 0.2-0.6.
Moreover, a fraction of organosulfates appearing in the re-
gion of H/C > 2 remains, while the prominent organophos-
phates and compounds in other disappear.

In contrast to FO9, FO5 shows a strong CHNO signal which
we attributed to CoH17NO3, level 4. This compound was al-
ready reported by Leppla et al. (2025) and Kourtchev et al.
(2016) in the context of biomass burning chamber experi-
ments and field measurements in the Amazon rainforest. Ac-
cording to the trajectories source region, Canadian wild fires
during that time might provide an explanation for the com-
pounds observed (Filonchyk et al., 2025). Other compounds
are traced back to oxidation products of biogenic as well
as anthropogenic VOC. Notably, we found several oxida-
tion products driven by OH radicals, which leads to differ-
ent products than ozonolysis, which were dominantly found
in the troposphere. The OH concentration depends on dif-
ferent formation mechanisms that eventually lead to an in-
creased concentration in the sampled region (Crutzen and
Zimmermann, 1991). Especially due to varying residence

https://doi.org/10.5194/acp-25-16533-2025

16543

times in the air parcel, an increased exposure to OH might
explain the observed compounds (Lelieveld et al., 2016).
The lifetime of atmospheric products can vary from min-
utes to hours depending on the precursor (e.g. sesquiterpene
vs. monoterpene) and whether they are oxidized by OH or
O3 (Atkinson and Arey, 2003). We were able to identify the
photooxidation products of the biogenic VOC g-pinene, §-
caryophyllene and §-3-carene (CsHgOy, level 2; CoH 403,
level 2; CoHgOy, level 2). Additionally, a photooxidation
product of the anthropogenic VOC 1,2,4-trimethylbenzene
was identified (CoHgOy, level 2). Moreover, several dicar-
boxylic acids from biogenic origin like levulinic and azelaic
acid as well as from anthropogenic origin like adipic acid
were found in both troposphere and stratosphere (CsHgO3,
level 1; CoH 04, level 1; CeH1¢O4, level 1) (Mochida et al.,
2003; Hansen et al., 2014). Commonly reported sources for
these compounds are fossil fuel combustion (Kawamura and
Kaplan, 1987), meat cooking (Rogge et al., 1991; Schauer
et al., 1999) and biomass burning (Lefer et al., 1994). Di-
carboxylic acids hereby have a low water vapor pressure and
make up a large fraction of water-soluble organic aerosols
due to their high water solubility (Saxena and Hildemann,
1996). Because of their physico-chemical characteristics,
they are able to affect the properties of atmospheric particles
including size, hygroscopy and activity as cloud condensa-
tion nuclei (Lightstone et al., 2000; Jacobson et al., 2000; Xu
and Zhang, 2012).

Similarly in F09, we identified azelaic, adipic acid, and
photooxidation products of several biogenic VOC, such as
B- and «a-pinene, two products of B-caryophyllene and §-
3-carene as well as the anthropogenic VOC naphthalene
(C8H1204, level 2; C9H1404, level 2; C9H1405, level 2;
CoH 404, level 2; CoHi40y4, level 2; CgHioOy4, level 2;
CgH|70y4, level 2).

Compounds unique to the stratosphere

Compared to the molecular fingerprint observed in the tro-
posphere or for both regions, the compounds unique to the
stratosphere show a completely different chemical profile.
These compounds might not be transported vertically, but
horizontally due to long-range transport or formed by atmo-
spheric processes such as oxidation reactions or condensa-
tion of volatile species (Stohl, 2001; Dickerson et al., 2007).

Here, only a few compounds are found to be unique to
the stratosphere, which are 166 compounds for FO5 and with
43 even less for F09. The difference in number of emerging
unique stratospheric compounds can be explained by differ-
ing meteorological scenarios, where FO9 captures convective
processes that increases the probability for vertical transport
and mixing. As a consequence of that it is possible that more
compounds are found in both layers rather than being iden-
tified as unique to the stratosphere. Surprisingly, there is no
overlap between the compounds of the two flights, emphasiz-
ing the chemical variability of stratospheric organic aerosol
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composition. Even though a comparably small number of
compounds is found as stratospherically unique, especially
those could be of large interest to understand their origin, at-
mospheric mixing, transport processes and the anthropogenic
influence on stratospheric OA.

Outstanding signals in FO9 are organothiophosphates and
a CHNOS compound (CgH19OsPS,, level 3; C12H2705PS,,
level 3; C15H15NO3S,, level 4). These compounds were not
found to be reported in other studies and need to be studied
further, especially regarding their effects within the strato-
sphere. Notably, C15H;5NO3S; has an H/C ratio close to 1,
indicating an aromatic compound. In this regard, studies by
Li et al. (2020) point out the light-absorbing potential which
should be noted especially in context of the stratosphere.

While in FO5 the compound group CHOn is domi-
nant, there is an almost equal distribution between CHOn,
CHNO, and other for F09. Both flights show addition-
ally organosulfates, which show again an aliphatic character
(e.g. C1gH3307S, level 4; C16H34046S, level 4; C12Hy605S,
level 4; C14Hp30s5S, level 4). Some pronounced CHNO
signals in FO5 show a homologue series of organonitrates
that likely derive from oxidation chemistry by NO3 radi-
cals and biogenic derived monoterpenes (Curtius et al., 2024)
(C9H{5NO3, level 4; CioH9NOy4, level 4; C;1H{7NOy,
level 4; C12HNOs, level 4). Additionally, CHNO com-
pounds with a high nitrogen number, such as C15Hp6NgO4,
level 4 were found, leading to an O/N ratio below 3 (Fig. S6).
These compounds indicate the oxidation of nitrogen contain-
ing precursors such as amides, that are derived from anthro-
pogenic sources like vehicular exhaust (Yang et al., 2022),
rather than organic compounds that react with NOs, attach-
ing a nitrate group (Mayorga et al., 2021).

To conclude this comparison, we want to highlight the
novel approach of analyzing different regions of the atmo-
sphere via non-target analysis. By this, we were able to high-
light differences in chemical patterns and characteristics, that
occur for each region. We saw a broad variety of compounds
for both troposphere and stratosphere, differing most for the
stratosphere between both flights. Also, indications for trans-
port processes were highlighted, stressing the potential of
this measurement method.

3.6 Identified anthropogenic influence in the UTLS

Especially the occurrence of organothiophosphates, which
were found in the stratosphere, suspects anthropogenic influ-
ence that should be of further concern. To highlight the pos-
sibilities of a targeted approach and focus more on investi-
gating the anthropogenic influence within the UTLS, we also
searched for target analytes with known origin from anthro-
pogenic emissions. First, we focused on an approximation of
the general anthropogenic influence, calculated by the ratio
of azelaic acid, a biogenic marker and adipic acid, an an-
thropogenic marker, as suggested by Ho et al. (2006). Both
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substances were identified on the confidence level 1 by using
authentic standards.

Notably, the strength of biogenic sources varies signifi-
cantly (Fig. S17 in the Supplement) for the different flights
as well as the different altitudes. This emphasizes the present
anthropogenic influence and complexity of formation and
transport processes, which is coherent with the chemical
composition we observed. While both stratospheric samples
show almost the same ratio of biogenic to anthropogenic
source, the remaining samples go from predominantly an-
thropogenic influence in the upper troposphere to vast bio-
genic influence and back to largely anthropogenic influence.
The non-existing trends stress the urge for more samples to
gain a comprehensive understanding of the different influ-
ences.

As for target analytes, we want to give a first impression of
compounds whose role and existence in the UTLS is largely
unknown and yet are found via our UHPLC-HRMS setup and
offline filter sampling (Vogel and Breuninger, 2025). More-
over, target analytes and especially anthropogenic pollutants
contain valuable information about redistribution processes
from ground to the UTLS that needs to be studied further.

Here, we focused on organophosphates which are or were
used as flame retardants, lubrication oil, that is applied in
civil aviation, and PFAS, which are known as the “forever
chemicals”, with a liftime of decades, centuries or eventually
longer (Brunn et al., 2023). The long lifetime of these pol-
lutants in the free troposphere extends their impact from the
regional to the continental or even global scale distributed by
long-range transport. For this purpose, we investigated the
compounds based on the exact masses as well as the iso-
topic fine structure (Fig. S18 in the Supplement) and aim
for deeper investigations and comparison with authentic stan-
dards.

The selected pollutants perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), tris(2-chloropropyl) phos-
phate (TCPP), and the pentaerythritol ester (PEE, Co9Hs5,0g)
were especially found in F09, which represents a flight
over land and suggests redistrubution from emission sources
on ground (Fig. 6). In terms of the pentaerythritol ester
(C9Hs5203), which is used as lubrication oil in jet engines
(Ungeheuer et al., 2021), the tendency to form new parti-
cles is already studied (Ungeheuer et al., 2022). Here, we
only found the major PEE and were not able to measure
all other esters that occur in the lubrication oil. The ground
pass, which exhibits the largest signals for PEE, took place
relatively close to the Frankfurt airport, though we did not
specifically aim for measuring aircraft emissions. That being
the case, their occurence within the UTLS is an important
and understudied source of anthropogenic organic aerosols
(Decker et al., 2024).
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Figure 6. The colored dots display the peak area (y axis) of the
target compounds PFOA, PFNA, PEE, and TCPP for the respective
filter. The boxplot next to it displays all filter blanks (n > 11) that
have been collected throughout the whole campaign. The strato-
spheric filters are marked with a star (*) and displayed as a dia-
mond in the plot. Colorless circles mark outliers that are defined as
x < Q1-1.5-IQRorx > 03+1.5-1QR with IQR = 93— 01, with
IQR as the interquantile range.

4 Conclusions

In this study, we demonstrated the successful application
of UHPLC coupled with HRMS measurements and a sub-
sequent non-target analysisi to investigate organic aerosols
within the UTLS. By collecting filters with our in-house
built multi-channel offline filter sampler SOAP during eight
research flights, we were able to characterize the chemical
composition of different parts of the UTLS. The eight flights
captured various meteorological events with flight tracks
over land and sea, reaching altitudes of up to 12km. Our
focus on a tropopause fold and convective systems allowed
us to examine potential transport mechanisms for different
aerosols, specifically highlighting FO5 and F09 as case stud-
ies for this and further studies focusing on more detail on
likely transport mechanisms.

Equipped with a comprehensive set of instruments, we
were able to distinguish between tropospheric and strato-
spheric air masses by examining trace gases, capturing and
separating their aerosol compositions on different filters. A
non-target analysis revealed significant variations between
samples from different regions within the UTLS. In par-
ticular, we observed a notable abundance of CHNO com-
pounds in the stratosphere over the sea, while above land, a
broader chemical variety prevailed. The flights closer to the
ground aligned with our expectations of chemical composi-
tion and were comparable to ground measurements taken at
the Taunus Observatory at Kleiner Feldberg, contrasting with
the more diverse chemical profile of the stratosphere.
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There is currently a lack of studies concerning the general
distribution of aerosols between the troposphere and strato-
sphere, which limits our understanding of the characteris-
tics that explain their differing occurrences. The origin of the
air masses determined by LAGRANTO calculations suggests
long-range transport of stratospheric air masses, possibly in-
fluenced by the polar jet stream, as well as medium-range
transport in the troposphere and planetary boundary layer.
In addition, the kinematic trajectories indicate strongly vary-
ing contributions from large-scale ascent and convectively
transport including overshoots and turbulent mixing in the
UTLS, emphasizing the complexity of aerosol found in the
UTLS. Most air masses originated over North America and
the Northern Atlantic Ocean.

A deeper investigation of compounds unique to either
the troposphere or stratosphere revealed changes in general
chemical properties. We noted a decrease in the average oxi-
dation state of carbon in compounds found only in the strato-
sphere. Furthermore, we identified dicarboxylic acids, an-
thropogenic, and biogenic VOC oxidation products, as well
as organosulfates in both regions, suggesting redistribution
from ground emissions. An additional target analysis of the
anthropogenic pollutants TCPP, PFOA, PFNA, and a PEE
used as jet oil highlighted the extensive capabilities of our
measurement technique and underscored the anthropogenic
influence detected in the stratosphere, which warrants further
investigation.

Our analysis is presently limited by the sampling duration,
which affects detection limits, and our analytical setup re-
stricts the range of detectable compounds via HESI. How-
ever, we identified specific compounds such as CgH19OsPS;
and C;sH5NO3S, that, with future research, could yield
valuable insights into various atmospheric processes. Our
method, combining offline filter sampling with UHPLC-
HRMS measurements and non-target analysis, grants novel
insights into the chemical composition of the UTLS and
opens new avenues of inquiry to advance our understanding
of mixing processes.

This study confirms the anthropogenic influence in the
UTLS region, providing a closer examination of potential re-
action and transport pathways. Further research is essential to
assess the implications how small-scale and synoptic-scale
transport redistribute anthropogenic aerosol throughout the
atmosphere. Understanding changes in the number and mass
of particles in the UTLS resulting from anthropogenic activi-
ties is crucial. Overall, our results contribute to a broader un-
derstanding of the chemical composition in the UTLS region
and emphasize the necessity for additional studies utilizing
advanced analytical methods like HRMS to unravel the com-
plexities of atmospheric interactions. We provide evidence
of a significant anthropogenic footprint in the UTLS aerosol,
offering essential insights to enhance our comprehension of
climate-relevant processes and improve future atmospheric
modeling efforts aimed at predicting the behavior of aerosols
and their implications for air quality and climate change.
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