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ABSTRACT

Asian summer monsoon (ASM) convection efficiently transports surface emissions into the upper troposphere, leading to the
formation of the Asian tropopause aerosol layer (ATAL). The ATAL can affect Earth’s climate directly by scattering solar radiation
and indirectly by cloud formation. Little is known about the global distribution of aerosol originating in the ASM, particularly
in the extratropical tropopause region, where the climate is sensitive to anthropogenic perturbations. Here, we present
airborne aerosol composition measurements in the ASM outflow region over the North Pacific. Our analysis demonstrates
the important seasonal aerosol transport from Asia into the northern lower stratosphere. Particulate ammonium nitrate and
organic compounds are ubiquitous in the stratosphere with a mass concentration of up to 1 µg m−3. This is the first detection of
ammonium nitrate in the stratosphere outside the monsoon region. Together with the results from a global chemistry-climate
model, we find that this northward transport of Asian aerosol is persistent from July to September, recurring yearly. The
simulations suggest that particulate ammonium persists for several months, significantly affecting aerosol acidity in the lower
stratosphere. This highlights the widespread impact of Asian emissions on stratospheric aerosol, with implications for ozone
chemistry and the atmospheric radiation budget.

Introduction

Early studies of stratospheric aerosol primarily focused on the Junge layer1, 2, characterized by its altitude (15 to 25 km),
broad latitudinal extent, and composition. The main constituent is sulfuric acid aerosol formed from natural sources such as
volcanic eruptions and the tropical injection of carbonyl sulfide. However, recent satellite and balloon-borne observations
have identified the existence of another aerosol layer at altitudes of 13 to 18 km, known as the Asian Tropopause Aerosol
Layer (ATAL)3–5. The ATAL predominantly affects regions from the eastern Mediterranean (southward to North Africa) to
eastern China (southward to Thailand) every year from June to September. Its main components are ammonium nitrate- and
organic-containing aerosol6–10. The Asian summer monsoon (ASM) plays a significant role in the formation and maintenance
of the ATAL by rapidly transporting aerosol precursor gases from the Asian boundary layer into the upper troposphere. Further,
precipitation by monsoon convective clouds efficiently washes out pre-existing aerosol particles, leading to a weak condensation
sink in the outflow of the monsoon11. Subsequently, the isolated motion within the ASM anticyclone is favourable for new
particle formation and particle growth, driving the formation of the ATAL10, 12, 13 (Extended Data Fig. 5).

Although the ATAL has a significant regional influence on the composition and abundance of aerosol in the upper tro-
posphere and lower stratosphere (UTLS), along with strong radiative and climatic effects5, there remains a lack of experimental



evidence on its broader impact across the Northern hemisphere. Recent modelling studies proposed that the ATAL contributes
significantly to the aerosol concentration and composition in the Northern hemispheric stratosphere outside the monsoon
region14, 15. Even in remote Arctic regions, lidar measurements detected the influence of the ASM on stratospheric aerosol16. A
better understanding of the potential perturbation of stratospheric aerosol by the ASM is crucial for reliably analysing ozone
trends17, 18 and climate radiative forcings19–21. In this study, we provide in-situ and remote sensing measurements as well
as global chemistry-climate model simulations of aerosol chemical properties in the extratropical lower stratosphere (ExLS)
towards the end of the monsoon season, exploring sources, transport pathways, and the persistence of these aerosol particles.

Results and Discussion
Aircraft-based aerosol composition measurements in the extratropical UTLS in summer and autumn
The PHILEAS aircraft-based mission (Probing High Latitude Export of Air from the Asian Summer Monsoon) studied the
export of ASM air into the extratropical UTLS. The main part of the mission took place in August and September 2023 out
of Anchorage, Alaska (Extended Data Fig. 6). The research aircraft was equipped with a comprehensive suite of in-situ and
remote-sensing instruments for aerosol and gas analysis. We obtained vertically-resolved submicron aerosol composition
measurements (particle diameter > 110 nm) up to an altitude of 15 km or a potential temperature (Theta) of 410 K using the
ERICA instrument7, 22 (ERC Instrument for the Chemical composition of Aerosols). The ERICA Aerosol Mass Spectrometer
(ERICA-AMS) is based on thermal desorption with subsequent electron-impact ionization, providing in-situ real-time mass
concentrations of particulate organics, nitrate, sulfate, and ammonium (Methods). We categorized the measured air masses
into "polluted" and "undisturbed stratosphere" based on the following criteria. Methane (CH4) and dichloromethane (CH2Cl2)
served as pollution tracers for Asian emissions23–27. The air mass is referred to as "polluted" if these tracers are elevated. In
contrast, the undisturbed stratospheric air is characterized by low values of CH4 and CH2Cl2, along with nitrous oxide (N2O)
mixing ratios below the tropospheric mean value. For this study, we excluded data that were obtained during sampling in air
masses that were influenced by biomass burning events outside the monsoon region. More detailed information about the
methods can be found in the Methods Section.

Figure 1a illustrates the vertically-resolved aerosol composition measurements obtained during all PHILEAS flights over the
North Pacific and Alaska region in August/September 2023, using potential temperature as the vertical coordinate. The two
types of air masses exhibit differences in aerosol mass concentrations and composition. The undisturbed stratospheric air is
characterized by very low concentrations of ammonium, nitrate, and organic aerosol, close to the detection limit (Supplementary
Fig. S1), while sulfate being the main constituent. In contrast, polluted air shows a significant increase in the concentrations of
all aerosol species with increasing potential temperature above 360 K. Nitrate mass concentrations can reach values of up to
approximately 0.4 µg m−3. Similarly, concentrations of ammonium and organic aerosol can reach maximum values of about
0.2 µg m−3 and 0.3 µg m−3, respectively. Figure 1b presents concurrent measurements from the airborne infrared limb-imaging
instrument GLORIA. The timeseries from an exemplary flight on 1 September 2023 demonstrates the unambiguous existence
of ammonium nitrate (AN) particles in the UTLS region6. The analysis of the GLORIA infrared spectra, compared with
laboratory measurements, further reveals that these particles are in solid phase (Extended Data Fig. 7). This is consistent with
prior observations inside the ASM anticyclone6. Together, the abundance of solid AN and organic aerosol in the extratropical
UTLS during summer and autumn is controlled by pollution events associated with increased CH4 and CH2Cl2 mixing ratios.

Assessing the role of transport from the Asian summer monsoon on aerosol composition in the extratropical
stratosphere
To investigate the sources and mechanisms responsible for transporting this type of polluted air masses into the extratropics,
we utilized ECMWF reanalysis data (ERA5) (Methods). Additionally, global-scale simulations using the ECHAM/MESSy
Atmospheric Chemistry model (EMAC)28 were conducted to gain further insights into the origin of the pollution aerosol
(Methods). Figure 2 illustrates the measured mass concentrations of nitrate, ammonium, and organic aerosol in polluted air,
as a function of potential temperature and equivalent latitude. The highest aerosol concentrations were observed above the
8 PVU isoline, suggesting a stratospheric signature of the air29. Along with this, N2O mixing ratios were found to be below the
tropospheric mean value of 337 ppb (Fig. 2) and ozone above 100 ppb (not shown). Thus, the polluted air masses with AN and
organic aerosol were clearly detected in the ExLS.

We have evidence that the observed pollution originates from Asian sources in combination with the Asian summer monsoon
circulation. First, the increase of AN and organic aerosol in the ExLS is associated with elevated mixing ratios of CH4 and
CH2Cl2 (Fig. 1 and Methods). Previous studies have identified Asia as the main contributor to global emissions of CH4

25 and
CH2Cl226, 30. Second, the EMAC reference simulation of ammonium and nitrate concentrations in Fig. 3a and c demonstrates
the northward transport of aerosol from the subtropical Asian region into the extratropics. Along with this, we performed a
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Figure 1. UTLS aerosol composition measured during all PHILEAS flights over the North Pacific and Alaska region.
a, ERICA-AMS mass concentrations of particulate nitrate (blue), ammonium (orange), organics (green), and sulfate (red) as a
function of potential temperature. The thick lines and the shaded areas represent the medians and interquartile ranges,
respectively, in the corresponding potential temperature bin. Data associated with undisturbed stratospheric and polluted air are
given in lighter and darker colours, respectively. b, Airborne limb-imaging observations by GLORIA of ammonium nitrate
(AN) concentration (coloured) as potential temperature projections measured during the PHILEAS flight on 1-2 September
2023.

sensitivity simulation with EMAC to assess the role of Asian emissions on the presence of ammonium in the ExLS in summer
and autumn. Therefore, all anthropogenic emissions of aerosol precursor gases, including ammonia, nitrogen oxides, and sulfur
dioxide, from South-East Asia were excluded (Supplementary Fig. S3). By comparing the two simulations in Fig. 3b, it is
illustrated that the abundance of AN from the subtropics to the extratropics is highly sensitive to the availability of ammonia
from Asia. The highest modeled concentrations of AN, particularly during the Northern hemispheric summer and autumn, are
almost exclusively attributable to increased availability of ammonia from Asian sources. This is in line with the findings of
Xenofontos et al.10, who showed the importance of ammonia for the formation of the ATAL. So far, our in-situ observations,
combined with EMAC modelling, demonstrate for the first time the significant influence of Asian boundary layer emissions on
the widespread distribution of AN and organic aerosol in the northern lower stratosphere.

We examined the key processes responsible for the long-range transport of aerosol from Asia into the ExLS. Initially, the ATAL
is formed through gas-to-particle conversion, specifically through new particle formation and particle growth, between 355
and 380 K during summer, as reported in previous studies7, 12, 13 (Extended Data Fig. 5). The slow diabatic uplift within the
isolated ASM anticyclone, requiring time scales of weeks31, 32, is crucial for the observed increase in aerosol mass (Extended
Data Fig. 5). Correspondingly, EMAC simulations in August/September 2023 (Fig. 3d) illustrate the ATAL, characterized by
enhanced aerosol mass over Asia in the upper region of the ASM anticyclone between 360 K and 420 K (Theta). Regarding
the subsequent northward transport, our measurements show that concentrations of AN and organic aerosol decrease with
increasing equivalent latitudes on isentropic levels above 370 K (Fig. 2). In contrast, the concentrations are low in the vicinity of
the subtropical jet (40-50° N and 2-8 PVU), suggesting that the transport into the ExLS across the subtropical jet plays a minor
role for the observed aerosol distribution. We can thus conclude that the widespread abundance of AN and organic aerosol in
the northern lower stratosphere is linked to both the ASM circulation and subsequent distribution by quasi-horizontal advection

4/23



50

50

25

25

0

0

ERA5 Equivalent latitude (deg N)

400

380

360

340

E
R

A
5 

P
ot

en
tia

l t
em

pe
ra

tu
re

 (
K

) 50

50

25

25

0

0

ERA5 Equivalent latitude (deg N)

50

50

25

25

0

0

8 PVU

2  PVU

a bb c

2  PVU

8 PVU

2  PVU

8 PVU

mass concentrations (µg m
-3

 (NTP))

337 ppb 337 ppb 337 ppb

0.40.30.20.10.0
Nitrate (µg m

-3
)

0.20.10.0
Ammonium (µg m

-3
)

0.30.20.10.0
Organics (µg m

-3
)

Figure 2. Spatially and vertically resolved aerosol composition during all PHILEAS flights over the North Pacific and
Alaska region. ERICA-AMS mass concentrations of a, particulate nitrate (blue), b, ammonium (orange), and c, organics
(green) as a function of ERA5-derived potential temperature and equivalent latitude. Data are associated with polluted air
masses from Asia. Colours show median values for each grid cell. The black solid lines represent the 2 and 8 PVU isolines in
the corresponding equivalent latitude bin. The black dashed line shows the isoline of N2O at 337 ppb.

and mixing in the stratosphere, in particular above 370 K (Theta) (Extended Data Fig. 5). Consistent with this interpretation,
EMAC model simulations in August and September 2023 also indicate that the northward transport of aerosol from the ASM
follows isentropes into the ExLS (Fig. 3d). The irreversible mixing process is evidenced by intermediate mixing lines between
the tropospheric (high N2O) and stratospheric (low N2O) regimes, along with higher nitrate concentrations (Extended Data Fig.
8).

Persistence of ammonium nitrate in the stratosphere using global-chemistry modelling
To further assess the persistence of particulate AN in the stratosphere over an extended period, we performed global-scale
simulations using the EMAC model from January 2021 to March 2024 (Fig. 3a-c). The simulations reveal that ammonium and
nitrate concentrations show a seasonal pattern, albeit differing in strength. Ammonium concentrations in the ExLS gradually
decrease over the months, forming a background ammonium layer that remains visible until the onset of the next monsoon
season (Fig. 3a). By the end of the year, the ammonium layer in the northern latitudes descends into the region of 8 PVU
(Figs. 3e,f). In contrast, nitrate has a shorter lifetime in the stratosphere compared to ammonium, returning to background
concentrations by the end of the year (Fig. 3c). The simulations also indicate that a diminishing nitrate abundance in the
stratosphere is accompanied by an increase in bisulfate (Fig. 3g).

We thus hypothesize that particulate ammonium nitrate is replaced by ammonium (bi-)sulfate, suggesting that chemical
processes, rather than transport processes, cause the varying abundance and residence time of ammonium and nitrate on both
seasonal and annual scales. The process can be explained as follows. Ammonium nitrate forms only under ammonia-rich
conditions, where sulfate is fully neutralized by ammonium, with excess ammonia available33. However, in the stratosphere,
sulfuric acid is the main constituent, favouring the formation of ammonium (bi-)sulfate because sulfuric acid is a stronger
acid compared to nitric acid. In the transition from ammonia-rich to ammonia-poor conditions, ammonium bisulfate forms, as
shown in Fig. 3g. Sulfuric acid can incorporate into AN particles through coagulation or condensation. Coagulation is slow in
the unperturbed stratosphere34, while condensation of sulfuric acid occurs only after significant sulfur emissions (e.g., volcanic
eruptions) due to the low volatility of sulfuric acid. EMAC employs the thermodynamic equilibrium model, ISORROPIA-II35,
along with internally mixed aerosol modes. Here, AN is rapidly replaced by ammonium sulfate when it encounters sulfur-rich
stratospheric air within the same grid box, establishing a new equilibrium. Consequently, the model might overestimate the rate
at which nitrate is replaced by sulfate. Nevertheless, our preceding analysis demonstrates that ammonium resides in the particle
phase as a neutralizing agent for the highly acidic stratospheric background environment. Meanwhile, particulate nitrate is
depleted over time due to mixing with sulfate-rich stratospheric air. The rate of this process in the stratosphere remains an open
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research question and cannot be inferred solely by thermodynamic equilibrium models.

Figure 3. Simulated UTLS aerosol concentrations using the EMAC model. a,c,g, Zonally (global) and vertically (between
370 and 390 K in potential temperature) averaged concentrations of ammonium (a), nitrate (c) and bisulfate (g) from EMAC
simulations as a function of latitude and time for the period of 2021-2023. b, Difference in ammonium concentrations between
the reference simulation and a simulation without anthropogenic emissions from South and East Asia, revealing the ASM
contribution to the UTLS ammonium concentrations. d-f, Zonally (75°E to 135°W) and monthly averaged profiles of
ammonium concentrations at different stages of the evolution of ASM aerosol in the UTLS: During the PHILEAS mission from
Mid-August to Mid-September 2023 (d), in November 2023 (e), and in February 2024 (f). Potential temperature is used as a
vertical coordinate and the black lines represent the 2 PVU and 8 PVU isolines.

The simulations further reveal that the northward transport of aerosol originating from the ASM into the ExLS occurs
annually during summer and autumn, albeit differing in strengths from year-to-year. The low concentrations observed in 2023
(Fig. 3a,c) can be attributed to two combined effects. First, the simulations indicate that less AN was formed locally in the
ATAL, particularly during the early 2023 ASM season, compared to 2021 and 2022 (Supplementary Fig. S4). This anomaly
might be due to an El-Niño-induced change in the ASM circulation27, 36. Second, increased volcanic activity in 2023, similar to
2021 (Supplementary Fig. S4), resulted in additional sulfur in the stratosphere.

Atmospheric implications
This study highlights the significant impact of the ASM on aerosol composition and the state of aerosol neutralization in
the ExLS. The introduction of ammonium as a neutralizing agent can modify the highly acidic stratospheric composition,
dominated by sulfuric acid particles. Figure 4 compares the measured ammonium mass concentration with the calculated
ammonium required for neutralization under the two scenarios: undisturbed stratospheric air and stratospheric air influenced by
the ASM. Data points above the one-to-one line indicate non-neutralized aerosol. Our findings reveal that stratospheric aerosol
associated with the ASM is on average neutralized, whereas the undisturbed stratospheric aerosol remains acidic. The ASM air
contains higher ammonium and relatively low sulfate loadings compared to the undisturbed stratospheric air.

This study further explored the role of the ASM in transporting organic aerosol into the ExLS (Figs. 1-2). Previous re-
search has shown that organic compounds constitute a significant portion of aerosol mass in the lower stratosphere, often
linked to wildfires21, 37, 38 or convection over regions like the Amazon basin39–41. However, unlike the sporadic injections of
aerosol from wildfires, the EMAC simulations from 2021 to 2023 indicate a consistent northward transport of aerosol from
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Figure 4. The influence of the ASM on aerosol composition and the state of aerosol neutralization in the ExLS. The
graph shows the measured ammonium concentrations and the ammonium required for neutralization (Methods). Lighter and
darker brownish colours show data points associated with undisturbed and Asian monsoon influenced stratospheric air,
respectively. Measurements were taken in the extratropical lower stratosphere (ExLS), according to N2O mixing ratios below
337 ppb. Data points are pre-filtered according to the NH4 detection limits, shown by larger circles. Crosses demonstrate the
median and interquartile ranges for the respective air masses, based on the pre-filtered data points. The dashed line shows the
1:1 line.

the ASM region from July to September each year (Fig. 3a,c). As a consequence, the presence of particulate ammonium and
organic compounds in the stratosphere can significantly impact heterogeneous chemistry17, 18, 42–44. Previous studies have
indicated that certain heterogeneous halogen-activation reactions are catalyzed by acids45. Consequently, changes in aerosol
acidity might slow down ozone depletion processes. Conversely, recent findings suggest that oxidized organics can enhance
the solubility of hydrochloric acid and increase heterogeneous reaction rates at relatively warm stratospheric temperatures46.
This, in turn, promotes the activation of chlorine species and accelerates ozone loss. Thus, several effects on heterogeneous
chemistry play a role, some of which may counterbalance each other. Certainly, the outflow of air from the ASM delivers
significant amounts of short-lived chlorine species23, 27, 42, 47 and at the same time partially neutralized particles with organic
content, as shown in this study. Moreover, these particles were found to be in a solid state, as shown by GLORIA data, and as
such are crucial for heterogeneous chemistry48–50 and cloud formation51 in the UTLS region. Future studies should focus on
the impact of these new aerosol constituents on stratospheric ozone depletion. Further investigation into the molecular structure
and phase state (glassy or semi-liquid) of the organic aerosol is needed to better predict their influence on stratospheric chemistry.

The perturbation in stratospheric aerosol shown here can also impact global climate20, 21. An earlier study indicated that the
ATAL has exerted a short-term regional forcing of -0.1 W m−2 since 1997, mainly due to efficient light scattering5. This
cooling effect by the ATAL can locally mitigate the warming effect caused by the increase of greenhouse gases19. The value
is comparable to the global forcing of greenhouse gases emitted in a similar period; however, the aerosol lifetime is much
shorter compared to that of long-lived greenhouse gases. Moreover, the ASM is expected to become an increasing source of
stratospheric aerosol in the coming decades, driven by rising emissions from the growing economies in Asia. This study has
shown that the ASM provides an efficient yet overlooked pathway for the dispersion of AN and organic aerosol across the
Northern Hemisphere. Thus, the ASM has a major potential to shift stratospheric aerosol composition and chemistry, thereby
influencing ozone chemistry and global climate.

7/23



Methods

PHILEAS (Probing High Latitude Export of air from the Asian Summer Monsoon) aircraft-based mission. Airborne
measurements of aerosol chemical properties, trace gases, and meteorological parameters were performed onboard the German
research aircraft HALO (High Altitude and Long Range Research Aircraft). We successfully conducted 18 research flights of
each 8-9 h (Extended Data Fig. 6). The mission was performed in three phases. The first phase (6 Aug - 21 Aug 2023) aimed to
sample the extratropical stratospheric background air and the western flank of the ASM anticyclone above the Mediterranean
Sea. Flights were conducted out of Oberpfaffenhofen, Germany. The second phase (26 Aug - 20 Sept 2023) was conducted out
of Anchorage (Alaska), in order to measure filaments of the ASM anticyclone in the North Pacific region. The third phase
(22 Sept - 27 Sept 2023) aimed to sample the altered stratospheric background air in autumn after the break-up of the ASM
anticyclone. Flight tracks covered altitudes typically up to 15 km (Extended Data Fig. 6b) and potential temperature up to
410 K. In this study, we analyse data obtained during the second phase (26 Aug - 20 Sept 2023), thus, in the measurement
region above the North Pacific, northern Canada, and Alaska (Extended Data Fig. 6a). As only measurements in the UTLS
region are of interest for this study, we restricted the analysis to data obtained above 8 km altitude.

ERICA aerosol mass spectrometer. The ERICA (ERC Instrument for the Chemical composition of Aerosols) aerosol
mass spectrometer was deployed to obtain vertically-resolved aerosol composition measurements up to 410 K potential tem-
perature. The instrument is described in detail in Hünig et al.22. In brief, ambient sample air is supplied to ERICA by
the HALO aerosol Submicrometer Inlet (HASI) (see Supplementary for details). Aerosol particles enter the instrument via
a pressure-regulating critical orifice that maintains a constant mass flow into the instrument followed by an aerodynamic
lens. The constant mass flow provides measurements at normal temperature and pressure (NTP, 20° C, 1013 hPa). Thus, in
this study, all concentrations are given per normal cubicmeter. Further, two common methods for in situ real-time aerosol
mass spectrometric analysis are integrated. First, the laser desorption ionization technique with subsequent time-of-flight
mass spectrometry is adopted52, obtaining mass spectral information of single particles. Single particle mass spectra of
AN particles were inspected for the presence of sulfate. It was earlier shown that the abundance of AN in solid phase is
facilitated by the internal mixing with small amounts of sulfuric acid6. Second, the thermal desorption with subsequent
electron-impact ionization technique is implemented, similar to the Aerodyne aerosol mass spectrometer (AMS)53, 54. The
detectable particle size range by the ERICA-AMS is between 110 nm and 3.5 µm vacuum aerodynamic diameter, determined
by the transmission efficiency of the aerodynamic lens. The detection limits of the ERICA-AMS are given in the Supplementary.

GLORIA remote sensing. The Gimballed Limb Observer for Radiance Imaging of the Atmosphere (GLORIA55, 56) is
an airborne limb-imaging Fourier Transform Spectrometer, which has been deployed during the PHILEAS campaign on the
HALO aircraft to measure infrared limb-emission spectra of the atmosphere (spectral region: 750-1400 cm−1, spectral sampling
up to 0.0625 cm−1). Radiometric calibration is performed using in-flight-measurements of two external blackbodies and upward
viewing geometries. The level-1 processing is described by Kleinert et al.57 and Ungermann et al.58. Atmospheric profiles
of trace gases and aerosol, like solid ammonium nitrate, are retrieved from cloud top to flight altitudes. The general retrieval
strategy is described by Johansson et al.59 and Höpfner et al.6. Vertical resolutions of 600-800 m are achieved and uncertainties
are estimated to about 30 %, mostly due to spectroscopic uncertainties.

UMAQS infrared absorption instrument. Transport tracers N2O, CO, and CH4 were measured with the University of Mainz
Airborne Quantum cascade laser (QCL) Spectrometer (UMAQS). The instrument applies a multipath cell60 providing an optical
path of 76 m. Direct absorption of a QCL laser at 2200 cm −1 for N2O and CO as well as 2990 cm −1 for CH4 at a constant cell
pressure of 40 Torr is used to determine the concentration of the absorbers, which are converted to mixing ratios using measured
cell pressure and temperature. The instrument is in-situ calibrated against secondary gas standards of compressed dried ambient
air, which are compared to standards from NOAA prior and after the campaign. With this setup, a total uncertainty (1 sigma)
for the 1 Hz data set of 0.15 ppbv for N2O, 0.7 ppbv for CO, and 0.8 ppbv for CH4 under in-flight conditions on straight legs was
achieved.

HAGAR-V gas chromatograph and mass spectrometer. CH2Cl2 and C2H2 were measured in-situ by the five channel High
Altitude Gas AnalyzeR (HAGAR-V) using gas chromatography (GC) and mass spectrometry (MS). The two GC channels of
HAGAR-V’s GC-MS module together provide a measurement every 120 s that has been integrated for 30 s. Frequent in-flight
calibrations are performed using two working standard gases of compressed dried air. The working standards are calibrated at
the University of Frankfurt based on AGAGE-derived calibrations according to the SIO-14 (CH2Cl2) and at the German weather
service at Hohenpeißenberg based on NPL-derived calibrations according to the NPL12 scale (C2H2). During PHILEAS, the
median in-flight precision was 1.3 % for CH2Cl2 and 2.5 % for C2H2. The quantity dDCM (delta dichloromethane) indicating

8/23



the excess CH2Cl2 due to Asian sources is derived from the CH2Cl2 and concurrent N2O measurements as follows:

[dDCM] = [CH2Cl2]− [CH2Cl2(N2O)]clean. (1)

The “clean” mixing ratio (last term) as a function of N2O is derived from a fit to the CH2Cl2–N2O relation including only the
lowest 10 % of CH2Cl2 values in each N2O bin.

ERA5 data. ERA5 (ECMWF Reanalysis v5) data were used with a horizontal grid spacing of 1° and a temporal reso-
lution of 6 hours. The model has 137 vertical hybrid sigma-pressure levels from the surface up to 0.01 hPa with a vertical
spacing of about 500 m in the UTLS61. The model data are linearly interpolated in space and time onto the flight path. For the
calculation of the potential vorticity (PV) and the equivalent latitude, the native variables are interpolated on isentropic surfaces
from 240 K up to 2000 K. To display trace gases in the UTLS, the equivalent latitude is used frequently62. It is characterized
by a spherical-symmetrical area with equal distribution of isentropic PV contours centered around the poles. The respective
latitude of a given pole-centred PV circle constitutes the equivalent latitude. Due to adiabatic PV-conservation, it allows to
account for the reversible (adiabatic) part of transport.

EMAC global aerosol modelling. All global simulations were performed with the ECHAM/MESSy Atmospheric Chemistry
model (EMAC)28, combining the general circulation model ECHAM5 with the Modular Earth Submodel System (MESSy).
We applied a spectral horizontal resolution of T63 (1.875◦×1.875◦) and 90 vertical levels up to 0.1 hPa (approx. 80 km). The
model’s dynamics were weakly "nudged" towards reanalysis data61. Anthropogenic surface emissions of aerosol and reactive
gases were sourced from the CEDS database63 for the year 2019. Aerosol microphysics are treated with the submodel GMXe64,
based on 7 interactive lognormal modes (soluble nucleation, Aitken, accumulation and coarse mode as well as insoluble
Aitken, accumulation and coarse mode). All particles are considered spherical and can transition between modes through
coagulation, condensational growth, or evaporation after each timestep. Inorganic aerosol thermodynamics were calculated
using ISORROPIA-II35, while organic gas-aerosol partitioning is separately managed based on source and volatility. The
model setup was evaluated using observations from the PHILEAS and StratoClim7 campaigns (see Supplementary for details),
showing that EMAC can reproduce the observed ammonium and nitrate enhancements in the UTLS, both in the source region
and at higher latitudes.

CH4 and CH2Cl2 to identify air masses associated with Asian sources. The ASM anticyclone shows higher values
of tropospheric tracers, such as CH4 and CH2Cl2, compared to regions outside of the anticyclone23, 24, 27, 65. Methane can be
related mainly to agricultural sources in Asia25, whereas dichloromethane is largely emitted from anthropogenic activities in
Asia26, 30. Both trace gases were used to identify air masses associated with ASM and thus Asian sources. We combined the
two data sets (Extended Data Fig. 9) in order to obtain certain thresholds for polluted (CH4- and CH2Cl2-rich) and undisturbed
stratospheric air (CH4- and CH2Cl2-poor). As a result, we used a CH4 threshold of 1860 ppb for undisturbed stratospheric air.
In this range, dDCM shows values below 10 ppt, suggesting a significant influence of Asian anthropogenic sources on these
air masses to be very unlikely. We further used a CH4 threshold of 1920 ppb for polluted air. In this range, dDCM values are
increasing and reaching values above 200 ppt, leading to the conclusion that these air masses are likely influenced by Asian
anthropogenic sources.

CO and C2H2 to identify air masses associated with biomass burning. We further used measurements of acetylene
(C2H2) and carbonmonoxide (CO) to identify air masses influenced by biomass burning (BB), which were sampled occasionally
in the UTLS during the PHILEAS mission. A data point was associated with BB when C2H2 was above 80 ppt and CO above
40 ppb as well as dDCM below 20 ppt. The latter step was important as CO, C2H2, and CH2Cl2 have sources in Asia that
are in close proximity to each other and a clear differentiation between Asian BB and Asian anthropogenic sources was not
possible. Thus, the BB associated air masses only refer to regions outside Asia with a relatively low loading of CH2Cl2. We
removed the data that can be attributed to BB outside of the ASM region because this is not an intended topic for this publication.

N2O, O3, and CH4 for identifying stratospheric air and mixing processes. Trace gas measurements of N2O and O3
are considered to separate tropospheric and stratospheric air66, 67. Nitrous oxide allows for an unambiguous identification of
stratospheric air, because it is chemically inert in the troposphere, leading to an almost homogeneous vertical distribution in
the troposphere. In the stratosphere, N2O is destroyed by photolysis and reaction with O(1D), leading to decreasing mixing
ratios with increasing potential temperature. Ozone shows a corresponding increase in the lower stratosphere. Both trace gases
are used to identify the chemical tropopause66–70. Further, tracer-tracer correlations were used to identify mixing processes
across the tropopause67, 68, 71, 72. We used the N2O-CH4 relation as shown in the Extended Data Fig. 8. Here, N2O is used
as a stratospheric tracer, while CH4 is used as a tropospheric tracer with sources in the ASM region. Tropospheric data
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are represented by high N2O (> 337 ppb) accompanied by high CH4 values. Stratospheric data are represented by low N2O
(< 337 ppb) accompanied by low CH4 values. Without recent mixing processes, the correlation of N2O and CH4 forms an
L-shape structure67. With recent mixing, mixing lines between the two regimes appear68, 71. Mixing lines in the Extended Data
Fig. 8 show enhanced values of nitrate, indicating the nitrate aerosol was incorporated in the mixing process.

Calculation of required NH4 for neutralization. We used the stoichiometric ratio of nitrate and sulfate as well as of
ammonium that can neutralize these species. The concentrations of nitrate [NO3] and sulfate [SO4], measured by the
ERICA-AMS, are taken to determine the concentration of ammonium required for neutralization [NH4,req]:

[NH4,req] =
36
96

· [SO4]+
18
62

· [NO3]. (2)

The acidity or neutralization calculations take only the inorganic species into account. The calculated [NH4,req] in comparison
with the ammonium concentration measured by the ERICA-AMS provides an indication of the aerosol acidity73. The chloride
signal is below the detection limit even after averaging over two hours. We thus excluded the chloride concentrations from the
here shown analysis.
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S1 Isokinetic aerosol sampling1

The aerosol sampling was conducted with the HALO aerosol submicrometer inlet (HASI). The inlet was first described in2

Andreae et al.1. The HASI is mounted on top of the fuselage outside of the aircraft boundary layer. The sampled air is divided3

over four sampling lines. During PHILEAS, these lines were used by the ERICA instrument, the FASD instrument, and as a4

bypass line. One sample line was not in use and thus closed with a blind plug. The HASI flow control unit (FCU) aims to5

regulate the sample airflow in each of the four lines to achieve near-isokinetic sampling (up to particle diameters of 2-3 µm)6

according to the actual speed of the aircraft and ambient air density. The ERICA instrument was connected to the HASI via a7

1/4 inch stainless steel tubing.8

S2 Signal processing and data analysis for the ERICA-AMS9

The ERICA instrument is decribed in detail in Hünig et al.2, Dragoneas et al.3, and Molleker et al.4. The signal preparation10

and analysis was conducted similar to how it is described in the Supplementary of Appel et al.5 with minor changes. We used11

the software TofWare 2.5.7 and adjusted the settings to comply with the ERICA-AMS data. For this study, we have in total12

27448 data points after excluding data collected during particle filter, during cloud passes, collected below 8 km, and during13

BB events. Each data point is representative for 10 s, resulting in a total sampling time of 76 h and 15 min over all 11 research14

flights conducted out of Anchorage. In the following, we only describe the differences in the data post-processing between15

StratoClim 2017 and PHILEAS 2023.16

17

We conducted four zeroing measurements for each flight. This was obtained by using a three-way valve system. The18

bypass line was equipped with a particle filter for zeroing measurements. The valve system was manually switched between19

filter and sample mode. One zeroing measurement was taken immediately before taxiing (after 4 h of pumping to achieve a20

good vacuum). Two zeroing measurements were conducted during the flight, and one after landing. Each zeroing measurement21

phase took 5 min. During the data post-processing, those filter measurements were taken to adjust the fragmentation table6.22

Further, the air beam into the vacuum was reduced by a smaller skimmer diameter behind the lens (from 1.9 mm to 1 mm).23

With this adjustment, we could determine the ammonium signal as it is generally recommended with the m/z 16 and 17 signal24

according to Allan et. al6. Moreover, the organic signal at m/z 29 was determined according to the fragmentation table in Allan25

et al.6.26

27

The conversion of the measured signal into a mass concentration requires the so-called ionization efficiency (IE) calibration.28

We used the mass-based method7. Details of the calibration procedure can be found in Appel et al.5. We conducted five IE29

calibrations during the measurement phase in Anchorage. Based on the air beam signal during zeroing measurements, we30

determined the appropriate calibration for each flight. We achieved different calibration values compared to StratoClim 201731

due to several adjustments and tuning of the high voltages.32

S3 Detection limits33

A shutter in front of the ERICA-AMS ionization region determines if ambient air (including aerosol) is blocked (closed) or34

reaching the ionization region (open). One measurement cycle of the ERICA-AMS consists of 10 s or 25 raw spectra. When35

the shutter is open, 11 raw spectra (within 4.4 s) are taken, which are representative for the ambient aerosol measurements.36

When the shutter is closed, 11 raw spectra (within 4.4 s) are taken, which are representative for the background measurements37

(i.e. residual vacuum signal). Three raw spectra (1.2 s) are discarded because of the shutter switching. The detection limits38

(DL) of nitrate, ammonium, sulfate, and organic matter are determined by analysing the noise of the background measurement39

when the shutter is closed8. The DL is given as 3·sigma. A Savitzki-Golay filter9 has been implemented to separate statistical40

noise from background trends due to improving vacuum and varying temperatures during the flight. For further details see41

Supplementary of Appel et al.5. Figure S1 displays the DL for all species in each bin of potential temperature.42

S4 Model evaluation43

EMAC model results were evaluated with observations from the PHILEAS 2023 aircraft missions (Fig. S2). Simulated ammo-44

nium and nitrate resemble the observed patterns, with increasing concentrations in the lower stratosphere. Note, all flight tracks45

that are taken here are not filtered by ASM-influenced air. Sulfate concentrations are underestimated in the free troposphere,46

but agree with observations in the lower stratosphere. The overestimation of organic compounds in the lower stratosphere47

can be attributed to missing photochemical sinks of semi- and low-volatile organic species in the stratosphere in the EMAC48

model, leading to an accumulation of organic compounds. Thus, we do not perform organic modelling studies in the manuscript.49

50
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Figure S1. ERICA-AMS mass concentrations of particulate nitrate (blue), ammonium (orange), organics (green), and sulfate
(red) as a function of potential temperature. The thick lines and the shaded areas represent the medians and interquartile range,
respectively, in the corresponding potential temperature bin. Data associated with undisturbed stratospheric and polluted air
given in lighter and darker colours, respectively. Black dotted and dashed lines show the detection limits (DL) of data
associated with undisturbed stratospheric and polluted air, respectively. The DL is displayed for each potential temperature bin.

A similar model setup was evaluated with observations from the StratoClim 2017 aircraft mission elsewhere10. Ammo-51

nium, nitrate, and organic aerosol show a maximum between 16 km and 18 km in both, the simulation and observations of52

the StratoClim campaign. The ammonium nitrate maximum is slightly underestimated by the model, most likely due to flight53

sampling and the limited model resolution. Overall, EMAC simulations show reasonable agreement with observations for54

ammonium, nitrate, and sulfate in the UTLS, justifying model studies on the transport and persistence of ASM-influenced air.55

S5 Model sensitivity studies56

The reference EMAC simulation used for the evaluation (see previous section) and the model results are performed using base-57

line anthropogenic emissions from the CEDS emission database11. Focusing on the UTLS region, our simulations reproduce58

the observed concentrations and processes reasonably well. In addition, we performed sensitivity studies without combined59

anthropogenic land emissions of sulfur dioxide (SO2), ammonia (NH3), and nitrogen oxides (NOx) from South and East Asia,60

and excluding each emission flux independently. Figure S3 exemplary shows ammonia land emissions in the reference and61

sensitivity simulation (with excluded emissions from South and East Asia).62

63

The sensitivity studies showed that the enhanced ammonium nitrate can almost exclusively be attributed to emissions uplifted64

from South and East Asia during the monsoon season. Further, removing the emissions fluxes separately revealed that ammonia65

emissions mostly control UTLS ammonium nitrate concentrations in the ATAL (in agreement with the findings of Xenofontos66

et al.10) and in the ExLS.67
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Figure S2. Comparison of observed and EMAC-simulated aerosol concentrations during the PHILEAS aircraft mission.
Model output was sampled along the flight tracks. The Box-Whisker plots show the median (white line), mean (grey circle),
interquartile range (box), and the 5% and 95% percentile.

Figure S3. Ammonia (NH3) emissions in the numerical simulations with EMAC. White areas indicate zero NH3 emissions.
In the reference simulation (left) South Asian emissions dominate the Asian contribution. In the sensitivity study anthropogenic
NH3 (and other species, see text) emissions from South Asia (SA) and East Asia (EA) were excluded (box).
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Figure S4. EMAC simulated timeline of zonally averaged inorganic aerosol concentrations between 370 and 390 K at 30◦ N
(left; ATAL region) and 60◦ N (right; showing the ASM outflow) latitude. Total sulfate concentrations are displayed (red),
consisting of the contribution of bisulfate (HSO−

4 ; red crosses) and the remaining sulfate (SO2−
4 ; red circles). Bisulfate forms in

the transition between ammonia-rich to ammonia-poor conditions, according to the model results. The years 2023 and 2021
were influenced by increased volcanic activity. In 2023, the ATAL was weaker than in the previous years.

4/5



References68

1. Andreae, M. O. et al. Aerosol characteristics and particle production in the upper troposphere over the Amazon Basin.69

Atmospheric Chem. Phys. 18, 921–961, DOI: 10.5194/acp-18-921-2018 (2018).70

2. Hünig, A. et al. Design, characterization, and first field deployment of a novel aircraft-based aerosol mass spectrometer71

combining the laser ablation and flash vaporization techniques. Atmospheric Meas. Tech. 15, 2889–2921, DOI: 10.5194/72

amt-15-2889-2022 (2022).73

3. Dragoneas, A. et al. The realization of autonomous, aircraft-based, real-time aerosol mass spectrometry in the upper74

troposphere and lower stratosphere. Atmospheric Meas. Tech. 15, 5719–5742, DOI: 10.5194/amt-15-5719-2022 (2022).75

4. Molleker, S. et al. Application of an O-ring pinch device as a constant-pressure inlet (CPI) for airborne sampling.76

Atmospheric Meas. Tech. 13, 3651–3660, DOI: 10.5194/amt-13-3651-2020 (2020).77

5. Appel, O. et al. Chemical analysis of the Asian tropopause aerosol layer (ATAL) with emphasis on secondary aerosol78

particles using aircraft-based in situ aerosol mass spectrometry. Atmospheric Chem. Phys. 22, 13607–13630, DOI:79

10.5194/acp-22-13607-2022 (2022).80

6. Allan, J. D. et al. A generalised method for the extraction of chemically resolved mass spectra from Aerodyne aerosol81

mass spectrometer data. J. Aerosol Sci. 35, 909–922, DOI: 10.1016/j.jaerosci.2004.02.007 (2004).82

7. Drewnick, F. et al. A New Time-of-Flight Aerosol Mass Spectrometer (TOF-AMS)—Instrument Description and First83

Field Deployment. Aerosol Sci. Technol. 39, 637–658, DOI: 10.1080/02786820500182040 (2005). https://doi.org/10.1080/84

02786820500182040.85

8. Drewnick, F., Hings, S. S., Alfarra, M. R., Prevot, A. S. H. & Borrmann, S. Aerosol quantification with the Aerodyne86

Aerosol Mass Spectrometer: detection limits and ionizer background effects. Atmospheric Meas. Tech. 2, 33–46, DOI:87

10.5194/amt-2-33-2009 (2009).88

9. Savitzky, A. & Golay, M. J. E. Smoothing and Differentiation of Data by Simplified Least Squares Procedures. Anal.89

Chem. 36, 1627–1639, DOI: 10.1021/ac60214a047 (1964). https://doi.org/10.1021/ac60214a047.90

10. Xenofontos, C. et al. The impact of ammonia on particle formation in the Asian Tropopause Aerosol Layer. npj Clim.91

Atmospheric Sci. 7, 215, DOI: 10.1038/s41612-024-00758-3 (2024).92

11. McDuffie, E. E. et al. A global anthropogenic emission inventory of atmospheric pollutants from sector- and fuel-specific93

sources (1970–2017): an application of the Community Emissions Data System (CEDS). Earth Syst. Sci. Data 12,94

3413–3442, DOI: 10.5194/essd-12-3413-2020 (2020).95

5/5



Extended Data Fig. 5. Schematic of the formation and transport processes of ASM aerosol. Transport of precursor
gases from the Asian boundary layer into the upper troposphere driven by the ASM. Efficient aerosol wet deposition in the
ASM convective transport. Formation of the ATAL by gas-to-particle conversion (i.e. new particle formation and subsequent
particle growth by coagulation and condensation) within the slow diabatic uplift in the isolated system of the ASM anticyclone.
Northward transport into the ExLS driven by isentropic advection and mixing above 370 K potential temperature.
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a

b

Extended Data Fig. 6. Overview of flight tracks. Flight tracks of the eleven research flights conducted from Anchorage
during the PHILEAS mission in August and September 2023 a, on a map showing the Northern hemisphere and b, as a
function of altitude and longitude. Different colours show individual flights. Dashed grey lines show flight tracks out of
Oberpfaffenhofen, which were not considered for this study.
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Extended Data Fig. 7. Infrared spectra of AN measured by GLORIA. Laboratory (AIDA) measurements of liquid and
solid AN, as shown in Supplementary Figure 1 of Höpfner et al.6, together with GLORIA measurements of PHILEAS research
flight on September 1, 2023 (as shown in Fig. 1b). GLORIA spectra with 0.0625 cm−1 spectral resolution have been averaged
at altitudes of 13.5-14.0 km for times with and without measurements of AN (2:41-2:55 UTC and 2:59-3:13 UTC, respectively).
Normalized differences between these averages are shown as the green line.
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Extended Data Fig. 8. N2O-CH4-correlation measured by UMAQS with coloured nitrate concentration from the
ERICA-AMS. The N2O value of 337 ppb separates the tropospheric from the stratospheric regime, indicated by a horizontal
black line. The CH4 values of 1920 ppb and 1860 ppb separate the polluted from the undisturbed stratospheric regime,
indicated by vertical black lines. Enhanced concentrations of nitrate are abundant on intermediate (mixing) lines between the
tropospheric and stratospheric regimes.
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the CH4 thresholds (1860 ppb and 1920 ppb).
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