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Abstract

High-latitude dust (HLD) represents a source of ice-nucleating particles (INPs) with potential impacts on cloud formation and
radiative forcing in the Arctic. Previous studies have shown that HLD can exhibit high ice-nucleating activity at high subzero
temperatures, likely linked to a biological component. Yet, comprehensive assessments of HLD ice-nucleating characteristics
and sources remain limited, especially in Greenland. Here, we show that glacial dust from three outwash plains in southwestern
Greenland effectively nucleates ice at temperatures relevant for mixed-phase clouds, but with lower ice-nucleating activity
than other HLD regions. Ice-nucleating activity of glacial dust shows high variability and is largely driven by small amounts
of organic and biological material, as indicated by sample treatments and positive correlations of ice-active site densities per
mass with total organic carbon and microbial abundance. Dust from the Narsarsuaq glacial outwash plain likely acted as a
localized rather than a regional INP source during summer, as indicated by higher atmospheric INP concentrations above -20
°C and similarities between atmospheric and bulk dust INP spectra at the outwash plain site compared to other sites in the
region. The atmospheric INP population was generally dominated by primarily biological and other organic contributions,
highlighting the importance of better constraining biogenic INP emissions in the Arctic. Overall, the ice-nucleating activity of
glacial dust in southwestern Greenland lies within the lower range of reported HLD INP activity, suggesting that highly active
HLD parameterizations may overestimate INP concentrations in this region. This highlights the importance of region-specific

INP parameterizations for improving representation of cloud processes and climate impacts in the Arctic.
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1 Introduction

Climate-relevant properties of mid- and high latitude mixed-phase clouds are sensitive to the aerosol population, particularly
ice-nucleating particles (INPs) (e.g., Storelvmo, 2017; Tan et al., 2016; Vergara-Temprado et al., 2018). INPs initiate
heterogeneous ice-formation within the temperature range from 0 °C to -38 °C and can also aid ice formation below -38°C
(Hoose and Mohler, 2012; Kanji et al., 2017; Murray et al., 2012). In mixed-phase clouds, INPs influence the partitioning
between cloud liquid and ice water content through both the Wegener-Bergeron-Findeisen mechanism (Korolev, 2007) and
secondary ice-production pathways (Field et al., 2016; Korolev and Leisner, 2020). These microphysical processes ultimately
impact the radiative properties and lifetime of clouds (Ceppi et al., 2017; Storelvmo et al., 2015). The cloud-phase feedback,
where changes in cloud phase under a warming climate alter the Earth’s radiation budget, thus strongly depends on the current
and future abundance and characteristics of INPs (Murray et al., 2021). However, identification of INP sources, quantification
of INP concentrations, and understanding of their freezing characteristics and variability remain incomplete, particularly in

high-latitude environments.

Globally, the dominant source of INPs at relatively low temperatures (approximately < -20 °C) is mineral dust emitted from
arid and semi-arid regions (Atkinson et al., 2013; Boose et al., 2016; DeMott et al., 2003; Sassen et al., 2003). In the Arctic,
long-range transported mineral dust mainly originates from Asia and North Africa (Huang et al., 2015; Kawai and Matsui,
2025). The strongest influence occurs during winter and spring and at higher altitudes (Groot Zwaaftink et al., 2016; Kawai et
al., 2023; Shi et al., 2022). More recently, increasing attention has been directed toward high-latitude dust (HLD), defined as
dust from locations north of 50° N or south of 40° S (Bullard et al., 2016; Meinander et al., 2022), which may act as a regional
source of INPs in polar regions (Barr et al., 2023; Kawai et al., 2023; Paramonov et al., 2018; Sanchez-Marroquin et al., 2020;
Shi et al., 2022; Tobo et al., 2019; Xi et al., 2022). HLD sources are commonly linked to glacial and periglacial environments,
particularly glacial outwash plains (Bullard et al., 2016). Emissions often peak in autumn due to abundant sediment supply
and higher wind speeds (Bullard et al., 2023; Crusius et al., 2011). In addition to transported and local mineral dust, primary
biological acrosol particles (PBAPs) have been identified as INPs in Arctic environments. These include bacteria, pollen, plant
debris, fungal spores, and viruses from both marine and terrestrial environments, and are particularly active during summer
and at relatively high subzero temperatures (Beck et al., 2024; Pereira Freitas et al., 2023; Santl-Temkiv et al., 2019; Wieber
et al.,, 2025). Beyond PBAPs, organic material such as extracellular polymeric substances, polysaccharides, humic-like
substances, proteins, and other biogenic macromolecules can act as INPs (Dreischmeier et al., 2017; O'Sullivan et al., 2015;
Pummer et al., 2015). Both intact PBAPs and organic macromolecules can attach to and be transported with mineral dust,
thereby enhancing its ice-nucleating activity (Conen et al., 2011; O’Sullivan et al., 2014; Prospero et al., 2005), a mechanism

that likely contributes to the ice-nucleating activity of HLD (Barr et al., 2023; Tobo et al., 2019; Xi et al., 2022).
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Tobo et al. (2019) reported remarkably high ice-active site densities per mass at temperatures between -5 and -25 °C from dust
collected in an outwash plain in Svalbard, likely linked to small amounts of organic matter that may be more ice-active in cold
than temperate or warm climates. Other HLD studies also document high ice-nucleating activity at relatively high temperatures,
though with notable variability. For example, Xi et al. (2022) observed dust near the Kaskawulsh Glacier in Yukon, Canada,
with ice-active site densities per mass (nm, the cumulative number of ice-active sites per gram of dust) about two orders of
magnitude lower than that of the Svalbard samples, showing biological contributions above -15 °C but mineral dominance at
lower temperatures. Airborne dust from the Copper River Delta in Alaska exhibited high ice-active site densities per surface
area (ns, cumulative number of ice-active sites per unit surface area of dust), with heat-sensitive INPs active down to -25 °C
(Barr et al., 2023). Barr et al. (2023) further suggested that watershed characteristics, including the presence of vegetation and
forest as sources of organic and biological INPs, may explain differences among regions. In contrast, ice-nucleating activity
reported from Iceland, an active HLD source (Dagsson-Waldhauserova et al., 2013), is more comparable to low latitude dust
sources (Paramonov et al., 2018; Sanchez-Marroquin et al., 2020). Modelling studies show that HLD contributes substantially
to the dust load and INP population of the lower troposphere in summer and autumn (Groot Zwaaftink et al., 2016; Kawai et
al., 2023; Shi et al., 2022). Incorporating a parameterization based on the high ice-nucleating activity of Svalbard HLD yields
more than 100 times higher INP concentrations in the Arctic lower troposphere during these seasons and better reproduces
observations (Kawai et al., 2023). With climate change, increasing HLD emissions with high ice-nucleating activity may
partially offset the reduced INP activation expected at higher temperatures (Matsui et al., 2024). Taken together, these
sensitivities in combination with the scarcity and heterogeneity of available observations highlight the need to better understand

the ice-nucleating properties of different HLD sources.

Greenlandic glacial outwash plains have been identified as significant dust sources (Bullard et al., 2023; Bullard and Mockford,
2018), but their INP characteristics remain poorly constrained. Regional terrestrial environments in Greenland, including
biogenic material, are known to contribute to INPs in summer (Santl-Temkiv et al., 2019; Sze et al., 2023; Wex et al., 2019),
yet the specific extent and properties of Greenlandic dust have yet to be determined. While Greenland accounts for only a
small fraction of the total Arctic dust load (~0.1% north of 60° N; Groot Zwaaftink et al., 2016), the dust could exert a notable
local to regional influence. Estimates show that up to 67 % of deposited dust on the ice sheet originates from Greenlandic
sources (Groot Zwaaftink et al., 2016). Greenlandic outwash plains are expected to expand and proglacial areas have undergone
pronounced changes in the last decades (Grimes et al., 2024). These changes include increased availability of fine sediments
and expanding vegetation cover. Both processes may influence INP emissions, highlighting the variable and evolving nature

of Greenlandic INP sources.

To address the uncertainties regarding Greenlandic dust sources as INPs, we use field and laboratory measurements to (i)

quantify the ice-nucleating activity and variability of dust in glacial outwash plains in southwestern Greenland, (ii) identify
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sources (primary biological, other organic, mineral) contributing to the ice-nucleating activity, and (iii) assess atmospheric

INP concentrations in southern Greenland and their possible origins, including HLD.

2 Methods
2.1 Measurement overview

Field measurements were conducted in southern and southwestern Greenland during 2023 and 2024 as part of the projects
“Greenlandic Fjord Ecosystems in a Changing Climate: Socio-cultural and Environmental Interactions” (GreenFjord) and
“Ecological and Climate Impacts of Greenlandic Glacial Outwash Plains” (ECO-Plains). The primary field campaign occurred
from 16 June to 5 August 2023 in Narsarsuaq and Narsaq, focusing on atmospheric measurements and dust sampling.
Additional dust samples were collected in Igaliku (May 2023) and Kangerlussuaq (July 2023 and July 2024), as well as in
Narsarsuaq in July 2024 (Fig. 1).

Narsarsuaq, Narsaq, and Igaliku are situated in the fjords of southern Greenland, with the Narsarsuaq outwash plain stretching
in front of the glacier Kiattuut sermiat, while Igaliku is located at the Aniaaq fjord, near the glacier Jespersen Brae. Narsaq lies
at the intersection of Tunulliarfik fjord and Ikersuaq fjord. The Kangerlussuaq outwash plain is located on the southwestern
coast, spanning from Russell Glacier to the head of Kangerlussuaq fjord. These glacial outwash plains exhibit varying
vegetation covers, including unvegetated areas and regions with sparse, low-level vegetation such as grasses, mosses, lichens,

and, in some cases, lower shrub vegetation. Shrub vegetation is dominant around Narsagq.

2.1.1 Bulk dust samples

Dust samples were collected following a chronosequence approach (Bradley et al., 2016), where locations farther from the
glacier have been exposed longer to the atmosphere and weathering processes following glacial retreat. These sites may show
advanced microbial succession or soil development, potentially influencing the dust’s ice-nucleating activity. We distinguish
between two types of dust samples: transect and microbiology. Transect samples were collected along glacier-to-fjord
transects, targeting surface sediments (top ~1 cm) from primarily vegetation-free areas or river deposits, where dust emissions
are likely. Samples were air-dried under a laminar flow hood and sieved to <45 um to focus on the particle size fraction most
relevant for atmospheric transport, following common approaches in similar studies (e.g., sieving to sizes between 32-63 um
in Barr et al., 2023; Boose et al., 2016; Hamzehpour et al., 2022). Size distributions of the transect samples, measured by a
laser diffraction particle size analyzer (0.017-2000 um, LS 13 320, Beckman Coulter, USA), show that particles are below 10
um with a main mode below 0.1 um for most samples (Fig. S1). Microbiology samples (top ~5 cm) were collected at two sites
each in Narsarsuaq and Kangerlussuaq, with site 1 closer to the glacier than site 2. Each site included multiple subsites from
both vegetated and unvegetated surfaces. Since these samples were primarily analyzed for microbiological purposes, they were

air-dried but not sieved, allowing for better comparison between microbiological measurements and INP analyses for this
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sample type. Although transect and microbiology samples were collected from different depth intervals (top ~1 cm and top ~5
cm, respectively), analysis of microbial community composition from the same sites found no significant differences in ice-
nucleating genera across these soil depths (Marsh et al., 2026), suggesting that this difference does not affect the interpretation
of the results. Details and sampling locations are shown in Table S1 and Fig. 1, with photos of some sampling locations in Fig.
S2.

Additional bulk dust samples were collected for comparison in three glacial outwash plains in the Swiss Alps, allowing us to
assess whether ice-nucleating properties observed in Arctic samples are specific to Arctic conditions or represent a more

general feature of glacially derived dust, including at mid-latitudes. The sampling sites are shown in Table S4 and Fig. S23.
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Figure 1. Field work sites overview. (a) Sample locations in Kangerlussuaq, (b) overview of sampling regions in Greenland, (¢) main study
area in Southern Greenland with zoomed-in views of (d) Narsaq with the atmospheric stations at Narsaq International Research station
(NIRS) and hill, € Narsarsuaq including the plain and col atmospheric stations, and (f) Igaliku. Map background imagery was obtained from
the Greenlandic satellite orthophoto mosaic provided by Dataforsyningen and accessed via QGreenland (Moon et al., 2023).

2.1.2 Atmospheric measurements

Atmospheric measurements were conducted in both Narsarsuaq and Narsaq with two sites per location (Fig. 1), each equipped
with small solar- and battery-powered stations. In Narsarsuaq, one station was installed on the outwash plain, hereafter referred
to as the plain station. A second station was positioned on a small col, located approximately 1.1 km northeast of the plain

station at an elevation of 300 m a.s.l., hereafter referred to as the col station. In Narsaq, measurements were performed at the
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Narsaq International Research Station (NIRS), where a more extensive suite of instruments was deployed, the set-up is
described in detail by Alden et al. (2025). The second Narsaq site was situated on Tasigaaq hill (hereafter referred to as hill
station), approximately 1.6 km northeast of NIRS at an elevation of 372 m a.s.1. Photos of all measurement stations are provided
in Fig. S2.

At each site, meteorological variables including atmospheric pressure, temperature, relative humidity, solar radiation,
wind/gust speed and precipitation were measured with ATMOS41 GEN 2 weather stations (METER Group, USA). Particle
number concentrations and size distributions were obtained with optical particle counters: at NIRS, in the size range 0.19-93.06
um (optical diameter, dop), using a Fidas Frog (Palas, Germany), and at the plain, col, and hill sites in the size range 186-3370
nm (dopt) using a Portable Optical Particle Sizer (POPS, Handix Scientific, USA). The reported size ranges exclude the smallest
size bins due to higher measurement uncertainty (Mei et al., 2020). Aerosol filter samples were collected for INP measurements
using a custom-built aerosol filter sampler. The system consisted of a stainless-steel inlet, an in-line plastic filter holder
(Whatman®, Cytiva, USA), a mass flow controller (Sensirion AG, Switzerland), and a pump (KNF Neuberger GmbH,
Germany). Inlet heights were 100 cm above ground at the plain station, 116 cm at the col station, 3 m at NIRS, and 142 cm at
the hill station. Nuclepore™ polycarbonate filters (47 mm diameter, 0.2 um pore diameter) were prepared according to the
protocol described by Barry et al. (2021) and inserted into the holders under clean conditions. Filter samplers were operated
at a flow between 5 and 10 std L min! (std denotes volumetric flow referenced to standard temperature and pressure) for a
typical duration of 1-3 days, with some filters up to 14 days due to logistical reasons. An overview of all filters analyzed for

INPs is provided in Table S2.

2.2 Ice-nucleation freezing measurements

Bulk dust and filter samples were analyzed for INPs using the Sion Particle Ice Crystallization Experiment (SPICE), an
immersion-mode INP measurement set-up described in detail in Appendix A. All samples were stored frozen during the
campaign (approximately -20 °C) and transported frozen to the laboratory (<0 °C). Filter samples remained frozen until INP
analysis (approximately -20 °C), whereas transect dust samples were dried and sieved at room temperature shortly after the
campaign and then stored frozen (approximately -20 °C) until INP experiments were performed. Storage and freeze-thaw
cycles can affect ice nucleation activity of both mineral and biological samples, typically causing INP degradation (Beall et
al., 2020; Perkins et al., 2020; Wex et al., 2015), although the effects are not fully understood. Frozen storage was chosen to
minimize potential INP degradation.

Suspensions were made in pre-rinsed 50 mL Corning® polypropylene centrifuge tubes (Cat. No. 10788561, Corning Inc.,
USA) with molecular-biology-free reagent water (Cat. No. W4502, Sigma Aldrich, USA; hereafter referred to as SA water).
Initial suspensions were prepared at approximately 2 g L' by weighing a defined mass of dust (e.g., 40 mg) and adding SA
water (e.g., 20 mL). Four sequential 10-fold dilutions were then prepared for bulk dust samples (0.5 mL sample, 4.5 mL SA
water), resulting in a concentration range of approximately 2 to 0.0002 g L. The dust samples formed homogeneous

suspensions in water, although some settling was observed in the sample tube with the highest dust concentration during
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preparation, which was addressed by repeated shaking. Filter samples were suspended in 12 mL of SA water (8 mL for
procedural blank filters, as these were processed earlier in the study before the protocol was optimized), and the aerosol was
washed off by placing the Corning tube in a tube rotator at 60 rpm for 20 min. Two 15-fold dilutions (0.4 mL sample and 5.6
mL SA water) were prepared for the filter samples. The undiluted suspensions and corresponding dilutions were pipetted in
50 pL droplets into the wells of two single use PCR-trays (Cat. No. 781368, Brand, Germany). For filter samples, the 192
wells were distributed as follows: 40 wells for the initial suspension, 56 wells for the 15-fold dilution, 64 wells for the 225-
fold dilution, and 32 wells for background SA water. For bulk samples, the wells were distributed in blocks of 32 for the initial
suspension, for each dilution, and for the background. Transparent foil (Cat. No. AXYPCR-TS, Axygen, Corning Inc., USA)
was placed on top of the PCR trays to prevent contamination. The PCR trays were placed into the two aluminum cooling
blocks of SPICE and cooled down with a chiller (RP 245 E, Lauda, Germany) from 2 °C to approx. -35 °C at a cooling rate of
-0.33 °C min™". Particle settling during the freezing experiment is a potential concern for bulk dust samples containing coarser
particles. However, size distributions of the sieved transect samples show that particles are predominantly in the fine mode
with a main mode below 0.1 pm (Fig. S1), making settling unlikely for this sample type. The unsieved microbiology samples
follow the same methodology as Barry et al. (2023), enabling direct comparison with their dataset, but settling of larger
particles cannot be excluded for this sample type, introducing additional uncertainty to the reported INP concentrations.

From the observed freezing events, the ice nucleation active sites per unit volume of water as a function of temperature,
INPgys conr(T), also referred to as cumulative INP spectrum, were calculated following Vali (1971, 2019), including a correction
for the water background (Eq. A5). The ice-active site densities per mass (nn) and per surface area (ns) were calculated with
equations A7 and A8, respectively. The specific surface area of the transect samples was estimated geometrically from laser
diffraction particle size distributions (LS 13 320, Beckman Coulter, USA), assuming spherical particles with a density of 2650
3

kg m>, using only size bins below 45 pm consistent with the sieving cutoff applied prior to measurement (SSA =

(6/p) XY (%), where f; is the normalized volume fraction and d; the bin centre diameter). The resulting geometric specific

surface area values are provided in Table S1. Atmospheric INP concentrations (Np) were computed from the ratio of washing
water to sampled air volume (Eq. A6). The minimum detectable atmospheric INP concentration, defined as the concentration
corresponding to one frozen well given the assay parameters and sampled air volume, ranges from 4.5x107 to 9.9x10* L!
across samples depending on the sampled air volume. Absent data points at higher temperatures are consistent with INP
concentrations falling below this limit. 95 % confidence intervals for all INP spectra were calculated according to equation 2
in Agresti and Coull (1998) and more detailed data processing and quality checks are described in Sect. A1.3. Procedural filter
blanks at each station were taken by inserting the filter holder with a filter but without turning on the air flow. The background
filters showed lower frozen fraction curves compared to the filter samples (Fig. S3), but were above the typical background
freezing from SA water only, with some blank filters showing non-negligible amounts of INPs. Procedural blanks were not

subtracted from sample spectra and contribution is likely minor for most samples and confined to low temperatures (Fig. S4).
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However, background contamination introduces additional uncertainty to the reported INP concentrations, particularly for

samples with low INP concentrations.

For compositional information, we performed heat and hydrogen peroxide treatments to a subset of bulk dust and filter samples.
Heat treatment denatures proteins, with proteinaceous INPs in different biological materials (e.g., bacteria, fungal spores,
lichen) found to deactivate between 40-60 °C (Frohlich-Nowoisky et al., 2016; Hara et al., 2016; Kieft and Ruscetti, 1990;
Pouleur et al., 1992). The difference between untreated and heat treated spectra is therefore often used as an indicator of
proteinaceous, likely biological INPs (e.g., Conen et al., 2011; Hill et al., 2016; O’Sullivan et al., 2014; Pouleur et al., 1992).
Hydrogen peroxide treatment oxidizes organic matter, leaving spectra that reflect the remaining inorganic or mineral INPs
(e.g., Conen et al., 2011; Hill et al., 2016; McCluskey et al., 2018a). While these treatments are useful indicators for the
possible origin of INPs, they have limitations and are not entirely selective. Heat treatment can reduce the ice-nucleating
activity of certain minerals, including quartz and plagioclase feldspar (Daily et al., 2022), while some thermostable biological
material can remain active (Pummer et al., 2012). Similarly, hydrogen peroxide treatment can affect carbonate minerals,
although other mineral components are likely unaffected (Hill et al., 2016; O’Sullivan et al., 2014; Tobo et al., 2019). For the
heat treatment, a Corning tube containing 3 mL of the sample suspension was placed into a boiling water bath (98.4 °C) for
20 min. For the hydrogen peroxide treatment, 1 mL of 30 % H»O, (Cat. No. 216763-100ML, Merck Millipore, Germany) was
added to 2 mL of the sample suspension and placed into a boiling water bath with UV light for 20 min. The UV radiation
generates highly reactive hydroxyl radicals that oxidize organic compounds. Remaining peroxide was neutralized by adding
small quantities (90 to 130 pL) of 0.1 um filtered catalase (Cat. No. MPB-210042910-10ML, MP Biomedicals, USA) to avoid

freezing point depression. Dilution series and freezing experiment for the treated samples were performed as described above.

In total, we analyzed 32 bulk dust samples with 28 heat and 5 hydrogen peroxide treatments, as well as 38 filter samples with
5 heat and 5 peroxide treatments (Table S1). In addition, 14 procedural blank filter samples were analyzed. Additional

experiments including SA blanks and validation material for the SPICE characterization are shown in Sect. A2.2 and A2.3.

2.3 Ancillary measurements

To evaluate the role of organic matter for ice-nucleating activity, total organic carbon (TOC) was measured for all dust samples
using catalytic high-temperature combustion with CO, quantification via non-dispersive infrared detection (Elementar Enviro
TOC analyzer, Elementar Analysensysteme GmbH, Germany). The microbial abundance in the microbiology dust samples
was assessed using two different methods: flow cytometry and plate culturing. For flow cytometry, bacterial cells were
extracted from 1 g soil suspended in 9 mL 1x phosphate-buffered saline (PBS) (sterile filtered at 0.2 um), following a protocol
adapted from Gorniak et al. (2017). After shaking (120 rpm, 2 h, 10 °C) and fixation with 3.7 % formaldehyde, cells were
separated from soil particles via Histodenz (Cat. No. D2158, Sigma-Aldrich, USA) density centrifugation (17,000 x g (relative
centrifugal force), 90 min, 4 °C) (Frossard et al., 2016). The upper aqueous phase was extracted, stained with SYTO13 (50

8
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uM), and analyzed using a NovaCyte flow cytometer (ACEA, Bioscience, USA) (flow rate 14 pL min™"), with cell counts
determined from forward and side scatter signals. For plate culturing, 1 g of soil was suspended in 9 mL 1x sterile PBS, shaken
for 2 h at 10 °C, and allowed to settle for 15 min. Serial dilutions were plated (500 pL) onto R2A agar media (Neogen Culture
Media, USA) and incubated at 12.5 °C (the average temperature across sites). Colony-forming units (CFUs) were counted

after three weeks.

X-ray diffraction (XRD) measurements were performed on a subset of representative samples of each outwash plain to
determine the relative abundance of ice-nucleating active minerals. Diffractograms were collected using a D8 Discover Vario
(Bruker, USA) with Cu Ko, radiation, and mineral phases were identified using the Rietveld refinement method. Semi-

quantitative estimates of relevant mineral abundances are summarized in Table S3.

2.4 Principal component analysis

To examine similarities between bulk dust and aerosol INP spectra, we performed a principal component analysis (PCA) on
derived spectral features, specifically slopes and logarithmic concentration ratios, following the approach of Barry et al. (2023).
Deriving spectral features enables comparison across sample types measured in different units (nn, vs. Niwp), since slopes and
logarithmic concentration ratios describe the shape of the INP spectra rather than absolute magnitudes. Slopes characterize the
temperature-dependent steepness while logarithmic ratios capture relative concentrations across the temperature range, and
both features can be indicators of the underlying INP source (e.g., Barry et al., 2023; Sze et al., 2023). For this analysis, INP
concentrations between -8 °C and -20 °C were log-transformed (logi¢) and missing values were interpolated or extrapolated
linearly. From these spectra, we derived (i) slopes in 2 °C windows shifted in 1 °C steps, and (ii) logarithmic ratios of mean
INP concentrations in each 2 °C window relative to -15 °C. The 2 °C window size balances spectral resolution against
measurement noise, and the 1 °C step size ensures continuous coverage across the temperature range. -15 °C was selected as
a reference temperature as it falls near the center of the analysis range and is a commonly used benchmark temperature for
INP comparisons relevant for mixed phase clouds (Barry et al., 2023; Morrison et al., 2012), although results are not sensitive
to this choice. The resulting feature set (22 variables across 70 samples) was standardized (z-scores) prior to PCA, which was

applied to the combined dataset of bulk and aerosol samples.

3 Results and discussion
3.1 Ice-nucleating properties of dust in southwestern Greenlandic glacial outwash plains

The following sections present an analysis of the ice-nucleating properties of dust collected from glacial outwash plains in
southwestern Greenland. We first characterize the ice-nucleating activity of bulk dust samples across different sites and how
they compare to other high-latitude dust sources in Sect. 3.1.1. We then explore the spatial variability within the outwash plains

(Sect. 3.1.2) and examine the influence of organic and biological material on the observed ice-nucleating activity through

9
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treatments (Sect. 3.1.3). Finally, we assess correlations between total organic carbon (TOC), microbial abundance, and ice-

nucleating activity (Sect. 3.1.4.) to better understand the drivers of variability across samples.

3.1.1 Overview of the ice-nucleating activity of glacial dust

To characterize the bulk dust in glacial outwash plains in Greenland as a potential INP source, we present the ice-active site
densities per mass (nm) and ice-active site densities per surface area (ns) in Fig. 2. The ice-nucleating activity of the glacial dust
is quite variable for a given site, but similar across the three outwash plains in southwestern (Kangerlussuaq) and southern
Greenland (Narsarsuaq, Igaliku), with n,, values (Fig. 2a) from all sites falling within a comparable range and showing no
systematic differences between locations. A subset of samples with higher ice-nucleating activity (e.g., some microbiology
samples) likely indicates an influence of vegetation cover (Fig. S5). The ns values (Fig. 2c, transect samples only) are likewise
similar across sites.

The Greenlandic dust’s ny, values are substantially lower (sample average ~2-3 orders of magnitude) compared to glacial
dust collected in Svalbard (Tobo et al., 2019, < 5 pm) and midlatitude soils (Hill et al., 2016), particularly for the relatively
warm temperatures (Fig. 2b). In contrast, the n,, values are more comparable to airborne dust from a glacial outwash plain in
Yukon, Canada (Xi et al., 2022), and sediments (not a glacial outwash plain) collected near Utqiagvik, Alaska (Barry et al.,
2023). The ns values mostly fall within the lower range of other HLD observations (Fig. 2d), including airborne dust from the
Copper River Delta in Alaska (Barr et al., 2023), Icelandic dust plumes (Sanchez-Marroquin et al., 2020), and airborne dust
from Yukon, Canada (Xi et al., 2020, same samples as nn). However, it should be noted that differences in sampling and
normalization methods (e.g., bulk dust vs. aerosol sampling, ns based on geometric vs. BET surface area) may influence the
direct comparability of these datasets.

Low latitude desert dust parameterizations (Niemand et al., 2012; Ullrich et al., 2017) fall at the upper end of the ice-
nucleating activity observed in our samples but are only applicable at lower temperatures (<-12 °C). Ice-nucleating-active
minerals typically control the ice-nucleating activity of desert dust samples, and we include parameterizations for potassium
(K-Feldspar), albite, and quartz (Harrison et al., 2019), scaled to the range of their relative abundances determined by XRD
analysis of the sieved (< 45 um) bulk samples (Sect. 2.3, Table S3). The quartz- and albite-based parameterizations predict
lower n, values than observed. While the K-Feldspar parameterization is in a similar range as the Greenland dust observations,
the differences in slope suggest that other factors control the measured ice-nucleating activity.

Overall, the Greenland dust samples exhibit freezing onsets at relatively high temperatures (-6 °C to -10 °C) relevant for
mixed-phase clouds, and show partly comparable (Xi et al., 2022), but generally lower ice-nucleating activity than other HLD
sites (Tobo et al., 2019; Barr et al., 2023). These findings suggest that HLD could represent a rather heterogeneous source of
INPs, with variable ice-nucleation efficiencies depending on location. The variability could stem from differences in
mineralogy as well as from biological and organic compounds, which have been identified as important contributors to the
HLD ice-nucleating activity (Barr et al., 2023; Sanchez-Marroquin et al., 2020; Tobo et al., 2019; Xi et al., 2022). The
comparable or higher K-feldspar content of the Greenland samples relative to other HLD sites (Barr et al., 2023) suggests that
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the lower ice-nucleating activity observed in the Greenland samples is more likely driven by differences in biological or organic

contributions. In the following sections, we investigate potential sources of ice-nucleating activity and discuss possible reasons

for these differences.
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315 Figure 2. Bulk dust ice-nucleating activity and comparison. (a) Ice-active site densities per mass (nm) in Narsarsuaq, Kangerlussuaq
and Igaliku with the polynomial fit for all data combined (nm(T) = exp(-0.702 - 1.804T - 0.08572 - 0.001767%) and (b) Greenlandic dust
samples (black lines, same as panel a) compared with literature data by Tobo et al., (2019, bulk dust sieved to <5 um), Xi et al. (2022, dust
aerosol samples with nm determined gravimetrically), Hill et al. (2016, unsieved bulk soil samples), and Barry et al. (2023, unsieved bulk
sediment samples). (c) Ice-active site densities per surface area (n1sge0) of dust samples based on geometric specific surface area estimates

320  with a polynomial fit (15, geo( ) = €xp(-0.22 — 1.6137 - 0.068 72 - 0.00137 7%) and (d) Greenlandic dust samples (black lines, same as panel
¢) compared with literature data by Barr et al. (2023, dust aerosol samples converted to ns, geo), Sanchez-Marroquin et al. (2020, dust
aerosol samples converted to #s, geo), Xi et al. (2022, dust aerosol samples converted to ns, geo), K-Feldspar, albite, and quartz
parameterizations (Harrison et al., 2019, based on s, BET), scaled to the average abundance of the respective mineral in the sample based on
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XRD measurements (Table S3), Ullrich et al. (2017, parameterization based on #s, geo), Niemand et al. (2012, parameterization based on #s,

325 geo).
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3.1.2 Spatial variability

To investigate potential sources of ice-nucleating activity, we first assess the spatial variability of the Greenland dust samples,
depicted in Fig. 3 for ny, at -15 °C, which is chosen due its relevance for mixed-phase clouds (Hanna et al., 2008; Morrison et
al., 2012b) and comparison to other Arctic studies (e.g., Barry et al., 2023). The ice-nucleating activity shows high spatial
variability, which is largest in the Narsarsuaq glacial outwash plain. Notably, this variability does not show clear trends across
the transects, suggesting that distance from the glacier, or overall position within the outwash plain does not exert a dominant
influence on n,. Based on the chronosequence concept, more developed soils farther from the glacier, exposed for longer after
glacial retreat, would be expected to host greater microbial abundance and biogenic material, and thus potentially higher
ice-nucleating activity. However, this pattern is not observed in our samples, suggesting that local environmental factors are
more likely to influence the dust’s ice-nucleating activity. Moreover, the chronosequence represents a theoretical space for
time substitution that is not fully applicable to glacial outwash plains, which are highly dynamic environments characterized
by strong seasonal changes and episodic flooding (e.g., glacial lake outburst floods from Lake Hullet occur regularly in
Narsarsuaq; Carlson et al., 2020; Carrivick and Tweed, 2019). These processes can strongly affect the presence of vegetation,

organic matter, sediment deposition, and therefore also the ice-nucleating ability.
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Figure 3. Spatial variability of ice-nucleating activity. INP concentration per gram of bulk dust at -15 °C in (a) Kangerlussuaq, (b)
345 Narsarsuaq, and (c) Igaliku. The red markers correspond to the transect samples that were sieved to <45 pm. Microbiology samples refer to

unsieved samples (Sect. 2.1.1). The size of the markers corresponds to the INP concentration. Map background imagery was obtained from
the Greenlandic satellite orthophoto mosaic provided by Dataforsyningen and accessed via QGreenland (Moon et al., 2023).
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3.1.3 Sources of ice-nucleating activity

To better understand the sources of the dust’s ice-nucleating activity and potential biogenic contributions, we performed heat
and hydrogen peroxide treatments to the bulk dust samples, as shown in Fig. 4. The treated samples exhibit INP spectra similar
to the example shown in Fig. 4a and are summarized for -10 °C, -15 °C, and -20 °C in Fig. 4b-d. Heat treatment reduces the
ice-nucleating activity mainly at temperatures above -13.5 °C (average heat-labile fraction >75 % for temperatures >-13 °C,
n = 28) but still shows substantial contributions at -20 °C (Fig. S6). After peroxide treatment, ice-nucleating activity decreases
substantially, with the remaining n, making up only a few percent (2.5 %, average across temperatures and samples, n=5) of
the ny, of the untreated sample (Fig. S7).

These treatment results suggest that organic compounds are primarily responsible for the ice-nucleating activity of the dust
samples, despite the presence of ice-active minerals. While the K-feldspar parameterization falls within a similar range as the
observed ice-active surface site densities (Fig. 2), the treatment results suggest a predominantly organic rather than mineral
ice nucleation mechanism. However, treatments may also have non-specific effects and reduce the ice-nucleating activity of
minerals (Daily et al., 2022). This organic dominance is overall consistent with the literature, where samples from various
high-latitude dust sources show substantially lower ice-nucleating activity following heat and hydrogen peroxide treatment
(Fig. S8; Barry et al., 2025; Tobo et al., 2019; Xi et al., 2022). When comparing with the literature, the Greenlandic samples
show higher organic fractions than reported by Tobo et al. (2019) (Fig. S7), and the change in median freezing temperature
(Fig. S9) between untreated and heat treated samples is similar to or even higher than in Barr et al. (2023, Fig. 3), although
both studies show higher overall ice-nucleating activity (Fig. 2c, d). The larger ATsy values observed in our study may be
influenced by differences in sample type and size (bulk dust vs. airborne particles), and indicate a higher heat-labile fraction
in the Greenlandic samples. This may indicate that differences in the type or composition of organic matter play a key role in

determining the magnitude of ice-nucleating activity.

3.1.4 Positive correlation of TOC, microbial abundance and INPs

Given the important contribution of organic material on the ice-nucleating activity of the dust samples, we assess the correlation
between TOC and nn, as well as microbial abundance and nn, (Fig. 5). Such correlations have previously been reported for
water samples (Barry et al., 2023; Wilson et al., 2015), motivating a similar analysis to assess whether organic content drives
INP activity in glacial dust. While TOC provides only a bulk measure of organic carbon content and cannot differentiate
between specific organic compounds, it can still reveal whether the overall abundance of organic matter influences INP activity
across our samples. The TOC of the samples is generally low (<0.02-0.74 wt%, average of 0.18 wt%, 10 samples below
detection limit of 0.024 wt%), and therefore all samples are lower than the 0.9 wt% measured by Tobo et al. (2019). Samples
in the vicinity of vegetation show higher TOC content, but even samples with low TOC content (or just above detection limit)
show important organic contributions to the dust’s ice-nucleating activity (e.g., Fig. S7d). TOC significantly correlates with

nm at different temperatures. The correlation coefficient shows a slight increase at lower temperatures, possibly due to reduced
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noise in the data, but also subsets of the data (e.g., only Kangerlussuaq or Narsarsuaq, heat treated samples) show significantly
positive correlations (Fig. S9). While comparison of TOC and ice-nucleating activity of soils in different climate zones from
Tobo et al. (2019) shows no simple correlation of organic content and ice-nucleating activity, the positive correlation in our
samples within the same climate zone could indicate that TOC amount may contribute to the differences across HLD sites.
Samples from glacial outwash plains in the Alps in Switzerland have similar or lower n, values compared to the Greenland
samples (Fig. S25). They also show a significant positive correlation with TOC (Fig. S26), but generally have higher TOC
values (Fig. S27). Changes in ice-nucleating activity following heat and hydrogen peroxide treatment (Fig. S28, S29) are
comparable to the Greenland samples, although the Alp samples show higher inorganic fractions at temperatures < -20 °C.
This supports that the ice-nucleating efficiency of TOC may differ across climatic regions (Schnell and Vali, 1973), suggesting
the importance of TOC composition rather than abundance alone. However, limited information on TOC and HLD INPs are

available in the literature to further investigate this relationship.

Tobo et al. (2019) hypothesized that the ice-nucleating activity in the unvegetated glacial outwash plain in Svalbard could
primarily stem from microbial sources. We find a significant correlation of microbial abundance with 7, which is consistent
across temperatures when microbial abundance is assessed via colony-forming units (CFU, culturing method, Fig. 5b) and
flow cytometry (FC) based cell counts (Fig 5c). The stronger correlation of ny, with CFU than with FC-based total cell counts
suggest that culturable, viable microorganisms are more closely linked to n, than total cell abundance. This may reflect the
importance of microbial composition, with ice-nucleating microorganisms potentially being more abundant on biological
surfaces than on loose outwash material (Lindow et al., 1982). Some bacterial species are highly efficient ice nucleators due
to ice-binding proteins on their cell membranes, and genera known to include such species (Pseudomonas and
Pseudoxanthomonas, Failor et al., 2017; Joly et al., 2013) were detected in samples from the same outwash plain (Marsh et
al., 2026). However, the presence of these genera does not necessarily indicate active ice-nucleating ability, as ice-nucleating
proteins may not be expressed under all environmental conditions. Ice-nucleating active species have been identified in
precipitation samples at different locations including Greenland (Santl-Temkiv et al., 2015, 2019; Stopelli et al., 2017).
Notably, Santl-Temkiv et al. (2019) found a positive correlation of airborne bacterial cell concentrations and INPs at -10 °C
at Villum Research station in northern Greenland, although they did not detect the ice-nucleation active ina genes in their
isolates. The positive correlation of microbial abundance and ny in our samples could directly reflect the presence of ice-
nucleating bacterial species. However, TOC also correlates positively with microbial abundance, making it challenging to
disentangle their relative contributions to the ice-nucleating activity. Microbiota fix carbon and nitrogen, allowing the
development of more complex microbial communities, soil development and plant succession, that support more diverse
ecosystems (Bradley et al., 2016; Donhauser and Frey, 2018). As microbial abundance, TOC, and ny values are higher for
vegetated sites compared to unvegetated sites (Fig. S11, microbiology samples), higher microbial abundance may therefore be
an indicator of an environment with more advanced soil and vegetation development, that can contain additional sources of

INPs. These sources can include soil organic compounds (Hill et al., 2016; O’Sullivan et al., 2014), vegetation-derived INPs
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from plant surfaces that can be washed off during rainfall (Conen and Einbock, 2025; Seifried et al., 2020), and other
organisms. Various fungal species have been shown to be ice-nucleating active (Frohlich-Nowoisky et al., 2015; Huffman et
al., 2013; Morris et al., 2013; Pouleur et al., 1992), and likely have an important contribution to the INP population in different
Arctic environments (Barry et al., 2025; Gratzl et al., 2025; Jensen et al., 2025). Additionally, lichens (Kieft, 1988; Kieft and
Ruscetti, 1990) and moss spores (Weber, 2016) have been found to be active as INPs, and could contribute to INPs at sites

with biological crusts.

Overall, the ice-nucleating activity of dust in southwestern Greenlandic glacial outwash plains is lower compared to other
high-latitude dust sources. The ice-nucleating activity appears to be primarily influenced by the presence of small quantities
of organic and biological matter within the dust samples. Variability in nny values is closely linked to local environmental
factors, including TOC content, microbial cell abundance, and presence of vegetation. Given the lower ice-nucleating
efficiency compared to some other sites (Tobo et al., 2019; Barr et al., 2023), applying highly ice-efficient parameterization
schemes to all HLD dust sources may overestimate atmospheric INP concentrations (Kawai et al., 2023). Moreover, while
increasing Arctic vegetation (Grimes et al., 2024) may enhance ice-nucleating activity by contributing to more biogenic
material, it could simultaneously reduce acolian dust emissions, adding complexity to future projections of Arctic dust and

INP dynamics. This highlights the need to further investigate biological surfaces as sources of INPs.
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Figure 4. INP composition of dust samples. (a) nm spectra of N5, a bulk dust sample from Narsarsuaq, including heat and hydrogen

peroxide treatment. Boxplots of INP concentrations at (b) -10 °C, (c) -15 °C, and (d) -20 °C of bulk dust samples without treatment (n=32),

heat treatment (n=28), and hydrogen peroxide treatment (n=>5). Box plots show the median (center line), first and third quartiles (box edges),

and whiskers extending to the 5th and 95th percentiles; outliers beyond this range are shown as individual points. Note the different y-axis
435 inb-d.
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3.2 Atmospheric INP concentrations

Following the dust characterization as a potential INP source in the glacial outwash plains in southwestern Greenland, we
assess the atmospheric INP concentrations during summer (June-August 2023) at two sites in Narsaq (NV/RS and hill, fjord
environment), and two sites in Narsarsuaq (plain and col, glacial outwash plain), as described in Sect. 2.1.2. We show the
general overview of INP concentrations focusing on spatial variability and comparison to literature data. Finally, we discuss
the potential contribution of the bulk dust ice-nucleating activity on the atmospheric INP population based on a PCA to explore

glacial outwash plains as a source of INPs.

3.2.1 Overview of atmospheric INPs in southern Greenland

Fig. 6a depicts the INP spectra colored by location. Overall, the INP concentrations at the Narsarsuaq plain and co! sites, and
the Narsaq Aill site tend to be higher at relatively higher temperatures (approximately -20 °C to -8 °C), whereas the NIRS site
shows elevated INP concentrations at lower temperatures (< -20 °C). INP concentrations at the £il/ site display the greatest
variability, with some periods characterized by very low INP concentrations and others showing higher concentrations in the
higher temperature range. INP concentrations across sites fall within a similar overall range, suggesting a common regional
background INP population, while the site-to-site variability may reflect the influence of local INP sources, with the glacial
outwash plain potentially acting as an enhanced local source given the higher concentrations observed at the plain site.
Although no visible (by eye) dust emissions were observed during the predominantly calm summertime conditions, scanning
electron microscopy images of aerosol filter samples (Fig. S12) confirmed the presence of airborne dust at the Narsarsuaq
plain site. At the more fjord-dominated N/RS site, the lower abundance of high-temperature INPs could reflect less biological
or other highly active INP sources, whereas the higher INP concentrations at lower temperatures could reflect inputs from road
dust or anthropogenic activities (Chen et al., 2024), or marine aerosol from the adjacent fjord (DeMott et al., 2016; Wilson et
al., 2015). The variable INP concentrations at the 4il/ site may reflect a lower background INP level due to stronger marine
influence, as marine-dominated air masses generally contain fewer INPs (e.g., Irish et al., 2019; McCluskey et al., 2018a),
intermixed with occasional increases in high-temperature INPs, possibly originating from nearby vegetation. Notably, several
samples from the kill and col sites exhibit a sharp increase in INP concentrations between -18 °C and -20 °C, potentially
indicating sporadic emissions from a source such as pollen, which are known to become ice-active within this temperature
range (Diehl et al., 2002; Duan et al., 2023), though this remains speculative in the absence of direct pollen measurements.
The observed INP spectra fall within the range reported for other mid- and high-latitude regions (Figure 6b).
Compared to other high-latitude dust regions, the INP concentrations in southern Greenland are lower (~1 order of magnitude
at -20 °C), likely reflecting the absence of major dust emission events during our campaign, whereas some previous
observations (Sanchez-Marroquin et al., 2020; Xi et al., 2022; Barr et al, 2023) were made during periods of elevated
atmospheric dust loading and in different seasons (spring and fall). Nevertheless, background INP concentrations in southern

Greenland are comparable to summertime observations in Svalbard (Tobo et al., 2024) and Utqiagvik (Barry et al., 2023), and
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lie at the higher end of values reported for mid- and high-latitude marine environments and Arctic stations (Mason et al., 2015;
Welti et al., 2020; Wex et al., 2019), underlining the likely predominance of local terrestrial INP sources during this period.
This interpretation is further supported by the INP spectra normalized to surface area (Fig. S13), where concentrations
consistently lie above the parameterization by McCluskey et al. (2018b), which represents clean marine environmental
conditions. Temporal variability in INP concentrations and potential links to meteorological variables and aerosol sources are
further discussed in Section S2 (Supplementary Material), though no clear relationship with local meteorology or long-range

transport was identified during the campaign.

To evaluate whether commonly used parameterizations adequately represent the observed INP spectra, we compare our data
to the global aerosol parameterization of DeMott et al. (2010, hereafter referred to as D10, Fig. 6¢) and the global desert dust
parameterization of DeMott et al. (2015, hereafter referred to as D15, Fig. 6d), which are both based on the number
concentrations of aerosol particles with diameters above 0.5 um (determined by integrating the bins of the optical particle
counters > 0.5 pum; specifically, > 497 nm for the POPS and > 523 nm for the Fidas Frog). The D/0 parameterization
substantially overestimates high-temperature INPs by several orders of magnitude, though it reasonably captures INP
concentrations at colder temperatures. In contrast, the D/5 desert dust parameterization aligns more closely with our

observations across the full temperature range.

Applying heat and hydrogen peroxide treatment to a subset of filter samples (Fig. 7) leads to strong reductions in INP
concentrations at each location, suggesting a large contribution of heat-labile, likely proteinaceous, and organic INP sources.
This is generally consistent with other Arctic sites, that also show the predominance of biogenic and heat-labile INPs during
summer (Barry et al., 2023; Pereira Freitas et al., 2023; Sze et al., 2023). In comparison to the bulk dust samples (Fig. S7), the
heat labile fractions of the atmospheric filter samples are overall larger (Fig. S14, S15), as well as the magnitude of AT5 (Fig.
S9), demonstrating that the atmospheric INP population is not influenced by glacial outwash dust alone, but receives substantial
contributions from additional biogenic sources, for example vegetation. Notably, there is an increased organic and inorganic
fraction (and decreased heat labile fraction) in the temperature range around -18 °C (Fig. S14, S15), pointing to a heat stable,
possibly polysaccharide source of INPs, such as pollen (Dreischmeier et al., 2017; Duan et al., 2023). Interestingly, the D15
dust parameterization captures the INP concentrations reasonably well, with 85 % of data points falling within one order of
magnitude of the 1:1 line. This is despite differences in the dominant ice-nucleating components, as D15 is based on mineral-
dominated desert dust while the aerosol samples show a high heat-labile, likely biological, contribution based on the treatment
results. In contrast, the D10 parameterization shows larger deviations, with only 43 % of data points within one order of

magnitude.
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Figure 6. Atmospheric INP concentrations. (a) INP spectra at the different locations including Narsarsuaq plain (plain), Narsarsuaq col
(col), Narsaq International Research station (NIRS), and Tasigaaq hill (hill) near Narsaq. (b) INP spectra (black lines, same as panel a)
including comparisons from different high- and mid-latitude sites, including Sanchez-Marroquin et al. (2020), Xi et al. (2022), Wex et al.
(2019), Wetllti et al. (2020), Barry et al. (2023), Mason et al. (2020), and Tobo et al. (2024), for which seasonal mean INP concentrations are
shown separately for summer and for fall, winter, and spring combined. (c) Scatterplot of measured INPs and predicted INP concentrations
based on a global aerosol parameterization (DeMott et al. 2010, D10), and the global desert dust parameterization (DeMott et al., 2015, D15)
between -27 °C and -8 °C. Note that some spectra show decreasing concentrations toward lower temperatures, which is an artifact of water
background subtraction: when the rate of increase in frozen fraction of the water background exceeds that of the sample at a given temperature
step, the background-corrected INP concentration decreases. This typically occurs when sample INP concentrations approach the water

background level.
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3.2.2 Possible contribution of local dust to atmospheric INPs

The relatively higher INP concentrations (> -20 °C) at the plain site compared to the other sampling sites suggest a potential
local influence of the glacial outwash plain on the atmospheric INP population in Narsarsuaq. To further explore the potential
sources and relationships among samples, we performed a PCA on all INP measurements, including both atmospheric and
bulk dust samples. The PCA was based on the slopes of INP spectra calculated in 2 °C intervals from -8 °C to -20 °C, along
with the logarithmic ratios of INP concentrations at each interval relative to -15 °C, similar as in Barry et al. (2023). This
allows us to visualize clustering and assess patterns in the variability of INP spectra. Fig. 8 presents the PCA results along the
first two principal components (PC1, explaining 50.6 % of the variance and PC2 explaining 15.1 % of the variance). Overall,
bulk and filter samples tend to separate along PC1, indicating different INP spectra characteristics. According to the loading
arrows, which indicate the contribution of the original variables (slopes and logarithmic ratios) to the principal components by
their length (magnitude of contribution) and orientation (correlation with the principal components), logarithmic ratios mainly
contribute to PC1, whereas slopes contribute to PC2. However, there is some overlap between bulk dust and filter samples.
Interestingly, most (10 of 13) of the Narsarsuaq plain filter samples cluster in the same region as Narsarsuaq bulk dust samples.
The overlap suggests that the atmospheric INP spectra at the plain site share the characteristic temperature dependence of the
local bulk dust, supporting the interpretation that bulk dust suspended from the outwash plain could contribute to the
atmospheric INP population at this location. The Narsarsuaq co! filter samples, as well as the Narsaq samples (NVIRS and Aill)
plot mostly separately from the Narsarsuaq bulk dust and plain filter samples, and could indicate more mixed INP sources,
and therefore no or little influence from outwash plain dust. Outliers, such as the Narsaq Ail/ filter sample (upper left in Fig.
8) may reflect a distinct and sporadic INP source, potentially consistent with the pollen signal suggested by the sharp INP
increase between -20 and -18 °C (Sect. 3.2.1). The cluster of heat treated Narsarsuaq plain bulk dust and filter samples persists

(Fig. S16), though the result is more uncertain due to the much smaller sample size.
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Figure 8. Variability in INP spectra. Principal component analysis (PCA) for all samples, based on the slopes of INP spectra in 2 °C
intervals from -8 °C to -20 °C, and the logarithmic ratios of INP concentrations at each interval relative to -15 °C. The arrows represent the
variable loadings, color-coded by temperature, where solid arrows indicate the logarithmic ratios, dotted arrows represent the slopes. Axes
represent the first two principal components, note that they are not scaled to the variance explained. Ellipses show the 1.5 ¢ covariance
envelopes for bulk and filter sample groups, illustrating the overlap between the two sample types in PCA space.

Overall, our observations indicate that atmospheric INP concentrations in southern Greenland were driven by a combination
of regional background sources and highly localized contributions, as indicated by overlapping, but distinct INP spectra at the
different locations. The glacial outwash plain in Narsarsuaq likely served as a local rather than regional HLD INP source under
the observed calm summertime conditions, as supported by similar INP spectra between bulk dust and Narsarsuaq plain filter
samples. The substantially larger heat labile fractions in atmospheric INPs compared to bulk dust samples demonstrate that
additional biogenic sources, potentially from nearby vegetated surfaces, likely contribute significantly to the atmospheric INP
population and drive part of the observed variability across sampling sites. Further analysis is needed to better constrain the
frequency and magnitude of potential elevated dust loading events during high-wind conditions, as well as PBAP emissions,
to assess their implications for INP concentrations and cloud glaciation in this region. Improved characterization of HLD
sources could focus particularly on the shoulder seasons (spring and autumn), when higher wind speeds and reduced soil
moisture are expected to enhance dust emissions. The importance of biogenic INPs highlighted here motivates dedicated future
investigations of biological INP sources, such as from vegetated surfaces and biological crusts. Complementary measurements

such as fluorescent particles, PBAP tracers (e.g., mannitol, arabitol), pollen and spore sampling, or microscopy-based particle
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detection, could help to constrain their emissions and contribution to INPs in glacial outwash plains and other high-latitude

environments.

4. Conclusions

We investigated the ice-nucleating activity of glacial dust and the mixed ambient aerosol population in southwestern Greenland
to identify possible INP sources and their characteristics, given their relevance for mixed-phase clouds and Arctic climate
processes. Glacial dust from outwash plains in southwestern Greenland shows ice-nucleating properties relevant for the mixed-
phase cloud regime (1, of 4.4 X 10* to 1.2 X 107g"! dust at -15 °C). However, we found lower ice-nucleating activity
compared to other high-latitude dust sites, cautioning against the use of highly ice-nucleating dust parameterization schemes
for the entire Arctic. Ice-nucleating activity and its variability are primarily driven by small amounts (<0.02-0.74 wt%) of
organic material, likely sourced from the local environment, including vegetation and the presence of microbiota. This is
supported by both (i) the strong reduction of n,, following heat and hydrogen peroxide treatments (at -15 °C, on average 68 %
of the ice-nucleating activity is heat-labile, and over 99 % is attributable to organic material), and (ii) the significant correlation
of nym with TOC and microbial abundance. Differences between high-latitude dust regions may be driven by the characteristics
of these biogenic INP sources, particularly for relatively warm temperatures (approximately > -15 °C). Atmospheric INP
concentrations in southern Greenland (3 X 107™* to 0.2 L! at -15 °C) are comparable to other high-latitude summertime
observations and exceed those reported for marine-dominated environments. The higher fractions of organic and heat-labile
INPs (on average at -15 °C, 87 % heat-labile INPs, 95 % organic INPs) compared to the bulk dust samples further point to a
substantial biogenic contribution in the atmosphere and motivate future studies to further investigate biological sources. Spatial
variability between the four sampling sites suggests high influence from local sources, with the Narsarsuaq outwash plain
likely representing a local HLD INP source. This interpretation is supported by the similarity of Narsarsuaq dust and filter
samples in the PCA, and the elevated warm-temperature INP (> -15 °C) concentrations observed at the Narsarsuaq outwash
plain site, that could arise from a mix of dust and organic material.

These findings provide a characterization of potential and observed INP sources in southern Greenland and highlight the
important role of biogenic contributions. Interestingly, the DeMott et al. (2015) global desert dust parameterization describes
the observed INP activity at all sites quite well and could be used as proxy. Detailed investigations into the specific organisms
and compounds that influence the dust’s ice-nucleating activity could help to further understand differences among regions
and improve our understanding on how INP sources may evolve in a warming and increasingly vegetated Arctic. On broader
spatial and temporal scales, assessing the influence of outwash plains on cloud glaciation and the regional radiation budget
requires more precise, year-round quantification of INP emission fluxes, including both dust and biological particles.
Developing and evaluating regionally constrained INP parameterizations, informed by different INP sources as well as
observational and modelling efforts, could improve the representation of mixed-phase cloud processes and their climatic

impacts.
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Appendix A: The Sion Particle Ice Crystallization Experiment (SPICE)
A1l General working principle

The Sion Particle Ice Crystallization Experiment (SPICE) is an offline droplet freezing technique for quantifying immersion-
mode ice-nucleating activity of aerosol or other environmental samples. SPICE is built based on the design of the Karlsruhe
Institute of Technology (KIT) INSEKT (Schneider et al., 2021) and the Colorado State University (CSU)-IS (Hill et al., 2016),
and similar methods and set-ups that are widely used in ice nucleation research (e.g., Chen et al., 2018; David et al., 2019;
Miller et al., 2021). In these droplet freezing assays, microliter- to nanoliter-sized droplets containing the sample are cooled at
a controlled rate until freezing is observed. From the fraction of frozen droplets as a function of temperature, the cumulative
concentration of ice-nucleating particles (INPs) active at a given temperature is inferred using statistical methods (Vali, 1971).
We first describe the instrument design in Sect. Al.1, followed by the typical workflow of INP measurements in Sect. A1.2
and the associated data processing and INP calculations in Sect. A1.3. Sect. A2 provides details regarding the temperature
calibration and uncertainty (Sect. A2.1), the water background signal and limit of detection (Sect. A2.2), and the validation of

the instrument using measurements of two ice-nucleating materials and comparison to the literature (Sect. A2.3).

Al.1 Instrument Design

The general set-up of the SPICE is shown in Fig. Ala with its three main components: a chiller (Lauda RP 245 E, Germany),
the central part with the cooling block and camera assembly, and a computer for data acquisition and processing. The central
part (Fig. A1b) consists of two aluminum incubation blocks (Cat. No. 2743474, Sigma Aldrich, USA) designed to hold 96-
well PCR trays (Cat. No. 781368, BRAND, Germany). The aluminum blocks have been modified to allow the cooling liquid
(silicone oil KRYO 51, Lauda, Germany) to flow from the chiller through milled channels (9.5 width, 15.5 mm height, Fig.
Alc), to ensure an approximately uniform temperature control. The blocks are insulated with polystyrene plates and housed in
a custom-made PVC box. Each of the two blocks contains four evenly distributed PT100 sensors (TC Direct, Germany) to
monitor the temperature (Fig. Alc). The set-up is housed in a metal-box to reduce external influence (e.g., light, dust or
humidity) on the measurements.

For experiments, PCR trays containing the sample are placed in the aluminum blocks. The PVC housing is closed with a glass
pane. To avoid condensation, synthetic filtered air can be passed through 20 small tubes positioned above and below the glass
pane. To record freezing events visually, a camera (USB3 Vision industrial camera U3-3880LE Rev.1.2, IDS, Germany) with
a polarizing filter, and an LED lamp are mounted 35 cm above the aluminum blocks.

The temperature is controlled via the chiller, typically using a linear cooling ramp from +2 °C to —35 °C at a rate of 0.33 °C
min'. The PT100 sensors log at 1 s resolution using a Madgetech 4 data logger (MadgeTech, USA). Images are simultaneously
acquired at 1 Hz and stored locally. When the experiment is finished, a custom-made Python script synchronizes the image
and temperature data (https://github.com/EERL-EPFL/freezing-droplets), and detects freezing events through brightness

changes in circular regions corresponding to each droplet. All experimental data and metadata are archived in a dedicated INP
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database (https://github.com/EERL-EPFL/spice-ui, https://github.com/EERL-EPFL/spice-api, https://github.com/EERL-
EPFL/spice-client).
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Figure Al. SPICE. (a) Photograph of the SPICE set-up. (b) Model of the cooling block assembly. The numbered items correspond to (1)
the camera and LED lamp, (2) the PVC box, (3) the glass pane, (4) the aluminum cooling blocks, (5) holes for filtered air-flow tubes. (c)
Details of the aluminum block including (6) milled channels for cooling liquid (when red part of the block removed), and (7) placement of
temperature sensors. (d) Example of an image during the freezing experiment including an example of a frozen (red circle) and unfrozen
(blue circle) droplet.

A1.2 Experimental workflow of a typical experiment

The workflow of a typical experiment is illustrated in Fig. A2. It generally consists of preparing a sample suspension (1),
applying optional treatments (la, 1b), creating dilutions (2), pipetting droplets into PCR trays (3), running the freezing
experiment (4), and data processing and quality control (5, Sect. A1.3). All preparation steps are performed under a laminar

flow hood.

e  Sample preparation (1 & 2): For filter samples (we use Nuclepore™ polycarbonate filters with 47 mm diameter, 0.2
um pore diameter), the filter is inserted in washing water (typically 5-12 mL of molecular-biology-free reagent water
from Sigma Aldrich (Cat. No. W4502, Sigma Aldrich, USA), hereafter referred to as SA water) and placed in a tube
rotator for 20 min to extract the aerosols. For bulk samples, an initial suspension is prepared by weighing a defined
mass of the material and adding SA water to reach the desired concentration, typically we use an initial concentration
of approximately 2 g L', The initial suspension is typically shaken by hand, or also placed in the tube rotator for a
couple of minutes. Depending on sample characteristics, dilution series are then created, e.g., two 15-fold dilutions

for filter samples, and four 10-fold dilutions for bulk samples, as applied in this study.
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e Treatments (1a, b): If treatments are applied, they are performed on a smaller subsample of the initial suspension. The

dilution series is subsequently prepared from this treated suspension.

a) For heat treatments, the tube with typically 3 mL of the initial suspension is immersed in a boiling water

660 bath for 20 min.

b) For hydrogen peroxide treatments, 1 mL of 30 % H,O is added to 2 mL of sample and the tube is placed in
a boiling water bath illuminated with UV radiation for 20 min. Residual H,O; is then digested by adding
small volumes (typically around 90-130 puL) of catalase (Cat. No. MPB-210042910-10ML, MP Biomedicals,

USA).

665 e Droplets in PCR tray (3): The prepared suspensions and dilutions are pipetted into PCR trays, with a droplet volume
of 50 uL per well. Each dilution is distributed across a designated region of the tray, using a minimum of 32 wells

per dilution. One region is reserved as negative control with only SA water, to determine background freezing. Air

bubbles are removed with the pipette tip to avoid artifacts in freezing behavior.

e Freezing experiment (4): The PCR trays are then sealed with foil (Cat. No. AXYPCR-TS, Axygen, Corning Inc.,

670 USA), and inserted into the cooling blocks. The experiment is run by starting the temperature logging, image

acquisition, as well as the cooling program.

e Data processing (5): Following the experiment, the data is processed and quality controlled, as described in the next

section (A1.3).

2 Dilutions 3 Droplets in PCR tray 4 Freezing experiment

50 pL

675

1 Preparing sample suspension a) Heat treatment b) H,0, treatment
T q +1mL30%
E E H,0,
— > E ‘ F ‘
T=100°C T=100°C
20 min 20 min
A4 l
5 Data processing

Figure A2. INP freezing assay workflow. (1) Preparing sample suspension (S1) from, e.g., a bulk dust or a filter sample. Optionally,
treatments can be performed on the initial suspension, such as (a) heat or (b) H202 treatment. From the initial suspension, (2) a dilution series
is created (e.g., dilutions D1 and D2) and (3) pipetted into PCR trays, with a typical droplet volume of 50 pL. (4) The freezing experiment

is performed, and followed by (5) data processing.
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A1.3 Data processing and INP calculations

To acquire the data from each experiment, the image and temperature data are first synchronized using the Python-based
freezing-droplets routine. In the following, we describe the typical steps used to process the data and calculate INP
concentrations.

Temperature data are first checked for outliers. In case of electrical noise or unrealistic data points, a despiking function is
applied, or the faulty sensor excluded. Temperatures are then averaged across all sensors and adapted using the calibrations
described in Sect. A2.1. Data are aggregated into 0.5 °C intervals, and the frozen fraction, the proportion of frozen droplets at
each temperature, is computed for every dilution:

pcry - 1D (A1)

Where FF is the frozen fraction, n the number of wells containing the sample suspension, and n¢(T) represents the number of
frozen wells at temperature 7.

The 95 % confidence intervals are calculated based on binomial sampling uncertainty, using equation 2 in Agresti and Coull
(1998), which is appropriate for a small sample size (Brown et al., 2001) and typically used in INP calculations (e.g., Hill et
al., 2016; Schneider et al., 2021):

Zé/z\
Zé/z FF(1—-FF) + T 1 (A2)
CIupper,lower =| FF + 2 t Za/2 2
n n 52
1+ n

Where FF is the frozen fraction (p in the original formula) and » corresponds to the number of wells. For 95 % confidence

intervals, z,/, has a value of 1.96, based on the 1 — % quantile for « = 0.05 of a standard normal distribution.

Further quality checks are performed, similar to Béhmlénder et al. (2025):

1. Temperature difference to the water background: The temperature difference at a given frozen fraction ATgr between
background water and sample must exceed 1 °C; otherwise, a warning flag is assigned.

2. Temperature difference between dilutions: ATr between consecutive dilutions must be larger than 1 °C; otherwise,
a warning flag is assigned.

3. Freezing sequence: Dilutions must freeze in the expected order, with highest concentration first and lowest
concentration last; otherwise, an error flag is assigned. A failure of this check most likely indicates experimental
issues such as sample handling errors or dilution mistakes, rather than a physically meaningful deviation from

Poisson-distributed INPs, and the affected data are therefore excluded from further analysis.

I959, upper

4. Confidence intervals: - < x, where x is a user-defined threshold to flag data points with large confidence

I9s9 lower

intervals (here, x=5). Data exceeding this threshold are assigned a warning flag.
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Data with error flags are removed, while data with warning flags may be removed following manual inspection. For checks 1-

3, we assess the frozen fractions of 0.25, 0.5, and 0.75.

The cumulative INP concentrations as a function of temperature 7 are derived following Vali (1971) and the equations
presented here correspond to the formulations commonly applied in droplet freezing studies (e.g., DeMott et al., 2017; Kanji
etal., 2017). The calculations are based on the assumption that freezing is only a function of temperature and time-independent,
and that INPs are distributed randomly and independently across droplets, following a Poisson distribution. The cumulative
INP concentration in the suspension as a function of temperature can thus be derived as follows:

W1y = - MO FED) o
where FF(T) is the fraction of frozen droplets at temperature 7, and Vjy is the droplet volume (50 pL in this study).

To cover a wider temperature range, it is common to dilute the sample, thereby reducing the number of INPs in each droplet:

INPs(T) = ~In(1 — FF (1)) o (A4)
d

where d is the dilution factor.
Since some INPs can also originate from the background water or other contaminations (PCR trays, pipette tip, handling, etc.)
used to create the suspension and dilutions, the INP concentration in the suspension is corrected based on the frozen fraction

of the water background.

1—FF(T) d (AS)
INP, (T =- ln( )—
suscort 1- FFbackground (T) Vd
Depending on the properties of the sample, the ice-nucleating activity is expressed or calculated differently. For atmospheric
filter samples, we calculate the atmospheric INP concentrations as:

Vwash (A6)
Vair

NINP(T) = INPsus,corr(T)

where Vyash is the volume of washing water to extract the acrosols in the initial suspension, and Vi is the total air volume that
passed through the filter sample.
For bulk samples, the ice-nucleating activity is often normalized to the mass of the sample, and expressed as ice-active site
densities per mass 7im:
1 (A7)
Nm (T) = INPsus,corr (T) C_

m

where Cp, is the mass concentration of the bulk sample in the suspension.
Alternatively, the ice-nucleating activity can also be normalized to the surface area of the sample, which is referred to as ice-

active site densities per surface area ns:
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1 A8
ng(T) = IN Py corr ) m (A8)
m

Where SS4 is the specific surface area of the sample, obtained through direct measurements, or estimated geometrically.

To create one INP spectrum, INP concentrations of different dilutions are averaged for overlapping temperatures, and

confidence intervals are adjusted taking into account asymmetric uncertainties, by applying the code of Laursen et al. (2019).

A2 Characterization and validation
A2.1 Temperature calibration and uncertainty

Accurate temperature measurements are essential for quantifying the ice-nucleating activity in droplet freezing assays. The
freezing temperatures reported for each experiment are based on the mean of the eight PT100 sensors positioned in the
aluminum block that is cooled via the circulating chiller fluid. This section describes the intercomparison and calibration of
the eight sensors relative to one another, the calibration of the block temperature against the temperature inside the wells, and

the quantification of the overall temperature uncertainty.

To ensure accurate temperature measurements in the aluminum block, the PT100 temperature sensors were intercompared by
positioning them together inside the block and placing the assembly in a cooling chamber. The chamber was cooled to -24 °C,
and let to warm up from -24 °C to +18 °C over 64 hours to provide a stable and homogeneous thermal environment. For each
sensor, the measured temperature was compared to the mean temperature of all sensors within the stable range (—15 °C to 18
°C, temperatures below -15 °C showed small fluctuations due to a faster warming rate). A linear fit of each sensor’s temperature
anomaly relative to the ensemble mean was used to determine a constant calibration offset (as slopes were equal to 1). The
offsets, summarized in Table 1, were applied as corrections to the raw temperature data from the PT100 sensors. Ideally, the
calibration should be extended to lower temperatures but was limited by the available infrastructure. However, the linear sensor
response (slopes equal to 1) suggests that the constant offset correction is a reasonable approximation across the full

experimental temperature range, with any additional uncertainty at lower temperatures expected to be minor.

Table 1. Calibration constants for PT100 temperature sensors.

Temperature sensor 1 2 3 4 5 6 7 8
-0.08 0 0.03 0.07 -0.03 -0.06 0.1 -0.03

Intercept (°C)

Due to the sensor positions and spatial differences in heat transfer from the cooling liquid, small temperature gradients exist
across the block, with outer sensors showing higher temperatures than those toward the center of the block. For each of the
212 experiments, the standard deviation across the eight sensors is calculated at each time step, and the minimum and maximum

standard deviations are shown in Fig. A3, illustrating that the temperature spread was not constant over time. Variability was

32



760

765

770

notably larger prior to 20 March 2025 and decreased thereafter. This change coincided with improvements to the laboratory
air conditioning, which created a colder and drier laboratory environment. As a result, SPICE could be operated with minimal
or no filtered airflow, whereas previously stronger airflow was required to prevent condensation. This change in experimental
conditions reduced the spatial temperature variability across the block (mean maximum standard deviation decreasing by 0.21
°C).

As these changes affect temperature stability, the sample measurement period is separated into period 1 and period 2 (shaded
regions in Fig. A3), for which temperature uncertainty is quantified independently. Fig. A4 shows the median, interquartile
range, and full range of temperature standard deviations and total temperature spread across the eight sensors as a function of
temperature for both periods. Temperature variability increases toward colder temperatures in both cases, but more strongly
in period 1. At -30 °C, the maximum standard deviation reaches 0.57 °C in period 1, compared to 0.28 °C in period 2, which
is similar to comparable set-ups (e.g., 0.6 °C in David et al., 2019; 0.5 °C in Miller et al., 2021). The median total temperature
spread across the block reaches 1.2 °C and 0.6 °C for period 1 and period 2, respectively.
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Figure A3. Temperature standard deviation over time. Minimum and maximum temperature standard deviations (o) for each experiment.
The laboratory environmental conditions varied over time with a change in laboratory air conditioning in March 2025, which is why we have
split the sample experiments into period 1 and 2, that show different temperature variability. The unmarked period before period 1
corresponds to various test experiments.
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Figure A4. Temperature standard deviation and total temperature spread as a function of temperature. Median, interquartile range
(IQR) and minimum-maximum range temperature of (a) standard deviations and (b) total temperature range (7max - Tmin) derived from eight
PT100 temperature sensors across 212 experiments, separately for period 1 and period 2. Both panels illustrate the variability in temperature
homogeneity within the aluminum block as a function of temperature.

Some heat loss is expected between the temperature sensors embedded in the aluminum block and the actual droplet positions
in the PCR trays. To quantify this offset, temperature calibration experiments were carried out using the following setup: eight
K-type thermocouples (TW-KT3P-1000, Thermosense, UK) were placed into wells filled with ethanol (Fig. AS5c), and a
standard freezing experiment was performed with a cooling rate of 0.33 °C min-'. Thermocouple temperatures were recorded
using an external data logger (HH-4208SD, Thermosense, UK). A linear regression was applied between the average
temperature measured by the PT100 sensors in the block (7hiock.avg) and the average temperature in the wells measured by the
thermocouples (Tweliavg)-

Given the temperature variability over time, which also affects differences in block and well temperatures, we applied separate

calibrations for period 1 and period 2. For period 1, three calibration experiments were conducted with filtered airflow over

34



790

795

800

the glass pane, using different thermocouple placements to ensure representative spatial coverage across the PCR trays. The
combined calibration (Fig. A5a, average of slopes and intercepts of the three experiments) yields the relationship:

Twenavg = 0.96 X Thjockavg + 0.63 (A9)
The calibration uncertainty is approximated by the standard deviations of slopes (o,,: + 0.008) and intercepts (d,: + 0.26).
Combined with the maximum block-temperature uncertainty (o7, % 0.57), the uncertainty in well temperatures is

estimated by propagating the uncertainties:

2 o (A10)
0T el = j[((ﬁ) +(F) ) mT1? + o

For period 1, this results in a total well-temperature uncertainty of a7, = £0.65 °C.
For period 2, three additional calibration experiments were performed with the same setup, but without the filtered airflow.
The combined calibration (Fig. ASb) results in the following equation:

Twellavg = 0.96 X Tpjockavg + 0.12 (A1)
The smaller offset between block and well temperatures (0.51 °C smaller than for period 1), together with reduced temperature

variability, leads to a lower total wuncertainty of oy +0.28 °C, based on Eq. AlO

well

(0m: £ 0.001, maximum o7, | : £ 0.28, 0y, : & 0.054). Although Eq. A10 assumes independent uncertainties, which may not

strictly be true, the resulting estimates remain conservative because we use the maximum observed temperature standard

deviations across all experiments.

35



805

810

815

820

o {(a) Calibration period 1
—4
_8 4

_12 4

716 4

_20 i

724 4

728 4

732 4

— 1:1 line
range Tuen
Se— well,avg — 0.96 - Tblock.avg +0.63

temperature wells (°C)

~32 -28 -24 -20 -16 -12 -8 -4 0 4
temperature aluminium block (°C)

o {(b) Calibration period 2
—4 A

—12 1
_16 o)
—20 A — 1:1 line

—24 1 range Tl

—28 1 I well,avg — 0.96 - Tb/ock,avg +0.12
_32 B

temperature wells (°C)

-32 -28 -24 -20 -16 -—12 -8 —4 0 4
temperature aluminium block (°C)
Figure AS5. SPICE temperature calibration. (a) Calibration for period 1, conducted with airflow and under warmer laboratory conditions,
and (b) for period 2, conducted without airflow and under colder laboratory conditions. For each period, three calibration experiments with
different thermocouple placements were performed. Grey shading indicates the range of temperatures measured in the wells, while the linear

fit represents the mean slope and intercept derived from the three calibration experiments. (c) Experimental setup illustrating the
thermocouples inserted into the wells of the PCR trays.

A2.2 Characteristic background freezing temperature

All experiments include negative controls of the background water to quantify potential background freezing events caused by
impurities in the water, contamination during handling, or the PCR tray material itself. We use SA water for our experiments,
which has previously been shown to exhibit low and more reproducible freezing behavior than other purified waters (David et
al., 2019; Miller et al., 2021), consistent with our comparison in the laboratory (Fig A6a). We define the characteristic
background freezing temperature of the set-up as the median of the median freezing temperature (7o, where frozen fraction =
0.5) of 152 experiments (Fig. A6b, including both dedicated water testing experiments and negative controls within sample
freezing assays), which is -24.71 °C (interquartile range of 0.88 °C) for 50 puL droplets. This characteristic background freezing
temperature is therefore similar to other INP freezing set-ups (e.g., Chen et al., 2018; David et al., 2019; Miller et al., 2021).
For the negative controls within sample freezing assays, we typically use the same PCR tray region, which might introduce a
small bias, though it is below the reported temperature uncertainty. The cumulative INP concentrations reported for samples

are corrected with the water background of each individual experiment, as described in Eq. A4.
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Figure A6. Background freezing. (a) Frozen fraction of different purified water types: Milli-Q (Millipak®, Merck, Germany), bio-Milli-
Q (Biopak®, Merck, Germany), and Ultrapure water (Cat. No. 022934.K2, Thermo Scientific, USA), shown either unfiltered (solid line) or
filtered through a 0.1 um syringe filter (Whatman® Puradisc 25 TF, dashed lines), and molecular-biology-free reagent water from Sigma
Aldrich (SA) water (median and IQR of 152 experiments). (b) Median and IQR of SA water including freezing temperatures where a fraction
of 0.1, 0.5, and 0.9 of droplets are frozen (710, T50, T90).

A2.3 Validation experiments

To validate SPICE, we tested two commercially available materials with published ice-nucleation freezing spectra, NX-illite
and lignin. NX-illite is a clay mineral with well-documented freezing activity (e.g., Beall et al., 2017; David et al., 2019;
Harrison et al., 2018; Hiranuma et al., 2015; Miller et al., 2021) and can be representative of atmospheric dust which contains
a high illite fraction (approx. 40 %, Broadley et al., 2012; Murray et al., 2012). Following David et al. (2019) and Miller et al.
(2021), suspensions of 0.1, 0.05, and 0.001 g L"! NX-illite (Adolf Gottfried Tonwerke GmbH, Germany) were prepared using
SA water, and 7 et was calculated with Eq. A7 using a Brunauer-Emmett-Teller (BET) specific surface area of 124.4 m? g!
for NX-illite (Hiranuma et al., 2015). The resulting nsger spectra are shown in Fig. A7, including results obtained with the
same concentrations from DRINCZ, FINC, and LINDA (Miller et al., 2021), as well as measurements from IR-NIPI (Harrison
et al., 2018), SIO-AIS (Beall et al., 2017), and the range and wet suspension parameterization from the intercomparison
campaign described in Hiranuma et al. (2015). The parameterization by Hiranuma et al. (2015) agrees reasonably well with
the SPICE measurements around -15 °C, but predicts n, et values 2-10 times higher at colder temperatures. The SPICE ns gt
values fall within the broad range reported by Hiranuma et al. (2015), though generally towards the lower end. They are also
1-2 orders of magnitude lower than NX-illite ns ger values measured by Beall et al. (2017) and Harrison et al. (2018).

SPICE measurements are in better agreement with nsger spectra reported in Miller et al. (2021), but depend on both
temperature and particle concentration. For suspensions of 0.01 g L' and 0.05 g L', the SPICE measurements agree well with

Miller et al. (2021) at temperatures colder than about —21 °C and —18 °C, respectively, but are around a factor of two lower at
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higher temperatures. At 0.1 g L', the measurements match closely below —14 °C, but SPICE shows up to two times higher
ns et at warmer temperatures.

Despite the large variability in published NX-illite freezing spectra, the SPICE measurements lie within the overall
reported range and show broadly consistent behavior. The spread among different datasets could reflect variability introduced
by differences in sample properties, e.g., including particle dispersion, sedimentation, and size distribution characteristics, as
well as differences in sample preparation and measurement methods (Hiranuma et al., 2015; Miller et al., 2021). Unlike the
coordinated comparisons in Miller et al. (2021) and Hiranuma et al. (2015), the NX-illite sample used in this study was

purchased independently, which may further contribute to deviations between datasets.

Commercial lignin has been proposed by Miller et al. (2021) as an ice-nucleation reference material because it showed better
agreement among three different droplet-freezing instruments compared to NX-illite, displayed consistent results across
production batches, and remained stable over time. Lignin is a natural, biosphere-abundant polymer, and the commercial
material used here is sourced as a by-product of the pulp and paper industry. For this study, we used alkali low-sulfonate kraft
lignin (CAS 8068-05-1, Sigma Aldrich, product code 471003) to prepare suspensions equivalent to 20 ¢ C L', and calculated
the ice-nucleating active site density per unit carbon mass (n.) following Miller et al. (2021):

(A 11)

nm(T) [mg_l] = INPsus,corr(T) m

where Cy,,(TOC) is the mass concentration of carbon in the solution. For the lignin used here, this concentration is determined
from the lignin mass (40 mg L!) and the manufacturer-reported carbon content (50.3 %).

The SPICE freezing spectra of lignin show high reproducibility across repeated experiments, and are in good agreement with
the results reported by Miller et al. (2021). While the parameterization based on multiple instruments shows up to a factor of
2-3 difference in the -15 °C to -20 °C temperature range, the SPICE measurements closely match the batch-specific
measurements in Miller et al. (2021, upper green range in Fig. A8). In addition, we participated in an offline INP comparison
initiative coordinated by the Centre for Cloud Ice nucleation (CClce) within the Aerosol, Clouds, Trace Gases Research
Infrastructure (ACTRIS) framework in 2025. SPICE compared well to the other instruments and fell within the statistical

uncertainty of the ensemble of measurements (Ho6hler, Lacher et al., in preparation).
Overall, the high reproducibility of our measurements and their good agreement with published data for NX-illite, lignin, and

other droplet freezing instruments demonstrate that SPICE provides robust and reliable measurements of immersion-mode

INPs.
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875 Figure A7. NX-illite comparison. Ice-active site densities per surface area (nser) of NX-illite suspensions with concentrations of 0.01,
0.05, and 0.1 g L' measured with SPICE. ns et was calculated using a BET surface area of 124.4 m? g*! for NX-illite (Hiranuma et al.,
2015). For comparison, results obtained with the same concentrations from DRINCZ, FINC, and LINDA (Miller et al., 2021), as well as
measurements from IR-NIPI (Harrison et al., 2018) and SIO-AIS (Beall et al., 2017), are shown. The shaded region and solid line indicate
the range and wet-suspension parameterization from Hiranuma et al. (2015).
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Figure A8. Lignin comparison. Ice-active site densities per mass (#m) of lignin suspensions measured with SPICE. The first suspension
(lignin-1) with 20 mg C L' solution was measured three times. The second suspension (lignin-2) was measured twice, including the
885  solution of 20 mg C L' and a 10-fold dilution. The shaded region and solid line indicate the range and parameterization from Miller et al.

(2021).
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