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Abstract. Mixing of air between compartments of the atmosphere is fundamental to atmospheric composition.
Such mixing is commonly studied using tracer-tracer correlations. We generalize this approach by statistical
classification methods using several tracers to quantify mixing. This paper presents a matching flight-experiment
of a filament of Asian monsoon air in the Upper Troposphere/Lower Stratosphere (UTLS) off the Alaskan coast
by two flights of the High Altitude and Long Range research aircraft (HALO) conducted during the “Probing
High Latitude Export of air from the Asian Summer Monsoon (PHILEAS)” campaign. The 3-D structure of the
filament was revealed by tomographic observations by the Gimballed Limb Observer for Radiance Imaging of the
Atmosphere (GLORIA) of five trace species. The observed tracer mixing ratios show evidence for a tropopause
folding linked to a Rossby wave breaking event. Using a Gaussian mixture model to cluster our observations by
similarity we identify five classes of air masses: tropospheric air (both continental and maritime), Asian Summer
Monsoon outflow (ASMO), mixed air and stratospheric air. Trajectory calculations are carried out to identify air
masses which are observed in both flights.

The unique 3-D observations allow us to reveal the spatial structure of the mixing processes. Particularly,
mixing of ASMO air directly with stratospheric air and into the UTLS are shown. Comparing the classification
to simulated artificial surface-origin tracers in the Chemical Lagrangian Model of the Stratosphere (CLaMS), we
find strong evidence for distinctly correlated air masses to originate within different source regions within the
Asian monsoon region.

1 Introduction

The Asian summer monsoon (ASM) is one of the most
important circulation patterns of the northern hemisphere.
Important source regions of anthropogenic pollutants and
greenhouse gases are located within the ASM area, and af-5

fect a large portion of the global population. From early
June until late September the large scale, upper-tropospheric
ASM anticyclone (ASMA, extending to the lower strato-
sphere) is formed (Krishnamurti and Bhalme, 1976) near the
Tibetan Plateau in the upper troposphere due to strong heat-10

ing and strong convection during summer (Li et al., 2005).

The ASMA is confined to the south by a strong tropical
easterly jet and to the north by a strong subtropical west-
erly jet (Randel and Park, 2006). The air inside the anticy-
clone is characterized by lower potential vorticity (PV) val- 15

ues (see Randel and Park, 2006) compared to its surrounding
air masses and shows enhanced mixing ratios of tropospheric
trace gases such as water vapor (e.g. Rosenlof et al., 1997),
methane (e.g. Park et al., 2004) and anthropogenic pollutants
(e.g. Park et al., 2007; Baker et al., 2011) as well as low mix- 20

ing ratios of trace gases of stratospheric origin (Randel and
Park, 2006; Konopka et al., 2010). These characteristic tracer
mixing ratios are well confined inside the ASMA.

1
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Towards the end of the boreal summer the anticyclone
weakens, which leads to increased outflow of ASM air
into the wider atmosphere. Trajectory calculations have
shown that air masses originating from regions bordering
the ASMA, e.g. the tropical west pacific region (Bian et al.,5

2012), also contribute significantly to the composition of
this outflow (Chen et al., 2012; Bergman et al., 2013; Vo-
gel et al., 2016). The overall transport pathways and their
significance are subject to a long-standing debate (Bourassa
et al., 2012; Ploeger et al., 2017; Yan et al., 2019; Bian et al.,10

2020; Zhang et al., 2021). An important mechanism is break-
ing of Rossby waves (see Salby, 1984), which lead to so-
called eddy shedding (Hsu and Plumb, 2001; Popovic and
Plumb, 2001; Garny and Randel, 2013), through which fil-
aments of ASM air are formed. Rossby wave breaking is15

known for its tendency to create complex spatial structures
of trace gases and often sharp gradients (e.g. Polvani and
Plumb, 1992; Vogel et al., 2011; Bacmeister et al., 1999),
which is reflected in the ASM filaments. These filaments
are transported eastwards and westwards, where they enter20

the northern mid-latitudes. The extratropical transition layer
(ExTL, e.g. Shapiro, 1980; Hoor et al., 2004), which is lo-
cated in these latitudes, is significantly affected by such wave
activity (Gettelman et al., 2011; Krasauskas et al., 2021). Fil-
aments of this kind are an effective pathway for mixing tro-25

pospheric air into the lower stratosphere on timescales of a
few days (e.g. Ungermann et al., 2016).

This injected ASM air may have profound effects on the
global climate. For example, Ploeger et al. (2013) found that
the injection of water vapor originating from the ASM is a30

key factor contributing to the moistening of the lowermost
stratosphere. Tropospheric pollutants such as methane fur-
ther amplify this effect by producing stratospheric water va-
por via oxidation (Riese et al., 2006; Rohs et al., 2006). There
is also evidence that ASM air is transported upwards into the35

middle world by deep convection (Rosenlof et al., 1997; Park
et al., 2007, 2008). Even small changes in this pathway affect
the upper tropospheric and lower stratospheric water vapour
budget (Solomon et al., 2010; Riese et al., 2012). The ASM
is also a main contributor to the Asian tropopause aerosol40

layer (ATAL), which impacts the chemical and radiative bal-
ance of the UTLS (Vernier et al., 2015, 2018; Höpfner et al.,
2015, 2016).

In order to measure the chemical composition of these
ASM filaments and the pathways of these filaments into the45

extra-tropical UTLS as well as the effect on the UTLS wa-
ter vapor, the Probing High Latitude Export of air from the
Asian Summer Monsoon (PHILEAS) aircraft campaign was
conducted in the late summer of 2023 between July and Oc-
tober (Riese et al., 2025). The campaign was based in Oberp-50

faffenhofen, Germany (flights PH01–PH06 between 25 July
and 16 August 2023 and PH20 on 27 September) and An-
chorage, Alaska (flights PH08–PH18, between 26 August
and 19 September 2023).

In this study we present 3-D tomographic observations 55

by the Gimballed Limb Observer for Radiance Imaging of
the Atmosphere (GLORIA) (Riese et al., 2014; Friedl-Vallon
et al., 2014) during a self matching experiment. This mea-
surement concept of revisiting previously measured air has
been used during, for example the European Polar Strato- 60

spheric Cloud and Lee Wave Experiment (EUPLEX) in 2008
(e.g. Schofield et al., 2008) and the Wave Driven Isentropic
Exchange (WISE) campaign in 2017 (e.g. Krasauskas et al.,
2021). During PHILEAS we conducted a double flight on
consecutive days, both including a tomographic observation 65

pattern (flights PH13, 10 September 2023 UTC and PH14,
11 September 2023 UTC). In this self matching experiment
the edge of a coherent, elongated structure of air with en-
hanced content originating in the ASM region relative to its
surroundings – in the following referred to as a filament of 70

ASM air – associated with a Rossby wave breaking event was
measured with high spatial resolution on the first flight. The
measured air parcels were then tracked using forward trajec-
tory calculations with the Chemical Lagrangian Model of the
Stratosphere (CLaMS; e.g. McKenna et al., 2002a; Konopka 75

et al., 2010; Pommrich et al., 2014) and a significant por-
tion of the air parcels were measured again during the second
flight on the following day. The matching was greatly simpli-
fied compared to previous campaigns due to the tomographic
measurements of large volumes of air by the GLORIA in- 80

strument. For the revisited air parcels the mixing processes
into the background atmosphere are derived.

The strong distortion of the mesoscale structure of the at-
mosphere associated with the Rossby wave breaking event
necessitates an alternative approach to standard correlation 85

classification methods. We introduce a classification method
based on statistical mixture models, which is capable of iden-
tifying an arbitrary amount of air types from their chemi-
cal composition alone and without the need of prior knowl-
edge of the compositions. To avoid any misunderstanding, 90

we would like to clarify that the term “mixing/mixture” ap-
pears both in the name of the statistical method used (“sta-
tistical mixture models”) and in our scientific question, con-
cerning the mixing of different air masses in the atmosphere,
purely by coincidence. Statistical mixture models can be ap- 95

plied to a wide range of scientific topics that are not related
to atmospheric mixing processes. They do, however, show
a particular synergy with mixing processes, which will be
elaborated upon later. An advantage of this classification is
that it does not rely on a well defined tropopause, which is 100

typically distorted during Rossby wave breaking events. The
classification is possible due to the wide spectrum of trace
gas species which are observed by GLORIA. In this analysis
we consider the retrieved values for the tropospheric tracers
water vapor (H2O), peroxyacetyl nitrate (PAN), dichlorodi- 105

fluoromethane (CFC-12) and the stratospheric tracers ozone
(O3) and nitric acid (HNO3).

Water vapor in the atmosphere is a natural, physically con-
trolled substance with significant influence on the radiative
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budget (Colman and Soden, 2021). In the UTLS region it is
transported upwards via convection. PAN is a secondary pol-
lutant formed through photochemical oxidation of byprod-
ucts of combustion of organic substances with a lifetime up
to several months in the troposphere and very short lifetimes5

in the stratosphere (Roberts, 1990; Ungermann et al., 2016).
CFC-12 is an important anthropogenic, well mixed ozone de-
pleting substance with a long lifetime estimated to be around
100 years (Brown et al., 2013). Ozone is mostly created in-
side the stratosphere via photodissociation of oxygen and is10

depleted by chemical reaction with catalytic species (Wang
et al., 1996). HNO3 is formed dominantly from tropospheric
nitrogenous oxides inside the stratosphere and is one of the
most abundant nitric species (Liu et al., 2025).

The paper is structured as follows: in Sect. 2 a brief15

overview of the GLORIA instrument, the retrieval process,
the meteorological situation during the matching flights and
the model origin tracers used during flight planning is given.
Following this, our classification approach is described in de-
tail. For convenience, a short introduction into the mathemat-20

ical and analytical methods our classification method is given
as well.

In Sect. 3.1 the GLORIA 3-D retrievals of the matching
flights and the structure of the filament are shown exemplary
for PAN. The complexity of the observed atmospheric state25

is illustrated briefly on all observed species.
The classification of the measured volumes is discussed in

Sect. 3.2. We demonstrate that there are significant correla-
tions between the different air types and the different regions
of origin within the ASM region. Finally, in Sect. 3.3 the ex-30

plicit mixing processes of the revisited air parcels are anal-
ysed. We identify possible pathways and show their spatial
structure. The mixing strengths are shown both in terms of
the classification itself as well as through the direct measure-
ments.35

2 Data and Methods

2.1 GLORIA instrument and retrieval

The GLORIA instrument (Riese et al., 2014; Friedl-Vallon
et al., 2014) represents the first airborne realisation of the
infrared limb imaging technique. It consists of a Michelson40

interferometer, which projects the observed radiation onto a
256× 256 pixel infrared detector array of which 128 vertical
by 48 horizontal pixels are used. The interferometer is cali-
brated by in-flight measurements (Ungermann et al., 2022).
During the PHILEAS campaign, GLORIA was part of the45

scientific payload of the German High Altitude and Long
Reach research aircraft (HALO), which reached maximum
altitudes of around 14 km. The instrument measures thermal
radiation emitted by atmospheric constituents in limb view-
ing geometry. The main contribution of measured radiation50

stems from the lowest altitude points (tangent points) along
the line of sight. The range of vertically resolved altitudes

is limited upwards by the flight altitude and downwards by
the water vapour continuum, saturated spectral signatures of
further species, clouds and aerosols. The field of view cov- 55

ers 4° vertically and 1.5° horizontally. For the measurements
discussed here, a spectral sampling of 0.2 cm−1 is used. The
spectral range from 770 to 1440 cm−1 is covered.

GLORIA looks, generally, to the right with respect to the
flight direction. The interferometer is mounted in a gimbal 60

frame to stabilize the line of sight against aircraft move-
ments. Further, the instrument can be panned to allow view-
ing directions from 45 to 132° horizontally with respect to
the airplane heading. If flying along a closed path, ideally
a hexagon with an approximate diameter of 400 km (Unger- 65

mann et al., 2010), around an air mass while panning the
instrument, measurements are obtained which allow to per-
form a 3-D tomographic retrieval of the enclosed air mass.
This study focuses on these tomographic retrievals only.

The retrieval of the atmospheric constituents from GLO- 70

RIA measurements is performed using the Jülich Rapid
Spectral Simulation Code version 2 (JURASSIC2). It com-
bines a radiative transfer model (forward model; Hoffmann
et al., 2008), which utilizes the emissivity growth approxima-
tion method (Weinreb and Neuendorffer, 1973) and Curtis- 75

Godson approximation (Curtis, 1952; Godson, 1953), with
inverse modelling using a truncated trust-region type method
(see Nocedal and Wright, 2006). A detailed overview over
the retrieval process can be found in the papers of Unger-
mann et al. (2010, 2011) and Krasauskas et al. (2019). 80

The elevation angle of the GLORIA instrument is cali-
brated during the campaign after installation on the aircraft
and can generally be considered constant for each flight of
a campaign (see also Ungermann et al., 2022). Small varia-
tions are possible in particular due to the shock during land- 85

ing the aircraft. This angle impacts the location of measured
air parcels and is thus important when trying to match tra-
jectories of previously observed air parcels on measurements
on a following flight. In Appendix A, Fig. A1 the effect of
different assumed elevation angles is explored in detail. For 90

the first tomographic retrieval an elevation angle of 0.04° is
used, for the second tomographic retrieval an elevation angle
of 0.03° is used. The resolution of these 3-D tomographic
retrievals generally depends on the retrieval process itself.
The retrieval grid used in this study is irregular and chosen 95

such that as many tangent points of the observations as fea-
sible are contained. The vertical resolution of either retrieval
is 250 m, the horizontal resolution lies between 28.6 km zon-
ally, 22.24 km meridionally or 38.28 km for the nearest diag-
onal point. 100

Retrievals of water vapor (H2O), peroxyacetyl nitrate
(PAN), ozone (O3), nitric acid (HNO3) and dichlorodifluo-
romethane (CFC-12) are presented. a priori values for these
species were taken from the Copernicus Atmosphere Mon-
itoring System (CAMS), the European Centre for Medium- 105

Range Weather Forecasts (ECMWF), the Atmospheric Com-
position Reanalysis version 4 (EAC4) and from forecasts
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of the Chemical Lagrangian Model of the Stratosphere
(CLaMS). For more details about CLaMS see Sect. 2.2.
The retrievals apply trajectory computations to compensate
for advection using meteorological wind fields (Ungermann
et al., 2011). The spectral windows used in the retrievals are5

listed in Table A1 in Appendix A.

2.2 Lagrangian simulations and surface-origin tracer

CLaMS (e.g. McKenna et al., 2002a, b) is a chemistry trans-
port model that includes irreversible mixing and can resolve
fine-scale tracer structures and gradients, particularly at the10

tropopause or in the vicinity of the ASMA (e.g. Ploeger et al.,
2017; Vogel et al., 2026). While originally designed to sim-
ulate the stratosphere, CLaMS was later extended to the tro-
posphere (Konopka et al., 2010; Konopka and Pan, 2012;
Pommrich et al., 2014 and references therein).15

Results of a CLaMS simulation driven by ECMWF fore-
casts are used as a priori values for the GLORIA retrieval,
whereas surface-origin tracers from a global CLaMS simu-
lation driven by ECMWF ERA5 reanalysis (Hersbach et al.,
2020) are used to diagnose the origin of air masses measured20

by the GLORIA instrument. Here, ERA5 is used in a down-
scaled version with a horizontal resolution of 1°× 1° and a
6-hourly temporal resolution (similar to Ploeger et al., 2021;
Vogel et al., 2024).

This simulation was started on 1 May 2023 and run over25

the course of the 2023 ASM season (for more details, see
Vogel et al., 2026). Surface-origin tracers are initialized ev-
ery day in the model boundary layer (≈ 2–3 km above Earth’s
surface, considering orography) and are subsequently trans-
ported into the free atmosphere over the course of the simula-30

tion. The percentage of a surface-origin tracer in an arbitrary
air parcel indicates the extent to which the considered air par-
cel originates from the respective region.

The following surface-origin tracers in the ASM region
(Fig. 1) are considered in our study: “Northern Indian Sub-35

continent” (NIN), “Indian Subcontinent” (IND), “Tibetan
Plateau” (TIB), “Eastern China” (ECH), “South East Asia”
(SEA), “North-West Pacific” (NWP), and “Tropical Western
Pacific” (TWP).

Furthermore, the sum of the following surface-40

origin tracers, referred to as the “South Asia” tracer,
is used as a proxy for air contributing to the ASMA:
“ECH”+ “TIB”+ “NIN”+ “IND”+ “BoB”+ “NIO” (for
more details, see Vogel et al., 2026).

2.3 Measurement flights45

A large filament of ASM air was predicted to approach the
campaign base in Alaska on the 10 September 2023 UTC.
The filament would remain close enough to the coast for two
consecutive days to be in reach of HALO. Therefore flights
on both 10 and 11 September 2023 were planned using the50

Mission Support System tool (MSS; Bauer et al., 2022) to

measure the filament and the outflow of this first measure-
ment. Figure 2 shows the CLaMS South Asia tracer at 360 K
potential temperature as an indicator of air separated from
the ASMA. 55

Forecasts by the high resolution ICON model predict in-
creased mixing ratios of several anthropogenic pollutants
(not shown) such as PAN inside this filament, as well as a
tropopause fold near the outer edge of the filament on 10
September 2023. 60

In order to perform a 3-D tomographic retrieval of the fila-
mented air, a hexagonal flight path segment (referred to in the
following as hexagon 1, indicated by the red path in Fig. 2,
left panel) was included near the end of the first flight on
the edge of the ASM filament. During the PHILEAS cam- 65

paign, forward trajectory calculations using CLaMS driven
by ECMWF forecasts were started for air parcels measured
inside hexagon 1 to plan a second flight one day later with the
aim of measuring the same air masses a second time (self-
match). On the follow-up flight a second hexagonal flight 70

path segment (referred to in the following as hexagon 2, in-
dicated by the green path in Fig. 2, right panel) was flown
around an area where many trajectories from hexagon 1 were
matched. Inside hexagon 2 a cloud cover at around 10 km
altitude partially limited the measurements of GLORIA to- 75

wards lower altitudes, resulting in a section of the second
hexagon volume not being observed. For the analysis of
the GLORIA measurements, the CLaMS forward trajectories
were recalculated using ERA5 (1°× 1°) reanalysis. Figure 3
shows these CLaMS trajectories connecting flights PH13 and 80

PH14. In the following, air parcels which can be connected
by trajectories between the two observed volumes are re-
ferred to as “matched”. Due to the high spatial resolution of
GLORIA it is possible to study the changes and mixing that
each matched air parcel undergoes between the two measure- 85

ment flights.

2.4 Analysis methods

In this analysis we present a novel classification approach
for air masses based on statistical mixture models (see
Sect. 2.4.2). This classification uses the chemical compo- 90

sition of the air masses only and is capable of identifying
and quantifying an arbitrary amount of air types without the
need of prior knowledge of their number or nature. Contrary
to other clustering methods, mixture models inherently pro-
vide likelihoods for their classification. In this analysis these 95

likelihoods directly convey information about the mixing of
the observed air masses with different chemical composition.
The data flow and the different steps of the classification are
outlined in Fig. 4 and are discussed in the following text.
More detailed overviews over the core concepts used in the 100

classification are given in dedicated subsections below. The
application of the concept to our measurements is described
in Sect. 3.
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Figure 1. Map of surface-origin tracers used in the global 3-dimensional CLaMS simulation for 2023.

Figure 2. CLaMS South Asia tracer (= “ECH”+ “TIB”+ “NIN”+ “IND”+ “BoB”+ “NIO”, see Fig. 1) at 360 K potential temperature.
PV values are shown as gray isolines. (Left) Initial flight on 10 September 2023 UTC. A large filament with increased mixing ratios of South
Asian air is projected to be in range of HALO research flights from the base in Anchorage. The first hexagon is located towards the end of
the flight near the edge of the filament and is marked in red. (Right) Follow-up flight on 11 September 2023 UTC. The filament “rolls over”
southeastwards. The second hexagon (marked in green) is located inside the outflow from the first hexagon (see Fig. 3) at that time.

Different types of air can be distinguished by their unique
chemical composition (trace gas mixing ratios), which is
generally reflected in the correlation between the various
chemical constituents (trace gases) (Plumb, 2007). Con-
versely, similar air masses show similar correlations. Thus,5

in a phase space which is spanned by each constituent (in
this study: five different trace gases) similar air masses form
clusters, with each cluster corresponding to one type of air
present in the data. In a way, observed air masses can be
interpreted as a collection of samples from different types10

of air. Their chemical composition is given by their location
within the phase space. The number of types of air can be
inferred from the number of these clusters. In this approach,
neither the number of air types nor their chemical composi-
tion need to be known prior to the analysis, as their number15

can be determined by the number of clusters and their chem-
ical composition from the location of each cluster. The only
needed criteria are sufficiently many observations for clus-
ters to form and sufficing dissimilarity between the air types
for clusters to be distinguishable. Higher dimensional phase20

spaces tend to separate clusters better and thus as many non-
collinear trace gases as possible should be considered. The
correlations expected in a measurement could be inferred
from model data, as model data tends to have less varia-

tion, which leads to more compact clusters. Such clusters 25

can be determined with higher precision. Using model data
also ensures a certain independence of the classification from
the measurements itself. However, model data and measure-
ments may not always be in good agreement. In such cases
biases are introduced through the model data instead. An ar- 30

gument can be made for either choice. During preprocessing,
each dataset (measurements or model data) is scaled to zero
mean and unit variance individually following:

x̂ = (x−µ)/σ (1)

where µ is the mean and σ TS1 is the standard deviation of 35

each dataset component. This ensures that each constituent
has comparable numerical magnitude while preserving cor-
relations. Therefore, different datasets can be compared re-
gardless of their scales and potential offsets.

Next, the scaled model data is used to derive the sub- 40

space which retains the most information using the princi-
pal component analysis (PCA). The method is described in
Sect. 2.4.1 in more detail. Using a lower dimensional sub-
space greatly increases the numerical stability of the later
applied statistical mixture model and allows to focus on the 45

most relevant components of the data. In particular, clus-
ters in the full phase space generally remain clusters in the
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Figure 3. Self matching experiment during flights PH13 and PH14.
The first hexagon is marked in red, the second hexagon is marked
in green. Flight paths are shown in black lines, flight orientation is
indicated by the arrows. CLaMS forward trajectories are shown as
gray lines. They begin inside the first hexagon at 01:35 UTC and end
at 01:50 UTC on the following day. The trajectories were started at
every point on the retrieval grid and were driven by ERA5 (1°× 1°)
reanalysis. Potential temperature of end points are shown in color-
code. Trajectories were calculated for every point of the retrieval
grid.

subspace. Here, a 3-D subspace is determined which retains
the majority (92.5 %) of the data variance. The 3-D clusters
(still representing different types of air) can be handled as
being sampled from Gaussian distributions, which can be in-
ferred (similar to fitting) by using a Gaussian mixture model5

(GMM), see Sect. 2.4.2. A GMM requires the number of
clusters as an input parameter, which can be estimated di-
rectly from the 3-D subspace, see Sect. 2.4.3. The GMM di-
rectly provides the first two statistical moments of the proba-
bility density function for each cluster. In particular, the mean10

of each distribution as a point in the subspace describes the
characteristic trace gas composition of the type of air associ-
ated with the cluster. The chemical composition (here, in 5-
D) can be derived by applying the unique, inverse PCA trans-
formation. The GMM provides the probabilities for each data15

point to have been generated by sampling from each cluster.
Since each cluster usually lies suitably separated in phase
space, these probabilities are mostly disjointed such that a
unique label, being the most likely distribution, can be ap-
plied to each data point. Potential caveats to this labelling20

are discussed in Sect. 2.4.2.

2.4.1 Principal component analysis

The Principal Component Analysis (PCA) (Pearson, 1901;
Hotelling, 1933; World et al., 1987; Jolliffe, 2002; Jolliffe
and Cadima, 2016) is a method of dimensionality reduc-25

tion of a dataset. It is commonly used to reduce high (N )-
dimensional data to its core components and finds applica-

tion in many natural sciences, such as biology and atmo-
spheric science. Depending on the field it is also known un-
der different terms, such as Karhunen–Loève transform in 30

signal processing, and is strongly related to singular value
decomposition in mathematics. The same method was al-
ready used to suppress noise in calibration measurements for
the GLORIA instrument (Guggenmoser et al., 2015). TheN -
dimensional principal components ci of a (N,k)-dimensional 35

dataset (containing k observations of N features) X are the
pairwise orthogonal vectors along which the internal vari-
ance of the data projected to that principal component is
maximal such that var(X · ci)> var(X · ci+1). Along the first
principal component the data variance is thus maximal, with 40

the second component having the second largest variance and
so on. Components, along which the data variance is small,
convey little information, and can thus be neglected. In par-
ticular, statistical noise conveys little to no information and is
usually prevalent in the lowest principal components. Choos- 45

ing an arbitrary cut-off n, the PCA provides an (N − n)-
dimensional approximation of the data X still containing k
observations which retains most of the original data’s struc-
ture. The cut-off is usually chosen such that 80 %–90 % of
the data variance is retained, following considerations de- 50

scribed in Jolliffe and Cadima (2016). Since the PCA is a
linear transformation, there exists a unique inverse transfor-
mation, albeit not without loss of a little bit of information
due to the cut-off n.

2.4.2 (Bayesian) Gaussian Mixture Model 55

A statistical mixture model is a probabilistic model which
describes a statistical population as the combination of
many, statistically distinct sub-populations. In simple terms,
given an N -dimensional dataset X, a mixture model as-
sumes that the dataset X was generated by sampling from k 60

random variables with N -dimensional probability densities
D0,D1, . . .,Dk with different (mixing) weights w0, . . .,wk
(Baxter, 2010). The statistical properties of each component
distribution Dk are inferred directly from the dataset X. A
Gaussian mixture model assumes each component distribu- 65

tion to be a Gaussian distribution N . The mixture distribution
from which X was generated is then given by:

D(X | µ1, . . .,µk,61, . . .,6k,w1, . . .,wk)

=

k∑
i=0

wi · (2π )−
N
2 · deti(6i)−

1
2

· exp
(
−

1
2

(X−µi)T6
−1
i (X−µi)

)
=

k∑
i=0

wi N (X|µi,6i) (2)

where µi,6i,wi are the mean vector, covariance matrix

and mixing weight of each component, with
k∑
i=0
wi = 1. The 70
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Figure 4. Schematic outline of the data pipeline. The workflow goes from left to right. Model data and their data products are indicated
in green. Measurement data and their data products are indicated in blue and red, depending on which measurement. Transformations and
classifiers, which are not explicitly dependent on a dataset, are marked in black. Transformations and classifiers, which explicitly depend on
a specific dataset, are outlined in that dataset’s color. Transformations and classifiers, which are applied to multiple datasets individually, are
outlined in brown.

number of components k is the free parameter of the statis-
tical mixture model. In Sect. 2.4.3 a method to estimate this
parameter from the data itself is presented. In contrast to a
regular Gaussian mixture model, which determines its pa-
rameters using expectation maximization (Dempster et al.,5

1977), a Bayesian Gaussian mixture model (BGMM) deter-
mines its parameters via variational inference. The necessary
a priori values for this Bayesian approach can be provided by
a Dirichlet process. A trained BGMM provides probabilities
for each data point x according to Eq. (2). Since it is assumed10

that a point necessarily must have been sampled from any of
the distributions, these probabilities can be normalized:

pi(x)=
wi N (x|µi,6i)
k∑
j=0

wj N (x|µj ,6j )
(3)

A BGMM can also be used as a classifier by assigning each
point x a label according to the most likely component the15

point was sampled from. The label is assigned according
to:TS2

l(x)= argmax(log(wk)+ log(Nk)) (4)

The maximum value of Eq. (3) then corresponds to the prob-
ability that the point was accurately labeled. For disjoint dis-20

tributions Eq. (3) typically takes values between 1 (high con-
fidence) and 0.5 (ambiguous labeling between two classes).
In the following we refer to this quantity as the class align-
ment.

The classifier works well for all points which have suit-25

ably high probabilities to be sampled from any one of the

component distributions and thus are well represented by the
model. If points are not well represented by the model, each
probability Ni vanishes and Eq. (4) is dominated by its sec-
ond term. Labels are then determined by which distribution 30

Ni vanishes the slowest, regardless of the mixture weights
wi , which leads to sudden changes in labeling on the edge
of phase space. Since each Gaussian distribution is compact
in phase space the labels should be compact similarly. To ac-
count for this behaviour we determine labels using Eq. (4) 35

only for points with at least one sufficiently high probabil-
ity and determine labels for all other points using a nearest-
neighbor classifier. Only few points require such a correction
and the resulting labels are compact in phase space.

2.4.3 Feature-number estimation 40

The majority of clustering algorithms have free parameters p
which are chosen by the data analyst, thus introducing human
judgement. A Gaussian mixture model requires the number
of components as such a free parameter. A way to a more
objective selection and to deriving an estimate of these pa- 45

rameters from the data itself is to iterate a classifier over vari-
ous possible choices and compare the resulting classification
scores. The estimate itself should not explicitly depend on
the particular classification score. A suitable choice for many
classifiers is the silhouette score (Rousseeuw, 1987), which 50

describes how dissimilar a data point within one class is to
the points outside of that class compared to the data points
within the class. The silhouette score becomes maximal if the
points within each class are most similar to each other while
being most dissimilar to points outside of that class, e.g. if the 55
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classification reflects the data structure well. Increasing the
number of classes does not necessarily increase the silhouette
score, as splitting a class of similar points is penalized due to
reducing dissimilarity to points in other classes. The parame-
ters p for which the silhouette is maximal indicate the highest5

agreement between the data and the underlying model of the
classifier.

3 Results and Discussion

3.1 GLORIA measurements of Asian Summer monsoon
outflow10

An overview of the observations from hexagon 1 is shown in
Fig. 5. The first row shows the retrieved mixing ratios of PAN
for three diametrical cross-sections through the retrieval vol-
ume. The second row shows the same cross-sections but for
the values of the CAMS model, which has a 1° by 1° hori-15

zontal resolution and 250 m vertical resolution in the relevant
region.

For all panels the dynamical tropopause is calculated for
September according to the climatological values in Kunz
et al. (2015) on the relevant isentropes, based on PV values20

from ECMWF ERA5 reanalysis data, and is shown as a black
line. Additionally, PV isolines are shown as white lines, po-
tential temperature isolines are shown as gray lines.

As already mentioned in Sect. 2.3, increased mixing ratios
of PAN are indicators for the outflow of the Asian Summer25

monsoon. The filament is located on the low latitude/west-
ern side of the hexagon at altitudes between 13 km down to
at least 8 km (panel b, light arrow) in accordance with the
flight planning predictions. It contrasts against the surround-
ing air through steep gradients. The general shape and size30

of the filament is in good agreement with the model predic-
tions, although the predicted mixing ratios are up to 50 %
lower than the observations. Smaller scale features are not
adequately resolved by the model, and therefore small scale
mixing is unlikely to be correctly resolved as well. In partic-35

ular, the measurements show much stronger gradients than
e.g. the CAMS simulation. This indicates that model values
may not be suitable to use for the following classification.

The low values of PAN on the high latitude/north-eastern
side of the hexagon suggest stratospheric air, which extends40

downward to around 11 km. This stratospheric air is located
not as low as the CAMS model had predicted. The PV val-
ues mostly reflect this structure, with a 3-PVU isoline would
encapsulate most of the distinct features well. There is a dis-
tinct feature of increased PAN on the north-eastern side of the45

hexagon at around 10 km, which lies inside the stratospheric
air mass/intrusion according to the dynamical PV-tropopause
(panel e, dark arrow). The other observed trace gases show
similar patterns, but with several apparently conflicting fea-
tures, as shown in Fig. 6 exemplarily in the same cross-50

section as Fig. 5a–e. The filament is visible in the retrieved
H2O, but only extends upward to around 11 km, which is

around 1 km lower than PAN would suggest, which can be
explained by the freezing out of water near the tropopause.
O3 and HNO3 reflect the filament as well, with low values lo- 55

calized around the same region, but the low O3 values would
suggest an extent to much higher altitudes. HNO3 shows
a layer of increased mixing ratios in the upper part of the
filament, but reveals low values again above that layer, in-
dicating a more tropospheric character of these air masses. 60

The feature of increased PAN to the north-east is completely
missing in H2O, while both stratospheric tracers show in-
creased values in this region as well. This already indicates
mixing of different air masses, e.g. of aged tropospheric air
and fresh stratospheric air, as will be elaborated on in the next 65

section. CFC-12 on the other hand shows very little struc-
ture at all (cf. the narrow range of the color scale), except for
lower values around this feature.

The observations therefore indicate that there is an ac-
tive mixing between the UT and LS occurring inside the in- 70

trusion. However, the dynamical situation is not adequately
characterized by neither the dynamical tropopause (shown
in Fig. 6), nor the thermal tropopause (not shown here) or
any singular or pair of tropospheric and stratospheric tracers.
A physically complex situation such as this requires a more 75

rigorous classification which exploits as much available in-
formation as possible. Our approach bases on the methods
introduced in Sect. 2.4 and is applied in the following sec-
tion (Sect. 3.2).

3.2 Classification 80

3.2.1 Classification and Identification

The classification analysis described in Sect. 3.2 is applied to
the retrieved trace gas mixing ratios of H2O, PAN, O3, HNO3
and CFC-12. Due to the aforementioned issues of models to
resolve the finer structures/mixing we use only the retrieved 85

values in the first step of the classification. Spatial informa-
tion such as longitude, latitude or potential temperature was
not considered in the classification. The standardization pa-
rameters used for each dataset and the resulting principal
components are given in Tables A2 and A3, respectively. We 90

estimate that there are five distinct features in the retrieval
data using the method described in Sect. 2.4.3. The BGMM
is thus trained assuming five mixture components. Labels are
determined using the method described in Sect. 2.4.2.

The resulting classification for both hexagon retrievals are 95

shown in Fig. 7.
The choice of 5 classes is well reflected in the trans-

formed retrieval data with five distinct clusters of points visi-
ble in Fig. 7a. Shown are the cluster centers of each class,
which correspond to the average chemical composition of 100

each class. Each class lies well separated from each other
and the labelling is unambiguous for the majority of points,
with approximately 1 % of points requiring label adjustment.
The classification of hexagon 2 is shown in Fig. 7c). For bet-



J. Kaumanns et al.: A match flight experiment for inmixing of Asian Monsoon air 9

Figure 5. PAN mixing ratios inside the first hexagon on 10 September 2023 (upper row: GLORIA retrievals; lower row: CAMS model
predictions). Shown are two vertical cross-sections (left and middle) and one horizontal one (right). PV isolines are shown as white dashed
lines, potential temperature isolines are shown as gray dashed lines. The dynamical tropopause adapted from Kunz et al. (2015), which
determines the PV-value depending on the potential temperature based on climatological data, is indicated as black line in all panels.

Figure 6. (a–e) Retrieved trace gas species inside the first hexagon (10 September 2023 UTC). (f) Potential vorticity derived from ERA5
reanalysis. The cross-section shown is the same as in Fig. 5a. The backgrounds are interpolated along constant longitude of 160° W. The
dynamical tropopause and PV-isolines are indicated as black and white lines, respectively.
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Figure 7. BGMM classification based on the first three principal components. (a, c) PCA of hexagon 1 and hexagon 2, respectively. (b, d) Vi-
sualization of the first two principal components of hexagon 1 and hexagon 2, respectively. For each Gaussian distribution a 1σ environment
is indicated by ellipses. The PCA of the weighted mean of each measured trace gas weighted by the relevant surface-origin tracers of the
CLaMS simulations are shown in red markers. The red markers for “SEA” and “TWP” in (b) lie close to each other and basically overlap.
The percentages shown are the maximum percentage of each respective surface-origin tracer. In all panels the classes found by the BGMM
are shown in color-code. Air parcels, which were observed in both hexagons are indicated by a black outline. For each class the cluster center
is indicated by white dots.

ter visualization, the first two principal components of each
hexagon PCA are shown in Fig. 7b and d. It should be noted
that clusters may overlap in this visualization due to perspec-
tive. Given that hexagon 2 was measured in a dynamically
similar, but temporally later situation, the PCA deviates from5

hexagon 1 in several ways. The blue and gray clusters are
much less distinct from each other. An argument can be made
to consider them merged into a new cluster, which we will
only do visually for consistency reasons. The green and or-
ange clusters also converge in hexagon 2, implying that mix-10

ing resulting in similar air masses is occurring. The effect is
most visible for those points having positive values for the
principal components. Unfortunately, no air parcels lying in
this region were revisited and consequently these changes
were not observed directly. It shall be noted that while the15

orange cluster in hexagon 1 shares a large border with the
violet cluster and might be considered an extension of the
later, the local correlations in both clusters are quite differ-
ent, meaning key chemical components may be similar, but
show distinct differences in their proportions. 20

For each class the cluster centers (shown as white dots
in Fig. 7b, d) represent the mean values of points in each
class. These cluster centers are basically the mean values
of each class and can be considered representative for the
whole class, which will be further explored in the follow- 25

ing. Similar to these representative points for each class, rep-
resentative points for the contribution of each Asian mon-
soon source region can be constructed by taking the weighted
mean of the observation weighted by the surface-origin trac-
ers (see Sect. 2.2). These values are then transformed and 30
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Figure 8. Chemical composition of each cluster center by the in-
verse PCA transformation. Shown are the mixing ratios of each
trace gas expressed in percentiles of the overall distribution. Each
value is shown at the end of each bar. A value of 20 for H2O indi-
cates that 20 % of all measured values of H2O are lower than this
value. Each bar is shifted by 50 such that lower than average bars
are pointing downwards and above average bars point upwards.

shown within the PCA in Fig. 7b and d as red markers. The
positions where these transformed points are located within
the PCA show which source region at the Earth’s surface has
the largest impact to the respective classes.

To express this classification in physically relevant terms,5

the inverse transformation of the PCA is applied to each
cluster’s center as the most representative point to transform
the point back into regular tracer composition. The resulting
characteristic chemical composition of each class is shown
in Fig. 8 in percentiles of the total distribution.10

When considering both the information of these charac-
teristic compositions of each class and the information about
the regions of origin aligned with each class, a physical in-
terpretation of each class can be made:

– Continental tropospheric class: this typically tropo-15

spheric air (blue label) shows the by far highest mix-
ing ratios for each tropospheric tracer and the by far
lowest values for each stratospheric tracer. High wa-
ter vapor and high PAN/CFC-12 indicate a deep tropo-
spheric character, possibly from within the ASM region,20

which the surface-origin tracers link to continental re-
gions such as the Eastern China region. We refer to this
type of air as continental tropospheric air (CT).

– Maritime tropospheric class: this typically tropospheric
air (gray label) is most similar to the tropospheric class25

(1) with respect to all tracers except PAN and CFC-12,
which are significantly lower, indicating less pollution
contained within, likely from less industrious regions or
less populated ones. Indeed, in contrast to the CT class
it appears to be linked to more maritime sources such as30

the North-Western Pacific region and is thus referred to
as the maritime tropospheric air (MT).

– Stratospheric class: the typically stratospheric air (vi-
olet label) shows the by far lowest values for each
tropospheric tracer and the by far highest values for 35

each stratospheric tracer. The vanishing moisture is the
strongest indicator. The fact that no surface-origin tracer
corresponds to this air type further supports this charac-
terization. We refer to this type of air as stratospheric air
(S). 40

– Asian Summer monsoon outflow class: the air associ-
ated with the orange label shows moderately low val-
ues in both tropospheric and stratospheric tracers. Its
composition is clear distinct from either tropospheric
or stratospheric air and therefore cannot be either. To 45

preempt the succeeding analysis this class is localized
precisely in those section of the hexagon where the fila-
ment was predicted during flight planning. The regions
most aligned with this air type are the East China (ECH)
region and the Tropical West Pacific (TWP) region, fur- 50

ther suggesting a link to the ASM outflow. Additionally,
comparing the surface-origin tracers to the localization
of this class (see Fig. B4) it shows that this class con-
tains the highest mixing ratios of relevant surface-origin
tracers. The strong signatures of both ECH and TWP 55

indicate a mixing of these air masses even before the
formation of the filament. The CLaMS simulations do
indeed show this mixing of TWP air with the outer re-
gions of the ASMA (see Vogel et al., 2026). The chem-
ical composition is consistent with such an interpreta- 60

tion. We refer to this type of air as ASMO air (A).

– Blended class: the air associated with the green label
shows a unique composition with moderately increased
tropospheric tracers except for CFC-12, which is av-
erage, and increased stratospheric tracers. Its composi- 65

tion can be understood as a mixture of tropospheric and
stratospheric air. It is located in hexagon 1 in the lower
part of the observed stratospheric intrusion and appears
folded underneath the stratospheric air in hexagon 2 (see
Fig. 9). Since the extra-tropical tropopause generally 70

acts as a transport barrier, this degree of mixing is likely
induced by the intrusion. As the air types of this classifi-
cation may not be arbitrarily unique, it stands to reason
to assume that any other mixture of tropospheric/strato-
spheric air would appear similar, e.g. air from the outer 75

anticyclone, where exchange between tropospheric and
stratospheric air can occur. To avoid unnecessary confu-
sion we will refer to this air type as “blended”’ air (B)
instead of mixed air.
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3.2.2 Localization

The classification was derived from the chemical composi-
tion only and did not have direct information of the three-
dimensional spatial distribution of the different trace gas-
es/classes within the hexagon. If the classification and its5

interpretation are meaningful, the spatial distribution of the
classes is expected to be consistent with this interpretation.

The spatial structure of each class is illustrated in Figs. 9
and 10.

Panels (a) to (c) in Fig. 9 show the class distributions of10

hexagon 1 along the same cross-sections used in Fig. 5. Their
position within the hexagon is shown in Fig. 10a and b. The
background in between measurements in these cross-sections
is interpolated on the retrieved values and positions. These
interpolated values are then transformed and classified as de-15

scribed before. A high probability for the class assignment is
shown in bright colors, lower probabilities (corresponding to
labeling ambiguity) are shown in pastels or white. Regions
which contain few measurements are most influenced by in-
terpolation, but generally reflect the class structure well due20

to the compactness of the PCA. Air parcels revisited between
the two flights are indicated by black outlines. Figure 10 il-
lustrates the full spatial structure of each class. In particu-
lar, each class does form a compact region not only in phase
space, but also in real space (in the atmosphere), despite no25

spatial information was used.
The tropospheric classes CT and MT are at the lowest al-

titudes and are mostly located below the 2-PV isoline, which
is commonly used as an upper limit for the troposphere. In
hexagon 2 this behaviour is most consistent. In hexagon 230

both tropospheric classes lie intertwined, suggesting mix-
ing of maritime and continental tropospheric air occurs. This
mixing (merging) of those air types was already suggested
by the classification in Fig. 7d. In the following both tro-
pospheric classes are considered functionally the same (and35

referred to simply as the tropopheric class (T)) and are in-
dicated in blue color. Conversely, the stratospheric class is
located in the highest altitudes. Due to the tropopause fold
in hexagon 1 the vertical structure is distorted, which is cor-
rectly captured in the classification, in which the CT class40

and the S class lie diametrically opposed. Comparing the
location of the ASMO class to Fig. 2, the ASMO class co-
incides with the location of the filament in both hexagons,
further justifying the identification of the class with ASMO
air. In hexagon 1 an intrusion of ASMO air into the strato-45

sphere is seen (panel b). This suggests inmixing of ASMO
air directly into the lower stratosphere. The blended class is
located bordering the ASM air filament between the tropo-
sphere and the stratosphere, mostly at the tip of the strato-
spheric intrusion. Visually it appears as if the blended class50

acts as a partially dissolved extension of the intrusion. This
characterization would be in line with its chemical composi-
tion. As stated beforehand, this classification is not necessar-
ily unique, and the blended class could also be the mixing of

ASMO air with stratospheric air. Neither point can be sub- 55

stantiated further from this analysis alone.
Active mixing between classes is directly indicated by

reduced probabilities of class assignment, as the transition
from one class into another crosses the regions of low class
assignment probability. Considering these probabilities as 60

shown in bright and dark colors in Fig. 9, mixing is occur-
ring near the edges of most classes in either hexagon. Edges
with still high probabilities imply only recent contact be-
tween those air masses, such that mixing has not yet suffi-
ciently occurred. The strongest ongoing mixing is occurring 65

in hexagon 1 between the CT class and the A class/B class.
In hexagon 2, however, the strongest ongoing mixing how-
ever is between the blended class and its bordering classes.
For those air parcels which were observed in both hexagons
the mixing processes can be derived explicitly by comparing 70

their chemical composition in both hexagons.

3.3 Mixing processes

The matching experiment was designed to observe the same
air parcels on two successive days (self-match flight). In total
396 such matched air parcels were observed based on their 75

trajectories, corresponding to around 10 % of all observed air
parcels.

Changes in the chemical composition of these matched air
parcels give insight into the mixing processes, as little to
no changes in chemical composition are expected over the 80

course of 24 h for any of the observed trace gases. Changes
in composition are therefore most likely due to mixing. The
characteristic chemical composition derived above of each
type of air involved can be used to validate. The BGMM clas-
sification directly implies different types of mixing processes 85

via the changes in class assignments between hexagon 1 and
2. We consider mixing both due to changes in class assign-
ment (Sect. 3.3.1) and due to changes in trace gas mixing
ratios (Sect. 3.3.3).

3.3.1 Qualitative mixing analysis 90

Mixing in the form of changes in classification are summa-
rized in the confusion matrix in Fig. 11.

A confusion matrix summarizes each possible combina-
tion of two instances of labeling, here the labels in hexagon
1 and 2. The column i indicates the label in hexagon 1 (X), 95

the row j indicates the label in hexagon 2 (Y ). The num-
ber of transitions of that kind are then given by the matrix
element i,j , which in the following is referred to as “X-Y ”.
Each class is abbreviated by their first letter as defined above.
A transition X-Y would indicate air of type X is becoming 100

of type Y . Air type Y is not necessarily the air type X is
mixing with, but simply the resulting air type. If the mixing
is relative slow air type Y is likely the air type X is mixing
with. In general not every possible combination is observed.
Therefore, most elements are zero. Elements with very few 105
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Figure 9. Class distribution inside (a, b, c) hexagon 1 and inside (d, e, f) hexagon 2. Cross-sections are identical to Fig. 5 and are indicated in
Fig. 10. The dynamical tropopause is indicated as black line. PV isolines are shown in white. Measurement points within each cross-section
are shown as solid markers. Matched points are indicated by black borders. Class assignment is indicated in color-code, with high class
alignment shown in more opaque colors. In hexagon 2 the background of both tropospheric classes are displayed in blue as if they were
a single class. For clarity gray labeled points are still shown in gray. The background shows the classification applied to the trace gases
interpolated in each cross-section. Spaces containing few measurement points are more uncertain.

Figure 10. 3-D visualization of class distributions (a, b) within hexagon 1 and (c, d) within hexagon 2. The second image is rotated by
90° relative to the first image in each row. Shown are the concave hulls of each class (α = 1), tangent points are indicated as points. The
cross-sections shown in Fig. 9 are indicated by the colored rectangles.
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Figure 11. Confusion matrix of class assignment of matched air
parcels. The number of each transition is shown in each matrix ele-
ment. The columns indicate the class assignment of all air parcels in
hexagon 1, the rows indicate the class assignment of all air parcels
in hexagon 2. The air types are indicated by the abbreviations (T,
A, B, S) introduced in Sect. 3.2. Both tropospheric classes (CT
and MT) are combined into one (T). Each possible transition has
a unique color variation of the color used to encode its class as-
signment in hexagon 1. The total number of parcels in each class in
hexagon 1 and 2 are indicated on each row/columns edges, respec-
tively.

transitions can indicate issues with the trajectories or with the
classification and are not considered significant. It is however
not to say that these transitions are not real. From the confu-
sion matrix qualitative insights into the mixing processes can
be derived:5

A large share of blended air is created via the transitions
T-M and A-B. The transition B-B is observed, but rarely.
ASMO air also transitions into stratospheric air via A-S
in large quantities. There are no significant transitions X-
A, where X is any other class, which lead to the creation10

of ASMO air, which again supports the characterization as
ASMO air, as Asian Summer monsoon should be the prod-
uct of the monsoon and not a product of mixing. The tran-
sition “T-S” sticks out as a direct transition of tropospheric
air into stratospheric air without observed intermediate state,15

which is likely related to a classification issue, as no tropo-
spheric air lies directly bordering the stratospheric air. The
lack of this transition would also reflect the transport barrier
between the troposphere and the stratosphere in the extra-
tropics Otherwise most tropospheric air and stratospheric air20

do not undergo significant changes due to mixing (T-T and
S-S).

The transitions T-B and A-B stand out because when con-
sidering the average chemical composition of the classes T,
A and B (see Fig. 8), neither T air nor the A air contain25

sufficiently much stratospheric tracers such that B air could
have been created due to mixing from any combination of
T, A and B air. The deficit of stratospheric tracers requires
at least some S air to make up this deficit. A possible ex-
planation would be the transition A-S, which has consistent 30

increases in both O3 and HNO3. The chemical budget would
add up if A air would partially mix with S air, and afterwards
mixes with T air creating B air. How these transitions would
happen in detail, e.g. which intermediate states occur, cannot
be derived from these observations. Otherwise, an additional 35

source of O3 and HNO3 would be required, which is investi-
gated in Sect. 3.3.3.

If more than two mixing partners are involved in such a
process, these intermediate states would no longer be mixing
lines, as is traditionally considered, but rather mixing curves 40

of more complex shapes. This would explain why the phase
space in Fig. 7a somewhat resembles a traditional mixing
curve (in 3-D), but few to no explicit mixing “lines” are con-
tained.

3.3.2 Localization of mixing processes 45

Due to the 3-D tomographic retrievals the spatial structure of
the changes in chemical composition, which implies the mix-
ing, is known as well. The spatial structure of each transition
is shown in Fig. 12.

The mixing processes are structured as follows: the tran- 50

sition T-T is located in the lowermost altitudes purely within
the troposphere in both hexagons, which extends up to 9.5
and 11.2 km, respectively. This represents the transport of air
within the troposphere. Above the troposphere lies a layer of
blended air from around 9.5/10.5 to 11/11.2 km. The blended 55

layer itself consists of two individual layers, which meet at
around 9.7 km in hexagon 1. The lower layer is created from
the transition T-B, the upper layer is created from the tran-
sition A-B. In hexagon 2 the lower blended layer is stacked
similarly, but the upper blended layer is much more interwo- 60

ven with the stratospheric air originating from A-S.
Above the blended layer lies a layer of ASMO air A, which

transitions into stratospheric air and extends to the strato-
sphere at around 12/13.5 km. Upwards lies the stratosphere
with transport within itself. Each transition again forms co- 65

herent regions, with the transition B-B being a small excep-
tion. Despite the spatial distortion observed in hexagon 1,
each transition follows a stratified vertical structure. The ex-
change between the troposphere and the stratosphere appears
to be still mostly vertical, despite the perturbation caused 70

by the tropopause fold most likely inducing the mixing be-
ing mostly horizontal. The stratification of the mixing can
be explained by the dynamical properties of the atmosphere,
which counteracts the distortion. The mixing of tropospheric
air and stratospheric air via ASMO air occurs over a larger 75

vertical range, which could imply that said distortion is in-
deed necessary to initiate this tracer exchange.
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Figure 12. Visualization of transition states. (Left) Trajectory starting points inside hexagon 1. Transition state is indicated in color-code, see
legend. (Right) Trajectory end points inside hexagon 2. Transition state is indicated in color-code consistent with Fig. 11. Rare and missing
transitions are grayed out for visibility.

3.3.3 Quantitative mixing analysis

So far the mixing processes have been explained by consid-
ering changes in complex correlations via PCA. Since for
each matched point there are measurements in both hexagon
1 and 2, the direct changes for each observed tracer can be5

considered as well.
Quantitative insights into the mixing processes can be de-

rived from the autocorrelations in Fig. 13a–g.
The potential temperature (panel g) shows the isentropic

nature of the mixing. Since the measurements were derived10

from a retrieval we estimate their uncertainties by apply-
ing a rigorous Monte-Carlo approach to determine the in-
fluence of different factors on the retrieval result. A detailed
overview over the exact methodology can be found in Unger-
mann (2013) and Ungermann et al. (2022). The uncertainties15

are generally small compared to the variance in the measure-
ments. Investigating the retrieval diagnostic reveals that the
results are dominated by observations, with little influence
of the a priori (not shown). Since H2O can condense out, it
is generally not a well conserved quantity and therefore not20

very descriptive for the mixing processes. Such effects ap-
pear to be visible for the tropospheric water vapor, which sees
significant reductions in between flights. The changes in PAN
divide the matched points into two groups, the tropospheric
air and everything else. It stands out that the stratospheric25

air, (in hexagon 2) which was created from the ASMO air (in
hexagon 1) contains significantly more PAN than the other
stratospheric air, further substantiating the transport of tro-
pospheric tracers into the lower stratosphere via filaments of
ASMO air. O3 shows no such structures and basically reflects30

the vertical structure. The potential vorticity decreases for the
transition A-S and remains fairly constant otherwise. HNO3

shows significant increases within the troposphere, with the
largest increases in the transition T-B, which is to be expected
considering the change in class. Such increases are utterly 35

unexpected and considering the other stratospheric tracer O3
cannot be explained by directly mixing with stratospheric air.
While HNO3 shows the largest uncertainties of all retrieved
species, such uncertainties cannot explain this increase.

A potential source for HNO3 within the atmosphere are 40

lightning storms, which may have occurred in between
flights. Tie et al. (2001) state that lightning events can lead to
increases of up to 300 pptV in HNO3 compared to the back-
ground, which lies in the order of magnitude of observed
increases. Observations by the GOES-18 satellites allow to 45

link possible lightning activity in the region to the observed
increases in HNO3. Figure B1 in Appendix B shows the cu-
mulative lightning events between the 10 and 11 September
2023. Each white dot indicates a lightning signal picked up
by the satellites. The hexagons and the trajectories of the 50

outflow are indicated similarly to Fig. 3. Those trajectories,
which see these significant increases in HNO3, are marked in
orange. There are multiple lightning events that come close
to or intersect with the trajectories. Such lighting activity
may very well be the reason for the increases in HNO3. Given 55

that such changes in HNO3 are not due to mixing, a reevalua-
tion of these transitions assuming constant HNO3 seems rea-
sonable. We find that most transitions remain the same, the
strongest effect is in the transitions T-B, which shows 30 air
parcels in this transition that would remain tropospheric air, 60

and the transition A-B, in which 18 air parcels would remain
ASMO air. The transition A-S appears largely unaffected by
this. However, we cannot isolate the effect of lightning ac-
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Figure 13. (a–e) Overview of tracer changes between the two hexagons. The identity (no changes) is shown in the background as line.
The different transitions are indicated in color-code in accordance to the confusion matrix shown again in (h). Uncertainties due to retrieval
parameters are shown as well (small). Histograms of measurements are shown on the edges. A Gaussian kernel density estimation is shown
as shade. (a) The value range for H2O is artificially limited to focus on low values. (f) Changes in potential vorticity (ERA5 reanalysis data)
during mixing. (g) Changes in potential temperature (ERA5 reanalysis data) during mixing.

tivity from changes due to mixing and therefore cannot draw
any additional conclusions with certainty.

4 Summary and conclusions

The Asian summer monsoon is one of the most important cir-
culation systems of the northern summer hemisphere. It rep-5

resents an effective pathway of tropospheric air originating
from the southern Asian continent into the upper troposphere
and lower stratosphere. This pathway is to date only partially
understood and quantified. Through Rossby wave breaking
events large filaments of Asian monsoon outflow are trans-10

ported westward into the mid-latitudes, where they are even-
tually mixed into the lower stratosphere. By distributing pol-
lutants globally, such mixing has an effect on the global cli-
mate.

During the PHILEAS campaign in late summer 2023 a15

filament of Asian summer monsoon outflow was measured
on two consecutive days with the GLORIA instrument. The
edge of the filament was tomographically imaged in 3-D dur-
ing the first flight. Based on CLaMS trajectory calculations,
air masses from this filament edge were revisited inside a sec-20

ond 3-D tomographic observation on the next day (Fig. 3).
The chemical composition of the filamented air has been re-
trieved in the trace gases H2O, PAN, O3, HNO3 and CFC-12
in 3-D spatial resolution unique to the GLORIA instrument.
The instrument’s high spatial resolution allows to follow sin-25

gle air parcels and thus to study the change of the chemi-
cal composition of these parcels over time. We showed the
complex spatial and chemical structure of an ASM filament
close to a stratospheric intrusion. The dynamical tropopause
is distorted such that it did no longer reasonably reflect the 30

observed chemical structure.
We present a novel classification method, which is based

on statistical mixture models. Using this classification we are
able to discern the number and the characteristic chemical
properties of distinct types of air based only on trace gas ob- 35

servations. The classification reflects the spatial structure of
the observed atmosphere without prior knowledge of it. The
classification works with arbitrary number of air types and
provides highly non-linear boundaries, but generally requires
multiple simultaneous trace gas observations. Due to the sta- 40

tistical nature of this classification regions of ongoing mixing
can be discerned already by the classification confidence.

We find a distinct type of air strongly linked to the Asian
summer monsoon both by its location within each hexagon
and by surface-origin tracers from Lagrangian transport sim- 45

ulations with CLaMS used to identify the Asian Summer
monsoon outflow. By investigating the changes in classifi-
cation of each revisited air parcel, we identify mixing path-
ways of the filament. Our observations show mixing of air
appearing to be ASMO air directly into the lower strato- 50

sphere where the two air masses connect physically. Of 101
air parcels classified as ASMO air, 76 % of them show this
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transition. We observe that anthropogenic pollutants such as
PAN are transported into the lower stratosphere this way. A
blended state with strong tropospheric and stratospheric in-
fluences is also observed as a relatively stable state.

We are able to measure some air parcels in both hexagons5

and for those air parcels changes in chemical composition
are presented in 3-D both for the classification and for each
tracer individually. From our observed mixing processes the
blended state is only possible by mixing both tropospheric
and stratospheric air. While no direct mixing of stratospheric10

air into this mixed air is observed, and because the spatial
structure of the mixing does not imply it, the mixing likely
involves the ASMO air, leading to a 3-way mixing of tro-
pospheric, stratospheric and ASMO air. Such complex mix-
ing structures are supported by the analysis of the chemical15

phase space of the observed air masses. The ASMO air can
be linked to the South East China region and the Tropical
Western Pacific region. While it shows a certain similarity to
the stratospheric air measured, its unique chemical compo-
sition is distinct from it. Both maritime and continental tro-20

pospheric air can be linked to the North West Pacific region
and the East China region, respectively. Thus, the influence
of these individual areas on the Asian summer monsoon out-
flow is illustrated.

We observe significant increases in HNO3 for many tropo-25

spheric air parcels which cannot be explained through mix-
ing alone due to the relatively small changes in other trac-
ers during mixing. By using lightning events observed by
the GOES-18 satellites, we are able to link such increases
to lightning activity between both flights. The hypothetical30

effect of such lightning is most pronounced in classifying air
as blended instead of their previous class, but has little to no
effect on other transitions.

Combining many different trace gas species allows to draw
a much more complete picture of the atmosphere, which con-35

ventional methods simply cannot. This self-matching exper-
iment was conducted to demonstrate the measurement ca-
pabilities of the Earth Explorer 11 candidate CAIRT (ESA,
2023, 2025), which at the time of writing of this study was
not selected for the mission. The wide range of trace gas40

species observable by CAIRT and its capability to perform 3-
D resolved measurements would have been ideally suited to
study mixing processes. A conceptionally similar instrument
STRIVE is in development and will be deployed no earlier
than 2030 (NASA, 2026). It will be capable of performing45

similar experiments and will be able to provide additional in-
sights into the mixing processes in the UTLS region and the
ASM.

Appendix A: Technical details

A1 Effect of elevation angle on retrieval results 50

Due to the distance of several hundred kilometers between
the GLORIA instrument and the observed air masses, small
changes in the elevation angle can lead to several hundred
meters difference when trying to locate an air parcel and its
trajectory. Therefore, the effect of the elevation angle on the 55

matching must be considered. From the multiple calibration
methods available a small range of plausible elevation angles
between 0.02 and 0.05° was selected. In Fig. A1 the auto-
correlation for both retrieved as well as model values for any
combination of plausible angles are summarized. We operate 60

under the assumption that over a span of 24 h little changes
are to be expected. Larger changes should be supported by
larger changes in the model values as well.

Comparing each configuration we find an elevation angle
of 0.04° for hexagon 1 and an elevation angle of 0.03° (sec- 65

ond row, third column) to be most consistent among model
predictions and retrieval results. The effect of other, but sim-
ilar combinations of angles, however, is not pronounced.
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Figure A1. Comparison of different elevation angles on trajectory matching. (Left) Retrieval results in hexagon 1 vs. hexagon 2 given a
combination of elevation angles for PH13 and PH14. (Right) Same, but for model values. Shown are PAN and O3 representatively.
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A2 Spectral windows used for tomographic retrievals

The spectral windows used to retrieve the trace gas species
are listed in Table A1.

Table A1. Spectral windows used for retrieval of different trace gases.

Target(s) Spectral windows [cm−1]:

H2O, PAN 780.0–790.0, 794.0–805.0
O3 956.8–962.4, 980.0–984.2, 992.6–997.4, 1000.6–1006.2 (mean)
HNO3, CFC-12 883.8–888.0, 892.6–896.2, 900.0–903.0, 918.8–923.0 (mean)

A3 Data scales and principal components

The data scales and the principal components used in the5

analysis are shown in Tables A2 and A3, respectively.

Table A2. Standardization parameters for each dataset. µ denotes the mean values, σ denotes the standard deviation of each respective trace
gas species.

H2O [ppmV] O3 [ppmV] PAN [pptV] HNO3 [ppmV] CFC-12 [pptV]

µ σ µ σ µ σ µ σ µ σ

Retrieval I 91.03 129.77 0.13 0.08 170.17 78.27 0.45 0.35 462.22 15.94
Retrieval II 101.04 127.75 0.10 0.07 175.62 71.96 0.40 0.26 468.66 5.09

Table A3. Principal components used in the classification. Each contribution refers to the scaled data, which was scaled using the parameters
found in Table A2. For the classification described in Sect. 3.2 only the first three components were used.

No. principal H2O O3 PAN HNO3 CFC-12
components

1. −0.46 0.51 −0.42 0.35 −0.47
2. −0.04 0.18 0.51 0.76 0.36
3. 0.64 0.47 0.35 −0.08 −0.49
4. 0.60 0.04 −0.67 0.33 0.29
5. 0.11 −0.70 0.03 0.42 −0.57

Table A4. Statistical parameters of each component distribution used in classification. Each quantity is expressed in standardized coordinates.
µ denotes the mean values of each component, 6 denotes the covariance matrix of each component and w denotes the mixture weight of
each component.

Blue distr. Orange distr. Green distr. Violet distr. Gray distr.

µ [−0.67, 1.20, −0.91]T [0.24, −0.57, −0.18]T [−0.56, −0.03, −0.62]T [−0.39, 0.44, 0.37]T [1.30, −1.05, 1.23]T

6

 0.66 0.23 0.45
0.23 0.58 −0.03
0.45 −0.03 0.47

  0.23 0.25 0.01
0.25 0.75 0.04
0.01 0.04 0.23

  0.22 −0.29 0.12
−0.29 0.58 −0.21

0.12 −0.21 0.13

  1.18 0.64 0.37
0.64 0.70 0.40
0.37 0.40 0.33

  0.92 0.26 −0.56
0.26 0.12 −0.14
−0.56 −0.14 0.43


w 0.21 0.11 0.25 0.17 0.25
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Appendix B: Complementary material

B1 GOES-18 lightning events between both flights

In Fig. B1 all lightning events observed by the GOES-18
satellite network in the time between both measurement
flights are illustrated. The intensity of these events are ne-5

glected. The time-resolution of the observations are also
not considered, as created HNO3 can be mixed into the air
masses followed by our trajectory calculations, especially on
smaller scales.

Figure B1. GOES-18 lightning events. Shown are all events that have occurred between PH13 (hexagon 1, green) and PH14 (hexagon
2, red). The trajectories are indicated in gray lines. A zoomed in section of the geographically most relevant region is shown to the right.
Trajectories, which show significant increases in nitric acid are marked in orange.

B2 Tropopauses and PV in hexagon 110

In this analysis it was stated that both the dynamical
tropopause and the thermal tropopause do not reflect the
tracer distribution in hexagon 1 well, mostly due to the spa-
tial distortion of the tropopause fold. The point is illustrated
in Fig. B2. The dynamical tropopause, which is derived15

from both potential temperature and PV values, shows the
tropopause fold mostly due to the anomalous distribution of
PV, see Fig. 6f. The form of this PV abnormality is illustrated
in Fig. B3. The observed PV abnormality is not limited to
the hexagon volume, but extends beyond that. This already20

indicates that a climatological definition of the dynamical
tropopause may not reflect the observed situation well. The
thermal tropopause, following the standard definition by the
World Meterological Organization (WMO), extends above
the retrieval volume, leading to only the small portion (north-25

wards of 51° N and eastwards of −159° W) to be classified
as stratospheric. In particular, many regions with increased
stratospheric tracers lie below this tropopause. A secondary
tropopause is observed, similar to Vogel et al. (2016). Since
both definitions are mostly contradictory to each other and30

fail to reflect most of the observed chemical structure, it was
decided to not rely on any of these definitions in this analysis.

Figure B2. Visualization of the conventional tropopauses in
hexagon 1. The (first) thermal tropopause at the footprint of the
hexagon is shown in green. The secondary thermal tropopause is
shown similarly in red. The dynamical tropopause, adapted from
the climatological information in Kunz et al. (2015), is shown in
blue. The mixing ratios of PAN are shown in color-code.
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Figure B3. Overview of the PV distribution near hexagon 1. Shown are the same cross-sections used in Fig. 5a–c, but extended both
horizontally and vertically. The horizontal borders of hexagon 1 are indicated as black lines. The PV values were again taken from ERA5
reanalysis data. The color-scale is consistent with Fig. 6f.

B3 Correlation between surface-origin tracers and
classification

The surface-origin tracers indicating the influence of cer-
tain surface regions on the observed air masses are shown
in Fig. B4 for a select cross-section. Comparing these cross-5

sections to Fig. 9a, it illustrates the statement made in
Sect. 3.2.2 that certain labels are indeed deeply correlated
to certain surface-origin tracers. Due to the discrete nature of
the labels this correlation is otherwise difficult to illustrate. A
particular point made in this analysis is the identification with10

the orange (ASMA) class with air containing a large share of
Asian Summer monsoon outflow. The classification as such
was justified through its chemical composition, which does
not match any other air type anticipated in this particular re-
gion of the atmosphere, the lack of creation of this air type15

via the observed mixing processes, and the coincidence of
this air type with the filament of ASM outflow. Figure B5
shows the distribution of the SEA surface-origin tracer for
the remaining cross-sections in comparison to the distribu-
tion of the classification. The coincidence between the SEA20

surface-origin tracer and the ASMO class is consistent and
reliable across all cross-sections. A point is made in the anal-
ysis that this ASMO class may have significant stratospheric
influence due to mixing before the observation. While this
cannot be refuted in this analysis, we can clearly differenti-25

ate between the ASMO class and the stratospheric class, for
which the surface-origin tracers are vastly diminished.
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Figure B4. Cross-sections of selected surface-origin tracers. The cross-section corresponds to Fig. 5a. The tracers shown in (a)–(e) are the
most significant (most retained) tracers also shown in Fig. 7b and d as representative points. The South Asia tracer used during flight planning
(shown in Fig. 2) is shown in (f).

Figure B5. Comparison of SEA surface-origin tracers to the classification. The cross-sections shown are the same as in Fig. 5a–c.
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B4 Comparison to conventional classification

The comparison between the BGMM classification and con-
ventional methods is illustrated in Fig. B6. The tracers H2O
and O3 have been chosen since most conventional methods
use them. Any other combination of tracers will yield a more5

chaotic correlation. The BGMM classification is shown in
Fig. B6a in color-code. The first conventional method used
the tropopause similarly to Ungermann et al. (2016) to de-
termine the tropospheric and stratospheric regimes. For ei-
ther regime a linear regression if performed to determine the10

air types. Air parcels are included into either tropospher-
ic/stratospheric regime if the regression suggests at least
66 % prediction confidence. The classification fails to pro-
vide complete classification for either tropospheric/strato-
spheric air, indicated by the green regimes above the strato-15

spheric band and to the sides of the tropospheric band. Mixed
air (in the form of mixing lines between the tropospheric/s-
tratospheric band) is underrepresented compared to the other
classifications. This classification would allow a total of four
regimes to be defined (in either quadrant of the bands), but20

the section corresponding to the ASM air in Fig. B6a is gen-
erally not considered in this approach.

Figure B6. Comparison to conventional classification methods. (a) The BGMM classification presented in this study as a reference. (b) Clas-
sification based on the thermal tropopause. The tropospheric (blue), stratospheric (purple) and mixed (green) regimes are determined by linear
regression based on the trace gas species H2O and O3 above and below the tropopause. (c) Classification based on thresholds determined
by percentiles (80 %) of the measured data. (d) Classification based on commonly used thresholds. The conventional classifications include
tropospheric air, stratospheric air and mixed air.

The second conventional approach uses percentile thresh-
olds similarly to Cohen et al. (2023) to identify tropospher-
ic/stratospheric air. Linear regressions through either regime 25

are performed and the air parcels classified accordingly. This
classification is most similar to the BGMM classification, but
only yields three significant regions. The third conventional
approach uses commonly used fixed thresholds similarly to
Ma et al. (2022). We use a threshold of 20 ppmV H2O for 30

the tropospheric regime and a threshold of 0.2 ppmV O3 and
perform linear regressions. This classification yields a strato-
sphere most similar to Fig. B6a, and a reasonable definition
of th troposphere. However, it is only capable of identifying
three distinct regimes. Neither conventional method can rea- 35

sonably perform a classification into more than three classes.
Even between different conventional approaches significant
differences persist.
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B5 Robustness of BGMM parameters

An instance of a trained (converged) BGMM generally con-
verges towards the same state. Small variability may be in-
troduced by different initializations or ambiguity of the clus-
ters contained with the data. To illustrate the robustness of5

the BGMM shown here an ensemble of 100 instances was
trained and the variability of the BGMM parameters such as
means (cluster centers) and covariances (cluster shapes) were
determined. Figure B7 summarizes the results. The means of
each cluster are indeed rather robust, with the largest vari-10

ability found for H2O and the continental tropospheric class
(blue) in general. Since water vapor has the largest intrin-
sic variability this result is partially expected. The mixing
weights (panel b) vary little, indicating indeed well defined
clusters with sufficient local point density and global vari-15

ability. The covariances also are subject to very little vari-
ability, with the most uncertainty found for the correlation
between H2O and HNO3 in the blended class and the vari-
ance in H2O in the maritime tropospheric class such that the
cluster shape along these axes (and subsequently along the20

contributions of those axes to the principal components) may
vary. The covariances shown here were calculated from the
untransformed clusters (in 5-D) based on clusters found in
the reduced 3-D space.

Figure B7. Robustness estimation for determined BGMM parameters. A total of 100 fits were performed and standard deviations of each
parameter were determined. (a) Variability of the cluster centers. The standard deviation is shown as errorbar for each component of each
cluster. (b) Variability of mixing weights (first plot) and the covariance matrices for each cluster. The scale of the standard deviations is
indicated in color-code.
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Tan, V.: New calibration noise suppression techniques for the

GLORIA limb imager, Atmos. Meas. Tech., 8, 3147–3161, 60

https://doi.org/10.5194/amt-8-3147-2015, 2015.
Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A.,

Munoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, 65

G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flem-
ming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., Holm, E., Janiskova, M., Keeley, S.,
Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P.,
Rozum, I., Vamborg, F., Villaume, S., and Thepaut, J.-N.: The 70

ERA5 global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999–
2049, https://doi.org/10.1002/qj.3803, 2020.

Hoffmann, L., Kaufmann, M., Spang, R., Müller, R., Remedios,
J. J., Moore, D. P., Volk, C. M., von Clarmann, T., and Riese,
M.: Envisat MIPAS measurements of CFC-11: retrieval, vali- 75

dation, and climatology, Atmos. Chem. Phys., 8, 3671–3688,
https://doi.org/10.5194/acp-8-3671-2008, 2008.

Hoor, P., Gurk, C., Brunner, D., Hegglin, M. I., Wernli, H., and
Fischer, H.: Seasonality and extent of extratropical TST derived
from in-situ CO measurements during SPURT, Atmos. Chem. 80

Phys., 4, 1427–1442, https://doi.org/10.5194/acp-4-1427-2004,
2004.

Höpfner, M., Boone, C. D., Funke, B., Glatthor, N., Grabowski,
U., Günther, A., Kellmann, S., Kiefer, M., Linden, A., Los-
sow, S., Pumphrey, H. C., Read, W. G., Roiger, A., Stiller, G., 85

Schlager, H., von Clarmann, T., and Wissmüller, K.: Sulfur diox-
ide (SO2) from MIPAS in the upper troposphere and lower
stratosphere 2002–2012, Atmos. Chem. Phys., 15, 7017–7037,
https://doi.org/10.5194/acp-15-7017-2015, 2015.

Höpfner, M., Volkamer, R., Grabowski, U., Grutter, M., Orphal, 90

J., Stiller, G., von Clarmann, T., and Wetzel, G.: First de-
tection of ammonia (NH3) in the Asian summer monsoon
upper troposphere, Atmos. Chem. Phys., 16, 14357–14369,
https://doi.org/10.5194/acp-16-14357-2016, 2016.

Hotelling, H.: Analysis of a complex of statistical variables 95

into principal components, J. Educ. Psychol., 24, 417–441,
https://doi.org/10.1037/h0071325, 1933.

Hsu, C. J. and Plumb, R. A.: Nonaxisymmetric Thermally Driven
Circulations and Upper-Tropospheric Monsoon Dynamics, J. At-
mos. Sci., 57, 1255–1276, 2001. 100

Jolliffe, I. and Cadima, J.: Principal component analysis: a re-
view and recent developments, Philos. T. R. Soc. A, 374,
https://doi.org/10.1098/rsta.2015.0202, 2016.

Jolliffe, I. T.: Principal Component Analysis, vol. 2 of Springer
Series in Statistics, Springer New York, NY, ISBN 978-0-387- 105

95442-4, https://doi.org/10.1007/b98835, 2002.
Kaumanns, J., Johansson, S., Ungermann, J., Kretschmer,

E., Ploeger, F., Preusse, P., Vogel, B., Woi-
wode, W., and Riese, M.: data supplement for:
https://doi.org/10.5194/egusphere-2026-650, Zenodo [data 110

set], https://doi.org/10.5281/zenodo.20265339, 2025.
Konopka, P. and Pan, L. L.: On the mixing-driven formation of the

Extratropical Transition Layer (ExTL), J. Geophys. Res., 117,
D18301, https://doi.org/10.1029/2012JD017876, 2012.

Konopka, P., Grooß, J.-U., Günther, G., Ploeger, F., Pommrich, R., 115

Müller, R., and Livesey, N.: Annual cycle of ozone at and above
the tropical tropopause: observations versus simulations with the
Chemical Lagrangian Model of the Stratosphere (CLaMS), At-

https://doi.org/10.5194/acp-13-6921-2013
https://doi.org/10.5194/acp-12-5827-2012
https://doi.org/10.5194/acp-12-5827-2012
https://doi.org/10.5194/acp-12-5827-2012
https://doi.org/10.5194/acp-23-14973-2023
https://doi.org/10.5194/acp-23-14973-2023
https://doi.org/10.5194/acp-23-14973-2023
https://doi.org/10.1103/RevModPhys.93.045002
https://doi.org/10.1111/j.2517-6161.1977.tb01600.x
https://doi.org/10.1111/j.2517-6161.1977.tb01600.x
https://doi.org/10.1111/j.2517-6161.1977.tb01600.x
https://doi.org/10.5281/zenodo.15606819
https://doi.org/10.5194/amt-7-3565-2014
https://doi.org/10.1002/2013JD020908
https://doi.org/10.1029/2011RG000355
https://doi.org/10.5194/amt-8-3147-2015
https://doi.org/10.1002/qj.3803
https://doi.org/10.5194/acp-8-3671-2008
https://doi.org/10.5194/acp-4-1427-2004
https://doi.org/10.5194/acp-15-7017-2015
https://doi.org/10.5194/acp-16-14357-2016
https://doi.org/10.1037/h0071325
https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1007/b98835
https://doi.org/10.5194/egusphere-2026-650
https://doi.org/10.5281/zenodo.20265339
https://doi.org/10.1029/2012JD017876


J. Kaumanns et al.: A match flight experiment for inmixing of Asian Monsoon air 27

mos. Chem. Phys., 10, 121–132, https://doi.org/10.5194/acp-10-
121-2010, 2010.

Krasauskas, L., Ungermann, J., Ensmann, S., Krisch, I.,
Kretschmer, E., Preusse, P., and Riese, M.: 3-D tomo-
graphic limb sounder retrieval techniques: irregular grids5

and Laplacian regularisation, Atmos. Meas. Tech., 12, 853–872,
https://doi.org/10.5194/amt-12-853-2019, 2019.

Krasauskas, L., Ungermann, J., Preusse, P., Friedl-Vallon, F., Zahn,
A., Ziereis, H., Rolf, C., Plöger, F., Konopka, P., Vogel, B.,
and Riese, M.: 3-D tomographic observations of Rossby wave10

breaking over the North Atlantic during the WISE aircraft
campaign in 2017, Atmos. Chem. Phys., 21, 10249–10272,
https://doi.org/10.5194/acp-21-10249-2021, 2021.

Krishnamurti, T. N. and Bhalme, H. N.: Oscillations of a
monsoon system. Part I. Observational aspects, J. At-15

mos. Sci., 33, 1937–1954, https://doi.org/10.1175/1520-
0469(1976)033<1937:OOAMSP>2.0.CO;2, 1976.

Kunz, A., Sprenger, M., and Wernli, H.: Climatology of potential
vorticity streamers and associated isentropic transport pathways
across PV gradient barriers, J. Geophys. Res., 120, 3802–3821,20

https://doi.org/10.1002/2014JD022615, 2014JD022615, 2015.
Li, Q., Jiang, J. H., Wu, D. L., Read, W. G., Livesey, N. J., Waters,

J. W., Zhang, Y., Wang, B., Filipiak, M. J., Davis, C. P., Turquety,
S., Wu, S., Park, R. J., Yantosca, R. M., and Jacob, D. J.: Convec-
tive outflow of South Asian pollution: A global CTM simulation25

compared with EOS MLS observations, Geophys. Res. Lett., 32,
L14826, https://doi.org/10.1029/2005GL022762, 2005.

Liu, Z., Qi, J., Ni, Y., Xue, L., and Liu, X.: Enhanced atmo-
spheric oxidation and particle reductions driving changes to
nitrate formation mechanisms across coastal and inland re-30

gions of north China, Atmos. Chem. Phys., 25, 8719–8742,
https://doi.org/10.5194/acp-25-8719-2025, 2025.

Ma, D., Bian, J., Li, D., Bai, Z., Li, Q., Zhang, J., Wang, H., Zheng,
X., Hurst, D. F., and Vömel, H.: Mixing characteristics within the
tropopause transition layer over the Asian summer monsoon re-35

gion based on ozone and water vapor sounding data, Atmos. Res.,
271, 106093, https://doi.org/10.1016/j.atmosres.2022.106093,
2022.

McKenna, D. S., Konopka, P., Grooß, J.-U., Günther, G., Müller,
R., Spang, R., Offermann, D., and Orsolini, Y.: A new Chemi-40

cal Lagrangian Model of the Stratosphere (CLaMS): 1. Formu-
lation of advection and mixing, J. Geophys. Res., 107, 4309,
https://doi.org/10.1029/2000JD000114, 2002a.

McKenna, D. S., Grooß, J.-U., Günther, G., Konopka, P.,
Müller, R., Carver, G., and Sasano, Y.: A new Chemical La-45

grangian Model of the Stratosphere (CLaMS) 2. Formulation
of chemistry scheme and initialization, J. Geophys. Res., 107,
https://doi.org/10.1029/2000JD000113, 2002b.

NASA: NASA selects two Earth System Explorers mis-
sions, news release, https://www.nasa.gov/news-release/50

nasa-selects-two-earth-system-explorers-missions/ (last access:
4 February 2026), 2026.

Nocedal, J. and Wright, S. J.: Numerical Optimization, Springer,
New York, https://doi.org/10.1007/978-0-387-40065-5, 2006.

Park, M., Randel, W. J., Kinnison, D. E., Garcia, R. R., and55

Choi, W.: Seasonal variation of methane, water vapor, and ni-
trogen oxides near the tropopause: Satellite observations and
model simulations, J. Geophys. Res.-Atmos., 109, D03302,
https://doi.org/10.1029/2003JD003706, 2004.

Park, M., Randel, W. J., Gettelman, A., Massie, S. T., 60

and Jiang, J. H.: Transport above the Asian summer
monsoon anticyclone inferred from Aura Microwave
Limb Sounder tracers, J. Geophys. Res., 112, D16309,
https://doi.org/10.1029/2006JD008294, 2007.

Park, M., Randel, W. J., Emmons, L. K., Bernath, P. F., Walker, 65

K. A., and Boone, C. D.: Chemical isolation in the Asian
monsoon anticyclone observed in Atmospheric Chemistry Ex-
periment (ACE-FTS) data, Atmos. Chem. Phys., 8, 757–764,
https://doi.org/10.5194/acp-8-757-2008, 2008.

Pearson, K.: LIII. On lines and planes of closest fit to sys- 70

tems of points in space, The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science, 2, 559–572,
https://doi.org/10.1080/14786440109462720, 1901.

Ploeger, F., Günther, G., Konopka, P., Fueglistaler, S., Müller, R.,
Hoppe, C., Kunz, A., Spang, R., Grooß, J.-U., and Riese, M.: 75

Horizontal water vapor transport in the lower stratosphere from
subtropics to high latitudes during boreal summer, J. Geophys.
Res., 118, 8111–8127, https://doi.org/10.1002/jgrd.50636, 2013.

Ploeger, F., Konopka, P., Walker, K., and Riese, M.: Quantifying
pollution transport from the Asian monsoon anticyclone into 80

the lower stratosphere, Atmos. Chem. Phys., 17, 7055–7066,
https://doi.org/10.5194/acp-17-7055-2017, 2017.

Ploeger, F., Diallo, M., Charlesworth, E., Konopka, P., Legras, B.,
Laube, J. C., Grooß, J.-U., Günther, G., Engel, A., and Riese, M.:
The stratospheric Brewer–Dobson circulation inferred from age 85

of air in the ERA5 reanalysis, Atmos. Chem. Phys., 21, 8393–
8412, https://doi.org/10.5194/acp-21-8393-2021, 2021.

Plumb, R. A.: Tracer interrelationships in the stratosphere, Rev.
Geophys., 45, RG4005, https://doi.org/10.1029/2005RG000179,
2007. 90

Polvani, L. M. and Plumb, R. A.: Rossby Wave Breaking, Micro-
breaking, Filamentation, and Secondary Vortex Formation: The
Dynamics of a Perturbed Vortex, J. Atmos. Sci., 49, 462–476,
1992.

Pommrich, R., Müller, R., Grooß, J.-U., Konopka, P., Ploeger, 95

F., Vogel, B., Tao, M., Hoppe, C. M., Günther, G., Spelten,
N., Hoffmann, L., Pumphrey, H.-C., Viciani, S., D’Amato, F.,
Volk, C. M., Hoor, P., Schlager, H., and Riese, M.: Tropical
troposphere to stratosphere transport of carbon monoxide and
long-lived trace species in the Chemical Lagrangian Model of 100

the Stratosphere (CLaMS), Geosci. Model Dev., 7, 2895–2916,
https://doi.org/10.5194/gmd-7-2895-2014, 2014.

Popovic, J. M. and Plumb, R. A.: Eddy shedding from
the upper tropospheric Asian monsoon anticyclone, J.
Atmos. Sci., 58, 93–104, https://doi.org/10.1175/1520- 105

0469(2001)058<0093:ESFTUT>2.0.CO;2, 2001.
Randel, W. J. and Park, M.: Deep convective influence

on the Asian summer monsoon anticyclone and asso-
ciated tracer variability observed with Atmospheric In-
frared Sounder (AIRS), J. Geophys. Res., 111, D12314, 110

https://doi.org/10.1029/2005JD006490, 2006.
Riese, M., Grooß, J.-U., Feck, T., and Rohs, S.: Long-term changes

of hydrogen-containing species in the stratosphere, J. Atmos.
Sol. Terr. Phys., 68, 1973–1979, 2006.

Riese, M., Ploeger, F., Rap, A., Vogel, B., Konopka, P., 115

Dameris, M., and Forster, P.: Impact of uncertainties in
atmospheric mixing on simulated UTLS composition and

https://doi.org/10.5194/acp-10-121-2010
https://doi.org/10.5194/acp-10-121-2010
https://doi.org/10.5194/acp-10-121-2010
https://doi.org/10.5194/amt-12-853-2019
https://doi.org/10.5194/acp-21-10249-2021
https://doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
https://doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
https://doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
https://doi.org/10.1002/2014JD022615
https://doi.org/10.1029/2005GL022762
https://doi.org/10.5194/acp-25-8719-2025
https://doi.org/10.1016/j.atmosres.2022.106093
https://doi.org/10.1029/2000JD000114
https://doi.org/10.1029/2000JD000113
https://www.nasa.gov/news-release/nasa-selects-two-earth-system-explorers-missions/
https://www.nasa.gov/news-release/nasa-selects-two-earth-system-explorers-missions/
https://www.nasa.gov/news-release/nasa-selects-two-earth-system-explorers-missions/
https://doi.org/10.1007/978-0-387-40065-5
https://doi.org/10.1029/2003JD003706
https://doi.org/10.1029/2006JD008294
https://doi.org/10.5194/acp-8-757-2008
https://doi.org/10.1080/14786440109462720
https://doi.org/10.1002/jgrd.50636
https://doi.org/10.5194/acp-17-7055-2017
https://doi.org/10.5194/acp-21-8393-2021
https://doi.org/10.1029/2005RG000179
https://doi.org/10.5194/gmd-7-2895-2014
https://doi.org/10.1175/1520-0469(2001)058<0093:ESFTUT>2.0.CO;2
https://doi.org/10.1175/1520-0469(2001)058<0093:ESFTUT>2.0.CO;2
https://doi.org/10.1175/1520-0469(2001)058<0093:ESFTUT>2.0.CO;2
https://doi.org/10.1029/2005JD006490


28 J. Kaumanns et al.: A match flight experiment for inmixing of Asian Monsoon air

related radiative effects, J. Geophys. Res.-Atmos., 117,
https://doi.org/10.1029/2012JD017751, 2012.

Riese, M., Oelhaf, H., Preusse, P., Blank, J., Ern, M., Friedl-Vallon,
F., Fischer, H., Guggenmoser, T., Höpfner, M., Hoor, P., Kauf-
mann, M., Orphal, J., Plöger, F., Spang, R., Suminska-Ebersoldt,5

O., Ungermann, J., Vogel, B., and Woiwode, W.: Gimballed
Limb Observer for Radiance Imaging of the Atmosphere (GLO-
RIA) scientific objectives, Atmos. Meas. Tech., 7, 1915–1928,
https://doi.org/10.5194/amt-7-1915-2014, 2014.

Riese, M., Hoor, P., Rolf, C., Kunkel, D., Vogel, B., Köllner, F.,10

Pöhlker, M., Ploeger, F., Ungermann, J., Woiwode, W., Johans-
son, S., Bauer, R., Barmpounis, K., Borrmann, S., Brauner, P.,
Clemens, J., Dragoneas, A., Ekinci, F., Emig, N., Engel, A., Ep-
pers, O., Fadnavis, S., Friedl-Vallon, F., Geldenhuys, M., Gün-
ther, G., Grooß, J., Hegglin, M., Höpfner, M., Jesswein, M.,15

Joppe, P., Kaumanns, J., Kachula, O., Keber, T., Kretschmer,
E., H.C., L., Lauther, V., Lloyd, P., Molleker, S., Müller, R.,
Neubert, T., Ort, L., Pöschl, U., Pöhlker, C., Rapp, M., Ret-
zlaff, M., Rhode, S., Schneider, J., Schuck, T., Sinnhuber, B.-
M., Spelten, N., Strobel, J., Tomsche, L., Turhal, K., van Luijt,20

R., Versick, S., Voigt, C., Volk, M., von Hobe, M., Weyland, F.,
Zahn, A., Ziereis, H., and Zlotos, L.: Long-range transport of
polluted Asian summer monsoon air to high latitudes during the
PHILEAS campaign in the boreal summer 2023, B. Am. Meteo-
rol. Soc., https://doi.org/10.1175/BAMS-D-24-0232.1, 2025.25

Roberts, J. M.: The atmospheric chemistry of organic nitrates, At-
mos. Env. A-Gen., 24, 243–287, https://doi.org/10.1016/0960-
1686(90)90108-Y, 1990.

Rohs, S., Schiller, C., Riese, M., Engel, A., Schmidt, U., Wet-
ter, T., Levin, I., Nakazawa, T., and Aoki, S.: Long-term30

changes of methane and hydrogen in the stratosphere in the
period 1978–2003 and their impact on the abundance of
stratospheric water vapor, J. Geophys. Res., 111, D14315,
https://doi.org/10.1029/2005JD006877, 2006.

Rosenlof, K. H., Tuck, A. F., Kelly, K. K., Russell, J. M., and Mc-35

Cormick, M. P.: Hemispheric asymmetries in water vapor and
inferences about transport in the lower stratosphere, J. Geophys.
Res., 102, 13213–13234, 1997.

Rousseeuw, P. J.: Silhouettes: A graphical aid to the interpretation
and validation of cluster analysis, J. Comput. Appl. Math., 20,40

53–65, https://doi.org/10.1016/0377-0427(87)90125-7, 1987.
Salby, M.: Survey of planetary-scale traveling waves – the state

of theory and observations, Rev. Geophys., 22, 209–236,
https://doi.org/10.1029/RG022i002p00209, 1984.

Schofield, R., Frieler, K., Wohltmann, I., Rex, M., von Hobe, M.,45

Stroh, F., Koch, G., Peter, T., Canty, T., Salawitch, R., and
Volk, C. M.: Polar stratospheric chlorine kinetics from a self-
match flight during SOLVE-II/EUPLEX, Geophys. Res. Lett.,
35, L01807, https://doi.org/10.1029/2007GL031740, 2008.

Shapiro, M. A.: Turbulent mixing within tropopause folds50

as a mechanism for the exchange of chemical con-
stituents between the stratosphere and troposphere, J.
Atmos. Sci., 37, 994–1004, https://doi.org/10.1175/1520-
0469(1980)037<0994:TMWTFA>2.0.CO;2, 1980.

Solomon, S., Rosenlof, K. H., Portmann, R. W., Daniel, J. S.,55

Davis, S. M., Sanford, T. J., and Plattner, G.-K.: Con-
tributions of stratospheric water vapor to decadal changes
in the rate of global warming, Science, 327, 1219–1223,
https://doi.org/10.1126/science.1182488, 2010.

Tie, X., Zhang, R., Brasseur, G., Emmons, L., and Lei, W.: Effects 60

of lightning on reactive nitrogen and nitrogen reservoir species
in the troposphere, J. Geophys. Res.-Atmos., 106, 3167–3178,
https://doi.org/10.1029/2000JD900565, 2001.

Ungermann, J.: Improving retrieval quality for airborne limb
sounders by horizontal regularisation, Atmos. Meas. Tech., 6, 65

15–32, https://doi.org/10.5194/amt-6-15-2013, 2013.
Ungermann, J., Hoffmann, L., Preusse, P., Kaufmann, M., and

Riese, M.: Tomographic retrieval approach for mesoscale grav-
ity wave observations by the PREMIER Infrared Limb-Sounder,
Atmos. Meas. Tech., 3, 339–354, https://doi.org/10.5194/amt-3- 70

339-2010, 2010.
Ungermann, J., Blank, J., Lotz, J., Leppkes, K., Hoffmann, L.,

Guggenmoser, T., Kaufmann, M., Preusse, P., Naumann, U., and
Riese, M.: A 3-D tomographic retrieval approach with advection
compensation for the air-borne limb-imager GLORIA, Atmos. 75

Meas. Tech., 4, 2509–2529, https://doi.org/10.5194/amt-4-2509-
2011, 2011.

Ungermann, J., Ern, M., Kaufmann, M., Müller, R., Spang, R.,
Ploeger, F., Vogel, B., and Riese, M.: Observations of PAN and
its confinement in the Asian summer monsoon anticyclone in 80

high spatial resolution, Atmos. Chem. Phys., 16, 8389–8403,
https://doi.org/10.5194/acp-16-8389-2016, 2016.

Ungermann, J., Kleinert, A., Maucher, G., Bartolomé, I., Friedl-
Vallon, F., Johansson, S., Krasauskas, L., and Neubert, T.:
Quantification and mitigation of the instrument effects and un- 85

certainties of the airborne limb imaging FTIR GLORIA, At-
mos. Meas. Tech., 15, 2503–2530, https://doi.org/10.5194/amt-
15-2503-2022, 2022.

Vernier, J. P., Fairlie, T. D., Natarajan, M., Wienhold, F. G.,
Bian, J., Martinsson, B. G., Crumeyrolle, S., Thomason, 90

L. W., and Bedka, K. M.: Increase in upper tropospheric and
lower stratospheric aerosol levels and its potential connec-
tion with Asian pollution, J. Geophys. Res., 120, 1608–1619,
https://doi.org/10.1002/2014JD022372, 2015.

Vernier, J.-P., Fairlie, T. D., Deshler, T., Ratnam, M. V., Gadhavi, 95

H., Kumar, B. S., Natarajan, M., Pandit, A. K., Raj, S. T. A.,
Kumar, A. H., Jayaraman, A., Singh, A. K., Rastogi, N., Sinha,
P. R., Kumar, S., Tiwari, S., Wegner, T., Baker, N., Vignelles, D.,
Stenchikov, G., Shevchenko, I., Smith, J., Bedka, K., Kesarkar,
A., Singh, V., Bhate, J., Ravikiran, V., Rao, M. D., Ravindrababu, 100

S., Patel, A., Vernier, H., Wienhold, F. G., Liu, H., Knepp, T. N.,
Thomason, L., Crawford, J., Ziemba, L., Moore, J., Crumey-
rolle, S., Williamson, M., Berthet, G., Jégou, F., and Renard, J.-
B.: BATAL: The Balloon Measurement Campaigns of the Asian
Tropopause Aerosol Layer, B. Am. Meteorol. Soc., 99, 955–973, 105

https://doi.org/10.1175/BAMS-D-17-0014.1, 2018.
Vogel, B., Pan, L. L., Konopka, P., Günther, G., Müller, R., Hall,

W., Campos, T., Pollack, I., Weinheimer, A., Wei, J., Atlas,
E. L., and Bowman, K. P.: Transport pathways and signa-
tures of mixing in the extratropical tropopause region derived 110

from Lagrangian model simulations, J. Geophys. Res., 116,
https://doi.org/10.1029/2010JD014876, 2011.

Vogel, B., Günther, G., Müller, R., Grooß, J.-U., Afchine, A.,
Bozem, H., Hoor, P., Krämer, M., Müller, S., Riese, M., Rolf, C.,
Spelten, N., Stiller, G. P., Ungermann, J., and Zahn, A.: Long- 115

range transport pathways of tropospheric source gases originat-
ing in Asia into the northern lower stratosphere during the Asian

https://doi.org/10.1029/2012JD017751
https://doi.org/10.5194/amt-7-1915-2014
https://doi.org/10.1175/BAMS-D-24-0232.1
https://doi.org/10.1016/0960-1686(90)90108-Y
https://doi.org/10.1016/0960-1686(90)90108-Y
https://doi.org/10.1016/0960-1686(90)90108-Y
https://doi.org/10.1029/2005JD006877
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1029/RG022i002p00209
https://doi.org/10.1029/2007GL031740
https://doi.org/10.1175/1520-0469(1980)037<0994:TMWTFA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1980)037<0994:TMWTFA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1980)037<0994:TMWTFA>2.0.CO;2
https://doi.org/10.1126/science.1182488
https://doi.org/10.1029/2000JD900565
https://doi.org/10.5194/amt-6-15-2013
https://doi.org/10.5194/amt-3-339-2010
https://doi.org/10.5194/amt-3-339-2010
https://doi.org/10.5194/amt-3-339-2010
https://doi.org/10.5194/amt-4-2509-2011
https://doi.org/10.5194/amt-4-2509-2011
https://doi.org/10.5194/amt-4-2509-2011
https://doi.org/10.5194/acp-16-8389-2016
https://doi.org/10.5194/amt-15-2503-2022
https://doi.org/10.5194/amt-15-2503-2022
https://doi.org/10.5194/amt-15-2503-2022
https://doi.org/10.1002/2014JD022372
https://doi.org/10.1175/BAMS-D-17-0014.1
https://doi.org/10.1029/2010JD014876


J. Kaumanns et al.: A match flight experiment for inmixing of Asian Monsoon air 29

monsoon season 2012, Atmos. Chem. Phys., 16, 15301–15325,
https://doi.org/10.5194/acp-16-15301-2016, 2016.

Vogel, B., Volk, C. M., Wintel, J., Lauther, V., Clemens, J., Grooß,
J.-U., Günther, G., Hoffmann, L., Laube, J. C., Müller, R.,
Ploeger, F., and Stroh, F.: Evaluation of vertical transport in5

ERA5 and ERA-Interim reanalysis using high-altitude aircraft
measurements in the Asian summer monsoon 2017, Atmos.
Chem. Phys., 24, 317–343, https://doi.org/10.5194/acp-24-317-
2024, 2024.

Vogel, B., Lauther, V., Köllner, F., Ekinci, F., Rolf, C., Strobel,10

J., van Luijt, R., Volk, C. M., Borrmann, S., Dragoneas, A.,
Eppers, O., Molleker, S., Hoor, P., Ort, L., Weyland, F., Zahn,
A., Clemens, J., Günther, G., Kachula, O., Müller, R., Ploeger,
F., and Riese, M.: Continental and marine source regions con-
tributing to the outflow of the Asian summer monsoon anti-15

cyclone during the PHILEAS campaign in summer 2023, At-
mos. Chem. Phys., 26, 6283–6319, https://doi.org/10.5194/acp-
26-6283-2026, 2026.

Wang, P.-H., Minnis, P., McCormick, M. P., Kent, G. S., and Skeens,
K. M.: A 6-year climatology of cloud occurrence frequency20

from Stratospheric Aerosol and Gas Experiment II observations
(1985–1990), J. Geophys. Res., 101, 29407–29430, 1996.

Weinreb, M. P. and Neuendorffer, A. C.: Method
to Apply Homogeneous-path Transmittance Mod-
els to Inhomogeneous Atmospheres, J. Atmos. 25

Sci., 30, 662–666, https://doi.org/10.1175/1520-
0469(1973)030<0662:MTAHPT>2.0.CO;2, 1973.

World, S., Esbensen, K., and Geladi, P.: Principal com-
ponent analysis, Chemometr. Intell. Lab., 2, 37–52,
https://doi.org/10.1016/0169-7439(87)80084-9, 1987. 30

Yan, X., Konopka, P., Ploeger, F., Podglajen, A., Wright, J. S.,
Müller, R., and Riese, M.: The efficiency of transport into
the stratosphere via the Asian and North American summer
monsoon circulations, Atmos. Chem. Phys., 19, 15629–15649,
https://doi.org/10.5194/acp-19-15629-2019, 2019. 35

Zhang, J., Li, D., Bian, J., and Bai, Z.: Deep stratospheric intru-
sion and Russian wildfire induce enhanced tropospheric ozone
pollution over the northern Tibetan Plateau, Atmos. Res., 259,
105662, https://doi.org/10.1016/j.atmosres.2021.105662, 2021.

https://doi.org/10.5194/acp-16-15301-2016
https://doi.org/10.5194/acp-24-317-2024
https://doi.org/10.5194/acp-24-317-2024
https://doi.org/10.5194/acp-24-317-2024
https://doi.org/10.5194/acp-26-6283-2026
https://doi.org/10.5194/acp-26-6283-2026
https://doi.org/10.5194/acp-26-6283-2026
https://doi.org/10.1175/1520-0469(1973)030<0662:MTAHPT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1973)030<0662:MTAHPT>2.0.CO;2
https://doi.org/10.1175/1520-0469(1973)030<0662:MTAHPT>2.0.CO;2
https://doi.org/10.1016/0169-7439(87)80084-9
https://doi.org/10.5194/acp-19-15629-2019
https://doi.org/10.1016/j.atmosres.2021.105662


Remarks from the typesetter

TS1 Please note that changes to the scientific content require editor approval. I would kindly ask you to provide a short
explanation regarding this correction (addition of subscripts i) that can be forwarded by us to the editor. Thank you very
much in advance for your help.

TS2 Please note that changes to the scientific content will require editor approval. Please provide a short explanation that can
be forwarded by us to the editor and indicate exactly what should be added. Thank you very much in advance for your help.

30


	Abstract
	Introduction
	Data and Methods
	GLORIA instrument and retrieval
	Lagrangian simulations and surface-origin tracer
	Measurement flights
	Analysis methods
	Principal component analysis
	(Bayesian) Gaussian Mixture Model
	Feature-number estimation


	Results and Discussion
	GLORIA measurements of Asian Summer monsoon outflow
	Classification
	Classification and Identification
	Localization

	Mixing processes
	Qualitative mixing analysis
	Localization of mixing processes
	Quantitative mixing analysis


	Summary and conclusions
	Appendix A: Technical details
	Appendix A1: Effect of elevation angle on retrieval results
	Appendix A2: Spectral windows used for tomographic retrievals
	Appendix A3: Data scales and principal components

	Appendix B: Complementary material
	Appendix B1: GOES-18 lightning events between both flights
	Appendix B2: Tropopauses and PV in hexagon 1
	Appendix B3: Correlation between surface-origin tracers and classification
	Appendix B4: Comparison to conventional classification
	Appendix B5: Robustness of BGMM parameters

	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

