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Abstract. The knowledge of submicron aerosol composition in the upper troposphere and lower stratosphere (UTLS) and the

contribution of aircraft exhaust on the cirrus and contrail formation is still limited due to sparse observations and snapshots

not considering the evolution of these clouds. Airborne measurements of the aerosol chemical composition were conducted

in the 2018 wintertime UTLS region over Germany. With the help of the hybrid mass spectrometer ERICA (ERC Instrument

for the Chemical composition of Aerosols), the composition of background aerosol was analyzed as well as the composition5

of cloud residuals by applying a counterflow virtual impactor. We found that carbonaceous material plays an important role in

the particulate matter in the wintertime UTLS over Germany, among which biomass burning (BB) material is the prevailing

species. Complementary simulations of air mass history and synoptical analysis suggest that BB material results from wildfires,

in particular the Thomas fire in Northern America. Besides the long-range transport of BB aerosol, the chemical composition

of UTLS aerosol is driven by local meteorological conditions. Further, carbonaceous aerosol from aircraft exhaust including10

soot and engine oil contribute to the aerosol population in the size range below 200 nm. Aging contrails contain signatures

of aircraft exhaust such as coated soot and engine oil among other biogenic organic compounds and are consistent with the

enhancement of these compounds in aircraft exhaust plumes. Sea spray and mineral dust dominate cirrus residuals, implying

the formation at a liquid state.
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1 Introduction

The upper troposphere and lower stratosphere (UTLS) describes a transition layer located approximately ±5 km around the

local tropopause (Gettelman et al., 2011). This region is characterized by chemical and dynamical properties of both spheres

and faces a complex interplay of clouds, radiation, and deep convection besides large- and small-scale circulation patterns

(Gettelman et al., 2011; Randel and Jensen, 2013). Aerosol particles are a significant contributor within the UTLS region and20

have been the subject of research in this region for 60 years and ongoing. While Junge et al. (1961) and Kremser et al. (2016)

focused on stratospheric aerosol, Brock et al. (1995) and Murphy et al. (1998) were the first to analyze UTLS aerosol in partic-

ular. Minor changes in the amount of trace gases in the UTLS lead to large changes in the global radiation budget (Riese et al.,

2012). Analogously, the importance of aerosols is related to their impact on the radiative forcings of the atmosphere and, thus,

on their contribution to global climate change. They interact with solar and terrestrial radiation in a direct way but they can25

also act as cloud or ice nuclei forming clouds that subsequently redistribute the incoming shortwave and outgoing longwave

radiation (Arias et al., 2021). Although a large number of processes in the UTLS region is well understood, the contribution

of aerosol particles to cloud formation and the role of both, particles and clouds, in the radiation budget is still subject to

considerable uncertainty (Arias et al., 2021).

Aerosol particles in the UTLS region are largely composed of sulfur-containing species, primarily due to oxidation of car-30

bonyl sulfide which has a long tropospheric lifetime and is transported to the UTLS region before being processed. Besides

this, volcanic eruptions can directly inject tons of sulfur material into the UTLS and stratosphere (e.g., McCormick et al.,

1995; Thomas et al., 2009) affecting the chemical composition (Textor et al., 2004; von Glasow et al., 2009; Poberaj et al.,

2011; Aquila et al., 2013) and the global radiative forcing (e.g., Solomon et al., 2011; Santer et al., 2014; Andersson et al.,

2015). Sulfuric acid droplets can absorb upwelling longwave radiation (Weisenstein et al., 2022) and scatter the incoming35

solar radiation back to the outer space, resulting in a cooling of the troposphere (Labitzke and McCormick, 1992; McCormick

et al., 1995). In addition to sulfate, further substances have been observed in the UTLS. Large amounts of gases are emitted

from ground sources in the boundary layer (BL) before being transported to the UTLS via warm conveyor belts (WCB) or

convective uplift (Reutter et al., 2015; Homeyer et al., 2017; Joppe et al., 2025) and subsequently mixed into the lowermost

stratosphere (LMS) via cross-isentropic mixing (Woiwode et al., 2018; Kaluza et al., 2021; Tomsche et al., 2022; Voigt et al.,40

2022; Lachnitt et al., 2023). Recent studies consider a complementary transport path assigned to the Asian summer monsoon

(Randel and Park, 2006; Höpfner et al., 2016, 2019; Appel et al., 2022; Eppers et al., 2025) which includes the uplift of pol-

lutants from the Asian boundary layer via monsoon convection into the UTLS region, a trapping of these air masses inside

the Asian Monsoon Anticyclone (Randel and Park, 2006; Höpfner et al., 2016, 2019), and a subsequent entrainment into the

northern hemisphere UTLS region by eddy shedding (Ploeger et al., 2012; Vogel et al., 2014; Wang et al., 2022). Within the45

monsoon system, aerosol particles of boundary layer origin are removed by wet deposition during convective uplift but trace

gases continue their way to the tropopause region where they form the Asian Tropopause Aerosol Layer (Höpfner et al., 2016;

Appel et al., 2022). The secondary aerosol particles are formed by oxidation and subsequent condensation of substances such

as nitric and sulfuric acid as well as low-volatile organic compounds, known as gas-to-particle conversion (Myhre et al., 2013).
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Another transport mechanism for aerosol particles into the stratosphere is provided by the Brewer-Dobson circulation (BDC):50

air masses are uplifted from the tropical upper troposphere to the stratosphere where they are distributed along the lower or

upper stratospheric branch before they start to descend at mid and high latitudes into the UTLS region. Quasi-isentropic mixing

enables the transport of particles from the tropical tropopause layer towards the LMS and vice versa (Kremser et al., 2016;

Kunkel et al., 2019; Martinsson et al., 2019). The chemical composition of the UTLS aerosol is matter of current research (e.g.,

Martinsson et al., 2019; Brock et al., 2021).55

Intensive wildfires have raised recent attention as they appeared more frequently within the last decade (e.g., Franklin et al.,

2014; Jolleys et al., 2015; Sakamoto et al., 2015). These forest fires trigger severe thunderstorms and support the ascent of

biomass burning plumes within pyro-convective clouds (Fromm and Servranckx, 2003; Damoah et al., 2006; Ditas et al., 2018;

Yu et al., 2019). Large amounts of smoke particles are lifted and enter the UTLS region. Although these particles may act

as cloud condensation nuclei or ice nucleating particles during the uplift, the number of smoke particles is so large that the60

majority continues its way into the lower stratosphere as interstitial aerosol (Baars et al., 2019). Once taken to the stratosphere,

the smoke particles are transported along the jet stream and subsequently distributed across the entire hemisphere. The particles

remain in the UTLS region for months, thereby affecting aerosol optical thickness and the extinction of radiation (e.g., Baars

et al., 2019; Yu et al., 2019). However, the knowledge of the contribution of biomass burning material to the UTLS particulate

matter is still unclear.65

Besides the transport of aerosol particles or precursor gases towards the UTLS region, in situ aircraft emissions have a mani-

fold impact on the tropopause region. The particulate matter attributed to aviation includes ultra-fine soot, organic, and sulfate

particles (Moore et al., 2017; Dischl et al., 2024, 2025) as well as ultra-fine metal pieces which are traced back to kerosene, en-

gine lubrication oil, or engine wear. In cold and humid ice-supersaturared conditions, these compounds support ice nucleation

in condensation trails (contrails) as well as cirrus clouds (Agrawal et al., 2008; Abegglen et al., 2016). Further, aircraft emit70

greenhouse gases such as CO2 and water vapor of which the latter contributes to the formation of contrails (Voigt et al., 2021).

Suitable conditions for contrail formation are reached when hot aircraft engine exhaust is mixed with cold and dry ambient

air in the wake vortex, providing supersaturation with respect to water (Bräuer et al., 2021a). The emitted water vapor rapidly

condenses onto soot and other aerosol particles, resulting in small water droplets (Kärcher, 2018), that immediately grow in

size and tend to freeze if the ambient air is supersaturated with respect to ice (Heymsfield et al., 2010; Bräuer et al., 2021a).75

The impact of contrails on global climate change is significant as they scatter incoming solar radiation and absorb outgoing

longwave radiation similar to cirrus (Burkhardt and Kärcher, 2011; Boucher et al., 2013). The global effective radiative forcing

(ERF) ranges between 17 and 98 mWm−2, i.e. the mean net effect is warming and of similar magnitude as the ERF by all

aircraft CO2 emissions since the historical start of aviation in the 1940s (Lee et al., 2021). Contrail research is of major interest

as the ERF already increased by 48 % between 2005 and 2018 due to an intensifying global air traffic. As global aviation80

is expected to triple until 2050 (Bock and Burkhardt, 2019), mitigation strategies are needed to reduce contrail formation.

Besides the detour of aircraft routes to areas where warming contrails would form, the research focuses on the reduction of

aircraft emissions, mainly soot, by changing the jet fuel composition (Moore et al., 2017; Kärcher, 2018; Voigt et al., 2021;

Märkl et al., 2024; Voigt et al., 2025). Although soot has been found to largely affect the ice crystal numbers inside contrails, a
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scan of the chemical composition of contrails has not been provided yet. Further, the impact of aerosol chemical composition85

on contrail formation is still subject of current research.

Besides their contribution to contrails, aerosol particles also support the formation of cirrus clouds and determine their physico-

chemical properties. Cirrus clouds cover about 30 % of the midlatitude UT (Wylie and Menzel, 1999) and lead to cooling or

warming of the global climate depending on their formation process (Krämer et al., 2020), chemical composition, physical

parameters such as size, shape, and surface roughness as well as the Earth’s surface and atmosphere (Liou, 1986; Tang et al.,90

2017). Naturally, the formation of most cirrus clouds is linked to ascending air masses on mesoscale or large-scale via frontal

systems, ridges, jet streams, lee waves, or convection (Gayet et al., 2012; Krämer et al., 2009; Lawson et al., 2006; Muhlbauer

et al., 2014; Stith et al., 2014; Jackson et al., 2015; Heymsfield et al., 2017; Voigt et al., 2017). In order to characterize cirrus

clouds, ice water content (IWC, Schiller et al., 2008; Krämer et al., 2016, 2020), ice crystal number and size (Krämer et al.,

2009, 2016, 2020), as well as relative humidity including supersaturation with respect to ice are considered (Jensen et al., 2005;95

Kaufmann et al., 2016). Based on the updrafts during the ice nucleation process, cirrus clouds can be separated into liquid-

origin (10−3 to 1 gm−3) and in situ-origin (10−7 to 10−2 gm−3), also differing in IWC, ice crystal size and thickness (Luebke

et al., 2016). Mineral dust is predominant in 75 % to 93 % of all cirrus crystals (Cziczo et al., 2013; Twohy, 2015; Kanji et al.,

2017; Froyd et al., 2022), and thus a major contributor to cirrus formation among other species such as anthropogenic metals

(Cziczo et al., 2004, 2013; Cziczo and Froyd, 2014) and sea spray particles (Cziczo et al., 2013; Patnaude et al., 2024). Further100

compounds detected within cirrus ice crystals comprise ammonium sulfate, secondary organic aerosols, and black carbon, of

which the latter rather contributes in case of prior cloud processing (Mahrt et al., 2018, 2020).

Despite the focus on few individual particle types and transport processes towards the UTLS region, detailed and compre-

hensive observations of the UTLS aerosol composition above Europe are still sparse. Here, in situ airborne measurements are

required to improve our understanding of the influence of aerosol chemical composition on cirrus cloud and contrail formation.105

In this study, we present airborne measurements of the ND-MAX campaign 2018 and gain insights to the wintertime UTLS

submicron aerosol chemical composition over Germany using two different methods combined in a novel hybrid aerosol mass

spectrometer. We identify individual particle types occurring in the UTLS background aerosol population and try to assign

the particle types of aircraft origin. Further, we investigate the potential source regions and meteorological processes that con-

tribute to the aerosol population based on few examples. Then, we analyze the cloud residuals of cirrus and contrails to gain110

insights to the formation process of cirrus in particular, and to characterize the particle types involved in the formation process

of both, cirrus and contrails.

2 Campaign and instrumentation

2.1 ND-MAX aircraft campaign

The particle composition measurements were conducted within the"NASA and DLR Multidisciplinary Airbone eXperiments"115

(ND-MAX) which were part of the "Emission and Climate Impact of Alternative Fuels" (ECLIF-II) project. The collaborative

campaign between the US American National Aeronautics and Space Administration (NASA) and the German Aerospace
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Center (Deutsches Zentrum für Luft- und Raumfahrt, DLR) was placed at the NATO and US Air Base Ramstein, Germany

(Voigt et al., 2021). The research campaign was conducted using two aircraft: The NASA DC-8 aircraft contained a compre-

hensive suite of physicochemical aerosol analysis instruments, trace gas and cloud instruments and recorded meteorological120

parameters. The "Advanced Technology Research Aircraft" (ATRA) of the DLR was used as source aircraft to produce ex-

haust and contrails which had subsequently been measured with the instrumentation onboard the NASA DC-8 aircraft. For this

purpose, the DLR-ATRA was fueled with various mixtures of standard kerosene type Jet A-1 and bio-based alternative jet fuel

(Bräuer et al., 2021b, a; Voigt et al., 2021). Due to the cut-off particle size of the ERICA mass spectrometer at ∼ 170 nm (d50),

the characterization of aerosols from individual fuel blends is beyond the scope of this analysis. The DLR-ATRA, its exhaust125

plume, and the contrails were followed by the NASA DC-8 aircraft. Airborne field measurements were taken in two restricted

air space areas over Northern Germany, both close to the sea side (Fig. 1) at three distinct flight levels of 26000, 32000, and

38000 ft (approximately 7.9, 9.8, and 11.6 km, respectively). All together, eight research flights (RFs) were conducted between

17 January and 1 February 2018 including more than 44 flight hours, see also Bräuer et al. (2021a). The goal of the campaign

was to investigate the effects of alternative fuel blends on aircraft soot emissions and their impact on climate-relevant properties130

of the resulting contrail cirrus clouds (Bräuer et al., 2021b; Voigt et al., 2021; Schripp et al., 2022). However, the RFs also

provided the opportunity to measure the UTLS background composition as well as cirrus clouds at the corresponding flight

levels. This allows us to analyze the recorded data with regard to the aerosol chemical composition and its contribution to the

formation of cirrus and contrails.

2.2 ERICA measurements and complementary measurements135

The measurements of the aerosol chemical composition were conducted using the hybrid mass spectrometer ERICA (ERC

Instrument for the Chemical composition of Aerosols; Hünig et al., 2022; Dragoneas et al., 2022) which consists of two

individual mass spectrometers, the ERICA-LAMS and ERICA-AMS. The ERICA-LAMS (laser ablation mass spectrometer)

is based on the laser desorption and ionization technique (LDI) and a subsequent time-of-flight mass spectrometer (TOF-MS)

(e.g., Hinz et al., 1994; Prather et al., 1994; Murphy and Thomson, 1995; Zelenyuk and Imre, 2005). The instrument is used for140

the analysis of single particles in a size range of 170 nm to 3.2 µm. The ERICA-AMS implements the thermal desorption and

ionization technique (TDI) for bulk measurements of ensembles of particles ranging from 80 nm to 2 µm (Hünig, 2020). The

method was first deployed in the Aerodyne AMS and is described in Drewnick et al. (2005) and Canagaratna et al. (2007). Both

mass spectrometers share one vacuum chamber, allowing for the parallel sampling of the same air mass. The hybrid system

was introduced in detail by Hünig et al. (2022) and Dragoneas et al. (2022). A brief description is provided in the supplement,145

Sect. S1.

In total, 54403 mass spectra of single particles were recorded with ERICA-LAMS throughout the ND-MAX campaign (except

for RF7). Of the detected mass spectra, 52134 spectra refer to aerosol particles measured under cloud-free conditions using the

scoop inlet (Sect. 2.3). 2269 mass spectra were sampled through a CVI (Sect. 2.3) and are assigned to cloud particle residuals

(CPRs). Due to a leakage in the inlet line, the single-particle data of RF7 were disregarded. The raw mass spectra were150

processed using the software package CRISP (Concise Retrieval of Information from Single Particles; Klimach, 2012). After a
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Figure 1. Map of the considered research flights of ND-MAX in winter 2018. The solid lines (colored by different research flights (RF))

demonstrate the flight paths of the NASA DC-8 aircraft. The two elongated, oval shaped flight patterns over Northern Germany are located

in the two restricted air space areas (7.5°–10.0° E and 11.5°–13.0° E, both 52.5°–54.5° N) that were used for the tracking of the ATRA. The

map was created with data from Natural Earth.

m/z (ion mass-to-charge ratio) calibration and peak area integration, the particles were classified by a fuzzy c-means clustering

algorithm (Hinz et al., 1999; Roth et al., 2016; Schneider et al., 2021). A description of the clustering routine is provided in

Sect. S2. In total, 14 individual types are obtained including carbonaceous compounds (elemental carbon (EC)/soot, coated

soot, biomass burning (BB), processed elemental and organic carbon (ECOC), processed organic carbon (OC), amines as well155

as engine oil) and inorganic material (sea spray, processed sea spray, mineral dust, processed mineral dust, a nitrogen-rich type,

and meteoric material). A detailed description of all particle types obtained by this routine including their characteristic ion

marker peaks is provided in Tables S2 and S3. In addition, a mean mass spectrum is provided for every particle type (Fig. S1

to S12). For this study, only the relative abundance of individual particle types is considered in terms of particle fraction, i.e.,

the number of single particles attributed to a certain particle type divided by the number of all analyzed particles.160

The ERICA-AMS data were analyzed using the data analysis tool TofWare 2.5.7 (Tofwerk). The detection limits of the mass

concentrations are computed based on the closed signal with the Savitzky-Golay procedure (Savitzky and Golay, 1964) to

detrend the signal. A detailed description of the analysis tool and the processing with Savitzky-Golay is provided in the

supplement of Appel et al. (2022). The detection limits during ND-MAX were found to be 0.63 µgm−3 for ammonium, 0.11

µgm−3 for nitrate, 0.43 µgm−3 for organic, 0.07 µgm−3 for sulfate, and 0.08 µgm−3 for chloride and refer to a sampling165

period of 10 s consisting of aerosol and background measurement (with closed shutter) of 5 s duration each. These values

are comparable to those determined for the StratoClim aircraft campaign 2017 under the same configuration (Appel et al.,
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Table 1. ND-MAX instrumentation consulted in this study in addition to mass spectrometry.

Instrument Target parameter Accuracy (A)/

Precision (P)/

Uncertainty

(U)

Data

fre-

quency

Reference

CPC model 3010 by

TSI Instruments

Aerosol number con-

centration of particles

in a size range of 10

to 3000 nm (normalized

to standard temperature

(273.15 K) and pres-

sure (1013.25 hPa)

A: 15 % 1 Hz Bräuer (2021); Bräuer

et al. (2021b)

Laser Aerosol Spec-

trometer (LAS) model

3340 by TSI Instru-

ments

Aerosol particle con-

centration and size dis-

tribution in a range of

90 to 7500 nm

P: 5 % 1 Hz Moore et al. (2021);

TSI (2017)

Cavity Ring Down

Spectroscopy (CRDS,

model: G2301-m) by

Picarro

CO2 volume mixing

ratio

A: 0.3 ppmv 0.5 Hz Bräuer (2021); Bräuer

et al. (2021b); Voigt

et al. (2021)

Fast Forward Scatter-

ing Spectrometer Probe

(FFSSP)

Ice particle number

concentration in a size

range of 1 to 25 µm

A: 10–35 % 1 Hz Baumgardner et al.

(1992); Brenguier et al.

(1998); Bräuer et al.

(2021b)

Cloud Imaging Probe

by Droplet Measure-

ment Technologies

Cloud particles in a size

range of 15 to 900 µm

U: 20 % 1 Hz Baumgardner et al.

(2001); Klingebiel

et al. (2015); DMT

(2014)

2022) and those shown by Hünig et al. (2022). The analysis of the ERICA-AMS data revealed an inconsistency of the mass

concentrations measured during RF6. In consequence, RF6 was excluded from the ERICA-AMS data. Further, the data of RF7

were not included in this analysis due to a leakage of the ERICA instrument.170

In addition to the aerosol chemical composition, the comprehensive suite of instruments aboard the NASA-DC8 measured trace

gases, water vapor, and the chemicophysical properties of aerosol particles. Table 1 provides an overview of the instrumentation

consulted for this study.
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2.3 Scoop inlet and counterflow virtual impactor

A scoop-type air intake system (Almeida et al., 2021; Anderson et al., in prep.) was deployed to sample aerosol particles up to175

1 µm in size. The scoop inlet was mounted on the forward zenith port of the NASA DC-8 and tapered from the inlet towards the

exhaust in order to provide a boost in ram pressure (Anderson et al., in prep.). Within this study, measurements at the scoop inlet

were disregarded in the presence of clouds. The sample is introduced and guided through a probe towards a manifold which

contains a sample extraction orifice. Before reaching the sample extraction tube, a deflector separated supermicron particles

from the sample flow in order to provide submicron particles to the aerosol instruments (Moore et al., 2004; Voigt et al., 2021;180

Anderson et al., 2015).

The inlet for sampling of cloud residuals was a Counter-flow Virtual Impactor (CVI) from Brechtel Manufactoring Incor-

porated (BMI Model 1204, Hayward, CA, USA), which was mounted in a starboard side window of the NASA DC-8. Cloud

particles larger than approximately 5 µm in size were collected, evaporated, and enriched by a factor of 8 in minimum above

ambient concentrations due to a sub-isokinetic inlet flux, and distributed to ERICA and additional instruments for particle185

detection and sizing (Anderson et al., in prep.). A detailed description of the working principle is provided by Shingler et al.

(2012). In brief, large and inert cloud residuals of the sample air entering the probe-tip overcome a counterflow, whereas small

and interstitial particles are rejected. The cloud residuals evaporate under warm and dry ambient conditions inside the CVI

tubing and the residual cores are guided towards the research instruments. Large-sized droplets (ddroplet > 40 µm) impact in

an extended region. Interstitial aerosol of particle diameters larger than 5 µm might pass the CVI inlet as well. However, we190

expect the impact of interstitial particles to be negligible as the their majority would impact in the extended region or inside

the tubing.

2.4 Definition of particle-related events

During ND-MAX, we sampled under different conditions and behind two different inlets (see Sect. 2.1 and 2.3). Aerosol

particles were detected in the absence of clouds via the scoop inlet, whereas the cloud residuals were sampled through the195

CVI, including residuals of mixed-phase and ice clouds. In the following, we will differentiate between four measurement

conditions (events) at the two sample inlets which are characterized based on complementary measurements of aerosol and ice

particle number concentrations as well as CO2. A detailed description of the definition of these events is provided in Sect. S3.

In summary, exhaust plumes (1) are characterized by an enhanced aerosol number concentration and amount of CO2 above

the atmospheric background (2). Both events are based on measurements via the scoop inlet. Natural cirrus clouds (3) are200

defined by an enhanced ice particle number concentration and a CO2 level referring to the atmospheric background. Further,

the number concentration of aerosol particles was enhanced within cirrus clouds, probably due to ice crystal shattering and the

release of absorbed aerosol particles during the ice crystal growth. This enhancement of aerosol particle concentration is used

as a second indicator to determine periods of cirrus clouds. However, the processes leading to such an enhancement are still

unclear and need further research. An enhanced aerosol number concentration and amount of CO2 along with an increase of205
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Figure 2. Vertical profile of relative particle type abundance measured at the scoop inlet for the cold (a) and warm (b) period regarding all

particle types and the particle types attributed to carbonaceous material broken down. The error bars illustrate the uncertainty of the particle

fraction as a result of the binomial counting statistics (Sect. S7). The dashed horizontal lines indicate the tropopause median and percentiles

derived from ERA5 data for the cold and warm period (Hersbach et al., 2018).

ice particle number concentration implies the presence of a contrail (4). Both, cirrus and contrails, were sampled using the CVI

and filtered for temperatures below -38 °C in order to exclude liquid or mixed-phase clouds.

3 Results

We analyzed the particle chemical composition of the wintertime tropopause region and lowermost stratosphere over Germany

based on our ERICA-LAMS and ERICA-AMS measurements. The ERICA-AMS recorded mass concentrations of the non-210

refractory species, supporting the determination of potential particle source regions and emitters while the ERICA-LAMS

provided information on the chemical composition on a qualitative base including refractory and non-refractory material. The

measurements were attributed to a cold and warm period, depending on the prevailing meteorological conditions. In brief,

the cold period was characterized by a lowered tropopause at approximately 8 km, descending air masses and a northwestern

circulation. In contrast, the warm period was characterized by pre-frontal meteorological conditions such as ascending air215

masses and the advection of warm tempered air masses towards the flight area were observed along with an up-level tropopause

around 12 km (Sect. S5).
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Figure 3. Vertical profiles of mass concentrations of particulate organics (green) and sulfate (red) obtained by the ERICA-AMS as a function

of GPS altitude for the cold period (a, RF1, RF2, and RF8) and warm period (b, RF3 and RF4) of the ND-MAX campaign 2018, binned

in 500 m steps. The profiles refer to aerosol measurements via the scoop inlet. The solid line and the shaded area represent the median and

quartiles. For each altitude bin and substance the detection limit is displayed as a dotted line. The altitude range between 1.5 and 2.5 km in

the cold period (between 1.5 and 2.0 km in the warm period) is not shaded since these bins comprise low counting statistics, i.e. less than

10 counts per bin. The horizontal lines indicate the tropopause median and quartiles derived from ERA5 data for the cold and warm period

(Hersbach et al., 2018).

3.1 The dominance of carbonaceous particles in the winter UTLS region over Germany

Carbonaceous, meteoric, and sulfate aerosol in the wintertime UTLS

Carbonaceous material dominates the particulate matter in the wintertime UTLS region over Germany. Figure 2 presents the220

individual particle types and their occurrence during the cold (a) and warm (b) period of ND-MAX in terms of particle frac-

tion. Figure 2 includes all particles detected by ERICA-LAMS via the scoop inlet, not distinguishing between aircraft exhaust

and atmospheric background as the chemical composition between atmospheric background and aircraft exhaust is similar for

particles larger than 200 nm as will be shown in Sect. 3.2.

Here, we focus on the cold period because the aircraft did not scan the entire vertical range of the UTLS during the warm225

period. Up to 80 % of all particles detected are attributed to carbonaceous material. Among them, the largest fraction is pro-

vided by the group of BB particles, ranging between 38 % and 70 % (Fig. 2a). Another dominant particle type is the internal

mixture of processed ECOC with a fraction up to 39%. Further types containing carbonaceous material are fresh and coated

soot that reveal a common fraction between 8 % and 25 % and processed OC reaching up to 8 % in the UT. The enhancement
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in organic material in the UT is also observed in the AMS data. Figure 3 provides a vertical profile of the mass concentrations230

of organics and sulfate obtained by the ERICA-AMS for the cold (a) and warm (b) period of ND-MAX. Concerning the cold

period, the vertical profile of organic aerosol displays an increasing mass concentration with increasing altitude, particularly

for lower stratospheric air masses.

The LMS is characterized by the predominance of particles containing meteoric material as well as carbonaceous aerosol. The

fraction of meteoric particles (Fig. 2a) increases towards the stratosphere, whereas the carbonaceous particle fraction decreases235

in the same altitude range, still being a dominant class of particles. The mass concentration of organic particulate matter re-

mains on an enhanced level of mass concentration compared to the UT, reaching a local maximum of 0.30 µgm−3 above

the local tropopause (Fig. 3a). Moreover, sulfate largely contributes to the LMS. As Fig. 3 reveals, the mass concentration

of sulfate is significantly increasing from 0.15 µgm−3 in the UT to approximately 0.60 µgm−3 above the tropopause layer

which are in a comparable range to airborne measurements conducted over Central Europe in the UTLS region using a separate240

C-ToF-AMS during a different campaign (Sect. S6). The predominance of organic and sulfate particles is also observed in the

uppermost altitude bins during the warm period (Fig. 2b and 3b). However, the tropopause was located at approximately 12 km

and, thus, above the maximum altitude range covered by the research flights. In consequence, the enhancement in the particle

fraction of BB particles and mass concentration of organic particles in the LMS is only observed during the cold period. The

vertical profiles of ammonium, chloride, and nitrate did not show a clear trend in the UTLS region and are analyzed in Sect. S6.245

Biomass burning material in the wintertime UTLS

We analyzed two different types of BB particles of similar chemical signature, mainly differing in the occurrence at different

altitude levels and in their particle size. The particles of BB Type I were detected from the ground to the LMS whereas BB

Type II was measured within an altitude range between 4 and 11.5 km, with an enhanced particle fraction particularly between250

8 and 10 km (Fig. 2a). The size distribution of the ambient particles observed with the ERICA-LAMS at the scoop inlet during

the entire campaign is shown in Fig. 4. BB Type I is significantly smaller than BB Type II, implying less aerosol processing

and growth compared to BB Type II. In detail, the particles of BB Type I range between 150 and 800 nm, whereas particles of

BB Type II are mostly detected in a size range between 500 and 1500 nm. The mean mass spectra of both particle types, BB

Type I and BB Type II, facing cation and anion signals are provided in Fig. 5. The chemical signature of both particle types is255

similar, indicated by the same ion marker peaks. Both mass spectra reveal ion marker peaks of potassium (m/z +39/41 (K+)),

nitrate (m/z −46 (NO−
2 ),−62 (NO−

3 )), sulfate (m/z −81 (HSO−
3 ),−97/−99 (HSO−

4 )) and minor peaks of carbon (m/z +12

(C+),+24 (C+
2 )) and sodium (m/z +23 (Na+)) which reveal a biomass burning origin (Pratt et al., 2009; Pratt and Prather,

2010; Schill et al., 2020). The mass spectra indicate that BB Type II is more processed than BB Type I as it contains larger ion

peak signals of secondary material such as nitrate (with the exception of m/z +30 (NO+)) and sulfate (Fig. 5, blue sticks). On260

the other hand, the mean spectrum of BB Type II shows higher signals of BB material compared to BB Type I (Fig. 5, green

sticks). The signals of C2H− (m/z − 25) and CNO− (m/z − 42) are only included in the mean mass spectrum of BB Type

II (Fig. 5, green sticks). Also, the signal of CN− (m/z − 26) is larger in the mass spectrum of BB Type II compared to BB

Type I. It remains unclear if this signature relates to the coating process or to a different BB source. Regarding their oxidative

11

https://doi.org/10.5194/egusphere-2026-2161
Preprint. Discussion started: 23 April 2026
c© Author(s) 2026. CC BY 4.0 License.



1.0

0.8

0.6

0.4

0.2

0.0

P
ar

tic
le

 fr
ac

tio
n

9
100

2 3 4 5 6 7 8 9
1000

2 3

Particle size (nm)

1.0

0.8

0.6

0.4

0.2

0.0

 Sea Spray
 Proc. Sea Spray
 Mineral Dust
 Proc. Min. Dust
 EC/ Soot
 Coated Soot
 Proc. ECOC
 Proc. OC
 BB Type I
 BB Type II
 Amine
 Nitrogen-rich
 Meteoric Material
 Engine Oil
 Undefined

Figure 4. Size distribution of the particle types detected with the ERICA-LAMS at the scoop aerosol sampling system. The error bars

illustrate the uncertainty of the particle fraction as a result of the binomial counting statistics (Sect. S7).

aging, both BB types revealed similar results for the fraction of organic ion signals at m/z +43 (f43) and +44 (f44) of the265

total organic mass obtained by the ERICA-AMS which can be used as a proxy for oxidative aging of organic aerosol (Ng et al.,

2010, 2011). BB Type I revealed an age of few weeks whereas BB Type II remained in the atmosphere for some months. The

age and potential source regions will be discussed in Sect. 3.1. A detailed analysis of the oxidative aging is provided in Sect.

S4.2.

270

UTLS aerosol over Germany affected by long-range transport

The carbonaceous aerosol in the wintertime UTLS over Germany is controlled by long-range transport of BB aerosol from

North America. Backward air mass trajectories derived from the Hybrid Single-Particle Lagrangian Integrated Trajectory

Model (HYSPLIT, Sect. S4) indicate the transport of air masses from the Pacific US coast to the air space area probed in North

Germany. Figure 6 provides an overview of the backward trajectories for RF3 which revealed the largest contribution of air275

masses originating from the Pacific US Coast along with the largest particle fraction of BB Type I (Fig. 7a). The trajectories

partly originate from the East Pacific or reach a low level next to the Pacific US coast (red box in Fig. 6) that was affected by

the Thomas Fire (red cross in Fig. 6), a massive wildfire taking place in December 2017 and January 2018. In total, the US

National Fire Interagency Fire Center reported 3257 wildfires burning 71,189 acres (≈ 288.1 km2) in January 2018 within the

United States (NOAA-NCEI, 2018), the second largest number of fires in January since 2000 (largest number of 3507 in 2006280

burning 330,447 acres ≈ 1337.3 km2). We have indications that the occurrence of BB Type I is connected to the impact of

air masses of North American origin. As Figure 7a reveals, the PF of BB Type I is increasing with the number of trajectories

approaching from the Pacific US coast and contributing to the air mass probed along the flight tracks in North Germany is
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increased. We thus conclude the particles of BB Type I to be transported across the Atlantic Ocean within the troposphere

within days to weeks. In contrast, BB Type II cannot be directly assigned to wildfires located at the Pacific US coast (Fig. 7b).285

Further, we analyzed three air mass samples of different air mass origin, and observed a variable occurrence of the two BB

types. Figure 8 shows the particle fraction of both BB types considering three individual air mass samples. BB Type I is pre-

dominant in air masses of subtropic origin, whereas BB Type II dominates biomass burning material in air masses traced back

to polar regions. The particle fraction of BB Type II is decreasing as less air mass trajectories are traced back to polar regions.

In contrast, BB Type I is the only type detected when the trajectories reach back to subtropic regions below 30° N. Since290

BB Type II appears more frequently in polar regions, which do not provide appropriate conditions for wildfires in the winter

season, these particles must have been injected to the stratosphere before, and were potentially distributed in the polar region

as part of the subsiding branch of the BDC.

Indeed, we measured enhanced mass concentrations of organic material along with increased particle fractions of biomass295

burning and EC/soot particles, respectively, in air masses with stratospheric signature (Fig. 2a). Figure 9 provides a comparison

of three-dimensional profiles of the organics mass concentration obtained with the ERICA-AMS and of particle fractions of
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BB Type II along with EC/soot recorded with the ERICA-LAMS. Additionally, isolines of potential vorticity (PV) highlight

the regions of stratospheric signature (equivalent latitude and potential vorticity were taken from the ERA5 dataset, Hersbach

et al., 2018, 2020). The profiles display an enhanced organic mass concentration and particle fraction of biomass burning300

and soot particles towards larger altitude and equivalent latitude levels. Local maxima in the mass concentration and particle

fraction are observed in regions of a potential vorticity larger than 2 PVU, implying a stratospheric signature. Due to the

enhancement of both, the organic material and the biomass burning particle type along with EC/soot particles, we assume this

particle loading to be of wildfire origin. Indeed, Baars et al. (2019) and Bourassa et al. (2019) reported a record-breaking forest

fire activity in British Columbia during August 2017 that probably could have affected the particle concentrations detected305

during ND-MAX. The "Pacific Northwest Event" (PNE) describes a series of wildfires triggering five massive thunderstorms

(so-called pyrocumulonimbus, pyroCb) that injected large amounts of smoke particles of biomass burning origin into the lower

stratosphere. Subsequently, the particles were transported downwind along the jet stream reaching Europe within a week and

circulated around the Northern Hemisphere for several weeks (Khaykin et al., 2018; Peterson et al., 2018). Satellite retrieval

data such as stratospheric aerosol optical thickness and particle extinction coefficients indicated an enhancement in aerosol310

loading up to April 2018 (Baars et al., 2019; Yu et al., 2019). Thus, we assume the detected enhancement of organic aerosol

and especially of both particle types, BB Type II and EC/soot, within air masses of stratospheric influence to be related to these

intensive wildfires. However, organic aerosol of the PNE was also transported around the eastern flank of the Asian Monsoon

Anticyclone into the tropics where it was lifted upwards as part of the BDC, also indicating a potential source and transport path

for the organic material (Kloss et al., 2019; Martinsson et al., 2019). Further processes such as local intrusion or mixing across315

the tropopause may also contribute to organic material in general (Gettelman et al., 2011), but the enhancement of organic ma-

terial in the LMS agrees with the enhancement of aerosol optical thickness presented by Baars et al. (2019) and Yu et al. (2019).

In conclusion, we detected two BB types in the wintertime UTLS region over Germany as a result of long-range transport

processes. BB Type I is traced back to the Thomas Fire located at the Pacific US coast and is expected to have an age of days320

to weeks. In contrast, BB Type II is mostly present in air masses of stratospheric signature and air masses traced back to polar

regions which are potentially affected by a BB plume resulting from the PNE and, thus, suggesting an age up to 6 months. The

particle size also implies BB Type II to be shifted to larger particle diameters and thus more chemically aged compared to BB

Type I. The chemical composition of both BB types is partly in line: the mass spectrum of BB Type II contains more signatures

of secondary material such as nitrate and sulfate, implying a further aging compared to BB Type I.325

Aerosol chemical composition influenced by local meteorological conditions

Although the long-range transport of BB particles is an important source for UTLS particles, the local meteorological condi-

tions have also a significant effect on the composition of the aerosol particles. The local tropopause level shifts the abundance

of particles containing meteoric material and the gradient of sulfate aerosol along the tropopause layer. The particle fraction330

of meteoric material starts to increase at 7 km during the cold period from 4 % up to 49 % at 11.5 km (Fig. 2a). Within the

warm period, the occurrence of meteoric material is mostly shifted to higher altitude levels not covered by the RFs, consistent
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with the tropopause transition layer. An enhancement in the particle fraction is observed for altitude levels above 10 km (Fig

2b). The sulfate profile obtained by the ERICA-AMS is also affected by a shift of the tropopause level. The strong gradient of

sulfate mass concentration, observed between 6 and 9 km during the cold period (Fig. 3a), is not observed during the warm335

period. However, the sulfate profile indicates a gradient for altitude levels above 11 km (Fig. 3b).

The wind circulation has impact on the occurrence of sea spray aerosol. The vertical profile (Fig. 2a) reveals a distinctive

abundance of sea spray up to 50 % below 4.5 km which is in contrast to the low particle fraction of sea spray detected during

15

https://doi.org/10.5194/egusphere-2026-2161
Preprint. Discussion started: 23 April 2026
c© Author(s) 2026. CC BY 4.0 License.



90

80

70

60

50

40

30

20
-150

-150

-100

-100

-50

-50

0

0

Longitude (deg)

0.6

0.5

0.4

0.3

0.2

0.1

0.0

P
ar

tic
le

 fr
ac

tio
n

BBS1 BBS2 BBS3

Sample

90

80

70

60

50

40

30

20

90

80

70

60

50

40

30

20

La
tit

ud
e 

(d
eg

 N
)

 BBS1

 BBS2

 BBS3

 BB Type I
 BB Type II

(a) (b)

Figure 8. Relative abundance of BB particles for three selected air mass samples (a): BBS1 — RF1, 13:05:00–13:17:46, BBS2 — RF8,

10:38:00–10:49:51, and BBS3 — RF5, 13:25:00–13:37:39. The particle fraction refers to the entirety of the particles measured within the

sample periods. The error bars illustrate the uncertainty of the particle fraction as a result of the binomial counting statistics (Sect. S7).
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map was created with data from Natural Earth.

the warm period. Figure 10 provides an overview of the high-level temperature fields as well as dynamics (isohypses at 850-

hPa-level), and pressure pattern at mean sea level pressure (isobars) that were frequently observed during ND-MAX and are340

assigned to the cold period. The measurement region is affected by a northwestern circulation, indicated by the ensemble of

isobars that separate the low-pressure system over Northern and Eastern Europe from an anticyclone located over the Atlantic

Ocean. A more detailed analysis of the meteorological conditions is provided in Sect. S5.1. The northwestern winds lead to

an enhancement in the detected sea spray fraction, probably by the advection of marine air masses from the North Sea and

Norwegian Sea.345

3.2 Carbonaceous aerosol in the wintertime UTLS also driven by aircraft exhaust

The sampling of aircraft exhaust was one of the primary goals of the ND-MAX campaign. Here, we present the particle types

that were attributed to the aging of an exhaust plume and the difficulty in the analysis of the particle chemical composition. The

relative occurrence of the individual particle types was determined for variable distances of the DLR-ATRA and the following

NASA DC-8 aircraft in order to attribute these types to potential aircraft emissions. We have evidence that EC/soot, coated350

soot, and engine oil contribute to the chemical composition of exhaust plumes. Figure 11 displays the relative occurrence of

these particle types as a function of the aircraft distance, divided into bins of 2 km. The distance analysis reveals that the

abundance of the particle types is increasing with decreasing distance between the NASA DC-8 aircraft and the DLR-ATRA

flying ahead. For each particle type, the maximum is detected in a distance of 5 km behind the DLR-ATRA and at a median

plume age of approximately 30 s, in agreement with the maximum of the CO2 volume mixing ratio of 412.4 ppmv. The larger355
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the distance between the two aircraft, the lower is the relative abundance of the assigned particle types and the CO2 mixing

ratio, implying the entrainment of ambient air into the exhaust plume. We thus conclude that these particle types are emitted by

the aircraft turbines as small particles with subsequent growth of the particles in the ERICA detectable size range. Besides their

potential biomass burning origin, EC/soot particles are well-known pollutants released during the aircraft (engine) combustion

process (Yu et al., 2024; Voigt et al., 2021; Onasch et al., 2009). However, engine lubrication oil has raised recent attention as360

this substance appears frequently in the presence of aircraft exhaust (Ungeheuer et al., 2022; Yu et al., 2012) and their chemical

composition is comparable to those of laboratory measurements of reference engine oils (Clemen et al., in prep.). Further, all

three types were observed in the size range below 150 nm (Fig. 4), indicating these particle types as of engine origin. Yu et al.

(2024) reported soot emissions with a median diameter of 35 nm and Schripp et al. (2018) showed particle size distributions of

particulate emissions from the DLR-ATRA, primarily identified as non-volatile black carbon, ranging between 10 and 50 nm.365

However, we could not identify fresh aircraft emissions using ERICA-LAMS due to particle diameters below the lower

detection limit. Soot and small volatile particles were measured in the exhaust plume of the aircraft engines of the DLR-ATRA

with other instruments (Schripp et al., 2022; Voigt et al., 2021; Bräuer et al., 2021a). Regarding ERICA-LAMS, Hünig (2020)

reported a lower detection limit of approximately 170 nm (with 50% detection efficiency, d50). In accordance with this, during

ND-MAX we mostly measured particles with vacuum-aerodynamic diameters between 200 and 2000 nm (Fig. 12), a size370

range well beyond the typical sizes of freshly emitted particles from fuel combustion. In consequence, fresh exhaust-related
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Figure 10. Weather map of 17 January 2018, 12:00 UTC including isohypses at 500-hPa-level (black lines) and mean sea level pressure (white

lines), ’H’ and ’L’ mark the center of high-pressure and low-pressure systems, respectively. The black arrows denote the wind circulation.

The color-coding refers to ambient temperatures at the 850-hPa-level and denotes the distribution of warm and cold air masses. The pink star

denotes the measurement area of RF1. ERA5 data were provided by Hersbach et al. (2018).

aerosol particles of diameters below 200 nm are underrrepresented in the aerosol population detected by ERICA-LAMS and,

thus, hardly allow for a differentiation between air masses of atmospheric background and of exhaust plumes. Figure 13a

provides an overview of the particle fractions obtained with the ERICA-LAMS in periods of aircraft exhaust and atmospheric

background. Comparing the chemical composition of both, aircraft exhaust and background air masses (outside clouds), in the375

size range of ERICA-LAMS, the relative abundance of individual particle types is very similar for both periods. For instance,

processed ECOC particles are found in 22.7 % (20.8 %) of all particles detected within the exhaust (background) period,

processed OC particles in 3.2 % (3.9 %). Major differences are observed for the meteoric material (10.5 %) which is due to

larger travel times of the aircraft in the stratosphere. Most of the particles (88.3 %) analyzed during the Exhaust periods were

measured in the ExTL and stratosphere, usually accompanied by meteoric material. However, only 71.9 % of the particles380

measured within the background periods are measured in the ExTL and stratosphere. Thus, the particle fraction of meteoric

material coincides with a larger impact of air masses of stratospheric origin.

However, Figure 13b shows the particle composition of exhaust and background air limited to a maximum size of 200 nm.

Aerosol particles below 200 nm in size were hardly detected but indicate a signature of fossil fuel combustion in aircraft ex-385

haust plumes. EC/soot and coated soot show enhanced particle fractions (EC/soot: 25 % versus 16 %; coated soot: 56 % versus
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23 %) in exhaust plumes compared to ambient aerosols in the atmospheric background (Fig 13b). Although the measurements

do not provide a solid statistical foundation for particle sizes below 200 nm in diameter (total counts of 32 in exhaust plumes

and of 30 in the atmospheric background, respectively), a positive trend of EC/soot and coated soot particles is observed for
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Figure 13. Overview of the relative abundance of detected particle types for exhaust and background periods during the ND-MAX campaign

considering the the full size range of ERICA-LAMS (a) and considering particles of sizes below 200 nm (b) in particular. Only measurement

periods of RF1–6 and RF8 were considered, that included side-by-side exhaust plumes and background periods in the altitude range of 7.9

to 11.6 km. The error bars illustrate the uncertainty of the particle fraction as a result of the binomial counting statistics (Sect. S7).

exhaust plumes, also confirming these particle types as exhaust-related.390

In conclusion, we could show that EC/soot, coated soot, and engine oil are attributed to aircraft exhaust. Thus, emissions

of aircraft engines also contribute to the aerosol population and, potentially, participate in chemical processes taking place in

the UTLS. As these particle types were measured in the lowermost size bins of ERICA, affected by the detection limit of the

ERICA-LAMS, the number of exhaust-related particles is expected to be larger than the concentration obtained during the395

campaign.

3.3 The chemical signature of cloud residuals in the UTLS

Chemical composition of cloud particle residuals

In addition to aerosol measurements using the scoop inlet in periods under cloud-free conditions, the CVI was used to sample

CPRs inside clouds. In a first step, we analyzed the difference between cloud-free aerosols and the CPRs measured with the400

CVI. For this, all CVI-measurements were combined, which can include ice particle as well as mixed phase cloud residuals.

The CPRs detected by the CVI show significant differences from the composition of ambient aerosol (Fig. 14a). Refractory

material such as sea spray and mineral dust make up to 50 % of all CPRs detected during ND-MAX, emphasizing the impor-
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tance for cloud formation. Furthermore, particles of biomass burning origin provide the largest fraction within organic material

in CPRs. This can indicate a high nucleation ability of the BB material. Obviously, the biomass burning particles were well-405

distributed in the upper troposphere and tropopause region over Germany and also participated in cloud processing. We have

evidence, that BB Type I contains smaller signals of secondary material such as nitrate and sulfate (Sect. 3.1). In consequence,

this particle type might contain less particle coating and, thus, less concealing of the ice-active sites, resulting in a larger ice

nucleability (Fig. 14a; Jahl et al., 2021). 21.5 % are attributed to BB, followed by a fraction of 5.8 % to fresh and coated soot

residuals, and 5.2 % of processed ECOC. Fresh and coated soot can act as ice-nucleating particles as shown by Mahrt et al.410

(2018, 2020). Minor contributions are observed from amines (0.6 %) and processed OC (0.2 %). Residuals of engine oil are

found in 4.4 % of all CPRs.

Cirrus residuals

In a second step we focused on ice cloud such as cirrus and contrail residuals according to Sect. 2.4 and S3. Refractory material415

dominates cirrus residuals detected in the winter upper troposphere over Germany. Figure 14b reveals an overview of the rel-

ative abundance of particle types obtained in the ice residuals detected with the CVI in cirrus clouds and contrails. More than

50 % of all cirrus residuals were attributed to sea spray (41.8 %) or processed sea spray (10.5 %), followed by mineral dust

in its less processed (8.1 %) and more processed (12.8 %) form. Sea spray is well-known for its large nucleability as a CCN

(O’Dowd et al., 1997; Pierce and Adams, 2006; Andreae and Rosenfeld, 2008), and thus, a suitable indicator for liquid-origin420

cirrus (Luebke et al., 2016). In contrast, mineral dust is rather known for its high activity as INP (Richardson et al., 2007;

Hoose et al., 2008; Barahona et al., 2010). However, the presence of soluble material such as sodium chloride or sulfuric acid

may enhance the fraction of mineral dust that acts as a CCN by creating a soluble and hygroscopic particle coating (Levin

et al., 2005; Kelly et al., 2007; Karydis et al., 2011). Additionally, the processing can reduce the potential for ice formation

(Archuleta et al., 2005). As a consequence, the low fraction of pure mineral dust along with the enhanced fraction of processed425

mineral dust imply the formation of the probed cirrus clouds based on CCN with subsequent freezing.

The meteorological background provides favorable conditions for cirrus formation such as water vapor saturation with re-

spect to ice during RF5. However, cirrus residuals were also detected under sub-saturated conditions (RHIce > 80%) during

RF6. Figure 15 shows an overview of the cirrus and contrail particle residuals detected under variable relative humidities with430

respect to ice. Cirrus residuals were predominantly detected within 80 and 120 % RHIce. All cirrus residuals of RF5 were

detected in the vicinity of water vapor (super)saturation with respect to ice (RHIce ≥ 100%) that is confirmed by the simula-

tion of backward air mass trajectories (Fig. 16). On average, the resulting trajectories reveal the transport of water vapor to the

upper troposphere as part of a WCB, providing a warmed and well-humidified (RHice > 100%) environment for the formation

of cirrus clouds in an altitude range of 5 to 8 km. In contrast, the cirrus residuals of RF6 were measured under sub-saturation435

with respect to ice which might be the consequence of air mass subsidence. Indeed, the air mass trajectories of RF6 remained

on a constant altitude level and revealed a relative humidity with respect to ice in the range from 30 to 60 % (Fig. 16).
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Figure 14. Overview of the relative abundance of sampled particle types in selected periods (a, outside clouds by the scoop inlet and of all

cloud residual types (incl. ice and mixed-phase clouds) sampled at the CVI inlet), for selected cloud types (b, Cirrus and Contrails sampled

at the CVI), and for Cirrus of RF5 and RF6 in particular (c). For the purpose of comparison, only measurement data of RF5 and RF6 are

considered since they provided both, cirrus and contrail data. The error bars illustrate the uncertainty of the particle fraction as a result of the

binomial counting statistics (Sect. S7).

Figure 14c compared the composition between cirrus induced by WCB (RF5) and cirrus formed under variable meteorolog-

ical conditions (RF6). WCB-induced cirrus (of RF5) are dominated by refractory material, mainly differing from other cirrus440

of RF6 by the presence of processed mineral dust. Almost 80 % of the cirrus residuals sampled during RF5 are attributed to

sea spray and mineral dust (Fig. 14c), either to the less or more processed type, indicating the large impact of these particle

types on the cirrus formation process. Especially, processed mineral dust is only detected within cirrus clouds induced by the

WCB, implying that this particle type has been uplifted by the WCB, providing an additional source of refractory material to

the UTLS. Sea spray, processed sea spray, and mineral dust were also detected in cirrus clouds not immediately affected by445

WCBs (during RF6), implying these particle types to be participating in the cirrus formation process. Further, the measure-

ments suggest that cirrus formation based on refractory material such as sea spray and mineral dust is the preferred process,

especially when this material is largely abundant. However, also organic material can contribute to cirrus residuals and is more

frequently sampled when refractory material in the UTLS region is limited. Nevertheless, the statistical foundation of cirrus

data from RF5 and RF6 is poor as 67 (19) data points were obtained for RF5 (RF6), respectively. In consequence, the findings450

need to be confirmed by additional measurements.
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Figure 15. Distribution of the cirrus and contrail particle residuals for relative humidity with respect to ice (RHIce).
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Figure 16. Vertical cross section of the median, 25th and 75th percentile of backward trajectories simulated with HYSPLIT for RF5 (thick,

solid lines) and RF6 (thin, dashed lines), color-coded with the median of relative humidity (RHice). A strong ascent of the median of

trajectories is displayed for RF5 on 29 January 2018, indicating an uplift of well-humidified (RHice >∼ 100 %) air masses by a WCB

connected to a low pressure system. The black box marks the ascent period. In contrast, the trajectories of RF6 only mark small fluctuations

in altitude between 29 and 30 January 2018, along with unsaturated air masses.
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Contrail residuals and aircraft signature

Besides aerosol particles of natural origin, the contrail residuals reveal a clear chemical signature of aircraft emissions (Fig.

14b). Similar to the cirrus residuals, refractory material contributes significantly to the contrail residuals with sea spray, pro-455

cessed sea spray, mineral dust, processed mineral dust, and meteoric material. In addition, biomass burning particles (BB Type

I) are frequently found in contrail residuals. However, a comparison of sample periods attributed to atmospheric background

and to aircraft exhaust plumes suggest that the presence of BB Type I is driven by the atmospheric background (Fig. S14). In

addition to particle types of natural origin, aircraft-related types are found in 13.1 % of the detected contrail residuals. Despite

the small fraction, their enhancement in relative abundance compared to cirrus residuals is clearly visible. In detail, engine oil460

and coated soot are more frequently detected in contrails (6.4 % and 5.0 %) than in cirrus events (1.2 % and 2.3 %), implying

the anthropogenic types to contribute to contrail formation. The overall low contribution of exhaust-related particles might be

the consequence of dilution: The majority of contrail residuals (144 in 177) is sampled in contrail events older than 60 s, corre-

sponding to a dilution ratio of 1.85 ·105 when applying the formula as mentioned in Schumann et al. (1998). Thus, the aircraft

exhaust plume is diluted by the entrainment of ambient air, reducing the relative occurrence of combustion byproducts. Also,465

the exhaust-related particle residuals might be too small after evaporation of the ice crystals, not allowing for a detection with

the ERICA-LAMS. In conclusion, contrail residuals observed during ND-MAX contain a clear chemical signature of aircraft

emissions besides natural constituents. However, the lower detection limit of the ERICA-LAMS might oversee small-sized

contrail residuals, affecting the aircraft footprint inside upper tropospheric clouds.

470

4 Conclusions

The aerosol chemical composition of the wintertime UTLS region over Germany was analyzed by obtaining the ERICA aerosol

mass spectrometer. The ERICA measurements include qualitative single-particle measurements with the ERICA-LAMS and

quantitative particle ensemble measurements based on the ERICA-AMS. Carbonaceous material dominates the particulate

matter in the wintertime upper troposphere and tropopause region over Germany. About 80 % of all particles detected by the475

ERICA-LAMS are attributed to carbonaceous compounds, among which biomass burning material is the dominating species.

The further into the LMS, the higher becomes the fraction of meteoric and sulfate material.

We obtained two different types of BB particles, differing in their particle size range, occurrence, and chemical signature. Par-

ticles of BB Type I were majorly detected up to 800 nm and were sampled from the ground to the LMS. In contrast, BB Type

II ranged between 500 and 1500 nm and was mainly detected in lower stratospheric air masses, there being more frequently480

detected along with soot particles. Further, we have evidence that BB Type II contains more secondary material such as nitrate

and sulfate, implying a higher degree of aerosol processing. As BB Type II is mainly detected in the LMS which is accompa-

nied by sulfuric acid, this type is expected to undergo a longer aging process than BB Type I. However, BB Type II includes

more organic material than BB Type I that is unexpected and emphasizes the need for further investigation of the aging process

in the UTLS.485
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Long-range transport of BB aerosol from North America controls the carbonaceous aerosol in the wintertime UTLS over Ger-

many. Backward air mass trajectories of HYSPLIT suggest the BB Type I to result from the Thomas Fire taking place at the

Pacific US Coast. The particle fraction rises when the contribution of this source region is enhanced. Further, we measured

an enhancement in the organic mass concentration by the ERICA-AMS along with enhanced particle fractions of BB material

and EC/soot obtained with the ERICA-LAMS in air masses containing a stratospheric signature. We assume this material to490

originate from the "Pacific Northwest Event" as this series of wildfires triggered pyro-convection, leading to a transport of

the wildfire plumes into the lower stratosphere and subsequent distribution along the Northern Hemisphere with signatures

detectable until April 2018 (Baars et al., 2019; Yu et al., 2019).

We have evidence that the aerosol chemical composition is additionally controlled by local meteorological conditions. The

local tropopause is shifted as a consequence of ascending and descending air masses, also resulting in a shift of the abundance495

of meteoric or sulfate material. The wind circulation has impact on the presence of sea spray aerosol that is mainly enhanced

under the influence of northwestern winds advecting air masses from the North Sea and Norwegian Sea.

We showed that EC/soot, coated soot, and engine oil in the UTLS region can be partly attributed to aircraft emissions. The

occurrence of these particle types decreases with increasing aircraft distance between the NASA DC-8 and the DLR-ATRA

flying ahead. The majority of these particles reveals sizes (in vacuum-aerodynamic diameter) below 200 nm and is, thus, un-500

derrepresented in the aerosol population detected by ERICA-LAMS. Hence, we expect the particles of EC/soot, coated soot,

and engine oil to just have grown to sizes being detectable by ERICA-LAMS and the majority of fresh aircraft emissions to

be too small for a detection with ERICA-LAMS. In contrast, large-sized aerosol particles above 200 nm mainly consisted of

particles types that were present in both, the atmospheric background and exhaust plumes, implying aircraft exhaust to mainly

contribute to small-sized aerosol particles.505

Beside aircraft emissions, we investigated the chemical composition of cirrus clouds and contrails in the wintertime UTLS

over Germany by sampling through a CVI. Our results show that almost 50 % of the CPRs detected during RF5 and RF6

are assigned to refractory material, emphasizing their importance for cloud formation. Within carbonaceous matter in CPRs,

BB material provides the largest fraction, implying its high nucleability and large abundance in the upper troposphere and

tropopause region. However, BB Type I is the only relevant type within cirrus and contrail residuals due to its large abundance510

compared to BB Type II. Regarding cirrus, almost three quarters of CPRs are assigned to sea spray and processed mineral

dust that imply the cirrus formation at a liquid stage, also indicated by the WCB during RF5. Processed mineral dust was only

detected within cirrus residuals of RF5, implying this particle type to be uplifted by the WCB. A comparison of cirrus induced

by WCB and of cirrus of variable meteorological conditions revealed that the formation process via refractory material is the

preferred way. However, this needs to be confirmed by additional measurements.515

Considering the composition of contrails older than 60 s, the residuals consist of refractory and carbonaceous material. Aircraft-

related types such as engine oil and coated soot lead to an anthropogenic chemical signature of contrails and are in line with

the enhancement of these compounds found in aircraft exhaust plumes. We assume this low contribution to be the consequence

of dilution effects which reduce the relative occurrence of combustion byproducts. Further, we expect contrail residuals of

aircraft exhaust origin to be mainly too small for the detection with ERICA-LAMS. However, this needs to be clearified by520
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measurements.

This study highlights the large contribution of BB material to the wintertime UTLS aerosol chemical composition in Central

Europe, potentially affecting the UTLS radiative forcing. Besides particles containing sulfuric and meteoric substances, organic

material may have significant impact on the lowermost stratospheric air masses, thereby contributing to the stratospheric chem-

istry. Further, we have to reconsider the UTLS chemistry that is not only depending on regular and recurring local processes,525

but also includes chemical compounds released many thousand kilometers away and transported towards the UTLS region.

Aircraft emissions contribute to the UTLS aerosol population, mainly by the release of EC/soot that can undergo processing,

and by engine oil that is predominantly contained in the cloud residuals. Obviously, the exhaust-related particles contribute to

the contrail formation, thereby affecting the physico-chemical properties and the radiative forcing of contrails. However, the

number of exhaust-related aerosol particles and cloud residuals is underrepresented as their particle size is mainly below the530

detection limit of the ERICA-LAMS (∼ 170 nm). A coverage of particle sizes below 100 nm would help to detect combustion

byproducts and potentially allow for the assessment of aircraft exhaust impact on the atmospheric aerosol population and the

contrail chemical composition in particular. Limited counting statistics impeded the analysis of cloud residuals sampled with

the CVI. Upcoming aircraft experiments in the UTLS region need to enlarge the sample periods of cirrus and contrail events

to provide a solid statistical foundation. A larger number of cloud residuals increase the chance to discover more potential535

cloud or ice nuclei. More measurements are needed to resolve the fraction of aircraft-related particulate matter involved in the

nucleation process of contrail droplets. Especially, we need to differentiate between various contrail stages and focus on freshly

generated contrails of ages not older than 10 s when particles activate into water droplets (Kärcher, 2018).

Data availability. The ND-MAX data are available at https://science-data.larc.nasa.gov/aero-fp/projects/. ERICA-data will be included in540

the course of the review process.
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