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Measurement report: Role of Organic Coating and Chemical Composition on Ice

Nucleation Potential of Atmospheric Particles in European Arctic
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Abstract. Understanding the ice nucleation (IN) potential of Arctic aerosols is critical for predicting their influence on cloud
formation and water cycles in this vulnerable region. This study investigates the role of particle composition, organic coatings,
and aerosol sources in modulating ice nucleating particle (INPs) abundance across five aerosol samples collected at the
Gruvebadet Observatory Station in Ny-Alesund, Svalbard. The IN potential of Arctic aerosol particles was studied by
investigating chemical, morphological, and INP abundance measurements. Single-particle analyses revealed distinct
differences in mixing state, organic volume fraction (OVF), and organic coating morphology across samples. OVF
distributions were linked to particle origin, with marine-influenced Na-rich particles often exhibiting thin organic coatings,
while long-range transported particles showed thicker organic coatings. Biogenic contributions, though variable, were linked
to heat-sensitive INPs, suggesting a role for labile biological macromolecules under certain meteorological conditions.
Spearman rank correlation analysis between particle composition and immersion-mode INP concentrations at two freezing
temperatures indicated that organic-rich and Na-rich particles were positively associated with enhanced INP abundance.
However, discrepancies in INP abundance were observed for particles with thicker organic coatings, where the morphological
configuration of the organic material may play a role. The results highlight that Arctic INP variability is governed not only by
chemical composition but also by the morphological configuration of organic material, which can either enhance or inhibit ice
nucleation depending on its abundance, distribution, thickness, and mixing state. These findings underscore the combined
influence of source regions, atmospheric processing, and organic—inorganic interactions in shaping Arctic aerosol freezing

behavior.
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1 Introduction. The Arctic is undergoing profound and accelerated changes due to environmental change, with surface air
temperatures rising at more than twice the global average, a phenomenon known as Arctic amplification (Forster et al., 2023;
Screen and Simmonds, 2010; Serreze and Barry, 2011; Wendisch et al., 2019). The interplay of feedback mechanisms,
including sea ice loss, altered surface albedo, and increased atmospheric moisture, drives these changes, with mixed-phase
clouds (MPCs) playing a pivotal role in modulating the region’s radiative energy balance (Graversen and Wang, 2009;
Hartmann et al., 2019; Morrison et al., 2005). These clouds, characterized by coexisting supercooled liquid water and ice,
influence both shortwave and longwave radiation, affecting surface temperatures, precipitation, and sea ice dynamics (Korolev

etal., 2017; Wagner et al., 2021).

Ice-nucleating particles (INPs), a rare subset of atmospheric aerosols, are critical to ice formation in MPCs and thereby impact
cloud persistence, optical properties, and precipitation efficiency (DeMott et al., 2010; Kanji et al., 2017; Prenni et al., 2007).
Unlike homogeneous freezing, which requires temperatures below -38°C, heterogeneous ice nucleation facilitated by INPs
occurs at higher sub-zero temperatures and is strongly dependent on the physicochemical properties of the particles (Hoose
and Mohler, 2012; Rogers et al., 2001; Vali et al., 2015). These properties, including particle size, morphology, chemical
composition, and surface characteristics, significantly influence the efficiency and pathways of ice nucleation (Hartmann et
al.,2019; Knopfetal., 2021; Wagner et al., 2021). For example, larger particles with active surface sites promote ice formation,
while the presence of organic coatings can either enhance or inhibit nucleation depending on their chemical structure and

interaction with the particle core (Schnell and Vali, 1975; Wilson et al., 2015).

Ice formation in clouds can occur through several heterogeneous freezing modes, including deposition, condensation, contact,
and immersion freezing. Among these, immersion freezing, where an ice-nucleating particle is immersed within a supercooled
cloud droplet, is considered the dominant pathway in mixed-phase clouds (MPCs). The sources and variability of INPs in the
Arctic are influenced by seasonal and environmental factors. During ice-free periods, marine aerosols dominate, often enriched
with organic matter and microorganisms from the sea surface microlayer, which are known to act as effective INPs through
immersion freezing (Bigg, 1996; Hartmann et al., 2021; Schnell and Vali, 1975; Wagner et al., 2021; Wilson et al., 2015). In
colder months, long-range transported aerosols, including mineral dust and anthropogenic particles, become significant
contributors, particularly at temperatures where organic matter is less effective in catalyzing ice formation (DeMott et al.,
2016; Gong et al., 2020; Li et al., 2022; Rogers et al., 2001). Studies have shown that mineral dust and biogenic aerosols
exhibit distinct ice nucleation efficiencies, with mineral dust typically active at lower temperatures and biogenic particles at

higher sub-zero temperatures (Augustin-Bauditz et al., 2016; Hartmann et al., 2021; Wagner et al., 2021).

The role of physicochemical properties, such as the composition and mixing state of aerosols, is particularly important in
understanding their ice nucleation potential. Organic coatings, for instance, can enhance aerosol hygroscopicity and promote

ice nucleation at moderate freezing temperatures, but they may also block active sites on mineral dust, reducing nucleation



65

70

75

80

85

90

95

efficiency (Augustin-Bauditz et al., 2014; Jahl et al., 2021; Kanji et al., 2019; Knopf et al., 2018; Mohler et al., 2008; Rapp et
al., 2025; Tang et al., 2016; Xue et al., 2024). Recent studies have increasingly highlighted the importance of surface-active
biological compounds, particularly proteins and polysaccharides in marine aerosols, which enhance their ice-nucleating
efficiency under mixed-phase cloud conditions. Laboratory, mesocosm, and field observations demonstrate that these
macromolecules, often derived from marine fungi, protists, or phytoplankton exudates, contribute significantly to immersion-
mode ice nucleation in the temperature range of -15 °C to -25 °C (Alpert et al., 2022; Hartmann et al., 2021, 2025; Kawana et
al., 2024; Wagner et al., 2021; Wilson et al., 2015; Zhao et al., 2021). Spectroscopic and modeling studies further confirm that
these marine exudates drive freezing activity, consistent with holistic parameterizations (Alpert et al., 2022). Aerosol aging
via oxidation and secondary processing can either enhance or suppress ice nucleation by modifying surface chemistry, phase
state, and particle structure (Knopf and Forrester, 2011; Xue et al., 2024). Fresh, thin biological coatings from marine organics
may enhance ice formation at warmer temperatures, whereas thick secondary organic layers or organosulfates typically
suppress nucleation, particularly under cirrus conditions (Rapp et al., 2025; Xue et al., 2024). Laboratory evidence also shows
that fatty alcohol coatings nucleate ice at significantly warmer temperatures than comparable fatty acid coatings, with strong
chemical identity and phase-state dependence (Mehndiratta et al., 2024). Aging-induced porosity or glassy transitions in
secondary organic aerosol can further influence ice-nucleating activity through pore condensation freezing mechanisms

(Wagner et al., 2024).

The variability of INPs and their ice nucleation pathways poses significant challenges for accurately representing Arctic cloud
processes in climate models. In particular current models often fail to capture the observed seasonal and spatial variations in
INP concentrations in the Arctic and their resulting influence on cloud phase partitioning and radiative effects (Morrison et
al., 2005; Storelvmo, 2017; Wagner et al., 2021). Addressing these gaps requires comprehensive measurements of the chemical
composition, size distributions, and ice nucleation properties of Arctic aerosols, particularly under different environmental

conditions (Hartmann et al., 2021; Korolev et al., 2017; Wilbourn et al., 2024).

This study investigates the chemical composition and ice formation potential of atmospheric particles in the European Arctic,
with a focus on the role of organic coatings and physicochemical properties. This study couples offline particle composition
and mixing-state analyses with INP activity measurements to establish links between chemical and morphological properties
with observed freezing behavior. By combining field observations, laboratory analyses, and ice nucleation measurements, this
work aims to provide new insights into the factors driving ice nucleation in Arctic MPCs and their implications for regional

and global water cycles.

2 Experimental Method
2.1 Study site, meteorology, and particle sampling: Aerosol particle and ice-nucleating particle (INP) sampling were

conducted at the Gruvebadet Observatory Station (GVB, 78.918° N, 11.894° E; Figure S1) in Ny-Alesund, Svalbard, from
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October 2020 to March 2021. Meteorological parameters, such as relative humidity, temperature, atmospheric pressure, wind
speed and wind direction were monitored at the Amundsen-Nobile Climate Change Tower located approximately 1 km NE of
GVB (Mazzola et al., 2016) while precipitation data were collected by OTT Pluvio? L weighing precipitation gauge (OTT
HydroMet GmbH, Kempten, Germany; hereafter Pluvio2) (Ebell et al., 2025) at AWIPEV, Ny—Alesund, for our campaign
period. The Gruvebadet Observatory is located approximately 1.5 km from the AWIPEV Arctic Research Base in Ny-Alesund,
Svalbard. Precipitation phase/type was determined using a Parsivel® optical disdrometer (OTT HydroMet, Germany; hereafter
Parsivel2), which measures hydrometeor size and fall velocity (and associated number concentration) to characterize
precipitation type and intensity during the aerosol sampling periods. A threshold like < 0.1 mm refers to all hydrometeors
combined in liquid-equivalent units. Precipitation was measured using an OTT Pluvio? L weighing gauge, which reports total
liquid-equivalent precipitation (mm) regardless of hydrometeor phase. Precipitation phase (rain, snow, or mixed) was
identified independently using an OTT Parsivel? disdrometer.

This study presents the chemical composition and INP concentrations measured offline for particles collected during this
period. Aerosol and INP samples were collected throughout the campaign; however, among the available samples, we selected
five cases (SA1-SAS) for which collocated samples for single-particle chemical composition and INP analysis were available
(Table 1). A total of 5 pairs of filter samples were collected as part of the Examining INP at GVB (ExINP-GVB) campaign
using the same laminar flow stack inlet with the air intake at ~5 m above the ground level (Rinaldi et al., 2021). For single
particle characterization, aerosol particle sampling was performed using a four-stage Sioutas Cascade Impactor (SKC) with a
flow rate of 9 Liters per minute (LPM). The impactor was equipped with TEM grids (Carbon type B film, Ted Pella, Inc) as
substrates. To ensure like-for-like comparisons across samples (some of which showed low or no loading on other stages), we
restricted analysis to Stage D (50% cut-off aerodynamic diameter, Dso = 0.25 um). All compositional results therefore refer to
the Stage-D fraction. Particle sizes reported in this study are based on area-equivalent diameters (AEDs) derived from electron
microscopy images and should not be interpreted as aerodynamic diameters. AED does not account for particle density or
dynamic shape factor. As a result, particles collected on Stage D (Dso = 0.25 pm) may exhibit AEDs exceeding the nominal
aerodynamic cut-off. This limitation should be considered when interpreting size distributions derived from microscopy.
Samples were stored in dark and dry conditions and wrapped with parafilm to prevent photochemical aging. To ensure
statistical reliability in single-particle characterization, microscopy and spectroscopy measurements were performed on more
than one thousand particles per sample. For offline INP measurements, aerosol particles were collected on 47 mm membrane
filters (0.2 um pore size, Track-Etched Membranes, Whatman) within a total suspended particulate (TSP) inlet at an average
flow rate of 5.4 LPM (0.2 LPM standard deviation) as described in Rinaldi et al. (2021) and Li et al. (2023). Samples were
preserved at -20°C immediately after sampling. All ice nucleation measurements in this study were performed offline after
sample collection, transport, and cold storage. The validity of this offline analysis approach, including the preservation of heat-
sensitive INPs during freezing and transport, is supported by Li et al. (2023), who reported negligible differences between on-

site and offline INP measurements for similarly collected Arctic aerosol samples (Li et al., 2023). The analyses were completed
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within 1 year from the collection of the samples. This approach ensured the detailed characterization of aerosol chemical

composition and INP concentrations while maintaining sample integrity throughout the analysis period.

Table 1. Sample ID, sampling start and end date, sampled air volume for single particle analysis and ice nucleation.

Samples for Single Particle Analysis Samples for Ice Nucleation Experiments
ID Start Date End Date Sampled ID Start Date End Date Sampled
(UTO) (UTO) Air (UTO) (UTO) Air
Volume Volume
9 @
SAl 10/26/2020 10/27/2020 15,660 SA1-INP 10/24/2020 10/28/2020 23,707
8:30 13:30 11:15 13:23
SA2 1/28/2021 1/29/2021 12,726 SA2-INP 1/28/2021 2/1/2021 12,726
8:14 7:48 7:52 8:13
SA3 2/1/2021 2/2/2021 15,903 SA3-INP 2/1/2021 2/5/2021 29,290
8:03 13:30 8:16 9:00
SA4 2/15/2021 2/16/2021 12,699 SA4-INP 2/13/2021 2/17/2021 25,687
7:53 7:24 9:15 8:45
SAS 3/14/2021 3/15/2021 12,663 SAS-INP 3/13/2021 3/17/2021 27,501
9:53 9:20 11:55 10:15

2.2 Back Trajectory of Airmasses

To investigate the transport pathways of air masses reaching the measurement site, 48-hour back trajectories were calculated
using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Rolph et al., 2017; Stein et al., 2015)
The analysis was performed using meteorological data from the Global Data Assimilation System (GDAS) with a spatial
resolution of 1° x 1° and a temporal resolution of 3 hours. All trajectories were initiated at 50 meters above ground level,
representing the surface layer where interactions with aerosols are most significant. Trajectories were computed every six
hours, resulting in eight trajectories per day during the study period. This approach provided a detailed characterization of air
mass origins, capturing the temporal variability of transport processes affecting the site. In addition to the back trajectory
calculations, a frequency analysis was conducted to identify the dominant transport pathways. Trajectories were overlaid on a
0.25° x 0.25° spatial grid, and the percentage of trajectories passing through each grid cell was calculated to generate trajectory
frequency maps. These maps, categorized into intervals ranging from >90% to <1%, provide a visual representation of the
most frequent air mass routes to the site. This analysis allows for the identification of potential source regions influencing

aerosol concentrations at the measurement location, providing important context for interpreting the observed atmospheric
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composition. To assess vertical variability in transport, we also computed height-resolved HYSPLIT back trajectories
initialized at 100, 200, and 500 m above ground level (AGL) (Supplementary Information). Trajectories were initiated at near-
surface height (50 m AGL) for event classification, and additional trajectories at higher starting altitudes were computed to
assess vertical transport variability (Supplementary Information). In addition, the FLEXible PARTicle dispersion model
(FLEXPART)(Stohl et al., 2005) was used as a complementary Lagrangian dispersion framework to quantify air-mass
residence time and surface-type influence relevant to aerosol transport; the FLEXPART configuration and results are provided
in the Supplementary Information. HYSPLIT back trajectories were used here to provide a qualitative characterization of air-
mass pathways and potential source regions for event classification, while FLEXPART was applied separately to quantify

aerosol residence time, surface-type influence, and free-tropospheric contributions.

2.3 Single Particle Analysis

We used a computer-controlled scanning electron microscope (CCSEM) to look at single particles (FEI, Quanta 3D). The
CCSEM is connected to an energy-dispersive X-ray (EDX) spectrometer with a Si (Li) detector that has an active surface area
of 10 mm?. The X-ray spectra were taken with a beam current of 0.48 nA and an accelerating voltage of 20 kV. Particle
identification was performed using the automated CCSEM/EDX routine, which detects individual particles on the substrate
and records an SEM image and an EDX spectrum for each detected particle; the routine also derives geometric properties (e.g.,
projected area and aspect ratio). CCSEM/EDX particle sizes are reported as projected area-equivalent diameter (AED, m), i.e.,
the diameter of a circle with the same projected area as the particle. AED is a physical metric and may differ from the impactor’s
aerodynamic diameter, defined as the diameter of a unit-density sphere with equivalent aerodynamic behavior (Lata et al.,
2021, 2023). Only particles with AED between 0.12 and 5 um were included; smaller particles were excluded because reliable
detection and confident EDX spectra could not be ensured. For each detected particle, an EDX spectrum was acquired with 10
s collection time to quantify the relative abundances of 16 elements (C, N, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Mn, Fe, Zn, and
Cu). The reported composition reflects automated multi-location sampling across the particle area rather than a single central
spot. The Cu signal in the EDX spectrum is mostly caused by the substrate (copper TEM grids) and the beryllium-copper alloy
mounting plate that holds the sample inside the instrument. The CCSEM/EDX data on atomic percentages were then sorted
using the rule-based particle classification (Lata et al., 2021). Based on the amount of each element (atomic %), we classified
the particles into nine groups: 1) Biogenic 2) Sulfate, 3) Carbonaceous, 4) Dust, 5) carbonaceous mixed dust (Carbonaceous
+ dust), 6) Sulfate mixed dust (Sulfate + dust), 7) Na-rich ,8) Na-rich sulfate and 9) other. A total of 12,031 particles were
characterized with CCSEM/EDX across all the samples. It is important to note that our CCSEM/EDX classification used P
and K as tracers of biogenic material, which may not capture the full spectrum of INP-relevant species. In particular, sea
surface microlayer (SML)-derived organics and other biogenic components lacking these tracers could be underestimated, and
the bulk INP analysis integrates over a broader size range than the stage D particles analysed here. The details of the particle

classification scheme are discussed in supplementary section S1 and Figure S2.
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To investigate the organic characteristics, mixing state of aerosol particles, Scanning Transmission X-ray Microscopy coupled
with Near-Edge X-ray Absorption Fine Structure (STXM/NEXAFS) was employed on particles located in substrate regions
that were not previously irradiated during CCSEM/EDX analysis, minimizing potential electron-beam-induced damage
(Moffet et al., 2010a, b, 2011). STXM/NEXAFS experiments were performed at beamline 5.3.2.2 of the Advanced Light
Source, Lawrence Berkeley National Laboratory, and the analysis was performed manually by locating and measuring particles
individually (1963 particles total). This synchrotron-based technique scans particles at selected photon energies to produce
high-resolution maps of elemental distributions and information on chemical bonding states. The carbon K-edge, spanning
photon energies from 278 to 320 eV, was selected to study carbon bonding characteristics within particles. High-resolution
spectral ‘stacks’ were recorded at 111 distinct energies, and spatial ‘maps’ were acquired at 11 selected energies. These datasets
enabled the identification of different carbon functionalities, including Organic Carbon (OC): Uniformly distributed organic
material within particles, Elemental Carbon and Organic Carbon (EC+OC): Particles characterized by sp>-hybridized carbon
bonds and organic functionalities, Organic-Inorganic Mixtures (OC+IN): Particles with both organic coatings and inorganic
cores, and complex mixtures (OC+ECHIN+OC): Particles exhibiting a combination of organic, elemental carbon, and
inorganic phases. The images were collected with a spatial resolution of ~30nm and a spectral resolution of ~150meV,
enabling detailed examination of particle interiors and surface coatings (Fraund et al., 2019; Kilcoyne et al., 2003). Organic
volume fraction (OVF) was determined from STXM/NEXAFS carbon K-edge measurements following the approach of Fraund
et al. (2019). Briefly, transmitted-intensity images were converted to optical density and used to separate organic and inorganic
contributions within each particle based on the pre-edge and post-edge absorption. OVF was then calculated taking the ratio
of organic thickness contribution to the sum of organic and inorganic thickness contribution derived from STXM maps (Fraund
etal., 2019, 2020; Knopf et al., 2021; Lata et al., 2021).

2.4 Ice Nucleation Measurements

The WT-CRAFT system, an adaptation of the Cryogenic Refrigerator Applied to Freezing Test (CRAFT) system (Tobo, 2016),
was utilized to estimate ambient ice-nucleating particles (nivp) in a unit volume of air from aerosol samples collected at the
GVB observatory. The system offers a detection limit of >0.001 INP std L"!, enabling the assessment of ninp across five samples
within a temperature range of -25 to 0 °C, with a systematic uncertainty in freezing temperature of +0.5 °C (Vepuri et al.,
2021). Potential background contributions to ninp data were significant below -25 °C; hence, the 95% confidence interval was
employed to represent experimental uncertainty for each data point (Rinaldi et al., 2021). In each experiment, the freezing
properties of 70 droplets (3 puL each) were evaluated on a hydrophobic Vaseline layer at a cooling rate of 1 °C min!. Unfrozen
droplets were cumulatively counted at intervals of 0.5 °C, with image analysis conducted using Image]J software for cases
where freezing temperatures were ambiguous. Given the negligible background freezing observed in field blank filters at -
25 °C (<3%), no background corrections were applied (Figure S12). Table 1 shows a summary of INP sample properties.
Sample suspension generation and dilution protocols were executed as per (Rinaldi et al., 2021). Briefly, immediately before
freezing analysis, we suspended particles collected on a filter sample in a known volume of ultrapure high-performance liquid

chromatography (HPLC) grade water, in which the first frozen droplet corresponded to 0.001 INP std L-!, representing our

7
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minimum detection limit. Additionally, heat treatments were performed on all suspensions of atmospheric aerosol samples to
study sample composition inferred by INP suppression (Barry et al., 2023). Suspensions were heated at 95 °C for 20 minutes
and reanalysed on the WT-CRAFT system to estimate the amount (%) of heat sensitive INPs. The freezing analysis was
performed within 24 h after the removal from heat. We want to note that offline particle characterization and immersion-
freezing measurements were not performed on identical particle populations with perfectly matched sampling duration and
size range; therefore, composition and mixing-state results are interpreted as representative context for each sampling period
rather than a direct size-resolved predictor of nivp. In addition, the droplet freezing assay is conducted on aqueous extracts, and
soluble salts and water-soluble organics may dissolve and redistribute during extraction and droplet preparation, potentially
modifying surface accessibility compared to the ambient particle state.
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Figure 1. Time series of hourly meteorological parameters during the sampling period from November 2020 to April 2021.
(a) Temperature (°C), (b) Relative humidity (%), (c) Wind speed (m/s) with wind direction (color scale, °), and (d) Precipitation
(mm), all plotted as a function of time (UTC). The shaded regions (SA1 to SAS) indicate the specific time intervals during
which particle samples were collected for ice nucleation measurements and single-particle characterization. Zoomed in plots
for each sampling time is shown in Supplementary Figure S5-S9.

3 Results and discussion.

3.1 Meteorological conditions and air mass origin

Synoptic-scale air mass transport governed the local meteorological conditions observed at Ny-Alesund during each sampling
interval (SA1-SAS), as shown in Figure 1 and summarized in Table S1. Key meteorological parameters, including
temperature, relative humidity (RH), wind speed, and precipitation exhibited distinct patterns aligned with back trajectory

analyses (Figure 2), allowing classification of four representative air mass types:
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Event 1-SA1 (local/background event): This event is characterized by very low wind speed (0.9 = 0.7 m/s) and a mild sub-
zero temperature (-4.1 + 1.5 °C), SA1 reflects a stagnant local air mass confined within ~74-79°N. Moderate humidity (76.4 +
9.0 %) and light precipitation (0.05 + 0.19 mm) suggest minimal mixing or transport. This event serves as a background

reference dominated by local conditions over the Svalbard archipelago.
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Figure 2: HYSPLIT back trajectory frequency maps for air masses arriving at the source location (79.00° N, 12.00° E) at 50
m above ground level. Panels (a—¢) correspond to samples SA1-SAS5 and illustrate the origins and transport pathways of air
parcels during the respective sampling periods. The color scale represents the percentage of trajectories passing through each
grid cell, with cooler colors (purple/blue) indicating lower frequencies and warmer colors (yellow/red) indicating higher
frequencies. All panels use the same frequency scale shown on the right. The red star indicates the sampling location.

Event 2-SA2 and SAS (cold high-latitude Arctic events): These events were marked by cold, dry, and moderately windy
conditions, with temperatures of -16.7+0.9 °C and -19.5+ 0.6 °C, RH around 57-59 %, and wind speeds of 4.9 £ 2.9 m/s
(SA2) and 3.0 = 1.9 m/s (SAS). Both occurred under zero precipitation. HY SPLIT analysis shows air mass transport from the

high Arctic (>80°N), consistent with classic Arctic cold-air outbreak regimes.
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Event 3-SA3 (northwest mixed event): Intermediate in temperature (-8.4 £ 1.7 °C), with elevated RH (78.3 + 6.6 %) and the
highest wind speed among all periods (5.6 + 3.0 m/s), SA3 reflects a dynamically mixed air mass arriving from northwestern
directions. Light precipitation (0.09 + 0.20 mm) coincided with comparatively high wind speed , suggesting stronger boundary

layer exchange than in other periods.

Event 4-SA4 (eastern warm-moist intrusion): SA4 was associated with air masses originating from latitudes south of 70°N,
bringing the distinctly warmest (-2.2 + 2.3 °C) and most humid (79.1 + 6.2 %) conditions. Wind speeds remained low (2.8 +
1.4 m/s), and precipitation was negligible (0.00 £+ 0.02 mm). This synoptic setup reflects a mid-latitude intrusion, likely leading
to enhanced atmospheric processing and particle ageing during transport. Although we cannot isolate the dominant ageing
mechanism without concurrent gas-phase or radiation measurements, the warm and humid intrusion pathway implies greater
cumulative exposure during transport (e.g., longer time for ageing and potential interaction with more reactive lower-latitude
air masses and cloud processing along the pathway). Such conditions are consistent with findings by Raif et al. (2024), which
associate elevated INP concentrations with aged aerosols transported from lower-latitude continental regions (Raif et al., 2024).
To evaluate endpoint-height sensitivity and wet removal prior to arrival, we additionally report 120 h height-resolved

trajectories (100-500 m AGL) and trajectory-accumulated precipitation in the Supplementary Information (Figure S11-S12)
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Figure 3: (a-e) Size-resolved particle classes obtained from CCSEM/EDX for five samples. Number indicates the total number
of particles analysed for each of the samples. (f) the normalized particle fraction of each of the classes for five samples.
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3.2 Single particle composition from CCSEM/EDX and STXM/NEXAFS

Figure 3 provides insights into the size-resolved chemical composition of aerosol samples (SA1-SAS) derived from
CCSEM/EDX, revealing variations in particle classes linked to meteorological conditions and air mass histories (Figures 1-
2). STXM/NEXAFS data in Figure 4 further support these trends by resolving the internal chemical mixing states of individual
particles. SA1, representing a stagnant local event, was dominated by Na-rich particles (73.6 £ 0.7%), with moderate
contributions from OC+In (52.4 + 1.0%) and OC+In+EC (28.4 + 1.2%). Despite low wind speeds and minimal vertical mixing,
black carbon inputs from domestic (30.86%) and flaring (18.56%) sources were detected (Table S3 and Figure S3), but the
overall particle population likely reflects fresh marine aerosol mixed with locally emitted organic material. The presence of
biogenic particles (3.9%) indicates potential influence from nearby coastal ecosystems and marine biota. These findings align
with prior observations of unprocessed sea spray aerosols in Svalbard during calm conditions (Bigg, 1996; Leck and Svensson,
2015), and marine biogenic sources of INPs under low turbulence (Wilson et al., 2015).

SA2 and SAS5, both influenced by high-latitude Arctic air masses, were dominated by Na-rich particles (69.0 + 1.2% and
66.2 + 1.0%, respectively), but exhibited contrasting signatures of atmospheric processing. SA2 showed higher fractions of
Na-rich sulfate (8.2 + 0.4%) and sulfate (6.4 + 1.0%), coupled with a lower percentage of OC+In+EC (11.4 £ 0.6%), indicative
of chemical aging during long-range transport. These air masses spent substantial time in the free troposphere (80.8%) and
over closed ice surfaces (11.4%), conditions conducive to the oxidation of sulfur precursors and subsequent sulfate formation
(Gong et al., 2020; Huang et al., 2018; Quinn et al., 2002).

In contrast, SAS, influenced by high-latitude Arctic air masses, displayed a chemical and mixing state signature indicative of
limited atmospheric aging. The CCSEM/EDX results showed a dominant Na-rich particle fraction (78.2 £ 1.0%) with
negligible sulfate components, while the STXM/NEXAFS analysis revealed an exceptionally high proportion of OC+In
particles (85.0 = 1.7%). The fraction of OC+EC particles was notably low (0.7 £+ 0.4%). However EC can arise from multiple
combustion sources, in the European Arctic during late winter and early spring. The scarcity of such mixtures (low OC+EC),
together with negligible sulfate, suggests a lack of significant anthropogenic influence. Importantly, this interpretation is
supported not only by mixing-state evidence but also by FLEXPART back trajectory analysis (Table S3; Figure S3), which
showed that SA5 air masses spent most of their history over cryospheric and marine regions with minimal exposure to
continental or industrial source areas. The relatively high abundance of biogenic particles (12.8%) and the dominance of Na-
rich class from CCSEM/EDX and OC+In mixing states from STXM/NEXAFS therefore point toward natural cryospheric and
marine contributions, consistent with prior observations of biological and organic material emissions from sea ice and
snowpack surfaces (Baccarini et al., 2020; Beck et al., 2021; Gong et al., 2023), although the ice-nucleating potential of such
particles remains an active area of investigation (Wagner et al., 2021).

SA3, under north-westerly mixed conditions with the highest wind speed (5.6 + 3.0 m/s), presented the most processed
chemical signature. It had the highest sulfate (28.5 + 1.5%) and Na-rich sulfate (11.2 + 1.2%) fractions, along with a high
fraction of OC+In+EC particles (24.7 = 1.0%). This composition indicates anthropogenic input likely from flaring (22.78%)

and industrial sources (11.92%) (Table S3 and Figure S3) in northern Europe and Russia, transported into the Arctic boundary
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layer. FLEXPART-BC (Figure S3) indicate near-background aerosol mass during SA3, the prevalence of sulfate and Na-rich
sulfate (often occurring as internally mixed particles), together with the transport pathways, suggests the influence of long-
range transported, aged aerosols of predominantly anthropogenic origin. Enhanced particle heterogeneity, including sulfate
and Na-rich-sulfate mixtures, suggests active secondary aerosol formation and mixing hallmarks of Arctic haze events during
late winter and early spring (Quinn et al., 2002; Schmale et al., 2022; Tunved et al., 2013). Such aged particles are known to
modulate both cloud condensation and ice nucleation properties (Creamean et al., 2018; Hiranuma et al., 2013).

SA4, influenced by a warm and moist air mass originating from south of 70°N, exhibited a chemical composition with Na-
rich (43.9+0.9%), sulfate (15.9 +1.2%), and carbonaceous (22.7 + 1.3%) particles and a notable biogenic particle fraction
(6.1%). The elevated organic content and dominance of OC+In (77.1 +1.9%) suggest substantial presence of organics in
marine aerosols without strong elemental carbon (OC+In+EC: 6.0 = 0.8%). FLEXPART trajectories indicate that this air mass
spent approximately 11% of time over open water (Table S3 and Figure S3), likely facilitating the entrainment of marine
biogenic matter and promoting partial chemical transformation. These observations are consistent with previous Arctic studies
linking moist mid-latitude intrusions to marine organic enrichment and enhanced INP concentrations (Hartmann et al., 2021;
Wilson et al., 2015). The absence of strong industrial or biomass burning signatures suggests that natural marine and coastal

ecosystems were the dominant aerosol sources during this event.
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Figure 4: Chemical mixing state of individual particles collected at different periods. (a-e) Distribution of analysed particles
measured by STXM/NEXAFS. (f) Normalized fractions of different classes of internally mixed particles for different samples
are shown.

3.3 Ice Nucleation properties

Figure 5 displays the temperature-dependent INP number concentrations, njyp(T), for aerosol samples SA1-SAS and their
response to heat treatment. At -15 °C, untreated nyyp ranged from 0.001 to 0.004 L' (0.003 +£0.001 L'!; Figure 5a-e). At -
25 °C, npyp increased by approximately two orders of magnitude to 0.27 = 0.06 L', with a relatively narrow inter-sample range
(0.20-0.34 L'"). The temperature range from -15 °C to -25 °C is important for comparison to previous Arctic INP measurements
due to its relevance for Arctic mixed-phase clouds (Morrison et al., 2012). Overall, the n;yp(T) spectra show similar
temperature dependence across samples, whereas heat sensitivity differs substantially. Using a conservative detection-limit
substitution for heated spectra (Section S5), the mean heat-labile fractions (mean + SD across temperatures) are 76 + 19%
(SA1), 54 +30% (SA2),37+33% (SA3), 54 +34% (SA4), and 48 + 30% (SAS) (Figure 5f-j). The measured amount of heat-

labile and heat-stable INPs (%) as a function of temperature suggests the source(s) of INPs including biogenic or organic
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material such as proteins from certain species of bacteria and fungi active at temperatures up to and warmer than -15 °C,
mineral dust that is efficient below about -20 °C, and complex organics that are effective over the entire temperature range
(e.g., Hill et al., 2017; J. Murray et al., 2012; Knopf et al., 2018). A similar range of ambient nwp measured in this study has
been previously found in European Arctic regions (Creamean et al., 2022; Irish et al., 2019a; Li et al., 2023; Rinaldi et al.,
2021; Welti et al., 2020). Creamean et al. (2022) reported <0.1 L at -25 °C during the Multidisciplinary drifting Observatory
for the Study of Arctic Climate (MOSAIC) expedition in the Central Arctic (September 2019 - October 2020). Similar to the
Creamean et al. (2022), the offline freezing assay performed by Welti et al. (2020) during the PASCAL campaign, conducted
aboard the research vessel Polarstern (expedition PS106) in the vicinity of Svalbard, Norway (May-July 2017), measured INP
concentrations at -28 °C that were limited by the detection threshold of the droplet freezing assay (Welti et al., 2020).
Continental dust during winter and marine biota from ice-free open water in summer were identified as the potential INP
sources (Creamean et al., 2019, 2022; Irish et al., 2019a, b). Rinaldi et al. (2021) reported offline INP concentrations from
samples collected at a ground-based site near Ny-Alesund between April and August 2018, providing site-relevant context for
comparison (Rinaldi et al., 2021). Their highest INP concentrations were lower than those reported for the Arctic Cold Air
Outbreak (ACAO) campaign and were typically 1-3 orders of magnitude below those measured in this study (Raif et al., 2024).
Similarly, Li et al. (2023) reported Ny-Alesund INP concentrations during October-November 2019 using offline droplet-
freezing measurements on filter samples; these values were generally 1-4 orders of magnitude lower than those reported for

the ACAO campaign (Li et al., 2023; Raif et al., 2024).

Despite small inter-sample deviation in nivp at the examined freezing temperatures, the samples exhibit distinctly different heat
sensitivities. Across SA1-SAS5, heating reduces nwp most clearly at warmer temperatures (approximately -15 to -20 °C),
indicating that a substantial fraction of INPs is heat-labile, while differences among samples are more strongly expressed in
their heat-labile versus heat-stable partitioning than in nwp magnitude alone. Given the limited sample size (n = 5), the heat-
labile signatures are interpreted as evidence for contributions from labile organic/biological INPs, potentially including marine-
derived material, rather than as definitive proof of a specific source such as the sea surface microlayer (SML). SA2 and SA4
show similar mean heat-labile fractions (~54% each; Figure 5g, i) and ninp values near -25 °C that remain within the overall
inter-sample range, while their warmer-temperature ninp is broadly comparable to the other samples. SA2 and SA4 contain
16.1% and 12.0% OC-rich particles (STXM/NEXAFS), respectively, supporting an appreciable organic contribution. For SA2,
under cold conditions (-16.7 °C, RH = 57%), the combination of a high OC+IN fraction (73.6%, STXM/NEXAFS), a high
Na-rich particle fraction (~69%, CCSEM/EDX), and a moderate heat-labile response is consistent with INPs associated with
organic/biological material internally mixed with Na-rich particles (DeMott et al., 2016; Hoose and Moéhler, 2012; Ickes et al.,
2020; Irish et al., 2019b). In contrast, SA4 despite warmer, relatively more humid conditions (-2.2 °C, RH ~79%) and high
residence over open water (11%) also shows substantial INP concentration (nip) and heat sensitivity. This behavior is
consistent with the presence of biogenic particles (6.1%) together with abundant Na-rich particles and possible influences of

atmospheric aging/secondary processing during mid-latitude intrusions, which can modify organic-inorganic mixing and
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apparent freezing efficiency (Christiansen et al., 2020; Kirpes et al., 2019; Wilson et al., 2015). Thus, while their dominant
particle classes differ, both SA2 and SA4 indicate coupled organic/biogenic and inorganic (Na-rich) contributions to the
observed INP populations. Contributions from mineral dust acting as a carrier for biological INPs are unlikely to dominate, as

CCSEM/EDX analysis shows only a minor dust fraction in SA4 (Figure 3).

Interestingly, SA3 and SAS, influenced by cold and dry Arctic air masses, exhibit significant niwp only below -20 °C, with
minimal reduction after heat treatment, indicating the predominance of heat-stable INPs. This trend is consistent with the
presence of mineral dust, NaCl, and non-biological heat-stable organics (Chi et al., 2015; Knopf and Forrester, 201 1; Patnaude
et al., 2024). In SA3, despite high pre-heating nivp , a measurable reduction after heat treatment (mean heat-labile fraction =
37%; Figure 5h), together with elevated sulfate (32.1%), Na-rich sulfate (20.2%), and carbonaceous particles (18.7%), points
to internally mixed and processed aerosol populations potentially involving marine-influenced material and long-range
transported organics, a combination shown to modify freezing efficiency (Knopf and Forrester, 2011; Mirrielees et al., 2024).
In contrast, SAS, although displaying the highest biogenic particle fraction (12.8%), shows only moderate ninp and a mixed
heat response (mean heat-labile fraction =~ 48%; Figure 5j), indicating that a substantial portion of INPs are heat-stable within
the examined temperature range rather than being fully heat-insensitive. This counterintuitive observation suggests that not all
biogenic particles are equally ice-active at given freezing temperatures, possibly due to the presence of non-IN-active
biological debris, such as fragmented cells or detritus, or the deactivation of active sites by coatings from secondary organic
or inorganic species (DeMott et al., 2010; Kirpes et al., 2019). These results highlight the importance of particle mixing state

and chemical processing in modulating INP activity, even among biogenic aerosol fractions.

Meanwhile, SA1, characterized by marine influence and more humid conditions, shows a strong heat response (mean heat-
labile fraction ~ 76%; Figure S5f), with nwp at warmer temperatures (around -15 °C) decreasing markedly upon heating,
indicating a substantial contribution from heat-labile INPs. Such INPs are consistent with proteinaceous or other labile
biological material that can be enriched in the sea surface microlayer (SML), rather than heat-resistant polysaccharidic INPs
(Christiansen et al., 2020; Hartmann et al., 2025; Jayaweera and Flanagan, 1982; Wilson et al., 2015). The high abundance of
Na-rich particles (70.3%) together with substantial OC and OC+In fractions suggests Na-rich particles internally mixed with
organics and biological material, consistent with enrichment from the SML. Several studies have demonstrated that sea spray
aerosol enriched in organic matter from the SML (especially polysaccharides and proteinaceous compounds) can serve as
immersion-mode INPs in mixed-phase clouds (DeMott et al., 2016; Wilson et al., 2015; Zhao et al., 2021). This supports our
interpretation that particles with high OC and OC+In fractions in SA1 (coated sea salt with biogenic components) are plausible
contributors to heat-labile INP activity. Collectively, these observations demonstrate that IN property is not solely dependent
on particle source (e.g., biogenic vs. inorganic), but also on the particle mixing state, and atmospheric processing influencing
the ice-nucleating potential (Hartmann et al., 2021; Hoose and Moéhler, 2012; Ickes et al., 2020). Precipitation influence on

INP abundance and composition during the sampling periods is likely minimal, as site precipitation was dry or very low (<0.1
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mm; Table S1) and trajectory-based accumulated precipitation was negligible (Figure S11), indicating limited wet scavenging

prior to arrival.
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Figure 5. Immersion freezing of the particle samples collected at different time periods. In Panels (a)-(e), the blue circles
indicate the ambient number concentration of INPs before heat treatment, and the red circle indicates the INP number after
heat treatment. Red dashed lines show the lowest detection limit of nip for this study. Color-shaded areas show the previous

results of INP measurements from GVB via

the same freezing assay (Rinaldi et al., 2021; Li et al., 2023), as well as from the

PS 106 Arctic expedition in the vicinity of Svalbard, Norway (May — July 2017; Welti et al., 2020). Panels (f)-(j) show the
amount of heat-labile and -stable INPs (%) for SA1-SA5. We use the lowest detectable np (i.e., 0.001 L) for nyyp nearea (T)
in the case there were no measured values for freezing temperatures, in which nyyp ynereatea (T) Was measured.

3.4 Effect of organic coating and organic volume fraction on ice nucleation

To assess the impact of organic coatings and the organic volume fraction (OVF) on the ice nucleation potential of ambient

Arctic aerosol particles, we examined the STXM/NEXAFS-derived mixing state and OVF bin distributions (Figure 6 and
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Figure 7), and their correlations with INP concentrations at two freezing temperatures (Figure 8). The two freezing
temperatures, -14 °C and -24 °C, were selected to represent a moderate and a colder regime of immersion freezing, respectively,
and because INP concentration data was available at both points to allow statistical analysis. The organic volume fraction was
categorized into bins of <20%, 20—-40%, 40—-60%, 60—80%, and 80—-100%. Samples with a high proportion of particles in the
60-80% and 80—100% bins were considered organic-rich; those in the 40—60% range were defined as moderate; 20—40% as

low; and <20% as the lowest in organic content (Knopf et al., 2021).
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Figure 6: Carbon speciation maps of each of the particle samples. Colors correspond to experimentally defined chemical
components; green indicates organics (OC), red- elemental carbon (EC), and teal indicates inorganic (IN) rich region. Note
that each pixel can contain up to three components resulting in overlapping colors. Here each of the scale bar indicates 1 pm.
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Figure 7: The organic volume fraction of individual particles collected at different time periods. (a-e) Distribution of analysed
particles measured by STXM/NEXAFS from ground to different altitudes. Panel (f) shows the fractions of different OVF-
containing particles at different times are shown. The number (#) inside each plot indicates the total number of particles
analysed for each of the samples.

As shown in Figure 7 and the tabulated results (Table S2), SA2 and SAS5 contain the highest fractions of organic-rich particles
(27.2 % and 16.2 % in the 60—-80 % bin, respectively), while SA1 and SA3 contain a majority of low (<20 %) and low-moderate
(20-40 %) OVF particles. SA4 has the lowest overall OVF (0.3 + 0.2) and minimal contribution from high-OVF bins,
indicating a less organic-rich character. This classification is consistent with the overall OVF values: 0.5 for SA2, 0.4 for SA1,
SA3, and SAS, and 0.3 for SA4. This gradation in organic volume fraction (OVF) is reflected in the Spearman rank correlations
between OVF and INP concentrations (Figure 8), which show moderate to strong positive relationships (p = 0.67 at -14 °C
and p = 0.89 at -24 °C). These correlations indicate that samples enriched in organic material, particularly those dominated by
higher OVF bins (60-100%), tend to exhibit higher INP concentrations under both moderately supercooled (-14 °C) and colder

(-24 °C) conditions. This behavior is consistent with previous studies demonstrating the importance of organic-rich particles
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and organic coatings for immersion freezing, either through intrinsic biological ice-nucleating material or through modification

of particle surface properties (Augustin-Bauditz et al., 2014; Ickes et al., 2020; Kanji et al., 2019; Wilson et al., 2015).
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Figure 8. Spearman rank correlation coefficients between ice-nucleating particle (INP) concentrations and particle
composition metrics (number fraction in each sample) at two freezing temperatures, -14 °C (left) and -24 °C (right), prior to
heating. Each row represents a particle class or metric, including biogenic, carbonaceous, sulfate, dust, mixed types (e.g.,
carbonaceous + dust), Na-rich categories, and organic volume fraction (OVF). Orange/red shading indicates positive
correlations and blue shading indicates negative correlations, with lighter colors indicating values closer to zero.

In addition to OVF, several particle classes derived from CCSEM/EDX exhibited temperature-dependent associations with
INP concentrations. Biogenic and Na-rich particles showed weak to moderate positive correlations (p = 0.30 and 0.50 at -14
°C; p=10.00 and 0.60 at -24 °C), suggesting a potential contribution from marine-influenced organic material, particularly at
colder temperatures. These trends align with the findings in Section 3.3, where heat-sensitive INPs were associated with
biological and organic contributions (DeMott et al., 2010; Hartmann et al., 2021; Kawana et al., 2024; Zhao et al., 2021).
Despite SAS having the highest biogenic fraction (12.8 %) and OCln fraction (85 %), its NP is moderate compared to SA2
and SA4. This discrepancy can be explained by the STXM-derived compositional maps (Figure 6e), which show that SAS
particles are coated with thick organic layers. These thick coatings may cause a shielding effect where the organic coating
potentially masks the ice-active sites, lowering nucleation efficiency (Knopf et al., 2018; Rapp et al., 2025; Tang et al., 2016;
Xue et al., 2024). In contrast, carbonaceous and sulfate particles displayed moderate to strong negative correlations with INP
concentrations at both temperatures, indicating that these particle types are less efficient INPs in this dataset. Dust exhibited
positive correlations with nivp at both temperatures (p = 0.60 at —14 °C and p = 0.70 at —24 °C), despite representing a minor
fraction of the particle population based on CCSEM/EDX analysis. Given the small sample size (n = 5) and low dust

abundance, this relationship should be interpreted cautiously and is considered exploratory.
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In contrast, SA2, although low in biogenic content (0.9 %), exhibits high INP abundance and a high OCIn fraction (73.6 %).
The STXM maps (Figure 6b) visually show thinner organic coatings, allowing better access to active sites or possibly
promoting heterogeneous freezing via organic-induced deliquescence or restructuring. While our measurements do not directly
resolve the freezing pathway, organic coatings can plausibly influence heterogeneous freezing by modifying particle water
uptake and phase state. For example, transitions between liquid and highly viscous/glassy organic phases can limit water
diffusion and alter when and how an underlying ice-active surface becomes accessible, which can change the apparent freezing
efficiency (Berkemeier et al., 2014; Schill and Tolbert, 2013; Zobrist et al., 2008). In addition, organic coatings and internal
mixing can modify ice nucleation on mineral/inorganic particles by changing surface properties or the interaction between
deliquescence and ice formation under cold, humid conditions (Mohler et al., 2008; Schill and Tolbert, 2013). This suggests
that organic material internally mixed with inorganics can significantly enhance niwpe through favorable surface or interfacial
properties (Hartmann et al., 2025; Knopf and Forrester, 2011; Wagner et al., 2021; Wilson et al., 2015). SA4 presents an
intriguing case: despite having the lowest overall OVF and minimal high-OVF fraction, it displays strong nnp and heat
sensitivity. As observed in the STXM image (Figure 6d), the organic coatings appear relatively thin and patchy. This organic
coating distribution, combined with its moderate biogenic content (6.1 %) and marine influence, may facilitate nive through
partial organic coverage that still exposes active sites, possibly enriched with surface-active polysaccharides and proteins from
the sea surface microlayer (Alpert et al., 2022; Christiansen et al., 2020; Kirpes et al., 2019; Wilson et al., 2015). Overall, these
results highlight that not only the presence of organic material but also its distribution (geometry), thickness, and mixing state
critically influence ice nucleation. Thick coatings may suppress activity, while thinner or patchy organic layers can enhance it

depending on the physicochemical composition.

4 Summary and conclusion

This study examined the ice nucleation potential of Arctic aerosols by integrating single-particle chemical composition, mixing
state, organic volume fraction (OVF), and spatial distribution of organic coatings with air mass back trajectory analysis and
ninp measurements. Our results indicate that differences in freezing behavior across samples are associated with variations in
particle composition and organic coating characteristics. Observed associations include higher ninp in some samples containing
Na-rich particles with thinner organic coatings and, in certain cases, biogenic particles. However, these relationships are not
consistent across all samples or conditions. Instead, the observations point to a complex interplay between chemical
composition, morphological configuration of coatings, and meteorological influences, where multiple particle types and

surface properties may contribute to immersion freezing in the Arctic atmosphere.

Aerosols enriched in Na-rich particle types with relatively thin organic coatings showed moderate ninp prior to heat treatment.
However, the most direct indicator of biological (heat-sensitive) contributions is the temperature-dependent reduction in nip

after heating, rather than Na-rich composition alone. Across the five samples, the heat-labile fraction varies substantially, while
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heat-stable INPs dominate at colder temperatures. Overall, these results indicate that Arctic ninp reflects the combined influence
of particle composition, coating distribution/mixing state, and air-mass history, with the relative importance of heat-labile

versus heat-stable INPs depending on temperature regime.

This study provides initial insights into the how organic coatings, aerosol composition, and source contributions influence the
role of Arctic aerosols in modulating cloud formation processes in one of Earth’s most vulnerable regions. Future studies
should aim to validate these findings using laboratory experiments, and more field-collected samples and incorporate these
mechanistic insights into Earth system models to better predict the implications of aerosol freezing on Arctic cloud dynamics
and water cycles. Our results show that (1) mixed and aged aerosols in warm and moist air mass contain high sub-zero
temperature INPs active at warmer than -15 °C and (2) the heat sensitivity of INPs depends on aerosol composition and sources
(i.e., the more mineral aerosols include, the more heat-stable INPs are). Due to current pan-Arctic warming trends, substantial
changes in the Arctic landscape (Murray et al., 2021) such as more open water and land exposure to air, will influence ambient

aerosol mixing processes and warm air intrusion to high-Arctic in the future.
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