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Abstract. High-altitude aerosol research is crucial but faces significant cost and logistical hurdles that limit our ability to cap-

ture the highly variable vertical distribution of atmospheric trace substances. This paper introduces the Light-weight Observa-

tory for sOuNdIng clouds and aerosol (LOONIS), a versatile, cost-effective, balloon-borne platform that provides an approach

to address these challenges. LOONIS integrates a suite of lightweight instruments, such as optical particle counters, which

provides real-time in situ detection of aerosol particle number and their microphysical properties, and impactors for collecting5

particles due to their inertia for subsequent offline physico-chemical analyses. Deployed during two measurement campaigns

in Germany during August 2023 and June 2024, LOONIS provided insights into vertical aerosol distribution, capturing aerosol

activation processes within saturated atmospheric layers.

The platform demonstrated enhanced accuracy of particle concentration data from the UCASS instrument through the in-

tegration of a Thermal Flow Sensor (TFS). The deployment and resulting dataset underscore LOONIS’s capability as a tool10

for improving our understanding of atmospheric processes and potentially reducing the knowledge gap in atmospheric aerosol

processes.

1 Introduction

Atmospheric aerosols and cloud droplets play a critical role in the Earth’s climate system, influencing the radiation budget and

hydrological cycle (Szopa et al., 2021). Accurate characterization of the particles’ properties, such as particle size distribution15

(PSD) (O’Sullivan et al., 2020) and their physico-chemical properties (Pöschl et al., 2010) is one of the ways for reducing un-

certainties in climate models (Seinfeld et al., 2016). It also improves our understanding of atmospheric processes like radiative

forcing (Feingold et al., 2016) or cloud formation (Costa-Surós et al., 2020). However, obtaining in-situ measurements over

the planetary boundary layer and above has historically presented significant logistical and financial challenges. Some meth-

ods, such as aircraft-based research campaigns, provide detailed microphysical characterization but are inherently expensive20

to deploy and operate (Rossi et al., 2022), which limits the temporal coverage of atmospheric soundings (Dubey et al., 2022).

The substantial cost per flight hour for research aircraft restricts the feasibility of extensive studies (Li et al., 2025b).
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Balloon-borne sounding systems offer a flexible and cost-effective alternative for acquiring vertically resolved atmospheric

data (Joly et al., 2016). Weather balloons, capable of reaching the Upper Troposphere/Lower Stratosphere (UTLS) (Golden

et al., 1986), provide a platform for in-situ measurements with significantly reduced operational costs compared to aircraft25

(Rossi et al., 2022) or satellite deployment missions (Li et al., 2025b). While aircraft-based measurements provide horizontal

transects across potentially vast regions (Pikridas et al., 2019), their rapid passage can limit the characterization of vertical

structures. Conversely, the slow ascent of a balloon provides a detailed vertical profile, enabling the resolution of fine-scale

features within dynamic systems that can extend throughout the troposphere, such as desert dust intrusion (Papayannis et al.,

2008), developing clouds (Evan et al., 2020) or volcanic dust plumes (Kloss et al., 2022). Furthermore, the limited lifespan of30

atmospheric events means the window of opportunity is short, from hours (Piper et al., 2019) to a few days (Varga, 2020) and

balloon platforms offer significant flexibility in payload configuration and deployment time. Unlike the fixed instrumentation

of satellites or the long planning of an aircraft campaign (Li et al., 2025b), balloon payloads can be adapted and prepared

for immediate use. This modularity enables researchers to integrate various sensors and measurement techniques on a single

sounding, allowing for more targeted data acquisition for a range of atmospheric parameters. For example, different types35

of optical particle counters (OPCs) can be combined to cover a broader size range or target specific aerosol diameter sizes

(Kezoudi et al., 2021).

Since the payload for a balloon is limited by physical and legal constraints, the most essential measurements are strategically

chosen to fit scientific objectives. In the current approach we selected aerosol size distribution and aerosol composition as

parameters of greatest interest. For balloon-borne use, the most suitable means of size distributions measurements appear to be40

optical particle counters. Aerosol concentrations are typically low for this region, therefore nozzle impactors were chosen for

aerosol collection.

OPCs utilize the principle of light scattering to determine the optical size of individual particles. They also offer high tem-

poral resolution and have been widely employed for in-situ aerosol measurements on both stationary (Dupont et al., 2025)

and mobile platforms (Moormann et al., 2025), making them a cost-effective solution for aerosol research. The development45

of lightweight and cost-effective sensors has enabled measurements on a new generation of small unmanned aircraft systems

(UASs) (Bates et al., 2013; Altstädter et al., 2015) and balloon platforms (Kezoudi et al., 2021). OPCs are suitable for most

in-situ aerosol experiments (Mamali et al., 2018) as they provide information on particle number concentration and size dis-

tributions from the accumulation to the coarse mode. Different aerosol size modes exhibit distinct properties that interact with

tropospheric air masses (Li et al., 2025a), particularly their ability to act as cloud condensation nuclei (CCN) (Kasparoglu50

et al., 2024). For this article, we focus on the larger accumulation (0.1 µm - 2.5 µm) and coarse (> 2.5 µm) modes, as particles

in these ranges are more likely to activate into cloud droplets under typical atmospheric supersaturation conditions (Seinfeld

and Pandis, 2016; Pöhlker et al., 2023).

Measuring a broad spectrum of aerosol sizes, from the nucleation to the coarse mode, is essential for understanding their

impacts on climate and atmospheric processes (Carslaw et al., 2010). However, obtaining accurate size measurements requires55

careful consideration of environmental factors. For instance, hygroscopic growth can significantly increase the apparent particle

size in humid air, a phenomenon observed in most atmospheric aerosols, including mineral dust (Swietlicki et al., 2008; Koehler
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et al., 2009). Consequently, integrating different sensing technologies within a single measurement platform allows for more

detailed and comprehensive investigations of aerosol properties (Kezoudi et al., 2021).

While OPCs are effective for characterizing aerosol PSDs, a more comprehensive understanding requires collecting particles60

for subsequent chemical analysis. Impactors are a useful tool for this task, as they collect particles based on their inertia, effi-

ciently capturing larger particles for off-line characterization of their physico-chemical properties (Kandler et al., 2009). For

this detailed single-particle analysis, scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectrometry

(EDX) is an effective combination. This method involves focusing an electron beam onto a collected particle, which gener-

ates several key signals. Secondary electrons (SE) produce high-resolution images of the particle’s surface topography, while65

backscattered electrons (BSE) reveal contrasts based on the material’s atomic number (Johnson, 1996). Simultaneously, the

characteristic X-rays emitted from the sample are analyzed by EDX to determine the particle’s surface elemental composition.

Together, these techniques provide integrated morphological and chemical information on a particle-by-particle basis.

Tropospheric trace matter over different vertical air layers can be effectively characterized by combining two complementary

instruments, OPCs and impactors, with offline analyses using SEM and EDX. This paper describes the balloon-borne Light-70

weight Observatory for sOuNdIng clouds and aeorSol (LOONIS), its design and laboratory development for tropospheric

aerosol research and its application during the transport of aerosols and precursors from the planetary boundary layer into the

UTLS- BrIdging Surface emissions, Transport and UTLS Matter (BISTUM) field campaign. This integrated approach provides

a more detailed understanding of aerosol properties in the vertical column than either measurement technique could achieve

alone.75

2 Light-weight Observatory for sOuNdIng clouds and aeorSol (LOONIS)

2.1 Overview of LOONIS

The balloon-borne measurement platform (Fig. 1) is designed for atmospheric research, carrying a set of instruments to gather

relevant atmospheric data. The platform that can be divided into three key areas: a) technical parts comprising the core elec-

tronics and power systems b) the operation encompassing data acquisition, transmission and structural elements (see table 1).80

c) instruments for environmental measurements (see table 2).

The platform utilizes a single board computer (SBC) as its central controller, interfacing with various sensors to gather data,

which is subsequently processed by the SBC, and then selected data packages are transmitted continuously each second to a

ground station for live monitoring and post-flight analysis.

The system is powered by two independent sources to ensure continuous operation. Physically, the payload is mounted on85

a carbon fiber structure with two polystyrene boxes. One box is dedicated to the Vaisala RS41 radiosonde model SGP and

the electrochemical concentration cell (ECC) for ozone (from Environmental Science Corporation). The second box holds

the pumps, SBC, support sensors and main battery. The payload is connected to the balloon via a suspension rope. This rope

attaches to the upper end of the aluminum rod. Since the payload is modular keeping the payload mass perfectly centered is

not possible. Therefore the payload has a comparatively long (0.67 m) pole attached to the structure, mitigating an imbalance.90
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Figure 1. Schematic of the Light-weight Observatory for sOuNdIng clouds and aeorSol (LOONIS) payload. The configuration shows the

primary instruments for in-situ atmospheric measurements. Aerosol optical properties are measured by two Universal Cloud and Aerosol

Sounding System (UCASS) optical particle counters (1), while ozone and meteorological data are provided by an En-Sci ECC Ozone sonde

(3) and a Vaisala RS41-SGP radiosonde (2), respectively. A set of dual-stage impactors (5) is integrated for the physical collection of particles

for later analysis. These components are housed within a central 3D-printed structural frame (4) and supported by carbon fiber rods (6), with

the power supply and auxiliary sensors located in a separate module (7).

Base payload parts Description Optional Weight

Raspberry Pi Model 3B+ Manages sampling, data collection and transmissions ✗ 50 g

4 x Battery (5200 mAh 10

A)

Supply power to the payload´s different parts ✗ 300 g

Camera (IMX219) Records footage ✓ 85 g

Chassis 3-D-printed frame structure ✗ 650 g

Boxes (24x16x16 cm) Polystyrene to isolate electronics ✗ 120 g

Support rods (80 cm) Carbon fiber rods that preserve the position of the boxes ✗ 180 g

Base mass 1385 g
Table 1. LOONIS base payload and supporting elements. Base mass and total mass may vary for different units due to different amount of

tape, screws, cable ties and other assembly materials used.
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Sensor Variable Optional Sampling time Power consumption Weight

RS41-SGP Vaisala

Radiosonde

Temperature, relative humidity, pressure,

GPS location

✗ 1 s 9 W 96 g

UCASS (Universal Cloud
and Aerosol Sounding
System)

Particle size distribution ✗ 0.5 s 3 W 200 g

FLW-122 Thermal flow

sensor

Flow speed (inside UCASS) ✓ 0.25 s ≈ 15 mW 2 g

POPS (Portable Optical
Particle Spectrometer)

Particle size distribution ✓ 1 s 7 W 800 g

Dual stage impactors +

Pumps

Particle collection ✗ 1200 s 2.4 W 300 g

Alphasense CO-B4 CO Concentration ✓ 0.25 s ≈ 15 mW 12 g

ECC ozonesonde O3 Concentration ✗ 1 s 12 W 450 g

BMP280 Pressure, temperature ✗ 1 s ≈ 15 mW 1 g

MPU6050 6-axis acceleration ✓ 0.05 s ≈ 15 mW 1 g

Solar sensor Light intensity ✓ 0.25 s ≈ 15 mW 3 g

NEO-6M GPS location ✗ 1 s ≈ 15 mW 10 g

INA219 Voltage, intensity 1 s ≈ 15 mW 12 g

Base mass 1887 g
Table 2. LOONIS instruments and supporting elements. Base mass and total mass may vary for different units due to different amount of

tape, screws, cable ties and other assembly materials used.

2.2 Balloon Instrumentation Payload

The maximum weight, excluding balloon, parachute and ropes is limited to 4 kg due to legal restrictions (European Commis-

sion, 2012), thus making weight a critical factor in the instrumentation choice. The chosen variables to collect are: particle

number concentration, CO ppb, O3 partial pressure, temperature, humidity and GPS position. The dual-stage impactor is used

to collect particles for offline analysis, which in turn provides morphology and chemical composition. The Portable Optical95

Particle Spectrometer (POPS) (Gao et al., 2016) and the Universal Cloud and Aerosol Sounding System (UCASS) (Smith

et al., 2019) are well-suited balloon-borne OPCs platforms that have been used in vertical soundings (Kezoudi et al., 2021;

Vandergrift et al., 2024). These instruments provide a reliable means of obtaining measurements for different-sized aerosols

during ascent.

2.2.1 UCASS100

The Universal Cloud and Aerosol Sounding System (UCASS) is an optical particle spectrometer designed for in-situ measure-

ments of aerosol and cloud particles from balloon soundings and small UASs (Smith et al., 2019; Girdwood, 2022; Kezoudi
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et al., 2021). UCASS uses a diode laser beam through a defined sample area. When particles pass through the area, they cause

the light to scatter and a detector measures the intensity of this scattered light, which is correlated to the particle’s size. UCASS

units are individually calibrated using a pitot tube (Girdwood, 2022) and can be adjusted to target different diameter ranges105

(Girdwood et al., 2025). Specifically, the instrument’s electronics analyze the intensity of the light scattered by each particle to

sort it into one of 16 discrete size bins.

The UCASS instrument is a tool used for the in-situ characterization of atmospheric aerosols, with its utility for providing

high-resolution vertical profiles demonstrated in studies of Saharan dust over Cyprus: One such study (Kezoudi et al., 2021)

used the instrument to characterize a Saharan dust layer (refractive index of 1.52), detecting dust particles (0.4-14.0 µm) with110

peak concentrations up to 50 particles per cm3 . The findings showed reasonable agreement with aircraft data and highlighted

the value of UCASS vertical profiles compared to remote sensing, though it was noted that UCASS-derived extinction was

overestimated at high concentrations (> 25 particles per cm3) (Kezoudi et al., 2021). In another application, the UCASS was

used on a UAV as a reference sensor during a Cyprus dust event, reinforcing its use for validation (Schön et al., 2024). This

work involved profiling a dust layer between 1500 and 2800 m with peak concentrations up to 35 particles per cm3 (Schön115

et al., 2024).

UCASS does not feature any detector for the true air flow velocity through the open-path instrument. As a result, it needs to

rely on the ascent rate or another external measurement (Smith et al., 2019). Instrument inclination or local flow disturbances

therefore might lead to errors in concentration. To address this issue, a flow sensor was added to the system to directly measure

flow speed (Jost et al., 2025). This allows for a more accurate calculation of the volume flow rate, improving upon methods that120

rely only on GPS ascent rates (Smith et al., 2019). This addition showed that the internal flow can deviate from the GPS-based

ascent rate, typically by 10-30%, with peaks of up to 45% observed during soundings (Jost et al., 2025). The applicability of

this specific thermal flow sensor was demonstrated up to an altitude of 7.5 km, a limit determined by ambient temperatures

falling below the sensor’s specified operational range.

To screen for faulty units prior to launch during both intense operation periods, we tested UCASS instruments using monodis-125

persed particles of known sizes; 30 µm lycopodium powder (Sigma-Aldrich, 2025a), 1 µm and 10 µm monodisperse silica

beads (Sigma-Aldrich, 2025c, b). After placing the UCASS in a small 12V fan powered wind tunnel, particles were manu-

ally dispersed into the flow. The UCASS categorizes each particle into several bins (in terms of diameter size) according to

the intensity of its light-scattering signal. During these tests, the instrument performance was evaluated using the detection at

the correspondent bin. For each flight, two units were deployed to measure distinct particle size ranges. One unit operated in130

droplet mode (UCASSD), targeting larger particles, while the second operated in aerosol mode (UCASSA), targeting smaller

particles. As configured for the instruments in this study, the upper and lower limits are 0.3-32.5 µm for UCASSa and 9-51.5

µm UCASSd. The complete size range for all bins are detailed in the supplement (tables S2 and S3).

Between the 2023 and 2024 campaigns, UCASS units were recalibrated to verify optical alignment following mechanical

impact during landing (Girdwood et al., 2025). Fixed fibres of carbon, tungsten, and glass were introduced to the sample135

volume, and the resulting scattering signals were validated against Generalised Lorenz-Mie Theory simulations to confirm the

linear calibration coefficients.
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2.2.2 POPS

The Portable Optical Particle Spectrometer (POPS) is a lightweight (800g), low-powered (5W) optical particle counter that

measures aerosol number concentration and size for diameters between 140 – 2500 nm (Gao et al., 2016). Individual particles140

are detected as they pass through a 405 nm laser diode beam and the resulting amount of scattered light is related to their

size following Mie theory, assuming a bulk index of refraction. In this study, we used n = 1.55 + 0.002i for layers impacted

by dust transport and n = 1.45 + 0.00i otherwise. We used a 36 particle diameter size bins scheme and the pre-deployment

calibration protocol using nebulized 508 nm polystyrene latex spheres (PSL) solution all described in (Todt et al., 2023). POPS

applicability has already been shown in UAVs (Hagen Telg and Gao, 2017) and balloon borne payloads (Asher et al., 2024).145

The upper and lower limits are 0.14-2.5 µm for POPS and the complete size range is detailed in the supplement (Table S4).

2.2.3 Impactors

The impactor rack comprises a set of five dual-stage impactors (Fig. 1). These MINI dual-stage impactors are designed to

collect aerosol particles by inertial impaction onto transmission electron microscopy (TEM) grids for subsequent analysis

(Kandler et al., 2007b; Ebert et al., 2016). Laboratory calibrations using a Gilibrator 2 (Sensidyne, LP, 2020) showed that the150

total flow, limited by a critical orifice, measured 8.3 cm3/s at standard conditions.

To control the air flow, each impactor is equipped with a dedicated miniature pump (Parker Hannifin Corporation, 2020).

These pumps are activated sequentially based on ambient pressure measured during the ascent. Once triggered, each system

operates for 20 minutes, drawing ambient air through a funnel inlet facing downwards. However, as the impactors remain open

during the balloon’s descent, the samples are susceptible to contamination from different altitudes.155

The impactors are constructed to sample two size fractions with approximate size ranges divided approximately at 1 µm

particle diameter. The lower limit is defined by a less steep efficiency curve and ranges from 30 nm to 150 nm approximately.

The upper limit is constrained mainly by counting statistics and is in the range 5 - 10 µm. The housings of the impactors were

3D-printed from an epoxy-based resin while their orifices and substrate holders were produced from aluminum. The housing

was exposed to temperatures down to -70°C for 24 hours, afterwards inspected for leaks; concluding that the external casting160

will endure harsh atmospheric conditions, protecting the TEM grid. Each flight usually delivers 10 samples on TEM grids,

which serve as a standard sampling substrate, owing to the two-stage design. To minimize contamination the TEM grids are

prepared and inserted into the impactor housing whilst in a clean environment. The housing is sealed until just before flight.

After the sample has been collected the housing is resealed and the TEM grids are not removed until the impactor housing is

returned to the clean environment.165

2.2.4 Trace gases

The ECC Ozonesonde (EN-SCI, 2019) is a commercially available and widely used (Smit et al., 2024) electrochemical sen-

sor designed for quantifying ozone (O3) concentrations in air. A pump actively draws ambient air into the sensor’s cathode
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chamber, which contains a potassium iodide (KI) solution at 0.5%. In the solution, the reaction creates a measurable electrical

current in the electrolyte of the sensor cell.170

The strength of this electrical current is directly proportional to the amount of ozone present in the air sample. This mea-

surement, combined with the air sampling rate and temperature, allows for the calculation of the ozone concentration, which

is expressed in parts per billion by volume (ppbv).

The Alphasense CO-B4 (Alphasense, 2021) is a commercially available electrochemical sensor designed for quantifying

carbon monoxide (CO) mixing ratio in air. CO gas diffuses into the sensor and undergoes an electrochemical reaction at the175

working electrode (WE), generating a current proportional to the CO concentration. The auxiliary electrode (AE) measures

temperature and background current, enabling correction of WE voltage using one of the manufacturer-provided methods. The

sensor features sensitivities in the range of 420-650 nA per ppm with a response time of 30 seconds (Alphasense, 2021) . The

device’s performance is characterized across a temperature range of -40°C to 85°C (Alphasense, 2021) and is influenced by

temperature, humidity and pressure as well as cross sensitivity to other gases (Alphasense, 2019; Kim et al., 2018).180

2.3 Payload components

For flight, the entire payload assembly is attached beneath an unwinder (model “UW1” by Graw GmbH & Co. KG, Nuremberg,

Germany), which connects to the lifting balloon. The unwinder’s primary function is to prevent the rope from entangling during

release and ascent, ensuring a stable flight profile. The rope sets the distance between the balloon and the payload, which

prevents interference from the balloon’s turbulent wake. The helium-filled meteorological balloon TOTEX TA2000 is used to185

achieve the required lift. The typical payload mass is around 3.4 kg, although slight variations between flights can occur due

to the use of ancillary materials like tape and insulation.

2.3.1 Power systems

The main system, including the Raspberry Pi and other core components, is powered by a battery rack consisting of four 5200

mAh lithium-ion cells. The Vaisala RS41SGP radiosonde is powered separately by two AA batteries. The ECC utilizes its190

own dedicated power source. Finally the POPS utilizes an additional 3500 mAh / 37.8Wh Li-ion battery pack. This main

battery connects to the custom printed circuit board (PCB), which distributes stabilized voltages through power rails thanks

to a voltage converter. The voltage converter needs to be adjusted to 12 V and 5 V to power the different instruments and

sensors, ensuring each one receives the specific voltage it needs. The duration of a balloon sounding is typically shorter than

the maximum operational time of the payload batteries, so battery life is not a constraint for this setup.195

2.3.2 Control and processing

The central control and processing unit for the payload is a Raspberry Pi Model 3B+ single-board computer. To facilitate stable

connections with the various instruments, the Raspberry Pi is augmented with a custom-designed PCB. This PCB interfaces

directly with the Raspberry Pi’s general-purpose input/output (GPIO) pins and provides the necessary 2,54 mm pin sockets and
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Molex 6373 series for physical instrument integration. Accurate timekeeping, critical for data synchronization and preventing200

time drift, is maintained using a NEO-6M GPS module connected via USB. This module provides a Pulse-Per-Second (PPS)

signal to the system, allowing for a high-accuracy system time.

2.4 Balloon operation

Flight operations, including instrument interfacing, data acquisition, storage, transmission, and synchronization are conducted

during flight at the PCB. For data telemetry, the platform utilizes a Vaisala RS41SGP radiosonde. Initialization of the ra-205

diosonde before launch is performed using a Vaisala RI41 ground check device. Data packages are transmitted using the xData

fields inside the Vaisala´s transmission protocol. While the radiosonde transmits packets at a constant frequency of 1 Hz, the

data payload accommodates higher temporal resolutions by buffering multiple samples into a single transmission. For example,

although the transmission rate is 1 Hz, UCASS data is encoded with two samples per packet, resulting in an effective 2 Hz

resolution upon decoding. Independently of the transmission, a higher-resolution dataset is saved locally, with data from most210

instruments recorded at double their sampling rate. An exception is the UCASS, whose data is both transmitted and stored at

2 Hz. The transmitted data allows for live flight monitoring on the ground, while the stored data provides a comprehensive

dataset for post-flight analysis. The monitoring was done in the Vaisala MW41 sounding system coupled with a CG31 antenna

with a secondary antenna as a backup. This backup was done by the limitations of the main system, not build for simultaneous

soundings allowing a continuous recording of any overlaping launches.215

2.5 Data and sampling treatment

2.5.1 Data processing

The initial raw data is collected in 10-second bulk files, with all sensors in the same file. The first step requires consolidating

the files into one file per flight. This processed raw data forms the Level 0.1 dataset, consisting of decentralized, files with

invalid entries removed for each sensor operating under the SBC (e.g., impactors or UCASS). The Level 0.5 dataset is then220

generated by using RS41-SGP data to trim the Level 0 data, ensuring that each sensor’s data spans the entire flight duration,

from ascent to landing. Finally, the Level 1 dataset is created by performing data validation, including checksums, to produce

a final file for each sensor that contains only valid data points for the entire flight.

2.5.2 Scanning electron microscopy

Particle characteristics were analyzed using a scanning electron microscope coupled with energy-dispersive X-ray spectroscopy225

(SEM-EDX). This technique allows for comprehensive analysis of individual particles, providing insights into their physical

nature (size and shape) and chemical composition. Geometrical parameters were obtained directly from the SEM images, while

chemical analyses are performed using the EDX system: For details on the procedure see Ebert et al. (2024)

For each individual particle identified via SEM imaging, an EDX spectrum was manually acquired to determine its elemental

composition. The SEM-EDX technique is commonly used to analyze individual particles (Rades et al., 2014), especially230
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when the total sample mass is uncertain or subject to changing atmospheric conditions (Worobiec et al., 2010). The technique

provides insights into the aerosol mixing state by analyzing individual particles (Bondy et al., 2018). It can differentiate

between an external mixture, where particles of distinct composition coexist (e.g., an iron oxide particle next to a silicate

particle), and an internal mixture, where multiple chemical species are present within a single particle (e.g., a soot core with a

sulfate coating). This capability provides detailed information on sample heterogeneity, which is overlooked by bulk analysis235

techniques that average the composition of the entire sample. Understanding the mixing state is important, as it governs the

aerosol’s hygroscopic, optical, and chemical properties (Li et al., 2018), and thus its overall impact on climate and air quality

(Gaston, 2020).

The elemental composition of each individual particle, focusing on major elements such as S, Na, Al, Si, K, Ca, Fe, or

Pb, was determined from the EDX spectra. These compositions were then expressed as normalized atomic percentages. To240

ensure accurate quantification of the particle chemical composition, those elements originating from the substrate, specifically

carbon (C), oxygen (O) and nitrogen (N ), were excluded from the analysis. Apart from N being a compound of the substrate,

N is also subject to a high degree of error in EDX detection, hence, this species (N ) is also discarded from further analysis.

3 Application: field missions (BISTUM) in the years 2023 and 2024

The first part of the field campaign (BISTUM23) took place in August 2023 at Tailfingen, Albstadt, located in Baden-245

Württemberg, Germany (48.2576° N, 8.98619° E). Albstadt lies within the Swabian Jura, a low mountain range on the southern

outskirts of the Alps, characterized by a high plateau with forested areas. This area is predominantly rural, well distanced from

major industrial centers which results in a potentially low polluted atmospheric profile compared to densely populated basins

(Manisalidis et al., 2020). The launch site was located at 886 m above sea level (ASL). The Albstadt area is a hotspot for

thunderstorms because the regional landscape—specifically the interaction between wind flowing around the Black Forest and250

over the Swabian Jura—creates a natural trigger point for orographic convection (Kunz et al., 2022).

The second part of the field activities (BISTUM24) took place in June 2024 at Spielberg, Brachttal, located in Hessia,

Germany (50.30519° N, 9.25899° E). Geographically, Brachttal is hilly area, with a dense tree mass coverage, northeast of

the most densely populated part of the Frankfurt Rhine-Main region. This area is characterized, by a rural setting, although

its position relative to the industrialized area of the Rhein-Main-region has potential for being affected by airborne pollutants.255

The launch site was located at 402 m ASL. Thanks to its moderate local background urban pollution convective transport of

pollutants could be characterized (Moormann et al., 2025).

The flight overview for both field operations is included in the supplement (tables S5 and S6).

4 Results and Discussion

During the BISTUM23 campaign, a total of 16 flights were performed. The operational status of the key particle instruments260

UCASS and the impactors was evaluated, as detailed in the supplement. While many flights were successful, several en-
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countered technical issues with individual components during flight. Some flight datasets were unable to be recovered due to

corrupted telemetry and physically irretrievable payload.

Learning from the initial deployment, adjustments were made before the second campaign, which consisted of 12 flights.

The complete success rate was about 60% for BISTUM24 campaign. A summary of the instrument failures during this initial265

campaign is presented in the electronic supplement. For the present study, the flight from 14th of June 2024 was specifically

selected as it represents a baseline case under non-convective conditions, as an example for the capabilities of the payload.

This choice allows for a clear characterization of aerosol nucleation processes without the complexity of deep convection.

Furthermore, this flight exhibited the highest data quality of all available datasets, with few invalid data packages as well as

samples from the impactors. This analysis therefore serves as a reference for our ongoing investigation into the more complex270

convective cases.

4.1 Synoptics and flight conditions

The synoptic situation on the 14th of June 2024 was influenced by a low pressure system located north of Great Britain

(Fig. 2). Germany was under influence of a trough with a weak pressure gradient. The warm front was approaching Frankfurt

from the east inducing vertical transport and winds northeastward of Frankfurt towards Brachttal, driving pollutants to the275

middle sections of the troposphere. The profile indicates a stably stratified atmosphere, with convective available potential

energy CAPE near to 0 Jkg−1 (0.15 Jkg−1) (Stull, 1988).

The balloon-launch took place at 1400 UTC. During payload preparations, temperatures at ground level were 14°C with

relative humidity of 74% and windspeed of around 1.5 ms−1 from SW. The balloon-probe’s ascent finished at 30860 m ASL

at 1505 UTC when the balloon burst. Around 1645 UTC LOONIS landed and was recovered immediately. After a check280

whether the impactor pumps had worked during sounding, impactor samples were stored to avoid unintentional contamination.

The profile acquired (Fig. 3) shows a water saturated region between 900 and 800 hPa.

4.2 Instrument Performance and Data Validation

The UCASS utilizes an open-path design without moving parts, relying on the balloon’s ascent rate to draw air through the

sampling volume. This method has been enhanced by incorporating a thermal flow sensor (TFS) to obtain a local measurement285

of the instrument’s internal sample flow speed, which was calibrated with a pitot tube (Jost et al., 2025). The TFS provides a

direct and responsive measurement of the internal flow velocity, capturing instantaneous fluctuations that are not resolved by

GPS-derived platform velocity. Relying on the instrument platform’s velocity introduces uncertainty, especially during rapid

ascents (up to 6 ms−1), and is a source of error when considering particle inertia. The resulting signal is highly responsive

and can capture instantaneous fluctuations in the internal flow (Jost et al., 2025). The two independent TFS units are strongly290

correlated with each other, both exhibit significant scatter and deviation when compared against the GPS-derived speed (Fig. 4).

This suggests the TFS provides a more self-consistent measurement of local flow. In contrast, the limited frequency and high

variability of GPS-derived flow, especially during rapid ascents (up to 6 ms−1), create uncertainties in particle counts. The

TFS method shows large scattered deviations relative to the GPS-derived flow exceeding ±30% (Fig. 5).
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Figure 2. Surface pressure (green-yellow lines) and 500 hPa geopotential (dashed lines) from ERA5 (Hersbach et al., 2020) in central Europe

on the 14th of June 2024. The background shows high-resolution visible (HRV) channel imagery from MSG Seviri, with RADOLAN radar

reflectivity overlaid for Germany. Relevant fronts, based on the pressure field and DWD analysis (Deutscher Wetterdienst, 2024), are also

depicted. The next day, a warm and a cold front crossed over the measurement location (green cross), changing from clear skies to increased

cloud coverage with precipitation.

The UCASS intercomparison reveals a significant discrepancy between the two units (Fig. 6). One instrument consistently295

reports higher particle number concentrations, a scatter that becomes most pronounced in high-concentration environments.

This suggests a systematic, instrument-specific overestimation. However both units responded simultaneously to the environ-

mental changes, confirming the presence of the saturated air layer observed by the humidity sensor.

This uncertainty must be taken into account when considering inertia as a source of miscounts, particularly for particles

with Dp > 1 µm. This effect becomes significant under two conditions: first, during any change in the instrument’s velocity300

or direction, and second, when a non-zero Angle of Attack (AOA) occurs. A non-zero AOA indicates that the airflow is not

parallel to the instrument’s axis, making the flow non-isokinetic. While non-isokinetic flow may be negligible for particles

smaller than 1 µm (Arouca et al., 2010), it leads to less reliable counting for larger particles (Brem and Zhang, 2008). Larger

particles have significant inertia. Under non-isoaxial sampling conditions, this inertia, combined with complex internal airflow,

can cause them to impact and deposit onto the UCASS’s inner walls instead of reaching the measurement volume (Jost et al.,305
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Figure 3. SkewT diagram depicting the vertical profile of atmosphere’s thermodynamic conditions during BISTUM24 campaign on 14th

June 2024. The launch time was at 14:00 UTC. The observed near-zero CAPE index (1.6 J per kg) confirms the absence of significant

convective instability.
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Figure 4. Comparison of wind speed measurements from three different sources observed on 14 June. The leftplot compares TFS1 and TFS2

against GPS, the right plot compares the two TFS. The altitude of the compared measurement is color coded.

2025). This deposition is more probable for particles with Dp > 1 µm because their mass is sufficient to cause deviation from

the streamlined airflow within the curved nozzle. This deposition leads to under counting. By using TFS data to calculate

the sampled volume, these errors are minimized because the calculation relies on a velocity value that is closer to the true,

instantaneous velocity of the air passing through the UCASS.

The LWC derived from the UCASS during the cloud pass reached a peak values of 3.23 and 2.44 g m−3 (Fig. 7). This310

is an order of magnitude higher than from the typical range of 0.1-0.2 g m−3 (Misumi et al., 2018) reported for continental

stratocumulus clouds in previous in-situ and modeling studies (Baumgardner et al., 2011; Noh et al., 2013). Although these

values are not directly comparable, as the cited works serve as a reference for typical LWC in similar continental stratocumulus

clouds rather than a simultaneous measurement. Using Moderate-resolution Imaging Spectroradiometer (MODIS) cloud liquid

water path data from the 14th of June the LWC values for the cloud layer (1 Km) would fall between 0.1 and 1.1 g m−3.315

The direct comparison from the LWC as well as the particle concentration points towards overestimated measurements. This

overestimation does not appear to be an artifact of sizing range truncation. The instrument measuring range, with upper limits

of 32.5 µm and 51.5 µm, is nominally sufficient to detect the full population of typical cloud droplets, which can grow to 50

µm (Pruppacher and Klett, 2010). The cloud effective radius from MODIS data shows a median droplet size of about 25 µm

which overlaps with the mean peak of the size distribution observed in the UCASS data.320

The volume of an individual water particle increases with the cube of its diameter (D3). While smaller particles are typically

far more numerous, this scaling means that the relatively few larger particles in the size distribution often contain a dispropor-

tionate amount of water. As a result, these larger particles frequently make the dominant contribution to the total LWC. This
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Figure 5. Comparison of two methods for calculating particle number concentration from a balloon flight on 14th of June. The left panel

shows the absolute concentration profiles derived using a GPS-based ascent rate versus a TFS measurements (orange, purple dots). The right

panel shows the percentage deviation of the TFS method relative to the GPS method of each unit (UCASSa and UCASSd).

aligns with the report of Schön et al. (2024), who noted that the UCASS recorded higher number concentrations than other

OPCs in the 2.12–2.36 µm diameter range. Despite particle truncation, the net LWC is overestimated, implying an error that325

inflates particle volume. A plausible explanation is the overcounting of particles, as artifacts from droplet shattering are known

to be a significant issue for airborne probes in cloudy conditions (Spanu et al., 2020; Huang, 2021). Although limitations in

our instrumentation preclude a fully quantitative analysis, our results show a clear trend of increased cloud droplet number

concentration under higher particle loading. This observation is qualitatively consistent with the Twomey effect, a foundational

principle of aerosol-droplet interactions in boundary layer clouds (Yang et al., 2019).330

Therefore, while the UCASS is suitable for identifying the vertical structure of aerosol layers, its quantitative accuracy is

reduced in high-concentration environments. Despite these quantitative uncertainties, Schön et al. (2024) found similar vertical

particle size distribution patterns between the UCASS and other OPCs, indicating that the overall structure of aerosol layering

can still be reliably captured. This capability is critical for process studies, such as investigating the impact of aerosols on cloud

condensation nuclei (CCN) populations and subsequent cloud properties (Heutte et al., 2025).335
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Figure 6. Particle number concentrations from two UCASS instruments measured on 14 June within a saturated air layer. Data points are

colored by GPS altitude, with concentrations calculated using True Flow Speed (TFS).

4.3 Vertical Aerosol Distribution and Cloud Microphysics

The total particle number concentration was derived by summing the counts per second across all size bins and dividing by

the volumetric flow rate. The vertical profile (Fig. 8), at a 1 Hz resolution corresponding to approximately a 6-meter vertical

resolution, reveals that the concentration profiles from both instruments demonstrated strong qualitative agreement, capturing

similar trends throughout the ascent.340

During the initial 600 m of ascent, significant particle concentrations were detected in both water-saturated and unsaturated

air parcels. This period of high particle loading was visually corroborated by video footage showing a noticeable decrease in

visibility, indicative of water condensation on aerosols. Within the saturated air parcel, between 1000 m and 2000 m ASL,

particle concentrations reached values up to 1000 particles per cm3 before subsequently decreasing with increasing altitude to

approximately 50 particles per cm3.345

The vertical size distribution profile (Fig. 9) shows a noticeable structure between 1500 m and 2000 m for both instruments.

The combination of the observed altitude, water saturation, and particle concentration indicates the presence of a boundary

layer cloud. The size distribution shows two different behaviors based on humidity. Saturated air parcels exhibit a particle con-

centration between 700 and 900 particles per cm3, featuring a size distribution that peaks at roughly 20 µm (UCASSa/b). The

agreement between the two UCASS units supports the reliability in saturated conditions; conversely, in air parcels not saturated350

with water vapor, the low particle concentrations (approximately 1 particle per cm3) lead to higher statistical uncertainty across

the entire size distribution.
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Figure 7. Comparison of UCASS derived LWC on June 14th. UCASS LWC is calculated from droplet measurements assuming spherical

shape and water density of 1 g per cm3.

The distinct particle size detection ranges of the POPS and UCASS units allow for a direct comparison between activated

and inactivated particles. During the boundary layer pass, the size distribution exhibits a bimodal pattern (Fig. 10). For particles

with diameters ranging from 0.3 µm to 2.6 µm, the size distribution behavior is consistent with previous observations (Liu355

et al., 2021) until the saturated region is reached.

This saturation triggers a distinct divergence between the two instrument types. Upon entering the water-saturated region,

the aerosol concentration observed by the POPS decreased abruptly by 90% over a vertical transition of 100 m (visible in

Fig. 8). Simultaneously, the UCASS units recorded a concentration peak, increasing from 10 to 800 particles per cm3. This

pattern is a direct in-situ observation of aerosol-water activation. Hygroscopic aerosol particles measured by POPS (0.14–2.4360

µm) take up water and grow sufficiently to become cloud droplets (Abdul-Razzak and Ghan, 2000; Pöhlker et al., 2023). As

they grow beyond the upper detection limit of the POPS, they are recorded by the UCASS.

While the UCASS may overestimate absolute number concentrations (as discussed in section 4.2), the qualitative bimodal

trends are consistent with established microphysical principles (Pruppacher et al., 1998). Specifically, the presence of a bimodal

cloud particle distribution has been shown to arise from the different activation properties of distinct, externally mixed aerosol365
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Figure 8. The data shows a well-defined planetary boundary layer capped by a strong temperature inversion with its base at approximately

850 m, as seen in the potential temperature profile. This inversion traps moisture, leading to saturation (RH ≈ 100%). Consequently, aerosol

particles activate into cloud droplets, causing the measured particle concentration to increase by over an order of magnitude. Potential

temperature is calculated based on (Baumgartner et al., 2020).

populations (Jacobson, 2003). Jacobson showed through modeling that aerosol types with different chemical compositions and

solubility activate at different diameters. The smaller sizes observed by POPS (0.14–2.4 µm) are comparable to Jacobson’s

modeled 0.1–0.5 µm mode, while the larger UCASS mode corresponds to the activated droplet mode (5–10 µm in theory,

observed here near 20 µm). This activation-driven growth is transient; as the relative humidity drops below 95%, the UCASS

peak disappears and the POPS concentrations recover, signifying the evaporation of these newly formed droplets.370

The complementary nature of the POPS and UCASS measurements, with their distinct particle size detection ranges, allows

for a comprehensive assessment of this phenomenon, aligning with fundamental principles of cloud microphysics, where the

availability and properties of cloud condensation nuclei (CCN) govern the initial stages of cloud formation (Seinfeld and

Pandis, 2016).

4.4 Aerosol Chemical Composition and Source Attribution375

The impactor system operated as planned throughout the flight, collecting particulate samples according to the pre-programmed

sampling schedule. During flight, the INA219 power monitor recorded the voltage and current supplied to the pumps. The
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Figure 9. Vertical profiles of temperature, relative humidity and water vapour mixing ratio (left) and particle size distribution observed on

14 June 2024. UCASSa, UCASSd (middle) have an optical particle diameter of 1.51 µm and POPS (right) of 1.41 µm.

resulting power consumption remained within the nominal operational range, indicating that the pumps were functioning as

intended (see 2.2.3). This was also confirmed by the power consumption of the system, matching the power drainage observed

during the laboratory testing.380

The first impactor collected particles across a vertical profile extending from 500 m to 4500 m. This transect passed through

a saturated atmospheric region, with in-cloud conditions identified between approximately 1000 m and 2000 m ASL. Conse-

quently, the collected sample represents an integration of aerosols from different atmospheric layers, below the cloud, the cloud

layer itself, and the free troposphere above, until end of sampling. Within the cloud layer, the sample is expected to contain a

mixture of interstitial aerosols and cloud residuals—the non-volatile nuclei remaining after droplet impaction and evaporation.385

While this integrated sample does not isolate particles that acted as CCN, its analysis provides insights into the properties of

the aerosol population that was available for cloud droplet activation.

The samples revealed a heterogeneous mixture of particles with diverse morphologies, sizes, and chemical compositions.

A well-mixed atmospheric layer is characterized by a relatively uniform (homogeneous) aerosol population due to turbulent

mixing over time. Therefore, the observed heterogeneity indicates that the sampled layer was not well-mixed. This variety of390

particle types strongly suggests a recent convergence of different air masses, each carrying a distinct aerosol signature from
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Figure 10. Particle size distribution, normalized by the logarithmic bin width, measured by Optical Particle Counters (OPCs) over Spielberg,

Germany, on 14th June 2024, during the BISTUM24 campaign. The distribution represents a one-minute average during a cloud transect

between 1761 m and 1817 m altitude. Ambient conditions were 280.2 K and 100% relative humidity.

its region of origin. The presence of such a varied mixture points toward a complex atmospheric structure where air parcels

influenced by sources like urban pollution coexist with other air masses that have not had sufficient time to homogenize.

The sampled particles show significant diversity in their chemical composition and morphology, as shown in Fig. 11 and

Fig. 12. The aerosol population contained a complex mixture including iron-rich (Fe) agglomerates (Fig. 11a), calcium rich395

particles (Fig. 11b) and alumino-silicate mineral dust (Fig. 11c). The sampled air layers contained ammonium sulfate (Fig. 12)

a defining characteristic of aged continental aerosol populations (Pöschl, 2005; Morgan et al., 2010).

To trace back the origin of the particles Lagrangian back trajectory calculations have been conducted, displayed in (Fig. 14).

The backward trajectories were initiated every minute during the flight at the respective positions in space and time. Mete-

orological information, especially the wind velocities were obtained from the ICON-D2 weather model analysis data with a400

horizontal spatial resolution of approx. 2 km and vertical resolution of between 30 - 100 m in the lower troposphere. The

temporal resolution of the data is 3 hours, for time steps in between a linear interpolation has been selected. The Lagrangian

tool is a tailored algorithm, performing linear interpolation in space to determine the respective wind velocities transporting the

air parcels. The trajectories are calculated backwards in time for 24 hours or until the parcels left the domain of the ICON-D2

operational model. In case of a particular event (like a Saharan dust event intrusion) not only is it possible to get the spectral405

signature but the path that the sampled air mass followed, enhancing the information that the particles provided. The back

trajectories indicate that the sampled air masses traversed the anthropogenically influenced Rhein-Main metropolitan area. The

chemical composition of these particles, identified by EDX, as primarily ammonium sulfate (NH4)2SO4, is a direct conse-

quence of the atmospheric processing of pollutants from the upwind source region. The back trajectories (Fig. 14)) confirm

that the sampled air masses traversed the anthropogenically influenced Rhein-Main metropolitan area. Consequently, emissions410
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from industrial processes, dense traffic, and agricultural lands in this region likely serve as the primary sources for the observed

particles (Birmili et al., 2016). First, sulfur dioxide (SO2), emitted from industrial activities and fossil fuel combustion in the

Rhein-Main area, is oxidized in the atmosphere to form sulfuric acid (H2SO4). Emissions from industrial processes, dense traf-

fic, and surrounding agricultural lands in the Rhine-Main region serve as the primary sources for these particles (Birmili et al.,

2016). This aligns with airborne measurements across North-Western Europe, which show that the sub-micron aerosol burden415

in polluted air masses is dominated by secondary components like ammonium nitrate, organic matter, and sulfate (Morgan

et al., 2010).

It is important to note a potential sampling artifact identified with the current impactor setup. During the SEM analysis, a

population of non-volatile, P-K-rich particles (Fig. 13), which also contained minor amounts of K, Na, and Mg, was identified.

These particles are considered artifacts. This classification is based on their distribution across the sampling substrate; unlike420

other particle types, they were not concentrated in the impaction spot but were also found on the substrate edges. Furthermore,

they appeared on more than half of the flown samples but were absent from laboratory blanks. The source of this contamination

remains under investigation, but it is hypothesized that these particles may enter the impactor via diffusional processes during

the payload’s turbulent descent, bypassing the intended collection stage. However, because these P-K-rich particles can be

unambiguously identified by their unique composition and distribution, they do not bias the overall analysis of the targeted425

aerosol populations.

While SEM analysis is useful for characterizing the physicochemical properties of individual particles, this manual method

is limited to a small number of particles. Consequently, it lacks the statistical power required to definitively establish the

relative abundance of different particle types acting as CCN within a cloud event. Determining the dominant aerosol population

serving as CCN depends on analyzing a much larger number of collected cloud residual particles to enable a statistically robust430

characterization (Kandler et al., 2007a, 2018). For this particular case study, the number of analyzed particles is insufficient to

extract all relevant chemical properties of the cloud CCN, but a measurement strategy involving more frequent sampling on

short notice could provide the necessary statistics in future investigations.

4.5 Evaluation of Trace Gas Sensors

To characterize the payload’s operational performance distinct from the aerosol analysis, we examine the trace gas profiles in435

the lower troposphere (Fig. 15). Both the CO (smoothed with a 30-second running average) and O3 signals exhibit a coincident

local maximum at approximately 1000 m, identifying the cloud base. While this detection confirms the sensors’ ability to locate

strong atmospheric gradients, the subsequent measurements reveal significant instrumental artifacts. The following discussion

details the specific limitations of the electrochemical CO sensor under these rapid ascent conditions.

The operational characteristics of the CO sensor introduce significant uncertainties when deployed on rapidly moving plat-440

forms. The sampling strategy is a critical factor when comparing datasets from different measurement platforms (Kezoudi

et al., 2021). Stationary (ground-based) and slow-moving platforms can sample a specific air mass under relatively stable or

slowly evolving conditions (Chan et al., 2021; Moormann et al., 2025). In contrast, fast-moving airborne platforms, such as

research aircraft or ascending weather balloons, encounter rapidly shifting temperatures, pressures, and humidity levels.

21

https://doi.org/10.5194/egusphere-2025-5568
Preprint. Discussion started: 9 December 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 11. Examples of individual aerosol particles collected by the dual-stage impactors during the BISTUM24 flight on 14th June 2024,

analyzed via SEM and EDX. The panels display the chemical heterogeneity of the sampled aerosol particles. Particles collected as cloud

residuals by the first impactor (500-4500 m) include (a) an iron-rich agglomerate likely from industrial or traffic sources, (b) an aged

secondary sulfate particle, and (c) an alumino-silicate mineral dust grain. Particles from the free troposphere (4500-7600 m) are shown in (d)

illustrating complex, internally mixed aerosols characteristic of aged continental air masses.
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Figure 12. Example of an impaction spot collected by the dual-stage impactors during the BISTUM24 flight on 14 June 2024. The panels

display particles on a collection grid, with selected particles highlighted for EDX analysis. The corresponding EDX spectra for points 1 and

2 reveal elemental signatures of Nitrogen (N ), Sulfur (S), and Oxygen (O), consistent with a composition of nearly pure ammonium sulfate

(NH4)2SO4. The presence of ammonium sulfate, a secondary aerosol species, indicates that the sampled air mass has undergone significant

atmospheric aging.

This particular challenge is central to the performance of the electrochemical CO sensor used in this study. Manufacturer445

specifications indicate that such sensors require sufficient time to equilibrate and are designed for optimal performance under

relatively constant pressure (Alphasense, 2019). The Alphasense CO-B4 sensor has a response time (t90) of less than 30

seconds for a 10 ppm step change. Given the platform ascent rate (6 ms−1) it traverses a vertical distance of approximately 180

m during the sensor’s response interval. Consequently, the measurements will exhibit a significant vertical lag and represent

a smoothed, rather than discrete, vertical profile. This limits the vertical resolution of the gathered data. These limitations450

are particularly pronounced in humid conditions. These limitations are particularly pronounced in humid conditions, with

Relative Humidity >85%, the sensor output became erratic and non-physical. We observed raw signal saturation (reaching the

sensor’s voltage limit) and calculated concentrations ranging from -188 ppb to +803 ppb, with frequent excursions into negative

values (down to -800 ppb in drier segments). This breakdown in linear response confirms that the sensor’s electrochemistry is

compromised by rapid moisture changes, rendering the data in these layers unusable for scientific analysis. The successful use455
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Figure 13. Example of an impaction spot collected by the dual-stage impactors during the BISTUM24 flight on 14 June 2024. The panel

displays an example of a collected particle for EDX analysis. The corresponding EDX spectra for points 1 and 2 reveal elemental signatures

of Potasaium (K) and Calcium (Ca).

of similar sensors on tethered balloon platforms, which permit slow profiling and stationary measurements at various altitudes,

highlights the critical role of platform stability in obtaining reliable data (Han et al., 2021).

Conversely, the ozone profile displayed in (Fig. 16) shows the characteristic stratospheric ozone layer peak, with a sharp

decrease towards the surface and a potential secondary peak in the lower stratosphere, reflecting photochemical production and

destruction mechanisms. To assess its variability, the ozone profile from June 14th was compared at fixed pressure levels against460

the campaign-average ozone profile, revealing significant deviations from the mean. The deviation indicates a dynamically

active and vertically stratified atmosphere. In the stratosphere, between 20 km and 30 km, a consistent positive anomaly

in ozone partial pressure, with values up to +1 mPa, is observed. This suggests an enhancement of the stratospheric ozone

concentration relative to the seasonal mean (Fig. 16).

The plot shows that the troposphere was not well-mixed. Instead, it was composed of distinct layers, including a notable465

band between 3,000 m and 7,000 m with significantly less ozone than the monthly average. A prominent ozone-rich layer, with

a positive partial pressure anomaly reaching +4 mPa, is present at an altitude of 11-12 km. This feature could be a product of

stratospheric intrusion, where filaments of ozone-rich air and drier air (RH is <10% between 11-12 km) are transported from

the lower stratosphere into the troposphere, a process frequently observed over Central Europe (Trickl et al., 2018; Stohl et al.,

2003). Such events are driven by specific large-scale meteorological patterns (Sprenger et al., 2003). In contrast to this ozone-470

rich layer, an ozone-poor air mass is observed at 5 km, identified by a strong negative anomaly of -1.2 mPa. The presence of
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Figure 14. 24-hour backward trajectories for air masses sampled by the first impactor on 14 June 2024. The trajectories were initiated at

various altitudes corresponding to the first two thousand meters of the LOONIS balloon sounding. The trajectory shows how air masses pass

over the densely populated Rhine-Main metropolitan area. This air mass history suggests a strong potential for influence from anthropogenic

emissions on the measurements.

these distinct layers, representing significant deviations from the typical seasonal variability (Thouret et al., 2006), indicates

that the vertical ozone structure on this day was influenced by dynamic transport processes.

5 Conclusions

The BISTUM campaigns have demonstrated the proof of concept of the LOONIS platform. The strength of the payload lies475

in its modular adaptability to the shifting conditions of intense operation periods. This capability was demonstrated in the case

study of the high-resolution observation of an aerosol activation event, evidenced by the data from the POPS and UCASS

instruments. While POPS measured the depletion of accumulation mode particles, the UCASS simultaneously captured the

resulting population of newly formed cloud droplets, which were outside the upper detection limit of the POPS. Crucially,
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Figure 15. Vertical profiles showing trace gas trends and temperature within the lowest kilometer, observed on 14 June 2024. To fit on the

same scale, the CO mixing ratio in ppbv has been divided by 10, and the H2O in volume % has been multiplied by 10.

the platform’s integrated approach does not end with in-situ data. Subsequent SEM-EDX analysis of particles collected by the480

impactors revealed a chemically diverse aerosol population, including aged industrial pollutants and mineral dust. Combined

with back-trajectory analysis, these findings linked the aerosol sources to the heavily industrialized Frankfurt metropolitan

area, providing a characterization from source to cloud process.

This synergistic dataset provides insight into process-level view of aerosol-cloud interactions. While the UCASS may over-

estimate absolute concentrations, its qualitative trends are reliable, and the methodological improvement of integrating a TFS485

enhances the accuracy of the particle concentration data compared to methods relying on ascent rate alone. The balloon’s slow

ascent is advantageous, providing the high vertical resolution needed to capture the evolution of aerosol activation over its ver-

tical scale. This level of process detail within a single developing cloud profile would be difficult to resolve with faster-moving

platforms like research aircraft.

However, these campaigns also served to identify critical limitations and guide improvements for future deployments. While490

the UCASS captured the formation of cloud droplets, it may overestimate absolute number concentrations. This phenomenon
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Figure 16. O3 Vertical profile deviation in ozone partial pressure every 250m. Deviations are relative to a mean June reference profile from

all flights, indicated by the vertical black scatter.

is potentially related to overcounting in saturated conditions and requires a specific correction methodology. For the impactors,

remaining open during the balloon’s descent makes the samples susceptible to contamination from different altitudes. This

is a limiting factor in the confidence of the relationship between the particle samples and the air masses from which they

originate. Regarding trace gas measurements, the limitations of the CO sensor—primarily its sensitivity to the rapid changes495

in temperature and pressure experienced during ascent—were evident and constrained its quantitative use.

Future work on the UCASS should focus on developing a correction for potential overcounting, possibly through dedicated

laboratory characterizations or by establishing instrument-specific correction factors. For the particle collection system, a criti-

cal improvement would be the development and integration of a mechanism to seal the impactors during the descent and landing

phases to prevent contamination of the TEM grids. To further enhance the accuracy and reliability of CO measurements, future500

efforts should focus on refining calibration procedures. Specifically, reducing the uncertainty associated with cross-sensitivities
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to other atmospheric gases would significantly improve overall data quality. Alternatively, other types of sensors with greater

stability under these conditions should be considered.

In summary, LOONIS represents a valuable and flexible tool for bridging an observational gap in atmospheric science. Its

slow ascent provides the high vertical resolution necessary to resolve fine-scale processes, while its cost-effectiveness allows505

for rapid and targeted deployments to study transient phenomena. The work presented here showcases its ability to deliver an

integrated dataset—from real-time microphysics to offline chemical speciation—that is key for improving our process-level

understanding of cloud formation and atmospheric transport, and provides a clear path for targeted instrumental improvements.

Code availability. The code for the LOONIS data acquisition and data monitoring software is available from the authors upon request
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