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S1 The hybrid mass spectrometer ERICA

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

Instrument for the Chemical composition of Aerosols; Hünig, 2020; Hünig et al., 2022; Dragoneas et al., 2022) which consists

of two individual mass spectrometer, the ERICA-LAMS and ERICA-AMS. The ERICA-LAMS (laser ablation mass spec-

trometer) is based on the laser desorption and ionization technique (LDI) and a subsequent time-of-flight mass spectrometer5

(TOF-MS) (e.g., Hinz et al., 1994; Prather et al., 1994; Johnston and Wexler, 1995; Murphy and Thomson, 1995; Suess and

Prather, 1999; Zelenyuk and Imre, 2005). The instrument is used for the analysis of single particles in a size range of 170 nm

to 3.2 µm (Hünig, 2020). The ERICA-AMS (aerosol mass spectrometer) implements the thermal desorption and ionization

technique for bulk measurements of ensembles of particles ranging from 80 nm to 2 µm (Hünig et al., 2022). The method

was first deployed in the Aerodyne AMS and is described in Drewnick et al. (2005) and Canagaratna et al. (2007). Both mass10

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) and is briefly described here: The sample air is provided

to the inlet system of ERICA, consisting of a constant pressure inlet (CPI, Molleker et al., 2020) and an aerodynamic lens.

In order to maintain a constant mass flow rate of 1.45 cm3s−1 (under normal temperature and pressure conditions NTP: 20

°C and 1013.25 hPa) into ERICA, the CPI was set up as a pinch device which compresses an in-house made silicone O-ring.15

In consequence, the critical orifice of the inlet line is adaptable for variable atmospheric pressure regimes from 1000 to 50
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Table S1. Overview of the parameters applied for the fuzzy c-means clustering of the ND-MAX dataset. Subclustering and sub-subclustering

were applied to the cluster of non-assigned mass spectra of the previous clustering routine.

Parameter Main clustering Sub-clustering Sub-sub-clustering

Number of cluster 50 20 20

Type of clustering fuzzy c-means fuzzy c-means fuzzy c-means

Initialization type find different startcluster find different startcluster find different startcluster

Source for clustering anion + cation cation cation

Normalization type sum sum sum

Normalization time before and after concatenation after concatenation after concatenation

Startcluster difference 0.8 0.3 0.7

Pre-processing type power each mz power each mz power each mz

Pre-processing power 0.5 0.5 0.5

Fuzzifier 1.7 1.2 1.2

Fuzzy abort 0.001 0.001 0.1

Distance mode correlation correlation correlation

hPa and provides a pressure of 4.53 hPa at the aerodynamic lens (Appel et al., 2022). Accelerated into the vacuum chamber,

the aerosol particles enter the ERICA-LAMS section passing two consecutive detection lasers (150mW UV-laser of 405 nm

wavelength each) before they reach the ablation spot. The travel time between both detection lasers is used to infer the particle

size and to trigger a pulsed ablation laser (UV laser of 10.9 mJ pulse energy at a wavelength of 266 nm, in total 44 mJ) in20

order to desorb and ionize the individual particles as soon as the ablation spot is reached. A calibration with particles of known

diameter, density, and shape (Hünig et al., 2022) allows for the derivation of the vacuum-aerodynamic diameter of the parti-

cles (dva) from the recorded particle velocity between both detection stages. The LDI technique is similar to the ALABAMA

(Brands et al., 2011) and PALMS (Murphy, 2007). The ionized components of the ablated particles are extracted and acceler-

ated into the ToF-MS by switched electrical fields. The majority of particles continue their way into the ERICA-AMS as they25

are not ablated due to a limited firing frequency of the UV laser (idle time > 120 ms). There, the particles impact on a tungsten

heater body of 600 °C and are flash-vaporized. An electron beam is released from a heated tungsten filament by thermionic

emission (Kellner et al., 2004) and ionizes the cloud of vaporized particles. The resulting cations are extracted periodically into

the compact ToF-MS (Hünig et al., 2022), providing unipolar positive mass spectra of particle ensembles (Appel et al., 2022).

30

S2 Particle Clustering

The entire dataset of 54403 mass spectra obtained with the ERICA-LAMS was clustered using the fuzzy c-means algorithm

(Bezdek et al., 1984; Hinz et al., 1999). The clustering routine was followed by two subsequent sub-clustering routines to
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Figure S1. Mean mass spectrum of cations (a) and anions (b) for sea spray particles detected by ERICA-LAMS during ND-MAX.
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Figure S2. Mean mass spectrum of cations (a) and anions (b) for processed sea spray particles detected by ERICA-LAMS during ND-MAX.

Note the logarithmic axis scaling for cations that was chosen due to the particularly high potassium cation signal.

minimize the number of undefined mass spectra. The settings applied for the fuzzy c-means clustering are provided in Table

S1. A detailed description of the parameters is given in Brauner (2024). Table S2 provides an overview of the inorganic particle35

types that were obtained by the clustering procedure. Table S3 lists all carbon-containing and organic particle types detected

during ND-MAX. Further, the ion marker peaks of their mean mass spectra are named and interpreted using corresponding

references. The mean mass spectra of the particle types obtained by the particle clustering are presented in Fig. S1 to S12.

S3 Definition of particle-related events

The dataset of ND-MAX was divided into several periods of interest based upon the number concentrations of aerosol and40

ice particles as well as the volume mixing ratio of carbon dioxide. In order to analyze the atmospheric background, aircraft

exhaust, cirrus, and contrail events, the mentioned parameters were examined for periods of enhancement: For the derivation of

ice particle events, the ice particle number concentration was proven to exceed the threshold of background noise for each time
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Figure S3. Mean mass spectrum of cations (a) and anions (b) for mineral dust particles detected by ERICA-LAMS during ND-MAX.
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Figure S4. Mean mass spectrum of cations (a) and anions (b) for processed mineral dust particles detected by ERICA-LAMS during ND-

MAX.
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Figure S5. Mean mass spectrum of cations (a) and anions (b) for particles of meteoric material detected by ERICA-LAMS during ND-MAX.

4



2500
2000
1500
1000
500

0

Io
n 

pe
ak

 a
re

a
(m

V
•s

am
pl

e)

100806040200
m/z

80

60

40

20

0
200150100500

m/z

NO

C

NH4NH3

C2 S

C3H3

C3H7/
C2H5N

CHS
CH2S

C4/ SO

O
OH

C2

C2H2

Cl
37

Cl

NO2

NO3

H(NO3)2
(H2O)IO3

H(HSO4)2

(C2H6N2O)(HNO3)NO3

H(H
34

SO4)2
SO4

HSO4 34
SO4

H
34

SO4

Cations Anions

(a) (b)

Figure S6. Mean mass spectrum of cations (a) and anions (b) for nitrogen-rich particles detected by ERICA-LAMS during ND-MAX.
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Figure S7. Mean mass spectrum of cations (a) and anions (b) for EC/ soot particles detected by ERICA-LAMS during ND-MAX. Note the

logarithmic axis scaling for cations that was chosen due to the particularly high potassium cation signal.
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Figure S8. Mean mass spectrum of cations (a) and anions (b) for coated soot particles detected by ERICA-LAMS during ND-MAX. Note

the logarithmic axis scaling for anions that was chosen due to the particularly high sulfate anion signal.
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Figure S9. Mean mass spectrum of cations (a) and anions (b) for processed ECOC particles detected by ERICA-LAMS during ND-MAX.

Note the logarithmic axis scaling for anions that was chosen due to the particularly high sulfate anion signal.
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Figure S10. Mean mass spectrum of cations (a) and anions (b) for processed OC particles detected by ERICA-LAMS during ND-MAX.

Note the logarithmic axis scaling for anions that was chosen due to the particularly high sulfate anion signal.
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Figure S11. Mean mass spectrum of cations (a) and anions (b) for amine particles detected by ERICA-LAMS during ND-MAX.
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Table S2. Overview of the classified inorganic particle types detected by ERICA during the ND-MAX campaign, including their predefined

names, ion-marker-peaks, and literature for interpretation.

Particle type Ion marker peaks (m/z) Literature/ Comments

Sea Spray +23 (Na+), +24/25/26 (Mg+),

+39/41 (K+), +40 (Ca+),

+83 (Na2Cl+), -35/37 (Cl−),

-93 (NaCl−2 )

Prather et al. (2013); Su et al. (2023)

Processed Sea Spray same as Sea Spray and

+64/66/68 (Zn+), +85/87 (Rb+),

+136/137/138 (Ba+),

+206/207/208 (Pb+)

Similar to Sea Spray,

including zinc, rubidium,

barium, lead

Cornwell et al. (2020)

Mineral Dust +23 (Na+), +28 (Si+),

+39/41 (K+), +40 (Ca+),

+54/56 (Fe+), -60(SiO−
2 ),

-76 (SiO−
3 )

Silva et al. (2000); Lee et al. (2002);

Gallavardin et al. (2008)

Processed Mineral Dust same as Mineral Dust and

+52/53/54 (Cr+),

+56 (Fe+/CaO+/KOH+), -19 (F−),

-35/37 (Cl−), -42 (CNO−), -43

(AlO−),

-84 (CrO−
2 ), -100 (CrO−

3 )

Similar to Mineral Dust,

but also contains

fluor, chloride, chrome

Meteoric Material +23 (Na+),

+24/25/26 (Mg+),

+40 (Ca+), +54/56 Fe+),

+72 (FeO+), +73 (FeOH+),

-44 (SiO−), -97/99 (HSO−
4 )

Schneider et al. (2021)
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Table S3. Overview of the classified particle types containing carbonaceous material detected by ERICA during the ND-MAX campaign,

including their predefined names, ion marker peaks, and literature for interpretation.

Particle type Ion marker peaks (m/z) Literature/ Comments

EC/ Soot +n· 12 (C+
n ) and -n· 12 (C−

n ) for

n=1,...,12

Moffet and Prather (2009); Pratt et al.

(2009)

Coated Soot +n· 12 (C+
n ) for n=1,...,4 and

+27 (C2H+
3 ), +39 (C3H+

3 ),

-79 (PO−
3 ), -80 (SO−

3 ), -97/99 (HSO−
4 )

Moffet and Prather (2009)

Processed ECOC +12 (C+), +24 (C+
2 ), +18 (NH+

4 ),

+30 (NO+), +32 (S+), +48 (SO+),

+99 (H3SO+
4 ), -97/99 (HSO−

4 )

Gunsch et al. (2018)

Proc. OC +12 (C+), +18 (NH+
4 ),

+30 (NO+), +39 (C3H+
3 ),

-26 (CN−/C2H−
2 ), -46 (NO−

2 ),

-62 (NO−
3 ), -80 (SO−

3 ), -97/99 (HSO−
4 ),

-125 (HN2O−
6 )

Pratt et al. (2009)

BB Type I +12 (C+), +23 (Na+),

+39/41 (K+), -46 (NO−
2 ), -62 (NO−

3 ),

-81 (HSO−
3 ), -97/99 (HSO−

4 )

Pratt et al. (2009)

BB Type II BB Type 1 and -25 (C2H−),

-26 (CN−), -42 (CNO−)

Pratt et al. (2009)/ mostly detected in

UTLS-region; indication of more or-

ganic and more sulfate material com-

pared to BB Type I

Amine +30 (CH4N+),

+58 (C3H8N+),

59 ((CH3)3N+),

+70 (C4H10N+)

Angelino et al. (2001); Healy et al.

(2015)

Nitrogen-rich +18 (NH+
4 ), +30 (NO+),

-46 (NO−
2 ), -62 (NO−

3 ),

-96 (SO−
4 ), -97/99 HSO−

4 )

Appel et al. (2022)

Engine Oil +n· 12 (C+
n )

for n=1,2,3, and

+15 (CH+
3 ), +27 (C2H+

3 ),

+37 (C3H+), +39 (C3H+
3 ),

+57 (C4H+
9 ), +85 (C6H+

3 ),

-143 (C6H7O−
4 ),

-159 (H(PO3)−2 )

Clemen et al. (in prep.)
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Figure S12. Mean mass spectrum of cations (a) and anions (b) for engine oil particles detected by ERICA-LAMS during ND-MAX.

step which was found to be 0.35 cm−3. Aerosol particle events, i.e. enhancements in the aerosol particle number concentration

were detected by a comparison of the concentration with the mean concentration of the previous 30 s. If the actual value was45

larger than the mean value including a 3-fold standard deviation, an aerosol particle event was introduced. Equally, this event

ended as soon as the actual value fell below the mean concentration of the previous 30 s by 3 times the standard deviation. A

similar routine was set up for the determination of CO2 events. Finally, the individual events were combined in the following

way: a combination of an aerosol and CO2 event is defined as exhaust event (Table S4). A non-event of both, the aerosol

number concentration and the CO2 volume mixing ratio, is referred to as background event. A combination of an exhaust50

event with an ice particle event and a temperature criterion below -38 °C is referred to as a contrail event. A cirrus event is

characterized by an aerosol particle and ice particle event, a background concentration of CO2 and the temperature criterion

as for contrails. A detailed description of the characterization of background periods and air mass events with the help of

individual aerosol, trace gas, and ice particle parameters is provided in Brauner (2024).

S4 HYSPLIT analysis55

The Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT), developed by the American NOAA and

Australia’s Bureau of Meteorology was applied for the simulation of backward air mass trajectories along the flight path. The

model ran in the desktop version v5.2.1 with a set of operational data of 0.5° resolution from the Global Data Assimilation

System (GDAS) of the American National Centers for Environmental Prediction (NCEP). Trajectories were calculated for

every RF starting at the GPS position of the NASA DC-8 aircraft and traced back up to 10 days in the time, resulting in a total60

of 2670 trajectories and 240 time steps per trajectory (one point every hour). In order to trace back BB Type I to the Thomas

Fire, the contribution of the Pacific US Coast region (25°–40° N, 140°–110° W) to the air masses sampled along the flight track

was compared with the occurrence of BB Type I during the RFs. Since the HYSPLIT model reveals an irregular behavior at the

boundary areas, some trajectories have to be excluded from the interpretation: Backward trajectories starting 50 m a.s.l. tend

to stay in the boundary layer (BL) and touching the ground. Trajectories reaching back to the lowermost 50 m for a time frame65

9



Table S4. Overview of the particle-related events and their criteria.

Event Criteria Inlet system

Atmospheric

background

background aerosol number concentration,

background CO2 volume mixing ratio

Scoop

Aircraft

exhaust

plume

enhanced aerosol number concentration,

enhanced CO2 volume mixing ratio

Scoop

Cirrus enhanced aerosol number concentration,

background CO2 volume mixing ratio,

enhanced ice particle number concentration,

T < -38 °C

CVI

Contrail enhanced aerosol number concentration,

enhanced CO2 volume mixing ratio,

enhanced ice particle number concentration,

T < -38 °C

CVI

of more than 12 hours are terminated and not traced back any longer. They adapt to the properties of the BL they have passed

before reaching the aircraft. Further, a certain fraction of trajectories tend to leave the model frame by ascent into the upper

stratosphere and is, thus, neglected. Finally, trajectories that never crossed the BL are disregarded since they do not provide

any information about the air mass origin.

HYSPLIT only provides data of relative humidity with respect to water. In order to derive the relative humidity concerning70

the ice phase, we use the proportion of the water vapor partial pressure e and the saturation pressure of water vapor with respect

to ice es,ice.

RHice =
e

es,ice
(S1)

The partial pressure is calculated using the ideal gas equation for water vapor including the density of water vapor ρH2O,

ideal gas constant for water vapor RH2O and the temperature T . The equation is transformed to include the parameters provided75

by HYSPLIT: the water vapor mass mixing ratio w and the pressure p. The mole fraction is defined by the molar mass of dry

air (Mdry = 28.96 g mol−1) and of water vapor (MH2O = 18.01258 g mol−1).

e= ρH2O ·RH2O ·T = w · p · Mdry

MH2O
(S2)

The saturation pressure es is calculated according to Murphy and Koop (2005). The factor of 1/100 is the conversion factor

for hectopascal.80

es =
1

100
· exp(9.550426− 5723.265

T
+3.53068 · ln(T )− 0.00728332 ·T ) (S3)

10
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illustrate the uncertainty of the particle fraction as a result of the binomial counting statistics (Sect. S7).

S4.1 Examples of airmass-induced variability of BB particles

The comparison of cirrus and contrail residuals suggest that particles of BB Type I might result from aircraft exhaust as a

consequence of fuel blends partly consisting of biofuels (Fig. 14b). However, the particle fraction of biomass burning material

is much more affected by the background air mass than by the emission of aircraft exhaust. Figure S14 provides a detailed85

overview of the sample periods presented in Fig. 8, differing between periods of atmospheric background (BBRef1−3) and of

aircraft exhaust plumes (BBEx1−3) in a short time frame next to each other to provide comparable atmospheric conditions.

The relative occurrence of both BB Types is very similar for exhaust and background periods measured next to each other.

In contrast, the occurrence of the particle types is more variable between the individual background periods of different RFs,

implying that the presence of both BB Types is driven by the atmospheric background air mass history and not by aircraft90

emissions.

S4.2 Oxidative aging of BB Type I and BB Type II

In order to prove the oxidative aging of the BB Types I and II, the ratios of f44 and f43 were determined by complementary

data of the organic particulate matter detected with the ERICA-AMS. Figure S15 depicts the ratio of f44 and f43 for every

single particle of BB Type I and II as well as their median and quartiles. f44 is defined as the ratio of the m/z 44 signal to the95

total signal in the organic-spectrum, f43 is analogously defined for m/z 43. The ratio of f44 to f43 is used to differ between

hydrocarbon-like and oxygenated organic aerosol (Ng et al., 2010, 2011). Both particle types show a similar oxidative aging,

hindering a further differentiation.
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Figure S14. f44-to-f43 ratio of BB Type I and II detected with ERICA-LAMS (crosses refer to means of 1 minute) as well as their overall

median (displayed as points), 25th and 75th percentile. f44 and f43 were determined by complementary measurement data of the ERICA-

AMS including all RFs except for RF5 and RF6. The green dotted lines refer to the triangular space as introduced by Ng et al. (2010) where

oxidized organic aerosol is measured.

S5 Meteorological context

Meteorological conditions were found to play a major role for the presence of individual particle types during the ND-MAX100

campaign, and thus, had an impact on the chemical composition of aerosol particles in the UTLS region. The prevailing weather

pattern affect the vertical profile of different aerosol types. Of originally three prevailing air mass periods (cold, warm, transition

air mass period) taking place during ND-MAX, two periods and corresponding meteorological systems were assigned to the

RFs discussed in this paper and are discussed in the following.

S5.1 Cold air mass period105

RF1, RF2, and RF8 were affected by a cold air mass period. A description of the cold period is provided based on RF1.

The meteorological conditions of RF2 and RF8 are introduced in Brauner (2024). On average, the meteorological conditions

were characterized by a center of a low pressure system over Northern Europe and a frontal zone which had already passed

the measurement region. Figure 10 provides an overview of the temperature fields, high-level dynamics (isophypses), and

pressure pattern at mean sea level pressure (isobars) over Europe and the North Atlantic Ocean. The high-level weather map110

displays a northwesterly atmospheric circulation along the isohypses and isobars, indicating the advection of moist and cold

air masses from subpolar regions towards the flight area. In consequence, the temperatures at 850 hPa-level ranged between
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Figure S15. Vertical profiles of meteorological parameters as measured by the NASA DC-8 (RH: Relative Humidity, T: Temperature,

Θ: Potential Temperature, v: Wind Speed, dirv: Wind Direction), volume mixing ratios of O3, and CO2, and aerosol particle number

concentration (N10,STP ) for the cold air mass periods during RF1, RF2, and RF8. Medians and interquartile ranges are shown. The black

box denotes the vertical extent of the Transition Layer.

-4 and -8◦C. Further, the small secondary depression over Poland implies a sector of cold, descending air masses over Central

Europe that lead to a subsidence of the local tropopause. The cold air sector provided a well-mixed BL, low-level tropopause,

and a westerly circulation as indicated by Fig. S15. Vertically-resolved meteorological parameters besides trace gases and115

particle number for the cold period are displayed in Fig. S15. The northwestern circulation as indicated by the high-level

weather map was confirmed by measurement data of the aircraft ranging between 260 and 300◦, which refer to westerly to

northwesterly winds. The cold sector provided a lowered tropopause and appendant transition layer above 7 km. Both, the

negative temperature gradient and the relative humidity indicate a smooth turnover from tropospheric conditions to a transition

region at approximately 7 to 8 km. This transition is also pointed out by trace gas measurements: CO2 dropped from a level120

of 411 ppmv to approximately 405 ppmv whereas O3 increased from tropospheric conditions around 40 ppbv to lowermost

stratospheric conditions larger than 100 ppbv.

S5.2 Warm air mass period

RF3, RF4, and RF5 were characterized by a warm air period and pre-frontal meteorological conditions. The features are

demonstrated using RF3 as an example. The weather conditions of RF4 and RF5 are described in detail in Brauner (2024). All125

flights conducted during the warm period were under the impact of similar weather patterns: A moving high-level ridge and an
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Figure S16. Weather map of 23 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 circu-

lation. 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).

approaching trough of a depression located in the west of the flight area supported the advection of warm air masses towards

the flight area. Consequently, temperatures above -4◦C at 850 hPa, ascending air masses, and a rise of the local tropopause

above 10 km were observed. Figure S16 presents the location of air masses at the 850-hPa-level, high-level dynamics and the

pressure pattern at mean sea level pressure. The advection of warm and moist air masses from the southern North Atlantic,130

attributed to the warm conveyor belt of the approaching low-pressure system, replaced the cold air prevailing during RF1 and

RF2 and promoted the formation of cirrus and contrails.

The warm period was characterized by a high-level tropopause above 10 km and the uplift of marine air masses ahead of the

frontal zone. Figure S17 provides the vertical profiles of meteorological parameters including trace gases and particle number

for the warm period. Although the data recordings did not show a turnover from tropospheric to statospheric conditions, the135

temperature gradient was slightly reduced above 10.5 km along with a small enhancement of the potential temperature above

10 km, implying the proximity to the tropopause transition layer. This is confirmed by the profile of O3 above 9.5 km. A

relative humidity of around 60 % in the upper troposphere and the increase of particle number concentration towards higher

altitudes point out the uplift of air masses as the front approached.
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Figure S17. Vertical profiles of meteorological parameters as measured by the NASA DC-8 (RH: Relative Humidity, T: Temperature,

Θ: Potential Temperature, v: Wind Speed, dirv: Wind Direction), volume mixing ratios of O3, and CO2, and aerosol particle number

concentration (N10,STP ) for the warm air periods during RF3, RF4, and RF5. Medians and interquartile ranges are shown. The black box

denotes the vertical extent of the Transition Layer.

S6 Consistency of ERICA-AMS measurements with complementary AMS-measurements during CAFE-Brazil140

The RFs of ND-MAX provided the first opportunity to measure mass concentrations of non-refractory particulate matter over

Germany with the ERICA-AMS. Here, we compare the measurement data obtained within the UTLS region over Germany in

winter with aerosol measurements of a compact time-of-flight aerosol mass spectrometer (C-ToF-AMS, Aerodyne Research,

Inc.) conducted during two test flights for the CAFE-Brazil campaign in late November 2022 and during two transfer flights

in late November 2022 and late January 2023 aboard the High Altitude and LOng range research aircraft HALO of the DLR.145

The measurements provided mass concentrations in a similar range to those conducted within the ND-MAX RFs. The C-ToF-

AMS has a similar working principle as the ERICA-AMS including the same optical and vaporizer system, albeit working

with a different aerodynamic lens (Schulz et al., 2018). Figure S18 provides a vertical profile of particulate organics, sulfate,

ammonium, nitrate, and chloride regarding the mass concentrations. The mass concentrations of organics varied between 0.05

µgm−3 in the free troposphere (FT) and 0.15 µgm−3 in the LMS. The amount detected in the troposphere is in the same150

range as the amounts detected with the ERICA-AMS during the cold and warm period of ND-MAX (Fig. 3). However, the

stratospheric values were half of the values detected during the cold period in ND-MAX, probably due to the absence of

BB material (regarding the warm period, no data referring to the LMS are available). Sulfate was found to be 0.1 µgm−3

within the troposphere, before increasing to 0.7 µgm−3 at approximately 14 km. During the cold (warm) period of ND-

15



MAX, tropospheric sulfate values were measured in a range of 0.02 to 0.08 µgm−3 (0.07 to 0.19 µgm−3) and increased to155

0.6 µgm−3 at 9 km under stratospheric influence (increased to ∼0.3 µgm−3 in the UT during the warm period) . Thus, the

sulfate values of ND-MAX are in a comparable range to those detected during CAFE-Brazil. The ammonium concentration

of CAFE-Brazil measurements remained below 0.05 µgm−3 up to 10 km before slightly rising to 0.07 µgm−3 at higher

altitudes. Concentrations of NH4 were also detected during ND-MAX but the values often were below the detection limit of

the ERICA-AMS (Fig. S19). The few data points, that exceeded the detection limit during the cold (warm) period, resulted in160

a concentration of 0.12 to 0.20 µgm−3 (0.12 to 0.15 µgm−3) throughout the FT and LMS. Further, the nitrate concentration

during CAFE-Brazil was below 0.01 µgm−3 up to 7 km. Above this altitude it continuously increased up to 0.09 µgm−3

at an altitude of 13 km. During the cold period ND-MAX, the NO3 concentration varied between 0.02 and 0.06 µgm−3 in

the FT and LMS, covering the same range as during CAFE-Brazil. During the warm period, values above the detection limit

were only obtained at around 12 km of ∼0.06 µgm−3, consistent with the range measured during CAFE-Brazil. The chloride165

concentration measured during CAFE-Brazil was below 0.01 µgm−3 throughout the FT and LS and, thus, in the same range

as the chloride values of 0.03 µgm−3 in the FT and 0.02 µgm−3 in the LMS obtained within the cold and warm period of

ND-MAX. In conclusion, the ERICA-AMS provided mass concentrations of particulate organics, sulfate, ammonium, nitrate,

and chloride for the UTLS region over Germany in winter that coincided with measurements of a C-ToF-AMS of a similar

working principle.170
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Figure S18. Mass concentrations of particulate organics (green), sulfate (red), ammonium (orange), nitrate (blue), and chloride (pink) ob-

tained by the C-ToF-AMS (Schulz et al., 2018) as a function of GPS altitude. The vertical profiles are averaged over two test flights conducted

in late November 2022 and two transfer flights conducted in late November 2022 and January 2023. The thick line and the shaded area rep-

resent the median and quartiles, respectively, in the corresponding altitude bin of 500 m width. The horizontal lines indicate the tropopause

median and quartiles derived from ERA5 data for the considered flights (Hersbach et al., 2018).

S7 Uncertainty analysis

The particle fraction (PF ) of individual particle types is estimated as the number of particles of an individual particle type

(Ntype) per number of all particles (Ntotal):

PF =
Ntype

Ntotal
(S4)

Using binomial statistics, the absolute uncertainty of the ERICA-LAMS particle fraction for each bin (σbin
PF ) is calculated:175

σbin
PF =

√
Nhits ·PF · (1−PF )

Nhits
(S5)

with the number of successfully ionized particles (Nhits) by the ablation laser of the ERICA-LAMS and the particle fraction

of the respective particle type (PF ) (e.g., Köllner et al., 2017, 2021; Appel et al., 2022). The source fractions of trajectories

and corresponding errors are calculated analogously to PF .
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Figure S19. Vertical profiles of mass concentrations of particulate ammonium (orange), nitrate (blue), and chloride (pink) 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 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).
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