10

15

20

25

30

35

40

https://doi.org/10.5194/egusphere-2026-2699
Preprint. Discussion started: 29 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Bioaerosols outcompete dust as dominant immersion-mode-INPs in
central Europe and redefine INP parameterizations

Kunfeng Gao'"*, Romanos Foskinis'?, Marilena Gidarakou’, Kalliopi Violaki!, Guangyu Li**,
Benjamin Tobias Brem®, Sophie Erb®, Bernard Clot®, Marie-José Graber®, Branko Sikoparjja’, Predrag
Matavulja®, Dusan Licina’, Cuiqi Zhang?, Benoit Crouzy®, Alexandros Papayannis', Zamin A. Kanji*
and Athanasios Nenes!!%*

'Laboratory of Atmospheric Processes and Their Impacts, School of Architecture, Civil and Environmental Engineering,
Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland.

2Environmental Remote Sensing Laboratory, School of Architecture, Civil and Environmental Engineering, Ecole
Polytechnique Fédérale de Lausanne, Lausanne, Switzerland.

3Laser Remote Sensing Unit, Physics Department, National Technical University of Athens, Zografou, Greece.

“Department of Environmental Systems Science, Institute for Atmospheric and Climate Science, ETH Zurich, Zurich,
Switzerland.

SPSI Center for Energy and Environmental Sciences, Villigen PSI, Switzerland.

SFederal Office of Meteorology and Climatology MeteoSwiss, Payerne, Switzerland.

"Biosense Institute - Research and Development Institute for Information Technologies in Biosystems, University of Novi
Sad, Novi Sad, Serbia

SInstitute for Data Science, University of Applied Sciences North — Western Switzerland, Bahnhofstrasse 6, Windisch,
Switzerland

"Human-Oriented Built Environment Lab, School of Architecture, Civil and Environmental Engineering, Ecole
Polytechnique Fédérale de Lausanne, Lausanne, Switzerland.

0Centre for Studies of Air Quality and Climate Change, Institute of Chemical Engineering Sciences, Foundation for
Research and Technology Hellas, Patras, Greece.

"Present address: Department of Environmental Systems Science, Institute for Atmospheric and Climate Science, ETH
Zurich, Zurich, Switzerland

Present address: Laboratory for Microwave Spatial Intelligence and Cloud Platform, Deqing Academy of Satellite
Applications, Deqing, China

Correspondence to: Athanasios Nenes (athanasios.nenes@epfl.ch) and Kunfeng Gao (kunfeng.gao@env.ethz.ch)

Abstract.

Knowledge gaps in the source and parameterization of ice-nucleating particles (INPs) remain a major uncertainty in
quantifying the properties and climate impacts of mixed-phase clouds (MPCs). Bioaerosols are increasingly recognized as
important INPs for MPCs, yet it is unclear whether their contribution is critical through modelling studies. We investigate
this using field observations at a semi-rural site in the central Europe, combining INP and aerosol measurements, remote
sensing, and air-mass source analysis. We synergically use the results of in-situ and offline measurements to identify INPs
originated from different sources, including biological aerosols, dust, and biomass burning aerosols, and to quantify their
abundance and relative contributions to total INPs. More than 85% of immersion-mode INPs (>—24°C) are heat-labile and
significantly correlated with fluorescent biological aerosols particles and pollen, while heat-resistant INPs (<~10%) are
likely mineral dust, while biomass burning is an insignificant source. The proposed bioaerosol-ware INP parameterization

reproduces observations across multi-regional datasets, showing that neglecting bioaerosol-INPs results in an average ~50%
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(~32%) bias in predictions of immersion-mode INPs active warmer than —15°C (—24°C), with frequent deviations of up to an

order of magnitude from observations.

1 Introduction

The largest source of uncertainty regarding cloud impacts on climate is related to low clouds, largely stemming from
uncertainties in processes that affect their life time (Miilmenstidt et al., 2021), glaciation state (Lohmann, 2002) and optical
thickness (Mccoy et al., 2016) in which the cloud phase plays a key role (Korolev and Milbrandt, 2022). Mixed-phase clouds
(MPCs) consist of both ice crystals and supercooled water droplets, leading to their thermodynamically unstable states
(Lohmann, 2002) and thus highly uncertain radiation forcing. For example, orographic MPCs enhanced by secondary ice
production can exert a profound impact on regional precipitation and thus hydrological cycle (Georgakaki et al., 2024).
Notably, MPCs are ubiquitous and persistent in the Arctic (Morrison et al., 2011) and over orographic terrains (Lohmann et
al., 2016), regions where climate change exerts amplified effects on land cover and aerosol sources. These changes, in turn,
regulate MPC formation.

MPCs exist over a wide temperature (7) range (0 to —38°C), spanning large volumes of the troposphere, where ice cannot
form via homogeneous freezing of cloud droplets but instead depends on the availability of ice nucleating particles (INPs)
that initiate heterogeneous ice nucleation (IN, e.g., immersion-mode freezing) (Pruppacher and Klett, 2010) and may
subsequently trigger secondary ice production (Korolev and Leisner, 2020). As such, INPs play a key role in regulating the
phase of MPCs. In the atmosphere, INPs can originate from different sources (Kanji et al., 2017), including mineral dust
particles from deserts (Brunner et al., 2021; Gao et al., 2024), soil dust (Steinke et al., 2016; O'sullivan et al., 2013), marine
organics and sea spray aerosols, volcanic ash, biomass burning aerosols from wildfires and/or anthropogenic fuel uses, as
well as primary biological aerosol particles (PBAPs) from ecosystems (Tobo et al., 2013; Schneider et al., 2021; Gao et al.,
2024). It is reported that PBAPs play a dominant role for the ice formation in MPCs with 7>—15°C (Coluzza et al., 2017,
Cornwell et al., 2023; O'sullivan et al., 2018) where secondary ice production also occurs and can be strongly amplified,
while dust generally acts as INPs at lower temperatures (Murray et al., 2012; Kanji et al., 2017). For instance, based on both
simulation results and field observations, Georgakaki et al. (2024) reported that primary ice formation induced by active
INPs from PBAPs (Gao et al., 2024) prolifically catalysed secondary ice production through ice-ice collisional break-up
(Phillips et al., 2017) ultimately leading to enhanced precipitation. At 7>—10°C, the very limited IN activity of nonbiological
particles allow PBAPs, together with secondary ice production, to become a key driver of MPC glaciation. However, only a
few studies considered PBAPs and associated secondary ice production in climate models (Patade et al., 2022; Hoose et al.,
2010; Georgakaki et al., 2024).

Several studies have reported the dominant contribution of PBAPs to INPs in the MPC regime. For example, the significant
correlations between PBAPs and immersion-mode INPs were observed at a mountain top in the eastern Mediterranean (Gao

et al., 2024), in a forest ecosystem in the Central Rocky Mountains (Tobo et al., 2013), and at an Arctic mountain site



75

80

85

90

95

https://doi.org/10.5194/egusphere-2026-2699
Preprint. Discussion started: 29 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

(Pereira Freitas et al., 2023). Prenni et al. (2009) reported the primary and secondary INP contributions from local PBAPs
and Saharan dust in the Amazon basin. Schneider et al. (2021) found the seasonal cycle of INPs is linked to the abundance of
PBAPs in boreal forests. Cornwell et al. (2023) identified bioaerosols as the primary source of INPs between —12 and —20°C
in the coastal California. However, owing to strong regional and seasonal variability in PBAPs and INPs, they are poorly
represented in existing models (Cornwell et al., 2023; Tobo et al., 2013). Yet, models that explicitly simulate PBAP cycles
are now emerging (Chatziparaschos et al., 2025), enabling the development and application of PBAP-based INP
parameterizations. To further improve the representation of PBAPs in models, comprehensive datasets including major
PBAP types and robust, transferable parameterizations linking PBAPs to INPs across regions are still lacking (Patade et al.,
2022). In this study, we conducted a field campaign at a semi-rural site on the Swiss Plateau (491 m above sea level, a.s.l.) in
central Europe where MPCs persistently exist (Lohmann et al., 2016), from May to December 2023, to quantify the
contribution of PBAPs to immersion-mode INPs, to investigate the relative importance of PBAPs versus dust, and to
parameterize PBAP IN activity in MPCs for modelling applications. We then apply the parameterization across multi-

regional datasets and assess its universality and the importance of including PBAP INPs.

2 Measurement setup and methodology

2.1 Measurement site

(a)

Payerne

Figure 1. Overview of the instrumentation setup for PERICLES campaign. (a) The location of MeteoSwiss station at Payerne,
Switzerland. (b) Satellite aerial view of the station (Google map). (¢) The top view of the station and the location of three
observation sites. (d) Site 1 for Coriolis aerosol sampler (A), Wideband Integrated Bioaerosol Sensor (WIBS, B), Rapid-E (C) and
Hirst (D). (e) Site 2 for total carbon analyzer (E) and aethalometer (F). (f) Site 3 for remote sensing measurements using a UV-
Fluorescent-Mie lidar (G) to observe the spatio-temporal evolution of aerosol particles.
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A field campaign, called PayernE lidaR Insitu detection of fluorescent biomass burning, bioaerosol and dust partiCLES and
their cloud impacts (PERICLES), was conducted at the Payerne MeteoSwiss station (46.822° N, 6.941° E, 491 m a.s.l.) on
the Swiss Plateau, from 8 May to 8 December 2023. The site is located at a semi-rural area surrounded by grassland and
several farmlands and is close to a forest ecosystem (~1.6 km south-east from the station, Fig. 1b). A suite of in-situ online
and offline instruments, as well as remote sensing measurements, was combined to monitor the aerosol properties and to
measure INP concentration values (Nmp). The instruments were deployed at three measurement sites as shown in Fig. 1c.
The Site 1 is at the roof terrace of a two-story building, where a wet cyclone aerosol sampler (A), Wideband Integrated
Bioaerosol Sensor (WIBS, B), Rapid-E (C) and Hirst (D) were employed to collect aerosols for offline INP measurements
(A) and to monitor fluorescent biological aerosol particles (FBAPs, B) and plant pollen (C and D). An aethalometer (E) used
for elemental carbon analysis and a total carbon analyser (F) were installed at Site 2 which is approximately 70 m south-west
from Site 1. Additionally, a UV-Fluorescent-Mie lidar system (G) was set up at Site 3 to obtain the vertical distribution of
aerosol elastic and fluorescent backscatter coefficients (Gidarakou et al., 2026). We also ran HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) simulations to calculate the back trajectories of air-masses arriving at the

measuring site and track the source of long-range transported aerosols.

2.2 INP measurements

Ambient aerosol was collected into ~15 ml ultrapure water (W4502-1L, Sigma-Aldrich, US) over a time span between 10
and 60 minutes using a high-flow-rate wet cyclone aerosol sampler (Coriolis® p, Bertin Instruments, France, 300 L min™').
The sampler collects particles between 0.5 and 20 pm and has a collection efficiency of 50%, 80%, and 94% for 0.5, 2.0, and
5.0um particles, respectively (Wieder et al., 2022). Due to water vapor evaporation, the cyclone was refilled to 15 ml for
every 10 min. For every aerosol sample, a corresponding background sample was prepared by collecting the blank ultrapure
water, as described in David et al. (2019). Before immersion-mode INP analysis using an offline droplet freezing assay
called DRoplet Ice Nuclei Counter Zurich (DRINCZ) (David et al., 2019), all samples were stored at —20°C for less than 2
months, suggested to be a proper practice to preserve INP samples (Beall et al., 2020). In total, 103 aerosol samples were
tested. The sampling time and number ID of each sample are provided in Supplement Fig. S1 and Table S1, respectively. Fpr
each sample, three DRINCZ experiments were conducted at three different dilutions with a dilution ratio from a factor of 10
to 100, to ensure more accurate detection of low concentration INPs. Also, 79 of the 103 samples were subjected to heating
treatment at 90°C for 40 minutes prior to DRINCZ experiments (termed T90 samples), to quantify the contribution of heat-
labile particles, such as proteins or biological macromolecules, to the INP population. Additionally, 28 background samples,
representative of 28 sample collection batches, were analysed to correct background noise. For samples without a
corresponding background test, a fitted background curve, as presented in Figs. S2 and S3 for untreated and T90 samples
respectively, was calculated following the method in David et al. (2019). With background corrections, Nixp values as a
function of T for each sample were obtained following the DRINCZ data processing protocol reported in Wieder et al.

(2022). For untreated samples with different dilutions, the data was processed to calculate the combined weighted average
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Nmvp spectra (Wieder et al., 2022). Additionally, we tested the effect of temperature bin size (A7, 0.33, 0.5 and 1.0°C) used
for raw data point resampling on the calculated Nip results (Fig. S4) and note that a larger AT generally results in a smaller

estimation of Nmp. In the main text, we present the Nivp results with a AT of 1.0°C as used by other DRINCZ users (Wieder
etal., 2022; Li et al., 2023).

2.3 In-situ aerosol property measurements
2.3.1 Fluorescent biological aerosol particles

A Wideband Integrated Bioaerosol Sensor-New Electronics Option (WIBS-5/NEO, Droplet Measurement Technologies)
was used to detect the real-time and size-resolved number concentration of fluorescent aerosol particles (0.5-30um). WIBS
was configured with an omnidirectional total inlet. WIBS utilizes pulsed ultraviolet light to excite fluorescence from
individual particles and then detects the fluorescence emissions at two wavebands, resulting in three fluorescence detectors
including FL1 (excitation at 280 nm and emission at 310—400 nm), FL2 (excitation at 280 nm and emission at 420—650 nm)
and FL3 (excitation at 370 nm and emission at 420—650 nm) (Perring et al., 2015). The three fluorescence detectors are
sensitive to tryptophan-containing proteins, NAD(P)H co-enzymes and riboflavin respectively which are frequently observed
biological fluorophores (Savage et al., 2017). The instrument was operated in forced trigger mode every twelve hours for one
minute. Particles detected by any one of three detectors are termed Fluowss; particles that show fluorescence in only one of
three detectors are denoted as types Awiss, Bwiss and Cwiss, respectively; particles that exhibit only two types of
fluorescence signals are named as types ABwiss, ACwiss and BCwiss, respectively; particles carrying three fluorophores are
attributed to a type of ABCwiss. Among all types of particles, ABCwiss particles are of the highest probability of being
biological in origin and thus representative of fluorescent biological aerosol particles (FBAPs) (Perring et al., 2015; Savage
et al., 2017). A dynamic fluorescence threshold, defined as the mean background signal plus nine standard deviations (90),
was applied to distinguish true particle fluorescence from instrumental noise (consistent with standard WIBS processing
protocols). The threshold is also applied for all WIBS data used for INP parameterizations. WIBS also counts the number
concentration of all aerosol particles larger than 0.5um in optical size, termed Totalwiss. The number concentrations of
particles larger (smaller) than 2.5um for the types of Totalwmss Fluowiss and ABCwiss were also calculated and termed
Totalwiss>2.5um, Fluowiss>2.5um and ABCwiss>2.5um  (ABCwiss<2.5um), respectively. Additionally, the difference between
Totalwiss>2.5um and ABCwiss>2.5um Was attributed to ACoarse-2.s,m and assumed as the upper limit of coarse-sized dust
particles excluding coarse-sized PBAPs, such as pollen. Similarly, the difference between Totalwips>2.5um and Fluowiss>2.5um
was treated as a lower limit of coarse-sized dust particles termed ACoarses2 sumnonFluo, considering that some mineral dust

particles may show fluorescence (Morrison et al., 2020).
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2.3.2 Pollen monitoring

Both a real-time automatic (Rapid-E) and a weekly-cycle manual (Hirst) pollen instruments were employed at Site 1 (Fig.
1d) to record hourly averaged pollen concentrations. Rapid-E (Plair SA, Geneva, Switzerland) uses a laser-fluorescence-
based method to acquire both scattering and fluorescent data of single particles (Kiselev et al., 2013; Kiselev et al., 2011).
The time-resolved scattering data, including the optical size and the particle shape, was recorded by photo-detectors
monitoring the particle after passing through a 450 nm laser beam. In addition, the particle was excited by a second but more
powerful laser beam (337 nm nitrogen laser) to obtain wavelength-resolved fluorescence spectra recorded by an array of 32
photo-detectors arranged within a spectral range of 350-800 nm. On the basis of the size, morphology and fluorescent
property of the particles, the instrument can recognize the type of single pollen particles using automatic pollen recognition
algorithms (Sauliené et al., 2019; Chappuis et al., 2019; Crouzy et al., 2016). In this study, the number concentration of 11
types of pollen particles (10-100 pm) which were prevalent in the observation seasons was calculated and its sum was
termed RapidErow. Following TeSendi¢ et al. (2020), we use pollen classification algorithm based on convolutional neural
network to allow automatic feature extraction from scattering light fluorescence spectrum and life time of fluorescence
measurements of each particle sampled by Rapid-E. Pollen taxa detected by Rapid-E are provided in Supplement S5.

Hirst is a volumetric pollen trap and collects airborne particles on a rotating drum with adhesive slides, which serves as a
standard method for pollen monitoring in Europe (Oteros et al., 2017; Hirst, 1952). The inlet (14 x 2 mm opening) of a Hirst-
type sampler can be self-oriented towards the wind direction by a vane. The slides will be replaced once a week and then
analysed by using microscopy to manually identify and count the number of 48 types of pollen particles larger than 10 um
(termed Hirstrow). Hirst measurements provide standardized pollen identification (Standardization, 2019), albeit with limited
time resolution due to the spreading on the band: the 2 mm opening corresponds to one hour of drum rotation. Pollen taxa

detected by Hirst are provided in Supplement S6.

2.3.3 Particulate matter for eBC and coarse-sized dust particles

The mass concentration of elemental black carbon (eBC) from refractory and carbonaceous aerosol particles was recorded by
an aethalometer (AE33, Magee Scientific, US) at 880 nm in real time. Using a total carbon analyser (Model TCAO08, Aerosol
Magee Scientific, US), the total mass of carbonaceous particle (TC) including both biogenic sources and anthropogenic
emissions, was also monitored in real time (Rigler et al., 2020). The total organic carbon mass concentration (OC) is
estimated by subtracting eBC from TC. Meteorological data and air pollution data (PMio and PM: 5) close to the observation

sites in Fig. 1 were obtained from the weather station at MeteoSwiss Payerne (https://opendatadocs.meteoswiss.ch/a-data-

groundbased/al-automatic-weather-stations). The difference between PM;y and PM,s was calculated and termed APM,

indicating coarse-sized dust particles which have sizes generally larger than 2.5 um (Gao et al., 2024).
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2.4 Remote sensing measurements

During the PERICLES campaign, lidar measurements were performed using a UV Fluorescence-Mie lidar to obtain the
vertical profile of the aerosol backscatter coefficients at 355 nm (baer@sss) and at 470 nm (baer@a70). The lidar system is based
on a pulsed Nd:YAG laser emitting pulses at 355 nm with energy of 130 mJ at 10 Hz repetition frequency. A 150 mm
diameter telescope (focal length f=1125 mm) was used to collect the backscattered lidar signals. A set of dichroic mirrors
with high reflectivity (>99%) at 355 nm followed by a Pellin-Broca prism ensure the emission of the laser beam only at 355
nm. The backscattered lidar signals at 355 nm and 470 nm were spectrally separated using high reflective dichroic
beamsplitters. A spectrally narrow interference filter was used (FWHM = 0.5 nm) to detect the 355 nm lidar signals, while
the fluorescence spectrum was optically filtered using a long-pass passband filter (cut-on at 400 nm), coupled with a 420—
520 nm bandpass interference filter, centred at 470 nm, similar to the one used by Veselovskii et al. (2020). The acquired
elastic lidar signals at 355 nm were processed using the automated Single Calculus Chain tool detailed in D'amico et al.
(2016) and Mattis et al. (2016), to obtain the vertical profiles of the aerosol backscatter coefficient. In this paper the
fluorescence lidar signals are utilized only in their range- and background-correction form. The lidar signals were averaged

over a S-minute period and only collected during nighttime to avoid interference from daytime solar radiation.

2.5 Air mass backward trajectories

The 7-day back trajectories for air-masses arriving at the sampling site were calculated by running the HYbrid SingleParticle
Lagrangian Integrated Trajectory (HY SPLIT) model (Draxler and Hess, 1998; Stein et al., 2015). For each aerosol sample in
Table S1, the start time for back trajectories was at the full hour closest to the sampling time. The model was launched every
6 h backward the start time. Meteorological data from the Global Data Assimilation System (GDAS, 1°%1° resolution) were
imported. The source height was set at two height levels of 500 and 1000 m above the ground level, to avoid the influence
from the orographic terrain. Additionally, the fire map data in the past 7 days was downloaded at the Fire Information for
Resource Management System from the US National Aeronautics and Space Administration (NASA,
https://firms2.modaps.eosdis.nasa.gov/map/#d:24hrs;@0.0,0.0,3.0z, last access: April 21, 2026) and used to depict the

calculated air-mass back trajectories.

2.6 Aerosol particle visualization

An optical microscope (Olympus BX41) was used to collect images from Hirst samples. Three samples (Fig. 2b) on 20 June,
21 June and 22 June 2023 during the dust event period defined in Fig. 2d were analysed to provide visual evidence for the
presence of dust and biological particles. Images were obtained at magnifications of x20, x40 and x60 by connecting a

DSLR (Canon EOS 60D) to the microscope.
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3 Results

PERICLES campaign is described in detail in a companion study (Gidarakou et al., 2026). We combined the in-situ, remote
sensing and simulation results to identify INP sources, quantified the abundance of INPs of biological origin and linked them
to different PBAP types and pollen. We also investigated the relative importance of transported mineral dust and local
PBAPs. The effects of precipitation on INP abundance were examined through different case studies. Finally, we
demonstrated that new INP parameterizations, which incorporate fluorescent properties to account for PBAPs and dust
particles, outperform existing INP parameterizations (Tobo et al., 2013; Demott et al., 2010), with validation against datasets

from other field campaigns in different regions.
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—20°C. (b) The number concentration of ABCwiss and ABCwiss>2.5um, RapidEtotal and Hirstrotal particles. Also, three Hirst samples
with exemplary microscopy images are indicated. (c) The fraction pattern of different types of fluorescent particles classified by
WIBS. Different types of particles are indicated in the legend. (d) The number concentration of ACoarse>2.sum, i.e., the number
concentration difference between Totalwiss>2.5pm and ABCwiss>2.5um, on the left axis, and the mass concentration of APM i.e., the
mass concentration difference between PMio and PM:s, on the right axis. (e) The mass concentration of TC, eBC and OC (the
difference between TC and eBC). (f) The precipitation intensity for the period of aerosol sampling. (g) Monthly box plots of
number concentrations of Ninp at —15°C, ABCwiss, and ACoarse>2.5um (on the left axis), and mass concentrations of APM and eBC
(on the right axis). The red central mark indicates the median, and the bottom and top edges of the box indicate the 25" and 75"
percentiles, respectively. All concentration values were corrected to equivalent atmospheric standard condition (i.e., per standard
volume of sampled air, std). The error bars for bar plots represent 1 standard deviation of corresponding measurements. Ninp
values are weighted averages of at least three measurements per sample, calculated following Wieder et al. (2022).

3.1 Overview of INPs and in-situ aerosol property observations

Figure 1a shows that INP concentration (Nixp at —10, —15 and —20°C) increases by roughly one order of magnitude for each
5°C decrease. At a given T, Ninp values across samples generally vary within one order of magnitude. Comparisons between
Nmp observed in this study and previous studies in the region of Swiss Plateau and a global envelope by Petters and Wright
(2015) are provided in Supplement Fig. S5 and discussed in Supplement Text S7. Here, we use fluorescent biological aerosol
particles (FBAPs) that show fluorescence in all channels of the Wideband Integrated Bioaerosol Sensor (i.e., ABCwiss) to
represent PBAP abundance, as did in other studies (Huffman et al., 2013; Cornwell et al., 2023). As shown in Fig. 1b,
ABCwiss numbers are much larger than Hirstrow (including pollen, fungi and fungal spores measured by a Hirst) (Hirst,
1952) and RapidEr.wa (basically pollen measured by a Rapid-E) (Crouzy et al., 2016). The difference between ABCwigs (also
ABCwiss>2.5um, 1.€., >2.5um ABCwigs particles) and RapidEra for different samples varies from a small range close to the
measurement uncertainty (e.g., Sample ID=20 to 24 in Supplement Table S1) to more than two orders of magnitude (Sample
ID=73 to 75 influenced by precipitation). This suggests the variability of local PBAP and pollen emission rates and their
dependence on meteorological conditions. Additionally, we note that many intact pollen grains would be too large to be
sampled by WIBS. This is supported by exemplary microscopy images for Hirst samples showing the presence of different
biological particles, including pollen, spores and plant debris (>30um, Supplement Figs. S6 to S8). The larger Hirstrotal
compared to RapidErow may be because Hirst detects 48 types (Supplement S6) of pollen which is more than Rapid-E (11
types, Supplement S5). The Hirst sampler is reported to overestimate particle concentrations due to a flow rate bias, where
the actual flow exceeds the calibrated value (Oteros et al., 2016). Figure 1c shows that a small fraction of (mostly >0.05)
ABCwiss particles persistently exists for all samples. The fractions of Awiss and Bwiss particles (detected only by the first or
second WIBS channel) show larger variance than those of other particle types, which is likely due to nonbiological particle
interference (Perring et al., 2015).

The difference between ABCwiss>2.5um and Totalwiss>2.5um (i.€., total particles between 2.5 and 30 um detected by WIBS) is
calculated as ACoarse->s.um to represent the upper number concentration estimation of coarse dust (Gao et al., 2024)
including large FBAPs (Fig. 1d). Results in Supplement Fig. S6 to S8 support that ACoarse>> sum may include both dust and
FBAPs. To exclude some coarse FBAPs, the difference between Fluowiss-2sum and Totalwisss2sum is calculated as

ACoarse>2 sum nonFluo (more details in Fig. S9 and Text S9 in Supplement) to represent the lower limit of dust particles. In
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addition, APM (i.e., the mass concentration difference between PMo and PM,5) is used to indicate the abundance of dust in
terms of particle mass. The strong and significant linear correlation between APM and ACoarse-2 5um (ppearson=0.79 and p
=1.48x107"%) suggests that APM can serve as a proxy for large dust particle abundance when ACoarse-25,m is unavailable.
Figure 1d shows that 19 samples (Sample ID between 54 and 72 with a shading) during the campaign are likely influenced
by an intense dust event, supported by their relatively larger ACoarsessum (>~150 std L™!) and APM values. A previous
study (Gao et al., 2024) reported the presence of Saharan dust event when ACoarses; sum is larger than ~100 std L™!. Air-mass
back trajectory results and exemplary microscopy images for Hirst samples also support the identification of the above dust
period.

Figure le provides the mass concentrations of total carbon (TC), organic carbon (OC) and elemental black carbon (eBC;
used as a tracer for biomass burning aerosols), which vary about one order of magnitude. Figure 1f shows precipitation
levels during each sample collection, which is important because precipitation may promote the release of FBAPs (Fig. 1b)
but also remove aerosol particles (Fig. 1d and e) through wet scavenging. More results about the precipitation effects on
aerosol properties and INP abundance are provided in Figs. S10 and S11 and the details are discussed in Supplement Text
S10). In addition, Fig. 1g shows that monthly variability of Nip at —15°C is more closely driven by ABCwiss changes,
compared to ACoarse->sum, APM and eBC. This qualitatively suggests PBAPs may be more important drivers for INP
variabilities than biomass burning aerosols and coarse-sized dust particles. Similar to Schneider et al. (2021), Nip values in
Fig. 1g were higher in summer and lower during the winter season. We note that 80% of samples in Fig. 1g were collected
during the summer (Supplement Table S1), which may bias the statistical analysis of seasonal patterns. Therefore, we do not

pursue further in-depth discussion of INP seasonality.
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Figure 3. Aerosol properties from in situ, modelling and remote sensing measurements for an INP sample (ID=56) collected on 20
June 2023, between 22:00 and 22:30 (UTC). (a) The INP number concentrations (Nine) of untreated and 90°C heated (T90)
samples. (b) Totalwiss particle number concentration. (c) ABCwiss particle number concentration. (d) RapidErota particle number
concentration. (e) Hirstrota particle number concentration. (f) ACoarse-2.sym particle number concentration. (g) APM mass
concentration. (h) OC mass concentration. (i) eBC mass concentration. (j) Air-mass atmospheric trajectories at 500 and 1000 m
above the ground level (a.g.l.) acquired from HYbrid Single—Particle Lagrangian Integrated Trajectory (HYSPLIT). The red dots
indicate fire spots in the last 7 days. (k) Spatio-temporal evolution of the aerosol range-corrected lidar signals at 355 nm
(RCS@355nm, in arbitrary units), with inset the averaged vertical profile of the aerosol backscatter coefficient at 355 nm (baer@3ss)
for the period of INP sampling (time window indicated by the white dashed square). (I) Spatio-temporal evolution of the range-
corrected aerosol fluorescent lidar signal centred at 470 nm (RCS@470nm, in arbitrary units). The colour bar in panel (k) and (1)
indicates the maximum normalized signal intensities. The error bars for bar plots represent 1 standard deviation of corresponding
measurements. NVinp values are weighted averages of at least three measurements per sample, calculated following Wieder et al.
(2022).

3.2 INP source apportionment using a synergy of aerosol property characterization results: A case study

By combining air-mass back trajectory analysis with in-situ and lidar remote sensing measurements for each sampling
period, we identify aerosol sources using their distinct properties. Figure 3a shows that heating treatment at 90°C leads to
significant decreases in Ninp compared to the untreated sample (more case studies in Supplement Figs. S12 to S19). This

indicates important contributions from PBAPs to INPs (Murray et al., 2012; Kanji et al., 2017). The presence of FBAPs (i.e.,
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ABCwigs, ~5.0 std L™" in Fig. 3c) and pollen particles (represented by RapidErow and Hirstrew in Fig. 3d and e respectively,
~0.1-0.3 std L") supports the availability of PBAP sources for INPs. The remaining INPs in the corresponding T90 sample
(heated at 90°C before IN experiments) for 7>-15°C (<0.03 std L™!) may originate from trace mineral/soil dust or heat-
resistant organics (Hill et al., 2016; Conen et al., 2022). Notably, constant Ny levels between —16 and —20°C for the T90
sample (Fig. 3a) suggests complete deactivation of INP subgroups found in the untreated sample. For INPs observed at 7<—
20°C, coarse-sized soil and mineral dust particles (ACoarse-2s5.m, APM in Fig. 3f and g respectively) may be relevant.
Heating at 90°C leads to a reduction of Nip for 7<-20°C by approximately one order of magnitude (Fig. 3a), which is a
relatively lower reduction than observed for warmer temperatures. The reduction may result from deactivation of soil dust
containing heat-labile biological material (O'sullivan et al., 2013). In addition, the corresponding OC level for the INP
sample (Fig. 3h) may be from organic-containing aerosol particles, e.g., organic particles, PBAPs and particles with organic
coatings. The presence of eBC (Fig. 3i) indicates the influence of biomass burning aerosols, partially supported by the air-
mass back trajectories in Fig. 3j passing by a few fire spots. The spatio-temporal evolution of range-corrected signals from
total and fluorescent aerosol particles, measured by the lidar at 355 nm and 470 nm channels (Fig. 3k and 1, respectively),
clearly shows that aerosol particles are concentrated in distinct layers between heights of 500m, 1000m and 1500m a.s.l.
Notably, each layer shows homogeneous mixing of particles, with decreasing aerosol abundance with increasing altitude.
Thus, ground-level INP samples mainly reflect local sources, though long-range transported air-masses (Fig. 3j) can mix
with lower boundary layer aerosols (~1000 m, in Fig. 3k and 1) before reaching the surface.

In general, FBAPs (including some pollen particles), some dust particles represented by coarse-sized particles and eBC
containing particles (likely from transported biomass burning aerosols, vehicle emissions from nearby highway, and fuel
combustion from nearby household), were observed in the vicinity of the sampling site. These particles were the source of
potential INPs. The spatio-temporal evolution of the aerosols observed by the bio-lidar suggests the major role of local

particle emissions in the boundary layer as INP sources (more results in Figs. S12 to S19 in Supplement S11).
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3.3 Dependence of INPs on different types of particles
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Figure 4. The correlation coefficients between Nine at a fixed T (on the x-axis) for untreated samples and different aerosol
properties. The presented aerosol properties include Totalwiss, Fluowiss, ABCwiss, ABCwiss>2.5um, Awiss, Hirstrotal, RapidErotal,
ACoarse>2.5um, APM, OC and eBC. (a) Pearson coefficient (ppearson). (b) Spearman coefficient (pspearman). The coefficient values scale
to the colour bar. A red rectangle indicates a significant correlation with a p value smaller than 0.05.

Figure 4 presents the heat map for Pearson and Spearman coefficients (ppearson and pspearman, respectively) between Ninp at
different fixed temperatures and aerosol properties that help characterize INP sources. Detailed data for each block in the
heat map is provided in Figs. S20 to S29 in Supplement S12. Totalwiss (i.e., total particles between 0.5 and 30 um detected
by WIBS) generally shows a weak correlation with Nivp (Ppearson and pspearman <0.2), reflecting the scarcity of INPs relative to
the total abundance of even coarse particles for warm MPCs (Demott et al., 2010; Gao et al., 2024). Only for 7=—23°C, does
the ppearson Show a medium correlation (~0.41) and become significant (Fig. 4a). Similarly, pspearman Values between Totalwiss
and Nmp only become significant for 7=—22 and —23°C (Fig. 4b). The slightly negative correlations for 7>—15°C, but
positive correlations for lower 75, suggest that Totalwiss cannot represent INP abundance at warm 7s, where mainly PBAPs
may act as INPs, because PBAPs constitute only a minor fraction of total particles (e.g., FBAPs represented by ABCwiss is
<0.1 of Totalwiss in Fig. 2c). This highlights the need to monitor PBAPs for predicting INPs at warm 7s. In addition,
Fluowiss and Ninp are weakly (both ppearson and pspearman <0.4) but significantly correlated for 7' around —15°C; the
insignificant correlation of Fluowiss for warmer and colder 7s means that Fluowss is not directly related to INPs at these 7.
However, ABCwiss particles, a subclass of FBAPs, show significant correlations (ppearson and pspearman ~0.4) with INPs for
—19°C< T <-9°C. Coarse-sized FBAPs represented by ABCwiss=2.5um show similar results for —22°C< T' <-9°C. In a
companion study (not published), we presented even stronger correlations (larger ppearson and pspearman by ~0.2) between
ABCwiss (also ABCwiss>2.5.m) and deactivated Ninp (after heating) which more closely represent INPs of biological origin

than total INPs used in Fig. 4. Altogether, our results suggest that fluorescence characteristics are good indicators of
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immersion-mode INPs in warm (7>—20°C) MPCs. Furthermore, it suggests that FBAPs, in particular coarse-sized FBAPs
(ABCwiss>2.5um), contribute to the observed INPs, which is consistent with Cornwell et al. (2023). This is because the largest
particles that fluoresce are associated with coarse-sized PBAPs, like pollen or pollen fragments, some of which are known to
be effective INPs (Augustin et al., 2013). Also, it is notable that ABCwiss>2.5,m shows significant correlations for INPs tested
at 7<—18°C at which ABCwiss shows insignificant correlations. This may indicate the fact that large pollen particles, part of
ABCwigs>2.5um, only act as INPs for 7 around —20°C, and not for warmer temperatures (Augustin et al., 2013). Moreover,
extra results in the Supplement Figs. S22 and S23 suggest that both ABCwiss and ABCwiss>2.5.m particles can be used to
estimate 99% Ninp values at —20°C within one order of magnitude. In addition, Awigs particles, representatives for bacteria
and fungal spores (Tang et al., 2022), exhibit significant correlations (ppearson and pspearman ~0.4) with Nixp between —13°C and
—17°C. Figure 4 further shows that pollen particles (likely also fungi and fungal spores, see Supplement Figs. S6 to S8)
represented by Hirstrowm are significantly correlated (ppearson and pspearman ~0.5) with INPs between —16°C and —21°C,
affirming a pollen contribution to INPs, consistent with the literature (O'sullivan et al., 2018; Murray et al., 2022; Augustin
et al., 2013). In contrast, RapidEr.a does not show significant correlations with Ninp at any 7, likely because of the more
limited pollen detection ability of Rapid-E (11 taxa) than Hirst (48 taxa) and suggesting pollen IN ability is species
dependent.

It is reported that coarse-sized particles, particularly dust particles, are generally more active INPs than other small-sized
particles (Kanji et al., 2017; Demott et al., 2010). However, Fig. 4 shows that both ACoarse-2.s,m and APM are not
significantly correlated with the observed INPs at any 7, suggesting here they are inappropriate predictors for INPs. This can
be statistically true when their contribution to INPs is insignificant. Additionally, this may be owing to the inefficient IN of
these particles (e.g., soil dust in Argentina (Steinke et al., 2016) and long-range transported Saharan dust (Patnaude et al.,
2025) after intensive atmospheric aging) at warm MPC temperatures. Therefore, particle types, in addition to size, must be
differentiated to better examine INP sources.

Figure 4a shows insignificant correlations between OC and INPs whereas Fig. 4b shows significant correlations (pspearman
~0.4) between the two for —23°C< T' <—15°C. This may suggest a non-linear dependence of Ny on OC abundance sourced
from active PBAPs. Additionally, insignificant correlations between eBC and INPs presented in Fig. 4 may suggest black
carbon particles, e.g., in biomass burning aerosols, do not act as immersion-mode INPs. This is in agreement with the
literature reporting that eBC particles only nucleate ice at 7 <—38°C (Kanji et al., 2020). In summary, Fig. 4 reveals that
coarse-sized PBAPs may contribute significantly to the observed INPs and may be more important than biomass burning
aerosols and coarse-sized dust particles. At warm 7Ts, only certain PBAPs are active INPs but not all Fluowss which contain

interfering particles, like eBC, while dust particles become increasingly important with decreasing 7.
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Figure 5. Effects of heating on INP abundance. (a) Violin plots for the comparison of Ninp of samples before (“untreated”) and
after (“T90”) heating treatment at 90°C (n=79). The median value for each distribution is shown by a grey circle (untreated) or
diamond (T90). The number of data points at each temperature is provided at the top of the panel (in light blue and red for
untreated and T90 samples, respectively). (b) Vine violin plots of all samples (n=66) whose Nine values of both untreated and T90
samples at the same T are available. (c) Fraction of deactivated NVine (d/Vine) at different temperatures represented by the ratio of
the median of d/Vine of T90 samples to the median Nine of untreated samples, where the dVine of T90 samples equals to the
difference between the median Nine of T90 and untreated samples presented in panel (b).

3.4 Heat-labile particles as dominant INP sources

Heating treatment was widely used to test the contribution of heat-labile particles to INPs, such as proteins or biological
macromolecules from PBAPs (O'sullivan et al., 2018; Li et al., 2023). We heated 79 of 103 total samples at 90°C, termed
T90 (Supplement Table S1). Such a large data set allows us to quantify the contribution of heat-labile INPs for the whole
campaign. Figure 5a compares the Nmwp spectra of T90 samples to corresponding untreated samples. Figure S5b compares
untreated to T90 samples only when both have detectable INPs at the same 7. Figure 5c further shows the deactivated INP
fractions of T90 samples using median values presented in Fig. 5b.

For 7>—8°C, INPs of 18 T90 samples are completely degraded or below the detection limit (Fig. 5a), clearly suggesting the
contribution of heat-labile bacteria (Lukas et al., 2022; Stopelli et al., 2017), fungi or fungal spores (Frohlich-Nowoisky et
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al., 2015), and soil dust particles carrying active ice nucleating proteins (O'sullivan et al., 2013) to the observed INPs.
Between —9°C and —12°C, only 9 of 79 T90 samples retain detectable INPs (Fig. 5a) despite 60 of 79 untreated samples
contain INPs at —12 °C (Fig. 5a), still showing that many heat-treated samples fall below the instrument detection limit. The
deactivated INP (dNmp) fraction at —12°C is ~0.74 (Fig. 5c), based on the only two T90 samples showing detectable INPs
(Fig. 5b). Since most T90 samples fall below the INP detection limit, the true dNmp fraction is likely >0.74, indicating a
strong deactivation effect of heating on INPs associated with heat-labile biogenic material (Li et al., 2023; O'sullivan et al.,
2018). For 7<—12°C, the dNmp fraction of T90 samples are consistently more than 85% (Fig. 5c). In summary, Figure 5
quantifies the dominant contribution of heat-labile, very likely biological INPs, accounting for >~85%. This finding is
consistent with the other field studies which qualitatively reported the primary role of PBAPs for INPs observed in vegetated
regions (Tobo et al., 2013; Pereira Freitas et al., 2023; Cornwell et al., 2023; Schneider et al., 2021). Likely, the small
fraction (<~15%) of remaining INPs for 7<—12°C can be attributable to heat-resistant organic or dust particles (Hill et al.,

2016; Suski et al., 2018).

3.5 The limit role of dust event in the observed INP abundance

To further access the role of dust in the observed INPs, we first examine air-mass back trajectories arriving at a height of 500
m and 1000 m above the ground level (a.g.l.) for INP samples collected during and outside the dust-event period (Fig. 2d) in
Fig. 6 to identify dust plumes, and then quantify dust contribution to immersion-mode INPs (Fig. 7).

Figure 6a (500 m a.g.l.) and b (1000 m a.g.l.) show the back trajectories of air-masses for samples during the dust period.
More than half (10 of 19) of air-mass back trajectories originate from the Saharan desert, which explains the higher
(approximately double those outside the dust period) concentration of Totalwiss, ACoarses2.s,m and APM particles observed
in-situ (Fig. 2, and Fig. 7a, b and c). Remote sensing results also confirm that air-masses below 500 m a.g.l. are generally
well-mixed (Fig. 3k, and Fig. S18k and Fig. S19k in Supplement S11) such that they can influence INPs observed at ground
level. Furthermore, the prevalence of coarse-sized mineral dust particles in the microscopy images for Hirst samples (Figs.
S6 to S8 in Supplement S8, relevant for samples with ID=55, 62, 67 and 70 during dust period) provides visual evidence on
the influence of dust. In contrast, air-mass back trajectories for the 16 samples collected outside the dust period (Fig. 6¢ and
d) show no influence from Saharan dust, instead indicating continental or marine air-masses, consistent with the low

ACoarses2.s,m number concentration (Fig. 2d)) characteristics of non-dust aerosols (Gao et al., 2024).
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Figure 6. Air-mass back trajectory (past 7 days) groups for INP samples with and without the influence of dust event. Samples
with dust event influence correspond to samples with an ID from 54 to 72 (n=19, see Fig. 1D and Supplementary Materials Table
S1). Samples (16) without dust event influence correspond to samples with an ID from 46 to 53 (n=8, before dust period) and 73 to
80 (n=8, after dust period), collected through five consecutive days from 19 June to 23 June 2023. Panel (a) and (b) show
trajectories arriving at 500 m and 1000 m a.g.l., respectively, for the samples during dust events. Panel (¢) and (d) shows
trajectories arriving at 500 m and 1000 m a.g.l., respectively, for samples outside dust event period. The red dots indicate fire spots
in the past 7 days obtained from the Fire Information for Resource Management System from the US National Aeronautics and
Space Administration (https://firms.modaps.eosdis.nasa.gov/map).
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Figure 7. Contribution of dust particles to the observed INPs during and outside dust events. Samples with dust event influence
are with ID 54 to 72 (n=19, see Fig. 2d and Supplement Table S1). Samples (16) without dust event influence are with ID 46 to 53
(n=8, before dust period) and 73 to 80 (n=8, after dust period). Panel (a) to (f) present box plots of different aerosol properties,
including Totalwiss (a), ACoarse>2.5um (b), APM (c), ABCwiss (d), ABCwiss>2.5um (€), Hirstrota (f), for the three sample groups.
Panel (g) and (h) shows the Ninp values as a function of 7 for untreated and T90 samples, respectively. Panel (i) presents the
fraction of remaining Nine of T90 samples for both groups. The fraction values are calculated using the median Ninp values of
untreated and corresponding T90 samples when Nine of both samples are available/detectable. Those samples were collected on
five consecutive days from 19 June to 23 June 2023. Each sample group is represented by a colour as indicated in Panel (g) legend.

Our results show that the absence of dust events is associated with more variability in FBAPs (Fig. 7d and e for ABCwiss
and ABCwiss>2.5um, respectively) and pollen (Fig. 7f for Hirstrowi), sometimes showing much more abundant PBAPs (by a
factor of ~2). Ninp values of untreated samples (e.g., median of 0.23 std L' at —15°C) without dust influence for —18< T
<—6°C are overall even larger than samples with dust influence (e.g., median of 0.14 std L' at —15°C, Fig. 7g). Together,
this suggests that enriched coarse-sized dust particles make insignificant contribution to the observed immersion-mode INPs.
In contrast, this highlights the importance of IN-active biological particles for cloud ice formation at warm 75s. For 7<—18°C,
the Ninpe values of dust influenced samples are slightly higher than those of samples outside dust period, e.g., median Np=

1.36 std L' of the former and 1.12 std L' of the latter at —19°C (Fig. 7g). This suggests the small contribution of dust
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particles to INPs at 7<—18°C, which is consistent to the activation of dust particle lower than —15°C generally reported in the
literature (Murray et al., 2012).

Figure 6h shows that the INP concentration of 2 (3) T90 samples from the dust (non-dust) group are below the measurement
detection limit, which suggests the dominance of heat-labile INPs in those samples (Hill et al., 2016; Conen et al., 2022). For
T>—20°C, the Ninp (remained INPs) of T90 samples from non-dust group is overall higher than those of the dust group at the
same 7, particularly for —19< T <—15°C. This suggests the nonnegligible role of heat-resistant INPs for warm temperatures,
following heat-labile PBAPs. Differently, previous field observations at Jungfraujoch (3800m a.s.l.) on the Swiss Plateau
(Brunner et al., 2021; Lacher et al., 2021) and Mt. Helmos (2314m a.s.l.) in the eastern Mediterranean (Gao et al., 2024)
reported more pronounced INP enrichment during Saharan dust events. This is likely attributable to the relatively lower
altitude of the observation site in this study (491 m a.s.l.), where transported dust particles undergo more intensive
atmospheric aging within the planetary boundary layer (Fig. 3k), leading to somewhat reduced IN activity. In addition, for
7<-20°C, T90 samples during Saharan dust events preserve more INPs in comparison to the non-dust group (Fig. 7i). This
suggests the enrichment of heat-resistant particles acting as INPs in the dust active regime because of the dust event,
consistent with observations at Jungfraujoch (Brunner et al., 2021; Lacher et al., 2021) and Mt. Helmos (Gao et al., 2024).
Figure 71 compares the fraction of heat-resistant INPs in dust and non-dust influenced groups. Overall, heat-resistant INPs
constitute <10% in both groups. It also shows that dust events only slightly enrich heat-resistant INPs for 7<—20°C but not
for warm T5. In other words, our results demonstrate that heat-labile FBAPs are the dominant source of INPs, irrespective of
dust presence.

Table 1. Different parameterizations for predicting Nine values observed in three field campaigns at a semi-rural site in Swiss
Plateau (Payerne, Switzerland, this study), Mt. Helmos (Peloponnese, Greece) and Ny-Alesund (Svalbard, Norway).

INP

Parameterizations Used aerosol property Formulation
Ninp = a(=T)? * Totalyps ™"+
DeMott2010 (a=10.0000594, b =3.33, ¢ =0.0264, d = 0.0033)
TOtalApS (TOta]ApS in std cm’3; T'in OC)
(Std Cm73) NINP = a(_T)b * TOtalApS(_CT+d)
Adapted DeMott2010 (a=1.946E-12, b = 8.8976, c = —0.0095, d = 0.9973)

(Totalyps in std cm™3; T in °C)
Ninp = Fluoy s x exp (—cT + d)
Tobo2013 (a=-0.108,b=3.8,c =0, d=4.605)
(Fluowgs® in std cm™; T'in °C)
3 Ninp = Fluoy;ps"*"*" x exp (—cT + d)
Adapted Tobo2013  FluOwigs (std cm™) (a=0.0108, b =0.2759, c = 0.6332, d = —11.2925)
(Fluow;ps® in std cm3; Tin °C)
Ninp = exp(aT + b) *(Fluoy,ps/1000)T+D « (WIBS, 4410) €T/
WIBSFiuo (a=-0.0080, b=-10.2353, ¢ =—0.0552,d =-0.07910 ¢ = 0.0720, f =
0.0066; T'in °C)
Niwp = exp(aT + b) *Totaly,ps " " * (WIBS,qui0 * € + f)
WIBSTotal_1 Totalyps (std L™") (a=—0.5830,b=-24.9703, c =0.0033,d = 1.0447,e = —1170.7188, f =
391.5464; T'in °C)
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1
WIBS g v +
(a=—5.88E — 5, b=—4.48, c = —0.0365, d = 0.0490, e = 36660, f =
—21000; T'in °C)
Note. *Adapted DeMott2010 uses the same formulation as that used in DeMott2010 but with a new suite of parameters. TAdapted

Niyp = a(—=T)? * Totaly,ps "+ * (

WIBS Total_2

Tobo2013 uses the same formulation as that used in Tobo2013 but with a new suite of parameters. {WIBS ratio is the ratio of Fluowiss to

NonFluowss (the difference between Fluowiss and Totalwiss) particle concentration.

3.6 Parameterization of INPs sourced from PBAPs and dust particles
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Figure 8. Comparisons of the performance of different parameterizations in Table 1. (a) DeMott2010. (b) Adapted DeMott2010
using a new set of parameters calculated by fitting the formula to the observed data. (¢) Tobo2013. (d) Adapted Tobo2013 using a
new set of parameters calculated by fitting the formula to the observed data. (€) WIBSFiuo. (f) WIBSTota_1. (g) WIBSTotai_2. The
temperature condition for INP data is scaled to the color bar. Note that parameterizations using the same parameterization
formula use the same color bar. The dashed lines confine the range for observed and predicted data points within a factor of 3.
The fraction of observed and predicted data points within a factor of 3 (f5) and 10 (fi0) is provided in each panel, respectively.
MAPE stands for mean absolute percentage error. RMSE is the root-mean-square error used as a measure of the difference
between observed and predicted data. BIC is a value calculated by applying the Bayesian information criteria to evaluate the
goodness of parameterizations based on the same dataset (Schwarz, 1978). The n value shows the number of observed data points.

Here, we develop a universal INP parameterization (Gao et al., 2024) based on INP observations at different locations,
including a semi-rural site on the Swiss Plateau (Payerne, Switzerland, this study), mountain top site at Mt. Helmos
(Peloponnese, Greece) (Gao et al., 2024) and a remote site at Ny-Alesund (Svalbard, Norway) (Li et al., 2023; Li et al.,
2022). Varying INP sources, including particles from biological origin, local soil dust and long-range transported dust, were
reported to be relevant INP sources for Mt. Helmos and Ny-Alesund. Together with this study, the combined dataset of these
three field campaigns (see Supplement Fig. S30) can serve as an inclusive statistical basis relevant for different types of INP

sources, with PBAPs as distinguished contributors. Different INP formulations are listed in Table 1. The first
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parametrization, termed INP-WIBSki., is as a function of Fluowss, the ratio of fluorescent (Fluowms) to nonfluorescent
(NonFluowiss) particles (WIBSaii0) and 7. The other two parameterizations (“INP-WIBStow 17 and “INP-WIBSt 2”) use
Totalwiss, WIBS:aii and T but with different formula forms. WIBS:.40 represents the partitioning of fluorescent particles and
is demonstrated as a distinct indicator of different aerosol sources, including dust, continental aerosols and PBAPs (Gao et
al., 2024).

The above three formulations are also evaluated against literature parameterizations. The first one is termed DeMott2010
using the total concentration of particles larger than 0.5 pm aerodynamic size (Demott et al., 2010). Here, we use Totalwiss
(>0.5 um optical size) for DeMott2010. DeMott2010 is based on field studies at different locations over a period of >10
years and widely used in models. The second one is called Tobo2013 which calculates Ninp as a function of 7 and the
number concentration of total fluorescent particles >0.5 pm aerodynamic size (Tobo et al., 2013). Here, we use Fluowiss
(>0.5 pm optical size) for Tobo2013. Both DeMott2010 and Tobo2013 are adapted by fitting the formula to the combined
dataset to calculate a new set of parameters.

As shown in Fig. 8a, DeMott2010 predicts less than 50% data points within a factor of 10 (f10=0.47) and approximately 25%
data points within a factor of 3 (f3=0.24) compared to the observed data. It predicts better for Ninp observed at 7<—20°C,
where mineral dust particles are more relevant INP source but not PBAPs relevant for warmer temperatures (Gao et al.,
2024; Kanji et al., 2017). For Ninp observed at 7>—10°C, values predicted by DeMott2010 exceed observations by more than
a factor of 10. After adapting DeMott2010, its fio (f3) predictability improves to 0.79 (0.47), with gains primarily for INPs
observed at warm temperatures (Fig. 8b), attributable to PBAP source (Gao et al., 2024; Murray et al., 2012). In addition,
Tobo2013 (Fig. 8c) shows larger fio (f3) values by 0.16 (0.06) than DeMott2010. However, Tobo2013 shows a larger root-
mean-square error (RMSE), indicating a larger spread range of the prediction. Also, the Bayesian information criteria (BIC)
value calculated for Tobo2013 is larger than that of DeMott2010, suggesting a less satisfactory parameterization. Figure 8d
shows that Adapted Tobo2013 improves fio (f3) performance to 0.75 (0.37), suggesting that particle fluorescence can enhance
N predictability. We further show that, by explicitly including fluorescent particles into the parameterization (i.e., their
fraction in the aerosol source represented by WIBS..ii0) and their implicit higher INP efficiency, INP-WIBSki,, can confine
approximately 90% (>50%) of calculated and observed data points within a factor of 10 (or 3, in Fig. 8¢). Higher WIBS:asio
values indicate a larger fraction of fluorescent particles, likely more PBAPs with enhanced IN activity compared to dust.
Therefore, incorporating WIBSai0 better captures particle IN ability, as potential INP abundance scales with total particle
availability (Gao et al., 2024). In addition, INP-WIBStow_1 and INP-WIBSt._2 can predict approximately 85% (>50%)
Nmp observations within a factor of 10 (3) (Fig. 8f and g). Compared to Adapted Tobo2013, our three parameterizations also
show decreased BIC values. In addition, better performance of our parameterizations can be seen from comparisons of all
parameterizations based on INPs observed for 7>—15°C (Fig. 9). Notably, INP-WIBSki, shows good predictability (f10=0.53
and £3=0.85) for INPs at 7>—15°C and outperforms the others by showing larger fio (f3) performance than DeMott2010,
Adapted DeMott2010, Tobo2013, Adapted Tobo2013, WIBStow_1 and INP-WIBStew_2 by 0.6 (0.47), 0.11 (0.13),
0.24(0.2), 0.04 (0.1), 0.08 (0.13) and 0.04 (0.08), respectively. Results for INPs at warm 7s in Fig. 9 further highlight the
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advantage of bioaerosol-aware INP parameterizations over existing ones. We also compare the application of INP-WIBS
parameterizations across individual field campaigns (Supplement Fig. S31) and demonstrate that INP-WIBSg, is better
suited for field sites with higher PBAP abundance. The better performance of INP-WIBSg, is likely because of its stronger
focus on PBAPs, the main INP contributors. Therefore, our results demonstrate the superiority of using FBAPs and their

indication on INP source apportioning to predict Ninp observations, and we propose INP-WIBSgy,, for modelling applications.
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Figure 9. Comparisons of the performance of different parameterizations in Table 1 for data at 7>—15°C. (a) DeMott2010. (b)
Adapted DeMott2010 using a new set of parameters calculated by fitting the formula to the observed data. (¢) Tobo2013. (d)
Adapted Tobo2013 using a new set of parameters calculated by fitting the formula to the observed data. (¢) WIBSrwo. (f)
WIBSTotal_1. (g) WIBSTotai_2. The temperature condition for INP data is scaled to the color bar. Note that parameterizations using
the same parameterization formula use the same color bar. The dashed lines confine the range for observed and predicted data
points within a factor of 3. The fraction of observed and predicted data points within a factor of 3 (f3) and 10 (fio) is provided in
each panel, respectively. MAPE stands for mean absolute percentage error. RMSE is the root-mean-square error used as a
measure of the difference between observed and predicted data. BIC is a value calculated by applying the Bayesian information
criteria to evaluate the goodness of parameterizations based on the same dataset (Schwarz, 1978). The n value shows the number
of observed data points.

4 Conclusion

In this study, we investigate the role of different types of aerosols in MPC formation through field observations at a semi-
rural site on the Swiss Plateau using INP and aerosol measurements, remote sensing, and air mass source analysis. The
observed immersion-mode INPs (>—24°C) mainly originate from biological particles (>85%) - represented by fluorescent
biological aerosols particles (FBAPs) - and pollen, followed by heat-resistant particles (<10%) like dust (Figs. 3 to 7).
Notably, some pollen species may outperform the others (Fig. 4). Precipitation reduces INPs by removing smaller-sized

FBAPs (<2.5pum, Supplement S10). We further developed and validated a bioaerosol-aware INP parameterization that
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captures mixed biological-dust sources and outperforms existing ones across three field datasets. These findings improve
representation of biological aerosol—cloud interactions and reduce uncertainty in climate feedback.

Aerosol source apportionment identified three types of aerosols, including PBAPs, dust and biomass burning particles, that
could contribute to INP. In the end, PBAPs are by far the most important contributors to immersion-mode INPs for 7 >
—24°C (Fig. 4 and Fig. 5). We found that large-sized pollen particles >10.0 pm contribute to INPs between —16 and —21°C
(Fig. 4 and Supplement Fig. S24 for Hirstrow). INPs for even warmer 7s (>—16°C) are more likely from smaller-sized
FBAPs (Fig. 4) including bacteria, bacteria agglomerates and fungal spores (Petersson Sjogren et al., 2023; Stopelli et al.,
2017; Lukas et al., 2022). Moreover, results from multiple methods for monitoring biological particles (fluorescent PBAPs
monitored by WIBS, pollen particles monitored by Rapid-E and Hirst) suggested that specific biological particle species
(e.g., Hirstrowl pollen, Fig. 4) may be better INPs than others. However, the statistical results reveal a weak and insignificant
role of dust and biomass burning aerosol particles (Fig. 4). In addition, INPs in 85% of the samples (or more) effectively lose
their ability to nucleate ice after heating at 90°C (Fig. 5). This finding strongly demonstrated the primary role of biological
particles or particles associated with heat-labile materials in the observed INPs(Li et al., 2023; O'sullivan et al., 2018). Heat-
resistant INP particles from mineral dust are a minor contribution, but they may be enriched during intense dust episodes
(Figs. 4 and 7). We also note that precipitation events may exert both wash-out and raindrop-splash effects, which can
counteract each other (results in Figs. S10 and S11 and discussions in Supplement Text S10). In brief, PBAPs were proved
to be dominant INP sources (>85% for 7>—24°C) for MPCs in a site on the Swiss Plateau in different seasons, irrespective of

the presence of dust.

We used FBAP number concentration and ratio to represent their importance as INP contributors and applied to INP
parameterizations (Figs. 8 and 9), given that fluorescence can be linked to biological material from PBAPs or carried by a
dust particle (Savage et al., 2017; Morrison et al., 2020). The parameterizations developed here explicitly considered INP
contributions from dust and PBAPs and were demonstrated to outperform existing parametrizations for predicting INPs
(Tobo et al., 2013; Demott et al., 2010) observed in different regions (Gao et al., 2024; Li et al., 2023), in particularly for
immersion-mode INPs at 7>—15°C (Fig. 9). As data on fluorescence and INP activity of aerosols continue to be collected,

our formulations can be expanded to cover even more regions of the globe and with higher accuracy.

5 Limitations

As PBAP emission rate may increase in a warm climate (Lo and Levetin, 2007) and given the dominant role that PBAPs
have on INPs under warm MPC conditions, they likely will have an even more important — yet still unconstrained — impact
on cloud radiative and precipitation fields over continents, mountainous terrain and the water cycle downwind of such areas.
The data presented here, together with the resulting improved INP parameterizations, are an important contribution to
modelling and understanding how PBAPs shape precipitation and climate now and in the future. In addition, our results,

together with reported similar studies in North America (Tobo et al., 2013; Cornwell et al., 2023), the Amazon (Prenni et al.,
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2009; Whitehead et al., 2016), and the Arctic (Pereira Freitas et al., 2023), underscore the need for continued unravelling of
the respective roles of PBAPs and dust in MPC formation, including the separate consideration of INPs from dust particles
that contain biological materials may be an even more important driver of INPs than presented here, given that PBAPs that
lack fluorescence or are not captured by our pollen monitors. However, when applying the parameterization presented here —
it would be for all the biological particles in the simulation, therefore sources of bias would in the end be related by the

different INP activity of FBAPs versus non-fluorescent INPs of biological origin.
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