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Abstract. Ice-nucleating particles (INPs) modulate the phase, radiative properties, and lifetime of clouds, yet direct obser-
vational evidence linking single aerosol particles to atmospheric ice nucleation (IN) remains challenging because of the low
abundance of INPs. We sampled ambient aerosols by coupling an INP counter to a single-particle mass spectrometry (SPMS)
via a pumped counter-flow virtual impactor at Jungfraujoch during wintertime. Ice crystal residuals (ICRs) sampled under
conditions representative of mixed-phase and cirrus cloud formation and total aerosol sampled directly by the SPMS were
chemically characterized. Mineral dust (MD) dominated the ICR population under both cloud regimes despite its minor con-
tribution to ambient aerosol particles by number. Two distinct MD subclasses associated with local construction activities
(MD-K/Al/Fe) and transported sources (MD-Ca) were identified. MD-K/Al/Fe contributed substantially to the INP popula-
tion in the cirrus cloud regime, demonstrating that local anthropogenic activity can influence atmospheric INPs populations.
In contrast, sulfate, organics, nitrate, and biomass burning aerosol (BBA) particles contributed only a minor fraction of ICRs
despite dominating the ambient aerosol population, indicating low IN activity under the investigated conditions. However, Pb
signatures were enriched in BBA ICRs, suggesting enhanced IN activity of Pb-containing BBA particles, whereas no cor-
responding enrichment was observed for Pb-containing MD-K/Al/Fe particles. Sporadic meteoric particles detected during
stratospheric-intrusion events indicate a potential contribution of stratospheric aerosols to tropospheric primary IN. Limited

in-cloud observations suggest that natural cloud processing may modify the IN activity of MD-K/Al/Fe and BBA particles.
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1 Introduction

Previous studies have identified several classes of aerosol particles with prescribed composition and size capable of acting as
ice-nucleating particles (INPs) through different ice nucleation (IN) modes across various cloud regimes, including primary
particles from natural sources, such as mineral dust (MD), sea spray aerosol (SSA), biological aerosol, biomass burning aerosol
(BBA), and volcanic ash. Anthropogenic sources include black carbon (BC), brown carbon, fly ash, and secondary organic
aerosols (Pruppacher and Klett, 1997; Kanji et al., 2017; Burrows et al., 2022). Among all INP types, MD particles originating
from surface soil and deserts are considered the most abundant natural INPs due to their high atmospheric loading (Kok et al.,
2023, and references therein) and their ability to facilitate IN at temperatures lower than -12 to -15 °C via both immersion
freezing and deposition IN (e.g., Archuleta et al., 2005; Mohler et al., 2006; Atkinson et al., 2013; Welti et al., 2014; Ullrich
et al., 2017, 2019). Biological aerosol particles exhibit IN activity between -2 and -12 °C in immersion freezing mode (e.g.,
Mohler et al., 2007; Hoose et al., 2010; Conen et al., 2015; Seifried et al., 2021; Gratzl et al., 2025), although their low
abundance at cloud-forming altitude might limit their overall importance for ice formation in clouds. The organic component
of SSA particles has also been reported as effective INPs in both immersion freezing (e.g., DeMott et al., 2016; Wolf et al.,
2020a) and deposition IN modes (e.g., Wolf et al., 2021; Patnaude et al., 2024). BBA particles contribute significantly to
global aerosol loading (Schill et al., 2020) but show variable IN activities (e.g., Grawe et al., 2016; Jahn et al., 2020; Jahl
et al., 2021; Chen et al., 2025). Anthropogenic aerosol particles such as BC particles generally exhibit poor IN activity in
immersion freezing but could initiate IN effectively below -38 °C (e.g., Mahrt et al., 2018; Nichman et al., 2019; Mahrt et al.,
2020a, b; Zhang et al., 2020; Kanji et al., 2020; Gao et al., 2022a; Gao and Kanji, 2022; Gao et al., 2022b), though the freezing
mechanism might be pore condensation freezing rather than deposition IN (e.g., Marcolli, 2014, 2017; Mahrt et al., 2018;
Marcolli, 2020; Zhang et al., 2020; Marcolli et al., 2021). Secondary aerosol particles have been identified as effective INP via
deposition IN in the cirrus cloud (CC) regime largely depending on their phase state (e.g., Abbatt et al., 2006; Murray et al.,
2010; Zhang et al., 2018a; Kilchhofer et al., 2021; Wang et al., 2022). Nevertheless, most laboratory investigations use proxy
particles that may not fully represent ambient aerosols after atmospheric aging.

Online field measurements of INPs at cloud-forming altitudes can capture transient meteorological and aerosol conditions
that may not be represented by laboratory surrogates. Several previous studies at the High Altitude Research Station Jungfrau-
joch (JFJ; 46.330° N, 7.590° E, 3580 m a.s.1.) have attempted to infer INP species and sources by correlating online atmospheric
INP number concentration (Nynp) with ambient aerosol particle physicochemical properties, such as particle number and/or
mass concentration within specific size ranges, along with aerosol optical properties and chemical composition obtained from
parallel measurements (e.g., Chou et al., 2011; Boose et al., 2016; Lacher et al., 2017, 2018, 2021; Brunner et al., 2022) or
reanalysis data (e.g., Brunner et al., 2021). These ground-based observations corroborate laboratory findings that MD particles
dominate ambient INP populations at JFJ, especially during Saharan dust events (SDEs; Collaud Coen et al., 2004, 2026).

In addition to mineral dust, long-range transported SSA has also been proposed as a potentially important INP source at JFJ.
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Despite the ~ 350 km distance between JFJ and the nearest Mediterranean coastline, Boose et al. (2016) and Lacher et al.
(2017, 2021) suggested that long-range transported SSA may also act as effective INPs based on the cloud water sampling
containing marine organics. It is also suggested that the biological material associated with MD (e.g., Prenni et al., 2009;
Conen et al., 2011; O’Sullivan et al., 2014; O’Sullivan et al., 2015; Steinke et al., 2016; O’Sullivan et al., 2018) and SSA
(e.g., Burrows et al., 2013; Wilson et al., 2015; Wilbourn et al., 2020) contributes to the relatively superior IN activity of these
aerosol classes.

To resolve these uncertainties, single-particle characterization techniques are essential for identifying which individual am-
bient aerosol particles initiate atmospheric IN. A commonly adopted approach involves characterizing the physicochemical
properties of cloud ice particle residuals (IPRs) after separating ice particles from cloud droplets and interstitial aerosol parti-
cles using counter-flow virtual impactor inlets (Ogren et al., 1985; Boulter et al., 2006; Kulkarni et al., 2011; Hiranuma et al.,
2016). This method has been applied both onboard research aircraft (e.g., Cziczo et al., 2004; Froyd et al., 2010; Cziczo et al.,
2013) and at ground-based research stations (Mertes et al., 2007; Richardson et al., 2007; Cozic et al., 2007, 2008a; Cziczo
et al., 2009; Kamphus et al., 2010; Ebert et al., 2011; Worringen et al., 2015; Kupiszewski et al., 2016; Schmidt et al., 2017,
Eriksen Hammer et al., 2018; Cornwell et al., 2019; Karlsson et al., 2021; Lacher et al., 2021; Adachi et al., 2022b). Aircraft-
based measurements typically focus on CC IPRs to avoid interference from cloud droplets in mixed-phase cloud (MPC), while
ground-based studies employ specialized inlets (Mertes et al., 2007; Kupiszewski et al., 2015) to investigate MPC IPRs. Com-
mon techniques for IPR characterization include online single-particle mass spectrometry (SPMS; e.g., Cziczo et al., 2006;
Murphy, 2007; Cziczo et al., 2017; Jacquot et al., 2024) and offline electron microscopy (e.g., Ebert et al., 2002). However,
offline electron microscopy analysis requires long sampling times up to days due to the scarcity of ambient INPs and IPRs,
which can lead to mixing of different air masses in one sample and hinder IPR composition assignment to specific clouds and
sources (Ebert et al., 2011; Adachi et al., 2022b).

Extensive single-particle characterization of IPRs in MPCs using both SPMS and electron microscopy has been carried
out at JFJ during multiple CLoud—Aerosol Characterization Experiment (CLACE) and Ice Nuclei research UnIT (INUIT)
campaigns between 2004 and 2017 (Mertes et al., 2007; Cozic et al., 2007, 2008a; Cziczo et al., 2009; Kamphus et al., 2010;
Ebert et al., 2011; Worringen et al., 2015; Kupiszewski et al., 2016; Schmidt et al., 2017; Eriksen Hammer et al., 2018; Lacher
et al., 2021). IPRs are consistently enriched in MD and depleted in sulfate, organics, and nitrate (SON) particles compared
to ambient aerosol particle number concentration (Mertes et al., 2007; Kamphus et al., 2010; Ebert et al., 2011; Worringen
et al., 2015; Kupiszewski et al., 2016; Schmidt et al., 2017; Eriksen Hammer et al., 2018; Lacher et al., 2021), indicating a
preference for MD particles to be IN scavenged and therefore a high IN activity via immersion freezing. Metallic particles,
particularly those containing Pb, are also frequently detected in IPRs (Cziczo et al., 2009; Kamphus et al., 2010; Ebert et al.,
2011; Worringen et al., 2015; Schmidt et al., 2017). Mixing state analysis suggests that internal mixing with Pb, regardless of
its chemical form, may enhance the immersion freezing activity of ambient aerosol particles (Cziczo et al., 2009; Ebert et al.,
2011; Welti et al., 2019). The role of BC in MPC IPR remains debated. While enrichment of BC mass has been observed
using filter-based light transmission (Cozic et al., 2007, 2008a; Mertes et al., 2007) and electron microscopy (Ebert et al.,
2011; Eriksen Hammer et al., 2018), Kupiszewski et al. (2016) reported depletion of BC by number in IPRs. The apparent
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contradiction is attributed to interference from MD particles in aerosol optical absorption measurements, whereby enhanced
MD absorption led to an overestimation of BC mass in IPRs. Although IPRs embedded in cloud ice particles might originate
from the INPs that initiated IN, their presence can also result from coagulation with residuals formed during ice growth through
rimming, scavenging, and cloud chemistry processes (Ebert et al., 2011; Lloyd et al., 2015; Eriksen Hammer et al., 2018).
Despite extensive IPR measurements, direct observational evidence identifying the aerosol particles responsible for initiating
ice formation in natural clouds remains sparse.

Both IPRs and ice crystal residuals (ICRs) are aerosol particles remaining after ice sublimation. However, IPRs collected
from natural clouds may reflect subsequent cloud processing, ICRs are generated under controlled freezing conditions and
are therefore directly linked to the INPs that initiated ice formation. A bottom-up method enables direct characterization of
ambient INP by first exposing INPs to predefined thermodynamic conditions to produce pristine ice crystals, followed by sub-
limation and single-particle characterization of the resulting ICRs using electron microscopy (Chen et al., 1998; Worringen
et al., 2015; Conen et al., 2026) or SPMS (Cziczo et al., 2003, 2009; DeMott et al., 2003; Richardson et al., 2007; Gallavardin
et al., 2008; Corbin et al., 2012; Baustian et al., 2012). Online SPMS measurements of deposition ICRs have been conducted
at the high altitude Storm Peak Laboratory (3220 m a.s.l., 40.455° N, 106.744° W; Cziczo et al., 2003; DeMott et al., 2003;
Richardson et al., 2007; Baustian et al., 2012) and at an urban site in Toronto (Corbin et al., 2012). More recently, Cornwell
et al. (2019) conducted online SPMS analysis of immersion mode INPs at a coastal site in California. These online SPMS
studies consistently reveal that MD and metallic particles are the major component of ambient INP, regardless of the freez-
ing modes, sampling location, and measurement technique, in agreement with the offline ICR findings from aircraft (Chen
et al., 1998) and ground-based (Worringen et al., 2015) platforms. Beyond these common particle classes, ICR composition
reflects contributions from diverse aerosol sources. Urban combustion aerosols, including BC and BBA, have been identified
as effective deposition INPs (Corbin et al., 2012, T'=-34 4+ 1 °C and RH,, = 98 %), whereas marine aerosols, particularly
organic nitrogen-enriched SSA, have been associated with efficient immersion freezing (Cornwell et al., 2019, T' = -31 °C and
RH,, =105 %). Moreover, the importance of Pb-containing particles remains uncertain (Cziczo et al., 2009). Reported Pb
fractions in ICRs range from ~ 20 % at Storm Peak Laboratory (Baustian et al., 2012, T'=-43 £ 1 °C and RH, = 92 %) to
only 1.5 % at JFJ (Worringen et al., 2015, T'=-22 °C and RH,, between 92 and 145 %), while several studies detected little or
no Pb enrichment in ICR (Cziczo et al., 2003; DeMott et al., 2003; Richardson et al., 2007; Corbin et al., 2012). Collectively,
these studies highlight that direct chemical characterization and source attribution of individual ambient INPs remain limited
across different freezing modes and atmospheric environments.

To address these uncertainties, we deployed an online IN-SPMS setup at JFJ to characterize the chemical composition of
ICRs, identify ambient INP sources, and evaluate the IN activity of individual particle classes under thermodynamic conditions

representative of MPC and CC formation.
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2 Methods
2.1 Site description

The measurement campaign was conducted from January 22 to February 14 2024 at the Sphinx Observatory (46.330° N,
7.590° E, 3580 m a.s.l.) at the JFJ. The experimental setup is shown in Fig. 1. Ambient air was sampled through a total aerosol
inlet with a 40 um cut-off diameter at wind speeds up to 20 m s~! (Weingartner et al., 1999). The inlet surfaces were heated to
35 °C to prevent ice accumulation and to evaporate freshly formed hydrometeors. Consequently, the sampled air comprised in-
terstitial aerosol particles, cloud droplet residuals, and IPRs. This total aerosol inlet is part of the continuous aerosol monitoring
program within the Global Atmospheric Watch and the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS;
Mohr and Gysel-Beer, 2024; Laj et al., 2024).

The research station also provides one-hour averaged meteorological and trace gas data through the SwissMetNet mete-
orological network operated by MeteoSwiss and the Swiss National Air Pollution Monitoring Network operated by Empa.
Detailed descriptions of meteorological and trace gas monitoring at JFJ can be found in Appenzeller et al. (2008) and Hueglin
et al. (2024), respectively. In addition, 2?2Rn has been measured at JFJ since 2009 by the University of Basel and serves as an
indicator of boundary layer intrusions (BLIs; Griffiths et al., 2014). The probability of JFJ being in free troposphere (FT) and
BLI occurrence was calculated following the method proposed by Brunner et al. (2021), which combines the 22?Rn (Griffiths
et al., 2014) and the number concentration of particles with a mobility diameter d,, > 90 nm (N>gp; Herrmann et al., 2015;

Lacher et al., 2018, 2021) data.
2.2 Online single-particle characterization of INP

Single-particle characterization of INPs was performed by coupling the Automated Horizontal Ice Nucleation Chamber (HINC-
Auto; Brunner and Kanji, 2021) to the SPMS Particle Analysis by Laser Mass Spectrometry-Next Generation (PALMS-NG,
Jacquot et al., 2024) and Ultra High Sensitivity Aerosol Spectrometer (UHSAS; DMT) via a Pumped Counterflow Virtual
Impactor (PCVI; BMI Model 8100; Boulter et al., 2006), shown as the dashed line in Fig. 1. Ambient Ninp and aerosol
particle chemical composition measurement was performed before and after each single-particle characterization of INPs, as
indicated by the solid line in Fig. 1.

INPs were first activated into pristine ice crystals within HINC-Auto under prescribed thermodynamic conditions. Down-
stream of the chamber, the ice crystals were separated from liquid droplets and interstitial aerosol particles by the PCVI, owing
to the higher inertia of ice crystals. After sublimating the ice crystals at room temperature, the resulting ICRs were introduced

into PALMS-NG and UHSAS for chemical composition and size analysis.
2.2.1 INP activation in HINC-Auto

HINC-Auto is a continuous flow diffusion chamber instrument made of two flat parallel copper-coated aluminum plates whose

inner walls are coated with ice. The temperature of each plate is controlled independently to create a supersaturation along
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Figure 1. Schematic of the sampling and experimental setup. The dashed line indicates the single-particle ICR characterization experiment,

and the solid line indicates the ambient aerosol characterization experiment when Particle Analysis by Laser Mass Spectrometry—Next Gener-
ation (PALMS-NG) and Automated Horizontal Ice Nucleation Chamber (HINC-Auto) measure in parallel. Acronyms: pumped counter-flow
virtual impactor (PCVI); Ultra-High Sensitivity Aerosol Spectrometer (UHSAS); Optical Particle Counter (OPC); Mass Flow Controller
(MFC); Aethalometer (AE33); Multi Angle Absorption Photometer (MAAP), Condensation Particle Counter (CPC); Aerodynamic Particle
Sizer (APS); Mobility Particle Size Spectrometer (MPSS); Wideband Integrated Bioaerosol Sensor (WIBS); Aerosol Chemical Speciation
Monitor (ACSM).

the chamber centerline lamina. To minimize the impact of convection, the top plate of HINC-Auto is warmer than the bottom
plate. Due to its horizontal design, HINC-Auto has a built-in aerosol cutoff size of ~ 2.5 ym. More details of HINC-Auto can
be found in Brunner and Kanji (2021).

To simulate both MPC and CC conditions in this study, HINC-Auto was operated at 7" = -30 °C and RHy, = 104 % from
January 22 to February 2, and at 7' = -40 °C and RH,, = 90 % from February 3 to February 14, as indicated by the arrows in
Fig. 2(a). The sample flow rate of HINC-Auto was 0.28 std L min—! (where std L denotes standard liters referenced to 0 °C and
1013.25 hPa), surrounded by 2.55 std L min—! particle-free sheath air. During the campaign, the sampled air passed through a

particle filter for 5 minutes after every 15 minutes of measurements to quantify the instrument signal to noise.
2.2.2 Ice crystal separation

The PCVI uses a particle-free flow in the direction opposite to the motion of the ice crystals to separate them from liquid

droplets and interstitial aerosol particles (Boulter et al., 2006). Ice crystals do not follow the streamlines due to their larger
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Figure 2. Times series of (a) wind speed and direction, (b) RH., and 7', and (c) the probability of FT and BLI occurrence at JFJ. In panel
(a), blue and red shaded periods indicate PALMS-NG measurement periods dedicated to ambient single-particle aerosol measurements and
ICRs characterization at different sampling frequencies, respectively. In panel (b), blue lines indicate periods when the station was in cloud,
while brown shading denotes measurement periods affected by construction activities. In panel (c), grey shading indicates periods when the

site was within the FT.

inertia and can penetrate the virtual impaction plane, shown as the gray oval in Fig. 1, for further analysis. The liquid droplets
and aerosol particles follow the streamlines and get pumped out from the upstream part of PCVI, as schematically showed by
the arrows in Fig. 1.

In the single-particle characterization of INP setup shown in Fig. 1, the INP input flow rate of PCVI was 2.83 std L min—!,
matching the HINC-Auto output flow (Brunner and Kanji, 2021). The PCVI output flow was 0.47 std L min—!, determined by
the PALMS-NG (0.40 std L min—') and UHSAS (0.07 std L min—!). The add flow and pump flow of the PCVI were set to
1.20 std L min~! and 3.56 std L min 1, respectively, to yield a cutoff size around 4 ym, consistent with the size threshold for ice
crystal detection in HINC-Auto. A similar flow rate setup was used by Corbin et al. (2012). To minimize the impact of artifact
particles that might penetrate the virtual impaction plane of the PCVI (Pekour and Cziczo, 2011; Cziczo et al., 2017), only
ICRs with vacuum aerodynamic diameter (d,,) > 0.6 um are considered as representative INPs in this study. This corresponds

to a geometric diameter of > 0.32 um, assuming a shape factor of 1.4 and a particle density of 2.6 g cm~3 (Hiranuma et al.,

2015; Kanji et al., 2019). Particles with d, < 0.6 pm may include ICRs in addition to the breakthrough particles that bypassed
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the PCVI separation. Consequently, the applied size threshold provides a conservative estimate of ambient INP abundance at
JFJ.

2.2.3 Online single-particle ICR characterization

PALMS-NG is a bipolar SPMS that can measure the d, and both the positive and negative mass spectra of a single aerosol
particle in the size range from 0.1 to 4 pum in real-time (Jacquot et al., 2024). d,, measurement is realized by detecting
light scattering incidence and measuring the time-of-flight when an aerosol particle consecutively crosses the path of two
405 nm laser beams. The mass spectra are obtained using a single-step laser desorption and ionization technique, i.e., the
aerosol particle is ablated and ionized by a 193 nm pulsed execimer laser. Ions are analyzed with a bipolar time-of-flight mass
spectrometer, revealing the chemical composition of the detected particle. PALMS-NG allows for a rapid classification of the
particles to pre-defined classes. For a full description of PALMS-NG, please refer to Jacquot et al. (2024) and Shen et al.
(2025).

In this study, mass spectra obtained from PALMS-NG are classified into MD, SON, BBA, and Other particle classes includ-
ing meteoric (MT) and SSA, based on the characteristic peaks using the algorithm reported in Froyd et al. (2019) and Shen
et al. (2025). The (EF) is defined as the ratio of the number fraction of a given particle class in ICRs to that in ambient aerosol
particles within the same size range (0.6 ym < d, < 4 pum Cziczo et al., 2003; Ebert et al., 2011; Schmidt et al., 2017). EF > 1
indicates enrichment. During the campaign, a few detected ICRs only had size information but did not produce distinguishable
spectra and were also classified as Other particles, which was probably related to the excimer laser gas degrade (Murphy,
2007; Kamphus et al., 2010). Excimer laser gas was refilled on January 30 and February 11 to optimize ablation and ionization
efficiency and maximize the meaningful signal. The sample flow rate of PALMS-NG was 0.40 std L min—!. A high efficiency
particulate air filter was placed at the PALMS-NG inlet before and after each measurement period to ensure clean instrument
background during the campaign. PALMS-NG measurement periods are highlighted as red and blue shadings in Fig. 2a.

The UHSAS was connected in parallel to PALMS-NG at the PCVI exit to characterize the ICR size distribution. UHSAS
is an optical-scattering, laser-based aerosol particle spectrometer system for sizing particles in the 0.055 to 1.0 ym range. The

sample flow rate of the UHSAS was 0.07 std L min—!.
2.3 Online ambient aerosol particle characterization

When operated in ambient aerosol characterization mode (solid lines in Fig.1), all instruments were connected to the total
aerosol inlet in parallel. Comprehensive descriptions of aerosol monitoring at JFJ are available elsewhere (Baltensperger et al.,
1997; Frohlich et al., 2015; Herrmann et al., 2015; Bukowiecki et al., 2016; Collaud Coen et al., 2026; Masoom et al., 2026;
Mazzini et al., 2026; Weng et al., 2026). A brief overview of the instruments deployed is provided here. Sub-micron particle
number size distribution was measured by a Mobility Particle Size Spectrometer (MPSS, Wiedensohler et al., 2018). The
MPSS operated at 0.65 std L min~! with a sheath-to-sample flow ratio of 5, covering ambient aerosol particles with mobility
diameter (dy,) from 0.011 to 0.790 um. An Aerodynamic Particle Sizer (APS; model 3321; TSI Inc.) measured the number

size distribution for ambient aerosol particles with aerodynamic diameter (d,) from 0.542 pm to 19.81 um using a sample
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flow rate of 0.65 std L min—!. Total ambient aerosol particle number concentration (Ncpc, dy, > 0.01 pm) was monitored
by a Condensation Particle Counter (CPC; model 3772; TSI Inc.) with a sample flow rate of 0.65 std L min~!. A Wideband
Integrated Bioaerosol Sensor (WIBS; Droplet Measurement Technologies) quantified the number concentration of fluorescent
particles with d, between 0.5 and 30 ym (Nwipg) at a sample flow rate of 0.20 std L min—!. d, was converted to d, by
assuming the effective density of wintertime ambient aerosol particles at JFJ to be 1.2 g cm ™3, and the shape factor to be unity
(Cozic et al., 2008b; Chou et al., 2011). A detailed discussion on different diameter definitions can be found in DeCarlo et al.
(2004).

Real-time non-refractory PM1 (d, < 1.0 um) mass concentration and chemical composition (mpy;;) were measured by an
Aerosol Chemical Speciation Monitor (ACSM) equipped with a Time of Flight Mass Spectrometer (TOF-ACSM; Aerodyne
Inc.) operating at 0.07 std L min—!. Equivalent black carbon mass concentration (mpc) was monitored separately by an
Aethalometer (AE33, Magee Sci. Inc.) and a Multi Angle Absorption Photometer (MAAP, model 5012; Thermo, Inc.). Single-
scattering albedo and absorption Angstrom exponent (SSAAE) was calculated following Collaud Coen et al. (2004, 2026)
using light scattering measurements from a nephelomter (model 3565; TSI Inc.) and light absorption measurements from the

AE33, and was used as an indicator of SDEs.
2.4 Lagrangian source analysis

Two three-dimensional Lagrangian kinematic models, namely the Lagrangian particle dispersion model FLEXible PARTicle
dispersion model (FLEXPART; Stohl et al., 2005; Henne et al., 2010, 2016) and Lagrangian parcel model LAGRangian
Analysis TOol (LAGRANTO; Wernli and Davies, 1997; Miltenberger et al., 2013; Sprenger and Wernli, 2015) were used to
investigate air-mass history and aerosol transport pathways. The Consortium for Small-scale Modeling (COSMO) version of
both FLEXPART and LAGRANTO uses the high-resolution COSMO output with horizontal resolution of ~ 7 km, hourly time
resolution, and 79 vertical levels, as meteorological input to resolve the complex orographic Alpine wind field. Once the air
parcel leaves the COSMO domain, FLEXPART and LAGRANTO use European Centre for Medium-Range Weather Forecasts
(ECMWEF) Integrating Forecasting System (IFS) and Reanalysis v5 (ERAS5) as meteorological input, respectively. The ERAS
input used for LAGRANTO has a horizontal resolution of 0.5° x 0.5°, 98 vertical levels, and hourly temporal resolution
(Hersbach et al., 2020).

LAGRANTO was run every 6 hours to compute 7-day back trajectories from 10-km equidistant points within a 15 km radius
around JFJ, using 6 pressure levels evenly distributed between 600 and 700 hPa for each point. Potential vorticity (PV), and
RH,, were tracked along each trajectory to identify stratospheric intrusion (Cui et al., 2009). Aerosol properties, including 3-D
species-specific optical depth, were traced using collocated Copernicus Atmosphere Monitoring Service (CAMS) reanalysis
fields (Inness et al., 2019).

FLEXPART was run at 3-hour intervals and released particles at 3470 m a.s.l. to account for the topographic smoothing

around JFJ in the model. Source-receptor relationship was computed to determine total and boundary-layer source sensitivities.
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3 Results and discussion
3.1 Overview

During the campaign, air masses arriving at JFJ originated predominantly from the northwest (300°-350°) with wind speeds
up to 22.3 m s~ ! (Fig. 2a). The surrounding Alpine topography and glaciers channel local airflow at JFJ predominantly along
a northwest-southeast axis. Consequently, the measured wind direction reflects local flow conditions rather than the large-scale
transport pathways of the air masses (e.g., Brunner et al., 2021). Depending on the prevailing meteorological conditions, these
air masses may have acquired SSA and MD particles while traversing the Atlantic Ocean, the Mediterranean Sea, or the Sahara
before reaching JFJ (Figs. A1-AS5). There were two periods characterized by predominantly southeasterly wind, i.e. from
20:50 UTC on January 29 to 10:00 UTC on January 30, and from 15:20 UTC on February 8 to 03:50 UTC on February 11
(Fig. 2a). During these periods, the air masses passed over the Po Valley and were likely influenced by anthropogenic emissions
(Fig. AS). Ambient temperature ranged between -0.7 and -16.2 °C, with a campaign average of -8.8 °C. Owing to its altitude,
JFJ] was in FT air masses over 60 % of the campaign, consistent with previous winter observations (Herrmann et al., 2015),
while sporadic midday BLIs were also observed (Fig. 2c). Periods of elevated RH,,, frequently approaching 100 %, generally
coincided with BLIs, indicating in-cloud conditions (RH, > 90 % in this study) and potential precipitation.

During ambient cloud events (Fig. 3b), reduced Ncpc, which is dominated by sub-micron particles (Fig. 3b and e), suggests
effective in-cloud scavenging. Correspondingly, non-refractory PM1 mass concentration and mpc (Fig. 3a) follow Ncpc
closely, with mpy; < 0.1 ug m~2 during cloudy periods. Nevertheless, large amount of in-cloud PM1 appeared on January
24 and February 2 (dominated by sulfate) and on February 12 (dominated by nitrate and organics). These PM1 particles might
be linked to domestic heating and vehicle emission transported upslope from the valley. The particle volume size distribution
(Fig. 3f), dominated by super-micron particles, aligns well withN~s500, N>1000, /NVWIBS—Total, and NwiBs—riuo (Fig. 3¢
and d). On-site construction activities associated with the construction of a new tunnel between February 11 and February
14 (Fig. 2b) likely contributed additional super-micron particles through rock drilling, excavation, material handling, and
machinery emissions, while other occasional super-micron aerosol particles, for example on January 29, were likely associated
with SDEs (Fig. A1), consistent with negative SSAAE shadings in Fig. 3e and f.

Single-particle INP characterization yielded 74.5 hours of data and 2248 ICR spectra during MPC and CC processing
experiments at a sampling frequency up to 10 Hz (Fig. 4c, d, and g). Parallel ambient aerosol particle measurement produced
35410 spectra of ambient aerosol particles with 0.1 ym < dy, < 4 pm over 65 hours at a fixed sampling frequency of 0.1
Hz, including 27153 spectra collected during the non-construction period and 8257 spectra during the construction period
(Fig. 4a and e). Two distinct MD subclasses were identified: particles with K/Al/Fe (MD-K/Al/Fe) and Ca (MD-Ca) signatures,
respectively, with representative spectra shown in Fig. Sa.

PALMS-NG collected 25 ICRs with 0.6 ym < d,, < 4 pm during the non-construction period (January 15 to February
11), including 15 ICRs sampled during MPC processing experiments over 27.5 hours (Fig. 4c), and 10 during CC processing
experiments over 25 hours (Fig. 4d). During the construction period (February 11 to February 15), PALMS-NG collected 2223
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Figure 3. Time series of (a) non-refractory PM1 and BC mass concentration, (b) number concentration of total ambient aerosol particles

(Ncpc) and particles with di, < 90 nm (IN>g0), (c) number concentration of aerosol particles with dr, > 500 nm (/N>500) and 1000 nm

(N>1000), (d) total (NwiBs—Tota1) and fluorescent (NwiBs—riuo) particle number concentration measured by WIBS, (e) particle number

size distribution, and (f) particle volume size distribution. The shadings in panel (e) and (f) denote periods when SSAAE is negative, indicative

of MD presence (Collaud Coen et al., 2004, 2026).

ICRs after CC processing over 22 hours, of which 78.5 % were classified as MD-K/Al/Fe particles and 4.3 % as MD-Ca

particles (Fig. 4g).
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3.2 1IN activity of ambient INPs derived from ICR classes
3.2.1 SON, BBA, and SSA particles are not effective INPs

As shown in Fig. 4a and e, ambient aerosol particles sampled by PALMS-NG (0.1 pum < dy, < 4 pm) are dominated by SON
and BBA during both the non-construction and construction periods. For larger particles with 0.6 um < d,, < 4 pum, SON
(31.9 %) and BBA (32.0 %) each contribute approximately one-third of the ambient aerosol spectra during the non-construction
period, together accounting for 63.9 % of all particles (Fig. 4b). During the construction period, however, the contribution of
SON decreases to 14.2 % (Fig. 4f), mainly because construction activities introduce larger MD particles, which are discussed
in Sect. 3.2.2.

The contributions of SON and BBA decrease substantially after cloud processing within HINC-Auto, indicating that these
particle classes are strongly depleted downstream of the PCVI. During the non-construction period, the proportion of both SON
and BBA decrease from ~ 32 % in ambient aerosol particles to 6.7 % after MPC and 10.0 % after CC processing (Fig. 4b—d).
A similar reduction is observed during the construction period, with the SON percentage decreasing from 14.2 % in ambient
aerosol particles to 4.6 % after CC processing and BBA from 33.9 % to 8.0 % (Fig. 4f and g).

These reductions correspond to EF's of 0.21 after MPC processing and 0.31 after CC processing for both SON and BBA
particles during the non-construction period (Table 1). A similar depletion is observed during the construction period after CC
processing, with BBA exhibiting slightly stronger depletion (EF = 0.23) than SON (EF = 0.32). This pronounced depletion
indicates that SON and BBA particles are inefficient INP under both immersion-freezing (1" = -30 °C, RH,, = 104 %) and
deposition IN (7' =-40 °C, RH, = 90 %) conditions.

BBA particles at JFJ likely originate from regional residential wood-burning for domestic heating in the Alpine region or
long-range transport of wildfire plumes (Masoom et al., 2026), characterized by K™ (m/z = 39) and organic fragment (e.g.,
m/z = 28 COT, m/z = 44 COF, m/z = 24 C;, m/z = 25 CoH™, m/z = 26 CoH, or CN™) signals. The composition
and light absorption measurements from the long-term observations suggest that long-range transported BBA particles mainly
consist of organics internally mixed with minor fractions of inorganic salts, BC and likely also tar (amorphous carbon). Ambient
SON and BBA particles commonly contain hygroscopic species such as SON and ammonium. Under MPC and CC conditions
in HINC-Auto, these particles may undergo hygroscopic growth and activate into liquid droplets. These activated liquid droplets
and unactivated aerosol particles are below the cutoff size of the PCVI and follow the exhaust flow and therefore are not sampled
by PALMS-NG. Kamphus et al. (2010) observed even stronger depletion for SON and BBA particles in IPRs with EF down
to 0.03 relative to ambient aerosol particles using two SPMSs. This observation agrees with laboratory results showing that
freshly emitted and aged BBA particles from fuels like wood and leaves are generally ineffective as immersion-freezing INPs
(e.g., Petters et al., 2009; Chou et al., 2013; McCluskey et al., 2014; Jahn et al., 2020, 2021; Chen et al., 2025).

Despite the strong depletion of SON and BBA in ICRs, it remains unclear whether inadvertant transmission within PCVI,
IN or scavenging, or internal mixing with other INPs is responsible for their presence in the observed ICRs. Laboratory studies
have shown that solid sulfate and nitrate particles (e.g., Abbatt et al., 2006; Baustian et al., 2010; Wang et al., 2022) as well
as amorphous glassy organic particles (e.g., Berkemeier et al., 2014; Jensen et al., 2018; Zhang et al., 2018a, b; Kasparoglu
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Figure 4. Number percentage of particle classes measured by PALMS-NG during (a — d) non-construction and (e — g) construction periods:

(a, e) ambient aerosol particle with 0.1 pm < dva <4 pm and (b, f) 0.6 um < dya < 4 um, as well as ICRs with 0.6 um < dya < 4 pum after
(¢) MPC processing (T' = -30 °C, RH,, = 104 %) and (d, g) CC processing (T = -40 °C, RHy, = 90 %). Hatched areas in the outer circles

denote particles exhibiting Pb signatures, and numerical labels indicate number percentage values. The inner ring shows the total fraction

of each particle class, whereas the outer ring separates each class into Pb-containing (hatched) and non-Pb-containing fractions; thus, the

inner-ring percentage equals the sum of the corresponding outer-ring percentages for each particle class. SON — sulfate, organics, and nitrate,

BBA - biomass burning aerosol, MD —

mineral dust.

Table 1. EFs of PALMS-NG particle classes in ICRs relative to ambient aerosol particles. The EF is defined as the ratio of the number

fraction of a given particle class in ICRs to that in ambient aerosol particles within the same size range (0.6 um < dv, < 4 pm). For Pb-

containing particles, the corresponding within-class Pb fraction is used. Values greater than 1 indicate enrichment in ICRs and are shown in

bold; values less than 1 indicate depletion.

Non-construction, MPC

Non-construction, CC

Construction, CC

Particle type ~ Total Pb-containing  Total Pb-containing Total = Pb-containing
SON 021 0 031 0 0.32* 2.24

BBA 021 0 031 O 0.23* 137"
MD-K/Al/Fe 4.15 1.33 6.23  0.66 2.89* 097"

MD-Ca 0 - 7.88 157 0.77* 217

Other 195 212 0 - 0.24*  1.36

*based on more than 50 ICRs

13



305

310

315

320

325

330

335

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

et al., 2022; Wolf et al., 2020b) can initiate deposition IN at tropopause temperatures, typically between approximately -
55 and -80 °C, considerably lower than the -40 °C conditions investigated here. Kilchhofer et al. (2021) reported enhanced
deposition IN activity only at -60 °C for raffinose particles after CC processing at -45 °C and RH,=105 %, potentially due to
porous particle formation (e.g., Adler et al., 2013) and subsequent pore condensation freezing. No IN activity enhancement was
observed for levoglucosan particles across all MPC and CC conditions tested between -60 °C and -30 °C, as well as for raffinose
particles above -60 °C because this was above the glassy transition temperature. Similarly, Wagner et al. (2017) observed
negligible morphological changes and no enhancement in IN activity for a—pinene secondary organic aerosol particles after
CC processing below -38 °C, whereas MPC processing mimicking a convective cloud system produced highly porous particles
that acted as efficient immersion-freezing INPs. For BBA particles, laboratory studies (e.g., McCluskey et al., 2014; Umo et al.,
2015; Grawe et al., 2016) and field observations (McCluskey et al., 2014; Cérdoba et al., 2021) have shown that lofted mineral-
containing soil or ash aerosol particles within wildfire plumes might exhibit high IN activity in immersion mode. Jahn et al.
(2020) further reported that minerals originating from biomass in both BBA particles and bottom ash could initiate immersion
freezing at temperatures as high as -13 °C. DeMott et al. (2009) reported that BBA particles undergoing glassy transitions
between -60 °C and -45 °C still nucleate ice close to homogeneous freezing conditions, indicating their low deposition IN
activity. Given the substantially higher experiment temperature in this study (7" = -40 °C and RH,, = 90 %), we expected the
contribution of SON and BBA to ICRs under CC condition in this study should be negligible.

Moreover, no distinct SSA particle signatures were observed in either ambient aerosol particles or ICRs throughout the
campaign, in contrast to previous observations at JFJ (Ebert et al., 2011; Worringen et al., 2015; Schmidt et al., 2017; Erik-
sen Hammer et al., 2018; Lacher et al., 2021). SSA particles are reported to be transported to JFJ in previous studies (Boose
et al., 2016; Lacher et al., 2021). The absence of SSA particles in the present study may be explained by the prevailing transport
patterns, as back-trajectory analysis indicates that the sampled air masses had a short residence time in the marine boundary

layer and therefore limited opportunity to acquire SSA during transport (Figs. A3 and A4).
3.2.2 Natural and anthropogenic MD particles are the major ambient INP source

The contribution of MD particles to ambient aerosol particles with 0.1 pm < dy, <4 pm increases from 2.5 % during the non-
construction period to 7.5 % during the construction period (Fig. 4a and e), indicating a clear influence of anthropogenic MD
particle emissions from local construction activities on ambient MD concentrations at JFJ. For ambient aerosol particles with
0.6 pm < dy, < 4 pm, where MD particle presence is expected to be more pronounced, ~ 12.1 % (208 of 1734) are classified
as MD particles during the non-construction period (Fig. 4b), compared with 32.8 % (282 of 861) during the construction
period (Fig. 4f). Across all size ranges and time periods (Fig. 4a, b, e, and f), ambient MD-K/Al/Fe particles are consistently 4
to 6 times more abundant than MD-Ca.

As shown in Fig. 4b-d and Table 1, natural MD (MD-K/Al/Fe and MD-Ca) aerosol particles with 0.6 ym < d,, < 4 um
during the non-construction period are enriched by a factor of ~ 3.31 and 6.61 after MPC and CC processing in HINC-Auto,
respectively. These values indicate clear trends but have low statical significance due to the limited ICR sampling numbers

during the non-construction period. During the construction period, when large amounts of anthropogenic MD particles are
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Figure 5. Normalized (a) PALMS-NG spectra of an MD-K/Al/Fe particle sampled on February 14 (during construction periods) and an MD-
Ca particle sampled on February 3 (non-construction periods), (b) Average PALMS-NG spectra of MD particles during different periods.
For visualization clarity, the MD-K/Al/Fe and MD-Ca spectra in panel (a), as well as the SDE and Construction MD spectra in panel (b), are

displayed with m/z offsets of -0.2 and +0.2, respectively, to reduce overlap between the spectra.

released, they are enriched by a factor of ~ 2.52 in ICRs collected after CC processing, with MD-K/Al/Fe enriched by a factor
of ~ 2.89 relative to ambient aerosol particles with 0.6 ym < d, < 4 pm (Table 1). These EF's are conservative and represent
the lower limit, because ICRs with 0.6 ym < d, <4 pm detected by PALMS-NG may originate from ambient aerosol particles
inthe 0.1 pum < d,, < 0.6 pm range. When compared to the full size range ambient aerosol particle size range (0.1 pm < dy, <
4 pm, Fig. 4a and e), the EF for MD particles exceeds 10 after both MPC and CC processing during both construction and
non-construction periods. The consistent enrichment of MD particles downstream of the PCVI demonstrates that both natural
and anthropogenic MD aerosol particles at JFJ act as effective INPs in both immersion freezing and deposition IN modes.
Previous MPC IPR studies at JFJ reported similar enhancements for MD or metallic species, though the classification and
EF magnitudes vary due to instrument differences (Mertes et al., 2007; Kamphus et al., 2010; Ebert et al., 2011; Worringen
et al., 2015; Kupiszewski et al., 2016; Schmidt et al., 2017; Eriksen Hammer et al., 2018; Lacher et al., 2021). Comparable
enhancement of MD species has also been observed for deposition ICRs at the Storm Peak Laboratory (Cziczo et al., 2003;
DeMott et al., 2003; Richardson et al., 2007; Baustian et al., 2012).

K-feldspar exhibits higher immersion-freezing activity than many other mineral dust components, often nucleating ice at

warmer temperatures in laboratory experiments (e.g., Atkinson et al., 2013; Augustin-Bauditz et al., 2014; Kaufmann et al.,
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2016; Peckhaus et al., 2016; Welti et al., 2019), particularly due to active sites on freshly exposed surfaces (Kiselev et al.,
2017; Keinert et al., 2022). However, Kaufmann et al. (2016) and Iwata and Matsuki (2018) showed that MD particles lacking
K-feldspar could exhibit comparable IN activity. Holden et al. (2021) also demonstrated immersion freezing and deposition
IN rely on distinct active sites, and effective deposition sites require size and/or pore geometry relevant for pore condensation
and freezing. The ambient MD aerosol population at JFJ during this study is dominated by MD-K/Al/Fe across all size ranges
and time periods, and consistently exhibit higher EF's compared to MD-Ca under MPC conditions during the non-construction
period and under CC condition during the construction period, indicating generally higher IN activity in both immersion
freezing and deposition IN modes. The lower deposition IN activity of MD-Ca is further supported by their slight depletion
(EF =0.77, Table 1) relative to ambient aerosol particles with 0.6 um < dy, < 4 pm during the construction period (Fig. 4f
and g).

SON material coatings are known to suppress the IN activities of MD aerosol particles in both immersion freezing and
deposition IN modes by altering particle surface properties (e.g., Gallavardin et al., 2008; Baustian et al., 2012). The small
amounts of organics and sulfate for both MD types shown in Fig. 5a suggest minimal atmospheric aging. To address the role
of biological material associated with MD on their IN activity (e.g., Prenni et al., 2009; Conen et al., 2011; O’Sullivan et al.,
2014; O'Sullivan et al., 2015; Steinke et al., 2016; O’Sullivan et al., 2018), we attempted to quantify the biological signatures
in MD ICR using the method proposed by Zawadowicz et al. (2017), which was developed based on prescribed laboratory
biological species. However, the results were inconclusive due to limited ICR sample numbers. Additional field observations
and biological mass spectra signal retrieval algorithm for field data are needed to assess the contribution of biological material
to MD IN activity.

3.2.3 Frequent occurrence of Pb-containing aerosol particles in ICR

During the non-construction period, PALMS-NG detected 1658 Pb-containing ambient aerosol particles (6.1 % of 27153,
hatched areas in Fig. 4a) in the size range 0.1 um < dy, < 4 pm. Among these, 1108 were classified as BBA and 251 as
SON (66.7 % and 15.1 % of 1658, respectively). The overall Pb-containing aerosol particle fraction is consistent with the
latest wintertime observations at JFJ, where up to 7 % of MPC IPRs contain Pb (Schmidt et al., 2017; Eriksen Hammer et al.,
2018). For larger ambient aerosol particles with 0.6 um < d,, < 4 pum, 289 (16.7 % of 1734) particles contained Pb, including
156 (54.0 % of 289) BBA and 42 (14.5 % of 289) MD-K/Al/Fe (hatched areas in Fig. 4b). During the construction period,
806 (9.8 % of 8257, hatched areas in Fig. 4e) particles in the size range 0.1 pm < dy, < 4 pm exhibited Pb signature, and
218(25.3 % of 861, hatched areas in Fig. 4f) particles with 0.6 ym < d, <4 pum contained Pb.

Out of the 2248 ICR spectra collected, 572 (25.4 %) showed Pb signature across all periods (Fig. 4c, d, and g), among which
17.5 % were Pb-containing BBA ICRs and 69.4 % were MD-K/Al/Fe deposition ICRs collected during the construction pe-
riod 4g). Similarly high Pb occurrence in ICRs (more than 20 %) has been reported at Storm Peak Laboratory using comparable
methods (Baustian et al., 2012). In contrast, Worringen et al. (2015) only observed rare appearance of Pb-containing MPC IPR

at JFJ where the Pb appeared as internal mixtures.
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Anthropogenic Pb commonly originates from general aviation gasoline in the form of tetraethyl lead Pb(CoHs)4 (e.g.,
Murphy et al., 2007), but can also be emitted from coal combustion, industry processes, as well as old building materials (e.g.,
Shotyk and Roux, 2005). Cziczo et al. (2009) noted that the presence of Pb in ambient aerosol particles and MPC IPR is
a strong indicator of anthropogenic influence. Emissions from aviation gas associated with general aviation aircraft near the
station represent a plausible source. Previous laboratory studies have shown that Pb compounds are effective INPs (Schifer,
1954; Reischel, 1975) and trace amount of Pb doping could enhance the immersion freezing activity of MD particles (Cziczo
et al., 2009). Welti et al. (2019) found a strong correlation between immersion freezing activity of K-feldspar and their trace Pb
content. Under CC formation condition examined here, however, Pb does not appear to enhance the deposition IN activity of
MD-K/Al/Fe. As shown in Fig. 4f and g and Table 1, the deposition IN activity of MD-K/Al/Fe particles seems to be unaffected
by the presence Pb (EF = 0.97), as the relative proportions of Pb-containing MD-K/Al/Fe particles in ambient aerosol particles
with 0.6 yum < dy, < 4 pm (23.5 %, 52 %) and ICRs (22.8 %, +1-22) are similar, suggesting no enhancement effect.

= > 272 % > 785 %
Plants can also accumulate Pb from soil (e.g., Shotyk and Roux, 2005; Bi et al., 2018; Liu et al., 2023, and references

therein), meaning that biomass burning can emit Pb-containing BBA particles. Such BBA particles might exhibit elevated IN
activity in immersion mode (e.g., Jahn et al., 2020). Pb-containing SON, BBA, and MD-Ca particles appear to act as more
effective deposition INPs under the CC formation condition in this study, because their fractions in ICRs are 1.37 to 2.24
times larger than their corresponding fractions in ambient aerosol particles with 0.6 yum < d,, < 4 pum (Table 1). Several
previous MPC IPR observations at JFJ have reported similar enrichment of Pb-containing MPC IPRs relative to ambient
aerosol particles (Cziczo et al., 2009; Kamphus et al., 2010; Ebert et al., 2011; Worringen et al., 2015; Schmidt et al., 2017,
Eriksen Hammer et al., 2018).

3.3 Impact of meteorological conditions on ICR population
3.3.1 Sporadic meteoric (MT) aerosol particle occurrence from stratospheric air intrusions

MT aerosol particles are commonly observed during aircraft campaigns near the tropopause (e.g., Murphy et al., 2006; Schnei-
der et al., 2021; Adachi et al., 2022a) and have also been identified in cirrus IPRs, indicating a potential link between strato-
spheric aerosols and tropospheric cloud formation (Cziczo et al., 2004). PALMS-NG detected 50 ambient aerosol particles
showing MT signatures, including abundant m/z = 24 Mg™ and m/z = 56 Fe™ ions with Mg/Fe ion ratios within the range
typically reported for MT particles (e.g., Cziczo et al., 2001; Murphy et al., 2023) in the size range 0.6 ym < dy, < 4 um
(Fig. 6¢) during the non-construction period, occurring mainly on the mornings of January 23, February 1, and February 5.
These MT particles were most likely transported to the station via stratospheric intrusions. Their occurrence coincided with
low RH,,, elevated O3, and enhanced PV, all of which are indicative of stratospheric influence (Fig. 6a and d, Fig. 7; Stohl
et al., 2003; Cristofanelli et al., 2009; Trickl et al., 2016). JF] is influenced by stratospheric intrusions ~ 20 % of the time (Cui
et al., 2009; Bindschedler, 2025).

Laboratory studies have shown that the IN activity of metal oxides depends strongly on their cationic composition (e.g.,

Souda et al., 2020; Chong et al., 2021; Schiffman et al., 2023). For example, Fe oxides are effective INPs via both immersion
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Table 2. Number and percentage of PALMS-NG spectra for ambient aerosol particles and ICRs in the size range 0.6 um < dva < 4 um
when the station is in cloud (RH+ > 90 %, Fig. 2b). The solid lines above February 8 and 11 are used to divide the MPC and CC processing

during the non-construction (Non-cons.) and the CC processing during the construction periods (Cons.).

Classes SON BBA MD Others

PALMS-NG Amb. ICR Amb. ICR Amb. ICR Amb. ICR
2024-01-22 0 0 1 (5.9 %) 0 12(70.6 %) O 4235%) O
2024-01-23 7 (7.4 %) 0 7 (7.4 %) 0 3133.0%) O 49 (52.1%) O
2024-01-24 17(51.5%) O 7212%) O 1 (3.0 %) 0 8(242%) O
2024-01-31 0 0 0 0 0 1(100.0%) O 0
2024-02-01 3214%) O 2(143%) O 4(286%) O 5(35.7 %) 1 (100.0 %)
2024-02-02 0 0 0 0 1(100.0%) O 0 0
Non-cons. MPC 27 (17.0%) 0 17 (10.7%) 0O 49 (30.8 %) 1(50.0%) 66 (41.5%) 1(50.0%)
2024-02-08 35479%) O 21 (28.8%) O 6 (8.2 %) 0 11(151%) 0
2024-02-09 1(16.7%) 0O 1(167%) 0O 1(16.7%) O 3(500%) O
Non-cons. CC 36(45.6%) O 22(27.8%) O 7 (8.9 %) 0 14(17.7%) O
2024-02-11 6(353%) O 4(235%) O 3(176%) 0 4(235%) O
2024-02-12 16 (31.4%) 2(105%) 21(41.2%) 6(31.6%) 1(2.0 %) 8 (42.1 %) 13(255%) 3(15.8 %)
2024-02-14 7 (16.3 %) 50.6%) 23(535%) 14(269%) 3(7.0%) 26 (50.0 %) 10(23.3%) 7(13.5%)
Cons. CC 29 (26.1 %) T7009%) 48(432%) 20(282%) 7(6.3 %) 34 (479 %) 27(243%) 10 (14.1 %)

freezing and deposition IN modes (Saunders et al., 2010; Hiranuma et al., 2014; Chong et al., 2021; Schiffman et al., 2023),
whereas MgO exhibits low immersion freezing activity due to weak surface water binding and limited ice growth potential
(Souda et al., 2020). In our observations, MT aerosol particles were absent in ICRs during the non-construction period, likely
reflecting either their low IN activity under both MPC and CC formation conditions or low abundance.

During the construction period, PALMS-NG identified 10 ambient aerosol particles and 6 ICRs with 0.6 um < dy, < 4 um
as MT particles. All 6 MT ICRs, along with 2 ambient MT aerosol particles, were observed on February 13 when RH,, was
35.0 % £ 3.4 % and Oj reached 53.1 + 1.8 ppm indicative of stratospheric intrusion (Fig. 6a). On this day, MT particles
showed EF ~ 0.46 (0.4 % of 1481 ICRs and 0.9 % of 228 ambient aerosol particles), which may indicate comparatively low
deposition IN activity under the conditions examined in this study. However, due to the potential interference from construction

activities and the limited sample number, these results should be treated qualitatively.
3.3.2 Uncertainty in the impact of natural cloud processing on the IN activity of ambient aerosol particles

As described in Sect. 3.1, the occurrence of supercooled liquid clouds or MPCs at JFJ during the campaign was strongly

associated with BLI. When the station was in cloud, the dried sample air from the total inlet contained interstitial aerosol
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Figure 6. Time series of (a) RH, and Os, (b) number percentage of particle classes measured by PALMS-NG, (c) MT aerosol particle
occurrence during the campaign, and (d) PV at JFJ derived from ERAS. Numbers on the top of panel (c) denote daily counts of MT particles
in the size range 0.6 pum < dy, < 4 um. The dashed line in panel (d) indicates the altitude of JFJ. Episodes of potential stratospheric intrusion

are evident on January 23 and 31, as well as February 1, 7, 12, and 13.

430 particles and cloud hydrometeor residuals that have undergone natural cloud processing. These conditions provide a natural
laboratory for investigating the IN activity of aerosol particles after experiencing in-cloud scavenging, aqueous chemistry, as
well as dry-freezing cycles, all of which can alter aerosol particle morphology and chemical composition (e.g., Yao et al., 2021;
Huang et al., 2025).
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Figure 7. RH,, as a function of Og for particles with 0.6 pm < dy, < 4 pm detected by PALMS-NG. Ambient aerosol particles are shown

as circles and ICRs as crosses. MT particles are highlighted by squares in ambient aerosol samples and by diamonds in ICRs.

During the construction period, the overall fraction of MD particles in the ICRs is 82.8 % with an EF of 2.52 (Sect. 3.2.2

and Fig. 4f and g), whereas the fraction drops to below 50 % but the EF increase to 7.59 (Table 2, 4=27¢) when the station
is in cloud. The increased EF suggests an enhancement of deposition IN activity of MD aerosol particles sampled during in-
cloud periods. This observation is in contrast to the results from Kilchhofer et al. (2021), who reported decreased deposition
IN activity below -45 °C for coal fly ash particles after MPC processing at -30 °C and RH,, = 108 %. This was attributed
to hydration of the hygroscopic CaSO, in the MPC processing. As shown in Fig. 4e and f, this may be related to dominance
of the relatively fresh MD-K/Al/Fe type of the MD population during the construction period in this study, which may have
experienced less atmospheric ageing prior to sampling and therefore is less hygroscopic compared to MD-Ca (Fig. 5b).

The EF for BBA particles increases significantly from 0.23 to 0.65, whereas that for SON aerosol particles drops only slightly
from 0.32 to 0.38. The drop in the depletion factor suggests enhanced deposition IN activity after natural cloud processing for
BBA particles. However, further investigation is needed to establish the impact of MPC processing on the IN activity of BBA
particles, as no ICRs associated with BBA were directly observed in the present study. Wagner et al. (2017) observed highly
porous organic particles production after MPC processing, but such morphological change did not impose significant impact
on the deposition IN activity of these organic particles. The observed deposition IN activity enhancement after natural cloud
processing for BBA particles here might be due to the associated Pb content as discussed in Sect. 3.2.3 or morphology change
of the organic content associated to BBA particles after a dry-freezing cycle.

During the non-construction period (Table 2), ICR occurrence was rare under both MPC and CC conditions when the station
was in cloud, primarily due to the low Ncpc during the PALMS-NG operation periods (Sect. 3.1 and Fig. 3b). Previous studies
of MPC IPR at JFJ attributed the appearance of soluble IPRs to ice particles produced from secondary ice production processes

or cloud droplet residuals, which occupied low immersion freezing and deposition IN activities as discussed in Sect. 3.2.1.
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4 Conclusions

This study presents the wintertime online chemical composition characterization of ICRs at JFJ and identifies the aerosol
classes responsible for initiating IN under conditions representative of MPC (1" =-30 °C, RH,, = 104 %) and CC (T' =-40 °C,
RHy =90 %).

Across all investigated conditions, MD emerged as the dominant INP despite its low ambient number concentration. Two
subclasses, namely MD-K/Al/Fe and MD-Ca, were distinguished, with MD-K/Al/Fe consistently showing higher EF's and
therefore higher IN activity in both immersion freezing and deposition IN modes. During periods influenced by nearby con-
struction activities, anthropogenic MD-K/Al/Fe particles contributed substantially to the deposition INP population under CC
conditions, highlighting the sensitivity of INP observations to local emissions. These results underscore that anthropogenic
activities can impose direct impact on ambient INP observation in remote environments. The occurrence of MD ICRs outside
the construction period further suggests the presence of additional regional or long-range transported MD sources.

In contrast, SON and BBA particles, which dominated the ambient aerosol particle population, were strongly depleted in
ICRs under both MPC and CC conditions. Their low occurrence in ICRs indicates limited immersion freezing activity at 1" = -
30 °C, RHy, = 104 % and limited deposition IN activity at 7' = -40 °C, RHy, = 90 %, in agreement with previous field and
laboratory observation.

Pb-containing particles occurred frequently in ICRs, particularly among BBA particles. More than half of the detected
BBA ICRs contained Pb signatures potentially associated with residential biomass-burning emissions, suggesting that Pb
may enhance the IN activity of specific particle populations. In contrast, no clear enhancement was observed for MD-K/Al/Fe
particles, for which similar fractions of ambient particles and ICRs contained Pb.

Sporadic MT particles were detected during periods characterized by stratospheric intrusions. Although MT particles were
only rarely observed in ICRs, their occurrence demonstrates that meteoric material can be transported to JFJ and suggests a po-
tential pathway linking stratospheric aerosols to tropospheric ice formation. Additional observations are required to determine
whether such particles contribute significantly to atmospheric INP populations, particularly in the mid-troposphere, where their
concentrations are low. An emerging source of anthropogenic aerosol and INPs to consider in the upper troposphere in the fu-
ture is debris from space rocket re-entry, as these particles are directly emitted in the upper troposphere through ablation and
fragmentation of heat-shield materials and rocket body components during descent.

Observations during in-cloud periods suggest that natural cloud processing may alter the deposition IN activity of selected
aerosol particle classes following a dry-freezing cycle, particularly MD-K/Al/Fe and BBA. However, the limited number of
in-cloud ICRs, likely due to efficient in-cloud scavenging and/or IN, limits a robust assessment of cloud-processing effects.

Overall, our results demonstrate that MD, from both natural and anthropogenic sources, dominated the wintertime INP
populations at JFJ, whereas other aerosol classes played comparatively minor roles in atmospheric IN under the investigated
conditions. These findings highlight the need to account for local MD emissions, particle composition, and aging processes

when assessing INP variability. Future field observations over longer periods and additional seasons will be essential for
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quantifying the contributions of the biogenic material associated with MD, long-range transported material, natural cloud

processing, Pb-containing particles, and episodic stratospheric aerosol sources to ambient INP populations.
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Figure Al. (a) 7-day back trajectories, (b) CAMS 0.55 - 0.90 pm MD (ppb), and (c) source-receptor relationship for January 29, showing

that the air mass and associated aerosol population arriving at JEJ passed through the northwestern Sahara and Spain. The actual altitude and
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that the air mass and associated aerosol population arriving at JFJ passed through the northwestern Sahara and Spain.

Data availability. The data used to produce the figures in this manuscript will be made available through a persistent DOI upon acceptance of
the manuscript. Meteorological data at Jungfraujoch is available at https://opendatadocs.meteoswiss.ch/a-data-groundbased. ERAS reanalysis

data are publicly available from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/). CAMS reanalysis data are publicly

available from the Copernicus Atmosphere Data Store (https://ads.atmosphere.copernicus.eu/).
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Figure A3. (a) 7-day back trajectories, (b) CAMS 0.55 - 0.90 um MD (ppb), and (c) source-receptor relationship for February 3, showing

that the air mass and associated aerosol population arriving at JFJ passed through the Atlantic Ocean.
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Figure A4. (a) 7-day back trajectories, (b) CAMS 0.55 - 0.90 pm MD (ppb), and (c) source-receptor relationship for February 5, showing

that the air mass and associated aerosol population arriving at JFJ passed through the Atlantic Ocean.
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Figure AS. (a) 7-day back trajectories, (b) CAMS 0.55 - 0.90 pm MD (ppb), and (c) source-receptor relationship for February 9, showing

that the air mass and associated aerosol population arriving at JFJ passed through the Po Valley.

Appendix A: Lagrangian back trajectories and aerosol source-receptor relationship

Author contributions. CZ, DJC, and ZAK conceptualized the experiment. CZ, XS, JJ conducted the campaign with support from LL, NN,
BB, and RM. CZ and XS analyzed and visualized the data. XS analyzed the PALMS-NG data. NN, BB, RM, and MGB provided the aerosol
data. MSt provided the reactive trace gas and meteorology data. FC provided the 2*’Rn data. VS and MSp configured LAGRANTO and
performed the analysis. SH provided FLEXPART data. MCC provided the list of SDE alerts. CZ, XS, JJ, DJC, and ZAK prepared the article
with input from all co-authors. ZAK and DJC supervised the study.

Competing interests. Ottmar Mohler is a member of the editorial board of Atmospheric Chemistry and Physics and a co-author of this paper.

Disclaimer. During the preparation of this work, CZ used Microsoft Copilot to assist with text rephrasing and with code corrections for data

analysis and visualization. All tool-assisted content was reviewed, edited, and validated by CZ.

Acknowledgements. The International Foundation High Altitude Research Stations Jungfraujoch and Gornergrat, which provided the in-
frastructure, is generously supported by the Swiss National Science Foundation (SNSF) (grant No. 20FI-0_238048). Continuous aerosol
observations at Jungfraujoch receive financial support from MeteoSwiss in the framework of the Global Atmosphere Watch (GAW) program

of the World Meteorological Organization (WMO) and through the ACTRIS Switzerland 2025-2028 grant (Swiss contribution to the ACTRIS

25



510

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

ERIC) provided by the Swiss State Secretariat for Education and Research and Innovation (SERI). Additional observations for the purpose
of this study received financial support from the European Union’s Horizon 2020 Research and Innovation Programme under Grant Agree-
ment N° 101008004 (ATMO ACCESS; trans-national access scheme). The radon observations are supported by the Swiss National Science
Foundation (SNSF) as a contribution to the pan-European Integrated Carbon Observation System, ICOS (SNSF grant 20F120_198227).

We thank the custodians Mr. Thomas Furter and Ms. Sonja Stockli, Mr. Erich Furrer and Ms. Daniela Bissig for the support of our research
activities. We are grateful to Scott Chambers and his group at the Australian Nuclear Science and Technology Organisation (ANSTO) for
the ongoing collaboration as the supplier and supporter of the radon detection system. CZ would like to thank Dr. Nadja Omanovic and
Dr. Sylvaine Ferrachat for their help with downloading the COSMO data, and thank Dr. Maxime Hervo for the helpful discussion on the

ceilometer data.

26



515

520

525

530

535

540

545

550

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

References

Abbatt, J. P. D, Benz, S., Cziczo, D. J., Kanji, Z., Lohmann, U., and Méhler, O.: Solid Ammonium Sulfate Aerosols as Ice Nuclei: A Pathway
for Cirrus Cloud Formation, Science, 313, 1770-1773, https://doi.org/10.1126/science.1129726, tLDR: Laboratory measurements support
a cirrus cloud formation pathway involving heterogeneous ice nucleation by solid ammonium sulfate aerosols that provides a widespread
source of ice nuclei and leads to fewer but larger ice crystals as compared with a homogeneous freezing scenario, which reduces both the
cloud albedo and the longwave heating by cirrus., 2006.

Adachi, K., Oshima, N., Takegawa, N., Moteki, N., and Koike, M.: Meteoritic materials within sulfate aerosol particles in the troposphere
are detected with transmission electron microscopy, Communications Earth & Environment, 3, 134, https://doi.org/10.1038/s43247-022-
00469-8, 2022a.

Adachi, K., Tobo, Y., Koike, M., Freitas, G., Zieger, P., and Krejci, R.: Composition and mixing state of Arctic aerosol and cloud resid-
ual particles from long-term single-particle observations at Zeppelin Observatory, Svalbard, Atmos. Chem. Phys., 22, 14421-14 439,
https://doi.org/10.5194/acp-22-14421-2022, 2022b.

Adler, G., Koop, T., Haspel, C., Taraniuk, I., Moise, T., Koren, 1., Heiblum, R. H., and Rudich, Y.: Formation of highly porous
aerosol particles by atmospheric freeze-drying in ice clouds, Proceedings of the National Academy of Sciences, 110, 20414,
https://doi.org/10.1073/pnas.1317209110, tLDR: It is found that aerosols that contain organic material that undergo such a process can
form highly porous aerosol particles with a larger diameter and a lower density than the initial homogeneous aerosol, which may explain
the previously observed enhancement in ice nucleation efficiency of glassy organic particles., 2013.

Appenzeller, C., Begert, M., Zenklusen, E., and Scherrer, S. C.: Monitoring climate at Jungfraujoch in the high Swiss Alpine region, Sci-
ence of The Total Environment, 391, 262-268, https://doi.org/10.1016/j.scitotenv.2007.10.005, tLDR: A homogenized temperature record
measured at Jungfraujoch, the highest permanently manned meteorological station in Europe, is presented and an increase of about 50%
is observed for the period 1961-2005 even when the extraordinary warm summer of 2003 is excluded., 2008.

Archuleta, C. M., DeMott, P. J., and Kreidenweis, S. M.: Ice nucleation by surrogates for atmospheric mineral dust and mineral dust/sulfate
particles at cirrus temperatures, Atmospheric Chemistry & Physics, 5, 2617-2634, https://doi.org/10.5194/acp-5-2617-2005, 2005.

Atkinson, J. D., Murray, B. J., Woodhouse, M. T., Whale, T. F., Baustian, K. J., Carslaw, K. S., Dobbie, S., O’Sullivan, D., and
Malkin, T. L.: The importance of feldspar for ice nucleation by mineral dust in mixed-phase clouds, Nature, 498, 355-358,
https://doi.org/10.1038/nature12278, tLDR: The results from a global aerosol model study suggest that feldspar ice nuclei are globally
distributed and that fellspar particles may account for a large proportion of the iceuclei in Earth’s atmosphere that contribute to freezing
at temperatures below about -15 °C., 2013.

Augustin-Bauditz, S., Wex, H., Kanter, S., Ebert, M., Niedermeier, D., Stolz, F., Prager, A., and Stratmann, F.: The immersion mode ice
nucleation behavior of mineral dusts: A comparison of different pure and surface modified dusts, Geophysical Research Letters, 41,
7375-7382, https://doi.org/https://doi.org/10.1002/2014GL061317, 2014.

Baltensperger, U., Géggeler, H. W., Jost, D. T., Lugauer, M., Schwikowski, M., Weingartner, E., and Seibert, P.: Aerosol cli-
matology at the high-alpine site Jungfraujoch, Switzerland, Journal of Geophysical Research: Atmospheres, 102, 19707-19715,
https://doi.org/10.1029/97JD00928, _eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/97JD00928, 1997.

Baustian, K. J., Wise, M. E., and Tolbert, M. A.: Depositional ice nucleation on solid ammonium sulfate and glutaric acid particles, Atmo-

spheric Chemistry and Physics, 10, 2307-2317, https://doi.org/10.5194/acp-10-2307-2010, 2010.

27



555

560

565

570

575

580

585

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Baustian, K. J., Cziczo, D. J., Wise, M. E., Pratt, K. A., Kulkarni, G., Hallar, A. G., and Tolbert, M. A.: Importance of aerosol composition,
mixing state, and morphology for heterogeneous ice nucleation: A combined field and laboratory approach, Journal of Geophysical
Research: Atmospheres, 117, https://doi.org/doi:10.1029/2011JD016784, 2012.

Berkemeier, T., Shiraiwa, M., Poschl, U., and Koop, T.: Competition between water uptake and ice nucleation by glassy organic aerosol
particles, Atmospheric Chemistry and Physics, 14, 12 513-12 531, https://doi.org/10.5194/acp-14-12513-2014, 2014.

Bi, C., Zhou, Y., Chen, Z., Jia, J., and Bao, X.: Heavy metals and lead isotopes in soils, road dust and leafy vegetables and health
risks via vegetable consumption in the industrial areas of Shanghai, China, Science of The Total Environment, 619-620, 1349-1357,
https://doi.org/10.1016/j.scitotenv.2017.11.177, tLDR: Soil Cd, Zn, Pb, Cu, Hg and As concentrations exceeded the soil background val-
ues in 73.6%, 97.7%, 52.3%, 37.8%, 95.1% and 20.2% soil samples, respectively, but were below the criteria for agricultural soil in China,
with the exception of Hg., 2018.

Bindschedler, F.: Investigating  Stratospheric  Intrusions at Jungfraujoch by Using Clumped CO2 Isotopes,
Master’s thesis, University of Bern, Bern, Switzerland, https://occrdata.unibe.ch/students/theses/msc/531.pdf,
https://www.climatestudies.unibe.ch/about_us/students/former_students__theses/index_eng.html, 2025.

Boose, Y., Sierau, B., Garcia, M. 1., Rodriguez, S., Alastuey, A., Linke, C., Schnaiter, M., Kupiszewski, P., Kanji, Z. A., and Lohmann, U.:
Ice nucleating particles in the Saharan Air Layer, Atmospheric Chemistry and Physics, 16, 9067-9087, https://doi.org/10.5194/acp-16-
9067-2016, 2016.

Boulter, J. E., Cziczo, D. J., Middlebrook, A. M., Thomson, D. S., and Murphy, D. M.: Design and Performance of a Pumped Counterflow
Virtual Impactor, Aerosol Science and Technology, 40, 969-976, https://doi.org/10.1080/02786820600840984, 2006.

Brunner, C. and Kanji, Z. A.: Continuous online monitoring of ice-nucleating particles: development of the automated Horizontal Ice Nucle-
ation Chamber (HINC-Auto), Atmospheric Measurement and Technology, 14, 269-293, https://doi.org/10.5194/amt-14-269-2021, 2021.

Brunner, C., Brem, B. T., Collaud Coen, M., Conen, F., Hervo, M., Henne, S., Steinbacher, M., Gysel-Beer, M., and Kanji, Z. A.: The contribu-
tion of Saharan dust to the ice-nucleating particle concentrations at the High Altitude Station Jungfraujoch (3580&thinsp;mé&thinsp;a.s.l.),
Switzerland, Atmospheric Chemistry and Physics, 21, 18 029-18 053, https://doi.org/10.5194/acp-21-18029-2021, 2021.

Brunner, C., Brem, B. T., Collaud Coen, M., Conen, F., Steinbacher, M., Gysel-Beer, M., and Kanji, Z. A.: The diurnal and seasonal variability
of ice-nucleating particles at the High Altitude Station Jungfraujoch (3580 m a.s.l.), Switzerland, Atmospheric Chemistry and Physics,
22,7557-7573, https://doi.org/10.5194/acp-22-7557-2022, 2022.

Bukowiecki, N., Weingartner, E., Gysel, M., Coen, M. C., Zieger, P., Herrmann, E., Steinbacher, M., Ga"ggeler, H. W., and Baltensperger,
U.: A Review of More than 20 Years of Aerosol Observation at the High Altitude Research Station Jungfraujoch, Switzerland (3580 m
asl), Aerosol and Air Quality Research, 16, 764—788, https://doi.org/10.4209/aaqr.2015.05.0305, 2016.

Burrows, S. M., Hoose, C., Poschl, U., and Lawrence, M. G.: Ice nuclei in marine air: biogenic particles or dust?, Atmospheric Chemistry
and Physics, 13, 245-267, https://doi.org/10.5194/acp-13-245-2013, 2013.

Burrows, S. M., McCluskey, C. S., Cornwell, G., Steinke, I., Zhang, K., Zhao, B., Zawadowicz, M., Raman, A., Kulkarni, G., China, S.,
Zelenyuk, A., and DeMott, P. J.: Ice-Nucleating Particles That Impact Clouds and Climate: Observational and Modeling Research Needs,
Reviews of Geophysics, 60, €2021RG000 745, https://doi.org/10.1029/2021RG000745, 2022.

Chen, J., Jakob, F. M. O., Voliotis, A., Wu, H., Syafira, S. A., Oghama, O., Shardt, N., Fauré, N., Kong, X., Mcfiggans, G., and Kanji, Z. A.:
Ice Nucleation Abilities and Chemical Characteristics of Laboratory-Generated and Aged Biomass Burning Aerosols, Environmental

Science & Technology, 59, 2575-2586, https://doi.org/10.1021/acs.est.4c04941, 2025.

28



590

595

600

605

610

615

620

625

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Chen, Y., Kreidenweis, S. M., Mclnnes, L. M., Rogers, D. C., and DeMott, P. J.: Single particle analyses of ice nucleating aerosols in the
upper troposphere and lower stratosphere, Geophysical Research Letters, 25, 1391-1394, https://doi.org/10.1029/97GL03261, 1998.

Chong, E., Marak, K. E., Li, Y., and Freedman, M. A.: Ice nucleation activity of iron oxides via immersion freezing and an examination
of the high ice nucleation activity of FeO, Physical Chemistry Chemical Physics, 23, 3565-3573, https://doi.org/10.1039/DOCP04220J,
tLDR: This study uses a series of iron oxides as a model system to study the role of lattice mismatch and defects induced by milling on
ice nucleation activity and helps to elucidate the interactions between aerosol particles and ice particles in clouds., 2021.

Chou, C., Stetzer, O., Weingartner, E., Juranyi, Z., Kanji, Z. A., and Lohmann, U.: Ice nuclei properties within a Saharan dust event at the
Jungfraujoch in the Swiss Alps, Atmospheric Chemistry and Physics, 11, 47254738, https://doi.org/10.5194/acp-11-4725-2011, 2011.
Chou, C., Kanji, Z. A., Stetzer, O., Tritscher, T., Chirico, R., Heringa, M. F., Weingartner, E., Prévot, A. S. H., Baltensperger, U., and
Lohmann, U.: Effect of photochemical ageing on the ice nucleation properties of diesel and wood burning particles, Atmospheric Chem-

istry and Physics, 13, 761-772, https://doi.org/10.5194/acp-13-761-2013, 2013.

Collaud Coen, M., Weingartner, E., Schaub, D., Hueglin, C., Corrigan, C., Henning, S., Schwikowski, M., and Baltensperger, U.: Saharan
dust events at the Jungfraujoch: detection by wavelength dependence of the single scattering albedo and first climatology analysis, Atmos.
Chem. Phys., 4, 2465-2480, https://doi.org/10.5194/acp-4-2465-2004, 2004.

Collaud Coen, M., Brem, B. T., Gysel-Beer, M., Modini, R., Henne, S., Steinbacher, M., Putero, D., Gini, M. 1., and Eleftheriadis, K.: Detec-
tion and climatology of Saharan dust frequency and mass at the Jungfraujoch (3580&thinsp;mé&thinsp;a.s.l., Switzerland), Atmospheric
Chemistry and Physics, 26, 1623-1645, https://doi.org/10.5194/acp-26-1623-2026, 2026.

Conen, F., Morris, C. E., Leifeld, J., Yakutin, M. V., and Alewell, C.: Biological residues define the ice nucleation properties of soil dust,
Atmospheric Chemistry and Physics, 11, 9643-9648, https://doi.org/10.5194/acp-11-9643-2011, tLDR: It is shown that particles from
the clay and silt size fraction of four different soils naturally associated with 0.7 to 11.8 % organic carbon can have up to four orders of
magnitude more ice nucleation sites per unit mass active in the immersion freezing mode at -12 °C than montmorillonite, the nucleation
properties of which are often used to represent those of mineral dusts in modelling studies., 2011.

Conen, F., Rodriguez, S., Hiilin, C., Henne, S., Herrmann, E., Bukowiecki, N., and Alewell, C.: Atmospheric ice nuclei at the high-altitude ob-
servatory Jungfraujoch, Switzerland, Tellus B: Chemical and Physical Meteorology, 67, 25 014, https://doi.org/10.3402/tellusb.v67.25014,
2015.

Conen, F.,, Einbock, A., and Bieler, E.: Examples of large efficient ice nucleating particles in clouds above Switzerland, Atmospheric Re-
search, 339, 109 060, https://doi.org/10.1016/j.atmosres.2026.109060, 2026.

Corbin, J., Rehbein, P., Evans, G., and Abbatt, J.: Combustion particles as ice nuclei in an urban environment: Evidence from single-particle
mass spectrometry, Atmospheric Environment, 51, 286292, https://doi.org/10.1016/j.atmosenv.2012.01.007, 2012.

Cornwell, G. C., McCluskey, C. S., Levin, E. J. T., Suski, K. J., DeMott, P. J., Kreidenweis, S. M., and Prather, K. A.: Direct Online Mass
Spectrometry Measurements of Ice Nucleating Particles at a California Coastal Site, Journal of Geophysical Research: Atmospheres, 124,
12 157-12 172, https://doi.org/10.1029/2019JD030466, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2019JD030466, 2019.

Cozic, J., Verheggen, B., Mertes, S., Connolly, P., Bower, K., Petzold, A., Baltensperger, U., and Weingartner, E.: Scavenging of black carbon
in mixed phase clouds at the high alpine site Jungfraujoch, Atmos. Chem. Phys., 7, 1797-1807, https://doi.org/10.5194/acp-7-1797-2007,
2007.

Cozic, J., Mertes, S., Verheggen, B., Cziczo, D. J., Gallavardin, S. J., Walter, S., Baltensperger, U., and Weingartner, E.: Black carbon
enrichment in atmospheric ice particle residuals observed in lower tropospheric mixed phase clouds, Journal of Geophysical Research,

113, https://doi.org/10.1029/2007jd009266, 2008a.

29



630

635

640

645

650

655

660

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Cozic, J., Verheggen, B., Weingartner, E., Crosier, J., Bower, K. N., Flynn, M., Coe, H., Henning, S., Steinbacher, M., Henne, S., Col-
laud Coen, M., Petzold, A., and Baltensperger, U.: Chemical composition of free tropospheric aerosol for PM1 and coarse mode at the
high alpine site Jungfraujoch, Atmospheric Chemistry and Physics, 8, 407—423, https://doi.org/10.5194/acp-8-407-2008, 2008b.

Cristofanelli, P., Calzolari, F., Bonaf¢, U., Duchi, R., Marinoni, A., Roccato, F., Tositti, L., and Bonasoni, P.: Stratospheric intrusion index
(SI2) from baseline measurement data, Theoretical and Applied Climatology, 97, 317-325, https://doi.org/10.1007/s00704-008-0073-x,
2009.

Cui, J., Sprenger, M., Staehelin, J., Siegrist, A., Kunz, M., Henne, S., and Steinbacher, M.: Impact of stratospheric intrusions and intercon-
tinental transport on ozone at Jungfraujoch in 2005: comparison and validation of two Lagrangian approaches, Atmos. Chem. Phys., 9,
3371-3383, https://doi.org/10.5194/acp-9-3371-2009, 2009.

Cziczo, D. J., Thomson, D. S., and Murphy, D. M.: Ablation, Flux, and Atmospheric Implications of Meteors Inferred from Stratospheric
Aerosol, Science, 291, 1772-1775, https://doi.org/doi:10.1126/science. 1057737, tLDR: Single-particle analyses of stratospheric aerosol
show that about half of the particles contain 0.5 to 1.0 weight percent meteoritic iron by mass, implying that the fraction of material that is
ablated must lie at the low end of previous estimates and that the extraterrestrial component that resides in the mesosphere and stratosphere
is not of chondritic composition., 2001.

Cziczo, D. J., DeMott, P. J., Brock, C., Hudson, P. K., Jesse, B., Kreidenweis, S. M., Prenni, A. J., Schreiner, J., Thomson, D. S.,
and Murphy, D. M.: A Method for Single Particle Mass Spectrometry of Ice Nuclei, Aerosol Science and Technology, 37, 460470,
https://doi.org/10.1080/02786820300976, 2003.

Cziczo, D. J., Murphy, D. M., Hudson, P. K., and Thomson, D. S.: Single particle measurements of the chemical composition of cirrus ice
residue during CRYSTAL-FACE, Journal of Geophysical Research: Atmospheres, 109, https://doi.org/10.1029/2003JD004032, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2003JD004032, 2004.

Cziczo, D. J., Thomson, D. S., Thompson, T. L., DeMott, P. J., and Murphy, D. M.: Particle analysis by laser mass spectrometry
(PALMS) studies of ice nuclei and other low number density particles, International Journal of Mass Spectrometry, 258, 21-29,
https://doi.org/10.1016/j.ijms.2006.05.013, 2006.

Cziczo, D. J., Stetzer, O., Worringen, A., Ebert, M., Weinbruch, S., Kamphus, M., Gallavardin, S. J., Curtius, J., Borrmann, S., Froyd, K. D.,
Mertes, S., Mohler, O., and Lohmann, U.: Inadvertent climate modification due to anthropogenic lead, Nature Geoscience, 2, 333-336,
https://doi.org/10.1038/ngeo499, 2009.

Cziczo, D. J., Froyd, K. D., Hoose, C., Jensen, E. J., Diao, M., Zondlo, M. A., Smith, J. B., Twohy, C. H., and Murphy, D. M.: Clarifying the
dominant sources and mechanisms of cirrus cloud formation, Science, 340, 1320-1324, https://doi.org/10.1126/science.1234145, tLDR:
Results demonstrate that mineral dust and metallic particles are the dominant source of residual particles, whereas sulfate and organic
particles are underrepresented, and elemental carbon and biological materials are essentially absent., 2013.

Cziczo, D. J., Ladino, L., Boose, Y., Kanji, Z. A., Kupiszewski, P., Lance, S., Mertes, S., and Wex, H.: Measurements of Ice Nucleating
Particles and Ice Residuals, Meteorological Monographs, 58, 8.1-8.13, https://doi.org/10.1175/amsmonographs-d-16-0008.1, 2017.

Cérdoba, F., Ramirez-Romero, C., Cabrera, D., Raga, G. B., Miranda, J., Alvarez-Ospina, H., Rosas, D., Figueroa, B., Kim, J. S., Yakobi-
Hancock, J., Amador, T., Gutierrez, W., Garcia, M., Bertram, A. K., Baumgardner, D., and Ladino, L. A.: Measurement report: Ice
nucleating abilities of biomass burning, African dust, and sea spray aerosol particles over the Yucatdn Peninsula, Atmospheric Chemistry

and Physics, 21, 4453-4470, https://doi.org/10.5194/acp-21-4453-2021, 2021.

30



665

670

675

680

685

690

695

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

DeCarlo, P. F.,, Slowik, J. G., Worsnop, D. R., Davidovits, P., and Jimenez, J. L.: Particle Morphology and Density Characterization
by Combined Mobility and Aerodynamic Diameter Measurements. Part 1: Theory, Aerosol Science and Technology, 38, 1185-1205,
https://doi.org/10.1080/027868290903907, 2004.

DeMott, P. J., Cziczo, D. J., Prenni, A. J., Murphy, D. M., Kreidenweis, S. M., Thomson, D. S., Borys, R., and Rogers, D. C.: Mea-
surements of the concentration and composition of nuclei for cirrus formation, Proceedings of the National Academy of Sciences, 100,
14 655-14 660, https://doi.org/10.1073/pnas.2532677100, tLDR: Simultaneous measurements of the concentration and composition of
tropospheric aerosol particles capable of initiating ice in cold (cirrus) clouds are reported, suggesting a predominant potential impact of
these nuclei on cirrus formed by slow, large-scale lifting or small cooling rates, including subvisual cirrus., 2003.

DeMott, P. J., Petters, M. D., Prenni, A. J., Carrico, C. M., Kreidenweis, S. M., Collett, J. L., and Moosmiiller, H.: Ice nu-
cleation behavior of biomass combustion particles at cirrus temperatures, Journal of Geophysical Research: Atmospheres, 114,
https://doi.org/doi:10.1029/2009JD012036, 2009.

DeMott, P. J., Hill, T. C. J., McCluskey, C. S., Prather, K. A., Collins, D. B., Sullivan, R. C., Ruppel, M. J., Mason, R. H., Irish, V. E., Lee,
T., Hwang, C. Y., Rhee, T. S., Snider, J. R., McMeeking, G. R., Dhaniyala, S., Lewis, E. R., Wentzell, J. J. B., Abbatt, J., Lee, C., Sultana,
C. M., Ault, A. P, Axson, J. L., Diaz Martinez, M., Venero, 1., Santos-Figueroa, G., Stokes, M. D., Deane, G. B., Mayol-Bracero, O. L.,
Grassian, V. H., Bertram, T. H., Bertram, A. K., Moffett, B. F., and Franc, G. D.: Sea spray aerosol as a unique source of ice nucleating
particles, Proceedings of the National Academy of Sciences, 113, 5797-5803, https://doi.org/10.1073/pnas.1514034112, 2016.

Ebert, M., Inerle-Hof, M., and Weinbruch, S.: Environmental scanning electron microscopy as a new technique to determine the hygroscopic
behaviour of individual aerosol particles, Atmospheric Environment, 36, 5909-5916, https://doi.org/10.1016/S1352-2310(02)00774-4,
2002.

Ebert, M., Worringen, A., Benker, N., Mertes, S., Weingartner, E., and Weinbruch, S.: Chemical composition and mixing-state of ice residuals
sampled within mixed phase clouds, Atmospheric Chemistry and Physics, 11, 2805-2816, https://doi.org/10.5194/acp-11-2805-2011,
2011.

Eriksen Hammer, S., Mertes, S., Schneider, J., Ebert, M., Kandler, K., and Weinbruch, S.: Composition of ice particle residuals in mixed-
phase clouds at Jungfraujoch (Switzerland): enrichment and depletion of particle groups relative to total aerosol, Atmospheric Chemistry
and Physics, 18, 13 987-14 003, https://doi.org/10.5194/acp-18-13987-2018, 2018.

Froyd, K. D., Murphy, D. M., Lawson, P., Baumgardner, D., and Herman, R. L.: Aerosols that form subvisible cirrus at the tropical tropopause,
Atmospheric Chemistry and Physics, 10, 209-218, https://doi.org/10.5194/acp-10-209-2010, 2010.

Froyd, K. D., Murphy, D. M., Brock, C. A., Campuzano-Jost, P, Dibb, J. E., Jimenez, J. L., Kupc, A., Middlebrook, A. M., Schill,
G. P, Thornhill, K. L., Williamson, C. J., Wilson, J. C., and Ziemba, L. D.: A new method to quantify mineral dust and other aerosol
species from aircraft platforms using single-particle mass spectrometry, Atmospheric Measurement and Technology, 12, 6209-6239,
https://doi.org/10.5194/amt-12-6209-2019, 2019.

Frohlich, R., Cubison, M. J., Slowik, J. G., Bukowiecki, N., Canonaco, F., Croteau, P. L., Gysel, M., Henne, S., Herrmann, E., Jayne, J. T.,
Steinbacher, M., Worsnop, D. R., Baltensperger, U., and Prévot, A. S. H.: Fourteen months of on-line measurements of the non-refractory
submicron aerosol at the Jungfraujoch (3580 m a.s.1.) — chemical composition, origins and organic aerosol sources, Atmospheric Chemistry
and Physics, 15, 11373-11 398, https://doi.org/10.5194/acp-15-11373-2015, 2015.

Gallavardin, S. J., Froyd, K. D., Lohmann, U., Moehler, O., Murphy, D. M., and Cziczo, D. J.: Single Particle Laser Mass Spec-
trometry Applied to Differential Ice Nucleation Experiments at the AIDA Chamber, Aerosol Science and Technology, 42, 773-791,
https://doi.org/10.1080/02786820802339538, _eprint: https://doi.org/10.1080/02786820802339538, 2008.

31



700

705

710

715

720

725

730

735

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Gao, K. and Kanji, Z. A.: Impacts of Cloud-Processing on Ice Nucleation of Soot Particles Internally Mixed With Sulfate and Organics,
Journal of Geophysical Research: Atmospheres, 127, €2022JD037 146, https://doi.org/https://doi.org/10.1029/2022JD037146, 2022.

Gao, K., Friebel, F., Zhou, C. W., and Kanji, Z. A.: Enhanced soot particle ice nucleation ability induced by aggregate compaction and
densification, Atmos. Chem. Phys., 22, 4985-5016, https://doi.org/10.5194/acp-22-4985-2022, 2022a.

Gao, K., Zhou, C. W., Meier, E. J. B., and Kanji, Z. A.: Laboratory studies of ice nucleation onto bare and internally mixed soot—sulfuric
acid particles, Atmos. Chem. Phys., 22, 5331-5364, https://doi.org/10.5194/acp-22-5331-2022, 2022b.

Gratzl, J., Bohmlidnder, A., Pitsi, S., Pogner, C.-E., Gorfer, M., Brus, D., Doulgeris, K. M., Wieland, F., Asmi, E., Saarto, A., Mdhler,
0., Stolzenburg, D., and Grothe, H.: Locally emitted fungal spores serve as high-temperature ice nucleating particles in the European
sub-Arctic, Atmospheric Chemistry and Physics, 25, 12 007-12 035, https://doi.org/10.5194/acp-25-12007-2025, 2025.

Grawe, S., Augustin-Bauditz, S., Hartmann, S., Hellner, L., Pettersson, J. B. C., Prager, A., Stratmann, F., and Wex, H.: The immer-
sion freezing behavior of ash particles from wood and brown coal burning, Atmospheric Chemistry and Physics, 16, 13911-13 928,
https://doi.org/10.5194/acp-16-13911-2016, 2016.

Griffiths, A. D., Conen, F., Weingartner, E., Zimmermann, L., Chambers, S. D., Williams, A. G., and Steinbacher, M.: Surface-to-mountaintop
transport characterised by radon observations at the Jungfraujoch, Atmos. Chem. Phys., 14, 12763-12 779, https://doi.org/10.5194/acp-
14-12763-2014, 2014.

Henne, S., Brunner, D., Folini, D., Solberg, S., Klausen, J., and Buchmann, B.: Assessment of parameters describing representativeness of air
quality in-situ measurement sites, Atmospheric Chemistry and Physics, 10, 3561-3581, https://doi.org/10.5194/acp-10-3561-2010, 2010.

Henne, S., Brunner, D., Oney, B., Leuenberger, M., Eugster, W., Bamberger, I., Meinhardt, F., Steinbacher, M., and Emmenegger, L.: Valida-
tion of the Swiss methane emission inventory by atmospheric observations and inverse modelling, Atmospheric Chemistry and Physics,
16, 3683-3710, https://doi.org/10.5194/acp-16-3683-2016, 2016.

Herrmann, E., Weingartner, E., Henne, S., Vuilleumier, L., Bukowiecki, N., Steinbacher, M., Conen, F., Collaud Coen, M., Hammer, E.,
Jurdnyi, Z., Baltensperger, U., and Gysel, M.: Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on
free tropospheric conditions, cloud influence, and air mass transport, Journal of Geophysical Research: Atmospheres, 120, 9459-9480,
https://doi.org/10.1002/2015JD023660, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2015JD023660, 2015.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufloz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Sim-
mons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren,
P, Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J.,
Hoélm, E., Janiskovda, M., Keeley, S., Laloyaux, P., Lopez, P, Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Vil-
laume, S., and Thépaut, J.-N.: The ERAS global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049,
https://doi.org/10.1002/qj.3803, 2020.

Hiranuma, N., Hoffmann, N., Kiselev, A., Dreyer, A., Zhang, K., Kulkarni, G., Koop, T., and Moehler, O.: Influence of surface mor-
phology on the immersion mode ice nucleation efficiency of hematite particles, Atmospheric Chemistry and Physics, 14, 2315-2324,
https://doi.org/10.5194/acp-14-2315-2014, 2014.

Hiranuma, N., Augustin-Bauditz, S., Bingemer, H., Budke, C., Curtius, J., Danielczok, A., Diehl, K., Dreischmeier, K., Ebert, M., Frank, F.,
Hoffmann, N., Kandler, K., Kiselev, A., Koop, T., Leisner, T., Mohler, O., Nillius, B., Peckhaus, A., Rose, D., Weinbruch, S., Wex, H.,
Boose, Y., DeMott, P. J., Hader, J. D., Hill, T. C. J., Kanji, Z. A., Kulkarni, G., Levin, E. J. T., McCluskey, C. S., Murakami, M., Murray,
B. J., Niedermeier, D., Petters, M. D., O’Sullivan, D., Saito, A., Schill, G. P,, Tajiri, T., Tolbert, M. A., Welti, A., Whale, T. F., Wright,

T. P, and Yamashita, K.: A comprehensive laboratory study on the immersion freezing behavior of illite NX particles: a comparison of 17

32



740

745

750

755

760

765

770

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

ice nucleation measurement techniques, Atmospheric Chemistry and Physics, 15, 2489-2518, https://doi.org/10.5194/acp-15-2489-2015,
2015.

Hiranuma, N., Mohler, O., Kulkarni, G., Schnaiter, M., Vogt, S., Vochezer, P., Jirvinen, E., Wagner, R., Bell, D. M., Wilson, J., Zelenyuk,
A., and Cziczo, D. J.: Development and characterization of an ice-selecting pumped counterflow virtual impactor (IS-PCVI) to study ice
crystal residuals, Atmospheric Measurement and Technology, 9, 3817-3836, https://doi.org/10.5194/amt-9-3817-2016, 2016.

Holden, M. A., Campbell, J. M., Meldrum, F. C., Murray, B. J., and Christenson, H. K.: Active sites for ice nucleation differ depending on
nucleation mode, Proceedings of the National Academy of Sciences, 118, 2022859 118, https://doi.org/10.1073/pnas.2022859118, 2021.

Hoose, C., Kristjansson, J. E., and Burrows, S. M.: How important is biological ice nucleation in clouds on a global scale?, Environmental
Research Letters, 5, 024 009, https://doi.org/10.1088/1748-9326/5/2/024009, tLDR: The simulated contribution of PBAPs to the global
average ice nucleation rate is only 10 - 5%, with an uppermost estimate of 0.6%, implying that ‘bioprecipitation’ processes (snow and rain
initiated byPBAPs) are of minor importance on the global scale., 2010.

Huang, Z., Hu, W., Chen, J., Zhu, J., Wu, Z., Zhang, Y., and Fu, P.: Atmospheric aging effects on aerosol ice nucleation, Earth-Science
Reviews, 269, 105 176, https://doi.org/10.1016/j.earscirev.2025.105176, 2025.

Hueglin, C., Buchmann, B., Steinbacher, M., and Emmenegger, L.: The Swiss National Air Pollution Monitoring Network (NABEL) —
Bridging Science and Environmental Policy, CHIMIA, 78, 722—727, https://doi.org/10.2533/chimia.2024.722, 2024.

Inness, A., Ades, M., Agusti-Panareda, A., Barré, J., Benedictow, A., Blechschmidt, A.-M., Dominguez, J. J., Engelen, R., Eskes, H., Flem-
ming, J., Huijnen, V., Jones, L., Kipling, Z., Massart, S., Parrington, M., Peuch, V.-H., Razinger, M., Remy, S., Schulz, M., and Suttie, M.:
The CAMS reanalysis of atmospheric composition, Atmospheric Chemistry and Physics, 19, 3515-3556, https://doi.org/10.5194/acp-19-
3515-2019, 2019.

Iwata, A. and Matsuki, A.: Characterization of individual ice residual particles by the single droplet freezing method: a case study in the
Asian dust outflow region, Atmospheric Chemistry and Physics, 18, 1785-1804, https://doi.org/10.5194/acp-18-1785-2018, 2018.

Jacquot, J. L., Shen, X., Abou-Ghanem, M., Froyd, K. D., Lawler, M., Schill, G. P., Slovacek, K., Thomson, D. S., Cziczo, D. J., and
Murphy, D. M.: A new airborne single particle mass spectrometer: PALMS-NG, Aerosol Science and Technology, 58, 991-1007,
https://doi.org/10.1080/02786826.2024.2331549, 2024.

Jahl, L. G., Brubaker, T. A., Polen, M. J., Jahn, L. G., Cain, K. P, Bowers, B. B., Fahy, W. D., Graves, S., and Sulli-
van, R. C.: Atmospheric aging enhances the ice nucleation ability of biomass-burning aerosol, Science Advances, 7, eabd3440,
https://doi.org/10.1126/sciadv.abd3440, tLDR: Ability of biomass-burning smoke particles to glaciate clouds increases as the plume un-
dergoes atmospheric dilution and aging, and BBA becomes more ice active as it dilutes and ages, making a larger contribution to the INP
budget, resulting cloud microphysics, and climate forcing than is currently considered., 2021.

Jahn, L. G., Polen, M. J., Jahl, L. G., Brubaker, T. A., Somers, J., and Sullivan, R. C.: Biomass combustion produces ice-active
minerals in biomass-burning aerosol and bottom ash, Proceedings of the National Academy of Sciences, 117, 21928-21937,
https://doi.org/doi:10.1073/pnas. 1922128117, tLDR: The combustion process transforms inorganic elements naturally present in the
biomass to form potentially ice-active minerals in both the bottom ash and emitted aerosol particles, which should advance the realis-
tic incorporation of biomass-burning INPs into atmospheric cloud and climate models., 2020.

Jahn, L. G., Jahl, L. G., Bland, G. D., Bowers, B. B., Monroe, L. W., and Sullivan, R. C.: Metallic and Crustal Elements in Biomass-
Burning Aerosol and Ash: Prevalence, Significance, and Similarity to Soil Particles, ACS Earth and Space Chemistry, 5, 136-148,
https://doi.org/10.1021/acsearthspacechem.0c00191, 2021.

33



775

780

785

790

795

800

805

810

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Jensen, E. J., Kircher, B., Ueyama, R., Pfister, L., Bui, T. V., Diskin, G. S., DiGangi, J. P., Woods, S., Lawson, R. P., Froyd, K. D., and
Murphy, D. M.: Heterogeneous Ice Nucleation in the Tropical Tropopause Layer, Journal of Geophysical Research: Atmospheres, 123,
12,210-12,227, https://doi.org/10.1029/2018jd028949, 2018.

Kamphus, M., Ettner-Mahl, M., Klimach, T., Drewnick, F., Keller, L., Cziczo, D. J., Mertes, S., Borrmann, S., and Curtius, J.: Chemical
composition of ambient aerosol, ice residues and cloud droplet residues in mixed-phase clouds: single particle analysis during the Cloud
and Aerosol Characterization Experiment (CLACE 6), Atmos. Chem. Phys., 10, 8077-8095, https://doi.org/10.5194/acp-10-8077-2010,
2010.

Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-Kohn, M., Cziczo, D. J., and Krimer, M.: Overview of Ice Nucleating Particles,
Meteorological Monographs, 58, 1.1-1.33, https://doi.org/10.1175/amsmonographs-d-16-0006.1, 2017.

Kanji, Z. A., Sullivan, R. C., Niemand, M., DeMott, P. J., Prenni, A. J., Chou, C., Saathoff, H., and Moéhler, O.: Heterogeneous ice nucleation
properties of natural desert dust particles coated with a surrogate of secondary organic aerosol, Atmospheric Chemistry and Physics, 19,
5091-5110, https://doi.org/10.5194/acp-19-5091-2019, 2019.

Kanji, Z. A., Welti, A., Corbin, J. C., and Mensah, A. A.: Black Carbon Particles Do Not Matter for Immersion Mode Ice Nucleation,
Geophysical Research Letters, 47, e2019GL086 764, https://doi.org/10.1029/2019g1086764, 2020.

Karlsson, L., Krejci, R., Koike, M., Ebell, K., and Zieger, P.: A long-term study of cloud residuals from low-level Arctic clouds, Atmospheric
Chemistry and Physics, 21, 8933-8959, https://doi.org/10.5194/acp-21-8933-2021, 2021.

Kasparoglu, S., Perkins, R., Ziemann, P. J., DeMott, P. J., Kreidenweis, S. M., Finewax, Z., Deming, B. L., DeVault, M. P., and Petters,
M. D.: Experimental Determination of the Relationship Between Organic Aerosol Viscosity and Ice Nucleation at Upper Free Tro-
pospheric Conditions, Journal of Geophysical Research: Atmospheres, 127, €2021JD036 296, https://doi.org/10.1029/2021JD036296,
_eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2021JD036296, 2022.

Kaufmann, L., Marcolli, C., Hofer, J., Pinti, V., Hoyle, C. R., and Peter, T.: Ice nucleation efficiency of natural dust samples in the immersion
mode, Atmos. Chem. Phys., 16, 11 177-11 206, https://doi.org/10.5194/acp-16-11177-2016, 2016.

Keinert, A., Deck, K., Gaedeke, T., Leisner, T., and Kiselev, A. A.: Mechanism of ice nucleation in liquid water on alkali feldspars, Faraday
Discussions, 235, 148-161, https://doi.org/10.1039/D1FD00115A, 2022.

Kilchhofer, K., Mahrt, F., and Kanji, Z. A.: The Role of Cloud Processing for the Ice Nucleating Ability of Organic Aerosol and Coal Fly Ash
Particles, Journal of Geophysical Research: Atmospheres, 126, €2020JD033 338, https://doi.org/https://doi.org/10.1029/2020JD033338,
2021.

Kiselev, A., Bachmann, F., Pedevilla, P, Cox, S. J., Michaelides, A., Gerthsen, D., and Leisner, T.: Active sites in heterogeneous ice
nucleation-the example of K-rich feldspars, Science, 355, 367-371, https://doi.org/10.1126/science.aai8034, tLDR: Direct electron-
microscopic observations of deposition growth of aligned ice crystals on feldspar, an atmospherically important component of mineral
dust, are reported and molecular-scale computer simulations indicate that this alignment arises from the preferential nucleation of prismatic
crystal planes of ice on high-energy surface planes of feldSpar., 2017.

Kok, J. F,, Storelvmo, T., Karydis, V. A., Adebiyi, A. A., Mahowald, N. M., Evan, A. T., He, C., and Leung, D. M.: Mineral dust aerosol
impacts on global climate and climate change, Nature Reviews Earth & Environment, https://doi.org/10.1038/s43017-022-00379-5, 2023.

Kulkarni, G., Pekour, M., Afchine, A., Murphy, D. M., and Cziczo, D. J.: Comparison of Experimental and Numerical Studies
of the Performance Characteristics of a Pumped Counterflow Virtual Impactor, Aerosol Science and Technology, 45, 382-392,

https://doi.org/10.1080/02786826.2010.539291, 2011.

34



815

820

825

830

835

840

845

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Kupiszewski, P., Weingartner, E., Vochezer, P., Schnaiter, M., Bigi, A., Gysel, M., Rosati, B., Toprak, E., Mertes, S., and Baltensperger, U.:
The Ice Selective Inlet: a novel technique for exclusive extraction of pristine ice crystals in mixed-phase clouds, Atmospheric Measurement
Techniques, 8, 3087-3106, https://doi.org/10.5194/amt-8-3087-2015, 2015.

Kupiszewski, P., Zanatta, M., Mertes, S., Vochezer, P., Lloyd, G., Schneider, J., Schenk, L., Schnaiter, M., Baltensperger, U., Weingartner,
E., and Gysel, M.: Ice residual properties in mixed-phase clouds at the high-alpine Jungfraujoch site, Journal of Geophysical Research:
Atmospheres, 121, 12,343-12,362, https://doi.org/https://doi.org/10.1002/2016JD024894, 2016.

Lacher, L., Lohmann, U., Boose, Y., Zipori, A., Herrmann, E., Bukowiecki, N., Steinbacher, M., and Kanji, Z. A.: The Horizontal Ice
Nucleation Chamber (HINC): INP measurements at conditions relevant for mixed-phase clouds at the High Altitude Research Station
Jungfraujoch, Atmospheric Chemistry and Physics, 17, 15 199-15 224, https://doi.org/10.5194/acp-17-15199-2017, 2017.

Lacher, L., DeMott, P. J., Levin, E. J. T., Suski, K. J., Boose, Y., Zipori, A., Herrmann, E., Bukowiecki, N., Steinbacher, M., Gute, E., Abbatt,
J. P. D, Lohmann, U., and Kanji, Z. A.: Background Free-Tropospheric Ice Nucleating Particle Concentrations at Mixed-Phase Cloud
Conditions, Journal of Geophysical Research: Atmospheres, 123, 10,506-10,525, https://doi.org/https://doi.org/10.1029/2018JD028338,
2018.

Lacher, L., Clemen, H.-C., Shen, X., Mertes, S., Gysel-Beer, M., Moallemi, A., Steinbacher, M., Henne, S., Saathoff, H., Méhler, O.,
Hohler, K., Schiebel, T., Weber, D., Schrod, J., Schneider, J., and Kanji, Z. A.: Sources and nature of ice-nucleating particles in the
free troposphere at Jungfraujoch in winter 2017, Atmospheric Chemistry and Physics, 21, 16 925-16 953, https://doi.org/10.5194/acp-21-
16925-2021, 2021.

Laj, P, Lund Myhre, C., Riffault, V., Amiridis, V., Fuchs, H., Eleftheriadis, K., Petdja, T., Salameh, T., Kivekis, N., Juurola, E., Saponaro,
G., Philippin, S., Cornacchia, C., Alados Arboledas, L., Baars, H., Claude, A., De Maziere, M., Dils, B., Dufresne, M., Evangeliou, N.,
Favez, O., Fiebig, M., Haeffelin, M., Herrmann, H., Hohler, K., Illmann, N., Kreuter, A., Ludewig, E., Marinou, E., Moéhler, O., Mona, L.,
Eder Murberg, L., Nicolae, D., Novelli, A., O’Connor, E., Ohneiser, K., Petracca Altieri, R. M., Picquet-Varrault, B., van Pinxteren, D.,
Pospichal, B., Putaud, J.-P., Reimann, S., Siomos, N., Stachlewska, I., Tillmann, R., Voudouri, K. A., Wandinger, U., Wiedensohler, A.,
Apituley, A., Comerén, A., Gysel-Beer, M., Mihalopoulos, N., Nikolova, N., Pietruczuk, A., Sauvage, S., Sciare, J., Skov, H., Svendby,
T., Swietlicki, E., Tonev, D., Vaughan, G., Zdimal, V., Baltensperger, U., Doussin, J.-F., Kulmala, M., Pappalardo, G., Sorvari Sundet, S.,
and Vana, M.: Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS): The European Research Infrastructure Supporting At-
mospheric Science, Bulletin of the American Meteorological Society, 105, E1098-E1136, https://doi.org/https://doi.org/10.1175/BAMS-
D-23-0064.1, 2024.

Liu, X., Ju, Y., Mandzhieva, S., Pinskii, D., Minkina, T., Rajput, V. D., Roane, T., Huang, S., Li, Y., Ma, L. Q., Clemens, S., and Rensing,
C.: Sporadic Pb accumulation by plants: Influence of soil biogeochemistry, microbial community and physiological mechanisms, Journal
of Hazardous Materials, 444, 130391, https://doi.org/10.1016/j.jhazmat.2022.130391, tLDR: This review concludes that considerable
Pb accumulation in plants is possible under specific soil conditions that make Pb phytoavailable and available evidence suggests the
involvement of Ca transporters, organic acids and the phytochelatin pathway in Pb transport, mobility and detoxification, respectively.,
2023.

Lloyd, G., Choularton, T. W., Bower, K. N., Gallagher, M. W., Connolly, P. J., Flynn, M., Farrington, R., Crosier, J., Schlenczek, O., Fugal,
J., and Henneberger, J.: The origins of ice crystals measured in mixed-phase clouds at the high-alpine site Jungfraujoch, Atmospheric

Chemistry and Physics, 15, 12 953-12 969, https://doi.org/10.5194/acp-15-12953-2015, 2015.

35



850

855

860

865

870

875

880

885

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Mahrt, F., Marcolli, C., David, R. O., Gronquist, P., Meier, E. J. B., Lohmann, U., and Kanji, Z. A.: Ice nucleation abilities of
soot particles determined with the Horizontal Ice Nucleation Chamber, Atmospheric Chemistry and Physics, 18, 13363-13 392,
https://doi.org/10.5194/acp-18-13363-2018, 2018.

Mabhrt, F., Alpert, P. A., Dou, J., Gronquist, P., Arroyo, P. C., Ammann, M., Lohmann, U., and Kanji, Z. A.: Aging induced changes in ice
nucleation activity of combustion aerosol as determined by near edge X-ray absorption fine structure (NEXAFS) spectroscopy, Environ-
mental Science: Processes & Impacts, 22, 895-907, https://doi.org/10.1039/CO9EMO00525K, 2020a.

Mahrt, E., Kilchhofer, K., Marcolli, C., Gronquist, P., David, R. O., Résch, M., Lohmann, U., and Kanji, Z. A.: The Impact of Cloud
Processing on the Ice Nucleation Abilities of Soot Particles at Cirrus Temperatures, Journal of Geophysical Research: Atmospheres, 125,
€2019JD030 922, https://doi.org/10.1029/2019jd030922, 2020b.

Marcolli, C.: Deposition nucleation viewed as homogeneous or immersion freezing in pores and cavities, Atmospheric Chemistry and
Physics, 14, 2071-2104, https://doi.org/10.5194/acp-14-2071-2014, 2014.

Marcolli, C.: Ice nucleation triggered by negative pressure, Scientific Reports, 7, 16 634, https://doi.org/10.1038/s41598-017-16787-3, 2017.

Marcolli, C.: Technical note: Fundamental aspects of ice nucleation via pore condensation and freezing including Laplace pressure and
growth into macroscopic ice, Atmospheric Chemistry and Physics, 20, 3209-3230, https://doi.org/10.5194/acp-20-3209-2020, 2020.

Marcolli, C., Mahrt, F., and Kércher, B.: Soot PCF: pore condensation and freezing framework for soot aggregates, Atmospheric Chemistry
and Physics, 21, 7791-7843, https://doi.org/10.5194/acp-21-7791-2021, 2021.

Masoom, A., Kazadzis, S., Modini, R. L., Gysel-Beer, M., Grobner, J., Coen, M. C., Navas-Guzman, F., Kouremeti, N., Brem, B. T., Nowak,
N. K., Martucci, G., and Hervo, M.: Long range transport of Canadian wildfire smoke to Europe in 2023: aerosol properties and spectral
features of smoke particles, Atmospheric Chemistry and Physics, 26, 10 801-10 834, https://doi.org/10.5194/acp-26-10801-2026, 2026.

Mazzini, M., Aliaga, D., Lamphilati, J., Gysel-Beer, M., Brem, B. T., Modini, R. L., Heslin-Rees, D., Hussein, T., Zanatta, M., Cristo-
fanelli, P., Bianchi, F., Kulmala, M., and Marinoni, A.: Aerosol Size Distribution and New Particle Formation in High Mountain Environ-
ments: A Comparative Study at Monte Cimone and Jungfraujoch GAW Stations, Atmospheric Chemistry and Physics, 26, 8893-8912,
https://doi.org/10.5194/acp-26-8893-2026, 2026.

McCluskey, C. S., DeMott, P. J., Prenni, A. J., Levin, E. J. T., McMeeking, G. R., Sullivan, A. P, Hill, T. C. J., Nakao, S., Carrico, C. M., and
Kreidenweis, S. M.: Characteristics of atmospheric ice nucleating particles associated with biomass burning in the US: Prescribed burns
and wildfires, Journal of Geophysical Research: Atmospheres, 119, 10458-10470, https://doi.org/doi:10.1002/2014JD021980, 2014.

Mertes, S., Verheggen, B., Walter, S., Connolly, P., Ebert, M., Schneider, J., Bower, K. N., Cozic, J., Weinbruch, S., Baltensperger, U., and
Weingartner, E.: Counterflow virtual impactor based collection of small ice particles in mixed-phase clouds for the physico-chemical
characterization of tropospheric ice nuclei: Sampler description and first case study, Aerosol Science and Technology, 41, 848-864,
https://doi.org/10.1080/02786820701501881, 2007.

Miltenberger, A. K., Pfahl, S., and Wernli, H.: An online trajectory module (version 1.0) for the nonhydrostatic numerical weather prediction
model COSMO, Geosci. Model Dev., 6, 19892004, https://doi.org/10.5194/gmd-6-1989-2013, 2013.

Mohr, C. and Gysel-Beer, M.: The Chemistry of Atmospheric Aerosols: At the Nexus Between Climate, Energy, and Air Quality, CHIMIA,
78, 728733, https://doi.org/10.2533/chimia.2024.728, 2024.

Murphy, D. M.: The design of single particle laser mass spectrometers, Mass Spectrometry Reviews, 26, 150-165,
https://doi.org/10.1002/mas.20113, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/mas.20113 TLDR: This review explores
some of the design choices made with single particle mass spectrometer instruments that were developed for different types of

measurements in the atmosphere., 2007.

36



890

895

900

905

910

915

920

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Murphy, D. M., Cziczo, D. J., Froyd, K. D., Hudson, P. K., Matthew, B. M., Middlebrook, A. M., Peltier, R. E., Sullivan, A., Thomson, D. S.,
and Weber, R. J.: Single-particle mass spectrometry of tropospheric aerosol particles, Journal of Geophysical Research: Atmospheres,
111, https://doi.org/10.1029/2006JD007340, _eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006JD007340, 2006.

Murphy, D. M., Hudson, P. K., Cziczo, D. J., Gallavardin, S., Froyd, K. D., Johnston, M. V., Middlebrook, A. M., Reinard, M. S., Thomson,
D. S., Thornberry, T., and Wexler, A. S.: Distribution of lead in single atmospheric particles, Atmospheric Chemistry and Physics, 7,
3195-3210, https://doi.org/10.5194/acp-7-3195-2007, 2007.

Murphy, D. M., Abou-Ghanem, M., Cziczo, D. J., Froyd, K. D., Jacquot, J., Lawler, M. J., Maloney, C., Plane, J. M. C., Ross, M. N., Schill,
G. P, and Shen, X.: Metals from spacecraft reentry in stratospheric aerosol particles, Proceedings of the National Academy of Sciences,
120, 2313374 120, https://doi.org/doi: 10.1073/pnas.2313374120, 2023.

Murray, B. J., Wilson, T. W., Dobbie, S., Cui, Z., Al-Jumur, S. M. R. K., Méhler, O., Schnaiter, M., Wagner, R., Benz, S., Niemand, M.,
Saathoff, H., Ebert, V., Wagner, S., and Kércher, B.: Heterogeneous nucleation of ice particles on glassy aerosols under cirrus conditions,
Nature Geoscience, 3, 233-237, https://doi.org/10.1038/ngeo817, 2010.

Mobhler, O., Field, P. R., Connolly, P., Benz, S., Saathoff, H., Schnaiter, M., Wagner, R., Cotton, R., Krdmer, M., Mangold, A., and Heymsfield,
A. J.: Efficiency of the deposition mode ice nucleation on mineral dust particles, Atmospheric Chemistry and Physics, 6, 3007-3021,
https://doi.org/10.5194/acp-6-3007-2006, 2006.

Mohler, O., DeMott, P. J., Vali, G., and Levin, Z.: Microbiology and atmospheric processes: the role of biological particles in cloud physics,
Biogeosciences, 4, 1059-1071, https://doi.org/10.5194/bg-4-1059-2007, tLDR: It is concluded that a proper assessment of the impact of
Biological particles on tropospheric clouds needs new laboratory, field and modelling work on the abundance of biological particles in the
atmosphere and their CCN and heterogeneous IN properties., 2007.

Nichman, L., Wolf, M., Davidovits, P., Onasch, T. B., Zhang, Y., Worsnop, D. R., Bhandari, J., Mazzoleni, C., and Cziczo, D. J.: Laboratory
study of the heterogeneous ice nucleation on black-carbon-containing aerosol, Atmospheric Chemistry and Physics, 19, 12 175-12 194,
https://doi.org/10.5194/acp-19-12175-2019, 2019.

Ogren, J. A., Heintzenberg, J., and Charlson, R. J.: In-situ sampling of clouds with a droplet to aerosol
converter, Geophysical Research Letters, 12, 121-124, https://doi.org/10.1029/GL012i003p00121, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/GL012i003p00121, 1985.

O’Sullivan, D., Murray, B. J., Malkin, T. L., Whale, T. F., Umo, N. S., Atkinson, J. D., Price, H. C., Baustian, K. J., Browse, J., and Webb,
M. E.: Ice nucleation by fertile soil dusts: relative importance of mineral and biogenic components, Atmospheric Chemistry and Physics,
14, 1853-1867, https://doi.org/10.5194/acp-14-1853-2014, 2014.

O’Sullivan, D., Adams, M. P., Tarn, M. D., Harrison, A. D., Vergara-Temprado, J., Porter, G. C. E., Holden, M. A., Sanchez-Marroquin,
A., Carotenuto, F., Whale, T. F., McQuaid, J. B., Walshaw, R., Hedges, D. H. P, Burke, I. T., Cui, Z., and Murray, B. J.: Contribu-
tions of biogenic material to the atmospheric ice-nucleating particle population in North Western Europe, Scientific Reports, 8, 13 821,
https://doi.org/10.1038/s41598-018-31981-7, tLDR: It is shown that at a temperate site all INPs active above -18 °C at concentrations >0.1
L-1 are destroyed on heating, consistent with these INPs being of biological origin, and it is suggested that biogenic material is important
for primary ice production in this region., 2018.

O'Sullivan, D., Murray, B. J., Ross, J. F., Whale, T. F,, Price, H. C., Atkinson, J. D., Umo, N. S., and Webb, M. E.: The relevance of nanoscale
biological fragments for ice nucleation in clouds, Scientific Reports, 5, 8082, https://doi.org/10.1038/srep08082, 2015.

37



925

930

935

940

945

950

955

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Patnaude, R. J., Moore, K. A., Perkins, R. J., Hill, T. C. J., DeMott, P. J., and Kreidenweis, S. M.: Low-temperature ice nucle-
ation of sea spray and secondary marine aerosols under cirrus cloud conditions, Atmospheric Chemistry and Physics, 24, 911-928,
https://doi.org/10.5194/acp-24-911-2024, 2024.

Peckhaus, A., Kiselev, A., Hiron, T., Ebert, M., and Leisner, T.: A comparative study of K-rich and Na/Ca-rich feldspar ice-nucleating
particles in a nanoliter droplet freezing assay, Atmospheric Chemistry and Physics, 16, 11477-11496, https://doi.org/10.5194/acp-16-
11477-2016, 2016.

Pekour, M. S. and Cziczo, D. J.: Wake Capture, Particle Breakup, and Other Artifacts Associated with Counterflow
Virtual Impaction, Aerosol Science and Technology, 45, 758-764, https://doi.org/10.1080/02786826.2011.558942, _eprint:
https://doi.org/10.1080/02786826.2011.558942, 2011.

Petters, M. D., Parsons, M. T., Prenni, A. J., DeMott, P. J., Kreidenweis, S. M., Carrico, C. M., Sullivan, A. P., McMeeking, G. R., Levin,
E., Wold, C. E., Collett, J. L., and Moosmiiller, H.: Ice nuclei emissions from biomass burning, Journal of Geophysical Research: Atmo-
spheres, 114, 2008JD011 532, https://doi.org/10.1029/2008JD011532, 2009.

Prenni, A. J., Petters, M. D., Kreidenweis, S. M., Heald, C. L., Martin, S. T., Artaxo, P., Garland, R. M., Wollny, A. G., and P&schl,
U.: Relative roles of biogenic emissions and Saharan dust as ice nuclei in the Amazon basin, Nature Geoscience, 2, 402405,
https://doi.org/10.1038/ngeo517, 2009.

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds and Precipitation, no. 18 in Atmospheric and Oceanographic Sciences Library,
Springer Netherlands, 2 edn., ISBN 978-0-306-48100-0, https://doi.org/10.1007/978-0-306-48100-0, 1997.

Reischel, M. T.: Ice nuclei from reactions involving lead, ammonia and iodine, Atmospheric Environment (1967), 9, 955-958,
https://doi.org/10.1016/0004-6981(75)90106-7, 1975.

Richardson, M. S., DeMott, P. J., Kreidenweis, S. M., Cziczo, D. J., Dunlea, E. J., Jimenez, J. L., Thomson, D. S., Ashbaugh,
L. L., Borys, R. D., Westphal, D. L., Casuccio, G. S., and Lersch, T. L.: Measurements of heterogeneous ice nuclei in the west-
ern United States in springtime and their relation to aerosol characteristics, Journal of Geophysical Research: Atmospheres, 112,
https://doi.org/https://doi.org/10.1029/2006JD007500, 2007.

Saunders, R. W., Mohler, O., Schnaiter, M., Benz, S., Wagner, R., Saathoff, H., Connolly, P. J., Burgess, R., Murray, B. J., Gallagher, M.,
Wills, R., and Plane, J. M. C.: An aerosol chamber investigation of the heterogeneous ice nucleating potential of refractory nanoparticles,
Atmospheric Chemistry and Physics, 10, 1227-1247, https://doi.org/10.5194/acp-10-1227-2010, 2010.

Schiffman, Z. R., Fernanders, M. S., Davis, R. D., and Tolbert, M. A.: Metal Oxide Particles as Atmospheric Nuclei: Exploring
the Role of Metal Speciation in Heterogeneous Efflorescence and Ice Nucleation, ACS Earth and Space Chemistry, 7, 812-822,
https://doi.org/10.1021/acsearthspacechem.2c00370, 2023.

Schill, G. P, Froyd, K. D., Bian, H., Kupc, A., Williamson, C., Brock, C. A., Ray, E., Hornbrook, R. S., Hills, A. J., Apel, E. C., Chin,
M., Colarco, P. R., and Murphy, D. M.: Widespread biomass burning smoke throughout the remote troposphere, Nature Geoscience, 13,
422-427, https://doi.org/10.1038/s41561-020-0586-1, 2020.

Schmidt, S., Schneider, J., Klimach, T., Mertes, S., Schenk, L. P., Kupiszewski, P., Curtius, J., and Borrmann, S.: Online single particle
analysis of ice particle residuals from mountain-top mixed-phase clouds using laboratory derived particle type assignment, Atmos. Chem.
Phys., 17, 575-594, https://doi.org/10.5194/acp-17-575-2017, 2017.

Schneider, J., Weigel, R., Klimach, T., Dragoneas, A., Appel, O., Hiinig, A., Molleker, S., Kéllner, F., Clemen, H.-C., Eppers, O., Hoppe, P.,
Hoor, P., Mahnke, C., Krimer, M., Rolf, C., GrooB, J.-U., Zahn, A., Obersteiner, F., Ravegnani, F., Ulanovsky, A., Schlager, H., Scheibe,

M., Diskin, G. S., DiGangi, J. P., Nowak, J. B., Zoger, M., and Borrmann, S.: Aircraft-based observation of meteoric material in lower-

38



960

965

970

975

980

985

990

995

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

stratospheric aerosol particles between 15 and 68°N, Atmospheric Chemistry and Physics, 21, 989-1013, https://doi.org/10.5194/acp-21-
989-2021, 2021.

Schifer, V. J.: SILVER AND LEAD KODIIDES AS ICE-CRYSTAL NUCLEI, Journal of the Atmospheric Sciences, 11, 417-419,
https://doi.org/10.1175/1520-0469(1954)011<0417:SALKAI>2.0.CO;2, 1954.

Seifried, T. M., Bieber, P., Kunert, A. T., Schmale, D. G., Whitmore, K., Frohlich-Nowoisky, J., and Grothe, H.: Ice Nucleation Activity of
Alpine Bioaerosol Emitted in Vicinity of a Birch Forest, Atmosphere, 12, 779, https://doi.org/10.3390/atmos 12060779, 2021.

Shen, X., Jacquot, J. L., Li, Y., Sharpe, S. a. L., Dykema, J. A., Schill, G. P., Bowman, K. P, Homeyer, C. R., Fraund, M., Moffet,
R. C, Olayemi, T. E., Pittman, J. V., Rivera-Adorno, F. A., Murphy, D. M., Smith, J. B., Laskin, A., Keutsch, F. N., and Cziczo,
D. J.: Stratospheric aerosol perturbation by tropospheric biomass burning and deep convection, Nature Geoscience, 18, 1109-1116,
https://doi.org/10.1038/s41561-025-01821-1, 2025.

Shotyk, W. and Roux, G. L.: Biogeochemistry and Cycling of Lead, in: Metal Ions in Biological Systems, Volume 43 - Biogeochemical
Cycles of Elements, CRC Press, 10.1201/9780824751999.ch10, num Pages: 37, 2005.

Souda, R., Aizawa, T., Sugiyama, N., and Takeguchi, M.: Nucleation and growth of water ice on oxide surfaces: the influence of a precursor to
water dissociation, Physical Chemistry Chemical Physics, 22, 20 515-20 523, https://doi.org/10.1039/DOCP01897J, tLDR: Investigation
of how nucleation and growth processes of ice are influenced by interfacial molecular interactions on some oxide surfaces finds that
anchored water species act as an inhibitor of epitaxial ice growth because the orientation flexibility of physisorbed water during nucleation
is hampered at the interface by the preferential formation of hydrogen bonds., 2020.

Sprenger, M. and Wernli, H.: The LAGRANTO Lagrangian analysis tool — version 2.0, Geosci. Model Dev., 8, 2569-2586,
https://doi.org/10.5194/gmd-8-2569-2015, tLDR: A new version of the Lagrangian analysis tool LAGRANTO is introduced, which offers
considerably enhanced functionalities and can be used to quasi-operationally diagnose stratosphere—troposphere exchange events., 2015.

Steinke, I., Funk, R., Busse, J., Iturri, A., Kirchen, S., Leue, M., Moehler, O., Schwartz, T., Schnaiter, M., Sierau, B., Toprak, E., Ullrich, R.,
Ulrich, A., Hoose, C., and Leisner, T.: Ice nucleation activity of agricultural soil dust aerosols from Mongolia, Argentina, and Germany,
Journal of Geophysical Research-Atmospheres, 121, 13 559-13 576, https://doi.org/10.1002/2016jd025160, 2016.

Stohl, A., Bonasoni, P., Cristofanelli, P., Collins, W., Feichter, J., Frank, A., Forster, C., Gerasopoulos, E., Géggeler, H., James, P,
Kentarchos, T., Kromp-Kolb, H., Kriiger, B., Land, C., Meloen, J., Papayannis, A., Priller, A., Seibert, P., Sprenger, M., Roelofs,
G. J., Scheel, H. E., Schnabel, C., Siegmund, P., Tobler, L., Trickl, T., Wernli, H., Wirth, V., Zanis, P., and Zerefos, C.: Stratosphere-
troposphere exchange: A review, and what we have learned from STACCATO, Journal of Geophysical Research: Atmospheres, 108,
https://doi.org/10.1029/2002JD002490, 2003.

Stohl, A., Forster, C., Frank, A., Seibert, P., and Wotawa, G.: Technical note: The Lagrangian particle dispersion model FLEXPART version
6.2, Atmospheric Chemistry and Physics, 5, 2461-2474, https://doi.org/10.5194/acp-5-2461-2005, 2005.

Trickl, T., Vogelmann, H., Fix, A., Schifler, A., Wirth, M., Calpini, B., Levrat, G., Romanens, G., Apituley, A., Wilson, K. M., Begbie, R.,
Reichardt, J., Vomel, H., and Sprenger, M.: How stratospheric are deep stratospheric intrusions? LUAMI 2008, Atmospheric Chemistry
and Physics, 16, 8791-8815, https://doi.org/10.5194/acp-16-8791-2016, 2016.

Ullrich, R., Hoose, C., Mohler, O., Niemand, M., Wagner, R., Hohler, K., Hiranuma, N., Saathoff, H., and Leisner, T.. A New
Ice Nucleation Active Site Parameterization for Desert Dust and Soot, Journal of the Atmospheric Sciences, 74, 699-717,

https://doi.org/https://doi.org/10.1175/JAS-D-16-0074.1, 2017.

39



1000

1005

1010

1015

1020

1025

1030

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Ullrich, R., Hoose, C., Cziczo, D. J., Froyd, K. D., Schwarz, J. P., Perring, A. E., Bui, T. V., Schmitt, C. G., Vogel, B., Rieger, D., Leisner, T.,
and Mohler, O.: Comparison of Modeled and Measured Ice Nucleating Particle Composition in a Cirrus Cloud, Journal of the Atmospheric
Sciences, 76, 1015-1029, https://doi.org/10.1175/JAS-D-18-0034.1, 2019.

Umo, N. S., Murray, B. J., Baeza-Romero, M. T., Jones, J. M., Lea-Langton, A. R., Malkin, T. L., Sullivan, D., Neve, L., Plane, J. M. C,,
and Williams, A.: Ice nucleation by combustion ash particles at conditions relevant to mixed-phase clouds, Atmospheric Chemistry and
Physics, 15, 5195-5210, https://doi.org/10.5194/acp-15-5195-2015, 2015.

Wagner, R., Hohler, K., Huang, W., Kiselev, A., Mohler, O., Mohr, C., Pajunoja, A., Saathoff, H., Schiebel, T., Shen, X., and Virtanen,
A.: Heterogeneous ice nucleation of a-pinene SOA particles before and after ice cloud processing, Journal of Geophysical Research:
Atmospheres, 122, 4924-4943, https://doi.org/10.1002/2016jd026401, 2017.

Wang, M., Xiao, M., Bertozzi, B., Marie, G., Rorup, B., Schulze, B., Bardakov, R., He, X.-C., Shen, J., Scholz, W., Marten, R., Dada, L.,
Baalbaki, R., Lopez, B., Lamkaddam, H., Manninen, H. E., Amorim, A., Ataei, F., Bogert, P., Brasseur, Z., Caudillo, L., De Menezes,
L.-P., Duplissy, J., Ekman, A. M. L., Finkenzeller, H., Carracedo, L. G., Granzin, M., Guida, R., Heinritzi, M., Hofbauer, V., Hohler,
K., Korhonen, K., Krechmer, J. E., Kiirten, A., Lehtipalo, K., Mahfouz, N. G. A., Makhmutov, V., Massabo, D., Mathot, S., Mauldin,
R. L., Mentler, B., Miiller, T., Onnela, A., Petdjd, T., Philippov, M., Piedehierro, A. A., Pozzer, A., Ranjithkumar, A., Schervish, M.,
Schobesberger, S., Simon, M., Stozhkov, Y., Tomé, A., Umo, N. S., Vogel, F,, Wagner, R., Wang, D. S., Weber, S. K., Welti, A., Wu,
Y., Zauner-Wieczorek, M., Sipild, M., Winkler, P. M., Hansel, A., Baltensperger, U., Kulmala, M., Flagan, R. C., Curtius, J., Riipinen, I.,
Gordon, H., Lelieveld, J., El-Haddad, 1., Volkamer, R., Worsnop, D. R., Christoudias, T., Kirkby, J., Mohler, O., and Donahue, N. M.: Syn-
ergistic HNO3-H2SO4-NH3 upper tropospheric particle formation, Nature, 605, 483—-489, https://doi.org/10.1038/s41586-022-04605-4,
2022.

Weingartner, E., Nyeki, S., and Baltensperger, U.: Seasonal and diurnal variation of aerosol size distributions (10<D<750
nm) at a high-alpine site (Jungfraujoch 3580 m asl), Journal of Geophysical Research: Atmospheres, 104, 26 809-26 820,
https://doi.org/https://doi.org/10.1029/1999JD900170, 1999.

Welti, A., Kanji, Z. A., Liiond, F., Stetzer, O., and Lohmann, U.: Exploring the Mechanisms of Ice Nucleation on Kaolinite: From Deposition
Nucleation to Condensation Freezing, Journal of the Atmospheric Sciences, 71, 16-36, https://doi.org/10.1175/jas-d-12-0252.1, 2014.
Welti, A., Lohmann, U., and Kanji, Z. A.: Ice nucleation properties of K-feldspar polymorphs and plagioclase feldspars, Atmospheric

Chemistry and Physics, 19, 10901-10 918, https://doi.org/10.5194/acp-19-10901-2019, 2019.

Weng, J., Hao, Y., Brem, B. T., Cui, T., Khare, P,, Dada, L., Daellenbach, K. R., Darfeuil, S., Uzu, G., Jaffrezo, J.-L., Steinbacher, M.,
Reimann, S., Gkraikou, T., Oikonomou, K., Sciare, J., Collaud Coen, M., Mohr, C., Prévdt, A. S. H., Gysel-Beer, M., El Haddad, I.,
and Winiger, P.: A Decadal-Scale Perspective on <em>PM</em>1y Composition and its Variability Drivers at the Alpine High-Altitude
Research Station Jungfraujoch, EGUsphere, pp. 1-31, https://doi.org/10.5194/egusphere-2026-3660, 2026.

Wernli, H. and Davies, H. C.: A Lagrangian-based analysis of extratropical cyclones. I: The method and some applications, Quarterly Journal
of the Royal Meteorological Society, 123, 467-489, https://doi.org/https://doi.org/10.1002/qj.49712353811, 1997.

Wiedensohler, A., Wiesner, A., Weinhold, K., Birmili, W., Hermann, M., Merkel, M., Miiller, T., Pfeifer, S., Schmidt, A., Tuch, T., Velarde,
F., Quincey, P., Seeger, S., and Nowak, A.: Mobility particle size spectrometers: Calibration procedures and measurement uncertainties,
Aerosol Science and Technology, 52, 146—164, https://doi.org/10.1080/02786826.2017.1387229, 2018.

Wilbourn, E. K., Thornton, D. C. O., Ott, C., Graff, J, Quinn, P. K. Bates, T. S., Betha, R., Russell, L. M,
Behrenfeld, M. J., and Brooks, S. D.: Ice Nucleation by Marine Aerosols Over the North Atlantic Ocean in Late

40



1035

1040

1045

1050

1055

1060

1065

https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Spring, Journal of Geophysical Research: Atmospheres, 125, €2019JD030913, https://doi.org/10.1029/2019JD030913, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JD030913, 2020.

Wilson, T. W., Ladino, L. A., Alpert, P. A, Breckels, M. N., Brooks, I. M., Browse, J., Burrows, S. M., Carslaw, K. S., Huffman, J. A., Judd,
C., Kilthau, W. P., Mason, R. H., McFiggans, G., Miller, L. A., Ndjera, J. J., Polishchuk, E., Rae, S., Schiller, C. L., Si, M., Temprado, J. V.,
Whale, T. F., Wong, J. P. S., Wurl, O., Yakobi-Hancock, J. D., Abbatt, J. P. D., Aller, J. Y., Bertram, A. K., Knopf, D. A., and Murray, B. J.:
A marine biogenic source of atmospheric ice-nucleating particles, Nature, 525, 234-238, https://doi.org/10.1038/nature14986, tLDR: It is
shown that organic material in the sea surface microlayer nucleates ice under conditions relevant for mixed-phase cloud and high-altitude
ice cloud formation, and suggested that marine organic material may be an important source of ice-nucleating particles in remote marine
environments., 2015.

Wolf, M. J., Goodell, M., Dong, E., Dove, L. A., Zhang, C., Franco, L. J., Shen, C., Rutkowski, E. G., Narducci, D. N., Mullen, S., Babbin,
A. R., and Cziczo, D. J.: A link between the ice nucleation activity and the biogeochemistry of seawater, Atmospheric Chemistry and
Physics, 20, 15341-15 356, https://doi.org/10.5194/acp-20-15341-2020, 2020a.

Wolf, M. J., Zhang, Y., Zawadowicz, M. A., Goodell, M., Froyd, K., Freney, E., Sellegri, K., Rosch, M., Cui, T., Winter, M., Lacher, L.,
Axisa, D., DeMott, P. J., Levin, E. J. T., Gute, E., Abbatt, J., Koss, A., Kroll, J. H., Surratt, J. D., and Cziczo, D. J.: A biogenic secondary
organic aerosol source of cirrus ice nucleating particles, Nature Communications, 11, 4834, https://doi.org/10.1038/s41467-020-18424-
6, tLDR: The potential for biogenic SOA to activate as depositional INPs in the upper troposphere by combining field measurements
with laboratory experiments demonstrates that isoprene and potentially other biogenically-derived SOA materials could influence cirrus
formation and properties., 2020b.

Wolf, M. J., Zhang, Y., Zhou, J., Surratt, J. D., Turpin, B. J., and Cziczo, D. J.: Enhanced Ice Nucleation of Simulated Sea Salt Par-
ticles with the Addition of Anthropogenic Per- and Polyfluoroalkyl Substances, ACS Earth and Space Chemistry, 5, 2074-2085,
https://doi.org/10.1021/acsearthspacechem.1c00138, 2021.

Worringen, A., Kandler, K., Benker, N., Dirsch, T., Mertes, S., Schenk, L., Késtner, U., Frank, F., Nillius, B., Bundke, U., Rose, D., Curtius,
J., Kupiszewski, P., Weingartner, E., Vochezer, P., Schneider, J., Schmidt, S., Weinbruch, S., and Ebert, M.: Single-particle characteri-
zation of ice-nucleating particles and ice particle residuals sampled by three different techniques, Atmos. Chem. Phys., 15, 4161-4178,
https://doi.org/10.5194/acp-15-4161-2015, 2015.

Yao, Y., Dawson, M. L., Dabdub, D., and Riemer, N.: Evaluating the Impacts of Cloud Processing on Resuspended Aerosol Particles
After Cloud Evaporation Using a Particle-Resolved Model, Journal of Geophysical Research: Atmospheres, 126, €2021JD034 992,
https://doi.org/10.1029/2021JD034992, _eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2021JD034992, 2021.

Zawadowicz, M. A., Froyd, K. D., Murphy, D. M., and Cziczo, D. J.: Improved identification of primary biological aerosol particles using
single-particle mass spectrometry, Atmospheric Chemistry and Physics, 17, 7193-7212, https://doi.org/10.5194/acp-17-7193-2017, 2017.

Zhang, C., Zhang, Y., Wolf, M. J., Nichman, L., Shen, C., Onasch, T. B., Chen, L., and Cziczo, D. J.: The effects of morphology, mobility
size, and secondary organic aerosol (SOA) material coating on the ice nucleation activity of black carbon in the cirrus regime, Atmospheric
Chemistry and Physics, 20, 13 957-13 984, https://doi.org/10.5194/acp-20-13957-2020, 2020.

Zhang, Y., Chen, Y., Lambe, A. T., Olson, N. E., Lei, Z., Craig, R. L., Zhang, Z., Gold, A., Onasch, T. B., Jayne, J. T., Worsnop, D. R.,
Gaston, C.J., Thornton, J. A., Vizuete, W., Ault, A. P., and Surratt, J. D.: Effect of the Aerosol-Phase State on Secondary Organic Aerosol
Formation from the Reactive Uptake of Isoprene-Derived Epoxydiols (IEPOX), Environmental Science & Technology Letters, 5, 167-174,
https://doi.org/10.1021/acs.estlett.8b00044, 2018a.

41



https://doi.org/10.5194/egusphere-2026-5645
Preprint. Discussion started: 12 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

1070 Zhang, Y., Katira, S., Lee, A., Lambe, A. T., Onasch, T. B., Xu, W., Brooks, W. A., Canagaratna, M. R., Freedman, A., Jayne, J. T., Worsnop,
D. R., Davidovits, P., Chandler, D., and Kolb, C. E.: Kinetically controlled glass transition measurement of organic aerosol thin films
using broadband dielectric spectroscopy, Atmospheric Measurement and Technology, 11, 3479-3490, https://doi.org/10.5194/amt-11-
3479-2018, 2018b.

42



