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Abstract.

This study examines how Asian Summer Monsoon (ASM) outflow perturbs the chemical composition of background aerosol
in the extratropical lower stratosphere (EXLS). We analyze the summer-to-autumn transition in aerosol chemical composition
using in-situ measurements from the ERICA instrument acquired during the PHILEAS aircraft campaign in August-September
2023 over the North Pacific, Alaska, northern Canada, and northern Europe. We observe an enrichment of ammonium and
nitrate aerosol in the EXLS background air masses from summer to autumn, particularly at potential temperatures above 370
K (~13 km). Concurrently, the fraction of NO*-rich particles in the EXLS increases from August to September 2023. The
corresponding mass spectra indicate internally mixed particles containing nitrate, sulfate, ammonium, and organic matter.
Simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS) show this seasonal transition is associated
with the intrusion of relatively young air masses (<3.5 months old) originating from South Asia and the western Pacific into
the ExLS, especially in autumn. These particles persist in the lower stratosphere for weeks up to months and undergo chemical
aging. This aging is reflected by an observed increasing oxidative degree of organic matter, a decreasing nitrate-to-sulfate
ratio, and an increasing ammonium-to-nitrate ratio, suggesting progressive sulfate incorporation and particle nitrate depletion.
Overall, our results demonstrate that the ASM outflow can substantially shape ExLS background aerosol composition through
the convective uplift, subsequent transport, and aging of ammonium- and nitrate-rich air masses from polluted surface regions,

with important implications for stratospheric heterogeneous chemistry and aerosol-climate interactions.
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1 Introduction

The Asian Summer Monsoon Anticyclone (AMA) is a major meteorological feature of the upper troposphere and lower strato-
sphere (UTLS) during the boreal summer. Driven by the convection of the Asian Summer Monsoon (ASM) over the Asian
region, the AMA covers a large area from 20°E to 140°E, bounded latitudinally by the subtropical westerly jet to the north and
the equatorial easterly jet to the south (Pan et al., 2016; Vogel et al., 2019; Gettelman et al., 2011; Annamalai and Slingo, 2001;
Garny and Randel, 2013; Randel and Park, 2006). The AMA forms in June and persists through September. Centered over the
Tibetan Plateau, it exhibits its strongest anticyclonic circulation close to the local tropopause around 17-18 km, which is the
globally highest tropopause during the monsoon period (Brunamonti et al., 2018; Vogel et al., 2019; Vernier et al., 2011, 2018;
Hanumanthu et al., 2020; Thomason and Vernier, 2013; Garny and Randel, 2016; Pan et al., 2016). Acting as a transport barrier
(Ploeger et al., 2015), the AMA traps air masses enriched with trace gases and pollutants from ground-level sources, allowing
their accumulation and vertical transport into the UTLS (e.g., Pan et al., 2016; Santee et al., 2017; Randel et al., 2010; Park
et al., 2008). This makes the AMA in association with the ASM a major pathway for the redistribution of boundary layer
emissions from Asia into the UTLS (Barth et al., 2001, 2007a, b; Vernier et al., 2011, 2018; Pan et al., 2016; Lawrence and
Lelieveld, 2010; Miiller et al., 2016; Vogel et al., 2016; Ploeger et al., 2017).

Along with the ASM season, the so-called Asian Tropopause Aerosol Layer (ATAL) forms every year in June and dissipates
with the weakening of the ASM in September. The ATAL was first identified through CALIPSO satellite lidar measure-
ments and later confirmed by in-situ balloon observations (Hanumanthu et al., 2020; Brunamonti et al., 2018; Vernier et al.,
2015, 2018; Thomason and Vernier, 2013; Bian et al., 2020). This aerosol layer is characterized by an enrichment of aerosol
particles between 13 and 18 km (Vernier et al., 2015; Mahnke et al., 2021), which are composed of solid ammonium nitrate
(AN) particles as well as sulfates and organic matter (Hopfner et al., 2019; Yu et al., 2015; Appel et al., 2022; Vernier et al.,
2022; Zhu et al., 2024; Yu et al., 2022; Xenofontos et al., 2024). The formation and persistence of the ATAL is driven by the
rapid vertical uplift of precursor gases within the ASM and the secondary formation of new particles in the confinement of
the AMA (Weigel et al., 2021; Mahnke et al., 2021; Appel et al., 2022; Hopfner et al., 2019; Xenofontos et al., 2024; Fairlie
et al., 2020). Additionally, wet deposition plays an important role in shaping the aerosol composition within the UTLS. Recent
observations show that primary aerosol species are removed with an efficiency exceeding 98% during convective transport in
the ASM (Berberich et al., 2025). This extreme wet scavenging efficiency limits the direct transport of boundary layer aerosols
into the UTLS, thereby reducing the condensation sink above the convection region. Consequently, nucleation processes in
the ATAL are strongly favored, as the reduced competition for condensable vapors facilitates the formation of new particles.
This highlights the critical interplay between wet deposition, reduced primary aerosol transport, and the subsequent enhance-
ment of secondary aerosol formation in the ATAL as described in Appel et al. (2022). The ATAL has a significant impact on
climate processes by cooling the atmosphere through direct short-term regional forcing (Vernier et al., 2015). Furthermore, it
can influence the presence of ice clouds due to the ability of solid AN to form ice in cirrus conditions (Wagner et al., 2020).
Observations show that the aerosol optical depth of the ATAL has increased significantly in recent decades, correlating with

increasing emissions in Asia (Hanumanthu et al., 2020; Fadnavis et al., 2019; Yu et al., 2015). This highlights the ATAL’s
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sensitivity to anthropogenic and natural sources (Vernier et al., 2015, 2018; Lawrence and Lelieveld, 2010; Thomason and
Vernier, 2013; Pan et al., 2016).

The East-West oscillation of the AMA influences the eddy formation (Zhang et al., 2002a; Popovic and Plumb, 2001; Niitzel
et al., 2016) and atmospheric transport pathways (Vogel et al., 2014; Fadnavis et al., 2018). This also causes the redistribution
of the polluted air masses through the AMA’s eddy shedding dynamics (Hsu and Plumb, 1999; Popovic and Plumb, 2001;
Honomichl and Pan, 2020; Vogel et al., 2016; Miiller et al., 2016; Clemens et al., 2022, 2024). The so-called ’eddies’ and

the filaments from the AMA’s eastern flank facilitate the mixing of confined tropospheric air masses into extratropical regions

. Satellite data reveal that trace gases such as carbon monoxide (CO), peroxyacetyl nitrate (PAN), and nitrogen oxides (NO,)
are transported during eddy-shedding events primarily along two pathways: a western pathway toward Africa and the Mediter-
ranean region, and an eastward pathway toward the western Pacific (Fadnavis et al., 2018). Lauther et al. (2022) have also used
in-situ measurements of anthropogenic trace gases, such as dichloromethane, to demonstrate the transport by the AMA to the
extratropical UTLS. Notably, eddy induced transport exhibits strong seasonal variability, with the most intense events occur-
ring during peak monsoon activity (Fadnavis et al., 2018; Wang et al., 2022; Ungermann et al., 2016). Despite the progress
in understanding the ATAL, significant knowledge gaps persist regarding the process of aerosols transported from the ASM
region into the extratropical lower stratosphere (EXLS) (Khaykin et al., 2017; Gral3l et al., 2024; Yu et al., 2017; Fadnavis et al.,
2024). A recent analysis by Kollner et al. (2026) eonfirms-shows the transport of AN particles and organic matter from Asia
via the ASM convection and AMA filaments into the EXLS.

However, our knowledge about the residence time, the persistence, and the chemical processing of the aerosol from the
ASM region when incorporated in the stratospheric background aerosol is incomplete. Filling these gaps is essential for as-
sessing the broader impacts of AMA-driven transport on atmospheric chemistry and climate. For this reason, we investigated
the chemical composition of aerosol particles in the extratropical UTLS region during boreal summer/autumn by the aircraft-
based mission PHILEAS (Probing HIgh Latitude Export of air from the Asian Summer monsoon). The PHILEAS campaign,
carried out with the HALO (High Altitude and LOng range) research aircraft, provides a unique opportunity to study these
features (Riese-et-al52025)(Riese et al., 2025; Vogel et al., 2026). We used concurrent data from the aerosol mass spectrome-
ter ERICA (ERC Instrument for the Chemical composition of Aerosols) and trace gas instruments, combined with Lagrangian
modeling simulation from CLaMS (Chemical Lagrangian Model of the Stratosphere) (e.g., Pommrich et al. (2014) and refer-
ences therein) to study and investigate the pathways, persistence, and chemical processing of the particles originating from the
ASM region. This study provides an important opportunity to advance our understanding of the strong influence of the ASM
on the composition of EXLS aerosols by comparing measurements from the early (summer) and late (autumn) phases of the

PHILEAS campaign, along with the implications for stratospheric chemistry and the Earth’s climate system.

Vogel et al., 2015, 2026; Gottschaldt et al., 2018; Fujiwara et al., 2021
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2 Methods
2.1 PHILEAS Campaign

We performed airborne measurements of aerosol and trace gases in the extratropical UTLS region in August and September
2023 (Fig. 1; Riese et al., 2025). The instrument platform was the German research aircraft HALO, enabling flight altitudes of
up to 15 km and to a highest potential temperature of 405 K during the campaign. The PHILEAS mission was structured into
three campaign phases. The first phase involved sampling of air masses over Europe, the Mediterranean region, and West Asia,
with the base of operations at Oberpfaffenhofen, Germany. The second phase focused on measurements over North America
and the North Pacific region, operating out of Anchorage, Alaska. The third and final phase returned to Europe for additional
sampling, with the base again at Oberpfaffenhofen, Germany. During the campaign the aircraft was equipped with several
aerosol and trace gas instruments, which are explained in detail below.

Previous studies using the Chemical Lagrangian Model of the Stratosphere (CLaMS) have consistently demonstrated the
pronounced seasonal influence of Asian boundary layer emission on the EXLS composition (Vogel et al., 2016, 2019). It was
shown that artificial tracers originating from South Asia and the western Pacific gradually increase in the EXLS from late
spring onward. Maximum contributions typically occur during late summer and early autumn. This seasonal behavior has been
documented for multiple years, highlighting the robustness independent of individual years (GraBl et al., 2024; Ploeger et al.,
2017; Vogel et al., 2016, 2019). In particular, Vogel et al. (2016) provide a representative example of this temporal evolution,
showing a gradual buildup of Asian surface emission tracers in the Northern Hemisphere EXLS throughout the monsoon season,
followed by sustained elevated contributions into early autumn. Although the analysis is based on 2012 simulations, the results
serve as a conceptual framework for distinguishing different phases of the influence of the ASM on the EXLS rather than as a
description specific to 2012. Based on these earlier modeling studies, we differentiate here between measurements conducted
during the so-called Early Phase (mid-August 2023) and Late Phase (late September 2023). This phase separation allows us
to examine the seasonal contribution of Asian boundary layer emissions on the stratospheric aerosol composition during the
PHILEAS campaign. In detail, we analyzed data from the following flights: FO4, F06, and FO7 (mid-August), summarized as
the *Early Phase’, and F18, F19, and F20 (late September), referred to as the *Late Phase’. The corresponding flight tracks are
shown in Fig. 1. In the following, we compare aerosol and trace gas measurements taken during these two phases to analyze

changes in the stratospheric background composition between summer and autumn (after the break-up of the AMA).

For the subsequent analysis of particle composition, the AMA filaments measured during the PHILEAS campaign from
flights FO8 to F18 in the EXLS were included. These flights were specifically selected because they represent transport from
the AMA region and thus also the influence on the extratropics, as shown and discussed in the studies by Kollner et al. (2026)

and Riese et al. (2025). The flight paths of these selected flights are shown in the Supplementary Information Fig. S1. Further

details on the sampling strategy and information about the PHILEAS campaign can be found in Riese et al. (2025).
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Figure 1. Flight paths of the six research flights during the PHILEAS campaign in 2023 that are relevant for this study (colored). Flights FO4,
F06, and FO7 (mid-August) are grouped as the ’Early Phase’ while Flights F18, F19, and F20 (late September) represent the "Late Phase’.

Grey lines represent other flight paths from the PHILEAS campaign to illustrate the full spatial and temporal coverage of the measurements.

2.2 Instrumentation
2.2.1 ERICA-LAMS: Measurement technique and particle classification

To capture information on the submicron aerosol composition, the ERICA instrument was deployed on the HALO aircraft dur-

ing PHILEAS 2023 (Hiinig et al., 2022; Dragoneas et al., 2022). We-used-the- HASIAerosol particles outside the aircraft
were sampled using the HALO Aerosol Submicrometer Inlet }-sys S i SSes—outsi ireraft—in—fh

dire on—M\En n-Q 0 - Andreaere O1-8
V ats a at

atten—(HASI), which is a forward-facin
aerosol inlet. This inlet system was developed specially for sampling submicron aerosol particles aboard the HALO aircraft
Minikin et al., 2017; Andreae et al., 2018) and was combined with the HASI Flow Control Unit (FCU). The FCU controls the

flows in the inlet system to provide isokinetic sampling. An additional bypass pump was deployed to maintain an isokinetic
flow to the ERICA instrument. Further details about the flow system can be found in the Supplementary Information (Sect.
S1S2).

The measurement principle of the ERICA instrument is briefly described in the following. Particles enter the system through
a constant-pressure inlet, maintaining a constant pressure within the aerodynamic lens by a varying volume flow into the instru-
ment (Molleker et al., 2020). Subsequently, the particles are focused to a narrow beam with the help of the aerodynamic lens
(Zhang et al., 2002b; Peck et al., 2016; Xu et al., 2017). After passing the lens, the particles are detected by two light scattering

signals (A = 405 nm), allowing the measurement of the size-dependent particle velocity. We used manufactured polystyrene la-
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tex particles of different sizes to calibrate and determine the vacuum-aerodynamic diameter (d,) of the atmospheric particles.
In the next step, the particles enter the high-vacuum system. Here, with the ERICA-LAMS (Laser Ablation Mass Spectrome-
ter) technique, the particles are ablated and ionized by single-triggered laser shots (frequency-quadrupled Nd: YAG laser with
a wavelength of A = 266 nm and an energy between 3.8 mJ to 4.5 mJ). The resulting positive and negative ions are extracted
by electrical fields to generate bipolar mass spectra for each individual aerosol particle. Overall, this technique provides in-
formation on the single particle chemical composition, the mixing state, and the size of individual particles. This technique
further enables the differentiation between refractory and non-refractory components within each aerosol particle. Due to the
limitations of the aerodynamic lens and the detection unit, the ERICA-LAMS covers a particle size range from approximately
180 nm to 3000 nm (Hiinig et al., 2022).

A total of 37,401 single-particle spectra obtained from ERICA-LAMS were analyzed using the CRISP software package
(Concise Retrieval of Information from Single Particles; Klimach, 2012). The analysis involved the calibration of the ion
mass-to-charge ratio (m/z ratio) for each spectrum, followed by the classification of particle mass spectra into certain types.
In this context, NO*-rich particles were identified by a predominant ion signal at m/z +30 corresponding to NO*, following
the methodology outlined in Appel et al. (2022), in which this particle type was named ’secondary Type 1’. Additionally, we
differentiated between primary and secondary particle components present within the NO*-rich particles, as described in Appel
et al. (2022). For this study, we limit the size range of the secondary type NO*-rich particles to between 200 and 500 nm (d,,),
which reflects ~94 % and ~86% of the particles for the StratoClim and PHILEAS missions, respectively. The particle size
es defined in Appel et al. (2022) (StratoClim campaign in 2017

selection is based on the same particle t which also serves

as the basis for particle selection in this study. We excluded larger and smaller particles sizes from the evaluation due to the
effect of particle size on the ratio of ion peak intensities (Supplementary Information Sect. $253.4). The average spectrum of
the NO™-rich particle type for the Early and Late Phase is given in Fig. 2.

Furthermore, potassium-dominated particles were identified by a pronounced K* ion signal at m/z +39/+41, which is char-
acteristic of biomass burning (BB) sources (e.g., Schill et al. 2020; Hudson et al. 2004; Bi et al. 2011). The denotation NO*-rich
and potassium-dominated used in this study refers to the comparatively strong signal intensities of NO* and K*. It does not
imply that the particles consist exclusively of these components, since miner—contributions from organic material, sulfate,
and others can also be present (FigFigs. 2 and $354). The particle fraction (PF) for each particle type was calculated by

binning the number of particles of each type relative to the total number of particles within 5 K potential temperature and

5% equivalent latitude intervals. To additionally account for variations in the absolute abundance of ERICA-LAMS detected
particles, particle type resolved number concentrations were calculated following Appel et al, (2022). Here, Ny denotes the
averaged ERICA-LAMS particle number concentration at the first detection stage in each bin. The scaled number concentration
Ny - PF) of a given particle t . No - PF, was
used to evaluate whether changes in the relative contribution of a particle type are also reflected in changes in its number
concentration within the ERICA-LAMS detected particle population. Comprehensive details regarding the ERICA-LAMS

data post-processing and analysis are provided in the Supplementary Information Sect. S2S3.

e was obtained by multiplying Ng with the corresponding PF. This quantit
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Figure 2. Bipolar mean spectra of the ERICA-LAMS NO*-rich particle type: Comparison between the Early and Late Phases. The Early
Phase average is based on 1,302 NO*-rich particles, whereas the Late Phase average includes 9,182 NO*-rich particles. In total, 10,484 NO*-
rich particles out of 37,401 analyzed aerosol particles were considered for this study, all of which were included in the EXLS background air
mass during the Early and Late Phase. Further detailed information about the classification and threshold (5 mV * samples) of the spectra is

given in the Supplementary Information Sect. $2S3.2 and $253.3.

In this study, we use the ratios and relative proportions of ion peak intensities in the average mass spectra of particle types to
characterize the internal mixing state and composition of single particles (e.g. Bi et al., 2011; Healy et al., 2013, 2014; Shen
etal., 2019). Table 1 summarizes particle types investigated in this study: NO*-rich and potassium-dominated particles.

NO™-rich particles are internally mixed with ammonium, nitrate, sulfate, and organic compounds (Fig. 2 and Tab. 1), con-
sistent with earlier single particle measurements in the center of the AMA (StratoClim 2017 mission; Appel et al., 2022).
To analyze the internal mixing state of NO*-rich particles during PHILEAS, three key ion signal ratios were considered: the

nitrate-to-sulfate ratio (m/z —62/—97), the ammonium-to-nitrate ratio (m/z +18/+30), and the ratio of less-to-more oxidized

organic signals (m/z +27/+43).




Table 1. This table shows characteristic and additional ion signals for two particle types relevant for this study, as well as their corresponding

chemical species. The mean spectra of these particle types can be found in Fig. 2 and in Fig. $3-S4 in the Supplementary Information.

Particle type de- Characteristic ion signals

Additional ion signals in mean

Corresponding chemical

notation in mean spectrum spectrum species
m/z 430 (NOY), +46 m/z+18 (NH4") ammonium™®, nitrate"*’
(NOy"), —46 (NO,™), 62
NO*-rich' (NO3")
Cia carbon iong™*6.78:10
m/z +27 (C:Hs™) hydrocarbons®*6.78:10
m/z +43 (C3H7"/CoH307) oxidized organics®*&7810
m/z =80 (SO37), ~96/-98 (SO,7), sulfate*5®
-97/-99 (HSO4"™)
m/z +39/41 (K*) m/z +27 (CoH3"), +37 (C3H) hydrocarbons®*+67:8:10
m/z +43 (C3H;7/C2H;0%) oxidized organics>*67%10
3,4,6,7,8,10

Potassium-dominated’

Chis

m/z +23 (Na*)

m/z-26 (CN7), 42 (CNO")

m/z =80 (SO37), —96/-98 (SO47),
-97/-99 (HSO4™)

carbon cluster ions
sodium™®

. . 468
nitrogen-cont. organics

sulfate™*

Literature for corresponding chemical species: 1: Adapted from Appel et al. (2022); 2: Adapted from Kollner et al. (2017); 3: Moffet
et al. (2008); 4: Silva et al. (1999); 5: Noble and Prather (1996); 6: Pratt et al. (2011) 7: Spencer and Prather (2006); 8: Bi et al. (2011).
9: Murphy and Thomson (1997); 10: McGuire et al. (2011).
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2.2.2 ERICA-AMS

The second part of the instrument comprise the so-called ERICA-AMS (Aerosol Mass Spectrometer) technique. Here, non-
refractory particle components, such as nitrate, sulfate, ammonium, and organic matter, are vaporized at around 600 °C on
a tungsten vaporizer. The resulting vapor is then ionized by electron impact ionization. A compact time-of-flight mass spec-
trometer (C-TOF-MS) generates unipolar positive mass spectra of small particle ensembles with a time resolution of 10 s. The
ERICA-AMS provides a quantitative analysis of the bulk chemical composition of these non-refractory aerosol components
(Hiinig et al., 2022). The ERICA system operates in alternating mode: during 5s of laser ablation operation with ERICA-
LAMS, the ERICA-AMS measures the background signal within the ionization chamber, which is closed by a shutter. It then
switches to ERICA-AMS mode (with ERICA-LAMS in standby) to measure the aerosol beam for the following 5 s. This cycle
repeats every 10s.

The ERICA-AMS data were processed using TofWare 2.5.7 (Tofwerk), as detailed in Supplementary Information Sect. $3S4.
For this study, 9,472 ERICA-AMS data points for each species corresponding to the Early and Late Phases of stratospheric
background air masses were analyzed. Background noise calculations and detection limits for all species were performed
following the methodology described by Appel et al. (2022), further information about the ERICA-AMS detection limits is
provided in Supplementary Information Sect. $354.3. The average detection limits for the Early and Late Phases flights during

this campaign, are summarized in Fable-Tab, 2.

Table 2. ERICA-AMS detection limits of each species averaged over the respective flights in the Early and Late Phase of PHILEAS (j1g m™

j@t NTP: normal temperature (20 °C) and pressure (1013 hPa)). The detection limits are representative for a 10 s sampling interval.

Detection Limit Early Phase Late Phase

Sulfate 0.09 0.21
Organic matter 0.18 0.36
Nitrate 0.04 0.08
Ammonium 0.17 0.21

2.2.3 Trace Gas Measurements with UMAQS

The University of Mainz Airborne QCL-based Spectrometer (UMAQS) is an advanced instrument designed for precise in-
situ measurements of trace gases, such as CO and nitrous oxide (N,0), in the UTLS. Developed for atmospheric research,
UMAQS operates with a temporal resolution of 1s, enabling the detailed study of small-scale mixing and exchange processes
across the tropopause. Utilizing quantum cascade laser (QCL) spectroscopy, UMAQS ensures high accuracy and reliability, as
demonstrated during the PHILEAS campaign. We used the measurements of N, O and CO to identify stratospheric air masses,

in particular stratospheric unperturbed air masses (see Sect. 2.3.2; Miiller et al., 2016). Based on in-situ calibrations against

secondary laboratory standards, which were calibrated against NOAA-standards-beth-before and after the campaign against
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standards traceable to the NOAA calibration scales (NOAA Global Monitoring Laboratory) for atmospheric trace gases to
ensure global comparability, the total uncertainty (2-sigma2 sigma, 1 Hz) is estimated to be 0.3 ppbv for N,O and 1.4 ppbv for

Co.
2.2.4 Measurements of Cloud Hydrometers with the BCPD

The Backscatter Cloud Probe with Polarisation Detection (BCPD) was operated on HALO to identify the presence of cloud
hydrometeors in the size range from 2 to 42 pm. The instrument detects particles by measuring light scattered in the backward
direction and uses a polarization filter to distinguish between spherical and non-spherical shapes (Lucke et al., 2023). For
PHILEAS, a cloud flag was derived from the BCPD based on the occurrence of particles within this size range that exceeded a
number concentration of 0.02 ¢m 3. Such signatures indicate the presence of liquid or mixed-phase cloud elements and were
used to exclude cloud-contaminated periods from the aerosol analysis. This approach provides a robust indicator for cloud

influence and served as the primary cloud flag throughout the PHILEAS dataset.
2.3 Modeling and Meteorology
2.3.1 CLaMS Simulations

The-CLaMS is a Lagrangian chemical transport model, with the advective transport scheme based on the calculation of three-
dimensional forward trajectories and an additional parameterization of small-scale mixing based on deformations in the large-
scale flow (e.g., Pommrich et al., 2014). The simulations for this paper have been driven with meteorological data from ERAS
reanalysis (Hersbach et al., 2020).

CLaMS simulations of surface origin tracers allow quantifying the amount of air originating from specific surface regions.
In detail, surface origin tracers have been defined for different source regions (e.g., South Asia, western Pacific, entire Model
Boundary Layer (MBL)). The definition of the regions is based on Vogel et al. (2026) and the origin tracer mixing ratios are
set to unity in the lowest model layer (approximately the boundary layer) from +stMay-May 1 on throughout the simulation.
As these tracers are chemically inert, their mixing ratio at a given location and time equals the fraction of air originating in the
respective surface region (for further details see Vogel et al., 2019, 2026).

A second CLaMS simulation provides information on the age of air spectra, the transit time distribution for an air mass
since leaving the tropical surface (lowest model layer between 30 °N/S). The CLaMS-derived age spectra are calculated from
pulse tracers in the model following Ploeger et al. (2021). The resolution of age spectra along the transit time axis is 1 month
and therefore allows analysis of fast transport time scales into the UTLS, down to time scales of a few months. Both model
diagnostics, including surface origin tracers as well as age of air spectra, have been interpolated along the PHILEAS research
aircraft flight tracks to enable interpretation of the measurements.

Additionally, the diabatic CLaMS baek-backward trajectories were used to investigate also the origin and transport pathways
of the air masses sampled during the PHILEAS campaign. These trajectories were driven by ERAS reanalysis data with a hor-

izontal resolution of 0.3°° x0.3° and were initialized along the flight paths at one-second resolution using aircraft positions.

10
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All trajectories were calculated backward in time until May 1, 2023, which allowed for the identification of source regions and
transport histories on synoptic to seasonal timescales. The-However, the initial position of the CLaMS backward trajectories
along the aircraft flight path were selected separately for the Early and Late Phases, based on the trace gas criteria for EXLS
and gradually transforms into a pressure based coordinate in the troposphere, thereby accounting for surface pressure and
which corresponds to an altitude of approximately 2 to 3 km above the Earth’s surface. Finally, all backward trajectories

approach was used to identify low tropospheric source regions that were connected to the studied EXLS background air masses
via backward transport. The diabatical formulation provides a consistent representation of the transport process, which is par-

ticularly important for analyzing air mass pathways into the UTLS during the ASM. The back trajectory dataset follows the
methodology described by Vogel et al. (2024) and Vogel et al. (2026) and complements the CLaMS surface origin tracers and

age of air diagnostics by providing a Lagrangian perspective on individual air parcel histories.
2.3.2 Criteria for Identifying Stratospheric Background Air

Trace gases such as N,O and CO are commonly used to distinguish stratospheric air masses from tropospheric air and tropo-
spheric pollution events (e.g., Miiller et al., 2016; Joppe et al., 2024; Bonisch et al., 2009). In the troposphere, N,O exhibits
almost uniform concentrations because of its long atmospheric lifetime and the absence of significant removal processes. In
the stratosphere, however, N,O is gradually depleted by photolysis and reaction with excited oxygen atoms O(* D). As a result,
mixing ratios decrease systematically with altitude and increasing potential temperature above the tropopause, allowing for an
identification of stratospheric air masses (e.g., Zahn and Brenninkmeijer, 2003; Hegglin et al., 2006; Fischer et al., 2000).

During the PHILEAS campaign, stratospheric air was identified using a criterion of N,O mixing ratios being below 336
ppbv (Riese et al., 2025). In addition, air masses in the background stratosphere were further classified by applying a CO
threshold of 40 ppbv, with CO serving as a tracer for pollution and combustion processes. The CO threshold was determined
by analyzing the relative frequency distribution of all CO values measured in the stratosphere (N,O < 336 ppbv; Fig. 3), which
revealed two distinct modes representing undisturbed and polluted stratospheric air. Air masses with CO mixing ratios below
this threshold are considered undisturbed by recent transport from polluted tropospheric air masses. The applied threshold is
consistent with previous findings by Miiller et al. (2016).

For the following analysis of CLaMS data, it is necessary to distinguish between unperturbed stratospheric and tropospheric
air masses. To evaluate whether the N,O and CO thresholds, originally developed for in-situ measurements, are also usable
to the CLaMS dataset, a comparison was made with potential vorticity (PV) values. The PV values and equivalent latitudes
were derived from the ERAS data ¢with 1°x1° xt>resolution);—whi i ¢ simutations;-horizontal resolution,
The PV values consistently exceed 7 PVU with major contribution from PV above 8 PVU when N,O and CO concentrations

are below 336 ppbv and 40 ppbv, respectively. As a result, values above 8 PVU are consistent with the N,O and CO thresholds
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that were applied to the CLaMS data. These PV values are used only as an additional consistency check for the N,O and CO
based classification and for the dynamical interpretation of the sampled air masses. The transport and origin analysis itself is

based on CLaMS data driven by ERAS5 meteorological data with a horizontal resolution of 0.3° x0.3°. Further, details on the
265 PV threshold determination are provided in Supplementary Information Sect. S4S5.
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Figure 3. The relative frequency distribution of CO mixing ratios is based on data from all flights. Only data points with an N»O threshold
of <336 ppbv for stratospheric signatures (Riese et al., 2025) were considered. The distribution exhibits two distinct regimes. A CO value of
approximately 40 ppbv (red dashed line) was chosen as a practical separation point between these regimes. This threshold is consistent with
the visual minimum between the two distributions and aligns well with ranges reported in previous studies (e.g., Miiller et al., 2016). This

threshold was used to differentiate between the undisturbed and polluted lower stratospheric air mass.
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3 Results and Discussion

The main objective of this section is to show that aerosol from the ASM region can affect the stratospheric background
composition in the extratropics. First, we present in-situ particle composition measurements combined with CLaMS model
results and compare the data for the two phases during PHILEAS (Early and Late Phase). Second, we demonstrate that the
ExLS background composition in the Early Phase of PHILEAS between 45°N and 65°N was characterized by aerosol that
could be associated with the ASM region. However, it was likely exposed to long residence time and chemical processing in

the stratosphere.
3.1 Changes in EXLS Background Aerosol Composition Between Summer and Autumn

The ERICA-AMS measurements reveal significant changes in the particle composition in the EXLS background air from
summer to autumn 2023. Figure 4 shows the difference in mean mass concentrations of nitrate, ammonium, and organic matter
(as difference between the Late and Early Phase; defined in Fig. 1) as a function of potential temperature and equivalent
latitude. The corresponding absolute concentrations as a function of potential temperature for both phases are also presented
in Figure-Fig. 4. A pronounced increase in nitrate and ammonium concentrations is observed in the Late Phase, particularly
at potential temperatures above 370 K. Nitrate enhancements are most prominent between 40° and 60 ° N equivalent latitude,
reaching maximum values up to 0.06 uygm~3 (Fig. 4a, d). Along with nitrate, ammonium concentrations show increases above
370 K potential temperature with a maximum enhancement around 0.04 pgm~? (Fig. 4b, e). In contrast, organic concentrations
are decreasing from summer to autumn, particularly below 370 K potential temperature and at higher equivalent latitudes (55°
—80°N) (Fig. 4c). The absolute organic mass concentrations shown in Fig. 4f indicate that organic matter concentration was

consistently higher during the Early Phase compared to the Late Phase, which will be further examined in Sect. 3.1.2.
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Figure 4. Mean distribution of ERICA-AMS nitrate (a), ammonium (b), and organic matter (c) mass concentrations shown as the difference
between the Late (late September) and Early Phases-(August-and-Septembermid-August) Phase, as a function of ERAS5-derived equivalent
latitude and potential temperature. Black contours indicate isolines of mean PV (ERAS5-derived) in PVU. Panels (d—f) show the corresponding
abselute-average mass concentrations of nitrate (d), ammonium (e), and organic matter (f) for the Early (blue) and Late (orange) Phases as a
function of potential temperature, independent from equivalent latitude. The vertical dashed line marks zero. The colored solid lines mark the
detection limit for each potential temperature range and confirm the significance of the measurements. Details on the calculations, detection

limits and uncertainties are provided in Supplementary Information $3Sect. S4.

The observed temporal evolution for nitrate and ammonium is further supported by the ERICA-LAMS data in Fig. 5. Figures
5a and b show the differences in PF of the NO™-rich type and the potassium-dominated type between the Late and Early Phases,
as a function of equivalent latitude and potential temperature. The data indicate a substantial increase in NO*-rich PF during
the summer-to-autumn transition, spanning over a broad spatial and vertical range (Fig. 5a). During the Early Phase, NO*-rich
particles made up less than 20% of the total particle population across the observed potential temperature range (Fig. 5 ¢). In
contrast, during the Late Phase, their fractional abundance increased significantly, exceeding 20% and reaching almost 50%
at approximately 380 K potential temperature (Fig. 5 c). These percentages refer to detectable particles, because pure sulfuric
acid particles, which are common in the stratosphere, cannot be detected by the ERICA instrument. The mean mass spectrum

of the NO*-rich particle type (Fig. 2) indicates an internal mixture of nitrate, ammonium, sulfate, and organic matter. The
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increase in the PF of NO™-rich particles during the Late Phase is mirrored by higher Ny - PF (Fig. 5¢). Thus, the observed

enhancement is not only reflected in the relative particle fraction, but also in the particle number concentration. The results

from the ERICA-LAMS single particle composition analysis (Fig. 5) are consistent with the observed increase in nitrate and
ammonium detected by the ERICA-AMS (Fig. 4). A-comparison-of FiguresHowever, the comparison of Figs. 4a and 5a reveals
that the fraction of NO*-rich particles increases already at potential temperatures below 370 K, whereas enhanced nitrate mass
concentrations are only observed above 370 K. This suggests that, although the PF of NO*-rich particles increases below 370 K,
these particles do not significantly contribute to the overall nitrate mass. A similar discrepancy between particle fraction and

mass concentrations measured by ERICA-AMS and -LAMS has also been reported by Appel et al. (2022).
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Figure 5. Mean distribution of ERICA-LAMS spectra based on the difference in particle fraction for NO*-rich (a), potassium-dominated
particles (b) between the Late (late September) and Early (mid-August) Phase, as a function of ERA5-derived equivalent latitude and potential

temperature. The black solid lines indicate isolines of PV (derived from ERAS) in PVU. The panel on the right shows the vertical profiles of
PF for NO™-rich (c), potassium-dominated particles (d) are shown for each phase as a function of potential temperature, independent from
equivalent latitude. The black-bottom x-axis shows the PF with a solid tines-indicate-isolines-line for each phase. The top x-axis shows the

No - PF of PV-derivedHfromERAS)-n-PVUthe particle types with a transparent dashed line for each phase. Details on the uncertainties are
provided in Supplementary Information S2Sect. S3.5.

Furthermore, it is important to consider that the interpretation of the comparison between the Early Phase and the Late Phase
is limited by the sampling characteristics of an aircraft-based field campaign. The results and interpretation correspond and
are limited to air masses sampled during the PHILEAS flights, rather than corresponding to the entire Northern hemisphere

EXLS region. The analysis is based on six research flights, three of which were assigned to each phase, and therefore does not
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represent a climatological description of the entire Northern Hemisphere EXLS. While the PHILEAS observations themselves

are not intended to represent a climatology of the entire Northern Hemisphere EXLS, the ASM is expected to have a large
. Yu et al., 2017; Fadnavis et al., 2024; Gralll et al., 2024). The measurement

influence on the EXLS as shown in earlier studies (e.

data, however, provide a sufficient basis for characterizing the sampled background air masses, particularly in the range between

310 457 and 65° N and above 360 K. At the same time, it must be taken into consideration that the air masses examined do not

cover the equivalent latitudes and potential temperature ranges equally in both phases. Therefore, bins with insufficient data

. 4 and 5 are considered as not statistically significant. Bins that were not equall

coverage (fewer than 10 data points) in Fi

covered in the Early and Late Phases were also excluded from the calculation of differences. Therefore, the conclusions derived

from this analysis refer to the EXLS background air masses investigated within the scope of this campaign.

315 3.1.1 Outflow from the ASM Drives the Increase of Nitrate and Ammonium in the ExXLS in Autumn

The following findings provide evidence that the changes in stratospheric aerosol composition between summer and autumn
are significantly influenced by the northward outflow of ASM-influenced air masses. Figure 6 provides a schematic overview

of the large-scale AMA circulation and the associated filamentary transport pathway toward the EXLS.
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Figure 6. The illustration highlights the large-scale circulation of the AMA and its transport pathway toward the ExLS. It is based on

ERAS-derived geopotential height at 100 hPa averaged over July and August 2023. The orange contour marks the region where ozone

mixing ratios reach approximately 200 ppbv, indicating the transition toward the ExLS. Schematic arrows highlight the anticyclonic flow

within the ASM, as well as the transport of the AMA filament that carries ASM-influenced air masses towards higher latitudes, subsequentl

impacting the EXLS region. The cycle arrows demonstrate the filament mixing into the EXLS background.

First, the NO*-rich particle type observed in this study closely resembles the particle type identified in the UTLS region

320 over the ASM (within the ATAL) reported by Appel et al. (2022). In their study, it was demonstrated that particles containing
ammonium nitrate are formed in the upper troposphere above the ASM convection. A key finding was that ammonium nitrate

mass concentrations predominantly increased above 370 K potential temperature. Furthermore, they reported that aerosols in

the ATAL primarily consist of nitrate, ammonium, and organic compounds, with nitrate concentrations exhibiting a pronounced

peak between 370 K to 390 K. These results are in good agreement with our PHILEAS measurements, which reveal a similar

325 increase in nitrate concentration and in the fraction of NO*-rich particles at comparable potential temperature levels (see
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Fig. 4a,b and Fig. 5a). This consistency underscores the comparable chemical characteristics of aerosol populations observed
during both campaigns.

Second, we analyzed CLaMS model results to investigate the origin and source regions of the enhanced particulate ammo-
nium nitrate in the ExLS in autumn 2023. Figures 7 and 8 provide results from CLaMS surface-origin tracer and the CLaMS
averaged age spectra as a comparison between the Early and Late Phases. The analysis reveals that the EXLS background air
during the Late Phase, was influenced by recent transport of boundary layer air from the South Asia and western Pacific region
(Fig. 7). The increase in the surface-origin tracer for the entire MBL between the Early and Late Phases indicates the growing
influence of boundary layer air since the-tstMay-May 1, 2023 on the EXLS background air between autumn and summer 2023.
Specifically, air masses from the South Asia and the western Pacific region contributed to the EXLS background composition

during the Late Phase (Fig. 7).
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Figure 7. Violin plots of CLaMS-derived surface-origin tracer (%) from the model boundary layer (MBL), South Asia, and the western
Pacific region, comparing Early and Late Phases. Each violin is split into the Early Phase (left, blue) and the Late Phase (right, orange),

with the solid horizontal bars indicating the mean value (annotated in % next to each bar) and the dashed lines marking standard deviation.

The varying horizontal width of each violin represents the local data density, with wider areas corresponding to more frequent occurrences.
Across all regions the Late Phase exhibits higher mean surface-origin tracer than the Early Phase (e.g., MBL early around 11.5 % compared

to late around 21.9 %), reflecting an increase of boundary layer air from South Asia and the western Pacific into the EXLS towards autumn.

The surface-origin tracers were filtered using the same thresholds as described in Sect. 2.3.2.

Furthermore, the averaged CLaMS age spectra show differences in the EXLS background air between the Early and Late
Phases (Fig. 8). The general shift in the age spectra between the Early and Late Phases reflects the time difference between
the campaign phases, with the peaks at transit times of more than five months lagging by about one month in the Late Phase
spectra compared to the Early Phase spectra. However, during the Late Phase in autumn, the EXLS background air exhibits
a higher fraction of young air masses (<3.5 months; Fig. 8). In addition, Fig. 9 shows CLaMS-derived backward trajectory
statistics for air masses observed during the Early Phase (Fig. 9a) and Late Phase (Fig. 9b). It is demonstrated that differences
in backward trajectory peints-endpoints (trajectories reached the boundary layer) exists between the Early and Late Phases,
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indicating changes in the pre-dominant source regions and transport characteristics of young air masses reaching the EXLS. The
Late Phase, in comparison to the Early Phase, exhibits a pronounced, spatially coherent maximum in trajectory density-ever

northern-India-endpoints over northern Indian Subcontinent and along the southern margin of the Tibetan Plateau. This-feature

It is thus obvious that the EXLS background air during the Late Phase was strongly influenced by relatively young (< 3.5

months) air masses from ground-level sources in South-East Asia. Furthermere;—a-Additional trajectory analyses, shown in

the Supplementary Information Sect. S6, indicate that within the potential temperature range of 350 to 380 K, the trajectories
suggest the AMA acts as a reservoir for ASM-influenced air. This allows the masses to reside for extended periods before being.
exported poleward. The enhanced nitrate concentrations observed during the Late Phase should therefore not be interpreted
solely as a local accumulation of particulate nitrate with time. Instead, they likely reflect the progressive seasonal accumulation

of ASM-influenced air masses in the EXLS, driven by repeated eddy shedding and air mass transport from the AMA, which is
2022; Vogel et al., 2016, 2019). This

result goes along with a recent study by Kollner et al. (2026), which provides direct evidence for the northward transport of

most frequent during July and August but continues into September (e.g., Clemens et al.

2

pollution aerosol (including ammonium nitrate) from the ASM region and irreversible mixing of this aerosol into the ExLS.
The authors conclude that the quasi-horizontal isentropic advection occurring above 370 K potential temperature in the lower
stratosphere is the most important transport pathway of pollution aerosol associated with the ASM region into the EXLS. In
combination with their findings, this study provides additional evidence that polluted aerosol from Asia containing ammonium

and nitrate are enriched in the EXLS background air and can persist there for a few months.

18



365

370

375

0.101 —4— Early Phase
—+#— Late Phase

c
°
5
2
S50.08
wn |
TS
o € 0.051
S
E¢g
= 0.031
(%]
C
2 0.00] : | ,
0 5 10 15 20 25
as-deseribed-in-Seet-2.3:2: Transit time (month)

Figure 8. The CLaMS-derived age of air spectra are shown as averages over the Early (blue) and Late (orange) Phases, with the corresponding
standard error of the mean values. This illustration shows the transit time distribution, indicating the fraction of air masses that have resided
in the EXLS for a given period. The Early Phase exhibits an increases in the transit time distribution around 6.5, and 10.5 months. In the Late
Phase, these features are still present but shifted toward about 7.5, and 11.5 months. The averaged CLaMS age of spectra were filtered using

the same thresholds as described in Sect. 2.3.2.

Third, we observed a significant increase of methane (CHy) and-CO-mixingratios-mixing ratio in the EXLS background air

during the Late Phase compared to the Early Phase. Figure 10 shows the probability density functions of beth-trace-gasesCHy
and CO. Both trace gases can be related to tropospheric sources. In detail, enhanced CO mixing ratios are typically associated
with combustion processes (e.g., Andreae and Merlet, 2001); CHy is mainly related to agricultural activity in Asia (e.g., Saunois
etal., 2020). Earlier studies demonstrated that both trace gases show higher mixing ratios within AMA confined air masses (e.g.,
Lelieveld et al., 2018; Pan et al., 2016). In particular, Tomsche et al. (2019) demonstrated that CH, exhibits a pronounced and
persistent enhancement within the ASM related air masses due to strong surface emissions and its long atmospheric lifetime,
making it a robust tracer of ASM-influenced air masses in the UTLS. Previous studies have further shown that CO is an
effective tracer for recently uplifted tropospheric air within the ASM dynamics and its subsequent export into the extratropical
UTLS, particularly during late summer and early autumn (Miiller et al., 2016). For CH4 (Fig. 10a), the Late Phase exhibits a
clear shift toward higher mixing ratios compared to the Early Phase. The Late Phase distribution primarily spans from 1850
to 1890 ppbv, while the Early Phase peaks at around 1820-1850 ppbv. This result reflects the accumulation of methane-rich
air in the EXLS background air during autumn 2023. The-CO-distributions-Compared to CHy, the difference between the
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Early and Late Phase CO distributions is less pronounced (Fig. 10b)show-a-similar-pattern—Both-phases-everlap-over-a-broad
range;-but-the oate Phase-is-systematieally-. The Late Phase CO distribution is only marginally shifted toward higher values-

TFhe-maximuam-mixing ratios, while both distributions strongly overlap and lower CO mixing ratios are also present durin

the Late Phase. Overall, the distribution appears broader in the Late Phase than in the Early Phase and a local maximum of

the probability density in the Late Phase ties-occurs near 30-32 ppbv, while-whereas the Early Phase peaks closer to 27-29
ppbv. This concurrent shift toward higher mixing ratios of CO and CH, during the Late Phase provides further evidence for an

enhanced influence of Asian boundary layer air on the EXLS background in autumn 2023.
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Figure 9. Relative-frequeney-of-CLaMS-derived backward trajectory Hts i endpoints
at the boundary layer during the Early (a) and Late Phases (b) of the PHILEAS campaign. The data tracers were filtered using the same

thresholds as described in Sect. 2.3.2. Further information about the CLaMS-derived backward trajectories are presented in Supplementa;

Together, the observed changes of particulate ammonium nitrate in the ExLS background (above 370 K potential temper-
ature) in autumn 2023 can be attributed to the presence of young air masses (<3.5 months) from Asian ground-level sources
and its subsequent northward transport and outflow within the ASM circulation. This result is consistent with earlier studies,

highlighting the ASM outflow as an important process to understand the increase of anthropogenic pollutants in the ExLS late
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summer and autumn (e.g., Bergman et al., 2013; Pan et al., 2016; Miiller et al., 2016; Vogel et al., 2016; Fadnavis et al., 2024;
390 Yuetal., 2015).
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Figure 10. Probability density functions of measured CH4 (a) and CO (b) mixing ratios during the Early (blue) and Late Phases (orange) of
the PHILEAS campaign. The data were filtered using the same thresholds as described in Sect. 2.3.2.
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3.1.2 Biomass Burning Drives the Increase of Organic Matter in the EXLS in Summer

During the campaign, we observed a decrease in the concentration of particulate organics in the EXLS background air, partic-
ularly below a potential temperature of 370 K (Fig. 4 c). One reason for the observed changes in aerosol composition could be
the declining influence of BB in the Northern Hemisphere in the course of the summer and autumn 2023. The Canadian wildfire
season in 2023 was record-breaking with its unprecedented number of pyrocumulonimbus events between May and August
(Zhang et al., 2024). However, Zhang et al. (2024) mentioned that stratospheric aerosol composition was not significantly per-
turbed by the pyrocumulonimbus events in 2023. In contrast, Katich et al. (2023) described that pyrocumulonimbus clouds can
perturb stratospheric aerosol composition. Our measurements show that the EXLS background composition below 370 K was
influenced by BB emissions during this Early Phase, as indicated by the abundance of organic matter (Fig. 4 c, f) and potassium-
dominated particles (Fig. 5 b, d). Earlier studies showed that organic matter is largely enhanced in BB smoke observed in the
stratosphere (e.g., Katich et al., 2023; Murphy et al., 2021; Martinsson et al., 2019). Potassium-dominated particles are known
to originate from BB emissions (e.g., Hudson et al., 2004; Schill et al., 2020; Pratt et al., 2011). However-the-PFE-This particle

type should therefore not be interpreted as a marker for secondary organic aerosol associated with the ASM-influenced air
mass. Previous observations within the ATAL indicate that organic matter in ASM-influenced air masses is mainly associated

with secondary aerosol formation from precursor gases, whereas direct transport of primary particles from near surface

sources is strongly limited by efficient wet scavenging during convective transport (e.g., Appel et al., 2022; Ebert et al., 2024

- Consequently, ASM-related organic aerosols are not necessarily enriched in potassium components. Potassium-dominated
particles are specifically used here as an indicator of BB influence. The PF and Ny - P of potassium-dominated particles
progressively-deereased-decreased progressively from August (Early Phase) to September (Late Phase) (Fig. 5 b, d). This
trend suggests a decreasing influence of BB emissions on the EXLS aerosol composition as well as a dilution and removal of

BB-derived particles as the season advanced. Our observations are in line with measurements described by Martinsson et al.
(2019), who reported a reduction in aerosol elemental concentration of carbon from August to September in the lowermost
stratosphere.

Overall, our results provide evidence that the ASM outflow can alter the aerosol composition in the EXLS background air in
summer/autumn. We observed the increasing abundance of ammonium nitrate in the EXLS background during the summer-to-
autumn transitions. However, the organic content was likely dominated by BB events in summer (Early Phase of PHILEAS),

rather than by the outflow from the ASM.
3.2 Changes in the Internal Mixing of NO*-rich particles with residence time in the ExXLS

This section compares the internal mixing state and chemical processing of NO*-rich particles in fourthree consecutive phases.

First, we analyzed the-NO*-rich particles meas

by-stratospherie-air-masses—Second—we-analyzed NO*-rich-particles-abundant in CHy-rich stratospheric regimes in the ex-
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tratropics measured during PHILEAS (defined as ’AMA filamentin-the-ExI=5" from mid-August to late September). This
approach allows us to verify the internal mixing state and chemical processing of NO*-rich particles under the influence of
stratospheric air masses in narrow filaments detached from the AMA and recently introduced via quasi-horizontal advection
into the EXLS. In detail, we selected the aerosol composition data in air masses with CHy > 1920 ppbv (CHy4-rich linked
to Asian boundary layer sources - Tomsche et al., 2019; Kollner et al., 2026) and N,O < 336 ppbv (stratospheric signature
- Riese et al., 2025) from F08-F18 {fecus-on-the-westernPacific, northern-Canada-and Adaskaresion—KoHneret-al2026)-

Third;—(focus on the western Pacific, northern Canada and Alaska region - Kollner et al., 2026, Fig. S1). Since the focus was

the transport of the ASM-influenced air masses into the EXLS, the selection of AMA filaments has been restricted to the

stratospheric region with these trace gas thresholds. Therefore, no further threshold, such as potential temperature, was used as
criterion for this selection. Second, we studied NO*-rich particles observed in the EXLS background air (CO < 40 ppbv and

acrteron Ior tus seection. »econd,

N,O < 336 ppbv) during the Early Phase (mid-August) and Late Phase (late September) of the PHILEAS campaign. In this
case, we selected data associated with CO < 40 ppbv and N,O < 336 ppbv to refer to to air masses of stratospheric signature
combined with minor contribution from tropospheric pollution (including Asian boundary layer sources; for more details see
Sect. 2.3.2). These four-three phases represent different extents of chemical processing during atmospheric transport and resi-
dence time, providing a framework for interpreting the evolution and mixing state of NO*-rich particlesfronthe-center-of-the
AMA-inte-the- ExLS.

For characterizing the particle mixing states, we specifically examined ratios of the ion signals at m/z +30 (NO"), -62
(NO37), -97 (HSO,4 "~ and other sulfate fragments), +27 (C,H3*, less oxidized organics), and +43 (C,H30* and other more oxi-
dized organic fragments). The ratios of ammonium-to-nitrate, nitrate-to-sulfate, and less-to-more oxidized organic were chosen
due to their sensitivity to compositional changes, stratospheric influence, and atmospheric oxidation processes, respectively.
Additionally, Fig. 2 and Fig. S3-S4 in Supplementary Information compare the differences in the ERICA-LAMS NO*-rich
particle mean spectra between the Early and Late Phase of the PHILEAS campaign.

Late Phase than in the AMA filament, indicating modest compositional changes during transport from the AMA region into the
EXLS. However, the overall structure of the ratios remains largely preserved. This suggests that the transport of AMA filament
air masses into the EXLS and its subsequent mixing with the stratospheric backeround did not yet lead to strong chemical

processing of these NO™-rich particlesa
and-AMA-filaments(PHIEEAS - reveals-a-marked-,
Second, a significant increase in the ammonium-to-nitrate ratio and decrease of the nitrate-to-sulfate ratio and-a-—slight

compared—to-nitrate—from the Late to the Early Phase points to changes in the internal mixing state of NO*-rich particles

with a shift toward lower nitrate and/or higher ammonium and sulfate content. This change in the internal mixing state of
NO*-rich particles likely results from continued inclusion of sulfuric acid {via-condensation-through condensation of gaseous

sulfuric acid and/or coagulation y-along-with-the-depletion-of nitrate-with sulfate-rich particles, together with the depletion or
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replacement of particulate nitrate through chemical processing (e.g., Kremser et al., 2016; Junge and Manson, 1961; Murphy
et al., 2014; Schneider et al., 2021). Further evidence to-these-conclusions-supporting these results comes from simulations

with the global chemistry-climate model EMAC by Kollner et al. (2026). This study demonstrates that ammonium nitrate is
replaced by ammonium(bi) sulfate with longer residence time of ammonium nitrate aerosol in the stratosphere. Between the
AMA filaments and the Late Phase, both the nitrate-to-sulfate and the ammonium-to-nitrate ratios show only a slight change,

suggesting that the change in the internal mixing state of NO*-rich particles mainly occurs during the-initial-transition—from

upper-tropospherie-(lower ATAL) tostratospherie regimeslonger residence time in the EXLS.

“he-Further important evidence is provided by the results in Fig. 11 further indicate thatregarding organic matter fragments,
WMNO*-H& partlcles measured in the EXLS during the Early Phase of PHILEAS were mefeehewectﬂy
WW(%/WWWW of less-to-more oxidized or-
tng-matter compared to the AMA
filament/Late Phase decreases significantly, which may indicate progressive organic oxidative aging while-residing—in—the
stratosphere—during the residence time of NO'-rich particles in the EXLS (Fig. 11). Several studies have demonstrated the

connection between photooxidative processes and the increasing oxidation of organic aerosol components (e.g., O’Brien and

Kroll, 2019; Zhao et al., 2022; Baboomian et al., 2020; Hu et al., 2021). We show that the degree of photochemical aging in
NO™-rich particles most likely increases with atmospheric residence time. Fhelongerthese-particlesremain-in-the-atmesphere;

the-greater-theirexposure-to-Longer residence times in the stratosphere expose these particles to more intense oxidative pro-
cesses, particutarty-under-stratospherie-conditions;resulting-in-leading to a shift from less oxidized to more oxidized organic

components.

ganic

Furthermore,

the changes in the interna

content—Thesedistinet-mixingstate-characteristiestn-mixing state between the Late Phase and the Early Phase described

above are consistent with a prolonged-stratospherieresidence-time—-consistent-long residence time in the stratosphere, which
is in agreement to the CLaMS-derived age of air. Figure 8 shows that the Early and Late Phases exhibit similar transit time

distributions, with a shift of approximately one month. The exception is a lower proportion of air masses with transit time less
than five months during the Early Phase. Consequently, the Late Phase is predominantly influenced by the inflow of younger air
masses (<5 months old), while the Early Phase is characterized by local maxima at approximately 6.5, 10.5, and 18.5 months.

These findings suggest that the Early Phase is dominated by air masses that have resided in the stratosphere for several months

Third, the ERICA-LAMS-derived particle size distribution of NO*-rich particles (Fig. 12) shows a preneuneed-shiftnoticeable
change toward larger particle diameters during-in the Early Phase compared to both the Late Phase and the AMA filament. The

size distribution of the Early Phase pea

shows a broader distribution and a

stronger relative contribution of larger particle diameters compared to the AMA filament and the Late Phase measurements.
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This broader distribution toward larger particle diameters in the Early Phase is consistent with progressive particle growth

during

longer residence times in the
stratosphere. Further it supports the conclusion that the NO*-rich particles present during the Early Phase have undergone

more chemical and microphysical aging in the stratospheric background. Taken together, the ERICA-LAMS ion signal ratios
and particle size as well as CLaMS model data provide compelling evidence that the Early Phase of PHILEAS was dominated
by chemically aged NO*-rich particles within the air masses of the EXLS background.

Furthermore, we analyzed the internal mixing state of NO-rich particles measured in the center of the ASM region (within

the ATAL) during the StratoClim 2017 campaign (see Supplement Information Sect. S7). These results showed even less

chemically processed aerosol during the StratoClim 2017 campaign in the center of the ATAL, where particles were freshl
formed below 380 K in the upper troposphere (see Fig. S9). Since interannual variability between 2017 and 2023 may play a

significant role, the observation should be interpreted with caution. However, it does not rule out the hypothesis that a chemical

aging from the center of the ATAL to the EXLS is possible with longer atmospheric residence time.
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Figure 11. Ratios of key ion peaks in NO*-rich particles across different PHILEAS phases. The green bar represents the ratio of less oxidized
to more oxidized organic components, highlighting changes in organic composition over time. The orange bar represents the ammonium-
to-nitrate signal intensity ratio. And the blue bar represents the nitrate-to-sulfate signal intensity ratio. The arrow at the bottom indicates the
temporal evolution and chemical processing fren-of the NO*-rich particles within the lower AFAL(StratoClin;-AMA filamentsinto-the
ExES;-and-/Late Phase to the Early Phase, emphasizing how feng-term-long-term stratospheric residence alters particle composition. H-was
in terms of its long-term residence time in the individuat-m/zsignats-exceeded-stratosphere and the S-mV-—-samples-timit-before-associated
impact on the ratio-ealeulationsingle particle composition. More information about the uncertainty in Supplement Information Sect. $253.5.

25



N
o
o

—4— Early Phase
—4— Filament into ExLS
—4— Late Phase

e e ]
© N U N
o u» o u

Relative Frequency (%)
~
w

5.0

100 200 300 400 600 800 1000
Particle Diameter (nm)

Figure 12. Particle size distribution (relative frequency) of NO*-rich particles during the Early Phase (blue), AMA filament (green), and
Late Phase (orange) of the PHILEAS campaign. The uncertainty bars represent the binomial standard deviation for relative frequencies and
shows the statistical uncertainty for each size bin. As the detection efficiency of ERICA-LAMS can influence the indicated diameters, these

size distributions represent relative rather than absolute particle sizes.
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4 Conclusions

Motivated by the limited knowledge of the ASM influence on the EXLS aerosol composition in summer and autumn, we per-
formed aircraft-based measurements using the ERICA instrument with two complementary techniques. The ERICA-LAMS
and ERICA-AMS provide data on the single particle composition and mixing state as well as on the bulk aerosol composition
of non-refractory compounds, respectively. Our findings highlight a significant increase in ammonium nitrate aerosol concen-
trations within the EXLS background air mass from summer to autumn 2023, primarily driven by the northward transport of
Asian boundary layer emissions in connection with the ASM circulation (see also Kollner et al., 2026).

In particular, enhanced nitrate and ammonium concentrations were observed during the Late Phase (late September), com-
pared to the Early Phase (mid-August) of the PHILEAS mission. This increase coincided with a higher abundance of NO*-rich
aerosol particles measured by the ERICA-LAMS at equivalent latitudes between 4645°N and 6065°N and above 370 K po-
tential temperature. Moreover, our observations align well with prior studies, particularly those from the StratoClim 2017
campaign (Appel et al., 2022), as indicated by the consistent detection of the characteristic NO*-rich particle type in the EXLS.

The enhanced ammonium nitrate aerosol in the EXLS background air and the observed changes in aerosol composition
can be interpreted through a combined analyses of ERICA aerosol compositions measurements and CLaMS modeling data.
The CLaMS results suggest the transport of relatively young air masses (<3.5 months old) from the South Asian and western
Pacific boundary layer regions into the EXLS, particularly in late summer and autumn of 2023. This finding is consistent
with the observed increase in nitrate and ammonium aerosol concentrations and supports the assumption that the air masses
entering the EXLS background originate from the ASM outflow dynamics. Although data gaps limit the spatial completeness
of the comparison in EXLS, they do not significantly affect the qualitative conclusion, as both in-situ measurements and model
data support the results. In contrast to ammonium nitrate, we observed a reduction in organic aerosol mass concentrations at
the same equivalent latitudes but below 370 K, likely due to decreasing BB activities and possible dilution of BB air masses
over the course of summer and autumn 2023. This is also reflected by the reduced abundance of potassium-dominated particles
in these regions from summer to autumn. The interpretation is further supported by another study, showing the decreasing BB
influence in the boreal region from summer to autumn 2023 (Zhang et al., 2024).

Our results further demonstrate that pollution aerosols, including ammonium nitrate, can persist in the lower stratosphere
for several weeks until the end of September. While residing in the stratosphere, the particles undergo significant chemical
processing, as evidenced by the change in the internal mixing state of NO*-rich particles. We observed a decrease of the
nitrate-to-sulfate ratio and a slight increase of the ammonium-to-nitrate ratio. This suggests that sulfate was included along
with the depletion of nitrate in the lower stratosphere. The results of our in-situ measurements are consistent with the results of

the study by Kollner et al. (2026), describing the transformation of ammonium nitrate to ammonium(bi) sulfate. Notably, the

NO™-rich particles detected in the Early Phase of the PHILEAS mission showed clear signs of chemical processing: a higher
ammonium-to-nitrate ratio, a higher degree of oxidative aging of the organics, and increased particle sizes compared to the

particles within the AMA filaments. Combined with the findings from the CLaMS averaged age spectra, the air mass barely
captures the signature of freshly mixed air masses. We thus-hypothesize that the particles-may-remnants-aged aerosol particles
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measured during the Early Phase of the PHILEAS campaign originated from the previous menseon-season-Fhis wotrld- ASM
seasons and may have remained in the stratosphere for months to years. This further indicates that the-NO*-rich particles can
be observed in the stratosphere even after a few monthswith-significantchemical-processing—, During the residence time in the
stratosphere, their composition evolves toward more oxidized organic matter signatures and a relative replacement of nitrate
by sulfate, indicating progressive particle aging.

Altogether, our study confirms the critical role of the ASM circulation as a significant pathway for transporting aerosols

into the extratropical region, subsequently affecting the EXLS aerosol compositionfas-iHustrated-schematically-inFig—6)—,
The observed enrichment of ammonium nitrate aerosol within the EXLS may potentially impact radiative forcing and hetero-

geneous chemistry, processes crucial to stratospheric chemical composition and dynamics. However, our study faces lim-

itations in temporal and spatlal coverage, constraining the broader implications of our findings. Additional-ebservational

he Future progress would therefore
benefit from combining long-term observational programs with dedicated aircraft based in-situ_measurement campaigns.
Satellite missions such as EarthCARE can provide a global perspective on aerosol layers and large-scale transport pathways
in_the UTLS, while regular aircraft programs such as IAGOS CARIBIC can provide valuable long-term role-of ammonim
nitrate-aerosol-in-altering-thechemical-compositionof-in-situ information on trace gases and aerosol composition. However,
targeted aircraft campaigns remain essential for resolving the detailed submicron aerosol composition, single particle mixing
state, and chemical aging of the ASM-influenced aerosol particles in the EXLS. Therefore, future studies should combine
satellite monitoring, regular aircraft observations, global chemical transport modeling, and continued airborne single particle

mass spectrometry measurements. In addition, laboratory investigations are needed to better constrain the ExES—Forfuture
hemical aging mechanisms of NO*-rich particleste-better

relevant chemical processes. Finally, expanded observational datasets combined with global chemical transport modeling are

essential for thoroughly assessing the contribution and climate implications of aerosol from the ASM region within the global

stratospheric aerosol budget.
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